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ABSTRACT 36 
Climate change has marked effects on global weather pa`erns and oceanic systems, impac_ng animal 37 

behaviour and fitness in poten_ally profound ways. Despite this, we lack detailed informa_on about 38 

species’ responses to clima_c varia_on. Using an 11-year tracking dataset of over 300 individual birds, 39 

we explore the consequences of varia_on in the Southern Annular Mode (SAM) and Southern 40 

Oscilla_on Index (SOI) for individual behaviour and fitness in wandering albatrosses Diomedea exulans 41 

breeding in the Southern Indian Ocean. Our results reveal dis_nct responses between males and 42 

females to clima_c varia_on that align with the impacts of each clima_c index on the dis_nct foraging 43 

ranges of each sex. In posi_ve SAM phases, linked to poorer foraging condi_ons in female ranges and 44 

be`er condi_ons in male ranges, females exhibited behaviour consistent with reduced foraging 45 

success: that is, fewer prey capture a`empts, and more movement between feeding patches. Males, 46 

on the other hand, showed no behavioural change. During posi_ve SOI phases, associated with good 47 

foraging condi_ons in both male and female foraging ranges, both sexes showed evidence of more 48 

successful foraging, with birds engaging in more search behaviour, and taking shorter trips with fewer 49 

prey capture a`empts, together indica_ng increased food intake per unit _me. We found limited 50 

evidence for a role of individual varia_on, as measured through differences in personality, sugges_ng 51 

that plas_c responses to climate are sufficiently important so as to obscure inter-individual varia_on. 52 

Suppor_ng this was the finding that individual breeding success was unaffected by clima_c varia_on, 53 

sugges_ng that plas_c foraging behaviour allows albatrosses to mi_gate climate impacts and maintain 54 

reproduc_ve output.   55 



INTRODUCTION 56 
Human impacts present a major threat to global biodiversity, with 20% of vertebrates now considered 57 

at risk of ex_nc_on, and climate change is recognised as playing a key role (Pereira et al. 2010; Bellard 58 

et al. 2012). Climate exerts profound influences on global weather pa`erns and oceanic systems, with 59 

significant downstream consequences for ecosystems and ecological dynamics. Understanding the 60 

ways in which animals respond to this is per_nent, par_cularly as significant increases in the intensity 61 

and frequency of extreme climate events are predicted for the coming decades (Easterling et al. 2000; 62 

Bailey and van de Pol 2016; Van De Pol et al. 2017; Wang et al. 2022). Yet while moun_ng evidence is 63 

demonstra_ng effects of climate on phenology, demography, and behaviour across a wide range of 64 

species (Selwood et al. 2015; Buchholz et al. 2019; Inouye 2022; Lewin et al. 2024), neither the 65 

mechanisms underpinning these effects, nor the rela_onships between them, are fully resolved.  66 

In the face of environmental change, animals have three op_ons, open summarised as ‘adapt, move, 67 

or die’: that is, they can adapt gene_cally, adjust their distribu_on or behaviour, or face ex_nc_on 68 

(Wong and Candolin 2015). For many long-lived vertebrate species, contemporary climate change may 69 

outpace gene_c adapta_on, leaving behavioural adjustment, such as through migratory range ships 70 

(Lewin et al. 2024), changes in foraging effort (Speakman et al. 2021), or altera_ons to communica_on 71 

(Lengagne 2008), as the primary adap_ve op_on. Behaviour therefore emerges as a crucial factor 72 

promo_ng species’ ability to cope with long-term environmental change. Behavioural plas_city, the 73 

ability of animals to adjust to environmental s_muli, varies considerably amongst individuals (Wilson 74 

1998; Dall et al. 2004; Nussey et al. 2007; Stamps 2016), with poten_al impacts on the long-term 75 

persistence or trajectory of popula_ons if subsets of popula_ons cannot respond appropriately to 76 

changes in their environment. Understanding individual responses is therefore vital to predict species-77 

level responses to climate change. Personality traits – par_cularly  ‘boldness’, which typically measures 78 

the responses of individuals to novel s_muli (Sih et al. 2004; Patrick et al. 2013; Stamps and Biro 2016) 79 

– are increasingly recognised for their associa_on with individual varia_on in behavioural plas_city 80 

(Dingemanse et al. 2010; Mathot and Dingemanse 2012; Stamps and Biro 2016; Gibelli and Dubois 81 



2017). Shyer individuals are observed to be more responsive to environmental changes, while bolder 82 

individuals seem to be more fixed in their behaviours (Verbeek et al. 1994; Groothuis and Carere 2005; 83 

Coppens et al. 2010; Adriaenssens and Johnsson 2011; Gibelli and Dubois 2017). Personality may 84 

therefore offer a valuable, yet understudied, metric to assess individual varia_on in the capacity of 85 

animals to adapt to a changing climate.  86 

In the marine environment, climate has been found to play important roles in behaviour, survival, and 87 

fitness in a number of species including southern elephant seals Mirounga leonina (Volzke et al. 2021), 88 

emperor penguins Aptenodytes forsteri (Jenouvrier et al. 2012), and blue petrels Halobaena caerulea 89 

(Guinet et al. 1998). Amongst marine fauna, seabirds offer par_cularly valuable indicators of the state 90 

of marine environments due to the ease of measuring their behaviour and demography, 91 

responsiveness to prey availability, sensi_vity to weather condi_ons, and adaptable behaviour 92 

