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Squirrel monkeys (genus Saimiri) give birth to relatively large neonates with large, fast-growing
brains. Maternal energy expenditure during gestation and infant development is argued to be high, but
may be offset by the provisioning of offspring by females other than the mother (allonursing). Milk
composition is an important component of maternal energy expenditure, but has been examined in only
a small number of primate species. Here, we report on the milk composition from laboratory-housed
Bolivian squirrel monkey (Saimiri boliviensis boliviensis) dams (n = 6) and allomothers (n = 2). Milk
samples (n = 16) representing mid-lactation were assayed for fat, sugar, dry matter (DM), crude protein
(CP), and fatty acids. Gross energy (GE) was calculated from these constituents (excepting fatty acids).
The goals of this project were: (1) to provide descriptive data on milk composition of squirrel monkeys,
including the range of intraspecific variation; (2) to determine if milk produced by allomothers differs
from milk from dams; and (3) to compare squirrel monkey milk to that of other small New World
monkeys, the callitrichines. Squirrel monkey samples averaged 4.56% fat, 3.59% CP, 6.98% sugar,
16.59% DM, and 0.91 kcal/g. The proportion of the medium chain fatty acids 8:0 and 10:0 was 40 times
greater than that reported for human milk samples, and 18:1 and 18:2n-6 comprise more than 60% of
total fatty acids. Milk from allomothers was lower than dams in fat, DM, and GE, which may relate to
variation in maternal condition between these two groups. Excluding allomothers, milk from squirrel
monkeys was higher in mean GE than captive common marmosets, but did not differ in the proportion
of energy from fat, CP, and sugar relative to total GE. The consistency in energy from protein between
species suggests this may be a shared-derived trait of New World monkeys. Am. J. Primatol. 70:35-43,
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INTRODUCTION

Lactation is a defining characteristic of mam-
mals, and represents a vital life history stage for the
developing infant and the mother, a key to the fitness
(survival and reproductive success) of both. The
diversity of the mammalian radiation is reflected in
the diversity of evolved lactation strategies. The
lactation strategy of a species comprises the composi-
tion of the milk produced, the volume of milk
produced per day, the frequency at which the
offspring nurse, and the duration of lactation. All
these elements must work together to simulta-
neously deliver the necessary nutrients to the infant
for its growth and development, without irreversibly
compromising maternal health. Anthropoid primates
appear to have evolved a lactation strategy that
consists of relatively long lactations, frequent nur-
sing of infants, and the production of large volumes
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of dilute milk [Oftedal & Iverson, 1995; Power et al.,
2002].

Relatively little is known about milk composi-
tion in New World primate species. Callitrichid
primates appear to produce typical anthropoid
primate milk [Power et al., 2002], despite their small
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size and habit of producing twins which might have
been expected to have selected for a more concen-
trated milk. In this paper, we examine the composi-
tion of milk from captive Bolivian squirrel monkeys
(Saimirt boliviensis boliviensis).

Squirrel monkeys are only slightly larger than
the largest callitrichid primates, median adult female
body weight is approximately 700 g [Bernacky et al.,
2002]. Squirrel monkey dams bear a higher meta-
bolic cost compared with other primate species on a
per infant basis, with maternal investment concen-
trated in the prenatal and perinatal periods [Garber
& Leigh, 1997; Jack, 2007]. Mean neonatal body
mass (+SD) in captivity is 109.2+21.9g (n = 283)
[Bernacky et al., 2002]. Neonatal body weights are
between 14 and 20% of maternal body weight, and
infants undergo rapid postnatal brain growth [Gar-
ber & Leigh, 1997; Hartwig, 1996]. Bolivian squirrel
monkeys usually lactate for 4-6 months, and have a
relatively long interbirth interval for a primate of
their size (mean of 1.38 years for this population)
[Garber & Leigh, 1997; Ross, 1991]. Allometry and
the large infant-to-maternal mass ratio would sug-
gest that squirrel monkeys might produce more
concentrated milk than larger anthropoids, but the
example of the callitrichids indicates that there
might be phylogenetic or life history trait constraints
on anthropoid primates that result in substantial
conservation of milk composition.

