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Abstract Sex differences in feeding ecology may develop in
response to fluctuations in physiological costs to females over
their reproductive cycles, or to sexual size dimorphism, or
function to minimize feeding competition within a group via
resource partitioning. For most mammal species, it is un-
known how these factors contribute to sex differences in
feeding, or how the development of males and females reflects
these intraspecific feeding differences. We show changes in
dietary composition, diversity, overlap, and foraging behavior
throughout development in ring-tailed lemurs (Lemur catta)
and test how the development of sex differences in feeding is
related to female costs of reproduction and year-round re-
source partitioning. Sex differences in dietary composition
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were only present when females were lactating, but sex dif-
ferences in other aspects of feeding, including dietary diver-
sity, and relative time spent feeding and foraging, developed at
or near the time of weaning. Sex difference in juveniles and
subadults, when present, were similar to the differences found
in adults. The low year-round dietary overlap and early dif-
ferences in dietary diversity indicate that some resource
partitioning may begin with young individuals and fluctuate
throughout development. The major differences between
males and females in dietary composition suggest that these
larger changes in diet are closely tied to female reproductive
state when females must shift their diet to meet energetic and
nutritional requirements.

Keywords Behavioraldevelopment - Diet - Juvenile - Female
dominance - Reproduction - Resource partitioning - Lemur
catta

It is often expected that individuals within a population of
different ages, sexes, and sizes, will exploit varying aspects of
the species’ feeding niche (Schoener 1986; Ebenman 1988).
As part of this variation, sex differences in vertebrate feeding
can range from temporal and spatial separation of males and
females (Ruckstuhl and Neuhaus 2002; Ruckstuhl 2007) to
differences in the composition and diversity in diet (Clutton-
Brock 1977a; Holmes 1986; Clarke et al. 1998; Lewis et al.
2002; Beck et al. 2005; Kriiger 2005). For most species,
however, little is known about when sex differences appear,
how they change throughout development, if early sex differ-
ences mimic adult patterns, and if these sex differences func-
tion to partition resources or are only apparent with physio-
logical differences between males and females, particularly
those related to reproduction.

The successful development of ecological competence and
adult diet is the primary determinant of whether individuals
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live to adulthood and their subsequent reproductive success
(Altmann 1991, 1998). In species with few sex differences in
adult foraging (Post et al. 1980; Harrison 1983), sex differ-
ences are expected to be closely correlated with female repro-
ductive status (Gautier-Hion 1980), and no sex differences are
expected to be found in juveniles (van Noordwijk et al. 1993).
Likewise, juveniles of species with large and distinct adult sex
differences in dietary composition or foraging strategy
(Terborgh 1983; Fragaszy 1990; Lonsdorf 2005), which are
often species with large degrees of sexual size dimorphism,
will show similar patterns of sex differences in adults regard-
less of female reproductive stage. The persistence of sex
differences in feeding outside of periods of high reproductive
costs to females can be socially learned through same-sex
modeling (Agostini and Visalberghi 2005; van de Waal et al.
2013), and sex differences in attention span and learning may
contribute to the development of female and male feeding
ecologies (Lonsdorf et al. 2004; Lonsdorf 2005). Develop-
mental differences in size, strength, and coordination can also
determine differences in female and male foraging strategies
(Rose 1994; Johnson and Bock 2004; Gunst et al. 2008,
2010). These interactions between the social environment
and somatic growth suggest that the development of sex
differences in feeding can be a complex process, but under-
standing how feeding behaviors and diets develop will help
illustrate how young animals develop in sex-specific roles,
how this development reflects the adult ecology, and if these
differences in adult ecology reflect physiological changes or
other potential social manipulation.

Sex differences in feeding can be a result of sex-
dependent physiological costs, competition, and social dy-
namics (Clutton-Brock 1977a; Ruckstuhl 2007), and the
developmental timing of the type and intensity of sex
differences in feeding can help identify underlying causa-
tion. Sex differences in adult feeding are commonly linked
to fluctuations in energetic and nutritional needs associated
with sexual size dimorphism and costs of reproduction to
females. Size dimorphism can have far reaching effects on
growth, metabolism, and substrate or microhabitat use, as
well as an individual’s nutritional demands (Kleiber 1965;
Fleagle and Mittermeier 1980; Jarman 1983; McGraw
1998; Beck et al. 2005; O’Mara et al. 2012). If size
dimorphism is solely responsible for sex differences in
feeding, then the divergence of female and male feeding
ecology should parallel the developmental changes in size
and strength (Jarman 1983; Watts 1988). However, sexual
dimorphism can also determine the priority of access to
foods, with the larger or dominant sex more likely to
exclude others from desired feeding patches (Jarman
1983; Ménard and Vallet 1986; Wan et al. 2013). Sex-
based social dominance can determine priority of access
and sex differences in feeding could be imposed through
harassment or monopolization by the dominant individuals
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(Barton and Whiten 1993; Bonanni et al. 2007), particularly
in the absence of sexual dimorphism (Overdorff et al. 2005;
White and Wood 2007; Smith et al. 2008).

