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All organisms face a certain risk of dying before reproducing, putting strong
pressure on individuals to reproduce as early as possible. Despite this, some
organisms delay maturity, defer reproduction, and age slowly. The evolution
of such slow-paced life is classically attributed to allometric effects and
reduced extrinsic mortality, but might also result from the invasion of chal-
lenging environments requiring adaptations that boost adult survival yet
impose substantial energetic and developmental costs. Here, we reveal that
the invasion of marine environments by endotherms may have triggered
adaptive shifts towards slow life histories, particularly in pelagic lineages. Such
life history convergences may have been facilitated by the slow-paced nature
of their non-marine ancestors, and were associated with adaptations for
enhanced energy acquisition and storage, enabling a long reproductive life-
span at the expense of extended development. Ancestral traits and lifestyle
changes might thus have been important in shaping the evolution of slow life

histories.

The life history of organisms —expressed through the differential
allocation of time and resources to growth, survival, and reproduction
— represents the resolution of conflicts among competing adaptations
to maximise fitness'. As such, it is a fundamental way through which
organisms adapt to their environment'>. The adaptive relevance of life
history is evident in environments where adults face significant
extrinsic mortality. Under such conditions, natural selection favours
adaptations for early reproduction and high fecundity to increase the
likelihood of leaving descendants before death®>. Along with extrinsic
mortality, allometric constraints are also believed to play a crucial role
in shaping life history evolution'. Body size limits the rate at which
biomass can be produced, with smaller animals typically having higher
metabolic rates than larger animals. While a higher metabolism allows
animals to reproduce more quickly®, it can also lead to increased oxi-
dative stress and accelerated cellular wear, ultimately reducing

longevity’. Thus, smaller animals, like mice, tend to have much shorter
lives than larger animals, like elephants—a pattern known as the
‘mouse-to-elephant curve™®’.

While life history theory has achieved considerable success in
explaining why some organisms live fast and die young'®", the evolu-
tionary reasons why others mature late, defer reproduction and age
slowly remain less well-understood. Both the “mouse-to-elephant
curve” and “extrinsic mortality” theories offer insights into the factors
shaping such slow-paced life histories*>", though neither fully
accounts for their evolution®. When adult mortality risk decreases, for
example, natural selection is expected to favour longer lifespans by
removing deleterious genes and directing greater investment in
building and maintaining a durable soma"2. However, merely relaxing
extrinsic mortality seems insufficient to explain the evolution of very
slow life histories. For such strategies to evolve, the age-specific
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contribution to fitness should further shift from juveniles to adults™",

which requires ‘buffer’ adaptations that ensure a high probability of
adult survival regardless of extrinsic mortality risks. If developing
these adaptations implies diverting important resources and time,
increasing the fitness value of adults should lead to reduced repro-
ductive effort and delayed maturity’. Such evolutionary reconfigura-
tions are more likely when organisms invade ecological niches that not
only present reduced threats to adults but also expose them to novel
adaptive challenges.

Although it has long been appreciated that life history diversifi-
cation has been shaped by major niche changes that altered the
selective pressures on traits affecting age-specific fecundity and/or
mortality”', the limited exploration of such scenarios has hindered a
better understanding of the evolution of slow-lived strategies®. For
terrestrial vertebrates, a particularly relevant scenario is the invasion of
the marine environment. Some of the most fascinating and enigmatic
examples of very long longevities are found in endotherms that have
invaded marine environments”"°. Whales boast longer lifespans than
most contemporary mammals, with the potential to reach up to 200
years. Among birds, albatrosses hold the record for maximum lifespan,
with some living over 70 years. The remarkable longevity of these
marine endotherms is associated with delayed reproduction, longer
development periods and reduced fecundity, raising the intriguing
hypothesis that the invasion of marine environments has favoured the
evolution of a slow pace-of-life'®%,

The hypothesis that marine environments select for a slow pace of
life is grounded in the unique challenges posed by marine environ-
ments. Although predation risk is relatively low for endotherms in the
sea, they face the significant challenge of exploiting widely dispersed
and often clumped prey, which frequently exhibit low spatial and
temporal predictability” >, This challenge is further accentuated by
the necessity to develop foraging strategies drastically distinct from
those used by their ancestors on land, and to adapt them to harsh
conditions, as marine birds and mammals exhibit their greatest
diversity in cold waters®. In environments where resources are scarce,
unpredictable or challenging to obtain but threats for adults are not as
severe, investing in adaptations to efficiently exploit resources can be
advantageous —even if it results in delayed reproduction and reduced
fecundity— provided that these adaptations reduce adult mortality and
hence facilitate longer lifespans and iterated reproduction’’.

The intriguing possibility that the invasion of marine environ-
ments has selected for slow life histories remains largely untested.
Previous research has documented the exceptionally long lifespans of
some marine species'®**, and explored trade-offs favouring slow-
paced lives in particular marine clades®”. Despite this progress, it
remains unclear whether such a slow pace of life is a general feature of
marine endotherms that reflects adaptive evolutionary convergences
or rather is better explained by alternative factors, such as phyloge-
netic inertia or specific adaptations tied to particular marine lifestyles.
Although the existence of repeated, independent transitions between
land and sea provides promising opportunities for macroevolutionary
analyses®, contrasting the above alternatives is challenging because
life history traits do not leave traces in the fossil record. However,
advances in phylogenetic-based comparative analyses? ' now provide
opportunities to infer past evolutionary changes based on information
about extant species.

