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Very little information exists on mineral nutrition of tropical, forest-dwelling
species, yet minerals are critical to growth, reproduction, and survival. We
examined the mineral resources available to and consumed by colobus in
Kibale National Park, Uganda. We combined behavioral data on black-and-
white (Colobus guereza) and red colobus (Piliocolobus tephrosceles) in a
section of unlogged forest, a heavily logged area, and a forest fragment with
mineral analysis of their foods to estimate the proportion of the diet containing
specific minerals (mineral content). We compared mineral content of colobus
foods (natural and crops) across plant parts and among plant species. Addi-
tionally, we estimated mineral intake of frugivorous primates in Kibale from
published dietary data and our estimates of mineral content of foods. Dietary
mineral content for all colobus groups and frugivorous species is similar de-
spite significant differences in the mineral content of foods. Ripe and unripe
fruits are lower in mineral content than most foods. Foods rarely consumed,
such as bark, petioles, and caterpillars have high levels of some minerals. The
mineral content of crops is low in comparison to that of natural foods. For all
colobus groups of both species, sodium content of foods was extremely low
and iron content was generally low, suggesting that intake is below suggested
requirements, though current suggested iron requirements may overestimate
physiological needs. Copper content was marginal and deficient seasonally
for most colobus groups. Despite a sodium-limiting environment, only one of
8 colobus groups appeared to select sodium; however, this may be due to a lack
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of variation in sodium content among plant species and a positive correlation
between high plant sodium content and secondary compounds. Despite the
lack of selection for sodium by colobines, some behaviors point to a poten-
tial sodium deficiency, including urine drinking, consumption of high-sodium
swamp plants, and use of mud-puddles.

KEY WORDS: colobines; minerals; nutrition; herbivory; crop raiding; foraging; sodium;
population regulation.

INTRODUCTION

Mineral resources are critical for physiological function, growth, and
reproduction in animals (McDowell, 1992; Robbins, 1993). Because plants
and animals differ in their mineral requirements, herbivores face a difficult
task of identifying and consuming plant species and parts to meet their min-
eral requirements. For example, sodium (Na) makes up 90% of total blood
cations and is necessary for muscle contraction, nerve impulse transmission,
acid-base balance, and metabolism in animals (Robbins, 1993); however, it
is not required by plants, resulting in very low concentrations of sodium
in most plants (Smith, 1976). Due to such discrepancies, mineral deficien-
cies are common in herbivores (Bell, 1995; Faber et al., 1993; Fox et al.,
2000; Krishnamani and Mahaney, 2000; McDowell, 1992). This is particu-
larly true in the tropics, since tropical plants are generally lower in nutri-
ents than temperate plants are (Chiy and Phillips, 1995; McDowell, 1985,
1997).

Very little is known about the availability and use of minerals by tropi-
cal herbivores that feed on canopy trees. In many tropical forests, primates
are the predominant canopy-dwelling herbivore with several species, in-
cluding colobines (Colobus spp., Nasalis larvatus), some lemurs (Lemur
spp., Hapalemur spp.), and howlers (Alouatta spp.), consuming ca. 100%
of their diet as plant parts (Chapman and Chapman, 1999; Silver et al.,
2000; Yeager, et al., 1997). They likely face the same challenges of meet-
ing mineral requirements as other more commonly studied herbivores, such
as rodents (Weeks and Kirkpatrick, 1978), elephants (Loxodonta africana;
Holdo et al. 2002, 1999; Weir, 1972), moose (Alces alces; Belovsky 1981), and
other ungulates, e.g., Bison (Bison bison, Delgiudice et al., 1994) and white-
tailed deer (Odocoileus virginianus; Hellgren and Pitts, 1997; Ramirez et al.,
1996).

Although a few researchers have examined the mineral content of some
primate foods (Oates, 1978; Silver et al., 2000; Yeager et al., 1997), informa-
tion on the mineral intake of wild, native primate populations is limited.
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This information is important for several reasons. Minerals affect dietary
choices (Laska et al., 2000; Oates, 1978; Power et al., 1999; Yeager et al.,
1997), health (Robbins, 1993), home range patterns (McNaughton, 1988),
and population densities (McNaughton, 1988; Milewski, 2000; Weeks and
Kirkpatrick, 1976). Janson and Chapman (2000) list mineral availability as
one of 3 factors possibly determining primate population densities, and nu-
merous studies suggest that primates select specific plant foods or soils to
meet mineral requirements (Hladik, 1978; Nagy and Milton, 1979; Oates,
1978; Yeager et al., 1997). Minerals, particularly calcium (Ca) and Na, are
important for lactating females, and limitations of them can result in slower
growth and higher infant mortality (Buss and Cooper, 1970; Power et al.,
1999). Literature on humans and domestic animals suggest that mineral de-
ficiencies are widespread and lead to disease and reduced growth, immunity,
and reproduction (Cunningham-Rundles and Lin, 1998; Hambidge, 2000;
Hotz and Brown, 2001; Jackson et al., 2000; Minatel and Carfagnini, 2000;
Ruel and Bouis, 1998; Sandstead and Lofgren, 2000). Thus, mineral nutrition
in primates probably has direct impacts on population health and viability
both via increased susceptibility to disease (Milton, 1996; 1999; 2000) and
via direct effects on condition and reproduction.

