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Climate-driven patterns of global tree
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Concerns about climate change-influenced tree growth declines and world tree mortality raise
questions about potential reductions in tree longevity. However, the global influences of climate and
growth patterns on tree longevity remain poorly understood. Here we analyzed 219,000 tree-ring
widths from 4880 globe sites, encompassing 246 species, to investigate tree longevity patterns.
Gymnosperms exhibited significantly greater average longevity (366 ± 240 years) than angiosperms
(216 ± 81 years), with the oldest individual exceeded 3000 years. Globally, gymnosperm longevity was
negatively correlated with precipitation. Arid-adapted trees exhibited significantly higher longevity,
likely due to their conservative growth strategy, characterized by slow growth rates and enhanced
drought resilience. Trees in harsh environments defined by high altitude, nutrient-poor soils, and
minimal human impact weremore likely to attain greater longevity. These findings highlight the impact
of climate change on tree longevity and the necessity for targeted conservation strategies to protect
these vital ecosystem components.

Old trees, oftenreferred to as ancient guardiansof forests, providenumerous
ecosystemservices.Theyprovide specializedhabitats and shelters for certain
plants, animals and fungi, share nutrients with neighboring young trees
through the mycorrhizal networks, and serve as reservoirs for genetic
diversity and carbon sequestration1–4. The death of old trees can have cas-
cading effects throughout the ecosystem, with serious implications for its
integrity and biodiversity2,5. The recent global warming and the related
extreme climate events, particularly drought, have increased catastrophic
tree mortality worldwide6,7, thus reducing tree longevity. While recent stu-
dies have highlighted the impact of climate change on tree mortality, the
precise global distribution of tree longevity and the factors that govern it are
not yet fully elucidated.

Trees, unlike animals, exhibit a theoretically limitless lifespandue to the
modular architecture8 and the ability of meristematic tissues to regenerate
annually or remain dormant for long periods9,10. In reality, trees die from
hydraulic failure or carbon starvation under climate stress11, and other
disturbances like biotic and mechanical factors12. Consequently, the trees

have developed an early life acclimation to environmental pressures and
phenotypic plasticity as effective strategies for achieving tree longevity13.
Recent research suggests that cold alpine and boreal environments promote
tree longevity by reducing growth rates14, highlighting the importance of
temperature15–17. Also, arid climates are associated with extended tree
longevity18. While both coldness and aridity contribute to slowing down
growth, the primary factor promoting longevity on a global scale remains
unclear. Furthermore, tree longevity is influenced by various disturbances
throughout their lives13. Limited resilience to ecoclimatic stress increases
tree mortality rate and consequently shortens tree longevity19–22. However,
our understanding of how long-lived trees effectively manage disturbances
and achieve their remarkable longevity remains limited23.

The traditional investigations of tree longevity often employed his-
torical records and forest inventories inferred from factors like stem size and
tree height, which present limitations for accurately estimating the cambial
age of old trees16,24,25. Instead, tree-ring data used for dendroclimatic
reconstructions offers a robust estimation of longevity due to its accurate
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dating and collection of locally oldest trees. We herein use a tree-ring net-
work to assess the effects of climate and growth resilience on tree longevity,
which we define as the 99th quantile of the age distribution for trees within
each site, on a global scale.

Results
Influences of climate and species on global tree longevity
We compiled and analyzed a comprehensive dataset encompassing 4880
tree-ring sites across various biomes and ecosystems (see Methods). Cold
(61%) and temperate biomes (21%) are most represented, while arid, polar
and tropical biomes account for 11, 5, and 1%, respectively (Supplementary
Fig. 1). Mature trees, defined as those with ages younger than 75th per-
centiles aremost prevalent (72.7%), followed by old trees, with ages between
75th percentiles and 1.5 times the interquartile range (23.8%), and ancient
trees, defined as those with ages older than 1.5 times the interquartile range
of the longevity distribution in each clade, representing approximately 3.5%
of the total. (Supplementary Fig. 1). Ancient and old trees exhibit a con-
centrated spatial distribution around 40° N and S (Fig. 1b), with tree
longevity declining towards the tropics and the polar regions.

