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Abstract 28 

Climate change has been largely mitigated by an increasing carbon sink on land. 29 

Understanding the causes of enhanced carbon uptake is essential for protecting, managing, 30 

and projecting this important ecosystem service. In this Review, we critically examine 31 

evidence of enhanced land uptake and attribute the observed response to drivers and 32 

processes. We conclude that this enhanced carbon uptake results largely from the combined 33 

effects of increased photosynthesis due to CO2 fertilization, particularly in tropical forest 34 

regions, and reduced cold-limitation due to elevated temperatures, primarily at higher 35 

latitudes. Continued land carbon sequestration is projected through the end of this century 36 

under various emissions scenarios. Therefore, appropriately managing ecosystems that can 37 

mitigate climate change is essential to addressing the climate problem. We propose strategies 38 

to improve understanding of future carbon uptake potential, calling for a new generation of 39 

field experiments distributed globally to study belowground carbon release, CO2 40 

enrichment, and long-term shifts in ecosystem functionality to better predict and manage the 41 

land sink. 42 

 43 

Keywords: carbon sequestration; terrestrial biosphere; ecosystem dynamics; global carbon cycle; 44 

CO2 fertilization   45 
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1. Introduction 46 

The terrestrial biosphere absorbs roughly 15% of the carbon in the atmosphere each year through 47 

primary productivity but then returns nearly all of it via respiration and to a lesser degree biomass 48 

combustion (Keenan and Williams 2018, Friedlingstein et al. 2022, Crisp et al. 2022). These gross 49 

fluxes of photosynthesis and respiration approach a long-term balance if forced by steady climatic, 50 

atmospheric, edaphic, and disturbance conditions. However, since the Industrial Revolution, the 51 

biosphere has exhibited a growing imbalance between these gross fluxes due to increasing carbon 52 

dioxide (CO2) emissions from the combustion of fossil fuels (Canadell et al. 2007), amongst other 53 

factors such as deforestation and land use change.  54 

 55 

To date, the imbalance between gross fluxes has caused a net gain in the terrestrial carbon sink. 56 

Indeed, 25-33% of the CO2 emitted annually by human activities is offset, with land ecosystems 57 

removing about 215 PgC from the atmosphere between 1750 and 2020 (Friedlingstein et al. 2022). 58 

As a result, atmospheric CO2 concentration [Glossary Term I] remains 100 ppm lower than would 59 

otherwise be expected given historic anthropogenic emissions. The rate of net carbon uptake has 60 

also increased, doubling since the 1960s (Ballantyne et al. 2012, Graven et al. 2013, Keenan et al. 61 

2016, Friedlingstein et al. 2022). However, future projections of the terrestrial carbon sink are 62 

widely divergent, ranging from an expected acceleration in carbon dioxide uptake to a saturating 63 

or even a net release of carbon over time (Friedlingstein et al. 2014, Huntzinger et al. 2017). 64 

 65 

Understanding historic and future changes in the land carbon sink is paramount to addressing the 66 

climate problem. The proportion of carbon emissions that is taken up by land and ocean carbon 67 

sinks determines allowable anthropogenic emissions for specific global warming targets. 68 

Knowledge of the terrestrial carbon sink can help guide climate change mitigation efforts, 69 

specifically through the use of natural climate solutions such as reforestation, agroforestry, and 70 

sustainable land management practices (Walker et al. 2022). More broadly, accurate estimates of 71 

land-atmosphere feedbacks and their effects on atmospheric CO2 concentrations are needed for 72 

reliable predictions of the Earth System.  73 

 74 

Human activities influence terrestrial ecosystem carbon uptake in multiple ways. Historically, land 75 

use change has resulted in a direct decrease of the natural land sink [Glossary Term II] and reduces 76 
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the net land sink [Glossary Term III] (Guo and Gifford 2002, Smith 2008, Shevliakova et al. 2009 77 

p. 300). Other indirect human influences include stimulation of plant photosynthesis and water use 78 

efficiency from elevated atmospheric CO2 concentrations (Walker et al. 2021) and changes in 79 

nitrogen availability (Wang et al. 2017), air quality (Talhelm et al. 2014), temperature (Richardson 80 

et al. 2013, Keenan and Williams 2018) and precipitation patterns (Nemani et al. 2002, Gherardi 81 

and Sala 2019). Climate change-induced regional droughts, changes in fire frequency and 82 

intensity, and more frequent climate extremes may also reduce the terrestrial carbon sink 83 

(Reichstein et al. 2013). The combined effects of these direct and indirect human influences 84 

determine how much atmospheric carbon is sequestered by global lands.  85 

 86 

In this Review, we examine the evidence for and implications of an enhanced terrestrial carbon 87 

sink. First, we explore the evidence of lank sink enhancement from various observations and 88 

methodologies. We then outline the key processes driving this change, before discussing projected 89 

changes in terrestrial carbon uptake and associated implications for natural climate solutions and 90 

society. We end by outlining future research priorities to better understand and manage dynamic 91 

terrestrial carbon stocks and sinks. 92 

2. Evidence for an Enhanced Land Sink  93 

Various methods are available to estimate the strength of the terrestrial carbon sink, and each 94 

provides insight into different aspects of land carbon sink changes, from global to regional uptake 95 

(Table 1). Taken together, there is clear evidence of an enhanced land sink, although regional 96 

trends are more difficult to identify. Descriptions of these methods are provided in Table 2. In this 97 

section we review evidence of long term sink enhancement across spatial scales, along with 98 

insights provided by terrestrial biosphere models. 99 

 100 

2.1 Global 101 

Atmospheric observations provide the clearest evidence of enhanced carbon uptake by natural 102 

sinks globally (Ciais et al. 1995). Measurements over the past six decades show that only about 103 

44% of anthropogenic CO2 emissions remains in the atmosphere each year (the airborne fraction 104 

[Glossary Term IV]) (Raupach et al. 2008, Ciais et al. 2019, Canadell et al. 2021b). Of the rest, 105 

about one half is absorbed by the world’s oceans (Tans et al. 1990, Hauck et al. 2020), and the 106 
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other half is taken up by ecosystems on land (Ballantyne et al. 2012, Schimel et al. 2015b, Keenan 107 

et al. 2016, Friedlingstein et al. 2022). The land sink from the carbon budget is estimated to be 3.1 108 

± 0.6 PgC yr-1 in the 2010s (Friedlingstein et al. 2022). Additional constraints on the global land 109 

sink can be explored via atmospheric inversions (Peylin et al. 2013, Peiro et al. 2021). These 110 

suggest a total land CO2 sink with a range of 1.3-2.0 PgC yr-1 and a long-term increase in the land 111 

sink of about 0.1 PgC yr-1 since the 1960s (Peylin et al. 2013), in accordance with terrestrial 112 

biosphere model simulations (Figure 1). Atmospheric measurements of CO2, O2 and δ13CO2 also 113 

unequivocally point to a strong land sink (Tans et al. 1990, Keeling et al. 2005, Ciais et al. 2019). 114 

 115 

The airborne fraction has not increased with increasing anthropogenic emissions (Rayner et al. 116 

2015, Canadell et al. 2021b). The relatively constant airborne fraction since the 1950’s implies 117 

that the terrestrial and oceanic sinks have been increasing over time, even doubling (Ballantyne et 118 

al. 2012, Huang et al. 2018, Tharammal et al. 2019). Without increasing carbon land sinks, 119 

atmospheric CO2 concentration would have reached >500 ppm by 2020 (Figure 1). However, the 120 

airborne fraction is highly variable from year to year and exhibits decadal periods of increases, 121 

such as an 1.8% growth per year in the 1960s-1990s with a subsequent declining trend of –2.2% 122 

per year (Keenan et al. 2016), associated with macroclimatic or land-use changes (van Marle et al. 123 

2022).  124 

 125 

A growing constellation of Earth-observing satellites provides information on ecosystem function 126 

and carbon storage since the 1980’s (Schimel and Schneider 2019, Smith et al. 2020b). A 127 

widespread greening of the Earth has been observed via satellites (Zhu et al. 2016, Mao et al. 2016, 128 

Chen et al. 2019a, Piao et al. 2020) (Figure 2), with enhanced seasonality and an extension of the 129 

growing season in high latitudes (Keenan et al. 2014, Park et al. 2016, Huang et al. 2018). About 130 

12% of the increased global terrestrial carbon sink over the satellite era (1981-present) has been 131 

attributed to increased leaf area index (LAI) (Keenan et al. 2016, Chen et al. 2019b). Trends in 132 

global plant biomass from satellite passive microwave observations are positive and consistent in 133 

magnitude with the global carbon budget and forest inventory estimates. Global estimates of land 134 

cover change in combination with space-based lidar from ICEsat and ground plots from 2001-135 

2019 suggest a natural carbon sink in the world’s forests of 4.35 PgC yr-1, offset by 2.2 PgC yr−1 136 

due to emissions from deforestation and other disturbances (Harris et al. 2021). For example, 137 
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boreal and temperate biomass increased by 0.13 PgC yr-1 in from 1993 to 2012 (Liu et al. 2015). 138 

Despite widespread greening (Piao et al. 2020), increases in leaf area do not necessarily translate 139 

to increases in the net land sink. For example, Europe’s carbon uptake has reportedly not benefited 140 

from long-term vegetation greening due to offsetting increases in ecosystem respiration (Liu et al. 141 

2021) and enhanced evapotranspiration, which increased summer drought (Lian et al. 2020). 142 

Furthermore, the intensity and extent of greening trends differs across satellite products (Zhu et al. 143 

2016, Jiang et al. 2017a) and depends on the methods used to detect trends (de Jong et al. 2012, 144 

Cortés et al. 2021). Divergences between LAI products are more pronounced in highly vegetated 145 

regions with dense canopies, resulting in larger uncertainty in areas with greater aboveground 146 

biomass (Figure 2). 147 

 148 

2.2 Regional and in situ 149 

Despite unequivocal global evidence of an enhanced land sink, regional trends are more 150 

challenging to identify. Long-term atmospheric CO2 measurements show a strong increase in the 151 

seasonal cycle of atmospheric CO2 at northern latitudes, suggesting stronger summer uptake offset 152 

by larger winter release (Keeling et al. 1996, Randerson et al. 1999, Graven et al. 2013, Thomas 153 

et al. 2016, Piao et al. 2018, Tagesson et al. 2020). Land CO2 uptake during summer increased in 154 

the northern latitudes by 0.6 ± 0.5 PgC yr-1 during the 2000s (Ciais et al. 2019), but with a 155 

corresponding larger release during winter (Commane et al. 2017). A 30-50% increase in the 156 

seasonal cycle amplitude has been observed since the 1960s in surface and airborne measurements 157 

north of 45˚N, also suggesting enhanced summer uptake and larger releases in the winter (He et 158 

al. 2022). =  159 

 160 

Satellite products also suggest diverging regional trends. A 10% increase in vegetation over semi-161 

arid regions has been observed globally (Donohue et al. 2013), corresponding to widespread 162 

greening in semi-arid regions of Australia (Ukkola et al. 2015). However, regional browning trends 163 

are also evident (Zhou et al. 2014), though to a much lesser extent. Greening may also be slowing 164 

down or reversing in some regions, especially in tropical rainforests (Winkler et al. 2021).  165 

 166 

Additional carbon taken up by the land carbon sink is primarily sequestered in the live biomass 167 

and soils, making repeated measures of plot level biomass a useful test of the growth enhancement 168 
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hypothesis. Reports indicate widespread increased tree growth (Lewis et al. 2009b, Salzer et al. 169 

2009, McMahon et al. 2010, Pan et al. 2011), with an average annual gain in woody carbon stocks 170 

of 0.23 ± 0.09 PgC yr-1 from 2000 to 2019 (Xu et al. 2021). In the tropics, analyses of standardized 171 

inventory data from forest plot networks such as RAINFOR, AfriTRON and CTFS suggest an 172 

overall increase of 0.5 MgC ha−1 yr−1 in tropical forest plots globally (Lewis et al. 2009b, Qie et 173 

al. 2017, Hubau et al. 2020). This is broadly consistent with a global review of biomass inventories 174 

suggesting that intact tropical forests contribute up to 50% of the global land sink (Pan et al. 2011) 175 

and also consistent with evidence of enhanced growth from temperate and boreal forests (Salzer 176 

et al. 2009, McMahon et al. 2010). In addition to intact forests, rapidly regrowing secondary forests 177 

following anthropogenic (e.g., agriculture land abandonment, slash and burn agriculture) or natural 178 

disturbances (e.g., fire) account for half of the remaining land sink (Pan et al. 2011, Pugh et al. 179 

2019b). Temperate forests in the United States have experienced significant increases in wood 180 

volume since the 1990s (Davis et al. 2022).  181 

 182 

Despite these gains, there is some suggestion that tropical forest biomass carbon sinks peaked in 183 

the 1990s. Amazon forest above-ground biomass increases declined by one-third in the 2000s 184 

(Brienen et al. 2015), with positive gains in biomass outweighed by deforestation (Hubau et al. 185 

2020). African forests have remained stable at 0.66 ± 0.13 tonnes C hectare-1 yr-1 (Hubau et al. 186 

2020). Tree mortality in the Amazon has also increased due to stand dynamics, rising atmospheric 187 

water stress and drought (Bauman et al. 2022), while global tree mortality since the 1970s is 188 

associated with hot and dry climate anomaly events, expected to increase nonlinearly under climate 189 

change (Hammond et al. 2022). 190 

 191 

Tree ring characteristics provide some evidence of an enhanced sink. Unprecedented growth has 192 

been observed (Salzer et al. 2009); for example, aspen trees in Wisconsin showed up to 0.7% yr-1 193 

increases in growth, after accounting for effects of age, water stress and other variables (Cole et 194 

al. 2010). However, a lack of growth enhancement (Peñuelas et al. 2011, van der Sleen et al. 2015, 195 

Hararuk et al. 2019), only a limited response (Gedalof and Berg 2010), unexplained divergence in 196 

the relationship between ring width, temperature (D’Arrigo et al. 2008, Stine and Huybers 2014) 197 

and nutrient limitation (Guerrieri et al. 2020) have also been reported. New approaches are 198 

emerging, combining theory with statistical models or satellite observations (Schippers et al. 2015, 199 
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Levesque et al. 2019, Anderegg et al. 2020), that promise more accurate and insightful 200 

quantification of tree growth enhancement. 201 

 202 

The eddy-covariance technique directly measures the net exchange of carbon dioxide between 203 

ecosystems and the atmosphere (Baldocchi 2020). Of the over two thousand sites around the world 204 

(Burba 2019), many have now been in operation for three decades or more, allowing estimates of 205 

annual net carbon uptake or release by ecosystems over multiple years (Novick et al. 2018, 206 

Pastorello et al. 2020). Despite high background variability, long-term trends have emerged from 207 

many sites with records long enough to allow separation of signal from noise. Enhanced uptake 208 

has been observed at US and European sites (Dragoni et al. 2011, Pilegaard et al. 2011, Keenan et 209 

al. 2013, Fernández-Martínez et al. 2017). Synthesis across the global network of observation sites 210 

indicates an increase of 0.46 ± 0.09 PgC yr-1 from 1982 to 2016 (Cai and Prentice 2020, Chen et 211 

al. 2022). When combined with empirical (Joiner et al. 2018) or process-based (Chen et al. 2022) 212 

scaling approaches, eddy-covariance observations suggest an enhancement of global 213 

photosynthesis.  214 

 215 

2.3 Model output 216 

State of the art models of the Earth system represent our best-guess approximations of terrestrial 217 

carbon uptake. These models incorporate the known physiological and biological mechanisms 218 

responsible for ecosystem function and carbon cycling and are compared to atmospheric and 219 

ground observations to assess performance. There is strong theoretical and observational support 220 

for a large stimulation of terrestrial uptake by increased CO2 growth rates. Indeed, a more 221 

productive land surface is essential to explain the enhanced net terrestrial carbon uptake inferred 222 

from the global carbon budget, with a land sink that has seen an increase from 1.2 ± 0.5 GtC yr-1 223 

in the 1960s to 3.1 ± 0.6 GtC yr-1 in the 2010s (Friedlingstein et al. 2022). Regional models also 224 

suggest an increasing terrestrial carbon sink, even when land use change is incorporated. For 225 

example, ecosystem models estimate that rapid forest expansion (by a total of 58 Mha) from 1900 226 

to 2019 made up 44% of the increase in China’s land sink of 8.9 ± 0.8 PgC (Yu et al. 2022).  227 
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2.4 Uncertainties 228 

Atmospheric, satellite, and in situ observations, along with model output, all provide ample 229 

evidence of an enhancement in the land carbon sink. However, each of these methodologies is 230 

subject to uncertainty. At the global scale, atmospheric inversion model estimates of the land sink 231 

depend on modeling assumptions and design, including processes that are not represented in 232 

models and uncertainty in datasets used to drive models. Detecting long-term changes in biomass 233 

from satellite observations is complicated by the lack of high-quality long-term instruments 234 

capable of providing accurate biomass estimates (Smith et al. 2020b). Satellite records can 235 

generate spurious trends that may be incorrectly attributed (Forkel et al. 2013). Issues such as 236 

sensor degradation can lead to large differences between satellite products (Piao et al. 2020). 237 

Assumptions regarding the incorporation of physiology needed to translate satellite observables, 238 

such as reflectance or vegetation optical depth, to quantities of interest, such as photosynthesis or 239 

plant biomass (Konings et al. 2019) 240 

 241 

In-situ evidence of enhanced uptake is widespread but highly dependent on the region and scale 242 

of investigation. Tree ring responses are highly variable and depend on the regional climate and 243 

background stress conditions. Methods of analysis are also important, with results from traditional 244 

trend-detection methods being sensitive to the choice of technique (Peters et al. 2015) and subject 245 

to biases if demographic trends are not properly accounted for (Brienen et al. 2012, 2017, 246 

Nehrbass-Ahles et al. 2014). Furthermore, changes in growth and carbon stocks for individual 247 

trees do not necessarily apply to all trees in a stand and thus may not be relevant at the ecosystem 248 

level. Conversely, higher stand density could lead to higher biomass even without a change in 249 

individual growth rates. Ecological observatory network sites, such as eddy-covariance flux 250 

towers, are far from optimally distributed around the globe and under-sample important regions, 251 

particularly in the tropics (Villarreal and Vargas 2021), which may prevent these networks from 252 

capturing extreme climate and disturbance events (Mahecha et al. 2017). Thus, empirical upscaling 253 

products typically struggle to capture long-term trends and overestimate the magnitude of the 254 

global land sink (Jung et al. 2020). Assessing the global significance of observed local and regional 255 

processes remains challenging.  256 

 257 
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3. Key Processes and Regions 258 

Multiple drivers contribute to changes in the land sink at global and regional scales, including CO2 259 

fertilization, warming effects on growth and growing season length, N or P fertilization and 260 

changes in precipitation or light (Figure 3). Warming, longer growing seasons and elevated CO2 261 

have been identified as large contributors to enhanced uptake, while temperature and moisture 262 

stress are thought to have led to increased mortality in tropical regions (Bauman et al. 2022). The 263 

rate of change in stand-level biomass and predictors such as mean climate, tree species, initial C 264 

stocks, and N deposition suggest a long-term increase in vegetation water use efficiency (Adams 265 

et al. 2021), increased growth of temperate deciduous forests (Thomas et al. 2009, Li et al. 2020), 266 

and increase in soil carbon storage in tropical systems (Lu et al. 2021) (Figure 4). What follows is 267 

a detailed discussion of the mechanisms involved in long-term changes in the land sink. 268 

3.1 CO2 fertilization 269 

It is very likely that CO2 fertilization [Glossary Term V] is the leading mechanism behind 270 

enhanced global land uptake (Schimel et al. 2015b, Keenan et al. 2016, Fernández-Martínez et al. 271 

2019, Tagesson et al. 2020, Walker et al. 2021, Chen et al. 2022). Ecosystem-scale experiments 272 

provide the most direct observation of the CO2 fertilization effect and indicate increased 273 

photosynthesis, leaf area index, net primary productivity, water use efficiency and biomass growth 274 

for plants grown in elevated CO2 conditions (Battipaglia et al. 2013, Baig et al. 2015, Walker et 275 

al. 2019, 2021, Liu et al. 2019). Free air CO2 enrichment (FACE), though expensive, remains the 276 

best approach to observe the response of production and allocation patterns in natural ecosystems 277 

to elevated CO2. Early FACE experiments have provided invaluable insights into these processes. 278 

However, even those that were a decade long still leave questions about the persistence of 279 

measured responses (Reich et al. 2018). Some suggest a sustained enhancement of carbon uptake 280 

by 20-30% (McCarthy et al. 2010) while others show a diminishing or negligible response over 281 

time, particularly in grassland or arid sites (Dukes et al. 2005, Adair et al. 2009, Reich et al. 2014). 282 

Large differences in the responses of different ecosystems to experimental increases in CO2 are a 283 

function of primarily nutrient availability (Terrer et al. 2019), along with mycorrhizal association 284 

(Terrer et al., 2016) and potentially differences in below-ground allocation (Terrer et al., 2022), 285 

which are often unmeasured. The magnitude of the CO2 fertilization effect varies across species, 286 
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age, climate, and nutrient and water availability (Norby et al. 2010, Newingham et al. 2013, 287 

Sigurdsson et al. 2013, Jiang et al. 2020).  288 

 289 

Regionally in semi-arid lands, a 10% increase in vegetation cover was directly attributable to the 290 

influence of elevated CO2 on plant water use efficiency (Donohue et al. 2013), and a 100-ppm 291 

increase in CO2 increased aboveground biomass by 8.2% (Song et al. 2019a). Widespread global 292 

greening has also been attributed to increases in atmospheric CO2 and changes in climate (Los 293 

2013, Zhu et al. 2016). However, the estimated impact of elevated CO2 ranges from 40% (Los 294 

2013) to 70% (Zhu et al. 2016) of the observed greening trend. In Australia, only 2.4% of greening 295 

was attributable to elevated atmospheric CO2 (Ukkola et al. 2015).  296 

 297 

Isotopic evidence from tree rings consistently indicates an increase in water use efficiency 298 

(Bellassen et al. 2011, Frank et al. 2015, Guerrieri et al. 2019), with a global 40% increase driven 299 

by rising CO2 (Mathias and Thomas 2021). This could be expected to result in increased growth 300 

(van der Sleen et al. 2015, Hararuk et al. 2019, Guerrieri et al. 2020). Tree rings confirm the almost 301 

universal increase in the WUE in response to increasing atmospheric CO2, but the result of the 302 

water savings in terms of carbon sequestration remains under question. Tree ring development and 303 

biomass accumulation can be decoupled from carbon source dynamics, however (Cabon et al. 304 

2022a, Green and Keenan 2022), and thus may have lower sensitivity to rising CO2 than that of 305 

photosynthesis Furthermore, tree ring growth is complicated by other factors (temperature, 306 

precipitation, light), which could lead to regional differences in trends. For example, temperate 307 

forest biomass plots in the United States increased in wood volume by 1.15% from increasing CO2, 308 

but other factors enhanced or reduced overall growth (Davis et al. 2022). 309 

 310 

Global terrestrial biosphere models attribute the stimulation of plant productivity and reduced 311 

transpiration to elevated CO2 (Schimel et al. 2015b, Keenan et al. 2016, Haverd et al. 2020, 312 