Information on nutrient requirements of nonhuman primates is scarce
(Kaumanns et al., 2000; Oftedal, 1991), resulting in mineral deficiencies
and toxicities in captive primates (Dorrestein et al., 2000; Spelman et al.,
1989) and difficulties in accessing habitat quality of wild primates. Exist-
ing estimates of nutrient requirements for nonhuman primates are based
on the National Research Council (1978) and Nicolosi and Hunt (1979),
but both require updating (Crissey and Pribyl, 1997). National Research
Council (1978) mineral requirements are based on a few species with sim-
ple stomachs (Kaumanns et al., 2000) and therefore, are unlikely to reflect
the mineral requirements of all primates, especially those with differing di-
gestive morphology, such as colobines. Nicolosi and Hunt (1979) included
a wide safety margin when suggesting mineral requirements for nonhuman
primates, thus the values are likely to be higher than actual requirements
(Altmann, 1998).

We examined mineral resources available to and consumed by colobus
in Kibale National Park, Uganda. Specifically, our objectives were: 1) to es-
timate mineral consumption by red (Piliocolobus tephoosceles) and black-
and-white colobus (Colobus guereza) in or near Kibale National Park,
Uganda, based on observations in an unlogged forest, a logged area, and
a forest fragment, 2) to compare mineral consumption to suggested mineral
requirements for nonhuman primates to evaluate if mineral intake may be
limiting, 3) to determine if colobines select for specific minerals, and 4) to
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compare mineral resource availability and food content for folivorous (as
determined by our study) and frugivorous primates (based on literature) in
Kibale National Park.

METHODS

Study Areas

Kibale National Park (766 km2) is located in western Uganda, east
of the Ruwenzori Mountains. Moist semideciduous and evergreen forest
makes up 57% of the park, with grassland (15%), woodland (4%), lakes and
wetlands (2%), colonizing forest (19%), and exotic tree plantations (1%)
making up the remainder of the park (Chapman and Lambert, 2000). Mean
annual rainfall is 1749 mm (1990-2001, or 1547 mm from 1903–2001) and is
bimodal in distribution, with peak rainfall occurring from March-May and
September-November. September to November rains tend to be heavier
than March-to-May rains. Mean maximum temperature is 23.8◦C, and mean
minimum temperature is 15.5◦C (1990-2001; Chapman and Chapman, 1997).

We observed colobus in three areas: the unlogged K-30 forestry com-
partment; Mikana, a heavily logged section of forest; and, Nkuruba, a forest
fragment outside the park. K-30 is a 282-ha area that has not been com-
mercially harvested. However, before 1970, a few large stems (0.03–0.04
trees/ha) were removed by pit-sawyers. The tree removal has had little im-
pact on forest structure and composition (Skorupa, 1988; Struhsaker, 1997).

Mikana lies in the K-14 forestry compartment. K-14 contains a gradient
of light to heavy logging with Mikana located in the heaviest logged portion
of the compartment. The extraction in the area used by the study groups is
thought to have averaged ca. 21 m3/ha or ca. 7.4 stems/ha. Incidental damage
was high, and it is estimated that ca. 50 % of all trees were destroyed by log-
ging and incidental damage (Chapman and Chapman, 1997). Finally, Crater
Lake Nkuruba (0◦ 32′N and 30◦ 19′E; 9.2-ha forest, 3-ha lake) is an explosion
crater (lake depth mean= 16 m, maximum= 38 m; Chapman et al., 1998), at
the northern end of the Kasenda cluster of ca. 40 crater lakes (Melack, 1978).
Being too steep to encourage agriculture, forest remains on the rim of the
crater. In 1991, we initiated a conservation project at the lake to protect the
system. However, with improved transport in the region, clearing for tim-
ber, gin brewing, charcoal, brick making, and agriculture have become more
profitable; consequently, some neighboring fragments have been cleared
(Chapman et al., 2002). As a result, the black-and-white colobus popula-
tions have increased by 320% since 1995, likely due to immigration from
cleared fragments.
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Behavioral Observations