Allomaternal care, or care of an infant in a
maternal way given by someone other than the birth
mother, has been documented in squirrel monkeys in
studies from the field [Baldwin, 1969; Dumond, 1968;
Hunt et al., 1978; Ploog, 1967] and the laboratory
[Williams et al., 1988, 1994]. Infant squirrel monkeys
may spend as much as 30% of their time clinging on
allomothers during the first 6 months of their lives
[Baldwin, 1969; Williams et al., 1988, 1994]. Allo-
mothering usually begins during the first 2 weeks of
life in this species [Williams et al., 1988]. In the wild,
allomothers are reported to usually be juvenile
females [Dumond, 1968]. In captivity, reports have
shown that the majority (53%) of the allomothering is
done by young adult females 4-6 years of age while
adult females 7-9 years of age provide about 20% of
the allomaternal care [Williams et al., 1994]. Some
allomothers even nurse the infants (allonursing).
Most of the allonursing seen in captivity was
performed by females who had experienced a repro-
ductive failure during that year [Williams et al., 1988].

Allonursing behavior has been reported in other
laboratory housed or wild primate species including
Cebus [O’Brien & Robinson, 1991; Leighty et al., 2004],
Lemur catta [Pereira & Izard, 19891, and Varecia rubra
[Vasey, 2007]. This report is the first to compare the
milk composition of allomothers to dams.

We assayed milk samples from eight lactating
Bolivian squirrel monkey females, including two
allomothers, for dry matter (DM), crude protein
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(CP), fat, and fatty acids. The primary goals of this
study were: (1) to characterize the mean values and
extent of variation of squirrel monkey milk among
these constituents, (2) to test whether milk of
allomothers will be similar in composition to milk
from true mothers, and (3) to compare the composi-
tion of squirrel monkey milk with the composition of
common marmoset milk, another small New World
monkey.

METHODS

All animals in this study were part of a breeding
colony of squirrel monkeys (S. boliviensis boliviensis)
maintained at the University of South Alabama
Center for Neotropical Primate Research and Re-
sources. All research reported in this study adhered
to protocols approved by the Institutional Animal
Care and Use Committees of the University of
Arizona and the University of South Alabama.
Before delivery, monkeys were housed in social
groups of between 15 and 35 animals containing
one adult male and between 10 and 15 adult females
with their offspring. Housing consisted of indoor
pens measuring approximately 4.5 x 2.5 x 1.5m, con-
nected by porthole doors. Social groups had access to
two to three pens depending on their size. All
animals were fed a commercial New World Primate
diet that had a guaranteed analysis of crude fat
>9%. Fat was of both animal and plant origin. The
diet was supplemented three times weekly with
chopped vegetables, including celery, bell peppers,
squash, and beans. Grapes, peanuts, and mealworms
were fed sparingly as positive reinforcers when
animals presented for clinical observations. Water
was available ad libitum. The light dark schedule was
maintained to track the local sunrise and sunset, so
animals were exposed to long and short days
annually.

At term or immediately postpartum, dams and
infants were moved into maternity pens with other
dams and infants. When the infant was 1-month old,
it was identified with a neck chain tag and the pair
returned to the pen of the original social group.

Allomothers were identified using an ad libitum
data collection procedure [Altmann, 1974]. Allo-
mothers were defined as females other than the
infant’s dam seen carrying the infant on more than
one occasion.

To collect milk samples, females and their
infants and the corresponding allomother were
removed from the social group and placed in an
individual cage. The upper torso of each female was
wrapped using a self-clinging bandage over gauze
pads to prevent nursing or milk loss. Bandages
were removed 4-4.5hr after animal capture. Milk
was collected into 15-ml conical tubes by manual
expression from the nipple and gentle massage of
the underlying mammary gland. Milk was fully



expressed from the mammary glands. Oxytocin was
not administered. The sample was frozen in cryovials
and stored at —80°C until analysis. Once the sample
was collected the monkey was returned unbandaged
to her social group.

No early lactation samples were collected.
Milk collection did not begin until after allomothers
had been identified with the earliest samples
collected in the 2nd month of lactation. Owing to
the volume requirements to perform all the assays in
duplicate, only mid-to-late lactation samples were
assayed.

