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Abstract 22 

Tree growth and lifespan are key determinants of forest dynamics, and ultimately 23 

control carbon stocks. Warming and increasing CO2 have been observed to increase 24 

growth but such increases may not result in large net biomass gains due to trade-offs 25 

between growth and lifespan. A deeper understanding of the nature of the trade-off and 26 

its potential spatial variation is crucial to improve predictions of the future carbon sink. 27 

This study aims to identify key drivers of growth and lifespan, assess the universality 28 

of tree growth-lifespan trade-offs, explore the possible latitudinal patterns of trade-off 29 

strengths and their determinants, and project growth and lifespan under future climate 30 

scenarios. We analyzed 21,193 trees of 69 species (48 included in further analysis) at 31 

445 sites (417 included in further analysis) in temperate forests in northeastern China 32 

to estimate early growth rate and tree lifespan. We find that temperature and human 33 

pressure enhance tree growth and reduce lifespan, while altitude increases lifespan. We 34 

further find evidence for growth-lifespan trade-offs at all studied levels, i.e. among trees, 35 

among species and communities, and within species and communities. Trade-offs are 36 

stronger at colder, higher latitudes compared to warmer sites, because of larger variation 37 

in tree growth and climate, larger range sizes for individual species and lower species’ 38 

diversity for communities at high latitudes. We predict future increases in growth and 39 

reductions in tree lifespan in response to climate change for the 2050s. Taking growth 40 

lifespan trade-offs into account resulted in even larger predictions of decreases in tree 41 

lifespan of up to 8%. In conclusion, growth-lifespan trade-offs are universal, but the 42 

strengths may vary by environment and between different forests. Its effects are 43 
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important to include in predictions of forest responses to global change and need to be 44 

considered more widely.  45 

 46 

KEYWORDS: climate change, forest dynamics, tree growth, tree lifespan, trade-off, 47 

dendrochronology, carbon cycle 48 

  49 
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Introduction  50 

Forests serve as a major sink for atmospheric CO2, with the global forest sink estimated 51 

to offset nearly half of fossil fuel emissions in recent decades (Pan et al., 2024). 52 

However, increasing levels of atmospheric CO2 and climate change drive pervasive 53 

shifts in forest vegetation dynamics (e.g. increases in mortality), and the effect of these 54 

changes on forest carbon fluxes and carbon stocks remains unclear (McDowell et al., 55 

2020; Xu & Liu, 2022). Tree growth and lifespan are important determinants of forest 56 

dynamics, and have previously been shown to exhibit a trade-off (Locosselli et al., 57 

2020). Specifically, faster growth under global warming conditions may shorten tree 58 

lifespan (Brienen et al., 2020), but the drivers and mechanisms behind such trade-offs 59 

remain unclear. Therefore, identifying factors influencing growth and lifespan, and an 60 

assessment of the universality of the growth‒lifespan trade-off are crucial for 61 

understanding responses of forest dynamics to global warming, and for reducing 62 

uncertainties in the terrestrial carbon cycle models.  63 

 Climate change exerts a significant impact on both tree growth and lifespan, but 64 

these effects may vary between different environments and ecosystems. For example, 65 

increasing atmospheric CO2 and warming stimulates tree growth in cold and temperate 66 

systems (Pan et al., 2011), whereas high temperatures may detrimentally affect tropical 67 

trees (Vlam et al., 2014; Schippers et al., 2015). Climate dryness may expand the 68 

lifespan of evergreen needle-leaved trees and deciduous broad-leaved trees with high 69 

resistance to drought-induced embolisms (Xu & Liu, 2022), but leads to higher 70 

mortality risks for trees with low growth resilience to drought (DeSoto et al., 2020), 71 
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thus diminishing their lifespan. Furthermore, tree growth and lifespan are significantly 72 

influenced by human activities and altitude. Regions with limited human disturbance 73 

are more conducive to the persistence of old trees (Liu et al., 2022), and species with 74 

broad biogeographic ranges tend to reach their oldest ages at higher elevations, where 75 

tree growth rates are lower (Di Filippo et al., 2012; Piovesan & Biondi, 2021). 76 

Nevertheless, the effects of human pressure, altitude, and climate on tree lifespan and 77 

growth rate remain under-studied in temperate forests, despite the important role of 78 

these demographic rates in predicting the fate of forests and the future of the carbon 79 

sink (Anderegg et al., 2020; Brienen et al., 2020; Marqués et al., 2023).  80 

The trade-off between tree growth and lifespan has been observed among different 81 

species, ranging from “fast” species with rapid growth and shorter lifespans at one end 82 

of the spectrum of resource allocation strategies, to “slow” species exhibiting slower 83 

growth but higher survival rates at the other end (Stearns, 1989; Reich, 2014). This 84 

trade-off is supported by demographic studies showing a consistent interspecific trade-85 

off between growth and mortality (Rees et al., 2001; Russo et al., 2008; Wright et al., 86 

2010; Stephenson et al., 2011; Salguero‐Gómez, 2017).In addition, tree ring studies 87 

show that trade-offs between growth and longevity, occur across species (Loehle, 1988; 88 

Brienen et al., 2020; Locosselli et al., 2020), as well as, within species (Black et al., 89 

2008; Bigler & Veblen, 2009; Bigler, 2016; Büntgen et al., 2019; Brienen et al., 2020).  90 

However, the universality of growth‒lifespan trade-offs across different organizational 91 

levels (i.e., within and across species, and within and across communities) and 92 

comparison of the strengths of trade-offs across these levels, has not been explored in 93 
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depth. Understanding these patterns is particularly important for temperate forests, as 94 

they constitute a significant global carbon sink (Keith et al., 2009; Yang et al., 2023; 95 

Pan et al., 2024). Exploring the universality of the tree growth‒lifespan trade-off and 96 

predicting the responses of tree growth and lifespan to future climate change is essential 97 

for anticipating the impacts of environmental shifts on temperate forests, especially 98 

considering that this carbon-rich ecosystem is currently confronted with rapid climate 99 

warming (Hartmann et al., 2013; Fischer & Frazier, 2018). 100 

While previous research has firmly proven the existence of a trade-off between 101 

lifespan and growth, several aspects remain unclear. For instance, the geographic 102 

variation in the strength of this trade-off remains largely unexplored. This is important 103 

as the strength of the trade-off indicates how quickly increases in growth rate might 104 

reduce lifespan, offering insight into the responsiveness of tree lifespan to growth 105 

increments. A global study on growth- lifespan trade-off within species has found slight 106 

variations in trade-off strength across climate zones and between gymnosperms and 107 

angiosperms (Brienen et al., 2020). These findings prompt us to examine whether 108 

geographical variations exist in the responsiveness of lifespan to growth increments 109 

induced by climate warming or other stimulations. Such information is essential for 110 

understanding and anticipating changes in forest dynamics and informing forest 111 

management and conservation strategies in a warming climate. 112 

In this study, we investigate the effects of climate, human pressure and altitude on 113 

growth and lifespan in trees, elucidate the universality of growth-lifespan trade-offs, 114 

explore the possible latitudinal patterns and drivers of trade-off strength, and project 115 
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the growth and lifespan under future climate scenarios. Our focus is on the temperate 116 

forests of northeastern China, as these forests have experienced a strong warming of 117 

0.4°C to 0.6°C per decade (Ren et al., 2012) and play an important role in carbon 118 

sequestration. Yet, their possible responses in terms of forest dynamics to these changes 119 

remains unexplored. We analyze tree ring data from 21,193 individual trees, 120 

encompassing 69 species across 445 plots. These records provide estimates of tree 121 

longevity and early growth rate, and were used to test the following hypotheses: 1) 122 

Climate, human pressure, and altitude collectively influence early growth rate and 123 

lifespan; 2) The trade-off between early growth rate and lifespan exists across multiple 124 

organizational levels: among all trees, among species and communities, and within 125 

species and communities; 3) The trade-off is stronger at higher latitudes due to greater 126 

effects of environmental variation, particularly temperature, on growth; 4) 127 

Consideration of growth-lifespan trade-offs will result in additional reductions in 128 

lifespan due to warming, on top of the direct effect of temperature on lifespan.   129 

Materials and methods 130 

Site and tree-ring sampling  131 

Encompassing diverse forest types and mostly natural forests, northeastern China holds 132 

significant value among global temperate regions. Our study area in northeastern China 133 

covers a diverse gradient of temperate forest natural distribution, spanning latitudes 134 

from 39°42′ to 53°19′ N and longitudes from 119°48′ to 134°01′ E, with elevations 135 

varying between 97 and 1,255 m. The investigated region spans approximately 700,000 136 



8 

 

km2, with over one-third of its land area comprising temperate broadleaf and mixed 137 

coniferous forests. Annual rainfall in the region varies from 363.8 to 1073.7 mm, while 138 

mean annual temperatures range from -5.6 to 9.8°C (Fick & Hijmans, 2017). A total of 139 

445 permanent forest plots were established in the summer of 2017 and 2018, each with 140 

a size of 0.1 ha and a radius of 17.85 m (Supplementary Figure S1). Plot selection 141 

criteria excluded areas with conspicuous disturbances, rivers, and rocky terrain. The 142 

longitude, latitude and elevation of each plot were recorded in real-time using GPS 143 

equipment. In each plot, all trees exceeding 10 cm in diameter at breast height (DBH) 144 

were tagged, identified and sampled. One core per tree was extracted at 1.3 m above 145 

the ground, with a total collection of 21,193 increment cores from 69 species. Increment 146 

cores were dried, sanded until the ring boundaries were clearly visible, and measured 147 

using the LINTAB 5 system at 0.01 mm precision to obtain annual tree ring widths and 148 

ring numbers (Stokes, 1996). 149 

Climate data 150 

Nine climate variables were utilized to comprehensively characterize climate 151 

conditions, including mean annual temperature (MAT), mean diurnal range (MDR), 152 

temperature seasonality (TS), mean temperature of the warmest (MTWQ) and coldest 153 

quarter (MTCQ), annual precipitation (AP), precipitation seasonality (PS), as well as 154 

the precipitation of the wettest (PWQ) and driest quarter (PDQ). Historical climatic 155 

data from 1970 to 2000 were extracted from the WorldClim database at a 1 × 1 km 156 

resolution to represent the current climatic situation (Fick & Hijmans, 2017). Future 157 



9 

 

climatic data for the MAT, MDR, TS, MTWQ, MTCQ, AP, PS, PWQ and PDQ were 158 

extracted from the Coupled Model Intercomparison Project (CMIP6; 159 

https://esgfnode.llnl.gov/search/cmip6/). We chose the MRI-ESM2-0 model under four 160 

Shared Socioeconomic Pathways (SSPs): SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5, 161 

spanning the period from 2041 to 2060, thus reflecting climatic conditions anticipated 162 

in the 2050s. 163 

Human pressure data 164 

To quantify human impacts, we used the recently proposed global human modification 165 

(HM) index (Kennedy et al., 2019). This index provides a comprehensive assessment 166 

of 13 anthropogenic stressors across five primary categories: human settlement, 167 

agriculture, transportation, mining and energy production, and electrical infrastructure. 168 

Ranging from 0 to 1, lower values denote generally remote areas with little human 169 

impact, and higher values signify highly anthropogenically modified environments. 170 

Early growth rates, lifespan, and their trade-off estimation 171 

For each tree, the early growth rate is calculated as the mean ring width over the first 172 

five years, and the tree age is determined by the total number of rings. Tree ring counts 173 

offer unique insights in tree ages, which cannot be inferred from tree size as this metric 174 

is often poorly related to tree age (Bigler, 2016; Brienen et al., 2020; Begović et al., 175 

