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Summary

Large, majestic trees are iconic symbols of great age among living organisms. Published evidence
suggests that trees do not die because of genetically programmed senescence in their meristems,
butratherare killed by an external agent or a disturbance event. Long tree lifespans are therefore
allowed by specific combinations of life history traits within realized niches that support
resistance to, or avoidance of, extrinsic mortality. Another requirement for trees to achieve their
maximum longevity is either sustained growth over extended periods of time or at least the
capacity to increase their growth rates when conditions allow it. The growth plasticity and
modularity of trees can then be viewed as an evolutionary advantage that allows them to survive
and reproduce for centuries and millennia. As more and more scientific information is
systematically collected on tree ages under various ecological settings, it is becoming clear that
tree longevity is a key trait for global syntheses of life history strategies, especially in connection
with disturbance regimes and their possible future modifications. In addition, we challenge the
long-held notion that shade-tolerant, late-successional species have longer lifespans than early-
successional species by pointing out that tree species with extreme longevity do not fit this
paradigm. Identifying extremely old trees is therefore the groundwork not only for protecting
and/or restoring entire landscapes, but also to revisit and update classic ecological theories that
shape our understanding of environmental change.

may be threatened by ongoing and future global changes in climate,
land use and disturbance regimes (Lindenmayer ez al, 2012;

Large, majestic trees are common iconic symbols of great age
among living organisms, as popular claims of millennia-old
individuals typically involve giant or monumental conifers and
hardwoods (Lindenmayer & Laurance, 2017). Scientific dating
tools have allowed for testing most such claims, but have not
resolved debates on how tree age should be measured or on the
ecological significance of extreme longevity. Because large old trees
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Faison, 2014), optimal conservation policies and management
strategies must be grounded on solid scientific understanding of
maximal tree lifespans. In this review we focus on cambial age,
defined as the cumulative duration of secondary growth since pith
formation at a specified height from the ground (Box 1). Our
definition does not rule out trees resulting from asexual reproduc-
tion, but it purposely ignores the age of genetic material in clonal
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Box 1 Dating old trees.
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Root.collar: accurate stem age

Dendrochronology provides accurately time-resolved (annual and subannual) data for measuring maximum tree lifespan and its associated growth
history. Absolute tree age can be determined exactly by obtaining a wood sample that extends to the point of germination, which also corresponds to the
root—shoot boundary (or root ‘collar'). This can be located by either sectioning the stem immediately above and below a suspected root-shoot boundary
(League & Veblen, 2006) or by splitting the stem vertically until the root-shoot boundary is found, and then analyzing radial growth at that point
(Telewski, 1993). In some cases, however, the root collar is incorporated into the upper soil layers (i.e. the xylorhizome; Zaitsev et al., 2018).
Accumulating leaf litter or a bryophyte layer can bury the root collar in the humus layer, where adventitious roots can develop, and therefore cross-dating
below adventitious roots can add up to 20 yr to age estimates obtained at ground level (DesRochers & Gagnon, 1997). Seedlings of closed-canopy
species established in soil may also form more adventitious roots than seedlings of the same species that become established on logs (Doi et al., 2008),
further complicating the determination of true stem age.

A simple modification to the handle of an increment borer allows for coring the tree stem near the base (Brown, 2007). For practical reasons, however,
most tree-ring samples are increment cores collected using standard tools at ‘breast height’, which is ¢. 1.3—1.5 m from the ground. In those cases, an
estimate of the number of years required to reach the sampling height has to be provided based on local average growth patterns (e.g. see Piovesanetal.,
2019b). This estimation is more prone to errors for closed-canopy species (Gutsell & Johnson, 2002), which can form extremely small or even locally
absentrings during the suppression phasein their early life (Parentetal., 2002). Shade-tolerant trees may already be older than 150 yr when they reach a
height of 1.3 m (Antos et al., 2005). In comparison, open-canopy species form larger rings when young, and also display a monotonically decreasing
trend of ring width with age (Biondi & Qeadan, 2008).

For accurate age determination, wood samples must also include the pith, as shown in the figure by the ‘radial core' drawn on top of a Quercus
gambelii Nutt. cross-section. Often the pith is not easily attainable with increment cores, especially for relatively large stems with root buttresses.
Regardless of available specimens, age data are most reliable when based on cross-dating of the tree-ring series among themselves and with the site
chronology for the species (Stokes & Smiley, 1996). By means of proper visual and numerical cross-correlation of growth patterns, itis possible to identify
locally absent and false rings in species that experience seasonally distinct growing seasons (Speer, 2010).

When annual growth layers cannot easily be separated, as typically occurs for woody species in tropical climates, radiocarbon dating must be used
(Ogden, 1981; Chambers et al., 1998; Patrut et al., 2007). Besides providing age estimates, radiocarbon dating allows for independent validation of
dendrochronological dates through the application of '*C bomb-pulse dating (Biondi & Fessenden, 1999; Andreu-Hayles etal., 2015). In addition, when
trees are hollow and root samples are available, cross-dating can be enhanced through its combination with radiocarbon dating (Piovesan et al., 2018a;
see also the middle panel of Fig. 3).
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Box 1 Continued

To estimate tree age when stems are hollow or rotten and/or increment cores do not include the pith, several methods have been proposed in the
literature (Rozas, 2003; Sedmdk et al., 2014). Because of differences in life history and wood growth behavior between species, particularly shade-
tolerantvs shade-intolerant species, as well as habitats, such as closed-canopy vs open-grown, nosingle estimation method appears superior to all others
in every circumstance, although site- and species-specific evaluations of existing techniques can be performed (e.g. see Biondi & Bradley, 2013). Finally,
maximal lifespan should not be confused with the length of tree-ring chronologies. For instance, the longest dendrochronological time series currently
used for radiocarbon calibration, spanning more than 12 500 yr (Reimer et al., 2013), is derived from combining thousands of subfossil oak samples, of
which only a few reach ages of more than 350 yr, and with the maximum age being 575 yr (Friedrich et al., 2004).

plants (genet age; de Witte & Stocklin, 2010) to be consistent with
society’s everyday experience and perception of tree longevity. Such
a framework, especially in the context of assessing the ecological
role of large old trees, is steeped in the field of dendrochronology,
which can be defined as the study and reconstruction of past
changes that impacted tree growth (Speer, 2010; Biondi, 2020).
As will be discussed, the capacity to exceed 2000 yr of age has
been demonstrated so far for six conifer genera: Fitzroya, Juniperus,
Pinus, Sequoia, Sequoiadendron and Taxodium (Figs 1, 2). Other
conifer genera include dendrochronologically tested individuals
with ages in excess of 1000 yr, such as Agathis, Chamaecyparis,
Cupressus, Lagarostrobus, Pseudotsugaand Thujato name just a few.
These genera are adapted to widely different environments, but
several studies have highlighted some common requirements for
maximizing longevity. Besides differences among species with
regard to life history traits that lead to longevity, we also address
factors leading to long-lived individuals within a tree species.
Because flowering trees are characterized by a markedly lower
longevity than conifers, the environmental context and growth
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behavior of hardwood species was taken into consideration mostly
when considering the factors that favor intraspecific differences in
lifespans.

