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Abstract

1.

Understanding the mechanisms that increase a species resilience to climate

change is central to predicting how they are likely to respond.

. One determinant of vulnerability to climate change identified in multiple taxa is

the thermal range of a species' distribution. In this context, species with narrow
thermal ranges are reportedly more vulnerable to climate change. One paradigm
for predicting the range of environmental conditions that a species can occupy is
the ‘cognitive buffer hypothesis’. The cognitive buffer hypothesis predicts that
species with larger brain sizes (relative to body mass) display greater behavioural
flexibility and are more able to persist and thrive within variable environmental
conditions. Following the theory, we expect that species with larger relative brain

sizes will occupy broader thermal ranges and be less vulnerable to climate change.

. In this study, we collate species-specific information for 206 species of seabird.

We then use phylogenetic generalised least squares regression and path analysis
to quantify and identify linkages connecting relative brain size, thermal range,
migration pattern, hand-wing index, foraging behaviour, vulnerability to climate
change and extinction risk while controlling for shared ancestry between species.
We focused our study on seabirds, a highly threatened group that displays large
variation in these variables. Previous work has also proposed that seabird species
with a narrower thermal range across their geographic distribution are more likely
to be impacted by climate change.

Consistent with the cognitive buffer hypothesis, we found that seabird thermal
range increases with relative brain size. We also found that having a larger rela-
tive brain size or being a long-distance migrant may indirectly reduce extinction
risk through a species' thermal range. Additionally, we found that having a higher
hand-wing index and employing generalist foraging behaviours reduces seabird
vulnerability to climate change and extinction risk.

Our study suggests that having a larger relative brain size, being a long-distance
migrant, employing generalist foraging behaviour and having a higher hand-wing

index can lower extinction risk. Identifying the ecological traits that promote
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species resilience is crucial for determining which species are most at risk of pop-

ulation declines to direct species conservation.
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1 | INTRODUCTION

Identifying species most vulnerable to climate change is crucial for
developing effective conservation strategies to protect biodiver-
sity for the future. Resilience to climate change varies significantly
among species, and a growing body of evidence has identified
species-specific traits linked to climate change vulnerability (e.g.,
Graham et al,, 2016; Richards et al., 2021). However, as yet, the un-
derlying mechanistic connections between these traits and extinc-
tion risk remain largely untested.

The ‘cognitive buffer hypothesis’ proposes that having a
larger brain size, relative to body mass, enables species to sur-
vive in novel or unpredictable environments (Allman et al., 1993;
Sol, 2009). In birds, a larger relative brain size has been linked to an
increased ability to persist and thrive under variable environmen-
tal conditions (Fristoe et al., 2017; Sayol, Maspons, et al., 2016;
Vincze, 2016). For example, non-migratory passerines inhabiting
seasonal fluctuations in climate conditions have larger relative
brain sizes than migratory species that move to maintain year-
round favourable conditions (Sol et al., 2010). This evidence sug-
gests that birds with larger relative brain sizes may possess greater
resilience and adaptive capacity in response to environmental
threats (Baldwin et al., 2022; Sih et al., 2011). In agreement, farm-
land birds with smaller relative brain sizes are more likely to ex-
perience population declines following land-use changes (Shultz
et al., 2005). Similarly, seabirds with smaller relative brain sizes
appear more vulnerable to climate change impacts, potentially
due to having lower rates of natal dispersal (Constanti Crosby
et al., 2023).

Relative brain size may influence vulnerability to climate change
through various ecological mechanisms. Species with larger brains
often exhibit generalist niches, such as diverse foraging behaviours,
a wide range of prey preferences and broad habitat adaptability
(Ducatez et al., 2015; Lefebvre & Sol, 2008). These traits enable
them to flexibly adapt their strategies to mitigate adverse condi-
tions (Cooke et al., 2019). In seabirds, species with narrower ther-
mal ranges (i.e. the range of temperatures across their geographic
distribution) are considered more likely to be impacted by climate
change (Orgeret et al., 2021). Investigating the ecological traits that
influence seabird thermal range could therefore support the identi-
fication of the key mechanisms underpinning species resilience to
future environmental change.

Seabirds represent a highly diverse assemblage of birds that
have evolved a wide array of strategies to adapt to environmental
variability. These species exhibit considerable variation in range

sizes, from exclusively coastal distributions to trans-equatorial
migrations. Likewise, their foraging behaviours vary widely, span-
ning specialised diving to restricted aerial feeding. Their wing mor-
phology also includes a broad range of structures, from long and
narrow to short and broad, highlighting further variations in flight
efficiency and dispersal ability (Table S1; Billerman et al., 2022).
Seabirds are also among the most threatened avian groups glob-
ally, with nearly half of all species (48%) experiencing population
declines (BirdLife International, 2022). Climate change poses an
increasingly significant threat to these birds (Dias et al., 2019), and
previous studies have identified that seabird vulnerability to cli-
mate change may be linked to species-specific traits, such as rel-
ative brain size (Constanti Crosby et al., 2023) and thermal range
(Orgeret et al., 2021). However, the relationships connecting rel-
ative brain size, thermal range, migration patterns, and vulnera-
bility to climate change, along with their connection to extinction
risk, have yet to be examined within a single, unified framework.
Testing these relationships could provide valuable insights into the
mechanisms driving seabird resilience or susceptibility to environ-
mental changes.

In this study, we compiled species-specific data on relative
brain size, thermal range, migration pattern, foraging behaviour,
hand-wing index, vulnerability to climate change and extinction
risk for 206 species of seabirds. We first examined the relationship
between seabird ecological traits and thermal range. We then em-
ployed path analysis to investigate the interplay between different
traits, climate change vulnerability and extinction risk. Based on
the cognitive buffer hypothesis, our expectation is that species
with broader thermal ranges will have larger relative brain sizes
and adopt more diverse foraging behaviours. These traits, in turn,
are expected to reduce species vulnerability to climate change and

lower extinction risk.

2 | MATERIALS AND METHODS
2.1 | Speciesdata
2.1.1 | Brainsize and body mass

We obtained brain size (ml) and body mass (g) estimates for 206
species of seabird. Here, we define seabirds as avian species
that rely on the marine environment, including Sphenisciformes,
Procellariformes, Phaethontiformes, Pelecaniformes, Suliformes
(excluding darters), certain Charadriiformes (including auks, skuas,
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gulls and terns) and certain Gaviiformes (including divers). We
collated published brain size estimates for 158 species of seabird
(Boire & Baron, 1994; Crile & Quiring, 1940; Franklin et al., 2014,
Fristoe et al., 2017; lwaniuk et al., 2004; Iwaniuk & Nelson, 2003;
Ksepka et al., 2020; Mlikovsky, 1989; Sayol et al., 2018; Speroni &
Carezzano, 1995; Tsuboi et al., 2018) and collected new brain size
estimates for a further 48 species (across 10 families). All estimates
were obtained from adult skull specimens using the endocast method
(Nelson & lwaniuk, 2002). This involved filling the cranial cavaty of
empty skulls with glass micro-balloons via the foramen magnum. The
micro-balloons were weighed to provide a value for skull volume
that was converted to an estimate of brain size (ml). In birds, a larger
relative brain size has been shown to reflect a disproportionate
enlargement of pallial regions and an increased proportion of
pallial neurons (Sayol, Lefebvre, et al., 2016; Sol et al., 2022), both
of which are linked to enhanced behavioural plasticity (Overington
etal., 2009; Sol et al., 2016).

All brain sizes were collated as single species-specific mean val-
ues. To account for the allometric relationship between brain and
body mass, we also obtained available species-specific body mass
values (g) associated with the museum specimens used to measure
brain size. For specimens where body mass data was unavailable,
we obtained species mean values from the Handbook of Avian
Body Masses (Dunning, 2008) and Birds of the World (Billerman
et al., 2022).

