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A B S T R A C T

The age at which sea lions wean can vary significantly between years and among populations. It is an important 
life-history parameter that is influenced by environmental conditions and can drive changes in sea lion numbers. 
However, knowing when weaning begins and ends is difficult to determine. We developed a method (using 
Fourier analysis) to identify the lactation period from changes in the δ15N profiles of vibrissae from juvenile 
California sea lions—born in three colonies in Mexico. We sectioned vibrissae from 15 juvenile California sea 
lions (aged approximately 12 months) into 33–74 segments of similar weight. We measured δ15N and δ13C for 
each vibrissa segment and assigned dates to each one using site-specific vibrissa growth rates. We also compared 
the δ15N profiles that corresponded to the pup stage on the juvenile vibrissae with δ15N values of adult female 
vibrissae from the same colonies to validate the dietary transition from milk to fish identified by the Fourier 
analysis. We found that pups began supplementing their milk diet with fish at different times between colo
nies—ranging from 3 to 5 months old (San Esteban Island), 5–7 months old (Santa Margarita Island), and > 12 
months old (Los Islotes Island). All pups were > 1 year old when weaned. The longer lactation period in Mexico 
contrasts with the shorter 10–11 months age at weaning recorded at northern colonies of California sea lions 
along the US Pacific coast (San Miguel Island). The difference in lactation duration among regions likely reflects 
latitudinal differences in marine productivity, and a lower nutrition quality of prey available to California sea 
lions in Mexico. Our study augments the limited knowledge of weaning in California sea lions and provides a 
means to determine weaning in other species.

1. Introduction

Age at weaning among sea lions and fur seals is a life-history trait 
that is primarily determined by environmental conditions experienced 
by mothers during lactation (Ferguson, 2006; Sepúlveda and Harcourt, 
2021). Weaning occurs when pups have completely transferred their 
nutritional dependence from milk to solid foods. Age at weaning in
fluences juvenile survival rates and birth rates (i.e., the frequency of 
annual births) — and thereby plays an important role in the dynamics of 
pinniped populations (Beauplet et al., 2005; McIntosh and Pitcher, 
2021; Stearns, 1989; Trites, 2021).

The duration of lactation in sea lions and fur seals ranges from 4 
months to 3 years (Riet-Sapriza, 2019). This has been determined from 
re-sighting known-age suckling pups, identifying stomach contents of 
dead animals, determining the remains of solid food in scats, and 
measuring stable isotope concentrations in tooth growth layers (Avery 
and Zinn, 2023; Bowen, 1991; Francis and Heath, 1991b; Hastings et al., 
2021; Newsome et al., 2006). However, these methodologies only 
approximate when lactation occurs and cannot identify when the 
weaning process begins and ends, and what pattern it follows.

An alternative technique for reconstructing the diet history of 
mammals is to measure the proportions of δ15N and δ13C along the 
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length of their vibrissae (Lowther and Goldsworthy, 2016). δ15N reflects 
the trophic level of prey consumed, and can be used to assess ontoge
netic changes (Elorriaga-Verplancken et al., 2013; Newsome et al., 
2010) due to the 3–4 ‰ enrichment that occurs between consumer and 
prey or between trophic levels (DeNiro and Epstein, 1978). Tissues that 
are metabolically inactive after deposition (e.g., vibrissae or dentin) 
provide a record of successive changes of growth that represent months 
or years of information about diet depending on the pinniped species 
(Cherel et al., 2009; Hirons and Schell, 2001; Rosas-Hernández et al., 
2018c). These changes can be associated with ontogenetic shifts, and 
used to identify the lactation period, the transition to a mixed diet, and 
finally weaning and adulthood (Elorriaga-Verplancken et al., 2013; 
Kernaléguen et al., 2012; Kernaléguen et al., 2016; Stegall et al., 2008). 
However, identifying when the ratio of δ15N and δ13C begins to change is 
challenging.

We developed a method (using Fourier analysis) to identify dietary 
changes in the δ15N profiles of vibrissae taken from juvenile sea lion
s—and applied it to California sea lions (Zalophus californianus) born at 
three breeding colonies in Mexico. California sea lion breeding colonies 
occur from Año Nuevo Island and the Farallon Islands on the Channel 
Islands in California, USA (Bartholomew and Boolootian, 1960; Lowry 
and Forney, 2005) to Santa Margarita Island in the southern part of the 
Baja California Peninsula, and within the Gulf of California in Mexico 
(Fig. 1) (Le Boeuf et al., 1983; Lowry and Maravilla-Chavez, 2005; 
Peterson and Bartholomew, 1967). Breeding occurs from June to 
August, but relatively little is known about the lactation period (Heath, 
1989; Odell, 1975). On the northern island of San Miguel in the United 
States (Fig. 1), the lactation period of known-aged individuals is 10–11 

months, but can be as short as ~6 months when environmental condi
tions during El Niño events are dire (Harris, 2016; Melin et al., 2008; 
Melin et al., 2000; Odell, 1981). In contrast, lactation at Santa Margarita 
Island (Mexico) has been estimated to last 12–14 months based on stable 
isotope analysis of tooth growth layers (Newsome et al., 2006).