Our analysis reveals a strong association between extreme longevity
and arid environments. Over 60% of ancient trees are found in arid regions
with mean annual precipitation (MAP) < 600mm and annual temperature
(MAT) around 10 °C (Fig. 2). Old gymnosperms are predominantly located
in sites with lower precipitation, while precipitation has no significant
impact on angiosperms longevity (Fig. 2a, c, Supplementary Table 1).
Gymnosperms longevity exhibits a significant negative correlation with
MAP, with ancient and old trees associated with lower MAP values
(mean ± SD, 753 ± 600mm and 799 ± 624mm, respectively) compared to
mature trees (859 ± 517mm). Although there was no significant difference
in MAT across gymnosperm age classes, except between old and mature

trees, angiosperm age increased withMAT, with old trees exhibiting higher
MAT (11 ± 5 °C) than mature trees (10 ± 6 °C) (Fig. 2b, d). In diverse
biomes, gymnosperms showed significantly lower precipitation in old and
ancient tree habitats compared to mature trees, with the exception of
temperate zones (Supplementary Fig. 4). These older gymnosperms also
experienced significantly reducedgrowth temperatures in arid, tropical, and
temperate regions. Conversely, angiosperms exhibited no age-related dif-
ferences in precipitation or temperature (Supplementary Fig. 4). These
findings indicate a pronounced negative effect ofMAPon tree longevity at a
global scale, particularly for gymnosperms, while MAT has a negligible
impact on both clades, as evidenced by regression slopes approaching to
zero (Supplementary Fig. 5).

Gymnosperms exhibit greater longevity (366 ± 240 years) compared to
angiosperms (216 ± 81 years) (Fig. 1c). Tropical regions harbor the youngest
trees on average (Fig. 1d), while arid and semi-arid regions support the oldest
trees for both gymnosperms and angiosperms (Fig. 1d, e). Cupressaceae
(587 ± 405 years) and Taxodiaceae (543 ± 347 years) are the two longest-
lived gymnosperm families, although Pinaceae include exceptionally old
individuals (Supplementary Fig. 6). Among angiosperms, Nothofagaceae
(264 ± 75 years) and Magnoliaceae (233 ± 108 years) exhibit the greatest
longevity (Supplementary Fig. 6). Notably, Sequoiadendron giganteum and
Juniperus przewalskii exceed 3000 years in the US and China, respectively.
However, even older individuals of Pinus longaeva inWest US16 and Fitzroya
cupressoides individuals in South Chile26 have been documented with ages of
4800 and 3620 years, respectively.

Climate stress during the juvenile periodpromotes tree longevity
The location of old-growth trees in harsh environments aligns with a
consistent negative relationship between slow growth rates and tree long-
evity observed across both gymnosperms and angiosperms (Fig. 3a–c) and

Fig. 1 | Distribution of tree longevity. aGeographical distribution of the 4880 tree-
ring width series. b–e Longevity distribution based on latitude, clades, Köppen
climate zone, and aridity index. Blue and orange circles in figures a–c represent
gymnosperm (N = 3956) and angiosperm (N = 924), respectively. Violin plots
illustrate the spread and density of data points around the median. Boxplots display

the 25th percentile,median and 75th percentile, withwhiskers extending to 1.5 times
the interquartile range and showing outliers. Statistically significant differences
among age groups are indicated by different letters (Tukey’s HSD tests, p < 0.05).
Letters at panel bottoms specify the number of tree-ring series.
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all biomes (Fig. 3d–f). This negative association follows a non-linear,
negative exponential pattern, evident even during the juvenile period, spe-
cifically for cambial age less than 25 and 50 years. The link suggests that
slower juvenile growth rates may contribute to increased longevity in trees.
Notably, trees in arid biomes demonstrate a stronger correlation between
juvenile growth stress and increased longevity compared to those in cold
environments (Fig. 3e, f).