2.1.2 | Thermal range

To define the thermal ranges of seabird species, we first identified
their geographic distributions using polygons derived from
distribution maps provided by BirdLife International (2024).
Within these polygons, we excluded the passage areas that reflect
migration between breeding and non-breeding ranges. We then
extracted and averaged sea surface temperature (SST) data for
each 1°x1° grid cell within a species range. We obtained SST
data from the Marine Copernicus global reanalysis dataset (phy-
001-026 product: https://catalogue.marine.copernicus.eu/) for
the period January 1993 to December 2018, following Orgeret
et al. (2021). For each species, we calculated the 5th and 95th
percentiles of SST values across their distribution. The difference
between these percentiles was used to define the thermal range
(Stuart-Smith et al., 2015).

2.1.3 | Migration pattern

To account for potential inflation in the thermal range of migrants
associated with the method used to estimate thermal range, we
collated data on species-specific migration patterns. We compiled
published migration classifications identifying individual species
as either ‘migrant’ or ‘resident’ (Keogan et al., 2018). Species clas-
sified as migrants include long-distance trans-equatorial migrants
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and those that spend the winter outside the ocean sector in
which they breed. By contrast, we classified species that remain
within the same ocean sector year-round as ‘residents’ (Keogan
et al., 2018). Ocean sectors were defined as North Atlantic,
Mediterranean, South Atlantic, Southern Ocean-Atlantic, North
Pacific, South Pacific, Southern Ocean-Pacific, Indian and
Southern Ocean-Indian (Keogan et al., 2018). For species without
published migration classifications, we assigned migration pat-
terns based on the distribution maps employed for thermal range
estimation (BirdLife International, 2024). For our binary migration
pattern variable, residents were assigned a value of O and migrants
a value of 1.

2.1.4 | Hand-wing index

To investigate additional traits that may influence a species' thermal
range, we collated data on species-specific hand-wing index from
the AVONET database (Tobias et al., 2022). Hand-wing index is a
morphological metric associated with wing aspect ratio (Lockwood
et al., 1998) that is widely used as a proxy for avian flight efficiency
and dispersal ability (Sheard et al., 2020). Among seabirds, diving
species such as penguins and cormorants tend to have lower hand-
wing index values, reflecting absent or reduced flight efficiency,
whereas gliding species like terns and albatrosses typically exhibit
higher hand-wing index values. We hypothesise that seabird species
with lower hand-wing index values are less mobile and, as a result,

their spatial distribution will have a narrower thermal range.

2.1.5 | Foraging behaviour

To examine additional drivers potentially influencing a species
thermal range, we collated data on species-specific foraging
behaviour. Evidence suggests that generalist foragers are better
adapted to highly variable environments (Dehnhard et al., 2019).
Based on this, we hypothesise that seabird species employing
diverse foraging behaviour could exploit broader thermal ranges.
Using descriptions from Birds of the World (Billerman et al., 2022),
we identified species as employing one or more of the following
four dominant foraging strategies: aerial snatching, plunge diving,
surface foraging or surface diving (Pigot et al., 2020). We translated
qualitative descriptions into semi-quantitative scores following the
methods used in the EltonTraits database (Wilman et al., 2014). For
each foraging behaviour, percentage scores were assigned to reflect
relative use. Species with a single foraging behaviour accounting for
at least 60% of their activity were classified as ‘specialist foragers,
while those using multiple strategies, with no single behaviour
exceeding 60% were classified as ‘generalist foragers’. For our binary
foraging behaviour variable, specialist foragers were assigned a value
of 0 and generalist foragers a value of 1. Full definitions and example
species for each foraging behaviour are provided in the Supporting
Information (Table S1).
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2.1.6 | Species vulnerability to climate change and
extinction risk

To examine the effects of relative brain size, thermal range and vulner-
ability to climate change on species-level extinction risk, we extracted
vulnerability and threat status data from the [UCN Red List database
(iucnredlist.org; IUCN, 2023). Using the Threats Classification Scheme
(V. 3.3, IUCN, 2023), we identified whether species are affected by
‘Climate Change & Severe Weather’ threats. We classified species
as vulnerable to climate change if this threat was listed as ‘ongoing’.
For our binary climate change vulnerability variable, unaffected spe-
cies were assigned a value of O and affected species received a value
of 1. To define a species extinction risk, we grouped species into two
categories based on IUCN Red List classifications. Species listed as
Critically Endangered (CR), Endangered (EN), Vulnerable (VU) and Near
Threatened (NT) were classified as ‘threatened’, while those listed as
Least Concern (LC) were classified as ‘non-threatened’ (Ali et al., 2023).
For our binary extinction risk variable, non-threatened species were
assigned a value of O and threatened species a value of 1. We also re-
peated our analyses by reclassifying NT species in the ‘non-threatened’
group, following Constanti Crosby et al. (2023). This adjustment did
not qualitatively alter our results, except that it removed a pathway
between foraging behaviour and extinction risk indicating that NT
seabird species provide support for a link between specialist foraging

behaviour and increased threat of extinction (Figure S3).

2.2 | Replication statement
Scale of Scale at which the factor Number of replicates at
inference of interest is applied the appropriate scale
Species Species 206

2.3 | Statistical analysis

We conducted all statistical analyses using the program R (v. 4.4.1,
R Core Team, 2024).

2.3.1 | Relative brain size

To account for the allometric relationship between body mass and
brain size, we calculated species-specific relative brain size as the
residuals from a log-log regression between brain and body mass
(Figure S1). Although there are multiple methods to estimate relative
brain size, the use of residuals from a log-log regression between
brain and body mass has emerged as one of the most common
(e.g., Minias & Podlaszczuk, 2017; Sayol, Maspons, et al., 2016; Sol
et al., 2007). This approach also enables the effect of body mass on
brain size to be accounted for when including brain size alongside
other explanatory variables. The alternative method of using both

brain and body mass as predictors could cause issues of collinearity
and thus a failure to account for the effect of body mass on the pre-
dictors (Smeele, 2022; Sol et al., 2016). We visually checked that this
analysis met the assumptions of a linear model using the ‘ncvTest’
and the ‘durbinWatsonTest’ functions from the R package ‘car’ (v.
3.1.2, Fox & Weisberg, 2019) and the shapiro.test function from the
‘stats’ package in base R (R Core Team, 2024).

2.3.2 | Relationship between relative brain
size and thermal range

To examine the ecological traits related to seabird thermal range,
we used a phylogenetic generalised least squares (PGLS) regres-
sion (Grafen, 1989) fitted using the R package ‘caper’ (v. 1.0.2, Orme
et al., 2023). We included relative brain size, migration pattern, hand-
wing index and foraging behaviour as explanatory variables. Migration
pattern was also included as an interaction effect with relative brain
size to test for differences in this relationship between migration strat-
egies. By using a PGLS regression, we were able to account for any
phylogenetic non-independence between species (Orme et al., 2013).
Here, the expectation was that closely related species are pheno-
typically more similar and therefore have distributions with similar
thermal ranges. We used a maximum clade credibility tree with the
Ericson backbone from the complete distribution of trees (10,000
trees) at birdtree.org (Jetz et al., 2012). We pruned the tree to include
only the species of interest using the R package ‘phytools’ (v. 1.9-16,
Revell, 2012). We measured the strength of the phylogenetic signal on
the relationship between relative brain size and thermal range using
Pagel's lambda (4) value calculated using maximum likelihood provided
by the PGLS regression (Pagel, 1999).

To identify influential explanatory variables in the PGLS regres-
sion, we conducted model selection using the R package ‘MuMIn’
(v. 1.47.5, Barton, 2024). This procedure considered 32 candidate
models nested within the initial model that was constructed to
have the largest number of explanatory variables (hereon referred
to as the ‘global model’). The best model was selected based on
the second-order Akaike information criterion (AlICc) (Burnham &
Anderson, 2002). Here, a difference of more than two AlCc units
was taken to indicate strong support for the model with the lower
AlCc score (Burnham & Anderson, 2002). To test the influence of
migrant species on identified relationships, we also repeated the
PGLS regression and model selection process using only resident
species (n=171). This adjustment did not qualitatively alter our re-
sults (Table S4).