In the present study, we measured the δ15N profiles along the length 
of vibrissae removed from juvenile California sea lions (aged ~1 y). We 
then applied a Fourier analysis to the time series of δ15N values to 
determine change points on the vibrissae (i.e., when milk consumption 
began following fetal growth, and when consumption of solid food was 
initiated). We also compared the δ15N of young-of-the-year with δ15N 
values in the vibrissae of adult female California sea lions as a point of 
reference for prey consumption. We thus tested a method to quantita
tively assess the weaning process in pinnipeds from changes in δ15N in 
vibrissae—and examined how the timing of weaning of California sea 
lions varies between three colonies in Mexico (Santa Margarita, San 
Esteban, and Los Islotes Islands; Fig. 1). Our study augments the limited 
knowledge of weaning in California sea lions and the factors that in
fluence it—and describes a methodological approach that can be applied 
to determine weaning in other species.

2. Material and methods

2.1. Study area

Vibrissae were collected at three California sea lion breeding col
onies in Mexico with different population sizes and distinct environ
mental levels of seasonality and productivity (Rosas-Hernández et al., 

Fig. 1. Location of San Esteban (green point) and Los Islotes (red point) Islands in the Gulf of California, Santa Margarita Island (purple point) off the southwest coast 
of Mexico’s Baja California Peninsula and San Miguel Island (blue point) of the southwest coast of USA’s. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)
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2018a) (Fig. 1): San Esteban Island, Los Islotes Island, and Santa 
Margarita Island.

San Esteban Island is situated in the central region of the Gulf of 
California, in a marginal sea with a high evaporation rate. The major 
productivity in this region is driven by seasonal upwelling, which is 
caused by strong winds and extensive tidal mixing throughout spring 
and fall. The chlorophyll-a concentration (Chla) is 3.54 mg m− 3 ± 0.19 
mg m− 3, and the average sea surface temperature (SST) is 23.1 ◦C ±
0.48 ◦C (Fig. S1) (Salas-de-León et al., 2011; Simpson et al., 1994).

Los Islotes Island, located in the southern Gulf of California, is 
influenced by a mesoscale cyclonic structure referred to as a cyclonic 
eddy. This cyclonic structure occurs during the late spring, and is forced 
by the local wind field that causes upwelling and promotes high con
centrations of nutrient and chlorophyll-a levels of 0.94 mg m− 3 ± 0.07 
mg m− 3 and SST is of 25.2 ◦C ± 0.34 ◦C (Fig. S1) (Coria-Monter et al., 
2017).

In contrast to San Esteban and Los Islotes Islands, Santa Margarita 
Island is located on the southwestern coast of the Baja California 
Peninsula in an area characterized by its proximity to the large coastal 
lagoon system of Magdalena Bay that is an important source of shallow- 
water prey. The productivity of waters near Santa Margarita Island de
pends on major seasonal upwelling during spring as well as the pro
ductive California Current System. Chlorophyll-a values average 1.97 
mg m− 3 ± 0.22 mg m− 3, and SST averages 22.2 ◦C ± 0.31 ◦C (Fig. S1) 
(Álvarez-Borrego et al., 1975; Zaytsev et al., 2003).

2.2. Sample collection and processing

Five juvenile California sea lions thought to be about one year old 
were captured at each colony (n = 15) using hoop nets on Santa 
Margarita Island (June 11–12, 2011), San Esteban Island (June 23–28, 
2011), and Los Islotes Island (May 05–06, 2012) (Table 1), which cor
responds with the reproductive season of the species. We identified pups 
that turned one year old as juveniles based on their size and the date 
when captured relative to the breeding season. Newborn pups typically 
measure on average 73.7 cm (SE = 0.48) for females, and 78.3 cm (SE =
0.38) for males, while one-year-old immatures measure 119 cm (95 % CI 
118.1, 120.4) for females and 122 cm (95 % CI 119.9, 124) for males 
(Laake et al., 2016). Juveniles were masked and chemically sedated with 
5 % isoflurane, and later maintained with 3 % isoflurane. Each juvenile 
was weighed in a net using a tripod and a digital scale with a 100 kg 
capacity (±0.1 kg precision). Body length was measured to the nearest 
centimeter from the tip of the nose to the tip of the tail (belly down) with 
a tape-measure.

The longest mysticial vibrissa was pulled consistently from the left 
side of each juvenile from the root using tweezers. Each vibrissa was 
placed in a paper envelope labeled with the sample ID and collection 
date. Samples were transported to the Laboratorio de Ecología de Pin
nípedos “Burney J. Le Boeuf” (“Burney J. Le Boeuf” Pinniped Ecology 
Laboratory) at the Centro Interdisciplinario de Ciencias Marinas (CICI
MAR; Interdisciplinary Center for Marine Sciences) in La Paz, Baja 
California Sur, Mexico.

