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Abstract

Variation in reproductive success is the basis of evolution and allows species to respond to the environment, but only when it

is based on ûxed individual variation that is heritable. Several recent studies suggest that observed variation in reproduction

is due to chance, not inherent individual diferences. Our aim was to quantify inherent versus neutral variation in ûtness

of northern elephant seal (Mirounga angustirostris (Gill, 1866)) females, including both quality and quantity of their ofspring.

Using 44 years of observations at Año Nuevo in California, we assembled lifetime pup production of 1065 individual females

and mass at weaning for 2120 of their pups. Females varied signiûcantly in mean lifetime mass of their pups, with 28% of

the variance due to ûxed individual diferences among mothers. Variation was repeatable over 6 years of a mother9s lifetime

and heritable (h = 0.48). Moreover, pup mass at weaning was associated with future lifetime ûtness, since larger pups had a

higher chance of surviving to breed. Larger pups, however, did not produce more ofspring once breeding, and lifetime pup

production was not heritable. Traits related to ofspring quality in elephant seals were inherently diferent among females,

but variation in pup production was neutral.
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Introduction

Individual variation is the basis of adaptation, but even

Darwin recognized 160 years ago that some variation is neu-

tral, or as he understood it, 88not... afected by natural selec-

tion99 (Darwin 1872). Neutral variation has long been a focus

of debate in ecology and evolution (Kimura 1989; Hubbell

2001), and recently, a similar controversy shifted into the

realm of life history (Steiner and Tuljapurkar 2012). Here,

the neutralist view holds that most individual variation in

lifetime reproductive output is random and not relevant to

adaptation (Cam et al. 2016; Snyder and Ellner 2018). Ran-

dom variation in lifetime reproductive success echoes no-

tions that genetic variation (Kimura 1989) and species difer-

ences (Hubbell 2001) are neutral. Debate about neutral versus

adaptive variation in life history continues due to the dio-

culty of measuring vital rates across the lifetime of individu-

als in wild populations under üuctuating environments.

Debate on the role of neutral variation has stimulated rig-

orous analyses of the causes of variation among species, indi-

viduals, and genes (Fisher and Ford 1947;Wright 1948; Condit

et al. 2012; Chisholm et al. 2014). Here, we extend the analysis

to the role of neutral variation in reproductive success using

lifetime observations of northern elephant seals (Mirounga an-

gustrirostris (Gill 1866)). We estimate lifetime ûtness consid-

ering both quality and quantity of ofspring of known indi-

viduals across many years while accounting for environmen-

tal variation. Lifetime records allow us to distinguish ran-

dom variation in ofspring quality from inherent diferences

among individuals, and we further consider inherent varia-

tion by estimating heritability of both ofspring quality and

quantity.

Long-term studies are essential for measuring lifetime dif-

ferences among individuals across varying environmental

conditions (Bailey 1991; Clutton-Brock and Sheldon 2010;

Jenouvrier et al. 2018; Rotella 2023). Our four-decade study

has tracked thousands of individual elephant seals over their

lifetimes, and observations include measures of pup mass at

weaning (Holser et al. 2021), a measure of ofspring quality,

as well as lifetime pup output (Le Boeuf et al. 2019). With

these data, we ask ûrst whether ofspring mass is repeat-

able over lifetimes of individual females (Falconer 1960) and

second whether it is heritable. We then consider variation

among females in pup quality and pup quantity together,

testing whether females that produce more pups in a life-

time also wean larger pups. Finally, we update the result

from Le Boeuf et al. (2019) that mass at weaning leads to fu-

ture reproductive success. Here, we divide it into two ques-

tions, testing whether mass at weaning correlates with the

chance of reaching breeding age or with pup production after

breeding.
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Elephant seals are a model system for addressing lifetime

ûtness. Though they are pelagic predators that forage in re-

mote oceans, they aggregate on shore to breed, and mothers

and nursing pups can be observed andmeasured (Reiter et al.

1981; Ortiz et al. 1984; Costa et al. 1986; Le Boeuf et al. 2000;

Robinson et al. 2012). Moreover, until weaning at 1-month

old, pups depend solely on their mother for sustenance, ûrst

during the 8-month gestation and then for 26 days of nurs-

ing (Reiter et al. 1981; Ortiz et al. 1984; Costa et al. 1986). Pup

mass at weaning is thus a measure of the mother9s ability to

accrue resources for her ofspring, and since weaning mass

correlates positively with future reproduction (Le Boeuf et al.

