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Abstract 19 

Trees can live many centuries with sustained fecundity and death is largely stochastic. 20 

We use a neutral stochastic model to examine the demographic patterns that emerge over 21 

time, across a range of population sizes and empirically observed mortality rates.  A small 22 

proportion of trees (~1% at 1.5% mortality) are life-history ‘lottery’ winners, achieving 23 

ages >10-20x median age.  Maximum age increases with bigger populations and lower 24 

mortality rates.  One quarter of trees (~24%) achieve ages that are 3-4 times greater than 25 

median age.  Three age classes (Mature, Old, and Ancient) contribute unique historical 26 

diversity across complex environmental cycles.  Ancient trees are an emergent property 27 

of forests that requires many centuries to generate.  They rradically change generation 28 

time variance and population fitness, bridging infrequent environmental cycles.  These 29 

life-history ‘lottery’ winners are vital to future forest dynamics and invaluable data about 30 

environmental history and individual longevity.   Old-growth forests contain trees that 31 

cannot be replaced through restoration or regeneration in the near future.  They simply 32 

must be protected to preserve their unique diversity. 33 

 34 
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  43 

 44 

Old Trees in Nature  45 

Human cultures around the world have revered ancient trees as powerful spiritual 46 

beings, connecting Earth and Heaven, as sources of wisdom, fertility, balance, and 47 

longevity 1. These myths and legends are often embodied by a particularly old and 48 

venerated individual tree of exceptional presence, distinguishable from the many other 49 

large trees in the forest. These ancient trees are seen as belonging to a separate and special 50 

class of being that transcends the normal plane of existence, binding the tree to a deep 51 

knowledge and awareness of history, change, and persistence. With increasing knowledge 52 

about the role old trees play in ecosystems, biologists are also beginning to attach special 53 

significance to individual ancient trees in populations 2, 3.  54 

The ecological importance of old trees in forested ecosystems has been extensively 55 

documented, particularly as small natural features that provide a wide range of services 56 
4–6. And yet, our understanding of tree age structure in forested ecosystems remains poor 57 
7. Fundamentally, the lifespan of even an ordinary tree exceeds the duration of long-term 58 

ecological projects, so demographic studies of trees can only be performed on a cross-59 

sectional, not longitudinal, basis.  Additionally, several inherent difficulties exist for the 60 

reliable dating of old trees 8, 9.  Among tropical tree species in aseasonal climates, growth 61 

rings are not tightly linked to annual cycles, making temporal dynamics difficult to 62 

interpret 10-11.  Overall, the most reliable methods require complex – time consuming - 63 

studies and these are rare at the population or community level 12.   64 

Annual mortality rates have been estimated and measured at the population or 65 

community level in many forests.  These rates range from 0.3% to 5% for large mature 66 

well-established individuals 13–19, often centered around 1.5-2%. While individual-based 67 

stochastic models of tree mortality are commonly used to explore community ecological 68 

and structural dynamics 7, the evolutionary implications of extreme longevity of 69 

individuals have not previously been noted or explored.  Using a neutral stochastic 70 

mortality model, we obtain results that closely match those obtained through empirical 71 

studies 20–22.   Here, we highlight several exceptional population-level demographic 72 

properties that emerges from a neutral mortality model based upon empirical studies and 73 

discuss their evolutionary implications, particularly given long-term environmental 74 

cycles.   75 
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First, a very small proportion of individuals win the longevity “lottery” and obtain 76 

exceptional ages, >>10 times greater than the median age in the population (Figure 1A).  77 

These ancient trees are observed in natural populations and are possible because of the 78 

lack of programmed senescence enabled by the woody plant growth form 3 and the low 79 

mortality rates observed in many old growth forests globally 13–16.  We argue that despite 80 

the rarity of these individuals, they play a significant role maintaining diversity in the 81 

population and bridging across unusual and infrequent environmental conditions.  82 

Second, a larger proportion of individuals reach significant ages many times greater than 83 

the median age.  These old individuals contribute substantially to the stabilization of 84 

population diversity to intermediate environmental change.  We objectively identify three 85 

age classes (“mature”, “old”, and “ancient”, see Methods for classification technique), 86 

examine the properties of these groups in response to variation in population size and 87 

mortality rate, and explore how each group relates to both short-term and long-term 88 

environmental changes. 89 

 90 

Modeling tree evolutionary demographics 91 

Mature, well-established trees are not programmed to senesce at a particular size or 92 

age but instead die in consequence of serious damage due to abiotic factors, such as fires 93 

or severe storms or sustained poor environmental conditions.  In our model, we assume 94 

that established canopy trees would survive until stochastic death causes mortality.  We 95 

are only modeling mature established trees and not seedlings, which are known to 96 

experience very high mortality rates.  We explore these demographic dynamics across a 97 

range of basic parameters for annual mortality rate (0.1, 0.5, 1.0, 1.5, 2.0, 3.0, and 5.0%); 98 

and population size (100, 1K, 10K, 100K, and 500K individuals); given a time span of 99 

15K years.  Population sizes are held stable throughout the simulation, assuming a mature 100 

old-growth forest where space is fully occupied and community size constrained.  101 

Population age refers to the length of time after establishment of the first cohort of mature 102 

trees.  Twenty-five replicates were run for each set of model parameters and results reflect 103 

the average among replicates.  These simulations are neutral in process to examine the 104 

understanding patterns that emerge, given the basic assumptions of the model (see 105 

Methods for more detailed description of the process).  Code was written in Mathematica 106 

12 (see Supplementary Material). 107 

The existence of life history ‘lottery’ winners is apparent in all model conditions, 108 

but the maximum age reached increases dramatically as mortality rate declines below 2% 109 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted October 17, 2021. ; https://doi.org/10.1101/2021.10.16.464670doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.16.464670


 

5 

(Fig. 1A), with a doubling of maximum age between 1% and 0.5% mortality.  This range 110 

of mortality rates corresponds directly to empirical values estimated from global forests, 111 

indicating the small changes in forest mortality can have dramatic impact on the potential 112 

age of trees in that forest.  Additionally, maximum age does respond to increasing 113 

population size but this effect declines for very large populations, with the most dramatic 114 

response occurring among smaller populations, indicating the sensitivity of small forest 115 

fragments to this process.  Median population age, on the other hand, is insensitive to 116 

population size but declines sharply with increasing mortality rate (Fig. 2).  The mean 117 

age of old also increases with declining mortality rate and increasing population size, 118 

although less dramatically.  Interestingly, the proportion of Old Trees in the population 119 

(~24.4%) remains constant across all model conditions while the proportion of Ancients 120 

remains constant for a particular mortality rate (e.g. ~1% of population for 1.5% 121 

mortality) but increases with declining mortality (e.g. ~1.5% of population for 1% 122 

mortality compared to 0.2% of population for 5% mortality).  The Ancient trees, 123 

particularly the oldest, display the greatest degree of responsiveness to changing model 124 

conditions.  125 

Our models also provide an objective estimate of the time required for a forest to 126 

reach climax age, following the establishment of an even-aged cohort.  This situation 127 

resembles what happens managed restoration or natural regeneration after catastrophic 128 

fire or storm or anthropogenic conversion.  The climax age of a forest is a linear 129 

relationship between Log[population size] and mortality rate (Fig. 1B), taking several 130 

centuries given intermediate population sizes and mortality rates below 2%.  We define 131 

this climax age as the point where the age structure of the population stabilizes 132 

