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Evolutionary rescue—the process by which adaptive evolution
prevents population extinction following environmental deterio-
ration (1, 2)—is frequently proposed as a buffer against biodiversity
loss under climate change, yet its capacity to alter future population
trajectories is rarely assessed quantitatively (3—5). Most forecasts
of evolutionary rescue rely on simplified demographic models (6),
focus on a single adaptive trait (4, 5), and explore hypothetical envi-
ronmental scenarios rather than standardized climate pathways (7),
neglecting uncertainty from demographic and internal climate vari-
ability (8). We developed a hyperstate eco-evolutionary population
model (9) coupled with large ensembles of climate projections from
global climate models (10) to test whether evolutionary adaptation
or climate mitigation can prevent declines in a threatened seabird,
the black-browed albatross. We parameterized this framework
using three decades of demographic and phenotypic data (11),
while propagating uncertainty from demographic processes and
natural climate variability in climate projections (10). We evaluated
selection on morphological, behavioural, and phenological traits
influencing different life-cycle components across contrasting climate
scenarios. Evolution increased population size under stationary
historical climates but failed to prevent decline under projected
warming. Increasing heritability had little effect on extinction
risk, whereas climate mitigation reduced extinction probability
by approximately half. Evolutionary rescue occurred only under
the most optimistic climate scenario when climate change directly
strengthened selection on wing length, a trait affecting juvenile
survival. Our results reveal limits to evolutionary rescue under
environmental change.

Evolutionary rescue | Eco-evolutionary forecasting | Climate change | Population persistence | Climate mitigation

Predicting how species will respond to rapid climate change is one of the
most pressing challenges in ecology and evolutionary biology (12-14). Although
evolutionary adaptation can sometimes offset environmental deterioration and
promote population persistence, whether it can keep pace with contemporary
climate change remains highly uncertain (3, 15, 16). This question is
particularly acute for long-lived species, where generation times are long and

evolutionary responses may unfold more slowly than demographic declines (7).

Addressing this challenge requires forecasting frameworks that integrate
climate projections developed for Intergovernmental Panel on Climate Change
(IPCC) assessments with demographic and evolutionary processes (6). However,
most forecasts of evolutionary rescue rely on simplified assumptions. They
typically focus on a single adaptive trait (4, 5), use statistical approaches
such as the breeder’s equation to predict evolutionary change without
explicitly embedding demographic processes (6), and often explore hypothetical
environmental scenarios rather than standardized climate pathways (7). In
addition, previous studies neglect uncertainty arising from demographic
processes and internal climate variability.
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Significance

Can species evolve fast enough to
avoid extinction under climate
change? We developed an
eco-evolutionary forecasting
framework that integrates quantitative
genetics, demographic processes,
and climate projections to address
this question in a long-lived seabird.
By examining morphological,
behavioral, and phenological traits
affecting different life-cycle stages, we
show that adaptive evolution
increased population growth under
historical climates but failed to prevent
decline under projected warming.
Climate mitigation reduced extinction
risk far more than evolutionary
adaptation, while evolutionary rescue
(the prevention of extinction through
adaptation) occurred only when
climate change strengthened
selection on a trait affecting juvenile
survival. These results reveal
important limits to evolutionary rescue
under rapid environmental change.
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However, organisms possess multiple traits that differ
in heritability and demographic influence (17-19), and
climate trajectories themselves reflect substantial internal
climate variability superimposed on anthropogenic forc-
ing (10). Most studies of evolutionary rescue focus on a
single phenotypic trait, chosen because it is expected to
be most sensitive to climate change or to offer the greatest
adaptive potential (4, 5). For example, in corals, selection
acts primarily on thermal tolerance (5), while in great
tits, evolution of breeding phenology temporarily reduced
trophic mismatch but failed to prevent population collapse
under future warming (4). However, even within a single
species, climate-driven selection can act on multiple traits
that differ in heritability and their relative contribution
to population demography. Moreover, most forecasting
studies link trait variation to a single component of
fitness, whereas population persistence depends on how
trait-mediated changes propagate across the entire life
cycle (6, 17-19). Changes in one trait may enhance a
given fitness component but be offset by opposing effects
of other traits or by demographic compensation across life-
history stages, resulting in little net effect on population
growth (20).

Uncertainty in future climate trajectories is a funda-
mental constraint on forecasting population persistence (8,
21, 22). Projections for climate-sensitive species can range
from moderate declines to near-complete collapse depend-
ing on the emission pathway considered, as illustrated
by recent forecasts for emperor penguins (8) and coral
reefs (5). However, beyond differences among emission
pathways, populations experience substantial variability
arising from the climate system itself (8). Internal climate
variability can strongly modulate the timing, magnitude,
and persistence of climate change experienced by indi-
viduals, altering both traits, demographic rates and the
strength of selection. Robust forecasts therefore cannot
rely on phenomenological scenarios (7). Instead, they must
compare population responses across standardized climate
pathways developed for IPCC assessments, which capture
a plausible spectrum of future non-stationary conditions,
while accounting for natural climate variability (22). De-
spite this necessity, very few eco-evolutionary forecasting
studies have embedded population projections within
climate projections developed for IPCC assessments (4, 5),
and none have explicitly accounted for uncertainty arising
from natural climate variability using large ensembles of
climate projections (10).

Here we developed a hyperstate eco-evolutionary
model (9) coupled to large-ensemble IPCC climate pro-
jections (10). We applied this framework to a long-
lived vertebrate, the black-browed albatross ( Thalassarche
melanophris), for which long-term individual-based data
link functional traits to demographic rates across the
full life cycle (11). This approach allows us to evaluate
whether adaptive evolution across multiple traits can
buffer climate-driven population declines under future
warming. The framework integrates quantitative genetics
with state-structured demography (9), explicitly repre-
senting both additive genetic and environmental sources
of phenotypic variation. Crucially, the model propagates
uncertainty from both climate forcing and climate natural
variability and demographic processes.

Previous work (11) showed that different traits in-
fluence distinct components of the life cycle. Wing
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length, a morphological trait shaped by developmental
and environmental conditions, is positively associated
with juvenile survival and recruitment, whereas variation
in foraging behavior and breeding phenology primarily
affects reproductive success. These demographic pathways
differ markedly in their contribution to population growth.
In black-browed albatrosses, projected population decline
is driven largely by climate-induced reductions in juvenile
survival under warming sea surface temperatures (11).
Consequently, selection acting on wing length has the
potential to influence the demographic process most
strongly linked to future population persistence, whereas
selection acting on behavioral and phenological traits
is expected to operate primarily through reproductive
performance. Building on this foundation, we explicitly
consider four functional traits spanning morphological,
behavioral, and phenological dimensions to evaluate
how adaptation acting through different demographic
pathways alters eco-evolutionary dynamics. These traits
are also expected to differ in their heritability (the genetic
contribution to phenotypic variance) and evolvability (the
capacity to respond to selection) (23, 24).