2019), it is an index of the mother9s ûtness. Females breed

annually starting at age 3–5 until a maximum of 22 years, so

we can assess pup mass repeatedly over a lifetime.

In earlier work, we reported high variation in lifetime pup

production of individual mothers, attributed largely to vari-

ation in lifespan (Le Boeuf et al. 2019). We also examined

population-level variation in weaning mass and identiûed

pup sex, mother9s age, and productivity on foraging grounds

as important inüuences. Male pups are 4 kg heavier at wean-

ing than females (Reiter et al. 1978; Holser et al. 2021), and

mass at weaning increases by 40 kg as mothers grow from

age 3 to 7 years, after which it levels of (Reiter et al. 1981;

Le Boeuf et al. 2019). Marine productivity is implicated be-

cause average annual weaning mass of the entire colony üuc-

tuates by asmuch as 15 kg (Le Boeuf and Crocker 2005; Holser

et al. 2021). We deûne residual weaning mass as the observed

mass minus the average predicted by those three population-

wide factors. Variance in the residualmass deûnes diferences

in ofspring quality and thus ûtness of mothers. They are an

opportunity for selection, but only if some of the variance

can be attributed to lifetime diferences among individuals.

Colony history

Monitoring the northern elephant seal colony at Año

Nuevo Reserve (37.113◦N, 122.333◦W) began in 1961 when

the colony was settled and the ûrst pups produced. Censuses

of the seals were conducted from 1961 to 1967, and most of

the pups were tagged (Orr and Poulter 1965). After 1968, re-

searchers at the University of California at Santa Cruz took

over the study. Now in its 63rd year, it is one of the longest

continuous studies of any mammal (Le Boeuf and Peterson

1969; Clutton-Brock and Sheldon 2010). Measurements of

pup mass at weaning began in 1977, and to date, we have 41

years of data on mass of pups raised by identiûed mothers.

Field operations

Plastic cattle ear tags (mostly Dalton Jumbo Roto tags) were

inserted in the interdigital webbing of the hind üippers of

seals, allowing animals to be followed throughout their life-

times (Le Boeuf et al. 1972, 2019; Le Boeuf and Reiter 1988).

We searched for tagged animals throughout the year, es-

pecially during the winter breeding season, when we also

marked known females and their nursing pups with bleach

or dye. By tagging those pups, we had mother–pup pairs with

lifetimemarks. After weaning, pups were weighed by placing

them in a canvas bag that could be suspended from a scale

on a tripod (Ortiz et al. 1978; Reiter et al. 1978). Since pup

mass could seldom be collected on the day of weaning, we

back-corrected to weaning day using the formula M = M0e
kt,

where M is the mass at weaning, M0 is the observed mass, t is

the number of days since weaning, and k = 0.00596 day−1 is

the rate constant of mass loss (Le Boeuf and Crocker 2005).

Ethics statement

Researchwas carried out at the University of California Nat-

ural Reserve System9s Año Nuevo Reserve within Año Nuevo

State Park. Permission to access the Park was granted by the

California Department of Parks and Recreation. Elephant seal

handling and samplingwas approved by the University of Cal-

ifornia Santa Cruz Institutional Animal Care and Use Com-

mittee and follows guidelines set forth by the ethics commit-

tee of the Society for Marine Mammalogy and the Canadian

Council for Animal Care. Fieldwork was carried out under

National Marine Fisheries Service permits #786-1463, 87-143,

14636, 14535, and 19108.

Data analysis

Residual weaning mass
Individual mothers were assigned a residual mass for each

pup produced, deûned as the pup9s mass at weaning minus

its expected mass given the mother9s age, the year, and the

pup9s sex. Those population-wide factors accounted for 34.2%

of the overall variance around the mean weaning mass of

127.0 kg, with mother9s age being most important (account-

ing for 26.5% of the variance), followed by year (6.5%) and pup

sex (1.1%; supplemental Table S1). The variance in those resid-

uals, what remained after accounting for those three factors,

was 299.9, and it is the focus of our analysis. The total sam-

ple was 2120 residual pup masses produced by 1065 diferent

mothers (Table S2).

