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Abstract

Lactation represents the greatest postnatal energetic expenditure for mammalian mothers, and a
mother's ability to sustain the costs of lactation is influenced by her physical condition. Mothers in
good condition may produce infants who weigh more, grow faster, and are more likely to survive
than the infants of mothers in poor condition. These effects may be partially mediated through the
quantity and quality of milk that mothers produce during lactation. However, we know relatively
little about the relationships between maternal condition, milk composition, milk yield, and infant
outcomes. Here, we present the first systematic investigation of the magnitude, sources, and
consequences of individual variation in milk for an Old World monkey. Rhesus macaques produce
dilute milk typical of the primate order, but there was substantial variation among mothers in the
composition and amount of milk they produced and thus in the milk energy available to infants.
Relative milk yield value (MYV), the grams of milk obtained by mammary evacuation after 3.5-4
h of maternal-infant separation, increased with maternal parity and was positively associated with
infant weight. Both milk gross energy (GE) and MYV increased during lactation as infants aged.
There was, however, a trade-off; those mothers with greater increases in GE had smaller increases
in MYV, and their infants grew more slowly. These results from a well-fed captive population
demonstrate that differences between mothers can have important implications for milk synthesis
and infant outcome.
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For mammalian females, lactation is the most costly form of parental investment. Mothers vary
in their ability to meet the costs of lactation, and maternal effects on infant outcomes are
common among mammals. As such, maternal influences on infant phenotype contribute to the
variation on which natural selection acts (Mosseau and Fox, 1998; Rasénen and Kruuk,
2007). In nonhuman primates, infant growth and survival have been linked to variation in
maternal weight, parity, age, and social rank as well as the timing of birth (in Chlorocebus
aethiops; age and weight Fairbanks and McGuire, 1995; in Papio sp maternal age; Cheney et
al., 2004; rank and parity; Altmann and Alberts, 2005; in Macaca mulatta maternal age and
adiposity; Johnson and Kapsalis, 1995; birth-timing, Drickamer, 1974, for review, see
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Fairbanks, 1996 and Maestripieri, 2009). It is likely that these maternal effects are at least
partially mediated through the quantity or quality of milk that mothers provide their infants
during lactation, but currently little is known about interindividual differences in milk
synthesis.

To develop a full understanding of parent-offspring conflict and life-history theory in primates,
it is important to identify the sources, magnitude, and consequences of variation in milk
composition and output (Trivers, 1974; Bowman and Lee, 1995; Johnson and Kapsalis,
1995; Lee, 1996; Johnson, 2003). Although variation in mother's milk has been well studied
in seals (Oftedal et al., 1993; Oftedal et al., 1996; Mellish et al., 1999; Lang et al.,
2005;McDonald and Crocker, 2006; Wheatley et al., 2006), deer (Landete-Castillejos et al.,
2001; Gomezetal., 2002; Gjgstein et al., 2003), and rodents (Nagasawa et al., 1989; Derrickson
etal., 1996; Rogowitz, 1996; Kiinkele and Kenagy, 1997; Kiinkele, 2000; Krol and Speakman,
2003; Landete-Castillejos et al., 2005; Hayes and Solomon, 2006), these taxa have different
life history strategies than primates. In comparison with other mammals, primates produce
dilute milks over an extended lactation period resulting in low daily costs of investment. For
this reason, a mother's ability to synthesize milk is less vulnerable to fluctuating food resources
during lactation (for reviews, see Oftedal, 1984; Oftedal and lverson, 1995; Sellen, 2007;
Power et al., 2008).

