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3Institut de Ciències del Mar, CSIC, Passeig Marı́tim de la Barceloneta 37-49, 08003 Barcelona, Spain
4CIIMAR/CIMAR, Centro Interdisciplinar de Investigação Marinha e Ambiental, Universidade do Porto,
Porto, Portugal
5Aix-Marseille University, Mediterranean Institute of Oceanography (MIO), Université de Toulon, CNRS/IRD,
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Understanding the role of the environment in shaping the evolution of life

histories remains a major challenge in ecology and evolution. We synthesize

longevity patterns of marine sessile species and find strong positive relation-

ships between depth and maximum lifespan across multiple sessile marine

taxa, including corals, bivalves, sponges and macroalgae. Using long-term

demographic data on marine sessile and terrestrial plant species, we show

that extreme longevity leads to strongly dampened population dynamics.

We also used detailed analyses of Mediterranean red coral, with a maximum

lifespan of 532 years, to explore the life-history patterns of long-lived taxa

and the vulnerability to external mortality sources that these characteristics

can create. Depth-related environmental gradients—including light, food

availability, temperature and disturbance intensity—drive highly predict-

able distributions of life histories that, in turn, have predictable ecological

consequences for the dynamics of natural populations.

1. Introduction
From sequoias to small desert shrubs to naked mole rats, the study of species with

unusually long lifespans has long fascinated evolutionary ecologists [1–4]. Under-

standing the conditions where extreme life histories dominate and the potential

consequences of these singular strategies for the dynamics of natural populations

is central to ecology and evolution, and may also have important implications for

conservation biology [5]. However, to date ecologists have only found weak

correlations between extrinsic factors and longevity, and we still have relatively

few full demographic descriptions for extremely long-lived species.

In terrestrial landscapes, high longevities are common in relatively inhospita-

ble environments characterized by low availability of resources, such as desert and

alpine ecosystems [6–8]. However, some species of extreme longevity inhabit

highly productive habitats (e.g. the coastal redwood), and climate or habitat factors

generally provide only weak predictions of life-history traits [9–12]. The marine

realm is perhaps a more promising setting to examine the external factors driving

life-history variation than are terrestrial habitats, owing to the set of physical–

chemical properties that lead to strong and predictable depth-related gradients

at smaller spatial scales than are observed in other systems [13]. The main abiotic

factors controlling bottom-up processes in marine communities (light, food avail-

ability, temperature and disturbance intensity) all generally decrease with depth

(e.g. [14,15]); these factors are also often invoked as likely selective agents favour-

ing short or long lifespans [16]. If environment plays a role in shaping the evolution

of longevity, we, therefore, expect an increase of lifespan along depth gradients.

Yet, quantitative analyses addressing this hypothesis are scarce.
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In this study, we first explore longevity patterns of marine

habitat-forming species, asking how predictable longevity is

across depths and whether there are consistent consequences

of individual longevity for population dynamics. We discuss

these results in the light of similar analyses for terrestrial

plant species. Next, we conduct a focused analysis of the

iconic Mediterranean red coral, examining aspects of popu-

lation biology of an extremely long-lived species that may

be general for high-longevity species. Our findings represent

an important step towards a better understanding on the role

of environmental conditions as drivers of the evolution and

maintenance of longevity and have implications for the con-

servation of dominant structural species found at deep

habitats, where demographic data are scarce.
oc.B
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2. Material and methods
(a) Review of demographic studies
Life-history strategies are complex combinations of multiple traits

that describe the timing and magnitude of the species’ repro-

duction, growth and survival, which in turn generate life-history

metrics such as longevity, generation time and net reproductive

rate. For two reasons, we have focused here on longevity as a

proxy for this broader diversity in life-history strategies. First, sev-

eral comparative demography studies have shown that longevity

is highly correlated to many other demographic traits; in particu-

lar, longevity is positively correlated to age at maturity and

generation time and negatively correlated to reproductive output

and growth [17,18]. Second, unlike many complicated life-history

traits that require detailed demographic study to estimate, longev-

ity can be estimated in quite simple ways and is widely reported,

making it especially suited to broad-scale comparisons.

