American Journal of Primatology 56:117-127 (2002)

Does the Milk of Callitrichid Monkeys Differ From That of
Larger Anthropoids?
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The generalization that anthropoid primates produce dilute milks that
are low in protein and energy is based primarily on data from large mon-
keys of the families Cebidae and Cercopithecidae, as well as humans.
The marmosets and tamarins (Callitrichidae) are not only much smaller
in body size, but also typically raise multiple offspring during a rela-
tively brief lactation. We hypothesized that selection for small body size
and high reproductive rate might favor secretion of milk of higher en-
ergy and protein concentrations. To test this hypothesis, 46 milk samples
collected from 10 common marmosets (Callithrix jacchus, ca. 350 g) were
assayed for dry matter (DM), crude protein (CP), fat, and sugar; and
gross energy (GE) was calculated from these constituents. We also as-
sayed five samples collected from three golden lion tamarins (Leonto-
pithecus rosalia, ca. 700 g) and six samples collected from a single pygmy
marmoset (Cebuella pygmaea, ca. 150 g) over two lactation periods. All
samples were collected between days 10 and 57 post partum, represent-
ing mid lactation for these species. The milks of these three species were
similar, containing 14.0%, 16.1%, and 13.7% DM, 2.7%, 2.6%, and 2.9%
CP; 3.6%, 5.2%, and 3.7% fat; 7.4%, 7.2%, and 7.8% sugar; and 0.76,
0.90, and 0.82 kcal/g for common marmosets, golden lion tamarins, and
the pygmy marmoset, respectively. These species produced milks with
energy values that were within the range reported for large anthropoids,
albeit with slightly higher protein concentration. However, milk compo-
sition did vary substantially among individual common marmoset females,
especially in the proportion of milk energy derived from fat. In contrast,
CP as expressed as a percent of GE was remarkably constant among
common marmoset females. Callitrichid milk appeared to be similar to
that of larger anthropoid primates in GE, but was higher in CP and in
the proportion of GE from CP. However, the small sample sizes for the
golden lion tamarin and the pygmy marmoset, and the wide variation in
milk composition found among common marmoset females cautions
against definitively characterizing the milks of callitrichids from these
data. Am. J. Primatol. 56:117-127, 2002. © 2002 Wiley-Liss, Inc.
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INTRODUCTION

Although anthropoid primates typically produce dilute milks with low levels
of fat, protein, and gross energy (GE), fragmentary data from a few cebids and
callitrichids suggest that their milks may be more concentrated [Oftedal, 1984].
Blaxter [1961] proposed many years ago that small neonates should require more
energy-dense milk since energy requirements are proportional to metabolic body
size (mass to the power 0.75), whereas gastrointestinal capacity is directly pro-
portional to body mass [Oftedal et al., 1989]. If milk intake is proportional to
gastrointestinal capacity, energy density of milk should be proportional to M®"/
M = M °% [Payne & Wheeler, 1968]. However, an allometric comparison among
primates is complicated by the fact that most anthropoid milk composition data
are for large-bodied species, such as macaques, baboons, and howler monkeys.
The extent to which samples obtained in previous studies are representative has
also been questioned [Oftedal, 1984; Oftedal & Iverson, 1995]. For example,
Oftedal [1984] concluded that early studies of the milks of squirrel monkeys,
marmosets, and tamarins [Buss & Cooper, 1972; Buss, 1975; Turton et al., 1978]
did not warrant inclusion in a review of mammalian milks. These studies encom-
pass just a few samples collected at different stages of lactation and in some
cases after the death of the infant. More recently, a study of 13 prosimian species
demonstrated considerable variation among genera in milk composition, but this
was attributed to pattern of maternal care, not body size [Tilden & Oftedal, 1997].

An understanding of interspecific variation in milk composition is important
not only to interpretation of reproductive strategies, but also in selecting an ap-
propriate milk formula for feeding neonates. For example, it is common to en-
hance the fat and protein concentrations in human milk formulas if they are to
be fed to neonatal callitrichids out of the belief that smaller primates need more
concentrated formulas [Oftedal, 1980; Kirkwood & Stathatof, 1992]. Reliable milk
composition data are needed to verify this view.

