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5 Abstract

6 Peter Medawar's ‘ An Unsolved Problem of Biology’ ' was one of several formal attempts to
7  provide an explanation for the evolution of senescence, the increasing risk of mortality and
8 decline in reproduction with age after achieving maturity. Despite ca. seven decades of
9 theoretical elaboration aiming to explain the problem since Medawar first outlined it, we
10 argue that this fundamental problem of biology remains unsolved. Here, we utilise
11 demographic information®® for 308 multicellular species to derive age-based trgjectories of
12 mortality and reproduction that provide evidence against the predictions of the classical, till
13 prevailing, theories of ageing*>®. These theories predict the inescapability of senescence™,
14 or its universality at least among species with a clear germ-soma barrier™®. The patterns of
15  senescence in animals and plants that we report contradict both of these predictions. With the
16 largest ageing comparative dataset of these characteristics to date, we build on recent
17 evidence® to show that senescence is not the rule, and highlight the discrepancy between

18  existing evidence and theory”®°

. We also show that species’ age patterns of mortality and
19 reproduction often follow divergent patterns, suggesting that organisms may display
20  senescence for one component but not the other. We propose that ageing research will benefit
21 from widening its classical theories beyond merely individual chronological age; key life

22 history traits such as size, the ecology of the organism, and kin selection, may together play a

23 hidden, yet integral role in shaping senescence outcomes.
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25  Main

26 The evolution of senescence has long been explained by a collation of theories defining the
27 ‘classical evolutionary framework of ageing’. The central logic common to the theories
28 argues that the force of natural selection weakens with age™**°. Selection becomes too weak
29  to oppose the accumulation of genes that negatively affect older age classes', or favours these
30 genes if they also have beneficial effects at earlier ages in life’, when the contribution
31 individuals make to future populations is assumed to be greater. Selection, therefore, should
32 favour resource investment into earlier reproduction rather than late-life maintenance®.
33 Ultimately, these theories predict, directly” or indirectly*”, that senescence is inescapable?, or

34  at least inevitable in organisms with clear germline-soma separation®®.

35 It takes one example to disprove any rule. Recently, a comparative description of
36 demographic patterns of ageing in 46 species of animals, plants, and algae® contradicted the
37  predictions of the classical evolutionary framework. Many of the examined species displayed
38 negligible™ or even negative® senescence, where the risk of mortality remains constant or
39  decreases with age, and reproduction remains constant or increases with age. This mismatch
40  between observations and expectations have rendered the classical evolutionary framework
41  insufficient to explain the evolution of senescence across the tree of life. We now need to
42 understand mechanisms behind such variation of ageing patterns®, and how prevalent such

43  “exceptions’ areto therule of ageing.

44 Here, we utilise high-resolution demographic information for 48 animal® and 260
45  plant® species worldwide to (i) provide a quantitative evaluation of the rates of actuarial
46  senescence — the progressive age-dependent increase in mortality risk with age after
47  maturation — across multicellular organisms, (ii) test whether the classical evolutionary

48  framework explains the examined diversity of senescence rates, with special attention to
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49  predictions from germ-soma separation, and (iii) propose how to widen the classical

50 evolutionary framework of ageing to better encompass the tree of life.

51 First, we derived life tables™ from a selection of species’ matrix population models®,
52  each of which are a summary of the population dynamics of the species in question under
53 natural conditions (See Methods & Supplementary Information). We then quantified the rate
54 of actuarial senescence on the survivorship trajectory of each species’ life table
55  using Keyfitz' entropy (H)™. This metric quantifies the spread and timing of mortality events
56 in acohort as individuals age, with H <1 indicating that most mortality occurs later in life
57 (i.e. actuarial senescence), and H>1 indicating low mortality at advanced ages, whereby
58 individuas may escape actuariad senescence (See Methods &  Supplementary
59 Information). Importantly, H is normalised by mean life expectancy, facilitating cross-species