The negative growth rate-longevity relationship is evident at both the
species (Supplementary Fig. 7) and individual site levels (Supplementary
Figs. 8–10) throughout tree lifespans and during juvenile phases, although
not always statistically significant. Several long-lived gymnosperms, such as
J. prezewalskii and P. longaeva, are primarily from arid environments and
show low growth rates. Gymnosperms generally display slower growth and
greater longevity in arid compared with humid habitats (Supplementary
Figs. 8–10), with Taxodium distichum as an exception, being native to
humid sites. Angiosperms like Quercus douglasii can grow in both humid
and arid environments, and achieve greater longevity in arid sites. Trees
typically maximize their lifespan potential via a strategy of slower juvenile
growth, and longevity also varies across differing environmental contexts.

Strong tree resilience of old trees
Old treesnot onlyundergoearly-life climate stress acclimationbut alsooften
demonstrate enhanced resilience to climate stress through their growth.Old
trees exhibit greater inter-annual growth fluctuations and increased

resilience to growth disturbances, as supported by a significant positive
correlation (r = 0.21, p < 0.05) between mean tree-ring chronology sensi-
tivity and longevity in gymnosperms (Fig. 4).

Old gymnosperms exhibit a more pronounced growth decline during
disturbances (r =−0.18, p < 0.05) but also demonstrate a stronger recovery
capacity (r = 0.25, p < 0.05), resulting in greater overall growth resilience
(r = 0.12, p < 0.05) (Fig. 4). Trees in arid regions display enhanced overall
resilience to stress, characterized by reduced resistance but increased
recovery capacity (Supplementary Fig. 11). In contrast to gymnosperms,
relationships between resistance, recovery, resilience, and longevity are
insignificant in angiosperms (Fig. 4). Additionally, a positive correlationwas
identified in gymnosperms between site elevation and longevity (r = 0.34,
p < 0.05), and between wind speed and longevity (r = 0.12, p < 0.05), while
negative associations emerge with canopy height, soil organic carbon, the
human influence index (HII) and lightning density (LD) (r =−0.13,
r =−0.14, r =−0.25, and r =−0.09, respectively, p < 0.05) (Supplementary
Fig. 12). The longevity of angiosperms demonstrated a significant positive
relationship with elevation (r = 0.09, p < 0.05) and wind speed (r = 0.13,
p < 0.05) and a statistically significant negative relationship with the HII
(r =−0.15, p < 0.05).

Discussion
Tree mortality is often attributed to various environmental disturbances
rather than programmed senescence. Therefore, the maintenance of

Fig. 2 | Climate variables across age groups. a,cMean annual precipitation (MAP)
and mean annual temperature (MAT) in gymnosperms. b,d MAP and MAT in
angiosperms. Older populations are positioned above younger ones to highlight
their distribution. Inserted boxplots summarize the data distribution for each age

group, with boxes showing the 25th percentile, median and 75th percentile, and
whiskers indicating 1.5 times the interquartile range. Statistically significant dif-
ferences among age groups are indicated by different letters (Tukey’s HSD
tests, p < 0.05).
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sustained, albeit slow, growth under environmental stress, coupled with the
avoidance of mortality events induced by episodic extreme environmental
disturbances, appears to be a crucial strategy for trees to achieve extended
longevity. Our findings indicate that trees in arid environments exhibit
significantly higher average longevity compared to those in resource-rich
regions such as tropical and temperate zones, as well as cold regions. This
disparity may be attributed to the lower growth rates and enhanced resi-
lience to disturbances observed in arid-adapted trees. Water limitation in

arid environments compels trees to adopt a conservative growth strategy
characterized by high hydraulic safety but low hydraulic transport effi-
ciency, resulting in slow growth, manifested as smaller tree size, lower tree
height, and higher wood density. Furthermore, trees in arid environments
demonstrate lower resistance but greater recovery capacity when subjected
to drought disturbances. This conservative strategy facilitates rapid
adjustments to prevent hydraulic failure during drought events and pro-
motes swift recovery of growth post-disturbance.

Fig. 3 | Growth rate versus site-specific longevity. a–c Relationships between mean growth rate, juvenile growth at 25 and 50 years of age, and tree longevity across clades.
d–f Growth rate-longevity relationships within Köppen climate zones. Curves represent negative exponential regressions.