The New World monkeys in the family Callitrichidae are the smallest of the
anthropoid primates. Callitrichids generally have a higher reproductive output
than is usual among other anthropoids: twin offspring are the norm, with two
litters per year not uncommon. The gestation ranges from 128 to 180 days [Hartwig,
1996] and is followed by a relatively short lactation period: infants begin to eat
solid food by 1 month and are weaned at or before 3 months [Hearn, 1983]. In
many species females will become pregnant within weeks of parturition [Tardif,
1994]. Thus, callitrichid primates appear to have relatively brief but intensive
reproductive phases, quite different from the long dependency and low rate of
milk energy output characteristic of large anthropoids such as baboons [Roberts
et al., 1985]. Allometric considerations, the production of twins, and the brevity of
lactation all suggest that a rapid rate of nutrient transfer from mother to young
may be essential to reproduction in callitrichids. If so, there may be a selective
advantage to production of milk high in energy and nutrient composition.

The common marmoset (Callithrix jacchus) is among the smallest of the
Callitrichidae (ca. 350 g), and has a rate of reproductive output that is not sur-
passed by any other callitrichid species. Females typically ovulate within 14 days
post partum [Tardif & Bales, 1997], so that females are commonly pregnant dur-
ing lactation [Hearn, 1983]. Thus, if milk composition of callitrichids were to
vary from that of other anthropoids based on the small body size and high repro-
ductive rate, the common marmoset would be a prime candidate to display this
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trait. We predicted that common marmoset milk would be higher in dry matter
(DM), fat, protein, and GE than the milks of larger primates. Milk samples were
obtained from 10 common marmoset females Callithrix jacchus. Opportunistic
milk samples were also obtained from two other callitrichid species for compari-
son: a single pygmy marmoset, Cebuella pygmaea (the smallest callitrichid, ca.
150 g), and from three golden lion tamarin females, Leontopithecus rosalia (one
of the largest callitrichid species, ca. 700 g). This study is part of an ongoing
research project investigating the effects of nutrition on reproduction in callitrichid
monkeys.

METHODS

Milk samples were collected from 10 captive Callithrix jacchus over a 5-yr
period at approximately days 20, 32, and 45 post partum during one to four
lactation periods (defined as the period of time from the birth of the infant until
it is weaned) for each animal. For comparison, milk was also collected from three
captive Leontopithecus rosalia: a single sample from one female at day 10, a
single sample from another female at day 50 post partum, and three samples
from a third female at days 20, 42, and 55 of a single lactation period. Samples
were also collected from a single captive Cebuella pygmaea from two lactation
periods at days 20, 32, and 45 post partum. These time periods correspond to
mid lactation in these species. In addition, samples from three C. jacchus fe-
males collected during late lactation (approximately day 75 post partum) were
assayed. Callitrichid infants are thought to be completely weaned before 90 days
post partum.

All C. jacchus were fed, ad libitim, one of two isocaloric, homogenous, gelled,
purified diets containing lactalbumin, dextrin, sucrose, soybean oil, cellulose, agar,
and vitamin and mineral premixes for the duration of the study (details of the
diets can be found in Tardif et al. [1998]). The diets were formulated to provide
either 15% or 25% of estimated metabolizable energy (ME) from protein, while
keeping other nutrient concentrations the same. Both provided 11% of estimated
ME from fat. These two protein levels were chosen to test the hypothesis that
the smaller New World monkeys require higher dietary protein concentrations
than do Old World anthropoids, as was suggested by the National Research Coun-
cil [1978] but disputed by one of us [Oftedal, 1991]. The other two species were
fed, ad libitim, standard mixed diets, including fruit, vegetables, and minor treat
items, but a commercial canned diet that provided approximately 20% of ME
from protein (Marmoset Diet, Hill’s Food, Topeka KS) provided the major portion
of most nutrients. All animals were housed in family groups, with a breeding
male and female and their immature offspring.

Females were separated from their infants shortly after emerging from the
nest box in the morning, and kept separated for 3—4 hr to allow accumulation of
milk in the mammary glands. The marmosets were anesthetized with ketamine
hydrochloride and injected IM with oxytocin (2—3 IU). The golden lion tamarins
were anesthetized with isoflurane gas and injected IM with 4 IU of oxytocin. The
nipples were cleaned with distilled water, and milk was manually expressed into
a vial. Efforts were made to completely evacuate both mammary glands. The
milk was stored frozen at —20°C until chemical analyses were performed.