2.3.3 | Drivers of climate change vulnerability and
extinction risk

We examined the relationships connecting the ecological traits (sea-
bird relative brain size, thermal range, migration pattern, hand-wing
index and foraging behaviour) to climate change vulnerability and
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extinction risk using a multi-level path analyses that also controlled
for phylogenetic non-independence (von Hardenberg & Gonzalez-
Voyer, 2013). We tested 128 candidate models that included both
direct and indirect effects of ecological traits on climate change
vulnerability and extinction risk (Figure 1). We included all signifi-
cant relationships identified in the PGLS regression in the candidate
models. We also retained variables that were found to be insignifi-
cant in the PGLS regression to test for any potential direct links to
climate change vulnerability and extinction risk. In the path analysis,
positive relationships between continuous (i.e. relative brain size,
thermal range, hand-wing index) and binary variables (i.e. migration
pattern, foraging behaviour, climate change vulnerability and extinc-
tion risk) indicate that as the continuous variable increases, there is

an increased tendency towards the binary factor assigned a value of

FIGURE 1 The general framework illustrating all candidate
models embedded in the path analysis. We ran 128 models; solid
arrows indicate pathways that were included in all models, and
dotted arrows indicate pathways that were included in different
combinations. Variable notation: hand-wing index (H), foraging
behaviour (F), migration pattern (M), relative brain size (B),
vulnerability to climate change (V), thermal range (T) and extinction
risk (E).

TABLE 1 Model selection based
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1. For migration pattern, this was ‘migrants’; for foraging behaviour,
this was ‘generalist foragers’; for vulnerability to climate change, this
was species identified as ‘vulnerable’; and for extinction risk, this
was species categorised as ‘threatened’.

The path analysis was conducted in program R using the package
‘phylopath’ (v. 1.1.3, van der Bijl, 2018). We used the d-separation
method to filter out disqualified candidate models. We combined the
p-values of the conditional independencies in each candidate model to
quantify Fisher's C statistic that reflects the goodness-of-fit to the data
according to methods in Shipley (2000). The Fisher's C statistic can be
approximated to a ;(2 distribution with 2k degrees of freedom, where
k is the number of conditional independencies in the model. Thus, a C
statistic with a p-value >0.05 indicates that the conditional indepen-
dencies are met, and the model can be considered a candidate model
(Shipley, 2000). We then compared the remaining different, non-
nested models using the means of the C statistic information criterion
(CIC; von Hardenberg & Gonzalez-Voyer, 2013). The CIC is analogous
to the AIC, whereby the smallest CIC value represents the best candi-
date model. The explanatory power of the links between variables was
calculated by standardised path coefficients. Slopes were averaged by
the weight of the model following the standardisation of all variables,
and variables that did not display a link in a given model were assigned
a value of zero (Symonds & Moussalli, 2011). We display the best can-
didate model, and for comparison, we also detail the averaged model
from models within 2 CICc units of the best candidate model and some

sensitivity testing in the Supporting Information (Figure S2).

3 | RESULTS

3.1 | Relationship between relative brain
size and thermal range

The best candidate PGLS regression model for describing inter-
specific variation in seabird thermal range retained relative brain
size and migration pattern (Table 1, model 1). The sum of model
weights confirmed the high importance of migration pattern (AlCc
sum of weights=1, Table 2), as well as relative brain size (AICc sum
of weights=0.94, Table 2). We identified that species with broader
thermal ranges were likely to be migrants and have larger relative
brain sizes (Table 3; Figure 2). The value of Pagel's lambda indicated
a moderate phylogenetic signal (1=0.42).

on AlCc identified one best candidate Model no. Model df Log likelihood AlCc AAICc Weight

phylogenetic generalised least squares 1 B+M 3 -169.766 345.7 0.00 0.250

regression model for describing seabird 2 B+M+BxM 4 ~169.139 346.5 0.83 0.165

thermal range (Model 1). Models with in

2 AICc units of the best candidate model 8 B+M+F 4 ~169.204 346.6 0.96 0.155
4 B+M+H 4 -169.547 347.3 1.64 0.110

are shown. The global model, including all
explanatory variables, was not within 2
AlCc units of the best model.

Note: Notation: relative brain size (B), migration pattern (M), interaction between relative brain
size and migration pattern (B x M), foraging behaviour (F) and hand-wing index (H). df is degrees of

freedom and AAICc is the difference in AICc units from the best candidate model.
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TABLE 2 Relative importance for each variable within the phylogenetic generalised least squares regression models.
Migration Relative brain Foraging Relative brain Hand-wing
pattern size behaviour size x migration pattern index
Sum of weights 1.00 0.94 0.37 0.36 0.31
Number of models containing variable 12 12 10 4 10

(max=232)

TABLE 3 Effect sizes for the explanatory variables retained
in the best candidate phylogenetic generalised least squares
regression model describing interspecific variation in seabird
thermal range (Model 1, Table 1). Estimates are unstandardised
effect sizes.

Standard
Variable Estimate  error t-Value  p-Value
Intercept 2.31 0.16 14.43 <0.001
Migration 0.53 0.11 4.93 <0.001
Relative brain size 0.66 0.25 2.66 <0.01

Adjusted R?=0.12, p-value <0.001

m
o
c
©
S
©
£
S
)
=
-
N
(=]
)
A 4
A A
* Migrant
A Resident
A A
A

Relative brain size

FIGURE 2 Seabird thermal range was positively related to
relative brain size and migration pattern. Each data point reflects
a seabird species. Orange circles indicate resident species, blue
triangles indicate migrant species.

3.2 | Drivers of climate change vulnerability and
extinction risk

The phylogenetic path analysis identified that migrant species and
species with larger relative brain sizes have broader thermal ranges,
confirming the results from the PGLS (Figure 3). Results from the path
analysis also suggest that the migration pattern may have a stronger
correlation with thermal range, compared with relative brain size

\ o &
o 9 %
LS =

10"

<—— Positive

<—— Negative

FIGURE 3 The best candidate model from the multi-level path
analysis. Numbers adjacent to arrows indicate the standardised
path coefficients. Variable notation: hand-wing index (H),
foraging behaviour (F), migration pattern (M), relative brain size
(B), vulnerability to climate change (V), thermal range (T) and
extinction risk (E). Arrow thickness reflects the strength of the
relationship based on the slope coefficient (3): -0.09 <3<0.09
(thin); =0.19<$<-0.10 or 0.1 $<0.19 (medium); -0.29 <3< -0.20
or 0.2<<0.29 (thick); p<-0.3 or 2 0.3 (extra thick). Arrow colour
reflects the direction of the relationship: blue—negative, orange—
positive.

(Figure 3; Table 3). Having a broad thermal range was also weakly as-
sociated with a lower extinction risk, such that the migration pattern
and relative brain size are potentially indirectly linked to extinction risk
through thermal range. Here, migrant species and those with larger
relative brain sizes have broader thermal ranges, which are associated
with a lower extinction risk. We did not identify a significant relation-
ship between thermal range and climate change vulnerability. By con-
trast, the variables not identified as significantly affecting thermal range
in the PGLS regression (i.e. hand-wing index and foraging behaviour)
were significantly correlated with climate change vulnerability. Here,
species with a higher hand-wing index and employing generalist for-
aging behaviours were identified as being less vulnerable, with hand-
wing index potentially providing greater explanatory power. Climate
change vulnerability was also positively linked to extinction risk, such
that hand-wing index and foraging behaviour are potentially indirectly
linked to extinction risk through climate change vulnerability (Figure 3).
Additionally, we found a weak direct relationship between foraging
behaviour and extinction risk, such that species employing generalist
foraging behaviours are potentially less threatened (Figure 3).
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4 | DISCUSSION

In this study, we investigated the ecological traits that influence
seabird thermal range and examined the ecological pathways po-
tentially connecting seabird relative brain size, thermal range, mi-
gration pattern, hand-wing index and foraging behaviour to climate
change vulnerability and extinction risk. We found that seabird ther-
mal range increases with relative brain size and is larger for migrant
species. We also found that having a larger relative brain size and
being a long-distance migrant may indirectly reduce a species' ex-
tinction risk by contributing to a broader thermal range. Additionally,
we found that employing generalist foraging strategies and having a
larger hand-wing index may indirectly reduce a species extinction
risk via vulnerability to climate change. These findings indicate key
ecological traits and relationships that can aid in imputing missing
trait data (e.g. Horswill et al., 2019, 2021) and assessing the con-
servation status of ‘Data Deficient’ species (iucnredlist.org; IUCN,
2023), as well as those that are difficult to monitor empirically, such
as the Pincoya storm petrel (Oceanites pincoyae) and white-vented
storm petrel (Oceanites gracilis) (Kindsvater et al., 2018).

