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19 Abstract

20

21 Inbreeding depression, the loss of offspring fitnekie to consanguineous mating, is
22 generally detrimental for individual performancedapopulation viability. We therefore
23 investigated inbreeding effects in a declining gapan of Antarctic fur seals at Bird Island,
24  South Georgia. Here, localised warming has redticedvailability of the seal’s staple diet,
25 Antarctic krill, leading to a temporal increasetire strength of viability selection against
26 inbred offspring, which are increasingly failing ecruit into the adult breeding population.
27 However, it remains unclear whether viability sél@t operates before or after nutritional
28 independence at weaning. We therefore used miefbtea data from 884 pups and their
29 mothers, and SNP array data from 100 mother-ofigppairs, to quantify the effects of
30 individual and maternal inbreeding on three impdrtaeonatal fithess traits: birth mass,
31 survival and growth. We did not find any clearconsistent effects of inbreeding on any of
32 these traits. This suggests that viability setectfilters inbred individuals out of the
33 population as juveniles during the time window ketw weaning and recruitment. Our study
34 brings into focus a poorly understood life-hist@tage and emphasises the importance of

35 understanding the ecology and threats facing jlegnnipeds.
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37 Introduction

38 Genetic diversity is fundamental for species swalviand adaptation, especially in the
39 Anthropocene where environments are changing mapidUnderstanding the evolutionary
40 mechanisms that shape genetic diversity is thexefessential for predicting species
41 persistence and for informing conservation poliéigs Arguably, one of the most important
42  of these mechanisms is inbreeding depressionogedf offspring fitness that occurs when
43 close relatives maté. Fitness is reduced because inbreeding incregesesme-wide
44  homozygosity, exposing recessive deleterious alléte selection and, to a lesser extent,
45  reducing heterozygote advantadgeStudies of captive populations have documentemhg
46 effects of inbreeding on key fitness traits such renatal survival, longevity and
47  reproductive success®. However, inbreeding has been more challenginstudy in wild
48 populations ’, leaving numerous open questions about the impoetaof inbreeding

49 depression and its dependence on life-history amt@nmental factor&®.
50

51 Historically, pedigrees were considered the gotthdard for quantifying inbreeding and its
52 effects on fitness®': However, pedigrees are challenging to consiruetild populations

53 as they require the intensive monitoring of enpiapulations over multiple generations.
54 Hence, many studies have used the heterozygosityn@l panels of genetic markers

55 (typically around 10-20 microsatellites) as a prdogy inbreeding'®*3

This approach has
56 uncovered heterozygosity fithess correlations (HF@sr a variety of life-history,
57 physiological and behavioural traits including bivteight and neonatal survivd] resistance

58 to parasited®'® aggressivenes$and even attractivenes
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60 Due to the relatively low cost and ease of genotypnicrosatellites, the HFC approach can
61 be readily scaled up to include hundreds or evendands of individuals, facilitating large-
62 scale comparisons over time and across differemhistory stage§? **** However, small
63 panels of microsatellites typically have limitedwss to capture genome-wide variation in
64 inbreeding® . Consequently, there has been a growing focugeaome-wide approaches
65 capable of quantifying inbreeding with greater jsien ‘> |n particular, many studies
66 are now using single nucleotide polymorphism (SHIPays or whole genome resequencing
67 to characterise runs of homozygosity (ROHS), longhbzygous tracts that occur when an
68 individual inherits the same identical by descdBD{ haplotype from both of its parents
69 2"*3% By summing up the ROHs within an individual’sngene and expressing this as a
70 proportion of the total genome length, the genomlareeding coefficientFron can be

71 calculated®®
72

73 Studies based on ROHs have confirmed that inbrgeaticurs in many animal species and
74  can have strong effects on individual fitné€s*?*® However, less is known about the
75 effects of maternal inbreeding on offspring fitn&§8'9" s¢¢ 25.2834 ijling this knowledge gap
76 is important because transgenerational inbreediffgcte can potentially exacerbate
77 individual inbreeding effects, especially in spsaighere mothers provision their offspritfg
78 The interplay between individual and maternal iedieg might therefore have important
79 consequences for neonatal survival and growthy-digltraits that can influence population
80 dynamics, especially under stressful environmergahditions which can exacerbate

81 inbreeding depressioh
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83 A long-term study of Antarctic fur seals at Birdalsd, South Georgia, provides an excellent
84  opportunity to investigate the effects of indivilaad maternal inbreeding on early-life traits
85 in a wild marine mammal. This species is polygyduand adults of both sexes show
86 strong site fidelity®”* behavioural traits that can promote inbreedirg. line with this,

87 HFCs have already been documented for multipléstraiAntarctic fur seals including body
88 size and reproductive success in matés“*°and the propensity of female offspring to recruit
89 into the adult breeding populatih Furthermore, the population of Antarctic fur Iseat