The total length of each vibrissa was recorded and the cuticle sur
rounding the root was removed to eliminate the lipids present in this 
layer. Each vibrissa was then washed with phosphate-free soap, distilled 
water, and a 2:1 chloroform-to-methanol mixture to remove any con
taminants or lipid residue. A nail clipper was used to remove a segment 

from each root weighing 1.0 ± 0.2 mg.
The remaining length of each vibrissa was then measured—and a 

subsequent segment was again removed with the nail clipper. This 
procedure was repeated until the entire vibrissa was cut into evenly 
weighed pieces. The segments weighing ~1.0 ± 0.2 mg were of varying 
lengths because vibrissae are thinner at the tip than at the root (i.e., the 
segments were shorter at the root and longer at the tip). The segments 
were stored in tin capsules for isotopic analysis (Table 2).

Due to the high costs of stable isotope analysis, we could only 
analyze five vibrissae per colony. However, we analyzed the entirety of 
the 15 vibrissae to have better detail of the isotopic changes related to 
diet shifts.

2.3. Stable isotope analysis

Determining the C and N isotopic ratios through the combustion of 
CO2 and N2 was carried out at the Stable Isotope Facility at the Uni
versity of California at Davis, USA. The samples were analyzed using a 
PDZ Europa ANCA-GSL elemental analyzer interfaced to a PDZ Europa 
20–20 isotope ratio mass spectrometer (PDZ Europe 20–20, Sercon Ltd.) 
with an accuracy of ±0.2 ‰ for both isotopes. The isotopic ratios are 
expressed as delta (δ): δ15N or δ13C = 1000 * [(Rsam/Rstd) - 1], where 
Rsam and Rstd are the ratios of 15N/14N or 13C/12C of the sample and the 
standard, respectively. The standards were Vienna-Pee Dee Belemnite 
limestone (V-PDB) for carbon and atmospheric N2 for nitrogen. Units are 
expressed as parts per thousand (‰). An ANOVA test was used to 
compare the isotopic values of δ15N between colonies.

2.4. Data analysis

A date was assigned to the isotopic values for each vibrissa based on 
the day of collection and estimated vibrissae growth rate, as discussed 
below. All statistical tests were performed using R 4.2.2 (R Development 
Core Team, 2022).

2.4.1. Vibrissa growth rate
The growth rate (m) of otariid vibrissae has generally been reported 

as linear (Hirons and Schell, 2001; Rea et al., 2015). However, this is 
based on the vibrissae growth of adults. Among otariids, vibrissae grow 
faster during the juvenile phase; and grow at a constant rate once an 
otariid reaches adulthood (Rogers et al., 2016). Unfortunately, no study 
has previously quantified vibrissa’s growth rates for younger age classes 
of California sea lions. Thus, we estimated a growth rate for our juvenile 
vibrissae.

We used the length of the longest vibrissae of 100 newborn pups 
(June 2011) and 43 pups roughly 2 months old (August 2011) from 
Santa Margarita Island to estimate growth rates. The pups captured in 
August were different from those captured in June. Generally, pups are 
born between late May and early July, with peak births occurring during 

Table 1 
Mean weights and lengths (±SD) of 15 juvenile California sea lions sampled at 
three breeding colonies in Mexico.

Colony n Collection Date Weight (kg) Length (cm)

Santa Margarita Island 5 June 2011 35.09 ± 6.09 117.00 ± 7.23
San Esteban Island 5 June 2011 39.12 ± 6.28 125.06 ± 4.42
Los Islotes Island 5 May 2012 32.28 ± 4.58 114.08 ± 3.35

Table 2 
Isotopic values of δ13C and δ15N in vibrissae of adult female California sea lions. 
The lactation values for each colony were calculated by adding the fractionation 
value of 1.6 ‰ to the δ15N values (Stricker et al., 2015).

Breeding Colony n δ13C‰ 
mean ± SD

δ15N‰ 
mean ±
SD

Lactation expected 
δ15N (‰)

Santa Margarita 
Islanda

8 − 14.62 ±
0.8

20.15 ±
0.4

21.75 ± 0.4

San Esteban Islandb 10 − 13.71 ±
0.5

21.24 ±
0.5

22.84 ± 0.5

Los Islotes Islandc 2 − 14.55 ±
0.2

21.14 ±
0.3

22.74 ± 0.3

a Data from Rosas-Hernández et al. (2018a)).
b Data from Rosas-Hernández et al. (2018b)).
c Data from Aurioles-Gamboa et al. (2017)).
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the first two weeks of June (Boness et al., 1991; García-Aguilar and 
Aurioles-Gamboa, 2003; Oftedal et al., 1987b).

We used the data from newborn pups and 2-month-old pups on Santa 
Margarita Island to estimate vibrissae growth rates (m) during the first 
two months of life according to: 

m =
L2 − L1

T2 − T1
(1) 

where L1 is the average length at T1 (June), and L2 is the average length 
at T2 (August). The time (Ti) represented by each vibrissa fragment (i) 
was then determined using: 

Ti =
Li

m
(2) 

where Li is the distance of that segment to the base of the vibrissa and Ti 
is the date that corresponds to that segment based on the growth rate 
calculated in Eq. 1. Note that length of the vibrissae at birth reflects 
growth occurring during the fetal stage, and that the difference between 
vibrissae length at birth and at 2 months old reflects growth that 
occurred while pups received milk. The vibrissa growth rate for the 
other two colonies was assumed to be the same as that at Santa 
Margarita Island.