We estimated the residuals using a model of weaning mass

as a function of mother9s age. Previous analyses showed an

asymptotic form for this relationship (Reiter et al. 1981;

Holser et al. 2021), so we chose a function with an explicit

asymptote: a linear increase of weaning mass with the loga-

rithm of the mother9s age up to a critical age, then no change

until senescence:

M (a) =















M3log (a − 2) for log (a − 2) < K

Mmax for K < log (a − 2) < log (15)

Msen for log (a − 2) ≥ log (15) ,

(1)

where M(a) = expected mass of a pup at weaning born to a

mother whose age is a (years). Four parameters were ûtted:

M3 = weaning mass of 3-year old mothers; Mmax = weaning

mass at the age asymptote; K=mother9s agewhen the asymp-

totic mass is achieved; and Msen = weaning mass of senes-

cent females, assuming senescence begins at age 17 (Condit

et al. 2014). The key parameters are Mmax and M3, and the

model aims to estimate those with minimal impact of inter-

actions with the other two, K and Msen. Paterson et al. (2016)
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Fig. 1. Asymptotic model of pup mass at weaning as a function of mother9s age in northern elephant seals (Mirounga angu-

stirostris), showing year-to-year variation. (A) Female pups (N = 1046). (B) Male pups (N = 1074). Each dashed line is the model9s

predicted mass in 1 year; highest and lowest years are labeled in each sex. Solid lines are ûxed efects, meaning the model

prediction from all years combined. The senescent phase at age �17 is omitted (see supplemental Fig. S1 for senescence).

used a similar, two-thresholdmodel formaternal age and pup

mass in Weddell seals (Leptonychotes weddellii (Lesson 1826))

in order to include senescence. Other asymptotic models are

poor in parameter interactions and do not handle senescence

(Thomas 1996; Le Boeuf et al. 2019).

To control for variation in ocean productivity, we added

a random year term to the model (eq. 1) for parameters M3

and Mmax; Msen and K were ûxed across years. Pup sex was in-

cluded by ûtting the model separately for male and female

pups (Fig. 1).

To calculate residual weaning mass, we found the difer-

ence between each observed pup mass and the model ût for

the corresponding age, year, and sex (eq. 1, Fig. 1). Our ap-

proach is analogous to a model with individual as a random

efect, sometimes called an animal model (Cam et al. 2002;

Kruuk 2004; Wintrebert et al. 2005; van de Pol and Verhulst
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2006; Oosthuizen et al. 2015; Paterson et al. 2016; Jenouvrier

et al. 2018; Bonnet et al. 2022; Rotella 2023). All analyses were

based on these residual weaning masses, and from here forth

every mass we refer to is the residual mass of a pup at wean-

ing, unless speciûcally stated otherwise.

Analysis of variance
In order to measure the consistency of mothers in pro-

ducing high quality pups, we used an analysis of variance

of weaning mass. The groups were individual mothers, each

having 1–10 pups weighed in her lifetime (Table S1). Due

to the small sample per group, it was necessary to ût vari-

ances using a Bayesian, multilevel approach (Condit et al.

2006, 2007; Gelman and Hill 2007). We utilized a Monte Carlo

search for the two parameters of interest: σ 2
m, the variance

among the lifetime means of individual mothers, and σ 2
r ,

the variance within mothers around their lifetime means.

Since we assumed that the within-mother variance was a sin-

gle constant, i.e., mothers did not difer in their among-pup

variability, there were only two variance parameters to ût.

Most important was the proportion of variance, V = σ 2
m/σ 2

T ,

where σ 2
T = σ 2

m + σ 2
r is total variance. The model also pro-

duced a lifetime mean pup mass for every individual fe-

male, used as a measure of mean lifetime ofspring qual-

ity. Details of the model can be found in the Supplementary

material.

We compared the Bayesian method to a traditional anal-

ysis of variance based on sums-of-squares (Huntsberger

and Billingsley 1973) using simulated data. The traditional

method was unreliable because group sizes were so small

(each female had few pups), but the Bayesian method yielded

reliable results. We further tested the model using random-

ized data, reassigning every pup to a diferent mother. The

model correctly reported no variation in the randomized

data. Details of model veriûcation can be found in the Sup-

plementary material.

