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Longitudinal Study of Stable Isotope Compositions of Maternal Milk and
Implications for the Palaeo-Diet of Infants

Étude longitudinale de la composition isotopique du lait maternel et implications
pour la reconstitution de la paléoalimentation infantile
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Abstract The classic interpretation of stable isotope data
from young children in an archaeological context is based
on the hypothesis that the nitrogen isotope ratios present in
breast milk remain identical throughout the breastfeeding
period. This exploratory study assesses the changes in the
nitrogen and carbon isotope ratios in maternal milk and in
the nails of the mother and child, with the aim to evaluate the
impact of variations in the stable isotope ratios in maternal
milk on the tissues of children, and consequently on the
reconstruction of the palaeo-diet of young children. The
results show that the isotopic composition of maternal milk
diminishes in relation to the mother’s tissues like nails and,
by extrapolation, bones. The δ15N values of the milk vary
little during the weeks of breastfeeding, but this is not the
case for carbon, which varies considerably during the course
of breastfeeding and weaning and does not seem to be linked
to the mother’s diet and/or to the height and weight of the
child. The difference between the δ15N values recorded for
the mother’s and child’s nails is less than 2‰, which is lower
than the values often cited in bioarchaeological literature. In
addition, the data from this study does not confirm the hypo-
thesis of a significant increase in heavy isotopes in the nails
of newborn babies in relation to those of their mother at
childbirth.

Keywords Stable isotopes · Carbon · Nitrogen · Maternal
milk · Nail · Mother–child

Résumé L’interprétation des données isotopiques des jeunes
enfants en contexte archéologique repose sur l’hypothèse
que les rapports isotopiques de l’azote du lait maternel res-
tent identiques tout au long de la période d’allaitement. Cette
étude exploratoire propose d’appréhender, à partir du suivi
longitudinal d’un couple mère–enfant sur 34 semaines,
l’évolution des rapports isotopiques de l’azote mais égale-
ment du carbone du lait maternel et des ongles de la mère
et de l’enfant. La finalité est d’évaluer l’incidence des varia-
tions des rapports isotopiques du lait maternel sur les tissus
des enfants et par conséquent sur la reconstitution de la
paléoalimentation des tout-petits. Les résultats montrent
que la composition isotopique du lait maternel est appauvrie
par rapport aux tissus de la mère, comme les ongles, et par
extrapolation à l’os. Les valeurs de δ15N du lait varient peu
au cours des tétées, ce qui n’est pas le cas pour le carbone,
dont l’importante variation au cours des semaines d’allaite-
ment et de sevrage ne semble pas être en lien avec l’alimen-
tation de la mère et/ou l’évolution staturopondérale de l’en-
fant. L’écart des valeurs de δ15N, enregistré entre les ongles
de l’enfant et de la mère, est inférieur à 2‰, donc en dessous
des valeurs souvent considérées dans la littérature bioarchéo-
logique. De plus, les données de cette étude ne confirment
pas l’hypothèse d’un enrichissement significatif en isotopes
lourds des ongles des nouveau-nés relativement à ceux de
leur mère à la naissance.

Mots clés Isotopes stables · Carbone · Azote · Lait
maternel · Ongle · Mère–enfant

Introduction

Biogeochemical methods like dose rate of stable isotopes
and trace elements have been developed considerably from
the beginning of 1990s, leading to new approaches for recor-
ding breastfeeding and weaning in past populations (recent
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overviews [1–5]). These methods provide direct markers to
assess the consumption of breast milk (stable isotopes of
nitrogen and oxygen) and estimate the type of weaning food
(carbon and sulphur isotopes, trace elements of strontium
and barium). When these approaches have been applied to
individuals of known age at death, they produce an estima-
tion of the duration of breastfeeding and of the weaning age
in populations represented only by archaeological remains
for inter and intra-individual analyses [6–11].