To construct our dataset, we searched the literature for studies

reporting longevity estimates and demographic data by using

several combinations of keywords. We restricted our analysis to

marine sessile species and used the terms ‘marine sessile’, ‘coral’,

‘hexacoral’, ‘octocoral’, ‘macroalgae’, ‘seaweed’, ‘bivalve’ and

‘bryozoan’. These were combined with either ‘demographic model’

and ‘matrix model’ or ‘longevity’ and ‘lifespan’ in the Web of Knowl-

edge. We found 144 suitable studies reporting data for 241 species

(electronic supplementary material, table S9). We include studies of

polycheates that form cemented tubes, and thus are effectively ses-

sile, as well as studies of bivalves that are and are not strictly sessile.

Maximum longevity is estimated through different method-

ologies. Some studies directly report estimates of maximum

observed lifespan using growth rings or geochemical analysis or

both. Others report standard demographic data in the form of a

matrix model or annual survival rates of adult individuals or colo-

nies. The latter were used to derive potential maximum lifespan

based on demographic simulations using the same methodology

as for the red coral (see §2d(iii), Demographic analysis below).

When demographic data were based on non-annual transitions,

annual lifespan was calculated as Lann¼ L � 12/T, where Lann is

the annual lifespan, L is the non-corrected lifespan value and T is

the period described by each transition in months.

As a proxy for habitat, we used depth of occurrence, quantified

by the maximum depth reported for the species. While mean or

median depth would be more informative, accurate information

on these central depths is not available for a wide range of species.

Maximum depth is more commonly reported and likely to be cor-

related with a species’ characteristic depth range. Maximum

depths were obtained by searching in the literature including the

keywords ‘depth’, ‘depth range’ and ‘maximum depth’ combined

to the species scientific name (electronic supplementary material,

table S9).
(b) Demographic variability using matrix population
models

To quantify temporal variance in population growth, we used

stochastic demographic models based on at least 5-year study

periods (four annual transition matrices) for marine sessile

species (n ¼ 9) and terrestrial plants (n ¼ 25) (electronic sup-

plementary material, table S10). For each species, we simulated

the fate of 1000 initial individuals for 1000 years, assuming

equal probabilities for each reported annual transition, and com-

puted changes in population size by dividing the total number of

individuals at each time (t) by the previous number (t 2 1). We

then log-transformed these realized annual lambda values and

computed their variance. Two long-term demographic studies

on bivalve species reported only observed annual lambdas,

thus we computed variance in population growth directly from

these observed lambdas after a log-transformation.

(c) Statistical analysis
We used Pearson’s and Spearman’s rank correlations and linear

models to assess the relationships between depth and longevity

as well as longevity and population growth variability. We also

explored multiple combinations of potential predictors and

their interactions by fitting a set of multiple linear models and

using Akaike information criteria corrected for small sample

sizes to select the best models. First, a set of linear models was

fitted to the whole longevity dataset to test for effects of depth

while accounting for different methodological differences in

longevity calculations and also to explore potential significant

interactions between depth and taxonomic class. We also ran a

separate set of models to test if other taxomonic levels (Phylum

or Order) had more explanatory power or shifted the results. A

second set of models was fitted using only the species for

which estimates were based on demographic models. For these

species, we explored which longevity definition (see §2d(iii),

Demographic analysis below) had a better fit with maximum

depth. Finally, to assess the effect of longevity on demographic

variability, a third set of models was fitted to sessile species for

which four or more annual transition models were available, set-

ting variance in population growth as a response variable and

maximum longevity, habitat and their interaction as potential

predictors. In these and all other statistical tests, longevity was

log-transformed for analysis to achieve more linear results.