Tagesson et al. 2020). Models constrained by field experiments indicate that CO2 fertilization 313 

alone explains most of the observed increase in global land carbon sink since the 1960s (Liu et al. 314 

2019). The simulated land sink is very sensitive to CO2 fertilization: a terrestrial ecosystem model 315 

predicted that even a 20 ppm increase in CO2 resulted in a detectable increase in carbon 316 

assimilation rates (Zhan et al. 2022). However, estimates vary considerably among models. Sixty 317 
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(Schimel et al. 2015b) to 85% (Keenan et al. 2016) of the increase in the terrestrial carbon sink 318 

over recent decades could be due to atmospheric CO2. The largest absolute response is expected 319 

in forests because trees allocate carbon to long-lived carbon pools such as wood. Tropical forests 320 

are particularly sensitive because of a) their high theoretical expectations of an absolute response 321 

to elevated CO2 proportional to average productivity (Hickler et al. 2008) and b) the stronger effect 322 

of CO2 fertilization at high temperatures, which correspond to higher rates of photorespiration. 323 

This pattern is consistent with results from dynamic global vegetation models (DGVM), which 324 

indicate the strongest sink enhancement in the tropics (Figure 5), albeit with wide scatter across 325 

models. DGVMs attribute a 2.53 ± 0.46 PgC yr-1 increase in the global land sink to CO2 326 

fertilization alone over the 21st century, which is partially offset by negative effects of land use 327 

and climate change (Figure 4). 328 

 329 

The stimulation of ecosystem productivity by elevated CO2 can be reduced by various limiting 330 

factors. Elevated CO2 is likely to increase turnover rates of recently-assimilated soil carbon 331 

(Groenigen et al. 2017, Meeran et al. 2021). Negative impacts of climate change, such as drought 332 

(see below), substantially offset the sink enhancement resulting from CO2 fertilization (Wu et al. 333 

2020) particularly in the eastern Amazon, south Africa, and western Australia (Figure 5). Low 334 

nutrient (N and P) supply may represent another limiting factor (Luo et al. 2004, Reich et al. 2006, 335 

Wang et al. 2010, Norby et al. 2010, Fleischer et al. 2019, Terrer et al. 2019, Fleischer and Terrer 336 

2022) due to stoichiometric requirements of tissue formation and function. However, nutrient 337 

limitation does not necessarily outweigh the effects of CO2 fertilization, and the effects of P 338 

limitation on CO2 fertilization remain uncertain in key areas such as the Amazon. Increased uptake 339 

can however alleviate nutrient constraints, even in low-nutrient environments. Evidence suggests 340 

a proactive belowground allocation under elevated CO2 that stimulates nutrient uptake (Drake et 341 

al. 2011, Song et al. 2019b). Mycorrhizal association can play a strong role (Terrer et al. 2016, 342 

Soudzilovskaia et al. 2019), with an ectomycorrhizal-associated plant uptake of 24% more N under 343 

elevated CO2 (Terrer et al. 2018). Finally, tradeoffs between above and belowground carbon 344 

storage under elevated CO2 could result in stable biomass even with CO2 fertilization (Terrer et al. 345 

2021). Unfortunately, the majority of these mechanisms are not represented in the current 346 

generation of DGVMs.  347 
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3.2 Increasing temperature 348 

Climate change-induced increases in temperature have divergent effects across the globe. Longer 349 

growing seasons in cold, wet climates may result in an enhanced sink. These regions are most 350 

sensitive to increasing temperatures, consistent with experimental results (Zhou et al. 2021), 351 

greening trends, and model predictions. High-latitude systems are thought to be greening due to 352 

temperature increases (Figure 5), with 16.4% of high-latitude lands released from temperature 353 

limitation during 1982-2012 (Keenan and Riley 2018), although seasonal water deficits might limit 354 

some of these gains (Buermann et al. 2018, Lian et al. 2020). Increasing carbon sinks offset carbon 355 

releases by 60% in springtime (Keenan et al. 2014). However, effects on carbon uptake vary in 356 

magnitude (Piao et al. 2008, Dragoni et al. 2011, Keenan et al. 2014, Zhang et al. 2020a). Earlier 357 

leaf-out dates might dampen summer (Xu et al. 2019, Lian et al. 2020) and autumn photosynthesis 358 

(Zhang et al. 2020b, Zani et al. 2020) (but see Lu and Keenan (2022)), so that growing seasons 359 

might not be as productive as previously projected, with fall respiration offsetting up to 90% of 360 

spring carbon uptake (Piao et al. 2008, Zhang et al. 2020b).  361 

 362 

In warm regions, higher productivity is partially or wholly offset by increased respiration due to 363 

higher temperatures (Jung et al. 2020). Tropical forests may already be at optimal temperatures for 364 

photosynthesis, which would indicate strong declines in canopy photosynthesis with further 365 

increases in temperature (Huang et al. 2019). Increased temperatures in tropical regions also may 366 

result in large releases of CO2 from soil carbon stocks (Nottingham et al. 2020). Globally, DGVM 367 

model output suggests climate change alone reduced the land sink by 0.45 ± 0.39 GtC yr-1 from 368 

2011 to 2020 (Friedlingstein et al. 2022). 369 

 370 

3.3 Water availability  371 

Changes in water availability have the potential to contribute to enhanced uptake. Water 372 

availability is also a well-documented limit to plant productivity, net carbon uptake, and ecosystem 373 

carbon stocks (Schuur 2003, Beer et al. 2010, Jung et al. 2011, Humphrey et al. 2018, Lian et al. 374 

2021) in many regions, though not all (Wang et al. 2022). Strong regional wetting or drying trends 375 

have been detected (Sheffield and Wood 2008, Jung et al. 2010, Yuan et al. 2019), driving carbon 376 

uptake or releases (Scheff et al. 2021a) on the order of 2 PgC yr-1, which at times counteract the 377 
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mean background sink (Schwalm et al. 2011). Significant drying trends have been detected in 378 

western United States, mid-altitude regions, European peatland, and global islands (Cook et al. 379 

2015, Karnauskas et al. 2016, Mankin et al. 2019, Swindles et al. 2019).  380 

 381 

Semi-arid regions have been greening (Milly and Dunne 2016), which has been predicted (Lian et 382 

al. 2021) and is already evident in the satellite record (Piao et al. 2020). This trend is likely due to 383 

releases from water limitation with elevated CO2 (Ukkola et al. 2015). Approaches that account 384 

for the effect of CO2 on plant water dynamics, including the majority of earth system models, 385 

highlight a ‘drying but greening’ scenario, due to the dynamic role of vegetation responses to CO2 386 

(Trenberth et al. 2014, Milly and Dunne 2016, Mankin et al. 2019, Yang et al. 2019, Berg and 387 

McColl 2021). Many ecosystems are becoming more sensitive to water availability (Jiao et al. 388 

2021, Denissen et al. 2022, Li et al. 2022), and therefore the magnitude of enhanced sink due to 389 

water availability changes may be large in certain regions, especially drylands.  390 

3.4 Nutrient availability 391 

Nitrogen deposition is an important but regionally-specific potential driver of an enhanced sink 392 

(Fernández-Martínez et al. 2019). N is well known to stimulate plant growth and carbon uptake in 393 

some regions of the world. These regions have seen drastic increases in N fertility due to industrial 394 

production of N-fertilizers applied to agro-ecosystems, as well as emissions of NOx from fossil 395 

fuel combustion reaching ecosystems via atmospheric deposition (Gruber and Galloway 2008). 396 

Belowground carbon allocation is a substantial component of the land sink (Gherardi and Sala 397 

2020); coarse woody debris transfers carbon from aboveground stocks with relatively short 398 

turnover times to long-lived below-ground pools (Luyssaert et al. 2008). If realized into long-lived 399 

carbon pools such as wood or slow-turnover soil carbon, N fertilization has the potential to 400 

generate sizeable and lasting carbon sinks in ecosystems (Rastetter et al. 1991, Zaehle et al. 2010). 401 

However, models suggest a fairly modest N-driven global-scale stimulation of C sequestration, 402 

reaching only about 0.3 PgC y-1 in recent decades (Figure 4) (Thornton et al. 2007, Zaehle et al. 403 

2010, Wang et al. 2017, Terrer et al. 2019). A meta-analysis of 138 experiments found that the 404 

best predictor of carbon fertilization effects was soil C:N ratio (Terrer et al. 2019). P-limitation 405 

can also play an important role in below-ground biomass (Hou et al. 2020), especially in tropical 406 

regions, where gains via CO2  fertilization may be substantially offset by nutrient limitation 407 
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(Fleischer et al. 2019, Fleischer and Terrer 2022). However, this effect is still poorly constrained 408 

due to few studies conducted in P-poor soils, and the limited number of models that incorporate 409 

the P cycle.  410 

3.5 Light availability 411 

Changes in light intensity and quality might have also contributed to enhanced land uptake. Light 412 

quality appears to be the most relevant factor (Zhang et al. 2021). A global ‘dimming’ trend was 413 

observed through the mid-20th century, with less but more diffuse light, due to aerosol loading and 414 

increased cloudiness (Roderick et al. 2001). Including a diffuse light effect in a land surface model 415 

caused a net enhancement of land carbon uptake of ~0.4 PgC yr-1 in recent decades (Figure 4) 416 

(Mercado et al. 2009, O’Sullivan et al. 2021). Aerosol-induced cooling effects can also reduce 417 

respiration, especially in the tropics, enhancing the global land sink (Zhang et al. 2019). Over the 418 

longer term, anthropogenic aerosols have been reported to have induced a global land sink increase 419 

of 0.14 PgC yr−1, or cumulatively 22.6 PgC since 1850 (Zhang et al. 2021).  420 

3.6 Land use 421 

The effects of land use and land cover change on the terrestrial carbon sink are largely uncertain, 422 

undermining efforts to constrain the land sink and its trends. Disturbance events, for example, can 423 

both increase and decrease the land carbon sink. Initial declines in aboveground biomass following 424 

a disturbance, such as fire (Bowman et al. 2020), forest pathogen outbreaks (Lesk et al. 2017), or 425 

land clearing (Pugh et al. 2019b), may lead to long term gains in carbon uptake as systems 426 

regenerate. These disturbances could also reverse the historic sink enhancement trend and result 427 

in net carbon releases to the atmosphere (Reichstein et al. 2013).  428 

 429 

Over the 21st century, global land use change is estimated to have decreased the land sink by 1.2 430 

PgC yr-1 (Figure 4). However, estimates of recent land use change emissions vary considerably. 431 

Land use change emissions may have remained relatively flat, declined (van Marle et al. 2022) or 432 

increased (Xu et al. 2021) since 2000.The role of agricultural intensification has been shown to 433 

dominate greening trends in many parts of the world, particularly in India and China, which alone 434 

accounts for 25% of the global increase in leaf area (Chen et al. 2019a). Agricultural expansion 435 

and intensification at the expense of forests has also been linked in part to a global decline in fire 436 

(Andela et al. 2017). 437 
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 438 

Fire activity reportedly declined since the start of the century (Doerr and Santín 2016, Andela et 439 

al. 2017), with a decline in forest fires from 0.5 to 0.1 PgC yr-1 from 2000 to 2019 and an average 440 

2.2 PgC yr-1 total global fire emissions from 1997-2016 (Xu et al. 2021). Fires decreased  441 

particularly in grasslands, though with a slight increase in forest burned area (Zheng et al. 2021). 442 

Large-scale and long-term fire dynamics are particularly sensitive to the remote sensing product 443 

used, however, and there are difficulties in separating climate and direct anthropogenic effects 444 

(Forkel et al. 2019). Fire suppression in the United States has resulted in an increased carbon sink 445 

(Houghton et al. 1999, Abram et al. 2021). In the northern boreal forests, increased fire activity 446 

has reportedly led to increased carbon uptake, based on evidence from burn sites (Mack et al. 2021) 447 

and is expected to continue to do so as fire increases in the future (Mekonnen et al. 2019). 448 

However, fire also releases carbon to the atmosphere. Australia has experienced a 30% increase in 449 

fire risk from 1920 to 2019 (van Oldenborgh et al. 2021), and the unprecedented bushfires there 450 

in 2019-2020 (van der Velde et al. 2021) released an estimated 0.715 PgC to the atmosphere. 451 

Recent increases in Australian megafires (Canadell et al. 2021a) are part of a multi-decadal upward 452 

trend in burned area and frequency of fires, driven by long-term warming (Jones et al. 2022).  453 

 454 

3.7 Complex, Coupled responses  455 

CO2 stimulation and warming-induced elongation of growing seasons are likely to be the leading 456 

factors driving an enhanced land uptake. However, ecosystem responses to all the above factors 457 

are mediated by a host of plant and stand level adjustments. Changes to carbon allocation, 458 

acclimation, tissue turnover rates, demographics and species composition strongly influence long-459 

term behavior and are poorly known. For example, plants are genetically constrained to approach 460 

a certain morphology and size regardless of environment (i.e. CO2, or N availability) over the 461 

course of a life cycle. Tree mortality depends on size: wind throw events (Seidl et al. 2011), 462 

drought (Rowland et al. 2015), and stand-replacing disturbances vary between forest types (Pugh 463 

et al. 2019a). Thus, it remains debated whether enhanced plant growth will result in larger live 464 

carbon pools of similar longevity or whether plants will approach a maximum size faster and die 465 

sooner. For example, trees across the globe experienced a 50% increase in early growth, which 466 

was associated with a concurrent 23% decrease in lifespan (Brienen et al. 2020). If enhanced 467 
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growth results in shorter life spans and faster turn over, these gains will not translate into an 468 

enhanced carbon sink in the long term, except for the relatively small portion that may become 469 

incorporated into stable soil carbon. Furthermore, observed enhancement of carbon fixation is 470 

potentially unrelated to carbon sink rates (Cabon et al. 2022b), suggesting a mismatch between 471 

carbon fixation and long term storage in woody tissue. Causes of enhanced growth, including CO2 472 

fertilization or changes in disturbance dynamics, continue to be debated (Wright 2005, Clark 2007, 473 

Lewis et al. 2009a, Muller-Landau 2009). 474 

 475 

Complex regional interplays of global change drivers and other factors influence ecosystem 476 

behavior. Detecting such expected responses can be challenging as many changes occur 477 

concurrently. For example, increased growth due to nitrogen deposition (Thomas et al. 2009) 478 

occurs in tandem with increased mortality due to warming-induced drought. Woody encroachment 479 

in semi-arid systems is expected given increased water use efficiency from elevated CO2 (Donohue 480 

et al. 2013, Stevens et al. 2017) but is also dependent on regional water availability. The enhanced 481 

seasonal cycle of atmospheric CO2 at northern latitudes has been attributed to climate and CO2 482 

(Piao et al. 2018, Bastos et al. 2019, Liu et al. 2020), a greening of northern high-latitude vegetation 483 

(Forkel et al. 2016, Park et al. 2016), an increase in vegetation light-use efficiency due to rising 484 

CO2 (Thomas et al. 2016), and the intensification of North American agriculture (Gray et al. 2014, 485 

Zeng et al. 2014).  486 

 487 

Some processes can be counterintuitive, such as the estimated increase in carbon uptake due to 488 

increasing fire regimes in boreal ecosystems, caused by compositional changes during recovery 489 

(Mekonnen et al. 2019, Mack et al. 2021). The same process can even generate opposite net effects 490 

on the carbon cycle depending on the role of other limiting factors. For example, an extension of 491 

the growing season in autumn leads to a net release of carbon during autumn in high latitude 492 

ecosystems (Piao et al. 2018), but a net increase in carbon uptake during autumn for mid-latitude 493 

ecosystems (Dragoni et al. 2011, Keenan et al. 2014), due largely to variation in the extent of 494 

temperature limitations on respiration in autumn. Positive impacts of warming on plant growth are 495 

expected in temperature-limited regions, but negative impacts are expected where water is limiting 496 

(Song et al. 2019b). Coupled responses and confounding factors (such as the uncertainty regarding 497 
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land use change emissions) make attribution and detection of an enhanced sink challenging, 498 

especially on regional scales. 499 

 500 

4. Future projections  501 

Across the current generation of models, terrestrial carbon sequestration is predicted to continue 502 

to increase in the future. The Coupled Climate Intercomparison Project (CMIP6) predicts an 503 

increasing sink under various emissions scenarios, albeit at a slower pace and with an approach to 504 

saturation at high CO2 levels (Figure 6). This suggests that sink enhancement will persist despite 505 

the increasing pressures of climate change on ecosystem resilience and health.  506 

 507 

However, predictions of the biosphere remain uncertain (Luo et al. 2015). Models predict a wide 508 

range of lank sink projections, ranging from negative to positive trends in uptake (Friedlingstein 509 

et al. 2014, Huntzinger et al. 2017). Modeling studies often exclude important processes, such as 510 

land cover change and disturbance, especially from fire (Sanderson and Fisher 2020, Canadell et 511 

al. 2021a), and misrepresent carbon allocation (Terrer et al. 2021), all of which would likely 512 

dampen the positive gains from the CO2 fertilization effect. Models also exclude complex 513 

interactions between meteorological drivers, management, demography and mortality (Pugh et al. 514 

2019a). For example, including nitrogen cycling in models suggests a 50% smaller land carbon 515 

sink (Huntzinger et al. 2017), though the processes controlling nutrient mineralization, 516 

immobilization, fixation, and leaching are incompletely understood, and the degree to which 517 

progressive nutrient limitation has limited the land sink enhancement remains debated. Together, 518 

these omissions lead to a divergence in predictive performance between simulations of the historic 519 

period and future projections (Fatichi et al. 2019).  520 

 521 

Process knowledge remains insufficient to determine with confidence the true sensitivity of the 522 

terrestrial carbon sink to CO2 (Walker et al. 2021), and whether the enhanced CO2 sink will 523 

continue into the future (Friedlingstein et al. 2014). The longevity of current carbon sinks may be 524 

threatened by demographic or climate trends that increase the frequency or intensity of extreme 525 

events and associated ecosystem disturbances (Reichstein et al., 2013; Anderegg et al. 2022). The 526 

likelihood of a sustained sink into the future thus remains uncertain, and reports suggest near term 527 
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saturation in important regions, such as in the Amazonian and African tropical forests (Hubau et 528 

al. 2020).  529 

 530 

Increasing temperature may continue to enhance the land carbon sink in cold climates, but this 531 

effect is still uncertain and may be largely offset by concurrent carbon release. Warming of soils 532 

and permafrost will likely result in sizeable carbon releases over the next century (He et al. 2016, 533 

Soong et al. 2021), with an observed 34-37% increase in soil respiration concurrent in response to 534 

4˚C warming (Hicks Pries et al. 2017). However, concurrent increases in carbon inputs from plants 535 

may offset some or all of these releases (van Gestel et al. 2018). Even if warming enhances net 536 

land carbon uptake in cold regions, the response may tip toward net releases both locally, in 537 

historically cold-limited regions, and more broadly at the global scale, with continued warming 538 

also resulting in higher vapor pressure deficits, drier soil, and more frequent extreme events and 539 

disturbances (Peñuelas et al. 2017, Yuan et al. 2019, Scheff et al. 2021b). In tropical ecosystems, 540 

warming temperatures may exceed the optimum for and therefore decrease photosynthesis (Huang 541 

et al. 2019), though resilience to future warming in tropical ecosystems has also been predicted 542 

(Sakschewski et al. 2016, Mercado et al. 2018, Ciemer et al. 2019, Sullivan et al. 2020, Smith et 543 

al. 2020a).  544 

 545 

Future water availability remains uncertain globally (Sheffield et al. 2009, 2012, Schwalm et al. 546 

2011, Dai 2013, Kannenberg et al. 2020, Gampe et al. 2021). A drier global future is expected in 547 

many regions  (Trenberth et al. 2014, Cook et al. 2020, 2022). However, other evidence suggests 548 

there will not be substantial decreases in water availability in the future (Milly and Dunne 2017, 549 

Yang et al. 2019). The disagreement stems in part from alternate ways of quantifying drought 550 

severity (Swann et al. 2016, Yang et al. 2019), as well as different methods for incorporating 551 

warming-induced elevation of atmospheric vapor pressure deficit and its effects on plant stress and 552 

mortality (Park Williams et al. 2013, Novick et al. 2016, Yuan et al. 2019, Bauman et al. 2022). 553 

In particular, the degree to which plant stomata close in response to elevated CO2, and thereby 554 

reduce evapotranspiration, is uncertain (Lian et al. 2021, Zhou et al. 2022), which may lead to an 555 

overestimation of ecosystem water demand (Milly and Dunne 2016). 556 

 557 
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5. Implications for natural climate solutions 558 

Management and policy implications of enhanced growth are large (Cook-Patton et al. 2020), 559 

particularly in light of the Paris Agreement, where two-thirds of the signatories indicated they 560 

would use the land sink of natural and managed lands to offset emissions (Grassi et al. 2017, 561 

Roelfsema et al. 2020). Effectively tackling climate change requires urgent action to reduce 562 

anthropogenic emissions while simultaneously removing carbon dioxide from the atmosphere. The 563 

challenge is vast and requires the removal of billions of tons of carbon dioxide from the atmosphere 564 

to limit global warming to < 2 °C by 2100 (the Paris climate target). NbCS represent a growing 565 

suite of strategies to increase land carbon storage and avoid greenhouse gas emissions through 566 

natural ecosystem management (Griscom et al. 2017). NbCS represent low-cost methods to reduce 567 

the atmospheric CO2 burden and can be designed to provide multiple co-benefits (Novick et al. 568 

2022) such as improved soil health, nutrient retention, biodiversity and drought resilience. 569 

Examples include ecological restoration, climate-smart commodity certification, and agricultural 570 

land management. Estimates suggest NbCS could technically enhance the land sink by up to 30.6 571 

Gt CO2 equivalents yr-1, or 8.3 PgC  yr-1, globally (Roe et al. 2021). This value may even be 572 

underestimated if CO2 and climate effects continue to increase the land sink (e.g., Walker et al., 573 

2022). Reducing deforestation, reforestation, and agroforestry account for the majority of 574 

mitigation potential (20 Gt CO2 equivalents yr-1) (Figure 7).  575 

 576 

Enhanced growth and carbon sequestration has implications for consideration of carbon credits 577 

available from forest management that avoids degradation and deforestation (i.e. REDD+) or 578 

promotes reforestation (Walker et al. 2022). Existing forests, even if old, continue to act as net 579 

carbon sinks, as has been shown by numerous studies (Lewis et al. 2009b, Pan et al. 2011). On the 580 

other hand, serious consideration must be given to the biogeochemical and biogeophysical impacts 581 

of reforestation and afforestation for carbon sequestration (Winckler et al. 2019, Williams et al. 582 