In this study, we build on these advances to reconstruct evolu-
tionary transitions of endotherms to marine environments from non-
marine ancestors, and to show that these transitions are associated
with changes towards slower life histories that are consistent with
models of adaptive evolution. Such life history adjustments were
associated with adaptations that enhanced energy storage and acqui-
sition, ultimately extending reproductive lifespan. However, this came
at the cost of longer developmental periods and delayed sexual
maturity. We also find that the ancestors of marine lineages were likely

aquatic and tended to occupy the slow extreme of the fast-slow con-
tinuum, which likely facilitated their successful colonisation of marine
environments while reducing constraints on the evolution of even
slower life histories.

Results and discussion

Recolonisation of the sea

Despite oceans covering 70% of the planet’s surface, only a few ter-
restrial animal clades have successfully colonised the sea® (Fig. 1a).
Using species-level information from 9991 birds and 4408 mammals
(Supplementary Data 1), we reconstructed transitions from terrestrial,
aquatic freshwater and marine environments in calibrated
phylogenies®** by means of stochastic character mappings (Supple-
mentary Figs. 1, 2)—a probabilistic approach to mapping characters
onto phylogenies that overcomes the limitations of parsimony®. In
birds, the average number of independent transitions to marine life-
styles was estimated to be 10.7 (Clygs=7-15), all within two major
radiations (Aequorlithornithes and Anseriformes). In mammals, the
number of transitions was 8.6 (Clos = 5.0-15.5) in three major radiations
(Cetartiodactyla, Carnivora and Sirenia). Interestingly, our phyloge-
netic reconstructions suggest that transitions to marine life generally
occurred from aquatic ancestors, but rarely directly from terrestrial
ancestors (Supplementary Fig. 3). Likewise, transitions from marine to
terrestrial environments are very rare. While these figures are probably
underestimations, as suggested by analyses of the fossil record®, both
the scarcity of independent invasions from non-marine ancestors and
the gradual nature of the transitions highlight the challenges that
marine environments pose for colonisation.

Marine endotherms in the fast-slow continuum

To investigate whether the invasion of marine environments has led to
changes in life history, we described the fast-slow continuum based on
seven life history traits: maximum longevity, age at first breeding,
gestation/incubation time, weaning/fledging time, litters/broods per
year, litter/clutch size and fecundity (Supplementary Data 2). These life
history traits were used in a Principal Component Analysis (PCA) to
assign the position of each species along the fast-slow continuum. The
first axis of the PCA explained 54% and 75% of variation in life history in
birds and mammals, respectively, and effectively captured this con-
tinuum, with positive loadings for longevity and developmental traits,
and negative loadings for fecundity traits (Supplementary Data 3). The
axis also captured the fecundity-survival trade-off underpinning the
fast-slow continuum™*, as indicated by its correlation with life expec-
tancy, generation time, and elasticity in fecundity derived from
demographic analyses (Supplementary Fig. 4). Along the fast-slow
continuum, marine species tend to consistently occupy the slower
extreme (Fig. 1b-i), with the only exception of marine Anser-
iformes (Fig. 1f).

Phylogenetic multivariate analyses on traits describing longevity,
fecundity and development time confirmed statistically the above
patterns (Supplementary Fig. 5). Marine species show lower fecundity
yet longer lifespans and development periods compared with species
that are primarily aquatic or terrestrial (Supplementary Fig. 6), clear
signatures of a slow pace-of-life. Although life history might vary with
trophic niche, migratory tendency and climatic region®, the above
pattern held when these alternative explanations were considered in
the analyses (Supplementary Fig. 7). Thus, our results confirm and
generalise that marine birds and mammals are at the slow extreme of
the fast-slow continuum.

Life history characterisation of ancestors

Phylogenetic reconstructions suggest that the ancestors of marine
lineages generally had a slow pace-of-life (Fig. 1 and Supplementary
Figs. 8, 9). This is true for all clades except Anseriformes. While phy-
logenetic reconstructions are prone to uncertainties, ancestor

Nature Communications | (2025)16:4265


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-59273-5

L I

260 240 220 200 180 160 140 120 100 80 60 40 20 O

z
&

(Mya)

Fig. 1| Major marine radiations in birds and mammals and position of species in
the fast-slow continuum. a Taxonomic Order containing marine species (blue
lines). b-i Density plots describing variation in the fast-slow continuum among
marine, aquatic and terrestrial species, described as the first axis of a PCA. Smaller
values along the fast-slow axis indicate faster life histories, while higher values
correspond to slower life histories. The red line represents the estimated value of
the ancestor of the marine species, estimated for 100 phylogenies with the function
fastAnc from Phytools. The position of marine species in the fast-slow continuum is
shown for all birds (b) and mammals (c), and within major marine radiations:
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Aequorlithornites, split in non-Charadriformes (d) and Charadriiformes (e),
Anseriformes (f), Cetartiodactyla (g), Carnivora (h) and Sirenia (i)). The fast-slow
continuum values are not directly comparable between birds and mammals, as they
are derived from separate PCAs conducted for each taxon. Sample sizes (species
number, birds/mammals) Marine = 339/125, Aquatic = 785/133, Terrestrial = 8865/
4150. Abbreviations: ANS Anseriformes, CETAR Cetartiodactyla, CARN Carnivora,
Tr Triassic, J Jurassic, K Cretaceous, Pg Paleogene, and Ng Neogene. Animal illus-
trations created by Daniel Sol.