2023; Mu et al., 2023). To assess the trade-off between early growth and lifespan among 176 

all trees, we performed 95th-quantile regressions between the early growth rate and the 177 
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natural logarithm of tree age (Brienen et al., 2020). To assess the trade-off between 178 

early growth rate and lifespan across species and communities, we applied major axis 179 

regression between early growth rate and the natural logarithm of lifespan. Here, the 180 

early growth rate was calculated as the mean value at the species/community level, and 181 

lifespan was determined as the 95th percentile of its age structure distribution (Pérez-182 

Harguindeguy et al., 2013; Xu & Liu, 2022). Before performing the calculation, we 183 

excluded species or communities with relatively even age structures. Such age 184 

structures are indicative of recent large-scale disturbances (natural or anthropogenic) 185 

and do not represent old-growth populations. As the maximum ages of such populations 186 

are simply determined by the time since disturbance they may not reflect species’ or 187 

communities’ potential maximum lifespan as well as populations with varied age 188 

structures (Brienen et al., 2020). Moreover, to establish trade-offs between growth and 189 

lifespan – the purpose of our study – even-aged data structures cannot be used, as a 190 

minimal range of ages is required to perform such analysis. We calculated the 191 

coefficient of variation in tree ages (CVAge = StandDevAge/MeanAge × 100) for each 192 

species or community, and omitted those with a CVAge of less than 10%. We considered 193 

only those with a minimum of 20 records (Di Filippo et al., 2015; Xu & Liu, 2022). 194 

This resulted in the selection of 48 species and 417 communities for inclusion in this 195 

study. To evaluate trade-off strengths within species and communities, we conducted 196 

95th-quantile regressions between relative growth (early growth rate /maximum early 197 

growth rate) and the natural logarithm of relative age (age/maximum age) at the 198 

individual level, for each species and community. The use of relative growth and 199 
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relative age ensures that comparisons of trade-off strengths are not confounded by 200 

variations in maximum growth rates and maximum lifespan among species or 201 

communities. For assessing within-species trade-offs, we selected only species with a 202 

minimum of 100 trees, resulting in the selection of 28 species. Additionally, we 203 

aggregated six nearest neighbor plots with similar climates to increase the sample size 204 

required for assessing within-community trade-offs. This ensured a minimum of 150 205 

trees per community, resulting in a total of 74 metacommunities for evaluating within-206 

community trade-offs. 207 

Statistical analysis 208 

To assess the effect of climate, altitude and human pressure on lifespan and early growth 209 

rates, we standardized all independent variables to ensure comparability and maintained 210 

variance inflation factors below five to mitigate multicollinearity issues (Coelho de 211 

Souza et al., 2019), and then performed multiple linear regression analysis. Before 212 

modeling, we performed principal component analyses (PCA) on 9 climate variables to 213 

summarize their variation. The first principal axis, capturing the most variance in 214 

climate variables (0.66), was used to signify the predominant impact of climate. It was 215 

multiplied by -1 to positively correlate with temperature and precipitation (i.e., larger 216 

values indicate higher temperature and precipitation; see Supplementary Table S1). 217 

Besides, we performed correlation analysis between lifespan and climate variables to 218 

identify the climatic factor most related to lifespan. Similar analyses were also 219 

performed for early growth rates. 220 
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To assess the universality of the growth‒lifespan trade-off in temperate forests of 221 

northeastern China, we conducted our analysis at multiple levels: among all trees, 222 

among species and communities, and within species and communities. We also 223 

examined whether the trade-offs at these different levels varied between gymnosperms 224 

and angiosperms.  225 

To examine potential latitudinal trends and drivers in trade-off strength, we 226 

quantified trade-offs and performed linear regression analysis between trade-off 227 

strength and latitude, growth variation, and environmental factors. We also performed 228 

linear regression analysis between species range size and trade-off strength within 229 

species, and between diversity and trade-off strength within communities. Furthermore, 230 

we utilized Structural Equation Modeling to explore the interrelationships among these 231 

variables, with p > 0.05 for the Fisher's C statistics indicating a satisfactory model fit. 232 

Trade-off strength was quantified by extracting exponents from significant trade-off 233 

relationships within species and communities, which were then multiplied by -1, with 234 

higher values indicating stronger trade-offs. The latitude value for each species and 235 

metacommunities was determined as the mean latitude of the constituent individuals 236 

within them. Growth variation was calculated as the coefficient of variation in early 237 

tree growth rates within both species and communities. For environmental factors, 238 

given the potential for species and metacommunities to span a wide range of 239 

environmental conditions, we accessed both the mean environmental conditions and 240 

environmental variations, with the latter quantified by assessing the range of altitude, 241 

human pressure, and climate variables for each species and metacommunity (Qiao et 242 



13 

 

al., 2022). We executed correlation analysis between these environmental factors and 243 

trade-off strength.  244 

To check whether the observed trade-off between growth and lifespan are not a 245 

result of covariation of growth or lifespan with human pressure, we re-examined the 246 

trade-offs at multiple levels after excluding plots with a human pressure index ≥ 0.5. 247 

The significant trade-offs in the remaining data indicates that these trade-offs are not 248 

attributable to human pressure (Supplementary Figure S2). We also assessed the 249 

potential effect of recent growth stimulation on the observed trade-off. Due to climate 250 

warming and the CO2 fertilization effect young trees may have a greater early growth 251 

rate (at the first 5 years of their life) compared to older trees affecting the trade-off 252 

strength. To check for this effect, we reanalyzed the data excluding trees younger than 253 

40 years old the period with the greatest increase in temperature in temperate regions 254 

(Houghton et al., 1996; Cao et al., 2018). The consistency of our findings, both with 255 

and without the inclusion of younger trees, suggests that the observed trade-off 256 

existence or geographical variation in trade-off strength is not likely to be caused by a 257 

recent growth stimulation (see Supplementary Figure S3). 258 

 To forecast early growth rates and lifespans under projected future climate 259 

scenarios, we employed random forest machine learning models, which have been used 260 

in processing high-dimensional datasets in ecological and forestry studies (Steidinger 261 

et al., 2019; Luo et al., 2020). We developed three models: the first model assessed the 262 

influence of environmental conditions (climate, altitude, and human pressure) on early 263 

growth rates; the second model evaluated the impact of environmental conditions on 264 
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lifespan; and the third model analyzed the effect of the growth and environmental 265 

conditions on lifespan, as detailed in Supplementary Table S2. For model verification, 266 

we employed a 90–10 cross-validation method and calculated the coefficient of 267 

determination (R2) to assess the model performance (Luo et al., 2020). This process 268 

was iterated 20 times to ensure model reliability, as detailed in Supplementary Table S3. 269 

To project climate-driven future early growth rates and lifespans, we implemented the 270 

first two models with future climate data (SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-271 

8.5 for 2041 to 2060). To project future tree lifespans under the influence of climate 272 

change and trade-offs, we employed the third model incorporating both future climate 273 

data and anticipated climate-enhanced growth data. 274 

All data processing and statistical analyses were performed in R software (R Core 275 

Team, 2022). Variables were transformed using log transformation, Gaussianization 276 

(Goerg, 2023), or Tukey's ladder of powers transformation (Mangiafico, 2024) when 277 

necessary to meet the normality requirement in the statistical analyses. 278 

Results  279 

Drivers of growth and lifespan  280 

We observed that the community's mean early growth rate and lifespan covary, with the 281 

early growth rate decreasing from 5.4 to 0.7 mm/year (r = -0.44) and lifespan increasing 282 

from 21 to 170 years (r = 0.24) when moving toward higher latitudes (Supplementary 283 

Figure S4). This variation in lifespan and growth was strongly driven by climate, 284 

altitude and human pressure (Figure 1). Among the nine climate variables, mean 285 
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temperature of warmest quarter (r = -0.38) exhibited the strongest correlation with 286 

lifespan, followed by annual mean temperature (r = -0.34), and mean diurnal 287 

temperature range (r = 0.32; Figure 1). We find opposite and somewhat stronger effects 288 

of climate on early growth rate. The strongest effects included mean temperature of 289 

warmest quarter (r = 0.50), annual mean temperature (r = 0.49), and mean temperature 290 

of coldest quarter (r = 0.44). Lifespan was negatively affected by human pressure (effect 291 

size = -0.27) and climate (effect size = -0.11), and positively affected by altitude (effect 292 

size = 0.15). Early growth rate was positively affected by climate (effect size = 0.30) 293 

and human pressure (effect size = 0.22), but was not significantly affected by altitude 294 

(Figure 1).  295 

  296 

 297 

Figure 1. Effects of climate, altitude and human pressure on community lifespan and 298 

early growth rate. The upper panel (a) shows the correlations between each climate 299 
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variable and lifespan, and growth. The insignificant effect of precipitation seasonality 300 

is not shown. The below panels show the effect sizes of altitude, climate and human 301 

pressure (HM) on (b) lifespan and (c) early growth rate. Error bars represent 95% 302 

confidence intervals. The dashed line was drawn at a mean effect size of 0. This analysis 303 

includes data from across 417 communities (see Supplementary Figure S4). 304 

 305 

The universal trade-off between growth and lifespan  306 

We observed significant trade-offs between early growth rates and lifespan at various 307 

levels (Figure 2). Firstly, when combining all trees, species and sites (in total 21,193 308 

trees), we find clear evidence for a growth-longevity trade-off (Figure 2a). We further 309 

observe a significant growth‒lifespan trade-off among the 48 species (Figure 2b) and 310 

across the 417 communities (Figure 2c). Finally, a trade-off was observed within 311 

species and communities, with 20 out of 28 species (71.4%, Figure 2d), and 41 out of 312 

74 metacommunities (55.4%, Figure 2e) exhibiting significant trade-offs. These 313 

findings collectively suggest that trade-offs between early growth rate and lifespan are 314 

a universal phenomenon in the temperate forests of northeastern China. 315 

 We do not find evidence for large differences in the trade-off strength between early 316 

growth rates and lifespan between angiosperms and gymnosperms (Supplementary 317 

Figure S5). At the individual tree level, trade-offs were evident across 17,866 318 

angiosperm trees and 3,327 gymnosperm trees. At the species level, trade-offs were 319 

observed among 39 angiosperm species and 9 gymnosperm species. Significant within-320 

https://www.nature.com/articles/s41467-020-17966-z#Fig1
https://www.nature.com/articles/s41467-020-17966-z#Fig1
https://www.nature.com/articles/s41467-020-17966-z#Fig1
https://www.nature.com/articles/s41467-020-17966-z#Fig1
https://www.nature.com/articles/s41467-020-17966-z#Fig1
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species growth-lifespan trade-offs were observed for 17 out of 21 angiosperm species 321 

and for 3 out of 7 gymnosperm species. Among all individuals and species, 322 

gymnosperms have a slightly stronger trade-off than angiosperms.  323 

 324 

 325 

Figure 2. Relationship between early growth rate and lifespan. Panels (a), (b), and (c) 326 

show the relationship between tree early growth rate and lifespan across (a) 21,193 trees, 327 

(b) 48 species, and (c) 417 plots, with red lines indicating nonlinear regression trends. 328 

Panels (d) and (e) show the distribution of exponents from the relationship between 329 

early growth rate and lifespan (d) within each species and (e) within each 330 

metacommunity. The exponent reflects the exponential rate of decrease in tree lifespan 331 

with increasing early growth rate. The blue dashed line represents the exponent value 332 

of 0, and Sig and Insig indicate significant relationships (p < 0.05) and insignificant 333 

relationships (p > 0.05), respectively.  334 
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Latitudinal patterns and drivers of growth‒lifespan trade-off  335 