90 Bird Island has been steadily declining since ti@ 18980s, a pattern that has been linked to
91 a long-term trend of decreasing local krill aburmaA™*** In parallel, the average
92 heterozygosity of the breeding female populatios haen steadily increasing over time,
93 implying that homozygous female offspring are imsiagly being filtered out of the

94  population prior to recruitment by viability selint >,
95

96 In order to better understand the decline of theasatic fur seal population at South Georgia,
97 we need to learn more about how viability selecbperates against homozygous individuals
98 and exactly when this filtering process takes plac#&/e envisage two, non-mutually

99 exclusive possibilities. First, viability seleationay operate during the time-window from
100 birth until weaning at around four months of a@fein which case one would expect to
101 observe a negative relationship between inbreedimd) pup survival. Furthermore, as
102 Antarctic fur seal pups are dependent on their Brstor nutrition and protection from

103 predators during this period, one might also expectbserve maternal inbreeding effects on

104 pup survival.

105


https://doi.org/10.1101/2024.01.12.575355
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.12.575355; this version posted January 13, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

106 Alternatively, viability selection may operate chgithe time-window after weaning and prior
107 to recruitment at around 4—6 years of 4ge Indeed, one might expect selection against
108 inbred animals to be stronger during this period tlas sub-adults are nutritionally
109 independent from their mothers and have to fendtfemselves. However, this does not
110 necessarily mean that maternal inbreeding effedtde absent, as recruitment success has
111  been linked in pinnipeds to birth massand mass at weanifg traits which are themselves

112 reflections of the amount of maternal investnfém
113

114 In this study, we investigated the above possigditby analysing relationships between
115 inbreeding and three important early life traitsAimtarctic fur seals: pup birth mass, survival
116 and growth. For this, we generated two dataséte first of these comprised 884 pups and
117 342 mothers from a single breeding colony genotype89 microsatellites. This dataset
118 spanned four consecutive breeding seasons, inguatie of the worst years on record in
119 terms of female breeding numbers, pup birth mass faod availability (Figure 1). To
120 measure pup growth, the animals were weighed #t bind were subsequently recaptured
121 and weighed again at around 50 days of age. Ttmndedataset comprised 100 pups and
122 their mothers sampled from two adjacent breedirignées during two consecutive breeding
123 seasons’. These animals were fitted with VHF transmittevhjch allowed the pups to be
124 recaptured and weighed every ten days from birtiil just before moulting at around 60
125 days of age, allowing the construction of individgeowth curves. These pups and their
126 mothers were genotyped on a recently developedS38k array’® for the quantification of

127 genomic inbreeding.
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129 We hypothesised that (i) viability selection agaimbred Antarctic fur seals occurs mainly
130 after weaning, and hence that an individual puptwisal will be unrelated to its level of
131 inbreeding. Furthermore, because inbred pupseaeelikely to recruit’ and recruitment in
132 pinnipeds if often related to body maSs® we hypothesised that (i) inbred pups would
133 exhibit slower growth. We additionally hypothesigéat (iii) pups born to inbred mothers
134  will have lower survival and gain less weight; i inbreeding effects will be more readily

135 detected using ROHs based on tens of thousandsRs $ comparison to 39 microsatellites.
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137 Results

138 To test for effects of individual and maternal edding on pup birth mass, survival and
139 growth, we analysed two datasets. The first cdehmomprised 884 pups (of which 431 were
140 male and 453 were female) and 342 mothers sampiedf@ur consecutive breeding seasons
141 (2018-2021 inclusive) at the Special Studgach (SSB; Fig. 1a) of which 721 (81%)
142 survived until the end of the field season. Thesms were weighed at birth and
143 subsequently recaptured and weighed again at a agsaof 49 days (range = 12-89 days).
144  Both the pups and their mothers were genotyped ani@rosatellites that have previously
145 been shown to be in Hardy-Weinberg equilibrium dinéage equilibrium in the study
146 population®**® The second dataset comprised 100 mother-offgirs (i.e. a total of 200
147 individuals, comprising 51 male and 47 female papd their mothers) sampled over two
148 consecutive breeding seasons (2019 and 2020) fBahd Freshwater Beach (FWB; Fig.
149 1a), of which 76 pups survived until the end of teld season. Repeated weight
150 measurements were gathered from these pups fram witil around 60 days of age. To
151 increase genetic resolution for this subset of atsmwe genotyped them on a custom SNP
152 array, resulting in a dataset of 196 individual®Q0(Jpups and 96 mothers) genotyped at

153 75,101 SNPs.
154
155 Seasonal variation

156 The four years of our study varied in three measofdreeding season quality (Fig. 1). The
157 2019 season was among the worst on retoras indicated by substantially lower numbers
158 of breeding females (Fig. 1b), reduced pup birtlssni@ig. 1c) and relatively high foraging