Indirect measures of lactational output, such as nursing frequency and time spent in ventral
contact, vary in relation to maternal condition. In rhesus macaques, infants of low-ranking
mothers nurse more frequently but for shorter bouts than infants of high-ranking mothers
(Gomendio, 1990). In vervet monkeys, mothers of both high rank and “good condition”—
prime reproductive age and nonmarginal weight—spend less time in ventral contact with their
infants than midranking or low-ranking mothers in “poor condition” (Fairbanks and McGuire,
1995). Infants of primiparous mothers nurse more often (Macaca fuscata; Tanaka, 1997) and
are more likely to suckle from both nipples during a single suckling bout (Macaca mulatta;
Wilson et al., 1988; Gomendio, 1989) than infants of multiparous mothers. These observations
suggest that mothers with fewer resources for lactation produce lower energy milk and/or lower
milk yield than do mothers in good condition, requiring greater nursing effort by infants
(Gomendio, 1996; Tanaka, 1997). However, we must be cautious in drawing conclusions about
milk transfer from behavioral data (Clutton-Brock, 1991; Cameron, 1998; Cameron et al.,
1999).

Our knowledge about milk production in primates is mainly restricted to species-level
descriptions, and interspecific comparisons of major milk constituents (reviewed in Oftedal
and Iverson, 1995). Anthropoid primate milk is relatively dilute, generally consisting of <15%
dry matter, with about 7% sugar, 1-5% fat, and 1-3% protein concentrations (Oftedal and
Iverson, 1995). There is considerable individual variation in milk composition, particularly
milk fat concentration, among samples collected from nonhuman primates (Macaca fuscata;
Otaetal., 1991; M. mulatta, Lonnerdal et al., 1984; Hinde, 2007a,b; Callithrix jacchus; Power
et al., 2002; Power et al., 2008; Samiri boliviensis; Milligan et al., 2008; Varecia variegata,
Otolemur garnettii and crassicaudatus, Nycticebus coucang; Tilden and Oftedal, 1997), but
the factors that underlie this variation are unclear.

Some evidence in primates indicates that the variation in the amount or composition of milk
that females produce reflects maternal condition. Nutritional restriction in three captive
baboons reduced milk yield and stalled infant growth, but did not affect the composition of
milk (Roberts etal., 1985). In common marmosets, New World monkeys that typically produce
singletons or twins, small mothers rearing twins produced milk with lower fat concentration
than larger mothers of twins or small mothers of singletons. Twins born to small mothers grew
more slowly than other infants and began to eat solid food at an earlier age (Tardif et al.,
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2001). Small mothers who reared twins lost more weight, were less likely to conceive in the
subsequent year, and were more likely to become ill than other mothers (Tardif et al., 2001).
In captive rhesus macaques, mothers with lower intestinal parasites produced milk with
significantly lower fat concentration than mothers without parasites (Hinde, 2007a). For
humans, milk production is largely invulnerable to maternal or environmental conditions
(reviewed in Prentice et al., 1994; Lonnerdal, 2000; Sellen, 2007). However, milk yield
increases with maternal parity (Motil et al., 1997), and milk composition is positively
associated with maternal body composition and parity (Nommsen et al., 1991, reviewed in
Dewey, 1997). Still, our understanding of the relationship between maternal condition, milk
production, and infant outcomes in humans is complicated by cultural variation in nursing
behavior, the introduction of supplementary foods during breastfeeding, and the prevalent use
of formula.

To better understand how maternal and environmental conditions influence physiological
aspects of lactation, we conducted a systematic investigation of the magnitude, sources, and
consequences of individual variation in milk composition and production for an Old World
monkey, the rhesus macaque (Macaca mulatta). Previous work on this population showed that
mothers of sons produce milk with higher energy density than mothers rearing daughters, and
this effect is especially pronounced for primiparous mothers (Hinde, 2007b). Here, we test the
prediction that heavier and higher ranking mothers will produce higher quality and/or larger
quantities of milk than lighter or lower ranking females, and we provide a more complete
analysis of the effects of parity on milk production. The timing of parturition within the annual
birth season may influence milk production as rhesus infants born late in the birth season have
reduced survivorship (Drickamer, 1974). In red deer, the only mammal for which data are
available, birth timing is associated with milk synthesis (Landete-Castillejos et al., 2001).
Although constraints on cervid milk production poorly reflect the selective pressures that have
shaped primate lactation strategies, the infant mortality data suggest that birth timing in rhesus
might influence lactational performance. We predicted that mothers who give birth early or
during the peak of the birth season would produce more and/or higher quality milk than females
that gave birth late in the season. We expected characteristics such as milk gross energy (GE;
energy density) and milk yield to be correlated with infant weight and growth rates during
infancy. Finally, as infants' energetic requirements for behavioral activity and growth increase
from the early postnatal period to peak lactation, we predicted that milk energy provided by
the mother would increase during lactation, through changes in milk energy density or yield
or both.