The marker that has been most frequently considered was
the isotopic ratio of nitrogen measured in the organic frac-
tion of bones and teeth (collagen). This marker has been
used in ecology for a long time to track the different trophic
levels in a food chain, and mainly takes into account the type
of protein in the food. Studies carried out on living orga-
nisms have shown that the δ15N values increase from the
primary producers (plants) through the different successive
trophic levels (herbivores, omnivores and carnivores) [12–
14]. In each link of the food chain, the tissues of organisms
become richer in heavy isotopes (15N), as a consequence of
“isotopic fractionation”, a process affecting the relative
abundance of isotopes according to physiological factors,
the main one being preferential excretion of the light isotope
(14N) in urine and faeces [15,16]. Enrichment ranges from
3 to 6 ‰ between food and some tissues in adults, but from
3 to 5‰ in the collagen of two successive trophic levels
[14,16,17].

Nutritional experiments on breastfed and non-breastfed
mother–child pairs showed that there was a gradual enrich-
ment, from 1.7 to 2.8‰, in 15N in the tissues of breastfed
children in relation to their mothers, from 10th to 12th post-
natal week [6,18]. This rate of enrichment are correlated with
the duration of maternal milk intake, then followed by a
relatively rapid decrease in 15N, corresponding to a change
in the diet that indicates the introduction of weaning food
[18]. During the course of the breastfeeding and weaning
process, the δ15N values in the infants’ tissue thus form a
“bell-curve”, where the top corresponds to the end of exclu-
sive breastfeeding [1]. Fuller and collaborators [18] have
also showed an increase in 13C in the tissues of breastfed
children, and recommended its use as a proxy to monitor
the consumption of maternal milk.

Until now, the interpretation of the δ15N values in
archaeological contexts were based on the a priori hypothe-
sis of no fractionation between the mother’s bone collagen
and the maternal milk [18,19]. Yet, according to the avai-
lable data from animals, a difference in 15N of -0.5 to
-2.3‰ has been observed between the collagen and the milk
of the organism synthesizing it [4]. Recently, similar results
were observed in women by a French team working on the
Inserm-EDEN cohort, with mean δ15N values for maternal
milk about 2.5‰ lower than those measured in the mothers’
hair at childbirth [20,21]. However, until now, no δ13C data

have been published. Another result of the a priori hypothe-
ses, which is used to interpret isotopic data from young chil-
dren in archaeological contexts, is that the δ15N maternal
milk values remain identical throughout the breastfeeding
period. Yet we know that the nutritional and immunological
characteristics of maternal milk change during the course of
breastfeeding, depending on the child’s age, or sex [22,23].
To our knowledge, no study has yet investigated changes in
the isotopic values of human breast milk during the course of
breastfeeding.

This exploratory study assesses changes in the nitrogen
and carbon isotopic ratios of maternal milk during breastfee-
ding and weaning in a mother–infant pair over a period of
34 weeks, using longitudinal tracking. It also measures the
isotopic ratios at different moments in the same day and
compares them to the isotopic ratios of the nails of the
mother and infant. The aims are (i) to analyse the isotopic
composition of the milk in relation to the time of feeding and
the child’s growth and (ii) to characterize the isotopic frac-
tionation for nitrogen and carbon in the milk, the mother and
the infant at different times. The purpose of this exploratory
research is to assess the impact of variations in the isotopic
ratios of the maternal milk on the child’s tissues, and conse-
quently, on the reconstruction of the palaeo-diet of young
children. In addition, while some authors explain the enrich-
ment in 15N in breastfed children as the result of significant
metabolic activity from birth to 2 years of age [21,24,25],
this exploratory study will attempt to reconsider the possible
influence of growth on the modification of δ15N values
during breastfeeding.

Materials

This study was carried out with a mother–infant pair from
4th to 34th week of breastfeeding after birth (November
2013 to June 2014).1 The baby was exclusively breastfed
until 12th week, then mainly breastfed until food diversifi-
cation from 21st week. The dietary characteristics of the
mother were observed along with the baby’s first substitute
foods and its stature and weight. The mother’s diet consisted
mainly of terrestrial type C3 food (meat, eggs, vegetables,
cereals; very few industrial/processed products and occasio-
nally fish). Type C4 plants, such as millet or sorghum, were
not part of the daily diet. For the infant, the first solid foods
were introduced from the 4th month, as a complement to
breastfeeding. These consisted of vegetable purees until
6 months, then type C3 plants, meat, fish and eggs (non-
industrial/processed).

