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The digestibility and passage of an experimental diet was used to com-
pare the digestive physiology of two Propithecus species: P. verreauxi and
P. tattersalli. Though both animals have a similar feeding ecology, the
captive status of P. verreauxi is considered more stable than that of P. tat-
tersalli. The test diet included a local tree species, Rhus copallina, at 15% of
dry matter intake (DMI) and Mazuri Leafeater Primate Diet at 85% of DMI.
The chemical composition of the diet (dry matter basis) was 25% crude
protein, 34% neutral detergent fiber (NDF), and 22% acid detergent fi-
ber (ADF) with a gross energy of 4.52 kcal/g. After a 6 week acclimation
to the experimental diet, animals were placed in research caging. After
a 7 day adjustment period, animals were dosed with chromium mordant
and Co-EDTA as markers for digesta passage and all feed refusals and
feces were collected at timed intervals for 7 days. Digestibility values,
similar for both species, were approximately 65% for dry matter, crude
protein, and energy, and 40% and 35% respectively, for NDF and ADF.
Transit times (17�18.5 hr) and mean retention times (31�34 hr) were
not significantly different between species, and there was no difference
between the chromium mordant and Co-EDTA. Serum values for glu-
cose, urea, and non-esterified fatty acids (NEFA) were obtained during
four different time periods to monitor nutritional status. While there
was no change in serum glucose, serum urea increased over time. The
NEFAs increased across all four time periods for P. verreauxi and in-
creased for the first three periods then decreased in the last period for P.
tattersalli. Results obtained indicate no difference in digestibility nor
digesta passage between species, and that both Propithecus species were
similar to other post-gastric folivores. Am. J. Primatol. 48:237�246, 1999.
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INTRODUCTION

The large bodied Propithecus, diurnal folivores from the family Indridae, are
among the most endangered lemur species [Mittermeier et al., 1992]. Of the three
extant species, P. diadema, P. tattersalli, and P. verreauxi, the first two are con-
sidered endangered, and P. verreauxi is listed as vulnerable [Mittermeier et al.,
1992]. All are threatened by habitat destruction. While P. verreauxi and P. diadema
have ranges within protected areas, P. tattersalli does not.

Field studies indicate that P. verreauxi and P. tattersalli are folivorous pri-
mates, seasonally obtaining the majority of their nutritional needs from leaves
[Hladik, 1978; Meyers, 1993; Richard, 1977; Tattersall, 1982]. Richard [1977] re-
ported leaf consumption in P. v. verreauxi as high as 80% and Meyers [1993]
reported leaf consumption values as high as 46% for P. tattersalli. The remainder
of their diet comprises other plant components (fruits, seeds, etc.). The ability to
process a large amount of leaves indicates gastrointestinal as well as dental ad-
aptations to such a diet [Stevens & Hume, 1995].

Currently, there are 19 P. v. coquereli and three P. tattersalli housed in cap-
tivity. Although available information concerning feeding ecology, dentition, and
gastro-intestinal morphology indicate the two species should have similar nutri-
tional needs [Hill, 1953; Kay & Hylander, 1978; Meyers, 1993; Richard, 1977], P.
tattersalli has not responded well to captivity. This could, at least in part, be
linked to diet and nutrition. The objective of this study was to compare the in-
take, digestibility. and passage of an experimental diet by the two species. Given
the similarities observed for feeding ecology, dentition, and gastro-intestinal mor-
phology, the hypothesis was that there would be no difference in the species�
ability to process the diet.

