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ABSTRACT

The longevity of tall tree species is an essential variable for understanding the dynamics and structure
of forest ecosystems. However, it is difficult to accumulate sufficient observations on the mortality of
mature individuals in natural populations to obtain a general longevity index. Therefore, we applied
a statistical method based on annual ring-count data for approximately 1,700 large-diameter trees
from 42 tree species to estimate an age limit for each species. The estimated attainable age varied
widely among species, with the longest-living group (approximately 700 years) that included Aesculus
turbinata, Kalopanax septemlobus, and Quercus crispula reaching seven times the lifespan of the
shortest-living group that included Populus suaveolens, Betula platyphylla, and Cornus controversa.
Fagus crenata, the dominant climax species in the region, had moderate longevity. Longevity was not
necessarily linked to the regeneration strategy of pioneer species, which are highly shade intolerant
during seedling establishment, as many long-lived species also exhibited pioneer-species-like regen-
eration. Although longevity varied greatly within some genera such as Betula, we detected
a phylogenetic influence on longevity across a wide range of taxa. A comparison of longevity
among common taxa in the northern Japanese Archipelago and North America showed that each
taxon had similar longevity in both regions. These findings imply that the longevity of the tree species
examined in this study is phylogenetically fixed, and that the longevity of each component species
has similar effects on forest dynamics in forest communities in both regions, each of which contains
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many closely related species and has similar species compositions.

Introduction

Trees are characterized by long, perennial lifespans sup-
ported by robust xylem. Lifespan significantly regulates
the life cycle of individual trees, as well as population
dynamics (Harcombe 1987; Loehle 1988; di Filippo et al.
2015), and has a substantial influence on the niche forma-
tion of each tree species (Osumi 2005). Therefore, know-
ing the lifespan of each tree species greatly improves our
understanding of the dynamics of forest communities,
which have cycles longer than an observer’s lifetime, and
the forest structure shaped by these dynamics (Lorimer
et al. 2001; Piovesan and Biondi 2021). In particular, the
lifespans of natural populations of target tree species can
be useful information for forest management.
Understanding the relationship between the age of
a managed population and the potential lifespan of the
species will allow foresters to choose more appropriate

management options.

Although longevity is a useful index for understanding
forest community dynamics, it remains poorly understood
(Lorimer et al. 2001), with records available mainly for
exceptionally large, old landmark trees, or old trees studied
for empirical data by foresters; much of this information is
anecdotal or speculative rather than scientific (Piovesan and
Biondi 2021). In recent years, records on the oldest long-

lived individual trees in various regions have been posted
online; however, these are usually exceptional records of
isolated trees, and are not useful as indicators to explain
the dynamics of forest communities and tree populations.
To date, only a few North American studies have presented
scientific longevity data for various tree species constituting
forest communities (Loehle 1988; Brown 1996; Pederson
2013; Hayek 2019; Liu et al. 2019). Except for a few tree
species, such as Fagus sylvatica (di Filippo et al. 2012;
Piovesan et al. 2019), Picea abies (Rotheli et al. 2012) and
Pinus montana (Bigler 2016), no study has conducted statis-
tical analyses of longevity based on large numbers of
measurements.

There are two fundamental obstacles to comparing and
analysing tree longevity data. The first obstacle is the limited
opportunity to observe the death of old individual trees
(Lorimer et al. 2001). Because species-rich temperate forests
have been subjected to anthropogenic disturbance through-
out human history (di Filippo et al. 2015), only small areas of
old-growth forest remain. Dead and dying trees frequently
have rotting or hollow trunks that make annual rings indis-
tinguishable (Ranius et al. 2009). Thus, it remains difficult to
collect sufficient data to analyse longevity in comparison to
other life-history events such as regeneration.