159 trip durations (Fig. 1d), which indicate that fewimod resources were available to the
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breeding females. By comparison, the 2020 seaadrtte highest pup birth mass and the

shortest foraging trip durations, although femalenbers were higher in 2018.
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Figure 1. Interannual variation in three measufeseason quality. (a) Map of Bird Island,
South Georgia, showing the location of two adjadaeeding colonies, the Special Study
Beach (SSB) and Freshwater Beach (FWB); (b) Anmuahbers of breeding females on
SSB; (c) The birth mass of female pups born on §8BThe amount of time spent foraging
at sea by mothers (data are from FWB). The squdres the means and the whiskers show

the 95% confidence intervals. Data from 2019 &D2are already published by Nagel et al.
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171

172 Molecular inference of inbreeding

173 Estimates of the two-locus disequilibriuga were positive and significant for both the
174 microsatellite ¢ = 0.00053, 95% CI = -0.00010-0.0012%#= 0.040) and the SNRyA=
175 0.00012, 95% CI = 0.000086—0.000p5; 0.001) datasets (see Sl Fig. 1) indicating o
176 sets of markers capture variation in inbreedingthia study population. The genomic
177 inbreeding coefficientFron varied from 0.0417 to 0.1042 and averaged 0.07#3tHe

178 mother-pup pairs genotyped on the SNP array.

179

180 Effects of microsatdlite heter ozygosity on pup birth mass, survival and growth

181 No effects of either individual or maternal sMLH meefound on pup birth mass when
182 controlling for the confounding effects of pup seaternal age and breeding season (Fig. 2a,
183 Sl Table 1a). Male pups were born heavier tharafesp < 0.001, Fig 2a, Sl Table 1a),
184 older mothers gave birth to heavier pups<(0.001, Fig 2a, Sl Table 1a) and pups were also
185 born lighter in 2019 compared to 2018 £ 0.008 Fig 2a, S| Table 1a). Similarly, when
186 controlling for confounding effects, no effectsindlividual or maternal SMLH were ¢md on

187 pup survival (Fig. 2b, SI Table 2a), although heapups had higher survival € 0.003, Fig
188 2b, Sl Table 2a) and male pups had lower survivah tfemale pups(= 0.013, Fig 2b, SI
189 Table 2a). In our pup growth model, we found a kveesitive effect of SMLH g = 0.021,
190 Fig 2c, Sl Table 3a) on growth, and male pups ghsignificantly more weight than females
191 (p = 0.023, Fig 2c, SI Table 3a). Older pups were algnificantly heavierg < 0.001, Fig
192 2c, Sl Table 3a) and pups born in 2019, 2020 arzd 2@re heavier than pups born in 2018

193 (p<0.001, Fig 2c, Sl Table 3a).
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To investigate further, we repeated the above apalysing a larger dataset including many
additional pups with unknown mothers (see Methadsdetails). Overall, the results were
similar, with a small number of exceptions. Fopparth mass, all of the seasons showed
significant differences compared to 2038<0.01, Fig 2d, Sl Table 1b). For pup survival,
we also found significant seasonal differencesh wibre pups surviving in 2019 compared
to 2018 and fewer pups surviving in 2031 0.05, Fig 2e, S| Table 2b). For pup growth,

we found a significant positive effect of pup birttass §p < 0.01, Fig 2f, SI Table 3b) but the
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204  Figure 2. Model estimates and associated 95% camdigl intervals for the fixed effects of (a)
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205 pup birth mass; (b) pup survival; and (c) pup giowt models including maternal effects;
206 and (d) pup birth mass; (e) pup survival; and (fip growth in models excluding maternal

207 effects. Statistically significant relationship® &ighlighted in salmon pink.

208

209 Effects of genomic inbreeding on pup birth mass, survival and growth

210 When controlling for the confounding effects of psgx, breeding season and colony, no
211 effects of individual or matern&ron were found on pup birth mass (Fig 3a, Sl Tablendy,
212 were there any differences between the two breetbianies or seasons (Fig 3a, Sl Table 4),
213 although male pups were born heavier than females((021, Fig 3a, Sl Table 4). We also
214 found no effects of individual or maternkkon on pup survival (Fig 3b, SI Table 5),
215 although survivorship was higher at SSB=0.028, Fig 3b, S| Table 5) and heavier born
216 pups were more likely to survivep (= 0.042, Fig 3b, SI Table 5) when other model
217 components were kept constant. Matefialy was positively associated with pup growph (
218 =0.002, Fig 3c, Sl Table 6) and male pups gainetenweight than femalep € 0.001, Fig
219 3c, Sl Table 6). Pupron, birth mass, age, season and breeding colony baeffact on

220 growth (Fig 3c, Sl Table S6).