Results

An Eco-Evolutionary Model Linking Climate, Heritable Genetic Varia-
tions, Traits, and Demography. To evaluate whether adaptive
evolution can buffer climate-driven population declines,
we developed a hyperstate eco-evolutionary matrix popu-
lation model that explicitly tracks individuals jointly by
breeding value, expressed phenotype and demographic
state, (Fig. 1, (9), see Methods). The breeding value
represents the additive genetic component of a trait that
is transmitted across generations, while the phenotype
reflects the combined effects of genetic inheritance and
environmental influences.

The framework explicitly links morphological, behav-
ioral, and phenological traits to survival and reproduction
across the entire life cycle, capturing how climate-driven
environmental change acts on populations through trait-
dependent vital rates. To do so, the hyperstate structure
classifies individuals simultaneously by their breeding
value, phenotype, and demographic state, such that pop-
ulation dynamics emerge from transitions acting within
and across these states (Fig. 1, Methods). Population
projection is constructed from modular biological sub-
processes describing survival and stage transitions, phe-
notypic change, reproduction and inheritance of breeding
values (Supporting Information).

Adaptation Enables Population Growth Under a Historical Climate.
We first parameterized the hyperstate eco-evolutionary
model using empirical trait distributions, documented
relationships between traits and vital rates, and state-
structured demography (11), and examined a first climate-
driven scenario in which climate conditions remain equal
to historical conditions (Supporting Information). Specifi-
cally, we assumed that future SSTs would remain equal
to the historical mean observed over 1986-2022, allowing
us to isolate the demographic consequences of genetic
adaptation in the absence of ongoing climate change.
Because quantitative genetic parameters are difficult to
estimate robustly in wild populations, we explored a
broad range of heritability values spanning the plausible
parameter space.

pnas.org
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Under this historical-climate scenario, our results show
that selection-driven evolutionary change in all traits can
enable substantial population growth (Fig. 2A), even at
modest adaptation rates (Fig. 2B). Activity and wing
length exhibit the greatest potential for adaptive response
and yield the largest demographic effects, consistent with
their strong influence on population growth identified in
previous analyses (11). Across intermediate heritability
values for morphological and phenological traits in birds
(e.g. h? =0.3 (24)), selection on activity and wing length
is projected to increase total population size by 22%
and 38%, respectively, by 2100 under stationary climate
conditions defined by the historical mean.

Climate Mitigation Delays Population Decline More Than Evolutionary
Change. We next projected population trajectories under
climate change by forcing the hyperstate eco-evolutionary
model with large ensembles of climate projections (Fig. 1,
(25)) representing a high-emission pathway (SSP3-7.0),
and with a low-emission climate projections consistent
with the Paris Agreement (2°C target, (26)). To span
a wide range of potential evolutionary responses, we
contrasted low and high heritability values (h? = 0.1
and 0.9), acknowledging that the upper bound represents
an extreme, largely theoretical case (5, 27). The model
reproduced the observed population trajectory from
2006 to the present, with observed population estimates
falling within the envelope of climate-driven projections,
supporting its use for forward projections under future
climates (Figs. 3A-D, S1).

Across all traits and heritability values, evolutionary
change alone was insufficient to prevent population
decline under projected warming. Projected declines and
extinction timing were largely insensitive to heritability,
indicating that increasing the rate of evolutionary change
did not alter population outcomes under climate change
(Fig. 3). In contrast, climate mitigation consistently
increased mean population size and delayed the timing
of population extinction across all traits and heritability
values.

Climate mitigation delayed the median year of quasi-
extinction by approximately 8-12 years relative to evo-
lutionary change alone (Fig. 3E). Despite modest demo-
graphic benefits from evolutionary change, the probability
of quasi-extinction (>99% decline) by 2100 remained high
under the high-emission scenario, ranging from 78-92%
across traits and heritability values (Fig. 3F). Increasing
heritability from 0.1 to 0.9 reduced extinction probability
by only 5-10%. By contrast, climate mitigation reduced
extinction probability by half, to 47-67% across traits even
under low heritability. These patterns were consistent
across all traits, demonstrating that climate mitigation
promotes population persistence more effectively than
evolutionary change under projected warming.

Evolutionary Rescue Requires Climate-Dependent Selection. The
potential for evolutionary rescue is constrained by several
factors in our model. In our baseline empirical based sce-
nario, climate change does not directly modify trait—fitness
relationships; instead, traits evolve only indirectly through
their effects on demographic rates. In long-lived species
such as black-browed albatrosses (generation time of
24 years (28)), this indirect pathway limits the pace
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at which evolutionary change can influence population
trajectories (9).

To explore conditions under which population decline
could be buffered by evolutionary rescue, we implemented
alternative scenarios in which selective pressures on
juvenile survival are directly linked to climate change
(Supporting Information). Specifically, the strength of
selection on wing length increases with climate warming
(Fig. S2), representing a situation in which climate change
directly alters the fitness advantage associated with
morphological variation. This assumption is biologically
plausible in a warming Southern Ocean, where strength-
ening and poleward-shifting westerly winds are expected
to favor individuals with larger wings through improved
soaring efficiency and reduced flight costs (29, 30).

Under this climate-dependent selection scenario, evo-
lutionary rescue emerged only under a low-emissions
climate trajectory and sufficiently strong evolutionary
responses (Figs. 4, S3). With high heritability, the
population increased from 2,390 individuals in 2006 to
3,657 individuals by 2100 (Fig. 4A), driven by a marked
increase in juvenile survival (Fig. 4B). This demographic
response was accompanied by a shift in the mean breeding
value for wing length (Fig. 4C), which represents the
average genetic contribution to the trait expressed in
standardized units. This indicates a population shift
toward genotypes associated with larger wings (Fig. 4D)
and higher juvenile survival (Fig. 4B) under warmer
conditions.

Evolutionary rescue occurred only when heritability
exceeded a threshold value (approximately h? > 0.3;
Fig. S4), below which populations continued to decline.
This result defines a necessary threshold in heritable
response for evolutionary rescue, and this threshold lies
within the range of heritability estimates for morphological
traits in birds (see Discussion (24)). Under high-emissions
scenarios, evolutionary rescue did not occur regardless
of heritability, with population declines beginning in the
2030s in all cases (Fig. S3). This outcome reflects the
combined negative effects of warming on adult breeding
success and juvenile recruitment, which overwhelm any
buffering of juvenile survival achieved through climate-
dependent selection.

Discussion

Even when multiple phenotypic traits are considered,
evolutionary rescue fails under high-emissions climate
warming, leaving climate mitigation as the dominant
factor shaping future population trajectories in a long-
lived seabird (Fig. 3). Under high-emission scenarios, the
rate and magnitude of warming exceed the pace at which
evolutionary change can influence population growth, such
that adaptation alone—regardless of the trait under selec-
tion—does not prevent long-term population extinction.
Climate mitigation consistently slows population decline
and reduces extinction risk; however, sustained population
recovery and evolutionary rescue occur only under low-
emissions pathways and only when such climate mitigation
is combined with climate-driven selection acting on traits
that influence key demographic parameters (Fig. 4).

