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81°N “Dips” During Ontogeny in Macaca mulatta
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ABSTRACT OBJECTIVES: A “dip” in the stable
nitrogen isotope ratios (3'°N) of subadults in the late
weaning/early post-weaning phase of growth and devel-
opment has been observed. Speculatively, this is the
mechanism of positive nitrogen balance operating among
rapidly growing subadults. An alternate hypothesis for
3°N dips is that during weaning, subadults eat low-
er-°N foods than adults.

METHODS: This study explores the role of positive
nitrogen balance in affecting 3°N variation of growing
subadults by comparing %rowth velocity with stable car-
bon isotope (3°C) and 8°N ratios of blood serum from
captive rhesus macaques (Macaca mulatta) (n = 14) with
controlled diets during the first 10 months of life.
RESULTS: During the first six months, 3'°N values are
inversely correlated with growth in some of the anthro-

Weaning is a risky period during ontogeny, during
which an infant is exposed to a new pathogen environ-
ment, and is simultaneously withdrawn from the nutri-
tional benefits of breast milk, including enhanced
resistance to infection (Lonnerdal, 2003). In addition to
risks posed in early childhood, weaning also is associ-
ated with a wide range of later-life health outcomes
(Cunningham, 1995; Miller, 2014). Human beings miti-
gate the risks of weaning via cultural practices such as
prolonged nursing, introducing select weaning foods
intended to buffer the transition, and enlisting social
support (Gray, 1996; McDade and Worthman, 1998;
Piperata, 2009), as well as through biological adaptation,
for example, through the deposition of fat reserves dur-
ing gestation and early infancy (Kuzawa et al., 2007;
Miller, 2014). Understanding the weaning process, and
how humans culturally and physiologically mitigate the
risks of weaning, are basic elements in understanding
the success and biocultural diversity of our species.
Weaning behaviors may be assessed using stable carbon
and nitrogen isotope ratios (5'C and 8'°N) from osseous
or soft tissues, which is possible because 5'2C and 3'°N
values are high among breastfeeding infants and decline
as weaning progresses. This decline represents a drop in
an infant’s trophic position, as breast milk composes less
of the infant’s diet (Fogel et al., 1989; Fuller et al., 2006;
Newsome et al.,, 2006; Reitsema, 2012; Romek et al.,
2013).

In addition to reflecting diet, including breastfeeding,
stable isotope ratios of consumer tissues reflect physio-
logical states associated with pregnancy and lactation.
Catabolism of endogenous tissue reserves as in wasting
(Fuller et al., 2005; Hatch, 2012; Hobson et al., 1993) or
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pometrics (weight and sagittal circumference). Dips in
some infants’ 8'°N values below their mothers’ values
are observed at the end of the weaning period. However,
during this time frame, 3'°N values of the infants are
not correlated with anthropometric indices. Serum sta-
ble isotope ratios of lactating and non-lactating adult
females differ significantly.

CONCLUSIONS: Growth in body mass and size
explains some of the variation in infant 8'°N values, but
are not responsible for dips in the late weaning/early
post-weaning phase. It is advised that future research
evaluate the extent to which growth in other body sys-
tems affects nitrogen balance and 3'°N dips during
ontogeny, and expand on isotopic differences between
lactating and non-lactating females. Am J Phys Anthro-
pOl 157:347-357, 2015.  © 2015 Wiley Periodicals, Inc.

as is the case for income breeders who draw off endoge-
nous reserves to meet the reproductive demands (Hinde
et al., 2009; Sare et al., 2005) and protein synthesis dur-
ing fastin% in anabolic states (Lee et al., 2012), leads to
higher 3N values in an organism’s tissues. Rapid
growth and weight gain, as in pregnancy or during early
post-natal infant growth, can lead to lower tissue 3°N
values in a consumer by inducing a state of positive
nitrogen balance (Fuller et al., 2004). These physiologi-
cal effects are independent of dietary 3'°N values (for a
review, see Reitsema, 2013). Nitrogen balance refers to
the balance between nitrogen consumed with protein,
nitrogen needed and used for tissue building and main-
tenance, and nitrogen in excess of biological demands
that is excreted as waste. The stable isotope composition
(the relative abundance of the heavier isotope °N and

Abbreviations: 8'3C, carbon isotope; 3'°N, nitrogen isotope

Grant sponsor: University of Georgia Joshua Laerm Award;
Grant number: R21HD 075264-02; Grant sponsor: Yerkes NPRC
operating support from the Office of the Director, NIH; Grant num-
ber: P51-OD011132.

*Correspondence to: Laurie J. Reitsema, Department of Anthro-
pology, University of Georgia, 250 Baldwin Hall, Jackson St., Ath-
ens, Georgia 30602. E-mail: reitsema@uga.edu

Received 26 June 2014; revised 24 January 2015; accepted 26
January 2015

DOI: 10.1002/ajpa.22713
Published online 24 February 2015 in Wiley Online Library
(wileyonlinelibrary.com).



