Oecologia (1996) 107:170-178

© Springer-Verlag 1996

John E. Gross « Philip U. Alkon
Montague W. Demment

Nutritional ecology of dimorphic herbivores:
digestion and passage rates in Nubian ibex

Received: 1 September 1995 / Accepted: 26 December 1995

Abstract We compared forage digestion and passage
rates among three groups of Nubian ibex (Capra ibex
nubiana) — mature males, non-lactating females, and lac-
tating females — to test hypotheses relating intraspecific
digestive ability to body mass and reproduction costs.
We hypothesized that large males (60 kg) would exhibit
longer forage retention times and more complete diges-
tion of fermentable cell walls than adult females (23 kg).
We tested these predictions by measuring digestion and
retention of a grass hay and an alfalfa hay, forages that
exhibited contrasting rates and extents of cell wall diges-
tion. Consistent with predictions, males retained both
forages longer than non-lactating females. However, by
substantially increasing gut fill, lactating females in-
creased both intake and retention time with respect to
non-lactating females. Contrary to predictions, all three
groups digested the grass (66% digestible) and alfalfa
hay (63%) equally well. Alfalfa cell wall was less digest-
ible than that of grass hay (60% vs 69% digestible), and
retention time of alfalfa was consistently, but not statisti-
cally significantly, shorter. Fiber digestion was not corre-
lated with retention time, emphasizing the ability of be-
havioral processes to modify digestion rate. We postulate
that females achieved their greater digestion rate by mas-
ticating forages much more thoroughly than males.
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Introduction

Demment (1983) suggested that differences in diet and
habitat selection in sexually dimorphic herbivores would
result from the scaling of gut size and metabolism with
body size. Because gut capacity increases linearly with
body size (Parra 1978; Demment and Van Soest 1985;
Justice and Smith 1992) and metabolism increases as a
fractional power of mass, smaller animals have less di-
gestive capacity per unit of metabolic need (Parra 1978).
Theory thus predicts that small-bodied herbivores must
compensate by selecting diets that are more readily di-
gested, or they must excrete digesta more rapidly in or-
der to maintain an intake sufficient to meet metabolic
needs. The extent of digestion is determined in part by
retention time in the gut; thus smaller herbivores should
exhibit higher rates of passage and lower digestibilities
when diet quality is held constant (Parra 1978). In spe-
cies with a large degree of sexual dimorphism in size,
smaller females would be constrained by their lower di-
gestive capacity to foods that digest quickly, while large
males would require higher intake rates to meet greater
total metabolic requirements. During lactation these dif-
ferences are amplified; lactating females were projected
to have very short retention times and a reduced ability
to ferment cell wall. Theory has uniformly assumed that
gut fill remains constant, and that the rate of digestion of
a particular forage is independent of body size.

There has been considerable speculation about the
role of digestive processes in shaping the ecology of her-
bivores (e.g. Parra 1978; Milton 1979; Demment and
Van Soest 1985; Beier 1987; Duncan et al. 1990; Fryxell
1991; Hodgson et al. 1991; LaGory et al. 1991; We-
ckerly 1993), but few direct measures of the most rele-
vant processes linking nutrition to behavior (Baker and
Hobbs 1987). Differences in digestive function are likely
to promote variation in foraging behavior (Demment and



Greenwood 1988) and, depending on the spatial relation-
ship between food quality and quantity, differences in the
habitats selected by males and females (Clutton-Brock et
al. 1982; Demment 1983; McCullough et al. 1989; La-
Gory et al. 1991; Miller and Litvaitis 1992; Gross et al.
1995a). Although sex-based differences in digestive ca-
pabilities have frequently been cited as a potential cause
of sexual segregation, this is apparently the first test of
the underlying mechanisms. Most theory concerning the
influence of size-related nutritional constraints rests on a
comparison of the retention and digestion kinetics of
males, non-lactating and lactating females. Here, we ex-
amine the hypotheses that (1) males retain forages in the
gut longer than females; (2) males digest forages more
completely than females; (3) lactating females have
higher food passage rates and lower forage digestibilities
than non-lactating females; and (4) test forages differ in
the extent of cell wall digested by ibex.

We tested these predictions by conducting digestion
trials with highly size-dimorphic Nubian ibex (Capra
ibex nubiana). We measured intake, digestive coeffi-
cients, and forage passage kinetics of male, non-lactating
fermnale, and lactating female Nubian ibex fed forages
that contrasted in their rate and extent of cell wall diges-
tion.

Materials and methods

Animals and forages

We conducted full balance digestion trials (Van Soest 1994) using
four adult female ibex (average mass 23.0 kg, SD =3.2 kg) and four
adult male ibex (average mass 60.2 kg, SD =6.8 kg) previously ha-
bituated to the experimental protocols. Each animal was fed either
a coarse grass hay (Pennisetum americanum) or alfalfa hay (Medic-
ago sativa) diet during all phases of a trial. Grass hay typically
contains a relatively large amount of digestible cell wall, but with a
slow rate of digestion, while alfalfa hay is composed of relatively
indigestible cell wall, but the portion of cell wall that is digested
does so rapidly. Fiber composition of the test diets was determined
by sequentially removing fractions with detergent solutions (Goe-
ring and Van Soest 1970). Lignin content was estimated from the
residue after forage samples were digested in concentrated (72%)
sulfuric acid. We estimated organic matter (OM) by ashing forage
samples at 540°C for 3—4 h, and determined protein content from
forage N (Kjeldahl Nx6.25, AOAC 1980). Composition of the
grass diet (percent of 100°C dry matter) was 88.2% OM, 64.7%
neutral detergent fiber (NDF), 34.3% acid detergent fiber (ADF),
5.4% lignin, and 9.8% protein. The alfalfa diet consisted of 89.0%
OM, 48.5% NDF, 34.3% ADF, 8.0% lignin, and 19.4% protein.
NDF includes cellulose, hemicellulose, and lignin, approximating
total cell wall content. ADF consists primarily of cellulose and lig-
nin. Digestion trials were timed to include the period of peak lacta-
tion by ibex. We were able to acquire a limited number of female
ibex; thus females were tested first in the spring/early summer dur-
ing the period of peak lactation (30-60 days postpartum, Maltz and
Shkolnik 1984) with a single kid, and again during the autumn
more than 1 month following separation from their kids. Males
were tested only in the spring and early summer.