1 The child was born at full term. Neither the child nor the mother
presented any pathology that could have led to nutritional or
metabolic problems.
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The introduction of animal proteins at 6 months was
concomitant with reducing breast milk feeds to twice a
day. Milk samples were taken about twice a month and seve-
ral times throughout the day for some of them (n = 31). In
addition, samples were taken from fingernail clippings from
both mother and infant (n = 7; between November 2013 and
June 2014). The time required for the incorporation of new
nutrients into the ends of the nails has been estimated from
physiological growth data. In adults, fingernails grow by
about 1.9–4.4 mm/month and it takes about 6 months for a
whole nail to grow back entirely [26]. Nail growth is faster in
children, generally 2–3 months [27]. Given the average size
of nails up until the age of 9 months2 (between 3 and 5 mm),
it would take about 6 weeks for a baby’s nail to grow back
entirely. On the other hand, work carried out with mother–
infant pairs showed that it took at least 12 weeks for the
maternal milk diet to be recorded in the infant’s tissue [18].
Thus, in our case, the baby’s fingernail clippings taken at
7 weeks of age correspond to tissues incorporating in utero
information, those taken at 11 and 21 weeks correspond to a
formation period of exclusive breastfeeding, whereas those
taken at 21 weeks and 29 weeks correspond to a formation
period when breastfeeding is supplemented by vegetable
purees or other foods. For the mother, the fingernail clip-
pings taken at 5 and 11 weeks after childbirth correspond
to a food signal during pregnancy, whereas those taken at
38 weeks correspond to a food signal during the 3rd month
of breastfeeding.

Methods

The stable carbon (δ13C) and nitrogen (δ15N) isotope ratios
measured in proteins in body tissues provide information on
diet, environment and certain physiological aspects, particu-
larly those related to growth [28–31]. The isotopic ratios of
tissue such as hair, nails, bone and teeth are linked to those of
food eaten over the course of the past weeks or years, depen-
ding on the speed of growth and the renewal of proteins in
the sample in question (hair > nail > bone-tooth). Isotopic
fractionation occurs in favour of the heaviest element (13C,
15N), leading to an enrichment of the tissue (äδ13C, äδ15N)
in relation to the diet, which differs depending on tissues.
Work carried out on hair keratin and bone collagen from live
adults showed an average enrichment in heavy isotopes in
the proteins of these two tissues of 1.4‰ for carbon and
0.9‰ for nitrogen and an average 15N enrichment of 0.7‰
in hair and nails [32]. These enrichments were taken into
consideration to estimate the isotopic ratios of the bone of
the mother–child pair from data obtained from the nails.

Bone turnover in the child was estimated from present-day
data concerning the turnover of human tissue. The turnover
rate of compact bone is estimated at 300% on average during
the first months of life and at about 100% at one year of age
[33]. Based on this, our postulates are: (1) bone potentially
reflects the isotopic composition of maternal milk after
3 months3; and (2) the enrichment in 15N between the mater-
nal milk and the bone collagen of the child would require the
same lapse of time.

The nail clippings were first cleaned in water and in an
ultrasound acetone bath, then lyophilised to eliminate any
residual humidity. The maternal milk has been taken directly
from the mother’s breast in a sterile glass vial, and then fro-
zen and lyophilised. The isotopic measurements were taken
on lyophilized samples using an elementary Europa Scienti-
fic analyser combined with a Europa Scientific 20-20 isoto-
pic mass spectrometer (Iso-Analytical Ltd. Crewe, England).
The measurements were taken using internal standards cali-
brated from international IAEA standards.

Only non-parametric tests were used, such as the Kruskal-
Wallis and Mann-Whitney tests, which were performed with
Statistica (©V.9).