348

the lighter isotope *N) in these three nitrogen pools
usually differs due to fractionation incurred during pro-
tein metabolism (Steele and Daniel, 1978). Stable nitro-
gen isotope fractionation occurs when non-essential
amino acids are synthesized in vivo (transamination)
and when excess protein not used for tissue building is
broken down and excreted (deamination) (Gaebler et al.,
1966; Macko et al., 1986). During these processes, the
light isotope is wusually preferentially excreted with
urine, leaving tissues enriched in °N relative to both
foods and to excreta (Minawaga and Wada, 1984; Schoel-
ler, 1999; Sponheimer et al., 2003; Steele and Daniel,
1978). Physiological states that influence the degree of
transamination and deamination affect the §'°N signa-
tures of tissues and excreta (Lee et al., 2012). The over-
all effect is measurable and usually referred to as the
diet-tissue space or a “trophic effect.” During rapid
growth, less nitrogen is excreted, and is instead routed
directly to tissues. This bypasses the fractionating steps
of deamination and transamination, resulting in pre-
dicted and/or observed lower 3!°N values among the tis-
sues of growing individuals (Deschner et al., 2012; Gaye-
Siessegger et al., 2003; Mekota et al., 2006; Waters-Rist
and Katzenberg, 2010).

A decrease in infant 3'°N values to adult mean values
with weaning is expected as breastfeeding frequency
and/or intensity declines, in keeping with the “trophic
effect” seen with 3°N (Fahy et al, 2014; Reitsema,
2012). However, isotopic studies of weaning also identify
an unexplained “dip” in infant 5'°N values after weaning
appears complete, to values below the adult population
average and/or the infants’ mothers’ values (Beaumont
et al., 2013; Eerkens et al., 2011; Henderson et al., 2014;
Katzenberg et al., 1996; Richards et al., 2002; Sandberg
et al., 2014; Schurr, 1997; White and Schwarcz, 1994). A
provisional and plausible explanation for this dip is that
during weaning, the infant also is growing rapidly,
inducing a state of positive nitrogen balance. An alter-
nate hypothesis for 8'°N dips is that during weaning,
subadults eat lower-'°N foods than adults in the group.
A relationship between growth and 3°N values has
been documented among rapidly-growing animals and in
controlled settings (for a useful review, see Waters-Rist
and Katzenberg, 2010), including non-human primates
during weight recovery after fasting (Deschner et al.,
2012). The hyPothesis that growth is responsible for
post-weaning 3'°N dips during ontogeny in anthropologi-
cal studies remains speculative in the absence of comple-
mentary experimental evidence from human and/or non-
human primates. Unlike 8'°N values, 3'3C values are
decoupled from protein balance, and are expected to
vary more with fluctuations in the lipid and carbohy-
drate inputs to the diet, rather than predominantly with
protein inputs. This is because carbon in the blood is
derived from carbohydrates, lipids, and proteins, and is
subject to fractionation, primarily during respiration
(Hobson et al., 1993; Hobson and Clark, 1992), and dur-
ing protein metabolism, gluconeogenesis, and lactation
(DeNiro and Epstein, 1977; DeNiro and Epstein, 1978;
Fuller, 2003:89-90; Hare et al., 1991). Nitrogen in the
blood is derived from dietary protein, and is subject to
fractionation during protein metabolism (Gaebler et al.,
1966; Macko et al., 1986).

If growth during ontogeny causes predictable shifts in
35N values by way of the mechanism of positive nitro-
gen balance, it would be possible to examine how
humans and other animals mobilize endogenous versus
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exogenous resources to meet reproductive, growth, and
developmental demands in the face of environmental
challenges and at different life history transitions. This
study tests the hypothesis that nitrogen balance influen-
ces infant 8'°N signatures during early develogment, by
comparing growth in body mass with serum 8'°N values
in rhesus macaques (Macaca mulatta) housed at the
Yerkes National Primate Research Center at Emory Uni-
versity. In particular, whether or not the rate of body
growth (relative growth gains between months, not abso-
lute body size or body size gains in kg or cm) is associ-
ated with a dibp in 3'°N values is explored. If growth
velocity and 8'°N are related, it would be a step toward
clarifying the role of positive nitrogen balance in 8'°N
variation among mammals, and would provide evidence
that the widely-observed dip among infants in the first
year of life is brought on by a state of positive nitrogen
balance as the infant’s body rapidly grows. The scope of
the present study is to assess relationships between
growth velocity and 8'°N ratios. A detailed examination
of the weaning process of these rhesus macaques will be
described elsewhere (Reitsema et al., in prep).