(d) Study case: the Mediterranean red coral Corallium
rubrum

(i) Natural history
Precious corals are long-lived species found in several seas across

the world. The red coral Corallium rubrum is a long-lived octo-

coral of the Mediterranean Sea. It is a depth-generalist species

commonly observed in the northwestern Mediterranean at shal-

lower depths in overhangs and caves but its bathymetrical

distribution can reach up to 1000 m deep [19]. Owing to the

high value of its carbonate skeleton for the ornamental jewellery

industry, C. rubrum has been intensively harvested for millennia.

Exploitation—both legal and illegal—as well as ongoing climate

change are current threats to this species [20–25].

(ii) Study area and demographic monitoring
A total of 1144 coral colonies from eight C. rubrum populations

along the northwestern Mediterranean region were individually

monitored using photographic techniques (n ¼ 30 photoquadrats

of 20 � 20 cm at each population) over periods ranging from 3 to

10 years between 2003 and 2011 (electronic supplementary

material, table S1; see [26] for detailed information).
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Figure 1. Longevity patterns across marine sessile species (n ¼ 241). Data
were obtained from the literature and correspond to the maximum potential
lifespan reported for each species for the main marine sessile taxa. See the
electronic supplementary material, table S9 for specific species data. (Online
version in colour.) Images: Integration and Application Network, University of
Maryland Center for Environmental Science (ian.umces.edu/symbols/).
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(iii) Demographic analysis
Based on the photographic time-series data, we could estimate

size-dependent annual survival, fecundity and growth rates. We

used a set of generalized mixed effects models (GLMMs) to

describe annual survival and fecundity rates. Because the goal

was to describe the general life history of the red coral, population

and year were included in the models as random factors. Growth

rates are extremely low for this species [27,28], thus a nonlinear

growth/shrinkage model was fitted to data of initial and final

colony sizes measured for 247 colonies in two populations over

periods of 7–8 years. Owing to relatively rare ‘extreme shrinkage’

of some colonies, we divided the growth/shrinkage process into

normal growth and extreme retrogression, each with their own

mean change of size (see the electronic supplementary material).

The growth/shrinkage rates model and the fixed effects from the

survival and reproduction GLMMs, which included colony size

as a fixed effect and population and year as random factors,

were then used to construct a deterministic integral projection

model (hereafter IPM). We analysed this model as a large matrix

based on 80 colony size-classes (see [26]; electronic supplementary

material for a full description on model construction).

Maximum potential lifespan was estimated by deterministic

simulations using the demographic IPMs. Specifically, we simu-

lated the fate of 100 individuals starting at the same stage and

recording the number of years until 50% (mean lifespan) and 5%

(maximum potential lifespan) of individuals were still alive. To

explore the expected mean and maximum lifespan conditional on

starting at different life-stages, we ran three set of simulations: start-

ing with 100 recruits, starting with 100 of the smallest size-class

adults (first reproductive individuals [29]), and starting with 100

largest size-class adults. In all results reported in the main text,

we use adult maximum longevity. To explore how robust these

longevity metrics are to changes in the dimension of the transition

matrix derived from the IPMs, we computed all these metrics using

matrices constructed with 10 to 200 size-classes.

To assess the elasticity of deterministic population growth

to each vital rate, we performed a perturbation analysis of size-

dependent survival, fecundity, and mean normal growth and

mean extreme shrinkage, using an 80 size-class model. Each

size-dependent vital rate was separately increased or decreased

(by 1% and 5%). A mean demographic model was derived that

included each perturbation and its deterministic population

growth rate (dominant eigenvalue) was computed. Finally, the

size-dependent elasticity of each vital rate to lwas calculated using:

eaj ¼
aj

l
� @l
@aj

,

where a is the vital rate, j the size-specific interval, l the determinis-

tic population growth and eaj is the elasticity for vital rate aj. Since

underlying vital rates were perturbed separately (e.g. mean

growth, mean extreme shrinkage and survival), no compensation

to control for shifting effects on other vital rates was required (see

approach 4 in [30]).