60  comparison to examine general patterns and plausible mechanisms.
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62 Figure 1 The evolution of and escape from senescence across multicelular life. The
63 classical evolutionary framework of ageing does not explain the evolution of actuarial
64  senescence across our 308 study species. Species that escape (yellow) and display (blue)
65 senescence, as measured by Keyfitz entropy (H)", are dispersed throughout the four
66  examined clades, with the percentages of each clade either displaying or escaping actuarial
67  senescence shown in the bar charts. Depicted around the phylogeny are eight representative
68  gpecies, escaping (blue) and displaying (yellow), from each clade. Clockwise, these species
69 are Paramuricea clavata (Invertebrate), Pagurus longicarpus (Invertebrate), Quercus rugosa
70 (Angiosperm), Rhododendron maximum (Angiosperm), Pinus lambertiana (Gymnosperm),
71 Taxus floridana (Gymnosperm), Marmota flaviventris (Vertebrate) and Chelodina expansa
72 (Vertebrate).

73

74 Most of the species in our analysis do not display senescence (Fig. 1, Supplementary
75  Table 1). These include approximately 30% (10/35) of the studied vertebrate species, which
76  have aclear germ-soma separation, such as the broad-shelled river turtle (Chel odina expansa;
77 Fig. 1). In contrast, 42% of vascular plants (angiosperms and gymnosperms), all lacking a
78  clear germ-soma barrier, display senescence (Fig. 1). In general, the evolutionary history of a
79  species in our study plays a relatively weak role in constraining its ability to escape/evolve
80  senescence. Estimates of Pagel’s 1'°, a metric that measures how well phylogenetic
81  relatedness predicts the variation of atrait across species (See Methods and Supplementary
82 information) are generally weak (Extended Data Table 1), with the full analysis producing a
83 Pagel’s 1 = 0.38 (0.14-0.65, 95% C.l.). Overall, the emerging senescence landscape appears
84 (i) not inescapable, (ii) not inevitable in species with a germ-soma barrier, and (iii) prevalent
85  in gpecies without a clear germ-soma barrier. These findings are in direct contradiction with

86  thepredictions of the classical evolutionary framework of ageing*>®,

87 The central assumption of the classical evolutionary framework of ageing, that the
88  force of natural selection weakens with age, rests on the assumption that older individuals
89  contribute less to future populations™*>°. This is both because fewer individuals survive to
90 later age classes’, and individuals are expected to favour reproduction at young rather than

91  old ages"®°. To observe how different age classes contribute to future populations in our
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study species, we use the derived life tables” to quantify age-specific reproduction rates
(m(x)) for species that we previously identified to display actuarial senescence (H<1) vs.
those that do not (H>1) (See Methods & Supplementary information). The m(x) trajectories
for all the species in our dataset can be found in Extended Data Fig. 1. For practicality, here,
we provide the trgjectories for the eight representative species across the four clades depicted

in Figure 1.
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100 Figure 2 Age-based patterns of survivorship (I(x) - red) and reproduction (m(x) - black)
101  are often decoupled, as shown for a selected subset of the examined speciesin Figure 1.
102  a) Species quantified as displaying actuarial senescence (H < 1) and b) species that escape
103  actuarial senescence (H > 1). Species are representative of vertebrates, invertebrates,
104 gymnosperms, and angiosperms. Traectories are conditional upon reaching the age of
105  maturity, represented as O, at which the mature cohort is defined to have entered adulthood
106  with asurvivorship of 1. The trajectories of I(x) and m(x) run from age at maturity to the age
107  at which 5% of the mature cohort is still alive.

108
109 Classical theories of ageing predict that rates of reproduction should decline with
110  age™*®®. In our study species, however, patterns of m(x) are diverse and appear to be

111 independent of whether the species displays or escapes actuarial senescence (Extended Data
112 Fig. lah). For instance, the long-wristed hermit crab (Pagarus longicarpus) displays
113  actuarial senescence (Fig. 1), yet its reproduction increases with age (Fig. 2). Our results
114  suggest that an individua’s risk of mortality and rate of reproduction often follow different
115  trgectories (Fig. 2, Extended Data Fig. 1a-h). For each speciesin our study, we only consider
116  a single studied population, and so this decoupling cannot be an artefact of intra-specific
117  variation across different populations. It follows that species may display actuarial
118  senescence, but not reproductive senescence, and vice versa. Thus, we urge future work to
119  consider that senescence is a two-component phenomenon of which, as displayed here, both
120  are not destined to the same fate. To fully divulge the senescence profile of a species one

121 must consider both mortality and reproduction.