MATERIALS AND METHODS

Samples of rhesus macaque blood serum that had
been previously collected for another study were made
available by the Yerkes National Primate Research
Center at Emory University. Fourteen mother-infant
dyads were studied retroactively, the infants having
been born in 2011. These monkeys are provisioned
with monkey chow, and supplemental foods, such as
oranges, sunflower seeds, non-sugar cereal, popcorn,
carrots, and other foods. Of the 14 dams, eight had
been fed a standard or “normal” low fat, high fiber diet
supplied by Purina® (Lab Diets 5038) and six had
been fed an experimental high fat, high sugar diet sup-
plied by Research Diet® (Diet D07091204), which was
switched to the normal diet during weaning (at either
one, three, or five months of infant age). Only stable
isotope data from months preceding the diet switch are
included from the high-calorie diet cohort for discussion
in this study. This limits discussion of the high-calorie
diet subjects to the two-month time point, and pre-
cludes discussion of growth velocity and stable isotope
signatures during the months of the 5N “dip” from
the high-calorie diet cohort. Eleven non-lactating adult
females were sampled for comparison, since lactation
may affect stable isotope signatures in mothers (e.g.,
Kurle, 2002).

Sub-samples of serum from nursing and weaning
infants at ages two, five, six, seven, eight, and 10
months, and from dams at infant ages two and five
months were collected from frozen serum in storage at
the Yerkes National Primate Research Center, and
freeze-dried at the University of Georgia Bioarchaeol-
ogy and Biochemistry Laboratory (Partrick and Reit-
sema, 2014). 50 pl of liquid serum was found to be
more than enough volume to yield the appropriate
dry-weight amount for stable carbon and nitrogen iso-
tope analysis (~450-650 pg). Serum is ~10-12% nitro-
gen and 41-43% carbon. After freeze-drying, samples
were homogenized using an agate mortar and pestle,
and 0.85-1.10 mg of powder weighed into tin capsules
for analysis at the University of Georgia Center for
Applied Isotope Studies. A smaller amount of 0.50-
0.65 mg was weighed for non-lactating adult females
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after viewing results of the infants and mothers.
Freeze-dried, homogenized samples of the standard
and the high-calorie monkey biscuit were also assayed.
Samples were combusted using a Costech® elemental
analyzer coupled to a Thermo Delta plus XL isotope
ratio mass spectrometer. Stable isotope results are
reported according to the equation X=[(Reample/
Ratandara)—11X1000. The elemental analyzer measured
carbon content (%C) and nitrogen content (%N) in the
serum samples, values which were used to calculate
carbon:nitrogen ratios (C:N) wuseful in assessing
whether some samples may have been contaminated or
altered during storage or preparation, and the lipid
content in serum (c.f., Habran et al., 2010, p. 888).

Infants were weighed every month during the first
year of life by the staff at the Yerkes National Primate
Research Center, who made data available for this study.
Infant crown-rump, crown-heel, and sagittal circumfer-
ence measurements at the level of the umbilicus were
also recorded at 48—72 hours, 14-17 days, and three, six,
nine, and 12 months during the first year of life. Estima-
tions of growth velocity, also referred to as growth rate
in this study, were made by calculating the difference in
two successive months’ measurements and dividing the
difference by the measurement from the collection
month in question. For weight, growth rates were calcu-
lated for every month. For the other three anthropomet-
rics, a two-month growth rate was calculated from the
measurements taken at 14-17 days and three months, a
six-month growth rate was calculated from the measure-
ments taken at three and six months, and an eight-month
growth rate was calculated from the measurements taken
at six and nine months.

Linear regressions with SPSS® statistical software
evaluate whether 8'°N values are influenced by growth
velocity. Spearman’s one-tailed correlations are used to
evaluate correlations between 8'°N and 3'C values.
Mann—Whitney U tests evaluate pairwise differences
between groups. Henceforth in the text, values are con-
sidered significant when P < 0.05.

9.0
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RESULTS

For infants in the normal diet group, serum %C values
range from 37.4% to 45.5%, %N values range from 9.4%
to 12.6%, and C:N ratios range from 4.2 to 4.8. For
infants in the high-calorie diet group, serum %C values
range from 43.0% to 45.0%, %N values range from
10.8% to 11.7%, and C:N ratios range from 4.5 to 4.8. On
the normal diet, mothers exhibit serum %C values from
41.1% to 44.6%, %N values from 11.5% to 12.7%, and
C:N ratios from 4.0 to 4.5. Non-lactating females on the
normal diet exhibit significantly higher %C values of
44.9% to 47.3% (Kruskal-Wallis, P < 0.001), significantly
higher %N values of 11.1-12.5% (Kruskal-Wallis,
P =0.008), and significantly higher C:N ratios of 4.2-5.0
(Kruskal-Wallis, P =0.009). On the high-calorie diet,
mothers exhibit serum %C values from 42.5% to 46.1%,
%N values from 10.2% to 11.4%, and C:N ratios from 4.4
to 5.3.