Laboratory analyses were conducted from Jan-
uary 2006 to March 2006. DM, CP, fat, and sugar
were measured at the Nutrition Laboratory, Smith-
sonian’s National Zoological Park using standard
methods [Oftedal & Iverson, 1995] and were the
same as used by Power et al. [2002]. All assays were
performed in duplicate. DM, or total solids in each
sample, was measured gravimetrically after drying
17.5ul of sample for 3hr at 100°C in a forced-air
drying oven. Total nitrogen (TN) then was assayed
using a CHN elemental gas analyzer (Model 2400,
Perkin-Elmer, Norwalk, CT), which provides a rapid
and accurate method of assaying TN in small
volumes of milk samples. This method has been
standardized at the Nutrition Laboratory against the
macro Kjeldahl procedure (nitrogen recovery
98-99%) and yielded comparable results for all
species tested, including for milk from several
primate species. CP was estimated from TN in each
milk sample (TN x 6.38). Total lipid was assayed by a
micro-modification of the Rose-Gottleib procedure
using sequential extractions with ethanol, diethyl
ether, and petroleum ether. Total sugar was assayed
by the phenol-sulfuric acid method using lactose
monohydrate as the standard [Dubois et al., 1956;
Marier & Boulet, 1959]. Results are expressed on an
anhydrous lactose basis. All results are expressed on
a weight-per-weight basis, as percent.

Energy from fat, protein, and sugar are
calculated using the following energy values:
9.11 keal/g for fat, 5.86 kcal/g for CP, and 3.95 kcal/g
for sugar. Total gross energy (GE) for each sample is
calculated as the sum of energy from fat, protein, and
sugar. This is likely an overestimate of GE because it
does not account for the nitrogen from nonprotein
sources (e.g., amino sugars). However, in human
milk, the percent protein as nonprotein nitrogen
(NPN) is between 0.038 and 0.046% [Lonnerdal &
Atkinson, 1995]. Assuming that nonhuman primate
milk will be similar to human milk in the percent
protein as NPN, calculations of GE for samples in
this study are only very small overestimates (approxi-
mately 0.01 kcal/g). Furthermore, comparisons among
samples are not affected because all samples are
calculated without accounting for NPN. The mean
values of fat, sugar, CP, and GE in the milk for each
female were used to calculate the amounts, in grams,
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of fat, sugar, and protein in 1kcal of milk for each
female.

Assays to determine milk fatty acid profiles were
performed at the Brain Physiology and Metabolism
Laboratory, National Institute of Aging, National
Institutes of Health (Bethesda, MD). All chemicals,
reagents, and standards used to quantify fatty acids
were purchased from Sigma Chemicals (St. Louis,
Missouri), unless otherwise indicated. Two internal
standards (20 pul of triheptadecanoic acid [17:0] for
proportional comparison with gas chromatography
peak areas and 50 pl of methyl docosatriaenoic acid
[22:3n-3] to verify complete methylation) were added
to samples before the addition of any chemicals.
Total lipids were extracted with chloroform and
methanol (2:1 volume) following the method of Folch
[Folch et al., 1957]. Extracted lipids were dried under
nitrogen gas and then reconstituted with 2ml of
0.1% sulfuric acid solution in methanol. Fatty acids
methyl esters were formed by heating this solution at
70°C for 3hr [Bazinet et al., 2003; Makrides et al.,
1994]. Methyl esters were separated on a
30 x .25mm internal diameter -capillary column
(SP-2330; Supelco, Bellefonte, PA) by gas chromato-
graphy with a flame ionization detector (Model
6890N; Agilent Technologies, Palo Alto, CA). Runs
were initiated at 80°C, with a temperature gradient
to 160°C (10°/min) and 230°C (3°C/min) in 31 min
and held at 230°C for 10 min. Peaks were identified
by comparison with retention times of fatty acid
methyl ester standards: GLC Reference Standard 68
A, 68 C, 85 and 96 (Nu-Check Prep, Inc., Elysian,
Mn) and pure eicosapentaenoic acid.

Absolute fatty acid concentrations (milligram
per gram of milk) were calculated by proportional
comparison of gas chromatography peak areas with
that of the 17:0 standard, relative to the total weight
of each sample (approximately 0.0100g). Relative
concentration, given as percent composition, was
calculated by dividing individual fatty acid concen-
tration by the total concentration of all reported
fatty acids.

Results are expressed as mean and standard
error. Data were analyzed using JMP 4.0 (SAS
Institute, 2002, Cary, North Carolina) and SPSS
13.0 (SPSS Inc., 2005, Chicago, Illinois). Significant
differences in means were determined using two-
tailed ¢ tests and significant relationships between
milk constituents were explored with pairwise
correlations. Statistical significance was set at
2 <0.05. The data for proximate composition of milk
are compared with data from common marmosets
(Callithrix jacchus) published in Power et al. [2002]
using analysis of variance.