122 Studies on reproductive senescence are sparser than their actuarial senescence
123 counterparts. Although, important longitudinal investigations into reproductive senescence

124  have been conducted*®"®

, and current data suggest that rates of reproduction, like mortality
125 hazards, can also both increase or decrease with age. Our results support observations that
126  patterns of reproduction are variable across species (Fig. 2, Extended Data Fig. 1).

127  Developing a methodology to quantify these senescence patterns of reproduction, as done
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128  here using Keyfitz entropy* (H) for actuarial senescence, should be a focus of future
129  theoretical work to unearth when, where, and what mechanisms drive how tightly the two

130 components of senescence co-vary.

131 In general, our results display the discrepancy between the predictions of the classical
132 evolutionary framework of ageing and empirical data. We suggest that researchers must
133 widen the framework to better encompass the biology of a more diverse range of taxa. For
134  example, the models of the classical evolutionary framework are purely age-structured, yet,
135 in some species, demographic patterns of survival and reproduction may be influenced
136 equally or even more by factors besides age™. Indeed, the force of selection does not always
137 decline with age for some species'. These organisms display demographic trgjectories of
138  surviva and reproduction that are better predicted by size rather than age, such as many
139 plants®, which is supported by the 58% of studied plant species here that escape senescence,

140  or corals? (e.g. Paramuricea clavata; Fig. 1).

141 Many of the predictions made explicit from the classical framework of ageing have,
142 until recently, long stood the test of time. Higher rates of extrinsic mortality, i.e. deaths due to
143 the background environment, are expected to accelerate rates of senescence, whereas juvenile
144  mortality is predicted not to play a role in the evolution of senescence®. Theoretical
145  advancements, however, have shown that to have a significant effect, extrinsic mortality must
146 be age-dependent®. Also, by biasing the stable age distribution of a population towards
147  younger ages, high birth rate can also reduce the strength of selection with age®. The strength
148  of selection at a given age is dependent on both the abundance of individuals in a given age

149  class and the respective reproductive value of that age class*®

. Following this logic, some
150  species that display senescence yet retain high reproduction at old ages (e.g. Marmota
151  flaviventris or Pagurus longicarpus; Fig. 1, Fig. 2) may have a stable age distribution biased

152  towards younger individuals. This outcome would render selection too weak to promote an

10
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153  escape from senescence. Ultimately, how the environment shapes patterns of birth and deaths
154  will dictate both the reproductive value of age classes and the stable age-distribution of the
155  classes. In turn, the resulting dynamics of these pressures will affect the relative strengths of
156  age-specific selection gradients®® for mortality and reproduction, and therefore patterns of

157 senescence.

158 Finally, we have only considered patterns of survival and reproduction with respect to
159  effects on the focal individual. If an individua’s survival and/or reproduction affects the
160 fitness of others, however, and the interacting individuals are relatives, selection on the
161  demographic age trajectories will also be weighted by these effects®™. In our study, for
162  example, the killer whale (Orcinus orca) experiences negligible actuarial senescence (H =
163 0.999) (Extended Data Fig. 1a). Killer whales are an exemplar where post-reproductive
164  survival is hypothesised to have evolved due to the positive effects individuals can have on
165 the survival and reproduction of offspring, i.e. ‘grandmother hypothesis *>%. This is
166  consistent with our results. Further evidence is also beginning to accrue elsewhere that
167  sociality may have an important role in driving patterns of senescence beyond the remits of

168  ‘grandmothering %%,

169 The emerging picture of senescence across multicellular organismsiis at odds with the
170  widely cited predictions of the classical evolutionary framework**>®. What drives the
171  evolution of senescence has attracted the attention of a vast research community, but we
172 propose that the field would benefit immensely if the attention is shifted towards the
173 underlying mechanisms allowing species to escape from senescence. We expect the greatest
174  progress to be made by researchers honing their focus to widening the classic evolutionary
175 theories to a framework not solely focused on age, but instead inclusive of the
176  aforementioned factors and with a special focus on actuarial and reproductive senescence as
177  potentialy differing tragjectories. Most ageing research likely stems from human desire to

11
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178  increase human health and life span®. This desire requires understanding the variation in
179  patterns of senescence across the tree of life. For now, senescence remains an unsolved

180  problem of biology.