MATERIALS AND METHODS
Animals and Experimental Design

Six P. v .coquereli and three P. tattersalli were selected for use in this experi-
ment (see Table I for individual animal age, sex, and weight data). Experimental
design included a 6 week stepwise changeover to the experimental diet, a 7 day
adjustment period to the experimental caging, and a 7 day collection period fol-

TABLE I. Propithecus spp. Individual Age and Weight Data*

Age Date of Start Pre-caging Pre-trial Final
Animal M/F (years) birth (g) (g) (g) (g)

P. v. coquereli:
Jovian M 2 04/10/94 3,470 3,510 3,470 3,370
Julian M 3 03/04/93 4,030 4,170 3,920 3,730
Marcella F >15 WC 1984a 4,600 4,600 4,350 4,190
Nero M 1.5 12/04/94 2,360 2,580 2,420 2,390
Paulina F 5.5 01/24/91 3,890 3,800 3,760 3,800
Valentinian M 4.5 11/02/91 4,340 4,250 4,210 3,680
P. tattersalli:
Agrippa M >10 WC 1987 3,260 3,550 3,350 3,240
Messilina F >10 WC 1993 3,180 3,040 3,000 3,020
Titus M >5 WC 1993 3,280 3,080 2,930 2,980

*Initial weights recorded on week 1 for both species, weight two, three, and four were recorded on weeks 7,
8, and 9 for P. v. coquereli and on weeks 11, 12, and 13 for P. tattersalli.
aWC, wild caught; age of animal was estimated at time of capture.
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lowing a pulse dosage with markers for digesta passage. Owing to the small size
of the captive Propithecus population, selection of individual animals used in
this experiment was based on animal availability.

Experimental Protocol

For 5 days, the diet normally offered these animals, which included a mix-
ture of a commercial biscuit (Mazuri Leafeater Primate Diet #5672, Purina Mills,
Inc., St. Louis, MO), fruits, vegetables, and locally harvested leaves, was weighed
and recorded, along with quantity consumed. The daily intakes of this pre-trial
diet were used as the set point from which to gradually switch to the experimen-
tal diet. Day 1 refers to the beginning of diet changeover.

On day 1, animals were manually restrained and 3 mL of blood was drawn
from the femoral vein. The blood was centrifuged (Beckton Dickenson Compact
II Centrifuge) at room temperature for ten minutes at 1,163xg in a serum sepa-
rator tube, and the serum was collected and stored frozen at �20°C for further
analysis. All animals were then weighed and returned to their usual housing. A
stepwise diet change was begun and continued through week 5, when animals
were consuming the commercial biscuit at 85% of DMI and Rhus copallina (winged
sumac) leaves at 15% of DMI.

The first four ingredients of the Mazuri biscuit were soybean meal, ground
soybean hulls, ground yellow corn, and corn gluten meal, and nutrient levels met
NRC requirements for non-human primates [NRC, 1978]. At a DMI ratio of 85%
Mazuri biscuit to 15% sumac leaves, both species were consuming a diet of ap-
proximately 25% crude protein (CP), 34% neutral detergent fiber (NDF), and
22% acid detergent fiber (ADF) despite slight differences in sumac chemical compo-
sition (Table II). The gross energy of the total diet was an average of 4.52 kcal/g.
After refusals were collected at 0800, the animals received the biscuit portion of
the diet at 0900 and the sumac leaves at 1400 daily. All animals throughout the
remainder of the experiment consumed this diet. Amounts offered were adjusted
daily based on the previous day�s intake to maintain the 85:15 ratio. Food in-
takes were recorded daily as amount offered minus refusals, and animal weights
were recorded weekly.

At the beginning of week 6, six P. v. coquereli were weighed and had 3 mL of
blood drawn and processed as described above. The animals were placed indi-

TABLE II. Chemical Components of Diet Fed Propithecus verreauxi coquereli and
Propithecus tattersalli*