RESULTS

The proximate composition of samples and the
relative contributions of fat, sugar, and protein to
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GE were stable between days 101 and 183 post-
partum (Fig. 1). Milk samples collected after 183
days were significantly higher in fat than samples
collected after day 183 (¢ = —3.57, P = 0.002). Accord-
ingly, mean percent (4 SE) energy from fat increased
from 45.97 (+1.38%) to 54.53% (+1.95%) (t = —3.6,
P<0.01) and mean percent energy from sugar
decreased from 30.82 (+1.03%) to 23.92%
(£4.90%) (t = 3.9, P<0.01). There was no significant
change in percent energy from protein between these
two time periods (¢ = 1.5, P =0.16).

Change in milk composition at approximately 6
months postpartum coincides with species-defined
lactation patterns. Peak lactation for this population
of S. boliviensis boliviensis is estimated at 4-6 months
[Gibson et al., 1993]. Although Williams et al. [1994]
showed a gradual decrease in the amount of nursing
and allonursing during the infant’s first 6 months of
life (from 22 to 5% of their time nursing), suckling by
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Fig. 1. After infant age of 183 days, the percentage of gross

energy (GE) from fat increased and the percentage of GE from
sugar decreased. The percentage of GE from protein did not

vary.

infants has been observed through the 11th month
postpartum. Following Oftedal and Iverson [1995]
results from samples representing mid-lactation
(101-183 days postpartum in this data set) are
reported as representative of the species. One dam
(973) has three samples from this time period, four
dams (10, 597, 989, 1508) have two, and one dam
(1360) has one sample; the two allomothers (688,
1630) each have two samples (Table I).

Mean DM of individual mid-lactation samples
ranged from 15.28 to 17.95%, mean fat from 3.48 to
5.74%, mean CP from 2.96 to 4.23%, and mean sugar
from 6.63 to 7.28%. Mean values (4+SE) for each dam
and the mean from all dams are presented in
Table II. Estimated GE ranged from 0.79 to
1.02kcal/g, with a mean of 0.91+0.03kcal/g
(Table III). Fat and DM were correlated positively
with each other (r=0.76, P=0.03) and each was
correlated positively with GE (fat: r=0.92,
P =0.001; DM: r=0.89, P<0.01).

Fat was the primary energy source for all
samples, ranging from 39.12 to 53.18% of total
energy with a mean value of 45.97+1.28%. Energy
from sugar contributed a mean of 30.82%+0.93 to
GE and, like energy from fat, was quite variable
(26.57 to 34.98%). The proportion of GE from protein
was the least wvariable among individuals
(20.35-25.91%) with a mean of 23.21+0.60%.

Samples highest in GE were also highest in the
proportion of energy from fat (r=0.73, P=0.04).
The opposite relationship is observed for proportion
of energy from sugar (r=-0.93, P<0.01). Conse-
quently, the proportion of energy from fat is
negatively correlated with the proportion of energy
from sugar (r=-0.90, P<0.01). Females that pro-
duced high GE milk produced milk with more grams
of fat and less grams of sugar per kilocalorie of milk
than did females that produced lower GE milk (Fig.
2). There is no relationship between GE and the
proportion of energy from protein (r=—0.13,

TABLE 1. Maternal Age and Infant Age (Day of Lactation) for Each Milk Sample

Maternal age

Infant age

Infant age Infant age

Female ID Source (est. years)? sample 1 (days)© sample 2 (days) sample 3 (days)
10 Wild >12 142 174 206
597 Wild >9 152 183 215
688> Wild >12 101 133 195
973 Wild >12 113 145 175
989 Wild >8 140 172 205
1360 Lab-born 7 162 195 225
1508 Lab-born 5 142 174 206
1630° Lab-born 4 131 173 195
2Age given is known time in captivity; wild source females were adult when captured.

Allomothers.

°Days given for allomothers are days post-partum from the birth date of their own infant.
688 rejected her infant and it was raised in the nursery. 1630’s infant died at 1 day of age.
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P =0.76). Importantly, the grams of protein per
kilocalorie of milk did not differ.