We followed 2 groups of both red and black-and-white colobus in the
unlogged forest and a single group of each species in the heavily logged area,
and in the forest fragment. The 2 groups in the unlogged area differed in size
(red colobus n = 48 and 24 individuals, black-and-white colobus n = 9 and
6 individuals). We made behavioral observations from dawn to dusk for 4
days each month from July 1998–June 1999 for all groups in the unlogged
forest (ca. 600 h for both species) and from July 1999 to May 2000 for the
groups in the heavily logged area (ca. 374 h), and from August 1999 to April
2000 for forest fragment groups (ca. 306 h). Groups from each study area
were clearly identifiable due to unique characteristics of individuals within
the group. All colobus groups were well habituated, and observers following
the groups did not appear to disturb them. Differences in the rate with which
observations were made (observation hours) resulted largely from the fact
that the groups in the heavily logged areas and in the forest fragment could
get into areas where the observers could not see them, i.e., areas on the steep
sides of the crater lake or in dense vegetation in the heavily logged area.

During each half-hour the observer was with the group, 5-point samples
were made of different individuals. If it was feeding, we recorded the species
and plant part, e.g., fruit, young leaf, leaf petiole. Part categories include
petiole, leaf bud, flowers, young leaves, mature leaves, ripe fruit, unripe
fruit, seeds, and bark. We tried to record activities of both conspicuous and
hidden group members.

Habitat Data and Selection

To examine food selection by colobus, we measured tree density in
all 4 habitats. We established 12 vegetation transects (200 × 10 m) in the
unlogged forest compartment, and established 4 transects in heavily logged
area (200 × 10 m). In the forest fragment, we established 10 (10 × 60 m)
transects around the crater rim from the top of the crater to the bottom.
We individually marked each tree>10 cm DBH (diameter at breast height)
≤5 m of each side of the trail with a numbered aluminum tag and measured its
DBH. This produced a sample of 1189 trees in the unlogged forest, 270 trees
in the logged area, and 267 in the forest fragment.

We calculated selection as the percentage of point samples a group fed
on a food item divided by the tree density (# of trees/ha). We observed some
tree species to be consumed, but they were not encountered on transects
within a given habitat. For these species, we assumed there was one tree
present in the habitat, and calculated tree density as 1 divided by the sampled
area.
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Nutritional Analyses

We collected food items as part of ongoing studies of both colobine
species and red-tailed monkeys (Cercopithecus ascanius). We present some
non-colobine food items for comparative purposes. We collected all items
within one week of the time a primate group consumed them, but they are
not necessarily from the tree in which the monkeys fed. We collected most
items by cutting branches with a tree pruner. We collected a few fruits once
they fell to the ground if the canopy was too high to reach branches with a tree
pruner. We collected caterpillars when red-tailed monkeys were feeding on
them and some fell to the forest floor. We also collected crop foods since pri-
mates are common crop raiders (Naughton-Treves, 1998) and motivation for
crop raiding in other species has been attributed to higher mineral content
of crops versus available wild foods (Sukumar, 1990; Sukumar and Gadgil,
1988).

We processed food items in a fashion to mimic the feeding behavior of
the subjects, and we collected only those parts selected by the animals. For
example, if the monkeys ate leaf petioles, we collected the length of petiole
typically consumed. We dried samples in the field either by sun-drying, via
a dehydrator that circulated warm air past the samples, or via a light-bulb
heated box with a series of racks. We stored dried samples in sealed plastic
bags until they could be transported to the University of Florida for analysis.
Samples were dried thoroughly to avoid mold. While drying temperature
will not influence mineral analyses, it will influence other analyses. As a
result, we assured that the samples were dried <50 C◦ by placing Max/Min
thermometers with drying samples. When samples were dried in the drying
oven, the oven was set at its lowest heat setting (37C◦).