The second obstacle is that it is difficult to define the
life span of a tree species in the first place, and methods
for estimating longevity has not yet been established.
Trees grow over many years and are mainly iteroparous.
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However, unlike animals and annual or biennial herbs,
trees do not appear to have a fixed lifespan. Classically,
the whole-tree carbon balance has been thought to break
down as the tree ages, followed by a growth decline and
death (Loehle 1988). However, it remains unclear
whether this is a common process in actual forest com-
munities. For example, two of the tallest and longest-
lived tree species worldwide, Eucalyptus regnans and
Sequoia sempervirens, continue to grow as they age,
attaining huge sizes over time (Sillett et al. 2010). Some
studies have reported that tree growth is size rather than
age dependent (Mencuccini et al. 2005; Van and Sillett
2009). Trees are thought to have fewer intrinsic con-
straints on lifespan because they have developed systems
to overcome aging, such as long-lived stem cells and
cambium (Connor and Lanner 1990; Thomas 2013), tel-
omere repair to avoid limiting the number of cell divi-
sions (Flanary and Kletetschka 2005), structural plasticity
through modularity (Borges 2009; Pefiuelas and Munné-
Bosch 2010; Thomas 2013; Burian et al. 2016), and dor-
mancy to escape stressful periods (Pefiuelas and Munné-
Bosch 2010). Tree death in field populations occurs
mainly due to extrinsic rather than intrinsic factors, e.g.
weather damage, disease, and overthrow following trunk
decay (Ranius et al. 2009; Piovesan and Biondi 2021).
Thus, tree mortality appears to be a passive phenomenon
that depends on the local environment and biota, making
it difficult to determine the specific lifespan of each tree
species.

Several arguments have been proposed to investigate
the longevity of tree species by overcoming such difficul-
ties (e.g. Loehle 1988; di Filippo et al. 2015; Katsuki 2019;
Piovesan and Biondi 2021). Some such studies have
noted that super-longevity beyond a millennium is
almost exclusively limited to gymnosperms (Loehle
1988; Pederson 2013; Farjon 2018; Piovesan and Biondi
2021), and that long-lived individuals tend to be found in
mid-latitude environments with low disturbance fre-
quency (di Filippo et al. 2015), harsh environments
such as oligotrophic sites (Schulman 1954; Piovesan
et al. 2019), arid sites (Bigler and Veblen 2009), and
areas with high elevation and low temperature (di
Filippo et al. 2012; Bigler 2016). However, although dif-
ferences in longevity among species in the same environ-
ment are an important factor in defining tree species
niches and influencing the dynamics and structure of
forest communities, few reports have examined differ-
ences in longevity among tree species.

The objective of this study was to provide tree-species
longevity data to elucidate forest community dynamics and
structure. We measured annual ring data from logs of
major tall-tree species in temperate forests in the northern
Japanese Archipelago, and applied uniform sampling cri-
teria to estimate the longevity of each tree species statisti-
cally. Instead of using dead or aged trees, which are often
difficult to find, we measured annual rings on approxi-
mately 1,700 thick logs from 42 species harvested from
natural forests and accumulated in a lumber market to
estimate the attainable age of each species. Then, we
explored the longevity characteristics of Northern
Hemisphere cool-temperate forest tree species, as
Northern Hemisphere deciduous broadleaf forests are phy-
logenetically similar to those of the northern Japanese

Archipelago due to their common Arcto-Tertiary
Geoflora origin (Chaney 1947; Axelrod 1983). We com-
pared the longevity of each tree species from the Japanese
Archipelago with those of phylogenetically related species
in North America to investigate whether longevity is evo-
lutionarily fixed in each lineage.

Materials and methods
Samples

Most logs sampled in this study were harvested in the
Tohoku region in north-eastern Honshu Island, and some
were sampled on Hokkaido Island (Iwate Federation of
Forest Owners’ Co-operative Association 1990). The logs
were presumed to have been harvested from cool-
temperate natural forests consisting mainly of deciduous
broadleaf trees with some temperate coniferous trees.
Dense forests with closed canopies are well developed in
this region. In the Tohoku region and southern Hokkaido,
Fagus crenata is overwhelmingly predominant, accompanied
by Quercus crispula, Acer pictum, Aesculus turbinata, birches
such as Betula grossa and Betula maximowicziana, and con-
ifers such as Cryptomeria japonica, Thuja standishii, and
Pinus parviflora (Miyawaki 1987, 1988). In northern central
Hokkaido, beeches are absent and northern conifers such as
Abies sachalinensis and Picea jezoensis are mixed with
Q. crispula, A. pictum, and Betula spp. (Miyawaki 1988).