Samples from allomothers appeared to group
away from samples provided by genetic mothers.
Samples from allomothers were lowest among all
dams in total GE (P = .006) and, consequently, were
highest in energy from sugar (P =.02) and tended to
be lowest in energy from fat (P =.06) (Table IV).
Percent energy from protein in allomother samples
does not differ from that in genetic mothers, falling
at both ends of the range of values (P =.56). When
adjusted for GE, the relative proportions of fat
(P=0.56) and sugar (P=0.89) were not different
from that of genetic mothers (Fig. 2).

Twenty-three fatty acids were identified
(Table IV) and internal standard concentrations
and relative proportions indicated a completed
methylation process. We report here on nine of these
23 fatty acids: octanoic acid (8:0), decanoic acid
(10:0), palmitic acid (16:0), 18:1 (includes 18:1n-9
[oleic] and 18:1n-7 [vaccenic]), linoleic acid (18:2n-6),

TABLE II. Mean + SE of Proximate Values by Female
and for All Females (Samples <183 Days)

ID Fat (%) CP (%) Sugar (%) DM (%)
10 48140.75 3.2840.32 6.80+0.32 16.474+0.09
597 5.7440.35 3.42+0.33 6.634+0.22 16.6940.09
688> 3.4840.36 3.5740.001 7.154+0.10 15.344+1.01
973 4324059 4.01+0.16 7.2840.21 16.974+0.73
989 4594031 3.36+0.16 7.2540.13 16.1840.57
1360 5.34 4.23 7.21 17.80
1508 5.1440.18 3.86+0.22 6.694+0.02 17.9540.09
1630° 3.81+0.06 2.96+0.14 6.794+0.15 15.2840.40
All 4564027 3.59+0.15 6.984+0.09 16.594+0.35
samples

20nly one sample met infant age criteria.
CP, crude protein; DM, dry matter.
bAllomothers.
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a-linolenic acid (18:3n-3), arachidonic acid (20:4n-6),
eicosapentaenoic acid (20:5n-3), and docosahexaenoic
acid (22:6n-3). These fatty acids were selected
because of comparable data for human milk fatty
acids. Mean percent composition of medium chain
fatty acids (8:0 and 10:0) were more than 15-fold
greater than mean values from great ape species
[Milligan, unpublished data] and 40-fold greater
than those reported from the human literature
[e.g., 0.13+0.06%; Gibson & Kneebone, 1981]. 16:0,
18:1n-9, 18:1n-7, and 18:2n-6 composed over 75% of
total fatty acids. Polyunsaturated fatty acids (PU-
FAs; 18:2n-6, 18:3n-3) and long-chain PUFAs
(LCPUFAs; 20:4n-6, 20:5n-3, 22:6n-3) accounted for
approximately 32% of all fatty acids, of which 28.78%
is 18:2n-6.

Mean percent composition of 8:0, 10:0, 18:1,
18:2n-6, 18:3n-3, 20:4n-6, and 20:5n-3 were not
significantly different between dams and allo-
mothers. Significant differences were detected in
mean percent composition of 16:0 (dams: 17.82%;
allomothers: 16.60%; ¢t = 2.23, P =0.04) and 22:6n-3
(dams: 0.42%; allomothers: 0.54%; t=-3.97,
P =10.002), although values from allomothers were
within the range of dam values for both fatty acids.
In fact, the highest value for percent composition of
22:6n-3 (0.68%) was provided by a dam sample.

The mean proximate composition values for the
six mothers in this study were compared with the
values for ten captive common marmosets from
Power et al. [2002], which is the only other
comparable study of proximate milk composition in
New World monkeys. The milk of the squirrel
monkeys was higher in GE (P<0.01), fat (P =.018),
and CP (P<0.01), and lower in sugar (P =.03) than
was the milk of the common marmosets (Table V). As
would be predicted from the higher GE, the propor-
tion of energy from sugar was lower in squirrel
monkey milk (P =.006) and the proportion of energy

TABLE III. Mean + SE of Gross Energy and Percent Energy From Fat, Sugar and Protein by Female and For All

Females (Samples <183 Days)