Diet component Dry matter Crude protein    NDF      ADF Gross energy

Mazuri biscuita 92.0 ± .1 28.1 ± .3 33.3 ± .3 20.4 ± .5 4.5 ± .4
Sumacb

P. v. coquereli 46.1 ± 1.0 11.7 ± .01 38.0 ± .3 30.0 ± .2 4.8 ± .4
Sumacb

P. tattersalli 48.3 ± .1 10.3 ± .01 40.6 ± .01 27.5 ± .01 4.7 ± .01
Total dietc

P. v. coquereli 85.1 25.7 34.0 21.8 4.6
P. tattersalli 85.4 25.4 34.4 20.5 4.5

*DM is expressed as a percentage, and crude protein, NDF, and ADF are expressed as percentage of dry
matter. Gross energy is expressed as kcal/gram of dry matter. All values reported as the mean ± SE.
an=4.
bn=2; sumac fed to each respective species.
cTotal diet, expressed on a dry matter basis, is 85% commercial biscuit and 15% sumac.
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vidually in laboratory research cages (72 cm × 92 cm) that allowed for the sepa-
ration of urine and feces. At the beginning of week 7, animals were weighed and
3 mL of blood was drawn and processed as described previously. A fresh fecal
sample was collected for determination of pre-dosage cobalt and chromium con-
centrations. They were then dosed with 1 mL of Co-EDTA by mouth to measure
liquid digesta passage (total cobalt = .02 g/mL) and returned to the laboratory
cages. They were offered �dough balls� of ground commercial biscuit containing
chromium-mordanted fiber made from the biscuit to measure particulate digesta
passage. Each portion contained .36 g of the mordanted biscuit (8,235 ± 553 µg
chromium/g mordanted fiber). Before dosage, the chromium mordant made from
the commercial biscuit was analyzed for chromium concentration by atomic ab-
sorption spectrophotometry by using an air acetylene flame and a wavelength of
359.7 nm (Perkin Elmer Atomic Absorption Spectrophotometer, Norwalk, CT).
All animals consumed their dosages within 30 min.

Following marker dosage, all feces were collected every 3 hr for the first 3
days, and every 6 hr for the next 4 days. Feed refusals were collected daily at
0800. Daily feed offered and refusals were combined and a representative sample
was taken. All collected samples (refusals and feces) were labeled and frozen
at �20°C until analysis. On day 8, animals were weighed, a final 3 mL blood
sample was taken, and they were released back into their usual housing.

At the beginning of week 9, the P. tattersalli were weighed and had 3 mL of
blood drawn and processed as described above. Animals were then transferred to the
laboratory research cages. At the beginning of week 10 between 0900 and 1000, the
animals were weighed, 3 mL of blood were drawn, and a recent fecal sample was
collected. Animals were dosed and collection made as described previously.

Chemical Analyses

Dry matter of the commercial biscuit, feed refusals, and sumac was deter-
mined by drying through placement in a forced air oven for 16 hr at 65°C and
then placing samples in a vacuum oven for 5 hr at 65°C to remove the remaining
moisture. Dry matter of feces was determined by drying through placement in a
freeze drier at 40°C for 24 hr. The NDF and ADF levels in the commercial bis-
cuit, feed refusals, sumac, and feces were determined using a modified version of
the Van Soest method of fiber analysis [1967] developed by Ankom Technologies
(Fairport, NY). Nitrogen in the feed, refusals, and feces was determined by using
the Kjeldahl method of nitrogen analysis [AOAC, 1990]. Energy values of feed,
refusals, and feces were analyzed using an adiabatic bomb calorimeter (Parr In-
strument Co., Moline IL).

The serum non-esterified fatty acids (NEFA) were quantitated using an en-
zymatic assay (Wako Chemicals, Richmond, VA). Serum urea values were ana-
lyzed with a direct assay for the determination of urea [Crocker, 1967]. Serum
glucose was analyzed by using a membrane immobilized enzyme system (YSI
Model 2700 Select Biochemistry Analyzer, Yellow Springs, OH). Samples collected
to determine transit time (TT) and mean retention time (MRT) of the chemical
markers were analyzed for cobalt and chromium concentration by the NC State
Nuclear Engineering department via neutron activation analysis [Pond et al.,
1985]. Concentration values obtained were used to determine TT, or the time of
first appearance in the feces and MRT or the average amount of time the marker
was retained in the gut [Wrick et al., 1983; Caton et al., 1996]. The equation
used to calculate MRT was MRT= ΣMiTi/ΣMi, where Mi is the concentration of
marker recovered in µg/g and Ti is the time in hours of marker recovery.
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Statistical Analysis

Statistical analysis was conducted by using the Generalized Linear Models
Procedure of SAS (SAS Statistical software, Cary, NC). The experiment was set
up as a completely randomized design, and replicates were the animals. Time
comparisons of blood variables were made by using a split plot in time. The main
plot was species, and the subplot was time and time x species. To test species
differences, animal (species) was used as an error term.