(Supplementary Material 1) and the forest becomes older than the oldest surviving 133 

individual.  This moment in forest evolution also corresponds closely to when the oldest 134 

individual becomes the lone representative of its age.  These patterns have relevance to 135 

many modern forests, particularly in the northern temperate regions, where even-aged 136 

stands have grown in abandoned agricultural lands.  Given prevalent natural mortality 137 

rates, the climax status of the forest remains centuries in the future.  With increased 138 

mortality rates observed in forests around the world, these dynamics may be accelerated 139 

and the potential for the emergent ancient age groups may be impossible. 140 

We defined threshold ages for three age groups (Mature, Old, and Ancient) based 141 

upon the properties of the rank-age distribution of the populations, after the population 142 

had reached climax age (Supplementary Material 2).  While the mature and old age 143 
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groups remain consistent across model conditions, we would highlight the variability and 144 

sensitivity of the ancient age group to changes in mortality rate.  Some individuals obtain 145 

truly astonishing ages in relation to the mean age of the oldest individual, which as noted 146 

above, is already substantially greater than median population age and even the median 147 

oldest individual across replicates (Fig. 3).  Even in the smallest populations (Fig. 2), 148 

individuals achieve ages that are significantly more than the mean maximum age and the 149 

frequency and magnitude of these outliers increase with declining mortality.  Essentially, 150 

a life-history lottery winner can emerge at any time point.   The maximum age obtained 151 

by these lottery winners is substantially greater than even forest climax age, indicating 152 

that even after population age structure has stabilized, the ancient trees continue to 153 

become more different and unusual for many more centuries.  Unfortunately, the ancient 154 

age group that emerges from a stochastic death process, and thus their impact on 155 

evolutionary dynamics, can only be found in old-growth forests.  Modern conversion 156 

resets the long process.   157 

 158 

Buffering evolutionary change across different time scales 159 

Environmental change occurs on many different time scales and is an emergent 160 

selection force that is composed of numerous factors of change.  To explore the impact 161 

of the three age groups on population level diversity, we constructed a scenario of 162 

millennial environmental change, where fitness is determined by four different 163 

underlying regular cycles (Fig. 4 and Supplementary Material 3).  Given a mortality rate 164 

of 1.5%, fitness diversity in each of the three age groups varies with increasing population 165 

size in different ways.  Compared to the overall distribution of fitness values present in 166 

the environment over one thousand years, the Mature individuals correspond extremely 167 

well with fitness values over the short-term but poorly with fitness averaged over the 168 

entire time period.  This distribution for Mature individuals does not change with 169 

population size because this age group is present and consistent in all populations.  The 170 

Old individuals, on the other hand, closely match fitness diversity in the Mature group at 171 

the smallest population size (Fig. 4a) but quickly shift until they closely match the 172 

distribution of environmental variation.  Fitness diversity among Ancient individuals 173 

continues to shift with each change in population size.  At the smallest population size, 174 

Ancient individuals are entirely absent and as they appear, they are substantially different 175 

than either of the two age groups and the environmental change.  With increasing 176 

population size and a corresponding increase in abundance and age of ancient individuals, 177 
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their fitness diversity begins to converge on the distribution of overall environmental 178 

variation (Fig. 4e).  179 

 The environmental scenario discussed here represents a single set of conditions for 180 

the scale and frequency of environmental change and are thus only a case study but certain 181 

lessons can be drawn from its results.   First, Mature individuals are present and 182 

completely predictable in all populations, no matter the model parameters, although 183 

median age does decline with increasing mortality rate.  These Mature individuals are 184 

constrained to environmental conditions experienced in the recent past.  Secondly, the 185 

Old individuals are also present and consistent in all but the smallest populations and 186 

reflect the central tendency of environmental variation, given that the time scale of change 187 

and the mean age of Old individuals roughly corresponds.  Finally, the Ancient 188 

individuals in intermediate sized populations can poorly fit both current and historical 189 

environmental variation and represent a unique range of diversity compared to the other 190 

age groups.   191 

These Ancient trees can be a very valuable resource for the population as a whole, 192 

if temporal scales of environmental variation extend beyond the age of old individuals, 193 

thus bridging between extreme and infrequent environmental conditions that the 194 

population might not survive without the ancient trees.  Conversely, these ancient trees 195 

might harbor traits and genes that are poorly fit to current and more short-termed 196 

environmental change and if they dominated reproduction could reduce population 197 

fitness.  This could be particularly concerning if environmental change were directional, 198 

moving steadily away from any central tendency.  Ultimately, many other possible 199 

environmental dynamics could be explored, particularly if environmental change is 200 

directional and not constrained to a central value.  Their rarity and difficult identification 201 

makes discovery and direct study challenging using traditional ecological sampling 202 

methods.  Instead, the disproportionate and profound impact these ancient trees have on 203 

the adaptiveness and sustainability of the population and species as a whole require an 204 

innovative and specialized modeling approach.  A full exploration of these dynamics 205 

requires a comprehensive analytical approach to summarize results across a range of 206 

environmental conditions to obtain general properties of this dynamic.   207 

To assess the evolutionary buffering capacity of the emerging age class structure in 208 

these populations, we examined variation in three estimators of generation time, given 209 

different population sizes and mortality rates.  The first estimator assumes that all 210 

individuals alive in the population have an equal probability of producing successful 211 
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offspring.  The second estimator assumes that older individuals contribute 212 

disproportionately to the next generation, based upon their age and not the number of 213 

individuals of that age.  The third estimator assumes that only the oldest individual alive 214 

produces offspring.  The first two estimators are basic methods of estimating generation 215 

time while the last value indicates the maximum possible value for generation time in a 216 

population over a given period of time. 217 

Generation time for all three estimators increased with decreasing mortality rate, 218 

with only slight changes in the first estimator but increased roughly sixfold for the last 219 

estimator (Table 2).  These values also changed dramatically with increasing population 220 

size, increasing two- to three-fold within each mortality rate.  The first and third 221 

estimators essentially represent the lower and upper bounds for generation time in the 222 

population.   Given that selective environments change through a complex cyclical 223 

process of several underlying patterns, extreme environmental conditions can return over 224 

time periods of decades or hundreds of years (Figure 4A). Greater longevity of ancient 225 

individuals increasingly bridges the temporal gap between the return of these 226 

environmental extremes (Fig. 4B-E).  If individuals that establish during those extreme 227 

periods are more fit for those conditions, they can produce offspring that are likely to 228 

have advantageous alleles that facilitate establishment during those extreme conditions. 229 

Because fecundity is generally maintained in ancient trees, their contribution to 230 

regeneration during these extreme but rare climatic conditions. Overall, despite the rarity 231 

of the ancient individuals, each ancient individual is connected to a unique historical 232 

circumstance (Fig. 4).  They create a rich and deep genetic diversity within the community 233 

that can bridge the gaps between rare and extraordinary environmental conditions. 234 