Data were obtained from 58 mother—infant pairs at the California National Primate Research
Center (CNPRC) during the 2006 birth season. All reproductive females from three social
groups were recruited into the lactation study for an initial total of 70. Twelve subjects were
dropped from this analysis: four were removed, because they showed evidence of mastitis, and
milk could not be collected from one mammary; one subject's infant died midway through the
study; one subject simultaneously nursed both her newborn and her yearling; and six subjects
did not undergo all procedures because of colony management and scheduling limitations.
Excluded females did not differ in maternal characteristics from the final study sample. All
subjects were housed in large outdoor corrals (0.2 hectare) with numerous perches and
structures that provided environmental enrichment and protection from the elements. Subjects
received a commercial diet twice daily (Outdoor Monkey Lab Diet, PMI Nutrition Int'l,
Brentwood, Missouri), supplemented semiweekly with fresh fruit and vegetables, and water
was available ad libitum.
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Maternal and infant measures

Mothers and infants were temporarily removed from the social group for milk collection and
morphometric measurements at two time points: once when the infants were ~1 month of age
and again when infants were 3—-4 months of age. For each mother, we measured weight (kg),
abdominal circumference (cm), upper arm circumference (cm), abdominal skin fat folds (mm),
and crown-rump length (cm). Body mass index was calculated as maternal weight/crown-rump
length2. Maternal age at parturition (mean + SEM = 8.4 + 0.6 years; range, 2.9-22.2) and parity
(5 £ 0.6 pregnancies; range, 1-18) were available from colony records. For the purposes of
these analyses, the female hierarchy was determined for each social group based on colony
records of the outcome of dyadic agonistic interactions among females. The hierarchy was
divided into thirds for each group, and individuals were classified as high, medium, or low
ranking. Individuals that were at the cusp of rank categories were grouped with their matriline.
Thirty-eight percent of infants was male (22/58). Infants were weighed at 1 month of age and
again between 3 and 4 months of age. Infant growth was calculated as grams of weight gain
per day between the two time points. Birth timing was a continuous variable centered on the
peak birth date for the outdoor colony at the CNPRC for the 2006 birth season. Birth dates for
the subjects of this study ranged from February to August.

Milk collection procedure—Milk was collected at 1 month of infant age and again between
3 and 4 months of infant age. At the first time point, mother—infant pairs were captured in their
home corral between 7:45 and 9:00 and separated for transport to temporary indoor housing.
Mothers were lightly sedated (5 mg ketamine hydrochloride per kg body mass administered
by intramuscular [IM] injection) and placed in mesh jackets (ProMed-Tec, Bellingham, MA)
to prevent nursing and to allow milk accumulation for 3.5-4 h. Infants were weighed and then
housed in holding cages with their mothers during the period of milk accumulation. Between
11:30 and 13:00, mothers were sedated with ketamine hydrochloride (5-10 mg/kg IM). Nipple
areas were cleaned and the surrounding hair was trimmed. Mothers were administered
exogenous oxytocin for myoepithelial cell contraction and milk let down [2 1U/kg (0.1 ml/kg)
IM]. Milk was collected separately from each mammary by gentle hand stripping of the nipple.
To minimize sampling bias (Oftedal, 1984), each mammary was fully evacuated as indicated
by the transition from streaming milk to solitary droplets of milk during hand collection. A
single researcher (KH) collected all milk samples for the duration of the study using these
methods consistently throughout. Full mammary evacuation occurred within 10-15 min for
all subjects. The samples were stored frozen at —20°C until milk composition analysis. After
the mothers recovered from sedation, mother—infant pairs were returned to their home corrals.