Table 1| Adaptive and non-adaptive models for the evolution
of the fast-slow continuum in birds and mammals

Model Type Optima  Sigma AlCc AlCc AlCc AlCc
©) (o) Aequo Anser Cetar Carn

1 BM1 - single 1035.9 358.8 4031 467.8
(0%) (0%) (0%) (0%)

2 BMS - multiple  1014.8 351.9 386.9 449.3
(0%) (9%) (15%) (0%)

3] oul single single 1007.7 349.2 400.8 4551
(0%) (44%) (0%) (0%)

4 OUM multiple  single 983.2 349.4 395.3 4437
(7%) (14%) (0%) (0%)

5 OUMV  multiple multiple 973.1 3481 3828 430.8
(93%) (33%) (85%) (100%)

The evolution of the fast-slow axis along the phylogeny was modelled using Brownian motion
(BM) and Ornstein-Uhlenbeck (OU) processes, as implemented in the R package OUwie.
Values represent the average AlCc across a sample of 100 phylogenies. The percentage of
times each model had the lowest AICc is shown in parentheses. The AICc values of the most
frequently selected models are highlighted in bold. Stochastic character mappings were
used in the BMS, OUM, and OUMV models to account for differences in the “selective optima”
(0) of life history traits and/or the rate of stochastic variation (o) in their evolution. For
instance, the OUMV model allows both the optima and the rate of stochastic variation in
the fast-slow axis to vary across selective regimes (i.e., marine, aquatic, and terrestrial
environments). In all OU models, the strength of stabilising selection toward the optima (o)
was assumed to be constant across selective regimes to ensure model convergence. For
further details on the models, we refer the reader to the Supplementary Material. Abbre-
viations Aequo Aequolitornithes, Anser Anseriformes, Cetar Cetartiodactyla, and

Carn Carnivora.

estimations were highly consistent across 100 trees from the posterior
distributions of phylogenies (Supplementary Figs. 8, 9). Having a slow
ancestor is relevant because whether a lineage evolves toward a fast or
slow life history can be constrained by the initial position of the
ancestor in the fast-slow continuum?. It also suggests that the suc-
cessful colonisation of marine environments likely demanded a life
history co-opted to thrive in these environments.

The adaptive nature of the slow pace-of-life

To investigate the adaptive significance of life history divergences
between marine and non-marine lineages, we modelled the fast-slow
continuum using evolutionary models based on an Ornstein-
Uhlenbeck (OU) process®™. Unlike the commonly used Brownian
motion process, which assumes that a trait evolves over time through
stochastic changes, the OU process also considers the possibility that
the trait changes around one or several adaptive optima dictated by
different selective regimes. To test whether transitions from aquatic
to marine environments have selected for slower life histories, we
fitted multiple optima OU models for life history evolution in a
sample of 100 stochastic character mapping reconstructions. These
models were then compared with models featuring a single optimum
(OU1) or Brownian motion models (BM), which do not assume
adaptive processes. Our analyses revealed that in all clades with
marine radiations except Anseriformes, an OU model with multiple
optima provided a superior fit to the data relative to the other
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Fig. 2 | Life history divergence between marine, aquatic and terrestrial lineages
for four main radiations of marine endotherms. The outer plots are phenograms
to visually represent how life history changes across evolutionary time and across
taxa for Aequorlithornites (a), Anseriformes (b), Cetartiodactyla (c) and Carnivora
(d). The fast-slow continuum corresponds to the first principal component (PC1)

derived from a PCA conducted separately for birds and mammals. The inner plots
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show the kernel probability density of the fast-slow optima () estimated from
OUMYV models based on a sample of 100 stochastic character mappings (see Sup-
plementary Figs. S11-S15 for estimations of 0 for particular phylogenies and sto-
chastic character mappings). Colour codes like in Fig. 1. Abbreviations:

TERR Terrestrial, AQ Aquatic and MAR Marine.

models (Table 1). The estimated optima (parameter 0) of the fast-
slow continuum for marine, aquatic and terrestrial selective regimes,
derived from the OUMV models, showed certain discrepancies with
respect to the actual values of the analysed species (Fig. 2). These
discrepancies may reflect incomplete adaptation, the influence of
historical and stochastic factors, or potential estimation errors®-,
Nevertheless, the superior fit of the OUMV models remains highly
consistent across phylogenies and stochastic character mappings
(Table 1). Furthermore, these models consistently identify a slower
life history optimum for marine regimes compared to terrestrial and
freshwater regimes in analyses within the same phylogeny and sto-
chastic character mapping (Supplementary Figs. 10-13), suggesting a
convergent evolutionary trend towards slower life histories in marine
environments.