By considering multiple traits that influence different
components of the life cycle, our analysis shows that
adaptive potential depends not only on the strength of
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selection acting through trait—vital rate relationships,
but also on whether these relationships translate into
gains in population growth across the life cycle. Our
previous results showed that the contribution of traits
to population growth rate reflects the interaction of two
distinct sensitivities: the sensitivity of vital rates to trait
variation, and the sensitivity of population growth to
those vital rates (11). Traits can differ markedly in how
strongly they influence demographic rates, and a trait with
a strong effect on a given vital rate does not necessarily
translate into a large change in population growth if that
vital rate itself has limited demographic impact.

In our long-lived species, foraging activity strongly
affects breeding success and exhibits the highest sensitivity
of vital rates to trait variation, explaining why selection
on activity can drive substantial population growth under
historical environmental conditions. However, breeding
success contributes relatively weakly to population growth
in this long-lived species, and foraging activity is not
directly influenced by sea surface temperature. In
contrast, juvenile survival has a much stronger influence
on population growth rate, even though its sensitivity to
trait variation is more moderate. Because future, non-
stationary climate projections primarily affect population
growth through their impact on juvenile survival, evolu-
tionary change in traits affecting breeding success does not
buffer populations against climate-driven declines, which
are instead dominated by changes in juvenile survival.
Nevertheless, these traits still influence population trajec-
tories by limiting recovery under high-emissions scenarios,
even when climate-dependent selection partially improves
juvenile survival (Fig. S3).

Within this framework, contrasts among traits illus-
trate how different adaptive pathways translate into
population outcomes. Wing length, a morphological trait,
influences population dynamics through its association
with juvenile survival and recruitment, the demographic
components that most strongly constrain population
growth under climate change. As a result, when selection
on wing length is directly coupled to climate change and
mitigation slows the rate of warming, evolutionary rescue
becomes possible in our simulations (Fig. 4). Notably,
evolutionary rescue emerged even at moderate heritability
values (Fig. S4), with populations rebounding to their
initial size after an early decline for heritability as low
as h? = 0.3. This value lies within empirically observed
ranges for morphological traits in wild bird populations:
in a comprehensive meta-analysis, the median heritability
for morphological traits in birds is 0.31 (SE = 0.02) after
accounting for publication year, estimation method, and
uncertainty (24).

These results therefore identify a biologically plausible,
yet conditional, pathway by which climate-driven selection
could contribute to population persistence under strong
climate mitigation. In the Southern Ocean, climate change
is projected to alter atmospheric circulation, including
strengthening and poleward shifts of the westerly wind
systems (30). Such changes could modify the selective
landscape for flight-related morphology, as soaring ef-
ficiency generally increases under stronger wind condi-
tions (29). Under these circumstances, morphological
variation associated with flight performance could confer
differential survival advantages, particularly during the
juvenile stage. However, any such advantage is likely

4 0of 7 www.pnas.org/cgi/doi/10.1073/pnas. XXXXXXXXXX

to be constrained by ecological trade-offs. Larger body
size or wing area may increase energetic demands, while
warming ocean conditions are also expected to reduce
prey availability in sub-Antarctic ecosystems (30). These
counteracting forces could limit net fitness gains from
morphological change, even under climate-driven selection.
Consistent with this interpretation, evolutionary rescue
in our simulations emerged only when climate-driven
selection coincided with strong mitigation of greenhouse
gas emissions, underscoring the narrow conditions under
which adaptive responses could translate into population
persistence.

In contrast to wing length, behavioral and phenological
traits in our system exhibit limited evolutionary impact
on population dynamics under future climate warming.
Traits such as foraging activity, time on water, and return
date primarily influence breeding success, a demographic
component to which population growth is relatively
insensitive in this long-lived species (11). However, these
traits are inherently more dynamic than morphological
traits, varying substantially among years and across indi-
vidual lifetimes in response to environmental conditions
and experience. As a result, they are more likely to
respond through plastic or ontogenetic changes than
through sustained evolutionary change (see Supporting
Information).

Notably, although return date is a central adaptive trait
in many short-lived taxa such as passerines (4, 31), its
influence on population growth through climate change
of black-browed albatross appears limited (11). This
is consistent with global evidence that seabirds show
little plasticity in reproductive timing, with no consistent
advance in breeding dates despite warming ocean tem-
peratures (32). Theory predicts that plastic responses in
behavioral and phenological traits can buffer populations
against short-term environmental deterioration, but may
also weaken selection on heritable traits by reducing fitness
variation among individuals, thereby slowing evolutionary
responses (12, 33). We explicitly tested these hypotheses
in supplementary analyses (Supporting Information) by
allowing behavioral traits to vary plastically with climate
and to improve with age and experience. While these
mechanisms increased mean breeding success, they did
not alter population trajectories or prevent extinction
under future climate projections (Fig. S5, S6).

Conclusion

Our findings align with growing evidence from other
taxa that natural selection alone may be insufficient to
prevent biodiversity losses under rapid climate change. In
reef-building corals, even under optimistic assumptions
with high heritability and unbounded trait evolution,
evolutionary adaptation only modestly delayed coral
decline and failed to prevent extinction without strong
climate mitigation (5). Our results in a long-lived seabird
mirror this pattern: despite allowing for adaptation via
multiple traits and and eco-evolutionary mechanisms,
evolutionary responses alone were too slow or too weak to
counteract climate-driven population decline. Similar
conclusions have emerged in other species (4), where
evolutionary adaptation may buy time to extinction, but
is unlikely to prevent it without concurrent socio-economic
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Fig. 2. Adaptive dynamics of black-browed albatross under constant climate conditions.
(A) Projected percent change in total population size at the Kerguelen Islands by 2100
relative to initial abundance in 1986 across four phenotypes. Bars represent outcomes
from eco-evolutionary simulations under a constant historical climate (average sea
surface temperatures from 1986—2022). Colors indicate heritability values ranging from
0.1 to 0.9. (B) Adaptation rates, measured as the annual change in mean breeding
value, predicted for each trait under constant historical sea surface temperatures as a
function of heritability.

pathways for climate change mitigation that reduce the
rate and magnitude of climate change.

Materials and Methods

We examined the eco-evolutionary responses of the long-lived black-
browed albatross (Thalassarche melanophris) to climate change using
long-term demographic, phenotypic, and environmental observations from
the Kerguelen Islands (Supplementary Methods). We developed and
parameterized a hyperstate eco-evolutionary matrix population model (9)
using more than three decades of individual-based capture—mark—recapture
data (11). The framework integrates demography, quantitative genetics, and
trait variation within a unified population projection model (9) (Fig. 1). Follow-
ing the hyperstate approach (34), individuals are classified simultaneously
by demographic state ¢, breeding value j, and phenotype k. This structure
allows the joint projection of population dynamics and adaptive evolution
while explicitly tracking distributions of breeding values and phenotypes.