2021, Meier et al. 2021, Windisch et al. 2021). There is also ambiguity about the persistence of 583 

growth-enhancement sinks given that some disturbance processes have a return time controlled in 584 

part by the size of carbon pools (wind throw, fuel-limited fire regimes). These issues 585 

notwithstanding, evidence of growth enhancement is good news for those concerned about rising 586 

atmospheric CO2 and attendant climate changes. Biological responses to longer growing seasons 587 
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or CO2 fertilization, for example, offer a natural mitigation mechanism, though still modest 588 

compared to current anthropogenic emissions of fossil carbon.  589 

 590 

Despite high expectations, where, when, and how NbCS strategies could be most effective remains 591 

unclear. Three challenges limit the feasibility of many potential NbCS projects. First, current 592 

measurement, reporting and verification (MRV) methods rely on antiquated inventory techniques 593 

and fail to leverage the wealth of ecological observations available (Novick et al. 2022). Second, 594 

the models used for projecting the impact of NbCS strategies (Griscom et al. 2017) are highly 595 

empirical, do not represent the risks posed by climate change, and therefore do not extrapolate well 596 

to the future. Whether NbCS will continue enhancing carbon sinks or reducing emissions is 597 

challenging to assess and predict, with initial gains potentially saturating or even reversing over 598 

long time scales (Figure 7). Third, major technical advances are needed to reduce project costs in 599 

order to reach the large implementation scales needed to effectively meet climate and conservation 600 

goals. These challenges call for a deeper integration of the wealth of ecological observations with 601 

process-based understanding that incorporates known biophysics and biochemistry, to project 602 

ecosystem responses to management and climate change. 603 

 604 

6. Summary and Future Perspectives  605 

6.1 Summary 606 

The land biosphere sequesters roughly one third of the CO2 emitted annually by human activities, 607 

with a rate that has doubled from 1.2 ± 0.5 GtC yr-1  in the 1960s to 3.1 ± 0.6 GtC yr-1 in the 2010s. 608 

Understanding the causes of the enhanced carbon uptake is essential for evaluating the longevity 609 

of this important ecosystem service. With this review, we critically examine evidence of enhanced 610 

land uptake and attribute the observed response to drivers and processes. We conclude that there 611 

is strong support for an enhanced terrestrial CO2 uptake globally. Indeed, a more productive land 612 

biosphere is an essential requirement to explain the enhanced net terrestrial carbon uptake 613 

independently inferred in the global carbon budget (Friedlingstein et al. 2022). Synthesis of the 614 

diverse lines of evidence presented here offers compelling, collective support for the existence of 615 

an enhanced land sink driven substantially by CO2 fertilization and, at high latitudes, reduced cold-616 

limitation due to elevated temperatures. However, uncertainties in monitoring and predicting the 617 
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terrestrial carbon sink persist. Long term ecosystem responses to changing climate regimes, land 618 

use change, and nutrient cycling, for example, are still largely uncertain at the global scale.   619 

6.2 Future perspectives 620 

Large opportunities exist to advance understanding of whether the historic enhancement of the 621 

land sink will continue into the future or whether limiting factors will begin to play a stronger role 622 

(Peñuelas et al. 2017, Yuan et al. 2019). Research should be targeted to address these key 623 

questions.  624 

 625 

First and foremost, research is needed to determine the fate of the extra carbon being taken up by 626 

photosynthesis (Jiang et al. 2020). Therefore, we advocate for a new generation of large-scale 627 

model-guided ecosystem manipulation experiments, where fundamental questions guide 628 

experimental design, focused on long-term ecosystem responses, such as FACE experiments. 629 

These may be complemented by less expensive, simpler experiments regarding leaf-level 630 

photosynthesis and plant-level carbon allocation in controlled environments. Carbon cycle 631 

responses to changes in growing season length, as well as the resilience of whole plant and whole 632 

ecosystem carbon dynamics subject to climate extremes (Bahn et al. 2014, Kannenberg et al. 633 

2020), is of high importance in predicting the future land sink. 634 

 635 

The role of nutrient limitations in constraining ecosystem responses to elevated CO2 is another 636 

area in critical need of investigation, particularly in the tropics (e.g., NGEE-Tropics and Amazon-637 

FACE) (Fleischer et al. 2019, Fleischer and Terrer 2022). The ability of plants to actively stimulate 638 

nutrient uptake through interactions with microbial communities and fungal associations (Drake 639 

et al. 2011, Terrer et al. 2016) as well as flexibility in stoichiometry in phosphorus cycling 640 

(Fleischer et al. 2019) and the ability to alleviate phosphorous limitations (Chen et al. 2020) remain 641 

key unknowns. New experiments examining how the response to elevated CO2 varies with 642 

mycorrhizal association and microbial community composition along nutrient gradients are needed 643 

(Terrer et al. 2016, 2019). 644 

 645 

Research must address known terrestrial biosphere model deficiencies, in particular in relation to 646 

altered competitive and successional dynamics driven by global environmental changes. 647 
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Demographic models, such as the Functionally Assembled Terrestrial Ecosystem Simulator, are 648 

being developed to replicate competitive interactions of individuals at a global scale (Koven et al. 649 

2020). These promise a step change in predictive ability, though information with which to 650 

constrain important processes such as competition for light (Weng et al. 2015), recruitment, and 651 

mortality, is lacking at a global scale, undermining the reliability of their projections (Prentice et 652 

al. 2015). Initiatives focused on model benchmarking and functional response analyses, such as 653 

the ILAMB project (Collier et al. 2018, Seiler et al. 2022) provide a rigorous system for assessing 654 

model efficacy, but efforts that use observations to directly inform predictive models within a data-655 

assimilation framework (Peylin et al. 2016) are still needed. Such efforts would benefit from 656 

broader integration of the growing suite of satellite remote sensing observations relevant to the 657 

carbon cycle (Schimel et al. 2015a, Schimel and Schneider 2019).  658 

 659 

Sustained, in-situ and remote observation networks (FLUXNET, Earth Observing Satellites, 660 

biometric inventories, global CO2 station networks) are essential for detecting and attributing 661 

changes in the biosphere’s carbon metabolism and carbon stocks, with new insights coming from 662 

each additional year and decade of observations. Improving the representativeness of in situ 663 

networks, with attention to increased monitoring of disturbance events and underrepresented 664 

regions, is essential in addressing remaining uncertainties of the land carbon sink. While it can be 665 

difficult to secure funding for these long-term investments, many of the most valuable insights 666 

have come from expensive, large-scale, coordinated activities. Comprehensive data integrations 667 

present fruitful opportunities (Schimel et al. 2015b), as do combinations of observations and 668 

models to interrogate hypotheses and develop holistic, predictive understanding (Medlyn et al. 669 

2015, Norby et al. 2016, Song et al. 2019b). Research using recent remote sensing advances, 670 

including in solar-induced fluorescence and vegetation optical depth, and increased temporal and 671 

spatial resolution, will also advance understanding of the carbon cycle at the global scale (Schimel 672 

and Schneider 2019).  673 

 674 

By improving on previous experimental designs and using advances in model-experiment 675 

integration, we expect major advances will narrow the gap between theory and observations. These 676 

steps are crucial for understanding the magnitude and causes of the biosphere’s trend of increasing 677 

carbon uptake and critical for projecting the future evolution of the Earth System.   678 
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Glossary 679 

CO2 atmospheric growth rate [I] The difference in atmospheric CO2 concentration between the 

start and end of each year, representing the sum of all CO2 fluxes 

into and out of the atmosphere by both natural and human 

processes 

Natural land sink [II] 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 [III] 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)  

CO2 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 

680 
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Table 1: Evidence of an enhanced sink 681 

Method 
Spatial 

scale 

Time 

scale 
Observations Estimate 

Certai

nty (1-

10) 

Citations 

Yearly 

atmospheric 

observations 

Global 
1960s- 

present 
Enhancing 

44% of 

anthropogenic CO2 

emissions 

10 

(Raupach et 

al. 2008, Ciais 

et al. 2019, 

Canadell et al. 

2021b) 

Atmospheric 

inversions 
Global 

1990s- 

present 
Enhancing 

0.1 PgC yr-1 

increase* 
9 

(Peylin et al. 

2013) 

DGVM 

output 
Global 

1800s- 

present 
Enhancing 

1.2 ± 0.5 GtC yr-1 

(1960s) to 3.1 ± 

0.6 GtC yr-1 

(2010s)* 

5 
(Friedlingstein 

et al. 2022) 

Satellite 

observations 

Global- 

regional 

1981- 

present 

Widespread 

greening 

Global 0.8% mean 

LAI increase yr-1 
6 

(Jiang et al. 

2017a) 

Seasonal 

atmospheric 

observations 

Regiona

l 

1960s- 

present 

Enhancing 

seasonal 

cycle in 

northern 

hemisphere 

30-50% increase in 

the seasonal cycle 

since 1960s, with a 

0.6 ± 0.5 PgC yr-1 

(2000s) summer 

uptake 

8 

(Commane et 

al. 2017, Ciais 

et al. 2019, He 

et al. 2022) 

Biomass 

plots 

Ecosyste

m 

1960s- 

present 

Increased 

growth and 

mortality 

0.5 MgC ha-1 yr-1 

in the tropics 
9 

(Lewis et al. 

2009b, Qie et 

al. 2017, 

Hubau et al. 

2020) 

Eddy 

covariance 

flux towers 

Ecosyste

m 

1990- 

present 

Enhanced C 

uptake 

0.46 ± 0.09 PgC 

yr-1 (1982-2016) 
7 

(Cai and 

Prentice 2020, 

Chen et al. 

2022) 

Tree rings 
Individu

al 

1600s- 

present 

Increased 

growth rates 

Up to 0.7% yr-1 

increase 
8 

(Cole et al. 

2010) 

 682 
*Atmospheric inversion models include fire and land use change in estimating the land carbon 683 

sink, while DGVM output does not consider fire and land use change.  684 
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Table 2: Methods of sink enhancement detection and attribution 685 

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 

(DGVMs)  

Models that simulate shifts in vegetation and resulting change in 

biogeochemical and hydrological cycles in response to climate change. 

Satellite 

observations 

The current generation of satellites allows for spatially and temporally 

explicit estimation of key aspects such as rates of photosynthesis, gross 

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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Figures 695 

 696 
Figure 1 | Historic enhancement of ecosystem carbon sequestration. Observed atmospheric 697 

CO2 concentrations (red line) and multiple estimates of the terrestrial carbon sink from 1900 to 698 

2020. Theoretical atmospheric CO2 concentrations estimated in the absence of an increasing 699 

terrestrial carbon sink (red dashed line) were calculated by detrending the terrestrial sink and 700 

adding the residual carbon to the atmosphere. Historical estimates of the terrestrial sink (dots) and 701 

mean ensemble dynamic global vegetation model (DGVM) projections from 1959 to 2020 (thin 702 

black line) are provided by the Global Carbon Project (Friedlingstein et al. 2022) ± 1 standard 703 

deviation across the 13 models included in the ensemble (gray shading) and linear regression of 704 

the ensemble mean over time (straight black line). Atmospheric inversion mean model estimates 705 

of the land sink from 1990-2020 (thin blue line) ± 1 standard deviation across 6 models (blue 706 

shading) and linear regression line (straight blue line) are from the RECCAP-2 project (Ciais et al. 707 

2022). 708 
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 710 

Figure 2 | Global changes in vegetation cover. Long-term trends in maximum leaf area index 711 

1982-2016, presented as percent change over time. Changes are estimated as the linear trend of the 712 

annual maximum leaf area index (LAI) over vegetated land derived from satellite reflectance 713 

observations from GLASS, LAI3g, and TCDR datasets (Jiang et al. 2017b), with mean and 714 

standard deviations across the three products.  715 
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 716 

Figure 3 | Changes to the land sink. The carbon sink on land may be enhanced by several 717 

processes, including more diffuse light, release from temperature limitations resulting in a longer 718 

growing season, increased water availability, agricultural intensification, increased mycorrhizal 719 

associations, increased nutrient deposition, and carbon fertilization. These processes may stimulate 720 

enhanced growth including larger and more individuals with increased above and belowground 721 

biomass. The carbon sink on land may also be increasingly limited, resulting in less carbon storage 722 

or enhanced carbon emissions to the atmosphere. Processes leading to sink limitation include 723 

deforestation and other land use change, nutrient limitation, extreme events like drought, and 724 

decreased water availability, along with ecosystem responses such as self-thinning. Together, these 725 

processes may result in fewer, smaller individuals, with less above and belowground biomass and 726 

a smaller carbon land sink. The past, present and future of the land sink is determined by the net 727 

result of enhancement and limitation processes.  728 
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 729 

Figure 4 | Global and regional carbon flux responses over the 21st century. Early 21st century 730 

change in net biome carbon exchange reported for individual forcing factors including published 731 

estimates for CO2 (Sitch et al. 2015), climate (Sitch et al. 2015), ozone (O3) (Sitch et al. 2007), 732 

light (PAR, photosynthetically active radiation, both diffuse and direct) (Mercado et al. 2009), 733 

nitrogen addition and deposition (N) (Zaehle et al. 2011), land use change (LUC) (Hansis et al. 734 

2015), and their sum (total). Multi-model mean changes are calculated from 1901-1920 to 2001-735 

2019 for net ecosystem exchange (NEE = ecosystem respiration  ̶  gross primary productivity) 736 

based on results from TRENDY-v7 (Sitch et al. 2015).  737 

 738 

 739 

  740 
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 741 

Figure 5 | Carbon flux responses to CO2 and climate change over the 20th century. Multi-742 

model mean changes are calculated from 1901-1920 to 2001-2019 for net ecosystem exchange 743 

(NEE = ecosystem respiration  ̶  gross primary productivity) based on results from TRENDY-v7 744 

(Sitch et al. 2015). Scatter plots denote CO2 (S2 – (S1 + baseline)) and climate (S1 – (S0 + 745 

baseline)) responses based on local temperature and precipitation regimes from the Climatic 746 

Research Unit gridded Time Series Version 4 (Harris et al. 2020). Combined (net) effects are the 747 

sum of CO2 and climate responses.  748 
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 749 

Figure 6 | Historical and future projections of the natural land sink. Changes in the net biome 750 

production (NBP) of terrestrial ecosystems projected by an ensemble of Earth system models 751 

(NorESM2-MM, MPI-ESM1-2-LR, IPSL-CM6A-LR, INM-CM5-0, ESM1-2-LR, CESM2, 752 

CanESM5, and MIROC-ES2L) from the Coupled Model Intercomparison Project (CMIP6) for the 753 

historical period (1850-2015) (black) and from 2015 to 2100, under different scenarios of future 754 

change (SSP 4.5, 7.0 and 8.5 emissions scenarios; blue, purple, and red, respectively). Thin lines 755 

show yearly average between all model simulations, with shading representing ± 1 standard 756 

deviation across models. Thick lines show loess smooths of mean yearly values.  757 

 758 

 759 
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 760 

 761 

Figure 7 | Carbon emission mitigation potential on land. a) Carbon mitigation potential per year 762 

in Gt CO2 equivalents for nature-based climate solutions by geographic area. Y-axis labels denote 763 

various strategies, grouped by their method (e.g., protecting existing carbon resources vs. restoring 764 

previously degraded resources) (Roe et al. 2021). b) Theoretical projections of nature-based 765 

climate solutions (NbCS). Enhanced carbon storage relative to baseline situations (red) may 766 

enhance carbon uptake (blue) or reduce carbon emissions (brown) via non-saturating, saturating 767 
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or non-additional NbCS. The amount of additional carbon captured (thick blue arrows) or 768 

emissions avoided (thick brown arrows) relative to baseline conditions (thick red arrows) by the 769 

enhanced land carbon sink varies over time, with non-additional NbCS potentially resulting in 770 

little or no long term land carbon sink gains. 771 

  772 



Submitted for review Janurary 2023. 

36 

 

References 773 

Abram, N. J., B. J. Henley, A. S. Gupta, T. J. R. Lippmann, H. Clarke, A. J. Dowdy, J. J. Sharples, 774 

R. H. Nolan, T. Zhang, M. J. Wooster, J. B. Wurtzel, K. J. Meissner, A. J. Pitman, A. M. 775 

Ukkola, B. P. Murphy, N. J. Tapper, and M. M. Boer. 2021. Connections of climate change 776 

and variability to large and extreme forest fires in southeast Australia. Communications 777 

Earth and Environment 2:8. 778 

Adams, M. A., T. N. Buckley, D. Binkley, M. Neumann, and T. L. Turnbull. 2021. CO2, nitrogen 779 

deposition and a discontinuous climate response drive water use efficiency in global 780 

forests. Nature Communications 12:5194. 781 

Andela, N., D. C. Morton, L. Giglio, Y. Chen, G. R. van der Werf, P. S. Kasibhatla, R. S. DeFries, 782 

G. J. Collatz, S. Hantson, S. Kloster, D. Bachelet, M. Forrest, G. Lasslop, F. Li, S. 783 

Mangeon, J. R. Melton, C. Yue, and J. T. Randerson. 2017. A human-driven decline in 784 

global burned area. Science 356:1356–1362. 785 

Anderegg, W. R. L., O. S. Chegwidden, G. Badgley, A. T. Trugman, D. Cullenward, J. T. 786 

Abatzoglou, J. A. Hicke, J. Freeman, and J. J. Hamman. 2022. Future climate risks from 787 

stress, insects and fire across US forests. Ecology Letters 25:1510–1520. 788 

Anderegg, W. R. L., A. T. Trugman, G. Badgley, A. G. Konings, and J. Shaw. 2020. Divergent 789 

forest sensitivity to repeated extreme droughts. Nature Climate Change 10:1091–1095. 790 

Bahn, M., M. Reichstein, J. S. Dukes, M. D. Smith, and N. G. McDowell. 2014. Climate–biosphere 791 

interactions in a more extreme world. New Phytologist 202:356–359. 792 

Baig, S., B. E. Medlyn, L. M. Mercado, and S. Zaehle. 2015. Does the growth response of woody 793 

plants to elevated CO2 increase with temperature? A model-oriented meta-analysis. Global 794 

Change Biology 21:4303–4319. 795 

Baldocchi, D. D. 2020. How eddy covariance flux measurements have contributed to our 796 

understanding of Global Change Biology. Global Change Biology 26:242–260. 797 

Ballantyne, A. P., C. B. Alden, J. B. Miller, P. P. Tans, and J. W. C. White. 2012. Increase in 798 

observed net carbon dioxide uptake by land and oceans during the past 50 years. Nature 799 

488:70–72. 800 

Bastos, A., P. Ciais, F. Chevallier, C. Rödenbeck, A. P. Ballantyne, F. Maignan, Y. Yin, M. 801 

Fernández-Martínez, P. Friedlingstein, J. Peñuelas, S. L. Piao, S. Sitch, W. K. Smith, X. 802 

Wang, Z. Zhu, V. Haverd, E. Kato, A. K. Jain, S. Lienert, D. Lombardozzi, J. E. M. S. 803 

Nabel, P. Peylin, B. Poulter, and D. Zhu. 2019. Contrasting effects of 804 

CO&lt;sub&gt;2&lt;/sub&gt; fertilization, land-use change and warming on seasonal 805 

amplitude of Northern Hemisphere CO&lt;sub&gt;2&lt;/sub&gt; exchange. Atmospheric 806 

Chemistry and Physics 19:12361–12375. 807 

Battipaglia, G., M. Saurer, P. Cherubini, C. Calfapietra, H. R. McCarthy, R. J. Norby, and M. 808 

Francesca Cotrufo. 2013. Elevated CO₂ increases tree-level intrinsic water use efficiency: 809 

insights from carbon and oxygen isotope analyses in tree rings across three forest FACE 810 

sites. The New phytologist 197:544–54. 811 

Bauman, D., C. Fortunel, G. Delhaye, Y. Malhi, L. A. Cernusak, L. P. Bentley, S. W. Rifai, J. 812 

Aguirre-Gutiérrez, I. O. Menor, O. L. Phillips, B. E. McNellis, M. Bradford, S. G. W. 813 

Laurance, M. F. Hutchinson, R. Dempsey, P. E. Santos-Andrade, H. R. Ninantay-Rivera, 814 

J. R. Chambi Paucar, and S. M. McMahon. 2022. Tropical tree mortality has increased with 815 

rising atmospheric water stress. Nature. 816 

Beer, C., M. Reichstein, E. Tomelleri, P. Ciais, M. Jung, N. Carvalhais, C. Rödenbeck, M. A. 817 

Arain, D. Baldocchi, G. B. Bonan, A. Bondeau, A. Cescatti, G. Lasslop, A. Lindroth, M. 818 



Submitted for review Janurary 2023. 

37 

 

Lomas, S. Luyssaert, H. Margolis, K. W. Oleson, O. Roupsard, E. Veenendaal, N. Viovy, 819 

C. Williams, F. I. Woodward, and D. Papale. 2010. Terrestrial Gross Carbon Dioxide 820 

Uptake: Global Distribution and Covariation with Climate. Science 329:834–838. 821 

Bellassen, V., N. Viovy, S. Luyssaert, G. L. Maire, M.-J. Schelhaas, and P. Ciais. 2011. 822 

Reconstruction and attribution of the carbon sink of European forests between 1950 and 823 

2000. Global Change Biology 17:3274–3292. 824 

Berg, A., and K. A. McColl. 2021. No projected global drylands expansion under greenhouse 825 

warming. Nature Climate Change 11:331–337. 826 

Bowman, D. M. J. S., C. A. Kolden, J. T. Abatzoglou, F. H. Johnston, G. R. van der Werf, and M. 827 

Flannigan. 2020. Vegetation fires in the Anthropocene. Nature Reviews Earth & 828 

Environment 1:500–515. 829 

Brienen, R. J. W., L. Caldwell, L. Duchesne, S. Voelker, J. Barichivich, M. Baliva, G. Ceccantini, 830 

A. Di Filippo, S. Helama, G. M. Locosselli, L. Lopez, G. Piovesan, J. Schöngart, R. 831 

Villalba, and E. Gloor. 2020. Forest carbon sink neutralized by pervasive growth-lifespan 832 

trade-offs. Nature Communications 11:4241. 833 

Brienen, R. J. W., E. Gloor, and P. A. Zuidema. 2012. Detecting evidence for CO 2 fertilization 834 

from tree ring studies: The potential role of sampling biases: CO 2 FERTILIZATION 835 

FROM TREE RINGS. Global Biogeochemical Cycles 26:n/a-n/a. 836 

Brienen, R. J. W., M. Gloor, and G. Ziv. 2017. Tree demography dominates long-term growth 837 

trends inferred from tree rings. Global Change Biology 23:474–484. 838 

Brienen, R. J. W., O. L. Phillips, T. R. Feldpausch, E. Gloor, T. R. Baker, J. Lloyd, G. Lopez-839 

Gonzalez, A. Monteagudo-Mendoza, Y. Malhi, S. L. Lewis, R. Vásquez Martinez, M. 840 

Alexiades, E. Álvarez Dávila, P. Alvarez-Loayza, A. Andrade, L. E. O. C. Aragão, A. 841 

Araujo-Murakami, E. J. M. M. Arets, L. Arroyo, G. A. Aymard C., O. S. Bánki, C. 842 

Baraloto, J. Barroso, D. Bonal, R. G. A. Boot, J. L. C. Camargo, C. V. Castilho, V. Chama, 843 

K. J. Chao, J. Chave, J. A. Comiskey, F. Cornejo Valverde, L. da Costa, E. A. de Oliveira, 844 

A. Di Fiore, T. L. Erwin, S. Fauset, M. Forsthofer, D. R. Galbraith, E. S. Grahame, N. 845 

Groot, B. Hérault, N. Higuchi, E. N. Honorio Coronado, H. Keeling, T. J. Killeen, W. F. 846 

Laurance, S. Laurance, J. Licona, W. E. Magnussen, B. S. Marimon, B. H. Marimon-847 

Junior, C. Mendoza, D. A. Neill, E. M. Nogueira, P. Núñez, N. C. Pallqui Camacho, A. 848 

Parada, G. Pardo-Molina, J. Peacock, M. Peña-Claros, G. C. Pickavance, N. C. A. Pitman, 849 

L. Poorter, A. Prieto, C. A. Quesada, F. Ramírez, H. Ramírez-Angulo, Z. Restrepo, A. 850 

Roopsind, A. Rudas, R. P. Salomão, M. Schwarz, N. Silva, J. E. Silva-Espejo, M. Silveira, 851 

J. Stropp, J. Talbot, H. ter Steege, J. Teran-Aguilar, J. Terborgh, R. Thomas-Caesar, M. 852 

Toledo, M. Torello-Raventos, R. K. Umetsu, G. M. F. van der Heijden, P. van der Hout, I. 853 

C. Guimarães Vieira, S. A. Vieira, E. Vilanova, V. A. Vos, and R. J. Zagt. 2015. Long-854 

term decline of the Amazon carbon sink. Nature 519:344–348. 855 

Buermann, W., M. Forkel, M. O’Sullivan, S. Sitch, P. Friedlingstein, V. Haverd, A. K. Jain, E. 856 

Kato, M. Kautz, S. Lienert, D. Lombardozzi, J. E. M. S. Nabel, H. Tian, A. J. Wiltshire, D. 857 

Zhu, W. K. Smith, and A. D. Richardson. 2018. Widespread seasonal compensation effects 858 

of spring warming on northern plant productivity. Nature 562:110–114. 859 

Burba, G. 2019. Illustrative Maps of Past and Present Eddy Covariance Measurement Locations: 860 

II. High-Resolution Images. 861 

Cabon, A., S. A. Kannenberg, A. Arain, F. Babst, D. Baldocchi, S. Belmecheri, N. Delpierre, R. 862 

Guerrieri, J. T. Maxwell, S. McKenzie, F. C. Meinzer, D. J. P. Moore, C. Pappas, A. V. 863 

Rocha, P. Szejner, M. Ueyama, D. Ulrich, C. Vincke, S. L. Voelker, J. Wei, D. Woodruff, 864 



Submitted for review Janurary 2023. 