Mothers on the normal diet exhibit a mean 8'°N value
of 6.9+0.3%, and a mean 3'3C value of —19.3 + 0.4%,.
These values are referred to as the “maternal baseline.”
Non-lactating adult females on the normal diet exhibit a
mean 5'°N value of 7.2 * 0.2%, and a mean 3'3C value of
—19.7 £0.5%,, which are also used as baseline values.
The 3'°N values of mothers are significantly lower than
those of non-lactating adult females (Kruskal-Wallis,
P=0.012), and the 8™C values of mothers are signifi-
cantly higher than those of non-lactating adult females
(Kruskal-Wallis, P =0.022). High-calorie diet mothers
exhibit a mean 8'°N value of 9.0 +0.4%, and a mean
313C value of —22.0 = 0.3%,, which are significantly dif-
ferent than normal diet mothers (53'°N and 3'3C: Krus-
kal-Wallis, P < 0.001).

Monkeys were fed one of two isotopically dissimilar
supplemental biscuits: a normal biscuit, with a 3'°N
value of 2.4+0.3%, and a 3'3C value of —18.5+0.4%,
(analyzed in triplicate), and a high-calorie biscuit with a
35N value of 6.1*0.2%, and a 3'3C value of —26.5%,.
Fruits and vegetables, along with other supplemental
foods offered to subjects at Yerkes, are expected to result
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Fig. 1. Bivariate plot of infants’ 3'°C and $'°N values. All correlations are positive, and results of one-tailed Spearman’s corre-
lations are reported (correlation coefficients and their statistical significance). * P < 0.05; **P < 0.01.
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TABLE 1. Serum stable nitrogen isotope data, and growth velocity between successive sampling periods, expressed as percent
gained

Sagittal circum-

Month of Body weight Crown—rump Crown-heel ference gained
Diet Infant ID  sample  Infant 8N (%) gained (%) gained (%) gained (%) (%)
Normal diet RHs14 2 7.5 33 23 23 28
subjects 5 8.2 12 - - -
6 7.8 10 17 17 8
7 8.0 6 - - -
8 74 9 5 4 13
10 6.8 7 - - -
RCt14 2 7.9 25 18 20 14
5 7.4 9 - - -
6 6.8 13 10 5 15
7 6.6 15 - - -
8 6.8 15 10 4 18
10 6.7 17 - - -
RZt14 2 74 29 20 12 15
5 6.8 22 - - -
6 6.5 15 14 15 27
7 6.8 -4 - - -
8 6.3 7 4 4 -1
10 6.5 -1 - - -
RJul4 2 7.8 27 17 19 19
5 7.6 3 - - -
6 7.1 6 13 11 20
7 6.9 1 - - -
8 6.6 11 17 12 15
10 7.1 5 - -
RFwl4 2 - 24 22 21 23
5 7.9 10 - - -
6 7.8 8 8 12 7
7 7.7 6 - - -
8 74 8 6 5 8
10 7.0 3 - -
RLm14 2 8.3 15 17 15 5
5 7.5 24 - - -
6 7.0 13 15 15 18
7 6.7 15 - - -
8 6.9 -2 5 7 14
10 7.0 13 - -
RCr14 2 7.8 27 15 14 16
5 74 18 - - -
6 7.2 13 10 10 24
7 7.2 4 - - -
8 7.1 7 10 10 4
10 7.1 9 - - -
RRr14 2 7.5 25 17 14 20
5 7.7 16 - - -
6 74 9 7 20 -
7 74 3 - - -
8 7.3 9 14 7 -
10 6.4 7 - - -
High-calorie RA114 2 9.5 40 18 21 19
diet subjects RTk14 2 9.7 31 21 21 21
RKk14 2 9.6 43 16 22 23
RNp14 2 9.2 38 25 19 24
RJsl4 2 9.8 24 18 19 21
RBv14 2 - 36 19 21 23

in a bulk non-biscuit diet value of ~3-5%, for 3'°N and
~ —27%, to —26%, for 8'3C (after Reitsema, 2012). The
majority of individuals reported here were fed the nor-
mal biscuit, and together with supplemental foods, the
solid-food diet of these rhesus macaques is expected to
have a 3'°N value of ~3-4%,, and a 3'3C value of ~
—229.. A bivariate plot of infant 8'°N and $3C values
shows an overall positive correlation between values,
confirming the existence of two isotopically dissimilar
dietary endpoints: solid foods with low-'°N and low-'3C
values, and breast milk with higher 3'°N and 3'3C val-
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ues (Fig. 1). When $'®C and 3'°N values are compared
for each individual, six infants exhibit significant corre-
lations and two do not (results of Spearman’s correla-
tions reported in Fig. 1). Infants who have stronger 33C
and 3'°N correlations are not more or less likely to
exhibit a dip or to show unusuall%l growth trajectories
than infants who exhibit weaker 8'°C and 8'°N correla-
tions or lack correlations.