RESULTS
Dry Matter Intake and Digestibility

There were no significant differences between species (Tables III and IV) for
any of the measured variables. The DMI varied considerably across individual
animals; however the intake ratio of 85% biscuit to 15% sumac remained con-
stant for all animals due to daily adjustment. Fecal consistency remained nor-
mal throughout the experiment.

The NRC lists intake energy (IE) requirements for adult Old World primates
as �up to 100 kcal/kg body weight per day� [NRC, 1978]. Those animals with
higher DMIs met this IE requirement (see Table III). However, the NRC values
are based on few animals and they do not differentiate prosimian requirements
from those of other Old World primates.

Marker Recovery, Transit Time, and Mean Retention Time

Chromium recovery for P. v. coquereli and P. tattersalli was 82.4 ± 6.2% (n=6)
and 75.4 ± .2% (n=3), respectively. Cobalt recovery for P. v. coquereli and P.
tattersalli was 46.7 ± 5.5% (n=6) and 38.8% ± 1.7% (n=3), respectively. Since all
animals readily consumed all of the Co-EDTA by syringe, recovery may have
been low because the animals absorbed a significant portion of the cobalt.

Transit times of 17�18 hr reported (Table IV) are based on a mean, but that
value most likely does not reflect an actual average TT for two reasons. First,
once the animals had established a sleeping site, they rarely moved around or
defecated until the following morning. Caton [1996] discussed this issue when
conducting marker passage trials with common marmosets and its influence on
passage results. Second, the markers appeared in the feces of three animals within
8 hr and did not appear in the feces of the other four animals until the next
morning or at least 20 hr after dosage. Therefore because of the sleeping pattern

TABLE III. Daily Dry Matter Intake and Energy Consumed Per Unit Body Weight by
Propithecus spp.*

Variables P. v. coquerelia P. tattersallib

Dry matter intake
Grams 74.2 ± 8.4 56.8 ± 11.9
Grams per kgBW 21.8 ± 4.0 18.5 ± 5.6

Energy consumed
Intake energy, kcal/kgBW 100.1 ± 18.17 83.1 ± 25.70
Digestible energy, kcal/kgBW 64.5 ± 11.27 53.6 ± 15.94
Digestible energy, kcal/kgBW.75 87.3 ± 13.56 71.0 ± 19.17

*All values reported as the mean ± SE.
an=6.
bn=3.



242 / Campbell et al.

described above, the only true TT values obtained were for the animals that had
marker in the feces at 8 hr. These values are a low estimate of the average value,
however, since fecal samples taken from other animals during the same time
period did not contain markers. The percentage excretion of marker vs. time
across all animals is shown in Figure 1.

Serum Glucose, Urea, and NEFA Values

Serum glucose, urea, and NEFA values obtained across all four time periods
are reported in Table V. No significant differences were noted across time, or
between species for serum glucose values. Urea values increased over time (P<.
01) and NEFA values both significantly varied with time and showed a time x
species interaction (P<. 05). The NEFA values increased across all four periods
for P. v. coquereli and increased through the first three periods then decreased in
the last period for P. tattersalli.

DISCUSSION

Values obtained for DM, NDF, and ADF digestibility are similar to those
reported for Alouatta spp. fed a similar diet [Edwards, 1995]. Alouatta spp. had
digestibility values within the ranges of 60�70% for DM, 40�47% for NDF, and
35�40% for ADF when fed either a 15% or 30% ADF diet [Edwards, 1995]. The
digestible energy intake per unit of metabolic body weight (DEI/kg.75, Table III)
for P. tattersalli appears low in comparison with the value obtained for P. v.
coquereli; however the difference is not significant given the sample size and the
high degree of variation among individual subjects. Values obtained for P. v.
coquereli are comparable to Edwards� [1995] reported DEI/kg.75 for Alouatta spp.:
92.7 kcal/kg.75 on a 15% ADF diet and 98.2 kcal/kg.75 on a 30% ADF diet.