We calculated mean age-specific survival and fecundity rates

by simulating a cohort of 1000 new recruits and computing at

each time step the survival rate (Nt/Nt21) and the fecundity

(Rt/Nt21), where N is the total adult abundance and R is the

total number of recruits.

3. Results
(a) Depth, longevity and population stability
The comparison of maximum lifespan revealed a great diversity

of life histories across marine sessile species (figure 1). Hydrozo-

ans, bryozoans, cirripeds and polychaetes displayed the

shortest lifespans, ranging from weeks to several decades.

These generally short-lived taxa have received significantly
less attention in the literature compared with other major taxa

such as bivalves and corals. The other groups had a great

range of lifespans, up to hundreds of years for some calcareous

macroalgae and bivalves and to thousands of years for cnidar-

ians and sponges. Most macroalgae species ranged from less

than 1 year to several decades, but an outlier with exceptional

longevity is the Antarctic calcareous algae Clathromorphum
nereostratum. Marine bivalve’s lifespans ranged from less than

1 year to more than 500 years for the Antarctic scallop Arctica
islandica and the giant deep-sea oyster Neopycnodonte zibrowii,
which is the longest-lived known non-clonal animal. Modular

and structural taxa such octocorals, hexacorals and sponges

were dominated by longer-lived species. Extreme cases were

the deep-sea coral Gerardia sp., found in Hawaii, with an esti-

mated age of 4700 years and the longest-lived known marine

species, the sponge Monorhaphis chuni, observed at 1000 m

depth with an estimated age of 11000 years [31,32].

We correlated log(maximum lifespan) with log(maximum

depth) and found strong positive relationships in the five

main taxa for which enough data were available to perform

meaningful analyses: octocorals (Spearman’s r ¼ 0.673; p ,

0.001; n ¼ 35), hexacorals (Spearman’s r ¼ 0.592; p , 0.001;

n ¼ 40), sponges (Spearman’s r ¼ 0.647; p , 0.001; n ¼ 17),

macroalgae (Spearman’s r ¼ 0.600; p ¼ 0.023; n ¼ 14) and

bivalves (Spearman’s r ¼ 0.491; p , 0.001; n ¼ 93) (figure 2;

electronic supplementary material, table S2). The positive

relationship between depth and lifespan was consistent across

different measures of longevity, although adult maximum long-

evity showed the strongest relationships with depth (electronic

supplementary material, table S3). This relationship is also

consistent when accounting for taxon or matrix dimension;

the best supported model includes an interaction between

depth and taxon, with significantly larger slopes for sponges

( p ¼ 0.0131) and macroalgae ( p ¼ 0.0308) than for the other

taxa (electronic supplementary material, table S4; overall

model statistics: R2 ¼ 0.511; F185 ¼ 18.12; p , 0.001). Use of

other taxonomic levels does not change this qualitative result,

http://ian.umces.edu/symbols/
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and model fit is best for Class (electronic supplementary

material, table S5). We also ran quantile regressions between

log(depth) and log(longevity) to see if depth is a more powerful

regulator of extreme life-history values, but found no significant

differences in the slope of the depth–longevity relationship for

10% up to 90% quantiles (electronic supplementary material,

table S6).

To assess population consequences of longevity, we

regressed variance in realized log-lambda on longevity across

marine sessile invertebrates and terrestrial plants and found

a similar, strongly negative relationship for both. Short-lived

species displayed higher variability in population growth

over time than did longer-lived species (n ¼ 34; Spearman’s

r ¼ 20.73; p , 0.001). The pattern was consistent in terrestrial

plants (n ¼ 25, Spearman’s r ¼ 20.68; p ¼ 0.0002) and marine

sessile invertebrates (n ¼ 9; Spearman’s r ¼ 20.67, p ¼ 0.0214)

(figure 3; electronic supplementary material, table S7).