(Frederiksen et al. 2007; Parsons et al. 2008; Durant et al. 2009; Mallory et al. 2010). Species that cover 93 

large foraging distances are of par_cular interest due to their exposure to large temporal and spa_al 94 

environmental varia_on.  95 

Seabirds demonstrate flexible adjustment to rapid environmental change, but there are likely to be 96 

limits to this, as shown at a popula_on level by the limited advancement of breeding phenology across 97 

seabirds (Keogan et al. 2018), despite consistent direc_onal selec_on favouring earlier breeding in 98 

many cases (Reed et al. 2009; Dobson et al. 2017; Descamps et al. 2019). Addi_onally, the presence of 99 

repeatable individual behaviour, possibly reflec_ng fixed behavioural strategies, may constrain 100 

responses to environmental change (Patrick and Weimerskirch 2014; Ceia and Ramos 2015; Krüger et 101 

al. 2019). Climate-induced environmental changes can directly alter the energe_c costs of behaviour, 102 

induce physiological stress, or lead to breeding failures or mass seabird wrecks during extreme 103 

weather events (Hass et al. 2012; Barbraud et al. 2015; Newell et al. 2015). Indirectly, changes in 104 

resource availability can have significant impacts. Seabirds are central-place foragers while breeding, 105 

meaning they face spa_al constraints in access to resources, which can lead to spa_o-temporal match-106 



mismatch between their movement and resource availability (Grémillet and Boulinier 2009). This can 107 

lead to reduced survival and breeding success when individuals struggle to maintain foraging effort or 108 

success (e.g. Cory’s shearwater Calonectris borealis, Pereira et al. 2020; northern gannet Morus 109 

bassanus, Montevecchi et al. 2021; king penguins Aptenodytes patagonicus, Le Bohec et al. 2008). 110 

Simultaneously inves_ga_ng the impacts of climate on behaviour and fitness is therefore essen_al to 111 

predict how seabirds will fare in the face of ongoing climate change (Jenouvrier 2013; Jenouvrier et al. 112 

2018).  113 

Wandering albatrosses Diomedea exulans exhibit some of the longest - in both distance and dura_on 114 

- foraging trips amongst seabirds (Weimerskirch et al. 2014), during which they show high levels of 115 

responsiveness to environmental varia_on (Weimerskirch et al. 2000; Richardson et al. 2018) that 116 

varies amongst individuals (Gillies et al. 2023). Foraging behaviour differs markedly between the sexes, 117 

with males typically undertaking much longer trips to more southerly loca_ons, and being much more 118 

dependent on high wind speeds for efficient movement (Shaffer et al. 2001; Wakefield et al. 2009; Clay 119 

et al. 2020). Age also plays a role, with older males undertaking longer-distance, more southerly 120 

foraging trips (Lecomte et al. 2010). Evidence that climate change may alter albatross behaviour is 121 

already emerging: increases in wind speeds in the Southern Ocean have been linked to improved 122 

breeding success, possibly due to reduced energe_c costs when commu_ng during foraging flight 123 

(Weimerskirch et al. 2012). However, beyond wind, li`le is known about the poten_al impacts of 124 

environmental change on individual behaviour and breeding success in wandering albatrosses.  125 

Disentangling the effects of environmental varia_on on behaviour, and ul_mately, fitness, is complex. 126 

While single metrics such as sea surface temperature (SST) or air temperature, have been linked to 127 

changes in behaviour and phenology (e.g. loggerhead turtles Care<a care<a, Mazaris et al. 2008; 128 

Western Australian Magpies Crac=cus =bicen dorsalis, Edwards et al. 2015), such measures offer only 129 

par_al perspec_ves and capture rela_vely small-scale varia_on – in _me, space, or both (Stenseth et 130 

al. 2002; Le Bohec et al. 2008). Climate indices offer consolidated measures that capture much broader 131 



varia_on in the environment, integra_ng informa_on over large spa_al and temporal scales. While this 132 

may come at a cost to fully understanding causa_ve pathways of effects, such broad understanding 133 

can inform predic_ons about future responses to climate change, help iden_fy poten_al adap_ve 134 

responses and vulnerabili_es, and provide a founda_on for more detailed mechanis_c studies, 135 

improving our ability to predict the impacts of expected future change.  136 

Across the Southern Ocean, the leading modes of climate varia_on are the Southern Annular Mode 137 

(SAM) and Southern Oscilla_on Index (SOI; Rogers and van Loon 1982; Thompson and Wallace 2000; 138 

Fogt and Marshall 2020). SAM describes variability in the strength and posi_on of a belt of westerly 139 

winds encircling the Antarc_c, which contracts towards and expands away from the south pole during 140 

posi_ve and nega_ve phases respec_vely (Lovenduski and Gruber 2005; Fogt and Marshall 2020), with 141 

pronounced consequences for the wider environment dependent on la_tude. Posi_ve SAM phases 142 

enhance wind strength and upwelling south of the Antarc_c Polar Front (approximately 50-60° S), 143 

where male wandering albatrosses primarily forage, while north of this, where females forage, the 144 

effects are opposite (Lovenduski and Gruber 2005). The Southern Oscilla_on Index measures sea level 145 

pressure differences between Tahi_ and Darwin, Australia (Wang et al. 2016; Wang et al. 2022). 146 

Posi_ve SOI, which at an extreme may indicate La Niña events, is linked to posi_ve zonal wind stress - 147 

indica_ng strong westerly winds, decreases in SST, and increased upwelling across the Southern Ocean 148 