The trade-off strength within species (i.e., the exponent of the significant negative 336 

relationship between growth and lifespan within species, cf. Figure 2d) is weaker for 337 

lower latitude species, and increases towards higher latitudes (Figure 3a). In simple 338 

terms, this means that species at higher latitudes exhibit a stronger reduction in lifespan 339 

per unit of growth increase. The trade-off strength within species further exhibited a 340 

positive correlation with the growth variation within species (Figure 3b) and showed 341 

negative correlations with species’ mean annual temperature (Figure 3c) and positive 342 

correlations with temperature seasonality (Supplementary Table S4). In general, the 343 

within species’ tradeoff strength was positively related to the within species’ variation 344 

in climate and altitude (Supplementary Table S4). We further find that species growing 345 

at higher latitudes exhibit larger range sizes (Figure 3d), and that species with larger 346 

range sizes have a higher growth variation and show stronger trade-offs (Figure 3e). 347 

These findings suggest that increases in trade-off strength for higher latitude species 348 

are at least partially (R2= 54%) explained by their greater range sizes resulting in greater 349 

growth variation (Figure 3f).  350 

 351 
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 352 

Figure 3. Latitudinal patterns and possible drives of trade-off strength within species. 353 

(a) the latitudinal patterns of trade-off strength within species; (b) the correlation 354 

between growth variation and trade-off strength within species. Growth variation is 355 

calculated as the coefficient of variation in the early growth rate for each species; (c) 356 

the correlation between mean annual temperature and trade-off strength within 357 

species; (d) the correlation between latitude and species range size. Species range 358 

size is defined as the latitudinal range of each species; (e) the correlation between 359 

species range size and trade-off strength within species; (f) structural equation model 360 

for the relationships between trade-off strength within species, latitude, species range 361 

size and growth variation. Fisher’s C = 7.62, and p = 0.27. The solid lines represent 362 

the significant influence paths (p < 0.05). Trade-off strengths and latitude were 363 

transformed to meet the normality requirements of data analysis. 364 

 365 
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The strength of trade-offs within communities increases similarly towards higher 366 

latitudes (Figure 4a), towards communities with greater growth variation (Figure 4b), 367 

and towards colder climates (Figure 4c). In addition, communities at higher latitudes 368 

display lower diversity (Figure 4d), and those with lower diversity display a stronger 369 

trade-off (Figure 4e). SEM indicates that 19% of the increases in trade-off strength 370 

with latitude is explained by the lower species diversity at higher latitudes (Figure 371 

4f). 372 

 373 

 374 

Figure 4. Latitudinal patterns and possible drives of trade-off strength within 375 

communities. (a) the latitudinal patterns of trade-off strength within communities; (b) 376 

the correlation between growth variation and trade-off strength within communities. 377 

Growth variation is calculated as the coefficient of variation in the early growth rate 378 

for each community; (c) the correlation between mean annual temperature and trade-379 
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off strength within communities; (d) the correlation between latitude and community 380 

diversity. Diversity is calculated as the species richness within each community; (e) 381 

the correlation between community diversity and trade-off strength within 382 

communities; (f) the relationships between trade-off strength within communities, 383 

latitude, community diversity and growth variation. Fisher's C = 8.48, and p = 0.08. 384 

The solid lines represent the significant influence paths (p < 0.05), dotted lines 385 

represent the non-significant paths. Trade-off strengths, latitude, growth variation and 386 

temperature were transformed to meet the normality requirements of data analysis. 387 

 388 

 389 

Future growth and lifespan 390 

Under current climatic conditions, the observed early growth rate of the tree community 391 

averaged 2.66±0.04 mm/year, with a lifespan of 54.6±1.1 years. Using the predicted 392 

mean temperature increase for the 2050s (i.e., 2.4°C based on SSP5-8.5), we estimate, 393 

using random forest models, that early growth rates could increase to 3.07±0.02 394 

mm/year, and that lifespans may decrease to 51.6±0.4 years. These predictions are 395 

based on direct climate-growth and climate-lifespan relationships. However, when 396 

incorporating both climate and growth, projected lifespans decreased more strongly to 397 

50.1±0.3 years. Our results indicate a projected increase of approximately 15.4% in 398 

early growth rate under future climatic conditions, a projected decrease of nearly 5.4% 399 

in lifespan, and a larger decrease of nearly 8.2% in lifespan when additionally 400 
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considering the negative effect of growth (Figure 5).  401 

 402 

 403 

 404 

Figure 5. Early growth rate, lifespan, and their trade-off under the (a) current and (b, c) 405 

future climate scenarios. In panel (b), lifespan is predicted based on the environmental 406 

conditions only, while in panel (c), lifespan is predicted by both environment and 407 

growth-lifespan trade-offs. The results under the future climate scenario are derived 408 

from the SSP 5-8.5, employing the MRI-ESM2-0 model for the 2050s. The results of 409 

all other SSPs are presented in Supplementary Figure S6. 410 

Discussion  411 

Covariation of growth and lifespan with environment 412 

We observed a decrease in early growth rates and an increase in lifespans with 413 

increasing latitudes, consistent with previously observed global patterns (Locosselli et 414 

al., 2020). Our results indicate that tree lifespan is affected by human pressure, climate, 415 
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and altitude, and that tree growth is affected significantly by human pressure and 416 

climate. A negative effect of human pressure on tree lifespan has been observed globally 417 

(Sandel & Svenning, 2013; Liu et al., 2022), and has been attributed to the past logging 418 

of old trees. Similarly, human pressure could increase growth rates as past logging may 419 

have released trees from competition (Gerhardt, 1996; Bigler, 2016). In addition, 420 

atmospheric nitrogen deposition might be higher in sites closer to human activities (Liu 421 

et al., 2013), potentially stimulating tree growth (Schulte-Uebbing & de Vries, 2018).   422 

 423 

Among all selected climate variables, temperature, particularly during the warmest 424 

quarter, exerts the strongest influence on lifespan and growth. Increasing temperatures 425 

increase growth and reduce tree lifespan. As a result, we find that lifespan increases at 426 

higher altitudes, consistent with other studies (Brienen et al., 2020; Locosselli et al., 427 

2020; Liu et al., 2022). Positive effects of elevated temperatures on growth rates have 428 

been observed widely (Pretzsch et al., 2014; Locosselli et al., 2020; Begović et al., 429 

2023), and can be explained by higher photosynthesis (Dusenge et al., 2019), longer 430 

periods of cell division and expansion (Körner, 2003; Ryan, 2010) and longer growing 431 

seasons (Barichivich et al., 2013). The negative effect of elevated temperatures on tree 432 

lifespan aligns with previous research conducted in temperate regions, indicating that 433 

trees inhabiting harsh environments tend to exhibit longer lifespans (Di Filippo et al., 434 

2015; Liu et al., 2022). There are various possible explanations for the prolonged 435 

lifespan for slower growing trees at lower temperatures. Firstly, lower temperature 436 

directly reduces growth which could result in an extension of trees’ lifespan at lower 437 
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temperature via trade-offs between growth and longevity (see next section). Secondly, 438 

increases in tree lifespan in colder climates could be due to lower metabolic rates. This 439 

“Rate Of Living” (ROL) theory of aging proposes that senescence is related to rates of 440 

metabolism (photosynthesis, respiration), and that lower metabolism in colder climates 441 

could increase tree longevity through slowing senescence (Issartel & Coiffard, 2011). 442 

Thirdly, the colder temperatures at higher altitudes restrict the presence of herbivores 443 

and pathogens. This not only directly reduces tree mortality rates from diseases and 444 

pests (Stephenson et al., 2011) but also enables trees to allocate resources away from 445 

defense (Raffa et al., 2013) towards investment in functional traits helping to cope with 446 

abiotic stress (Callis-Duehl et al., 2017; Midolo et al., 2019), thereby enhancing 447 

survival and longevity. For example, it has been observed that trees in colder regions 448 

invest more in non-structural carbohydrate reserves to cope with those harsher 449 

conditions (Hoch & Körner, 2012). Further studies in this area are needed to disentangle 450 

the contributions of these various effects to variation in tree longevity.  451 

Besides temperature effects, our findings reveal a negative correlation between 452 

precipitation and lifespan and a positive correlation between precipitation and growth. 453 

This is consistent with the effect of precipitation on lifespan observed by Xu & Liu 454 

(2022), but it contradicts with global and tropical studies that show increases in 455 

longevity with precipitation (Locosselli et al., 2020; Liu et al., 2022). We believe that 456 

the apparent precipitation effect arises from a strong covariation between rainfall and 457 

temperature in our dataset (Supplementary Figure S7a). This is supported by the low 458 

variance explained by precipitation compared to temperature (Supplementary Figure 459 
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S7b). 460 

The universal trade-off between growth and lifespan  461 

Previous studies observed trade-offs between growth and lifespan among 462 

(Bugmann & Bigler, 2011; Locosselli et al., 2020) and within species (Di Filippo et al., 463 

2012; Bigler, 2016; Büntgen et al., 2019; Brienen et al., 2020). We here have extended 464 

these observations and show that trade-offs are present at all studied levels: among 465 

individual trees, within and across species, and within and across communities. The 466 

existence of trade-offs across multiple levels and scales indicates that growth-lifespan 467 

trade-offs are truly universal attributes of trees and forests and are not confined to 468 

specific levels or contexts. The average trade-off strength within species from our study 469 

is of very similar magnitude to that observed in temperate forests globally (0.0074 in 470 

our study vs. 0.008 in the study of Brienen et al., 2020; Supplementary Figure S8). We 471 

further find that both gymnosperms and angiosperms show trade-offs although the 472 

strength of the trade-offs are slightly greater in gymnosperms than in angiosperms, 473 

consistent with global tree ring analysis (Brienen et al., 2020). All together our findings 474 

suggest that trees exhibit a consistent reduction in tree lifespan in response to increases 475 

in growth regardless of the type of species or forest, climate, or geographical location. 476 

These findings are consistent with demographic studies showing growth-survival trade-477 

offs across species in tropical forests (Wright et al., 2010; Russo et al., 2020), temperate 478 

forests (Kunstler et al., 2009; Zhu et al., 2017; Fan et al., 2022), and within continents 479 

(Bialic-Murphy et al., 2024).   480 
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 Several hypotheses have been proposed to explain the trade-off between growth 481 

and lifespan, including the size limitation hypothesis and the resource allocation 482 

strategy hypothesis (Herms & Mattson, 1992; Reich, 2014). The size limitation 483 

hypothesis posits that increases in tree mortality risks as trees grow bigger constrain 484 

tree longevity (Ryan & Yoder, 1997; Mencuccini et al., 2005; Bigler, 2016; Büntgen et 485 

al., 2019; Brienen et al., 2020). Potential mechanisms for such increases in mortality 486 

risks include increased vulnerability to water stress (Rowland et al., 2015; Liu et al., 487 

2019), lightning and wind disturbances (Gardiner et al., 2016; Yanoviak et al., 2020), 488 

pathogen and insect outbreaks (Pfeifer et al., 2011; Pennisi, 2019), increased respiratory 489 

load that relative to their photosynthetic tissue (Yoda et al., 1965), reduced soil nutrient 490 

availability (Mencuccini et al., 2005), and reduced maintenance due to the reallocation 491 

of resources toward reproductive organs (Thomas, 2013; McMahon, 2024) for large 492 

trees. While our findings could be explained by this theory, we also do observe that 493 

faster growing trees reach greater sizes compared to slower-growing individuals 494 