Fig. 4 | Spearman correlations between tree longevity and site-level tree-ring
characteristics. The color, shape and orientation of ellipses are mapped to coeffi-
cient values. Abbreviations: MS, mean sensitivity; AC1, first-order autocorrelation;

Rbar, mean inter-series correlation; EPS, express population signal; SNR, signal-
noise ratio; Rt, resistance; Rc, recovery; Rs, resilience. Only statistically significant
correlation coefficients (p < 0.05) are displayed.
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Sustained slow growth is recognized as a critical determinant for
trees to achieve exceptional longevity. Our findings of slower growth
rates in older trees support a trade-off between radial growth and tree
longevity14,17,27. Rapid tree growth, by accelerating the attainment of
larger stature, can increase mortality risk primarily due to heightened
susceptibility to mechanical vulnerabilities from environmental and pest/
pathogen stresses28. For conifers, specifically, this rapid stem growth may
also compromise wood density accumulation, further increasing the
probability of mechanical failure29. Furthermore, rapid growth often
intensifies competition for environmental resources. For instance, com-
petition for light, whereby canopy interference regulates light availability,
has been identified as a crucial limiting factor for trees reaching their
potential lifespan in numerous forest environments15,30,31.

A key findings is a trade-off between growth rate and longevity in trees
inhabiting arid and cold environments, where slower growth rates correlate
with extended lifespans. Both limited water availability and low tempera-
tures constrain xylem cell development. Reduced water potential in arid
conditions impedes cell turgor, thereby inhibiting cell division and elon-
gation, resulting indiminished radial growth rates andnarrow tree-rings32,33.
Similarly, photosynthetic capacity and growth are curtailed when ambient
temperatures fall below 0 °C and 5 °C, respectively34. Consequently, inher-
ent growth rate limitations in trees from arid and cold regions contribute to
their extended longevity. Environmental conditions prevalent in coldor arid
climates may alleviate pressures from pests and diseases, or attenuate
senescence processes within tree functions35. Additionally, these conditions
can lead tomoreopen forest orwoodland structures, reducing the likelihood
of damage from wind disturbances or neighboring tree falls36, thereby fur-
ther promoting longevity. Finally, lower human influence in these regions
minimizes threats from deforestation and land-use change.

Our results showhigher longevity in arid compared to cold forests on a
global scale. This aligns with previous research demonstrating lower mor-
tality risk in arid environments32, but contrast with studies emphasizing
temperature’s role in longevity at landscape or region scales14,15. In arid
environments, trees exhibit narrower xylem tracheids and increased wood
density with decreasing precipitation andwater availability, reflecting a shift
towards prioritizing hydraulic safety over efficient water transport37,38.
Maintaining favorable water status often necessitates a reduction in pho-
tosynthetic carbon gain, which subsequently limits height growth39,40. This
dual constraint on growth in both size and height, coupled with the prior-
itization of hydraulic safety, likely contributes to the extended longevity
observed in arid ecosystems18. Several additional factors, such as twisted
stems and fissured barks, often associated with partial cambial dieback,may
extend longevity in old arid-region conifers41. Conversely, despite experi-
encing prolonged and frigid winters, trees in boreal forests have evolved
phenological adaptations to minimize exposure to sub-zero temperatures,
and rapidly capitalize on favorable temperatures during June and July42,43.
Additionally, the relatively abundant water resources in boreal forests
promote increased tree height, resulting in taller canopies compared to arid
biomes (Supplementary Fig. 13). Consequently, while radial growth is slow
in boreal trees, the attainment of maximum height at a relatively young age
may ultimately limit longevity due to heightened vulnerability to hydraulic
failure, increased respiration rates, and elevated evapotranspiration
demands39. In contrast, trees in polar environments, including subarctic and
subalpine regions, exhibit both slowstemandheight growth, contributing to
longevity despite their often dwarfed, shrub-like stature.