Life history divergence in pelagic and coastal environments

The marine environment exhibits significant heterogeneity*’. Coastal
areas, in particular, boast a higher abundance and diversity of
resources in comparison to the vast open ocean, largely due to coastal

upwelling*®. If the challenging and unpredictable nature of the marine
environment is the driving force behind selection for slower life his-
tories, we might expect distinct optima for coastal and oceanic spe-
cies. Indeed, among marine species, Aequorlithornithes tend to exhibit
slower strategies than Anseriformes, while Cetaceans exhibit slower
strategies than carnivores, in line with their predominantly pelagic
habits. Within Aequorlithornithes, the only clade with a good repre-
sentation of both pelagic and coastal species (Supplementary Data 1),
we also found that an OUMV model with distinct optima for pelagic
and coastal selective regimes outperformed a model where both
environments are pooled together (average AlICc=897.2 vs 973.1).
Although such life history differences may in part reflect selection for
higher fecundity driven by the overabundance and diversity of food in
coastal upwellings, as predicted by r-selection models of life history
evolution®, the striking and consistently much higher optima esti-
mated for pelagic regimes compared to coastal and terrestrial regimes
(Supplementary Fig. 14) strongly suggest that much of the life history
slow-down occurred in pelagic environments. If this is the case, the
relatively limited life history divergence observed in sea ducks is not
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entirely unexpected; it likely reflects their predominantly coastal
habits.

Evolution of the life history components of the fast-slow
continuum

The fast-slow continuum reflects trade-offs (positive and negative)
between lifespan, fecundity and development. We therefore assessed
how exposure to marine environments has selected for each of these
particular life history traits. To this end, we applied multivariate multi-
regime OU models to jointly analyse longevity, fecundity, and devel-
opment time. We found a consistent trend towards longer lifespans,
lower fecundity, and extended development time in lineages exposed
to marine selective pressures (Supplementary Fig. 15). These results
further reinforce the hypothesis that the colonisation of marine
environments are associated with an adaptive slowing of the pace-of-
life in endotherms, especially in lineages that have adopted more
pelagic lifestyles.

Body size may partially explain slow-lived strategies

Several adaptive theories might explain how birds and mammals living
in the sea have evolved slower life histories, but one that is expected to
be particularly relevant is selection for larger body size**. Although
body size is often viewed as a constraint of life history evolution®, a
large body may provide adaptive advantages when foraging requires
the exploration of large areas, as it allows for reduced metabolic rates
and the storage of significant energy reserves, thereby reducing the
need for frequent foraging to meet energetic needs*. In addition, a
large body offers insulation against cold water temperatures, reduces
heat loss, and provides access to prey that smaller animals cannot
handle, such as deep-sea organisms that require long dives or small
prey that must be amassed in large amounts with a single foraging
bout®. Thus, even though a large body demands extended develop-
ment and a greater food supply for maintenance, these costs may be
counterbalanced by a substantial improvement in survival prospects
during sea foraging, ultimately enabling longer reproductive spans*.

In a multivariate OU framework, the co-evolution of life history
and body size can be analysed by estimating the covariance in the
strength of selection (parameter «), which describes the extent to
which the evolution of life history is influenced by body size or vice-
versa?’. Jointly modelling body size and the fast-slow continuum by
means of a bi-variate mvOUM, we found that models where « is
allowed to co-vary were generally favoured over other models (Sup-
plementary Data 4). The best mvOUM also allowed covariance in the
stochastic element sigma (o). This might reflect a situation where life
history and body size respond to similar factors (like secondary
adaptive optima or developmental/functional constraints), in addition
to being constrained by each other.

A phylomorphospace representing the fast-slow continuum as a
function of body size showed that the slower strategy in marine
Anseriformes and Carnivores aligns well with the allometric expecta-
tions, suggesting that it is mainly explained by allometry. Instead, in
Aequorlithornites and Cetartiodactyla, there is a notable grade shift in
the allometric curve, with marine clades showing a more relaxed
association between life history and body size (Fig. 3). Marine
Aequorlithornites and cetaceans stand out as the clades containing the
species with more pelagic habits and the slowest life histories among
all endotherms (Supplementary Figs. 16, 17). Consequently, these two
clades present valuable opportunities for delving into adaptations
other than body size that may explain their slow life histories.

Further insights into the adaptive basis of slow-lived strategies
The challenges of capitalising on the spatial and temporal aggregation
of marine food resources are contingent on the nature of the prey
consumed and the adaptations for efficient resource acquisition'”. In
cetaceans, for example, species that mainly feed on plankton

(Mysticeti) face abundant but sporadic food availability. This not only
requires large bodies to amass prey in large amounts and convert them
into fat reserves, but also demands high mobility to efficiently track
such temporarily and spatially variable food resources*. Indeed, large
whales can undertake long seasonal migrations between the tropics
and polar waters, which can involve several months without feeding.
Odontocetes, instead, are smaller and primarily prey on fish and
squids, resources that are more predictable but more challenging
to capture. Exploiting these prey may require accumulating
knowledge and socially learning a variety of complex foraging skills,
including cooperative hunting and tool use, which may have been
facilitated by an encephalized brain and enhanced body
manoeuvrability*”*°. While high mobility and an encephalized brain
may provide significant advantages, they also incur costs, including
extended development times, and may also be linked to body size. To
explore the intricate ways in which the ecological adaptations of
cetaceans interact with life history traits, we employed a phylogenetic
path analysis™ (Fig. 4a).