Milk samples smaller than 0.35 g were pooled across lactation periods within
female and lactation day (e.g., two samples from different lactation periods for
animal 003 at day 20 post partum were pooled). All samples larger than 0.35 g
were assayed separately. A total of 43 samples of C. jacchus mid-lactation milk
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(six pooled samples and 37 individual samples) and three pooled samples from
late lactation were assayed. Six samples of C. pygmaea and five samples of L.
rosalia mid-lactation milk were assayed.

Milk constituents were measured at the Nutrition Laboratory of the
Smithsonian Institution National Zoological Park using standard methods [Oftedal
& Iverson, 1995]. DM (total solids) was measured gravimetrically after drying
for 3 hr at 100°C in a forced-air drying oven. Total nitrogen (TN) was determined
by the micro-Kjeldahl method for most of the C. jacchus samples, as these were
of sufficient volume. Small samples of L. rosalia milk were originally assayed by
a colorimetric procedure (Nessler’s procedure) [Koch & McMeekin, 1924; Oftedal
& Iverson, 1995], but the purchase and validation of a CHN elemental gas ana-
lyzer (model 2400, Perkin-Elmer, Norwalk, CT) provided a rapid and accurate
method of assaying TN in 20-pl milk samples, and was thus used for the C.
pygmaea samples, some of the C. jacchus samples, and the L. rosalia sample
from 50 days post partum. In our laboratory these methods were each standard-
ized against the macro Kjeldahl procedure (nitrogen recovery 98-99%) and yielded
comparable results for cow and other milks. Crude protein (CP) was estimated
as 6.38x total nitrogen. Total lipid was measured by sequential extractions with
ethanol, diethyl ether, and petroleum ether by a micro modification of the Rose-
Gottleib procedure for the common marmoset and golden lion tamarin samples,
and for the three of the six samples from the pygmy marmoset for which there
was sufficient sample. Total sugar was assayed by the phenol-sulfuric acid method,
using lactose monohydrate as the standard [Dubois et al., 1956; Marier & Boulet,
1959], with the results expressed on an anhydrous lactose basis. GE was calcu-
lated per Oftedal [1984], assuming nonprotein nitrogen of 0.04% by analogy with
human milk. Assays were performed in duplicate whenever sample volume was
sufficient (for C. jacchus, 32/46 samples had duplicate assays for CP, 41/46 for
fat, and 46/46 for sugar).

Results are expressed as the mean * standard error. Sample size was suffi-
cient in C. jacchus to examine the relationships among the milk constituents by
Pearson product-moment correlation. The variation in DM, CP, fat, sugar, and
GE concentrations of C. jacchus milk was examined by multivariate analysis of
covariance, with individual and diet (15% and 25% ME from CP) as the categori-
cal variables, and days post partum as the covariate. Differences in amount col-
lected, and DM, CP, fat, sugar, and GE concentrations of C. jacchus milk between
mid and late lactation were examined using one-way multivariate analysis of
variance.

RESULTS

The DM of individual C. jacchus mid-lactation milk samples ranged from
11.0% to 24.4%, fat from 0.7% to 12.9%, CP from 1.9% to 5.1%, and sugar from
4.9% to 9.3%. Fat, CP, and sugar accounted for 98.4% + 1.1% of DM on average.
The estimated GE of C. jacchus milk ranged from 0.53 to 1.67 kcal/g. The mean
values for each female C. jacchus are presented in Table I. The protein concen-
tration of the diet did not affect milk composition. Days post partum did not
affect mid-lactation milk DM, CP, fat, or GE, but sugar concentration decreased
over lactation (Table II). Fat and CP were positively correlated with each other
and with milk DM and GE, while sugar concentration was negatively correlated
with the other constituents (Table II). The proportion of GE from protein was
fairly constant among females at 19.0% * 0.7% (F = 1.90, df = 9,33, P = 0.087),
when compared with the proportions of GE from fat (F = 2.87, df = 9,33, P =
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TABLE 1. Average Values for Milk Constituents for Mid-lactation Milk by Female for
Ten Common Marmoset Monkeys (Callithrix jacchus)