At the second time point (3—4 months of infant age), mother—infant pairs were again captured
between 7:45-9:00 and relocated. Milk was collected between 11:30 and 13:00. Milking
procedures were identical to the first time point with one exception. Most of the infants (n =
55) were subjects of an on-going biobehavioral assessment program, which required infants
to be separated from their mothers for a short period (Capitanio et al., 2005; Capitanio et al.,
2006). For these mothers, jacketing during milk accumulation was unnecessary. For three
mothers who were not part of the biobehavioral assessment program, the procedure used at the
first time period was used at the second time period.

Milk composition analysis and relative milk yield values

Composition analyses of proximate milk constituents were conducted in the Nutrition
Laboratory at the Smithsonian National Zoological Park (SNZP) in Washington DC using
standard methods (Oftedal and Iverson, 1995; Hinde, 2007b; Milligan et al., 2008; Power et
al., 2008). Dry matter was measured gravimetrically; samples were weighed to 0.001 mg,
before and after 3 h at 100°C in a forced air-drying oven. The amount of nitrogen in each
sample was determined using a CHN elemental gas analyzer (Model 2400, PerkinElmer,
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Norwalk, CT) using a 2-s oxygen burst to promote complete combustion. Crude protein was
estimated as 6.38*nitrogen. To determine fat, total lipids were measured by sequential
extractions with ethanol, diethyl ether, and petroleum ether by a micromodification of the Rose-
Gottleib procedure. Sugar was assayed by the phenol-sulfuric acid method, using lactose
monohydrate as the standard (Dubois et al., 1956; Marier and Boulet, 1959), with the results
expressed on an anhydrous lactose basis. Assays were performed in duplicate and checked for
agreement. Milk fat, sugar, and protein values were totaled and compared with absolute dry
matter value to assess assay accuracy; mean + SD was 0.97 + 0.02; range, 0.90-1.04, at both
1 month and 3-4 months of infant age. All milk analysis methods have been validated at the
SNZP Nutrition Laboratory using both fresh cow milk and powdered cow milk from the
National Institute of Standards and Technology. Milk fat and protein concentration represent
the average of right and left mammary for each mother at both time points, and sugar
concentration is the value from the left mammary.

GE, also referred to as energy density, was calculated as per Oftedal (1984); 9.11 kcal/g for
fat, 3.95 kcal/g for sugars, and 5.86 kcal/g for protein, which allowed for both an estimate of
the total energy density of milk (kcal/g) and the percent energy contribution of fat, protein, and
sugar. The value for milk GE likely is a slight overestimate, because it does not account for
nonprotein nitrogen (Oftedal, 1984), however, assuming similarities in nonprotein nitrogen
between humans and nonhuman primates, the estimated inflation is <0.01 kcal/g (Lonnerdal
and Atkinson, 1995; Milligan et al., 2008). To verify this method of calculating GE, bomb
calorimetry was conducted on a subset of milk samples. These values significantly correlated
with GE calculations from proximate assays (r = 0.991, P < 0.0001, N = 10) and were not
significantly different (paired sample t test; t = 1.387; P = 0.199). The values of fat, protein,
sugar, and GE in the milk were used to calculate the grams of fat, protein, and sugar in 1
kilocalorie of milk for each mother at each time point.

A relative measure of milk production and milk yield value (MYV) was determined as the total
weight in grams of the milk sample obtained by mammary evacuation after a standard time of
maternal-infant separation (3.5-4 h). This method of estimating relative differences in milk
production among individuals has been used for other primates (Ota et al., 1991; Tardif et al.,
2001). More precise methods of measuring milk yield include isotope dilution procedures,
repeated milking over a defined time period, or weighing infants before and after nursing
(reviewed in Oftedal, 1984), but none were considered suitable for rhesus monkeys housed
under social conditions that allow for species-typical behavior. The other methods normally
require multiple disruptions of the mother—infant dyad and social group and/or require that
infants be restricted from access to the food and water that is available for adults. Our measure
of MYV was used as an indicator of relative differences in milk production among subjects
under standardized conditions but should not be considered an estimate of the absolute or daily
milk yield of rhesus macaques. Terms and definitions of milk measures are provided in Table
1.