Results

Between the 4th and the 34th week, the isotopic ratios of the
maternal milk range from -27.5 to -24.9‰ for carbon and
from 7.5 to 8.6‰ for nitrogen (respectively (mean±1σ):
-26.3±0.7‰; 8.0±0.3‰, n = 31; Table 1). No tendency
appears between the different milk samples and the breast-
feeding periods (through the day and during the months)
for nitrogen isotopic values. On the other hand, the carbon
isotopic composition of the milk is more variable
(Δ13C = 2.6‰). The milk samples between the 4th and the
9th week present δ13C values below -25.9‰, whereas those
taken between the 11th and 27th week show values ranging
from -25.9 to -25.1‰ (Fig. 1). The values from the 28th to
the 34th week range from -26.9 to -24.9‰. The differences
are significant between these three periods (ANOVA
Kruskal-Wallis: p(δ13C) < 0.001) and significant between
the first period (from 4th to the 9th week) and the second
period (from the 11th to the 27th week) (U-Mann-Whitney
Test: p(δ13C) < 0.001). During the same day, carbon and
nitrogen isotope values can vary by up to 1‰ but no ten-
dency was observed at the time of feeding (Fig. 2). No cor-
relation appeared between the isotopic values of the maternal
milk and the infant’s weight and height data. However the
few BMI data calculated showed variations between the 11th

2 Data tested with samples from the index, middle and ring fingers of
several children.

3 This estimation is proposed according to the nail data recorded in this
study. However we do not have a full understanding of the different
turnover of nail and bone during this period of infancy.
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and the 28th week, which matches the increase in the δ13C
values of maternal milk.

Over the full duration of the study, the δ13C values for the
mother’s nails range from -21.5 to -21.0‰ and the δ15N
values from 9.4 to 10.1‰, whereas the child’s nails vary
between -21.5 and -21.1‰ and between 9.9 and 12.5‰
(Table 2).

In comparison to the isotope ratios for the mother’s milk,
the isotope ratios for the mother and the child’s nails are
enriched in heavier isotopes by 4.8–5.2‰ for carbon whe-
reas the 15N enrichment between maternal milk and nails
ranges from 1.4 to 2.1‰ for the mother and from 4.8 to
5.2‰ for the child (Tables 1, 2, Fig. 3).

Discussion

Maternal milk

Given the changes in the isotopic carbon ratios of maternal
milk during the course of breastfeeding, the dietary investi-
gation conducted on the mother did not show any significant
modification in food intake between 11th and 27th week to
account for the variations observed. The consumption of
aquatic, and particularly marine, resources can lead to an
increase in the δ13C values in consumers’ tissues, in relation
to the intake of land resources [34]. In this case, marine
resources were only consumed occasionally, and without
regularity, and therefore cannot explain these results. Could
these variations in the isotopic values of the maternal milk

follow the BMI modification of the child and the first intro-
duction of solid food (vegetables)? We do not have enough
data to back up such an assumption. However, this isotopic
variability could result from differences in isotopic fractio-
nation in response to as yet insufficiently known physiolo-
gical constraints, such as differences in the use of amino
acids during milk synthesis in the mammary gland [35],
adaptation of milk composition to the infant’s needs [23]
and physiological stress of the mother (e.g. short nights,
tiredness) [36–38].

Nails of the mother and the child

Given that it takes about 24 weeks for new nutrients to be
incorporated into maternal nail tissue and about 12 weeks in
the case of infant nail tissue [18], the changes in the isotopic
values for the mother and the child during the last prenatal
and the first post-natal weeks were extrapolated and reported
in Table 2 and Fig. 3.