38 

 

and W. R. L. Anderegg. 2022a. Cross-biome synthesis of source versus sink limits to tree 865 

growth. Science 376:758–761. 866 

Cabon, A., S. A. Kannenberg, A. Arain, F. Babst, D. Baldocchi, S. Belmecheri, N. Delpierre, R. 867 

Guerrieri, J. T. Maxwell, S. McKenzie, F. C. Meinzer, D. J. P. Moore, C. Pappas, A. V. 868 

Rocha, P. Szejner, M. Ueyama, D. Ulrich, C. Vincke, S. L. Voelker, J. Wei, D. Woodruff, 869 

and W. R. L. Anderegg. 2022b. Cross-biome synthesis of source versus sink limits to tree 870 

growth. Science 376:758–761. 871 

Cai, W., and I. C. Prentice. 2020. Recent trends in gross primary production and their drivers: 872 

analysis and modelling at flux-site and global scales. Environmental Research Letters. 873 

Canadell, J. G., C. Le Quere, M. R. Raupach, C. B. Field, E. T. Buitenhuis, P. Ciais, T. J. Conway, 874 

N. P. Gillett, R. A. Houghton, and G. Marland. 2007. Contributions to accelerating 875 

atmospheric CO2 growth from economic activity, carbon intensity, and efficiency of 876 

natural sinks. Proceedings of the National Academy of Sciences 104:18866–18870. 877 

Canadell, J. G., C. P. Meyer, G. D. Cook, A. Dowdy, P. R. Briggs, J. Knauer, A. Pepler, and V. 878 

Haverd. 2021a. Multi-decadal increase of forest burned area in Australia is linked to 879 

climate change. Nature Communications 12:6921. 880 

Canadell, J., P. Monteiro, M. Costa, L. Cotrim da Cunha, P. Cox, A. Eliseev, S. Henson, M. Ishii, 881 

S. Jaccard, C. Koven, A. Lohila, P. Patra, S. Piao, S. Syampungani, S. Zaehle, K. Zickfeld, 882 

G. Alexandrov, B. Govindasamy, L. Bopp, and A. Lebehot. 2021b. Global Carbon and 883 

other Biogeochemical Cycles and Feedbacks. 884 

Carol Adair, E., P. B. Reich, S. E. Hobbie, and J. M. H. Knops. 2009. Interactive Effects of Time, 885 

CO2, N, and Diversity on Total Belowground Carbon Allocation and Ecosystem Carbon 886 

Storage in a Grassland Community. Ecosystems 12:1037–1052. 887 

Chen, C., T. Park, X. Wang, S. Piao, B. Xu, R. K. Chaturvedi, R. Fuchs, V. Brovkin, P. Ciais, R. 888 

Fensholt, H. Tømmervik, G. Bala, Z. Zhu, R. R. Nemani, and R. B. Myneni. 2019a. China 889 

and India lead in greening of the world through land-use management. Nature 890 

Sustainability 2:122–129. 891 

Chen, C., W. J. Riley, I. C. Prentice, and T. F. Keenan. 2022. CO 2 fertilization of terrestrial 892 

photosynthesis inferred from site to global scales. Proceedings of the National Academy 893 

of Sciences 119:e2115627119. 894 

Chen, J., K. J. Groenigen, B. A. Hungate, C. Terrer, J. Groenigen, F. T. Maestre, S. C. Ying, Y. 895 

Luo, U. Jørgensen, R. L. Sinsabaugh, J. E. Olesen, and L. Elsgaard. 2020. Long‐term 896 

nitrogen loading alleviates phosphorus limitation in terrestrial ecosystems. Global Change 897 

Biology 26:5077–5086. 898 

Chen, J. M., W. Ju, P. Ciais, N. Viovy, R. Liu, Y. Liu, and X. Lu. 2019b. Vegetation structural 899 

change since 1981 significantly enhanced the terrestrial carbon sink. Nature 900 

Communications 10:4259. 901 

Ciais, P., A. Bastos, F. Chevallier, R. Lauerwald, B. Poulter, J. G. Canadell, G. Hugelius, R. B. 902 

Jackson, A. Jain, M. Jones, M. Kondo, I. T. Luijkx, P. K. Patra, W. Peters, J. Pongratz, A. 903 

M. R. Petrescu, S. Piao, C. Qiu, C. Von Randow, P. Regnier, M. Saunois, R. Scholes, A. 904 

Shvidenko, H. Tian, H. Yang, X. Wang, and B. Zheng. 2022. Definitions and methods to 905 

estimate regional land carbon fluxes for the second phase of the REgional Carbon Cycle 906 

Assessment and Processes Project (RECCAP-2). Geoscientific Model Development 907 

15:1289–1316. 908 

Ciais, P., J. Tan, X. Wang, C. Roedenbeck, F. Chevallier, S.-L. Piao, R. Moriarty, G. Broquet, C. 909 

Le Quéré, J. G. Canadell, S. Peng, B. Poulter, Z. Liu, and P. Tans. 2019. Five decades of 910 



Submitted for review Janurary 2023. 

39 

 

northern land carbon uptake revealed by the interhemispheric CO2 gradient. Nature 911 

568:221–225. 912 

Ciais, P., P. P. Tans, M. Trolier, J. W. C. White, and R. J. Francey. 1995. A Large Northern 913 

Hemisphere Terrestrial CO 2 Sink Indicated by the 13 C/ 12 C Ratio of Atmospheric CO 2. 914 

Science 269:1098–1102. 915 

Ciemer, C., N. Boers, M. Hirota, J. Kurths, F. Müller-Hansen, R. S. Oliveira, and R. Winkelmann. 916 

2019. Higher resilience to climatic disturbances in tropical vegetation exposed to more 917 

variable rainfall. Nature Geoscience 12:174–179. 918 

Clark, D. A. 2007. Detecting Tropical Forests’ Responses to Global Climatic and Atmospheric 919 

Change: Current Challenges and a Way Forward. Biotropica 39:4–19. 920 

Cole, C. T., J. E. Anderson, R. L. Lindroth, and D. M. Waller. 2010. Rising concentrations of 921 

atmospheric CO2 have increased growth in natural stands of quaking aspen (Populus 922 

tremuloides). Global Change Biology 16:2186–2197. 923 

Collier, N., F. M. Hoffman, D. M. Lawrence, G. Keppel‐Aleks, C. D. Koven, W. J. Riley, M. Mu, 924 

and J. T. Randerson. 2018. The International Land Model Benchmarking (ILAMB) 925 

System: Design, Theory, and Implementation. Journal of Advances in Modeling Earth 926 

Systems 10:2731–2754. 927 

Commane, R., J. Lindaas, J. Benmergui, K. A. Luus, R. Y.-W. Chang, B. C. Daube, E. S. 928 

Euskirchen, J. M. Henderson, A. Karion, J. B. Miller, S. M. Miller, N. C. Parazoo, J. T. 929 

Randerson, C. Sweeney, P. Tans, K. Thoning, S. Veraverbeke, C. E. Miller, and S. C. 930 

Wofsy. 2017. Carbon dioxide sources from Alaska driven by increasing early winter 931 

respiration from Arctic tundra. Proceedings of the National Academy of Sciences 932 

114:5361–5366. 933 

Cook, B. I., T. R. Ault, and J. E. Smerdon. 2015. Unprecedented 21st century drought risk in the 934 

American Southwest and Central Plains. Science Advances 1:e1400082. 935 

Cook, B. I., J. S. Mankin, K. Marvel, A. P. Williams, J. E. Smerdon, and K. J. Anchukaitis. 2020. 936 

Twenty‐First Century Drought Projections in the CMIP6 Forcing Scenarios. Earth’s Future 937 

8. 938 

Cook, B. I., J. E. Smerdon, E. R. Cook, A. P. Williams, K. J. Anchukaitis, J. S. Mankin, K. Allen, 939 

L. Andreu-Hayles, T. R. Ault, S. Belmecheri, S. Coats, B. Coulthard, B. Fosu, P. Grierson, 940 

D. Griffin, D. A. Herrera, M. Ionita, F. Lehner, C. Leland, K. Marvel, M. S. Morales, V. 941 

Mishra, J. Ngoma, H. T. T. Nguyen, A. O’Donnell, J. Palmer, M. P. Rao, M. Rodriguez-942 

Caton, R. Seager, D. W. Stahle, S. Stevenson, U. K. Thapa, A. M. Varuolo-Clarke, and E. 943 

K. Wise. 2022. Megadroughts in the Common Era and the Anthropocene. Nature Reviews 944 

Earth & Environment:1–17. 945 

Cook-Patton, S. C., S. M. Leavitt, D. Gibbs, N. L. Harris, K. Lister, K. J. Anderson-Teixeira, R. 946 

D. Briggs, R. L. Chazdon, T. W. Crowther, P. W. Ellis, H. P. Griscom, V. Herrmann, K. 947 

D. Holl, R. A. Houghton, C. Larrosa, G. Lomax, R. Lucas, P. Madsen, Y. Malhi, A. 948 

Paquette, J. D. Parker, K. Paul, D. Routh, S. Roxburgh, S. Saatchi, J. van den Hoogen, W. 949 

S. Walker, C. E. Wheeler, S. A. Wood, L. Xu, and B. W. Griscom. 2020. Mapping carbon 950 

accumulation potential from global natural forest regrowth. Nature 585:545–550. 951 

Cortés, J., M. D. Mahecha, M. Reichstein, R. B. Myneni, C. Chen, and A. Brenning. 2021. Where 952 

Are Global Vegetation Greening and Browning Trends Significant? Geophysical Research 953 

Letters 48. 954 

Crisp, D., H. Dolman, T. Tanhua, G. A. McKinley, J. Hauck, A. Bastos, S. Sitch, S. Eggleston, 955 

and V. Aich. 2022. How Well Do We Understand the Land‐Ocean‐Atmosphere Carbon 956 



Submitted for review Janurary 2023. 

40 

 

Cycle? Reviews of Geophysics 60. 957 

Dai, A. 2013. Increasing drought under global warming in observations and models. Nature 958 

Climate Change 3:52–58. 959 

D’Arrigo, R., R. Wilson, B. Liepert, and P. Cherubini. 2008. On the ‘Divergence Problem’ in 960 

Northern Forests: A review of the tree-ring evidence and possible causes. Global and 961 

Planetary Change 60:289–305. 962 

Davis, E. C., B. Sohngen, and D. J. Lewis. 2022. The effect of carbon fertilization on naturally 963 

regenerated and planted US forests. Nature Communications 13:5490. 964 

Denissen, J. M. C., A. J. Teuling, A. J. Pitman, S. Koirala, M. Migliavacca, W. Li, M. Reichstein, 965 

A. J. Winkler, C. Zhan, and R. Orth. 2022. Widespread shift from ecosystem energy to 966 

water limitation with climate change. Nature Climate Change 12:677–684. 967 

Doerr, S. H., and C. Santín. 2016. Global trends in wildfire and its impacts: perceptions versus 968 

realities in a changing world. Philosophical Transactions of the Royal Society B: Biological 969 

Sciences 371:20150345. 970 

Donohue, R. J., M. L. Roderick, T. R. McVicar, and G. D. Farquhar. 2013. Impact of CO2 971 

fertilization on maximum foliage cover across the globe’s warm, arid environments. 972 

Geophysical Research Letters 40:3031–3035. 973 

Dragoni, D., H. P. Schmid, C. A. Wayson, H. Potter, C. S. B. Grimmond, and J. C. Randolph. 974 

2011. Evidence of increased net ecosystem productivity associated with a longer vegetated 975 

season in a deciduous forest in south-central Indiana, USA. Global Change Biology 976 

17:886–897. 977 

Drake, J. E., A. Gallet-Budynek, K. S. Hofmockel, E. S. Bernhardt, S. A. Billings, R. B. Jackson, 978 

K. S. Johnsen, J. Lichter, H. R. McCarthy, M. L. McCormack, D. J. P. Moore, R. Oren, S. 979 

Palmroth, R. P. Phillips, J. S. Pippen, S. G. Pritchard, K. K. Treseder, W. H. Schlesinger, 980 

E. H. DeLucia, and A. C. Finzi. 2011. Increases in the flux of carbon belowground 981 

stimulate nitrogen uptake and sustain the long-term enhancement of forest productivity 982 

under elevated CO2. Ecology Letters 14:349–357. 983 

Dukes, J. S., N. R. Chiariello, E. E. Cleland, L. A. Moore, M. R. Shaw, S. Thayer, T. Tobeck, H. 984 

A. Mooney, and C. B. Field. 2005. Responses of Grassland Production to Single and 985 

Multiple Global Environmental Changes. PLOS Biology 3:e319. 986 

Fatichi, S., C. Pappas, J. Zscheischler, and S. Leuzinger. 2019. Modelling carbon sources and sinks 987 

in terrestrial vegetation. New Phytologist 221:652–668. 988 

Fernández-Martínez, M., J. Sardans, F. Chevallier, P. Ciais, M. Obersteiner, S. Vicca, J. G. 989 

Canadell, A. Bastos, P. Friedlingstein, S. Sitch, S. L. Piao, I. A. Janssens, and J. Peñuelas. 990 

2019. Global trends in carbon sinks and their relationships with CO2 and temperature. 991 

Nature Climate Change 9:73–79. 992 

Fernández-Martínez, M., S. Vicca, I. A. Janssens, P. Ciais, M. Obersteiner, M. Bartrons, J. 993 

Sardans, A. Verger, J. G. Canadell, F. Chevallier, X. Wang, C. Bernhofer, P. S. Curtis, D. 994 

Gianelle, T. Grünwald, B. Heinesch, A. Ibrom, A. Knohl, T. Laurila, B. E. Law, J. M. 995 

Limousin, B. Longdoz, D. Loustau, I. Mammarella, G. Matteucci, R. K. Monson, L. 996 

Montagnani, E. J. Moors, J. W. Munger, D. Papale, S. L. Piao, and J. Peñuelas. 2017. 997 

Atmospheric deposition, CO2, and change in the land carbon sink. Scientific Reports 998 

7:9632. 999 

Fleischer, K., A. Rammig, M. G. De Kauwe, A. P. Walker, T. F. Domingues, L. Fuchslueger, S. 1000 

Garcia, D. S. Goll, A. Grandis, M. Jiang, V. Haverd, F. Hofhansl, J. A. Holm, B. Kruijt, F. 1001 

Leung, B. E. Medlyn, L. M. Mercado, R. J. Norby, B. Pak, C. von Randow, C. A. Quesada, 1002 



Submitted for review Janurary 2023. 

41 

 

K. J. Schaap, O. J. Valverde-Barrantes, Y.-P. Wang, X. Yang, S. Zaehle, Q. Zhu, and D. 1003 

M. Lapola. 2019. Amazon forest response to CO2 fertilization dependent on plant 1004 

phosphorus acquisition. Nature Geoscience 12:736–741. 1005 

Fleischer, K., and C. Terrer. 2022. Estimates of soil nutrient limitation on the CO2 fertilization 1006 

effect for tropical vegetation. Global Change Biology 28:6366–6369. 1007 

Forkel, M., N. Carvalhais, C. Rödenbeck, R. Keeling, M. Heimann, K. Thonicke, S. Zaehle, and 1008 

M. Reichstein. 2016. Enhanced seasonal CO2 exchange caused by amplified plant 1009 

productivity in northern ecosystems. Science 351:696–699. 1010 

Forkel, M., N. Carvalhais, J. Verbesselt, M. D. Mahecha, C. S. R. Neigh, and M. Reichstein. 2013. 1011 

Trend Change Detection in NDVI Time Series: Effects of Inter-Annual Variability and 1012 

Methodology. Remote Sensing 5:2113–2144. 1013 

Forkel, M., W. Dorigo, G. Lasslop, E. Chuvieco, S. Hantson, A. Heil, I. Teubner, K. Thonicke, 1014 

and S. P. Harrison. 2019. Recent global and regional trends in burned area and their 1015 

compensating environmental controls. Environmental Research Communications 1016 

1:051005. 1017 

Frank, D. C., B. Poulter, M. Saurer, J. Esper, C. Huntingford, G. Helle, K. Treydte, N. E. 1018 

Zimmermann, G. H. Schleser, A. Ahlström, P. Ciais, P. Friedlingstein, S. Levis, M. Lomas, 1019 

S. Sitch, N. Viovy, L. Andreu-Hayles, Z. Bednarz, F. Berninger, T. Boettger, C. M. 1020 

D‘Alessandro, V. Daux, M. Filot, M. Grabner, E. Gutierrez, M. Haupt, E. Hilasvuori, H. 1021 

Jungner, M. Kalela-Brundin, M. Krapiec, M. Leuenberger, N. J. Loader, H. Marah, V. 1022 

Masson-Delmotte, A. Pazdur, S. Pawelczyk, M. Pierre, O. Planells, R. Pukiene, C. E. 1023 

Reynolds-Henne, K. T. Rinne, A. Saracino, E. Sonninen, M. Stievenard, V. R. Switsur, M. 1024 

Szczepanek, E. Szychowska-Krapiec, L. Todaro, J. S. Waterhouse, and M. Weigl. 2015. 1025 

Water-use efficiency and transpiration across European forests during the Anthropocene. 1026 

Nature Climate Change 5:579–583. 1027 

Friedlingstein, P., M. W. Jones, M. O’Sullivan, R. M. Andrew, D. C. E. Bakker, J. Hauck, C. Le 1028 

Quéré, G. P. Peters, W. Peters, J. Pongratz, S. Sitch, J. G. Canadell, P. Ciais, R. B. Jackson, 1029 

S. R. Alin, P. Anthoni, N. R. Bates, M. Becker, N. Bellouin, L. Bopp, T. T. T. Chau, F. 1030 

Chevallier, L. P. Chini, M. Cronin, K. I. Currie, B. Decharme, L. M. Djeutchouang, X. 1031 

Dou, W. Evans, R. A. Feely, L. Feng, T. Gasser, D. Gilfillan, T. Gkritzalis, G. Grassi, L. 1032 

Gregor, N. Gruber, Ö. Gürses, I. Harris, R. A. Houghton, G. C. Hurtt, Y. Iida, T. Ilyina, I. 1033 

T. Luijkx, A. Jain, S. D. Jones, E. Kato, D. Kennedy, K. Klein Goldewijk, J. Knauer, J. I. 1034 

Korsbakken, A. Körtzinger, P. Landschützer, S. K. Lauvset, N. Lefèvre, S. Lienert, J. Liu, 1035 

G. Marland, P. C. McGuire, J. R. Melton, D. R. Munro, J. E. M. S. Nabel, S.-I. Nakaoka, 1036 

Y. Niwa, T. Ono, D. Pierrot, B. Poulter, G. Rehder, L. Resplandy, E. Robertson, C. 1037 

Rödenbeck, T. M. Rosan, J. Schwinger, C. Schwingshackl, R. Séférian, A. J. Sutton, C. 1038 

Sweeney, T. Tanhua, P. P. Tans, H. Tian, B. Tilbrook, F. Tubiello, G. R. van der Werf, N. 1039 

Vuichard, C. Wada, R. Wanninkhof, A. J. Watson, D. Willis, A. J. Wiltshire, W. Yuan, C. 1040 

Yue, X. Yue, S. Zaehle, and J. Zeng. 2022. Global Carbon Budget 2021. Earth System 1041 

Science Data 14:1917–2005. 1042 

Friedlingstein, P., M. Meinshausen, V. K. Arora, C. D. Jones, A. Anav, S. K. Liddicoat, and R. 1043 

Knutti. 2014. Uncertainties in CMIP5 Climate Projections due to Carbon Cycle Feedbacks. 1044 

Journal of Climate 27:511–526. 1045 

Gampe, D., J. Zscheischler, M. Reichstein, M. O’Sullivan, W. K. Smith, S. Sitch, and W. 1046 

Buermann. 2021. Increasing impact of warm droughts on northern ecosystem productivity 1047 

over recent decades. Nature Climate Change 11:772–779. 1048 



Submitted for review Janurary 2023. 