Data analysis

Repeated measures ANCOVA were used to measure within subject changes in milk
composition, GE, and MYV between 1 month and 3-4 months of infant age, corrected for the
number of days between measures (range, 61-99 days). Multivariate correlation matrices were
used to measure relationships among milk constituents and percent energy contributions among
milk constituents. We used ANOVA to look at differences in maternal condition between high,
middle, and low-ranking mothers. We fitted multiple regression models to the continuous
outcome variables of GE, MYV, infant weight, and infant growth. Predictor variables for the
regression models of dependant milk variables initially included maternal parity, weight, age,
social rank, and birth timing. Maternal weight and parity are correlated (r =0.5, N =58, P <
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0.0001), and interactions between the variables were included in the regression models. Infant
sex has been associated with milk synthesis in this population (Hinde, 2007b) and was included
in regression models of milk outcomes. Predictor variables for the regression models of infant
weight initially included maternal parity, weight, age, social rank, and birth timing, infant sex,
and GE and MYV. Infant age was a covariate in all models. For regression models of infant
growth or changes in milk between the two time points, infant age at time point one and the
number of days between time points were included as covariates. Final model selection was
determined by comparison of models using Akaike's information criterion (AIC) to measure
goodness of fit after forward and backward stepwise inclusion of predictor variables (Akaike,
1974). Models presented reflect the end product of this process, and all covariates are listed in
text and/or tables. Significance was set at P < 0.05, and statistical tests were conducted in IMP
7.0 (SAS Institute, 2002, Cary, NC).

Maternal condition was highly variable among mothers, but did not change substantially
between the two time periods (Table 2). Maternal weight was significantly correlated with the
other morphometric measures at each time point (P < 0.001); abdominal circumference (r =
0.92 at 1 month, r = 0.94 at 3—4 months), upper arm circumference (0.78, 0.88), abdominal
skin fat fold (0.53, 0.55), and crown-rump length (0.74, 0.72). Because of the high correlation
between these parameters, weight was used as the primary maternal morphometric
characteristic in the analyses that follow. There was no relationship between social rank and
mothers' weight, age, parity, or body mass index (all P > 0.35, adjR? < 0.01).

There was variation among individuals for all milk constituents at both time periods, but the
variation in milk fat concentration among samples from different individuals was most notable
(range, 3% to >14%; Table 3). Milk composition changed significantly as infants aged; both
milk fat and protein concentrations increased. Because of the increase in fat and protein
concentrations, the energy density of the milk (milk GE, kcal/g) increased by 20% on average
during this time period. Mean MY Vs increased by 50% between the two time points from 11.4
+0.69t017.0+1.0¢g. The percent energy from fat increased between 1 month and 3—-4 months,
whereas percent energy from sugar and to a lesser extent protein decreased (Table 4). On a per
calorie basis, infants nursing from mothers that produced milk of low energy density received
more grams of sugar and fewer grams of fat than did infants nursing from mothers that produced
milk high in energy density at both time points (see Fig. 1).

Maternal parity influenced MYV, but not milk GE. In the early postnatal period at 1 month of
infant age, maternal parity was significantly associated with MYV (Table 5). There was an
interaction with maternal weight: less experienced, lower weight mothers produced less milk
than predicted by parity alone. At 3-4 months of infant age, maternal parity remained positively
associated with MYV (see Fig. 2), controlling for maternal weight, infant age, and sex, but
there was no longer a significant interaction between parity and weight. Maternal age, social
rank, and birth timing had no significant effects on MYV in either the early postnatal period
or at peak lactation. Including these predictors produced higher AIC values and poorly fitted
models; however, maternal parity remained significantly associated with MYV even when
including these other maternal variables (P < 0.05). None of the maternal characteristics
measured in this study were associated with variation in milk GE.

Although in the majority of mothers, both milk GE and MYV increased as their infants matured,
the magnitude of the change in GE was negatively associated with the magnitude of the change
in MYV (B + SE =-17.0 £ 0.4.6, P = 0.0005) even accounting for infant age at the first time
point and number of days between samples (Model: F3 54 = 5.9, adjRZ = 0.21, P = 0.002).