Particularly, given predictions of global climate change, the baseline itself of cyclical 235 

environmental change is shifting and the amplitude of change is increasing, driving 236 

conditions towards more and more extreme values, further accentuating the importance 237 

of these ancient reservoirs of valuable adaptive capacity at the outer margins of genetic 238 

diversity.  Beyond the neutral dynamics explored here, ancient trees also accumulate 239 

heritable epigenetic imprinting and somatic mutations which further increase the overall 240 

population diversity. 241 

 242 

Mechanisms to deal with aging in ancient trees  243 

Several mechanisms have evolved in individual trees to enable extreme longevity 244 

and deal with negative effects of ageing (Fig. 4).  In general, they can be grouped into 245 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted October 17, 2021. ; https://doi.org/10.1101/2021.10.16.464670doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.16.464670


 

9 

two non-mutually exclusive categories: (i) senescence avoidance and (ii) aging tolerance.  246 

“Senescence avoidance” includes either escaping from or preventing senescence. 247 

Clonality in plants allows resetting the clock and escaping the wear and tear of ageing 23.  248 

Although clonality is tightly linked to long lifespans, it only relates to the genotype, but 249 

not the individual 3,24,25.  More relevant to the model presented here, ancient, non-clonal 250 

trees usually show another mechanism to prevent aging for a very significant part of their 251 

lifespan.  Growth and senescence at two essential parts of the same coin. While plants are 252 

growing, they cannot senesce. Senescence implies a reduction in vigour; therefore, 253 

continuous growth is the most effective mechanism to prevent senescence. Several long-254 

lived plant species follow this strategy, including redwoods (Sequoia sempervirens), 255 

which attain their maximum height at relatively advanced ages and generally do not show 256 

a decline in vegetative growth vigour with increasing age 26. This strategy has, however, 257 

its limits. Due to functional leaf characteristics in redwoods, increasing leaf water stress 258 

due to hydraulic and mechanical constraints may ultimately limit leaf expansion and 259 

photosynthesis, thereby preventing further height growth beyond 130 meters even with 260 

ample soil moisture 27. Trees have evolved strategies to prevent death from water stress 261 

once maximum height has been reached. 262 

 Stress tolerance is indeed a mechanism of aging tolerance, since it serves to delay 263 

death as trees age.  In ancient trees, the ability to maintain pluripotent meristems is key 264 

for resistance (growth memory),  resilience and stability of populations 28,29.  While shoot 265 

apical meristems (SAMs) lead directly to vegetative and reproductive growth, axillary 266 

meristems (AMs) are particularly important for plant branching and regeneration after 267 

damage 30.  Ancient trees possess huge vegetative plasticity (Fig. 5), even through 268 

epicormic shoots in consequence of severe disturbances 3.   269 

In fact, the modular tree growth form, through both SAMs and AMs aboveground 270 

and root apical meristem (RAMs) and lateral meristem (LMs) belowground, creates a 271 

colony of competing genotypes that vary in their genotypic and phenotypic fitness 272 

according to their historical development.  The cambial meristem continually renews the 273 

vascular system of the tree, responding to local conditions, both temporally and spatially, 274 

essentially creating a record of change and resilience in the tree wood. Meristematic 275 

tissues, both pluripotent and constantly renewing themselves, enable the tree to 276 

essentially be potentially immortal 25. This pluripotency is also observed in our ability to 277 

propagate scion wood from old trees, which is often rejuvenated to some extent when 278 

grafted onto a younger tree, truly enabling the possibility of potential immortality for a 279 
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particular genotype.  Ultimately, the lack of separation between the germline and somatic 280 

tissue allows the accumulation of heritable somatic mutations 31,32 but within-individual 281 

selection at the meristem levels allows sweeping out of deleterious mutations and 282 

selection for advantageous mutations below the individual level.  Epigenetic imprinting 283 
33-35 across their canopies over centuries also allows them to be particularly good at 284 

tolerating stress and preventing the wear and tear of aging and passing on advantageous 285 

traits and phenotypes.  286 

 287 

Living stores of past selection and future adaptive capacity  288 

Abundant evidence suggests that trees can obtain extreme ages, well over a 289 

millennium, due to their unique modular growth form and physiological plasticity and 290 

that they regularly achieve ages of many centuries.  A neutral stochastic death process, as 291 

modeled here, produces population age structures that correspond to those observed in 292 

natural populations.  While the mature and old trees in the population are consistent across 293 

model results, the properties of ancient trees only fully develop in large populations with 294 

relatively low mortality rates after many centuries of forest growth.  These ancient trees 295 

reach ages substantially greater than other trees in the community and comprise a small 296 

proportion of the total population.  We argue that they play a significant and 297 

underappreciated role in the evolutionary dynamics of forest tree species.   298 

Critically, in converted forests or populations of very small size, the long 299 

demographic tail of ancient trees is missing.  Our results suggest that climax forest 300 

containing ancient trees obviously requires several centuries, even when mortality rates 301 

are relatively high (3%).  Estimates that ‘old-growth’ forest can be achieved in 150 36 302 

neglects the impact of ancient trees.   These ancient trees are indicators of the degree of 303 

development in old-growth processes 37.  Old and ancient trees are unique proxies for 304 

reconstructing past climate and environment 38.  Such old trees have survived multiple 305 

decadal (AMO and PDO generally lasting between 30-70  years) and even longer 306 

contrasting climatic phases (Medieval warm period, Little ice age, global warming).  307 

While our model assumes neutrality, the survivorship of some trees also indicates the 308 

growth conditions where functional traits 39 confer resistance to biotic and abiotic 309 

stresses.  Our currently highly fragmented, largely converted global forests face profound 310 

evolutionary challenges, given the loss of the buffering effect of ancient trees, particularly 311 

in the face rapidly emerging novel environments expected for the Anthropocene.  Once 312 
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disturbed by man, a regeneration forest needs a millennium to recover its natural stock of 313 

ancient trees.  314 

Finally, ancient trees represent a major reservoir for deep genetic diversity that can 315 

bridge long temporal gaps between extreme environmental conditions.  While these 316 

ancient individuals are relatively infrequent in the population, their existence in the 317 

community can have profound impacts on the evolutionary dynamics, particularly 318 

regarding coalescent and lineage sorting processes, which are both defined by generation 319 

time 40,41.  Given our poor understanding of demographics or population dynamics in 320 

forest trees, the impact of possible variation in generation time, caused by skewed or 321 

unusual demographic structures 42-44 is not frequently considered.  We demonstrate that 322 

the presence in ancient trees in the community greatly extends generation time and greatly 323 

increases its variance, thus also extending and increasing the variance in coalescent times 324 

and lineage sorting processes.  While evidence of senescence, through diminished seed 325 

output, has been recently reported 45, older trees often do contribute a disproportionate 326 

number of seeds during a fruiting event 46 and no evidence exists in regard to their pollen 327 

contribution.  Their participation in population genetics of the community remains 328 

significant, despite their rarity in the community.  Empirically, tree genomes are often 329 

noted for their high levels of heterozygosity and typically exhibit higher within 330 

populations levels of genetic diversity in comparison to between population levels, 331 

supporting this hypothesis.  This suspended process of coalescence would also address 332 

the paradox of fast microevolution but slow macroevolution 46. 333 

For all of these reasons, old-growth forests with their unique stock of ancient trees 334 

are becoming increasingly important to protect.  Losing these trees is similar to allowing 335 

species to go extinct.  Ecologically, ancient trees are known to be unique biodiversity 336 

hubs 47 that provide key or unique ecosystem functions unparalleled by managed forests.  337 