(Newell et al. 1982; McPhaden et al. 2020; Wang et al. 2022). Very nega_ve values indicate El Niño 149 

events, a warming phase associated with decreased upwelling and weakened winds. Pa`erns of SAM 150 

and SOI are expected to change in the coming decades: climate models predict more frequent and 151 

intense El Niño/La Niña events and ships in the intensity and posi_on of the westerly winds associated 152 

with the SAM (Easterling et al. 2000; Fogt and Marshall 2020; McPhaden et al. 2020; Wang et al. 2022). 153 

Changes to both indices will have significant effects on oceanographic, atmospheric, and 154 

meteorological condi_ons.  155 



We aimed to inves_gate how individual wandering albatrosses respond to SAM and SOI condi_ons and 156 

whether this affects their reproduc_ve output. Changes in the SAM and SOI in the Southern Ocean 157 

have profound impacts on ocean currents and weather pa`erns at large spa_al scales, which we 158 

an_cipated would have behavioural consequences. Using an 11-year tracking dataset from the Crozet 159 

Islands in the Southern Indian Ocean, we inves_gated how changes in the SOI and SAM related to 160 

breeding success and foraging behaviour. By incorpora_ng personality, a fixed trait known to constrain 161 

plas_city, we explored consistent individual varia_on in responses to these indices. By comparing 162 

individual responsiveness and breeding success changes, we aimed to indirectly assess how climate 163 

affects foraging behaviour and subsequent reproduc_on, giving essen_al insight into the capacity of 164 

albatrosses to buffer environmental varia_on and future climate change.   165 



METHODS 166 

GPS tracking 167 

We tracked the movements of 346 wandering albatrosses (175 males, 171 females) during the 168 

incuba_on period (January to April) of 2010 to 2021. Albatrosses were sampled from Possession Island 169 

(Crozet Islands archipelago, Southern Indian Ocean, 46°24ʹ S, 51°46ʹ E). Since 1965, each year all adults 170 

and chicks in the study popula_on have been captured by hand and equipped with a metal leg-ring 171 

and a plas_c leg-ring bearing a unique iden_fica_on number (Weimerskirch 2018). Adults are sexed 172 

based on size and plumage dimorphism within breeding pairs (Weimerskirch et al. 2005). 173 

Each albatross was fi`ed with a GPS logger (IgotU 120/600, Mobile Ac_on Technology, weighing up to 174 

32g, max 0.5% body mass; X-GPS and Centurion, Sextant Technology, NZ weighing 60–75g, max 1.21% 175 

body mass; see details in Weimerskirch et al. 2018; Weimerskirch et al. 2020), which was deployed 176 

dorsally using thin strips of marine Tesa tape (Weimerskirch et al. 2014) and retrieved aper the bird 177 

had completed at least one complete foraging trip. There is presently no evidence for an effect of such 178 

loggers on survival probability or breeding success in wandering albatrosses (Barbraud and 179 

Weimerskirch 2012). GPS loggers recorded fixes at frequencies ranging from 1 to 15 minutes, and the 180 

resul_ng data were resampled to give fixes at 15-minute intervals.  181 

Measuring boldness 182 

Every year, the ‘boldness’ of all birds in the Possession Island colony is measured by observing how 183 

individuals react to the approach of a human observer (see (Patrick et al. 2013) for full details). The 184 

observer noted each bird’s behaviours as they approached from a 5-meter distance, stopping short of 185 

the reaching the bird itself. Behaviours were recorded using a 5-point ordinal scale ranging from 0 to 186 

4, where 0 = no response; 1 = bird lips head; 2 = bird rises onto tarsi; 3 = bird vocalises; 4 = bird stands 187 

up. Using this scale, higher scores indicate bolder birds. Using these measurements, we es_mated 188 

boldness by extrac_ng individual-level best linear unbiased predictors from an ordinal generalised 189 

linear mixed model (GLMM) that was fi`ed to boldness scores using the R package MCMCglmm 190 



(Hadfield 2010). The model has been used in previous studies of this popula_on (Patrick et al. 2013; 191 

Gillies et al. 2023) and full details on the methodology can be found therein. The model included the 192 

fixed effects of observa_on number and observer ID (typically one observer per year), a random 193 

intercept for individual ID, and a random effect for the addi_ve gene_c variance, represented as the 194 

matrix of pairwise relatedness among all individuals.  195 

Climate variables 196 

Data on SAM indices were accessed from the Na_onal Center for Atmospheric Research Climate Data 197 

portal (h`ps://legacy.bas.ac.uk/met/gjma/sam.html) on 2022-01-20 (Marshall 2003).  Monthly SAM 198 

indices were calculated as numerical values represen_ng the differences in monthly zonal sea level 199 

pressure at 40°S and 60°S. The data are observa_on-based, collected from six monitoring sta_ons at 200 

each la_tude. Monthly SOI indices were downloaded from the Na_onal Weather Service – Climate 201 

Predic_on Center on 2022-01-20 (Na_onal Weather Service - Climate Predic_on Center 2022). SOI is 202 

calculated as the standardised difference between anomalies in sea level pressure between Tahi_ and 203 

Darwin, Australia, normalised by the monthly standard devia_on. Further details available in the 204 

Appendix. SAM and SOI were not significantly correlated over the study period (Appendix). 205 

StaJsJcal analysis 206 

All data processing and sta_s_cal analyses were carried out in R version 4.3.0 (R Core Team, 2023). 207 