Lifetime consistency of weaning mass
The drawback of the analysis of variance is that it equates

pups raised by a mother in consecutive years with those

raised years apart. We addressed this topic using correlations

in the mass of two pups born to the same mother at vary-

ing lag times. We had 628 cases where one mother had her

pup weighed in consecutive years——a lag of 1 year——but also

had pairs with lags of 2–16 years, though sample size dimin-

ished with lag length (Table S3). We ran a correlation between

pup masses at each lag of 1–6 years; beyond that, we pooled

all data with lag �7 years. These correlations included re-

peated measures because one mother could have several pup

pairs with the same lag. For example, if a female had her pup

weighed in three consecutive years, she had two diferent 1-

year lags, from t to t + 1 and from t + 1 to t + 2, plus a 2-

year lag from t to t + 2. To avoid repeated measures, corre-

lations were based on subsamples in which each individual

mother at any lag length had just one pair drawn at random.

Statistical signiûcance of the correlations was based on the

subsamples, but the correlation coeocient was based on the

entire samples (see Supplement for details). We then tested

whether the strength of the interyear correlation diminished

with time using a regression between the seven correlation

coeocients and lag time (1–7 years).

Ofspring quality versus ofspring quantity of
individual mothers

Wenext askedwhether females who raised larger pups also

produced more pups over their lifetimes. The distribution

of lifetime pup production across all females born by 2005

appears in Le Boeuf et al. (2019). Here, we extend the sam-

ple to include all 593 females born up to 2009 who had at

least one pup weighed. The cutof at 2009 allowed at least

12 years (2012–2023) to observe them breeding. We ran a

regression between the mean weaning mass of pups pro-

duced by those females (from the Bayesian analysis of vari-

ance) versus their lifetime pup outputs. We used a Poisson9s

error for the latter since it was a positive integer. Parame-

ters were estimated using a Bayesian method (see the Sup-

plement on the regression and the choice of 2009 as the

cutof).

Mass at weaning and future reproductive
success

In Le Boeuf et al. (2019), we demonstrated that larger

pups have a higher probability of returning as reproductive

adults. Here, we updated the calculation with a larger sam-

ple, this time using residual mass at weaning rather than ob-

served mass. We also extended the result by testing whether

weaningmass correlated with future lifetime pup production

among those who returned. The ûrst was a logistic regression

between a pup9s mass at weaning and the binomial observa-

tion whether or not she was later observed breeding; it was

based on 670 female pups born and weighed by 2009. The sec-

ond was a Poisson9s regression of lifetime pup production as

a function of the same mass at weaning, but using only the

139 females who were observed breeding (omitting the 531

females in the sample that never bred). In both regressions,

parameters were ûtted using the Bayesian method (see the

Supplement).

Heritability of weaning mass
Heritability was estimated as twice the slope of the regres-

sion between weaning mass of mother and ofspring. Fol-

lowing Falconer (1960), the correlation was based on aver-

age weaning mass of all pups from one mother (from the

Bayesian analysis of variance), with the average weighted by

the number of pups per mother. We had 189 cases where

a mother who was weighed at weaning had a pup weighed

at weaning, including 97 diferent mothers having up to six

pups each (Table S1). The regression thus had 97 individual

points, each weighted by 1–6. The slope and its error were es-

timated with the standard formulae based on normally dis-

tributed data.

Heritability of lifetime pup production
We calculated the mother–daughter correlation in the

number of pups produced over a lifetime. This required a
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Fig. 2. Variation in pup mass at weaning within and among individual northern elephant seals (Mirounga angustirostris), based

on subsets of females with larger samples. The 271 females along the x-axis are the subset having three or more pups weighed

during their lifetimes, and their residual weaning masses are on the y-axis. Multiple measurements for one female appear

directly above one another. The black curve connects lifetime means for the females, as estimated by the Bayesian, multilevel

model; they are sorted from smallest to largest lifetime mean so the curve increases monotonically. Thin gray curves are 1

standard deviation (SD) above and below the mean of each female (σ r = 14.9), exactly parallel to the black curve due to the

assumption that within-female variance is constant across seals. The horizontal dashed lines show 1 SD of all masses (σ T =

17.5) above and below the overall mean of zero. The among-female SD was σm = 9.3. Twelve mothers are highlighted with

large colored points, including a large triangle for lifetime mean and smaller points at individual masses; they are identiûed

by tag numbers at the top or bottom. The 12 females were chosen arbitrarily by sorting a reûned subset, the 62 females with

at least 5 pups weighed, by lifetime mean weaning mass and extracting evenly spaced ranks (ranks 1, 7, 12, 18, 23, 29, 34, 40,