and maximum longevity in terrestrial plants (green, n ¼ 25, Spearman’s
r ¼20.68; p ¼ 0.0002) and marine sessile (light blue, n ¼ 9; Spearman’s
r ¼20.67, p ¼ 0.0214) species, and overall (n ¼ 34; Spearman’s
r ¼20.73; p , 0.0001). Squared light blue dots correspond to two
bivalve species whose variance was computed directly from observed
annual lambdas. (Online version in colour.)
(b) The extreme life-history of Corallium rubrum and its
population dynamics

The red coral C. rubrum displayed slow dynamics over the eight

populations studied along the northwestern Mediterranean

(electronic supplementary material, figure S1), a pattern

driven by extremely high adult survival, ranging between

98.05% and 99.76% from the smallest to the largest reproductive

C. rubrum colonies (figure 4a). Monitoring of post-recruitment

survival revealed that relative to later survival rates, annual sur-

vival is low during the first years after recruitment with a mean

of 69.5% (figure 4c). However, by the age of four, young colo-

nies already displayed a high survival probability of 92.2%.

Overall, mortality rates decreased rapidly during the early

stages of the red coral lifetime, following a type III survivorship

curve, and then decreased steadily, more similar to type II sur-

vivorship (figure 5a). Recruitment was very limited; from 246

quadrats (about 30 per population) individually monitored

for recruitment at the eight studied populations, 83.7%

showed no annual recruitment. The remaining 16.3% of quad-

rats were divided into 10.7% with only a single recruit

present, 5.1% with two to four recruits and only 0.5 with five

or more recruits (figure 4b,d). Mean annual per capita recruit-

ment, weighted by the relative abundance of different sized

individuals, was 0.077. This is considerably lower than the aver-

age per capita recruitment for a range of marine sessile
invertebrates for which there is standard demographic data

available (n ¼ 28, median¼ 0.547–0.727, mean ¼ 5.14+4.02

(s.d.); electronic supplementary material, table S8), although

higher than the same estimate for six other species (electronic

supplementary material, table S8).

Demographic simulations revealed high maximum poten-

tial future longevity for C. rubrum colonies, ranging from 501

to 532 years for small and large adult, respectively (figure 5a;

electronic supplementary material, figure S2). The mean

expected lifespan was also relatively high for adult red coral

colonies and ranged from 98 years for small adult colonies to

129 years for the larger red coral colonies. Our simulations

also revealed potential artefacts owing to matrix dimensional-

ity. When using relatively small transition matrices (less than

60 size-classes) simulations underestimated values of maxi-

mum and mean longevity, the values stabilized around

60–80 size-classes and were consistent thereafter (electronic

supplementary material, figure S2).

Perturbation analysis revealed a disproportionately large

influence of survival rates on asymptotic population growth
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(figure 5b). Elasticity of lambda to fecundity, mean growth

and mean extreme shrinkage, as well as all other vital rates,

was markedly lower (electronic supplementary material,

figure S4). Model fitting of age- or size-dependent fecundity

and survival showed no evidence of senescence (electronic

supplementary material, figure S3).
4. Discussion
Demography is a powerful tool to understand the evolution

of life histories and has provided important insights into

plant, mammal and bird’s strategies [5,33]. However, a lack
of long-term and broad spatial-scale data on the dominant

species of marine ecosystems, particularly those living at

deeper depths, hinders our understanding of the processes

shaping the dynamics of these threatened ecosystems [34].

In this study, we analysed the long-term dynamics of the

long-lived red coral C. rubrum and published data for a

broad range of marine sessile invertebrates and macroalgae.

The results revealed strong positive relationships between

depth, longevity and demographic stability, showing strong

habitat-determined predictability of key demographic

processes in marine ecosystems.

Marine sessile species have a wide range of maximum life-

spans across taxa and habitats, ranging from weeks in some
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intertidal species to hundreds of years for the red coral

C. rubrum, and several thousands of years for some deep-sea

corals and sponges (figure 1). Our most striking finding was

that maximum lifespan was strongly and positively correlated

with a species’ maximum depth occurrence in hexacorals,

octocorals, sponges, and although weaker, also in bivalves

(figure 2). These results demonstrate a strong role of habitat

features at shaping the distribution of longevity patterns.