Radial, woody growth of stems is the product of secondary
growth from vascular cambia (Spicer & Groover, 2010). The
cambial meristem appears immune to senescence, which is
defined as the intrinsic age-dependent increase in mortality or
deterioration in performance under the control of an endogenous
biological clock (Thomas, 2013). Theoretically, trees can there-
fore be immortal organisms (Pefiuelas & Munné-Bosch, 2010),
and gene expression analyses are starting to uncover the processes
that maintain a balance between growth and aging processes in old
trees (Wang et al., 2020). At the same time, maximal tree lifespans
reported in plant trait databases (e.g. TRY; Kattge et 2/, 2020), in
reviews of tree longevity (e.g. Table 1 of Thomas, 2013) or in
articles published in prestigious scientific journals (e.g. Major,
1967) are not always supported by scientific evidence. For
instance, Huon pine (Lagarostrobos franklinii (Hook.f.) Quinn —
scientific names taken from the World Flora Online (WFO,

@ Fitzroya cupressoides

© Juniperus przewalskii

A Pinus longaeva and Pinus aristata
/A Sequoia sempervirens

/A Sequoiadendron giganteum

A Taxodium distichum

|
-30 -20 -10 0
Mean air temperature (°C)

Fig. 1 Distribution of tree species with longevity > 2000 yr in relation to average annual air temperature and total annual precipitation, which were also used to draw
biome boundaries (modified from Fig. 2.22 in Chapin Ill et al., 2011). Fitzroya cupressoides (blue circle); Juniperus przewalskii (green circle); Pinus longaeva and
Pinus aristata (gray triangles); Sequoia sempervirens (cyan triangle); Sequoiadendron giganteum (orange triangle); Taxodium disticum (red triangle). Climatic data
for the USA were obtained from the online public-domain version of the PRISM dataset (Daly et al., 2008). The map inset shows tree species locations.
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Desert

Pinus longaeva

Maximum age: 4844 yr (dead)
Currey (1965)

(Photo credit: S. Strachan)

Temperate forest

Sequoia sempervirens
Maximum age: 2267 yr (dead)
Carroll et al. (2014)

(Photo credit: J. Pittermann)

Sequoiadendron giganteum
Maximum age: 3220 yr (dead)
Douglass (1919)

(Photo credit: J. Pittermann)

Taxodium distichum

Maximum age: 2624 yr

Stahle et al. (2019)

(Photo credit: NPS [CC BY 2.0])/nps-gov)

Desert

Liu et al. (2019)

y Juniperus przewalskii
Maximum age: 2868 yr (dead)

(Photo credit: B. Yang)

Fig.2 Summary representation of the six conifer species that can live more than 2000 yr. The phylogenetic tree graph was obtained using the Interactive Tree
Of Life online tool (Letunic & Bork, 2019); taxonomic data are from Leslie et al. (2018). Clades highlighted in red are mentioned in the text because they include

at least one species whose longevity exceeds 2000 yr.

2020) — which is listed as Dacrydium franklinii with a maximal
lifespan of +2200 years by Thomas (2013)) has been reported to
reach 3000 yr of age in the popular press. However, peer review
articles with publicly available Huon pine datasets do not include
any tree-ring series longer than 1774 yr (Contributors of the
International Tree-Ring Data Bank, 2020). Similarly, we cannot
find any scientific confirmation for Thomas® (2013) claim of
Juniperus communis reaching 2000 yr of age, or for 930-yr-old
Fagus sylvatica trees, even though our own work has identified the
oldest, scientifically dated, European beech (622yr; Piovesan
et al., 2019a). Anecdotal reports are often useful as a starting point
to stimulate further investigation, but scientific theories and
ecological syntheses must be based on rigorous dating tools
(Box 1).

As more and more scientific information is systematically
collected on tree ages within and between species under various
ecological settings, itis becoming possible to evaluate how long they
have withstood natural disturbances, with or without their
combination with human activities. Identifying extremely old
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trees is therefore the groundwork not only for protecting and/or
restoring entire landscapes (Lindenmayer, 2017; Chiarucci &
Piovesan, 2020), but also to revisit and update classic ecological
theories that shape our understanding of environmental change. A
key aim of this review is to convey that, while maximum tree ages
differ among species, with conifers reaching maximal lifespans an
order of magnitude greater than angiosperms, there are similarities
among the conditions that need to be satisfied for trees to achieve
their greatest longevity. We also explicitly challenge the long-held
notion that shade-tolerant, late-successional species are long-lived
compared to early-successional species, as for instance claimed by
Korner & Basler (2010).

II. Ecological considerations in space and time

Trees of proven longevity tend to have similar morphologic features
associated with the advanced phase of their ontogenetic develop-
ment (Stahle, 1997; Evstigneev & Korotkov, 2016). Stem size
varies greatly for trees of the same age, and is therefore not a reliable

© 2020 The Authors
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Fig. 3 Examples of trees that have been found to be the oldest (left side) but not the largest (right side) in the Italian Apennines. When shown for the same
species, the two ring-width time-series plots have identical scales. Top panel: for European beech (Fagus sylvatica L.), the oldest tree (Michele) was found in the
high-mountain old-growth forest of Pollino National Park (Piovesan etal., 2019a), even though alarger and much younger beech is present on Mount Ciminoin
central Italy (Piovesan et al., 2008). Middle panel: for Heldreich's pine (Pinus heldreichii Christ), the oldest tree in Europe (/talus) was found in Pollino National
Park (Piovesan et al., 2018b), where a larger pine was considerably younger. Bottom panel: for sessile oak (Quercus petraea (Matt.) Liebl.), the oldest oak

(Demeter) found to date islocated at 1700 m elevation, compared to alarger but younger one at 1300 m elevation in Aspromonte National Park (Piovesanetal.,

2020). DBH, diameter at breast height.
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Fig. 4 Photographs of stem cross-sections
with roughly equal diameter that were taken
from saplings of western larch (Larix
occidentalis Nutt.) cut in 2014 at Snow Bowl
(western Montana, USA; photo credit: S.
Hood): (right) c. 10-yr-old tree growingin an
area that had been thinned; (left) c. 90-yr-old
tree growing in a control area. The scale of the
two photographs is not exactly the same, as
can be inferred from the ruler images beneath
the sections.
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Fig. 5 Comparison of growth rates for the oldest trees and for the largest trees. (a) Stem size, age and growth rate of the ten largest and the 10 oldest giant
sequoiasin Huntington (1914) compared to the General Sherman Tree (courtesy of N. Stephenson; data from Stephenson & Demetry, 1995). On average (blue
segments), the 10 oldest sequoias were almost 1000 yr older than the 10 largest ones, but were c. 1 m lessin diameter because of slower growth rates (average
ring widths of ¢ 0.5-1 mm compared to ¢ 0.8-2.0 mm). (b) Cumulative growth (basal area) trajectories of managed (orange lines) and secondary old-growth
(blue lines) montane beech forests (n = number of trees) in Marsica (Abruzzo, Italy). The average of the 13 oldest trees (red for managed forests, black for
secondary old-growth forests) highlights faster tree growth histories caused by human impacts (i.e. logging).

