Evidence foranAllee effect in a declining fur seal population
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Abstract

Allee effects play an important role in the dynamics of many populations and can increase the
risk of local extinctionHowever, some authors have questioned the weight of evidence
Allee effects inwild populationsWe therefore exploited a natural experiment provided by two
adjacent breeding colonies of contrasting density to investigate the potential for Allee effects
in an Antarctic fur seal(Arctocephalus gazel)apopulationthat isdeclining in response to
climatechangeinducel reductions in food availabilityBiometric time-series data were
collected from25 pups per colony during two consecutive breeding seasons, the first of which
was amongsthe worst on record in terms of breedfeghalenumbers, pup birth weights and
foraging trip durationsln previous decades when population densities were higher, pup
mortality was consistently negatively densdgpendentwith rates of trauma and statien

scaling positively with densitydowever, we found the opposite, wiiigherpup mortalityat

low densityandthe majority of deathattributableto predationin parallel, body condition was

also depressed at lodensity, particularly in the poaudity seasonOur findings shed light

on Allee effects in wild populations and highlight a potential emerging role of predators in the

ongoing decline of ginniped species
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Background

Many species exhibit a decrease in population fithess or growth as population density
declines, a relationship known as the Allee eff@gtComponent mechanisms generating this
positive density dependenaecludeinter alia mate limitation, cooperative defesy predator
satiation,cooperative feeding, dispersakabitat alteratiorf2] and combinatiors thereof[3].
However componengeffects neednot necessarily result in population declifés Negative
density dependence can offset Allee effects through resource compij&por operate at

different stages of the lifhistory[6], therebynegaing ademographic Allee effect.

Allee effects arebelieved to have contributed towards the decline of sewaca highly
abundant species-or examplethe passenger pigeon, which historically numbered several
billion individuals[7], was driven to extinction by ¥Sentury hunters as population sizes fell
below the threshold required for efficient forag[B¢P]. Similarly, the collapse and subsequent
failure of thenorthwestAtlantic codstocksto recoverevenafter protectios were put in place
has been attributed to an Alleffect[10], whichalso appears to ldriving thecontemporary

Gulf of St. Lawrencgopulation tevardsextinction[11].

Despite these and other prominent examglegerahuthors have questioned the weight
of evidencamore generallyor Allee effects[4,12 14]. Allee effects are particularlgifficult
to demonstrate inwild populations due to logistical constraints], the difficulty of
disentangling Allee effects from declines due to habitat alteration or destrid}iamd a
general reliance on lorAgrm observational datavhichcan suffer from power limitationshen
population sizes are smalR]. An alternative is to use populati@tale experimental
manipulations to increase power and reduce ambiRjitylthough this is often impractical or
even unethical fosomespecieq1]. Consequently, some authors have advocated the use of
Anatur al envkighdakda achamaiges ofaturally occurring variatiom densityover
space otime[2].

Just such a natural experiment is provided by a declpapglation of Antarctic fur
seals Arctocephalus gazel)abreeding at Bird Island, South Geordkagure 1a). Femalesof
this speciesear their pups in densely packed breeding colonies, where histotloalipost
commoncauses of offspring mortalitwere starvation due tdhe disruption of mothepup
bonds and traumatic injuries from trampling and bite wo(ih8d 6] However,themain land
predatorof fur sealsthenorthern giant petrdll7], has been steadily increasing in population
sizeover the past 20 yeaf$8] andits numbers arerojected to continuously increase in the

future [19]. This coincides witha longtermdecline[20]i n t he avail abil ity



staple diet, Antarctic kril[21], which has led to a substantial reduction in the number of
breeding females over the past three deci#jsThese ecologicalchangesould potentially

alter the relationship between density and offspring mortality as well as the underlying
mechanism(s) of dertgidependence.