In this way, and subtracting the time of incorporation for
the mother and the baby, we note, firstly, that for the period
close to birth, the isotopic values, whether for carbon or
nitrogen, shows mother–infant differences of less than
0.5‰ (Fig. 3), confirming the earlier work on mother–infant
pairs [6,18]. However, these values are still below those
obtained from hair from mother–infant pairs in the EDEN
cohort, i.e. for nitrogen, which show a significant average
difference of +0.9‰, as opposed to +0.4‰ for carbon [20].
The differences between our data and the study conducted
by De Luca and collaborators [20] could be related to (i) the

Fig. 1 Carbon and nitrogen isotopic ratios according to the different maternal milk samples (the ellipses delineate the variation of data

for each week’s study) / Rapports isotopiques du carbone et de l’azote des prélèvements de lait maternel au cours de la période d’allai-

tement (les ellipses délimitent la variation des données pour chaque semaine étudiée)
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large sample size (n > 200) including the mothers’ isotopic
variability resulting from varied diets and (ii) the tissue ana-
lysed (hair), where the timing of nutrient incorporation is not
the same as for nails. According to the authors, the isotope
difference in mother–infant pairs showed the impact of in
utero protein metabolism on the tissues of the newborn
babies from the time of birth onwards.

Secondly, the slight enrichment in 13C between the
child’s and the mother’s tissues during breastfeeding
(Δ13CChild–Mother<0.5‰) is less marked than previously
observed by Fuller and collaborators, which was about 1‰
[18]. In contrast, while the nitrogen isotope ratios of the
mother’s nails concur at around 9.7‰, the infant’s nails show
higher δ15N values than those of the mother from the extra-
polated 9th week (Δ15NChild–Mother≈2.0‰) and clearly higher
values during the extrapolated 17th week (Δ15NChild–Mother

≈2.8‰). These results show that the tissues sampled from
the child’s nails before the 11th post-natal week, correspon-
ding more or less to the birth, had not yet recorded any dietary
modification linked to breastfeeding, whereas those formed
after the 21th post-natal week, at least, are significantly enri-
ched in 15N, corresponding to the breast milk diet (Fig. 3).
The enrichment in 15N in the child’s nails thus appears to be
consistent with that observed in the first studies on this topic,
with identical values (between 1.7 and 2.8‰ [6,18]).

In relation to the different questions raised at the begin-
ning of this paper, this exploratory study does not support
the hypothesis of significant enrichment in heavy isotopes of
the nails of newborn babies in comparison to those of their
mother at childbirth.

Contributions of these results to studies on palaeo-diets

This study addresses two key points for reconstructing past
dietary behaviour: (i) the changes in bone isotope ratios and
(ii) the isotope spacing between diet and tissue (Fig. 3).

By applying the isotopic enrichment between nails and
bone of +1.4‰ in 13C and +0.2‰ in 15N [32], it is possible
to extrapolate the data obtained from nails to the values
expected for bone samples, which are the main remains
found in archaeological contexts (Fig. 3). The tendencies
remain identical, with a significant increase in δ15N values
between the mother and the child, whereas the δ13C values
remain similar. The difference of less than 2‰ recorded for
nitrogen isotope ratios between the child and its mother was
below the values often considered in the bioarchaeological
literature (3–5‰ corresponding to a trophic level), which
raised the question of the validity of approaches based on
comparisons of δ15N values between female individuals
and children of unknown kinship [9,19]. Indeed, the isotopic
differences between mother and infant are too slight to be
observed in archaeological bones. The main point is that as
we (practically) never have access to mother-infant pairs,

Fig. 2 Maternal milk carbon and nitrogen isotopic ratios accord-

ing to the different suckling times shaded areas show suckling

moments during the same day; M: Morning; B: Breakfast;

PB: Post-Breakfast; A: Afternoon; D: Dinner; E: Evening) / Rap-

ports isotopiques du carbone et de l’azote des prélèvements de lait

maternel en fonction des tétées (les zones colorées indiquent

les prélèvements réalisés sur la même journée ; M : Matin ;

B : Petit déjeuner ; PB : Post-petit déjeuner ; A : Après-midi ;

D : Diner ; E : Soirée).
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Table 1 Elemental and isotopic compositions of maternal milk samples / Données élémentaires et isotopiques des prélèvements

de lait maternel

Lab-

Code

Sampling

date

Postna-

tal

week

Suckling

time

Child %C %N C/N δ13CV-PDB δ15NAIR

Food Weight

(g)