2.4.2. Lactation signature
We considered dependent pups and juveniles to only consume milk, 

and assumed pups and juveniles in weaning transition consumed a 
mixed diet (milk and solid food). We constructed the δ15N time series 
profile of each vibrissa based on the time interval associated with each 
segment. Using the estimated growth rate and knowing the segment’s 
position along the vibrissa, we assigned a date to each segment. For 
some dates, only a single sample (vibrissae segment) was obtained, 
while for other dates there were two or three segments from different 
vibrissae. The isotopic profile of each colony (spanning the gestation, 
pup and juvenile growth phases) was then obtained by applying a loess 
smooth (formula y ~ x of the “ggplot2” package with 95 % confidence 
intervals); (Wickham, 2009) to the means of the vibrissae δ15N values 
using R 4.2.2 (R Development Core Team, 2022).

To identify significant changes in the isotopic signature that might 
reflect a change in diet, we performed a Fourier analysis using the 
function “periods” (González-Rodríguez et al., 2015) in MatLab on the 
previously calculated isotopic profile (loess method). The main param
eters of the Fourier harmonic components are amplitude, period, and 
phase. The resulting periods reflect changes in the isotopic signature, 
and are sequentially ordered in terms of their statistical significance 
(González-Rodríguez et al., 2015). The “Periods” technique is a useful 
tool for detecting the frequency of variation in δ15N values where well- 
defined oscillatory patterns in the vibrissa isotope profile are lacking, as 
in our case study, where the patterns of lactating are difficult to observe 
(Rosas-Hernández et al., 2018c). The first period was considered the 
time from gestation to birth, and the second as the time from nursing to 
the transition to consuming solid food (a mixed diet of fish and milk).

In addition to using Fourier analysis, we used a second approach to 
determine the duration of lactation that compared measured δ15N values 
with expected δ15N values derived from the δ15N concentrations in the 
vibrissae of adult females sampled at the same colonies (Table 2) 
(Aurioles-Gamboa et al., 2017; Lowther and Goldsworthy, 2016; Rosas- 
Hernández et al., 2018c). In the case of Santa Margarita and San Esteban 
Islands, females were captured at the same time as juveniles to ensure 
that any effect of seasonality on isotopic values would be matched with 
that of the juvenile vibrissae (i.e., June 2011). However, females from 
Los Islotes were captured in June 2008, four years prior to when the 
vibrissae of juveniles were taken (i.e., May 2012). In all cases, the fe
males were not the mothers of the captured juveniles. The estimated 
fractionation value (1.6 ‰) between the vibrissae of mothers and pups 
was added to the means and standard deviations of the δ15N (Lowther 

and Goldsworthy, 2016; Rosas-Hernández et al., 2018c; Stricker et al., 
2015). The isotopic information we considered for this analysis started 
at 71 mm measured from the tip to the root because this is the length of 
the vibrissae of the newborn pups and thus contained information on the 
gestation period.

3. Results

A mean of 37 vibrissa segments were analyzed for each juvenile 
California sea lion (n = 558 segments). Mean vibrissa lengths were 12.3 
± 1.3 cm from San Esteban Island, 11.2 ± 0.5 cm from Los Islotes Island, 
and 11.9 ± 5.7 cm from Santa Margarita Island (Table 3). Mean stable 
isotope concentrations ranged from − 13.46 ± 1.1 ‰ to − 14.68 ± 0.4 ‰ 
for δ13C, and from 22.56 ± 1.8 ‰ to for δ15N for the three colonies 
(Table 3, Fig. 2). Significant differences were found between the mean 
δ13C (F2, 555 = 336.6, p < 0.001) and mean δ15N (F2, 555 = 155.2, p <
0.001) values of the vibrissae from the three colonies.

3.1. Vibrissa growth rate

The mean length of the California sea lion vibrissae of newborn pups 
collected at Santa Margarita Island in June 2011 was 70.2 ± 6 mm. The 
length of the vibrissae collected from California sea lion pups at Santa 
Margarita Island in August 2011 was 81.5 ± 6 mm. Thus, the vibrissae 
grew an average of 11.3 mm over the first 60 days of life at an estimated 
rate of 0.19 mm d− 1.

3.2. Lactation signature

The Fourier analysis revealed two major periods in the δ15N isotopic 
pattern (from root to tip) at different lengths along the vibrissae that 

Table 3 
Summary of the vibrissae of 15 juvenile California sea lions collected at three 
breeding colonies, showing total lengths and mean (± SD) isotopic values of 
δ15N and δ13C for all vibrissa segments analyzed.