indicator of maximal lifespan (Stephenson & Demetry, 1995;  characteristics, as well as partially exposed root systems (Pederson,
Sillett et al., 2010). As a general, practical rule, which is explained ~ 2010; Brown ez al, 2019). Commonly accurate indicators of
and supported by research presented in this review, ‘the largest trees  extreme longevity in conifer crowns are relatively large branches,

are not the oldest ones’, especially within a species (Figs 3—5). More ~ with a mixture of live and dead ones, within relatively sparse foliage,
reliable indicators of old age can be found in crown and bark  possibly with epicormic shoots as well as flat or spiked tops (Van
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Fig. 6 Photographs of strip-bark trees, with
only a fraction of the trunk and crown still
alive: (left) single-needle pinyon (Pinus
monophylla Torr. & Frém) in the Great Basin of
North America; (right) sessile oak (Quercus
petraea (Matt.) Liebl.) in the Aspromonte
Mountains of southern Italy.

Pelt & Sillett, 2008). The exterior surface of the bark in the oldest
individuals is often deeply fissured, twisted or highly irregular, and
missing in certain areas (Figs 3, 6), eventually culminating in the
strip-bark growth forms typical of old conifers in semi-arid
environments (Bunn ez 4/, 2003). Bark stripping, which occurs
through partial cambial dieback, is associated with old age, as it may
allow trees to persevere longer in unfavorable and heterogeneous
habitats (Matthes ez 2/., 2002). Such extreme bark features can also
be found in hardwoods, and are again highly indicative of extreme
longevity (Figs 3, 6). While visual clues can provide approximate
estimates of age, multicentury-old trees that share similar mor-
phological features can still have originated at widely different
times, and a century or more may separate their germination dates
(Martin ez al., 2020).

Longevity hotspots (where the old trees are)

Based on the concept of biome, a Cartesian graph of average annual
air temperature and total annual precipitation is sufficient to
summarize where millennia-old trees have been discovered to date
(Fig. 1). Climatic regimes are mostly temperate, ranging from wet
to arid, and organized either by latitude or along orographic
gradients. All genera that include trees older than 2000 yr are
conifers located in the Americas, in temperate environments
between 30° and 45°N and S (Fig. 1). A notable geographic
exception is Juniperus, which reaches such extreme ages at those
latitudes but in the Tibet region, at elevations greater than 4000 m
and under extreme cold and arid climatic conditions. Despite the
relatively narrow range of latitudes, forests harboring the oldest
trees are environmentally and structurally quite diverse (Fig. 2),
ranging from sea-level swamps dominated by 7axodium (Stahle
et al., 2019) to the subalpine and timberline zones occupied by
Pinus in the Great Basin and Rocky Mountains (Currey, 1965;
Brunstein & Yamaguchi, 1992) and by Juniperus in Tibet (Liu
et al., 2019). Somewhere in between are foggy coastal areas and
mountains with a Mediterranean-type climate where one finds the

© 2020 The Authors
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gigantic Sequoia and Sequoiadendron in the northern hemisphere
(Douglass, 1919; Stephenson & Demetry, 1995; Carroll er 4l.,
2014), and the similarly majestic Fitzroya in the southern
hemisphere (Lara & Villalba, 1993; Premoli ez 4/., 2003).

These regions have largely remained outside the permanent ice
sheets that covered the northern latitudes in glacial times, providing
refugia, and thus becoming a biodiversity hotspot, for conifer

species (Farjon, 2018). Gymnosperms with extreme longevity
evolved in the Mesozoic and Cenozoic, and since then have been
progressively replaced by other species, except in restricted
temperate Quaternary glacial refugia, often becoming narrow
endemics (Ahuja, 2009). As will be mentioned in other sections of
this review, a long lifespan still remains one of the competitive
advantages of conifers with respect to hardwoods (Brodribb ez /.,
2012).

The hypothesis that millennium-old trees are concentrated in
glacial refugia is supported in the middle latitudes of North
America by Great Basin bristlecone pine (Pinus longaeva D.K.
Bailey), which during the early Tertiary was concentrated in Rocky
Mountain refugia together with the other two members of Pinus
subsection Balfourianae, namely Pinus aristata Engelm. and Pinus
balfouriana Balf., two species that are also capable of attaining
millennial lifespans (Richardson, 2000). Similar glacial refugia can
be found in southern Europe with the location of Pinus heldreichii
Christ on the Pollino (Piovesan et al., 2018b) and Pindo (Konter
et al., 2017) mountains, for Cupressus dupreziana A.Camus in the
Sahara desert (Abdoun ez al, 2005), for Lagarostrobus colensoi
(Hook.) Quinn in New Zealand (Cook et al, 2002), for
Chamaecyparis obtusa (Siebold & Zucc.) Endl. (Arkawa, 1960)
and for Cryptomeria japonica (Thunb. ex L.f.) D.Don (Suzuki,
1996) in Japan. Even the Tibet region where the oldest Asian trees
are found (Liu ez al, 2019) was not fully covered by glacial ice
(Hewitt, 2000).

In the northern high latitudes, taiga conifer species do not
seem to include extremely old individuals, despite a geoclimatic
limitation to growth. It is possible that large-scale, severe

New Phytologist (2021)
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disturbances (e.g. wildfires, glaze storms, strong polar vortex)
recurring at centennial timescales reduce the potential for
extended tree lifespans in those areas (Kharuk ez 4, 2013). In
landscapes with stand-replacing disturbances, the oldest trees are
in fact ecological indicators for estimating the time since the last
large-scale event (Metsaranta, 2020). Indeed, disturbance phe-
nomena, both abiotic (droughts, wildfires, hurricanes, etc.) and
biotic (insect outbreaks, human impacts, etc.) represent the main
causes of tree mortality, either through a direct kill or indirectly
by weakening defenses against pathogens, especially for large
trees (Pennisi, 2019). It is noteworthy that some disturbance
processes, when occurring at low severity, may extend longevity
by reducing the risk of high-severity events (e.g. crown fires) that
could otherwise wipe out the oldest individuals. For open-grown
conifer species, damaged stems may even develop the strip-bark
habit that is conducive to greater ages compared to individuals
with a fully functional root—stem—crown continuum (LaMarche,
1969; Leland ez al., 2018).

Hardwood species often experience heart rot in large and old
trees, making it necessary to combine tree-ring analysis with
radiocarbon dating. Based on that evidence, a hardwood species
that exceeds 1000 yr of age is the baobab (Adansonia digitata L.),
with maximum longevity up to 2000 yr in the savannah regions of
tropical Africa between 16°N and 26°S (Patrut er al, 2018).
Reports of other tropical species that include millennium-old
individuals have been based on radiocarbon dating alone (e.g. see
Kurokawa et al., 2003), and may require additional confirmation
from tree-ring analysis (Box 1). Old hardwood trees normally do
not exceed 300 yr of age, with a few genera that include individuals
older than 500 yr (Di Filippo et al., 2015; Worbes & Schongart,
2019). Large olive trees (Olea eurapeaL.) are considered capable of
living for millennia, but to date the oldest radiocarbon-dated olive
stems have maximum ages approaching, albeit not reaching, a
millennium (Bernabei, 2015).