To test this hypothesisye exploited naturally occurring spatial variation in density by
comparing offspring fithess measures betweenadjacenbreeding colonies of high and low
density [23]; Figure 2b). As these colonies are only around 2@6tresapart, females from
both localities forage in the same af@d]. Consequentlyfood availability is effectively
controlled for and there should be no differences in fematitive state Furthermaoe, a lack
of genetic differentiatiof25] implies thatanimals fromthese colonieform part of the same
wider breedingpoopulation We used VHF radio telemetry to follow pupsboth coloniegrom
birth until weaning and to track survival as well as changes in body weight and condition over
time. We also replicatedur studyacrosswo consecutive seasonsglacedensitydependent
variation inthe context of the temporanvironmentWe hypothesizéithat () especially given
increases in the number of land predatoupsurvivalwill correlatepositively with population
densityassuming cooperativieefenceandpredator satiation; and) given that breeding female
fur sealsare constrained by thestence they can swim atige amount ofime they can forage
at sea before tlrepups on land starygoor environmental conditions terms of low food
availability will lead to adecrease in pup fitness.



Methods
Field methods

This study was conducted during thestral summers (DecemberNtarch) of 2018
2019 (hereafter 2019)and 20192020 (hereafter 2020)at Bird Island, South Georgia
(54A000624. 84 SFigure318.A6r3hé @apture]l r@strailit ancheasuremenof
Antarctic fur seal mothers arttheir pups, we employegrotocols that have been established
and refined oveB6 consecutive years of the logrm monitoring and survey program of the
British Antarctic SurveyBAS). Adult females were captured with a noosing pole and held on
a restraint board. Pups were captured with a slip noose or by hand and were restrained by hand.
After measurementhe seals were released as close to their captusasiossibleand pups
were returned to their motleemwhen presentPrevious research has shown minimal to no
chronic effect of repeated physical restraint and handling in several pinniped sf2giie9].

Each season, 2fiquemotherpuppairswererandomly selectettom the lowdensity
col ony ( AFr eBWByhadthehighdBeerasihtoy col ony ( S8BBpeci al
(Figure 2a)yielding a total sample size of 200 individu&28192 n = 50 mothersand50 pups
2020 n = 50 mothers and 50 pupg£ach mother and her pup wexapturedconcurrently on
two separate occasiong:2days postpartum (December) and agaite pups began to nuitt
shortly before weaningMarch). The pups were additionally recaptured ar@hsued every
tendays. At every capture, biometric data (weight, lengtian and girthand local density,
guantifiedas the total number dtir sealindividuals presentwithin two adult female body
lengths oran approximate twanetre radiusof the focal individuglwererecorded The iritial
capture of fur seal mothers apdps at both colonies was randomized with respect to sex of
pup and time during the pupping periddis resulted in a final dataset of 30 male and 20
female pups from FWB and 21 male and 29 female pups from SSB.

At first capture, adult femasaverefitted with cattle ear tags (Dalton Supplies, Henley
on Thames, UK) in the trailing edge etchfore flipper [30]. During lactation, mothers
alternate foragindrips at sea withtime spent ashoraursing pupg31] and wtil pups are
approximately 20 days olemaleswill consistently returnd the breeding colony for nursing
As pups mature, howevdagth mother and pugndertake progressively longamdmore distant
trips intothe densely vegetated regiongugsock grasmland[32]. Pups in particular range on
average 3.3 km (range: 4712,821 netreg away from their colony of birtf33]. In order to
facilitate the tracking and recaptuoé females, we attached VHF transmitters (Sirtrack core
marine glueon V2G 154C) to the dorsal side of the néekween the shoulder bladesth
epoxy glud34,35] The pups were similarly fitted with VHF transmitters (Sirkraore marine



glueon V2G 152A)and were identified using temporary bleach mgsirol Niceh Easy
Borne Blonde Permanent Hair Colepplied to the fur, which grew out with the ofio VHF
transmitter signals of mothers and pups were monitored during daily visual chdu&sstdind
using a handheld VHF receiverAOR LTD., AR820Q. Thetransmitters were retrieved from

all animals atheirlast recapture.

Seasonalariation

As part of the BAScontribution to the Ecosystem Monitoring Programmethad
Convention for theConservation of Antarctic Marine Living Resources (CCAMLR)e
attendancéehaviar of breedingemaleshas been monitored since 19R&dio telemetry as a
consistent method for this monitoring program was established in 1992 and approxmately
25 adut females per season on FWB hamecebeen trackedWe contributed towards this
ongoing effort by collectingattendance dattor our focal mothers on FWB using a fixed
position radio antenn@lelevilt RX900) combined withvisual checks of the island usirag
handheld VHF receiver. The daily absence or presence of females ashore was noted from the
first capture until théinal measurementyhen their pups either weaneddied. To determine
if the attendance behaviour of breeding females differed betwleentwo seasonswe
performed a Wilcoxon rank sum testherethe mean foraging trip duratiofi.e. time absent
from lang for all focal females across the entire monitoring period was compared behgeen
two seasos