221
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222
223 Figure 3. Results of genomic inbreeding analysedyding model estimates and associated

224  95% confidence intervals for the fixed effects &f pup birth mass; (b) pup survival; and (c)
225 pup growth. Statistically significant relationskigre highlighted in salmon pink. Panels (d)
226 and (e) depict approximately linear increases ip mass over time for a representative
227 subset of five pups and for all 100 pups respegtivéhe dark line in panel (e) indicates the

228 global average rate of change over time (y = 00825.598).
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230 Discussion

231 We used molecular and life-history data from arenstvely studied Antarctic fur seal
232 population to test for inbreeding depression faeéhimportant early acting traits. Using
233 microsatellite and SNP array data, we found noctsfef individual or maternal inbreeding
234 on pup birth mass and survival. The results fqr growth were less clear as they depended
235 on the dataset, but again we did not find any sbesi evidence for inbreeding depression.
236 Taken together, our results suggest that viabsilection against inbred pups is unlikely to
237 be important during the first three months of lilBy implication, viability selection against

238 inbred offspring likely operates during the juverstage after nutritional independence.

239

240 Study design and comparison to previous studies. Our study complements and builds
241 upon two previous studies of inbreeding depressioAntarctic fur seal pups. The first of
242 these found no effects of individual or maternakh&zygosity at nine microsatellites on pup
243  birth mass and survivaf and the second found no effects of individual tetggosity at 48
244  microsatellites on neonatal mortality due to baatenfection >>. However, both of these
245 studies had important limitations. The first hacektively large sample size of individuals
246 and incorporated maternal effects, but simulatiand empirical studies have since shown
247 that nine microsatellites provide a poor estimdtenbreeding in all but the most inbred of
248 populations®. The second study, on the other hand, used erlpemel of microsatellites but
249 focused on a more narrowly defined trait and did ingorporate maternal effects. The
250 current study aimed to produce a more comprehemsidedetailed picture of how selection
251 acts in early life by incorporating three main imypements. First, we broadened the focus to
252 include not only pup birth weight and survival, balso growth, inferred from repeated
253 measurements of the same individuals. Understgntia effects of inbreeding on early

254 growth could be important because body size at ingais known to influence subadult
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255 survival and recruitment success in several pirthippecies®*~%°"~>9

Second, genetic
256 parentage analysis allowed us to confirm the mayeofthe majority of pups, allowing us to
257 jointly analyse individual and maternal inbreedieffects for all three traits. Third, we
258 genotyped a sufficiently large number of microdaés to capture a clear signal of identity
259 disequilibrium, as indicated by a statistically rséfigant g statistic, indicating that these
260 markers capture variation in genome-wide inbreedite furthermore used a SNP array to

261 quantify genomic inbreeding for a smaller numbelapnimals that were radio tracked from

262  birth until moulting, allowing the construction détailed individual growth curves.
263

264  Pup birth mass and survival. We found that male pups were born heavier butlbagr
265 survival than female pups, older mothers gave hotheavier pups, and heavier pups had
266 higher survival. Many of these relationships hg@veviously been reported for the study
267 population*”® However, we did not find any effects of indivadwr maternal inbreeding
268 on pup birth mass or survival after controlling foe confounding effects of pup sex and
269 Dbreeding season. The clear absence of inbreedipgeskion for these traits in the current
270 study as well as in two previous studi&s® implies that viability selection against inbred
271 pups is weak or absent during the first three nwoftHife. This is in contrast to the situation
272 with harbour seals”, grey seals®* and California sea lion§?, where microsatellite
273 heterozygosity is strongly associated with neorsialival. The most likely explanation for
274  this difference is that most Antarctic fur seal pujle of causes that may not have a genetic
275 basis including starvation, traum@and predation®®*®* These findings do not support the
276 hypothesis that viability selection operates ttefiinbred pups out of the population prior to
277 weaning. However, it is important to note that eaild only follow the pups until they
278 began to moult at around 50-60 days of age, whiciround two months before weaning

279 takes placé’. Nevertheless, 50% of the pup mortality that Wweesved in our study occurred
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280 in the first seven days of life, and 90% of the pumad died before 35 days, similar to
281 previously reported b§”. Consequently, although our data do not extentbugeaning, it

282 seems unlikely that many of our focal pups diedveen moulting and weaning.
283