181  Methods
182
183 Data

184  We used the COMADRE Animal Matrix Database? (v. 3.0.0) and COMPADRE Plant Matrix
185  Database® (v. 5.0.0) to obtain age trajectories of survival and reproduction. These open-access
186  datarepositories consist of matrix population models™ (MPMs) incorporating high-resolution
187  demographic information on the survival and reproduction patterns of over 1,000 animal and
188  plant species worldwide®®. Both databases include information on species for which the data
189  have been digitised and thoroughly error-checked. In addition, we contacted authors for
190 clarifications when any doubt about the interpretation of the life cycle of the species emerged.
191  Weimposed a series of selection criteriato restrict our analyses to data of the highest quality

192  possible.

193 (i) MPMs were parameterised with field data from non-disturbed, unmanipulated
194 populations (i.e. natural populations) to best describe the species’ age trajectories.

195 (i)  MPMs had dimension >3 x 3 (i.e. rows x columns). Generally, low dimensions
196 MPMs lack quality for the estimation of life history traits®. This selection
197 criterion aso helps avoid problems with quick convergence to stationary
198 equilibrium, a which point the estimates of life history trait values and rates of
199 senescence become unreliable®.

200 (i)  MPMs were only used when the entire life cycle was explicitly modelled
201 including recordings of survival, development, and reproduction for al life cycle
202 stages.

12
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203 (iv)  When MPMs existed for multiple populations within a given species, we
204 calculated the arithmetic element-by-element mean MPM to obtain a single MPM
205 per species.

206 (v)  When multiple studies existed for the same species, we considered only the study
207 of greater duration to ensure the highest temporal variation in the population
208 dynamics was captured.

209 (vi)  Studies of annual plant species modelled using seasonal projection matrices were
210 not included; we chose only species using an annual time step. This is due to the
211 difficulties of converting their population dynamics to an annual basis to compare
212 with all other species’ models.

213 (vii)  Included MPMs have stage-specific survival values < 1. In a small number of
214 published models, the stage-specific survival values can exceed 1 due to clonality
215 being hidden in the matrix, rounding errors, or other mistakes in the origina
216 model*®,

217 (viii) MPMs were from species of which phylogenetic data was available, to ensure we
218 were able to account for phylogenetic relatedness on our models.

219 The result of these criteria was a subset of 308 species of animals and plants from the

220 initial databases, which we used for our analysis. Of these, 48 were animals, with 13
221 invertebrates and 35 vertebrates. The remaining 260 species were plants, with 23
222 gymnosperms and 237 angiosperms. We provide a list of all the species used, their
223  categorisation as displaying or escaping senescence including value of H, and their relevant
224 source study (Supplementary Table 1).

225

226  Displaying vs escaping senescence

13
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227 MPMs are a summary of the population dynamics of a given species, from which we can
228  calculate severa life history traits. To do so, we first must decompose an MPM (A) into its

229  sub-components™:

230 U — containing the stage-specific survival rates

231 F — containing the stage-specific per-capita reproduction rates

232 C — containing stage-specific per-capita clonality rates

233 A=U+F+C equation 1
234 This decomposition facilitates the estimation of key life history traits, including

235 Keyfitz entropy (H)'. Calculating H requires first obtaining the age-specific survivorship
236 curve l(x) from U. First, the definition of age requires a choice of a stage that corresponds to
237 “birth”. Following Jones et al.?, we defined the stage corresponding to birth as the first
238  established non-propagule stage (e.g., not seeds or seed bank in the case of plants, nor larvae
239  or propagules in animals) due to the estimate uncertainty of parameters involved in those

240  stages. The calculation of {(x) was then implemented according to Caswell (p. 118-21)*,

241 I(x) =etU%! x=0,1,.... equation
242 2
243 We considered survivorship trajectories beginning at the age of maturity (calculated

244  following 5.47-5.54 in Caswell®®) and ending at the age at which 5% survivorship from
245  maturity occurs. This is because a cohort modelled by iteration of the U matrix eventually
246  decays exponentially at a rate given by the dominant eigenvalue of U, and converges to a
247 quasi-stationary distribution given by the corresponding right eigenvector w. Once this
248  convergence has happened, mortality remains constant with age, and so to prevent our
249  conclusions being overly influenced by this assumption, we calculated the age at which the
250 cohort had converged to within a specified percentage (5%) of the quasi-stationary

251 distribution®.