(Supplementary Figure S9; S10). This is consistent with the widely observed 495 

phenomenon that tree size is poorly relater to tree age, and that the oldest individuals 496 

are often not the largest (Bigler, 2016; Brienen et al., 2020; Begović et al., 2023; Mu et 497 

al., 2023). These results indicate that there is no absolute threshold on the maximum 498 

tree size or height that trees may reach, but it also does not necessarily discredit the size 499 

limitation hypothesis, and various studies show that mortality rates strongly to increase 500 

with an increase in tree size, especially once trees have passed the critical juvenile 501 

phases (Hurst et al., 2011; Bennett et al., 2015; Johnson et al., 2018). Faster growing 502 
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trees may reach greater maximum tree size by outcompeting other trees or by growing 503 

in sites with greater resource availability (Di Filippo et al., 2015; Bigler, 2016).  504 

Various aspects of the size limitation hypothesis are related to resource allocation 505 

strategies, which involve balancing growth with other essential functions such as 506 

mechanical stability (Bazzaz, 1979; Rötheli et al., 2012), hydraulic safety (Torres-Ruiz 507 

et al., 2016; Roskilly et al., 2019), and defense (Fine et al., 2006; de la Mata et al., 508 

2017; Kichas et al., 2020). For instance, the resource allocation hypothesis suggests 509 

that trees in resource-rich, and thus more competitive, environments prioritize 510 

allocating resources to growth at the expense of defense and stress tolerance, resulting 511 

in higher mortality from herbivores, pathogens, or environmental stress. Conversely, 512 

trees in resource-poor, and less competitive, environments invest less resources towards 513 

growth and instead allocate more towards enhancing resistance to herbivores and 514 

pathogens, as well as increasing stress tolerance (Herms & Mattson, 1992; Stamp, 2003; 515 

Bigler, 2016). Moreover, resource allocation strategies are often reflected in the 516 

contrasting effects of functional traits on growth versus their influence on lifespan. For 517 

instance, faster-growing species often show lower wood density (Chave et al., 2009), 518 

meaning fast-growing trees are more susceptible to breakage or uprooting by wind due 519 

to weaker mechanical stability (Canham et al., 2001; Rich et al., 2007; McDowell et al., 520 

2020), attacks by pests and pathogens due to lower plant defenses (Bentz et al., 2017), 521 

and hydraulic failure due to lower hydraulic safety margins (Xu & Liu, 2022), 522 

ultimately resulting in higher mortality and shorter lifespans (King et al., 2006; Wright 523 

et al., 2010; Reich, 2014). Similar patterns were observed within Larix gmelini, where 524 
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fast-growing populations exhibit lower wood density and shorter lifespans 525 

(Supplementary Figure S11), supporting resource allocation strategies at intraspecific 526 

levels. A comprehensive analysis encompassing various functional traits (e.g. leaf traits 527 

and hydraulic traits) is required to further elucidate the mechanisms underlying the 528 

universal trade-off between growth and lifespan. 529 

One important consequence of growth-longevity trade-offs is that growth 530 

stimulation due to e.g. CO2 fertilization (Walker et al., 2021), increases in temperature 531 

(Dusenge et al., 2019) or nitrogen deposition (Liu et al., 2013), might lead to decreases 532 

in tree longevity and increases in mortality. Indeed, increases in tree mortality have 533 

been observed globally, including in the western boreal forests of Canada (Searle & 534 

Chen, 2018), the Amazon (Brienen et al., 2015), the western Americas (van Mantgem 535 

et al., 2009), and European forests (Pretzsch et al., 2014; Pretzsch & Grote, 2024). In 536 

at least three of these studies (Pretzsch et al., 2014; Brienen et al., 2015; Searle & Chen, 537 

2018), these mortality increases were associated with accelerated tree growth. While 538 

there may be various factors explain these patterns, one of the most parsimonious 539 

explanations is that faster growth increases tree turnover due to the growth-lifespan 540 

trade-offs. Modelling studies indicate that these internal demographic feedbacks may 541 

eventually reduce or even fully neutralize the forest carbon sink (Bugmann & Bigler, 542 

2011; Brienen et al., 2020; Marqués et al., 2023). 543 

 544 
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Spatial variation in growth‒lifespan trade-off  545 

While our results indicate that trade-offs are universal, we do observe spatial 546 

variation in the trade-off strength. Specifically, we find that trade-offs within species 547 

and within communities are stronger at higher latitudes (Figure 3a, 4a). This is 548 

consistent with findings at the global scale that boreal forest species exhibit a slightly 549 

stronger trade-off within species compared to temperate species (Brienen et al., 2020). 550 

The latitudinal change of trade-off strength within species is likely connected to the 551 

observed increase in growth variation with latitude. We find that species growing at 552 

higher latitudes show greater growth variation (Supplementary Figure S12), which in 553 

turn could be due to greater range sizes and greater climate variability for higher latitude 554 

species (Figure 3d; Supplementary Table S4). The enhanced growth and age variation 555 

for high-latitude, low-temperature species is most likely the key reason for the stronger 556 

trade-offs (Figure 3c, e), as trade-offs arise from differences among trees in the first 557 

place. 558 

We also studied the variation in the trade-off strengths within communities. These 559 

patterns are consistent with those observed for within-species and show increasing 560 

trade-off strength towards higher latitudes (Figure 3). This is not surprising given that 561 

community level trade-offs strengths are determined at least partially by intra-specific 562 

trade-offs, which as we have seen increases towards higher latitudes. To assess to what 563 

degree these community level trade-offs are driven by intraspecific (i.e., within species) 564 

versus interspecific (i.e., between species) trade-offs, we removed interspecific 565 

variation in age and growth (i.e. that part of the variation that is due to differences in 566 
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mean growth and age between species, see Supplementary Figure S13). This shows that 567 

intraspecific variation in growth and longevity indeed plays a dominant role in 568 

controlling the strength of trade-offs at higher-latitude communities. In contrast, intra-569 

specific trade-offs are less important at lower latitudes, where species diversity is higher 570 

and where species relative abundance is lower. One could expect that higher species 571 

diversity at lower latitudes could increase growth variation and lead to stronger within-572 

community trade-offs, but our results did not support this as we find that lower latitudes 573 

show much weaker trade-offs. This indicates that increases in variation in life history 574 

strategies for more the species-rich, low-latitude communities, do not necessarily 575 

correspond to increases in variation along the “fast-slow” plant economics spectrum 576 

(Reich, 2014). A major independent plant strategy axis that does not align along this 577 

fast-slow axis is that of plant size (Díaz et al., 2016; Joswig et al., 2022). Introduction 578 

of greater diversity of species may thus contribute to weakening trade-offs within 579 

communities. Consistent with this several studies show that growth-mortality trade-offs 580 

are not necessarily universally applicable (Russo et al., 2020; Bialic-Murphy et al., 581 

2024). To further understand these patterns future investigations should focus on 582 

species functional trait diversity. 583 

 584 

Future growth and lifespan 585 

Our analysis predicts an increase in growth rates and a reduction in lifespan due to 586 

climate change by the 2050s, with a larger reduction in lifespan when additionally 587 
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considering the adverse impacts of increasing early growth rates. This suggests that 588 

although a warmer climate may initially enhance tree growth, the negative impacts on 589 

tree longevity must be considered, not only due to climate-induced factors such as 590 

elevated cell metabolism rates, reduced reserves of non-structural carbohydrates, and 591 

the proliferation of diseases and pests potentially shortening lifespans, but also due to 592 

trade-offs where accelerated growth leads to reduced lifespan. Elevated temperatures, 593 

atmospheric CO2 concentrations, water use efficiency, and extended growing seasons 594 

are anticipated to increase tree growth rates (Luo et al., 2020) and decrease tree 595 

lifespans (Locosselli et al., 2020), thereby reducing carbon sequestration and 596 

accelerating carbon turnover (Bigler & Veblen, 2009; Körner, 2017; Au et al., 2023). 597 

The universal existence of the growth-lifespan trade-off, observed here and elsewhere, 598 

is poised to expedite this process by reducing the global carbon sink (Brienen et al., 599 

2020).  600 

Various measures have been proposed to mitigate climate warming, including 601 

natural climate solutions to increase the land carbon sink, such as forest conservation, 602 

afforestation, and restoration efforts (Mo et al., 2023). While such efforts are indeed 603 

needed to combat the continuing rise of atmospheric CO2 while transition to net zero, 604 

it needs to be realized that the tradeoffs presents a true conundrum: fast-growing young 605 

trees may quickly soak up carbon from the atmosphere, but they might contribute less 606 

significantly to mitigating warming compared to slow growing, but long-lived trees, 607 

owing to their propensity to reach their maximum lifespan earlier, resulting in a shorter 608 

carbon residence time and reduced carbon storage (Körner, 2017; Piovesan & Biondi, 609 
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2021). Moreover, old trees play a critical role in buffering and stabilizing microclimates 610 

in the understory, while also serving as irreplaceable genetic resources (Au et al., 2022; 611 

Cannon et al., 2022; Begović et al., 2023), a role that younger trees cannot fulfill. 612 

Therefore, the protection of old-growth forests is important and urgent, particularly 613 

given the prevailing global trend toward younger forest stands (McDowell et al., 2020). 614 

Our analysis highlights the negative impact of the growth-lifespan trade-off on tree 615 

turnover in a warming climate. Further research however is necessary to gain a deeper 616 

understanding of these demographic feedbacks by explicitly incorporating these trade-617 

offs into process-based models, which can simultaneously account for not only the 618 

effects of climate change, elevated atmospheric CO2 concentrations, and nutrient 619 

availability on tree growth, but can also account for the identified demographics 620 

feedbacks as well as effects of competition. Efforts to incorporate the growth-lifespan 621 

trade-off into global dynamic vegetation models, such as through an explicit accounting 622 

for size-dependent mortality, should receive greater attention (Brienen et al., 2020; 623 

Needham et al., 2020; Marqués et al., 2023). 624 

 625 

Conclusions 626 

Utilizing tree ring data from temperate forests in northeastern China, we assessed the 627 

influence of climate, altitude, and human pressure on tree growth and lifespan, with a 628 

specific emphasis on the impact of temperature. We confirm the universality of the 629 

growth‒lifespan trade-off. Higher latitudes have stronger trade-off because of greater 630 
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growth variation, related to greater species range sizes. These species level trade-offs 631 

filter also through to community level trade-offs, but these trade-offs are slightly 632 

weaker possibly because greater species richness introduces additional variation in life 633 

history strategies, which are not necessarily aligned along the "fast-slow" plant 634 

economics spectrum. Furthermore, our study anticipates an increase in growth rates and 635 

a decrease in lifespan due to the direct effect of global warming on these vital rates. 636 

Taking growth lifespan trade-offs into account resulted in even larger predictions of 637 

decreases in tree lifespan of up to 8%. The results of this study may contribute to more 638 

reliable predictions of forest responses to global warming.  639 



34 

 