Our phylogenetic path analysis® supports the importance of
encephalization and high mobility in cetaceans’ life history (Fig. 4b).
The best supported models highlight the central importance of body
size, but also reveals that slow-lived species are characterised by highly
encephalized brains and streamlined body types that offer less resis-
tance to move throughout water (Fig. 4b and Supplementary Figs. 18,
19). These correlates may signify the advantages of such adaptations in
providing “buffer adaptations” against environmental unpredict-
ability, enhancing survival and enabling longer lives. At the same time,
the positive associations of body size and encephalization with
development time suggest secondary consequences for life history in
terms of extended growth and maturation®, Restricting the analysis to
odontocetes generally aligns with these discoveries, but, in line with
their dependence on single-prey and their tendency for shorter-
distance movements, the path analysis suggests a diminished sig-
nificance of body size and shape (Fig. 4c and Supplementary
Figs. 19-22). Instead, encephalization gains greater importance, espe-
cially in social cetaceans.

In marine Aequorlithornites, flight limits body size and the capa-
city to accumulate reserves. However, being large enough to accu-
mulate fat can still be important in some species, particularly those
that have either lost the ability to fly or utilise dynamic soaring to
reduce travel costs. In addition, it may be essential for nestlings to
endure extended periods without food”. Another factor potentially
influencing their life history is the need to travel long distances to meet
daily energy requirements and feed the offspring. Albatrosses, shear-
waters and petrels can travel vast distances to forage, sometimes
covering up to 1000 km in a single day". This remarkable ability, which
is facilitated by their skill in extracting energy from wind currents to
soar, not only enables them to efficiently track changes in food
abundance but also provides more freedom to choose remote, secure
breeding locations that may be far from optimal foraging areas.
Besides body size and mobility, cognition can also be relevant for
marine birds that rely on resources that vary in time and space, notably
to create visual maps of suitable foraging areas in the vast areas of the
sea or to develop complex foraging techniques to capture prey in the
water. Similar to cetaceans, a phylogenetic path analysis supports the
significance of body size, flying efficiency and encephalization for the
life history of seabirds. Their remarkable slow life histories are asso-
ciated with larger bodies, but also with high levels of encephalization
and wing morphologies better suited for long-distance movements
(Fig. 4d and Supplementary Fig. 23). As in cetaceans, the correlation
between these adaptations and life history is likely indicative of both
benefits and developmental costs (see also refs. 19,53). The way life
history co-varies with body size, encephalization and mobility also
changes depending on the foraging strategy, being more pronounced
in pelagic species that use surface seizing to access vastly distributed
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Fig. 3 | Phylomorphospace representing the fast-slow continuum as a function
of body size. a-d Phylomorphospaces for Aequorlithornites (a), Anseriformes (b),
Cetartiodactyla (c) and Carnivora (d). In the plots, the phylogenetic tree is super-
imposed onto the morphospace by connecting species based on their evolutionary
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relationships. To more clearly represent the phylomorphospace, the body mass of
adults has been log-transformed, and the axis scales have been adjusted across
taxa. Colour codes like in Fig. 1.

resources that vary in time and space (Fig. 4e and Supplementary
Figs. 24, 25).

Overall, our results support the notion that the slow life history of
marine endotherms is not merely a consequence of their large body,
but also reflects other adaptations to efficiently exploit marine
resources. While our analyses focus on general adaptations to under-
stand macroevolutionary convergences across birds and mammals,
this does not preclude the relevance of more specific adaptations for
taxa exploiting different environments'>?>?***, Of particular relevance
are adaptive divergences that may arise between species that repro-
duce on the shore vs those that reproduce in the sea, as well as
between species with precocial versus altricial offspring, due to their
potential to shape how energy and nutrients are allocated to
offspring”.

Longevity as a central component of a slow-paced life

Our analyses suggest that the evolution towards very slow life histories
partly reflects selection for adaptations that enable the efficient
exploitation of challenging food resources. Although these adapta-
tions often result in longer developmental periods, they may offset this
cost by enhancing adult survival, thereby supporting an extended

reproductive lifespan. The central role of longevity for fitness is sup-
ported by growing evidence from long-term population studies®
(Supplementary Fig. 26). In the Kittiwake (Rissa tridactyla), which can
live up to 28 years, between 80-83% of variation in lifetime repro-
ductive success can be attributed to longevity*°. As the contribution of
older age classes to reproductive success increases, longevity can be
extended because selection becomes more efficient against the accu-
mulation of deleterious mutations or antagonistic pleiotropic, slowing
the aging process and decreasing intrinsic mortality. In bowhead
whales, recent analyses of their genome and transcriptome have
revealed selection for genes related to cell cycle, DNA repair, cancer,
and aging”’, substantiating such a possibility.