45, 51, 56, 62). A few outlying masses are of the graph, such as G12149s pup when she was 18 years old (residual mass −81.7

kg). The Bayesian means are pulled toward the center, evident for GL274 and G7986. Figure S2 shows lifetime trajectories of

pup masses for the females identiûed here. Figure S3 shows the same analysis with randomized data, when among-female

variance was removed.

sample limited to mothers whose female pups were tagged

by 2009, meaning that both mother and daughter had

(near) complete observations of lifetime pup output. There

were 719 daughters of 493 distinct mothers, and we esti-

mated the correlation coeocient between lifetime pup pro-

duction of mother and daughter. Unlike the other mod-

els predicting lifetime pup production, this one must in-

clude the tagged daughters never observed breeding, mean-

ing the dependent variable had many zeroes. The distri-

bution was thus far from Poisson (Le Boeuf et al. 2019;

Bonnet et al. 2022), so the correlation was estimated us-

ing a negative binomial error (see the Supplement for de-

tails).

Results

Intrinsic female diferences in ofspring quality
Female elephant seals difered signiûcantly in lifetime

mean of their pup9s masses, where mass was measured as the

residual relative to the population average. After controlling

for mother9s age, pup sex, and year, 28.1% of the remaining

variance in weaning mass was accounted for by diferences

among individual mothers (credible interval 23%–34%). The

standard deviation among females was 9.3 kg, and 10% of

the mothers with highest pup quality had lifetime mean pup

mass >6 kg above the average of 127 kg, including some with

lifetime pupmass >15 kg above average (Fig. 2). The 10% low-
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Fig. 3. Correlation of pup mass at weaning with increasing lag time within northern elephant seal (Mirounga angustirostris)

mothers. Circles show estimated correlation coeocients between pup masses of the same mother separated by exactly 1–6

years; the ûnal point at 7+ includes all lags �7 years combined. Gray vertical bars give twice the standard error above and

below each estimate. Sample sizes of distinct mothers in each lag class are given above. The dashed line is the regression

between correlation coeocients and lag (slope = −0.007, p = 0.58). Figure S4 illustrates the correlation within speciûed lags.

est in pup quality were 6.9 kg below average, with some 15 kg

below. On the other hand, 20% of the females in the middle

difered from the average by <1.3 kg.

Lifetime consistency of female diferences
Diferences among mothers in mass of their pups at wean-

ing were consistent over at least 6 years, as demonstrated by

the correlation of the mass of two pups born to the same

mother. The correlation remained positive at all lags and did

not decline with lag (Fig. 3). The correlation coeocient after

pooling all lags of 1–6 years was 0.27 (credible intervals 0.20–

0.34), close to the repeatability calculated from the among-

female portion of the analysis of variance. Repeatability is il-

lustrated with lifetime trajectories of pupmass for a selection

of individual mothers (Fig. S2).

Weaning mass and pup production of females
Mothers who weaned larger pups did not also have

high pup production. There was a positive trend, but it

was slight and credible intervals broadly overlapped zero

(Fig. 4).

Mass at weaning and future reproductive
success

Pups larger at weaning had a higher probability of return-

ing later as breeding adults (Fig. 5A, updating the result in

Le Boeuf et al. 2019). For low quality females, those one stan-

dard deviation below mean lifetime pup mass (Fig. 2), the

probability that a pup reached breeding age was 0.178, while

for those one standard deviation above, it was 0.229 (Fig. 5A).

Of those that returned, however, there was no correlation be-

tween mass at weaning and their future lifetime pup produc-

tion (Fig. 5B). In the latter case, there was a positive relation-

ship, but it was non-signiûcant (Fig. 5B).

Heritability of weaned pup mass
The ability of mother elephant seals to wean large pups

was passed on to their daughters. The correlation between

mass of the mother (when she herself was a pup) and her

pup was 0.24 and signiûcantly diferent from zero; heritabil-

ity was thus h = 0.48 (Fig. 6).

Heritability of lifetime pup production
The ability to produce a high number of pups in a lifetime

was not passed from mother to daughter. The mother–pup

C
an

. 
J.

 Z
o
o
l.