42 

 

Gedalof, Z., and A. A. Berg. 2010. Tree ring evidence for limited direct CO2 fertilization of forests 1049 

over the 20th century. Global Biogeochemical Cycles 24. 1050 

van Gestel, N., Z. Shi, K. J. van Groenigen, C. W. Osenberg, L. C. Andresen, J. S. Dukes, M. J. 1051 

Hovenden, Y. Luo, A. Michelsen, E. Pendall, P. B. Reich, E. A. G. Schuur, and B. A. 1052 

Hungate. 2018. Predicting soil carbon loss with warming. Nature 554:E4–E5. 1053 

Gherardi, L. A., and O. E. Sala. 2019. Effect of interannual precipitation variability on dryland 1054 

productivity: A global synthesis. Global Change Biology 25:269–276. 1055 

Gherardi, L. A., and O. E. Sala. 2020. Global patterns and climatic controls of belowground net 1056 

carbon fixation. Proceedings of the National Academy of Sciences 117:20038–20043. 1057 

Grassi, G., J. House, F. Dentener, S. Federici, M. den Elzen, and J. Penman. 2017. The key role of 1058 

forests in meeting climate targets requires science for credible mitigation. Nature Climate 1059 

Change 7:220–226. 1060 

Graven, H. D., R. F. Keeling, S. C. Piper, P. K. Patra, B. B. Stephens, S. C. Wofsy, L. R. Welp, C. 1061 

Sweeney, P. P. Tans, J. J. Kelley, B. C. Daube, E. A. Kort, G. W. Santoni, and J. D. Bent. 1062 

2013. Enhanced Seasonal Exchange of CO2 by Northern Ecosystems Since 1960. Science 1063 

341:1085–1089. 1064 

Gray, J. M., S. Frolking, E. A. Kort, D. K. Ray, C. J. Kucharik, N. Ramankutty, and M. A. Friedl. 1065 

2014. Direct human influence on atmospheric CO2 seasonality from increased cropland 1066 

productivity. Nature 515:398–401. 1067 

Green, J. K., and T. F. Keenan. 2022. The limits of forest carbon sequestration. Science 376:692–1068 

693. 1069 

Groenigen, K. J. van, C. W. Osenberg, C. Terrer, Y. Carrillo, F. A. Dijkstra, J. Heath, M. Nie, E. 1070 

Pendall, R. P. Phillips, and B. A. Hungate. 2017. Faster turnover of new soil carbon inputs 1071 

under increased atmospheric CO2. Global Change Biology 23:4420–4429. 1072 

Gruber, N., and J. N. Galloway. 2008. An Earth-system perspective of the global nitrogen cycle. 1073 

Nature 451:293–296. 1074 

Guerrieri, R., S. Belmecheri, S. V. Ollinger, H. Asbjornsen, K. Jennings, J. Xiao, B. D. Stocker, 1075 

M. Martin, D. Y. Hollinger, R. Bracho-Garrillo, K. Clark, S. Dore, T. Kolb, J. W. Munger, 1076 

K. Novick, and A. D. Richardson. 2019. Disentangling the role of photosynthesis and 1077 

stomatal conductance on rising forest water-use efficiency. Proceedings of the National 1078 

Academy of Sciences 116:16909–16914. 1079 

Guerrieri, R., E. Vanguelova, R. Pitman, S. Benham, M. Perks, J. I. L. Morison, and M. 1080 

Mencuccini. 2020. Climate and atmospheric deposition effects on forest water-use 1081 

efficiency and nitrogen availability across Britain. Scientific Reports 10:12418. 1082 

Guo, L. B., and R. M. Gifford. 2002. Soil carbon stocks and land use change: a meta analysis. 1083 

Global Change Biology 8:345–360. 1084 

Hammond, W. M., A. P. Williams, J. T. Abatzoglou, H. D. Adams, T. Klein, R. López, C. Sáenz-1085 

Romero, H. Hartmann, D. D. Breshears, and C. D. Allen. 2022. Global field observations 1086 

of tree die-off reveal hotter-drought fingerprint for Earth’s forests. Nature Communications 1087 

13:1761. 1088 

Hansis, E., S. J. Davis, and J. Pongratz. 2015. Relevance of methodological choices for accounting 1089 

of land use change carbon fluxes. Global Biogeochemical Cycles 29:1230–1246. 1090 

Hararuk, O., E. M. Campbell, J. A. Antos, and R. Parish. 2019. Tree rings provide no evidence of 1091 

a CO2 fertilization effect in old-growth subalpine forests of western Canada. Global 1092 

Change Biology 25:1222–1234. 1093 

Harris, I., T. J. Osborn, P. Jones, and D. Lister. 2020. Version 4 of the CRU TS monthly high-1094 



Submitted for review Janurary 2023. 

43 

 

resolution gridded multivariate climate dataset. Scientific Data 7:109. 1095 

Harris, N. L., D. A. Gibbs, A. Baccini, R. A. Birdsey, S. de Bruin, M. Farina, L. Fatoyinbo, M. C. 1096 

Hansen, M. Herold, R. A. Houghton, P. V. Potapov, D. R. Suarez, R. M. Roman-Cuesta, 1097 

S. S. Saatchi, C. M. Slay, S. A. Turubanova, and A. Tyukavina. 2021. Global maps of 1098 

twenty-first century forest carbon fluxes. Nature Climate Change 11:234–240. 1099 

Hauck, J., M. Zeising, C. Le Quéré, N. Gruber, D. C. E. Bakker, L. Bopp, T. T. T. Chau, Ö. Gürses, 1100 

T. Ilyina, P. Landschützer, A. Lenton, L. Resplandy, C. Rödenbeck, J. Schwinger, and R. 1101 

Séférian. 2020. Consistency and Challenges in the Ocean Carbon Sink Estimate for the 1102 

Global Carbon Budget. Frontiers in Marine Science 7:571720. 1103 

Haverd, V., B. Smith, J. G. Canadell, M. Cuntz, S. Mikaloff-Fletcher, G. Farquhar, W. Woodgate, 1104 

P. R. Briggs, and C. M. Trudinger. 2020. Higher than expected CO2 fertilization inferred 1105 

from leaf to global observations. Global Change Biology 26:2390–2402. 1106 

He, L., B. Byrne, Y. Yin, J. Liu, and C. Frankenberg. 2022. Remote-Sensing Derived Trends in 1107 

Gross Primary Production Explain Increases in the CO2 Seasonal Cycle Amplitude. Global 1108 

Biogeochemical Cycles 36:e2021GB007220. 1109 

He, Y., S. E. Trumbore, M. S. Torn, J. W. Harden, L. J. S. Vaughn, S. D. Allison, and J. T. 1110 

Randerson. 2016. Radiocarbon constraints imply reduced carbon uptake by soils during the 1111 

21st century. Science 353:1419–1424. 1112 

Hickler, T., B. Smith, I. C. Prentice, K. Mjöfors, P. Miller, A. Arneth, and M. T. Sykes. 2008. CO2 1113 

fertilization in temperate FACE experiments not representative of boreal and tropical 1114 

forests. Global Change Biology 14:1531–1542. 1115 

Hicks Pries, C. E., C. Castanha, R. C. Porras, and M. S. Torn. 2017. The whole-soil carbon flux in 1116 

response to warming. Science 355:1420–1423. 1117 

Hou, E., Y. Luo, Y. Kuang, C. Chen, X. Lu, L. Jiang, X. Luo, and D. Wen. 2020. Global meta-1118 

analysis shows pervasive phosphorus limitation of aboveground plant production in natural 1119 

terrestrial ecosystems. Nature Communications 11:637. 1120 

Houghton, R. A., J. L. Hackler, and K. T. Lawrence. 1999. The U.S. Carbon budget: contributions 1121 

from land-Use change. Science (New York, N.Y.) 285:574–578. 1122 

Huang, K., J. Xia, Y. Wang, A. Ahlström, J. Chen, R. B. Cook, E. Cui, Y. Fang, J. B. Fisher, D. 1123 

N. Huntzinger, Z. Li, A. M. Michalak, Y. Qiao, K. Schaefer, C. Schwalm, J. Wang, Y. 1124 

Wei, X. Xu, L. Yan, C. Bian, and Y. Luo. 2018. Enhanced peak growth of global vegetation 1125 

and its key mechanisms. Nature Ecology & Evolution 2:1897–1905. 1126 

Huang, M., S. Piao, P. Ciais, J. Peñuelas, X. Wang, T. F. Keenan, S. Peng, J. A. Berry, K. Wang, 1127 

J. Mao, R. Alkama, A. Cescatti, M. Cuntz, H. De Deurwaerder, M. Gao, Y. He, Y. Liu, Y. 1128 

Luo, R. B. Myneni, S. Niu, X. Shi, W. Yuan, H. Verbeeck, T. Wang, J. Wu, and I. A. 1129 

Janssens. 2019. Air temperature optima of vegetation productivity across global biomes. 1130 

Nature Ecology & Evolution 3:772–779. 1131 

Hubau, W., S. L. Lewis, O. L. Phillips, K. Affum-Baffoe, H. Beeckman, A. Cuní-Sanchez, A. K. 1132 

Daniels, C. E. N. Ewango, S. Fauset, J. M. Mukinzi, D. Sheil, B. Sonké, M. J. P. Sullivan, 1133 

T. C. H. Sunderland, H. Taedoumg, S. C. Thomas, L. J. T. White, K. A. Abernethy, S. 1134 

Adu-Bredu, C. A. Amani, T. R. Baker, L. F. Banin, F. Baya, S. K. Begne, A. C. Bennett, 1135 

F. Benedet, R. Bitariho, Y. E. Bocko, P. Boeckx, P. Boundja, R. J. W. Brienen, T. Brncic, 1136 

E. Chezeaux, G. B. Chuyong, C. J. Clark, M. Collins, J. A. Comiskey, D. A. Coomes, G. 1137 

C. Dargie, T. de Haulleville, M. N. D. Kamdem, J.-L. Doucet, A. Esquivel-Muelbert, T. R. 1138 

Feldpausch, A. Fofanah, E. G. Foli, M. Gilpin, E. Gloor, C. Gonmadje, S. Gourlet-Fleury, 1139 

J. S. Hall, A. C. Hamilton, D. J. Harris, T. B. Hart, M. B. N. Hockemba, A. Hladik, S. A. 1140 



Submitted for review Janurary 2023. 

44 

 

Ifo, K. J. Jeffery, T. Jucker, E. K. Yakusu, E. Kearsley, D. Kenfack, A. Koch, M. E. Leal, 1141 

A. Levesley, J. A. Lindsell, J. Lisingo, G. Lopez-Gonzalez, J. C. Lovett, J.-R. Makana, Y. 1142 

Malhi, A. R. Marshall, J. Martin, E. H. Martin, F. M. Mbayu, V. P. Medjibe, V. Mihindou, 1143 

E. T. A. Mitchard, S. Moore, P. K. T. Munishi, N. N. Bengone, L. Ojo, F. E. Ondo, K. S.-1144 

H. Peh, G. C. Pickavance, A. D. Poulsen, J. R. Poulsen, L. Qie, J. Reitsma, F. Rovero, M. 1145 

D. Swaine, J. Talbot, J. Taplin, D. M. Taylor, D. W. Thomas, B. Toirambe, J. T. Mukendi, 1146 

D. Tuagben, P. M. Umunay, G. M. F. van der Heijden, H. Verbeeck, J. Vleminckx, S. 1147 

Willcock, H. Wöll, J. T. Woods, and L. Zemagho. 2020. Asynchronous carbon sink 1148 

saturation in African and Amazonian tropical forests. Nature 579:80–87. 1149 

Humphrey, V., J. Zscheischler, P. Ciais, L. Gudmundsson, S. Sitch, and S. I. Seneviratne. 2018. 1150 

Sensitivity of atmospheric CO2 growth rate to observed changes in terrestrial water 1151 

storage. Nature 560:628–631. 1152 

Huntzinger, D. N., A. M. Michalak, C. Schwalm, P. Ciais, A. W. King, Y. Fang, K. Schaefer, Y. 1153 

Wei, R. B. Cook, J. B. Fisher, D. Hayes, M. Huang, A. Ito, A. K. Jain, H. Lei, C. Lu, F. 1154 

Maignan, J. Mao, N. Parazoo, S. Peng, B. Poulter, D. Ricciuto, X. Shi, H. Tian, W. Wang, 1155 

N. Zeng, and F. Zhao. 2017. Uncertainty in the response of terrestrial carbon sink to 1156 

environmental drivers undermines carbon-climate feedback predictions. Scientific Reports 1157 

7:4765. 1158 

Jiang, C., Y. Ryu, H. Fang, R. Myneni, M. Claverie, and Z. Zhu. 2017a. Inconsistencies of 1159 

interannual variability and trends in long-term satellite leaf area index products. Global 1160 

Change Biology 23:4133–4146. 1161 

Jiang, C., Y. Ryu, H. Fang, R. Myneni, M. Claverie, and Z. Zhu. 2017b. Inconsistencies of 1162 

interannual variability and trends in long-term satellite leaf area index products. Global 1163 

Change Biology 23:4133–4146. 1164 

Jiang, M., B. E. Medlyn, J. E. Drake, R. A. Duursma, I. C. Anderson, C. V. M. Barton, M. M. 1165 

Boer, Y. Carrillo, L. Castañeda-Gómez, L. Collins, K. Y. Crous, M. G. De Kauwe, B. M. 1166 

dos Santos, K. M. Emmerson, S. L. Facey, A. N. Gherlenda, T. E. Gimeno, S. Hasegawa, 1167 

S. N. Johnson, A. Kännaste, C. A. Macdonald, K. Mahmud, B. D. Moore, L. Nazaries, E. 1168 

H. J. Neilson, U. N. Nielsen, Ü. Niinemets, N. J. Noh, R. Ochoa-Hueso, V. S. Pathare, E. 1169 

Pendall, J. Pihlblad, J. Piñeiro, J. R. Powell, S. A. Power, P. B. Reich, A. A. Renchon, M. 1170 

Riegler, R. Rinnan, P. D. Rymer, R. L. Salomón, B. K. Singh, B. Smith, M. G. Tjoelker, J. 1171 

K. M. Walker, A. Wujeska-Klause, J. Yang, S. Zaehle, and D. S. Ellsworth. 2020. The fate 1172 

of carbon in a mature forest under carbon dioxide enrichment. Nature 580:227–231. 1173 

Jiao, W., L. Wang, W. K. Smith, Q. Chang, H. Wang, and P. D’Odorico. 2021. Observed 1174 

increasing water constraint on vegetation growth over the last three decades. Nature 1175 

Communications 12:3777. 1176 

Joiner, J., Y. Yoshida, Y. Zhang, G. Duveiller, M. Jung, A. Lyapustin, Y. Wang, and C. J. Tucker. 1177 

2018. Estimation of terrestrial global gross primary production (GPP) with satellite data-1178 

driven models and eddy covariance flux data. Remote Sensing 10. 1179 

Jones, M. W., J. T. Abatzoglou, S. Veraverbeke, N. Andela, G. Lasslop, M. Forkel, A. J. P. Smith, 1180 

C. Burton, R. A. Betts, G. R. van der Werf, S. Sitch, J. G. Canadell, C. Santín, C. Kolden, 1181 

S. H. Doerr, and C. Le Quéré. 2022. Global and Regional Trends and Drivers of Fire Under 1182 

Climate Change. Reviews of Geophysics 60:e2020RG000726. 1183 

de Jong, R., J. Verbesselt, M. E. Schaepman, and S. de Bruin. 2012. Trend changes in global 1184 

greening and browning: Contribution of short-term trends to longer-term change. Global 1185 

Change Biology 18:642–655. 1186 



Submitted for review Janurary 2023. 

45 

 

Jung, M., M. Reichstein, P. Ciais, S. I. Seneviratne, J. Sheffield, M. L. Goulden, G. Bonan, A. 1187 

Cescatti, J. Chen, R. de Jeu, A. J. Dolman, W. Eugster, D. Gerten, D. Gianelle, N. Gobron, 1188 

J. Heinke, J. Kimball, B. E. Law, L. Montagnani, Q. Mu, B. Mueller, K. Oleson, D. Papale, 1189 

A. D. Richardson, O. Roupsard, S. Running, E. Tomelleri, N. Viovy, U. Weber, C. 1190 

Williams, E. Wood, S. Zaehle, and K. Zhang. 2010. Recent decline in the global land 1191 

evapotranspiration trend due to limited moisture supply. Nature 467:951–954. 1192 

Jung, M., M. Reichstein, H. A. Margolis, A. Cescatti, A. D. Richardson, M. A. Arain, A. Arneth, 1193 

C. Bernhofer, D. Bonal, J. Chen, D. Gianelle, N. Gobron, G. Kiely, W. Kutsch, G. Lasslop, 1194 

B. E. Law, A. Lindroth, L. Merbold, L. Montagnani, E. J. Moors, D. Papale, M. 1195 

Sottocornola, F. Vaccari, and C. Williams. 2011. Global patterns of land-atmosphere fluxes 1196 

of carbon dioxide, latent heat, and sensible heat derived from eddy covariance, satellite, 1197 

and meteorological observations. Journal of Geophysical Research: Biogeosciences 116. 1198 

Jung, M., C. Schwalm, M. Migliavacca, S. Walther, G. Camps-Valls, S. Koirala, P. Anthoni, S. 1199 

Besnard, P. Bodesheim, N. Carvalhais, F. Chevallier, F. Gans, D. S. Goll, V. Haverd, P. 1200 

Köhler, K. Ichii, A. K. Jain, J. Liu, D. Lombardozzi, J. E. M. S. Nabel, J. A. Nelson, M. 1201 

O’Sullivan, M. Pallandt, D. Papale, W. Peters, J. Pongratz, C. Rödenbeck, S. Sitch, G. 1202 

Tramontana, A. Walker, U. Weber, and M. Reichstein. 2020. Scaling carbon fluxes from 1203 

eddy covariance sites to globe: synthesis and evaluation of the FLUXCOM approach. 1204 

Biogeosciences 17:1343–1365. 1205 

Kannenberg, S. A., C. R. Schwalm, and W. R. L. Anderegg. 2020. Ghosts of the past: how drought 1206 

legacy effects shape forest functioning and carbon cycling. Ecology Letters 23:891–901. 1207 

Karnauskas, K. B., J. P. Donnelly, and K. J. Anchukaitis. 2016. Future freshwater stress for island 1208 

populations. Nature Climate Change 6:720–725. 1209 

Keeling, C. D., J. F. S. Chin, and T. P. Whorf. 1996. Increased activity of northern vegetation 1210 

inferred from atmospheric CO2 measurements. Nature 382:146–149. 1211 

Keeling, C. D., S. C. Piper, R. B. Bacastow, M. Wahlen, T. P. Whorf, M. Heimann, and H. A. 1212 

Meijer. 2005. Atmospheric CO2 and 13CO2 Exchange with the Terrestrial Biosphere and 1213 

Oceans from 1978 to 2000: Observations and Carbon Cycle Implications. Pages 83–113 in 1214 

I. T. Baldwin, M. M. Caldwell, G. Heldmaier, R. B. Jackson, O. L. Lange, H. A. Mooney, 1215 

E.-D. Schulze, U. Sommer, J. R. Ehleringer, M. Denise Dearing, and T. E. Cerling, editors. 1216 

A History of Atmospheric CO2 and Its Effects on Plants, Animals, and Ecosystems. 1217 

Springer-Verlag, New York. 1218 

Keenan, T. F., J. Gray, M. A. Friedl, M. Toomey, G. Bohrer, D. Y. Hollinger, J. W. Munger, J. 1219 

O’Keefe, H. P. Schmid, I. S. Wing, B. Yang, and A. D. Richardson. 2014. Net carbon 1220 

uptake has increased through warming-induced changes in temperate forest phenology. 1221 

Nature Climate Change 4:598–604. 1222 

Keenan, T. F., D. Y. Hollinger, G. Bohrer, D. Dragoni, J. W. Munger, H. P. Schmid, and A. D. 1223 

Richardson. 2013. Increase in forest water-use efficiency as atmospheric carbon dioxide 1224 

concentrations rise. Nature 499:324–327. 1225 

Keenan, T. F., I. C. Prentice, J. G. Canadell, C. A. Williams, H. Wang, M. Raupach, and G. J. 1226 

Collatz. 2016. Recent pause in the growth rate of atmospheric CO2 due to enhanced 1227 

terrestrial carbon uptake. Nature Communications 7:13428. 1228 

Keenan, T. F., and W. J. Riley. 2018. Greening of the land surface in the world’s cold regions 1229 

consistent with recent warming. Nature Climate Change 8:825–828. 1230 

Keenan, T. f., and C. a. Williams. 2018. The Terrestrial Carbon Sink. Annual Review of 1231 

Environment and Resources 43:219–243. 1232 



Submitted for review Janurary 2023. 

46 

 

Konings, A. G., K. Rao, and S. C. Steele-Dunne. 2019. Macro to micro: microwave remote sensing 1233 

of plant water content for physiology and ecology. New Phytologist 223:1166–1172. 1234 

Koven, C. D., R. G. Knox, R. A. Fisher, J. Q. Chambers, B. O. Christoffersen, S. J. Davies, M. 1235 

Detto, M. C. Dietze, B. Faybishenko, J. Holm, M. Huang, M. Kovenock, L. M. Kueppers, 1236 

G. Lemieux, E. Massoud, N. G. McDowell, H. C. Muller-Landau, J. F. Needham, R. J. 1237 

Norby, T. Powell, A. Rogers, S. P. Serbin, J. K. Shuman, A. L. S. Swann, C. Varadharajan, 1238 

A. P. Walker, S. J. Wright, and C. Xu. 2020. Benchmarking and parameter sensitivity of 1239 

physiological and vegetation dynamics using the Functionally Assembled Terrestrial 1240 

Ecosystem Simulator (FATES) at Barro Colorado Island, Panama. Biogeosciences 1241 

17:3017–3044. 1242 

Lesk, C., E. Coffel, A. W. D’Amato, K. Dodds, and R. Horton. 2017. Threats to North American 1243 

forests from southern pine beetle with warming winters. Nature Climate Change 7:713–1244 

717. 1245 

Levesque, M., L. Andreu-Hayles, W. K. Smith, A. P. Williams, M. L. Hobi, B. W. Allred, and N. 1246 

Pederson. 2019. Tree-ring isotopes capture interannual vegetation productivity dynamics 1247 

at the biome scale. Nature Communications 10:742. 1248 

Lewis, S. L., J. Lloyd, S. Sitch, E. T. A. Mitchard, and W. F. Laurance. 2009a. Changing Ecology 1249 

of Tropical Forests: Evidence and Drivers. Annual Review of Ecology, Evolution, and 1250 

Systematics 40:529–549. 1251 

Lewis, S. L., G. Lopez-Gonzalez, B. Sonké, K. Affum-Baffoe, T. R. Baker, L. O. Ojo, O. L. 1252 

Phillips, J. M. Reitsma, L. White, J. A. Comiskey, M.-N. D. K, C. E. N. Ewango, T. R. 1253 

Feldpausch, A. C. Hamilton, M. Gloor, T. Hart, A. Hladik, J. Lloyd, J. C. Lovett, J.-R. 1254 

Makana, Y. Malhi, F. M. Mbago, H. J. Ndangalasi, J. Peacock, K. S.-H. Peh, D. Sheil, T. 1255 

Sunderland, M. D. Swaine, J. Taplin, D. Taylor, S. C. Thomas, R. Votere, and H. Wöll. 1256 

2009b. Increasing carbon storage in intact African tropical forests. Nature 457:1003–1006. 1257 

Li, W., M. Migliavacca, M. Forkel, J. M. C. Denissen, M. Reichstein, H. Yang, G. Duveiller, U. 1258 

Weber, and R. Orth. 2022. Widespread increasing vegetation sensitivity to soil moisture. 1259 

Nature Communications 13:3959. 1260 

Li, W., H. Zhang, G. Huang, R. Liu, H. Wu, C. Zhao, and N. G. McDowell. 2020. Effects of 1261 

nitrogen enrichment on tree carbon allocation: A global synthesis. Global Ecology and 1262 

Biogeography 29:573–589. 1263 

Lian, X., S. Piao, A. Chen, C. Huntingford, B. Fu, L. Z. X. Li, J. Huang, J. Sheffield, A. M. Berg, 1264 

T. F. Keenan, T. R. McVicar, Y. Wada, X. Wang, T. Wang, Y. Yang, and M. L. Roderick. 1265 

2021. Multifaceted characteristics of dryland aridity changes in a warming world. Nature 1266 

Reviews Earth & Environment 2:232–250. 1267 

Lian, X., S. Piao, L. Z. X. Li, Y. Li, C. Huntingford, P. Ciais, A. Cescatti, I. A. Janssens, J. 1268 

Peñuelas, W. Buermann, A. Chen, X. Li, R. B. Myneni, X. Wang, Y. Wang, Y. Yang, Z. 1269 

Zeng, Y. Zhang, and T. R. McVicar. 2020. Summer soil drying exacerbated by earlier 1270 

spring greening of northern vegetation. Science Advances 6:eaax0255. 1271 

Liu, J., P. O. Wennberg, N. C. Parazoo, Y. Yin, and C. Frankenberg. 2020. Observational 1272 

Constraints on the Response of High‐Latitude Northern Forests to Warming. AGU 1273 

Advances 1. 1274 

Liu, X., B. He, L. Guo, L. Huang, W. Yuan, X. Chen, X. Hao, X. Xie, Y. Zhang, Z. Zhong, T. Li, 1275 

and A. Chen. 2021. European Carbon Uptake has not Benefited from Vegetation Greening. 1276 

Geophysical Research Letters. 1277 

Liu, Y., S. Piao, T. Gasser, P. Ciais, H. Yang, H. Wang, T. F. Keenan, M. Huang, S. Wan, J. Song, 1278 



Submitted for review Janurary 2023. 