DM CP Fat Sugar GE
Animal N# n® (%) (%) (%) (%) (kcal/g)
15% CP Diet
002 2 6 15.7+1.2 29+0.2 4.7+05 7.1+£0.2 0.87 £ 0.05
003 3 3 13.7+0.7 25%0.1 3.5+0.9 7.2+0.0 0.74 £ 0.08
018 4 5 125+1.3 2.7+0.1 2.3+0.6 7.4+0.2 0.65 + 0.05
030 4 9 159+1.2 3.3+0.3 5.2+1.0 7.0+£0.3 0.93 £0.10
032 3 6 142+06 2.7+0.1 3.1+0.6 8.0+0.3 0.75 £ 0.05
035 1 2 11.9+09 21+0.2 2.3+0.3 79+0.5 0.63 £ 0.05
Average 14.0+£0.7 2.7+0.2 3.5+£0.5 7.4+0.2 0.76 £ 0.05
25% CP Diet
013 2 3 142+12 31%0.1 3.7+0.8 6.6+0.1 0.77 £ 0.07
015 1 3 156+1.2 3102 5.3+0.6 7.4+0.2 0.95 + 0.05
024 1 2 13.8+1.2 21+0.2 4.2+0.5 7.3%0.1 0.78 £ 0.04
028 2 4 125+06 2.6+0.2 2.1+04 7.7+0.2 0.63 £ 0.04
Average 14.0+06 2.7+0.2 3.8+0.7 7.3+0.2 0.78 £ 0.07
Average all 14.0+04 2.7+0.1 3.6+04 74+0.1 0.77 £ 0.04
samples

“N, number of lactation periods.
°n, number of milk samples.

0.013) and sugar (F = 3.596, df = 9,33, P = 0.003). Females with lower GE milk
had a higher proportion of milk energy from sugar, while females with high GE
milk had a higher proportion of milk energy from fat (Fig. 1).

Only three C. jacchus females (003, 002, and 030) produced sufficient milk at
day 75 post partum for analyses to be performed, and the average amount of
milk collected at day 75 from these females was significantly less than from
earlier in lactation (0.14 + 0.04 g, n = 8, vs. 0.39 £ 0.05g, n = 23, respectively; F =
6.818; df = 1,29; P = 0.014). Day 75 samples had to be pooled within female from

TABLE II. Pearson Product-Moment Correlation Coefficients Between Days Post
Partum and the Dry Matter (DM), Crude Protein (CP), Fat, Sugar, and Gross Energy
(GE) Content of Mid-lactation Common Marmoset Milks

Days post partum DM CP Fat Sugar
Days post partum -
DM r=.002
P =.992 -
n =42
CP r=.173 r=.750
P = .267 P <.001 -
n =43 n =42
Fat r=.082 r=.883 r=.646
P =.600 P <.001 P <.001 -
n =43 n =42 n =43
Sugar r=-.343 r=-551 r=-.632 r=-.618
P=.024 P <.001 P <.001 P <.001 -
n =43 n =42 n =43 n =43
GE r=.062 r=.911 r=.709 r=.991 r=-.567
P =.693 P <.001 P <.001 P <.001 P <.001

n =43 n =42 n =43 n =43 n =43
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TABLE III. Average Values for Milk Constituents for Mid-lactation (10-55 Days Post
Partum) Milk by Female for a Single Pygmy Marmoset (Cebuella pygmaea) and
Three Golden Lion Tamarins (Leontopithecus rosalia)

DM Cp Fat Sugar GE % GE
Animal n’ (%) (%) (%) (%) (keal/g) (CP)
C. pygmaea
Gemini 6° 13.7 2.9 3.7 7.8 0.80 19.3
L. rosalia
Emily? 1 14.8 2.7 2.4 7.3 0.65 21.9
Cleo? 3 21.0 3.0 11.2 6.7 1.45 11.1
Siena 1 12.4 2.2 2.1 7.6 0.61 18.7
Average 16.1 2.6 5.2 7.2 0.90 17.3

“n, number of milk samples.

"Percent of estimated gross energy from protein.

“Two lactation periods; n = 3 for fat and for energy values.

These data were also reported as unpublished data in Oftedal & Iverson [1995].

males, however, produced a higher-fat milk than was typical for the other
callitrichids in this study, although it was within the range of values found for
individual common marmoset samples (see above).