At SSB, an elevated scaffold walkwayilt above theébreedingcolony[15] provides
access to all parts of theachandallows theanimals to be observed and sampled with minimal
disturbance.Twice a day the colony wasscanned for newborn pups, which werexed,
weighed andjiven atemporary bleach marBecausealmost allfemales give birth to a single
pup each yedB36], we used pup coungs a proxy of théotal number of breeihg femalesn
the colony associated 95%onfidence intervals werdeterminedbased on the observed
number of femalethat bred and those that did not brdeallowing Forcada and Hoffmaj22],
annualmeanpup birth weigh$ werecalculatedonly for female pupgo avoid sex biass To
determine ifthemean birth weighof pupsdiffered between the twseasons, we performed a

Welchtwo samplet-test

Pup mortality
The survival of focal pups was tracked from birth until weainigoth coloniesin the

absence of direavidenceof a pup having digdnortality was assumed #&nindividual was



not sighted for ten consecutive daysollowing a simplified protocol developed by a
veterinarian specializing in pinniped patholdgy], dead pupsvere examined to determine
the most likely cause of deatlthich was characterized as follawa) starvation, characterized

by a thin or absent layer of subcutaneous blubber; (b) trauma, where pups exhibited traumatic
injuries (e.g. crushed skull or ribs) and associated hematomasgeation characterized by
bite marks on the flippers and aral the anus anfdor missing organs remedthrough holes
below the flippers or anug¢d) bacterial infection, as indicated by the presence of lesions, pus
or swellingin the absence of any obvious signs of trauma or starvationgandknown,i.e.
pupsthat could not be assigned to any of the above categdBiesause mthersexhibit
irregular attendance patteraftertheir pups have dig@8], we recapturethe mothers of dead
pups to remove their VHF transmitters d@ondollect a final set of biometriobservationsTo
determine whethematernal condition, sexyirth weightand breeding colongxplaired a
significant proportion of the variance ipup mortality, weuseda generalized linear model
(GLM) with a binomial distributionA backward eliminatiorprocedurebased on AIC values
was implemented to simplify the model.

Pup weight
To determine whether age, sex, nna&é weight shortly after birttseason, colongnd
interactions among these variables explamsdynificant proportion of theariation in weight
among pups, we constructed a linear mixed model (LMsIhg therestricted maximum
likelihood (REML) appro@hin ImerTes{39]. Pup ID was included as a random effect in the
model to account for repeated measurements of individuals. A backward elimivesiohon
AIC valueswas implemented to simplify the model and the statis8aatificance of fixed
predictors was assessed using Type 111 ANOVA

degrees of freedom).

Pup ondition

The condition indexf all focalindividualswas calculated using a scaled mass index
according toPeig anl Green[40]. This method uses letygansformed scaling between body
length and mags relation b the averagbodylength for the populatigrthus ekingindividual
differences in relative size into consideratibhe condition indexserves as a reliable indicator
of overall fitness in terms dhe elative size of energy reservigd] andresource availabty

[41]. In pinniped speciedody conditionhas been showto correlate withpup mortality in



Steller sea lion§42], reproductive success South African fur seal[43] and harp seal44]
and personalityraitsin Galapagos sea lisii45,46]

To determine whetheage, sexmaternalconditionshortly after birth, seasoncolony
andinteractionsamong these variablexplaineda significant proportion of theariationin
conditionamongpupsthroughout ontogenyveconstructedlinear mixed modeglLMM) using
the restricted maximunrtikelihood (REML) approachin ImerTest[39]. PupID was again
included as a random effect to account for repeateasuremestof individuals.A backward
elimination based on AIC valuewas implementedo simplify the modeknd the statistical
significance of fixed predictonwas assessagsing Type Il ANOVA Significant interactions
between variables were further investigated using-postleastsquares means corrected for
multiple testing (Tukey method) emmean§47].

Maternal quality measures

To determine whether maternal quality measures (span, girth, weight, length and
condition index)differed significantly betweenolonies we performed Wilcoxon signed rank
tests.To furthertest for a differencéen maternal condition between seasons,aenstructed a
linear model (LM) of condition shortly after birth including colony, season and the interaction

between colony and season as predictor variables.