Reference 640 

Anderegg, W.R.L., Trugman, A.T., Badgley, G., Anderson, C.M., Bartuska, 641 

A., Ciais, P., Cullenward, D., Field, C.B., Freeman, J., Goetz, 642 

S.J., Hicke, J.A., Huntzinger, D., Jackson, R.B., Nickerson, J., 643 

Pacala, S. & Randerson, J.T. (2020) Climate-driven risks to the 644 

climate mitigation potential of forests. Science, 368, eaaz7005. 645 

Au, J., Bloom, A.A., Parazoo, N.C., Deans, R.M., Wong, C.Y.S., Houlton, 646 

B.Z. & Magney, T.S. (2023) Forest productivity recovery or 647 

collapse? Model-data integration insights on drought-induced 648 

tipping points. Global Change Biology, 29, 5652–5665. 649 

Au, T.F., Maxwell, J.T., Robeson, S.M., Li, J., Siani, S.M.O., Novick, 650 

K.A., Dannenberg, M.P., Phillips, R.P., Li, T., Chen, Z. & Lenoir, 651 

J. (2022) Younger trees in the upper canopy are more sensitive 652 

but also more resilient to drought. Nature Climate Change, 12, 653 

1168–1174. 654 

Barichivich, J., Briffa, K.R., Myneni, R.B., Osborn, T.J., Melvin, 655 

T.M., Ciais, P., Piao, S. & Tucker, C. (2013) Large-scale 656 

variations in the vegetation growing season and annual cycle of 657 

atmospheric CO2 at high northern latitudes from 1950 to 2011. 658 

Global Change Biology, 19, 3167–3183. 659 

Bazzaz, F.A. (1979) The Physiological Ecology of Plant Succession. 660 

Annual Review of Ecology and Systematics, 10, 351–371. 661 

Begović , K., Schurman, J.S., Svitok, M., Pavlin, J., Langbehn, T., 662 

Svobodová, K., Mikoláš, M., Janda, P., Synek, M., Marchand, W., 663 

Vitková, L., Kozák, D., Vostarek, O., Č ada, V., Bać e, R. & 664 

Svoboda, M. (2023) Large old trees increase growth under shifting 665 

climatic constraints: Aligning tree longevity and individual 666 

growth dynamics in primary mountain spruce forests. Global Change 667 

Biology, 29, 143–164. 668 

Bennett, A.C., McDowell, N.G., Allen, C.D. & Anderson-Teixeira, K.J. 669 

(2015) Larger trees suffer most during drought in forests 670 

worldwide. Nature Plants, 1, 1–5. 671 

Bentz, B.J., Hood, S.M., Hansen, E.M., Vandygriff, J.C. & Mock, K.E. 672 

(2017) Defense traits in the long-lived Great Basin bristlecone 673 

pine and resistance to the native herbivore mountain pine beetle. 674 

New Phytologist, 213, 611–624. 675 

Bialic-Murphy, L., McElderry, R.M., Esquivel-Muelbert, A., Van Den 676 

Hoogen, J., Zuidema, P.A., Phillips, O.L., De Oliveira, E.A., 677 

Loayza, P.A., Alvarez-Davila, E., Alves, L.F., Maia, V.A., Vieira, 678 

S.A., Arantes Da Silva, L.C., Araujo-Murakami, A., Arets, E., 679 

Astigarraga, J., Baccaro, F., Baker, T., Banki, O., Barroso, J., 680 

Blanc, L., Bonal, D., Bongers, F., Bordin, K.M., Brienen, R., De 681 



35 

 

Medeiros, M.B., Camargo, J.L., Araújo, F.C., Castilho, C.V., 682 

Castro, W., Moscoso, V.C., Comiskey, J., Costa, F., Müller, S.C., 683 

De Almeida, E.C., Lôla Da Costa, A.C., De Andrade Kamimura, V., 684 

De Oliveira, F., Del Aguila Pasquel, J., Derroire, G., Dexter, 685 

K., Di Fiore, A., Duchesne, L., Emílio, T., Farrapo, C.L., Fauset, 686 

S., Draper, F.C., Feldpausch, T.R., Ramos, R.F., Martins, V.F., 687 

Simon, M.F., Reis, M.G., Manzatto, A.G., Herault, B., Herrera, 688 

R., Coronado, E.H., Howe, R., Huamantupa-Chuquimaco, I., Huasco, 689 

W.H., Zanini, K.J., Joly, C., Killeen, T., Klipel, J., Laurance, 690 

S.G., Laurance, W.F., Fontes, M.A.L., Oviedo, W.L., Magnusson, 691 

W.E., Dos Santos, R.M., Peña, J.L.M., De Abreu, K.M.P., Marimon, 692 

B., Junior, B.H.M., Melgaço, K., Melo Cruz, O.A., Mendoza, C., 693 

Monteagudo-Mendoza, A., Morandi, P.S., Gianasi, F.M., Nascimento, 694 

H., Nascimento, M., Neill, D., Palacios, W., Camacho, N.C.P., 695 

Pardo, G., Pennington, R.T., Peñuela-Mora, M.C., Pitman, N.C.A., 696 

Poorter, L., Cruz, A.P., Ramírez-Angulo, H., Reis, S.M., Correa, 697 

Z.R., Rodriguez, C.R., Lleras, A.R., Santos, F.A.M., Bergamin, 698 

R.S., Schietti, J., Schwartz, G., Serrano, J., Silva-Sene, A.M., 699 

Silveira, M., Stropp, J., Ter Steege, H., Terborgh, J., Tobler, 700 

M.W., Gamarra, L.V., Van De Meer, P.J., Van Der Heijden, G., 701 

Vasquez, R., Vilanova, E., Vos, V.A., Wolf, A., Woodall, C.W., 702 

Wortel, V., Zwerts, J.A., Pugh, T.A.M. & Crowther, T.W. (2024) 703 

The pace of life for forest trees. Science, 386, 92–98. 704 

Bigler, C. (2016) Trade-Offs between Growth Rate, Tree Size and 705 

Lifespan of Mountain Pine (Pinus montana) in the Swiss National 706 

Park. PLOS ONE, 11, e0150402. 707 

Bigler, C. & Veblen, T.T. (2009) Increased early growth rates decrease 708 

longevities of conifers in subalpine forests. Oikos, 118, 1130–709 

1138. 710 

Black, B.A., Colbert, J.J. & Pederson, N. (2008) Relationships between 711 

radial growth rates and lifespan within North American tree 712 

species. Écoscience, 15, 349–357. 713 

Brienen, R.J.W., Caldwell, L., Duchesne, L., Voelker, S., Barichivich, 714 

J., Baliva, M., Ceccantini, G., Di Filippo, A., Helama, S., 715 

Locosselli, G.M., Lopez, L., Piovesan, G., Schöngart, J., 716 

Villalba, R. & Gloor, E. (2020) Forest carbon sink neutralized 717 

by pervasive growth-lifespan trade-offs. Nature Communications, 718 

11, 4241. 719 

Brienen, R.J.W., Phillips, O.L., Feldpausch, T.R., Gloor, E., Baker, 720 

T.R., Lloyd, J., Lopez-Gonzalez, G., Monteagudo-Mendoza, A., 721 

Malhi, Y., Lewis, S.L., Vásquez Martinez, R., Alexiades, M., 722 

Álvarez Dávila, E., Alvarez-Loayza, P., Andrade, A., Aragão, 723 

L.E.O.C., Araujo-Murakami, A., Arets, E.J.M.M., Arroyo, L., 724 

Aymard C., G.A., Bánki, O.S., Baraloto, C., Barroso, J., Bonal, 725 



36 

 

D., Boot, R.G.A., Camargo, J.L.C., Castilho, C.V., Chama, V., 726 

Chao, K.J., Chave, J., Comiskey, J.A., Cornejo Valverde, F., da 727 

Costa, L., de Oliveira, E.A., Di Fiore, A., Erwin, T.L., Fauset, 728 

S., Forsthofer, M., Galbraith, D.R., Grahame, E.S., Groot, N., 729 

Hérault, B., Higuchi, N., Honorio Coronado, E.N., Keeling, H., 730 

Killeen, T.J., Laurance, W.F., Laurance, S., Licona, J., 731 

Magnussen, W.E., Marimon, B.S., Marimon-Junior, B.H., Mendoza, 732 

C., Neill, D.A., Nogueira, E.M., Núñez, P., Pallqui Camacho, 733 

N.C., Parada, A., Pardo-Molina, G., Peacock, J., Peña-Claros, M., 734 

Pickavance, G.C., Pitman, N.C.A., Poorter, L., Prieto, A., 735 

Quesada, C.A., Ramírez, F., Ramírez-Angulo, H., Restrepo, Z., 736 

Roopsind, A., Rudas, A., Salomão, R.P., Schwarz, M., Silva, N., 737 

Silva-Espejo, J.E., Silveira, M., Stropp, J., Talbot, J., ter 738 

Steege, H., Teran-Aguilar, J., Terborgh, J., Thomas-Caesar, R., 739 

Toledo, M., Torello-Raventos, M., Umetsu, R.K., van der Heijden, 740 

G.M.F., van der Hout, P., Guimarães Vieira, I.C., Vieira, S.A., 741 

Vilanova, E., Vos, V.A. & Zagt, R.J. (2015) Long-term decline of 742 

the Amazon carbon sink. Nature, 519, 344–348. 743 

Bugmann, H. & Bigler, C. (2011) Will the CO2 fertilization effect in 744 

forests be offset by reduced tree longevity? Oecologia, 165, 745 

533–544. 746 

Büntgen, U., Krusic, P.J., Piermattei, A., Coomes, D.A., Esper, J., 747 

Myglan, V.S., Kirdyanov, A.V., Camarero, J.J., Crivellaro, A. & 748 

Körner, C. (2019) Limited capacity of tree growth to mitigate 749 

the global greenhouse effect under predicted warming. Nature 750 

Communications, 10, 2171. 751 

Callis-Duehl, K., Vittoz, P., Defossez, E. & Rasmann, S. (2017) 752 

Community-level relaxation of plant defenses against herbivores 753 

at high elevation. Plant Ecology, 218, 291–304. 754 

Canham, C.D., Papaik, M.J. & Latty, E.F. (2001) Interspecific variation 755 

in susceptibility to windthrow as a function of tree size and 756 

storm severity for northern temperate tree species. Canadian 757 

Journal of Forest Research, 31, 1–10. 758 

Cannon, C.H., Piovesan, G. & Munné-Bosch, S. (2022) Old and ancient 759 

trees are life history lottery winners and vital evolutionary 760 

resources for long-term adaptive capacity. Nature Plants, 8, 761 

136–145. 762 

Cao, J., Zhao, B., Gao, L., Li, J., Li, Z. & Zhao, X. (2018) Increasing 763 

temperature sensitivity caused by climate warming, evidence from 764 

Northeastern China. Dendrochronologia, 51, 101–111. 765 

Chave, J., Coomes, D., Jansen, S., Lewis, S.L., Swenson, N.G. & Zanne, 766 

A.E. (2009) Towards a worldwide wood economics spectrum. Ecology 767 

Letters, 12, 351–366. 768 

Coelho de Souza, F., Dexter, K.G., Phillips, O.L., Pennington, R.T., 769 



37 

 

Neves, D., Sullivan, M.J.P., Alvarez-Davila, E., Alves, Á., 770 

Amaral, I., Andrade, A., Aragao, L.E.O.C., Araujo-Murakami, A., 771 

Arets, E.J.M.M., Arroyo, L., Aymard C., G.A., Bánki, O., Baraloto, 772 

C., Barroso, J.G., Boot, R.G.A., Brienen, R.J.W., Brown, F., 773 

Camargo, J.L.C., Castro, W., Chave, J., Cogollo, A., Comiskey, 774 

J.A., Cornejo-Valverde, F., da Costa, A.L., de Camargo, P.B., Di 775 

Fiore, A., Feldpausch, T.R., Galbraith, D.R., Gloor, E., Goodman, 776 

R.C., Gilpin, M., Herrera, R., Higuchi, N., Honorio Coronado, 777 

E.N., Jimenez-Rojas, E., Killeen, T.J., Laurance, S., Laurance, 778 

W.F., Lopez-Gonzalez, G., Lovejoy, T.E., Malhi, Y., Marimon, 779 

B.S., Marimon-Junior, B.H., Mendoza, C., Monteagudo-Mendoza, A., 780 

Neill, D.A., Vargas, P.N., Peñuela Mora, M.C., Pickavance, G.C., 781 

Pipoly, J.J., Pitman, N.C.A., Poorter, L., Prieto, A., Ramirez, 782 

F., Roopsind, A., Rudas, A., Salomão, R.P., Silva, N., Silveira, 783 

M., Singh, J., Stropp, J., ter Steege, H., Terborgh, J., Thomas-784 

Caesar, R., Umetsu, R.K., Vasquez, R.V., Célia-Vieira, I., Vieira, 785 

S.A., Vos, V.A., Zagt, R.J. & Baker, T.R. (2019) Evolutionary 786 

diversity is associated with wood productivity in Amazonian 787 

forests. Nature Ecology & Evolution, 3, 1754–1761. 788 

DeSoto, L., Cailleret, M., Sterck, F., Jansen, S., Kramer, K., Robert, 789 

E.M.R., Aakala, T., Amoroso, M.M., Bigler, C., Camarero, J.J., 790 Č ufar, K., Gea-Izquierdo, G., Gillner, S., Haavik, L.J., Hereş, 791 