DISCUSSION

Oftedal and Iverson [1995] list 16 species of nonhuman primates for which gross
milk composition data are available for at least three samples of mid-lactation milk.
Large-bodied anthropoid species (from the genera Alouatta, Cercopithecus, Macaca,
Papio, and Homo [Oftedal, 1984]) produce dilute milks that are low in protein (<2.5%)
and fat (<5.5%), and relatively high in sugar (>6%). Among large-bodied prosimian
species, Eulemur produce dilute milks (CP = 1.3%, fat = 1.0%, and sugar = 8.5%),
but Varecia variegata does not, rather producing milk with a higher protein concen-
tration (4.2%) [Tilden & Oftedal, 1997]. The small prosimians for which there are
reliable data (Otolemur garnettii, O. crassicaudatus, and Nycticebus coucang) pro-
duce milks that are higher in fat (7-8%) and protein (3.9-5.2%) than is typical for
large anthropoids and Eulemur [Tilden & Oftedal, 1997].

However, body size does not appear to be a satisfactory or consistent expla-
nation for the variation in milk energy density among primates. Callitrichids,
the smallest anthropoid species, produce milks similar in GE to that of larger
anthropoids (Table IV). Moreover, the range in mean GE (0.63—0.95 kcal/g) among
the C. jacchus individuals in this study (Table I) was comparable to the range
among primates listed in Table IV. The sources of variation in the milk of Callithrix
Jacchus are poorly understood, but appear to include an effect of maternal condi-
tion. The combined effects of maternal size and litter size also may play a role,
as smaller mothers of twins produce lower energy milks [Tardif et al., 2001].
Dietary protein concentration, however, did not affect milk composition.

Although similar in energy content, callitrichid milks in this study were sig-
nificantly higher in protein than the milks of other anthropoids listed in Table
IV (2.7% £ 0.1% vs. 1.7 £ 0.2%, t = 3.639, df = 6, P = 0.011). The proportion of GE
from protein also was greater in the callitrichids compared to the Old World
anthropoids, but, interestingly, not greater than that of the cebid, Alouatta. The
proportion of milk energy as protein has been suggested to relate to a species’
growth rate [Bernhart, 1961], and the low protein content of human milk to re-
late to the long time to maturation [Powers, 1933]. This correlation breaks down
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TABLE IV. Gross Energy (GE), Crude Protein (CP), and Percentage of Calories From
Protein in the Milks of Primate Genera for Which There Are Comparable Data

GE CP Percent of GE
Family Genus n* (kcals/g) (%) from CP Reference®
Hominidae Homo 99 0.61 0.9 5.9 1
Cercopithecidae Papio 24 0.79 1.5 9.2 2
Macaca 35 0.80 1.8 11.6 2
Cercopithecus 4 0.67 2.1 16.2 2
Cebidae Alouatta 14 0.49 2.0 21.3 2
Callitrichidae Callithrix 43 0.77 2.7 19.0 3
Cebuella 6 0.80 2.9 19.3 3
Leontopithecus 5 0.90 2.6 17.3 3
Lemuridae Eulemur 20 0.48 1.3 12.8 4
Varecia 5 0.83 4.2 27.9 4
Lorisidae Nycticebus 4 1.11 3.9 19.2 4
Otolemur 22 1.23 5.0 22.5 4

“n, number of samples analyzed.
"1 = Dewey et al. [1994]; 2 = Oftedal & Iverson [1995]; 3 = This study; 4 = Tilden & Oftedal [1997].

when applied to diverse taxa of widely ranging body size [Oftedal, 1981, 1986].
For example, elephants do not produce low-protein milks [Oftedal & Iverson,
1995]. However, it may hold among primates. Kirkwood [1984] suggested that,
when adjusted by adult weight to the three-fourths power, growth rates among
primates are highest in prosimians (Kirkwood [1984] did not have data on Eulemur
spp.), followed by New World monkeys, Old World monkeys, and finally by apes
and humans. Tilden and Oftedal [1996] report growth rate data on Eulemur fulvus
and E. macao that, when adjusted by adult maternal weight to the three-fourths
power, are similar to the results for Macaca spp. reported in Kirkwood [1984].
Thus, based on growth rates adjusted by maternal metabolic size, one would
predict greater proportions of energy as protein in non-Eulemur prosimians, fol-
lowed by callitrichids and cebids, followed by Eulemur and cercopithicids, and
finally by apes and humans. The data in Table IV yield mean protein-energy
percentages of 23.2% * 2.5%, 19.2% + 0.8%, 12.5% * 1.5%, and 5.9% (n = 1) for
these four groups in the order predicted. Although these comparisons are based
on relatively few genera, they are consistent with the growth hypothesis. Data
on growth rates and milk composition from more primate genera are needed to
better evaluate this hypothesis.