Percentage Percentage Percentage

of energy of energy of energy
D GE (kcal/g) from fat from sugar from protein
10 0.90+0.07 48.45+3.57 30.19+3.92 21.36+0.35
597 0.96+0.003 53.08+3.05 26.57+0.96 20.354+2.08
688° 0.81+0.003 39.12+2.63 34.98+1.77 25.91+0.87
973 0.92+0.06 42.69+3.14 31.654+2.55 25.66+0.65
989 0.90+0.03 46.34+2.63 31.794+0.33 21.87+1.50
13607 1.02 47.74 27.95 24.32
1508 0.96 +0.002 48.85+1.60 27.55+0.14 23.60+1.46
1630° 0.79+0.01 44.0240.27 34.024+1.09 21.9740.82
All samples 0.91+0.03 45.97+1.28 30.82+0.93 23.21+0.60

20nly one sample met infant age criteria.
GE, gross energy.
>Allomothers.
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Fig. 2. The grams of crude protein, fat, and sugar in 1kcal of
milk for the eight captive squirrel monkeys in this study, plotted
against the GE of the milk. Sugar is filled triangles, fat is open
circles, and protein is filled circles. Grams of fat were
significantly positively correlated with GE, whereas grams of
sugar were significantly negatively correlated with GE. The
grams of protein in 1kcal of milk were not associated with the
GE of the milk. The milk of the two allomothers are not different
from the milk of the mothers after accounting for the
significantly lower GE of the milk from the allomothers.

TABLE IV. Mean+SE of the Concentrations and
Percent Composition of Identified Fatty Acids From
All Samples <183 Days

Fatty acid Concentration (mg/g) Percent composition
8:0 0.06+0.004 5.384+0.30
10:0 0.04+0.003 3.80+0.29
12:0 0.01+0.0004 0.014+0.01
14:0 1.49+0.12 2.60+0.21
14:1 0.07+0.01 0.13+0.004
16:0 0.18+0.006 17.54+0.26
16:1 1.3240.19 2.29+4+0.16
18:0 2.46+0.21 4.314+0.18
18:1% 0.3140.01 29.47+40.57
18:2n-6 0.304+0.01 28.7840.48
18:3n-6 0.10+0.01 0.1940.01
18:3n-3 0.02+0.001 2.08+0.07
20:0 0.074+0.01 0.11+0.01
20:1 0.23+0.02 0.04+0.01
20:2 0.1940.02 0.34+0.01
20:3n-6 0.16+0.02 0.30+0.02
20:4n-6 0.0140.001 0.89+0.03
20:5n-3 0.001+0.001 0.11+0.01
22:2 0.03+0.003 0.05+0.01
22:4n-6 0.02+0.001 0.03+0.01
22:5n-6 0.01+0.01 0.134+0.01
22:5n-3 0.12+0.01 0.224+0.01
22:6n-3 0.005+0.01 0.45+0.02

“Represents the sum of 18:1-9 and 18:1-7.

from fat tended to be higher (P =.05). Importantly,
the proportion of energy from protein (P =.13) did
not differ between the two species, and, after
accounting for the GE of the milk, the proportion
of energy from sugar and fat also was not signifi-
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TABLE V. A Comparison of the Proximate
Composition of the Milks From the Six Dams in This
Study With Milk From Ten Captive Common
Marmosets (Data From Power et al., 2002)

Saimiri Callithrix
GE (kcal/g) 0.954+0.02 0.76+0.04
CP (%) 3.69+0.16 2.69+0.14
Fat (%) 4.99+0.21 3.45+0.42
Sugar (%) 6.98+0.12 7.40+0.11
% GE from CP 22.854+0.81 20.814+0.83
% GE from fat 47.98+1.34 39.83+2.75
% GE from sugar 29.18+0.87 39.35+2.31

GE, gross energy; CP, crude protein.

cantly different between the species (P = .24 and .64,
respectively).

DISCUSSION

We report here on one aspect of the lactation
strategy of the Bolivian squirrel monkey, milk
composition. Bolivian squirrel monkeys appear to
be able to produce relatively high-energy milk for an
anthropoid primate; however, there is significant
variation among individuals. Variability in the
absolute amounts of fat and protein in milk has
been shown in other monkeys (e.g., common marmo-
sets; [Power et al., 2002] and rhesus macaques
[Hinde, 2007]). The sources of this variation are
uncertain, but may reflect differences in maternal
condition. Despite the variability in absolute
amounts, the proportions of fat, sugar, and protein
in squirrel monkey milk are predictable relative to
GE, in agreement with the findings of Power et al.
[2002] for common marmosets. Indeed the propor-
tion of protein to GE appears to be relatively
constant both within and between these species.