Statistics

For our statiscal models, wechecled if the data were normally distributed ugin
ShapireaWi | k 6 sThet ressluals ofthe models were visuallynspectedfor linearity and
equaity of error variancegusingplots ofresiduas versus fis) and normality (using € plots).
Homogeneity of variance was further checked usiegene's tesin car [48]. All statistical
analyses andisualizationswere implementedin R version4.0.2[49] using the integrated
development environment RStudjb0]. Our code and accompanying documentation are
providedin the form of arR Markdown file (Supplementary file X).

Animal ethics and permits

Sampling was carried out by the British Antarctic Survey under permits from the
Government of South Georgia and the South Sandwich Islands (Wildlife and Protected Areas
Ordinance (2011RAP permit numbes 2018/024 and 2019/032)he samples werenported
into the UK under permits from th®epartment for Environment, Food and Rural Affairs

(Animal Health Act, import license number ITIMP18.13%Nnd from theConvention on



International Trade in EndangeregeBies of Wild Fauna and Flor@mport numbes
578938/0115 and 590196/018). All procedures used were approved by the British Antarctic
Survey Animal Welfare and Ethics Review Bo@ggWERB applications 2018/1050 and
2019/1058.



Results

To investigatalensitydependent effects on offspring survival and growtbagathered
biometrictime-seriesdata from a total of 108ntarctic fur seamothers and theioffspring
Thesefocal animals comprised 50 mothaup pairs from a lowdensity colony (FWB) and 50
motherpup pairs from a higkdensity colony (SSB(Figure 2ab). Data collection was spread

over two consecutive breeding seasons 25 pairsper colony peseasoh

Interannualvariation

Comparison of census, biometric and female attendance data2fidgnh and2020
revealedappreciablenterannual variationlThe number of breeding females at SSB was around
45% lower in2019(Figure 1b) ananeanpup birth weight wasaround10% lower (Figure1c;
Welch two samplé-test,t =-5.279,d.f. = 116.560p < 0.00)). In parallel, breeding females on
FWB made significantly longer foraging trijps 2019 (Figure 1dand Supplementary Figure
S1; Wilcoxon rank sum testy = 13080 ,p < 0.00). Theseobservationsuggesthat2019was
a relativelypoorquality year in whichfewerfood resources were available to breeding females
[511 55].

Pup mortality

Pup mortality was significantly higher at FWBhan SSB (32% versus 12%
respectively, Figure@ GLM, estimate =1.185, s.e =0.54,z=-2.177,p = 0.80) andshowed
a negative association wibirth weight (GLM, estimate =0.714,s.e = 0.321,2=-2.223,p =
0.026).Neither maternal condition shorgyter giving birthnor sex were retained as significant
predictors in the modeNecropsies of 16 pupadicated thathe most likely causes of death
werepredation = 9), starvation(n = 5) and nfection 6 = 1), whilethe cause of death of one

pupcould not be determined

Pup weight

The best supported model of pup weight contained@agé(001), sexg < 0.001)and
maternal weight shortly aftgiving birth (p = 0.001) as fixed effects (Tablg. Neitherseason
nor colony of birth were retained as significant predictorOverall, pup weight increased
significantlywith age(Figure 3a) and was hightar males than females (Figure 3b). A positive,
linear relationshipvas observetietween pup wght and maternal weiglshortly after giving
birth (Figure 3c) indicatingthat heavier mothetendedto produceheavier pups.



Pupconditionindex

The best supported model of pup condition throughout ontogeny contained «ge (
0.001),seasong{ = 0.020),colony = 0.001), the interaction betweseasorand colony(p =
0.029) and the interaction between colony and age 0.039) as fixed effects (Table 2).
Maternalcondition shortly aftergiving birth was not retained as a significant predicRup
condition varied significantly across the season (Figure 4a}earted to bdower in 2019
(Figure 4b) and higher at SSB (Figure 4c). Pups born at FWB haddoweition indexvalues
in 2019than in2020(Figure 4dTu k ey 6 s p,esitateh -0.845,$..e=s0t148,p =
0.097), whereas SSB pups showed the opposite tendency (Figureudkl e y Ghec tgsio s t
estimate = 0.099s.e.= 0.136,p = 0.887).This pattern ofcolony and seascdependent
variation in body conditiowas already presemtithin the first 2 3 days of life with pups born
at FWBhaving dower condition shortly after birth iB019comparedwitt2 0 2 0 ( Tuk ey 6 s
hoc test, estimate .346,s.e.=0.148p= 0. 097) whil e SSB f#acps di d
test, estimate =.099,s.e.= 0.136,p = 0.887).By implication, FWB pups were more adversely
affected by unfavourable environmental conditieamshe 2019 season although they also
exhibited greater improvement gondition as the season progressed relative to SSB pups,