We sampled logs collected for auction at the Morioka
Mokuzai-Ryutsuh Center, a timber market in Yahaba,
Iwate Prefecture, Japan. Most of the sampled logs were
thought to have been harvested from old-growth forests,
because there has been very little afforestation in this region
except for a few conifers, C. japonica, Thujopsis dolabrata,
and Pinus densiflora, plantations of which were established
mainly in the 20™ century (Forestry Agency 2021), implying
that older individuals sampled in this study (>100 years) had
grown naturally.

Old-growth forests in the Tohoku region are located
almost exclusively in national forests, and in national and
Hokkaido prefectural forests in the Hokkaido region. In
1958, an expansive afforestation program for national forests
was launched through aggressive harvesting of old-growth
forests and establishment of young, fast-growing coniferous
plantations on the cleared sites. This program continued
until 1998, when comprehensive national forestry reform
led to a shift in management policy from timber supply to
sustainable fulfilment of multifunctional roles (Forestry
Agency 2013). The data used in this study were collected
from 1995 to 1998, immediately before the expansive affor-
estation program was halted, and therefore represent the last
of the period of old-growth forest logging. Previously, each
forestry office would harvest its own trees in national forests
and sell the timber at associated timber yards. However,
beginning in 1992, the Fourth Improvement Program for
National Forestry shifted to either stumpage sale or consign-
ment sale of timber to commercial markets (Oura et al. 2003;
Ajiki 2010). Against this background, for a short period in
the mid-1990s, the Morioka Mokuzai-Ryutsuh Center was
among the largest timber markets in Japan for cool-
temperate natural forest hardwood timber, handling an
annual volume of over 30,000 m®> (Iwate Federation of
Forest Owners’ Co-operative Association 1990).



Data collection

We recorded the numbers of annual rings on butt logs
exhibited for auction at the timber market between
June 1995 and March 1998. The sale lists, which were dis-
tributed prior to auctions held once or twice per month,
showed the tree species, diameter, and length for each tree.
Using this information, we sampled five of the largest butt
logs per species at every auction. Logs with diameters smaller
than the median for each species were excluded from sam-
pling, such that a species for which fewer butt logs were sold
may have been represented by fewer than five samples per
month, and species with large numbers of entries, such as
F. crenata, were represented by more than five samples per
month. We excluded logs with hollow cores, decay, or annual
rings that were unreadable due to roughness or stains on the
cut end. The total number of butt logs sampled was 1,684,
from 42 species (36 broadleaf, 6 conifer). There were few
coniferous logs because this market focused on hardwood
sales. Many temperate conifers representative of the Japanese
Archipelago such as Chamaecyparis obtusa, Chamaecyparis
pisifera, Sciadopitys verticillata, Abies spp., and Tsuga spp.
were not represented, perhaps due to their limited distribu-
tion in the Tohoku region.

The size of a sampled butt log was measured as the
diameter at breast height (DBH), where breast height (1.3
m) was estimated assuming that the log was cut at a height
of 50 cm. The annual rings were counted by selecting one
direction to approximate the average radius from the core
and drawing a reference line. Because it is time-consuming
to count several hundred years of annual rings outdoors, we
did not apply the common method of measuring in four
directions from the core but rather counted the annual
rings in one direction as carefully as possible to minimize
errors, in consideration of dense rings that were difficult to
distinguish with a hand loupe and the risk of false rings. In
this study, we refer to these annual ring counts as tree ages.

Data analyses

Longevity and maximum DBH were analysed under the
assumption that age and diameter data were lognormally
distributed. Because individual logs collected at the timber
market were considered to have exceeded certain age and
DBH thresholds, we also assumed that the age and DBH
values minus these species-specific thresholds followed
a lognormal distribution. The fitted lognormal distribution
was shifted to the right by the estimated threshold value
(Figures S2 and S3), and values within the top 2.5% of the
distribution were used to represent the maximum value. We
used the top 2.5% of values (referred to hereafter as the
approximate upper limit) because they included information
from data other than the actual maximum value, which can
vary significantly due to chance.

The approximate upper limit was estimated in the frame-
work of Bayesian statistics as follows. First, we assumed that
E,; is the observed value (age or DBH) of tree s minus
a species-specific threshold value, which is drawn from
a lognormal distribution with species-specific parameters.

E17S~Lognormal<m1,sa 0'%,5) M
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The species-specific threshold E, ; was assumed to be derived
from a uniform distribution with a range from 0 to the
minimum of the observed x,.