The variability in the C. jacchus and L. rosalia samples (Tables I and III) im-
plies that significant interindividual variation in milk composition may be the norm
among captive callitrichids. Interindividual variation in milk composition has been
observed in a number of other species, including sheep [Oftedal, 1981], horses [Oftedal
et al., 1983], the domestic ferret [Schoknecht et al., 1985], Macaca fuscata [Ota et
al., 1991], and the rodents Acomys cahirinus and Kerodon rupestris [Derrickson et
al., 1995]. In humans, maternal dietary intake affects the concentrations of some,
but not all, milk nutrients [Lonnerdal, 1986]. The substantial interindividual varia-
tion in milk composition in C. jacchus and L. rosalia indicates that any attempt to
characterize the milks of primate species from a small number of samples from a
few individuals is inherently imprecise. Because the mean values presented here
for the milks of L. rosalia and C. pygmaea, as well as previously published data
from Cercopithecus, Nycticebus, and Varecia given in Table IV, represent only four
to six samples per species, they should be considered approximate.
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Previous reports on marmoset and tamarin milks [Jenness & Sloan, 1970;
Buss, 1975; Turton et al., 1978] have been based on a small number of samples
from various or unknown stages of lactation and thus cannot be considered rep-
resentative. However, the reported data are within the large range we found for
common marmosets (Table I).

Callitrichid females are thought to expend proportionally more energy for
reproduction than most anthropoids because of the large combined mass of the
twin offspring relative to maternal mass, and because many species routinely
become pregnant during lactation. However, the small quantities of milk obtained
from C. jacchus at 75 days post partum suggest that infants of this species are
largely weaned from milk by this age. Infants of this age are largely self-feeding
[Yamamoto, 1993]. Thus, female common marmosets likely bear the cost of lacta-
tion for only a little more than 2 months. Although common marmoset females
are often pregnant during lactation, very little fetal mass is accumulated in the
first 2 months [Phillips, 1976; Chambers & Hearn, 1985; Jaquish et al., 1995].
Thus, the costs of lactation and gestation appear to be temporally separated.

Callitrichids are also distinguished among anthropoids by a cooperative sys-
tem of infant care that includes provisioning of infants by other members of the
group during the weaning period [Garber et al., 1984; Tardif et al., 1993]. This
food-sharing behavior likely reduces the infants’ reliance on milk and probably
reduces the energy demand on mothers. This social strategy may be a major
factor that enables callitrichids to have a relatively short lactation and interbirth
interval [Garber & Leigh, 1999].

Squirrel monkeys (Saimiri spp.) are similar in body size to callitrichids, but
rear single infants over a longer lactation without supplemental provisioning of
the infants by group members other than the mother, and with a longer interbirth
interval. Yet the few samples of squirrel monkey milk that have been assayed
appear to be similar in fat (5.1% * 1.2%) and protein (3.5% * 0.2%) concentra-
tions [Buss & Cooper, 1972] to callitrichid milks. The lower sugar value (6.3%)
may reflect the later lactation stage (3—5 months post partum), or may be an
artifact of the reducing method used [Oftedal & Iverson, 1995]. Further research
is needed to confirm this similarity, and its implication that the higher reproduc-
tive output of callitrichids relative to other anthropoids is supported by behav-
ioral and social adaptations, rather than differences in milk composition.

It is not clear why many primates, including common and pygmy marmo-
sets, produce milks that are dilute compared to the milks of most other mam-
mals [Oftedal & Iverson, 1995]. There may be physiological advantages to dilute
milks, especially for animals that must contend with high heat loads [Oftedal &
Iverson, 1995; Tilden & Oftedal, 1997]. Evaporative cooling requires a large flux
of water through the body, which in young infants must be obtained from milk.
Thus high water content in milk may be important for thermal regulation in
many primate infants [Tilden & Oftedal, 1997].