When fitness largely depends on a long reproductive life, a
reduction in fecundity is expected to mitigate the costs of reproduc-
tion for adults****. This cost has been well-documented in marine
endotherms, and is exemplified by individuals skipping reproduction
when conditions are unfavourable®®. Such a strategy is possible
because spreading the reproductive effort in many events represents a
form of bet-hedging, minimising the fitness impact of any single
reproductive attempt’. The severe energy limitations imposed by
pelagic ecosystems might also directly select for reduced fecundity by
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Fig. 4 | General adaptations hypothesised to explain the slow life history of
marine endotherms. a Adaptations examined in this study. The diagram illustrates
variation in the slow pace-of-life as arising from: (1) direct causal relationships
between the adaptations and longevity (e.g., an encephalized brain contributing to
enhanced longevity), (2) shared causal factors (e.g., increased longevity associated
with extended development time, creating spurious associations with adaptations
requiring prolonged development), and (3) indirect pathways (e.g., body size
influencing longevity indirectly through its impact on locomotory morphology).
Since encephalization represents brain size relative to body size (i.e., accounting
for allometric effects), no direct arrow connects it to body size. b-e Best causal

models based on phylogenetic path analyses for cetaceans (b), cetaceans excluding
Mysticeti (c), marine Aequorlithornites (d), and marine Aequorlithornites exclud-
ing penguins (e). Purple arrows denote positive effects, while brown arrows
represent negative effects. Values represent the standardised path coefficients and
associated standard error, with arrow width representing their effect size. Although
fecundity is a major component of the fast-slow continuum, it is not included here
because most marine species exhibit similarly low fecundities. Abbreviations: LO
Maximum longevity; BO Body size; RB Relative brain size; ST Streamlined body
type; GE Generation time; IN Incubation time; Wl Hand-wing index.

limiting the number of offspring that parents can successfully raise*'.
In seabirds that need to travel long distances to find food, the number
of offspring may be constrained by the amount of food that parents
can bring in each trip. Similarly, in migratory whales where breeding
females spend several weeks without feeding while nursing their
calves, commitment to lactation may restrict their capacity to care for
a larger number of offspring. When energy limitations are high and

development takes a long time, a more successful strategy than pro-
ducing many offspring is to invest in a few larger offspring that are
better prepared to withstand adverse weather conditions and exten-
ded periods without food'**. Such a strategy ensures that at least some
offspring will survive to pass the parents’ genes to the next generation,
particularly significant considering that a low fecundity implies pro-
ducing fewer offspring during their lifetime.
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Compared to fecundity, the reasons why marine endotherms
delay the onset of first reproduction appear less obvious because
postponing reproduction should reduce the duration of the repro-
ductive life. However, selection may favour postponing reproduction
if breeding earlier imposes mortality costs and is unlikely to produce
viable offspring®®’. In elephant seals (Mirounga angustirostris),
females that bred early have decreased lifespan, low weaning success,
and lower lifetime reproductive success than females that postpone
first breeding®’. Postponing reproduction is often interpreted as
reflecting insufficient maturation. Bowhead whales only reach their
final body size when 40 or 50 years old, implying that foraging profi-
ciency can be impaired for long periods®. Another factor that may
explain why marine endotherms delay the onset of reproduction is the
learning time required to acquire sufficient foraging proficiency?®,
although this explanation is less well supported by evidence®.

Towards a lifestyle perspective of life history evolution
Our study highlights that ancestral legacies and adaptations to exploit
scarce, variable or challenging food resources may have favoured
convergent evolution towards slow life histories in endotherms that
invaded the marine environment. The exact evolutionary pathways
remain idiosyncratic, due to differences in ancestors and the new
niches occupied”. However, our analyses suggest that evolutionary
convergences partially arise because the adaptations necessary to
thrive in marine environments are costly to produce but, once devel-
oped, offer protection against extrinsic mortality. As a result, the age-
specific contribution to fitness has further shifted from juveniles to
adults relative to their non-marine ancestors. Thus, our findings sup-
port previous claims to broaden life history theory?®, highlighting the
need to move beyond classic “mouse-to-elephant curve” and “relaxed
extrinsic mortality” paradigms to consider the central role of the
ecological lifestyle of organisms in favouring slow-lived strategies.
Given that the physiology of some long-lived marine ectotherms
shares similarities with that of marine endotherms®’, verifying whether
our findings extend to ectotherms could offer additional insights into
the factors shaping the evolution of slow pace-of-life strategies.
Considering the significance of a slow life history strategy and
aquatic pre-adaptations to thrive in the sea, and the low prevalence
of these features among endotherms, it is unsurprising that only a
few lineages have successfully transitioned from terrestrial to marine
habitats. Nevertheless, their adaptive radiations in the sea have been
truly extraordinary”*%. As apex predators, marine endotherms cur-
rently play critical roles in the structure and function of most ocean
ecosystems®, Despite their ecological and societal value, many
populations of marine endotherms are threatened by human
exploitation, habitat loss, pollution, and ocean warming®. This may
seem puzzling, as we might expect animals with life histories evolved
to thrive in the harsh and dynamic conditions of the sea to also be
able to cope successfully with the variety of new challenges posed by
human activities. However, the slow-paced life of marine endotherms
makes their populations highly vulnerable to threats that impact
adult survival—such as ship strikes, acoustic pollution, fishing net
entanglements, oil spills, and commercial hunting—threats to which
they have had little opportunity to adapt’. In addition, their long
generation times limit their potential for population recovery and
evolutionary rescue’. Paradoxically, the very slow life history strat-
egy that likely enabled birds and mammals to conquer and diversify
in harsh marine environments could leave them poorly prepared to
face the rapid and unprecedented threats generated by human
activities.