We ground all samples in a stainless steel Wiley mill with a 1-mm stain-
less steel screen. Preparation for mineral analysis and protocol for analysis
with an atomic absorption spectrophotometer follow procedures outlined by
Miles et al. (2001). We determined sample concentrations of each element
by comparing absorbancy to a standard linear regression via 3 standard
points for each element. We corrected concentrations based on 2 blanks
run per set of 60 samples. Additionally, we ran a sample of known min-
eral concentration (Certified National Bureau of Standards Citrus leaves
SRM-1572) with each set of samples to ensure that values obtained from
the atomic absorption spectrophotometer were accurate (NBS, 1982; NIST,
1982). We tested 8 minerals for each sample: iron (Fe), copper (Cu), man-
ganese (Mn), zinc (Zn), sodium (Na), potassium (K), magnesium (Mg), and
calcium (Ca). We ran multiple samples for most colobus foods and averaged
the results to get a single mineral value for each food item (Appendix 1).
However, due to the difficulty of collecting more seasonally and spatially
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available foods, such as fruits, only a single analysis could be done on some
of them.

It seems valid to combine multiple samples from Mikana and K-30
since they are adjacent sites along the same gentle slope. However, the for-
est fragment at Crater Lake Nkuruba is 10–12 km from them. Examination
of the soils at the sites (soil pits and cores - Zanne and Chapman unpub-
lished data), suggested that there was little variation in soil type over the
spatial scale in the region. However, to evaluate if it is valid to use the min-
eral content of foods collected in Kibale to represent Nkuruba and vice
versa, we collected 17 food items in both areas and contrasted their min-
eral content (Cu, Mn, Zn, Fe, Na, Mg, K, Ca) via a paired t-test (paired by
species). There is no significant difference for any mineral among the two
sites.

Determination of Annual and Seasonal Dietary Mineral Content

We assumed the percent of feeding spent—the number of point samples
on that item/all feeding point samples—on a food item to be equal to the
percent contribution of the item to total dry matter intake. This assumption
is probably valid since colobines consume primarily leaves and variation in
intake rates and dry matter content between leaf species is relatively low
(Rode and Chapman, unpubl. data).

We calculated the mineral content of colobus diets via the average min-
eral content for all samples of a single species and plant part collected be-
tween August 1998 and July 2001. We used the following formula to deter-
mine seasonal and annual average mineral food content—the proportion of
the diet containing each mineral—for all primate groups:

D min = 6[(%of obs. * min. in food)/100] (1)

where in Dmin is dietary mineral content,6 is the sum for all food items, %
of obs. is the percent of time observed feeding on an item, and min. in food
is the parts per million (mg/kg) of a mineral in each food item.

We calculated for each colobus group, the contribution of each item to
their total annual mineral consumption via the following formula:

% contribution = [(% of obs.∗ min. in food)/100]/

ann. min. content∗100% (2)

where in ann. min. content is the annual mineral content. We used this value
to determine the primary sources of minerals in colobus diets.

We compared total mineral content of all colobus groups between
species and between disturbed (Mikana and Nkuruba) and undisturbed
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habitats (K30). In addition, we compared mineral content to primate re-
quirements (National Research Council, 1978; Nicolosi and Hunt, 1979),
to requirements for birds, cattle, and other mammals (National Research
Council, 1984; Robbins, 1983), and to total mineral consumption of captive
and semifree-ranging primate groups (Dierenfeld and McCann, 1999; Nagy
and Milton, 1979; Oates, 1978; Schwitzer and Kaumanns, 2000). Because cur-
rent estimates of primate mineral requirements (National Research Council,
1978; Nicolosi and Hunt, 1979) are based on trials of animals with simple
stomachs, it is important to compare colobines with other foregut ferment-
ing mammals that may have more similar requirements. An updated version
of the National Research Council’s estimates of primate mineral require-
ments is soon to be published. We examined seasonal mineral content in the
unlogged areas only, since observations there cover 11 mo, while the other
groups were only observed for 9 mo. Our evaluation of whether they have
diets that meet requirements should be viewed as tentative given that we
do not have estimates of g dry matter of food eaten per time unit for each
species and part. However, if our estimates of the mineral content of foods
are consistently less than mineral requirements, their diet is probably defi-
cient in that mineral. Stated another way, if the monkeys spend the majority
of time eating foods low in a particular mineral, intake of that mineral is
likely below requirements.