Stable nitrogen isotope data and growth velocities
from all infants are given in Table 1. Infant 8'°N values
are elevated at the beginning of the collection period
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N values with weaning, in later months, many infants exhibit 3'°N values that are below the dams’ baseline value,

and the dip is more apparent when non-lactating adult females are used for comparison.
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Fig. 3. Examples of “dips” in 3'°N values of four infants. Infant values are shown in comparison to their mothers’ values. Val-

ues of dams are from samples collected when their infants were

above adult females’ values, given as the mean * one
standard deviation of both the dams (lightly shaded
region) and the non-lactating females’ (darkly shaded
region) values, and subsequently decline (Fig. 2). Con-
sistent with other studies that report a dip in infant

aged 2 and 5 months.

31N values with weaning, by eight months of infant
age, several rhesus macaque infants exhibit 3'°N values
that are below their mothers’ values. Four of these indi-
viduals are displayed in direct comparison to their moth-
ers in Figure 3. As seen in Figure 2, a dip in 3'°N

American Journal of Physical Anthropology



352

-16.0 1
-16.5 A
-17.0
-175 A

-18.0

LN

o

wh
i

-19.5

-20.0 A

Serum 83Cypp (%0)
G
(=

-20.5 1
-21.0

2215 4

L.J. REITSEMA AND A.B. MUIR

®RHsl4
EBRCt14
ARZt14
ERIul4
©®RFwl4
ORLm14
&RCrl4
ARRrl4

=220

Infant Age in Months

Fig. 4. Changes in infant serum 8'2C values are shown. Infants are plotted individually. A baseline (mean/standard deviation)
of all the dams’ (n = 8) values at infant ages 2- and 5-months is represented by the lightly shaded region (—19.3 + 0.4&0). A baseline

of 11 non-lactating adult females is represented by the darkly shaded region (—19.7 +0.5%,). In general, infant

C values dip

below the dams’ values, but not below the non-lactating adult females.

Serum 8Ny (%o)

Serum 85N, (%0)

10.0

9.5

9.0 4

80 4

754

7.0 4

6.5

6.0

55+
0.0%

-10.0%

® Age 2 mos R*=0.670*
BAge 5 mos R¥=0.432
AAge6mos RP=0420
©Age7 mos R =0297
SAge 8 mos R*=0.000
4 Age 10 mos B =0.010

+HCD age 2 mos* R®=0.384

0.0%

® Age2 mos K =0.550
A Age6mos R =0.667*
S Age 8 mos R?=0.047
+HCD age 2 mos R>=0.204

]

5.0%

10.0%
% Body Weight Gained

10.0%

20.0% 30.0%

15.0% 20.0%

% Sagittal Circumferene Gained

40.0%

25.0%

B.

10.5 2
® Age2 mos R°=0.269

100  AAge6mos R =0.011
SAge8 mos R’=0.000 i - o T
9.5 ——
+HCD age 2 mos R’=0440 * +
9.0
£ 55
3 L]
z< 80
2 A s B
g I
: 75 s s®* * o
& "
7.0 < i
st
65 A
6.0 -
554 . . .
50.0% 0.0% 5.0% 10.0% 15.0% 20.0% 25.0% 30.0%
% Crown-Rump Length Gained
105 4 2
® Age2 mos R =0.002
100 { 4Age6mos R*=0.115
SAge 8 mos R*=0.008 T of
%51 +HCD age 2 mos R=0.043 RREIEE
+
~ 90
€
= 85
E .
i
% 80
©
g P . . .
. 75
3 S ® . & e
A
A 7.0 4 A
g = A
65 A
6.0
55+ )
30.0% 0.0% 5.0% 10.0% 15.0% 20.0% 25.0%

% Crown-Heel Length Gained

Fig. 5. Growth velocity in four anthropometric variables are shown in comparison to 8'°N values of infants at ages 2-10 months.
high sugar diet refers to infants fed a high-calorie diet; only the 2-month samples are used from this cohort because the dams’ diets
changed after this time. R? values from linear regressions are given; *P < 0.05.