B~ Uniform(0, Minimum() @

The observed value x, was then assumed to be derived from
a normal distribution with the sum of E; and E, as the
mean.

Es = El,s + EZ,S (3)

x5~NormaZ(Es, af) (4)

In this model, the two parameters in Eq. (1) were assumed to
follow a mnormal or lognormal distribution with
a hyperparameter common to all tree species, stratified by
species as follows.

m115~Normal(ym, afn) (5)

o1,~Lognormal(u,, o2) (6)

We fitted age or DBH observations to this hierarchical
model and estimated the parameters for each species. The
Markov chain Monte Carlo (MCMC) method was
employed using R ver. 3.6.1 software (R Core Team 2019)
with the run.jags (Denwood 2016) in the runjags package.
To hasten and stabilize the convergence of the calculations,
observed values of age (years) and DBH (cm) were divided
by 100. The prior distribution of each parameter was
assumed to be vague, with a normal distribution, mean of
0, and variance of 100 for distributions that can take both
positive and negative values, and a gamma distribution
with a shape parameter of 0.01 and scale parameter of
100 for distributions that can take only positive values.
The initial values of E, ; were half of the minimum value of
X,. The initial values of parameters that can take both
positive and negative values and parameters that can only
take positive values were given random numbers generated
by Normal(0, 1) and Lognormal(0, 1) respectively. In
MCMC, 1,000 adaptations and 5,000 operational tests
were followed by 50,000 iterations, sampling every 50
iterations (where the total number of samples was 1,000).
We set three chains and obtained a total of 3,000 samplings
from the posterior distribution. The chains showed good
convergence for all parameters of all species, and the
Gelman-Rubin convergence diagnostic was <1.064.

The means of age (years) and DBH (cm) for each species
were derived from the MCMC samples of parameters using
the following formula.

Means — (EZ.S + e(m1_s+01.52/2)> % 100 (7)

In the expression for the cumulative density function of the
lognormal distribution, we determined the value of z; that
most closely approached the value of the cumulative density
function F(z;) of 0.975, 2975, by increasing the value of z
from 0 to 10 in increments of 0.00001.

_ ler [ — 11’1(25) — I’l’l]’S
F(z) =5 f( 01’5\/5 _> (8)
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This value was then added to the threshold value to be the
upper limit of the 95% interval of the distribution of age or
DBH, i.e. the sample of approximate upper limit values
(defined as U95,).

U95, = (Z0.975.s + Eas) X 100 9)

Next, DBH was regressed on age to obtain a benchmark
for the average growth after the threshold was exceeded.
Letting gy and a; ; be the intercept and slope of the regres-
sion equation for tree species s, respectively, we performed
the following calculations.

Uapys = Gos + a1 sage (10)

dbh,~Normal p 5 O3y (11)

To avoid outlier effects on the parametric estimation of
the regression equation for trees with small sample sizes,
both gy  and a;, were stratified by tree species and
assumed to follow a normal distribution with the same
mean and variance as the hyperparameters. We used the
method described above for estimation by MCMC, estab-
lishing a vague prior distribution and giving initial
values. The chains appeared to converge well for all
parameters of all species. The Gelman-Rubin conver-
gence diagnostic was <1.004.

The averages of the MCMC samples for Mean,, U95,, and
a; , obtained in the above analysis were used as estimates of
each parameter to test the phylogenetic constraints. First, the
longest sequences for each species were selected from the rbcL
data in the DNA barcode database of Japanese trees (Setsuko
et al. 2023), and then aligned using the ClustalW program
(Thompson et al. 1994). Only sequences (570 bp) that were
aligned throughout the data for all 42 species were used to
estimate a mutation model using the PAUP* program
(Swofford 2003), and a phylogenetic tree was estimated
using the MrBayes software (Ronquist et al. 2012). This phy-
logenetic tree was used to calculate Pagel’s A using the phylosig
function included in the phytools package in R (Revell 2012).

We compared the set of approximate upper limit ages
for each tree species in this study to an exhaustive list of
longevity data for North American tree species. As
described above, North America has temperate forests
with floras similar to those of the Japanese Archipelago,
and the two regions share many tree genera. North
America also retains some old-growth forests, such that
more longevity data have been collected from old trees
(Loehle 1988; Brown 1996; Pederson 2013; Hayek 2019).
Unlike the data collected in the present study, these
North American tree longevity data have not undergone
consistent sampling and statistical procedures. However,
we consider them to be reasonable values based on the
observations of previous forest-management and ecosys-
tem researchers, rather than a collection of extreme
values or anecdotal or speculative information.
Comparisons of longevity information for the two regions
were made among species of at least the same subgenera
or section whenever possible.