While sex-dependent dominance and dimorphism can de-
termine priority of access to resources, these biases may not be
the best predictors of feeding differences between females and
males (Kamilar and Pokempner 2008). Reproductive costs
may be more predictive of sex differences in feeding, partic-
ularly during lactation when these costs are greatest (Clutton-
Brock et al. 1989; Altmann and Samuels 1992; Steudel 2000).
These costs can structure much of the variation in dietary
composition both within and among species, even to the
extent that in some sympatric primate species, lactating fe-
males have diets more similar to each other than to male group
members (Gautier-Hion 1980; Hemingway 1999; Vasey
2002). Pregnant and lactating females often need higher nu-
trient and energy intake to compensate for the increased
metabolic costs associated with reproduction (Trivers 1972;
Tilden and Oftedal 1997). These females feed longer and have
diets more highly enriched in protein or energy than males
(Sauther 1994; Michels 1998; Bean 1999; Nakagawa 2000;
McCabe and Fedigan 2007), regardless of their social status.

Often though, sex-specific dietary differences are present
throughout the year and cannot be explained by reproductive
costs or size dimorphism (Harrison 1983; Boinski 1988; Rose
1994; Kamilar and Pokempner 2008) and may be a form of
resource partitioning that lowers feeding competition within a
social group (Clutton-Brock 1977a; Bolnick et al. 2002). The
development of sex differences early in life can effectively
increase the niche width of a species and minimize feeding
competition (Clutton-Brock 1977b; Polis 1984; Schoener
1986; Bolnick et al. 2011; Stauss et al. 2012), regardless of
the proximate mechanisms responsible. In adults then, sex
differences in feeding throughout the year can facilitate the
benefits that are conferred by an increased number of individ-
uals within a social group, while at the same time minimize
increases in feeding competition. When combined with indi-
vidual preferences and bias, sex differences may allow for
more flexible use of the species’ niche (Bolnick et al. 2002,
2003), even if differences among ages, sexes, or individuals
are small.

Ring-tailed lemurs (Lemur catta) are an excellent species to
study when sex differences in feeding ecology develop, if
differences in immatures mirror those in adults, and how sex
differences are related to reproductive costs and resource
partitioning. The ring-tailed lemur is a monomorphic primate
endemic to southwestern Madagascar that lives in multi-male
multi-female social groups where females dominate males in
all contexts (Jolly 1984; Kappeler 1990). They feed from a
diverse diet composed primarily of ripe fruit and leaves, and
the inconsistent rainfall of southwestern Madagascar is corre-
lated with unpredictability in resource availability (Dewar and
Richard 2007).
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Our goal is to test for sex differences in the feeding ecology
of a mixed-longitudinal and cross-sectional sample of ring-
tailed lemurs from birth through adulthood. We identify when
sex differences develop, and how sex differences in the feed-
ing ecology of infants, juveniles, and subadults parallels that
of adults. We also test for the contributions of reproductive
costs and resource partitioning in structuring the development
of sex differences in feeding (Kappeler 1996; Godfrey and
Jungers 2002). If sex differences in feeding are primarily a
consequence of female reproductive costs, then we predict
that the feeding ecology of immature females and males will
closely resemble each other until adulthood. Sex differences
will be most pronounced when females are lactating and their
energetic expenditure is at its highest. Females will direct
more aggression at males and subadults during this time to
monopolize resources. These differences will then be minimal
or absent throughout the rest of the year. If resource
partitioning drives sex differences in dietary composition
and diversity, we predict that these differences will appear
early in development at the time of weaning, and that they will
be maintained through adulthood. Adult females will regulate
access to resources through aggression directed at males and
immatures to maintain low levels of dietary overlap through-
out the year.

Methods

Study site and phenology Data were collected from May 2009
to March 2010 at the Beza Mahafaly Special Reserve (Beza)
in southwest Madagascar (23.65647° S, 44.62897° E). The
study area grades from dry deciduous and Dideraceae-
dominated desert spiny forest in the west to a gallery forest
dominated by Tamarindus indica in the east (Sussman and
Rakotozafy 1994). Beza experiences a cold dry season (May—
September), and a hot wet season (October—April) in which
80 % of the annual average of 615 mm of rain falls each year
(Lawler et al. 2009). Our study period was hot and dry with
average high temperatures of 35.7 °C (dry season) and 45.8 °C
(wet season) and experienced half the typical rainfall of
equivalent times in other years (this study, 265 mm; Beza
average for June—March, 500 mm; (Sussman and
Ratsirarson 2000)).