14
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252 His proportional tothe area under theage-specific survivorship curve and is

253  cdculated asfollows

_ —log(ix)lx

254 H S bx

equation 3

255 If most mortality occurs later in life, H <1, and individuals in the population display
256  actuaria senescence. On the contrary, if H>1, the risk of mortality declines with age and the
257 individuas in the population escape actuarial senescence. Here, we categorise species as
258  either escaping or displaying senescence, however, values of H~1 are more likely to indicate
259  negligible senescence, where risk of mortality remains relatively constant with age.

260

261  Phylogenetic analysesfor actuarial senescence

262  After categorising species as displaying (H<1) or escaping (H>1) senescence, we accounted
263  for the phylogenetic relatedness of the species studied to determine the influence of a species’
264  evolutionary history in its likelihood of evolving or escaping senescence. To build the
265  phylogenetic tree with the species included in this study, we used data from the Open Tree of
266 Life® (OTL), a database that combines public available taxonomic and phylogenetic
267  information across the tree of life. We first checked that the species names in our data were
268 taxonomically accepted using the taxize R package®. Then, we obtained animal and plant
269  phylogenetic trees form OTL for the list of species in our data using rotl R package®. The
270  branch length of the resulting tree was computed using the compute.brlen function from the R
271 package ape®, with Grafen’s® arbitrary branch lengths. Polytomies (i.e. >2 species with the
272 same ancestor) were resolved using the function multi2di from ape package®™, which
273 transforms polytomies into a series of random dichotomies with one or several branches of
274 length zero.

275 To evauate the role of phylogenetic relatedness in determining the patterns of

276  variation of actuarial senescence we estimated Pagel’s 1.">. This metric is an index bounded

15
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between zero and one, where values ~0 indicate that the evolutionary history of the species
explains little about the variation of the trait measured, and values ~1 suggest that that
evolutionary history mostly explains the observed variation of the trait across the studied
species. To estimate Pagel’s A we used the R package motmot.2.0%. A full summary of the
phylogenetic signals obtained for each of the four monophyletic groups can be found in the
Extended Data and Figures (Table 1).

Reproduction analysis

We calculated reproductive age-trajectories for the species in our analysis to investigate
whether reproductive senescence followed the same pattern as actuarial senescence in species
that display vs. escape actuarial senescence. Age-specific reproduction (m(x)) was calculated
following Caswell (p. 118-21)". Briefly, the proportional structure of the cohort at age x is
given by

X,
Ue]
Tyxe .
eUe]

p(x) = x=01,.... equation 4

The total sexual reproductive output per individual at age X is given by

m(x) = eTFp(x) equation 5

For two species, Araucaria mulleri and Juniperus procera, m(x) was incalculable, and

so both species’ 1(x) and m(X) tragjectories are not reported. For the remaining 306 species, the

[(x) and m(x) trajectories are found in the Extended Fig. 1a-h.
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Code availability

Code used for analysis is available in the supplementary information.

Data availability

Data are available from the source data files in the supplementary information and from the
COMPADRE Plant Matrix Database and COMADRE Anima Matrix Database

(www.compadre-db.com).
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403 Extended data figuresand tables

404  Fig. 1. Survivorship (red) and reproduction (black) age-trajectories for 306 of our study
405 species. a) Invertebrates that escape senescence b) Vertebrates that escape senescence c)
406 Invertebrates that display senescence d) Vertebrates that escape senescence €) Gymnosperms
407  that escape senescence f) Gymnosperms that display senescence g) Angiosperms that escape
408  senescence h) Angiosperms that display senescence. Trajectories are conditional upon
409  reaching, and are shown from, the age of maturity, labelled as O, to the age at which 5% of

410  the mature cohort is still alive. The mature cohort is defined to have survivorship of 1.

411
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427  Extended Data Table 1: Phylogenetic signals of actuarial senescence for each major
428  taxonomic group of our 308 studied species are relatively weak. Calculated estimates of
429  Pagel’s A within the phylogenetic analysis of actuarial senescence across our study species.
430 Pagel’s 1 is an index bounded between zero and one, where values ~0 indicate that the
431  evolutionary history of the species explains little about the variation of the trait measured,
432 and values ~1 suggest that that evolutionary history mostly explains the observed variation of

433  thetrait across the studied species.