 D
o
w

n
lo

ad
ed

 f
ro

m
 c

d
n
sc

ie
n
ce

p
u
b
.c

o
m

 b
y
 S

an
ta

 C
ru

z 
(U

C
S

C
) 

o
n
 0

9
/2

3
/2

5
 F

o
r 

p
er

so
n
al

 u
se

 o
n
ly

. 



Canadian Science Publishing

Can. J. Zool. 102: 759–770 (2024) | dx.doi.org/10.1139/cjz-2023-0166 765

Fig. 4. Correlation between quality and quantity of individual mothers9 lifetime reproductive output in northern elephant

seals (Mirounga angustirostris). Pup quality is measured by lifetime mean pup mass at weaning (x-axis); quantity by lifetime pup

output (y-axis); each point is a single female (N = 593). The solid blue line is the regression curve, ûtted using a Poisson9s error

in y. Thin gray lines show estimated 95% credible intervals at each mass, calculated from post-burn-in draws of the regression

coeocients. The regression is slightly positive but not signiûcantly diferent from zero (slope =0.0111, 95% credible intervals

−0.021 to 0.046).

correlation coeocient was negligible and credible intervals

broadly overlapped zero (Fig. 7).

Discussion

Mother elephant seals maintained consistent diferences

in the size of pups they weaned over at least 6 years. Since

the median breeding life span is less than 6 years (Le Boeuf

et al. 2019), these diferences in pup quality meant ûxed, life-

time variation in a ûtness-related trait. Lifetime consistency

meant that highly successful mothers weaned pups 30 kg

larger than the least successful, averaged over a lifetime. Our

results demonstrate that the extra 30 kg, almost 25% of the

mean weaning mass, has a large impact on the pup9s future

breeding success. Weddell seals are similar, having a 24 kg

diference between females of the highest and lowest qual-

ity pups, and large pups had higher juvenile survival (Proott

et al. 2008; Paterson et al. 2016). We demonstrated that dif-

ferences among females were not a result of short-term en-

vironmental üuctuations, because we controlled for year-to-

year variation in marine productivity. Other studies of ma-

ternal diferences in ofspring quality in marine birds and

mammals also accounted for environmental variation, but

none included a test of whether variation was maintained

over many years (Oosthuizen et al. 2015; Paterson et al. 2016;

Jenouvrier et al. 2018).

We also discovered that ûtness quality, measured by

weaned pup size, is heritable in elephant seals. The compo-

nent of the variance due to inheritance was 48%, higher than

repeatability within females, which was 27%–28% based on

analysis of variance and lag correlations. Heritability should

not be higher than repeatability, but conûdence limits of

both measures overlapped substantially, so elevated heri-

tability can be attributed to sampling error. In a review of

wild populations, Postma (2014) reported 30%–60% heritabil-

ity for many traits, with an average for ûtness-related traits

of 32%.

On the other hand, lifetime pup production, which is

largely a function of how long a female lives, was not heri-

table, nor did a female9s ability to raise large pups correlate

with her lifetime output. Moreover, while mass of a female

when she was weaned predicted her probability of returning

to breed, it did not predict her pup output after that. Our

conclusion is that high mass at weaning helps young females

survive the ûrst 1–3 years, but not beyond. We also suggest

that heritability of weaning mass arises from traits diferent

from those associated with adult survival. Traits that relate to

nursing success, and how these relate to the ability towean ût
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Fig. 5.Mass at weaning as a predictor of future reproductive success in northern elephant seals (Mirounga angustirostris). In both

panels, the x-axis is residual mass at weaning of individual females and the y-axis is a measure of future lifetime reproduction

of those individuals. (A) Reproduction measured as the probability each female was observed reproducing at least once in her

lifetime, as in Le Boeuf et al. (2019) but updated. The points are observed proportions in eight categories deûned by quantiles

(N = 670, each category has 83–84 individuals). The regression curve is solid blue and was estimated by logistic regression with

the full sample. It is signiûcantly positive (slope = 0.0169, 95% credible intervals 0.004–0.029). Vertical lines indicate mean

lifetime pup mass of females one standard deviation below the mean versus one standard deviation above (one SD is σm = 9.3

kg). (B) Reproduction measured as lifetime pup production of each animal, including only those seen reproducing (N = 139).