Comparison of Mineral Content by Folivorous
and Frugivorous/Omnivorous Primates

We used existing data on food parts consumed by frugivorous/
omnivorous primates in Kibale to calculate dietary mineral content and to
compare the values to dietary mineral content of colobus groups. We aver-
aged mineral content for all species within a food item category, e.g., young
leaves or fruit, and included foods that were consumed by≥1 of 4 frugivorous
primates (not exclusively the colobus foods listed in Appendix A; N = 57 for
ripe fruits, 7 for unripe fruits, 15 for seeds, 10 for flowers, 64 for young leaves,
5 for pith/stem, and 5 for bark). We used the percentage of each plant part
consumed by chimpanzees (Pan troglodytes), blue monkeys (Cercopithecus
mitis), mangabeys (Lophocebus albigena), and red-tailed monkeys (Cerco-
pithecus ascanius) from Wrangham et al. (1998) in Equation 1 to estimate
dietary mineral content of the frugivorous species. We excluded roots and
wood from the diets analyzed because they were not collected. Additionally,
Wrangham et al. (1998) did not include insect consumption in dietary anal-
yses of the primates; nor did they collect sufficient insect samples to deter-
mine their mineral content. Because all diets of frugivorous primate groups
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Table I. Foraging effort (% of foraging scans) devoted to different plant parts by red
colobus (RC) and black-and-white colobus (BWC) groups in unlogged forest (large
group=LG & small group=SG), heavily logged forest (Mikana=Mk), and a Crater Lake

forest fragment (Nkuruba = Nk) in or near Kibale National Park, Uganda

RC BWC

Food Item LG SG Mik Nk LG SG Mik Nk

Ripe fruit 5.0 6.4 2.3 0 0 2.5 0 0.8
Unripe fruit 1.6 2.5 0.7 1.9 7.4 6.3 14.3 1.0
Flowers 3.5 0.8 2.2 2.3 2.3 0.1 4.1 6.1
Young leaves 75.3 62.8 87.0 67.3 86.8 81.0 67.1 71.7
Mature leaves 5.6 13.3 2.0 18.4 1.9 4.7 3.6 17.9
Petioles 7.9 6.4 4.2 2.8 0.8 0.4 5.9 1.8
Leaf buds 0.3 1.3 0.4 0.3 0.6 1.1 4.9 0
Bark 0.3 6.4 0 6.4 0 4.0 0.1 0.8
Other 0 0 0 0 0.2 0 0 0

had been determined in unlogged and lightly logged habitats, we compared
them with the diets of the 4 red colobus and black-and-white colobus groups
(1 large and 1 small group of each species) that range in similar areas.

Statistical Analyses

We categorized samples into one of 10 food item categories: bark, crops,
flowers, ripe fruit, unripe fruit, seeds, petioles, mature leaves, young leaves,
and caterpillars. We compared mineral content across categories via a one-
way ANOVA with a Scheffe’s post hoc test after testing for normality and
homogeneity of variance. We square-root transformed percentages to ob-
tain homogeneity of variances. Although we collected>1000 caterpillars for
analysis, the combined dry weight was sufficient only for 2 mineral analyses.
Thus, we omitted caterpillars from statistical comparisons. We compared
mineral content of mature and young leaves from 28 species via a paired
t-test (paired by species). We conducted comparisons of the mineral content
among species of young leaves from 20 species via a one-way ANOVA.

We conducted partial correlation analysis for all colobus groups to de-
termine if food selection is based on any of the 8 minerals when the linear
effects of availability of that food (tree density) are statistically removed.
The data are log-transformed.

We used a one-way ANOVA to test whether dietary mineral content
differed among red and black-and-white colobus groups, among groups in
different habitats—unlogged, logged, fragment—and among frugivorous/
omnivorous primates and folivorous primates. When necessary, We square-
root transformed data to meet the homogeneity of variance assumption.
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RESULTS

Food Items Consumed by Colobus Groups

For all colobus groups of both species, young leaves were the most com-
mon plant part consumed (Table I). For both colobus species, young leaves
of Celtis durandii and C. africana ranked in the top 5 foods consumed by all
groups except those in the forest fragment. Celtis durandii was not available
in the forest fragment. For black-and-white colobus groups in unlogged and
logged areas, the 2 tree species were the top 2 species consumed, accounting
for 37–45% of all feeding observations. Red colobus relied less heavily on
them alone and included a variety of other species in their diets, such as
Dombeya mukole, Parinari excelsa, Prunus africana, and Millettia dura.

Mineral Content of Food Items

Food parts differ significantly in Cu, Mn, Zn, Mg, and Ca (p < 0.001 for
all tests, here and below), but not Fe, Na, and K (all non-significant tests p >
0.11, here and below; Fig. 1). Crops are significantly lower in most minerals,
except K. Cu content is significantly higher in young leaves than mature
leaves and higher in flowers than bark and mature leaves. Mature leaves
contained significantly higher levels of Mn than those of flowers, petioles,
and young leaves. In contrast, ripe fruit contains significantly less Mn than
those of flowers, petioles, and young leaves. Petioles and flowers contain
significantly higher levels of Zn than those of bark, ripe fruit, and mature
leaves. Petioles also contain considerable amounts of Mg (significantly higher
than ripe fruit) and Ca (significantly higher than flowers, ripe fruit, unripe
fruit, and seeds, and young leaves). Bark contains the highest levels of Ca,
significantly higher than in all other foods tested, except petioles. Although
caterpillars are not included in statistical tests, they are exceptional sources
of Cu, Zn, and Fe (Fig. 1).