Finding a positive correlation between seabird thermal range
and relative brain size aligns with the predictions of the cognitive
buffer hypothesis that species with larger relative brain sizes are
better equipped to deal with variable environmental conditions
(Sayol, Maspons, et al., 2016; Schuck-Paim et al., 2008; Sol, 2009;
Sol et al., 2010). However, the combination of larger thermal ranges
and larger brain sizes for migratory species contrasts with previ-
ous findings in passerines, where non-migratory species inhabiting
seasonal climates tend to have larger relative brain sizes compared
to migratory species that move to maintain favourable year-round
conditions (Sol et al., 2010). In our study, we used the range of tem-
peratures across a species' geographic distribution as a proxy for
its thermal range (following Orgeret et al., 2021). It is important to
note that long-distance migratory species do not inhabit their entire
geographic range year-round and therefore may not experience the
full thermal range of SST values. Reassuringly, re-testing the rela-
tionship between seabird relative brain size and thermal range using
only resident species (n=171) strengthened the identified positive
correlation between these traits (Table S4.3). However, the method
used to define residency, that is, species that remain within the
same ocean sector year-round (Keogan et al., 2018), means that the
resident group includes coastal species, such as most cormorants
(Phalacrocoracidae), as well as species that migrate within ocean
sectors, like penguins (Spheniscidae). Further research distinguishing
seasonal thermal ranges and incorporating measures of longitudinal
and latitudinal range extent is therefore recommended to provide a
more nuanced understanding of the relationships connecting rela-
tive brain size, thermal range and migration pattern.

In our path analysis, we tested the hypothesis that having a larger
relative brain size supports species to have a distribution spanning
a broader thermal range (Figure 1). Alternatively, it is possible that
a larger relative brain size is a consequence of species travelling
greater distances and expanding their thermal ranges. That the
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ecological traits showed direct and indirect pathways leading to ex-
tinction risk not only reflects the complex nature of the mechanisms
underlying seabird adaptations to environmental variability but also
suggests that future research testing additional variables could pro-
vide valuable insights into the evolutionary factors driving brain size
variation.

We were unable to identify a link between seabird thermal range
and climate change vulnerability. This result contrasts with previ-
ous comparative work on marine vertebrates that suggests species
with narrower thermal ranges are more impacted by climate change
(Orgeret et al., 2021). The prior study analysed a subset of the spe-
cies and data included in our study, making ours the most compre-
hensive investigation to date. However, potential dataset biases still
warrant consideration. In our analysis, climate change vulnerability
was classified as a binary variable, which may oversimplify this com-
plex phenomenon. Species vulnerability to climate change can en-
compass multiple aspects, including phenotypic plasticity (Sheridan
& Bickford, 2011), dispersal ability (Freeman et al., 2018; Hitch &
Leberg, 2007) and genetic diversity (Alberto et al., 2013). We find
that hand-wing index, as a proxy for dispersal ability, is associated
with seabird resilience to climate change. However, seabird disper-
sal ability may also reflect plasticity in philopatry, migration pattern,
and foraging range (Constanti Crosby et al., 2023; Dunn et al., 2022;
Horswill et al., 2017, 2022). Moreover, while 31% of seabird species
are listed as vulnerable to climate change (Dias et al., 2019), only
16.5% (34 out of 206) of species in our dataset were classified as
such. This bias may limit the ability to identify traits associated with
climate change vulnerability, such that a priority for future research
is to obtain brain and body size estimates for seabird species that are
vulnerable to climate change and that currently lack published data.
Finally, climate change is one of five major pressures impacting this
group of species (Dias et al., 2019). Future work may benefit from
examining the pathways that link ecological traits to vulnerability in
other threats, including invasive alien species (Oppel et al., 2022),
bycatch in fisheries (Horswill & Manica, 2019; Ramirez et al., 2024),
overfishing (Ratcliffe et al., 2015; Sherley et al., 2018) and harvesting
(Inch et al., 2024).

We found evidence that species with a higher hand-wind index,
that is, soaring species such as albatrosses and terns were less
likely to exhibit vulnerability to climate change. This supports the
expectation that species with greater dispersal ability are better
equipped to mitigate adverse conditions (Freeman et al., 2018; Hitch
& Leberg, 2007). However, natal and adult philopatry vary substan-
tially among seabird species with high hand-wing index values (e.g.
albatrosses are highly philopatric compared with terns; Constanti
Crosby et al., 2023). Incorporating dispersal and philopatry data,
where available, could provide a more nuanced understanding of the
relationship between hand-wing index and climate change vulnera-
bility. In addition, we found that generalist foragers, which employ
a range of foraging behaviours, are more resilient to climate change
and have a lower risk of extinction compared with specialist forag-
ers. This finding aligns with previous research on seabirds (Dehnhard
et al., 2019; Richards et al., 2021) and other avian groups (Ducatez
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et al., 2020), highlighting the adaptive advantage of foraging flexibil-
ity in changing environments.

In this study, we found that seabird thermal range increases with
relative brain size and that having a larger relative brain size and
being a long-distance migrant may indirectly reduce extinction risk
through their influence on a species thermal range. Additionally, we
found that a higher hand-wing index and employing generalist for-
aging behaviours reduce vulnerability to climate change and extinc-
tion risk. Understanding the ecological traits that enhance species
resilience to environmental change is critical for identifying species
most at risk of population decline under future climate change sce-
narios. These findings are essential for predicting changes in species

diversity and prioritising conservation efforts for vulnerable species.

AUTHOR CONTRIBUTIONS

Junghyuk Keum, Catharine Horswill, and Ferran Sayol conceived the
ideas and designed the methodology; Junghyuk Keum, Ferran Sayol,
and Florian Orgeret collected the data; Junghyuk Keum and Ferran
Sayol analysed the data; Junghyuk Keum and Catharine Horswill led
the writing of the manuscript. All authors contributed critically to

the drafts and gave final approval for publication.

ACKNOWLEDGEMENTS

C.H. was funded by Research England. We thank all the collections
and curatorial staff at the Natural History Museum at Tring who
allowed us to access their specimens, especially Dr. Judith White
and Dr. Alex Bond. We also thank Dr. David Grémillet, Dr. Steffen
Oppel, and one anonymous reviewer for providing comments during

the review process.

CONFLICT OF INTEREST STATEMENT

The authors declare no competing interests.

DATA AVAILABILITY STATEMENT

Our study brings together data from a number of different sources,
including published literature and museum specimens. Data
deposited in the Dryad Digital Repository: http://doi.org/10.5061/
dryad.95x69p8wc (Keum et al., 2025).