434
Taxonomic breadth ~ Pagel’s 4 5% CI 95% CI
Whole analysis 0.376 0.142 0.654
Plants 0.359 0.077 0.704
Animals 0.000 0.000 0.572
Angiosperms 0.215 0.000 0.687
Gymnosperms 0.000 0.000 0.699
Vertebrates 0.000 0.000 0.658
Invertebrates 0.291 0.000 0.845
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436  Supplementary information

437  Supplementary Table 1: Study species. Included species in our analysis were those that
438  fitted the selection criteria described in methods. Species names, their kingdom (Animalia or
439 Plantae), whether they display or escape actuarial senescence according to Keyfitz' entropy™
440  (H), and the source study from which the data was originally compiled into COMADRE? and
441 COMPADRE® are listed.

Species Kingdom Actuarial senescence H  Source

Davis, J., & Levin, L. Importance
of pre-recruitment life-history
stages to population dynamics of
the woolly sculpin  Clinocottus
Clinocottus 0.945 analis. Marine Ecology Progress
analis Animalia Displays senescence Series. 234, 229-246. (2002).
Beissinger, S. R. Digging the
pupfish out of its hole: risk
analyses to guide harvest of
Cyprinodon 0.924  pevils Hole pupfish for captive
diabolis Animalia Displays senescence breeding. PeerJ. 2, €549 (2014).

Gonzélez-Olivares, E., Aranguiz-
Acufia, A., Ramos-diliberto, R., &
Rojas-Palma, A. Demographical
analysis of the pink ling
Genypterus blacodes (Schneider
1801) in the austral demersa
fishery: A matrix approach
evaluating harvest and non-
harvest dates. Fisheries
Genypterus 0472 Research, 96(2-3), 216-222.
blacodes Animalia Displays senescence (2009).

Bronikowski, A.M., Clark, M.E.,
Rodd, F.H. & Reznick, D.N.
Population-dynamic
consequences of predator-induced
life history variation in the guppy
Poecilia 1.069 (Poecilia reticulate). Ecology.
reticulata Animalia Escapes senescence 83(8), 2194-2204. (2002).
Foster, S. J, & Vincent, A. C. J
Advice in spite of great
uncertainty: assessing and
addressing bycatch of small fishes
with limited data using Stellifer
illecebrosus as a case study.
0.771 Aquatic Conservation: Marine

Sellifer and Freshwater Ecosystems,
illecebrosus Animalia Displays senescence 22(5), 639-651. (2012).

Di Minin, E., & Griffiths, R. A.
Epidalea Viability analysis of a threatened
calamita Animalia Displays senescence amphibian population: modelling
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the padt, present and future
Ecography, 34(1), 162-169.
0.352 (2010).

Sabat, A.M., & Toledo-
1.121 Hernandez, C. Viability of Sea
Fan Populations Impacted by
Disease: Recruitment versus
Incidence. Journal of Marine
Gorgonia Biology. Vol 2015, Article ID
ventalina Animalia Escapes senescence 987060. (2015).
Linares, C., & Doak, D.
Forecasting the combined effects
of disparate disturbances on the
persistence of long-lived
gorgonians: a case study of
Paramuricea clavata. Marine
Paramuricea 1.245 Ecology Progress Series, 402,
clavata Animalia Escapes senescence 59-68. (2010).

Davis, A. J, Hooten, M. B,
Phillips, M. L., & Doherty, P. F.
An integrated modeling approach
to estimating Gunnison sage-
grouse  population  dynamics:

combining index and

demographic data. Ecology and
Centrocercus 0408 FEvolution, 4(22), 4247-4257
minimus Animalia Displays senescence (2014).

Sergio, F., Tavecchia, G., Blas, J.,
Lopez, L., Tanferna, A. &
Hiraldo, F. Variation in age-
structured vital rates of a long-
lived raptor: Implications for
population growth. Basic and
1.068 Applied Ecology, 12(2), 107-115.
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Supplementary Methods: ‘R’ computer codeto extract age trajectories of fertility and
mortality from population projection matrices, and to calculate Keyfitz' entropy.