Effects are presented as mean and [95% confidence interval] or mean ± standard devia_on, unless 208 

otherwise specified. We interrogated fi`ed models by conduc_ng diagnos_c checks, including visual 209 

examina_on of residuals for normality, pa`erns, or trends, and assessing overdispersion using 210 

dispersion ra_o checks. 211 

Effect of climate on behaviour 212 

We aimed to determine how climate indices influenced albatross foraging behaviour and reproduc_ve 213 

success. First, we fi`ed a three-state hidden Markov model (HMM) to the GPS tracking dataset using 214 

the R package momentuHMM (McClintock and Michelot 2018) in order to categorise 15-minute fixes 215 

https://legacy.bas.ac.uk/met/gjma/sam.html


GPS into the three discrete behavioural states: rest, travel, and search. Models were fi`ed to males 216 

and females separate due to their known differences in movement behaviour (Shaffer et al. 2001; Clay 217 

et al. 2020; Gillies et al. 2023). Step length and turning angle were used as input variables, modelled 218 

with a Von Mises and a Gamma distribu_on respec_vely, and previous studies that made use of this 219 

dataset were used to guide parameterisa_on (Clay et al. 2020; Gillies et al. 2023). Using these inputs, 220 

the model iden_fied rest as fixes with low speeds and low to moderately concentrated turning angles, 221 

search as fixes with moderate speeds and moderate to wide turning angles, and travel as fixes with 222 

high speeds and concentrated turning angles.  223 

From these three broad behavioural categories, we calculated metrics of foraging behaviour that 224 

would be most likely to be shaped by climate: the number of landings per day of the foraging trip, the 225 

ra_o of _me spent in search rela_ve to travel, the total distance covered over the trip in kilometres, 226 

and the median distance travelled between search bouts (jus_fica_on in Appendix). We fi`ed GLMMs 227 

to each metric, with the fixed effects of monthly climate index (SAM or SOI), boldness, and their 228 

interac_on using the glmmTMB package in R (Brooks et al. 2017). We controlled for age, which is also 229 

known to affect foraging behaviour in wandering albatrosses (Lecomte et al. 2010; Froy et al. 2015), 230 

by including it as a fixed effect.  Models were fi`ed separately for each sex and climate index (SAM or 231 

SOI) to reduce model complexity and therefore aid convergence and interpreta_on. All models 232 

included individual ID and year as random effects to account for repeated measures of the same 233 

individuals over _me and annual varia_on, respec_vely. Total distance and median distance between 234 

search bouts was modelled with a Gamma distribu_on with a log link to reflect the posi_ve right 235 

skewed nature of the response. Ra_o of search rela_ve to travel was modelled with a beta distribu_on 236 

due to its propor_onal nature. As a discrete count variable, number of landings per day was modelled 237 

with a Poisson distribu_on. 238 



Effect of climate on reproduc5ve success 239 

We next examined the rela_onship between clima_c varia_on and breeding to determine whether 240 

effects of climate on reproduc_on might be indirectly mediated by effects on foraging behaviour. 241 

Exis_ng literature suggests that either SAM and SOI could have impacts prior to, during the breeding 242 

season, or both. We therefore averaged the monthly values of each index for September and 243 

November (pre-breeding) and January to April (breeding). December was excluded as a mixture of pre-244 

breeding and breeding ac_vity takes place during this month.  245 

We considered available breeding success data for the en_re Possession Island popula_on, gathered 246 

between 1980 and 2020 (3052 individuals), to maximise available varia_on in the SAM and SOI. We 247 

fi`ed binomial GLMMs to the binomial variable current ‘breeding success’ (success vs failure), which 248 

considered only those birds that a`empted to breed. To reduce model complexity, each climate index 249 

was fi`ed in a separate model. Models included the fixed effects of mean breeding and pre-breeding 250 

climate index (SAM or SOI respec_vely), age, and boldness. Interac_ons between age and each climate 251 

index (breeding and pre-breeding) were included to account for the idea that older or younger 252 

individuals may be differen_ally equipped to cope with environmental varia_on; a further three-way 253 

interac_on was included between age, climate index, and boldness to account for the addi_onal effect 254 

that boldness may have on this rela_onship. Non-significant interac_on terms were removed from the 255 

model to ensure accurate appraisal of fixed effects (Engqvist 2005). Age was incorporated as a 256 

quadra_c predictor, due to its known curvilinear associa_on with breeding success (Weimerskirch 257 

1992). All variables were centred and scaled to aid model convergence and interpreta_on of effects. 258 

Models were fi`ed for each sex separately due to known sex-related differences in responses to the 259 

environment (Weimerskirch et al. 2018; Clay et al. 2020) and to avoid the involvement of complex four-260 

way interac_ons. Individual ID and year were included as random effects to control for repeated 261 

individual measures and interannual varia_on respec_vely. 262 

 263 



Ethics 264 

All handling and experimental procedures were conducted in accordance with guidance and rules 265 

issued by the Réserve Na_onale des Terres Australes. All field protocols and manipula_ons were 266 

granted approval by the Comité Na_onal de la Protec_on de la Nature and the ‘Préfet of Terres 267 

Australes et Antarc_ques Françaises’ to Program IPEV N°109.  268 



RESULTS 269 
We obtained 690 foraging trips, giving an average of 2.02 ± 1.41 trips per bird. Trips lasted a mean 270 

8.1 ± 5.7 days. As previously reported (Weimerskirch et al., 2012a), females had more northerly 271 

foraging distribu_ons compared to males (Figure 1).  272 

 273 

Figure 1. Foraging tracks of wandering albatrosses Diomedea exulans tracked during the study. 274 