Paired tests of young leaves and mature leaves from the same tree
species illustrate that young leaves have less ash, and more Cu and Zn than
those of mature leaves (Table II). A comparison of the mineral content of
20 species of young leaves show significant differences among species across
all minerals (p < 0.01 for all tests). However, differences between species
are most common for K, Zn, and Cu (Appendix 1).

Less than 50% of all the primate foods are deficient in Mn, Zn, Mg,
K, and Ca relative to primate nutritional requirements suggested by the
National Research Council (1978; Appendix 1). However, 60% of the foods
are deficient in Cu, 82% are deficient in Fe, and 100% are deficient in Na.
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Table II. Results of paired t tests of mineral content (mg/kg) in mature and young leaves
(N = 28 for all minerals, dry matter basis) consumed by colobines in Kibale National Park,
Uganda and comparison with leaves consumed by black howlers (Alouatta pigra) at two

sites in Belize (Silver et al., 2000)

Mature Leaves Young Leaves ML & YL this study

This study Silver et al. This study Silver et al. t p
(Mean (± SD)) (2000) (Mean (± SD)) (2000) value value

% Ash 10.1 (± 3.5) 8.4 (± 2.8) −3.71 0.001
Cu 7.2 (± 2.9) 11.1 10.2 (± 4.2) 12.7 4.16 0.0003
Mn 119.0 (± 100.9) 120.2 154.1 (± 337.8) 160.3 0.53 0.6
Zn 17.4 (± 11.5) 20.3 26.8 (± 11.6) 34.3 5.2 <0.0001
Fe 137.5 (± 133.6) 123.3 117.1 (± 60.9) 155.4 −0.82 0.42
Na 180.4 (± 318.6) 500 149.6 (± 73.0) 1100 −0.5 0.62
Mg 2962.7 (± 1236.1) 4200 2676.9 (± 807.7) 3900 −1.25 0.22
K 16583.2 (± 6429.4) — 16307.3 (± 5501.3) — −0.19 0.85
Ca 10496.6 (± 6086.1) 10700 9990.9 (± 6854.0) 6200 −0.31 0.76

As one might expect, food item contribution to annual mineral con-
tent is highest from food items that were consumed the most frequently
(Appendix B). Celtis durandii, Celtis africana, Millettia dura, Markhamia
platycalyx, and Bosqueia phoberos are some of the most frequently con-
sumed foods and are also within the top 5 food items contributing to annual
mineral content for most minerals. Na is a marked exception, with Eucalyp-
tus commonly contributing a large portion of total Na intake for groups with
it in their home range.

Seasonal and Annual Content of Minerals

Annual mineral content does not differ between species (Table III,
combining groups from all habitats for both species: n = 4 per species, p >
0.111 for all minerals except for Zn, p = 0.041) or between disturbed and
undisturbed habitats (both species combined compared between disturbed
and undisturbed areas; p > 0.30 for all minerals). This analysis should be
viewed with caution given that we sampled only 4 groups of each colobine
species.

It is likely that intake of Mn, Zn, Mg, K, and Ca exceeded require-
ments for nonhuman primates suggested by both the National Research
Council (1978) and Nicolosi and Hunt (1979; Table III). Fe and Na intakes
are likely deficient for all groups relative to nonhuman primate require-
ments and Cu is deficient for 5 of the 8 groups based on National Research
Council (1978) suggestions, but both Cu and Fe are above requirements
suggested by Nicolosi and Hunt (1979). Additionally, Na requirements for
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cattle are above Na content of colobine foods (National Research Council,
1984).

The small and large group of red colobus and black-and-white colobus
in the unlogged area of Kibale experienced seasonal variation in mineral
content (Fig. 2). This resulted from changes in the plant foods eaten at dif-
ferent times of the year. Only the large black-and-white colobus group and
the large red colobus group maintained stable intakes of Na throughout the
year. Seasonal highs in Na intake are similar for the small group of both red
colobus and black-and-white colobus peaking in October which corresponds
to the peak in seasonal rainfall. Ca, Mn, Cu, Zn, and Fe content are highest
for most groups in October and November, during and immediately after
the most intense rainy season in Kibale.