Results
Age and DBH of samples

The maximum ages among broadleaf and conifer tree sam-
ples were 772 years (Q. crispula) and 604 years (T. standishii)
(Figure S1), respectively. The maximum DBH values for
broadleaf and conifer tree samples were 144cm
(Q. crispula) and 125 cm (T. standishii), respectively. These
values were associated with different Q. crispula and
T. standishii individuals.

Age information for all tree species is provided in
Table 1. The approximate upper limit age of each species
(U95 in “Age distribution parameters”) included
Kalopanax septemlobus, A. turbinata, T. standishii,
Q. crispula, Taxus cuspidata, and Cercidiphyllum japoni-
cum, which were generally 600 years old or older, to the
youngest group, which included Cornus kousa subsp.
kousa, Fraxinus lanuginosa, Hovenia dulcis, Juglans man-
dshurica var. sachalinensis, Pterocarya rhoifolia, Magnolia
kobus, Cerasus sargentii, Alnus japonica, Betula platy-
phylla, Cornus controversa, and Populus suaveolens,
which were only 100-200 years old. Fagus crenata, the
most dominant tree in cool-temperate old-growth forests
of the Japanese Archipelago, was 401.4 years old at the
approximate upper age limit, which was considered
a moderate value, in a similar range to Ulmus laciniata,
A. pictum, B. maximowicziana, and Zelkova serrata.
Across all species, the approximate upper limit age was
roughly 1.8 times the mean age.

DBH information for each tree species is also shown
in Table 1. The approximate upper limit of DBH for each
species was approximately 120 cm for the largest group,
which included Q. crispula, Ulmus davidiana,
A. turbinata, K. septemlobus, and C. japonicum. The
smallest group included F. lanuginosa, A. japonica,
T. cuspidata, B. platyphylla, Maackia amurensis,
C. controversa, and C. kousa subsp. kousa, which reached
only 50-60 cm. Fagus crenata had an approximate upper
DBH limit of 102.7 cm, and thus belonged to the large-
diameter group, which included T. standishii, Z. serrata,
Celtis jessoensis, C. japonica, and P. parviflora. The
approximate upper DBH limit was roughly 1.4 times
the mean DBH of all tree species.

The approximate upper age and DBH limits had
a positive relationship (regression coefficient, 0.082; P <
0.001; * = 0.49), indicating that long-lived species tended
to have larger diameters (Figure 1). By contrast, a few
species had very low DBH values for their age, such as
T. cuspidata, Betula schmidtii, Ostrya japonica, and
C. kousa subsp. kousa.

However, the intraspecific relationship between age and
DBH for individual trees within each species was less clear
than the interspecific relationship between age and DBH. For
most species, the regression coefficients for age and DBH per
individual were significant (P < 0.05) but low (0.023-0.066 cm -
year '), and the slopes of the regression lines were nearly
horizontal after the species-specific threshold was exceeded
(Figure S1). Among the 42 tree species, U. davidiana,
A. turbinata, and T. standishii had relatively large slopes
(>0.06). These slopes had no significant relationship to the
approximate upper age or DBH limit of each species (Figure 2).
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Figure 1. Relationship between approximate upper age and diameter-at-breast-height (DBH) limits.

Relationships among longevity, size, and phylogeny

An estimated phylogenetic tree for the 42 species studied,
together with information on the approximate upper age
and DBH limits and the slopes of the DBH - age regression
(a;) are shown in Figure 3. The phylogenetic effects on
approximate upper age limits were analysed using Pagel’s A
(Table 2); significant effects were detected when all tree spe-
cies were included, when 36 angiosperm tree species were
included (“a” in Figure 3), and when 28 Rosales group species
from Tilia japonica to Castanea crenata were included (“b” in
Figure 3). By contrast, no phylogenetic effects were detected
for the clade consisting of 14 tree species from Betulaceae,
Juglandaceae and Fagaceae (“c” in Figure 3), as well as for
eight tree species from Betulaceae alone (“d” in Figure 3).
Among clades, relatively large approximate upper limit ages
were observed for Ulmaceae, Fagaceae, and conifers, whereas
smaller approximate upper limit ages were observed for
Magnoliaceae, Cornaceae, Rosaceae, and Juglandaceae.