284 Pup growth. As body mass at weaning is an important prediofojuvenile survival in
285 pinnipeds *°%°"% we hypothesised that the higher recruitment ssccef outbred
286 individuals might be explained by increased growdates during early life. We therefore
287 used two approaches to quantify pup growth. Hosta large dataset of pups spanning four
288 consecutive seasons and genotyped at 39 micragstelle captured pups shortly after birth
289 and subsequently at tagging 12-89 (mean = 49) Gags. We then controlled for the
290 variation in recapture time by including age asxad effect in our models. Second, we
291 made use of more detailed growth information awldor 100 pups that were recaptured
292 every 10 days from birth until moulting. This reled growth trajectories to be

293 approximately linear during the first 60 days & liwhich justifies our approach of applying

294 linear models of weight gain for both datasets.
295

296 Starting with the microsatellite dataset, the momeluding maternal effects revealed a
297 significant positive association between individhaterozygosity and pup growth, but this
298 was not significant in the model excluding materefiécts. One possible explanation for
299 this discrepancy could be collider bi8% which is a type of selection bias where the
300 likelihood of a sample’s inclusion in a given datas influenced by an unknown variable
301 (the “collider”), which is affected by both the psmse variable (x) and the predictor (y).
302 When the collider is included in the model, it abiduce an association between x and y

303 that does not exist, or flip the estimate in thpagite direction if an association does exist. It
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304 s possible that this could have occurred in oudtas pups for which maternal information
305 was available were born to tagged females in the@yspopulation, who tend to be older and
306 thus more experienced than untagged females. Hpops born to untagged females might
307 experience weaker inbreeding depression due to fihess being primarily determined by
308 the lack of experience of their mothers. Howetleis seems unlikely given that we did not
309 find a significant effect of mother’'s age on pupwth. Alternatively, including maternal
310 sMLH in the model might have masked a significdfeat of pup sSMLH. However, this is
311 again not supported by our data as the associbétween pup sMLH and growth remained
312 significant even after removing maternal sSMLH fréme model (data not shown). Given that
313 no relationship between inbreeding and pup growdis found for the larger microsatellite

314 dataset as well as for the genomic dataset (see/pel final possibility could be type | error.
315

316 Genomicinbreeding. To quantify inbreeding with greater precision, genotyped 100 pups
317 and their mothers on an 85k SNP arfdy These individuals were sampled in two
318 consecutive years from two neighbouring breedirigries, SSB and FWE’. In line with
319 the results of the microsatellite analyses, nocesfeof individual or maternaFron Were
320 found on pup birth mass and survival. In additiarsignificant effect of colony was found
321 on pup survival, with pups from SSB being more lijkio survive. This has been shown

322 previously>® and is due to predation being higher at the laesisity FWB colony*.
323

324 In contrast to the results of the microsatellitalgses, we found a significant effect of
325 maternalFron ON pup growth, althugh the direction of the relationship was the @eoto
326 what we originally hypothesised, with inbred mothtanding to have pups that gained more

327 weight. Again, this could potentially be due tpéyl error given our relatively small sample
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328 size for this analysis. However, taking this resatl face value, we can think of two
329 alternative explanations. First, because inbrepdémds to reduce longevity?® inbred
330 mothers may trade-off current versus future repctdo and invest more heavily into their
331 current offspring. However, theoretical models gagi maternal inbreeding is unlikely to
332 affect optimal parental investmeflt while an empirical study of zebra finches fouhdtt
333 inbred mothers showed reduced, rather than inaeasaternal caré®. Another possibility
334 s that Antarctic fur seal pups may be better &blkextract resources from inbred mothers, for
335 example via more effective food solicitation. inel with this, it has been shown that
336 maternal provisioning in Antarctic fur seals vare®r time and depends on a combination of
337 both maternal and offspring traits, with heaviepgueceiving more milk at around one
338 month of age, but maternal mass being the primatgrchinant of energy allocation in
339 newborn and two-month old puf& This suggests that who is in control of parental
340 investment is dynamic across the investment pednd that maternal traits are more

341 important determinants of maternal care overall.
342

343 Implications. Our findings lend support to the hypothesis tpabr environmental
344  conditions select against inbred offspring mairftgranutritional independence in Antarctic
345 fur seals. In line with this, survival has beeowh to decline after weaning and is strongly
346 related to sea surface temperature during thesixstnonths of nutritional independence in a
347 closely related pinniped, the subantarctic fur 8&alThis environmental dependence of early
348 survival mirrors the situation in Antarctic fur $&awhere Forcada et &f- showed that the
349 strength of viability selection against inbred aaisndepends on the Southern Annular Mode,
350 a measure of climate variability in the Southerre@t which is positively correlated with
351 SST, low krill supply and reduced fur seal viagilitt*2 Taken together, these studies

352 suggest that juvenile pinnipeds may be particulatiinerable to the selection pressures
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353 imposed by changing environments. Hence, we uger@ed to learn more about the
354 ecology of juvenile pinnipeds and the threats fgdinem during this critical life history

355 stage.