#Codeto quantify Ix, mx and H, ascalculated in:
#Senescence: Still an Unsolved Problem of Biology
#Mark Roper, Pol Capdevila & Roberto Salguero-Gomez
#Submitted to Nature.

#Code adapted by P.Capdevila (University of Oxford) and M.Roper (University of Oxford) from Jones et al.
Diversity of ageing acrossthe tree of life. Nature. 2014.

#Email: Mark Roper <mark.roper@keble.ox.ac.uk>

#Using equations from H. Caswell (2001) Matrix Population Models. 2nd Edition. #Sinauer, Sunderland, MA.
Specific equations and pages within the references are #cited in each of the functions below.

#Last modified: June 18th, 2019

#Packages necessary:

require(MASS, popbio, popdemo)

#H##HFuUnctions

#Function to trim down Ix and mx at a given percentage before stationary convergence (See Methods).

gsdConvergence <- function(survMatrix, beginLife){
uDim <- dim(survMatrix)
eig <- eigen.analysis(survMatrix)
gsd <- eigbstable.stage
gsd <- as.numeric(t(matrix(gsd / sum(gsd))))
#Set up a cohort
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465 nzero <- rep(0, uDim[1]) #Set a population vector of zeros

466 nzero[beginLife] <- 1 #Set the first stageto =1

467 n <- nzero #Rename for convenience

468  #lterate the cohort (n= cohort population vector, p = proportional structure)
469 dist <-p<- NULL

470 survMatrix1 <- survMatrix

471 for (j in 1:1500){ #j represent years of iteration

472 p <- n/ sum(n) #Get the proportional digtribution

473 dist[j] <- 0.5* (sum(abs(p - gsd)))

474 n <- survMatrix1 %* % n #Multiply the u and n matrices to iterate
475  }

476 #Find the ages for convergenceto 0.1, 0.05, and 0.01

477 pickl <- min(which(dist < 0.1))

478 pick2 <- min(which(dist < 0.05))

479 pick3 <- min(which(dist < 0.01))

480 convage <- c(pickl, pick2, pick3)

481 return(convage)

482 '}

483

484  #Function to determine probability of reaching reproduction, age at maturity and reproductive lifespan (Code
485  adapted from H. Caswell's matlab code):

486 lifeTimeRepEvents <- function(matU, matF, startLife = 1){

487 ubDim <- dim(matU)[1]

488  surv <- colSums(matU)

489 repLifeStages <- col Sums(matF)

490 repLifeStages[which(repLifeStages>0)] <- 1

491 if(missing(matF) | missing(matU)){ stop('matU or matF missing’)}
492 if(sum(matF,narm=T)==0){ sop(‘matF contains only 0 values)}
493

494  #Ageat first reproduction (La; Caswell 2001, p 124)

495 D <- diag(c(Bprime[2,]))

496 Uprimecond <- D%* %Uprime%* %ginv(D)

497 expTimeReprod <- col Sumg(ginv(diag(uDim)-Uprimecond))
498  out$La<- expTimeReprod[startLife]

499 }

500
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#Function to create a life table

makel ifeTable<-function(matU, matF = NULL, matC = NULL, startLife = 1, nSteps = 1000){

matDim <- ncol(matU)
#Age-specific survivorship (1x) (See top function on page 120 in Caswell 2001):
matUtemp <- matU
survivorship <- array(NA, dim = c(nSteps, matDim))
for (o in L:nSteps)y
survivorshipl[o, ] <- colSums(matUtemp %* % matU)
matUtemp <- matUtemp %* % matU

}

Ix <- survivorship[, startLife]

Ix <- c(1, Ix[L:(length(Ix) - 1)])

#Start to assemble output object where we will store the data

out <- data.frame(x = 0:(length(Ix)-1),Ix = Ix)

if(!missing(matF)){
if(sum(matF,narm=T)==0){
warning("matF contains only 0 values")