47 

 

K. Wang, I. A. Janssens, J. Peñuelas, C. Huntingford, X. Wang, M. Altaf Arain, Y. Fang, 1279 

J. B. Fisher, M. Huang, D. N. Huntzinger, A. Ito, A. K. Jain, J. Mao, A. M. Michalak, C. 1280 

Peng, B. Poulter, C. Schwalm, X. Shi, H. Tian, Y. Wei, N. Zeng, Q. Zhu, and T. Wang. 1281 

2019. Field-experiment constraints on the enhancement of the terrestrial carbon sink by 1282 

CO2 fertilization. Nature Geoscience 12:809–814. 1283 

Liu, Y. Y., A. I. J. M. van Dijk, R. a. M. de Jeu, J. G. Canadell, M. F. McCabe, J. P. Evans, and 1284 

G. Wang. 2015. Recent reversal in loss of global terrestrial biomass. Nature Climate 1285 

Change:1–5. 1286 

Los, S. O. 2013. Analysis of trends in fused AVHRR and MODIS NDVI data for 1982–2006: 1287 

Indication for a CO2 fertilization effect in global vegetation. Global Biogeochemical 1288 

Cycles 27:318–330. 1289 

Lu, X., and T. F. Keenan. 2022. No evidence for a negative effect of growing season 1290 

photosynthesis on leaf senescence timing. Global Change Biology 28:3083–3093. 1291 

Lu, X., P. M. Vitousek, Q. Mao, F. S. Gilliam, Y. Luo, B. L. Turner, G. Zhou, and J. Mo. 2021. 1292 

Nitrogen deposition accelerates soil carbon sequestration in tropical forests. Proceedings 1293 

of the National Academy of Sciences 118:e2020790118. 1294 

Luo, Y., T. F. Keenan, and M. Smith. 2015. Predictability of the terrestrial carbon cycle. Global 1295 

Change Biology 21:1737–1751. 1296 

Luo, Y., B. Su, W. S. Currie, J. S. Dukes, A. Finzi, U. Hartwig, B. Hungate, R. E. McMurtrie, R. 1297 

Oren, W. J. Parton, D. E. Pataki, R. M. Shaw, D. R. Zak, and C. B. Field. 2004. Progressive 1298 

Nitrogen Limitation of Ecosystem Responses to Rising Atmospheric Carbon Dioxide. 1299 

BioScience 54:731–739. 1300 

Luyssaert, S., E.-D. Schulze, A. Börner, A. Knohl, D. Hessenmöller, B. E. Law, P. Ciais, and J. 1301 

Grace. 2008. Old-growth forests as global carbon sinks. Nature 455:213–5. 1302 

Mack, M. C., X. J. Walker, J. F. Johnstone, H. D. Alexander, A. M. Melvin, M. Jean, and S. N. 1303 

Miller. 2021. Carbon loss from boreal forest wildfires offset by increased dominance of 1304 

deciduous trees. Science 372:280–283. 1305 

Mahecha, M. D., F. Gans, S. Sippel, J. F. Donges, T. Kaminski, S. Metzger, M. Migliavacca, D. 1306 

Papale, A. Rammig, and J. Zscheischler. 2017. Detecting impacts of extreme events with 1307 

ecological in situ monitoring networks. Biogeosciences 14:4255–4277. 1308 

Mankin, J. S., R. Seager, J. E. Smerdon, B. I. Cook, and A. P. Williams. 2019. Mid-latitude 1309 

freshwater availability reduced by projected vegetation responses to climate change. 1310 

Nature Geoscience 12:983–988. 1311 

Mao, J., A. Ribes, B. Yan, X. Shi, P. E. Thornton, R. Séférian, P. Ciais, R. B. Myneni, H. Douville, 1312 

S. Piao, Z. Zhu, R. E. Dickinson, Y. Dai, D. M. Ricciuto, M. Jin, F. M. Hoffman, B. Wang, 1313 

M. Huang, and X. Lian. 2016. Human-induced greening of the northern extratropical land 1314 

surface. Nature Climate Change 6:959–963. 1315 

van Marle, M. J. E., D. van Wees, R. A. Houghton, R. D. Field, J. Verbesselt, and Guido. R. van 1316 

der Werf. 2022. New land-use-change emissions indicate a declining CO2 airborne 1317 

fraction. Nature 603:450–454. 1318 

Mathias, J. M., and R. B. Thomas. 2021. Global tree intrinsic water use efficiency is enhanced by 1319 

increased atmospheric CO2 and modulated by climate and plant functional types. 1320 

Proceedings of the National Academy of Sciences 118. 1321 

McCarthy, H. R., R. Oren, K. H. Johnsen, A. Gallet-Budynek, S. G. Pritchard, C. W. Cook, S. L. 1322 

LaDeau, R. B. Jackson, and A. C. Finzi. 2010. Re-assessment of plant carbon dynamics at 1323 

the Duke free-air CO2 enrichment site: interactions of atmospheric [CO2] with nitrogen 1324 



Submitted for review Janurary 2023. 

48 

 

and water availability over stand development. New Phytologist 185:514–528. 1325 

McMahon, S. M., G. G. Parker, and D. R. Miller. 2010. Evidence for a recent increase in forest 1326 

growth. Proceedings of the National Academy of Sciences of the United States of America 1327 

107:3611–3615. 1328 

Medlyn, B. E., S. Zaehle, M. G. De Kauwe, A. P. Walker, M. C. Dietze, P. J. Hanson, T. Hickler, 1329 

A. K. Jain, Y. Luo, W. Parton, I. C. Prentice, P. E. Thornton, S. Wang, Y. P. Wang, E. 1330 

Weng, C. M. Iversen, H. R. Mccarthy, J. M. Warren, R. Oren, and R. J. Norby. 2015. Using 1331 

ecosystem experiments to improve vegetation models. Nature Climate Change 5:528–534. 1332 

Meeran, K., J. Ingrisch, D. Reinthaler, A. Canarini, L. Müller, E. M. Pötsch, A. Richter, W. Wanek, 1333 

and M. Bahn. 2021. Warming and elevated CO 2 intensify drought and recovery responses 1334 

of grassland carbon allocation to soil respiration. Global Change Biology 27:3230–3243. 1335 

Meier, R., J. Schwaab, S. I. Seneviratne, M. Sprenger, E. Lewis, and E. L. Davin. 2021. Empirical 1336 

estimate of forestation-induced precipitation changes in Europe. Nature Geoscience 1337 

14:473–478. 1338 

Mekonnen, Z. A., W. J. Riley, J. T. Randerson, R. F. Grant, and B. M. Rogers. 2019. Expansion 1339 

of high-latitude deciduous forests driven by interactions between climate warming and fire. 1340 

Nature Plants 5:952–958. 1341 

Mercado, L. M., N. Bellouin, S. Sitch, O. Boucher, C. Huntingford, M. Wild, and P. M. Cox. 2009. 1342 

Impact of changes in diffuse radiation on the global land carbon sink. Nature 458:1014–1343 

1017. 1344 

Mercado, L. M., B. E. Medlyn, C. Huntingford, R. J. Oliver, D. B. Clark, S. Sitch, P. Zelazowski, 1345 

J. Kattge, A. B. Harper, and P. M. Cox. 2018. Large sensitivity in land carbon storage due 1346 

to geographical and temporal variation in the thermal response of photosynthetic capacity. 1347 

New Phytologist 218:1462–1477. 1348 

Milly, P. C. D., and K. A. Dunne. 2016. Potential evapotranspiration and continental drying. 1349 

Nature Climate Change. 1350 

Milly, P. C. D., and K. A. Dunne. 2017. A Hydrologic Drying Bias in Water-Resource Impact 1351 

Analyses of Anthropogenic Climate Change. Journal of the American Water Resources 1352 

Association 53:822–838. 1353 

Muller-Landau, H. C. 2009. Sink in the African jungle. Nature 457:969–970. 1354 

Nehrbass-Ahles, C., F. Babst, S. Klesse, M. Nötzli, O. Bouriaud, R. Neukom, M. Dobbertin, and 1355 

D. Frank. 2014. The influence of sampling design on tree-ring-based quantification of 1356 

forest growth. Global Change Biology 20:2867–2885. 1357 

Nemani, R., M. White, P. Thornton, K. Nishida, S. Reddy, J. Jenkins, and S. Running. 2002. 1358 

Recent trends in hydrologic balance have enhanced the terrestrial carbon sink in the United 1359 

States. Geophysical Research Letters 29:106-1-106–4. 1360 

Newingham, B. A., C. H. Vanier, T. N. Charlet, K. Ogle, S. D. Smith, and R. S. Nowak. 2013. No 1361 

cumulative effect of 10 years of elevated [CO2] on perennial plant biomass components in 1362 

the Mojave Desert. Global Change Biology 19:2168–2181. 1363 

Norby, R. J., M. G. D. Kauwe, T. F. Domingues, R. A. Duursma, D. S. Ellsworth, D. S. Goll, D. 1364 

M. Lapola, K. A. Luus, A. R. MacKenzie, B. E. Medlyn, R. Pavlick, A. Rammig, B. Smith, 1365 

R. Thomas, K. Thonicke, A. P. Walker, X. Yang, and S. Zaehle. 2016. Model–data 1366 

synthesis for the next generation of forest free-air CO2 enrichment (FACE) experiments. 1367 

New Phytologist 209:17–28. 1368 

Norby, R. J., J. M. Warren, C. M. Iversen, B. E. Medlyn, and R. E. McMurtrie. 2010. CO2 1369 

enhancement of forest productivity constrained by limited nitrogen availability. 1370 



Submitted for review Janurary 2023. 

49 

 

Proceedings of the National Academy of Sciences 107:19368–19373. 1371 

Nottingham, A. T., P. Meir, E. Velasquez, and B. L. Turner. 2020. Soil carbon loss by experimental 1372 

warming in a tropical forest. Nature 584:234–237. 1373 

Novick, K. A., J. A. Biederman, A. R. Desai, M. E. Litvak, D. J. P. Moore, R. L. Scott, and M. S. 1374 

Torn. 2018. The AmeriFlux network: A coalition of the willing. Agricultural and Forest 1375 

Meteorology 249:444–456. 1376 

Novick, K. A., D. L. Ficklin, P. C. Stoy, C. A. Williams, G. Bohrer, A. C. Oishi, S. A. Papuga, P. 1377 

D. Blanken, A. Noormets, B. N. Sulman, R. L. Scott, L. Wang, and R. P. Phillips. 2016. 1378 

The increasing importance of atmospheric demand for ecosystem water and carbon fluxes. 1379 

Nature Climate Change 6:1023–1027. 1380 

Novick, K., C. Williams, B. Runkle, W. Anderegg, D. Hollinger, M. Litvak, C. Normile, G. 1381 

Shrestha, M. Almaraz, C. Anderson, M. Barnes, D. Baldocchi, L. Colburn, D. Cullenward, 1382 

M. Evans, K. Guan, T. Keenan, R. Lamb, E. Larson, E. Oldfield, B. Poulter, J. Reyes, J. 1383 

Sanderman, P. Selmants, E. S. Carlo, M. Torn, A. Trugman, and C. Woodall. 2022. The 1384 

science needed for robust, scalable, and credible nature-based climate solutions in the 1385 

United States: Full Report. 1386 

van Oldenborgh, G. J., F. Krikken, S. Lewis, N. J. Leach, F. Lehner, K. R. Saunders, M. van Weele, 1387 

K. Haustein, S. Li, D. Wallom, S. Sparrow, J. Arrighi, R. K. Singh, M. K. van Aalst, S. Y. 1388 

Philip, R. Vautard, and F. E. L. Otto. 2021. Attribution of the Australian bushfire risk to 1389 

anthropogenic climate change. Natural Hazards and Earth System Sciences 21:941–960. 1390 

O’Sullivan, M., Y. Zhang, N. Bellouin, I. Harris, L. M. Mercado, S. Sitch, P. Ciais, and P. 1391 

Friedlingstein. 2021. Aerosol–light interactions reduce the carbon budget imbalance. 1392 

Environmental Research Letters 16:124072. 1393 

Pan, Y., R. A. Birdsey, J. Fang, R. Houghton, P. E. Kauppi, W. A. Kurz, O. L. Phillips, A. 1394 

Shvidenko, S. L. Lewis, J. G. Canadell, P. Ciais, R. B. Jackson, S. W. Pacala, S. Piao, A. 1395 

Rautiainen, S. Sitch, D. Hayes,  a D. McGuire, S. Piao, A. Rautiainen, S. Sitch, and D. 1396 

Hayes. 2011. A large and persistent carbon sink in the world’s forests. Science (New York, 1397 

N.Y.) 333:988–993. 1398 

Park, T., S. Ganguly, H. Tømmervik, E. S. Euskirchen, K.-A. Høgda, S. R. Karlsen, V. Brovkin, 1399 

R. R. Nemani, and R. B. Myneni. 2016. Changes in growing season duration and 1400 

productivity of northern vegetation inferred from long-term remote sensing data. 1401 

Environmental Research Letters 11:084001. 1402 

Park Williams, A., C. D. Allen, A. K. Macalady, D. Griffin, C. A. Woodhouse, D. M. Meko, T. 1403 

W. Swetnam, S. A. Rauscher, R. Seager, H. D. Grissino-Mayer, J. S. Dean, E. R. Cook, C. 1404 

Gangodagamage, M. Cai, and N. G. McDowell. 2013. Temperature as a potent driver of 1405 

regional forest drought stress and tree mortality. Nature Climate Change 3:292–297. 1406 

Pastorello, G., C. Trotta, E. Canfora, H. Chu, D. Christianson, Y.-W. Cheah, C. Poindexter, J. 1407 

Chen, A. Elbashandy, M. Humphrey, P. Isaac, D. Polidori, M. Reichstein, A. Ribeca, C. 1408 

van Ingen, N. Vuichard, L. Zhang, B. Amiro, C. Ammann, M. A. Arain, J. Ardö, T. 1409 

Arkebauer, S. K. Arndt, N. Arriga, M. Aubinet, M. Aurela, D. Baldocchi, A. Barr, E. 1410 

Beamesderfer, L. B. Marchesini, O. Bergeron, J. Beringer, C. Bernhofer, D. Berveiller, D. 1411 

Billesbach, T. A. Black, P. D. Blanken, G. Bohrer, J. Boike, P. V. Bolstad, D. Bonal, J.-M. 1412 

Bonnefond, D. R. Bowling, R. Bracho, J. Brodeur, C. Brümmer, N. Buchmann, B. Burban, 1413 

S. P. Burns, P. Buysse, P. Cale, M. Cavagna, P. Cellier, S. Chen, I. Chini, T. R. Christensen, 1414 

J. Cleverly, A. Collalti, C. Consalvo, B. D. Cook, D. Cook, C. Coursolle, E. Cremonese, 1415 

P. S. Curtis, E. D’Andrea, H. da Rocha, X. Dai, K. J. Davis, B. D. Cinti, A. de Grandcourt, 1416 



Submitted for review Janurary 2023. 

50 

 

A. D. Ligne, R. C. De Oliveira, N. Delpierre, A. R. Desai, C. M. Di Bella, P. di Tommasi, 1417 

H. Dolman, F. Domingo, G. Dong, S. Dore, P. Duce, E. Dufrêne, A. Dunn, J. Dušek, D. 1418 

Eamus, U. Eichelmann, H. A. M. ElKhidir, W. Eugster, C. M. Ewenz, B. Ewers, D. 1419 

Famulari, S. Fares, I. Feigenwinter, A. Feitz, R. Fensholt, G. Filippa, M. Fischer, J. Frank, 1420 

M. Galvagno, M. Gharun, D. Gianelle, B. Gielen, B. Gioli, A. Gitelson, I. Goded, M. 1421 

Goeckede, A. H. Goldstein, C. M. Gough, M. L. Goulden, A. Graf, A. Griebel, C. 1422 

Gruening, T. Grünwald, A. Hammerle, S. Han, X. Han, B. U. Hansen, C. Hanson, J. 1423 

Hatakka, Y. He, M. Hehn, B. Heinesch, N. Hinko-Najera, L. Hörtnagl, L. Hutley, A. Ibrom, 1424 

H. Ikawa, M. Jackowicz-Korczynski, D. Janouš, W. Jans, R. Jassal, S. Jiang, T. Kato, M. 1425 

Khomik, J. Klatt, A. Knohl, S. Knox, H. Kobayashi, G. Koerber, O. Kolle, Y. Kosugi, A. 1426 

Kotani, A. Kowalski, B. Kruijt, J. Kurbatova, W. L. Kutsch, H. Kwon, S. Launiainen, T. 1427 

Laurila, B. Law, R. Leuning, Y. Li, M. Liddell, J.-M. Limousin, M. Lion, A. J. Liska, A. 1428 

Lohila, A. López-Ballesteros, E. López-Blanco, B. Loubet, D. Loustau, A. Lucas-Moffat, 1429 

J. Lüers, S. Ma, C. Macfarlane, V. Magliulo, R. Maier, I. Mammarella, G. Manca, B. 1430 

Marcolla, H. A. Margolis, S. Marras, W. Massman, M. Mastepanov, R. Matamala, J. H. 1431 

Matthes, F. Mazzenga, H. McCaughey, I. McHugh, A. M. S. McMillan, L. Merbold, W. 1432 

Meyer, T. Meyers, S. D. Miller, S. Minerbi, U. Moderow, R. K. Monson, L. Montagnani, 1433 

C. E. Moore, E. Moors, V. Moreaux, C. Moureaux, J. W. Munger, T. Nakai, J. Neirynck, 1434 

Z. Nesic, G. Nicolini, A. Noormets, M. Northwood, M. Nosetto, Y. Nouvellon, K. Novick, 1435 

W. Oechel, J. E. Olesen, J.-M. Ourcival, S. A. Papuga, F.-J. Parmentier, E. Paul-Limoges, 1436 

M. Pavelka, M. Peichl, E. Pendall, R. P. Phillips, K. Pilegaard, N. Pirk, G. Posse, T. Powell, 1437 

H. Prasse, S. M. Prober, S. Rambal, Ü. Rannik, N. Raz-Yaseef, C. Rebmann, D. Reed, V. 1438 

R. de Dios, N. Restrepo-Coupe, B. R. Reverter, M. Roland, S. Sabbatini, T. Sachs, S. R. 1439 

Saleska, E. P. Sánchez-Cañete, Z. M. Sanchez-Mejia, H. P. Schmid, M. Schmidt, K. 1440 

Schneider, F. Schrader, I. Schroder, R. L. Scott, P. Sedlák, P. Serrano-Ortíz, C. Shao, P. 1441 

Shi, I. Shironya, L. Siebicke, L. Šigut, R. Silberstein, C. Sirca, D. Spano, R. Steinbrecher, 1442 

R. M. Stevens, C. Sturtevant, A. Suyker, T. Tagesson, S. Takanashi, Y. Tang, N. Tapper, 1443 

J. Thom, M. Tomassucci, J.-P. Tuovinen, S. Urbanski, R. Valentini, M. van der Molen, E. 1444 

van Gorsel, K. van Huissteden, A. Varlagin, J. Verfaillie, T. Vesala, C. Vincke, D. Vitale, 1445 

N. Vygodskaya, J. P. Walker, E. Walter-Shea, H. Wang, R. Weber, S. Westermann, C. 1446 

Wille, S. Wofsy, G. Wohlfahrt, S. Wolf, W. Woodgate, Y. Li, R. Zampedri, J. Zhang, G. 1447 

Zhou, D. Zona, D. Agarwal, S. Biraud, M. Torn, and D. Papale. 2020. The FLUXNET2015 1448 

dataset and the ONEFlux processing pipeline for eddy covariance data. Scientific Data 1449 

7:225. 1450 

Peiro, H., S. Crowell, A. Schuh, D. F. Baker, C. O’Dell, A. R. Jacobson, F. Chevallier, J. Liu, A. 1451 

Eldering, D. Crisp, F. Deng, B. Weir, S. Basu, M. S. Johnson, S. Philip, and I. Baker. 2021. 1452 

Four years of global carbon cycle observed from OCO-2 version 9 and in situ data, and 1453 

comparison to OCO-2 v7. preprint, Gases/Atmospheric Modelling/Troposphere/Physics 1454 

(physical properties and processes). 1455 

Peñuelas, J., J. G. Canadell, and R. Ogaya. 2011. Increased water-use efficiency during the 20th 1456 

century did not translate into enhanced tree growth. Global Ecology and Biogeography 1457 

20:597–608. 1458 

Peñuelas, J., P. Ciais, J. G. Canadell, I. A. Janssens, M. Fernández-Martínez, J. Carnicer, M. 1459 

Obersteiner, S. Piao, R. Vautard, and J. Sardans. 2017. Shifting from a fertilization-1460 

dominated to a warming-dominated period. Nature Ecology & Evolution 1:1438–1445. 1461 

Peters, R. L., P. Groenendijk, M. Vlam, and P. A. Zuidema. 2015. Detecting long-term growth 1462 



Submitted for review Janurary 2023. 