356

357 Concluson. To summarise our main results, we did not find sigpificant effects of either
358 individual or maternal inbreeding on pup birth massl survival. Furthermore, our results
359 for pup growth were not consistent across dataseismethods, leading us to conclude that
360 there is little clear evidence for inbreeding depren for pup growth. While larger sample
361 sizes would be required to reach more definitivectasions, our results suggest that viability
362 selection against inbred Antarctic fur seals ogerabainly after nutritional independence at
363 weaning. Our study therefore brings into focusfeHistory stage that is little studied and

364 poorly understood.

365


https://doi.org/10.1101/2024.01.12.575355
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.12.575355; this version posted January 13, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

366 Methods
367 Field methods

368 This study was conducted at an intensively stutiregding population of Antarctic fur seals
369 at Bird Island, South Georgia (54°00024.800 S, 380@.100 W) during the austral summers
370 of 2017-2018 to 2020-2021 (hereafter, breedingosmsaare referred to by the year in which
371 they ended). Our main study colony (Special SBdsch; SSB, see Fig 1a) was located at a
372 small cobblestone breeding beach (approximately @4t high tide) where a scaffold
373 walkway ® provides safe access to the animals while minigiaiisturbance. A second
374 breeding colony, referred to as Freshwater BeadWB(F see Fig la), was located

375 approximately 200 meters to the north.

376 The seals were captured and restrained followirgopols that have been established over
377 more than 40 consecutive years of the long-termitmdmg and survey program of the
378 British Antarctic Survey (BAS). As part of this lgierm monitoring program, almost a
379 thousand adult females were tagged using cattletaggs (Dalton Supplies, Henley on
380 Thames, UK) placed in the trailing edge of the figgper "*’% The majority of these females
381 were aged from canine tooth sectiéh§ Pups were captured on the day of birth, sexadl, a
382 weighed. Piglet ear notching pliers were used dllect a small skin sample from the
383 interdigital margin of the foreflipper, which wasosed individually in 20% dimethyl
384ulphoxide (DMSO) saturated with saft at —20°C. The pups were then marked with
385 temporary serial numbers by bleaching the fur airthacks before returning them to their

386 mothers, which were tissue sampled later in the@se&lanuary—March).

387 Twice-daily surveys were made of all females ararthups present in the colony from the

388 beginning of November until the end of January. géther data on growth and survival, we
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389 recaptured the pups and weighed them again af@edays (min: 12 days, max: 89 days) and

390 we recorded the identities of any pups that digthduthis period.

391 To provide more detailed insights into pup growtke also collected serial weight

392 measurements from a subset of pups as describédabgl et al.”.

Briefly, during the
393 Dbreeding seasons of 2019 and 2020, a total of X0Que mother—pup pairsn (= 200
394 individuals) were captured, 50 from SSB and 50 fieWB. Because mothers and their
395 offspring become increasingly mobile as the puptunea’, VHF transmitters were attached

396 to the animals to allow them to be located, reaaptand weighed every ten days from birth

397 until they started to moult (ca. 60 days).
398

399 Geneticanalyses

400 Microsatellite genotyping

401 Total genomic DNA was extracted using an adaptéoraform-isoamylalcohol protocdP
402 and genotyped for 39 microsatellite loci as desttiby Paijmans et af*. Briefly, the
403 microsatellite loci were PCRamplified in five separate multiplexed reaction;ngsa Type
404 1t Kit (Qiagen). Fluorescently labelled PCR produetere then resolved by electrophoresis
405 on an ABI 3730xl capillary sequencer (Applied Bisgms, Waltham, MA, USA). Allele
406 sizes were scored automatically using GeneMarkeR.§.2 (SoftGenetics, LLC., State
407 College, PA, USA) and the resulting genotypes weaaually inspected and corrected where
408 necessary. Those genotypes with fewer than fivesingsloci were then used to quantify
409 individual standardized multilocus heterozygosi(H) ** using thesMLH function of the
410 InbreedR packag®. The same package was also used to quantify fgefifequilibrium

411 (using theg, statisti¢’, with 1,000 permutations).
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412 Up to around ten percent of mother-offspring padksntified in the field are known to
413 genetically mismatch, probably due to a combinatbiostering and milk-stealing. We
414  therefore used NEWPA® to check the maternity of all pups. Any pairsgehotypes with
415 up to three mismatching loci were visually inspdctes described by Hoffman et &f.
416 Mismatches that could be clearly attributed to seperrors were then corrected. Mothers
417 with zero ( = 500, 90%) or one mismatching locus X 29, 5%) were considered to be
418 biological mothers and were retained in the finaladet, while the remaining mothers<