In the shallowest waters, short-lived species dominate

(figure 2), perhaps owing to high disturbance rates and compe-

tition in high-energy environments where fast-growing species

have a distinct advantage. By contrast, species displaying

diverse life-history strategies coexist at intermediate depths,

including short-lived invertebrates that also occur intertidally

and longer-lived massive corals, macroalgae and seagrasses

[35,36]. The high energy availability owing to constant solar

irradiation may allow the presence of a large spectrum of life-

history strategies that have diversified to occupy multiple

niches, following analogous processes than those shaping tropi-

cal rainforest plant communities [37]. Finally, in deeper waters,

environmental constraints seem to favour the dominance of

slower life histories and longer lifespans. Depth gradient deter-

mines changes in environmental factors such as light and food

availability, temperature and disturbance intensities. In turn,

these factors are likely to control the evolution of lifespans

through several mechanisms. First, deeper habitats are generally

less productive, limiting food supply for consumers and favour-

ing slow growth and longer lifespans [38]. Empirical studies

exploring physiological trade-offs have shown that the elevated

metabolic costs of fast strategies can be detrimental in the

absence of high availability of resources [39]. Also, as light is

strongly depth-dependent, organisms dwelling at deeper habi-

tats may experience a ‘competition release’, mainly by the

absence of macroalgae and other fast-growing autotroph organ-

isms that are constrained to the photic zone [40]. Similarly,

deeper habitats are less diverse and thus organisms could face

less predation pressure, pushing selective forces to favour

somatic maintenance and, therefore, life extension [41]. Finally,

the relative predictability of deep environments may enable

species to survive with lower reproductive and mortality

rates. Shallow habitats are more exposed to external sources of

mortality owing to extreme physical disturbances (i.e. hurri-

canes and storms) and temperature fluctuations [13,42],

making them less suitable for organisms whose long-term

success relay on extremely high survival of adult stocks [43].

Previous anecdotal data on longevity in sessile and mobile

marine organisms support our findings. For instance, the high-

est longevity reported to date corresponds to the sponge

M. chuni, found at 1000 m depth with an estimated age of

11000 years [32]. A similar pattern has been also observed in

marine fishes [44]. Indeed, a recent study based on radiocarbon

dating on eye tissue revealed that the deep-resident Greenland

shark Somniosus microcephalus, which can live up to 400 years,

may be the longest-lived vertebrate on the Earth [45]. Overall,

these results demonstrate a strong role of depth-related

environmental gradients in shaping life-history strategies

across marine taxa. The strength of this pattern is striking

and contrasts with the weak environmental correlates of long-

evity or other life-history traits that seem typical in terrestrial

systems [9–12]. Nonetheless, our findings open new questions

regarding the existence of potentially analogous processes

driving the evolution of life-history strategies along elevation

and/or productivity gradients in terrestrial landscapes.
Further analyses exploring the relationship between depth

and different environmental parameters could provide a

more mechanistic understanding of this general pattern of

increasing species maximum longevity towards deeper

marine waters.

At least three demographic mechanisms may contribute to

the strong relationship observed between depth and longevity

in marine sessile organisms. First, species may show relatively

indiscriminate settlement. Under this scenario, the longevity

pattern may arise because faster-growing, shorter-lived species

outcompete slow species in productive, shallow sites, while at

deeper sites only slow-growing species with high longevity

may persist. Second, species may have evolved specific settle-

ment cues so that larvae of long-lived species preferentially

settle in either deep or shallow sites. Finally, to some extent

these life-history patterns could result from demographic com-

pensation, reflecting phenotypic plasticity in life histories

(i.e. fecundity, growth or survival rates) as a function of local

constraints on population growth rates [46]. In reality, all

three mechanisms are likely to contribute to this matching of

life history to environment.
(a) The extreme life-history features of the red coral
Corallium rubrum