Mothers whose milk greatly increased in GE had smaller increases or decreases in the amount
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of milk produced, whereas mothers in which MYV greatly increased had smaller increases in
milk GE.

Infants that received more energy from milk, due to higher GE and/or yield, were expected to
weigh more and grow faster than infants who received less energy. As expected, MYV was
positively associated with infant weight; milk GE was not significantly associated with infant
weight, increased AIC values, and was removed from the models. At both time points, infants
weighed more if they were older on the date of milk collection, were male, had heavier mothers,
and if their mothers produced more milk during the 4-h separation period (Table 6). For each
added gram of milk produced by the mother during milk accumulation, infants' weighed an
additional 6 g at 1 month of age and 10 g at 3-4 months of age. Maternal parity, age, social
rank, and birth timing were not associated with infant weight at either time point. Furthermore,
inclusion of these predictors increased AIC values and were not included in the final multiple
regression models presented earlier and in Table 6.

On average, infants were 55% + 2% heavier at 3—4 months of age than they were at 1 month
of age, but some infants' weight increased by <10% and other infants increased by >100%.
Infant growth rate was positively associated with the increase in MYV from 1 to 3-4 months
(6 £ SE=0.08 +0.03, P =0.03) even accounting for baseline MYV and infant weight at the
first time point (Model: F3 54 = 6.52, adjR? = 0.23, P = 0.0008) (see Fig. 3). Infants gained an
additional 0.08 g/day for each additional gram of MYV the mother produced between the two
time points.

Discussion

The concentration of milk constituents and their relative contribution to milk energy in this
population correspond closely to previous descriptions of macaque milk (Lonnerdal et al.,
1984; Ota et al., 1991; Hinde, 2007a,b) and fit the dilute milk pattern found broadly among
primates (Oftedal and Iverson, 1995). Milk fat concentrations showed the highest
interindividual variation and sugar the lowest. As predicted, the energy density of milk
increased over lactation as the energetic requirements of infants became greater. This was
largely due to significant increases in fat concentration between 1 and 3.5 months.

The relatively low energy contribution from protein (~13%) in rhesus macaques conforms to
predictions that species with slower infant growth rates will have lower protein concentrations
in milk (Powers, 1933; Bernhart, 1961; Oftedal, 1986). Energy from protein in milk was lower
than that for fast-growing prosimians and New World monkeys but above that of slower-
growing humans (reviewed in Power et al., 2008). Although concentration of protein increased
between the two time points from 1.8 to 2.1%, the percent energy from protein decreased as a
result of the relatively greater increase in energy contribution from fat. This contrasts with the
pattern documented in New World monkeys for which the percent energy from protein remains
constant during lactation and is independent of the energy density of the milk (Callathrix
jacchus, Power et al., 2008; Samiri boliviensis, Milligan et al., 2008). Marmosets and squirrel
monkeys have faster growth rates than macaques, and selection may have favored constant
levels of energy from protein to sustain infant growth during lactation (Power et al., 2002;
Milligan et al., 2008; Power et al., 2008). However, as we have no measure of the variability
with which protein was metabolized versus deposited into lean tissue in the infants, the
biological relevance of the changes in protein energy over lactation in rhesus macaques remains
to be determined.

Our relative measure of milk yield was associated with maternal parity. Under these standard
conditions, mothers of higher parities produced more milk than mothers of lower parities in
both the early postnatal period and at peak lactation. As there was no effect of parity on milk
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composition, our data suggest that the infants of mothers with higher parities received more
milk nutrients, and hence more energy than infants of mothers with lower parities. This may
have important long-term effects, because milk yield was positively associated with infant
weight and growth. In semi-free-ranging macaques, infants' weight at one year of age is
positively correlated with their weight at eight years of age, and heavier infants have higher
reproductive success than lighter males (Bercovitch et al., 2000).