}

#Age-specific fertility (mx, Caswell 2001, p. 120)

ageFertility <- array(0, dim = c(nSteps, matDim))

f

ertMatrix <- array(0, dim = c(nSteps, matDim))

matUtemp2 <- matU

e <- matrix(rep(1, matDim))

f
f

or (gin 1:nSteps) {
ertMatrix <- matF %* % matUtemp2 * (as.numeric((ginv(diag(t(e) %*% matUtemp2)))))

ageFertility[q, ] <- colSums(fertMatrix)

matUtemp2 <- matUtemp2 %* % matU

}

mx <- ageFertility[, startLife]

mx <- ¢(0, mx[1:(length(mx) - 1)])

out$mx <- mx

}
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537  ##Calculations from COMPADRE and COMADRE

538 #Upload COMPADRE and COMADRE

539 load("COMADRE_v.3.0.0.RData")

540  load("COMPADRE_v.5.0.0.RData")

541  indexPopCOMADRE=1:dim(comadreSmetadata)[ 1]

542  indexPopCOMPADRE=1:dim(compadre$metadata)[1]

543  alPoplndex<- c(indexPopCOMADRE,indexPopCOMPADRE)
544  #### oop to obtain demographic quantities

545  longPop<- dim(compadre$metadata)[1]

546  output<- data.frame(" SpeciesAccepted”<- rep(NA,longPop),

547 "MatrixDimension"<- rep(NA,longPop),
548

549 "H"<- rep(NA,longPop),

550 "La'<- rep(NA,longPop),

551 "Ix"<- rep(NA,longPop),

552 "ux"<- rep(NA,longPop),

553 "mx"<- rep(NA,longPop))

554

555  #Sart theloop to make the calculations

556  for (i in 1:longPop){

557  index<- allPoplindex]i]

558 if (i<=length(indexPopCOMADRE)) { d=comadre} else{d=compadre}

559  #Define the name of the species

560  output[i,c("SpeciesAccepted")]<- unlist(lapply(d$metadatafindex,c(" SpeciesAccepted")], as.character))
561  #Thecalculations here employed define the beginning of life when an individual become established.
562  #Thus, wedo not consider transitions from the "prop" stages

563 lifeStages<- d$matrixClass[[index]][1]

564  output[i,"stages']=paste0(d$matrixClass[[index]][2])

565 notProp<- min(which(lifeStages != "prop"))

566  dorm<- which(lifeStages=="dorm")

567  matU<- d$mat[[index]]$matU

568 matU[is.na(matU)] <- 0

569  matF<- d$mat[[index]]$matF

570  matFis.na(matF)] <- 0

571  matC<- d$mat[[index]]$matC

572 matCl[is.na(matC)] <- 0
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573 matA<- matU+matF+matC

574  #Store matrix dimension

575  output$Matrix Dimenson[i]=matDim=dim(matU)[1]

576  #Convergence to the quasi-stationary distribution

577  QSD <- gsdConvergence(matU,notProp))

578  #Calculate the life table

579 lifeTable <- makeL ifeTable(matU,matF,matC,notProp,1000)[1:QSD[2],])
580  #Calculate and store Age at sexual maturity La

581 La <-output[i, "La"] <- lifeTimeRepEvents(matU,matF,notProp)
582  #Survival curve

583  outputfi,"Ix"][[1]] <- list(unlist(lifeTable$Ix[1:QSD[2]]))
584  #Survival with the beginning of Ix set at age at maturity

585  outputfi,"Ixs"1[[1]] <- list(unlist(lifeTable$Ix)[La:QSD[2]])
586  #Fertility curve

587  output[i,"mx"][[1]] <- list(unlist(lifeTable$mx)[1:QSD[2]])
588  #Fertility curve setting the beginning at age at maturity

589  output[i,"mxs"][[1]] <- list(unlist(lifeTable$mx)[La:QSD[2]])
590  #Define age

591  outputi,"x"][[1]] <- list(unlist(lifeTable$x)[1:QSD[2]])

592  #Define age since starting at age at maturity

593  output[i,"xs"][[1]] <- list(unlist(lifeTable$x)[LaQSD[2]])
594  #Keyfitz' entropy estimation

595  output$H[i] <- as.numeric(-

596  t(Ix[isna(lx)==FALSE])%* %log(Ix[is.na(lx)==FAL SE])/sum(Ix[is.na(Ix)==FAL SE]))

597 }

598
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599  Sourcedata
600 COMADRE v.3.0.0 (asfile)
601 COMPADRE v.5.0.0 (asfile)
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