(a) 4000~ [ 201-300 (n = 11) === Gompertz
= 301-400 (n = 8) Gompertz
3500 401-500 (n = 6) Exponential
501-600 (n = 2) Gompertz
= 620 (n=2) -===== Gaussian
3000+
£ 2500}
S
®
© 2000}
(]
3
@ 1500
m
1000 +
500+
0 = 1 1 1 1
0 100 200 300 400 500 600

Age (yr)

New
Phytologist

Climatic regimes experienced by the oldest hardwoods outside
the tropics range from Mediterranean for blue oaks (Quercus
douglasii Hook. & Arn.) in California (553 yr; Stahle ez al., 2013)
to the temperate—boreal transition for pedunculate oaks (Quercus
roburL.) in Scandinavia (c. 583 yr; Drobyshev & Niklasson, 2010),
with intermediate bioclimatic cases linked to elevation, such as the
high-mountain beech forests of the Italian Apennines (622 yr;
Piovesan et al., 2019a). Recent wood samples obtained from a
metapopulation of sessile oaks (Quercus petraea (Matt.) Liebl.) in
the high-mountain vegetation zone of Aspromonte National Park
in southern Italy have uncovered maximum tree ages ranging from
¢.500 to ¢ 1000yr, according to radiocarbon dating (Fig. 3;
Piovesan et al., 2020).

The ecology of maximal tree lifespans

Local edaphic and physiographic factors determine the ecological
niche of maximal stem age, which is typically different from the
optimum combination for growth. For instance, it is well
established that unproductive sites tend to yield the oldest trees
of any given species (Schulman, 1954). Vertical cliffs harbor
millennia-old individuals for conifer species that elsewhere remain
alive over a few centuries at most. This phenomenon, first reported
in North America and Europe mainly for the genera 7huja and
Juniperus (Larson er al., 1999, 2000), has also been reported in
Mediterranean environments (Mathaux ez /., 2016). Similarly, in
floodplains the oldest trees of a species are often found in nutrient-
poor sites, as for instance shown by the Amazonian Macrolobium
acaciifolium (Benth.) Benth (Brienen ez al., 2016). For species with
wide biogeographic ranges, the oldest trees are located at or near the
highest elevations (Di Filippo er al., 2012; Rotheli er al., 2012),
where growth rates are most limited by climatic and soil conditions.
Nutrient limitations do not necessarily correspond to increased
longevity, as shown by prostrate scrubs and ‘pygmy’ forest

(b) 20

15

Basal area increment (cm? yr ')

0 | 1
0 100 200 300 400 500 600
Age (yr)

Fig. 7 Cumulative growth curves (a) constructed using basal area increments (b) of beech trees calculated from increment cores containing the stem pith
collected from an old-growth stand in the Mediterranean high-mountain environment (Piovesan etal., 2019a). Tree growth was averaged using five age classes
(n=number of trees). In (a), empirical curves (solid lines in various colors) were overlaid with theoretical nonlinear models (dashed black lines) selected
according to the Akaike Information Criterion (Akaike, 1974). In (b), basal area increment follows an increasing trend but with different rates depending on tree

age class.
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populations with stunted and multistemmed growth forms. An
example is found in California sites dominated by shrub-like
redwoods (Sequoia sempervirens (D.Don) Endl.) of greatly reduced
size and age compared to nearby populations on fertile soils (Cary
& Pittermann, 2018; Russell ez 2/, 2019).

In closed-canopy forests, multiple processes can reduce growth
rates during early life stages, thereby allowing for increased
longevity in shade-tolerant tree species (e.g. Woods, 2008). Beech
and fir communities impacted by gap dynamics and their associated
growth oscillations from suppression to release can harbor much
older trees than areas where competition for resources is less intense,
as is the case in large clearings or in managed stands (Fig. 5; Di
Filippo et al., 2017). Clonal regenerations (Sillett ez a/., 2020) and
mycorrhizal networks, formed predominantly in the root systems
of canopy trees, can favor survival of juveniles in the understory,
thereby facilitating tree establishment as well as sustain survival of
suppressed trees during their initial life (Simard, 2018). In
vertically complex tropical forests, stem ages of understory trees
can then be comparable to those of dominant individuals (Hubau
et al., 2019).

A widespread tree species that is characterized by substantial
variability in maximum stem ages depending on environmental
conditions is the European beech (Fagus sylvatica L.). An overall
inverse relationship exists between growth rates and longevity along
an elevation gradient, so that at low elevations in fertile soils beech
trees exceed 1 m in diameter and 50 m in height, reaching a
maximum lifespan of about three centuries, whereas much smaller
individuals (60—70 cm diameter at breast height, 12-20 m height)
can live twice as long (six centuries) at high elevations (Fig. 3; Di
Filippo et al., 2012; Piovesan et al., 2019a). The oldest trees, even
within the high-mountain zone, are never the largest ones, and
instead they typically have smaller, broken-up crowns (Fig. 3),
probably derived from abiotic disturbance such as snow and wind
damage. In old-growth stands, the correlation between stem
diameter and age of dominant beeches is low to absent, as trees with
the same stem size may have experienced widely different growth
histories, leading to widely diverse lifespans. The oldest individuals
are those that remain suppressed in the understory during their
initial development, thereby accumulating smaller increments and
slower growth histories (Figs 5, 7). Reduced growth rates, starting
from the earliest ontogenetic stages, can then be viewed as a
necessary condition for attaining maximum tree longevity, not just
for trees (Bigler & Veblen, 2009) but also for lianas (Roeder ¢t 4.,
2019).

An alternative explanation of factors leading to maximal tree
lifespans was proposed by Stephenson ez a/. (2011). In that context,
environments that cause slow tree growth also inhibit plant enemies
that otherwise would kill more trees and thus reduce tree longevity.
In fact, there may be no universal way to determine if harsh
environments directly favor tree attributes that increase resistance
to biotic and abiotic disturbances or if harsh environments inhibit
the action of such disturbances, thereby indirectly leading to greater
tree longevity. For instance, while insect performance and fitness
may be reduced at higher elevations (Dahlhoff ¢z 4/, 2019), plant
defenses also decrease along elevational gradients (Ferrenberg ez al.,
2017), ultimately leaving unresolved the question of why tree
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mortality caused by biotic agents is reduced at the highest elevations
(Das et al., 2016).