A further finding supports a link between stress resilience and long-
evity. Trees fromarid forests, exhibiting greater stress resilience, particularly
drought tolerance, tend to be older than those from wetter forests (Sup-
plementary Fig. 11). Intra-annual density fluctuations in arid and semi-arid
regions indicate abrupt growth declines during drought10,44. Trees can
rapidly adjust their cellular osmotic potential to cope with drought, pro-
tecting against hydraulic failure at the cost of reducedgrowthandpotentially
lower drought resistance. However, arid-adapted trees demonstrate strong
recovery, indicating adaptability to climate extremes. This aligns with
population-level observations, where arid-adapted trees exhibit increased

resilience compared to wetter-adapted counterparts in common garden
experiments and ecotones11,45. Local genetic adaptation allows arid-adapted
trees to recover rapidly from extreme drought events compared to wet-
adapted species45. Moreover, repeated drought exposure may enhance
growth resilience through ecological memory of past drought events24,46,
contributing to extended longevity. In contrast, while boreal trees prioritize
xylem growth during droughts, their recovery is slower compared to arid-
adapted trees. The combination of tall stature, exposure to greater solar
radiation, and evaporative demand renders boreal trees more vulnerable to
drought stress47,48. Frequent andmore intense droughts, often coupled with
insect outbreaks and increased fire activity, are likely to further exacerbate
treemortality inboreal forests49. The riskofmechanical failure andmortality
in trees is elevated in boreal forests due to exposure to extreme windthrow
events50,51. Interestingly, drought resistance increases in some wet envir-
onments dominated by angiosperms52, suggesting a balance between
drought resistance and recovery is crucial for extreme longevity, even in
wetter climates with seasonal dry periods. The capacity for extended long-
evity is also supported by a suite of functional traits exhibited by certain tree
species. Waxy-cuticle needles, persisting for decades, can potentially com-
pensate for lower photosynthetic capacity in older conifers38,53,54. Short
stature, denser wood, and lower tree density decrease water transport
demands, competition, and vulnerability to wind, insects, and diseases.

Protecting old-growth trees from future climate threats is increasingly
critical55. Whether trees in arid regions are more vulnerable to climate
change than those from cold environments is still not clear52. Our study
indicates that old trees in arid environments possess superior long-term
drought resilience, potentially enabling them to maintain survival and
remarkable longevity. Conversely, cold environment trees, with lower
overall drought tolerance, may be more susceptible. Nevertheless, even
drought-adapted species or individuals may face challenges when water
deficits exceed their tolerance thresholds.

Understanding the adaptations of long-lived arid trees provides valu-
able insights for forestmanagement strategies aimed at enhancing resilience
to future climate stresses. The rich genetic diversity accumulated by ancient
trees during unique historical circumstances can bridge the gap between
normal and extreme conditions. Potential management strategies include
selecting drought-resistant genotypeswith high genetic diversity from long-
lived arid tree provenances, conducting species or population translocation
within suitable locations, and thinning stand densities to reduce competi-
tion and the risk of insect outbreaks and wildfires. Many of these old trees
exist outside protected areas, placing them at high risk of extinction.
Comprehensive conservation efforts are essential, ranging from preserving
large, intact old-growth forests to safeguarding individual trees within
human-dominated landscapes16,25.

Conclusion
Our study reveals a global pattern of tree longevity and highlights the pre-
dominant influences of aridity, instead of coldness, on promoting tree
longevity. In contrast to cold environments, water scarcity exerts a more
pronounced negative impact on xylem development and height growth,
thereby contributing to slower growth rates and enhanced tree longevity.
Early-life drought exposure, coupledwith rapid growth recovery and strong
resilience, further promotes exceptional longevity in arid-adapted trees.
Protecting old-growth trees and implementing management strategies
informed by these findings are crucial for mitigating future climate impacts
and preserving these invaluable genetic resources.

Methods
Tree-ring data acquisition
To investigate the influence of climatic conditions on tree lifespan, our study
utilized tree-ring width data from the International Tree-Ring Data Bank
(ITRDB) (ITRDB, https://www.ncei.noaa.gov/products/paleoclimatology/
tree-ring, last accessed September 4th, 2023), and supplemented with 14
collected tree-ring width series from Southeast China. Tree growth data
from landscapes heavily impactedbyhumanactivities, such as trees growing
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in temples, rural areas, and tourist sites, were not collected. The ITRDB is a
global tree-ring data repository primarily used for climate reconstruction
studies. Dendrochronologists typically prioritize sampling large, old trees at
the population level to obtain the longest possible tree-ring records. Con-
sequently, tree-ring width data within the ITRDB predominantly represent
the oldest individuals at each site. Tree-ring cores were basically collected
using standardized protocols, prioritizing pith inclusion when feasible. A
total of 5876 tree-ring sites from 309 species were downloaded globally.
Metadata associated with each site, including file ID, spatial coordinates,
altitude, and species, were extracted.