Methods

Habitat assignation

We considered a species marine when a large proportion of the total
population foraged in the marine environment for at least part of the

year’?”, The rest of the species were classified as either aquatic
freshwater or terrestrial. Habitat assignation was based on published
information for mammals™ and birds’>’?, updated with more recent
information from IUCN?. In birds, the above criteria yielded to classify
339 avian species as marine, 785 as aquatic and 8865 as terrestrial. In
mammals, we classified 125 species as marine, 133 as aquatic and 4150
as terrestrial—excluding Chiropters (which lack marine representatives
and have a life history largely shaped by flight) to speed up analysis.
For some analyses, we further subdivided marine species into pri-
marily ‘pelagic’ or ‘coastal’. ‘Pelagic’ species were those that primarily
use marine pelagic deep water and/or marine neritic pelagic con-
tinental shelf water. ‘Coastal’ species were those that primarily use
coastal inshore water (sea along coasts, typically 8 km from the
shoreline) throughout the year, excluding species that may occasion-
ally use this habitat, but do not do so typically.

Life history characterisation

We characterised the life history of mammals and birds based on 7 life
history traits: maximum longevity, age at first breeding, gestation/
incubation time, weaning/fledging time, litters/broods per year, litter/
clutch size and fecundity (i.e., the product of the last two traits)(Sup-
plementary Data 1). Data were extracted from’®, updated with infor-
mation from’ for mammals, and from””*° and HBW Alive (https://
birdsoftheworld.org/bow/home) for birds. For birds, information on
maximum longevity was complemented with data from long-term
capture-recapture schemes (e.g., USGS, EURING, ABBBS or SAFRING).
As the use of maximum longevity data has been criticised because of
its dependence on research effort®, we also used this information to
test the accuracy of the estimations (see Supplementary Methods and
Supplementary Data 6). To explore the co-variation between life his-
tory traits, we described the main axes of variation using a principal
component analysis, as implemented in the function ‘prcomp’ of the
stats package in R*, Following Pigot et al.*}, we centred and rescaled
each life history trait to unit variance before performing the PCAs. All
life history traits were logo-transformed, except broods/litters per
year. As evolutionary analyses require highly sampled clades, we also
estimated the PCA including species with imputed life history traits.
Data imputation was restricted to species with three or more life his-
tory traits, with this information integrated with phylogenetic data
using the Rphylopars package®*. Despite of the potential for imputed
data and PCA to introduce undesirable statistical artefacts®, analyses
with both raw and imputed data were highly consistent. In the main
text, we present the results of the PCA that includes imputed data,
along with analyses of individual life history traits based solely on
available data.

Confounding variables

Comparative analyses seeking to identify the mechanisms behind the
adaptive significance of a phenotypic trait need to consider the pos-
sible effects of confounding variables. For example, if species at higher
trophic levels have slower life histories and are overrepresented
among marine endotherms, this can create a spurious relationship
between slow life histories and marine environments. A spurious
relationship can also arise in traits that are overrepresented in non-
marine species. For example, migratory species are typically char-
acterised by fast-lived life histories. If migration is more common in
non-marine species, this may lead to find differences in life history
between marine and non-marine species. Finally, trade-offs in life his-
tory can be masked by trophic level due to the fact that different
species may have different amounts of resources to allocate between
survival and reproduction. To address these issues, we gathered
published information on trophic level (carnivore, omnivore, herbi-
vore and scavenger), migratory strategy (migratory or resident) and
whether the species was tropical, temperate, polar or widespread from
the PanTHERIA® and AVONETY. We classified species as tropical,
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temperate, polar, or widespread based on their breeding latitude, with
the tropics defined as — 23.4° to 23.4° and polar regions as below — 60°
or above 60°.

Phylogenetic hypotheses

We used the most comprehensive, updated phylogenies currently
available, Lum et al.** for birds and Upham et al.** for mammals. Since
our evolutionary models require highly sampled clades, we included
DNA-missing species randomly assigned to topological positions
within taxonomic constraints (genus or family) across the credible set
of trees. To deal with this and other sources of phylogenetic uncer-
tainty, we repeated the analyses across a sample of trees (see
details below).

Testing for life history differences between marine and non-
marine species

We used the function ‘phylolm’ in the R-package phylolm® to test for
differences in the fast-slow continuum among marine and non-marine
species, and the function ‘mvgls’ in muMORPH" to test for multivariate
differences in the underlying life history traits (gestation/incubation,
fecundity and maximum longevity). The error term was defined as
Brownian motion. To deal with measurement error, we assumed that
the variance of measurement errors was the same for all species and
estimated it from the data.

Evolutionary transitions between environments

We used the phylogenies to reconstruct evolutionary transitions
between marine, aquatic and terrestrial environments. We used a
stochastic character mapping approach that applies a Monte Carlo
algorithm to sample the posterior probability distribution of ancestral
states and timings of transitions on phylogenetic branches under a
Markov process of evolution®*°, To accomplish this, we used the
‘make.simmap’ function in the R package phytools® to generate sto-
chastic character-mapped reconstructions with the ‘ARD’ model,
allowing for asymmetrical transitions. In our reconstructions, we
considered phylogenetic uncertainty by integrating results from the
100 randomly sampled trees of the posterior distribution of phylo-
genies, running 5 reconstructions for each phylogenetic tree. Thus, we
obtained 500 trees with stochastic character mappings.