The latitudinal herbivory-defense hypothesis, which predicts an
increase in both herbivory and plant defenses against herbivores
toward tropical regions and lower elevations, is still a subject of
some controversy (Anstett ez al., 2016). Moreover, disentangling
genetic and plastic responses of plant defenses inevitably requires
accounting for intraspecific trait variation (Siefert ez al, 2015;
Hahn & Maron, 2016) — see also “T'rade-off theory and phenotypic
plasticity’ below. As an example, faster growth at an early stem age
may increase the risk of herbivory later in life (Ruel & Whitham,
2002). On the other hand, when considering a large tree-ring width
dataset from boreal, temperate and Mediterranean sites in North
America and Europe, no universal trade-off was found between
early growth and mortality (Cailleret ez al., 2017). Regardless of
environmental controls, trees of great age are a unique attribute of
old-growth stands (Fig. 7), and the slowest growing individuals
provide a distinctive metric for assessing forest naturalness. The age
difference between the mean of the three youngest and of the three
oldest trees when growth trajectories reach canopy accession was
therefore proposed as a functional metric for assessing old-growth
forest naturalness (Di Filippo ez al., 2017).

Succession and longevity

Species with the longest lifespans (Cupressaceae and Pinaceae) do
not fit well within classic ecological theories related to forest
succession (e.g. Whittaker, 1953). The extremely long-lived pines
of subsection Balfourianae, for instance, inhabit areas where there is
no replacement of one dominant species by another as the stand
develops through an internal, continuous stochastic process
(Lienard ez al., 2015). On the contrary, these extremely long-lived,
slow-growing species are capable of regenerating in open-canopy
stands where they also dominate the vegetation, either alone or
together with other species (LaMarche, 1969; Brown & Schoettle,
2008). The relative lack of competition for light, compared to the
scarcity of water, does not allow any other species to replace the
shade-intolerant pines, which cannot then be called ‘early-succes-
sional’” because forest succession simply has not happened in these
ecosystems for thousands of years (LaMarche & Mooney, 1972;
Millar ezal., 2018). A recent, high-profile example of analyzing and
discussing conifer xylogenesis using the dichotomous successional
categories of ‘early’ and ‘late’ can be found in Huang ez 4/. (2020),
where juniper and pine species that can live more than 2000 yr
(Fig. 2) were placed into the ‘early-successional’ bin.
Approximate determination of stem ages could have affected
long-standing ecological paradigms. Process-based forest gap
models, such as FORCLIM, which are used for addressing basic
and applied questions in forest ecology (Chauvet ez al., 2017), are
built on the assumption that late-successional species have traits
that lead to slow growth, a long lifespan and a high shade tolerance,
whereas early-successional species have opposite traits (Bugmann,
2020). However, once accurate methods were used to determine
the establishment date of both shade-tolerant and shade-intolerant
species after fire in boreal forests, no significant age differences
could be found between tree species classified as early, mid- or late
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successional (Gutsell & Johnson, 2002). Within closed-canopy
forests dominated by shade-tolerant taxa, trees of shade-intolerant
species can achieve comparable maximal ages, as shown for example
by a 501-yr-old Acer pseudoplatanusL. in beech stands of the Italian
Apennines (Biondi, 1992) and by a 509-yr-old Liriodendron
tulipifera L. in the deciduous forests of the eastern USA (Pederson,
2010). Additional examples have recently been uncovered in
southern Italy, including a 570-yr-old Quercus petraea in mixed
beech—fir forests (Piovesan et al., 2020), and > 550-yr-old Pinus
heldreichii trees within beech stands (Piovesan et /., 2019b).

Disturbance processes, such as those related to wildfire regime
and insect outbreaks, are critical factors for shaping ecosystems,
including those where the longest lived species are found (Swet-
nam, 1993; Campbell e al, 2011; Kilpatrick & Biondi, 2020).
Severe disturbances limit longevity, but repeated low-severity
events, such as low-intensity wildfires, allow for the regeneration —
and hence fitness — of redwoods (Sillett ez 4/, 2019) and giant
sequoias (Stephenson, 1999). As the connection between distur-
bance and succession has kept ecologists busy for decades, tree
species assigned to different successional stages have been found to
differ in a set of traits related to growth rate, stress tolerance,
dispersal, longevity and response to disturbance (e.g. Morin &
Chuine, 2006). More recently, global-scale re-analysis of plant
traits have been used to propose the fast—slow continuum theory of
plant performance, which postulates differences in resource
allocation at interspecific and intraspecific levels (Reich, 2014).
Ecological inquiry is now focused on further refining the links
between traits dimensions and demographic tradeoffs (see also
section ‘Trade-off theory and phenotypic plasticity’), as shown by
the addition of a stature—recruitment axis orthogonal to the
growth—survival one when considering closed-canopy tropical
forests (Riiger ez al., 2018, 2020). Such a demographic model helps
explain compositional forest dynamics by separating short-lived
high-breeders from fast-growing long-lived pioneers, the latter
being capable of occupying a predominant condition in old-growth
forests as seed sources for several centuries. However, to date, only a
minority of traits has been found to match the early-to-late
successional axis of temperate tree species, with no clear pattern for
stem longevity (Leuschner & Meier, 2018).

Reconstructing the growth history of old trees: is the
sigmoidal model appropriate?

Tree-ring chronologies, especially in combination with forest
inventories, can reveal growth trends of entire forest stands (Biondi,
1999; Biondi & Qeadan, 2008; Evans ez al, 2017) and tree
populations at continental scales (Babst ¢t 2/., 2018). The focus of
this review is, however, on growth histories of the oldest trees, rather
than the whole stand where they are found. For this application, a
sigmoidal curve is often used to describe tree size as a function of
cambial age, for instance when evaluating global change impacts on
tree longevity (Blintgen ez al., 2019). Life-history studies of tree
growth have shown that diameter increment, basal area increment
and volume increment follow different trajectories with age, with
the one-dimensional radial increment (ring width) peaking at
younger ages than either the two- (ring area) or three-dimensional
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(ring volume) stem increments (Sillett ez a/., 2010; Bowman ez al.,
2013). Using the sigmoidal growth model, one can assume that
reduced growth marks the entry into a senescent phase in terms of
whole biomass (Thomas, 2013), and in fact lower stem increments
often precede tree death (Das et al., 2016; Cailleret ez al., 2017).

For modular organisms such as trees, the sigmoidal model may
yet not be appropriate, or at least may not be applicable to all of its
components (Watkinson ez /., 1986). Individual growth curves
derived from beech chronologies of basal area increment do not
follow the complete sigmoidal curve (Fig. 7). A similar mismatch
with the sigmoidal model has been found for other temperate
(Black ez al., 2008; Granda et al., 2017) and tropical (Worbes &
Schongart, 2019) species. Climatic conditions are the main cause
for temporary deviations from smooth growth curves, either by
negatively impacting growth (Piovesan et 4/, 2008) or by favoring
it (Salzer ez al, 2009). Climatic changes can therefore be
responsible, depending on their interactions with tree and site
conditions, for either sustained or reduced growth of old veterans
(see section ‘Old Trees in a Changing World’). Further compli-
cations ensue when one considers the difference between whole-
bark and strip-bark individuals, and how the latter can have greater
ring widths (Leland ez al., 2018) even while reaching greater stem
ages (Kelly ez al., 1992) than the former.