ORCID

Junghyuk Keum "= https://orcid.org/0009-0007-8987-6701

https://orcid.org/0000-0003-3540-7487
https://orcid.org/0000-0002-1940-7797

https://orcid.org/0000-0002-1795-0753

Ferran Sayol
Florian Orgeret

Catharine Horswill

REFERENCES

Alberto, F. J., Aitken, S. N., Alia, R., Gonzalez-Martinez, S. C., Hanninen,
H., & Savolainen, O. (2013). Potential for evolutionary responses
to climate change—Evidence from tree populations. Global Change
Biology, 19, 1645-1661. https://doi.org/10.1111/gcb.12181

Ali, J. R, Blonder, B. W,, Pigot, A. L., & Tobias, J. A. (2023). Bird extinc-
tions threaten to cause disproportionate reductions of functional
diversity and uniqueness. Functional Ecology, 37, 162-175. https://
doi.org/10.1111/1365-2435.14201

Allman, J., McLaughlin, T., & Hakeem, A. (1993). Brain weight and life-
span in primate species. Proceedings of the National Academy of
Sciences of the United States of America, 90, 118-122. https://doi.
org/10.1073/pnas.90.1.118

Baldwin, J. W., Garcia-Porta, J., & Botero, C. A. (2022). Phenotypic
responses to climate change are significantly dampened in big-
brained birds. Ecology Letters, 25, 939-947. https://doi.org/10.
1111/ele. 13971

Barton, K. (2024). Mu-MlIn: Multi-model inference. R package Version
1.48.4. http://R-Forge.R-project.org/projects/mumin/

Billerman, S. M., Keeney, B. K., Rodewald, P. G., & Schulenberg, T. S.
(2022). Birds of the world. Cornell Laboratory of Ornithology.
https://birdsoftheworld.org/bow/home

BirdLife International. (2022). State of the world's birds 2022. BirdLife
International.  https://www.birdlife.org/papers-reports/state-of-
the-worlds-birds-2022/

BirdLife International. (2024). Species distribution maps. https://dataz
one.birdlife.org/

Boire, D., & Baron, G. (1994). Allometric comparison of brain and main
brain subdivisions in birds. Journal fiir Hirnforschung, 35, 49-66.

Burnham, K. P., & Anderson, D. R. (2002). Model selection and multimodel
inference. Springer-Verlag.

Constanti Crosby, L., Sayol, F., & Horswill, C. (2023). Relative brain size
is associated with natal dispersal rate and species' vulnerability to
climate change in seabirds. Oikos, 2023, e09698. https://doi.org/
10.1111/0ik.09698

Cooke, R. S. C., Eigenbrod, F., & Bates, A. E. (2019). Projected
losses of global mammal and bird ecological strategies. Nature
Communications, 10(1), 2279. https://doi.org/10.1038/s41467-019-
10284-z

Crile, G., & Quiring, D. P. (1940). A record of the body weight and cer-
tain organ and gland weights of 3690 animals. The Ohio Journal of
Science, 40, 219-260.

Dehnhard, N., Achurch, H., Clarke, J., Michel, L. N., Southwell, C,,
Sumner, M. D., & Emmerson, L. (2019). High inter- and intraspecific
niche overlap among three sympatrically breeding, closely related
seabird species: Generalist foraging as an adaptation to a highly
variable environment? Journal of Animal Ecology, 89(1), 104-119.
https://doi.org/10.1111/1365-2656.13078

Dias, M. P,, Martin, R., Pearmain, E. J., Burfield, I. J., Small, C., Phillips, R.
A., Yates, O., Lascelles, B., Borboroglue, P. G., & Croxalla, J. P. (2019).
Threats to seabirds: A global assessment. Biological Conservation,
237, 525-537. https://doi.org/10.1016/j.biocon.2019.06.033

Ducatez, S., Clavel, J., & Lefebvre, L. (2015). Ecological generalism and
behavioural innovation in birds: Technical intelligence or the simple
incorporation of new foods? Journal of Animal Ecology, 84(1), 79-89.
https://doi.org/10.1111/1365-2656.12255

Ducatez, S., Sol, D., Sayol, F., & Lefebvre, L. (2020). Behavioural plas-
ticity is associated with reduced extinction risk in birds. Nature
Ecology & Evolution, 4, 788-793. https://doi.org/10.1038/s4155
9-020-1168-8

Dunn, R. E., Green, J. A., Wanless, S., Harris, M. P., Newell, M. A.,
Bogdanova, M. I., Horswill, C., Daunt, F., & Matthiopoulos, J. (2022).
Modelling and mapping how common guillemots balance their en-
ergy budgets over a full annual cycle. Functional Ecology, 36, 1612~
1626. https://doi.org/10.1111/1365-2435.14059

Dunning, J. B., Jr.(2008). CRC Handbook of Avian Body Masses. CRC Press.

Fox, J., & Weisberg, S. (2019). An R companion to applied regression (3rd
ed.). Sage. https://socialsciences.mcmaster.ca/jfox/Books/Compa
nion/

Franklin, D. C., Garnett, S. T., Luck, G. W.,, Gutierrez-Ibanez, C., & Iwaniuk,
A. N. (2014). Relative brain size in Australian birds. Emu—Austral
Ornithology, 114, 160-170. https://doi.org/10.1071/MU13034

Freeman, B. G., Scholer, M. N., Ruiz-Gutierrez, V., & Fitzpatrick, J. W.
(2018). Climate change causes upslope shifts and mountaintop ex-
tirpations in a tropical bird community. Proceedings of the National

85UB01 T SUOWIWIOD BA 181D 3|qeol(dde 8y} Aq peusenob afe Saie YO 8SN JO SajnJ 0} A%Iq1T8UIUQ AS]IA UO (SUOTIPUOD-PUE-SWSY 00" A8 1M ARe.d 1 [ulUO//:SdNL) SUONIPUOD pue SWis | 8u1 89S *[5202/80/70] Uo Akeiqiauliuo A8|iM ‘891 A 0TO0L 'SEVZ-GIET/TTTT OT/I0P/L0Y A8 | IM Aleq1jpul [UOS [euIN0 f5agy//Sdny WOl pepeojumod ‘f ‘GZ0Z ‘SErZSIET


https://doi.org/10.5061/dryad.95x69p8wc
https://doi.org/10.5061/dryad.95x69p8wc
https://orcid.org/0009-0007-8987-6701
https://orcid.org/0009-0007-8987-6701
https://orcid.org/0000-0003-3540-7487
https://orcid.org/0000-0003-3540-7487
https://orcid.org/0000-0002-1940-7797
https://orcid.org/0000-0002-1940-7797
https://orcid.org/0000-0002-1795-0753
https://orcid.org/0000-0002-1795-0753
https://doi.org/10.1111/gcb.12181
https://doi.org/10.1111/1365-2435.14201
https://doi.org/10.1111/1365-2435.14201
https://doi.org/10.1073/pnas.90.1.118
https://doi.org/10.1073/pnas.90.1.118
https://doi.org/10.1111/ele.13971
https://doi.org/10.1111/ele.13971
http://r-forge.r-project.org/projects/mumin/
https://birdsoftheworld.org/bow/home
https://www.birdlife.org/papers-reports/state-of-the-worlds-birds-2022/
https://www.birdlife.org/papers-reports/state-of-the-worlds-birds-2022/
https://datazone.birdlife.org/
https://datazone.birdlife.org/
https://doi.org/10.1111/oik.09698
https://doi.org/10.1111/oik.09698
https://doi.org/10.1038/s41467-019-10284-z
https://doi.org/10.1038/s41467-019-10284-z
https://doi.org/10.1111/1365-2656.13078
https://doi.org/10.1016/j.biocon.2019.06.033
https://doi.org/10.1111/1365-2656.12255
https://doi.org/10.1038/s41559-020-1168-8
https://doi.org/10.1038/s41559-020-1168-8
https://doi.org/10.1111/1365-2435.14059
https://socialsciences.mcmaster.ca/jfox/Books/Companion/
https://socialsciences.mcmaster.ca/jfox/Books/Companion/
https://doi.org/10.1071/MU13034

KEUM ET AL.