Possession Island indicated with black triangle. Grey tracks show individual bird movements; shaded 275 

polygons indicate 90% (lightest), 75% (mid), and 50% (darkest) u=lisa=on distribu=ons for all females 276 

(yellow polygons) and males (blue polygons). Pink do<ed line shows approximate loca=on of Antarc=c 277 

Polar Front (Orsi and Harris 2019). Map and GPS tracks displayed in a Lambert azimuthal equal-area 278 

projec=on, centred on Possession Island.  279 

 280 

Over the past 60 years, SAM has shown a gradual tendency to become more posi_ve over _me (β = 281 

0.02 ± 0.004, t = 5.11, p < 0.001), while SOI has been rela_vely stable (β = 0.002 ± 0.007, t = 0.22, p = 282 

0.83; Figure 2). The range of SAM and SOI values observed during the study period (SAM: -2.1- 4.9; 283 

SOI: -3.6, 4.5) were broad but did not encompass the most extreme nega_ve indices observed over 284 

the range of the past 60 years (SAM: -7.7, 4.9; SOI: -6, 4.8). 285 



 286 

Figure 2. Temporal trends in the Southern Annular Mode and Southern Oscilla=on Index. Black line 287 

shows changes in the annual average for each index; green-blue shading indicates standard error. 288 

Orange line and orange shading indicate regression and associated 95% confidence interval of change 289 

in index over =me.  290 

 291 

Effect of climate on behaviour 292 

While changes in the SOI were found to have significant effects on foraging behaviour for both males 293 

and females, only females were affected by changes in the SAM.  294 

Females decreased the number of landings they made per day with increases in SAM and SOI (Figure 295 

3, 4); males decreased their number of landings in response to SOI only (Figure 4, Table 1).  For a one-296 

point increase in SAM, females made 8.22 % fewer landings; for a one-point increase in SOI, they made 297 

15.52 % fewer. Male responses to SOI depended on boldness. Shyer males had a reduced response to 298 

SOI, reducing landings by 10.24 % for a one-point increase in the SOI, while bolder birds reduced 299 

landings by 17.76 %. Overall, bolder males made more landings per day, with a mean of 23.7 landings 300 

per day versus 20.4 for shyer males.   301 



The amount of _me females spent in search behaviour rela_ve to travel was affected by SAM 302 

condi_ons but not the SOI; males were unaffected by either index (Figure 3; Table 1). In posi_ve SAM 303 

condi_ons, females reduced their search _me rela_ve to travel; a one-point increase in the SAM was 304 

associated with a 5.49 % decrease in _me spent in search rela_ve to travel.  305 

We found that the total distance covered by birds on foraging trips decreased as SOI increased (Figure 306 

3, Table 1). A one-point change in the SOI was associated with a 13.31 % decrease in travel distance 307 

for females and a 14.76 % change for males. There was no effect of SAM on total travel distance for 308 

either sex. However, for females, a one-point change in the SAM Was associated with a 5.03 % increase 309 

in the distance travelled between search bouts.  310 



 311 

Figure 3. Effects of monthly Southern Annular Mode (SAM) on A, =me spent in search rela=ve to travel; 312 

B, number of landings per day of the foraging trip; and C, total distance travelled during foraging trips 313 

(km) for females. Lines and shaded areas indicate the regression and 95% confidence intervals for the 314 

effect of SAM. Each data point represents a single foraging trip.  315 



 316 

Figure 4. Effects of monthly Southern Oscilla=on Index (SOI) on A, B, total distance travelled during 317 

foraging trips (km) and C, D, number of landings per day of the foraging trip for females in yellow and 318 

males in blue. Lines and shaded areas indicate the regression and 95% confidence intervals for the 319 

effect of SOI. Male responses in panel D are categorized by boldness, with lighter lines for shyer birds 320 

(10th percen=le), intermediate lines for moderate birds (50th percen=le), and darker lines for bolder 321 

birds (90th percen=le). Each data point represents a single foraging trip.  322 



Table 1. Model es=mates from set of generalised linear mixed effects models examining the effect of the Southern Annular Mode (SAM) and Southern Oscilla=on 323 

Index (SOI) on foraging behaviour. Total path distance was fi<ed with a Gamma distribu=on (log link); ra=o search: travel with a beta distribu=on, and landings 324 

per day with a Poisson distribu=on (log link): es=mates are provided on the relevant link scale. An odds ra=o of 1 suggests no effect, an odds ra=o greater than 325 

1 suggests a posi=ve associa=on, and an odds ra=o less than 1 suggests a nega=ve associa=on. Significant p values and associated beta es=mates and test 326 

sta=s=cs are highlighted in bold if they were found to be significant in both sexes; they are highlighted in bold and italics if they were found to be significant in 327 

only one sex. Non-significant interac=ons were dropped. 328 

 329 



  330 

Response Predictor 
Es/mate (odds ra/o*) and 95% confidence interval z value p value 

F M F M F M 

Number of landings 

SAM 0.92 [0.89, 0.95] 1.01 [0.98, 1.04] -4.80 0.54 < 0.001 0.59 
Boldness 1.07 [0.99, 1.16] 1.01 [0.94, 1.09] 1.63 0.27 0.10 0.78 
Age 1.00 [0.99, 1.01] 1.01 [1.00, 1.02] 0.00 1.59 0.99 0.11 
SOI 0.84 [0.82, 0.87] 0.85 [0.83, 0.88] -10.41 -10.25 < 0.001 < 0.001 
Boldness 1.07 [1.00, 1.15] 1.03 [0.96, 1.10] 1.84 0.71 0.066 0.48 
Age 1.00 [0.99, 1.01] 1.01 [1.00, 1.02] -0.06 1.72 0.95 0.085 
SOI x boldness  0.97 [0.96, 0.99]  -3.42  0.001 