Selection of Minerals by Colobines

Both multiple regression analysis between mineral content and selec-
tion and partial correlation analyses between mineral content and feeding
time when tree density is held constant, revealed little evidence of selection
based on mineral content. However, partial correlation analysis suggests
that the black-and-white colobus group in the heavily logged forest selected
plant parts high in Zn and Na more than expected based on availability, but
they avoided plants with high Cu, Mn, and Fe content (Table IV). The large
black-and-white colobus group in the unlogged forest also selected plants
with high Zn levels, but avoided plant parts with high levels of Mn and K.

Comparison of Frugivorous/Omnivorous and Folivorous Primates

Estimated mineral content of frugivorous/omnivorous primates in
Kibale that consume 50–75% of their diet as fruit is similar across species
(Table V). In comparison to foods eaten by the colobus, the content of foods
eaten by the frugivorous/omnivorous species of Kibale National Park is sig-
nificantly lower in Zn, Mg, and Ca and marginally lower in Fe (p < 0.02 for
all tests; Table VI).

DISCUSSION

Our study suggests that Na content is low in the foods available to and
consumed by colobus in Kibale National Park. Additionally, Fe and Cu con-
tent is marginal relative to suggested requirements for nonhuman primates.
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Table VI. Results of a one-way ANOVA comparing mineral contents (mg/kg)
of frugivorous/omnivorous primates to folivorous colobines in unlogged and lightly

logged areas of Kibale National Park, Uganda (n = 4 for all tests)

Cu Mn Zn Fe Na Mg K Ca

Mean – colobinesa 9.7 70.65 29.98 157.2 193.4 2608.33 17179.6 10251.5
Mean – frugivores/ 10.25 79.2 24.94 143.9 167.8 2009.12 16555.5 6455.4

omnivores
F value 2.94 1.77 11.52 4.79 3.21 79.64 0.39 342.46
p value 0.14 0.23 0.015 0.071 0.123 <0.001 0.554 <0.001

aValues for 2 groups of each colobus species, black and white colobus and red colobus.

These results are strikingly similar to those of Nagy and Milton (1979),
Dierenfeld and McCann (1999), and Schwitzer and Kaumanns (2000). Al-
though Dierenfeld and McCann (1999) did not describe total mineral intake,
they also found Na content of naturally occurring foods to be exceedingly low
for a semifree-ranging group of lion-tailed macaques (Macaca silenus) and
ring-tailed lemurs (Lemur catta) on St. Catherine’s Island, Georgia, U.S.A.
Schwitzer and Kaumanns (2000) documented low intakes of Fe, Na, and Mn
in 2 groups of captive black-and-white ruffed lemurs (Varecia variegata var-
iegata) relative to suggested requirements. Na and Cu intake were also low
in wild-caught howlers that ate natural fruits and leaves (Nagy and Milton,
1979; Table IV).

Evaluating whether Fe intake is insufficient is difficult because estimates
of intake values fall between the values suggested by Nicolosi and Hunt
(1979) and the National Research Council (1978). Several researchers have
suggested that current estimates of Fe requirements for nonhuman primates
are too high (Dierenfeld and McCann, 1999; Dorrestein et al., 2000), which
is supported by evidence of hemosiderosis or Fe overload in some captive
primates (Dorrestein et al., 2000; Spelman et al., 1989). Thus, it seems likely
that current recommended Fe requirements are above the true physiolog-
ical needs of some primate groups. Further, primates are almost always at
the high end for mineral requirements in comparison to other mammalian
taxa (Robbins, 1993). Suggested requirements for Na, K, Mg, and Fe are
higher than for any other species, including humans (Oftedal, 1991; Robbins,
1993). However, although the suggested Na requirement may also be high,
intake levels fall far below listed requirements of most taxonomic groups.
Thus, it is possible that they experience Na deficiency and Na resources are
limited.

Based on the low availability of Na to colobines, it is surprising that
only one of the 8 groups selected foods that were high in Na. There are
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several possible explanations for this. First, Na content does not appear to
be highly variable among food items or species. This is evident from the
lack of differences in Na content among young leaf species and food items.
Na appears to be present at high concentrations only in plant parts of Eu-
calyptus and at low concentrations in most other tree species. Without suf-
ficient variation in Na concentration, correlations between selectivity and
plant Na content are unlikely. Second, Na accumulation in plants is typi-
cally associated with reduced concentrations of protein and other minerals
and high concentrations of secondary compounds (Masters et al., 2001).
Protein is important in colobine dietary selection (Chapman and Chap-
man, 2002), and it influences population size (along with fiber – Chap-
man et al., 2002; Oates et al., 1990). Thus, overall, colobines may choose
to consume only the minimum amount necessary to meet their Na require-
ments since overall, Na containing plants are low in other important
nutrients.