Young macaque mothers initiate reproduction before attaining adult size (Lipkin et al., 2001;
Cerronietal., 2003) and like other young mammalian mothers face tradeoffs between investing
in their own growth and reproduction (Clutton-Brock, 1991; Stearns, 1992). Primiparous
mothers are especially constrained in their reproductive ability during pregnancy and lactation
(reviewed in Robbins et al., 2006). In rodents, primiparous mothers are less efficient in
lactational performance than experienced mothers (Kiinkele and Kenagy, 1997; Kiinkele,
2000). Itis not clear whether these results can be generalized to primates, because small rodents
are “income breeders,” dietary energy primarily supports lactation (J6nsson, 1997), whereas
primates are characterized by a mixed income/capital strategy, sustaining lactation through
body reserves as well as dietary intake and possibly increased metabolic efficiency (Roberts
etal., 1985; Nievergelt and Martin, 1999). Primiparous monkey mothers generally have fewer
body reserves available to sustain lactation than multiparous mothers. Additionally, infants of
primiparous macaque mothers are significantly bigger relative to maternal size at peak lactation
than are infants of multiparous mothers (Hinde, 2007b). Gomendio (1989) hypothesized that
primiparous mothers nursed more frequently to compensate for poor milk output. Our data
suggest that primiparous macaque females may adjust their nursing behavior to offset deficits
in the quantity, rather than quality, of milk that they produce for their offspring.

There was a linear increase in our measure of milk yield with increasing parity, not simply a
difference between multiparous and primiparous mothers; for each additional parity, mothers
produced an extra third of a gram of milk at 1 month and three-fourths of a gram of milk at 3—
4 months of infant age. This finding corresponds to predictions derived from the residual
reproductive value hypothesis (Williams, 1966; Trivers, 1974; Pianka and Parker, 1975;
reviewed in Clutton-Brock, 1991; Silk et al., 1993; Cameron et al., 2000). As females age and
their future reproductive value declines, they are expected to gradually increase investment in
each infant. Others have argued, however, that reproductive performance improves with
maternal experience, because mothers become more physiologically efficient and target care
during critical periods of infant development (Fairbanks, 1996; Cameron et al., 2000).
Functional development of the mammary occurs during each pregnancy prior to lactation
(Akers, 2002), as such individual reproductive history, rather than chronological age, may exert
greater influence on lactational performance.

The amount of milk that mothers produced was associated with infant weight, independent of
maternal weight, and infant age and sex throughout the study. Mothers that produced greater
quantities of milk had heavier infants at both 1 and 3—4 months of age. At 1 month of infant
age, infant weight was strongly associated with infant sex and maternal weight, suggesting that
infantweight in the early neonatal period may be more influenced by prenatal factors. However,
at 3—4 months of age, during peak lactation, milk yield was the most significant predictor of
infant weight. The causal processes underlying the relationship between infant weight and milk
yield are not well understood. Infants that receive greater amounts of milk may grow more
than infants that receive less milk. Alternatively, bigger infants may be able to elicit more milk
from their mothers, or there may be a bidirectional feedback system between infant size and
milk yield (Ono and Boness, 1996).

Interestingly, mothers in which milk yield increased between 1 month and 3.5 months had a
limited increase in milk energy density, suggesting that there is a tradeoff and mothers are
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unable to substantially increase yield and energy density simultaneously. Nursing behavior
may be a contributing factor in this tradeoff. An increase in milk energy density may allow
longer periods between nursing bouts as infants more quickly become satiated by high fat
concentration milk (Jenson, 1999), whereas increasing the yield but keeping milk dilute may
allow the infant to have frequent access to the nipple without depleting the mother. Frequent
nursing bouts may keep the infant in closer proximity to the mother, thereby inhibiting risky
social situations such as infant kidnapping or aggression directed toward the infant (Gomendio,
1996). More frequent nursing, however, may be costly for the mother by increasing inter-birth
intervals (Gomendio, 1989; Johnson et al., 1993) although multiparous mothers are less
sensitive to suckling-suppressed fertility (Wilson et al., 1988). There were negative
consequences in this study associated with increasing milk energy density at the expense of
increasing milk yield. Infants whose mothers increased milk yield over lactation had higher
growth rates, whereas limited increases in milk yield were associated with slower rates of infant
growth. The results of this study indicate that, for macaques, the amount of milk produced by
the mothers is associated with infant weight and growth to a much greater extent than is the
GE of milk.