51 

 

trends using tree rings: a critical evaluation of methods. Global Change Biology 21:2040–1463 

2054. 1464 

Peylin, P., C. Bacour, N. MacBean, S. Leonard, P. Rayner, S. Kuppel, E. Koffi, A. Kane, F. 1465 

Maignan, F. Chevallier, P. Ciais, and P. Prunet. 2016. A new stepwise carbon cycle data 1466 

assimilation system using multiple data streams to constrain the simulated land surface 1467 

carbon cycle. Geoscientific Model Development 9:3321–3346. 1468 

Peylin, P., R. M. Law, K. R. Gurney, F. Chevallier, A. R. Jacobson, T. Maki, Y. Niwa, P. K. Patra, 1469 

W. Peters, P. J. Rayner, C. Rödenbeck, I. T. Van Der Laan-Luijkx, and X. Zhang. 2013. 1470 

Global atmospheric carbon budget: Results from an ensemble of atmospheric CO2 1471 

inversions. Biogeosciences 10:6699–6720. 1472 

Piao, S., P. Ciais, P. Friedlingstein, P. Peylin, M. Reichstein, S. Luyssaert, H. Margolis, J. Fang, 1473 

A. Barr, A. Chen, A. Grelle, D. Y. Hollinger, T. Laurila, A. Lindroth, A. D. Richardson, 1474 

and T. Vesala. 2008. Net carbon dioxide losses of northern ecosystems in response to 1475 

autumn warming. Nature 451:49–52. 1476 

Piao, S., Z. Liu, Y. Wang, P. Ciais, Y. Yao, S. Peng, F. Chevallier, P. Friedlingstein, I. A. Janssens, 1477 

J. Peñuelas, S. Sitch, and T. Wang. 2018. On the causes of trends in the seasonal amplitude 1478 

of atmospheric CO 2. Global Change Biology 24:608–616. 1479 

Piao, S., X. Wang, T. Park, C. Chen, X. Lian, Y. He, J. W. Bjerke, A. Chen, P. Ciais, H. 1480 

Tømmervik, R. R. Nemani, and R. B. Myneni. 2020. Characteristics, drivers and feedbacks 1481 

of global greening. Nature Reviews Earth & Environment 1:14–27. 1482 

Pilegaard, K., A. Ibrom, M. S. Courtney, P. Hummelshøj, and N. O. Jensen. 2011. Increasing net 1483 

CO2 uptake by a Danish beech forest during the period from 1996 to 2009. Agricultural 1484 

and Forest Meteorology 151:934–946. 1485 

Prentice, I. C., X. Liang, B. E. Medlyn, and Y.-P. Wang. 2015. Reliable, robust and realistic: the 1486 

three R’s of next-generation land-surface modelling. Atmospheric Chemistry and Physics 1487 

15:5987–6005. 1488 

Pugh, T. A. M., A. Arneth, M. Kautz, B. Poulter, and B. Smith. 2019a. Important role of forest 1489 

disturbances in the global biomass turnover and carbon sinks. Nature Geoscience 12:730–1490 

735. 1491 

Pugh, T. A. M., M. Lindeskog, B. Smith, B. Poulter, A. Arneth, V. Haverd, and L. Calle. 2019b. 1492 

Role of forest regrowth in global carbon sink dynamics. Proceedings of the National 1493 

Academy of Sciences of the United States of America 116:4382–4387. 1494 

Qie, L., S. L. Lewis, M. J. P. Sullivan, G. Lopez-Gonzalez, G. C. Pickavance, T. Sunderland, P. 1495 

Ashton, W. Hubau, K. Abu Salim, S. I. Aiba, L. F. Banin, N. Berry, F. Q. Brearley, D. F. 1496 

R. P. Burslem, M. Dančák, S. J. Davies, G. Fredriksson, K. C. Hamer, R. Hédl, L. K. Kho, 1497 

K. Kitayama, H. Krisnawati, S. Lhota, Y. Malhi, C. Maycock, F. Metali, E. Mirmanto, L. 1498 

Nagy, R. Nilus, R. Ong, C. A. Pendry, A. D. Poulsen, R. B. Primack, E. Rutishauser, I. 1499 

Samsoedin, B. Saragih, P. Sist, J. W. F. Slik, R. S. Sukri, M. Svátek, S. Tan, A. Tjoa, M. 1500 

Van Nieuwstadt, R. R. E. Vernimmen, I. Yassir, P. S. Kidd, M. Fitriadi, N. K. H. Ideris, R. 1501 

M. Serudin, L. S. Abdullah Lim, M. S. Saparudin, and O. L. Phillips. 2017. Long-term 1502 

carbon sink in Borneo’s forests halted by drought and vulnerable to edge effects. Nature 1503 

Communications 8. 1504 

Randerson, J. T., C. B. Field, I. Y. Fung, and P. P. Tans. 1999. Increases in early season ecosystem 1505 

uptake explain recent changes in the seasonal cycle of atmospheric CO2 at high northern 1506 

latitudes. Geophysical Research Letters 26:2765–2768. 1507 

Rastetter, E. B., M. G. Ryan, G. R. Shaver, J. M. Melillo, K. J. Nadelhoffer, J. E. Hobbie, and J. 1508 



Submitted for review Janurary 2023. 

52 

 

D. Aber. 1991. A general biogeochemical model describing the responses of the C and N 1509 

cycles in terrestrial ecosystems to changes in CO2, climate, and N deposition1. Tree 1510 

Physiology 9:101–126. 1511 

Raupach, M. R., J. G. Canadell, and C. Le Quéré. 2008. Anthropogenic and biophysical 1512 

contributions to increasing atmospheric CO2 growth rate and airborne fraction. 1513 

Biogeosciences 5:1601–1613. 1514 

Rayner, P. J., A. Stavert, M. Scholze, A. Ahlström, C. E. Allison, and R. M. Law. 2015. Recent 1515 

changes in the global and regional carbon cycle: analysis of first-order diagnostics. 1516 

Biogeosciences 12:835–844. 1517 

Reich, P. B., S. E. Hobbie, and T. D. Lee. 2014. Plant growth enhancement by elevated CO2 1518 

eliminated by joint water and nitrogen limitation. Nature Geoscience 7:920–924. 1519 

Reich, P. B., S. E. Hobbie, T. D. Lee, and M. A. Pastore. 2018. Unexpected reversal of C 3 versus 1520 

C 4 grass response to elevated CO 2 during a 20-year field experiment. Science 360:317–1521 

320. 1522 

Reich, P. B., S. E. Hobbie, T. Lee, D. S. Ellsworth, J. B. West, D. Tilman, J. M. H. Knops, S. 1523 

Naeem, and J. Trost. 2006. Nitrogen limitation constrains sustainability of ecosystem 1524 

response to CO2. Nature 440:922–5. 1525 

Reichstein, M., M. Bahn, P. Ciais, D. Frank, M. D. Mahecha, S. I. Seneviratne, J. Zscheischler, C. 1526 

Beer, N. Buchmann, D. C. Frank, D. Papale, A. Rammig, P. Smith, K. Thonicke, M. van 1527 

der Velde, S. Vicca, A. Walz, and M. Wattenbach. 2013. Climate extremes and the carbon 1528 

cycle. Nature 500:287–295. 1529 

Richardson, A. D., T. F. Keenan, M. Migliavacca, Y. Ryu, O. Sonnentag, and M. Toomey. 2013. 1530 

Climate change, phenology, and phenological control of vegetation feedbacks to the 1531 

climate system. Agricultural and Forest Meteorology 169:156–173. 1532 

Roderick, M. L., G. D. Farquhar, S. L. Berry, and I. R. Noble. 2001. On the direct effect of clouds 1533 

and atmospheric particles on the productivity and structure of vegetation. Oecologia 1534 

129:21–30. 1535 

Roe, S., C. Streck, R. Beach, J. Busch, M. Chapman, V. Daioglou, A. Deppermann, J. Doelman, 1536 

J. Emmet-Booth, J. Engelmann, O. Fricko, C. Frischmann, J. Funk, G. Grassi, B. Griscom, 1537 

P. Havlik, S. Hanssen, F. Humpenöder, D. Landholm, G. Lomax, J. Lehmann, L. 1538 

Mesnildrey, G.-J. Nabuurs, A. Popp, C. Rivard, J. Sanderman, B. Sohngen, P. Smith, E. 1539 

Stehfest, D. Woolf, and D. Lawrence. 2021. Land-based measures to mitigate climate 1540 

change: Potential and feasibility by country. Global Change Biology 27:6025–6058. 1541 

Roelfsema, M., H. L. van Soest, M. Harmsen, D. P. van Vuuren, C. Bertram, M. den Elzen, N. 1542 

Höhne, G. Iacobuta, V. Krey, E. Kriegler, G. Luderer, K. Riahi, F. Ueckerdt, J. Després, 1543 

L. Drouet, J. Emmerling, S. Frank, O. Fricko, M. Gidden, F. Humpenöder, D. Huppmann, 1544 

S. Fujimori, K. Fragkiadakis, K. Gi, K. Keramidas, A. C. Köberle, L. Aleluia Reis, P. 1545 

Rochedo, R. Schaeffer, K. Oshiro, Z. Vrontisi, W. Chen, G. C. Iyer, J. Edmonds, M. 1546 

Kannavou, K. Jiang, R. Mathur, G. Safonov, and S. S. Vishwanathan. 2020. Taking stock 1547 

of national climate policies to evaluate implementation of the Paris Agreement. Nature 1548 

Communications 11:2096. 1549 

Rowland, L., A. C. L. da Costa, D. R. Galbraith, R. S. Oliveira, O. J. Binks, A. A. R. Oliveira, A. 1550 

M. Pullen, C. E. Doughty, D. B. Metcalfe, S. S. Vasconcelos, L. V. Ferreira, Y. Malhi, J. 1551 

Grace, M. Mencuccini, and P. Meir. 2015. Death from drought in tropical forests is 1552 

triggered by hydraulics not carbon starvation. Nature 528:119–122. 1553 

Sakschewski, B., W. von Bloh, A. Boit, L. Poorter, M. Peña-Claros, J. Heinke, J. Joshi, and K. 1554 



Submitted for review Janurary 2023. 

53 

 

Thonicke. 2016. Resilience of Amazon forests emerges from plant trait diversity. Nature 1555 

Climate Change 6:1032–1036. 1556 

Salzer, M. W., M. K. Hughes, A. G. Bunn, and K. F. Kipfmueller. 2009. Recent unprecedented 1557 

tree-ring growth in bristlecone pine at the highest elevations and possible causes. 1558 

Proceedings of the National Academy of Sciences 106:20348–20353. 1559 

Sanderson, B. M., and R. A. Fisher. 2020. A fiery wake-up call for climate science. Nature Climate 1560 

Change 10:175–177. 1561 

Scheff, J., J. S. Mankin, S. Coats, and H. Liu. 2021a. CO2-plant effects do not account for the gap 1562 

between dryness indices and projected dryness impacts in CMIP6 or CMIP5. 1563 

Environmental Research Letters 16:034018. 1564 

Scheff, J., J. S Mankin, S. Coats, and H. Liu. 2021b. CO 2 -plant effects do not account for the gap 1565 

between dryness indices and projected dryness impacts in CMIP6 or CMIP5. 1566 

Environmental Research Letters 16:034018. 1567 

Schimel, D., R. Pavlick, J. B. Fisher, G. P. Asner, S. Saatchi, P. Townsend, C. Miller, C. 1568 

Frankenberg, K. Hibbard, and P. Cox. 2015a. Observing terrestrial ecosystems and the 1569 

carbon cycle from space. Global Change Biology 21:1762–1776. 1570 

Schimel, D., and F. D. Schneider. 2019. Flux towers in the sky: global ecology from space. New 1571 

Phytologist 224:570–584. 1572 

Schimel, D., B. B. Stephens, and J. B. Fisher. 2015b. Effect of increasing CO2 on the terrestrial 1573 

carbon cycle. Proceedings of the National Academy of Sciences 112:436–441. 1574 

Schippers, P., F. Sterck, M. Vlam, and P. A. Zuidema. 2015. Tree growth variation in the tropical 1575 

forest: understanding effects of temperature, rainfall and CO2. Global Change Biology 1576 

21:2749–2761. 1577 

Schuur, E. A. G. 2003. Productivity and Global Climate Revisited: The Sensitivity of Tropical 1578 

Forest Growth to Precipitation. Ecology 84:1165–1170. 1579 

Schwalm, C. R., C. A. Williams, and K. Schaefer. 2011. Carbon consequences of global 1580 

hydrologic change, 1948–2009. Journal of Geophysical Research: Biogeosciences 116. 1581 

Seidl, R., P. M. Fernandes, T. F. Fonseca, F. Gillet, A. M. Jönsson, K. Merganičová, S. Netherer, 1582 

A. Arpaci, J.-D. Bontemps, H. Bugmann, J. R. González-Olabarria, P. Lasch, C. Meredieu, 1583 

F. Moreira, M.-J. Schelhaas, and F. Mohren. 2011. Modelling natural disturbances in forest 1584 

ecosystems: a review. Ecological Modelling 222:903–924. 1585 

Seiler, C., J. R. Melton, V. K. Arora, S. Sitch, P. Friedlingstein, P. Anthoni, D. Goll, A. K. Jain, 1586 

E. Joetzjer, S. Lienert, D. Lombardozzi, S. Luyssaert, J. E. M. S. Nabel, H. Tian, N. 1587 

Vuichard, A. P. Walker, W. Yuan, and S. Zaehle. 2022. Are Terrestrial Biosphere Models 1588 

Fit for Simulating the Global Land Carbon Sink? Journal of Advances in Modeling Earth 1589 

Systems 14. 1590 

Sheffield, J., K. M. Andreadis, E. F. Wood, and D. P. Lettenmaier. 2009. Global and Continental 1591 

Drought in the Second Half of the Twentieth Century: Severity–Area–Duration Analysis 1592 

and Temporal Variability of Large-Scale Events. Journal of Climate 22:1962–1981. 1593 

Sheffield, J., and E. F. Wood. 2008. Global Trends and Variability in Soil Moisture and Drought 1594 

Characteristics, 1950–2000, from Observation-Driven Simulations of the Terrestrial 1595 

Hydrologic Cycle. Journal of Climate 21:432–458. 1596 

Sheffield, J., E. F. Wood, and M. L. Roderick. 2012. Little change in global drought over the past 1597 

60 years. Nature 491:435–438. 1598 

Shevliakova, E., S. W. Pacala, S. Malyshev, G. C. Hurtt, P. C. D. Milly, J. P. Caspersen, L. T. 1599 

Sentman, J. P. Fisk, C. Wirth, and C. Crevoisier. 2009. Carbon cycling under 300 years of 1600 



Submitted for review Janurary 2023. 

54 

 

land use change: Importance of the secondary vegetation sink. Global Biogeochemical 1601 

Cycles 23. 1602 

Sigurdsson, B. D., J. L. Medhurst, G. Wallin, O. Eggertsson, and S. Linder. 2013. Growth of 1603 

mature boreal Norway spruce was not affected by elevated [CO2] and/or air temperature 1604 

unless nutrient availability was improved. Tree Physiology 33:1192–1205. 1605 

Sitch, S., P. M. Cox, W. J. Collins, and C. Huntingford. 2007. Indirect radiative forcing of climate 1606 

change through ozone effects on the land-carbon sink. Nature 448:791–794. 1607 

Sitch, S., P. Friedlingstein, N. Gruber, S. D. Jones, G. Murray-Tortarolo, A. Ahlström, S. C. 1608 

Doney, H. Graven, C. Heinze, C. Huntingford, S. Levis, P. E. Levy, M. Lomas, B. Poulter, 1609 

N. Viovy, S. Zaehle, N. Zeng, A. Arneth, G. Bonan, L. Bopp, J. G. Canadell, F. Chevallier, 1610 

P. Ciais, R. Ellis, M. Gloor, P. Peylin, S. Piao, C. Le Quéré, B. Smith, Z. Zhu, and R. 1611 

Myneni. 2015. Recent trends and drivers of regional sources and sinks of carbon dioxide. 1612 

Biogeosciences 12:653–679. 1613 

van der Sleen, P., P. Groenendijk, M. Vlam, N. P. R. Anten, A. Boom, F. Bongers, T. L. Pons, G. 1614 

Terburg, and P. A. Zuidema. 2015. No growth stimulation of tropical trees by 150 years of 1615 

CO2 fertilization but water-use efficiency increased. Nature Geoscience 8:24–28. 1616 

Smith, M. N., T. C. Taylor, J. van Haren, R. Rosolem, N. Restrepo-Coupe, J. Adams, J. Wu, R. C. 1617 

de Oliveira, R. da Silva, A. C. de Araujo, P. B. de Camargo, T. E. Huxman, and S. R. 1618 

Saleska. 2020a. Empirical evidence for resilience of tropical forest photosynthesis in a 1619 

warmer world. Nature Plants 6:1225–1230. 1620 

Smith, P. 2008. Land use change and soil organic carbon dynamics. Nutrient Cycling in 1621 

Agroecosystems 81:169–178. 1622 

Smith, W. K., A. M. Fox, N. MacBean, D. J. P. Moore, and N. C. Parazoo. 2020b. Constraining 1623 

estimates of terrestrial carbon uptake: new opportunities using long-term satellite 1624 

observations and data assimilation. New Phytologist 225:105–112. 1625 

Song, J., S. Wan, S. Piao, A. K. Knapp, A. T. Classen, S. Vicca, P. Ciais, M. J. Hovenden, S. 1626 

Leuzinger, C. Beier, P. Kardol, J. Xia, Q. Liu, J. Ru, Z. Zhou, Y. Luo, D. Guo, J. Adam 1627 

Langley, J. Zscheischler, J. S. Dukes, J. Tang, J. Chen, K. S. Hofmockel, L. M. Kueppers, 1628 

L. Rustad, L. Liu, M. D. Smith, P. H. Templer, R. Quinn Thomas, R. J. Norby, R. P. 1629 

Phillips, S. Niu, S. Fatichi, Y. Wang, P. Shao, H. Han, D. Wang, L. Lei, J. Wang, X. Li, Q. 1630 

Zhang, X. Li, F. Su, B. Liu, F. Yang, G. Ma, G. Li, Y. Liu, Y. Liu, Z. Yang, K. Zhang, Y. 1631 

Miao, M. Hu, C. Yan, A. Zhang, M. Zhong, Y. Hui, Y. Li, and M. Zheng. 2019a. A meta-1632 

analysis of 1,119 manipulative experiments on terrestrial carbon-cycling responses to 1633 

global change. Nature Ecology & Evolution 3:1309–1320. 1634 

Song, J., S. Wan, S. Piao, A. K. Knapp, A. T. Classen, S. Vicca, P. Ciais, M. J. Hovenden, S. 1635 

Leuzinger, C. Beier, P. Kardol, J. Xia, Q. Liu, J. Ru, Z. Zhou, Y. Luo, D. Guo, J. Adam 1636 

Langley, J. Zscheischler, J. S. Dukes, J. Tang, J. Chen, K. S. Hofmockel, L. M. Kueppers, 1637 

L. Rustad, L. Liu, M. D. Smith, P. H. Templer, R. Quinn Thomas, R. J. Norby, R. P. 1638 

Phillips, S. Niu, S. Fatichi, Y. Wang, P. Shao, H. Han, D. Wang, L. Lei, J. Wang, X. Li, Q. 1639 

Zhang, X. Li, F. Su, B. Liu, F. Yang, G. Ma, G. Li, Y. Liu, Y. Liu, Z. Yang, K. Zhang, Y. 1640 

Miao, M. Hu, C. Yan, A. Zhang, M. Zhong, Y. Hui, Y. Li, and M. Zheng. 2019b. A meta-1641 

analysis of 1,119 manipulative experiments on terrestrial carbon-cycling responses to 1642 

global change. Nature Ecology & Evolution 3:1309–1320. 1643 

Soong, J. L., C. Castanha, C. E. Hicks Pries, N. Ofiti, R. C. Porras, W. J. Riley, M. W. I. Schmidt, 1644 

and M. S. Torn. 2021. Five years of whole-soil warming led to loss of subsoil carbon stocks 1645 

and increased CO 2 efflux. Science Advances 7:eabd1343. 1646 



Submitted for review Janurary 2023. 