American Journal of Physical Anthropology



GROWTH VELOCITY AND 5N

353

TABLE 2. Results of linear regressions between serum stable nitrogen isotope ratios (6'°N) of infant rhesus macaques and growth
velocity in four anthropometric measures at different ages (months) as described in the text

Sagittal
Weight Crown-rump Crown-heel circumference
Age R? P R? P R? P R? P
Normal diet 2 0.672 0.024 0.269 0.233 0.002 0.922 0.550 0.056
5 0.432 0.285 - - -
6 0.420 0.082 0.011 0.805 0.115 0.411 0.667 0.025
7 0.297 0.474 - - -
8 0.000 0.967 0.000 0.986 0.008 0.834 0.047 0.642
10 0.010 0.811 - - -
High-calorie 2 0.384 0.265 0.440 0.223 0.043 0.737 0.204 0.445

diet

Values are considered significant at P <0.05 (bold text).

values is most apparent when non-lactating adult
females are used as the baseline for comparison, more so
than when dams are used as the comparison, because
the non-lactating female range is higher. Infant 5*C val-
ues also decline over the sampling period. As shown in
Figure 4, infant $'3C values also dip below the dams’
values (lightly shaded region) in later months. Infant
3'3C values do not appreciably dip below values of non-
lactating females in later months, because the non-
lactating female range is lower.

Between months two and six, rate of weight gain and
infant 3'°N values are inversely related (linear regres-
sion R%: two months: R2 = 0.676, P = 0.0242; five months:
R?=0.432, P =0.285; six months: R? = 0.420, P = 0.082;
Fig. 5 and Table 2). At two months, the relationship is
statistically significant. During infant ages eight and 10
months, infant growth Velocitgl and 3'°N values are not
correlated (seven months: R“=0.297, P=0.474; eight
months: R*=0.000, P=0.967; 10 months: R*=0.010,
P =0.811). Two-month-old infants whose mothers were
consuming a high-calorie diet at the time of sampling
also exhibit an inverse correlation (R%=0.384;
P =0.265). No other time points from high-calorie indi-
viduals are considered because of the confounding effects
of the mothers’ diet switch during subsequent months of
the sampling period.

Sagittal circumference is inversely correlated with
infant 8'°N values during months two and six (the two
earliest months for which estimations of sagittal growth
velocity are available) (two months: R?=0.550,
P =0.056; six months: RZ=0.667, P=0.025), but there
is no relationship at month eight (RZ=0.047, P = 0.642;
Table 2). Growth velocity in crown-heel lengths and in
crown-rump lengths are not correlated with infant 8'°N
values.

Breastfeeding influences infant 8N values. In an
effort to control for non-dietary 8'°N variation in this
exploration of the effects of growth, comparisons also
were made between growth velocity and 3'°N values
among specifically those individuals/data points whose
5'°N values did not show signs of the inter-individually
varied weaning transition. That is, month-by-month
comparisons between growth and 3'°N values were next
focused on infants whose 8'°N values exceeded 7.2%,,
the maximum threshold of the estimated dams’ baseline
value, and on individuals aged 10 months, whose iso-
topic values indicate a complete transition off breast
milk. This narrowed the comparison to all infants aged
two months, all but one individual aged five months,
select individuals in months six, seven, eight, and nine

whose 3N values were higher than 7.2%, and to all
infants aged 10 months. When diet is partially controlled
in this manner, there is no change in the significance of
month-to-month relationships between rate of weight
gain and 3'°N: significant correlations in weight gain
and 3'°N are only found at two months. There were no
significant relationships between growth velocity and
stable carbon isotope ratios (Fig. 6).

DISCUSSION

If 5'°N values vary predictably with growth by way of
the mechanism of positive nitrogen balance and use of
exogenous foods for tissue-building, it would be possible
to examine how humans and other animals meet repro-
ductive, growth, and developmental demands in the face
of environmental challenges and at different life history
transitions by utilizing stored energy versus compensa-
tory feeding (c.f., Houston et al., 2007; Miller, 2014).
This study tested the hypothesis that nitrogen balance
influences infant §°N signatures during early develop-
ment by comgaring growth in body mass and length
with serum 8N values in rhesus macaques. In particu-
lar, whether or not weight gain is associated with a dip
in 3'°N values was explored, which would be more evi-
dence that the widely-observed §°N dip among infants
in late- or early-post-weaning is brought on by a state of
positive nitrogen balance as the infant’s body rapidly
grows.

Results of this study lend mixed support to the
hypothesis. Consistent with expectations for a state of
positive nitrogen balance, faster growth rates in two var-
iables, weight and sagittal circumference, are associated
with lower infant 3'°N values at some time points in the
first six months of life, suggesting positive nitrogen bal-
ance is operating to at least partly explain 5°N values
(breast milk being the major factor influencing infant
3!°N values at this time). These early post-natal months
are indeed a time of rapid fat deposition among primates
(c.f.,, Kuzawa et al., 2007), and the most rapid brain
growth occurs during the first four months of life in M.
mulatta (Malkova et al., 2006). This, however, is not the
period of the observed 8'°N dip in infant values.