To ensure data quality, a rigorous verification process was imple-
mented. This included checking and correcting data formats for con-
sistency, removing duplicate records. All tree-ring width series were
analyzed using the dplR package (version 1.7.7)56 in R (version 4.4.1)57 for
subsequent analysis. The number of records for each site was determined,
and the tree core age was calculated as the difference between the start and
end years. However, the precise establishment year of some trees may be
inaccurate due to missing piths or hollow trunks, potentially leading to a
slight underestimation of tree age. Therefore, we selectively included sites
with a minimum of 15 records and excluded sites with a maximum age
below 100 years. The final dataset comprised exclusively old-growth
populations characterized by a substantial number of records per site,
ensuring robust estimates of maximum tree age. This filtering resulted
in a final dataset 4880 tree-ring width sites from 240 species across
73 genera, encompassingover219,000 individual records spanning latitudes
from 60 °S to 75 °N (Supplementary Table 1, Supplementary Fig. 1), with
gymnosperms and angiosperms constituted 89.1 and 18.9%, respectively.
Conversely, existing literature documents that angiosperms constitute
approximately 89.4% of extant plant species58. This discrepancy arises
because certain angiosperms, particularly those in tropical and subtropical
regions, exhibit indistinct annual ring boundaries due to prolongedgrowing
seasons with continuous cambial activity and complex xylem anatomical
structures. Consequently, angiosperms are significantly underrepresented
in ITRDB databases, and subsequently, in our analysis. This under-
representation within our dataset may have introduced a potential under-
estimation of the tree longevity. However, the average longevity of trees in
tropical environments derived fromour study (193 ± 86years) closely aligns
with themean tree longevity reported in a previous investigation on tropical
tree longevity (186 ± 138 years)17. Therefore, while acknowledging the
substantial disparity between the sampled angiosperm population (pre-
dominantly from tropical regions) and their actual prevalence in natural
ecosystems, we posit that the lifespan estimations derived from our
angiosperm samples, despite potential sampling bias, likely reflect the
approximate longevity of these species within the studied tropical
environments.

To evaluate the minimum sample size required for a representative
estimation of the truemaximumage of a species or sites, we investigated the
relationship between tree-ring sampling sites and records with the max-
imum age of tree species (Supplementary Fig. 2a, b). The results revealed a
significant linear relationship between the maximum age of angiosperms
and increased sample size (p < 0.001, R2 of 0.38 and 0.37 for sampling sites
and records, respectively). The sample size did not significantly affect the
maximum age of gymnosperms. For angiosperms, each increase of
100 sampling sites and records led to an increase in maximum tree age of
199 and 5 years, respectively. To rigorously determine the minimum tree-
ring width records necessary for accurate species lifespan assessment. We
examined the maximum age distribution of a representative gymnosperm
and angiosperm species by randomly resampling 500 times from their
respective age distributions, with sample sizes ranging from 25 to 500
(Supplementary Fig. 2c, d). Comparing themaximumages of these random
tree subsets with the true observedmaximum ages revealed that the average
maximum age of the subsets exceeded the 95th percentile of the true age of
the tree species when the sample size was 25 records. When the sample size
was 100, the averagemaximum age of the subsets exceeded the species-level
lifespan, i.e., the 99th percentile of the age distribution of the tree species.

This indicates that when the sample size is greater than 100 tree age records,
we can consider the species-level lifespan to be close to its true lifespan.
Thus, for species-level lifespananalysis, specieswith at least 3 sites anda total
ofmore than 150 records were included, resulting in a dataset of 125 species
from 39 genera and 14 families (Supplementary Table 2). At the species
level, the average lifespans of gymnosperms and angiosperms were
611 ± 345 year and 303 ± 205 years, respectively.