Ra/o search: travel 

SAM 0.8 [0.82, 0.94] 0.95 [0.90, 1.00] -3.55 -1.94 < 0.001 0.003 
Boldness 1.00 [0.92, 1.09] 0.95 [0.87, 1.03] 0.03 -1.23 0.98 0.053 
Age 1.00 [0.99, 1.01] 1.00 [0.99, 1.01] -0.42 0.23 0.67 0.82 
SOI 1.03 [0.93, 1.13] 1.02 [0.97, 1.08] 0.57 0.78 0.57 0.43 
Boldness 0.99 [0.91, 1.08] 0.94 [0.87, 1.03] -0.16 -1.37 0.87 0.17 
Age 1.00 [0.99, 1.01] 1.00 [0.99, 1.01] -0.11 0.44 0.92 0.66 

Total path distance (km) 

SAM 1.04 [0.96, 1.12] 1.05 [0.97, 1.14] 1.00 1.26 0.32 0.21 
Boldness 1.04 [0.95, 1.15] 1.04 [0.94, 1.15] 0.92 0.74 0.36 0.46 
Age 1.00 [0.99, 1.01] 1.01 [1.00, 1.03] -0.39 1.56 0.70 0.12 
SOI 0.88 [0.83, 0.94] 0.87 [0.81, 0.94] -4.16 -3.49 < 0.001 < 0.001 
Boldness 1.05 [0.96, 1.15] 1.04 [0.94, 1.15] 1.14 0.82 0.25 0.41 
Age 1.00 [0.99, 1.01] 1.01 [1.00, 1.02] -0.13 1.62 0.90 0.10 

Median distance between search patches (km) 

SAM 1.05 [1.02, 1.08] 1.03 [1.00, 1.07] 3.06 1.84 0.002 0.066 
Boldness 0.98 [0.94, 1.03] 1.02 [0.97, 1.07] -0.69 0.91 0.49 0.36 
Age 1.00 [0.99, 1.00] 1.00 [1.00, 1.01] -0.37 1.49 0.71 0.14 
SOI 1.00 [0.97, 1.02] 1.00 [0.97, 1.02] -0.33 -0.20 0.74 0.85 
Boldness 0.99 [0.95, 1.04] 1.02 [0.98, 1.07] -0.34 0.98 0.74 0.33 
Age 1.00 [0.99, 1.00] 1.00 [1.00, 1.01] -0.86 1.34 0.39 0.18 

*Es@mate for number of landings is an Incidence Rate Ra@o due to Poisson distribu@on.  



Effect of climate on reproducJve success 331 

Mean breeding success for the en_re Possession Island study colony between 1980 and 2020 was high 332 

at 77.96 ± 3.93% (mean weighted by annual sample size) and has been increasing annually (Table 2). 333 

We found no evidence for effects of SAM or SOI on individual breeding success for either sex, and no 334 

effect of boldness (Figure 5, Table 2). The rela_onship between age and breeding success was 335 

quadra_c, with breeding success gradually increasing un_l around 25-30 years, at which point it 336 

declined.   337 



 338 

Figure 5. Breeding success as a func=on of changes in the Southern Annular Mode and Southern 339 

Oscilla=on Index during breeding and pre-breeding periods. Points indicate mean breeding success for 340 

each year (labelled); size indicates sample for each year. Older year boxes coloured in lighter shades of 341 

green, more recent years in darker shades. 342 

 343 



Table 2. Model es=mates from binomial generalised linear mixed effects models examining the effect of the Southern Annular Mode (SAM) and Southern 344 
Oscilla=on Index (SOI), averaged (mean) for the breeding and non-breeding periods, on individual reproduc=ve success. Non-significant interac=ve effects were 345 
itera=vely dropped from the models. Significant p values and associated beta es=mates and test sta=s=cs are highlighted in bold. Es=mates are provided as 346 
odds ra=os; an odds ra=o of 1 suggests no effect, an odds ra=o greater than 1 suggests a posi=ve associa=on, and an odds ra=o less than 1 suggests a nega=ve 347 
associa=on. 348 

Predictor 

Odds ratio and 95% confidence interval z value p value 
SAM SOI SAM SOI SAM SOI 

F M F M F M F M F M F M 
Age 1.23 (1.13, 1.33) 1.19 (1.10, 1.29) 1.23 (1.13, 1.33) 1.20 (1.11, 1.30) 4.90 4.33 4.94 4.50 <0.001 <0.001 <0.001 <0.001 
Age2 0.82 (0.78, 0.87) 0.85 (0.81, 0.90) 0.82 (0.78, 0.87) 0.85 (0.81, 0.90) -7.18 -5.98 -7.20 -6.00 <0.001 <0.001 <0.001 <0.001 
Mean SAM pre-
breeding 0.98 (0.91, 1.05) 1.03 (0.94, 1.13) 1.06 (0.91, 1.23) 1.10 (0.92, 1.33) -0.59 0.56 0.74 1.05 0.55 0.58 0.46 0.30 
Mean SAM 
breeding 1.07 (0.99, 1.15) 1.06 (0.96, 1.18) 1.00 (0.86, 1.17) 1.00 (0.83, 1.20) 1.79 1.20 0.05 -0.03 0.073 0.23 0.96 0.98 
Boldness 0.94 (0.87, 1.03) 0.97 (0.90, 1.05) 0.94 (0.86, 1.02) 0.97 (0.90, 1.05) -1.36 -0.72 -1.40 -0.70 0.18 0.47 0.16 0.48 
349 