A dip in rhesus infant §°N values below the dams’
baseline is observed among most individuals between
months 6-10. During months 6-10, to which the hypoth-
esis is chiefly addressed, more rapid growth is not asso-
ciated with lower 3°N values among rhesus infants,
including weight gain, gains in body length, and gains
in sagittal circumference. Some of this lack of correlation
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Fig. 6. Growth velocity in weight gain compared to 8'C values of infants at ages 2 through 10 months. R? values from linear

regressions are given; *P < 0.05.

could be due to the fact that not one, but two potential
sources of 8'°N variation are operating in tandem at this
time: diet (the reduction of suckling) and growth. Control-
ling for diet by excluding individuals at time points when
they appear to have weaned, and, in the case of the 10
month samples, only including individuals who are
weaned, does not change the lack of correlations between
3'°N and growth during the period of the dip. This sug-
gests growth in the examined parameters is not a source
of positive nitrogen balance affecting 5'°N values, and
that another factor is responsible for the dip in infant 5'°N
values below maternal values at the time of weaning.

Consumption of low-'N weanling foods is a possible
explanation for 8'°N dips. It is difficult to identify which
are the low-'°N foods in the present study—the biscuit,
fruits, vegetables, and other supplemental foods are all
known or expected to exhibit low 3'°N values on the
order of 0-39%, (Reitsema, 2012). In comparison to those
of lactating females, infant 5'3C values also “dip” in the
sample over time. Because serum 5'3C values so closely
track the consumption of high-carbon vegetal (supple-
mental) foods, 3'C dips would seem to corroborate the
dietary explanation for 3'°N dips. However, when the
non-lactating adult females are used for comparison to
infant values (darkly shaded region of Fig. 4), the 3'3C
dip virtually disappears, because the 5'3C values of non-
lactating adult females are lower than those of lactating
adult females (see below). Conversely, when the non-
lactating adult female 8'°N value is used for comparison
to infants, the 3'°N dip is exaggerated, because non-
lactating adult females exhibit higher 3'°N values than
lactating adult females. Therefore, even though 3'°N
values are not correlated with the measured body
growth parameters, it still seems possible that protein
balance, and not diet, is affecting this 8'°N dip in late
weaning — just not protein balance resulting from
growth in mass, body length, and girth. Growth in other
body systems is not explored in the present study, but
could form the basis of future research.
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Intra-group variations in diet are species- and even
group-specific, whereas physiology and protein balance
can be expected to show similar patterns within taxo-
nomic groups. Few similar data including both growth
and isotopic data are available for comparison from other
primates, but some data already exist that indicate 3°N
dips and 3'°N correlations with growth velocity are not
universal. An individual infant Frangois’ langur (Trachy-
pithecus francoisi) reported by Reitsema (2012) in direct
comparison to its mother exhibits neither a 3'°N nor a
3'3C dip toward the end of weaning, and a comparison
between fecal 8'°N and growth velocity in weight meas-
ured monthly for this individual also shows no relation-
ship (R? = 0.026; P = 0.656; Fig. 7). It should be noted that
the most meaningful comparison of growth velocity and
5'°N is made when the tissue analyzed has a turnover
time that matches the frequency at which growth meas-
urements are taken. Serum, which reflects nutrients
incorporated in the 1-2 weeks preceding collection (Kurle,
2002), is best accompanied by weekly growth measure-
ments or weekly averages, whereas isotopic data from
feces, which reflect the preceding 1-2 days, are best
accompanied by daily measurements.

For most infants in this study, 5:2C and 3'°N are tightly
correlated (Fig. 1). A correlation in 8'3C and 3'°N values
is expected if individuals are consuming differing
amounts of two isotopically different foods. In this case,
for infants, the isotopically different foods are breast milk
and the solid food diet, which consists of monkey biscuit
and fruit. If 3!3C and 5'°N values were decoupled, it could
indicate protein balance as a factor underlying 5!°N varia-
tion. For the two individuals whose 3'3C and 3'°N values
are not correlated (individuals RJul4 and RHs14), 5'°N
values do vary independently from 5'3C values. However,
these individuals exhibit neither anomalous growth rates,
nor anomalous 3'3C or 8'°N values, and they are not more
or less likely to “dip” below maternal values. Because
there is nothing in the growth data to explain the decou-
pling of 8'3C and 3'°N values for some infants, it is less
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Fig. 7. Another comparison can be made between growth velocity and 8'°N values, drawing from previously published data
from a Francois’ langur (Trachypithecus francoisi) infant (Reitsema, 2012). Lower 8'°N values are not associated with greater
growth velocity in this individual. The trendline is for all data points (all time points pooled) and the linear regression R? value for

all data is given.

likely that the decoupling reflects shifts in protein bal-
ance, and more likely that these individuals were continu-
ing to breastfeed while supplementing breast milk with
solid foods—that is, a dietary explanation for the data.
Prolonged suckling would result in occasional spikes in
serum °N that were accompanied by 8'C values that
(tracking solid food consumption) resembled those of the
rest of the group.