While our survey shows that mesophotic and deep-sea ecosys-

tems are predictably inhabited by species of extreme longevity,

we have few detailed studies of the population ecology of

these taxa. We found that C. rubrum, a widely distributed

Mediterranean red coral, showed a consistent pattern of slow

population dynamics driven by extremely high survival,

recruitment limitation and apparently negligible senescence

(figure 5; electronic supplementary material, figure S3a). The

species revealed a maximum potential longevity of up to 532

years, overlapping with lifespan ranges of other deep-sea

organisms. Although previous research had shown that

C. rubrum settlement can be highly heterogeneous [47,48], in

this study, we observed a much more homogeneous pattern

of low recruitment in the long term (figure 4b,d; electronic sup-

plementary material, table S8). Recruitment limitation has been

observed in other long-lived temperate invertebrates [49–51]

and can seriously hinder the ability of populations to recover

after intense perturbations [52].

For species with limited recruitment, adult survival

becomes of paramount importance to ensure their persistence

[43]. We found extremely high survival for C. rubrum
(figures 4a and 5a), with estimated mortality even lower than

found in previous experimental studies [27,50]. In agreement

with previous observations in long-lived gorgonians [43], the

perturbation analysis supported that survival is the vital rate

demonstrating the highest effect on population growth in

C. rubrum (figure 5b). The absence of detectable senescence is

common in sessile marine species and terrestrial plants [2,53],

and may be related to high investments in structural tissues,

although some authors have suggested that modularity may

also play an important role [53]. It should also be noted that

our data, like that for most other studies of extremely long-

lived species, lack the precision necessary to carefully test for

senescence. Precious corals build an energetically demanding

hard carbonate skeleton; while preventing a fast rate of colony

growth, it may provide the structural basis that allows for an

extremely high survival.



rspb.royalsocietypublishing.org
Proc.R.Soc.B

285:20172688

7
The shallow occurrences of the monitored populations of

this long-lived species could seem to make it an outlier in the

depth-longevity pattern. However, this coral is distributed

from shallow to deep waters up to 1000 m depth [19] and

its shallow occurrences are exclusively found in dim-light

and dark habitats where it cannot be outcompeted by fast-

growing organisms [40]. Given the overall pattern observed

for marine species, the dynamics of red coral populations

dwelling at deeper habitats are likely to be even slower and

more dependent on adult survival. However, we must be

cautious with these extrapolations and note that demo-

graphic data on deeper locations is not available owing to

logistical constraints. Exceptional shallow presence has been

also observed in other important cold-water corals, such as

Lophelia pertusa, which can occur at 25 m in sediment laden

fjords where light attenuation reduces the abundances of

autotroph organisms, and thus competition; while at the

other end of the scale this species may be found as deep as

3300 m [54].

(b) Population-level consequences of extreme life
histories

As important as unravelling the drivers of extreme longev-

ities are the implications of these strategies for dynamics of

natural populations. We show that maximum longevity

strongly predicts temporal stability in population growth

across terrestrial and marine sessile species (figure 3). This

finding agrees with previous studies suggesting that long-

lived species can strongly buffer environmental stochasticity

[55,56]. As observed for the red coral C. rubrum, this buffering

capacity relies on high adult survival and low reproductive

success. While conferring stability under natural conditions,

this extreme life history will also hinder the ability of long-

lived species to overcome increased mortality rates, but

whether these species will be able to cope with rapidly chan-

ging perturbation regimes driven by the ongoing global

change is still unclear. For instance, while the red coral has
persisted after millennia of historical overharvesting owing

to the combination of consistent survival of partially har-

vested colonies [25] and small size at maturity [29], new

human-related stressors such as global warming have

increased mortality rates and put some shallow populations

at risk [20,21,57]. Worryingly, although declines may already

be driving populations of some long-lived species towards

collapse, in some cases, these trajectories may be too subtle

to be noticed by ecologists and managers [58]. The consistent

depth relationship for longevity also implies greater sensi-

tivity of species and communities occurring at greater

depths to human perturbations, amplifying recent calls to

better monitor and protect these vulnerable ecosystems [34].
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