They contribute disproportionately to the forest rate of carbon sequestration, as this rate 338 

continuously increases with tree size 48.  But these ancient trees, perhaps most critically, 339 

are an irreplaceable evolutionary resource for the tree species themselves.  The loss of 340 

these ancient trees can greatly reduce the evolutionary potential of the species.  Preserving 341 

and restoring ancient trees everywhere in the world, from the heart of old growth forests 342 

to tiny fragments along roadsides, is an urgent goal for a sustainable future.  We strongly 343 

advocate research focused on these ancient trees and their contribution to the future 344 

adaptive capacity of our global forests.  345 

 346 
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Methods 347 

 348 

Simulation model 349 

A simple technique for imposing a stochastic mortality rate on a population of 350 

individuals with a constant number of individuals in the population was written in 351 

Mathematica 12 for Mac OS (Wolfram Research).  The simulation involves no spatial or 352 

fitness component into the likelihood of death but instead all individuals are equally likely 353 

to perish.  The initial settings mimic recovery of a site after a complete conversion with 354 

all individuals starting at the same time and same age.  All individuals are considered 355 

established once they appear in the population simulation with equal probability of 356 

mortality. 357 

Each step in the simulation is equivalent to a year and the dead individuals are 358 

chosen randomly and then removed from the population, with the number of individuals 359 

to be removed being the annual mortality rate multiplied times the population size.  360 

Surviving individuals have a year added to their age and a new cohort of one year old 361 

individuals replace the dead individuals removed from the population.  This step is 362 

repeated for the duration of the simulation model.  All models were run for an equivalent 363 

of 15000 years.  364 

The parameters explored in the model vary by population size (100, 1000, 10K, 365 

100K, and 500K individuals) and annual stochastic mortality rate (0.001, 0.005, 0.01, 366 

0.015, 0.02, 0.03, and 0.05).  Each set of parameters were examined across 25 replicates.  367 

To explore the impact of increasing population size, one set of replicates were also run 368 

for one million individuals given a mortality rate of 0.015.  Little variation was observed 369 

in the results and further exploration of a broader parameter space did not seem warranted.  370 

The mortality rate of 0.02 appears to be a bit of a threshold as the results change quickly 371 

below this rate but the lower bound of mortality studied here (0.001) does not appear 372 

biological relevant as the results do not reflect empirical evidence from global forests or 373 

other organisms which match this mortality model.  More detailed exploration of the 374 

impact of small population sizes on these dynamics is warranted, as the lower bound of 375 

100 individuals generated unusual results and presented certain challenges to the model 376 

effort. 377 

To simplify the analysis of the demographic patterns, samples were taken of the 378 

population every 100 years during the 15000 year time period and individuals were 379 

grouped by age class.  All subsequent analyses were performed on these demographic 380 
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tables.  Given the initial conditions of the model, where an even-aged cohort of 381 

individuals dominate the population in the beginning of the model but slowly go through 382 

attrition until the youngest age class becomes the most abundant.  We determined that 383 

this point where the age class structure becomes stable represents the population climax 384 

age, at which the impact of the reset no longer has an effect.  Population climax age was 385 

technically defined as the point at which the oldest age class is represented by a single 386 

individual.  These dynamics are explained in greater detail in the Supplementary Material 387 

1.  All analyses were performed after the demographic patterns became stable. 388 

 389 

Age group classification 390 

We detected an emerging group of individuals in our simulations that were 391 

substantially older than the rest of the population.  We deemed these individuals as 392 

‘ancient’ and described them as life history lottery winners because they were always a 393 

small fraction of the overall population but departed entirely from the population 394 

characteristics, extending a very long and thin tail to the distribution of ages (see 395 

Supplementary Material 2).  Further exploration of the age-rank distribution revealed that 396 

three separate segments of the population (mature, old, and ancients) could be identified 397 

objectively by age, corresponding to the different parts of the age-rank curve.  The 398 

threshold between the mature and elder groups could be efficiently determined as twice 399 

the age of the median age of the entire population.  This threshold, easily calculated, 400 

corresponds closely to the inflection point in the rank-age distribution where the steady 401 

and linear progression becomes non-linear.  The threshold age between old trees and 402 

ancients was technically defined as the point where the subset of five consecutive ages 403 

present in the population are separated by an average of two years, e.g. the sequence of 404 

ages becomes 450, 452, 454, 456, 458.  We found that applying this rule to different 405 

population sizes resulted in different threshold ages for ancients, that increased with 406 

population size, but the absolute number of individuals above this threshold remained 407 

constant across population sizes.  But, plotting this threshold on the rank-age distributions 408 

revealed that it did not correspond well with the properties of the curve and only included 409 

a very small portion of the obvious long tail of very old individuals.  Instead, we found 410 

that the 10K individual population appears to represent a point at which the dynamics 411 

become predictable at larger population sizes.  Setting the threshold for ancient age as the 412 

point where the rule was accepted for 10K for all population sizes then fit the properties 413 

of the curve. 414 
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 415 

Exploring environmental fitness dynamics 416 

In order to explore the role of individuals in these different age groups given cyclical 417 

environmental change, we simulated an environmental fitness value that is the summation 418 

of four different cycles that recur over the time period of the simulation.  Because of the 419 

large possible parameter space given this type of model, we wrote a ‘tunable’ but arbitrary 420 

equation that generated an emergent pattern that was appropriate to empirical patterns of 421 

environmental cycles that occur on various temporal scales, from decades to millennia.  422 

The equation is the summation of  423 

4 (Sin[x*.01]) + Sin[x*wave1freq] + wave2amp*Sin[x*wave2freq] +  424 

 wave3amp*Cos[x/wave3freq]; 425 

where x = time and the variables wave#amp and wave#freq correspond to the 426 

properties of the specific environmental cycle.  These variables could be easily modified 427 

and a representative set were chosen to examine the impact of the different age groups 428 

over these fitness cycles.  See Supplementary Materials 3 for a detailed description of the 429 

process and the background for the background environmental fitness value used in 430 

Figure 3. 431 

To assess the impact of the different age groups on the adaptive capacity of the 432 

population, we assumed that fitness determined the ability of the individual to establish.  433 

Therefore, the individuals was assigned the fitness value present in the environment at 434 

the time of its establishment.  For illustrative purposes, a single sample point was chosen 435 

arbitrarily for a single replicate (year 10300 in the tenth replicate) to examine the 436 

distribution of fitness values for each age group.  We feel this approach is adequate and 437 

corresponds to our ability to collect empirical data on these types of long-lived 438 

individuals, which is inherently latitudinal and not longitudinal in quality.  Additionally, 439 

this type of analysis is novel and protocols for exploring the properties of population 440 

fitness would require the development of a new set of tools.  This future work would be 441 

required to comprehensively explore the full impact of different age groups across all 442 

environmental situations but we feel that this effort is beyond the scope of the current 443 

analysis. 444 

The population descriptors of fitness for each age group were compared to the 445 

overall background fitness value over 1000 years, across population sizes and mortality 446 

rates. 447 
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 448 

Estimation of generation time 449 

 450 

Generation time was estimated in three ways: 1) all living individuals in a cohort 451 

have equal probability of contributing an offspring to the establishing cohort, regardless 452 

of their age; 2) individuals in each age class have the same probability of contributing an 453 

offspring to the establishing cohort, regardless of their abundance; and 3) only the oldest 454 

living individual contributes to the establishing cohort.  These three estimators were 455 

calculated 1) by  randomly choosing an individual from the last living cohort produced at 456 

the end of a simulation which served as the ‘tip’ individual; 2) the time of establishment 457 

for the tip individual was determined by subtracting the individual’s age from the time of 458 

sampling in the simulation; 3) the progenitor of the individual is selected based upon the 459 

three criteria described above: i) randomly among all living individuals; ii) randomly 460 

among all age classes present; and iii) the oldest living individual.  Steps 2 and 3 were 461 

repeated until the beginning of the simulation was reached, keeping track of the number 462 

of individuals required to traverse the entire simulation, from the end to the beginning.  463 