DISCUSSION 350 
Over an 11-year period, we observed that clima_c varia_on significantly impacted the behaviour of 351 

wandering albatrosses, yet did not impact their breeding success, sugges_ng that albatrosses are able 352 

to buffer the effects of climate on their foraging ecology to preserve their reproduc_ve success. This 353 

work adds to a growing body of evidence sugges_ng that behavioural plas_city may be an essen_al 354 

mechanism by which animals can adjust to the changing environment and ul_mately buffer the 355 

nega_ve impacts of widescale clima_c change (Bradshaw and Holzapfel 2006; Charman_er et al. 2008; 356 

Grémillet and Boulinier 2009; Moritz and Agudo 2013). 357 

Varia_on in SAM differen_ally impacted the foraging ranges of female and male albatrosses. Posi_ve 358 

SAM phases are associated with less favourable condi_ons for female foraging, marked by weaker 359 

winds and increased sea surface temperature (see Figure 1 in Lovenduski and Gruber 2005), and in 360 

such condi_ons females were found to land less frequently and to increase their travel _me rela_ve to 361 

searching. Landing is associated with prey capture a`empts (Weimerskirch et al. 1997; Weimerskirch 362 

and Guionnet 2002), sugges_ng that females were making fewer a`empts to capture prey items. 363 

Combined with observa_ons that both rela_ve travelling behaviour and the distance travelled 364 

between bouts of searching behaviour increased, this suggests that females were encountering fewer 365 

feeding patches during posi_ve SAM phases. Conversely, posi_ve SAM phase in male foraging ranges 366 

correlate with improved foraging condi_ons – specifically, increased wind speeds, cooler SST, and 367 

possibly increased chlorophyll levels. Despite this, male behaviour did not show adjustment in 368 

response to SAM. This may be due to the spa_al variability of SAM effects, which tend to be beneficial 369 

in the south but disadvantageous in the north. As Figure 1 illustrates, males forage both north and 370 

south of the Antarc_c Polar Front and so could experience improved or diminished foraging condi_ons 371 

depending on their chosen foraging loca_on, poten_ally masking an overall rela_onship with foraging 372 

success. Alterna_vely, it is possible that this dichotomy emerges from between-sex differences in 373 

plas_city, a pa`ern that has been observed across a very small, but diverse, range of other species 374 

(Bonier et al. 2007; Meuthen et al. 2018; Brand et al. 2023). It is difficult, however, to disentangle this 375 



from the fact that females are also probably exposed to greater varia_on in foraging habitat quality as 376 

they typically forage north of the Antarc_c Polar Front, where oceanographic condi_ons are more 377 

variable. Condi_ons in male foraging grounds are generally good for foraging, being characterised by 378 

stronger winds and cooler temperatures, and so further posi_ve change may not have had detectable 379 

effects (Wakefield et al. 2009; Clay et al. 2020). The increasing trend for posi_ve SAM in recent years 380 

may further obscure effects on male behaviour (Figure 3; Abram et al. 2014; Fogt and Marshall 2020).  381 

Varia_on in SOI affects female and male foraging ranges similarly, with posi_ve phases correla_ng with 382 

cooler SST and stronger winds, the former being thought to indicate be`er foraging condi_ons while 383 

the la`er makes at-sea travel more efficient (Richardson et al. 2018; Evans et al. 2021). During posi_ve 384 

SOI phases, both sexes showed behaviours that in combina_on may indicate successful foraging; that 385 

is, fewer landings and shorter foraging distances (thought to be indica_ve of successful trips; 386 

Salamolard and Weimerskirch 1993; Shaffer et al. 2003; Weimerskirch et al. 2007). Females 387 

addi_onally spent more _me in search behaviour. These responses may suggest birds were 388 

experiencing more successful foraging trips, making fewer prey capture a`empts that were either 389 

more successful or resulted in the capture of more or larger prey.  While it is unclear why males 390 

responded to SOI varia_on, but not SAM, the greater variability in SOI during the study period may 391 

have made its effects more detectable as compared to SAM.  392 

By incorpora_ng the metric ‘boldness’ in our analyses, we aimed to quan_fy the role of individual 393 

varia_on in responses to climate. Overall, boldness had a limited impact on individual behavioural 394 

responses to longer-term environmental change: personality was only found to be important in male 395 

responses to the SOI, where shy males were found to adjust their number of landings to a lesser extent 396 

than bolder males, contras_ng with theore_cal work predic_ng that shyer individuals should be more 397 

a`uned to their environment (Mathot and Dingemanse 2012; Snell-Rood 2013; Stamps 2016; Gibelli 398 

and Dubois 2017), though this effect was modest. Female responses did not depend on personality, a 399 

surprising result given that previous work indicates that boldness influences short-term behavioural 400 



responses to specific environmental factors, such as instantaneous wind condi_ons, in female 401 

wandering albatrosses (Gillies et al. 2023). This is unlikely to reflect a lack of perceived ‘risk’ as birds 402 

experienced a full spectrum of environmental condi_ons, which should include both ‘risky’ and ‘non-403 

risky’ scenarios.  Instead, this discrepancy indicates that while personality traits may affect immediate, 404 

short-term behavioural adjustments, they might not significantly impact long-term responses to 405 

broader clima_c factors. This is consistent with previous findings that boldness has a minimal impact 406 

on female demographic rates (Van de Walle et al. 2024) and overall breeding success (Gillies et al. 407 