Under the infinitesimal model of quantitative genetics (35), phenotypic
variance is partitioned into additive genetic and environmental components,
and narrow-sense heritability is defined as the proportion of phenotypic
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variance explained by additive genetic variance:

Ve = Va + VE,
V;

h? =2 (1]
Ve

The population is represented by a hyperstate vector ii¢, which tracks
abundance across all combinations of demographic states, breeding values,
and phenotypes. Population dynamics are projected according to:

fip1 = Afi,
A=U+F [2]

The transition component U combines demographic transitions,
breeding-value dynamics, and phenotype dynamics, whereas the repro-
ductive component F' combines fertility, inheritance of breeding values,
and assignment of offspring phenotypes (Supplementary Methods). Demo-
graphic rates depend on both environmental conditions and individual trait
values, allowing climate change to influence population dynamics directly
and indirectly through natural selection. The framework accommodates
both fixed traits and dynamic traits that vary through ontogeny or pheno-
typic plasticity (Supplementary Methods). Full mathematical derivations,
inheritance functions, phenotype-assignment procedures, and block-matrix
constructions are provided in the Supporting Information and in Van de
Walle et al. (9).

Parameterizing eco-evolutionary models for long-lived species is inher-
ently challenging because evolutionary responses unfold slowly relative to
demographic change, while key genetic parameters are often poorly known.
As in previous eco-evolutionary forecasting studies (5, 7), we therefore
adopted a scenario-based approach to evaluate evolutionary potential and
population responses under contrasting assumptions regarding inheritance,
selection, and climate forcing. In this system, projected population decline
is driven primarily by the effects of SST on juvenile survival. Previous
analyses indicate that SST does not directly influence trait expression but
instead affects populations through trait-dependent demographic rates (11).
Consequently, evolutionary responses emerge indirectly through selection
and are expected to unfold slowly in a species with a generation time of
approximately 24 years (28).

Future environmental conditions are sea surface temperature (SST) tra-
jectories derived from large ensembles of Earth System Model simulations
(Supplementary Methods).

We evaluated three classes of scenarios:

1. Historical environment. Sea surface temperatures were held
constant at the observed seasonal climatology, providing a stationary
environmental benchmark for demographic and evolutionary dynam-
ics.

2. Climate change with uncertainty. SST projections from individual
ensemble members of the Community Earth System Model (CESM)
were propagated through the eco-evolutionary model, allowing uncer-
tainty associated with internal climate variability to be incorporated
into population forecasts (Supplementary Fig. S7).

3. Climate change with evolving selection pressures. To investigate
mechanisms of evolutionary rescue, we examined scenarios in which
climate change alters the strength of selection acting on wing length
through juvenile survival. Because the objective was to characterize
the directional effects of climate-dependent selection, these analyses
used ensemble-mean SST trajectories representing the forced climate
signal. Additional analyses incorporating demographic and climate
variability produced qualitatively similar eco-evolutionary outcomes
but increased extinction risk by amplifying variation in vital rates
(Supplementary Fig. S8).

Detailed descriptions of the study system, climate projections, hy-
perstate eco-evolutionary model, model parameterization, inheritance
functions, phenotype assignment procedures, and additional analyses of
phenotypic plasticity and ontogenetic change are provided in the Supporting
Information.

Data, Materials, and Software Availability. All data and code
required to reproduce the analyses are available through Figshare
(https://doi.org/10.6084/m9.figshare.31095772). Upon publication, all
materials will also be archived in a public GitHub repository
(https://github.com/fledge-whoi), with Figshare serving as the permanent
citable archive. Long-term demographic data were collected through
monitoring programs conducted at Kerguelen Island and are available
through the archived repository.
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Supporting Information Text

This Supporting Information provides additional methodological details, analyses, and figures supporting the eco-evolutionary
forecasts presented in the main manuscript. First, we present an expanded description of the study system, climate projections,
and hyperstate eco-evolutionary population model, including the full mathematical formulation of demographic, inheritance, and
phenotype-assignment processes. These sections provide the detailed derivations underlying the concise description presented
in the main text.

We also include ten supplementary figures (Figs. S1-S10). These figures provide additional information on model validation,
climate projections, uncertainty propagation, alternative selective-pressure scenarios, and the eco-evolutionary consequences
of varying heritability. Several figures illustrate the effects of demographic and climatic uncertainty on projected population
trajectories and evolutionary outcomes.

Finally, we examine a key assumption of the main analyses: that phenotypic traits remain fixed throughout life. Because
available longitudinal data are insufficient to robustly estimate age-dependent or environmentally driven trait dynamics, the
main analyses assume fixed phenotypes. In the section Ezploring Phenotypic Plasticity and Ontogenetic Change, we relax this
assumption and investigate two biologically motivated scenarios in which foraging traits vary through time. These analyses
explore whether optimistic levels of phenotypic plasticity or age-related improvement could substantially alter conclusions
regarding population persistence and evolutionary rescue.

Methods

Study System and Observed Population Trajectories . Black-browed albatross, is a long-lived, colonial Procellariiform seabird
with annual breeding and a circumpolar distribution in the Southern Ocean. Our analyses are based on a multi-decadal
demographic dataset from the Kerguelen Islands (49°41S, 70°14E). During the breeding season (October—April), birds forage
in sub-Antarctic waters along the northeastern Kerguelen shelf, and migrate to Tasmanian waters during the non-breeding
season. Diet is dominated by fish.

Standardized individual-based monitoring has been conducted at Kerguelen since 1987, comprising approximately 6,500
marked individuals. This long-term capture—mark-recapture program includes annual monitoring of breeding adults and
ringing of all chicks prior to fledging, along with standardized measurements of body mass and wing length.

In addition to demographic and morphological data, we considered behavioral foraging and phenological traits, including
activity, time spent on the water, and return date to the breeding colony(1). Behavioral and phenological traits were quantified
using geolocator (GLS) deployments on breeding adults (2), which provide detailed trait distributions and estimates of
phenotypic variance (Vp).

The GLS dataset spans eight non-breeding seasons (2006-2013) and includes repeated measurements for individual birds
(64-86 individuals and 118-146 trips; (2)), but typically over only one to a few years per individual. Although these data
offer a unique window into individual-level behavioral variation, their limited temporal and environmental coverage precludes
robust estimation of age- or climate-dependent trait dynamics across the full life cycle. Given these limitations, the core
analyses in the main text assume that phenotypic traits are fixed within individuals. We subsequently relax this assumption in
supplementary analyses (Supplementary Indormation ) to qualitatively explore the potential effects of phenotypic plasticity
and ontogenetic change on eco-evolutionary population dynamics (Fig S9, S10).

Demographic rates and traits depend on SST experienced in distinct foraging regions and seasons of the life cycle(1, 2).
Winter SST (Fig S7 A) mainly affects juvenile survival, wwhereas SST during the pre-breeding, wintering, and breeding seasons
of adults (Fig S7 B, C) shapes adult foraging activity, migratory timing, and reproductive success

Observed population trajectories of black-browed albatrosses at Kerguelen (Fig S1) were estimated using age- and stage-
structured Bayesian integrated population models (IPMs) (3) that jointly analyse capture-mark-recapture data, colony counts,
and breeding productivity accounting for observation error and unobserved life stages, particularly juveniles and immatures
that remain at sea for several years. The model is female-based, assume equal sex ratios at birth and strong natal philopatry,
and incorporate age-specific recruitment and breeding transitions across the full life cycle. Population counts are modelled
using a state-space formulation, survival and breeding states using a multi-event framework, and productivity using binomial
regressions. These model outputs provide robust estimates of population trajectories over the observed period, which we use
both to evaluate model hindcasts and to parameterize and benchmark the initial population of our eco-evolutionary projections
under future climate scenarios.