Twenty-two 2 mx30 m phenology transects were used to
monitor the availability of plant resources throughout the
ranges of the study groups. Woody plants with a diameter at
breast height (DBH) greater than 2 cm were tagged and
identified to species (#=402 individuals from 44 species).
The DBH, total height, crown height, and width were mea-
sured for each tree. Every 2 weeks, the presence of young
leaves and leaf buds, mature leaves, unripe fruit, ripe fruit,
flower buds, and flowers was ranked for each tree on a 04
scale based on the abundance of the phase relative to the

estimated overall availability of sites within the crown. A
score of zero indicated phase absence, 1=25 %, 2=50 %,
3=75 %, and 4=100 % present. A 1-m” plot in the center of
each transect was used to monitor ground cover with the same
phase scale (0—4). A food availability index (FAI) was calcu-
lated for each phenophase for each tree within the phenology
transects. The FAI is the natural log of each phenophase score
(0—4) multiplied by the tree’s crown volume. This gives an
estimate of availability for each food part based on the size of
the individual tree crown and the presence of each part within
1t.

Study population Ring-tailed lemurs are frugivore—folivores
that spend half of their feeding and foraging time on the
ground (Sussman 1977). Reproduction is highly seasonal
and synchronized to resource availability (Sauther 1991;
Jolly et al. 2002). We divided the study period into seasons
based on this correlated reproduction and food availability:
gestation (May—September), lactation (September—Decem-
ber), weaning (December—February), and recovery (March—
April) (Fig. 1). All females reproduce annually regardless of
social rank, and reproduction is typically timed to a single 1-
to 2-week period (Sauther 1998), but females who do not
conceive cycle again. Therefore some females reproduce out
of synchrony with the rest of the group (e.g., gestating in the
lactation season), and these females experience different food
availability than the majority of females during each repro-
ductive phase. These females are presented separately within
each season.

With the help of three field assistants, we completed over
2,300 observation hours on 78 individuals from seven study
groups (Table 1). Study groups were composed of between
four and six adult females (mode:, 4) and two five males
(mode, 3), with a mean female-biased sex ratio of 1.45+
0.30. Birth dates were known for the individuals born into
each of the study groups since 2006, but birth dates, ages, and
matrilineal relationships were not known for females older
than 4 years old or for adult males who transfer between
groups. We assigned individuals to age classes: infant 1 (0—
12 weeks), infant 2 (13-24 weeks), juvenile 1 (25 weeks—
1 year), juvenile 2 (1-2 years), subadult (2-3 years), and adult
(3 years and older). Age classes were based on previous work
(Gould 1990; Pereira 1995) with subdivision in the infant and
juvenile age categories to allow for finer comparisons within
these rapidly changing age classes (Pereira and Leigh 2003;
Stone 2007; Bezanson 2009; O’Mara 2012). Infant ring-tailed
lemurs begin weaning at 8—13 weeks of age (Gould 1990),
and the individuals in this sample completed weaning at 24—
26 weeks (O’Mara 2012). It is assumed that ring-tailed lemurs
are monomorphic throughout development, similar to other
closely related lemurid species (Leigh and Terranova 1998;
O’Mara et al. 2012). Interobserver reliability was periodically
assessed using Cohen’s Kappa statistic included in the
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JWatcher package to maintain a £=0.90+£0.05 (Coelho and
Bramblett 1981).

Data collection Continuous focal sampling (Altmann 1974)
was used to record feeding behavior and its social context.
Subjects were chosen from among the seven study groups ac-
cording to a stratified random protocol where an infant or juve-
nile was the focal subject for every second or third observation.
All feeding, foraging, and agonistic behaviors were recorded
continuously in JWatcher during 12-min focal animal sampling
sessions (FAS). To be included in the analysis, individuals must
have contributed a minimum of three FAS in a given day, with
individuals contributing between 4 and 8 FAS/day (Table 1).
Feeding was defined as the ingestion of food, and foraging
as searching for and processing of food items. Food parts were
divided into unripe fruit, ripe fruit, young leaves, mature
leaves, flowers and flower buds, invertebrates, soil, and wood.
Invertebrates were identified to species when possible and
minimally to taxonomic order. Plant species were identified
with help of local experts (Mr. Elahavelo and Mr. Herman
Mananjo), by Mr. Rokiman Lestara (Tsimbazaza Botanical
Gardens, Antananarivo), and through the Missouri Botanical
Gardens TROPICOS database (www.tropicos.org). Agonistic
encounters during feeding and foraging (aggression and
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submission given and received) were recorded as events
during the focal observation sessions. Here, only aggression
that would disrupt feeding and foraging is included (e.g.,
move to displace, spat, lunge, and cuff; Pereira and Kappeler
1997). Aggression is summarized as the number of aggressive
instances over the total time of observation per day to give
hourly rates of aggression as well as the number of aggressive
behaviors executed minus those received.