Colony ID Vibrissa 
length 
(mm)

Number 
of 
segments

Segments 
analyzed

δ15N‰ 
mean 
± SD

δ13C‰ 
mean ±
SD

San SE1 115 55 54 22.02 
± 0.84

− 13.39 
± 0.52

Esteban SE2 135 63 63 23.10 
± 0.57

− 13.62 
± 0.61

Island SE3 133 53 25 22.49 
± 0.71

− 13.42 
± 0.61

SE4 120 57 29 22.13 
± 1.20

− 13.33 
± 0.54

SE5 106 47 24 23.08 
± 0.56

− 13.44 
± 0.73

Los LI1 112 48 47 23.61 
± 0.23

− 14.46 
± 0.21

Islotes LI2 107 49 25 23.32 
± 0.24

− 14.38 
± 0.41

Island LI3 110 33 17 23.28 
± 0.40

− 14.41 
± 0.32

LI4 105 52 52 23.18 
± 0.28

− 14.67 
± 0.42

LI5 116 51 26 23.67 
± 0.22

− 14.13 
± 0.42

Santa SM1 139 74 74 22.30 
± 0.49

− 14.66 
± 0.25

Margarita SM2 111 43 21 22.40 
± 0.63

− 14.68 
± 0.35

Island SM3 102 46 46 21.57 
± 0.61

− 14.28 
± 0.39

SM4 150 61 31 22.10 
± 0.75

− 15.11 
± 0.36

SM5 116 49 24 22.40 
± 0.47

− 14.93 
± 0.39
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differed significantly between colonies (Table 4).
At San Esteban Island, the periods identified occurred at 57 and 88 

mm (r2 = 0.984, p < 0.001), which suggests that lactation began at 57 
mm (~05-27-2010) and lasted 13.7 months (411 days). However, some 
individuals began consuming a mixed diet at 88 mm (~ 10-28-2010), 
which means they consumed nothing but milk for the first 5.4 months; 
and transitioned to solid food for the next ~8 months.

At Los Islotes Island, the Fourier analysis only identified a single 
period at 46 mm (~ 05-31-2011; r2 = 0.770, p < 0.001), which suggests 
that lactation occurred for more than 12.3 months (368 days). However, 
it is not known when the transition to solid food would have begun, or 
for how long it would have occurred.

Finally, at Santa Margarita Island, two periods were identified at 71 
mm (~ 05-06-2010) and 115 mm (~ 12-12-2010; r2 = 0.943, p <
0.001). They indicate that the pups consumed only milk for 8.36 
months, and transitioned to fish over the next 5 months. Thus, the 
duration of lactation at this colony was 13.9 months.

3.3. Lactation estimation

The duration of lactation as determined by the vibrissae of the ju
venile California sea lions in Mexico varied between colonies. At Santa 
Margarita Island, vibrissae included more days of trophic information 
because the vibrissae were longer than those from the other colonies. In 
contrast, the vibrissa from Los Islotes Island provided information 
spanning a shorter time frame (Table 3), while the δ15N isotopic pattern 
in the vibrissae of juveniles from San Esteban Island suggests that 
lactation at this colony lasted longer than 11 months (based on the 
reference values from adult females and the expected values for nursing 
pups).

The vibrissae of the juveniles collected at San Esteban Island indicate 
that they only consumed milk during the first 2.5 months (~ 75 days, 
between 71 and 85 mm of the vibrissae). However, it is possible that 
they could have only consumed milk for their first 4 months (i.e., 1.5 
months longer) had they been born in June rather than in August 
(Fig. 3A) (García-Aguilar and Aurioles-Gamboa, 2003). The subsequent 
decline in δ15N values suggests that the pups at San Esteban Island began 
a mixed diet as part of a transition that lasted over 8.6 months (~ 258 
days). Finally, the isotopic pattern showed an increase in the last 10 mm 
of the vibrissa (~ 1.8 months), suggesting that the individuals at San 
Esteban Island continued consuming milk. This final increase in the 
isotopic pattern was influenced by three of the vibrissae that had values 
between the reference isotopic signatures for lactation and adult fe
males. These three juveniles had a mixed diet, while the other two in
dividuals had more impoverished values than those of the adult females 
(Fig. 3A).

The vibrissae of the juveniles from Los Islotes Island provided trophic 
information spanning 8 months. The δ15N pattern of these vibrissae 
suggests that these juveniles primarily consumed milk during this time 
(based on the reference values from females). However, the time at Los 
Islotes Island can be extended to 12 months if juveniles were born in 
June and not October, the month in which changes in the diet began to 
appear (Fig. 3B). According to the reference values, individuals 
consumed only milk during 8–12 months, although three juveniles 
showed values that suggest the integration of solid food into their diet. 
However, these values are still very enriched with respect to the refer
ence values of the adult females at this colony, indicating that the pro
portion of milk in the diet was higher.

Finally, the vibrissae of the juvenile California sea lions from Santa 
Margarita Island contained 14 months of information about the lactation 
period. During the first 11.4 months (339 days, between 71 and 135 mm 
of the vibrissae), the isotopic values fell within the reference range for 
nursing pups. Thus, we assumed the diet of these juveniles was milk- 
based. In the following 2.6 months (between 135 and 150 mm of the 
vibrissae), the δ15N values were less enriched, but still exceeded the 
reference values of the adult female California sea lions, suggesting 
these individuals consumed a mixed diet. Based on the δ15N values, 
which did not fall within the reference values of the adult females 
(Fig. 3C), the nursing period at Santa Margarita Island lasted more than 
14 months.