Stature

(cm)

La1 15/11/2013 4 After lunch AE 52.1 1.6 36.8 -26.1 7.7

La2 18/11/2013 5 After lunch AE 51.9 2.0 29.7 -26.5 7.7

La3 21/11/2013 5 After lunch AE 58.3 1.6 41.6 -26.6 8.6

La4 22/11/2013 5 After

breakfast

AE 49.8 1.8 32.6 -26.6 8.2

La5 22/11/2013 5 End

of morning

AE 55.8 1.9 34.8 -27.1 8.1

La6 27/11/2013 6 Lunch AE 4 500 55 51.1 1.7 35.0 -26.5 7.5

La7 27/11/2013 6 After lunch AE 4 500 55 54.8 1.7 36.7 -26.8 7.6

La8 27/11/2013 6 Afternoon AE 4 500 55 53.5 1.8 35.3 -26.5 7.9

La9 27/11/2013 6 Dinner AE 4 500 55 55.2 1.8 36.1 -26.5 7.7

La10 27/11/2013 6 Evening AE 4 500 55 59.4 1.6 42.0 -27.2 7.8

La11 28/11/2013 6 Morning AE 4 500 55 55.0 1.8 36.3 -27.3 8.1

La12 28/11/2013 6 Lunch AE 4 500 55 56.0 1.5 42.6 -27.3 8.0

La13 06/12/2013 7 After

breakfast

AE 53.4 1.4 45.4 -26.9 8.3

La14 06/12/2013 7 After lunch AE 44.4 1.9 27.8 -26.5 8.2

La15 06/12/2013 7 Afternoon AE 54.7 1.5 43.8 -27.5 8.2

La16 06/12/2013 7 Evening AE 45.8 1.6 33.1 -27.0 8.2

La17 11/12/2013 8 End

of morning

AE 51.2 1.5 38.4 -26.7 7.5

La18 13/12/2013 8 End

of morning

AE 46.5 1.6 34.6 -25.9 7.5

La19 16/12/2013 9 End

of morning

AE 50.5 1.4 41.9 -26.7 7.8

La20 01/01/2014 11 End

of morning

AE 5 470 57 56.2 1.3 50.6 -25.9 8.4

La21 01/01/2014 11 After lunch AE 5 470 57 47.9 1.9 29.5 -25.1 8.3

La22 01/01/2014 11 Afternoon AE 5 470 57 45.5 1.9 28.1 -25.2 8.2

La23 20/03/2014 22 Lunch Apu 43.1 1.8 28.4 -25.4 8.5

La24 27/03/2014 23 End

of morning

Apu 55.1 1.2 51.5 -25.9 8.1

La25 03/04/2014 24 After lunch Apu 6 600 65.5 49.5 1.6 35.9 -25.6 8.1

La26 10/04/2014 25 After lunch Apu 51.2 1.8 32.3 -25.6 8.3

La27 24/04/2014 27 After

breakfast

Apu 54.9 1.6 39.5 -25.4 7.9

La28 01/05/2014 28 Dinner ADiv 7 000 66 57.4 1.6 41.6 -26.3 7.9

La29 15/05/2014 30 Afternoon ADiv 55.1 1.2 52.4 -26.9 7.7

La30 29/05/2014 32 ADiv 51.5 1.7 35.5 -24.9 7.6

La31 12/06/2014 34 ADiv 53.5 1.5 40.1 -26.3 8.2

AE: Breastfeeding only; Apu: Breastfeeding and mashed vegetables; ADiv: Breastfeeding and food diversification including vegeta-

bles/meat/fish
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inter-individual isotope variability between females and
infants should not be considered as pinpointing the dietary
status of a child (breastfed/weaned).