ACKNOWLEDGMENTS

We acknowledge Cashell Jaquish, Rachel Power, and Donna Layne, who were
instrumental in collecting the C. jacchus milk samples. Mona Shimomura helped
with the laboratory assays of the C. jacchus milks. Karen Messerschmidt as-
sayed the L. rosalia samples. Kelly McDermott assisted in assaying the C.
pygsmaea samples. Rita M. Morgan assisted with the CHN elemental analyzer.
Michael Jakubasz provided invaluable logistic assistance to ensure smooth labo-
ratory operation.



126 / Power et al.

REFERENCES

Bernhart FW. 1961. Correlation between
growth-rate of the suckling of various
species and the percentage of total calo-
ries from protein in the milk. Nature
191:358-360.

Blaxter KL. 1961. Lactation and growth of
the young. In: Kon SK, Cowie AT, editors.
The mammary gland and its secretions.
New York: Academic Press. p 305-361.

Buss DH, Cooper RW. 1972. Composition of
squirrel monkey milk. Folia Primatol 17:
285-291.

Buss DH. 1975. Composition of milk from a
golden lion marmoset. Lab Primate Newsl
14:17-18.

Chambers PL, Hearn JP. 1985. Embryonic,
foetal, and placental development in the
common marmoset monkey (Callithrix
Jjacchus). J Zool Lond 207:545:561.

Derrickson EM, Jerrard N, Oftedal OT. 1995.
Milk composition of two precocial, arid-
dwelling rodents, Kerodon rupestris and
Acomys cahirinus. Physiol Zool 69:1402—
1418.

Dewey KG, Lovelady CA, Nommsen-Rivers
LA, McCrory MA, Lonnerdal B. 1994. A
randomized study of the effects of aerobic
exercise by lactating women on breast-milk
volume and composition. N Engl J Med
330:449-453.

Dubois M, Gilles KA, Hamilton JK, Rebers
PA, Smith F. 1956. Colorimetric method for
determination of sugars and related sub-
stances. Anal Chem 28:350-356.

Garber PA, Maoya L, Malaga C. 1984. A pre-
liminary field study of the moustached
tamarin monkey (Saguinus mystax) in
northeastern Peru: questions concerned
with the evolution of a communal breed-
ing system. Folia Primatol 42:17-32.

Garber PA, Leigh SR. 1999. Ontogenetic
variation in small-bodied New World pri-
mates: implications for patterns of repro-
duction and infant care. Folia Primatol
68:1-22.

Hartwig WC. 1996. Perinatal life history
traits in New World monkeys. Am J Pri-
matol 40:99-130.

Hearn J. 1983. The common marmoset (Calli-
thrix jacchus). In: Hearn J, editor. Repro-
duction in New World primates. Lancaster:
MTP Press Ltd. p 181-215.

Jaquish CE, Toal RL, Tardif SD, Carson RL.
1995. Use of ultrasound to monitor prena-
tal growth and development in the common
marmoset (Callithrix jacchus) Am J Pri-
matol 36:259-275.

Jenness R, Sloan RE. 1970. The composition
of milks of various species: a review. Dairy
Sci Abstr 32:599-612.

Kirkwood JK. 1984. Patterns of growth in
primates. J Zool Lond 205:123-136.

Kirkwood JK, Stathatof KS. 1992. Biology,
rearing and care of young primates. Ox-
ford: Oxford University Press. p 41-42.

Koch FC, McMeekin TL. 1924. A new direct
Nesslerization micro-Kjeldahl method and
a modification of the Nessler-Folin reagent
for ammonia. J Am Chem Soc 46:2066—
2069.

Lonnerdal B. 1986. Effects of maternal di-
etary intake on human milk composition.
J Nutr 116:499-513.

Marier JR, Boulet M. 1959. Direct analysis
of lactose in milk and serum. J Dairy Sci
42:1390-1391.

National Research Council. 1978. Nutrient
requirements of nonhuman primates. Wash-
ington, DC: National Academy Press.

Oftedal OT. 1980. Milk composition and for-
mula selection for hand-rearing young mam-
mals. In: Proceedings of the First Annual
Dr. Scholl Nutrition Conference. p 67—83.

Oftedal OT. 1981. Milk, protein and energy
intakes of suckling mammalian young: a
comparative study [dissertation]. Cornell
University.

Oftedal OT, Hintz HF, Schryver HF. 1983.
Lactation in the horse: milk composition
and intake by foals. J Nutr 113:2196-2206.