Dendrochronologically reconstructed growth histories support
the hypothesis that the oldest trees, both in hardwoods and in
conifers, reach extreme longevity when their basal area increments
tend to increase over most of their life (Fig. 7; Piovesan eral., 2019a,
2019b). This necessary, albeit not sufficient, condition for
longevity was also suggested in a new model for estimating the
age of ancient oaks (Moller, 2018). When large trees of more than
400 different species were considered, their mass growth rate was
characterized by a constantly increasing trend (Stephenson ez al.,
2014). High levels of stem growth have been observed in extremely
old redwoods and sequoias (Sillett ez @/, 2015); particularly for
giant sequoia (Sequoiadendron giganteum (Lindl.) J.Buchholz),
some of the world’s largest trees may also be the world’s fastest
growing (Weatherspoon, 1986). A potential explanation for the
connection between sustained growth and extreme longevity is the
need to support larger leaf areas by maintaining flow of resources
from the roots to the crown (Sillett ez /., 2010).

Other examples of prolonged tree life linked to greater stature and
growth rates are found in species that normally have relatively low
longevity of ¢. 100 yr, such as sub-arctic birch (Bezula pubescens var.
pumila (L.) Govaerts) (Jonsson, 2004) and aspen (Populus
tremuloides Michx.) (Ireland ez al, 2014). Poplars (Populus spp.),
whose lifespan does not normally exceed two centuries, can reach
greater ages either by achieving large sizes through rapid growth
under favorable conditions (Patrut ez 2/, 2013) or by surviving in dry
areas (Populus euphratica Oliv.) (Dong er al., 2019) where wood is
likely to be less susceptible to internal rot. Chestnuts ( Castanea sativa
Mill.) of large sizes, with stem circumference > 10 m, may have
record-setting ages of 400600 yr (Krebs ez al., 2019). According to
Lochle (1988), angiosperms with relatively short lifespans such as
poplars, whose wood is subject to decay and poor ability to
compartmentalize injuries and/or attacks from insects and
pathogens, can reach greater longevity in sites that allow for higher
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growth rates. On the other hand, the tallest trees of a given species
may be at greater risk of dying during droughts if they had become
locally reliant on high soil water availability (Stovall ez al, 2019).
Again, however, it needs to be clarified that placing the emphasis on
tree size, without knowing stem age, may lead to misconceptions. For
instance, forest inventories, even when collected over entire countries
and multiple decades, cannot properly describe the abundance of old
trees if only stem size is measured (Henttonen et 2/, 2019).

Ill. Evolutionary features and trade-off theories

Phylogeny and modularity

Longevity is a key trait in plant life history (Salguero-Gémez,
2017). Genetically controlled traits that are common among long-
lived species are vegetative vigor (sprouting, epicormic and
reiteration branches), long reproductive period, resistance to stress,
such as long droughts, and to pests, including insects, bacteria,
viruses and fungi (Major, 1967; Lanner, 2002; Munné-Bosch,
2018). Trees reaching maximal lifespans have to date been found
within only two families of gymnosperms, Pinaceae and Cupres-
saceae (Fig. 2). In mesic to hydric Cupressaceae, extreme longevity
appears as an outdated Mesozoic evolutionary character (Pitter-
mann et al., 2012), which is also suggested by the relic status of
temperate-adapted ~ Sequoia, Sequoiadendron,  Fitzroya and
Taxodium (Leslie et al., 2018). In all of these genera, extreme stem
ages are linked with gigantism, as was mentioned in previous
sections. In Pinaceae, especially Pinus subsection Balfourianae, as
well as in Juniperus, an extremely long lifespan appeared in a more
recent geologic era, the Cenozoic, in cold and arid, mostly high-
elevation continental environments with very short growing
seasons (Keeley, 2012), open canopies, and lack of successional
and/or gap-dynamics processes. These independent evolutionary
processes that led to extreme tree longevity are also reflected in the
phylogenetic distance of the taxa (Fig. 2).

The connections between tree longevity and fire regime extend
into evolutionary processes. Since the late Cretaceous, competition
with the emerging angiosperms together with changing fire regimes
pushed the Haploxylon fire-avoider pines into subalpine and desert
environments (Keeley, 2012), which then allowed for extreme
longevity. Diploxylon pines, by contrast, became adapted to fire-
prone landscapes with Mediterranean and subtropical climates
(Badik ez al., 2018), where they could achieve longevity mostly
similar to that of coexisting hardwoods (e.g. ¢. 300 yr). Trees older
than 1000 yr have, however, been recently discovered for Pinus
heldreichii, a Diploxylon Mediterranean pine that evolved during
the early Tertiary and is now found in high-elevation environ-
ments, which limit growth and also represent Quaternary refugia
(Schirone et al., 1991).

Among Cupressaceae, early diverging species (Sequoia,
Sequoiadendron, Fitzroya, Taxodium) achieved extreme longevity
by means of their superior sizes, which allowed outcompeting
hardwoods in closed-canopy, temperate-moist habitats. In the drier
climates of the Oligocene, Juniperus and Cupressus developed
drought-resistant xylem (e.g. tracheids with small lumen area) and
foliage (e.g. small leaves that are pressed closely to the stem and
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overlap each other) at the expense of reduced hydraulic efficiency
and lower rates of photosynthesis (Pittermann ez al., 2012). Wood
anatomy of Cupressaceae does not include resin ducts, except for
trauma-induced canals (Roman-Jordan ez af, 2017), but it is
typically characterized by durability and resistance to pathogens,
which are common among tree species with long lifespans.
Combining comparative studies of xylem form and function with
phylogenetic analyses is one of the most promising areas of research
to uncover the mechanisms behind tree longevity (Sperry ez al.,
2006; Brodribb ez al, 2012; Roskilly et al., 2019). Another open
question with regard to the genetic control of longevity is the role of
polyploidy, which only occurs in 5% of 685 gymnosperm taxa
(Rastogi & Ohri, 2020) but is present in Sequoia, Fitzroya and
Juniperus, that is in the majority of Cupressaceae taxa that include
trees older than 2000 yr.

Trees have complex crown architectures where the axillary
meristems, which form in the axils of leaves and grow out to form
branches, are set aside earlier to prevent the accumulation of
deleterious DNA replication errors known as Muller’s ratchet,
thereby extending tree lifespan (Burian ez al, 2016). Thanks to
their modular architecture, trees may have the ability to compart-
mentalize deleterious somatic mutations, and escape senescence if
the negative consequences are restricted to that module (Bernard
et al., 2020). Plants of great longevity are characterized by a greater
degree of modularity, which is apparent in root-to-shoot connec-
tions (Larson et al., 1993), bark stripping, and defense systems that
compartmentalize injuries and biotic attackers (Morris er al.,
2019). Tree longevity would therefore rely on vegetative vigor and
disease resistance together with plastic crown branching and root
readjustments (Lanner, 2002).