55 

 

Soudzilovskaia, N. A., P. M. van Bodegom, C. Terrer, M. van’t Zelfde, I. McCallum, M. Luke 1647 

McCormack, J. B. Fisher, M. C. Brundrett, N. C. de Sá, and L. Tedersoo. 2019. Global 1648 

mycorrhizal plant distribution linked to terrestrial carbon stocks. Nature Communications 1649 

10:5077. 1650 

Stevens, N., C. E. R. Lehmann, B. P. Murphy, and G. Durigan. 2017. Savanna woody 1651 

encroachment is widespread across three continents. Global Change Biology 23:235–244. 1652 

Stine, A. R., and P. Huybers. 2014. Arctic tree rings as recorders of variations in light availability. 1653 

Nature Communications 5:3836. 1654 

Sullivan, M. J. P., S. L. Lewis, K. Affum-Baffoe, C. Castilho, F. Costa, A. C. Sanchez, C. E. N. 1655 

Ewango, W. Hubau, B. Marimon, A. Monteagudo-Mendoza, L. Qie, B. Sonké, R. V. 1656 

Martinez, T. R. Baker, R. J. W. Brienen, T. R. Feldpausch, D. Galbraith, M. Gloor, Y. 1657 

Malhi, S.-I. Aiba, M. N. Alexiades, E. C. Almeida, E. A. de Oliveira, E. Á. Dávila, P. A. 1658 

Loayza, A. Andrade, S. A. Vieira, L. E. O. C. Aragão, A. Araujo-Murakami, E. J. M. M. 1659 

Arets, L. Arroyo, P. Ashton, G. Aymard C., F. B. Baccaro, L. F. Banin, C. Baraloto, P. B. 1660 

Camargo, J. Barlow, J. Barroso, J.-F. Bastin, S. A. Batterman, H. Beeckman, S. K. Begne, 1661 

A. C. Bennett, E. Berenguer, N. Berry, L. Blanc, P. Boeckx, J. Bogaert, D. Bonal, F. 1662 

Bongers, M. Bradford, F. Q. Brearley, T. Brncic, F. Brown, B. Burban, J. L. Camargo, W. 1663 

Castro, C. Céron, S. C. Ribeiro, V. C. Moscoso, J. Chave, E. Chezeaux, C. J. Clark, F. C. 1664 

de Souza, M. Collins, J. A. Comiskey, F. C. Valverde, M. C. Medina, L. da Costa, M. 1665 

Dančák, G. C. Dargie, S. Davies, N. D. Cardozo, T. de Haulleville, M. B. de Medeiros, J. 1666 

del Aguila Pasquel, G. Derroire, A. Di Fiore, J.-L. Doucet, A. Dourdain, V. Droissart, L. 1667 

F. Duque, R. Ekoungoulou, F. Elias, T. Erwin, A. Esquivel-Muelbert, S. Fauset, J. Ferreira, 1668 

G. F. Llampazo, E. Foli, A. Ford, M. Gilpin, J. S. Hall, K. C. Hamer, A. C. Hamilton, D. 1669 

J. Harris, T. B. Hart, R. Hédl, B. Herault, R. Herrera, N. Higuchi, A. Hladik, E. H. 1670 

Coronado, I. Huamantupa-Chuquimaco, W. H. Huasco, K. J. Jeffery, E. Jimenez-Rojas, 1671 

M. Kalamandeen, M. N. K. Djuikouo, E. Kearsley, R. K. Umetsu, L. K. Kho, T. Killeen, 1672 

K. Kitayama, B. Klitgaard, A. Koch, N. Labrière, W. Laurance, S. Laurance, M. E. Leal, 1673 

A. Levesley, A. J. N. Lima, J. Lisingo, A. P. Lopes, G. Lopez-Gonzalez, T. Lovejoy, J. C. 1674 

Lovett, R. Lowe, W. E. Magnusson, J. Malumbres-Olarte, Â. G. Manzatto, B. H. Marimon, 1675 

A. R. Marshall, T. Marthews, S. M. de Almeida Reis, C. Maycock, K. Melgaço, C. 1676 

Mendoza, F. Metali, V. Mihindou, W. Milliken, E. T. A. Mitchard, P. S. Morandi, H. L. 1677 

Mossman, L. Nagy, H. Nascimento, D. Neill, R. Nilus, P. N. Vargas, W. Palacios, N. P. 1678 

Camacho, J. Peacock, C. Pendry, M. C. Peñuela Mora, G. C. Pickavance, J. Pipoly, N. 1679 

Pitman, M. Playfair, L. Poorter, J. R. Poulsen, A. D. Poulsen, R. Preziosi, A. Prieto, R. B. 1680 

Primack, H. Ramírez-Angulo, J. Reitsma, M. Réjou-Méchain, Z. R. Correa, T. R. de Sousa, 1681 

L. R. Bayona, A. Roopsind, A. Rudas, E. Rutishauser, K. Abu Salim, R. P. Salomão, J. 1682 

Schietti, D. Sheil, R. C. Silva, J. S. Espejo, C. S. Valeria, M. Silveira, M. Simo-Droissart, 1683 

M. F. Simon, J. Singh, Y. C. Soto Shareva, C. Stahl, J. Stropp, R. Sukri, T. Sunderland, M. 1684 

Svátek, M. D. Swaine, V. Swamy, H. Taedoumg, J. Talbot, J. Taplin, D. Taylor, H. ter 1685 

Steege, J. Terborgh, R. Thomas, S. C. Thomas, A. Torres-Lezama, P. Umunay, L. V. 1686 

Gamarra, G. van der Heijden, P. van der Hout, P. van der Meer, M. van Nieuwstadt, H. 1687 

Verbeeck, R. Vernimmen, A. Vicentini, I. C. G. Vieira, E. V. Torre, J. Vleminckx, V. Vos, 1688 

O. Wang, L. J. T. White, S. Willcock, J. T. Woods, V. Wortel, K. Young, R. Zagt, L. 1689 

Zemagho, P. A. Zuidema, J. A. Zwerts, and O. L. Phillips. 2020. Long-term thermal 1690 

sensitivity of Earth’s tropical forests. Science 368:869–874. 1691 

Swann, A. L. S., F. M. Hoffman, C. D. Koven, and J. T. Randerson. 2016. Plant responses to 1692 



Submitted for review Janurary 2023. 

56 

 

increasing CO2 reduce estimates of climate impacts on drought severity. Proceedings of 1693 

the National Academy of Sciences 113:10019–10024. 1694 

Swindles, G. T., P. J. Morris, D. J. Mullan, R. J. Payne, T. P. Roland, M. J. Amesbury, M. 1695 

Lamentowicz, T. E. Turner, A. Gallego-Sala, T. Sim, I. D. Barr, M. Blaauw, A. Blundell, 1696 

F. M. Chambers, D. J. Charman, A. Feurdean, J. M. Galloway, M. Gałka, S. M. Green, K. 1697 

Kajukało, E. Karofeld, A. Korhola, Ł. Lamentowicz, P. Langdon, K. Marcisz, D. Mauquoy, 1698 

Y. A. Mazei, M. M. McKeown, E. A. D. Mitchell, E. Novenko, G. Plunkett, H. M. Roe, K. 1699 

Schoning, Ü. Sillasoo, A. N. Tsyganov, M. van der Linden, M. Väliranta, and B. Warner. 1700 

2019. Widespread drying of European peatlands in recent centuries. Nature Geoscience 1701 

12:922–928. 1702 

Tagesson, T., G. Schurgers, S. Horion, P. Ciais, F. Tian, M. Brandt, A. Ahlström, J.-P. Wigneron, 1703 

J. Ardö, S. Olin, L. Fan, Z. Wu, and R. Fensholt. 2020. Recent divergence in the 1704 

contributions of tropical and boreal forests to the terrestrial carbon sink. Nature Ecology & 1705 

Evolution 4:202–209. 1706 

Talhelm, A. F., K. S. Pregitzer, M. E. Kubiske, D. R. Zak, C. E. Campany, A. J. Burton, R. E. 1707 

Dickson, G. R. Hendrey, J. G. Isebrands, K. F. Lewin, J. Nagy, and D. F. Karnosky. 2014. 1708 

Elevated carbon dioxide and ozone alter productivity and ecosystem carbon content in 1709 

northern temperate forests. Global Change Biology 20:2492–2504. 1710 

Tans, P. P., I. Y. Fung, and T. Takahashi. 1990. Observational Contrains on the Global 1711 

Atmospheric Co 2 Budget. Science 247:1431–1438. 1712 

Terrer, C., R. B. Jackson, I. C. Prentice, T. F. Keenan, C. Kaiser, S. Vicca, J. B. Fisher, P. B. Reich, 1713 

B. D. Stocker, B. A. Hungate, J. Peñuelas, I. McCallum, N. A. Soudzilovskaia, L. A. 1714 

Cernusak, A. F. Talhelm, K. Van Sundert, S. Piao, P. C. D. Newton, M. J. Hovenden, D. 1715 

M. Blumenthal, Y. Y. Liu, C. Müller, K. Winter, C. B. Field, W. Viechtbauer, C. J. Van 1716 

Lissa, M. R. Hoosbeek, M. Watanabe, T. Koike, V. O. Leshyk, H. W. Polley, and O. 1717 

Franklin. 2019. Nitrogen and phosphorus constrain the CO2 fertilization of global plant 1718 

biomass. Nature Climate Change 9:684–689. 1719 

Terrer, C., R. P. Phillips, B. A. Hungate, J. Rosende, J. Pett-Ridge, M. E. Craig, K. J. van 1720 

Groenigen, T. F. Keenan, B. N. Sulman, B. D. Stocker, P. B. Reich, A. F. A. Pellegrini, E. 1721 

Pendall, H. Zhang, R. D. Evans, Y. Carrillo, J. B. Fisher, K. Van Sundert, S. Vicca, and R. 1722 

B. Jackson. 2021. A trade-off between plant and soil carbon storage under elevated CO2. 1723 

Nature 591:599–603. 1724 

Terrer, C., S. Vicca, B. A. Hungate, R. P. Phillips, and I. C. Prentice. 2016. Mycorrhizal association 1725 

as a primary control of the CO2 fertilization effect. Science 353:72–74. 1726 

Terrer, C., S. Vicca, B. D. Stocker, B. A. Hungate, R. P. Phillips, P. B. Reich, A. C. Finzi, and I. 1727 

C. Prentice. 2018. Ecosystem responses to elevated CO2 governed by plant–soil 1728 

interactions and the cost of nitrogen acquisition. New Phytologist 217:507–522. 1729 

Tharammal, T., G. Bala, N. Devaraju, and R. Nemani. 2019. A review of the major drivers of the 1730 

terrestrial carbon uptake: model-based assessments, consensus, and uncertainties. 1731 

Environmental Research Letters 14:093005. 1732 

Thomas, R., I. C. Prentice, H. Graven, J. Fisher, and M. Huang. 2016. CO2 and greening 1733 

observations indicate increasing light use efficiency in northern terrestrial ecosystems. 1734 

Geophysical Research Letters 18:14335. 1735 

Thomas, R. Q., C. D. Canham, K. C. Weathers, C. L. Goodale, R. Quinn Thomas, C. D. Canham, 1736 

K. C. Weathers, and C. L. Goodale. 2009. Increased tree carbon storage in response to 1737 

nitrogen deposition in the US. Nature-Geoscience 3:13–17. 1738 



Submitted for review Janurary 2023. 

57 

 

Thornton, P. E., J.-F. Lamarque, N. A. Rosenbloom, and N. M. Mahowald. 2007. Influence of 1739 

carbon-nitrogen cycle coupling on land model response to CO2 fertilization and climate 1740 

variability. Global Biogeochemical Cycles 21. 1741 

Trenberth, K. E., A. Dai, G. van der Schrier, P. D. Jones, J. Barichivich, K. R. Briffa, and J. 1742 

Sheffield. 2014. Global warming and changes in drought. Nature Climate Change 4:17–1743 

22. 1744 

Ukkola, A. M., I. C. Prentice, T. F. Keenan, A. I. J. M. van Dijk, N. R. Viney, R. B. Myneni, and 1745 

J. Bi. 2015. Reduced streamflow in water-stressed climates consistent with CO2 effects on 1746 

vegetation. Nature Clim. Change advance on. 1747 

van der Velde, I. R., G. R. van der Werf, S. Houweling, J. D. Maasakkers, T. Borsdorff, J. 1748 

Landgraf, P. Tol, T. A. van Kempen, R. van Hees, R. Hoogeveen, J. P. Veefkind, and I. 1749 

Aben. 2021. Vast CO2 release from Australian fires in 2019–2020 constrained by satellite. 1750 

Nature 597:366–369. 1751 

Villarreal, S., and R. Vargas. 2021. Representativeness of FLUXNET Sites Across Latin America. 1752 

Journal of Geophysical Research: Biogeosciences 126. 1753 

Walker, A. P., M. G. De Kauwe, B. E. Medlyn, S. Zaehle, C. M. Iversen, S. Asao, B. Guenet, A. 1754 

Harper, T. Hickler, B. A. Hungate, A. K. Jain, Y. Luo, X. Lu, M. Lu, K. Luus, J. P. 1755 

Megonigal, R. Oren, E. Ryan, S. Shu, A. Talhelm, Y.-P. Wang, J. M. Warren, C. Werner, 1756 

J. Xia, B. Yang, D. R. Zak, and R. J. Norby. 2019. Decadal biomass increment in early 1757 

secondary succession woody ecosystems is increased by CO2 enrichment. Nature 1758 

Communications 10:454. 1759 

Walker, A. P., M. G. D. Kauwe, A. Bastos, S. Belmecheri, K. Georgiou, R. F. Keeling, S. M. 1760 

McMahon, B. E. Medlyn, D. J. P. Moore, R. J. Norby, S. Zaehle, K. J. Anderson-Teixeira, 1761 

G. Battipaglia, R. J. W. Brienen, K. G. Cabugao, M. Cailleret, E. Campbell, J. G. Canadell, 1762 

P. Ciais, M. E. Craig, D. S. Ellsworth, G. D. Farquhar, S. Fatichi, J. B. Fisher, D. C. Frank, 1763 

H. Graven, L. Gu, V. Haverd, K. Heilman, M. Heimann, B. A. Hungate, C. M. Iversen, F. 1764 

Joos, M. Jiang, T. F. Keenan, J. Knauer, C. Körner, V. O. Leshyk, S. Leuzinger, Y. Liu, N. 1765 

MacBean, Y. Malhi, T. R. McVicar, J. Penuelas, J. Pongratz, A. S. Powell, T. Riutta, M. 1766 

E. B. Sabot, J. Schleucher, S. Sitch, W. K. Smith, B. Sulman, B. Taylor, C. Terrer, M. S. 1767 

Torn, K. K. Treseder, A. T. Trugman, S. E. Trumbore, P. J. van Mantgem, S. L. Voelker, 1768 

M. E. Whelan, and P. A. Zuidema. 2021. Integrating the evidence for a terrestrial carbon 1769 

sink caused by increasing atmospheric CO2. New Phytologist 229:2413–2445. 1770 

Walker, W. S., S. R. Gorelik, S. C. Cook-Patton, A. Baccini, M. K. Farina, K. K. Solvik, P. W. 1771 

Ellis, J. Sanderman, R. A. Houghton, S. M. Leavitt, C. R. Schwalm, and B. W. Griscom. 1772 

2022. The global potential for increased storage of carbon on land. Proceedings of the 1773 

National Academy of Sciences 119:e2111312119. 1774 

Wang, K., A. Bastos, P. Ciais, X. Wang, C. Rödenbeck, P. Gentine, F. Chevallier, V. W. 1775 

Humphrey, C. Huntingford, M. O’Sullivan, S. I. Seneviratne, S. Sitch, and S. Piao. 2022. 1776 

Regional and seasonal partitioning of water and temperature controls on global land carbon 1777 

uptake variability. Nature Communications 13:3469. 1778 

Wang, R., D. Goll, Y. Balkanski, D. Hauglustaine, O. Boucher, P. Ciais, I. Janssens, J. Penuelas, 1779 

B. Guenet, J. Sardans, L. Bopp, N. Vuichard, F. Zhou, B. Li, S. Piao, S. Peng, Y. Huang, 1780 

and S. Tao. 2017. Global forest carbon uptake due to nitrogen and phosphorus deposition 1781 

from 1850 to 2100. Global Change Biology 23:4854–4872. 1782 

Wang, Y. P., R. M. Law, and B. Pak. 2010. A global model of carbon, nitrogen and phosphorus 1783 

cycles for the terrestrial biosphere. Biogeosciences 7:2261–2282. 1784 



Submitted for review Janurary 2023. 

58 

 

Weng, E. S., S. Malyshev, J. W. Lichstein, C. E. Farrior, R. Dybzinski, T. Zhang, E. Shevliakova, 1785 

and S. W. Pacala. 2015. Scaling from individual trees to forests in an Earth system 1786 

modeling framework using a mathematically tractable model of height-structured 1787 

competition. Biogeosciences 12:2655–2694. 1788 

Williams, C. A., H. Gu, and T. Jiao. 2021. Climate impacts of U.S. forest loss span net warming 1789 

to net cooling. Science Advances 7:eaax8859. 1790 

Winckler, J., Q. Lejeune, C. H. Reick, and J. Pongratz. 2019. Nonlocal Effects Dominate the 1791 

Global Mean Surface Temperature Response to the Biogeophysical Effects of 1792 

Deforestation. Geophysical Research Letters 46:745–755. 1793 

Windisch, M. G., E. L. Davin, and S. I. Seneviratne. 2021. Prioritizing forestation based on 1794 

biogeochemical and local biogeophysical impacts. Nature Climate Change. 1795 

Winkler, A. J., R. B. Myneni, A. Hannart, S. Sitch, V. Haverd, D. Lombardozzi, V. K. Arora, J. 1796 

Pongratz, J. E. M. S. Nabel, D. S. Goll, E. Kato, H. Tian, A. Arneth, P. Friedlingstein, A. 1797 

K. Jain, S. Zaehle, and V. Brovkin. 2021. Slowdown of the greening trend in natural 1798 

vegetation with further rise in atmospheric CO&lt;sub&gt;2&lt;/sub&gt; Biogeosciences 1799 

18:4985–5010. 1800 

Wright, S. J. 2005. Tropical forests in a changing environment. Trends in Ecology & Evolution 1801 

20:553–560. 1802 

Wu, D., S. Piao, D. Zhu, X. Wang, P. Ciais, A. Bastos, X. Xu, and W. Xu. 2020. Accelerated 1803 

terrestrial ecosystem carbon turnover and its drivers. Global Change Biology 26:5052–1804 

5062. 1805 

Xu, L., S. S. Saatchi, Y. Yang, Y. Yu, J. Pongratz, A. A. Bloom, K. Bowman, J. Worden, J. Liu, 1806 

Y. Yin, G. Domke, R. E. McRoberts, C. Woodall, G.-J. Nabuurs, S. de-Miguel, M. Keller, 1807 

N. Harris, S. Maxwell, and D. Schimel. 2021. Changes in global terrestrial live biomass 1808 

over the 21st century. Science Advances 7:eabe9829. 1809 

Xu, X., H. Du, W. Fan, J. Hu, F. Mao, and H. Dong. 2019. Long-term trend in vegetation gross 1810 

primary production, phenology and their relationships inferred from the FLUXNET data. 1811 

Journal of Environmental Management 246:605–616. 1812 

Yang, Y., M. L. Roderick, S. Zhang, T. R. McVicar, and R. J. Donohue. 2019. Hydrologic 1813 

implications of vegetation response to elevated CO2 in climate projections. Nature Climate 1814 

Change 9:44–48. 1815 

Yu, Z., P. Ciais, S. Piao, R. A. Houghton, C. Lu, H. Tian, E. Agathokleous, G. R. Kattel, S. Sitch, 1816 

D. Goll, X. Yue, A. Walker, P. Friedlingstein, A. K. Jain, S. Liu, and G. Zhou. 2022. Forest 1817 

expansion dominates China’s land carbon sink since 1980. Nature Communications 1818 

13:5374. 1819 

Yuan, W., Y. Zheng, S. Piao, P. Ciais, D. Lombardozzi, Y. Wang, Y. Ryu, G. Chen, W. Dong, Z. 1820 

Hu, A. K. Jain, C. Jiang, E. Kato, S. Li, S. Lienert, S. Liu, J. E. M. S. Nabel, Z. Qin, T. 1821 

Quine, S. Sitch, W. K. Smith, F. Wang, C. Wu, Z. Xiao, and S. Yang. 2019. Increased 1822 

atmospheric vapor pressure deficit reduces global vegetation growth. Science Advances 1823 

5:1–13. 1824 

Zaehle, S., P. Ciais, A. D. Friend, and V. Prieur. 2011. Carbon benefits of anthropogenic reactive 1825 

nitrogen offset by nitrous oxide emissions. Nature Geoscience 4:601–605. 1826 

Zaehle, S., A. D. Friend, P. Friedlingstein, F. Dentener, P. Peylin, and M. Schulz. 2010. Carbon 1827 

and nitrogen cycle dynamics in the O-CN land surface model: 2. Role of the nitrogen cycle 1828 

in the historical terrestrial carbon balance. Global Biogeochemical Cycles 24. 1829 

Zani, D., T. W. Crowther, L. Mo, S. S. Renner, and C. M. Zohner. 2020. Increased growing-season 1830 



Submitted for review Janurary 2023. 

59 

 

productivity drives earlier autumn leaf senescence in temperate trees. Science 370:1066–1831 

1071. 1832 

Zeng, N., F. Zhao, G. J. Collatz, E. Kalnay, R. J. Salawitch, T. O. West, and L. Guanter. 2014. 1833 

Agricultural Green Revolution as a driver of increasing atmospheric CO2 seasonal 1834 

amplitude. Nature 515:394–397. 1835 

Zhan, C., R. Orth, M. Migliavacca, S. Zaehle, M. Reichstein, J. Engel, A. Rammig, and A. J. 1836 

Winkler. 2022. Emergence of the physiological effects of elevated CO2 on land–1837 

atmosphere exchange of carbon and water. Global Change Biology n/a. 1838 

Zhang, Y., P. Ciais, O. Boucher, F. Maignan, A. Bastos, D. Goll, T. Lurton, N. Viovy, N. Bellouin, 1839 

and L. Li. 2021. Disentangling the Impacts of Anthropogenic Aerosols on Terrestrial 1840 

Carbon Cycle During 1850–2014. Earth’s Future 9. 1841 

Zhang, Y., R. Commane, S. Zhou, A. P. Williams, and P. Gentine. 2020a. Light limitation 1842 

regulates the response of autumn terrestrial carbon uptake to warming. Nature Climate 1843 

Change 10:739–743. 1844 

Zhang, Y., D. Goll, A. Bastos, Y. Balkanski, O. Boucher, A. Cescatti, M. Collier, T. Gasser, J. 1845 

Ghattas, L. Li, S. Piao, N. Viovy, D. Zhu, and P. Ciais. 2019. Increased Global Land 1846 

Carbon Sink Due to Aerosol‐Induced Cooling. Global Biogeochemical Cycles 33:439–1847 

457. 1848 

Zhang, Y., N. C. Parazoo, A. P. Williams, S. Zhou, and P. Gentine. 2020b. Large and projected 1849 

strengthening moisture limitation on end-of-season photosynthesis. Proceedings of the 1850 

National Academy of Sciences 117:9216–9222. 1851 

Zheng, B., P. Ciais, F. Chevallier, E. Chuvieco, Y. Chen, and H. Yang. 2021. Increasing forest fire 1852 

emissions despite the decline in global burned area. Science Advances 7:eabh2646. 1853 

Zhou, G., C. Terrer, B. Hungate, N. van Gestel, X. Zhou, and K. J. van Groenigen. 2021. Nitrogen 1854 

availability controls plant carbon storage with warming. preprint, In Review. 1855 

Zhou, L., Y. Tian, R. B. Myneni, P. Ciais, S. Saatchi, Y. Y. Liu, S. Piao, H. Chen, E. F. Vermote, 1856 

C. Song, and T. Hwang. 2014. Widespread decline of Congo rainforest greenness in the 1857 

past decade. Nature 509:86–90. 1858 

Zhou, S., T. F. Keenan, A. P. Williams, B. R. Lintner, Y. Zhang, and P. Gentine. 2022. Large 1859 

Divergence in Tropical Hydrological Projections Caused by Model Spread in Vegetation 1860 

Responses to Elevated CO 2. Earth’s Future 10. 1861 

Zhu, Z., S. Piao, R. B. Myneni, M. Huang, Z. Zeng, J. G. Canadell, P. Ciais, S. Sitch, P. 1862 

Friedlingstein, A. Arneth, C. Cao, L. Cheng, E. Kato, C. Koven, Y. Li, X. Lian, Y. Liu, R. 1863 

Liu, J. Mao, Y. Pan, S. Peng, J. Peñuelas, B. Poulter, T. A. M. Pugh, B. D. Stocker, N. 1864 

Viovy, X. Wang, Y. Wang, Z. Xiao, H. Yang, S. Zaehle, and N. Zeng. 2016. Greening of 1865 

the Earth and its drivers. Nature Climate Change 6:791–795. 1866 


	Abstract
	1. Introduction
	2. Evidence for an Enhanced Land Sink
	2.1 Global
	2.2 Regional and in situ
	2.4 Uncertainties

	3. Key Processes and Regions
	3.1 CO2 fertilization
	3.2 Increasing temperature
	3.3 Water availability
	3.4 Nutrient availability
	3.5 Light availability
	3.6 Land use
	3.7 Complex, Coupled responses

	4. Future projections
	5. Implications for natural climate solutions
	6. Summary and Future Perspectives
	6.1 Summary
	6.2 Future perspectives

	Glossary
	Table 1: Evidence of an enhanced sink
	Table 2: Methods of sink enhancement detection and attribution
	Figures