Environmental data collection
To comprehensively assess global tree longevity patterns across biomes, tree
longevity was categorized based on temperature and moisture conditions
using the Köppen climate classifications59: (1) tropical, (2) temperate, (3)
cold, (4) polar and (5) arid. Additionally, aridity index (AI)60 was employed
for further classification: (1) hyper-arid (AI < 0.03), (2) arid (0.03 ≤AI ≤
0.2), (3) semi-arid (0.2 < AI ≤ 0.5), (4) dry sub-humid (0.5 < AI ≤ 0.65) and
(5) humid (AI > 0.65). Site-level average annual temperature (MAT, °C),
precipitation (MAP, mm) and wind speed (WS, m s−1) for 1970–2000 were
obtained from WorldClim61 at a 30 arc-second resolution (~ 1 km2). The
average annual wind speed in the study area ranged from 1 to 10m s−1,
corresponding to wind forces ranging from calm to fresh breeze on the
Beaufort scale. Site-level topsoil (0–30 cm) properties from theHarmonized
World SoilDatabase62 at the same resolutionwere also acquired. Soil texture
(ST) was classified into 13 groups based on USDA system, ranging from
heavy clay to sand. Soil organic carbon (SOC) content (SOC,%) and soil pH
served as indicators of soil health. Human influence was assessed using the
HII63 from 1995–2004 at a 1 km resolution. This index incorporates nine
indicators, including population pressure (population density), human land
use and infrastructure (built-up areas, nighttime lights, landuse/land cover),
and human accessibility (coastlines, roads, railroads, navigable rivers). Site-
level forest canopy height data for 2019 at a 30m resolution64 was obtained,
with values ranged from 0 to 60m and recorded as 0 when the values less
than 3m. Site-level LD (LD, stokes km−2 day−1) was extracted from
WWWLLN65 repository for the period 2010–2024 at a spatial resolution of
0.5 degree. To calculate the site-level annual average number of forest fires,
we utilized the MCD14ML Collection 6 MODIS Thermal Anomalies/Fire
data product66, spanning the years 2002 to 2023. To ensure the reliability of
the fire detection data, a quality control measure was implemented by fil-
tering thedataset to includeonlyfire pixelswith a confidence level exceeding
10%. Linear regression and Spearman’s rank correlation coefficients were
then calculated to quantify the relationships between tree longevity and the
various environmental variables.

Estimation of tree longevity
To estimate the maximum lifespan for trees at each study site, the 99th
quantile of the age distribution within each site was used as a representative
measure of longevity. This approach provides a robust estimate of tree
longevity that is less susceptible to outliers. Tree longevity was subsequently
analyzed across various groups (gymnosperms vs. angiosperms, Köppen
climate zones, and aridity classifications). Tukey’s HSD tests (two-sided)
was employed to compare mean longevity differences among these groups.

Age classification and potential environmental drivers
To explore the relationship between age and climate in more detail, a
nuanced age classification systemwas developed for each taxonomic group.
Treeswere categorized into three age groups22:mature trees, definedas those
with ages younger than 75th percentile are most prevalent, old trees, with
ages between 75th percentiles and 1.5 times the interquartile range, and
ancient trees, defined as thosewith ages older than1.5 times the interquartile
range of the longevity distribution in each clade. This classification resulted
inmature (<450 years), old (≥450 and<814 years), and ancient (≥814 years)
gymnosperms. For angiosperms,mature and old treeswere separated at 273
years, with trees older than 453 years classified as old trees due to the limited
sample size of only three individuals in the ancient category. The distribu-
tion of MAP and MAT across age groups within gymnosperm and
angiosperm was analyzed and Tukey’s HSD tests (two-sided) used to
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compare mean value among groups. The climate-longevity relationships
were fitted by the 95th quantile regressions.