Academy of Sciences of the United States of America, 115(47), 11982~
11987. https://doi.org/10.1073/pnas.1804224115

Fristoe, T. S., Iwaniuk, A. N., & Botero, C. A. (2017). Big brains stabilize
populations and facilitate colonization of variable habitats in birds.
Nature Ecology & Evolution, 1, 1706-1715. https://doi.org/10.1038/
s41559-017-0316-2

Grafen, A. (1989). The phylogenetic regression. Philosophical Transactions
of the Royal Society B, 326, 119-157. https://doi.org/10.1098/rstb.
1989.0106

Graham, T. L., Matthews, H. D., & Turner, S. E. (2016). A global-scale
evaluation of primate exposure and vulnerability to climate change.
International Journal of Primatology, 37, 158-174. https://doi.org/10.
1007/s10764-016-9890-4

Hitch, A. T., & Leberg, P. L. (2007). Breeding distributions of north
American bird species moving north as a result of climate change.
Conservation Biology, 21, 534-539. https://doi.org/10.1111/j.1523-
1739.2006.00609.x

Horswill, C., Dulvy, N. K., Juan-Jorda, M. J., Kindsvater, H. K., Mangel,
M., & Matthiopoulos, J. (2019). Global reconstruction of life-history
strategies: A case study using tunas. Journal of Applied Ecology, 56,
855-865. https://doi.org/10.1111/1365-2664.13327

Horswill, C., Manica, A., Daunt, F., Newell, M. A., Wanless, S., Wood, M. J.,
& Matthiopoulos, J. (2021). Improving assessments of data-limited
populations using life-history theory. Journal of Applied Ecology,
58(6), 1225-1236. https://doi.org/10.1111/1365-2664.13863

Horswill, C., & Manica, A. (2019). California swordfish fishery: Maximizing
the catch rate of a target species simultaneously minimizes bycatch
rates. Proceedings of the National Academy of Sciences of the United
States of America, 116, 7172-7173. https://doi.org/10.1073/pnas.
1820821116

Horswill, C., Trathan, P. N., & Ratcliffe, N. (2017). Linking extreme inter-
annual changes in prey availability to foraging behaviour and breed-
ing investment in a marine predator, the macaroni penguin. PLoS
One, 12(9), 1-12. https://doi.org/10.1371/journal.pone.0184114

Horswill, C., Wood, M. J., & Manica, A. (2022). Temporal change in the
contribution of immigration to population growth in a wild sea-
bird experiencing rapid population decline. Ecography, 2022(11),
e05846. https://doi.org/10.1111/ecog.05846

Inch, T., Nicoll, M. A. C., Feare, C. J., & Horswill, C. (2024). Population via-
bility analysis predicts long-term impacts of commercial Sooty Tern
egg harvesting to a large breeding colony on a small oceanic island.
Ibis, 166, 1296-1310. https://doi.org/10.1111/ibi.13326

IUCN. (2023). The IUCN red list of threatended species. https://www.
iucnredlist.org

lwaniuk, A. N., & Nelson, J. E. (2003). Developmental differences are
correlated with relative brain size in birds: A comparative analysis.
Canadian Journal of Zoology, 81, 1913-1928. https://doi.org/10.
1139/z03-190

lwaniuk, A. N., Nelson, J. E., James, H. F., & Olson, S. L. (2004). A compar-
ative test of the correlated evolution of flightlessness and relative
brain size in birds. Journal of Zoology, 263, 317-327. https://doi.org/
10.1017/50952836904005308

Jetz, W, Thomas, G. H., Joy, J. B., Hartmann, K., & Mooers, A. O. (2012).
The global diversity of birds in space and time. Nature, 491, 444-
448. https://doi.org/10.1038/nature11631

Keogan, K., Daunt, F., Wanless, S., Phillips, R. A., Walling, C. A., Agnew,
P, Ainley, D. G., Anker-Nilssen, T., Ballard, G., Barrett, R. T., Barton,
K. J., Bech, C., Becker, P., Berglund, P.-A., Bollache, L., Bond, A. L.,
Bouwhuis, S., Bradley, R. W., Burr, Z. M., ... Lewis, S. (2018). Global
phenological insensitivity to shifting ocean temperatures among
seabirds. Nature Climate Change, 8, 313-318. https://doi.org/10.
1038/s41558-018-0115-z

Keum, J., Sayol, F., Orgeret, F., & Horswill, C. (2025). Data from: Does
brain size matter? Linking cognitive and ecological traits to climate
change vulnerability in seabirds. Dryad Digital Repository. https://
doi.org/10.5061/dryad.95x69p8wc

BRITISH " 1069
Eggg}gp;m Functional Ecology | w0

Kindsvater, H. K., Dulvy, N. K., Horswill, C., Juan-Jord4, M.-J., Mangel,
M., & Matthiopoulos, J. (2018). Overcoming the data crisis in bio-
diversity conservation. Trends in Ecology & Evolution, 33, 676-688.
https://doi.org/10.1016/j.tree.2018.06.004

Ksepka, D. T., Balanoff, A. M., Smith, N. A., Bever, G. S., Bhullar, B. S.,
Bourdon, E., & Lefebvre, L. (2020). Tempo and pattern of avian
brain size evolution. Current Biology, 30, 2026-2036. https://doi.
org/10.1016/j.cub.2020.03.060

Lefebvre, L., & Sol, D. (2008). Brains, lifestyles and cognition: Are there
general trends? Brain, Behavior and Evolution, 72(2), 135-144.
https://doi.org/10.1159/000151473

Lockwood, R., Swaddle, J. P, & Rayner, J. M. V. (1998). Avian wingtip
shape reconsidered: Wingtip shape indices and morphological ad-
aptations to migration. Journal of Avian Biology, 29, 273-292.

Minias, P., & Podlaszczuk, P. (2017). Longevity is associated with relative
brain size in birds. Ecology and Evolution, 7, 3558-3566. https://doi.
org/10.1002/ece3.2961

Mlikovsky, J. (1989). Brain size in birds: 1. Tinamiformes through
Ciconiiformes. Vestnik Ceskoslovenske Spolecnosti Zoologicke, 53,
33-47.

Nelson, J. E., & lwaniuk, A. N. (2002). Can endocranial volume be used as
an estimate of brain size in birds? Canadian Journal of Zoology, 80,
16-23. https://doi.org/10.1139/201-204

Oppel, S., Clark, B. L., Risi, M. M., Horswill, C., Converse, S. J., Jones, C.
W., & Ryan, P. G. (2022). Cryptic population decrease due to in-
vasive species predation in a long-lived seabird supports need for
eradication. Journal of Applied Ecology, 59, 1947-2208. https://doi.
org/10.1111/1365-2664.14218

Orgeret, F., Thiebault, A., Kovacs, K. M., Lydersen, C., Hindell, M. A.,
Thompson, S. A., Sydeman, W. J., & Pistorius, P. A. (2021). Climate
change impacts on seabirds and marine mammals: The importance
of study duration, thermal tolerance and generation time. Ecology
Letters, 25, 218-239. https://doi.org/10.1111/ele.13920

Orme, D., Freckleton, R., Thomas, G., Petzoldt, T., Fritz, S., Isaac, N., &
Pearse, W. (2013). The caper package: Comparative analysis of phy-
logenetics and evolution in R. R Package Version, 5(2), 1-36.