Although there is only one correlation between selectivity and Na con-
tent, there is evidence that colobines and other primates in Kibale occasion-
ally seek out resources high in Na. Oates (1978) found that black-and-white
colobus in Kibale come to the ground and even wade through water to forage
swamp plants with high Na concentrations. Other Na-limited herbivores use
swamp plants as sources of Na (Fraser, 1979; Fraser et al., 1984; MacCracken
et al., 1993; Pletscher, 1987; Sun et al., 1997). Oates (1978) suggested that the
presence of swamp areas containing Na-rich plants partly explains the rela-
tively high density of black-and-white colobus in the logged areas of Kibale
(Oates, 1978). Kibale primates commonly drink from mud puddles (Chap-
man and Rode, unpubl. data), which may be driven by the need to meet Na
requirements. Most primates appear to meet their hydric needs from water
in foods (Nagy and Milton, 1979), suggesting that use of free water may be
driven by an alternative dietary requirement. Since mud-puddling behav-
ior of tropical butterflies has been attributed primarily to Na consumption
(Beck et al., 1999), consumption of water from mud puddles by primates
could serve the same purpose. Finally, urine consumption, a common symp-
tom of Na deficiency, occurs in Kibale primates (Chapman unpubl. data,
Lambert, 2000). Mountain goats, porcupines, and domestic cattle seek out
urine soaked wood in response to Na deficiency (Blair-West et al., 1968, Mc-
Dowell, 1992; Robbins, 1993). In addition, for 2 colobine groups, the dietary
selection analysis shows a negative correlation with K, which could be a
mechanism for Na conservation since lower K intake reduces Na excretion
(Bell, 1995; Chiy and Phillips, 1995; Faber et al., 1993).

With the exception of Na and Fe, foods consumed by colobines in Kibale
are relatively well-balanced in terms of mineral nutrition. Although vari-
ation in mineral content is high among young leaves of different species
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consumed by colobines, values are typically above suggested requirements.
The presence of several key mineral resources appears to be important to
maintain high levels of mineral intake both seasonally and across groups
of both colobus species. All colobine groups obtained a majority of miner-
als from major foods in their diet, such as Celtis durandii and C. africana.
The high protein and low fiber content of Celtis durandii and C. africana
combined with their adequate mineral contents makes them important nu-
tritional resources for Kibale Colobinae (Chapman and Chapman in press).
Despite a majority of minerals being derived from these major foods, young
leaves of most tree species provide adequate mineral levels,
which explains why mineral content among groups and seasons is relatively
constant.

Seasonal variation in the dietary mineral content of colobines is much
less pronounced than seasonal variation in the leaves of individual trees
(Baranga, 1983) in Kibale, which suggests that colobines may experience
pronounced seasonality in mineral availability, but buffer it with appro-
priate food choices. The significance of seasonal variation is only impor-
tant for minerals that drop below suggested requirements: Fe, Cu,
and Na.

Frugivorous/omnivorous primates face more complex decisions rela-
tive to maintaining adequate mineral intake since typical fruit-based diets
are lower in zinc, magnesium, calcium, and iron in comparison to colobus
diets dominated by leaves. However, estimates for frugivorous/omnivorous
primates in this study were still adequate in all minerals except iron and
sodium. Because redtails and blue monkeys consume a relatively large pro-
portion of their diet as invertebrates (>20%; Chapman et al., 2003), es-
timates may change significantly when insects are included in mineral in-
take calculations. Iron content of caterpillars is exceedingly high compared
to plant resources and compared to invertebrates analyzed from previ-
ous studies (e.g., earthworms, mealworms, crickets, and fruit flies; Barker
et al., 1998), suggesting the importance of insects for frugivorous
primates.

Future research on primate mineral nutrition will be important for iden-
tifying the significance of iron and sodium deficiencies in primate diets. Be-
cause sodium appears to be limiting, artificial resources of sodium, such as
sodium blocks, may be useful in managing primate habitat use, particularly
relative to crop raiding activities. Sodium resources have been an effec-
tive management tool for controlling movement patterns in some species
(Conover, 1998; Hailey and Coulson, 1996) and are known to effect wildlife
habitat use (Faber et al., 1993; Hailey and Coulson, 1996; Mattfield et al.,
1972; Miller and Litvaitis, 1992).
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