4. Discussion

The age at weaning has a significant influence on the population 
dynamics of sea lions (Trites, 2021) but is a difficult life-history 
parameter to determine. We developed an analytical method to docu
ment the weaning process from changes in the stable isotope ratios laid 
down in the vibrissa of pups and juveniles as they grew. The Fourier 
analyses we applied proved to be a rigorous means to identify when milk 
consumption and the transition to solid food began, as well as when 
weaning is complete. This analytical approach to quantify the weaning 
process can be readily applied to other species of mammals but requires 
knowing or estimating vibrissa growth rates. It can also be used to gain 
insights into the prey base available to support mothers and their 

Fig. 2. Mean and standard deviation of δ15N and δ13C values of vibrissae from 
juvenile (dots and dashed lines) and adult female (square) California sea lions 
from San Esteban Island (green), Los Islotes Island (red), and Santa Margarita 
Island (purple). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)

Table 4 
Lactation period represented by juvenile California sea lion vibrissae from San 
Esteban Island (SE), Los Islotes Island (LI), and Santa Margarita Island (SM) 
determined from the observed vibrissa length, and the growth rate and expected 
length based on a Fourier analysis. The length analyzed corresponds to the 
isotopic signal representing lactation. Time is the time represented in the 
vibrissa, and period corresponds to the length at which the Fourier analysis 
detected a significant change in the isotopic profile. Expected length is the 
period corresponding to nursing based on the Fourier analysis.

Observed Expected

Colony Total 
length 
(mm)

Length 
analyzed 
(mm)

Time 
(d)

Period 
(mm)

Expected 
length 
(mm)

Time 
(d)

SE 135 64 337 73 62 326
LI 116 45 237 75 41 216
SM 150 79 416 85 56 295
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weaned offspring.

4.1. Whisker growth rates

California sea lions are generally considered to be pups until 1 year of 
age and are classified as juveniles for the next 2 to 3 years (Oftedal et al., 
1987a, 1987b). We categorized the California sea lions we sampled as 
juveniles based on the size of the animals and the dates when captured. 
We also collected the whiskers relative to peak numbers of California sea 
lion births that usually occur during the last two weeks of June (García- 
Aguilar and Aurioles-Gamboa, 2003). At San Esteban and Santa 
Margarita Islands, sampling occurred in June, so the individuals were 
about 1 year old; while the individuals we captured in May at Los Islotes 

Island were not yet 1 year old.
We estimated that the pup whiskers (~ 2 months) grew at a rate of 

0.19 mm d− 1, which is close to the growth rate reported for older pups 
and yearlings from 5 to 22 months of age, as shown for the Steller sea 
lions (Eumetopias jubatus) (Rea et al., 2015). This is more than twice the 
estimated vibrissa growth rate of adult female California sea lions of 
0.08 mm (McHuron et al., 2016; Rosas-Hernández et al., 2018c). 
Vibrissae grow faster during the early stages of life (Rogers et al., 2016), 
and decrease with age as rates of body growth slow. Decreases in growth 
rates can also be caused by reduced caloric intake when mothers can no 
longer produce sufficient milk to meet the daily needs of their offspring, 
and nursing animals begin to supplement their diet with solid foods that 
have a lower caloric content than milk (Aurioles-Gamboa, 1988; 
Donohue et al., 2002).

The vibrissa segments removed for stable isotope analysis need to be 
assigned appropriate growth rates to know at what age they appeared in 
the whisker. This is important given that erroneous growth rates will 
lead to incorrect conclusions about the chronology of the trophic in
formation inferred from the stable isotope signatures. Thus, under
standing the growth rates of vibrissae at different stages of development 
is necessary to properly infer trophic feeding levels from stable isotopes 
measured in vibrissae.

4.2. The Fourier method to determine the weaning process.

The Fourier approach is an effective technique for identifying peri
odic patterns in δ15N profiles. The phenomenon of periodicity has been 
employed to investigate the growth of vibrissae in several pinniped 
species by virtue of its correlation with established environmental oc
currences (Cherel et al., 2009; Kernaléguen et al., 2012; Rosas- 
Hernández et al., 2018c). In relation to our research, the periods iden
tified by the Fourier approach were not characterized as alterations in 
the environment. Instead, they served as valuable indicators for eluci
dating the potential timing of births within each colony, as well as the 
corresponding shifts in their dietary patterns. The reference points we 
used were derived from the birth dates documented for California sea 
lions from various colonies, together with the corresponding data on 
nursing and weaning durations. Otherwise, it would have been chal
lenging to properly interpret the detected periods of isotopic signatures 
(Fig. 3).