Dietary diversity was calculated for each focal animal in 2-
week periods that correspond to the phenology surveys. Dietary
diversity was calculated using the Inverse Simpson’s Diversity
index, D, where D=1/(3p,”) and p;’ is the squared proportion of
total time feeding in these 2-week blocks on each item (Begon
et al. 1996; Irwin 2008). D=1 is a diet of 1 item, and higher
values reflect increased levels of diversity (Hill 1973). Dietary
overlap (R) was calculated for all individual pairs within each

group during these 2-week blocks. R was calculated as
2Py <p;

M , where p;; and p; are the proportion of

iV ZpijQ XY Dic?

item 1 in the diet of individuals j and k (Pianka 1973). Dietary
overlap ranges from 0 (no overlap) to 1 (complete overlap).
Bite counts were conducted for each individual on each food
type eaten during the 12-min FAS sessions at least twice per

R =
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Table 1 Sample sizes for age—
sex categories across the repro- Age Sex Gestation Lactation Weaning Recovery
ductive seasons including nonre-
productive females (F_NR)’ Infant 1 Female 14/93.4
gestating females (F—Gest), and 1.02+0.06
lactating females (F—Lact) Male 12/93.4 1/5.6
1.12+0.06 1.87+0.66
Infant 2 Female 8/48.8 8/36 4/17.6
0.84+0.07 1.50+0.10 1.60+0.162
Male 10/60.4 10/42 2/9.8
0.92+0.07 1.50+0.14 1.63+£0.21
Juvenile 1 Female 6/112.4 4/26.4 6/28 4/13.4
1.41+£0.08 2.40£0.32 1.50+£0.10 1.49£0.18
Male 3/25.8 1/6.4 8/22 5/14
1.43+0.19 2.13£0.59 1.50+0.14 1.27£0.15
Juvenile 2 Female 3/32 6/118.8 4/17.6 4/18
0.82+0.08 1.47£0.09 1.47+£0.18 1.50+0.25
Male 6/84.4 2/41 1/5.8 1/5.6
1.07+£0.07 2.05+0.17 1.93+0.24 1.87+£0.07
Subadult Female 1/0.40 3/54.8 3/18.6 3/8.6
0.20+0.01 0.98+0.08 1.43+£0.19 1.08+0.10
Male 7/66.8 8/165.2 6/23.6 6/16.8
Sample sizes are given as number 0.77+0.042 1.41+0.07 1.31+0.15 1.30+0.13
of individuals, total number of Adult Nonreproductive female ~ §/26.2 11/83.2 15/42.4 15/34.2
hours in italics, with the mean 0.610.05 0794004 1062006  1.04£0.06
number of hours (SEM) each _ ) ’ : ) : ’ : ’
individual was observed per day Gestatmg female 23/209.6 12/58.2
across the study period below. 0.78+0.03 1.19+0.06
Number of individuals includes Lactating female 21/194.6 10/29.4 16/15.6
animals that have passed from
one age category to the next. 0.76+0.03 0.98+0.08 0.82+0.06
Blank cells indicate an age—sex Male 11/82.2 17/178.8 16/38.6 14/37.4
category that was not observed 0.71%0.04 0.77+0.03  0.99+0.08 1.040.07

during the particular season

day with a random starting point during the feeding
bout, and these bite count rates are used as a measure
of ingestion rate and feeding efficiency (Johnson and
Bock 2004).

Analysis With the exception of the dietary diversity index, data
were summarized per individual per day, generating a mixed-
longitudinal data set of individual days. Generalized linear
mixed models (GLMMSs) were fit to the mixed-longitudinal
data in the /me4 package in R 2.13 (Bolker et al. 2009; R Core
Development Team 2011). In all models, individual animal
identity was included as a random effect to control both for
the repeated sampling of individuals and variability due to
individual preferences. Much of the data presented are summa-
rized as proportions of a total (e.g., proportion of time feeding).
Logistic mixed models with a binomial distribution and logit
link identity were fit to proportional data directly (Jacger 2008;
Warton and Hui 2011). The significance of the fixed factors
(e.g., age and sex) was evaluated by comparing two nested

models differing in the factor of interest with a likelihood ratio
test of the two nested models (x?) (Lewis et al. 2011; Huchard
et al. 2012). Tukey’s post-hoc tests identified differences
among factor level pairwise comparisons, typically age—sex
levels. Mean dietary overlap of age—sex classes for the 2-
week block intervals was calculated using random effects of
individual and social group. However, because of the high
number of age—sex pairwise combinations, the significance
levels of the post-hoc comparisons of dietary overlap index is
highly autocorrelated and we therefore present the age—sex
values without significance levels (Post et al. 1980). When no
random effects were present (e.g., number of plants eaten by an
age class), a general linear model (F) was fit to the data.
Significant fluctuations in food availability are correlated with
reproductive timing in ring-tailed lemurs (Sauther 1998). Con-
sidering this established relationship, dietary composition was
analyzed within a given reproductive season. Significance for
all tests was evaluated at «=0.05, and means are presented with
standard errors.

@ Springer



1278

Behav Ecol Sociobiol (2014) 68:1273—1286

Results

Seasonality in food availability Ring-tailed lemurs fed from
137 plant species from 55 families,and on six invertebrate
species from four orders (O’Mara 2012). Food availability
varied throughout the year, with peak FAI coinciding with
maximum rainfall (Fig. 1). Young leaf flush, which began in
September with the transition to the wet season, was the major
contributor to food availability. The weaning of offspring (i.e.,
transition to juvenile 1) was timed to the period of maximum
young leaf availability (January—February); availability dra-
matically decreased in March and into the dry season. Ripe
fruit was at its peak availability at the end of the wet season
and continues through the beginning of the dry season
(March—September).