Orme, D., Freckleton, R., Thomas, G., Petzoldt, T., Fritz, S., Isaac, N., &
Pearse, W. (2023). The caper package: comparative analysis of phylo-
genetics and evolution in R. R package Version 1.0.2. https://CRAN.
R-project.org/package=caper

Overington, S. E., Morand-Ferron, J., Boogert, N. J., & Lefebvre, L.
(2009). Technical innovations drive the relationship between in-
novativeness and residual brain size in birds. Animal Behaviour, 78,
1001-1010. https://doi.org/10.1016/j.anbehav.2009.06.033

Pagel, M. (1999). Inferring the historical patterns of biological evolution.
Nature, 401, 877-884. https://doi.org/10.1038/44766

Pigot, A. L., Sheard, C., Miller, E. T., Bregman, T. P., Freeman, B. G., Roll,
U., Seddon, N., Trisos, C. H., Weeks, B. C., & Tobias, J. A. (2020).
Macroevolutionary convergence connects morphological form to
ecological function in birds. Nature Ecology & Evolution, 4, 230-239.
https://doi.org/10.1038/s41559-019-1070-4

R Core Team. (2024). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing. https://www.R-proje
ct.org/

Ramirez, I., Mitchell, D., Vulcano, A., Rouxel, Y., Marchowski, D., Almeida,
A., & Paiva, V. H.(2024). Seabird bycatch in European waters. Animal
Conservation, 27, 737-752. https://doi.org/10.1111/acv.12948

Ratcliffe, N., Hill, S. L., Staniland, I. J., Brown, R. M., Adlard, S., Horswill,
C., & Trathan, P. N. (2015). Do krill fisheries compete with macaroni
penguins? Spatial overlap in prey consumption and catches during
winter. Diversity and Distributions, 21(11), 1339-1348. https://doi.
org/10.1111/ddi.12366

Revell, L. J. (2012). Phytools: Phylogenetic tools for comparative biology
(and other things). https://cran.r-project.org/package=phytools

Richards, C., Cooke, R. S. C., & Bates, A. E. (2021). Biological traits of
seabirds predict extinction risk and vulnerability to anthropogenic

85UB01 T SUOWIWIOD BA 181D 3|qeol(dde 8y} Aq peusenob afe Saie YO 8SN JO SajnJ 0} A%Iq1T8UIUQ AS]IA UO (SUOTIPUOD-PUE-SWSY 00" A8 1M ARe.d 1 [ulUO//:SdNL) SUONIPUOD pue SWis | 8u1 89S *[5202/80/70] Uo Akeiqiauliuo A8|iM ‘891 A 0TO0L 'SEVZ-GIET/TTTT OT/I0P/L0Y A8 | IM Aleq1jpul [UOS [euIN0 f5agy//Sdny WOl pepeojumod ‘f ‘GZ0Z ‘SErZSIET


https://doi.org/10.1073/pnas.1804224115
https://doi.org/10.1038/s41559-017-0316-2
https://doi.org/10.1038/s41559-017-0316-2
https://doi.org/10.1098/rstb.1989.0106
https://doi.org/10.1098/rstb.1989.0106
https://doi.org/10.1007/s10764-016-9890-4
https://doi.org/10.1007/s10764-016-9890-4
https://doi.org/10.1111/j.1523-1739.2006.00609.x
https://doi.org/10.1111/j.1523-1739.2006.00609.x
https://doi.org/10.1111/1365-2664.13327
https://doi.org/10.1111/1365-2664.13863
https://doi.org/10.1073/pnas.1820821116
https://doi.org/10.1073/pnas.1820821116
https://doi.org/10.1371/journal.pone.0184114
https://doi.org/10.1111/ecog.05846
https://doi.org/10.1111/ibi.13326
https://www.iucnredlist.org
https://www.iucnredlist.org
https://doi.org/10.1139/z03-190
https://doi.org/10.1139/z03-190
https://doi.org/10.1017/S0952836904005308
https://doi.org/10.1017/S0952836904005308
https://doi.org/10.1038/nature11631
https://doi.org/10.1038/s41558-018-0115-z
https://doi.org/10.1038/s41558-018-0115-z
https://doi.org/10.5061/dryad.95x69p8wc
https://doi.org/10.5061/dryad.95x69p8wc
https://doi.org/10.1016/j.tree.2018.06.004
https://doi.org/10.1016/j.cub.2020.03.060
https://doi.org/10.1016/j.cub.2020.03.060
https://doi.org/10.1159/000151473
https://doi.org/10.1002/ece3.2961
https://doi.org/10.1002/ece3.2961
https://doi.org/10.1139/z01-204
https://doi.org/10.1111/1365-2664.14218
https://doi.org/10.1111/1365-2664.14218
https://doi.org/10.1111/ele.13920
https://cran.r-project.org/package=caper
https://cran.r-project.org/package=caper
https://doi.org/10.1016/j.anbehav.2009.06.033
https://doi.org/10.1038/44766
https://doi.org/10.1038/s41559-019-1070-4
https://www.r-project.org/
https://www.r-project.org/
https://doi.org/10.1111/acv.12948
https://doi.org/10.1111/ddi.12366
https://doi.org/10.1111/ddi.12366
https://cran.r-project.org/package=phytools

KEUM ET AL.

0 | e
swoen . Functional Ecology

threats. Global Ecology and Biogeography, 30, 973-986. https://doi.
org/10.1111/geb.13279

Sayol, F., Downing, P. A., Iwaniuk, A. N., Maspons, J., & Sol, D. (2018).
Predictable evolution towards larger brains in birds colonizing oce-
anic islands. Nature Communications, 9, 2820. https://doi.org/10.
1038/s41467-018-05280-8

Sayol, F., Lefebvre, L., & Sol, D. (2016). Relative brain size and its relation
with the associative pallium in birds. Brain, Behavior and Evolution,
87, 69-77. https://doi.org/10.1159/000444670

Sayol, F., Maspons, J., Lapiedra, O., lwaniuk, A. N., Szekely, T., & Sol, D.
(2016). Environmental variation and the evolution of large brains
in birds. Nature Communications, 7, 13971. https://doi.org/10.1038/
ncomms13971

Schuck-Paim, C., Alonso, W. J., & Ottoni, E. B. (2008). Cognition in an
ever-changing world: Climatic variability is associated with brain
size in Neotropical parrots. Brain, Behavior and Evolution, 71, 200-
215. https://doi.org/10.1159/000119710

Sheard, C., Neate-Clegg, M. H., Alioravainen, N., Jones, S. E., Vincent, C.,
MacGregor, H. E., & Tobias, J. A. (2020). Ecological drivers of global
gradients in avian dispersal inferred from wing morphology. Nature
Communications, 11(1), 2463. https://doi.org/10.1038/s41467-
020-16313-6

Sheridan, J., & Bickford, D. (2011). Shrinking body mass as an ecological
response to climate change. Nature Climate Change, 1, 401-406.
https://doi.org/10.1038/nclimate1259

Sherley, R. B., Barham, B. J., Barham, P. J., Campbell, K. J., Crawford, R.
J. M., Grigg, J., Horswill, C., Mclnnes, A., Morris, T. L., Pichegru, L.,
Steinfurth, A., Weller, F., Winker, H., & Votier, S. C. (2018). Bayesian
inference reveals positive but subtle effects of experimental fish-
ery closures on marine predator demographics. Proceedings of the
Royal Society B: Biological Sciences, 285, 1871. https://doi.org/10.
1098/rspb.2017.2443

Shipley, B. (2000). Cause and correlation in biology: A User's guide to
path analysis, structural equations and causal inference. Cambridge
University Press.

Shultz, S., Bradbury, R. B., Evans, K., Gregory, R. D., & Blackburn, T. M.
(2005). Brain size and resource specialization predict long-term
population trends in British birds. Proceedings of the Biological
Sciences, 272(1578), 2305-2311. https://doi.org/10.1098/rspb.
2005.3250

Sih, A., Ferrari, M. C., & Harris, D. J. (2011). Evolution and behavioural
responses to human-induced rapid environmental change.
Evolutionary Applications, 4(2), 367-387. https://doi.org/10.1111/j.
1752-4571.2010.00166.x

Smeele, S. Q. (2022). Using relative brain size as predictor variable:
Serious pitfalls and solutions. Ecology and Evolution, 12, €9273.
https://doi.org/10.1002/ece3.9273

Sol, D. (2009). Revisiting the cognitive buffer hypothesis for the evolu-
tion of large brains. Biology Letters, 5, 130-133. https://doi.org/10.
1098/rsbl.2008.0621

Sol, D., Garcia, N., lwaniuk, A., Davis, K., Meade, A., Boyle, W. A., &
Szekely, T. (2010). Evolutionary divergence in brain size between
migratory and resident birds. PLoS One, 5, e9617. https://doi.org/
10.1371/journal.pone.0009617

Sol, D., Olkowicz, S., Sayol, F., Kocourek, M., Zhang, Y., Marhounova, L.,
& Némec, P. (2022). Neuron numbers link innovativeness with both
absolute and relative brain size in birds. Nature Ecology & Evolution,
6(9), 1381-1389. https://doi.org/10.1038/s41559-022-01815-x

Sol, D., Sayol, F., Ducatez, S., & Lefebvre, L. (2016). The life-his-tory basis
of behavioural innovations. Philosophical Transactions of the Royal
Society B, 371, 20150187. https://doi.org/10.1098/rsth.2015.0187

Sol, D., Székely, T., Liker, A., & Lefebvre, L. (2007). Big-brained birds sur-
vive better in nature. Proceedings of the Royal Society B: Biological
Sciences, 274(1611), 763-769. https://doi.org/10.1098/rspb.2006.
3765

Speroni, N. B. D., & Carezzano, F. (1995). Volumetric analysis of the vi-
sual, trigeminal and acoustic nuceli in four avian species (Rheidae,
Spheniscidae, Tinamidae). Marine Ornithology, 23, 11-15.