Examining the association between growth and longevity
To account for potential variations in growth rates due to age and historical
climate, mean and juvenile specifically for cambial age less than 25 and
50 years, growth rates were calculated using standardized tree-ring width
indices. A negative exponential detrending approachwas applied to address
age-related growth trends. The relationship between growth rate and tree
longevity was assessed across clades and species using exponential regres-
sions. To further explore this relationship within species, the six longest-
lived gymnosperms and four longest-lived angiospermswere selected for in-
depth analysis. Relative age within a species was calculated by dividing a
tree’s actual age by the species’ longevity. Similarly, the relative growth rate
was determined by dividing a tree’s mean ring width by the species’ max-
imum ring width.

Growth traits based on tree-ring data
Tree-ring width measurements were processed using standard den-
drochronological methods67. Individual tree-ring width series were
detrended with a negative exponential function and averaged into site-level
chronologies of ring-width indices using a hierarchical approach (from tree
to site) and bi-weight robust means. To assess the influence of climate on
tree age through radial growth variations, site-level tree-ring statistics were
calculatedusing thedplRpackages56 inR57.Mean sensitivity (MS)quantified
year-to-year variability, with higher values indicating stronger climatic
fluctuations. First-order autocorrelation (AC1) assessed the temporal
dependence between consecutive rings67. Inter-records correlation (Rbar)
measured similarity among tree-ring records68, while expressed population
signal (EPS) evaluated the representation of a common climate signal in the
chronology (higher EPS indicating a stronger common signal)69. Signal-
noise ratio (SNR) represented the strength of the climate signal relative to
background noise. To evaluate tree responses and overall growth resilience
to ecological disturbance during their whole lifespan, tree resistance (Rt),
recovery (Rc), and resilience (Rs) were calculated70 using established for-
mulas considering tree-ring width during and around disturbance events
within two years71.

Rt ¼ Dr

PreDr

ð1Þ

Rc ¼ PostDr

Dr

ð2Þ

Rs ¼ PostDr

PreDr

ð3Þ

Where Dr is the tree-ring width during the ecological disturbance year,
which is regarded as the relative growth decline year (also called pointer
year) when more than 75% of tree series reached at least 30% of growth
declines than the year before. PreDr and Post Dr represent the average tree-
ring width from 2 years before and after the year of external disturbance.
This approach considers the potential legacy effect of the natural
disturbance on tree growth and avoids contamination from the influence
of any subsequent disturbance event. These metrics assessed a tree’s ability
to withstand (Rt), recover from (Rc), and maintain growth (Rs) after
disturbances. In this study,weaimed to evaluate the general ability of trees to
resist and/or recover from external disturbances. Therefore, we did not
distinguish the pointer events based on the specific type of growth decline.
Multiple comparisons were performed using Tukey’s HSD test (two-sided).
Spearman’s rank correlation coefficientswere used to examine relationships
between tree longevity and these tree-ring statistics.

Linear regressionwasperformed to investigate the relationshipbetween
tree age and size. Spearman’s rank correlation coefficients were calculated to

determine the role of both tree size and age in influencing early growth rate
(juvenile growth rates at 25 and 50 years) and ecological resilience traits
(resilience, resistance, and recovery). Our analysis indicated a strong linear
correlation between age and tree diameter in tropical regions for both
gymnosperms (R² = 0.57) and angiosperms (R² = 0.24) (Supplementary
Fig. 3a, b). In contrast, these linear relationships were weaker in gymnos-
perms from cold and arid regions and non-significant in angiosperms from
arid and temperate environments (Supplementary Fig. 3a, b). Thesefindings
suggest that tree sizedoesnot consistently increase linearlywith age across all
environments and tree clades. The correlations between longevity and these
growth rate and resilience traits were consistently and substantially stronger
than those observed between diameter and the same metrics (Supplemen-
tary Fig. 3c). This discrepancy likely arises from the decoupled relationship
between tree age and diameter in certain ecosystems, resulting in a less stable
correlation between size and the examined variables compared to age.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The raw tree-ring width data are accessible on the ITRDB (https://www.
ncei.noaa.gov/products/paleoclimatology/tree-ring). Processed datasets
supporting thefindingsof this studyhavebeendeposited inFigshare and are
accessible at https://doi.org/10.6084/m9.figshare.29436140.

Code availability
The codes used to calculate the tree-ring parameters in this study have been
deposited in Figshare and are accessible at https://doi.org/10.6084/m9.
figshare.29436140.
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