We failed to detect any effect of maternal weight, social rank, or birth timing on milk
composition or our measure of milk yield. This may be because the captive animals that we
studied were all well nourished, and their food supplies did not vary seasonally. In fact,
maternal rank was not associated with differences in maternal weight or adiposity in this
sample. Macaques likely use a mixed income/capital lactation strategy relying on food intake
and body reserves to sustain lactation depending on environmental and maternal conditions.
Body reserves buffer lactation from environmental fluctuations, and for these captive macaques
with ample access to food, mothers are less reliant on reserves to sustain lactation and instead
rely on an “income” strategy. This may account for the paucity of maternal body condition
effects on milk composition in Old World monkeys (baboons; Roberts et al., 1985, macaques;
Hinde, 2007a) and humans (reviewed in Prentice et al., 1994; Lonnerdal, 2000; Sellen,
2007). Additionally, the magnitude of variance in captive primates, where the highest milk
energy density values are observed, may exceed the variation in wild populations (Power et
al., 2008). In the wild, mothers may be food-limited and prevented from producing
energetically dense milks, constraining the range of variation in milk composition.

Conclusions

The results of this study indicate that there is a marked variation in milk yield and milk
composition among females in a well-fed captive population. This variation has significant
effects on infant growth during lactation. Future work should examine the long-term effects
of variation in milk quality and quantity on infant survival and behavioral development and
assess the impact of lactational investment on mothers' future reproductive performance. To
date, the sources of the observed variation in milk composition in this population remain
unknown. It is possible that factors not measured in this study, such as the health of the mother,
may influence milk production (Hinde, 2007a), but it seems likely that much of the variation
in milk composition among mothers reflects underlying genetic or epigenetic factors.
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Fig. 1.

Gross energy of milk (kcal/g)

On a per calorie basis, infants nursing from mothers that produced low-energy milk received
more grams of sugar and protein and fewer grams of fat than did infants nursing from mothers
that produced high-energy milk at 1 month (a) and 3.5 months (b) of infant age. Results
remained significant (P < 0.01) even after removing the high GE outlier. *P = 0.001, **P <

0.0001.
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Fig. 2.
Milk yield value was associated with maternal parity at 3.5 months of infant age even
accounting for infant age, sex, and maternal weight.
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Fig. 3.

Infant growth rate (grams per day) was positively associated with the increase in milk yield
value (MYYV) from 1 month to 3.5 months of infant age after controlling for infant age and
baseline MYV at 1 month of infant age.
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TABLE 1

Terms and definitions of milk variables

Term

Definition

Milk composition

Percentage of fat, protein, and sugars in whole milk samples.

Gross energy/energy density (GE) The kilocalories per gram of milk, the “quality” of the milk.

Percent energy
Milk yield value (MYV)

The contribution of milk constituents (fat, protein, and sugar) to the gross energy of milk as a percent.
The grams of milk that mothers produced in a 3.5-4-h period of time. MYV is a relative measure of the
quantity of milk produced among individuals.
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Mean = SEM for maternal and infant characteristics at one and 3.5 months of infant age (N = 58)

1 month 3.5 months
Mean + SE Range Mean + SE Range
Maternal characteristics
Weight (kg) 86+0.2 5.4-13.2 89+0.2 5.5-13.7
Upper arm circ (cm) 17.9+0.2 14.2-21.6 176+0.2 14.9-20.8
Abdominal circ (cm) 414+1.0 29.4-63.1 425+1.0 29.6-60.7
Abd. skin fat fold (mm) 7.0+0.3 2.9-13.3 82+04 3.3-14.1
BMI 32.3+0.6 21.0-44.4 32.8+0.7 24.5-46.8
Infant characteristics
Age (days) 33.2+0.3 29-39 103.7+0.9 91-118
Weight (kg) 0.64 +0.01 0.37-0.85 1.0+0.02 0.54-1.32
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