Generation time was then calculated by dividing the length of the simulation (15000 464 

years) by the number of individuals required to span from beginning to end.  This entire 465 

process was repeated ten times for each of the 25 replicates, meaning that a total of 250 466 

estimates for generation time were calculated for each combination of model parameters. 467 

 468 

 469 

 470 
 471 
 472 

 473 

 474 

 475 
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Table 1. Variation in generation time, given different community sizes (rows) and 

mortality rates (columns).  The values for each combination of parameters illustrate mean 

generation time assuming contribution to the next generation is i) equally among all 

individuals; ii) proportional to age class; and iii) only by the oldest individual, 

respectively.  The first assumption estimates the average generation time if fecundity is 

equal across ages and establishment is stochastic.  The second assumption estimates the 

average generation time if fecundity increases linearly with age and establishment is 

stochastic.  The last assumption estimates the maximum possible generation time, given 

the presence of ancient individuals.  Because the temporal resolution of the analysis is in 

one hundred year steps, the lowest value for generation time is 100 years.  The value for 

one million individuals at 1.5% mortality is 299.  

 

 

 1.0% 1.5% 2.0% 5.0% 

 i ii iii i ii iii i ii iii i ii iii 

100 121 121 449 102 103 206 102 103 207  <100 <100 <100  

1000 121 159 649 106  125 432 102 111 319 <100 <100 105 

10000 121 239 822 106 174 563 102 140 415 <100 100 136 

100000 121 341 992  106 232 689 102 184 515 <100 103 198 

500000 121 403 1121 106 281 776 102 218 588 <100 108 213 

 
 

 

 

 

!  
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 Figure 1.  Patterns of individual tree and forest age, given different population sizes and 

annual stochastic mortality rates.  A) Maximum age of trees, given different population 

size (colored lines) and mortality rate (x-axis), across 25 replicates for each parameter 

set.  Each line indicates steady state population size during each replicate, which decreases top 

to bottom (purple = 500K; red = 100K; green = 10K; orange = 1K; blue = 100).  Annual stochastic 

mortality rates examined: 0.005, 0.01, 0.015, 0.02, 0.03, 0.05.  B) Climax age for forests of 

different size and mortality rates.  The population size is shown on the x-axis while each line 

indicates the forest climax age, given decreasing annual mortality rates, top to bottom (blue = 

0.005%; red = 0.01%; green = 0.015%; black = 0.02%; orange = 0.03%; purple = 0.05%).  The 

extension of the green line illustrates the trend going up to one million individuals.  Climax age 

is defined here as the point at which the oldest class of individuals only has one individual, after 

establishing from a single uniform aged cohort (see text for further explanation). 

a 
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b 

 
 

 

 
 
 

Figure 2.  Mean age and standard deviation of different age classes, given different mortality rates 

and population sizes, across replicates.  The lines connect models with different population sizes, 

with the smallest population size (100 inds) having the lowest maximum up to the largest 

population size (500K inds) with the highest maximum age. 
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 Figure 3. Oldest individual, given different population sizes and annual mortality rates, 

across 25 replicates over 150K years.  In each figure, time is shown on the x-axis, running 

from 1000 to 150K years and maximum age is show on the y-axis.  Different mortality 

rates are shown in each column of figures.  The solid-colored lines in each figure illustratea 

the average age of the oldest individual at each time point across the 25 reps for each 

population size: yellow = 100; orange = 1K; green = 10K; red = 100K; burnt orange = 

500K, given the corresponding mortality rate.  The gray lines in the background illustrate 

the maximum age in all 25 replicates for each population size, by row: A=100, B=1K, 

C=10K, D=100K, E=500K).   

 1% mortality 1.5% mortality 2% mortality 
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Figure 4. Representative population demographics and fitness through time, given an annual stochastic mortality 

rate of 1.5% and an environmental fitness that varies through time.  Each row of figures corresponds to a different 

population size: a) 100, b) 1K, c) 10K, d) 100K, e) 500K.  In the left column, the individual longevity of trees is 

shown by a line, running left to right, from the time of their establishment to the time.  Lines are color-coded 

according to age group: green = mature; red = old; black = ancients (see Methods for technical definitions).  Each 

figure represents the population of living individuals observed at a single sample time (10,300 years) from a single 

replicate.  The sample time was chosen for illustration purposes.  The environmental fitness value for all is shown 

by the red waveform populations  (y-axis), which is the outcome of four underlying environmental patterns (see 

Supplemental material) changing through time (x-axis).  In the right column, the descriptors of age group fitness are 

shown. The error bars illustrate the 25% quantile of population fitness, the lower central bar corresponds to 

population mean, the upper central bar corresponds to population median.  The thin black errors bars illustrate the 

environmental fitness value over the one thousand year period, including the horizontal black line, which 

corresponds to the mean environmental fitness value over this time period. 
 Individual longevity and fitness at establishment Age class fitness 

a 
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Figure 5. Major mechanisms evolved by ancient trees to defy aging.  Lack of 

programmed senescence enables very long lifespans in trees and implies that death is 

largely due to stochastic events.  The indeterminate life span of trees arise from a 

combination of mechanisms that serve both to prevent senescence (modularity, 

continuous growth, dormancy) and tolerate aging (stress tolerance), creating enormous 

potential and flexibility in longevity. 

 

 
 

 

!  
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Figure 6. Canopy rejuvenation: epicormic branching after a severe crown disturbance in 

an old sessile oak (left side). Acorn production in a 600 yr old sessile oak trees in the 

Aspromonte National Park where the oldest dated temperate flowering tree in the world 

(930 yrs) is still fruiting (Piovesan et al. 2020). 
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Supplementary Material 1.  Abundance of age classes in populations of different sizes with increasing 

population age, in 100 year increments, given an annual mortality rate of 1%.  Columns show different 

population sizes and rows show increasing community age.  In each figure, age classes are shown on the 

x-axis with a maximum value that equals the community age while abundance of individuals in each age 

class are shown on the y-axis.  Values shown are from a single representative replicate.  

 100 inds 1000 inds 10K inds 100K inds 500K inds 
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Supplementary Material 2. Age-rank distributions of different population sizes and mortality rates.  

[[what is the time point??]] Population size is shown in rows: A) 100; B) 1000; C) 10K; D) 100K; E) 

500K.  Mortality rates are shown in the columns.  Individuals are arranged according to age, shown 

on the y-axis, from oldest to youngest, left to right.   Individuals are color-coded: ancient = black,old 

trees= red, young = green. 