Over the longitudinal analysis, the nitrogen isotope ratios
of maternal milk become depleted in comparison to the
mother’s nails (Fig. 3), which confirmed the most recently
recorded data from animals and humans [4,20,21]. The nitro-
gen isotope spacing of ≈2.1‰ between maternal milk and
the mother’s nails was slightly less than that reported by de
Luca and collaborators, of about 2.5‰ for hair [21]. On the
other hand, our data are the first to document the carbon
isotope spacing between breast milk and maternal tissue, of

around 5.1‰. Considering the theoretical isotope fractiona-
tion between diet and bone, of +5‰ in 13C and +3–5‰ in
15N [14,39], the consumption of maternal milk can be consi-
dered as one of the best potential explanations of the increase
in the child’s expected bone isotope ratios. However, we are
aware that other factors, such as growth, diet quality and use
of non-protein nitrogen sources via their synthesis in the
intestinal microbiome, also play a role in bone composition
and turnover [4,20,40–42].

To summarise, it appears from the modern data obtained
in this study that the pattern of isotopic values recorded in
children’s tissues during the course of breastfeeding and

Fig. 3 Carbon (a) and nitrogen (b) isotopic ratios in mother’s and child’s nails before and after the birth; estimated data for child’s bones

(the grey rectangle shows the mean, standard deviation, maximum and minimum for the 31 maternal milk samples; the arrows show

the isotopic fractionation recorded between maternal milk and the child’s and mother’s nails) / Rapports isotopiques de l’azote (a)

et du carbone (b) des ongles du couple mère–enfant avant et après la naissance et estimation des valeurs isotopiques pour un prélèvement

osseux chez l’enfant (le rectangle grisé indique la moyenne, l’écart-type ainsi que le maximum et le minimum pour les 31 prélèvements

de lait maternel : les flèches indiquent le fractionnement isotopique enregistré entre le lait maternel et l’ongle de l’enfant et de la mère).
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weaning processes is more complex than previously thought.
Nitrogen isotope ratios are still a relevant proxy for tracking
the consumption, decrease or stopping of maternal milk,
whereas δ13C does not seem to be a relevant proxy, which
confirms previously obtained results [11,43]. These results
must be taken into consideration when using archaeological
stable isotope bone data to detect ancient breastfeeding and
weaning patterns. The direct comparison between female
and infant bone values in this case is not relevant to estimate
breastfeeding and weaning in infants because of the lower
values of maternal milk and the inter-variability of females
within an archaeological population. In addition, in recent
years, infant palaeodietary studies have been much impro-
ved by using micro-sampling strategies and multi-proxy
approaches [44,45]. Even with such improvements based on
intra-individual analysis, our exploratory study argues in
favour of considering the isotopic variability of maternal
milk (=infant diet; mainly for δ13C) when interpreting
“micro-event” variations in infant tissues, since maternal
milk can be influenced by the mother’s physiological stress
and cultural behaviour [35–37].

Conclusion

This longitudinal analysis of maternal milk over 34 weeks
showed that the isotopic composition of maternal milk beco-
mes depleted in relation to the mother’s tissues, such as nails
and, by extrapolation, to bone. It also showed a certain stabi-
lity in nitrogen isotope values (Δ15N≈1‰) during the course
of breastfeeding and weaning, as well as during the course of
successive feeds in the same day. On the other hand, although
the carbon isotope values of milk can also show slight diffe-
rences between feeds during the same day, these differences
can be much higher during the breastfeeding and weaning

periods (Δ13C≈2.5‰). No tangible evidence from the inves-
tigation into the mother’s diet can explain these differences,
which could be due to a physiological problem linked to lac-
tation or maternal stress. Additional analyses are required to
confirm the recurrence of this observation.

In order to deepen our understanding of the isotopic varia-
tions recorded in women and infants in ancient populations,
this study would need to be extended to other mother–infant
pairs over a longer period, and should include different pat-
terns of food diversification. Moreover, in order to shed light
on all the factors, other than diet, that could influence the
recording of isotopic ratios in children, research is in pro-
gress on an archaeological series of young healthy and
pathological children, as well as on longitudinal tracking of
animals as part of a controlled nutrition experiment.
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