Earth System Model Simulations. We used climate projections from two experiments based on the Community Earth System
Model (CESM) framework to evaluate eco-evolutionary responses under contrasting climate scenarios: a high-emissions pathway
and a stabilization scenario consistent with the Paris Agreement (low-emissions pathway). CESM is a state-of-the-art fully
coupled Earth system model that has been widely used and evaluated in both CMIP5 and CMIP6. While multi-model ensembles
offer insight into structural model uncertainty, our focus here is on forecasts that explicitly account for internal climate variability.
We therefore rely on large ensemble simulations from a single model family (CESM1 and CESM2), which enable us to isolate
the forced climate signal from natural variability and to propagate ensemble uncertainty through eco-evolutionary population
projections.

The stabilization scenario is based on the CESM1-CAMS5 ensemble developed by (4), using the 2.0°NE (never-exceed)
pathway. This scenario was specifically designed to stabilize global mean temperature at 2°C above preindustrial levels by 2100.
Emissions follow RCP8.5 until 2017 and then rapidly decline, reaching net-zero by 2078 and incorporating moderate negative
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emissions thereafter. Simulations were performed with CESM1.1.1 (5), which includes coupled components for atmosphere
(CAMS5), ocean (POP2), land (CLM4), and sea ice (CICE4), all at a nominal ~1° resolution. The ensemble consists of 11
members that branch from a historical simulation in 2006. Variations across the ensemble members allow us to quantify internal
climate variability.

The high-emissions scenario comes from the CESM2 Large Ensemble (CESM2-LE; (6)), which follows the upper-middle
SSP3-7.0 pathway. CESM2 includes updated model components—CAM6 (atmosphere), CLM5 (land), POP2 (ocean), and
CICE5.1.2 (sea ice)—run at a nominal 1° resolution (7). The ensemble includes 50 members initialized from perturbed states
of a preindustrial control run starting in 1850. All members are subjected to the same historical (1850-2014) and future
(2015-2100) forcings under CMIP6 protocols (8). This design enables robust quantification of both externally forced responses
and internal variability relevant to ecological forecasting.

Each CESM member represents an equally plausible realization of climate evolution, allowing the ensemble mean to isolate
the externally forced signal, while the spread across members captures internal climate variability (9). For climate-driven
scenarios comparison (sections and Supplementary Information ), we analyze ensemble means. For population projections that
incorporate uncertainty in climate drivers, we propagate each individual ensemble member through the eco-evolutionary model.

Sea surface temperature (SST) projections from both CESM1 and CESM2 experiments closely match observed seasonal
SST patterns within the foraging range of black-browed albatrosses (Fig. S7). Across all stages of the life cycle—including the
breeding season for adults and wintering periods of both adults and juveniles—modeled SSTs align well with satellite-based
interannual variability. This agreement supports the use of these simulations for forecasting environmentally driven demographic
responses in this species.

Hyperstate Matrix Eco-Evolutionary Population Model. We developed a hyperstate eco-evolutionary matrix population model
that integrates multiple individual-level traits and demographic states (10) (Fig. ??7). The hyperstate matrix framework (11)
classifies individuals along three key dimensions: (1) demographic state ¢ (e.g., age and breeding stage), (2) breeding value j,
and (3) phenotype k (e.g., foraging behaviors, return date or wing length). This structure enables us to simultaneously track
both heritable and phenotypic variations within the population and to model their joint effects on demography and evolution.

Under the classical infinitesimal model of quantitative genetics, an individual’s phenotype is modeled as the sum of an
additive genetic component—termed the breeding value—and an environmental component, with the genetic contribution
of offspring normally distributed around the mid-parental mean and with variance independent of parental traits (12). The
change in the mean breeding value over time defines the genetic evolution of the trait. The variance of breeding values is the
additive genetic variance, denoted V4, while the variance of environmental deviations is the environmental variance, Vg. These
together constitute the total phenotypic variance Vp:

Vb =Va+ Vg. 1]
Narrow-sense heritability, denoted h?, quantifies the proportion of phenotypic variance explained by additive genetic factors:

Va
_n 2
P
The total population size at time ¢, denoted Ny, is obtained by summing over all individuals described by the state vector
N, which tracks the number of individuals across all combinations of demographic state, breeding value, and phenotype class.
The population is projected to time ¢ 4+ 1 using the matrix A:

h2

N1 = Ang. 3]

Although the model tracks only females explicitly, a two-sex formulation incorporates the distribution of male breeding
values for inheritance, assuming a parallel population structure in males and females.

The projection matrix A can be decomposed into a survival-transition component U and a reproduction component F
(Fig. 7?7). These components, in turn, are constructed from sub-processes operating within each dimension. Transition and
reproduction steps use permutation matrices K, and Ky, to reorder the state vector between sub-processes (13).

The transition matrix is given by:

U = (K, ,K.;)"PK,; ,BK. ;U [4]

where U represents transitions between states within each breeding value and phenotype class, B represents breeding value
transitions within each state and phenotype, and P represents phenotype transitions within each state and breeding value.
The reproduction matrix is defined as:

Fliy] = (K, K )" MK, , Hii:] K. R. [5]

where R contains stage-specific fertility rates, H models the inheritance of breeding values, and M determines phenotypic
assignment of offspring based on breeding value and environmental variance.

Each of the block matrices U, B, P, R, H, and M is composed of smaller matrices placed on the diagonal. For example, the
block-diagonal matrix U is defined as:
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with similar block-diagonal constructions for the matrices R, B, H, P, and M.

U is composed of matrices U, and is parameterized using stage transition rates such as survival, recruitment and breeding
probabilities, estimated from individual capture-mark-recapture (CMR) data (1) (Fig. ?7?).

B contains identity matrices B;, since breeding values are assumed fixed at birth.

P includes phenotype transition matrices P;;, which are identity matrices for traits fixed across life, or age- or environment-
dependent for plastic or ontogenetic traits (Supplementary Information , Fig. S9, S10).

R is composed of matrices R;j that represent state-specific fertility rates estimated from individual CMR data (1) .

H models inheritance. Offspring breeding values are drawn from a normal distribution centered on the mid-parent mean
(x5 + xjm)/2, with variance Va /2. Values of V5 are obtained from equation 2 and the observed phenotypic variance Vp.

M assigns offspring to phenotypic classes based on their breeding value and environmental variance. Given the heritability,
the environmental variance is calculated as:

Ve = Ve(1 —h). [7]

From the projected population fi; and the projection matrix A, we derive key demographic and evolutionary outcomes.
These include population growth rate, total population size, as well as time trends in mean vital rates such as survival and
reproduction. Evolutionary outcomes include the rate of adaptation, measured via changes in mean breeding and phenotypic
values, and the temporal distribution of phenotypic and breeding classes.