Reconstruction of ancestral characters

We used the function ‘fastAnc’ from the phytools package™ to estimate
the ancestral values of the fast-slow for each node of the avian and
mammalian phylogenies. We then extracted the values for the ances-
tors of the marine clades. To deal with phylogenetic uncertainty in
ancestral estimations, we estimated the values for 100 phylogenies.
The function ‘contMap()’ from phytools’ was used to plot changes in
the fast-slow continuum onto the phylogeny.

90

Testing the adaptive significance of the fast-slow: univariate
approach

To assess whether life history changed adaptively after the invasion of
marine environments, we used the R package OUwie” to fit several
univariate models of phenotypic evolution: (1) single-rate Brownian
motion (BM1) model, indicating shared evolutionary history and ran-
dom change as the best explanation for species similarity; (2) multiple-
rate Brownian motion (BMS) model, indicating shared evolutionary
history as the best explanation for species similarity, but allowing
evolutionary rate to vary across habitats; (3) single-optimum Ornstein-
Uhlenbeck (OU1) process, suggesting adaptation to a single selective
regime characterised by a specific optimum trait for the entire clade;
(4) multiple-optima OU (OUM), with different selective regimes and
optima for marine, aquatic and terrestrial species; and 5) a multi-rate
multi-optima OU (OUMV), which also allows to the evolutionary rate to
also vary across habitats. More complex OU models (e.g., OUMA,

OUMVA) led to frequent convergence issues and hence they are not
included. All models were run on a random sample of 100 phylo-
genies, with those used in BMS, OUM and OUMV models sampled
from stochastic character mapping trees. Model comparison was
based on the second-order Akaike information criterion (AICc). We
excluded Sirenia from the analysis due to the insufficient number of
species.

Testing the adaptive significance of the fast-slow: a multivariate
approach

Because we find support for the hypothesis that marine environ-
ments have selected for a slower pace-of-life, we further validated
these results by jointly analysing longevity, gestation/incubation,
and fecundity using multivariate, multi-regime OU models (mvOU).
In addition, we also used a variety of mvOU to explore whether the
fast-slow continuum and body size evolved 1) independently (set-
ting the co-variation between alpha and sigma to zero), 2) in a cor-
related fashion as a response to similar selective pressures (setting
the co-variation between alpha to zero), 3) in a correlated fashion
because there is a statistically significant interaction between traits
toward the optimum (setting the co-variation between sigma to
zero; by constraining the alpha matrix but not the sigma matrix this
tests for a significant interaction in the “selection” strength); and 4)
a correlated fashion because with both sigma and alpha allowed to
co-variate. We fitted the mvOU models using the R-package
mvMORPH".

Path analyses for adaptive responses

We used phylogenetic path analyses’’® to investigate the links
between life history and buffer adaptations to thrive in marine envir-
onments. We focused on three general buffer adaptations: a large body
size’, an encephalized brain®* and a morphology for efficient
locomotion*®®°, Body size was extracted from PanTHERIA*® and
AVONETY. Encephalization, which reflects a higher accumulation of
pallial neurons and is correlated with enhanced cognition®, was esti-
mated as the residuals of a log-log phylogenetic generalised least
squares model of brain mass against body mass™°°, with brain data
extracted from ref. 96 for birds and ref. 97 for Cetaceans. To describe
morphology, we used published data on the hand-wing index for birds
and streamlining for cetaceans*. The hand-wing index is a morpho-
logical metric linked to wing aspect ratio, and associated with avian
flight efficiency and dispersal ability®*. The streamlining index
describes whether a whale species is more or less streamlined based on
a log-linear regression of body mass versus body length, with positive
residuals indicating ‘less-streamlined’ and negative residuals ‘more-
streamlined”*®. We estimated the residuals based on a phylogenetic
generalised least squares model, with body mass and body length data
from ref. 46. We decided to exclude ‘Balaena mysticetus’ from our
analysis due to its outlier status and the inability to verify its data, as it
originated from a single individual. In mammals, lifespan has also been
linked to social organisation®, yet current information on social
cohesion is insufficient to test the relevance of this factor. To further
delve into foraging links, we used data on the main foraging strategy
from ref. 99 for marine Cetartiodactyla (capturing single prey, either
primarily squids or other vertebrates and filtering zooplankton) and
from the HBW Alive (https://birdsoftheworld.org/bow/home) for
marine Aequorlithornites (dipping, generalist, lunge diving, pursuit
diving and surface seizing). For Cetartiodactyla, we also used data on
fasting strategy (fasting vs non-fasting) and social complexity (mostly
social, mostly solitary, and both social and solitary) from ref. 99 (see
main text for justification).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Data availability

All the relevant data are available in Figshare (https://doi.org/10.6084/
m9.figshare.28202642). The data include life history traits, ecological
confounds and phylogenies for both birds and mammals, as well as
character stochastic mappings for 500 phylogenies. All figures in the
main and supplementary text may be generated with code and data
available in Figshare.

Code availability

The R codes used in the analysis are available in Figshare (https://doi.
org/10.6084/m9.figshare.28202642). The code uses R version 4.4.1
(2024-06-14) and allows to prepare the data and phylogenies, generate
the fast-slow continuum, estimate ancestral states, and run character
stochastic mappings, MANOVAs and univariate and bi-variate evolu-
tionary models. All figures in the main and supplementary text may
also be generated with the code.
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