whoseconditionremained relatively stable over time (Figure 4e).

Maternal quality traits

Mothers from the two colonies did not differ significantly in any quality measures at
first capture (span, girth, weight, length and condition ind&xpplementary igure S2;
Wilcoxon signed rank tests, gl> 0.05;).A more detailedinear model to determine whether
colony or seasosspecific differences in maternal conditiarere presenshortly aftergiving

birth also found naignificant effects $upplementaryrable 1 all p > 0.05).



Discussion

We useda unique natural experiment to test for Allee effectsniatarctic fur seal
population in the South Atlantitong-term monitoringof this populatiorhas revealed steady
decline inthe number obreeding individualsince the 1980s, witthe past decade witnessing
a decline in female numbeo$ nearly 35%][22]. Under thesdéow abundance conditionge
found, in contrast to previous studi@spositive effect of increasing density on two fitness
components survival and body conditionFurthermore, pp mortality was mainldue to
predation, a cause of death that was relatively unimportaariierstudies, while variation in
offspring condition wagrimarily influenced by seasonahd densityeffects. Our findings
suggestthat component Allee effects on offspring survival and conditay contribute
increasingly towardshe population dynamics of this speceslocal densitiescontinue to

decline.

Study design

The availability of a natural twoolony setup proded us witha unique opportunity to
investigatedensity dependent effecten fur seal pups while controlling for a number of
patentially confounding facta:. Specifically, the close proximity of the two colonies means
that they are genetically undifferentiat§2b], they experience comparable environmental
conditions, habitat quality does not differ as both beaches comprise homogenous cobblestone
substrateand mahers from the two colonies forage in the same §2dhso do not differ
appreciably irquality traitssuch as body size or condition

Although logistical constraints only allowed us to compare asifinrem two colonies,
our studywas replicated wer two consecutive seasom®y chance, one of thesgarswas
among the worst ever recordgR], with very few females being able to amass sufficient
resources to breed, pup birth masses being depressed and female foipginggitrg
substantialljonger, indicating that they had to spend more tanhsean search of pre{51i
55]. Thus, our study incorporatesubstantial environmental variation,@dling us to test for
main effects of botlseason andolony, as well as their interactigm fitnessvariation

Another strength othe currenstudy was our ability to integrate fitness data gathered
using consistent protocofsom birth toweaning This was only possible through the use of
radio telemetry, which allowed us to track the pups as they became increasingly mobile and
venturedaway from the breeding beaches andnd into the tussock grasghis was important
because it allowed us tmonitor both survival and changes in weight and body condition
throughoutontogeny.As body weight and conditioat weaningare important predictors of



survival to adulthood in pinniped56,57], our dataset captures bathmediate andonger

term components of individual fitness.

Variation in dfspring survivaland body condition

Two previous studies afffspringmortality in Antarctic fur seals, onleased orseveral
years ofdata fromSSB[16] and the other comparingSB with a lowdensity colony on the
South Georgia mainland5], found clear evidence for negative densigpendencen both
temporal and spatial contextsates of pup mortalityvere reported to scalgositively with
population density, with the main causes of death being traumatic irguges trampling and
starvationdue to thedisruption of mothepup bonds.However, our data revesd a very
different pattern, with almost three times as many pups dying at low density and the major cause
of mortality being predatior-urthermorethe rateof predation was higher under low density
conditions with half of the pups that could be assigned a cause of death orbEMtpredated
(n=8) as opposed to just one out of six pups at IBB.increamg role ofpredation correlates
with an increasing population size nbrthern giant petrel§18,19] the main land predator of
fur seald17], over the same period for which fur seal densities have been in dedjne