Parametrization of the Hyperstate Matrix Eco-Evolutionary Population Model. We parameterized the hyperstate eco-evolutionary
matrix population model using long-term individual-based data from a capture-mark-recapture (CMR) study of black-browed
albatrosses breeding at Kerguelen Island, spanning more than three decades (1) (section ). Demographic rates, including
survival, recruitment, breeding probability, and breeding success across life-history states, were estimated from multi-event
CMR models developed in previous studies (1). Relationships linking climate variability and individual traits to demographic
rates were derived also from (1) that quantified how sea surface temperature influences functional traits—such as wing length
at fledging, foraging behavior, and phenology—and how these traits, in turn, affect vital rates across the full life cycle. These
empirically estimated climate—trait—demography linkages provide the basis for parameterizing trait-dependent transitions and
reproduction within the hyperstate framework. Specifically, sea surface temperature, along with the assigned phenotype classes,
determine the values of demographic rates used to parameterize the survival and reproduction matrices U and R.

Although the dataset spans more than three decades, the long generation time of this species (~24 years (14)) results in a
relatively shallow demographic pedigree, precluding robust estimation of trait heritability from the population data. Therefore,
we explored a range of heritability values to bracket plausible evolutionary responses under future climate change following
previous approaches (15, 16). In particular, in our future projections, we focused on two contrasting scenarios, h? =0.1 and
h? = 0.9, representing weak and near-maximal contributions of additive genetic variance to phenotypic variation, respectively.
The high-heritability case provides an upper bound on adaptive potential, analogous to a theoretical best-case scenario in
which evolutionary responses are maximized, allowing us to test whether even optimistic assumptions about inheritance are
sufficient to buffer climate-driven population decline. The low-heritability case reflects more conservative expectations for
complex behavioral, phenological, or life-history traits in long-lived species. To assess robustness, we explored a wider range of
heritability values in additional scenarios, confirming that the qualitative conclusions are not sensitive to intermediate values of
h? (Fig. S4).

For a given value of heritability and the observed variance in the phenotypic distribution Vp, we derive the corresponding
additive genetic variance Vi and environmental variance Vi (equation 2). These quantities are then used to parameterize the
inheritance matrix H and the phenotypic assignment matrix M, respectively.

Specifically, the probability that a female with breeding value class j; mates with a male in class j,, and produces offspring
with breeding value class j is given by:

Ty + s _
Gv, (%’ - HQJ) 35, (Rii), (8]

where Gy, is a Gaussian distribution with mean 0 and variance Vj /2, normalized so that the total probability across breeding
values j equals 1 for any pair of parental breeding values jf and jn. The function §;,, (Rii) denotes the frequency of reproductive
males in class j,, within the population. Due to limited data on individual sex in black-browed albatrosses, we assume an even
sex ratio and similar selective pressures across sexes. Under this assumption, the frequency of reproductive males is equivalent
to that of reproductive females and is computed as:

s P
55, (Rn) = D it 2ot Fim BT

S Fikma

[9]
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where Fj ;. denotes the fertility rate for individuals in breeding value class j and phenotype class k, and n; jx is the number of
individuals in demographic state ¢, breeding value class j, and phenotype class k.

The inheritance matrix H; x[n] for demographic stage ¢ and phenotype class k specifies the probability that a mother in
breeding value class js produces offspring in breeding value class j, and is defined as:

Tj, + Xj,,
(Hi x JJf Z Gv, <x] = 3 d >5jnL(Rn)- [10]

Jm=1
The phenotype assignment matrix M; ; (of dimension p X p) gives the probability that an offspring with breeding value x;

is assigned to phenotype class k at birth. This assignment is based solely on the offspring’s breeding value and is independent
of the parental phenotype. The probability that an offspring with breeding value z; expresses phenotype zj is:

Gvg (2 — x5), [11]
where Gy, is a Gaussian distribution with mean 0 and variance Vg = (1 — h?)Vp. The distribution is normalized so that its
sum over phenotype classes k equals 1 for each breeding value j. Accordingly, the matrix M; ; is given by:

Mi,j = (Gvi (26 — T5)) oy [12]

yees D
Scenarios of Climate-dependent Selection on Juvenile Survival. To explore mechanisms that could buffer population decline,
we implemented an alternative scenarios of selective pressure on juvenile survival. We assumed that environmental change
itself alters the strength of selection: under this climate-dependent selection scenario, survival advantages associated with
longer wings increase as SST rises. This reflects a plausible ecological mechanism in a warming Southern Ocean, where
strengthening and poleward-shifting westerly winds are expected to favor individuals with larger wing spans due to improved
soaring efficiency (17, 18).

First-year survival (6) is modeled with a logistic function of sea surface temperature (SST) and wing length. We examined
two formulations (Fig. S2):

o Baseline scenario: Survival depends additively on SST and wing length, matching the empirically estimated relation-
ship (1) (Fig. S2A):
0 = logit™ " (—0.23 — 0.24 SST — 0.32SST” + 0.368 WING) . [13]

¢ Climate-dependent selection: The strength of selection varies with SST, such that the survival advantage of longer
wings increases as SST rises (Fig. S2B). This introduces an interaction between wing length and SST:

0 = logit™ " (—0.23 — 0.24 SST — 0.32SST” + 0.368 WING - SST) . [14]

Supplementary Figures
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Fig. S1. Supplementary Figure S1. Hindcast of population trajectories during the observed period. Zoom of Fig. 77 in the main manuscript over the observed period
(2006—2022), shown for the Activity trait. Lines indicate median projected population size and shaded areas denote 90% uncertainty envelopes for each climate pathway
and heritability value, overlaid with the observed population mean (solid black line) and 90% confidence interval (dotted black lines). Hindcasts correspond to retrospective
projections initialized with observed demographic states and evaluated against empirical data. The close agreement between hindcast projections and observations supports
the model’s ability to reproduce recent population dynamics. The same qualitative pattern is observed across all traits shown in Fig. 3; only Activity is shown here for clarity.
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Fig. S2. Supplementary Figure S2. Sea surface temperature and wing length determine juvenile survival under two scenarios. Each panel shows predicted first-year survival
as a function of sea surface temperature (SST) for individuals differing in wing length (color). Here wing length is binned into 10 phenotypic classes, with color indicating
increasing length (blue to red), but our model includes 100 phenotypic classes. (A) Baseline scenario assumes SST and wing length influence survival independently as
estimated empirically (1). (B) In the SST-dependent selection scenario, the survival advantage of longer wings increases with warming, while individuals with shorter wings
experience even lower survival.
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Fig. S3. Supplementary Figure S3. Eco-evolutionary response of black-browed albatross under alternative selective pressures under high-emissions climate projections. We
present two scenarios of selection on wing length, a trait measured at fledging that influences juvenile survival and recruitment. In the baseline scenario, juvenile survival is a
function of both sea surface temperature (SST) and wing length, but selection on wing length is independent of climate (i.e., the effect of wing length on survival remains
constant across SST conditions). In the SST-dependent selection scenario, SST directly modifies the strength of selection on wing length: the survival advantage of longer
wings increases under warmer conditions, thereby intensifying trait-based selection as the climate warms. (A) Total population size, (B) mean vital rate (i.e., breeding success),
(C) mean phenotype + 1 SD (i.e., Activity), and (D) mean breeding value 4= 1 SD from 2006 to 2100. (E,F) Final (2100) and initial (2006) distributions of breeding value and
phenotype. Solid lines represent h? = 0.1, dotted lines h? = 0.9. Colors distinguish scenarios: purple = baseline and green = SST-dependent selection. Initial distributions
(grey bars) are shown only for the baseline scenario with h? = 0.1.
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Total Population Size over Time by Heritability and Scenario
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Fig. S4. Supplementary Figure S4. Eco-evolutionary dynamics of black-browed albatross under low-emissions climate projections with sea surface temperature-dependent
selection. Total population size from 2006 to 2100 across a range of heritability values (h?), showing that evolutionary rescue occurs above a threshold near h? = 0.3, a
realistic estimate for morphological traits (19). Colored lines represent increasing heritability from low (blue) to high (yellow). The horizontal black line indicates the initial
population size in 2006 for reference.