Milk from allomothers (n =2) was lower than
dams (n=6) in fat, DM, and total GE. Percent
composition of reported milk fatty acids did not differ
significantly between allomothers and dams, except-
ing 16:0 and 22:6n-3. However, data points from
allomothers were within the wide range of values for
dams for both fatty acids (16:0: 16.2-20.3%; 22:6n-3:
0.34-0.68%). This variability in percent composition
may reflect differences in maternal energy stores
(depot fat) or dietary intake of saturated fatty acids
(16:0) and LCPUFA (22:6n-3) among all lactating
females (dams and allomothers).

Williams et al. [1994] suggest allomaternal
nursing and other allomaternal behaviors observed
in this species (e.g., dorsal carrying of an infant by a
female other than its mother) may augment infant
survival; an alternative food source benefits the
infant should their genetic mother die and benefits
the dam by reducing the nutritional burden of
lactation [Williams et al., 1994]. Determining



whether infants receive sufficient energy from the
milk of allomothers is therefore critical to arguments
for allomaternal nursing as an adaptive behavior in
squirrel monkeys. The majority (86%) of allomater-
nal nursing observed by Williams et al. [1994] was
performed by mothers with a reproductive failure for
the year.

Both allomothers in this study had had a live
birth; one had a neonatal death (1630) and the other
(688) rejected a low birth weight infant, which was
subsequently raised in the nursery. Reproductive
failure may be a proxy for poor maternal condition.
Tardif et al. [2001] report that small common
marmoset mothers with twin offspring produce
lower energy milk and Hinde [2007] reports rhesus
macaque mothers with parasitic infection of Balan-
tidium coli have significantly lower milk fat. Mater-
nal condition may affect milk composition in Bolivian
squirrel monkeys in similar ways that have been
observed in other nonhuman primates. Alterna-
tively, the fact that the allomothers went several
weeks after the loss of their own infant without any
physical nursing stimulation, may have resulted in
an altered milk composition when compared with
dams that had been nursing their infant since birth.

Our data suggest that in nursing allomothers
there may be an affect on milk quality, specifically
lower fat content, which in turn reduces total GE.
Larger sample sizes are required to test this
hypothesis, as is an understanding of energy require-
ments by the neonatal and infant squirrel monkey.
Allomother milk may be significantly different from
milk of genetic mothers on a statistical level, but this
difference may not translate to significance at the
biological level. Importantly, milk from allomothers
provided the same amount of protein per kilocalorie
of milk as did milk of mothers (Fig. 2). This result is
similar to findings on protein composition in milk
from human populations [Prentice, 1995]. Women in
The Gambia with a low body mass index (represen-
tative of nutritional status) produced milk with
similar protein concentration to European women
with body mass indices in the normal range
[Prentice, 1995].

The three sources for milk fatty acids are
maternal depot fat, maternal diet, and de novo
synthesis in the mammary gland [Iverson & Oftedal,
1995; Prentice, 1996]. Medium chain fatty acids such
as 8:0 and 10:0 can be synthesized by a variety of
tissues, including the mammary gland while PUFAs
such as 18:2n-6 and 18:3n-3 must be obtained by the
diet. 18:2n-6 is the precursor for all omega-6 (n-6)
PUFAs, including 20:4n-6 and 18:3n-3 is the pre-
cursor for all omega-3 (n-3) PUFAs, including 22:6n-
3. Elongation of 18:2n-6 and 18:3n-3 into 20:4n-6 and
22:6n-3 depends on a variety of physiological and
dietary factors, including maternal ability to desatu-
rate these fatty acids, their quantity, and the ratio of
n-3 to n-6 fatty acids in the diet [Brenna, 2002;
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Carlson, 1999; Huang & Brenna, 2001; Jensen et al.,
1995]. The proportion of these fatty acids in the diet
also influences de novo synthesis of shorter chain
fatty acids by the mammary gland [Iverson &
Oftedal, 1995]. Milk fatty acids from mothers on
high fat diets will reflect dietary lipids and have
lower relative concentrations of fatty acids produced
by mammary gland lipogenesis [Del Prado et al,,
1999].