A.-M., Kane, J.M., Kharuk, V.I., Kitzberger, T., Klein, T., 792 

Levanić , T., Linares, J.C., Mäkinen, H., Oberhuber, W., 793 

Papadopoulos, A., Rohner, B., Sangüesa-Barreda, G., Stojanovic, 794 

D.B., Suárez, M.L., Villalba, R. & Martínez-Vilalta, J. (2020) 795 

Low growth resilience to drought is related to future mortality 796 

risk in trees. Nature Communications, 11, 545. 797 

Di Filippo, A., Biondi, F., Maugeri, M., Schirone, B. & Piovesan, G. 798 

(2012) Bioclimate and growth history affect beech lifespan in 799 

the Italian Alps and Apennines. Global Change Biology, 18, 960–800 

972. 801 

Di Filippo, A., Pederson, N., Baliva, M., Brunetti, M., Dinella, A., 802 

Kitamura, K., Knapp, H.D., Schirone, B. & Piovesan, G. (2015) 803 

The longevity of broadleaf deciduous trees in Northern Hemisphere 804 

temperate forests: insights from tree-ring series. Frontiers in 805 

Ecology and Evolution, 3. 806 

Díaz, S., Kattge, J., Cornelissen, J.H.C., Wright, I.J., Lavorel, S., 807 

Dray, S., Reu, B., Kleyer, M., Wirth, C., Colin Prentice, I., 808 

Garnier, E., Bönisch, G., Westoby, M., Poorter, H., Reich, P.B., 809 

Moles, A.T., Dickie, J., Gillison, A.N., Zanne, A.E., Chave, J., 810 

Joseph Wright, S., Sheremet’ev, S.N., Jactel, H., Baraloto, C., 811 

Cerabolini, B., Pierce, S., Shipley, B., Kirkup, D., Casanoves, 812 

F., Joswig, J.S., Günther, A., Falczuk, V., Rüger, N., Mahecha, 813 



38 

 

M.D. & Gorné, L.D. (2016) The global spectrum of plant form and 814 

function. Nature, 529, 167–171. 815 

Dusenge, M.E., Duarte, A.G. & Way, D.A. (2019) Plant carbon metabolism 816 

and climate change: elevated CO2 and temperature impacts on 817 

photosynthesis, photorespiration and respiration. New 818 

Phytologist, 221, 32–49. 819 

Fan, C., Zhang, C. & Zhao, X. (2022) Functional traits explain growth–820 

mortality trade-offs in a mixed broadleaf-conifer forest in 821 

northeastern China. European Journal of Forest Research, 141, 822 

117–128. 823 

Fick, S.E. & Hijmans, R.J. (2017) WorldClim 2: new 1‐km spatial 824 

resolution climate surfaces for global land areas. 825 

Fine, P.V.A., Miller, Z.J., Mesones, I., Irazuzta, S., Appel, H.M., 826 

Stevens, M.H.H., Sääksjärvi, I., Schultz, J.C. & Coley, P.D. 827 

(2006) The Growth–Defense Trade-Off and Habitat Specialization 828 

by Plants in Amazonian Forests. Ecology, 87, S150–S162. 829 

Fischer, A.P. & Frazier, T.G. (2018) Social Vulnerability to Climate 830 

Change in Temperate Forest Areas: New Measures of Exposure, 831 

Sensitivity, and Adaptive Capacity. Annals of the American 832 

Association of Geographers, 108, 658–678. 833 

Gardiner, B., Berry, P. & Moulia, B. (2016) Review: Wind impacts on 834 

plant growth, mechanics and damage. Plant Science, 245, 94–118. 835 

Gerhardt, K. (1996) Effects of root competition and canopy openness on 836 

survival and growth of tree seedlings in a tropical seasonal dry 837 

forest. Forest Ecology and Management, 82, 33–48. 838 

Goerg, G.M. (2023) LambertW: An R package for Lambert W x F Random 839 

Variables. 0.6.9-1. 840 

Hartmann, D.L., Klein Tank, A.M.G., Rusticucci, M., Alexander, L.V., 841 

Brönnimann, S., Charabi, Y., Dentener, F.J., Dlugokencky, E.J., 842 

Easterling, D.R. & Kaplan, A. (2013) Climate change 2013: The 843 

physical science basis. Contribution of working group I to the 844 

fifth assessment report of the intergovernmental panel on climate 845 

change,. 846 

Herms, D.A. & Mattson, W.J. (1992) The Dilemma of Plants: To Grow or 847 

Defend. The Quarterly Review of Biology, 67, 283–335. 848 

Hoch, G. & Körner, C. (2012) Global patterns of mobile carbon stores 849 

in trees at the high-elevation tree line. Global Ecology and 850 

Biogeography, 21, 861–871. 851 

Houghton, J.T., Filho, L.G.M., Callander, B., Harris, N., Kattenberg, 852 

A. & Maskell, K. (1996) Climate change 1995: the science of 853 

climate change. 854 

Hurst, J.M., Allen, R.B., Coomes, D.A. & Duncan, R.P. (2011) Size-855 

Specific Tree Mortality Varies with Neighbourhood Crowding and 856 

Disturbance in a Montane Nothofagus Forest. PLOS ONE, 6, e26670. 857 



39 

 

Issartel, J. & Coiffard, C. (2011) Extreme longevity in trees: live 858 

slow, die old? Oecologia, 165, 1–5. 859 

Johnson, D.J., Needham, J., Xu, C., Massoud, E.C., Davies, S.J., 860 

Anderson-Teixeira, K.J., Bunyavejchewin, S., Chambers, J.Q., 861 

Chang-Yang, C.-H., Chiang, J.-M., Chuyong, G.B., Condit, R., 862 

Cordell, S., Fletcher, C., Giardina, C.P., Giambelluca, T.W., 863 

Gunatilleke, N., Gunatilleke, S., Hsieh, C.-F., Hubbell, S., 864 

Inman-Narahari, F., Kassim, A.R., Katabuchi, M., Kenfack, D., 865 

Litton, C.M., Lum, S., Mohamad, M., Nasardin, M., Ong, P.S., 866 

Ostertag, R., Sack, L., Swenson, N.G., Sun, I.F., Tan, S., Thomas, 867 

D.W., Thompson, J., Umaña, M.N., Uriarte, M., Valencia, R., Yap, 868 

S., Zimmerman, J., McDowell, N.G. & McMahon, S.M. (2018) Climate 869 

sensitive size-dependent survival in tropical trees. Nature 870 

Ecology & Evolution, 2, 1436–1442. 871 

Joswig, J.S., Wirth, C., Schuman, M.C., Kattge, J., Reu, B., Wright, 872 

I.J., Sippel, S.D., Rüger, N., Richter, R., Schaepman, M.E., van 873 

Bodegom, P.M., Cornelissen, J.H.C., Díaz, S., Hattingh, W.N., 874 

Kramer, K., Lens, F., Niinemets, Ü., Reich, P.B., Reichstein, M., 875 

Römermann, C., Schrodt, F., Anand, M., Bahn, M., Byun, C., 876 

Campetella, G., Cerabolini, B.E.L., Craine, J.M., Gonzalez-Melo, 877 

A., Gutiérrez, A.G., He, T., Higuchi, P., Jactel, H., Kraft, 878 

N.J.B., Minden, V., Onipchenko, V., Peñuelas, J., Pillar, V.D., 879 

Sosinski, Ê., Soudzilovskaia, N.A., Weiher, E. & Mahecha, M.D. 880 

(2022) Climatic and soil factors explain the two-dimensional 881 

spectrum of global plant trait variation. Nature Ecology & 882 

Evolution, 6, 36–50. 883 

Keith, H., Mackey, B.G. & Lindenmayer, D.B. (2009) Re-evaluation of 884 

forest biomass carbon stocks and lessons from the world’s most 885 

carbon-dense forests. Proceedings of the National Academy of 886 

Sciences, 106, 11635–11640. 887 

Kennedy, C.M., Oakleaf, J.R., Theobald, D.M., Baruch-Mordo, S. & 888 

Kiesecker, J. (2019) Managing the middle: A shift in conservation 889 

priorities based on the global human modification gradient. 890 

Global Change Biology, 25, 811–826. 891 

Kichas, N.E., Hood, S.M., Pederson, G.T., Everett, R.G. & McWethy, D.B. 892 

(2020) Whitebark pine (Pinus albicaulis) growth and defense in 893 

response to mountain pine beetle outbreaks. Forest Ecology and 894 

Management, 457, 117736. 895 

King, D.A., Davies, S.J., Tan, S. & Noor, N.S.Md. (2006) The role of 896 

wood density and stem support costs in the growth and mortality 897 

of tropical trees. Journal of Ecology, 94, 670–680. 898 

Körner, C. (2017) A matter of tree longevity. Science, 355, 130–131. 899 

Körner, C. (2003) Carbon limitation in trees. Journal of Ecology, 91, 900 

4–17. 901 



40 

 