Jenouvrier, Garnier, Holland, van de Walle, Patrick, Bonnet, Delord, Ventura, Barbraud, and Weimerskirch 9 of 18



A. Total Population Size B. Mean Breeding Success

T Baser=od 25007 0.95
—— Onto h2=0.1
- gmens
Plasth®=09 5540 | 0.9+
(0]
N
? Lo85
C
S 1500 o
5 S
3 S 087
£ 1000 - §
S S 075}
(o]
|_
500 .|
0 ‘ 0.65 .
2000 2050 2100 2000 2050 2100
Year Year

C. Distribution of Breeding Values in 2100 D. Phenotype Distribution in 2100

1 17
c 0.8 c 0.8r
2 e}
5 5
¥ xS
> 0.6 3 06r
a Qo
© ©
(0] (0]
No0.4 N4t
© S
£ £
s ¢ S
0.2+ '
||H S\
m t=2006 (Base, h2=0.1
T L ‘ uHHHHHHum
- = = ase, N==0. 4
——1=2100 (Onto, h2=0.1) 0O 0 """' “
e 2
t= ast, h2=0. .
t=2100 (Plast, h2=0.9 Breeding Value Phenotype

Fig. S5. Supplementary Figure S5. Eco-evolutionary dynamics of black-browed albatross traits under low-emissions climate projections, comparing scenarios of dynamic traits.
We compare two heritability values: h? = 0.1 and 0.9. Solid lines represent h? = 0.1; dashed lines represent h% =0.9. Foraging activity traits are dynamic and vary across
years due to ontogeny (blue) or plastic responses to sea surface temperature (orange). (A,B) Demographic outcomes from 2006 to 2100. (C,D) Final (2100) and initial (2006)
distributions of breeding value (C) and phenotype (D). Initial trait distributions are shown only for the baseline scenario with h2 = 0.1 (gray bars).
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Fig. S6. Supplementary Figure S6. Trait-specific demographic and evolutionary responses across eco-evolutionary scenarios and climate emission pathways. Change values
between year 2100 and 2006 for eco-evolutionary outcomes across three scenarios for dynamic foraging activity traits: baseline, ontogeny, and plasticity. Bars are colored by
heritability (22) and emissions scenario: high emissions (yellow and orange), low emissions (blue and purple), high heritability (orange and purple), and low heritability (yellow
and blue). (A) Percent change in total population size from 2006 to 2100. (B) Percent change in breeding success. (C) Change in phenotype from 2006 to 2100. (D) Change in
breeding value from 2006 to 2100.
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Fig. S7. Supplementary Figure S7. Seasonal sea surface temperature projections under contrasting emission scenarios. Projected sea surface temperatures (SST) during the
juvenile, winter, and breeding seasons of the black-browed albatross life cycle under a high-emission scenario (CESM2-LE; left column) and a low-emission scenario consistent

with the Paris Agreement (CESM1-CAM5 2.0° NE; right column). Thin colored lines represent individual ensemble members, thick lines show the ensemble mean, and the
black line shows observed SST off the Kerguelen Plateau.
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Fig. S8. Supplementary Figure S8. Eco-evolutionary dynamics of black-browed albatross populations under climate change. Projected total population size from 2006 to 2100
under (A) high-emissions climate projections and (B) low-emissions climate projections with sea surface temperature-dependent selection on juvenile survival. Projections
account for uncertainty in demographic processes (measurement error and environmental stochasticity) and natural climate variability across ensemble members of Earth
system model simulations, assuming heritability h2 = 0.3. Thick black lines indicate the median projected population size, shaded areas denote 90% uncertainty envelopes,
and thin colored lines represent individual stochastic population trajectories.
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A. Ontogeny scenario (fixed variance) B. Plasticity scenario (SST-scaled variance)
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Fig. S9. Supplementary Figure S9. Phenotype transition matrices P; ; for dynamic trait scenarios. Each matrix shows the probability of transitioning from a phenotype class at
time ¢ (x-axis) to a class at time ¢ + 1 (y-axis). (A) In the ontogeny scenario, phenotypes can gradually increase over time, simulating age- or experience-related improvement.
(B) In the plasticity scenario, transitions are broader and environment-dependent, allowing more flexible shifts in phenotype in response to sea surface temperature variability.
Transition probabilities are based on truncated Gaussian distributions and normalized by column. Color intensity reflects transition probability.
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Fig. $10. Supplementary Figure S10. Individual trait trajectories under dynamic trait scenarios. This figure shows simulated phenotypic trajectories over 20 years for individuals
starting in three different phenotype classes, corresponding to the 10th, 50th, and 90th percentiles of the observed distribution of foraging activity. (A—C) Ontogeny scenario:
individuals begin in low, intermediate, or high trait classes and experience gradual, directional changes over time, reflecting age- or experience-related improvement. (D-F)
Plasticity scenario: individuals show more variable trajectories, with transitions depending on environmental variability (e.g., sea surface temperature). Each line represents a
single individual; points show yearly phenotype values sampled from the phenotype transition matrix P; ; based on the previous year’s state.

Jenouvrier, Garnier, Holland, van de Walle, Patrick, Bonnet, Delord, Ventura, Barbraud, and Weimerskirch 15 of 18



199

200

201

202

203

204

205

206

207

208

209

210

212

213

214

215

216

217

218

219

220

Exploring Phenotypic Plasticity and Ontogenetic Change

Several functional traits considered in this study are known to vary within individuals across years, particularly foraging
and phenological traits such as activity, time spent on the water, and return date to the breeding colony. These traits were
quantified using data from geolocator (GLS) deployments on breeding adults (2), providing detailed information on individual
behavior and seasonal timing. The GLS dataset spans eight non-breeding seasons (2006-2013) and provides repeated behavioral
and phenological measurements for individual birds (from 64 to 86 birds and 118 to 146 trips (2)), but typically over only one
to a few years per individual. Although this represents a unique and rich dataset for characterizing individual-level behavioral
variation, data availability remains limited in both temporal and environmental variability coverage. As a result, we were
unable to detect robust and consistent statistical relationships linking trait variation to either climatic covariates or age across
the full life cycle.