Cobalt recovery has been reported as lower than chromium and the Co-EDTA
complex is considered less stable in the gastrointestinal tract [Kennelly et al.,
1982]. Uden et al. [1980] suggested that cobalt recovery might be considerably
lower in animals with a large, well-developed cecum designed for absorption of

TABLE IV. Digestibility, Transit Time (TT), and Mean Retention Time (MRT) Values
for Propithecus sp.*

Variables P. v. coquerelia P. tattersallib

Digestibility, %
Dry matter 65.7 ± .01 65.6 ± .01
Crude protein 63.4 ± .02 62.3 ± .02
NDFc 39.9 ± 1.6 43.3 ± 2.1
ADFc 37.7 ± 2.1 31.9 ± 2.8
Energy 65.1 ± 1.9 64.6 ± 1.2

Chromiumd

TT, hr 17.0 ± 4.0 20.0 ± 4.8
MRT, hr 31.3 ± 3.8 36.3 ± 4.7

Cobaltd

TT, hr 17.0 ± 4.0 20.0 ± 4.8
MRT, hr 31.4 ± 3.4 32.1 ± 4.2

*All values reported as mean ± SE.
an=6.
bn=3.
cNDF, neutral detergent fiber; ADF, acid detergent fiber.
dCr, mordanted fiber and Co-EDTA were administered to estimate passage of particle and liquid phase
digesta, respectively.
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feed components. For instance, 24% of the cobalt administered orally to rabbits
appeared in the urine, indicating that these animals absorbed a substantial
amount. Because of problems associated with total collection of urine, it was not
analyzed for cobalt content; however the low recovery observed here indicates
that cobalt-EDTA may not be an appropriate marker for some lemur species.

Fig. 1. Cumulative chromium (SEM = 23.27%) and cobalt (SEM = 11.44%) excretion vs. time in hr across
all animals. (n=9)

TABLE V. Serum Glucose, Urea, and Non-Esterified Fatty Acid (NEFA)
Concentrations in Propithecus spp. at Four Sampling Times

Glucose (mM) Urea (mM) NEFA (mM)

P. verreauxi coquerelia

Initial 5.7 9.3 .400
Pre-caging 6.5 9.0 .377
Pre-trial 6.7 11.4 .430
Final 6.3 11.9 .672
SEc .33 .82 .048

P. tattersallib

Initial 6.4 7.3 .111
Pre-caging 6.0 9.3 .251
Pre-trial 6.3 11.3 .597
Final 6.6 15.2 .367
SE .47 1.2 .068

AOVd NS T P<.01 T P<.05, S*T P<.01

an=6 for P. v. coquereli.
bn=3 for P. tattersalli.
cSE from least squared means analysis.
dAnalysis of variance: T=time, S*T=species * time, NS=P>.10.



244 / Campbell et al.

The TT values of 17�18.5 hr for the Propithecus spp. are much higher than
those reported for Varecia spp. [Edwards, 1995] or Eulemur fulvus [Ganzhorn,
1986]. They are similar in comparison to TT values of 15�16 hr for Co-EDTA and
15�23 hr for chromium mordanted fiber obtained for Alouatta spp. fed either a
15% ADF or a 30% ADF diet [Edwards, 1995]. The MRT values of 30�34 hr
obtained across both species were not different for either the chromium mordanted
fiber or the Co-EDTA. These results suggest that both Propithecus spp. retain
feeds in the gut for a similar time period, although larger sample numbers might
show differences. Regardless, the length of time the digesta resided in the gut
indicates significant hind gut fermentation. For example, Edwards [1995] reported
MRTs for Alouatta spp. of 34�38 hr for Co-EDTA and 38�40 hr for chromium
mordanted fiber, and many other post-gastric herbivores show similar values
[Stevens & Hume, 1995].

Values obtained for the MRT of mordanted fiber and the Co-EDTA indicate
that the particulate and liquid digesta did not have different retention times in
the gut. This may be a factor of the fiber particle size present in the Mazuri
biscuit. Further investigation using natural feedstuffs, longer fiber particles, or
a better liquid marker might yield different results.