4.3. Age at weaning

Attendance records from lactating California sea lions instrumented 
with VHF radio transmitters and from pups that had been marked and 
resighted over a year in San Miguel Island, California, have shown that 
California sea lion pups wean between 9 and 11 months at breeding 
colonies in the United States (Harris, 2016; Melin et al., 2000; Odell, 
1981). Most pups in the United States are weaned abruptly from the end 
of April to the end of May. This period overlaps with a phase of high 
ocean productivity in the California Current Ecosystem (Harris, 2016).

In Mexico, stable isotope studies on tooth dentin have shown pups to 
wean between 12 and 14 months of age at Santa Margarita Island 
(Newsome et al., 2006). This estimate from teeth is similar to our 
vibrissae-based estimates even though different hard parts were used. At 
Santa Margarita Island, the lactation period lasted more than 14 months; 
and was more than 13 months in some pups at San Esteban Island. At Los 
Islotes Island, duration of lactation exceeded 12 months based on the 
enriched isotopic profiles toward the root of the vibrissae, which sug
gests the sea lions using this site mainly consumed milk, and had not 
begun transitioning to fish when their vibrissae were sampled.

The δ15N information obtained from the vibrissae provide finer de
tails about the weaning process of California sea lion pups in Mexico 
than could be obtained from teeth. The vibrissae contained identifiable 
periods, such as the transition to fish, and showed that the lactation 
period at the three colonies we studied (San Esteban Island, Los Islotes 

Fig. 3. General pattern of the δ15N signature along vibrissae from juvenile 
California sea lions from: A) San Esteban Island, B) Los Islotes Island, and C) 
Santa Margarita Island (black line and 95 % CI gray shadow). The blue shading 
represents birth period according to García-Aguilar and Aurioles-Gamboa 
(2003), which started from the length 71 mm. The magenta line represents 
the mean and standard deviation (dotted lines) of the isotopic values of adult 
female vibrissae for each colony. The purple line represents the mean, and 
standard deviation (dotted lines) of the expected lactation values from the 
fractionation of 1.6 ‰ (Stricker et al., 2015) applied to the female values. Red 
circles represent periods determined by Fourier analysis. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web 
version of this article.)
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Island, Santa Margarita Island) lasts longer than 14 months. They further 
show that the lactation period of California sea lions is longer at lower 
latitudes where environmental seasonality is not as marked as it is at 
higher latitudes.

It has been argued that short lactation periods, as occur for pinnipeds 
in Arctic and subarctic waters, are preferred due to the strong season
ality, severe weather, and relatively stable annual conditions that occur 
at high latitudes (Oftedal, 2011; Oftedal et al., 1987a). However, the 
California sea lion habitat ranges from tropical to subtropical latitudes 
(from ~23◦N to 45◦ N) and does not experience such marked season
ality. Instead, California sea lions are more likely to be subjected to 
unpredictable environmental oscillations (e.g., El Niño) that may alter 
the abundance or accessibility of prey that in the most extreme situa
tions terminates the nursing period (Oftedal et al., 1987a). Such envi
ronmental oscillations tend to have greater negative effects on the 
California sea lion colonies on the western coast of the continent than 
those in the Gulf of California (Elorriaga-Verplancken et al., 2016; Melin 
et al., 2008; Melin et al., 2000) where oceanographic conditions are 
more conducive to high productivity (Álvarez-Borrego and Lara-Lara, 
1991). Thus, sea lions in the Gulf of California are more likely to be 
able to access prey during warm water events and continue to nurse their 
young for more than 14 months.

4.4. Prolonged lactation

Producing milk to support the growth of neonates is the most ener
getically expensive activity mammals undertake (Gittleman and 
Thompson, 1988; Pond, 1977). As such, mothers should wean their 
young as soon as their offspring can sustain themselves on solid food. 
Thus, latitudinal differences in the ages of weaning between breeding 
colonies of California sea lions likely reflect differences in marine pro
ductivity and the quality and quantity of prey available to support ju
venile sea lions.

The prolonged duration of lactation among California sea lions on 
both coasts of the Baja California Peninsula contrasts with patterns 
observed in the United States. This is most likely explained by differ
ences in the bathymetries and regional environmental conditions that 
affect the diversity and availability of prey species in each region 
(Caudron, 1997; Melin et al., 2008; Melin et al., 2000; Van Parijs, 2003). 
California sea lions consume a greater diversity of species consisting 
largely of schooling fish and benthic species in the Gulf of California 
than in California near the Channel Islands where schooling fish and 
squid dominate the diets (Pozas 2022, Lowry et al. 2022). However, 
diets have been noted to shift in both regions toward more benthic and 
demersal species, and fewer epipelagic species when anomalously high 
sea-surface temperatures occur. Benthic and demersal species tend to 
have less lipid than epipelagic species, which are adequate to sustain 
adult sea lions, but may not contain sufficient calories to support the 
rapid body growth and survival of young animals (Trites, 2021).