The clade including Tiliaceae to Sapindaceae and the
clade consisting of Betulaceae involved species with wide
ranges of approximate upper limit ages. Within the sys-
tematic range of species tested in this study, approximate
upper limit ages for species not included in the cohesive
clade varied widely from high (e.g. K. septemlobus and
C. japonicum) to low (e.g. P. suaveolens and
M. amurensis). The approximate upper DBH limit
showed the same trend, except that the Magnolia clade
showed moderate values. Several clades showed
a consistent trend in regression slope values, including
low values for the Ostrya and Carpinus clades, moderate
values for the Fraxinus and Cornaceae clades, higher
values for the Ulmaceae clade, and high values for the

Juglandaceae clade, and variation was observed within
each of the Betula, Fagaceae, and conifer clades.

Comparison of longevity among associated tree species
in the Japanese Archipelago and North America

The regression coefficient for the longevity dataset
between the two regions, which contained 21 genera
and 25 pairs, was 0.70 (P<0.001; R=0.47; Figure 4).
This result indicated that the longevity rankings among
species were similar in the two regions. The upper limit
ages of tree species in the Japanese Archipelago were on
average 1.43 times those of closely related species in
North America.

Discussion
Longevity and DBH

The longevity of the studied tree species from temperate
forests of the northern Japanese Archipelago varied widely
among species (Figure 1). Among broadleaf trees in old-
growth forest, F. crenata, which was overwhelmingly domi-
nant, and common trees such as A. pictus, T. japonica,
U. laciniata, and Phellodendron amurense, had a mean age
of approximately 200 years and an approximate upper limit
age of about 400 years. However, some coexisting trees with
high frequency in beech forests tended to live longer, i.e.
Q. crispula, A. turbinata, and K. septemlobus, which have
a mean age of >350 years and upper limit age of approxi-
mately 700 years, which is >1.5 times longer than that of
F. crenata.
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Figure 2. Comparison of slopes of the regression of diameter-at-breast-height (DBH) on age for individual trees of each species, with indices of longevity and

thickness for each species.

The longevity of broadleaf trees in old-growth temperate
deciduous forests of the Northern Hemisphere has been
estimated at approximately 300 years (di Filippo et al. 2015)
and seldom exceeds 500 years (Pederson 2013; Hayek 2019).
Similar longevity has also been estimated for tropical forests
(Martinez-Ramos and Alvarez-Buylla 1998; Worbes and
Johannes Junk 1999; Wirth et al. 2009). The ages of the large-
diameter hardwoods from the northern Japanese
Archipelago examined in this study (Figure 1) were compar-
able to or longer than those of hardwoods reported elsewhere
in the Northern Hemisphere. This finding indicates that our
dataset was collected from sufficiently well-aged samples and
that the data are likely reliable and representative of the
longevity of broadleaf trees in northern Japan.

Typical large, intensive disturbance-dependent species
such as P. suaveolens, B. platyphylla, A. japonica, and
P. rhoifolia had mean longevity values of <100 years and
approximate upper limit ages of <200 years. By contrast,
some other large and intensive disturbance-dependent tree

species such as B. schmidtii, B. grossa, C. japonicum, and
U. davidiana were even longer lived than the dominant
F. crenata. Among these, C. japonicum exhibits vigorous
and constant sprouting in addition to its high mean stem
longevity of 347.5 years and approximate upper limit age of
620.4 years. Because C. japonicum replaces aged trunks with
young sprouts (Kubo et al. 2005; Osumi 2006), its longevity
as a genet is thought to be extremely long for a broadleaf tree
species. Almost all Betula species are thought to act as pio-
neer species (Ashburner et al. 2013), but the longevity of the
Betula species sampled in this study varied from very short
for B. platyphylla to medium (similar to F. crenata) for Betula
ermanii and B. maximowicziana, to the longest among all
studied tree species for B. grossa and B. schmidtii. This
finding indicates that pioneer species are not necessarily
short-lived (Gutsell and Johnson 2002; Lienard et al. 2015;
Piovesan and Biondi 2021).