 0.005 0.01 0.015 0.02 0.03 0.05 

A 

 

B 

C 
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Supplementary Material 3.  Exploring population level fitness, given multi-cyclical environmental 

change.  Environmental change was modeled by adding four environmental cycles to create an 

emergent environmental cycle.   The top panel shows the four underlying cycles in gray and 

emergent cycle in red.  The bottom panel shows just the emergent cycle. 

 
 

 

The functions describing the four underlying cycles  are:   1) Sin[x*.01]); 2) Sin[x*wave1freq];  

 3) wave2amp*Sin[x*wave2freq]; and 4) wave3amp*Cos[x/wave3freq, where x = time point in 

simulation and wave#amp and wave#freq  are variables describing the amplitude and frequency  

of the cycle.   

Population fitness was estimated within a one thousand year time period to reflect a reasonable 

amount of environmental change during which each underlying cycle and the emergent cycle 

would  go through several complete revolutions.

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted October 17, 2021. ; https://doi.org/10.1101/2021.10.16.464670doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.16.464670


 

26 

 

References 
 

1. Blicharska, M. & Mikusiński, G. Incorporating social and cultural significance of 

large old trees in conservation policy. Conserv. Biol. 28, 1558–1567 (2014). 

2. Lindenmayer, D. B. & Laurance, W. F. The ecology, distribution, conservation and 

management of large old trees. Biol. Rev. Camb. Philos. Soc. 92, 1434–1458 

(2017). 

3. Munné-Bosch, S. Limits to Tree Growth and Longevity. Trends Plant Sci. 23, 985–

993 (2018). 

4.     Lindenmayer, D. B. Conserving large old trees as small natural features. Biol. 

Conserv. 211, 51–59 (2017). 

5. Lutz, J. A., Furniss, T. J., Johnson, D. J., Davies, S. J., Allen, D., Alonso, A., 

Anderson-Teixeira, K. J., Andrade, A., Baltzer, J., Becker, K. M. L., Blomdahl, E. 

M., Bourg, N. A., Bunyavejchewin, S., Burslem, D. F. R. P., Cansler, C. A., Cao, K., 

Cao, M., Cárdenas, D., Chang, L.-W., Chao, K.-J., Chao, W.-C., Chiang, J.-M., Chu, 

C., Chuyong, G. B., Clay, K., Condit, R., Cordell, S., Dattaraja, H. S., Duque, A., 

Ewango, C. E. N., Fischer, G. A., Fletcher, C., Freund, J. A., Giardina, C., Germain, 

S. J., Gilbert, G. S., Hao, Z., Hart, T., Hau, B. C. H., He, F., Hector, A., Howe, R. W., 

Hsieh, C.-F., Hu, Y.-H., Hubbell, S. P., Inman-Narahari, F. M., Itoh, A., Janík, D., 

Kassim, A. R., Kenfack, D., Korte, L., Král, K., Larson, A. J., Li, Y., Lin, Y., Liu, S., 

Lum, S., Ma, K., Makana, J.-R., Malhi, Y., McMahon, S. M., McShea, W. J., 

Memiaghe, H. R., Mi, X., Morecroft, M., Musili, P. M., Myers, J. A., Novotny, V., de 

Oliveira, A., Ong, P., Orwig, D. A., Ostertag, R., Parker, G. G., Patankar, R., 

Phillips, R. P., Reynolds, G., Sack, L., Song, G.-Z. M., Su, S.-H., Sukumar, R., Sun, 

I.-F., Suresh, H. S., Swanson, M. E., Tan, S., Thomas, D. W., Thompson, J., 

Uriarte, M., Valencia, R., Vicentini, A., Vrška, T., Wang, X., Weiblen, G. D., Wolf, 

A., Wu, S.-H., Xu, H., Yamakura, T., Yap, S. & Zimmerman, J. K. Global 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted October 17, 2021. ; https://doi.org/10.1101/2021.10.16.464670doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.16.464670


 

27 

importance of large-diameter trees. Glob. Ecol. Biogeogr. 27, 849–864 (2018). 

6. Slik, J. W. F., Paoli, G., McGuire, K., Amaral, I., Barroso, J., Bastian, M., Blanc, L., 

Bongers, F., Boundja, P., Clark, C., Collins, M., Dauby, G., Ding, Y., Doucet, J.-L., 

Eler, E., Ferreira, L., Forshed, O., Fredriksson, G., Gillet, J.-F., Harris, D., Leal, M., 

Laumonier, Y., Malhi, Y., Mansor, A., Martin, E., Miyamoto, K., Araujo-Murakami, 

A., Nagamasu, H., Nilus, R., Nurtjahya, E., Oliveira, Á., Onrizal, O., Parada-

Gutierrez, A., Permana, A., Poorter, L., Poulsen, J., Ramirez-Angulo, H., Reitsma, 

J., Rovero, F., Rozak, A., Sheil, D., Silva-Espejo, J., Silveira, M., Spironelo, W., ter 

Steege, H., Stevart, T., Navarro-Aguilar, G. E., Sunderland, T., Suzuki, E., Tang, J., 

Theilade, I., van der Heijden, G., van Valkenburg, J., Van Do, T., Vilanova, E., Vos, 

V., Wich, S., Wöll, H., Yoneda, T., Zang, R., Zhang, M.-G. & Zweifel, N. Large trees 

drive forest aboveground biomass variation in moist lowland forests across the 

tropics: Large trees and tropical forest biomass. Glob. Ecol. Biogeogr. 22, 1261–

1271 (2013). 

7. McMahon, S. M., Arellano, G. & Davies, S. J. The importance and challenges of 

detecting changes in forest mortality rates. Ecosphere 10, e02615 (2019). 

8. Vieira, S., Trumbore, S., Camargo, P. B., Selhorst, D., Chambers, J. Q., Higuchi, N. 

& Martinelli, L. A. Slow growth rates of Amazonian trees: Consequences for carbon 

cycling. Proc. Natl. Acad. Sci. U. S. A. 102, 18502–18507 (2005). 

9. Martınez-Ramos, M. & Alvarez-Buylla, E. R. How old are tropical rain forest trees? 

Trends Plant Sci. 3, 400–405 (1998). 

10. Schöngart, J., Bräuning, A., Barbosa, A. C. M. C., Lisi, C. S. & de Oliveira, J. M. in 

Dendroecology: Tree-Ring Analyses Applied to Ecological Studies (eds. Amoroso, 

M. M., Daniels, L. D., Baker, P. J. & Camarero, J. J.) 35–73 (Springer International 

Publishing, 2017). 

11.   Brienen, R. J. W. & Zuidema, P. A. Lifetime growth patterns and ages of Bolivian 

rain forest trees obtained by tree ring analysis. J. Ecol. 94, 481–493 (2006). 

12. Piovesan, G. & Biondi, F. On tree longevity. New Phytol. (2020). 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted October 17, 2021. ; https://doi.org/10.1101/2021.10.16.464670doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.16.464670


 

28 

doi:10.1111/nph.17148. 