The Bolivian squirrel monkey has a high con-
centration and percent composition of 8:0 and 10:0
relative to humans [Gibson & Kneebone, 1981] and
nonhuman apes [Milligan & Bazinof, unpublished
data]. These results are similar to those from the
South American squirrel monkey (Saimiri sciureus),
where approximately 12% of fatty acids were 8:0 and
10:0 [Buss & Cooper, 1972]. The function of these
fatty acids in milk is not completely understood, but
may serve as energy substrates for neonates and
infants [Bazinet, personal communication]. It is
intriguing to hypothesize if nonhuman primates
with high-energy requirements for growth and
development, such as the Bolivian squirrel monkey,
will produce these fatty acids in higher concentra-
tions relative to those with slower infant growth
rates.

Mean percent composition of 18:2n-6 (28.78%)
and 18:3n-3 (2.08%) are notably higher than
reported human values [e.g., Koletzko et al., 1988,
who report percent composition of 18:2n-6 as 10.76%
and 18:3n-3 as 0.81%]. The most likely explanation is
dietary supply of these PUFAs is greater in the
Bolivian squirrel monkey relative to humans. Both
18:3n-3 and 18:2n-6 are supplied primarily by foods
of plant origin, with 18:3n-3 found in leaves and
18:2n-6 found in seed oils such as soybean oil
[Sanders, 1999]. Despite having higher concentra-
tions of LCPUFA precursors than humans, the
percent composition of 20:4n-6 and 22:6n-3 in the
Bolivian squirrel monkey is within the range of
variation reported for humans [Boersma et al., 1991;
Chulei et al.,, 1995; Gibson & Kneebone, 1981;
Koletzko et al., 1988, 1992]. The concentration of
these LCPUFA in milk depends on dietary supply
(primarily animal products, such as fish and eggs)
and the desaturation and elongation of their n-3 and
n-6 PUFA precursors. Data from humans [Brenna,
2002; Francois et al., 2003] and baboons [Greiner
et al.,, 1997; Su et al.,, 2001] indicate that 22:6n-3
levels in milk increase more with an increased source
of preformed 22:6n-3 rather than increases in 18:3n-
3. It is difficult to draw conclusions as to the source of
milk 22:6n-3 without a better understanding of
LCPUFA concentration of the diet and efficiency of
the species in conversion to LCPUFA. The concen-
tration of 22:6n-3 in a species that produces large-
brained neonates is of particular interest [Martin,
1996], as 22:6n-3 is an important structural compo-
nent of brain and central nervous system tissue and
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a limiting nutrient on proper cognitive development
[Agostoni & Giovannini, 2001; Carlson, 2001; Gib-
son, 1997; Gibson & Makrides, 1999; Uauy & De
Andraca, 1995].

The milk of squirrel monkey dams (but not
allomothers) was higher in mean GE than the mean
values for GE from common marmoset milk reported
in Power et al. [2002]. However, the proportions of
fat, sugar, and protein relative to GE were not
different between these species. These data support
the hypothesis that milk composition is variable
among small New World monkeys, with the variation
possibly related to maternal condition. Within that
variability, however, the proportions of fat, sugar,
and protein relative to GE are predictable. It is
especially interesting that the proportion of GE from
the protein fraction of milk appears to be constant.
Indeed, Buss and Cooper [1972] reported almost
identical values for percent protein from four
lactating squirrel monkeys (S. sciureus).

A consistency in the amount of GE contributed
by the protein fraction of milk may be an important
phylogenetic trait. Among anthropoid primates,
protein contributes to GE the least in human
[Jenness, 1979; Prentince, 1995; Stini et al., 1980]
and ape milk [Milligan, unpublished data], is inter-
mediate in its contribution among Old World
monkeys (mainly represented by baboons and maca-
ques) [Lonnerdal et al., 1984; Oftedal & Iverson,
1995], and is highest in New World monkeys [Power
et al., 2002; this study].

Milk composition cannot be looked at in isolation
when discussing the energetic costs of lactation for a
species. Lactation as a life history trait is also
described by the length of lactation, the quantity of
milk produced, and the frequency of nursing.
Hominoid milk is lower in energy than that of New
World monkeys, which may relate to their relatively
longer lactation period [Milligan, unpublished data].
Prosimians that park their infants during the day
produce more concentrated milk than those who
carry their infants and nurse them more frequently
throughout the day [Tilden & Oftedal, 1997].
Allonursing in squirrel monkeys may influence milk
quantity and nursing frequency. If this behavior is
indeed an adaptation in this species to offset
energetic costs of the mother, it must also be
considered part of the lactation strategy of the
Bolivian squirrel monkey.
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