All species of sea lions display plasticity in the age at which they 
wean their offspring (Goldsworthy, 2006; Trites, 2021). While the op
timum life history strategy should be to produce and wean a pup each 
year, mothers at many breeding colonies are known to keep their pups 
for an extra one or two years (Trites, 2021; Villegas-Amtmann et al., 
2017). In the case of California sea lions, some females are known to 
nurse a newborn and a juvenile at the same time (Francis and Heath, 
1991a; Hernández-Camacho et al., 2021; Fig. 4). This has also been 
observed among fur seals and sea lions breeding on the Galapagos 
Islands, although many of the newborns die because they are unable to 
compete with one-year-old pups for milk (Trillmich and Wolf, 2008).

Prolonged lactation is likely an adaptive life-history strategy that 
ensures the dependent juvenile can continue growing on a diet of milk 
until they are big enough with sufficient stomach capacity to wean and 
subsist only on a diet of lower quality prey. Extended maternal invest
ment may also help pups contend with seasonally reduced food avail
ability when it would be difficult for young animals to find food on their 

own. Spending more time suckling on land may also reduce the risk of 
pups being preyed on by sharks and killer whales (Trillmich and Wolf, 
2008).

The lactation period of otarids ranges from 4 months in northern fur 
seals (Callorhinus ursinus) and Antarctic fur seals (Arctocephalus gazella), 
to as long as 3 years in the case of Steller sea lions (Eumetopias jubatus) 
and Galapagos fur seals (Arctocephalus galapagoensis) (Sepúlveda and 
Harcourt, 2021). Differences in lengths of lactation appear to be linked 
to environmental conditions, with extended lactation more common for 
species living where resource availability is inconsistent or uncertain. 
The Galapagos fur seal and sea lion are among the species facing the 
greatest challenges due to living in an unpredictable oceanic system 
with lower productivity and less seasonal variation compared to otariids 
living at higher latitudes (Villegas-Amtmann et al., 2017). The low 
chlorophyll concentrations in the Galapagos ranging between 0.25 and 
1.0 mg m− 3 limit prey availability and forces young to rely on milk for 
longer periods until they can forage independently (Riofrío-Lazo and 
Páez-Rosas, 2021; Villegas-Amtmann et al., 2017). In contrast, our study 
colonies of California sea lions were located at higher latitudes in areas 
of greater productivity with chlorophyll concentrations exceeding 1 mg 
m− 3 (Fig. S1).

The natural change in diet in California sea lion pups occurs between 
the reproductive and non-reproductive seasons as the pup transitions to 
becoming an independent juvenile and begins to supplement their milk 
diet with fish (Labrada-Martagón et al., 2005; Melin et al., 2008). Milk 
has a much higher energy density than fish and is easier to digest and 
assimilate than solid food (Trites, 2021; Trites et al., 2006; Winship 
et al., 2002). Thus, supplementing milk with fish would be ill advised if 
the fish takes up limited stomach capacity and reduces the net energy a 
pup assimilates. On the other hand, transitioning to fish that are high in 
lipid as the quality and quantity of milk a mother produces declines 
would greatly benefit a pup (Trites, 2021).

Mothers frequently nurse pups older than 1 year, and are commonly 
observed nursing pups and juveniles at the same time at California sea 
lion colonies in the Gulf of California and at Santa Margarita Island 
(Hernández-Camacho et al., 2021). In contrast, females at US colonies 
(such as at Santa Barbara and San Nicolas Islands) have been reported 
nursing California sea lions older than 1 year, but in the absence of a pup 
(Melin et al., 2008; Melin et al., 2000). Mothers may be more likely to 
continue nursing juveniles if they do not give birth to a newborn. It is 
possible that California sea lions abort fetuses in years when prey- 
quality has been low—as appears to occur for Steller sea lions (Trites, 
2021)—allowing them to nurse the previous season’s pups longer and 
increase the probability of their pup surviving and passing their genes to 

Fig. 4. Female California sea lions nursing her pup and juvenile at the same 
time. Photo taken in Los Islotes, Island B.C.S July 2020.
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future generations.
Increases and decreases in California sea lion numbers at breeding 

colonies in Mexico and the United States may be related in large part to 
the quantity and quality of prey available to them (Adame et al., 2020; 
Pelayo-González et al., 2021). Prey abundance can have direct effects on 
the survival of all age classes, particularly young animals—while 
changes in the nutritional density of available prey can alter birth rates 
by altering age at weaning and the interval between births. Thus, sys
tematically monitoring the age at weaning using stable isotopes in 
vibrissae can provide valuable insights into the diets of sea lions, and the 
factors that drive their population dynamics.

5. Conclusions

The age at which pups separate from their mother’s milk is a sig
nificant aspect of mammalian life history. However, determining this 
age can be challenging, particularly for species living in remote or 
inaccessible areas. Fortunately, age at weaning can be indirectly deter
mined from the trophic information contained in the sequential stable 
isotopes stored in growing vibrissae. Our analysis of vibrissae revealed 
that California sea lions wean at about 1 year of age in Mexico. The 
isotope profiles also revealed that pups in Mexico begin incorporating 
fish into their milk diet between the ages of 3 and 12 months. This 
lactation phase is significantly longer in Mexico compared to the 
northern colonies along the Pacific coast of the United States, which 
suggests that the prey needed by juvenile sea lions to physically develop 
is of lower quality compared to northern regions.
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