13.   Esquivel-Muelbert, A., Phillips, O. L., Brienen, R. J. W., Fauset, S., Sullivan, M. J. 

P., Baker, T. R., Chao, K.-J., Feldpausch, T. R., Gloor, E., Higuchi, N., Houwing-

Duistermaat, J., Lloyd, J., Liu, H., Malhi, Y., Marimon, B., Marimon Junior, B. H., 

Monteagudo-Mendoza, A., Poorter, L., Silveira, M., Torre, E. V., Dávila, E. A., Del 

Aguila Pasquel, J., Almeida, E., Loayza, P. A., Andrade, A., Aragão, L. E. O. C., 

Araujo-Murakami, A., Arets, E., Arroyo, L., Aymard C, G. A., Baisie, M., Baraloto, 

C., Camargo, P. B., Barroso, J., Blanc, L., Bonal, D., Bongers, F., Boot, R., Brown, 

F., Burban, B., Camargo, J. L., Castro, W., Moscoso, V. C., Chave, J., Comiskey, J., 

Valverde, F. C., da Costa, A. L., Cardozo, N. D., Di Fiore, A., Dourdain, A., Erwin, 

T., Llampazo, G. F., Vieira, I. C. G., Herrera, R., Honorio Coronado, E., 

Huamantupa-Chuquimaco, I., Jimenez-Rojas, E., Killeen, T., Laurance, S., 

Laurance, W., Levesley, A., Lewis, S. L., Ladvocat, K. L. L. M., Lopez-Gonzalez, G., 

Lovejoy, T., Meir, P., Mendoza, C., Morandi, P., Neill, D., Nogueira Lima, A. J., 

Vargas, P. N., de Oliveira, E. A., Camacho, N. P., Pardo, G., Peacock, J., Peña-

Claros, M., Peñuela-Mora, M. C., Pickavance, G., Pipoly, J., Pitman, N., Prieto, A., 

Pugh, T. A. M., Quesada, C., Ramirez-Angulo, H., de Almeida Reis, S. M., Rejou-

Machain, M., Correa, Z. R., Bayona, L. R., Rudas, A., Salomão, R., Serrano, J., 

Espejo, J. S., Silva, N., Singh, J., Stahl, C., Stropp, J., Swamy, V., Talbot, J., Ter 

Steege, H., Terborgh, J., Thomas, R., Toledo, M., Torres-Lezama, A., Gamarra, L. 

V., van der Heijden, G., van der Meer, P., van der Hout, P., Martinez, R. V., Vieira, 

S. A., Cayo, J. V., Vos, V., Zagt, R., Zuidema, P. & Galbraith, D. Tree mode of death 

and mortality risk factors across Amazon forests. Nat. Commun. 11, 5515 (2020). 

14. Condit, R., Hubbell, S. P. & Foster, R. B. Mortality rates of 205 Neotropical tree 

and shrub species and the impact of a severe drought. Ecol. Monogr. 65, 419–439 

(1995). 

15. Acker, S. A., Boetsch, J. R., Bivin, M., Whiteaker, L., Cole, C. & Philippi, T. Recent 

tree mortality and recruitment in mature and old-growth forests in western 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted October 17, 2021. ; https://doi.org/10.1101/2021.10.16.464670doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.16.464670


 

29 

Washington. For. Ecol. Manage. 336, 109–118 (2015). 

16. Thomas, R. Q., Kellner, J. R., Clark, D. B. & Peart, D. R. Low mortality in tall 

tropical trees. Ecology 94, 920–929 (2013). 

17. Stephenson, N. L. & Mantgem, P. J. Forest turnover rates follow global and 

regional patterns of productivity. Ecol. Lett. 8, 524–531 (2005). 

18. Drobyshev, I., Niklasson, M., Linderson, H., Sonesson, K., Karlsson, M., Nilsson, S. 

G. & Lanner, J. Lifespan and mortality of old oaks — combining empirical and 

modelling approaches to support their management in Southern Sweden. Ann. 

For. Sci. 65, 401–401 (2008). 

19. Richardson, S. J., Smale, M. C., Hurst, J. M., Fitzgerald, N. B., Peltzer, D. A., Allen, 

R. B., Bellingham, P. J. & McKelvey, P. J. Large-tree growth and mortality rates in 

forests of the central North Island, New Zealand. N. Z. J. Ecol. 33, 208–215 

(2009). 

20. Chambers, J. Q., Higuchi, N. & Schimel, J. P. Ancient trees in Amazonia. Nature 

391, 135–136 (1998). 

21. Laurance, W. F., Nascimento, H. E. M., Laurance, S. G., Condit, R., 

DÃ¢â‚¬â„¢Angelo, S. & Andrade, A. Inferred longevity of Amazonian rainforest 

trees based on a long-term demographic study. For. Ecol. Manage. 190, 131–143 

(2004). 

22. Fichtler, E., Clark, D. A. & Worbes, M. Age and long-term growth of trees in an old-

growth tropical rain forest, based on analyses of tree rings and C-14. Biotropica 

35, 306–317 (2003).  

23. Barrett, S. C. H. Influences of clonality on plant sexual reproduction. Proc. Natl. 

Acad. Sci. U. S. A. 112, 8859–8866 (2015). 

24. Thomas, H. Senescence, ageing and death of the whole plant. New Phytol. 197, 

696–711 (2013). 

25. Munné-Bosch, S. Long-Lived Trees Are Not Immortal. Trends Plant Sci. 25, 846–

849 (2020). 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted October 17, 2021. ; https://doi.org/10.1101/2021.10.16.464670doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.16.464670


 

30 

26. Sillett, S. C., Kramer, R. D., Van Pelt, R., Carroll, A. L., Campbell-Spickler, J. & 

Antoine, M. E. Comparative development of the four tallest conifer species. For. 

Ecol. Manage. 480, 118688 (2021). 

27. Koch, G. W., Sillett, S. C., Jennings, G. M. & Davis, S. D. The limits to tree height. 

Nature 428, 851–854 (2004). 

28. Thomas, H. Ageing in plants. Mech. Ageing Dev. 123, 747–753 (2002). 

29. Dahlgren, J. P., García, M. B. & Ehrlén, J. Nonlinear relationships between vital 

rates and state variables in demographic models. Ecology 92, 1181–1187 (2011). 

30. Klimešová, J., Malíková, L., Rosenthal, J. & Šmilauer, P. Potential bud bank 

responses to apical meristem damage and environmental variables: matching or 

complementing axillary meristems? PLoS One 9, e88093 (2014). 

31. Plomion, C., Aury, J.-M., Amselem, J., Leroy, T., Murat, F., Duplessis, S., Faye, S., 

Francillonne, N., Labadie, K., Le Provost, G., Lesur, I., Bartholomé, J., Faivre-

Rampant, P., Kohler, A., Leplé, J.-C., Chantret, N., Chen, J., Diévart, A., Alaeitabar, 

T., Barbe, V., Belser, C., Bergès, H., Bodénès, C., Bogeat-Triboulot, M.-B., 

Bouffaud, M.-L., Brachi, B., Chancerel, E., Cohen, D., Couloux, A., Da Silva, C., 

Dossat, C., Ehrenmann, F., Gaspin, C., Grima-Pettenati, J., Guichoux, E., Hecker, 

A., Herrmann, S., Hugueney, P., Hummel, I., Klopp, C., Lalanne, C., Lascoux, M., 

Lasserre, E., Lemainque, A., Desprez-Loustau, M.-L., Luyten, I., Madoui, M.-A., 

Mangenot, S., Marchal, C., Maumus, F., Mercier, J., Michotey, C., Panaud, O., 

Picault, N., Rouhier, N., Rué, O., Rustenholz, C., Salin, F., Soler, M., Tarkka, M., 

Velt, A., Zanne, A. E., Martin, F., Wincker, P., Quesneville, H., Kremer, A. & Salse, 

J. Oak genome reveals facets of long lifespan. Nature Plants (2018). 

doi:10.1038/s41477-018-0172-3 

32. Hanlon, V. C. T., Otto, S. P. & Aitken, S. N. Somatic mutations substantially 

increase the per-generation mutation rate in the conifer Picea sitchensis. Evolution 

Letters 1, 95 (2019). 