Kunstler, G., Coomes, D.A. & Canham, C.D. (2009) Size‐dependence of 902 

growth and mortality influence the shade tolerance of trees in 903 

a lowland temperate rain forest. Journal of Ecology, 97, 685–904 

695. 905 

Liu, H., Gleason, S.M., Hao, G., Hua, L., He, P., Goldstein, G. & Ye, 906 

Q. (2019) Hydraulic traits are coordinated with maximum plant 907 

height at the global scale. Science Advances. 908 

Liu, J., Xia, S., Zeng, D., Liu, C., Li, Y., Yang, W., Yang, B., Zhang, 909 

J., Slik, F. & Lindenmayer, D.B. (2022) Age and spatial 910 

distribution of the world’s oldest trees. Conservation Biology, 911 

36, e13907. 912 

Liu, X., Zhang, Y., Han, W., Tang, A., Shen, J., Cui, Z., Vitousek, 913 

P., Erisman, J.W., Goulding, K., Christie, P., Fangmeier, A. & 914 

Zhang, F. (2013) Enhanced nitrogen deposition over China. Nature, 915 

494, 459–462. 916 

Locosselli, G.M., Brienen, R.J.W., Leite, M. de S., Gloor, M., 917 

Krottenthaler, S., Oliveira, A.A. de, Barichivich, J., Anhuf, D., 918 

Ceccantini, G., Schöngart, J. & Buckeridge, M. (2020) Global 919 

tree-ring analysis reveals rapid decrease in tropical tree 920 

longevity with temperature. Proceedings of the National Academy 921 

of Sciences, 117, 33358–33364. 922 

Loehle, C. (1988) Tree life history strategies: the role of defenses. 923 

Canadian Journal of Forest Research, 18, 209–222. 924 

Luo, W., Kim, H.S., Zhao, X., Ryu, D., Jung, I., Cho, H., Harris, N., 925 

Ghosh, S., Zhang, C. & Liang, J. (2020) New forest biomass carbon 926 

stock estimates in Northeast Asia based on multisource data. 927 

Global Change Biology, 26, 7045–7066. 928 

Mangiafico, S. (2024) rcompanion: Functions to Support Extension 929 

Education Program Evaluation. 930 

van Mantgem, P.J., Stephenson, N.L., Byrne, J.C., Daniels, L.D., 931 

Franklin, J.F., Fulé, P.Z., Harmon, M.E., Larson, A.J., Smith, 932 

J.M., Taylor, A.H. & Veblen, T.T. (2009) Widespread Increase of 933 

Tree Mortality Rates in the Western United States. Science, 323, 934 

521–524. 935 

Marqués, L., Weng, E., Bugmann, H., Forrester, D.I., Rohner, B., Hobi, 936 

M.L., Trotsiuk, V. & Stocker, B.D. (2023) Tree Growth Enhancement 937 

Drives a Persistent Biomass Gain in Unmanaged Temperate Forests. 938 

AGU Advances, 4, e2022AV000859. 939 

de la Mata, R., Hood, S. & Anna Sala (2017) Insect outbreak shifts the 940 

direction of selection from fast to slow growth rates in the 941 

long-lived conifer Pinus ponderosa. Proceedings of the National 942 

Academy of Sciences, 114, 7391–7396. 943 

McDowell, N.G., Allen, C.D., Anderson-Teixeira, K., Aukema, B.H., Bond-944 

Lamberty, B., Chini, L., Clark, J.S., Dietze, M., Grossiord, C., 945 



41 

 

Hanbury-Brown, A., Hurtt, G.C., Jackson, R.B., Johnson, D.J., 946 

Kueppers, L., Lichstein, J.W., Ogle, K., Poulter, B., Pugh, 947 

T.A.M., Seidl, R., Turner, M.G., Uriarte, M., Walker, A.P. & Xu, 948 

C. (2020) Pervasive shifts in forest dynamics in a changing world. 949 

Science, 368, eaaz9463. 950 

McMahon, S.M. (2024) The Problem of Tree Senescence in the Role of 951 

Elevated CO2 and the Carbon Cycle. AGU Advances, 5, e2023AV001103. 952 

Mencuccini, M., Martínez-Vilalta, J., Vanderklein, D., Hamid, H.A., 953 

Korakaki, E., Lee, S. & Michiels, B. (2005) Size-mediated ageing 954 

reduces vigour in trees. Ecology Letters, 8, 1183–1190. 955 

Midolo, G., De Frenne, P., Hölzel, N. & Wellstein, C. (2019) Global 956 

patterns of intraspecific leaf trait responses to elevation. 957 

Global Change Biology, 25, 2485–2498. 958 

Mo, L., Zohner, C.M., Reich, P.B., Liang, J., de Miguel, S., Nabuurs, 959 

G.-J., Renner, S.S., van den Hoogen, J., Araza, A., Herold, M., 960 

Mirzagholi, L., Ma, H., Averill, C., Phillips, O.L., Gamarra, 961 

J.G.P., Hordijk, I., Routh, D., Abegg, M., Adou Yao, Y.C., 962 

Alberti, G., Almeyda Zambrano, A.M., Alvarado, B.V., Alvarez-963 

Dávila, E., Alvarez-Loayza, P., Alves, L.F., Amaral, I., Ammer, 964 

C., Antón-Fernández, C., Araujo-Murakami, A., Arroyo, L., 965 

Avitabile, V., Aymard, G.A., Baker, T.R., Bałazy, R., Banki, O., 966 

Barroso, J.G., Bastian, M.L., Bastin, J.-F., Birigazzi, L., 967 

Birnbaum, P., Bitariho, R., Boeckx, P., Bongers, F., Bouriaud, 968 

O., Brancalion, P.H.S., Brandl, S., Brearley, F.Q., Brienen, R., 969 

Broadbent, E.N., Bruelheide, H., Bussotti, F., Cazzolla Gatti, 970 

R., César, R.G., Cesljar, G., Chazdon, R.L., Chen, H.Y.H., 971 

Chisholm, C., Cho, H., Cienciala, E., Clark, C., Clark, D., 972 

Colletta, G.D., Coomes, D.A., Cornejo Valverde, F., Corral-Rivas, 973 

J.J., Crim, P.M., Cumming, J.R., Dayanandan, S., de Gasper, A.L., 974 

Decuyper, M., Derroire, G., DeVries, B., Djordjevic, I., Dolezal, 975 

J., Dourdain, A., Engone Obiang, N.L., Enquist, B.J., Eyre, T.J., 976 

Fandohan, A.B., Fayle, T.M., Feldpausch, T.R., Ferreira, L.V., 977 

Finér, L., Fischer, M., Fletcher, C., Frizzera, L., Gianelle, D., 978 

Glick, H.B., Harris, D.J., Hector, A., Hemp, A., Hengeveld, G., 979 

Hérault, B., Herbohn, J.L., Hillers, A., Honorio Coronado, E.N., 980 

Hui, C., Ibanez, T., Imai, N., Jagodziński, A.M., Jaroszewicz, 981 

B., Johannsen, V.K., Joly, C.A., Jucker, T., Jung, I., Karminov, 982 

V., Kartawinata, K., Kearsley, E., Kenfack, D., Kennard, D.K., 983 

Kepfer-Rojas, S., Keppel, G., Khan, M.L., Killeen, T.J., Kim, 984 

H.S., Kitayama, K., Köhl, M., Korjus, H., Kraxner, F., Kucher, 985 

D., Laarmann, D., Lang, M., Lu, H., Lukina, N.V., Maitner, B.S., 986 

Malhi, Y., Marcon, E., Marimon, B.S., Marimon-Junior, B.H., 987 

Marshall, A.R., Martin, E.H., Meave, J.A., Melo-Cruz, O., Mendoza, 988 

C., Mendoza-Polo, I., Miscicki, S., Merow, C., Monteagudo Mendoza, 989 



42 

 

A., Moreno, V.S., Mukul, S.A., Mundhenk, P., Nava-Miranda, M.G., 990 

Neill, D., Neldner, V.J., Nevenic, R.V., Ngugi, M.R., Niklaus, 991 

P.A., Oleksyn, J., Ontikov, P., Ortiz-Malavasi, E., Pan, Y., 992 

Paquette, A., Parada-Gutierrez, A., Parfenova, E.I., Park, M., 993 

Parren, M., Parthasarathy, N., Peri, P.L., Pfautsch, S., Picard, 994 

N., Piedade, M.T.F., Piotto, D., Pitman, N.C.A., Poulsen, A.D., 995 

Poulsen, J.R., Pretzsch, H., Ramirez Arevalo, F., Restrepo-996 

Correa, Z., Rodeghiero, M., Rolim, S.G., Roopsind, A., Rovero, 997 

F., Rutishauser, E., Saikia, P., Salas-Eljatib, C., Saner, P., 998 

Schall, P., Schelhaas, M.-J., Schepaschenko, D., Scherer-999 

Lorenzen, M., Schmid, B., Schöngart, J., Searle, E.B., Seben, V., 1000 

Serra-Diaz, J.M., Sheil, D., Shvidenko, A.Z., Silva-Espejo, J.E., 1001 

Silveira, M., Singh, J., Sist, P., Slik, F., Sonké, B., Souza, 1002 

A.F., Stereńczak, K.J., Svenning, J.-C., Svoboda, M., Swanepoel, 1003 

B., Targhetta, N., Tchebakova, N., ter Steege, H., Thomas, R., 1004 

Tikhonova, E., Umunay, P.M., Usoltsev, V.A., Valencia, R., 1005 

Valladares, F., van der Plas, F., Van Do, T., van Nuland, M.E., 1006 

Vasquez, R.M., Verbeeck, H., Viana, H., Vibrans, A.C., Vieira, 1007 

S., von Gadow, K., Wang, H.-F., Watson, J.V., Werner, G.D.A., 1008 

Wiser, S.K., Wittmann, F., Woell, H., Wortel, V., Zagt, R., 1009 

Zawiła-Niedź wiecki, T., Zhang, C., Zhao, X., Zhou, M., Zhu, Z.-1010 

X., Zo-Bi, I.C., Gann, G.D. & Crowther, T.W. (2023) Integrated 1011 

global assessment of the natural forest carbon potential. Nature, 1012 

624, 92–101. 1013 

Mu, Y., Lindenmayer, D., Zheng, S., Yang, Y., Wang, D. & Liu, J. (2023) 1014 

Size-focused conservation may fail to protect the world’s oldest 1015 

trees. Current Biology, S0960982223012952. 1016 

Needham, J.F., Chambers, J., Fisher, R., Knox, R. & Koven, C.D. (2020) 1017 

Forest responses to simulated elevated CO 2 under alternate 1018 

hypotheses of size‐ and age‐dependent mortality. Global Change 1019 

Biology, 26, 5734–5753. 1020 

Pan, Y., Birdsey, R.A., Fang, J., Houghton, R., Kauppi, P.E., Kurz, 1021 

W.A., Phillips, O.L., Shvidenko, A., Lewis, S.L., Canadell, J.G., 1022 

Ciais, P., Jackson, R.B., Pacala, S.W., McGuire, A.D., Piao, S., 1023 

Rautiainen, A., Sitch, S. & Hayes, D. (2011) A Large and 1024 

Persistent Carbon Sink in the World’s Forests. Science, 333, 1025 

988–993. 1026 

Pan, Y., Birdsey, R.A., Phillips, O.L., Houghton, R.A., Fang, J., 1027 

Kauppi, P.E., Keith, H., Kurz, W.A., Ito, A., Lewis, S.L., 1028 

Nabuurs, G.-J., Shvidenko, A., Hashimoto, S., Lerink, B., 1029 

Schepaschenko, D., Castanho, A. & Murdiyarso, D. (2024) The 1030 

enduring world forest carbon sink. Nature, 631, 563–569. 1031 

Pennisi, E. (2019) Forest giants are the trees most at risk. Science, 1032 

365, 962–963. 1033 



43 

 