2023). These findings support the idea that behavioural plas_city is a crucial mechanism by which 408 

species buffer poten_al impacts of environmental varia_on on their fitness (Komers 1997; Chevin et 409 

al. 2010; Beever et al. 2017). 410 

As albatrosses are long-lived and thus priori_se self-maintenance over reproduc_ve investment, poor 411 

foraging condi_ons during the breeding season could nega_vely impact their offspring’s survival and 412 

development through reduced care or provisioning quality (Stearns 1992). Despite this, we found no 413 

effect of SAM or SOI on individual breeding success. It is possible that nega_ve impacts on female 414 

foraging were offset by the success of their male partners, given the contras_ng impacts on their 415 

respec_ve foraging ranges. Alterna_vely, or addi_onally, albatrosses may have mechanisms to mi_gate 416 

environmental impacts before they impact reproduc_ve output. As capital breeders, the costs of 417 

reproduc_on in wandering albatrosses are likely to be paid from resources accumulated prior to 418 

breeding, with resources gained during the breeding season being allocated to maintaining parental 419 

condi_on rather than being passed to offspring (Jonsson 1997). Indeed, previous work has shown that 420 

albatrosses experiencing improved foraging condi_ons during provisioning do not invest this extra 421 

energy into their chick (Berrow and Croxall 2001). However, our measure of breeding success considers 422 

only chick survival un_l fledging, and so may not capture long-term fitness impacts. Previous research 423 

indicates poten_al cohort effects due to environmental varia_on (Fay et al. 2015; Fay et al. 2016), 424 

highligh_ng the need for addi_onal measures such as chick body condi_on and recruitment to fully 425 

understand the fitness impacts of clima_c varia_on on albatrosses. Furthermore, condi_ons during 426 



the pre-breeding season can have significant consequences for the probability of a`emp_ng to breed, 427 

even if it does not have effects on breeding success directly (Van de Walle et al. 2024). Future studies 428 

should explore poten_al long-term effects on reproduc_on, including impacts on offspring quality, 429 

breeding frequency and probability, or reproduc_ve lifespan, given known carry-over effects from 430 

current to future reproduc_on in seabirds (Catry et al. 2013; Fayet et al. 2016; Moe et al. 2017; Harris 431 

et al. 2020).  432 

Ul_mately, the finding that breeding success was unaffected by clima_c varia_on may suggest that all 433 

individuals are selected to behaviourally buffer this varia_on, at least within a season. This may 434 

addi_onally help explain the finding that personality did not have strong effects on behaviour, if 435 

responses to climate are so conserved that they mask any poten_al effects of boldness. However, our 436 

study captures only an 11-year snapshot of clima_c varia_on, during which _me the most extreme 437 

nega_ve values of SAM and SOI were not observed. Wandering albatrosses are capable of considerable 438 

behavioural feats, travelling several thousand kilometres in a single foraging trip, and so are adept at 439 

behaviourally buffering varia_on, something that has also been observed in their responses to long-440 

term changes in wind condi_ons (Weimerskirch et al. 2012). However, there are almost certainly limits 441 

to the environmental varia_on that birds can withstand. Indeed, previous work has found that 442 

wandering albatrosses do have a maximum tolerable wind speed that they act to avoid (Nourani et al. 443 

2023), sugges_ng that more extreme varia_on could in theory lead to among-individual differences in 444 

responses that we were unable to capture. Furthermore, as the breeding season progresses, the ability 445 

to buffer environmental varia_on may become par_cularly cri_cal as the chick hatches and the 446 

energe_c demands of provisioning therefore increase. Such demands may restrict the capacity of 447 

albatrosses’ behavioural coping mechanisms, which could significantly affect foraging efficiency and, 448 

consequently, reproduc_ve success. 449 

Our study sheds light on the rela_onship between clima_c varia_on, foraging behaviour, and 450 

reproduc_ve success in wandering albatrosses. While we observed significant impacts of changes in 451 



SAM and SOI on foraging behaviour, these did not translate into effects on reproduc_ve success. This 452 

suggests that the behavioural plas_city exhibited by seabirds, including albatrosses, may provide some 453 

protec_on against the broader effects of climate warming. However, it remains unclear whether 454 

environmental effects may s_ll impact overall fitness, or whether small effects that are undetectable 455 

at this scale could accumulate over albatrosses’ en_re lifecycles. Moreover, this plas_city is unlikely to 456 

be limitless (Somveille et al. 2020), par_cularly as climate variability intensifies, exposing animals to 457 

extremes of environmental varia_on to which they cannot adapt. Seabirds have already experienced 458 

mass die-offs, wrecks, and heat stress associated with extremes of wind and temperature (Lempidakis 459 

et al. 2022; Nourani et al. 2023). Similar trends have been observed for terrestrial species when 460 

extreme condi_ons exceed the capacity of species to behaviourally adjust or lead to the expression of 461 

catastrophically maladap_ve behaviour (San_ni et al. 2016; van Baaren and Candolin 2018; Sharpe et 462 

al. 2021). Such effects may be compounded by anthropogenic impacts such as fishing, introduced 463 

predators, land-use change, or pollutants (Thuiller et al. 2006; Gou`e et al. 2014; Oro 2014; Barbraud 464 

et al. 2021). Our results offer insight into these complex dynamics, highligh_ng the importance of 465 

understanding the limits of behavioural plas_city and how it interacts with anthropogenic pressures 466 

to predict the likely fate of species in our changing environment.   467 
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