33. Amaral, J., Ribeyre, Z., Vigneaud, J., Sow, M. D., Fichot, R., Messier, C., Pinto, G., 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted October 17, 2021. ; https://doi.org/10.1101/2021.10.16.464670doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.16.464670


 

31 

Nolet, P. & Maury, S. Advances and Promises of Epigenetics for Forest Trees. For. 

Trees Livelihoods 11, 976 (2020). 

34. Carbó, M., Iturra, C., Correia, B., Colina, F. J., Meijón, M., Álvarez, J. M., Cañal, M. 

J., Hasbún, R., Pinto, G. & Valledor, L. in Epigenetics in Plants of Agronomic 

Importance: Fundamentals and Applications: Transcriptional Regulation and 

Chromatin Remodelling in Plants (eds. Alvarez-Venegas, R., De-la-Peña, C. & 

Casas-Mollano, J. A.) 381–403 (Springer International Publishing, 2019). 

35. Sow, M. D., Allona, I., Ambroise, C., Conde, D., Fichot, R., Gribkova, S., Jorge, V., 

Le-Provost, G., Pâques, L., Plomion, C., Salse, J., Sanchez-Rodriguez, L., Segura, 

V., Tost, J. & Maury, S. in Advances in Botanical Research (eds. Mirouze, M., 

Bucher, E. & Gallusci, P.) 88, 387–453 (Academic Press, 2018). 

36. Poulter, B., Aragão, L., Andela, N., Bellassen, V., Ciais, P., Kato, T., Lin, X., Nachin, 

B., Luyssaert, S., Pederson, N., Peylin, P., Piao, S., Pugh, T., Saatchi, S., 

Schepaschenko, D., Schelhaas, M. & Shivdenko, A. The global forest age dataset 

and its uncertainties (GFADv1.1). (2019). at <Poulter, Benjamin; Aragão, Luiz; 

Andela, Niels; Bellassen, Valentin; Ciais, Philippe; Kato, Tomomichi; Lin, Xin; 

Nachin, Baatarbileg; Luyssaert, Sebastiaan; Pederson, Niel; Peylin, Philippe; Piao, 

Shilong; Saatchi, Sassan; Schepaschenko, Dmitry; Schelhaas, Martjan; Shivdenko, 

Anatoly (2018): The global forest age dataset (GFADv1.0), link to NetCDF file. 

NASA National Aeronautics and Space Administration, PANGAEA, 

https://doi.org/10.1594/PANGAEA.889943> 

37. Di Filippo, A., Biondi, F., Piovesan, G. & Ziaco, E. Tree ring-based metrics for 

assessing old-growth forest naturalness. J. Appl. Ecol. 54, 737–749 (2017). 

38. Caetano-Andrade, V. L., Clement, C. R., Weigel, D., Trumbore, S., Boivin, N., 

Schöngart, J. & Roberts, P. Tropical Trees as Time Capsules of Anthropogenic 

Activity. Trends Plant Sci. 25, 369–380 (2020). 

39. Roskilly, B., Keeling, E., Hood, S., Giuggiola, A. & Sala, A. Conflicting functional 

effects of xylem pit structure relate to the growth-longevity trade-off in a conifer 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted October 17, 2021. ; https://doi.org/10.1101/2021.10.16.464670doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.16.464670


 

32 

species. Proc. Natl. Acad. Sci. U. S. A. 116, 15282–15287 (2019). 

40. Kingman, J. F. C. The coalescent. Stochastic Process. Appl. 13, 235–248 (1982). 

41. Joly, S., McLenachan, P. A. & Lockhart, P. J. A statistical approach for 

distinguishing hybridization and incomplete lineage sorting. Am. Nat. 174, E54–

70 (2009). 

42. Leaché, A. D., Harris, R. B., Rannala, B. & Yang, Z. The influence of gene flow on 

species tree estimation: a simulation study. Syst. Biol. 63, 17–30 (2014). 

43. Yu, Y., Dong, J., Liu, K. J. & Nakhleh, L. Maximum likelihood inference of 

reticulate evolutionary histories. Proc. Natl. Acad. Sci. U. S. A. 111, 16448–16453 

(2014). 

44. Zhou, Y., Duvaux, L., Ren, G., Zhang, L., Savolainen, O. & Liu, J. Importance of 

incomplete lineage sorting and introgression in the origin of shared genetic 

variation between two closely related pines with overlapping distributions. 

Heredity  118, 211–220 (2017). 

45.   Qiu T, Aravena M-C, Andrus R, Ascoli D, Bergeron Y, Berretti R, Bogdziewicz M, 

Boivin T, Bonal R, Caignard T, et al. 2021. Is there tree senescence? The fecundity 

evidence. Proceedings of the National Academy of Sciences of the United States of 

America 118. 

46. Petit, R. J. & Hampe, A. Some evolutionary consequences of being a tree. Annu. 

Rev. Ecol. Evol. Syst. 37, 187–214 (2006). 

47. Tejo, C. F. & Fontúrbel, F. E. A vertical forest within the forest: millenary trees 

from the Valdivian rainforest as biodiversity hubs. Ecology 100, e02584 (2019). 

48. Stephenson, N. L., Das, A. J., Condit, R., Russo, S. E., Baker, P. J., Beckman, N. G., 

Coomes, D. A., Lines, E. R., Morris, W. K., Rüger, N., Alvarez, E., Blundo, C., 

Bunyavejchewin, S., Chuyong, G., Davies, S. J., Duque, A., Ewango, C. N., Flores, 

O., Franklin, J. F., Grau, H. R., Hao, Z., Harmon, M. E., Hubbell, S. P., Kenfack, D., 

Lin, Y., Makana, J.-R., Malizia, A., Malizia, L. R., Pabst, R. J., Pongpattananurak, 

N., Su, S.-H., Sun, I.-F., Tan, S., Thomas, D., van Mantgem, P. J., Wang, X., Wiser, 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted October 17, 2021. ; https://doi.org/10.1101/2021.10.16.464670doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.16.464670


 

33 

S. K. & Zavala, M. A. Rate of tree carbon accumulation increases continuously with 

tree size. Nature 507, 90–93 (2014). 

 
 
 

  

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted October 17, 2021. ; https://doi.org/10.1101/2021.10.16.464670doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.16.464670


 

34 

Supplementary Material. Demographic patterns of populations given different mortality rates 

(rows) and population sizes (columns).  The red line indicates the fluctuating fitness value 

determined by four interacting environmental cycles.  The black lines represent the individuals 

alive at the end of the time series, originating at the time of their establishment, for each set of 

parameter conditions.  This illustration represents one replicate and one time point. 
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