Stuart-Smith, R., Edgar, G., Barrett, N., Kininmonth, S. J., & Bates, A. E.
(2015). Thermal biases and vulnerability to warming in the world's
marine fauna. Nature, 528, 88-92. https://doi.org/10.1038/natur
el6144

Symonds, M. R. E., & Moussalli, A. (2011). A brief guide to model se-
lection, multimodel inference and model averaging in behavioural
ecology using Akaike's information criterion. Behavioral Ecology
and Sociobiology, 65, 13-21. https://doi.org/10.1007/s0026
5-010-1037-6

Tobias, J. A,, Sheard, C., Pigot, A. L., Devenish, A. J. M., Yang, J., Sayol, F.,
& Schleuning, M. (2022). AVONET: Morphological, ecological and
geographical data for all birds. Ecology Letters, 25, 581-597. https://
doi.org/10.1111/ele.13898

Tsuboi, M., van der Bijl, W., Kopperud, B. T., Erritzoe, J., Voje, K. L.,
Kotrschal, A., Yopak, K. E., Collin, S. P., Iwaniuk, A. N., & Kolm, N.
(2018). Breakdown of brain-body allometry and the encephaliza-
tion of birds and mammals. Nature Ecology & Evolution, 2, 1492-
1500. https://doi.org/10.1038/s41559-018-0632-1

van der Bijl, W. (2018). phylopath: Easy phylogenetic path analysis in R.
PeerJ, 6, e4718. https://doi.org/10.7717/peerj.4718

Vincze, O. (2016). Light enough to travel or wise enough to stay? Brain
size evolution and migratory behavior in birds. Evolution, 70, 2123~
2133. https://doi.org/10.1111/ev0.13012

von Hardenberg, A., & Gonzalez-Voyer, A. (2013). Disentangling evolu-
tionary cause-effect relationships with phylogenetic confirmatory
path analysis. Evolution, 67, 378-387. https://doi.org/10.1111/j.
1558-5646.2012.01790.x

Wilman, H., Belmaker, J., Simpson, J., & Jetz, W. (2014). EltonTraits 1.0:
Species-level foraging attributes of the world's birds and mammals:
Ecological Archives E095-178. Ecology, 95, 2027.

SUPPORTING INFORMATION

Additional supporting information can be found online in the
Supporting Information section at the end of this article.

Figure S1. Seabird brain size was positively related to body size.
Figure S2. The best candidate model identified by the path analysis
shown with the averaged model estimated from models within 2
CICc units of the best candidate model.

Figure S3. Path analysis with ‘Near threatened’ species reclassified
as ‘non-threatened’.

Table S1. Definitions used to assign specialist foraging strategies.
Table S2. Number of seabird species with data for each trait.

Table S3. List of seabird species in the study.

Table S4. Result of phylogenetic generalised least squares regression
for resident species.

How to cite this article: Keum, J., Sayol, F., Orgeret, F., &
Horswill, C. (2025). Does brain size matter? Linking cognitive
and ecological traits to climate change vulnerability in
seabirds. Functional Ecology, 39, 1061-1070. https://doi.
org/10.1111/1365-2435.70010

85UB01 T SUOWIWIOD BA 181D 3|qeol(dde 8y} Aq peusenob afe Saie YO 8SN JO SajnJ 0} A%Iq1T8UIUQ AS]IA UO (SUOTIPUOD-PUE-SWSY 00" A8 1M ARe.d 1 [ulUO//:SdNL) SUONIPUOD pue SWis | 8u1 89S *[5202/80/70] Uo Akeiqiauliuo A8|iM ‘891 A 0TO0L 'SEVZ-GIET/TTTT OT/I0P/L0Y A8 | IM Aleq1jpul [UOS [euIN0 f5agy//Sdny WOl pepeojumod ‘f ‘GZ0Z ‘SErZSIET


https://doi.org/10.1111/geb.13279
https://doi.org/10.1111/geb.13279
https://doi.org/10.1038/s41467-018-05280-8
https://doi.org/10.1038/s41467-018-05280-8
https://doi.org/10.1159/000444670
https://doi.org/10.1038/ncomms13971
https://doi.org/10.1038/ncomms13971
https://doi.org/10.1159/000119710
https://doi.org/10.1038/s41467-020-16313-6
https://doi.org/10.1038/s41467-020-16313-6
https://doi.org/10.1038/nclimate1259
https://doi.org/10.1098/rspb.2017.2443
https://doi.org/10.1098/rspb.2017.2443
https://doi.org/10.1098/rspb.2005.3250
https://doi.org/10.1098/rspb.2005.3250
https://doi.org/10.1111/j.1752-4571.2010.00166.x
https://doi.org/10.1111/j.1752-4571.2010.00166.x
https://doi.org/10.1002/ece3.9273
https://doi.org/10.1098/rsbl.2008.0621
https://doi.org/10.1098/rsbl.2008.0621
https://doi.org/10.1371/journal.pone.0009617
https://doi.org/10.1371/journal.pone.0009617
https://doi.org/10.1038/s41559-022-01815-x
https://doi.org/10.1098/rstb.2015.0187
https://doi.org/10.1098/rspb.2006.3765
https://doi.org/10.1098/rspb.2006.3765
https://doi.org/10.1038/nature16144
https://doi.org/10.1038/nature16144
https://doi.org/10.1007/s00265-010-1037-6
https://doi.org/10.1007/s00265-010-1037-6
https://doi.org/10.1111/ele.13898
https://doi.org/10.1111/ele.13898
https://doi.org/10.1038/s41559-018-0632-1
https://doi.org/10.7717/peerj.4718
https://doi.org/10.1111/evo.13012
https://doi.org/10.1111/j.1558-5646.2012.01790.x
https://doi.org/10.1111/j.1558-5646.2012.01790.x
https://doi.org/10.1111/1365-2435.70010
https://doi.org/10.1111/1365-2435.70010

	Does brain size matter? Linking cognitive and ecological traits to climate change vulnerability in seabirds
	Abstract
	1  |  INTRODUCTION
	2  |  MATERIALS AND METHODS
	2.1  |  Species data
	2.1.1  |  Brain size and body mass
	2.1.2  |  Thermal range
	2.1.3  |  Migration pattern
	2.1.4  |  Hand-wing index
	2.1.5  |  Foraging behaviour
	2.1.6  |  Species vulnerability to climate change and extinction risk

	2.2  |  Replication statement
	2.3  |  Statistical analysis
	2.3.1  |  Relative brain size
	2.3.2  |  Relationship between relative brain size and thermal range
	2.3.3  |  Drivers of climate change vulnerability and extinction risk


	3  |  RESULTS
	3.1  |  Relationship between relative brain size and thermal range
	3.2  |  Drivers of climate change vulnerability and extinction risk

	4  |  DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	ORCID
	REFERENCES