Each point represents one animal. The regression curve is solid blue and is not signiûcantly diferent from zero (slope= 0.0127,

95% credible intervals −0.017 to 0.043). The y-axis is log-transformed for display purposes; the regression used untransformed

integers and was based on a Poisson9s error in y. In both panels, thin gray lines show estimated 95% credible intervals at each

mass, calculated from post-burn-in draws of the regression coeocients.
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Fig. 6. Correlation between a mother9s mass at weaning and the mean mass of her pups (N = 92) in northern elephant seals

(Mirounga angustirostris). The solid blue line is the regression; dashed lines are at x = 0 and y = 0. The size of each point is scaled

with logNw, where Nw ∈ [1–6] is the number of pups per female (Table S3). The regression is highly signiûcant (p = 0.00002,

slope ρ = 0.2396). Heritability h is twice the slope (h = 0.48, 95% conûdence intervals 0.26–0.70).

pups, include behavior on the colony, such as ability to main-

tain close contact with the pup (Reiter et al. 1981; Riedman

and Le Boeuf 1982) and lactation physiology (Ortiz et al. 1984;

Costa et al. 1986), neither of which relates to survival. On

the other hand, traits related to foraging success do associate

with both nursing success and survival (Crocker et al. 2001;

Robinson et al. 2010; Beltran et al. 2023).

We believe our current observations favor some genetic ba-

sis for traits afecting the size of pups that females wean. We

found strong evidence that the ability to raise high-quality

pups lasted throughout a mother9s adulthood, and that the

ability was passed on to her daughters. The phenotypic ma-

ternal inüuence ends when pups are only 1 month old, and

mass at weaning afected subsequent survival as juveniles but

not later. Together, these lines of evidence suggest that the

ability to raise high quality pups is an adult trait, whereas

the maternal inüuence is important only for pups and ju-

veniles. Conûrming the genetic inüuence, however, will re-

quire developing technologies in genomics that can identify

loci associated with nursing success or survival (Jones et al.

2012).

We found that some variation in ûtness of elephant seals

is not neutral, because females were inherently diferent in

the quality of the pups they raised and passed that ability

on to their daughters. Some variation is neutral, however,

since 73% of the observed variance inweaningmass remained

within individual mothers and remains unexplained, and

variation in pup production was entirely unexplained. Our

results underscore the need to quantify neutral versus non-

neutral variation in order to understand how selection op-

erates. Progress with neutral theories in ecology arose from

rigorous partitioning of variation (Chisholm and Pacala 2011;

Kalyuzhny et al. 2015; Fung et al. 2016). Several recent studies

about neutrality in lifetime ûtness did not partition variation

among individuals, settling for comparisons of observed vari-

ance with that expected from stochastic models (Tuljapurkar

et al. 2009; Steiner et al. 2010; Chambert et al. 2013; Snyder

and Ellner 2018). This indirect method fails to distinguish

short-term and long-term individual variation and is weak

at separating stochastic variation from individual diferences

(van de Pol and Verhulst 2006; Bonnet and Postma 2016).

Lifetime observations, on the other hand, allow clear-cut

partitioning of individual variation (Oosthuizen et al. 2015;

Jenouvrier et al. 2018; Rotella 2023).

Inherent diferences among individuals in the ûtness

of their ofspring allow üexibility across the population

and dampens demographic stochasticity (Fox and Kendall

2002; Vindenes et al. 2008; Vindenes and Langangen 2015;

Barabás and D9Andrea 2016). We identiûed inherent difer-

ences in elephant seals9 ability to raise high ûtness pups,

and traits related to those diferences provide a source of

adaptive üexibility. We did not, however, identify adult sur-

vival as a trait inherently diferent among individuals. These

results add to our understanding of how elephant seals

might respond to unanticipated variation in oceanographic

conditions.
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Fig. 7. Correlation of lifetime pup production between mothers and daughters of northern elephant seals (Mirounga angu-

stirostris). Black points are the N = 719 cases where a known mother had her daughter tagged and followed throughout life.

Some of the mothers had more than one daughter. Included among the daughters are those never seen, thus having zero

pups produced. Because all points are integers, they are jittered to show where many overlap. Blue diamonds are the observed

mean production of daughters within each x; all data with x ∈ [12, 16] were pooled. The blue line is the regression, ûtted by

a Bayesian method using a negative binomial error; it is not signiûcantly diferent from zero (slope = 0.0183, 95% credible

intervals −0.040 to 0.103). Thin gray lines show estimated 95% credible intervals at each x, calculated from post-burn-in draws

of the regression coeocients.
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