Trade-off theory and phenotypic plasticity

The evolution of life history traits is expected to maximize survival
and reproduction, and thus fitness. Because of finite resources in a
changing environment, a number of trade-offs have emerged as a
consequence of natural selection forces that shape organism traits
and investments in survival, growth and reproduction (Fabian &
Flatt, 2012). In the absence of extreme disturbance events that
cause widespread mortality, trees that invest resources in defenses
from insects and/or drought resistance (e.g. the ‘fight trees’
mentioned by Lauder ez 4, 2019) would achieve a prolonged
lifespan and the associated reproductive output (Dani & Kodan-
daramaiah, 2019). Species capable of extreme longevity are not
only characterized by multiple reproductive cycles over their
lifetime but also by the production of viable seeds regardless of age
(Lanner & Connor, 2001; Alejano ez al., 2019). Because only past
survival, but not past reproductive effort, can be reconstructed over
centuries and millennia, it remains impossible to clearly distinguish
how fitness evolved with regard to those two adaptation strategies.

All tree organs are likely to face physiological, structural and
defensive trade-offs, and wood tissue allocation plays a central role
in these complex interactions (Chave ez al., 2009). Reduced stem
growth may be more easily obtained by conifers due to their
simpler wood anatomy compared to hardwoods (Fig. 8), espe-
cially those with ring-porous structures, which do not seem to
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allow the locally absent rings that are often found in long-lived
conifers (Baillie & Pilcher, 1973; Carroll ez al., 2014). Another
trade-off worth considering involves hydraulic efficiency and
safety of vessels in stems (Gleason ez al., 2016). In ponderosa pine
(Pinus ponderosa Douglas ex C.Lawson) a single xylem trait — pit
morphology — may determine tree longevity, because slower
lifelong growth rates in the oldest trees are determined by
functional constraints for hydraulic safety at the expense of growth
efficiency (Roskilly ez al., 2019). Older trees have a greater torus/
opening ratio that leads to reduced transport efficiency, and hence
lower growth when water is available, but also to greater
protection from embolism, and hence lower mortality during
drought episodes.

Xylem traits and plasticity, together with decay resistance,
especially in the heartwood (Taylor et al, 2002), influence
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longevity. Dark-colored heartwoods, rich in secondary com-
pounds, are more resistant to wood decay (Chave ez al., 2009).
Disease-resistant genes abound in the genome of long-lived
hardwoods, such as oaks (Plomion ez 4/, 2018). The total energy,
both chemical and structural, allocated by a tree to wood structure
and composition can be measured as volumetric heat of combus-
tion (Jcm ), which is positively correlated with longevity in
angiosperms (Loehle, 1988). Greater wood density in tropical
species is associated with lower mortality, especially during early life
stages (Osazuwa-Peters ez al., 2017).

In conifers, the presence or absence of resin ducts is genetically
controlled, and therefore used for wood species identification (e.g.
Wu & Hu, 1997). Producing chemical compounds in resin-based
defenses that protect conifers from biological agents of mortality,
such as bark beetles (Kane & Kolb, 2010), comes at the expense of
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Fig. 9 ‘Dolmen in the Snow’, by Caspar David
Friedrich, about 1807 ct. (This image is in the
public domain (see https://
commons.wikimedia.org/wiki/File:
Huenengrab_im_Schnee_
(C_D_Friedrich).jpg) and was reproduced
under a Creative Commons Attribution 4.0
License.)

growth and reproduction (Lochle, 1988). Long-lived bristlecone
(Pinus longaeva) and foxtail (Pinus balfouriana) pines are charac-
terized by defense traits, including constitutive monoterpenes,
resin ducts and wood density, that make them less vulnerable to
mountain pine beetle compared with limber pine (Pinus flexilis
E.James) (Bentz ez al., 2017). However, peer-reviewed articles to
date indicate longer maximal lifespan for limber (1575 yr; Millar
et al., 2018) than foxtail pine (1183 yr; Scuderi, 1993). One could
then speculate that population size, which is much lower for foxtail
than limber pine, influences stochastic mortality, thereby reducing
realized longevity of foxtail pine. Itis difficult to ascertain if a lack of
widespread interest in scientifically determining tree maximum
ages or an inability to capture all published scientific information is
also contributing to these differences.

Budgetary compromises between fast-growing, short-lived plant
species at one end of the spectrum and slow-growing, long-lived
species at the other are consistent with the notion that tree longevity
is mediated by the interaction between genotype and expressed
traits under environmental influences (Riiger ez /., 2020). A greater
allocation of resources to resin-based defenses with respect to
growth was recently reported in whitebark pines (Pinus albicaulis
Engelm.) that survived mountain pine beetle outbreaks (Kichas
et al., 2020). Outbreaks also reduced survival of fast-growing
ponderosa pine compared to slow-growing ones, suggesting a host-
based life history trade-off that favors the maintenance of genetic
diversity on growth rates (de la Mata ¢# al, 2017). In previous
sections, we noted how both the environment (e.g. elevation) and
tree properties such as age, growth rate and size influence tree
defenses (Ferrenberg ez al., 2017).

The resource availability hypothesis (Endara & Coley, 2011)
may include trade-offs between growth and defenses. Under
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limited nutrient availability, conifers show an increased investment
in chemical and anatomical defenses (Moreira et /., 2015), which
favor longevity. Stronger defenses in infertile soils should then be
the best strategy for tree survival because under adverse environ-
mental conditions trees are expected to have greater difficulties in
replacing tissues removed by herbivory pressure (Fine ez al., 2006).

Ultimately, these considerations lead to an evolutionary choice
between ‘to grow or to defend” (Herms & Mattson, 1992). In the
same vein, the widespread occurrence of center-rot and/or hollow
stems in many tree species could be a balance between, on the one
hand, mortality from reduced structural integrity, and, on the
other, the metabolic costs required to protect the central part of the
trunk (Ruxton, 2014). An opposite strategy consists of withstand-
ing stem breakage, for example from strong winds in hurricane-
prone areas, as in the case of Taxodium distichum (L.) Rich.
(Middleton, 2009).

IV. Old trees in a changing world

Uncovering bioecological processes that regulate tree longevity
has taken on a renewed emphasis in the age of global change.
Longevity is complementary to mortality (Stephenson ez al,
2011), and both depend on evolutionary history, environmental
conditions, biotic interactions and disturbance regimes. The
value of old trees as archives of environmental variability and
abrupt events, which has long been recognized for temperate and
high-latitude areas, has recently been extended to tropical forests
(Caetano-Andrade ez af, 2020). At the same time, the
distribution of old-growth forests has been reduced greatly by
human impacts (e.g. Bonnicksen, 2000). There is therefore a
possibility that our view of processes governing tree longevity
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suffers from a survivor bias, whereby an emphasis is placed on
remote mountain locations because those have been least
affected by human impacts.

Environmental shifts or megadisturbances (droughts, wildfires,
pests; Millar & Stephenson, 2015) and direct human impacts, such
as land use changes (Fig. 5), can substantially modify tree lifespans.
Responses are complex and not clearly predictable, with taxonomic
differences between conifers and angiosperms related to resilience
and resistance (DeSoto ez al., 2020). While old trees are capable of
increased growth when environmental conditions become more
favorable (Phillips er al, 2008), higher increments, especially
during the early phase of a tree’s life history, have been linked with
decreased longevity (Bigler, 2016; Brienen ez al., 2020). A warming
trend may favor fungal activity, which in turn would speed up wood
decay, decrease stem resistance and heighten the chance of snapping
(Oberle et al., 2018).