These findings areonsistent wh previous studies of predatdriven Allee effects
[3,58], which are commonly attributed either to differences in the ability of a group of animals
to defend their offspring frormpredators, or to predator satiation, where predators are only able
to harvest a small proportion of prey at high dengly While it is difficult to distinguish
between these two possibilities Antarctic fur seals, anecdotally we have observed fewer
northern giant petrelsat SSB as well as femal&®m both colonieslefending their offspring
from predatorsThis isin line with observations imther pinnipeds, including South American
fur seals, where predators are less likely to infilttatg density colonies due to territorial
defence by malefb9], andharbour seals, where larger groups exhibit greater vigilfg@e
Thus, improved opportunities for predators to infiltrate low density breeding aggregations
appear taeduce offspringurvival in Antarctic fir sealsPrevious studiesnay have failed to
detect such an effebecause theyere conducted over a decade ago when population densities
were much higher. For example, annual pup counts (a proxy for breeding female numbers) at
SSB averaged 683.0.+ 112) between 1989 and 20[1%] as compared to 282 2019and
409 in202Q Thus, even our higtensity colony (SSB) is currently experiencing local density
conditions far below the historical average, while the dg$ianimals at FWB is even lower.

In parallel to densitydependentdifferencesin pup mortality, we alsdound that

offspring body condition was influenced bgasongolony and an interaction between season



and colony. This suggests thapoor quality environmental conditions negatively impact
offspring body condition especially at low denskiyhile maternal condition did not explain a
significant proportion of the variation in offspring condition, implying the lack of a direct
maternal effectthe sameoverall pattern oseasonal and densitiependenvariation in pup
condition was already apparestiortly after birthOne possible explanation for this could be
that differences in maternal investment during the latter stages of gestation degeasan
quality. Thisis in line with previous studiesn pinniped species, whefeetal mortalityduring
late pregnancy61] and pup condition at birtf62] can be linked witfenvironmental factors
such as food availabilitfHowever, thidails to explainthefact that strong density dependence
was only observeth the poor quality seasonWe therefore suggest thatfspring condition
may have been affected by the density of conspecifics ashore during theJiday3 of life.
Such an effect could potentially be mediated by a negative effect of prauduced stress
hormones on growth or increased energy experalon movement, possibilities that should be

investigated in future studies.

Implications

Antarctic fur seals a@Bird Island,South Georgighave been steadily declining over the
past three decad¢®2]. Consequentlyfalling densities could potentially shift the balance
favour of predators and accelerate the rate of decline, assuming that component Allee effects in
early life are not offset by negativdensitydependence in other fithess components such as
lifetime reproductive succeg8]. Furthermore, multiple component Allee effects, including
reduced foraging efficiency due to diminishing prey abundf2@eand increased exposure to
predators at low densitgnaycombine to produce a stronger overall Allee effdftThese so
called 6dormant 6 components may explain why

demographic Allee effects ipinnipedpopulationg63].

Conclusions

We describecomponent Allee effects for offspring survival abddy conditionin a
declining fur seal populatio®ur findings are consistent with the notion that Allee effecy
impact everoncenumerically abundant specigld andcanoccur regar dl ess of
history so long as predation is a major source of mor{ally Finally, Allee effects have been
extensively discussed in tisentext of heavily exploited populatigrisut arerarelymentioned
in the context of climate chang@ur study suggests that Allee effentght play an important

role in shapinglemographic responses to ongoing environmental change.
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Tables

Tablel. Parameter estimates from the REML beslirfigar mixed model of pup weight. Pup

ID was included as a random effect to account for repeated measures. Estimates together with

their standard errors and 95% confidence interf@lsare presented. Significaptvalues are

in bold. The mean squared@rr ?),(nfraclass Correlation Coefficient (IC@e consistency

within an individual across multiple measuremgragad sample sizen) are given for the

random effect.

Coeffcient Estimate  Standard 95% ClI p-value
error
Intercept 2.243 0.836 0.6031 3.882 0.0(8
Age 0.080 0.002 0.0761 0.084 <0.001
Maternal weight after birth 0.079 0.024 0.032i 0.125 0.001
Sex 0.857 0.211 0.44471 1.270 <0.001
Random effect
Ve 0.86
ICC 0.54

n 100




Table 2. Parameter estimates from tREML best fit linear mixed modedf pup condition
index. PuplD was included as a random effect to account for repeated medsstiesates
together with their standard errors and 95% confidence intervals are preSegidtcantp-
values are in boldThe me an s g u? inteadlasseQometation Goéfficient (ICthe
consistency within an individual across multiple measuremants sample sizen) aregiven

for the random effect.