Early sex differences that continue to adulthood Most fruits
and young leaves, which comprised the bulk of the ring-tailed
lemur diet, are ingested in a single bite by all age categories
(Sauther 1992). There were no sex effects on intake rate (bites/
min) when controlling for food type and species across all
ages of ring-tailed lemurs (x*;=1.151; p=0.283). This indi-
cates that along with the lack of sexual size dimorphism in
ring-tailed lemurs, comparisons of time spent feeding are
adequate to test for sex differences in feeding within an age
class. Infant 2 dedicate significantly more of their total time to
feeding and foraging than all other age classes (x*3=23.828,
p<0.001; Fig. 2a), and there were no effects of sex or repro-
ductive status at any age in the total amount of time that
individuals spent feeding and foraging (x*3=1.717, p=
0.633). When tested as a main effect, there were no significant
seasonal effects on the ratio of time spent feeding to time
foraging (x*3=2.475, p=0.480). However, reproductive sea-
son was included as a random effect along with individual
identity to account for potential variation due to food avail-
ability. After weaning in juvenile 1, males had higher ratios of
the time spent feeding relative to foraging than did females
(x*13=28.508, p=0.008; Fig. 2b). Nonreproductive females
invested more time foraging than did males and gestating and
lactating females (Fig. 2b), but there were no differences in
ratio of time feeding to foraging among males and females that
were gestating and lactating.

Sex and age differences in dietary diversity paralleled food
availability. From juvenile 2, females had more diverse diets
than males (Fig. 3). Juveniles and subadults of both sexes
showed higher dietary diversity than adults, but the sex dif-
ferences that were present in the juvenile 2 stage continued
throughout adulthood, with females feeding on more diverse
diets than males in seasons with lower food availability:
Gestation and lactation seasons (y>3=60.749, p<0.001;
Fig. 3). As the availability of young leaves increased in the
weaning and recovery seasons (Fig. 1), the differences be-
tween males and females disappeared in the immature age
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categories (except juvenile 2). Females in the recovery season
again have more diverse diets than males (Fig. 3).

Dietary overlap was generally low both within and among
most age—sex categories. Dietary overlap among age—sex
categories was variable across the year and does not show a
clear pattern of increasing or decreasing overlap throughout
development (Fig. 4). R values greater than 0.5 (red to dark
red, Fig. 4) indicate significant levels of dietary overlap
(Pianka 1973), with approximately 50 % of the diet in both
categories shared. Across the year, mean dietary overlap
ranged from 0 (yellow) to 0.84 (dark red), with most dietary
overlap scores of 0.2—0.4 (orange). Infants and juveniles had
low dietary overlap with most other group members and
tended to have highest overlap values with age-mates, sub-
adults, and lactating females (Fig. 4). The highest dietary
overlap was found during the recovery season, potentially
due to the decrease in young leaf and overall food availability
that presented lemurs fewer options.

Infants, juveniles, and subadults experienced higher rates
of aggression directed at them while feeding and foraging than
do adults (x*11=98.609, p<0.001; Fig. 5a). Males received
higher rates of aggression during feeding and foraging than
females at most ages across the year (y’s=46.612, p<0.001;
Fig. 5a). Adult females were the primary aggressors in ago-
nistic interactions, and this was not restricted to only the
dominant individuals. Adult females were responsible for
78-99 % of the aggressive interactions that age—sex categories
received (F/M percent received from adult females: infant 1,
78.8/92.0; infant 2, 83.3/83.8; juvenile 1, 89.5/89.5; juvenile
2,79.9/91.1; subadult, 94.1/85.3; adult, 98.8/90.6). When the
number of aggressive interactions that were directed at an
individual was subtracted from those interactions initiated by
a focal subject, adult females were the only age—sex class with
positive values, indicating that they aggressed at others more
often than they received aggression (Fig. 5b).

Sex differences in adults by reproductive season Apart from
significant differences in dietary diversity, sex differences in
adult feeding ecology were only present during the lactation
season (see Appendix for seasonal model results), with sig-
nificant sex differences in the percentage of time feeding on
ripe fruit, mature leaves, young leaves, and flowers (o=
59.442, p<0.001; Table 2). During the lactation season, lac-
tating females ingested a higher proportion of young leaves
and ripe fruit than males or other females. Females that were
gestating during this time (i.e., asynchronous females) ate a
higher proportion of mature leaves and flowers than males and
other females (Table 2).