Among conifers, the shortest longevity was observed in
P. densiflora, with a mean of 172.4years and an
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Figure 3. Phylogenetic tree for the 42 species studied, including approximate upper-age (white circles) and diameter-at-breast-height (DBH) (black circles) limits,
and the slopes of DBH - age regression (a;; grey circles). Circle sizes indicate the relative magnitudes of values among the species studied. Species name

abbreviations are listed in Table 1.

Table 2. Phylogenetic influences on the longevity and thickness of tall trees in the northern Japanese Archipelago.

U95 of age U95 of DBH Slope of dbh-age regression
Clade Pagel's A P Pagel's A P Pagel's A P No. of species
All species 0.779 <0.001 0.854 <0.001 0.859 <0.001 42
Angiosperms 0.774 <0.001 0.850 <0.001 0.890 <0.001 36
Rosids 0.801 <0.001 0.845 <0.001 0.891 <0.001 28
Betulaceae, Fagaceae, Juglandaceae 0.000 1.000 0.328 0.201 0.000 1.000 14
Betulaceae 0.000 1.000 0.000 1.000 0.000 1.000 8
Gymnosperm 0.000 1.000 0.000 1.000 0.000 1.000 6

approximate upper limit age of 298.7 years, whereas the
longest longevity was observed in T. standishii and
T. cuspidata, with means of approximately 350 years and
approximate upper limit ages of >600 years. Conifers are
not generally short-lived, and often have comparable long-
evity to that of non-short-lived broadleaf trees. Outside the
northern Japanese Archipelago, many conifer species
exceed the longevity of broadleaf trees (Farjon 2018;
Piovesan and Biondi 2021). Notably, mid-latitude tempe-
rate conifers sometimes live for more than 1,000 years (see

Thuja in Figure 4; Pederson 2013; Farjon 2018; Piovesan
and Biondi 2021). A few millennium conifers have also
been recorded in the Japanese Archipelago. For instance,
C. japonica, for which we estimated an upper limit age of
427 4 years, has been reported to exceed 1,000 years of age
on the remote island of Yakushima (Suzuki and Tsukahara
1987).

The conifers sampled in this study did not appear to have
lived that long, likely due to constraints from past anthro-
pogenic disturbances such as logging. Temperate conifers in
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Cupressaceae such as C. japonica, C. obtusa, and T. dolabrata
var. hondae have long been regarded as the finest timbers for
use in Japanese Archipelago architecture, and have been
repeatedly and selectively, but exhaustively, harvested since
around the 3™ century (Totman 1989). Notably, in the 17
century, a construction boom associated with the production
of castles and large temples almost completely depleted the
prime temperate coniferous old-growth forests of the
Japanese Archipelago, exhausting the timber supply
(Tokoro 1980).

Therefore, it is likely that most of the temperate conifer-
ous old-growth forests in the Japanese Archipelago represent
secondary forests, such that their constituent individuals
have not yet reached their potential longevity, although
some 300 years have passed since last intensive logging.
Species that are typically abundant in managed woodlands,
such as Quercus serrata, C. crenata, and C. sargentii
(Miyawaki 1987, 1988) may also have had their longevity
constrained because these woodlands were repeatedly har-
vested at short intervals of a few decades until the middle of
the 20™ century, which presumably suppressed the longevity
of these trees.

Many tree species in the northern Japanese Archipelago
have approximate upper DBH limits of >1 m (Figure 1).
These trees are sufficiently thick as mature individuals,
given that in old-growth forests dominated by F. crenata
in a typical cool-temperate forest of the Japanese
Archipelago, the minimum threshold diameter of canopy

trees is approximately 30cm (e.g. Nakashizuka and
Numata 1982; Hiruma and Hukusima 2001). The approx-
imate upper DBH limits varied widely among species,
indicating that there is a species-specific upper limit to
the size of mature individuals, just as there is for longevity.
As Farjon (2018) noted for conifers, larger trunk diameters
may be an evolutionary response to overcome decay and
achieve high longevity, because the primary mortality fac-
tor for tall tree species in stable environments is trunk
decomposition. Although, long-lived tree species such as
A. turbinata and Q. crispula are generally large in size,
some tree species such as B. schmidtii and T. cuspidata
remain small despite their high longevity. These trees may
have different life-history strategies from most tree species;
for example, mature trees retain a degree of shade toler-
ance to live as sub-canopy trees, or they grow slowly,
mitigating severe vegetative competition by selecting sites
within forest canopy that are less closed. Many tree species
showed a positive relationship between individual dia-
meter and longevity within a species, but the slopes of
the regression lines were nearly flat (Figure S1), implying
that longevity is not clearly associated with larger diameter
at the individual level.