Oftedal OT. 1984. Milk composition, milk
yield and energy output at peak lactation:
a comparative review. Symp Zool Soc Lond
51:33-85.

Oftedal OT. 1986. Growth rate and milk
composition: a critical appraisal. In: Filer
LdJ Jr., Fumon SJ, editors. The breastfed
infant: a model for performance. Report of
the 91st Ross Conference on Pediatric Re-
search. Columbus, OH: Ross Laboratories.
p 50-59.

Oftedal OT, Bowen WD, Widdowsen EM,
Boness DdJ. 1989. Effects of suckling and
the postsuckling fast on weights of body
and internal organs of harp and hooded
seal pups. Biol Neonate 56:283-300.

Oftedal OT. 1991. The nutritional consequences
of foraging in primates: the relationship of
nutrient intakes to nutrient requirements.
Phil Trans R Soc Lond 334:161-170.

Oftedal OT, Iverson SJ. 1995. Comparative
analysis of nonhuman milks. A. Phyloge-
netic variation in gross composition of
milks. In: RG Jensen, editor. Handbook of
milk composition. San Diego: Academic
Press. p 749-788.

Ota K, Makino Y, Kimura M, Suzuki J.
1991. Lactation in the Japanese monkey
(Macaca fuscata): yield and composition of
milk and nipple preference of young. Pri-
mates 32:35-48.

Payne PR, Wheeler EF. 1968. Comparative
nutrition in pregnancy and lactation. Proc
Nutr Soc 27:129-138.



Composition of Common Marmoset Milk / 127

Phillips IR. 1976. The embryology of the com-
mon marmoset. Adv Anat Embryol Cell Biol
52:1-47.

Powers GF. 1933. The alleged correlation be-
tween the rate of growth of the suckling
and the composition of the milk of the spe-
cies. J Pediatr 3:201-217.

Roberts SB, Cole TJ, Coward WA. 1985. Lac-
tation performance in relation to energy in-
take in the baboon. Am J Clin Nutr 41:
1270-1276.

Schoknecht PA, Cranford JA, Akers RM.
1985. Variability in milk composition of the
domestic ferret (Mustela putorius). Comp
Biochem Physiol A 81:589-591.

Tardif SD, Harrison ML, Simek MA. 1993.
Communal infant care in marmosets and
tamarins: relation to energetics, ecology,
and social organization. In: Rylands AB,
editor. Marmosets and tamarins: system-
atics, behaviour, and ecology. Oxford: Ox-
ford Science Press. p 220-234.

Tardif SD. 1994. Relative energetic cost of
infant care in small-bodied neotropical pri-
mates and its relation to infant-care pat-
terns. Am J Primatol 34:133—-143.

Tardif SD, Bales K. 1997. Is infant-carrying
a courtship strategy in callitrichid pri-
mates? Anim Behav 53:1001-1007.

Tardif S, Jaquish C, Layne D, Bales K, Power
M, Power R, Oftedal O. 1998. Growth

variation in common marmoset monkeys
(Callithrix jacchus) fed a purified diet: re-
lation to care-giving and weaning behav-
iors. Lab Anim Sci 48:264-269.

Tardif SD, Power ML, Oftedal OT. In press.
Lactation, maternal behavior and infant
growth in common marmoset monkeys: ef-
fects of maternal size and litter size. Behav
Ecol Sociobiol 51:17-25.

Tilden C, Oftedal OT. 1996. The bioenerget-
ics of reproduction in prosimian primates:
is it related to female dominance? In:
Alterman L, Izard K, editors. Creatures
of the dark: the nocturnal prosimians. New
York: Plenum Press. p 119-131.

Tilden C, Oftedal OT. 1997. Milk composi-
tion reflects patterns of maternal care in
prosimian primates. Am J Primatol 41:
195-211.

Turton JA, Ford DJ, Bleby J, Hall BM, Whit-
ing R. 1978. Composition of the milk of the
common marmoset (Callithrix jacchus) and
milk substitutes used in hand-rearing
programmes, with special reference to fatty
acids. Folia Primatol 29:64—69.

Yamamoto ME. 1993. From dependence to
sexual maturity: the behavioral ontogeny
of Callitrichidae. In: Rylands AB, editor.
Marmosets and tamarins: systematics,
behaviour, and ecology. Oxford: Oxford Sci-
ence Press. p 235-254.