Females, regardless of their reproductive status or season,
fed from more plant species than did males, increasing their
overall dietary diversity score (x*3=36.689, p<0.001). The
high dietary diversity and low dietary overlap of adults
paralleled the FAI, with the lowest number of plant species
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Fig. 2 a The proportion of total I * )
observations (mean+=SEM) spent A 1 I 1
feeding and foraging for females _ o 045+
(orange) and male (blue) by age S £
category. No sex differences are o= 0.40 - %
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. .. R o w _ i
feeding divided by proportion of ] 0.30 }
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eaten per day during the gestation season and greatest number
during the weaning season, when FAI was at its highest
(gestation, 3.31+0.12; lactation, 4.29+0.10; weaning, 4.98+
0.22; recovery, 4.5440.30; Fig. 1 for FAI). Across all seasons,
lactating and nonreproducing females fed from a greater num-
ber of plant species than do males or gestating females (5,
593=5.44, p=0.001; lactating females, 3.70+0.15; nonrepro-
ductive females, 3.76+0.18; gestating females, 3.02+0.15;

males, 3.35+0.13). During lactation, weaning, and recovery
seasons, female reproductive stage did not impact dietary
diversity (Fig. 3). The sex differences in dietary composition
and diversity during lactation were accompanied by the lowest
levels of dietary overlap (Fig. 4). Adult females and males
have low to moderate dietary overlap across the year. Most
age—sex categories show low overlap within themselves, al-
though asynchronous adult females (e.g., gestating females

Fig. 3 Simpson’s inverse dietary Gestation
diversity index (mean+SEM) for r x *
I
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(blue) across age categories for
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Fig. 4 Dietary overlap index (R) [-

among age—sex categories within

each season. Overlap values are 0 04 08
represented by the increasing dietary overlap
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index was calculated
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during lactation) had the highest overall observed dietary
overlap scores with other asynchronous females in their
groups.

Discussion

This ontogenetic study suggests that both costs of reproduc-
tion and resource partitioning are responsible for sex differ-
ences in ring-tailed lemur feeding ecology. Sex differences
were found in adults during the most energetically costly
period of reproduction when females were lactating and di-
rectly caring for offspring. This indicates that costs of repro-
duction structure the major ecological differences between
adult females and males. However, dietary overlap among
individuals within a group fluctuates throughout the year,
but is generally low both within and among age—sex catego-
ries. When sex differences in feeding were present in imma-
tures, they paralleled adult patterns, similar to what has been
predicted for species with low or fluctuating sex differences in
ecology (van Noordwijk et al. 1993). The low year-round

@ Springer

dietary overlap and sex differences in dietary diversity that
develop early in life and continue through adulthood indicate
that some level of resource partitioning is present outside of
reproductive activity.

Like other primate females (Gautier-Hion 1980; Ganzhorn
1989a; Rose 1994; Vasey 2002; McCabe and Fedigan 2007,
Yamashita 2008; Ganzhorn et al. 2009), lactating ring-tailed
lemurs shifted their dietary emphasis and fed more on young
leaves and ripe fruit than did males and nonreproductive
females. Female ring-tailed lemurs gestate during the period
of lowest food availability, lactate during increasing food
abundance, and wean their infants in the period of maximum
food availability (Sauther 1991). The increase in both young
leaves and ripe fruit in female diet potentially increased pro-
tein and energy consumption during lactation (Blaxter 1971;
Pond 1977). However, this study cannot address if these sex
differences in diet composition and diversity result in sex
differences in nutritional intake, or if changes in female diet
reflect correlated changes in protein and energy consumption.
Some lemur species balance nutritional and energy intake
across wet and dry seasons regardless of plant part composi-
tion (Curtis 2004; Yamashita 2008; Gould et al. 2011),
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Table 2 Mean (+SEM) proportion of a given plant part in the diet during the lactation season
Ripe fruit* Unripe fruit Mature leaf* Young leaf* Flowers* Invertebrate Soil, other
Infant 1
Female 0.95+0.10a 0.19+0.21 0.38+0.16a 19.97+0.60b 0.94+0.96a 7.50+0.11 3.93+0.14
Male 0.44+0.11a 0.51+0.22 0.31+0.17a 23.19+0.63b 0.99+1.00a 5.40+0.16 1.33+0.14
Infant 2
Female 12.89+0.13b 4.07+0.26 0.67+0.21a 33.22+0.74b 1.89+1.18ab 0.31+£0.14 2.94+0.17
Male 7.12%0.12a 3.89+0.24 0.21+0.19a 28.66+0.70b 2.10+1.11ab 0.38+0.13 3.51+0.158
Juvenile 1
Female 9.89+0.29b 0.14£0.60 12.19+0.47¢ 27.97+1.72b 38.62+2.73¢ 0.00+£0.32 2.10+0.38
Male 0.32%0.55a 0.78+1.15 4.30+0.90b 2.67+3.30a 91.66+5.23d 0.00+0.61 0.27+0.75
Juvenile 2
Female 10.21+0.11b 3.83+0.22 2.44+0.17b 60.89+0.64¢c 5.72+1.01b 8.23+0.12 3.63+£0.14
Male 13.85+0.21b 2.67+0.45 0.18+0.35a 64.68+1.28¢c 8.1842.03b 3.88+0.24 1.58+0.29
Subadult
Female 14.60+0.13b 2.9240.27 1.94+0.21b 50.27+0.77¢ 8.78+1.22b 8.28+0.14 5.93+£0.17
Male 7.14+0.09a 6.73+0.19 2.81+0.15b 58.75+0.53¢ 10.71+0.85¢ 5.52+0.10 4.87+0.12
Adult
Female 8.81+0.10a 4.47+0.21 1.93+0.16b 65.77+£0.59¢ 2.13+0.94bc 2.10+0.11 10.95+0.13
Gestating Female 10.28+0.14b 0.76+0.29 10.44%0.23¢ 33.61+0.83¢ 31.05+1.32d 2.07+0.15 5.09+0.19
Lactating Female 11.03£0.06b 6.66+0.13 1.38+0.10a 55.80+0.36¢ 7.07+0.56¢ 6.39+£0.07 6.36+0.08
Male 6.42+0.06a 6.42+0.13 2.30+0.11b 56.54+0.38¢ 9.41+0.61c 5.15+£0.07 5.35+0.09