Coeffcient Estimate Standard 95% ClI p-value
error
Intercept 6.975 0.118 6.7457 7.206 <0.001
Age 0.010 0.0@3 0.00571 0.016 <0.001
Season 0.345 0.18 0.0557 0.636 0.020
Colony 0535 0.163 0.2167 0.855 0.00L
SeasorColony -0.444 0.201 -0.83871 -0.090 0.027
Age:Colony -0.008 0.004 -0.0157 0.0 0.039
Random effect
02 0.71
ICC 0.13

n 100
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Figure 1:Seasonal differences in female breeding performd®eeel A shows the location of
Bird Island, South Georgian the South AtlanticPanels BD show the number of breeding
females, the birth mass of their pups and the amount of time spent by mothers foraging at sea

during the austral summers of Zlight grey) and 200 (dark grey).The square symbols show

No of breeders
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time at sea (days)

the means and the vertical lines indic@®86 Cls.
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(A) Map of Bird Island

(B) Local density statistics
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Figure 2: Differences in local density and pup survival between two adjacent breeding caloriasl Islangd South GeorgiaPanel A shows the
location of the twdur seal breedingoloniesfrom which50 motherpup pairseachwerecaptured for the collection of biomettiene-seriesdata
FreshwateBeach(FWB) and Special Studgeach(SSB) are approximately 28@etes apartPanel Bshowsthe local density distribution of focal
pups from both colonies. kal density was defined as the total number of individuals wittinadult female body lengths an approximatéwo-
mete radius of thefocal pup at time of samplingAs shown, pups born on FWB were most frequently faimndughout the breeding seaseith
only one additional individuah close proximity(range = O 22 individuals), while pups born on SSB were most frequency ftagedher withthree
individuals(range = O0' 21 individuals).PanelC provides a visual representation of the number anpgption of focal pups that survived in each
colony.Blue = FWB, red = SSB



(A) Age of pup (B) Sex of pup
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Figure 3: Results of a linear mixed model of pugight Significant main effects of pup age,
pupsexandnot her 6 s wei ght waneesimowrn panelspAC,pespacively.b or n
Parameter estimates apvalues are provided; further details of the model output can be found

in Tablel. Boxesin panels A and Bhow the means + 75%uantiles, with the vertical lines

indicating 95% Cls.



(A) Age of pup (B) Season of pup birth

estimate = 0.010, p < 0.001 estimate = 0.345, p = 0.020
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Figure4: Results of a hear mixed model of pup condition indeignificant maineffects of

pup age, season of birth and breeding colony are shown in pain@lse8pectively, while



panels D and E depict thateractionsbetween season and colprand age and colony.
Parameter estimates apvalues are provided; further details of the model output can be found
in Table2. Boxes show the meansrb% quantiles with the vertical lines indicating 95% Cls.
Blue = FWB, red = SSBight grey =2019, dak grey = 2020



Supplementarynaterial
TableS1. Results of a linear model of maternal condition indbartly after givingoirth. No

significant effects were detected.

Estimate Standard error t-value p-value
Intercept 34.52 0.787 43.85 <2el6
Season 0.88 1.124 0.78 0.438
Colony 1.69 1.124 150 0.137

Season: Colony  -250 1598 -157 0.121




Maternal ID

W9221 1
WO217 1
W9216 1
W9214 1
W92131
W9212
W9211 1
W9210+1
W9209 1
W9208 -
W9207 1
W9206 -
W9205 1
W9204 1
W9203 1
W9202 1
W9201 1

(A) 2019

W8098 1

(B) 2020

Febr'uary

Malrch

Febfuary

Malrch



Figure S: Records of the presence (lines) and absence (gaps) of focal mothers breeding at FWiBealRdhg (panel A)and 2020(panel B)
breeding seasonkoraging patterns of those mothers whose pups died are marked in red.



Figure S2: Results of independent Wilcoxon rank sum tests with continuity correction on five

quality traits of focal mothers: span (panel A), girth (panel B), weight shortly after giving birth