Mountains, which are hotspots of terrestrial biodiversity (Rah-
bek et al., 2019), harbor most of the oldest trees, but instrumental
observing networks located along ecological gradients have only
recently become operational (Hopkin, 2006). No modeling effort,
as sophisticated as it may be, can replace the value of obtaining
in situ, subhourly measurements of ecophysiological responses for
species with extreme longevity, such as Pinus longaeva and Pinus
flexilis (e.g. Liu & Biondi, 2020). After all, old trees in growth-
limiting environments, with their stunted form and relatively small
size, are likely to be more resistant to a changing climate than large,
monumental trees (Fajardo ez al., 2019).

Understanding how complex human—climate interactions shape
forest dynamics and impact tree longevity has a fundamental role in
science-based forest management and conservation (Sangliesa-
Barreda ez al., 2020). Tree longevity, when properly determined
(Box 1), can be considered a fundamental feature of forest
ecosystems, even becoming a super-trait that defines the health and
integrity of ecological processes. In fact, extremely old trees are
silent witnesses not only of natural landscapes but also of the
societies that live on them. In areas where dendroecological studies
have been combined with palynological ones, it has been possible to
distinguish long-term changes due to human sociopolitical and
demographic transformation from those linked to climate change.
As an example, historical landscape changes in central Italy caused
by human impacts have driven the modern location of old-growth
forests in remote areas (Mensing ez al., 2020). Similarly, it has been
possible to establish a direct link between the abundance of
multicentury-old Pinus heldreichii trees and the disappearance of
anthropogenic impacts in southern European mountains during
the late medieval plagues (Piovesan er a/., 2019b; Sangliesa-Barreda
et al., 2020).

Defining tree longevity has direct forest management implica-
tions when identifying old-growth stands. In particular, two of the
currently accepted criteria for old-growth status are: the average age
of dominant species equaling about half their maximum longevity;
and the presence of old trees approaching the maximum longevity
for the species (Mosseler e al., 2003), which in closed-canopy
forests is generally considered to be > 300 yr (Wirth et al., 2009).
Proper application of these guidelines requires in-depth knowledge
of longevity not only by species but also, for the same tree species,
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under different environmental conditions and historical legacies.
As a case in point, the US Forest Service old-growth definition in
the Northern Region changes by forest type, and is based partly on
the age of large trees and on stand basal area by species (Green ez al.,
1992).

Stem age is also a key variable for understanding, and properly
modeling, carbon residence and turnover times, which in turn
define the role of old-growth forests as a benchmark for maximum
carbon stocks, and of recovering forests as carbon sinks (K6rner,
2017; Requena Suarez ez al., 2019; Brienen ez al., 2020). While
single large and/or old trees are capable of accumulating carbon at
surprising rates (Sillett ezal., 2020), the role of old-growth forests in
biogeochemical cycles remains an area of active research (e.g.
Anderegg er al, 2020). It is worth mentioning that large
uncertainties still exist with regard to sinks and fluxes in soils,
vegetation and the associated boundary layer (e.g. Rayback ez 4/,
2020).

Large old trees are themselves habitat to several species that
would be equally damaged from tree mortality (Lindenmayer &
Laurance, 2017). So-called veteran trees (Fay, 2002) also deserve
protection, because they occur within rural and urban landscapes,
where they offer tangible reminders of past economic, cultural, and
social practices and landscapes that may disappear when left to
natural processes. While the growth patterns and history of such
monumental trees typically differ from those of individuals of the
same species located in forestsites, they can still reach extremely old
ages, especially for hardwoods (Drobyshev & Niklasson, 2010).
Yet, the lack of natural landscapes located next to areas where
veteran trees are located may hamper the assessment of agrarian
practices, such as pollarding, litter removal, livestock grazing, slash-
and-burn or other forms of fire use, etc., on the longevity of such
trees.

It may be worth noting that the peculiar features of extremely old
trees have attracted the attention of artists, with notable examples
during the European romantic period of the early 19" century
(Fig. 9). During that historical period, and in the same geographic
region, a growing conservationist movement began to recognize the
fundamental role of large old trees in natural landscapes for
sociocultural and aesthetic reasons (Molder ez 4l, 2020). An
appreciation of the long time required for trees to reach their
maximum lifespan, and of the ups and downs that are recorded in
their growth history, may inspire and remind people of the need to
maintain natural dynamics and habitats over a substantial portion
of our planet.

V. Last words

A preponderance of evidence has suggested that trees do not die
because of genetically programmed senescence in their meristems
(Mencuccini et al., 2014), and rather are killed by an external agent,
either biotic or abiotic. It is beyond the scope of our review to
further investigate the complexity of tree growth, which for instance
relies heavily on programmed cellular death, or apoptosis, both in
xylem and in heartwood formation (Kampe & Magel, 2013). We
are also aware of alternative hypotheses, such as the rate of living
theory of aging, which considers tree longevity to be a result of low
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metabolic rates in the stem compared to organs capable of
photosynthesis (Issartel & Coiffard, 2011). Here we argue thatlong
tree lifespans are allowed by specific combinations of life-history
traits within realized niches that support resistance to, or avoidance
of, extrinsic mortality (Stephenson e al, 2011; Fig. 8). Further-
more, trees can achieve their maximum longevity through sustained
growth over extended periods of time or at least by retaining the
capacity to increase their growth rates when conditions allow it.
The growth plasticity and modularity of trees can then be viewed as
an evolutionary advantage that allows them to survive for centuries
and millennia.

The two main life-history strategies we have outlined in
connection with tree longevity mimic two essential trade-offs, one
between growth and survival and the other between stature and
recruitment. The first strategy includes low radial growth rates,
often associated with strip-bark stems, in extreme environments
where climate (arid and/or cold) and soil (rocky and/or nutrient-
poor) are particularly limiting for tree growth. Isolated and
stunted trees are relatively free from competition, rarely subject to
high-severity wildfires, and well adapted to resist other environ-
mental and biotic hazards. The second strategy involves sustained
growth rates that lead to large sizes in environments that favor tree
growth, under temperate or tropical climates. While tree density
can be high and disturbance events can be frequent, these gigantic
trees are able to escape competition and resist perturbations thanks
to their resistance and resilience. Even under this strategy,
however, the oldest trees are usually those that have relatively
lower growth rates, thereby suggesting a universal role for the
growth—survival tradeoff.

It cannot be emphasized enough that understanding tree
longevity requires accurate, replicable dating methods, which were
outlined at the start of this review (Box 1). While dendrochronol-
ogists are often mired in climate reconstructions of increasing
numerical complexity, the importance of tree-ring data for
evaluating and understanding the biology of secondary plant
growth is undisputable, and provides yet another motive for
collecting such data. As more and more scientific information is
systematically collected on tree ages and other plant traits within
and between species under various ecological settings, it becomes
feasible to incorporate tree lifespan as a key ecological dimension in
global syntheses of life history strategies (Ottaviani et al., 2017),
especially in connection with disturbance regimes and their
possible future modifications.
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