Sex differences within an age category are in italics. Lowercase letters within a column join age—sex categories with similar mean consumption of a plant
parts

*p<0.001, significant effects of age—sex class
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whereas others go into nutritional deficits during lean season
(Irwin et al. 2014). It is unknown, however, if the nutritional
composition of these lemur diets varies by sex or by repro-
ductive state (Ganzhorn 1988; Curtis 2004; Yamashita 2008;
Irwin et al. 2014). In another population of ring-tailed lemurs,
there are no sex differences in dietary composition, energy, or
crude protein ingested during the gestation season (Gould
etal. 2011), but it is unknown if the subsequent sex differences
later in reproduction alter this relationship. Nutritional infor-
mation is not available from the 137 foods eaten by lemurs in
this study, but there is a high correlation in categorical lemur
foods (e.g., young leaves, ripe fruit, and flowers), and their
nutritional content such that substitution of food categories
cannot yield balanced diets unless substituted in large quanti-
ties (Ganzhorn 1988, 1989b; Curtis 2004).

In nonhuman primate species with male dominance, males
typically invest less total time feeding and foraging than females
(Wrangham and Smuts 1980; Boinski 1988; van Noordwijk
etal. 1993; Rose 1994; Kamilar and Pokempner 2008), and their
priority of access to resources allows them to feed on desired
foods while freeing more time to secure future reproductive
opportunities (Clutton-Brock 1977a). Primate species with low
levels of sex-biased dominance or female-dominant social struc-
tures do not reflect this pattern. Female dominance found in
lemur species is closely tied to priority of access to food resources
and is hypothesized to be a response to reproduction in an
uncertain resource environment (Young et al. 1990; Wright
1999; Dewar and Richard 2007). However, sex differences in
multiple aspects of feeding are not only confined to species with
large groups and strong female dominance but are also found
in species that live in small groups where female dominance is
low or absent (Overdorff 1991). Sex differences in dietary com-
position are present both in lemur species where males and
females dedicate equal proportions of time to feeding and forag-
ing (Richard 1978; Hemingway 1999); this study) and in those
where sex differences in feeding time are present throughout the
year (Overdorff 1996; Hemingway 1999; Grassi 2002; Vasey
2002). Even when there is an absence of sex and age differences
in the consumption of broad food categories, ring-tailed lemurs
showed low levels of dietary overlap within a group and signif-
icant differences in dietary diversity. These indicate that while
they may feed on the same plant part during many times of the
year, males and females, as well as young and adult lemurs may
choose different species to fulfill their dietary needs which can
result in few differences in the nutritional content of the diet
(Gould et al. 2011).

Male ring-tailed lemurs appear to be either more efficient at
finding food, less selective at what they eat, or must feed on
what is easily available; however, this study cannot directly
test among these possibilities. Males are significant competi-
tors with females for food (Sauther 1993), but can be excluded
from a feeding site by any female, and are reluctant to leave
feeding patches unless displaced (Sauther 1994). It may be
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necessary for males to feed quickly before a female removes
them from a feeding site, and these males may race ahead of
their social group to feed quickly before arrival of the group
(Sauther 1994). Females did not alter the total amount of time
spent feeding and foraging seasonally, but their relative effi-
ciency fluctuated with reproductive status. When females are
not gestating or lactating, it is possible that they are under
lower energetic constraints and could be less efficient but
more selective in food choice. There were no differences
among gestating and lactating females and males in their
relative time feeding and foraging. This suggests that females
in these stages of reproduction are more efficient at finding
food than at other times of the year, likely because elevated
costs of reproduction necessitate efficient ingestion, likely
because nursing, handling, and raising offspring limits female
potential foraging time.