419 26, 5%) were removed.
420
421  SNP genotyping

422  Additional genotyping was performed for the 100 papd their mothers for which detailed
423 growth data were available. These animals weretgpad using a custom 85k Affymetrix
424  SNP array (for details, see Humble et®4). Quality control was performed in the Axiom
425 Analysis Suite (5.0.1.38, Affymetrix) using the rdard parameter threshold settings for
426 diploid organisms. To recover SNPs that were iihyticlassified as “off-target variants”, we
427 used the “Run OTV caller” function in the Axiom Agsis Suite. This resulted in a dataset of
428 77,895 SNPs (97% of the 85,359 SNPs tiled on traygrof which 75% were categorised as
429 “polymorphic high resolution”, 14% as “no minor homygote” and 2.5% as “monomorphic
430 high resolution”. SNPs showing a high Mendeliaroerate were removed (= 240) using
431 the--meflag in PLINK version 1.9%, with a per-sample error rate of at most 0.05 @pe:r-
432 variant error rate of at most 0.1. In addition, SNRat departed significantly from Hardy
433 Weinberg equilibrium (HWEn = 238) were removed using thdwe flag with ap-value

434  threshold of 0.001 and thaidp modifier in PLINK. Finally, we removed SNPs thadl chot
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435 map to the genome and filtered the dataset to imelpde autosomal SNPs, resulting in a

436 final filtered dataset of 75,101 SNPs.

437 We then used the SNP data to calculate each indiV&gdgenomic inbreeding coefficient,
438 Fgron For this, we first called ROHs on autosomes gishre PLINK function--homozyg
439 with the parameter settings described by Humblel.e¥. Briefly, we called ROH with a
440 minimum length of 1,000 kb and containing at |€28tSNPs while allowing no more than
441 one heterozygous site and a maximum gap of 1,000ugimg the command-
442  homozygwindow-snp 20 --homozyg-snp 20 --homozyg-kb 1000 -homozyg-gap 1000 --
443  homozyg-density 100--homozyg-window-missing 5 --homozyg-het 1 --homozyg-window-het 1
444  --homozyg-window-threshold 0.05. The sum of the calculated ROH lengths was thvided
445 over the total autosome length (2.28 Gb) to obfisn. The two-locus heterozygosity

446 disequilibrium §2) was also calculated for the SNP data as descabede.
447
448  Statistical analyses

449 We implemented a series of statistical models testigate whether individual and / or
450 maternal heterozygosity explain a significant prtipa of the variation in (i) pup birth mass,
451 (i) pup survival, and (iii) pup growth. Models ptip growth could only be implemented for
452 surviving pups because the majority of dead pupgddceither not be recovered or were
453 scavenged by skuas and giant petrels. In ordalidw the joint analysis of individual and
454  maternal effects, we initially focused on the sttidgups with known, genetically assigned
455 mothers (342 / 884 pups, 39%). To maximise oundarsize, we also ran the same models
456 for the full dataset while excluding maternal efeec These analyses were performed

457 separately for the microsatellite and SNP datasets.
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458

459 Microsatellite data analyses

460 To test for effects of individual and maternal rogatellite heterozygosity on pup birth mass,
461 we constructed a linear model. Pup and mother sMeke included as continuous predictor
462 variables. Pup sex (male / female) and seasorv (22018 / 2019 / 2020) were included as
463 additional covariates (factors with two and fowdks respectively) together with mother’s

464 age (as a continuous variable):

465 Model 1: Pup birth mass B + 1 * pup SMLH + 3, * mother sSMLH + B3 * pup sex

466 + P4 * seasont Ps * mothers aget &

467 where:

468 pup birth mass represents the observed value aftthiadividual in the sample,

469 Bint, P1—Ps are regression coefficients for the intercept taedpredictor variables, and
470 g is the random error.

471 To test for effects of individual and maternal rogatellite heterozygosity on pup survival,
472 we constructed a generalized linear model (GLM)hwat binomial error structure. Pup
473 survival was encoded as 1 = survived and 0 = d€agh and mother sMLH were included as
474  continuous predictor variables. Pup sex, seasdmuather’s age were included as additional

475 covariates, together with birth mass (as a contisw@riable):

Pup survivali

476 Model 2: log ( ) = Bint + P1 * pup SMLH + B2 * mother sMLH + 3 * pup

1-Pup survivali

477 sex + P4 * pup birth masst s * season+ g * mothers aget g

478 where:
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479 Pup survival represents the probability that survival is equal 1t for thei-th
480 individual in the sample,

481 Bint, P1—Pe are regression coefficients for the intercept tiedpredictor variables, and
482 ¢ is the random error.

483 To test for effects of individual and maternal rogatellite heterozygosity on pup growth, we
484 constructed a linear model. Growth was calculatedhe difference in body mass between
485 birth and recapture. To correct for variation ire tnumber of days between birth and
486 recapture, pup age (defined as the number of detygelen birth and recapture) was included
487 as a fixed effect in the model. Pup and mother ldMtere included as continuous predictor
488 variables and pup sex, birth mass, season and rimthge were included as additional