Although 8'°N dips do not track increases in body size
and mass, protein balance cannot be ruled out as an
explanation for the 3N data. Rapid growth in other
bodily systems and not body growth per se may be occur-
ring and inducing a state of positive nitrogen balance
responsible for the dip. Energy and resources are not
allocated homogeneously during growth and develop-
ment, but are rationed for different systems at different
times, according to the expectations of life-history theory
(Pereira, 2002). Among primates, somatic, neural and
dental development follow different growth trajectories
(c.f., Batchelder et al., 2010; Dobbing and Sands, 1979;
Leigh, 1992; Malkova et al., 2006). These may be growing
rapidly at the time of the “dip,” in pace with infant tissue
31°N, shifting the routing of food 3'°N from body growth
to the growth, development and maintenance of other
biological systems. Thus, it is recommended that future
research in this area consider growth rates of other sys-
tems more specifically (e.g., digestive, renal, reproduc-
tive, cardiovascular, lymphatic, nervous), using standard
or advanced imaging, or other proxy indicators (c.f.,
Batchelder et al., 2010). It is also recommended that
future research take growth measurements at intervals
that correspond with the turnover time of the tissue
analyzed.

The isotopic values of lactating and non-lactating
adult female rhesus macaques differ significantly. Lower
3N values among lactating females in the present
study corroborate the report by Kurle (2002) of lactating

Callorhinus ursinus (fur seal) exhibiting lower 3'°N val-
ues in comparison to pregnant and non-lactating
females, despite very different lactation strategies
among primates and marine mammals (c.f., Hinde and
Milligan, 2011). A possible explanation for the phenom-
enon of lower 3'°N values among lactating versus non-
lactating females has to do with the isotopic composi-
tion of breast milk. If breast milk is isotopically
enriched in '°N, its excretion should result in relatively
lower 3'°N values of maternal tissues. This is the case
among marine mammals (Kurle, 2002; Polischuk et al.,
2001) but preliminary evidence suggests it is not the
case in humans (Fuller, 2003), whose breast milk pro-
tein 3'°N values are approximately the same as tissue
(fingernail) 3°N values and whose bulk breast milk
3!°N values are actually lower than tissue values, on
account of breast milk containing '°N-depleted urea.
Human and macaque milks are compositionally similar
(Hinde and Milligan, 2011; Hinde et al., 2009). Milk
stable isotope data are not currently available for
rhesus macaques.

Humans and other primates utilize a mixed income/
capital strategy, sustaining lactation by mobilizing body
reserves and routing dietary intake to milk (c.f., Hinde
et al., 2009). Among humans, breast milk 5!*C is lower
than maternal tissue 5'3C, indicating breast milk is syn-
thesized in females from isotopically light carbon of tis-
sue reserves (Fuller, 2003). The excretion of isotopically
light carbon via breast milk is indicated in this study
among rhesus macaques in the form of higher serum
33C values in lactating mothers compared to non-
lactating females. Without more stable isotope data from
breast milk, it is difficult to interpret lactating and non-
lactating female stable isotope differences. Further
research into the isotopic composition of breast milk
across taxa will not only clarify isotopic evidence for
weaning, but will also clarify the isotopic variation

American Journal of Physical Anthropology



356

among adult females in aid of bioarchaeological and
modern appreciation of population-level stable isotope
ratio variability.

CONCLUSION

Measurements of growth velocity (bodg size, length and
circumference) were compared to the 3°N values of blood
serum from captive rhesus macaque infants to test the
hypothesis that low infant 8'°N values of infants relative
to those of the adult population are due to positive nitro-
gen balance. Although inverse relationships were identi-
fied between growth velocity in (1) body mass and (2)
sagittal circumference at some infant ages (in months 2—
6), suggesting a state of positive nitrogen balance in grow-
ing individuals, the correlations were not present during
the ages at which the 3'°N “dip” is conspicuous. Diet is a
possible explanation for observed 3'°N differences
between subadults and adults at the time of the post-
weaning 5'°N dip, but given the fact that infants and non-
lactating adult females exhibit similar 33C values, it
remains possible that growth in non-measured body sys-
tems is affecting 3'°N values of infants in the late- and
early-post-weaning stage of development. Internal imag-
ing and other means of assessing the maturation of organ
and system function are suggested as means of further
examining growth in these other systems, in the context
of nitrogen balance during ontogeny.
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