Pérez-Harguindeguy, N., Díaz, S., Garnier, E., Lavorel, S., Poorter, 1034 

H., Jaureguiberry, P., Bret-Harte, M.S., Cornwell, W.K., Craine, 1035 

J.M., Gurvich, D.E., Urcelay, C., Veneklaas, E.J., Reich, P.B., 1036 

Poorter, L., Wright, I.J., Ray, P., Enrico, L., Pausas, J.G., De 1037 

Vos, A.C., Buchmann, N., Funes, G., Quétier, F., Hodgson, J.G., 1038 

Thompson, K., Morgan, H.D., Ter Steege, H., Sack, L., Blonder, 1039 

B., Poschlod, P., Vaieretti, M.V., Conti, G., Staver, A.C., 1040 

Aquino, S. & Cornelissen, J.H.C. (2013) New handbook for 1041 

standardised measurement of plant functional traits worldwide. 1042 

Australian Journal of Botany, 61, 167. 1043 

Pfeifer, E.M., Hicke, J.A. & Meddens, A.J.H. (2011) Observations and 1044 

modeling of aboveground tree carbon stocks and fluxes following 1045 

a bark beetle outbreak in the western United States. Global 1046 

Change Biology, 17, 339–350. 1047 

Piovesan, G. & Biondi, F. (2021) On tree longevity. New Phytologist, 1048 

231, 1318–1337. 1049 

Pretzsch, H., Biber, P., Schütze, G., Uhl, E. & Rötzer, T. (2014) 1050 

Forest stand growth dynamics in Central Europe have accelerated 1051 

since 1870. Nature Communications, 5, 4967. 1052 

Pretzsch, H. & Grote, R. (2024) Tree Mortality: Revisited Under Changed 1053 

Climatic and Silvicultural Conditions. Progress in Botany Vol. 1054 

84 (ed. by U. Lüttge), F.M. Cánovas), M.-C. Risueño), C. 1055 

Leuschner), and H. Pretzsch), pp. 351–393. Springer Nature 1056 

Switzerland, Cham. 1057 

Qiao, X., Geng, Y., Zhang, C., Han, Z., Zhang, Z., Zhao, X., Gadow, K. 1058 

& Simova, I. (2022) Spatial asynchrony matters more than alpha 1059 

stability in stabilizing ecosystem productivity in a large 1060 

temperate forest region. Global Ecology and Biogeography, 31, 1061 

1133–1146. 1062 

R Core Team (2022) R: A language and environment for statistical 1063 

computing. 1064 

Raffa, K.F., Powell, E.N. & Townsend, P.A. (2013) Temperature-driven 1065 

range expansion of an irruptive insect heightened by weakly 1066 

coevolved plant defenses. Proceedings of the National Academy of 1067 

Sciences, 110, 2193–2198. 1068 

Rees, M., Condit, R., Crawley, M., Pacala, S. & Tilman, D. (2001) Long-1069 

Term Studies of Vegetation Dynamics. Science, 293, 650–655. 1070 

Reich, P.B. (2014) The world-wide ‘fast–slow’ plant economics 1071 

spectrum: a traits manifesto. Journal of Ecology, 102, 275–301. 1072 

Ren, G., Ding, Y., Zhao, Z., Zheng, J., Wu, T., Tang, G. & Xu, Y. (2012) 1073 

Recent progress in studies of climate change in China. Advances 1074 

in Atmospheric Sciences, 29, 958–977. 1075 

Rich, R.L., Frelich, L.E. & Reich, P.B. (2007) Wind-throw mortality in 1076 

the southern boreal forest: effects of species, diameter and 1077 



44 

 

stand age. Journal of Ecology, 95, 1261–1273. 1078 

Roskilly, B., Keeling, E., Hood, S., Giuggiola, A. & Sala, A. (2019) 1079 

Conflicting functional effects of xylem pit structure relate to 1080 

the growth-longevity trade-off in a conifer species. Proceedings 1081 

of the National Academy of Sciences, 116, 15282–15287. 1082 

Rötheli, E., Heiri, C. & Bigler, C. (2012) Effects of growth rates, 1083 

tree morphology and site conditions on longevity of Norway spruce 1084 

in the northern Swiss Alps. European Journal of Forest Research, 1085 

131, 1117–1125. 1086 

Rowland, L., da Costa, A.C.L., Galbraith, D.R., Oliveira, R.S., Binks, 1087 

O.J., Oliveira, A. a. R., Pullen, A.M., Doughty, C.E., Metcalfe, 1088 

D.B., Vasconcelos, S.S., Ferreira, L.V., Malhi, Y., Grace, J., 1089 

Mencuccini, M. & Meir, P. (2015) Death from drought in tropical 1090 

forests is triggered by hydraulics not carbon starvation. Nature, 1091 

528, 119–122. 1092 

Russo, S.E., Brown, P., Tan, S. & Davies, S.J. (2008) Interspecific 1093 

demographic trade-offs and soil-related habitat associations of 1094 

tree species along resource gradients. Journal of Ecology, 96, 1095 

192–203. 1096 

Russo, S.E., McMahon, S.M., Detto, M., Ledder, G., Wright, S.J., Condit, 1097 

R.S., Davies, S.J., Ashton, P.S., Bunyavejchewin, S., Chang-Yang, 1098 

C.-H., Ediriweera, S., Ewango, C.E.N., Fletcher, C., Foster, 1099 

R.B., Gunatilleke, C.V.S., Gunatilleke, I.A.U.N., Hart, T., 1100 

Hsieh, C.-F., Hubbell, S.P., Itoh, A., Kassim, A.R., Leong, Y.T., 1101 

Lin, Y.C., Makana, J.-R., Mohamad, M.Bt., Ong, P., Sugiyama, A., 1102 

Sun, I.-F., Tan, S., Thompson, J., Yamakura, T., Yap, S.L. & 1103 

Zimmerman, J.K. (2020) The interspecific growth–mortality 1104 

trade-off is not a general framework for tropical forest 1105 

community structure. Nature Ecology & Evolution, 5, 174–183. 1106 

Ryan, M.G. (2010) Temperature and tree growth. Tree Physiology, 30, 1107 

667–668. 1108 

Ryan, M.G. & Yoder, B.J. (1997) Hydraulic Limits to Tree Height and 1109 

Tree Growth. BioScience, 47, 235–242. 1110 

Salguero‐Gómez, R. (2017) Applications of the fast–slow continuum 1111 

and reproductive strategy framework of plant life histories. New 1112 

Phytologist, 213, 1618–1624. 1113 

Sandel, B. & Svenning, J.-C. (2013) Human impacts drive a global 1114 

topographic signature in tree cover. Nature Communications, 4, 1115 

2474. 1116 

Schippers, P., Sterck, F., Vlam, M. & Zuidema, P.A. (2015) Tree growth 1117 

variation in the tropical forest: understanding effects of 1118 

temperature, rainfall and CO2. Global Change Biology, 21, 2749–1119 

2761. 1120 

Schulte-Uebbing, L. & de Vries, W. (2018) Global-scale impacts of 1121 



45 

 

nitrogen deposition on tree carbon sequestration in tropical, 1122 

temperate, and boreal forests: A meta-analysis. Global Change 1123 

Biology, 24, e416–e431. 1124 

Searle, E.B. & Chen, H.Y.H. (2018) Temporal declines in tree longevity 1125 

associated with faster lifetime growth rates in boreal forests. 1126 

Environmental Research Letters, 13, 125003. 1127 

Stamp, N. (2003) Out of the quagmire of plant defense hypotheses. The 1128 

Quarterly Review of Biology, 78, 23–55. 1129 

Stearns, S.C. (1989) Trade-Offs in Life-History Evolution. Functional 1130 

Ecology, 3, 259–268. 1131 

Steidinger, B.S., Crowther, T.W., Liang, J., Van Nuland, M.E., Werner, 1132 

G.D.A., Reich, P.B., Nabuurs, G.J., de-Miguel, S., Zhou, M., 1133 

Picard, N., Herault, B., Zhao, X., Zhang, C., Routh, D. & Peay, 1134 

K.G. (2019) Climatic controls of decomposition drive the global 1135 

biogeography of forest-tree symbioses. Nature, 569, 404–408. 1136 

Stephenson, N.L., van Mantgem, P.J., Bunn, A.G., Bruner, H., Harmon, 1137 

M.E., O’Connell, K.B., Urban, D.L. & Franklin, J.F. (2011) 1138 

Causes and implications of the correlation between forest 1139 

productivity and tree mortality rates. Ecological Monographs, 81, 1140 

527–555. 1141 

Stokes, M.A. (1996) An introduction to tree-ring dating, University of 1142 

Arizona Press. 1143 

Thomas, H. (2013) Senescence, ageing and death of the whole plant. New 1144 

Phytologist, 197, 696–711. 1145 

Torres-Ruiz, J.M., Cochard, H. & Delzon, S. (2016) Why do trees take 1146 

more risks in the Amazon? 
&dagger;

 Journal of Plant Hydraulics, 3, 1147 

e005–e005. 1148 

Vlam, M., Baker, P.J., Bunyavejchewin, S. & Zuidema, P.A. (2014) 1149 

Temperature and rainfall strongly drive temporal growth 1150 

variation in Asian tropical forest trees. Oecologia, 174, 1449–1151 

1461. 1152 

Walker, A.P., De Kauwe, M.G., Bastos, A., Belmecheri, S., Georgiou, 1153 

K., Keeling, R.F., McMahon, S.M., Medlyn, B.E., Moore, D.J.P., 1154 

Norby, R.J., Zaehle, S., Anderson‐Teixeira, K.J., Battipaglia, 1155 

G., Brienen, R.J.W., Cabugao, K.G., Cailleret, M., Campbell, E., 1156 

Canadell, J.G., Ciais, P., Craig, M.E., Ellsworth, D.S., Farquhar, 1157 

G.D., Fatichi, S., Fisher, J.B., Frank, D.C., Graven, H., Gu, 1158 

L., Haverd, V., Heilman, K., Heimann, M., Hungate, B.A., Iversen, 1159 

C.M., Joos, F., Jiang, M., Keenan, T.F., Knauer, J., Körner, C., 1160 

Leshyk, V.O., Leuzinger, S., Liu, Y., MacBean, N., Malhi, Y., 1161 

McVicar, T.R., Penuelas, J., Pongratz, J., Powell, A.S., Riutta, 1162 

T., Sabot, M.E.B., Schleucher, J., Sitch, S., Smith, W.K., Sulman, 1163 

B., Taylor, B., Terrer, C., Torn, M.S., Treseder, K.K., Trugman, 1164 

A.T., Trumbore, S.E., van Mantgem, P.J., Voelker, S.L., Whelan, 1165 



46 

 

M.E. & Zuidema, P.A. (2021) Integrating the evidence for a 1166 

terrestrial carbon sink caused by increasing atmospheric CO 2. 1167 

New Phytologist, 229, 2413–2445. 1168 

Wright, S.J., Kitajima, K., Kraft, N.J.B., Reich, P.B., Wright, I.J., 1169 

Bunker, D.E., Condit, R., Dalling, J.W., Davies, S.J., Díaz, S., 1170 

Engelbrecht, B.M.J., Harms, K.E., Hubbell, S.P., Marks, C.O., 1171 

Ruiz-Jaen, M.C., Salvador, C.M. & Zanne, A.E. (2010) Functional 1172 

traits and the growth–mortality trade‐off in tropical trees. 1173 

Ecology, 91, 3664–3674. 1174 

Xu, C. & Liu, H. (2022) Hydraulic adaptability promotes tree life spans 1175 

under climate dryness. Global Ecology and Biogeography, 31, 51–1176 

61. 1177 

Yang, H., Ciais, P., Frappart, F., Li, X., Brandt, M., Fensholt, R., 1178 

Fan, L., Saatchi, S., Besnard, S., Deng, Z., Bowring, S. & 1179 

Wigneron, J.-P. (2023) Global increase in biomass carbon stock 1180 

dominated by growth of northern young forests over past decade. 1181 

Nature Geoscience, 16, 886–892. 1182 

Yanoviak, S.P., Gora, E.M., Bitzer, P.M., Burchfield, J.C., Muller‐1183 

Landau, H.C., Detto, M., Paton, S. & Hubbell, S.P. (2020) 1184 

Lightning is a major cause of large tree mortality in a lowland 1185 

neotropical forest. New Phytologist, 225, 1936–1944. 1186 

Yoda, K., Shinozaki, K., Ogawa, H., Hozumi, K. & Kira, T. (1965) 1187 

Estimation of the total amount of respiration in woody organs of 1188 

trees and forest communities. Journal of Biology of Osaka City 1189 

University, 16, 15–26. 1190 

Zhu, Y., Hogan, J.A., Cai, H., Xun, Y., Jiang, F. & Jin, G. (2017) 1191 

Biotic and abiotic drivers of the tree growth and mortality 1192 

trade-off in an old-growth temperate forest. Forest Ecology and 1193 

Management, 404, 354–360. 1194 

 1195 