489 covariates:

490 Model 3: Pup growth= Bint + B1 * pup SMLH + B2 * mother sSMLH + B3 * pup sex+ 4

491  * pup birth masst+ s * pup age + ps * season+ 7 * mothers aget &;

492  where:

493 pup survival represents the observed value of-thendividual in the sample,

494 Bint, P1—P7 are regression coefficients for the intercept tredpredictor variables, and
495 ¢ is the random error.

496

497 SNP data analysis

498 To test for effects of individual and maternal ieéding on birth mass, we constructed a

499 linear model. Pup and mothégon were included as continuous predictor variablgp sex
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500 (male / female), colony (SSB / FWB) and season §202020) were included as additional

501 two-level covariates:

502 Model 4: Pup birth mass Bt + p1 * pup Froni + 2 * motherFroni + B3 * pup sex+

503 B4 * colony + Bs * season+ g

504 where:

505 pup birth mass represents the observed value aftthedividual in the sample,

506 Bint, B1—P5 are regression coefficients for the intercept taedpredictor variables, and
507 ¢ is the random error.

508 To test for effects of individual and maternal iedding on pup survival, we constructed a
509 generalized linear model (GLM) with a binomial erstructure. Pup survival was encoded
510 as 1 = survived and 0 = dead. Pup and md#aef; were included as continuous predictor
511 variables. Pup sex, colony and season were indladetwo-level covariates as described

512 above and birth mass was included as a continumtariate.

Pup survivali

513 Model 5: log ( ) = Bint + P1 * pUp Fron i + B2 * motherFron i + B3 * pup

1—Pup survivali

514 sex + B4 * pup birth masst Bs * colony; + g * season+ g;

515 where:

516 Pup survival represents the probability that survival is equal 1t for thei-th
517 individual in the sample,

518 Bint, P1—Pe are regression coefficients for the intercept tiedpredictor variables, and

519 ¢ is the random error.
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520 To test for effects of individual and maternal iéding on pup growth, we used the repeated
521 weight measurements of individual pups to modeWgnocurves. In a preliminary analysis,
522 we investigated the fit of linear, logistic and guentiz models to the growth data, and found
523 that pup growth was best described by a linear inNgeée supplementary R markdown file).
524 We therefore constructed a linear model of pup gnojwalculated as the difference in body
525 mass between birth and last capture). The predieioables in this model were pigon,

526 motherFron and the covariates pup sex, birth mass, age, galod season:

527 Model 6: Pup growth= Bint + B1 * pup Froni + B2 * motherFroni + B3 * pup sex+ Ba *

528 pup birth masst s * pup age + s * season+ 7 * colony; + &;

529 where:

530 pup survival represents the observed value of-thendividual in the sample,

531 Bint, p1—P7 are regression coefficients for the intercept taedpredictor variables, and
532 ¢ is the random error.

533 For all of the models, the residuals were visuapected for linearity and equality of error
534 variances (using plots of residuals versus fitg) marmality (using Q-Q plots). Testing for
535 under- or over-dispersion was done by comparingdibgersion of simulated and observed
536 residuals. Model inspection was performed using BV 82 Analyses and visualisations
537 were implemented in R version 4.0°2 using the integrated development environment

538 RStudio®.
539

540
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541 Animal ethics

542  Fur seal samples were collected as part of ther Bai@nce for Planet Earth program of the
543  British Antarctic Survey, under permits from theM8mment of South Georgia and the South
544  Sandwich Islands (GSGSSI, Wildlife and Protecte@éasr Ordinance (2011), RAP permit
545 numbers 2018/024 and 2019/032). Samples origindtmmm South Georgia Islands were
546 imported into the United Kingdom under permits frahe Department for Environment,
547 Food, and Rural Affairs (Animal Health Act, impditense number ITIMP18.1397) and
548 from the Convention on International Trade in Ergéred Species of Wild Fauna and Flora
549  (import numbers 578938/01-15 and 590196/01-18),exmebrted under permits issued by the
550 GSGSSI and the UK Department for Environment, Fand Rural Affairs, under European
551 Communities Act 1972. All procedures used werereygd by the British Antarctic Survey
552 Animal Welfare and Ethics Review Body (reference. IREA6, AWERB applications

553 2018/1050 and 2019/1058).

554

555 Dataand code availability

556 Scripts are provided in the form of an R Markdowie. fThe scripts and data needed to
557 reproduce all of the analyses and figures can dimo accessed via GitHub

558 https://github.com/apaijmans/inbreeding-pup-growtiMicrosatellite and SNP data are

559 available via the Zenodo repository, doi: XXX
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