Given these limitations, the core analyses in the main text assume that phenotypic traits are fixed within individuals.
Here, we relax this assumption to qualitatively explore the potential effects of phenotypic plasticity and ontogenetic change
on eco-evolutionary population dynamics. Rather than attempting to estimate poorly constrained relationships, we adopt a
scenario-based approach in which plastic and ontogenetic responses are specified. These scenarios are intentionally optimistic
under future climate change, yet remain biologically reasonable, and are designed to explore upper bounds on the extent to
which unmodeled plasticity or age-related improvement could alter conclusions regarding evolutionary rescue.

We analyzed two dynamic traits scenario (Fig. S9, S10):

1. Ontogenic improvement: foraging behavior improves with age and experience, as documented in many seabird species,
especially during early life (20, 21), and

2. Plastic response: foraging behavior responds directly to environmental variation (22, 23).

Both require modifying the phenotype transition matrix P to allow individuals to shift between phenotypic classes over time.
P;; are transition matrices for individuals of stage 4 and in breeding value class j and of dimensions p x p.

z2fruncated Gaussian distribution. In both scenarios, Gy, (z; — z;) represents a truncated Gaussian kernel of the form:
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(25 — z)°
Gvp (25 — 2i) = exp “orn ) M mi<ory  Ts e lomin mmaslhs [15]

where Vp is the variance, o7 is the maximum allowed transition step, and I denotes indicator functions that ensure transitions
are limited to a biologically plausible range and remain within the bounds of the observed phenotypic space. The directionality
of transitions (z; > z; vs. bidirectional) and the scaling of Vp differ between scenarios, but the general form of the kernel is the
same. Columns of the resulting transition matrix are normalized such that E]. Pj;=1.

Ontogenetic Improvement. In the ontogeny scenario (Fig. S9A, S10A,B,C), we assume that individuals gradually improve
their foraging behavior with age and experience. Transitions between phenotype classes are governed by a truncated Gaussian
kernel:

Gvp (25 — Zi)7 [16]

where Gy, is a Gaussian distribution centered at zero with variance Vp. Transitions are restricted to non-negative changes in
phenotype (i.e., z; > z;) and to a maximum phenotypic increment dT° = 4Az, where Az is the bin width of the phenotype
distribution. Transitions outside the observed phenotypic range are not allowed. For each phenotype class ¢, the transition
probabilities are normalized to sum to 1, and the resulting matrix P; ; is repeated across all breeding value classes to construct
the block-diagonal matrix P.

Phenotypic Plasticity. In the plasticity scenario (Fig. S9B, S10D,E,F), phenotypic transitions are influenced by environmental
conditions, allowing individuals to shift flexibly between phenotypic classes within their lifetime. We assume that greater
environmental variability—e.g., fluctuations in sea surface temperature (SST)—induces broader phenotypic responses. To
capture this, we scale the variance of the Gaussian transition kernel by the environmental gradient:

Zmax — Zmin
Vp = Zmax T fmin 17
. Asst 7]

where Zmin and zmax are the bounds of the observed phenotypic distribution, and Agst represents interannual SST variability.
The transition probability is then modeled using a truncated Gaussian distribution:

Gvp (75 — i), 18]

but unlike the ontogeny scenario, we allow both upward and downward phenotypic shifts, with the kernel truncated over
a symmetric or asymmetric interval around zero. This relaxation of directional constraints enables reversible changes in
phenotype, consistent with plastic responses to variable environments.
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Trait Dynamics Across Ontogeny and Environmental Plasticity. Figures S9 and S10 illustrate these dynamics. In the ontogeny
scenario, transitions are constrained to gradual, unidirectional increases in phenotype, reflecting age- or experience-related
improvement and appearing as a narrow band of light blue in the matrix (Fig. S9A). In contrast, the plasticity scenario
permits more flexible shifts in either direction, with transition probabilities scaled by environmental variability (e.g., sea surface
temperature), resulting in a wider band of transitions spanning from light blue to yellow (Fig. S9B).

To visualize individual-level outcomes, we simulated phenotypic trajectories over 20 years for individuals starting at the
10th, 50th, and 90th percentiles of the phenotypic distribution (Fig. S10). These examples highlight how ontogeny produces
more predictable, directional changes, whereas plasticity yields greater interannual variability in trait expression.

Effects of Plasticity and Ontogenetic Change. The inclusion of dynamic foraging activity increased average breeding success,
reaching values as high as 0.9 by 2100 compared to 0.72 in the baseline scenario (Fig. S5B). These high values by 2100 should
be interpreted as an intentionally optimistic upper bound rather than realistic projections, designed to test whether even
extreme improvements in adult performance could offset climate-driven demographic losses. Despite this strong increase in
breeding success, the effect on overall population size remained negligible (Fig. S5A).

In terms of evolutionary dynamics, high heritability led to an increase in the mean breeding value (Fig. S6D) with a shift in
its distribution: the mode moved from 0 in 2006 to 0.42 by 2100 (Fig. S5C). Breeding values are expressed on a standardized
trait scale, where zero corresponds to the population mean at the start of the study period and positive values indicate
genotypes associated with higher trait values and, consequently, higher expected demographic performance. In contrast, under
low heritability, breeding values remained largely stable over time, with minimal changes in distribution.

Phenotypic distributions also shifted towards higher values over time when traits were assumed dynamic (Fig. S6C). Under
the plasticity scenario, the proportion of individuals with higher foraging activity increased over time due to the assumed
positive plastic response of activity level to SST (Fig. S5D). This resulted in a slightly broader bell-shaped distribution. In the
ontogeny scenario, however, a bimodal distribution emerged by 2100, dominated by individuals expressing the highest level of
activity. This pattern arose because when SST increases, overall juvenile survival and breeding probabilities decrease, leading
to a strong demographic shift toward older age classes that have gradually gained foraging experience throughout their lifetime.
Although these individuals may benefit from greater breeding success, because the overall breeding probabilities remain low,
the production of new individuals was insufficient to sustain the population, ultimately leading to extinction.

Interestingly, the increase in mean breeding value from 2006 to 2100 was greater in the baseline trait scenario than in the
ontogeny and plasticity scenarios (Fig. S6D). For illustration, under the low-emissions climate pathway and high heritability
(h? = 0.9), the change in mean breeding value was 0.44 in the baseline scenario, compared with 0.34 under ontogeny and
0.25 under plasticity. This qualitative pattern—reduced evolutionary change when plastic or age-dependent responses are
present—was consistent across climate scenarios and heritability values.

This pattern does not reflect stronger selection in the baseline case, but rather the fact that plastic and age-related
improvements improve demographic performance, thereby reducing the strength of selection acting on heritable trait variation.
In this sense, plasticity and ontogenetic change can mask selective pressures, slowing evolutionary change in breeding values
even when overall trait values or vital rates improve (24-26).
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