If nutritional and energetic intake is consistent across sea-
sons (Yamashita 2008), then resource partitioning may pro-
vide additional ecological space to allow females to quickly
recover and prepare for the next reproductive season. The
body condition of lactating females decreased as their off-
spring grew and showed visible weight loss and dull and
thinning coats (O’Mara, personal observation; Pereira 1993;
Jolly 2008). Despite this visible energetic drain, females must
obtain a high enough body condition to allow annual repro-
duction typical of ring-tailed lemurs (Sauther 1991; Koyama
etal. 2001). Sex differences in diet composition during lacta-
tion may not be sufficient to provide an ecological buffer that
allows females to recover from their current offspring in
preparation for the next mating cycle. Low dietary overlap
among individuals within a group and the early sex differ-
ences in dietary diversity that continue through adulthood may
provide this additional ecological space. Dietary overlap both
within and among age—sex categories was low but is similar to
overlap found in baboons, which also feed from eclectic diets
based on young leaves and fruit (Post et al. 1980). This low
level of overlap corresponds with sex differences in dietary
diversity that began in juvenility and continued to adulthood.
These early and persistent differences in overlap and diversity
are unlike sex differences in monkey species, where sex
differences fluctuate more heavily throughout development
(Post et al. 1980; Harrison 1983; van Noordwijk et al.
1993). However, like many other primates, female ring-
tailed lemur diets are more diverse (Gautier-Hion 1980;
Boinski 1988; Grassi 2002), which may be a general strategy
to meet fluctuating energetic and nutritional needs while min-
imizing fiber intake and exposure to secondary compounds
(Ganzhorn 1989b; Yamashita 2008).

While sex differences in dietary diversity are found early in
juvenility in some primates (van Noordwijk et al. 1993), it has
been unclear what the role of early dietary diversity is and has
been hypothesized that these differences have little functional
significance (van Noordwijk et al. 1993). High diversity diets
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that have low overlap with some adults may be an ecologically
risk averse strategy when faced with larger, stronger, and more
dominant competitors (Janson and van Schaik 1993). Juve-
niles often show higher dietary diversity and motivation to
explore than adults (Hanya 2003; Fragaszy and Visalberghi
2004). Juvenile ring-tailed lemurs are the first to try new
foods, and consistent with their sex-biased dominance rela-
tionships, young females are bolder than males (Kappeler
1987). In some monkeys, juveniles learn sex differences in
feeding through biased associations with group members of
the same sex (Agostini and Visalberghi 2005; Rapaport and
Brown 2008), particularly when the sex differences are stable
throughout the year. In these cases, immatures require long
associations with older males to learn sex-typical foraging
techniques (Pereira 1988; Agostini and Visalberghi 2005).
Social learning and observation of other individuals during
these sex-biased associations may then be the primary way
that these species acquire sex-typical diets.

However, sex differences in ring-tailed lemurs are not
learned through same-sex modeling (O’Mara and Hickey
2012), and it is likely a result of the inconsistent levels of
sex differences throughout the year that precludes such asso-
ciations. In a previous study, we found that infant and juvenile
ring-tailed lemurs did not preferentially associate with same-
sex group members during feeding and foraging but synchro-
nized their feeding with any older group member close to
them (O’Mara and Hickey 2012), which is a more generalized
tactic than the close mother—offspring association found in
brown lemurs (Tarnaud 2004, 2008). This indiscriminate local
enhancement may be more advantageous in a species with low
and fluctuating levels of sex differential feeding, as well as
explain why juveniles have the highest dietary diversity with-
in a social group. Simultaneous feeding with adults of both
sexes allows them to sample the full range of dietary options.
However, males have more aggression directed at them, which
may decrease their learning opportunities (Kendal et al. 2010)
and limit the potential food items that they can ingest. Sex
differences in dietary diversity and diet composition are then
likely a consequence of female dominance and competitive
exclusion, rather than more monkey-like model of social
learning from same-sex adult partners (O’Mara and Hickey
2012).

Our results show that sex differences in ecology begin early
in life, and it is possible that these initial differences between
males and females place them on separate behavioral trajec-
tories toward adulthood. Sex differences in ring-tailed lemur
feeding ecology are correlated with increased costs to females
during lactation, with low degrees of resource partitioning
throughout the year through low dietary overlap and sex
differences in dietary diversity that develop in juvenility.
Importantly, there are long-term consequences of sex differ-
ences in diet in ring-tailed lemurs. Males exhibit faster and
more extreme dental wear than females (Cuozzo et al. 2014),

likely due to feeding more heavily on highly abrasive
T indica fruit. Male ring-tailed lemurs have higher ectopar-
asite loads, lower fat reserve levels, and higher incidence of
dermatitis that may be linked to nutritional deficits, particu-
larly in the season after infants are weaned (Sauther et al.
2006), but do not show higher fecal glucocorticoid levels at
this time despite their low rank (O’Mara, unpublished data).
This study highlights the importance of incorporating devel-
opmental perspective into understanding how and when
adult behaviors appear. Future explorations of the ontogeny
of both ecological and behavioral sex differences and
underlying physiological mechanisms will help us under-
stand how sex, behavior, and ecology interact to shape the
diversity of vertebrate social systems.
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