When serum glucose values are compared with those obtained from physi-
ologically normal captive V. variegata [6.48 mM glucose, n=31; Karesh & Olsen,
1985], Daubentonia madagascarensis [6.07 mM glucose, n=6; Feeser, 1994] and
wild P. tattersalli [7.65 mM, glucose, n=28; Garell, 1990], they appear to be within
reported ranges.

Serum urea values reported for V. variegata [3.14 mM urea, n=31; Karesh &
Olsen, 1985], D. madagascarensis [1.91 mM urea, n=6; Feeser, 1994], and wild
captured P. tattersalli [2.67 mM urea, n=28; Garell, 1990] all are lower than the
values obtained in this study. The pre-trial diet, primarily composed of fruits,
vegetables, and harvested browse, was low in protein relative to the experimen-
tal diet. A rough estimate of the average crude protein (CP) content of the pre-
trial diet was 11% to 14%. Based on intake, it provided approximately 3.4 g/kg of
body weight compared to 5.5 g/kg of body weight provided by the experimental
diet. The NRC [1978] lists a CP requirement of 3.5 to 4.5 g/kg of body weight for
adult Old World primates.

Given the limited number of values with which to compare and the absence
of captive normal values for Propithecus, it is difficult to speculate as to whether
the urea values obtained in this study are abnormally high. If so, whether this is
due to catabolism of absorbed amino acids due to high levels of protein in the
diet, or to mobilization of protein stores to provide energy is unclear. Urea values
increase in both situations [Kaneko,1989].

The NEFA values obtained are average to high when compared to reported
ranges for most animals [.3 to .5 mM, Kaneko, 1989] but no values from prosimian
species are available. It is difficult to assess their relationship to energy balance;
however the animal with the lowest DMI had the highest NEFA value. Another
issue to consider when interpreting the values for glucose and NEFA is that
serum levels of these metabolites can rapidly increase in response to elevated
serum epinephrine in a stressed animal [Burtiss & Ashwood, 1996; Kaneko, 1989].
Manual restraint during blood draw is stressful and can last for minutes, allow-
ing adequate time for epinephrine to have an impact on the serum metabolites.
Serum glucose values obtained did not appear abnormally high, which argues
against a stress effect, however that could be due to glycolysis taking place in
the serum tube before samples were centrifuged.

The feeding ecology of many Propithecus is similar to that of other Indriids
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[Avahi; Hladik, 1978], Alouatta [Milton et al., 1980; Milton, 1981; Edwards, 1995],
and members of the Colobine family [Davies & Oates, 1994; Edwards, 1995].
However, while colobines possess a pregastric fermentation chamber [Davies &
Oates, 1994; Stevens & Hume, 1995], the Propithecus, Avahi, and Alouatta spp.
possess a post-gastric fermentation chamber [Hladik, 1967, 1978, Stevens & Hume,
1995]. Depending on the species, it can include the colon, the cecum, or both
[Stevens & Hume, 1995]. Values obtained for both digestibility and marker pas-
sage are commensurate with those reported for Alouatta spp., another post-gas-
tric folivorous primate, but lower than values reported for colobines [Edwards,
1995; Watkins, 1985]. Therefore, digestibility and passage data obtained suggest
that these two Propithecus species show adaptations to a folivorous diet similar
to other post-gastric herbivores.

Finally, while numbers were limited and intakes were variable, P. v. coquereli
and P. tattersalli showed similar digestibility and digesta passage when fed a
similar diet. Therefore differences observed in captive fitness are not likely to be
a result of different gastrointestinal physiology.

CONCLUSIONS

1. There were no observed digestibility or passage differences between
species.

2. Digestibility values for both species were approximately 65% for DM, CP,
and energy, and 40% and 35%, respectively, for NDF and ADF.

3. Transit times were 17�18 hr for chromium mordant and Co-EDTA, and
mean retention times were and 30�34 hr for both markers.

4. Results are similar to those obtained for Alouatta spp., also post-gastric
primate folivores.

5. Co-EDTA is not an ideal marker for determining passage in these species.
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