Phylogenetic influence on tree longevity

Significant relationships between upper limit age and phylo-
geny were detected among the entire dataset of 42 tree
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species examined in this study, as well as for the large clade
Rosaceae (Figure 3). Longevity relationships among phylo-
genies were also similar between the Japanese Archipelago
and North America, implying that longevity is to some
extent a fixed property in phylogeny (Figure 4). For example,
the longevity of birch species varies widely within the genus,
and phylogenetic effects appear limited. However, when the
genus was subdivided into subgenera, species of subgenus
Betula were found to be extremely short-lived in the north-
ern Japanese Archipelago (B. platyphylla) as well as in North
America (Betula papyrifera and Betula populifolia) (Loehle
1988), whereas species of subgenera Aspera (B. grossa and
B. schmidtii in the Japanese Archipelago and Betula allegha-
niensis and betula lenta in North America) and Acuminatae
(B. maximowicziana) were more than twice as long-lived as
species of subgenus Betula, implying phylogenetic effects
within the genus Betula.

Deciduous broadleaf trees such as the genera Fagus,
Quercus, Acer, Ulmus, Betula, and Juglans, which are com-
mon to cool-temperate forests in the Japanese Archipelago
and North America, are widely distributed in the Northern
Hemisphere despite geographic fragmentation. These taxa
are considered remnants of ancient flora that once flour-
ished at high latitudes during the Tertiary (Arcto-Tertiary
Geoflora concept; Chaney 1947; Axelrod 1983). Later,
Wolfe (1997) revised the concept into the Boreotropical
hypothesis, in which pan-Northern Hemisphere flora
emerged in several locations in the mid-latitudes of the
Northern Hemisphere during the Eocene. The commonal-
ity of tree floras in remote regions of the Northern
Hemisphere, including the northern Japanese Archipelago
and North America, is the result of this long geo-historical
process.

The isolation of closely related phylogenetic groups
between the Japanese Archipelago and North America
would have continued over a long geo-historical period.
For tree species to expand their distribution and conti-
nuity between the two regions, it would have been neces-
sary to bypass either the Bering or North Atlantic land
bridge. However, these land bridges are under the influ-
ence of subarctic climates, even today during an inter-
glacial warm period, and it is estimated that during the
more than 2 million years since the Quaternary, global
temperatures were almost never higher than they are
today (Petit et al. 1999; Lisiecki and Raymo 2005). At
present, the only taxa among the studied tree species that
are distributed across these land bridges under subarctic
climates are section Asperae (genus Betula), section
Takamahaca (genus Populus), and subgenus Alnus
(genus Alnus), whereas the other taxa are distributed at
lower latitudes, with northern limits below this region.
Thus, it is likely that these land bridges did not function
for tree species whose present distribution remains at
lower latitudes, at least since the Quaternary, when gla-
cial cooling became pronounced. Thus, isolation between
phylogenetically closely related species between North
America and the northern Japanese Archipelago is esti-
mated to have persisted for approximately the last
2 million years.

Despite this presumed long-term geographic isolation, the
longevity of each phylogenetic group and the ordinal relation-
ships among them were similar between the two regions, imply-
ing that the potential longevity exhibited by each phylogenetic

group may have been inherited over a long period. Given this
supposition, it is reasonable to expect that the combination of
diverse longevity values for component phylogenetic groups has
continued to have similar effects on the dynamics of both
temperate forest regions originating from the Arcto-Tertiary
Geoflora, which are now isolated in East Asia and North
America.

How diverse is the lifespan of tree species? Is that
diversity species-specific or plastic? The answers to these
questions are important to understanding the niches of
tree species whose life forms are characterized by perenni-
ality, as well as the dynamics of forest communities. In
addition to the cool-temperate East Asian temperate forest
examined in this study, it will be both necessary and
interesting to clarify longevity diversity in other biomes
with different phylogenetic group compositions in a future
study.
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