Each digestion trial consisted of three phases: adaptation to the
test diet, determination of voluntary ad libitum intake, and deter-
mination of digestion coefficients. In the adaptation phase animals
were weighed, then isolated in pens (about 80 m?2) and habituated
to the grass hay diet for at least 3 weeks prior to initiation of the
first trial. Five to 7 days before placing ibex in individual digestion
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cages (1.5%3.0 m), and for the first 3-5 days while in the digestion
cages, voluntary intake was determined by reducing meals until
refusals were less than 200 g/day. Ibex were fed twice daily (0700
and 1700 hours) during all phases of the trial. Full balance trials
were initiated after intake stabilized in the digestion cages, and
thereafter animals were fed 95% of their voluntary intake for the
duration of each trial. Ibex were weighed (+ 0.05 kg) at the start
and all feces, urine, feed, and refusals were collected for at least 7
days. Ibex were weighed and metabolism cages thoroughly
cleaned at the end of each trial. Feeds, feces, and refused feed
samples were analyzed for dry matter, ash, NDF, ADF, acid deter-
gent lignin (Goering and Van Soest 1970), and for crude protein
(Kjeldahl Nx6.25, AOAC 1980).

After a grass hay trial, the animal’s diet was gradually changed
to alfalfa hay over a 7 day period. Following at least 2 weeks of
habituation to alfalfa hay, the preparatory and experimental proto-
cols outlined above were repeated. Grass hay trials were always
conducted first because ibex greatly preferred alfalfa such that a
prohibitively long adaptation period would have been necessary if
the order of diets was reversed.

We measured in vitro digestion rates using rumen inoculant
from a grass-fed cow to confirm the validity of our assumptions
about the relative rate and extent of cell wall digestion of forages.
Forage samples ground to pass through a 1 mm screen were incu-
bated in a ramen fluid/buffer system under CO, for periods up to
96 h (Mertens 1973). For each forage, fermentation of three repli-
cate samples was arrested after 0, 3, 6, 12, 18, 24, 26, 48, 72, and
96 h. The mass of cell wall residue from these samples was deter-
mined by refluxing in neutral detergent solution (Mertens 1973).
Rumen fluid was obtained from a rumen-fistulated cow fed a grass
hay diet. Previous studies have shown that in vitro digestibility re-
sults are not influenced by the species of animal that donates ru-
men fluid (Robbins et al. 1975; Palmer et al. 1976; Brooks and
Urness 1984), but the diet of the donor animal can affect the extent
of digestion.

Passage markers and calculations

We used two digesta markers to interpret retention times in ibex.
First, we marked the large particle pool using Cr-mordanted fiber
(Uden et al. 1980). The large particle pool represents that fraction
of the forage that is physically too large to pass through the rumen
without further breakdown. Particles size can be reduced by chem-
ical digestion, or by mastication either at the time of consumption
or later during rumination. We used Co-EDTA, a liquid phase
marker, to represent passage dynamics of the small particle pool
(Uden et al. 1980). Cr-mordanted fiber was fed to ibex prior to the
morning meal on the second day of each digestion trial, and Co-
EDTA in solution was offered to the animals several hours later.
We recorded the time of marker consumption by each animal. Fe-
cal samples were collected immediately before dosing, 6 h later,
and every 3 h thereafter until 51 h post-dosing. Additional samples
were collected at 55, 59, 65, 71, 79, 87, 97, 107, 119, 131, 144 h
post-dosing. Midpoints between collection times were used to cal-
culate marker excretion rates. Fecal samples were dried immedi-
ately at 55°C or frozen for later processing.

Cr and Co concentrations in fecal samples were determined by
atomic absorption spectrophotometry. Fecal samples were ground,
ashed for 8 h at 600°C, and digested in concentrated nitric and per-
chloric acids (Uden et al. 1980). Because of uncertainties regarding
estimation techniques, we used two methods of contrasting com-
plexity to analyze marker excretion rates. First, we used the sum-
mation method (Faichney 1975), which makes no assumptions
about digestive processes or statistical distributions, to estimate to-
tal tract mean retention time (TMRT). TMRT is the average resi-
dence time of a digesta particle in the gnt, and is calculated as:

oo

3. (hours X concentration x fecal DM)
TMRT = 2= (N

oo

2. (concentration x fecal DM)

n=1
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where hours is the time since dosing for sample » (in hours), con-
centration is marker concentration in sample » (PPM), and fecal
DM is the mass of dried fecal material. The summation technique
provides no statistical estimate of transit time (TT, first appearance
of the marker in feces).

We also estimated total tract transit time (total tract TT) and
rumen mean retention time (rumen MRT) by fitting a gamma-2
age-dependent model (Matis 1972; Fadel et al. 1987) to concentra-
tions of forage markers in fecal samples. This model more appro-
priately represents the dynamics of particle flow in a compartmen-
tal system where the probability of outflow from a compartment
(e.g. the rumen) increases with residence time. Parameters of the
gamma-2 model were fitted using non-linear regression (SAS
1988).

We calculated total tract digestible and indigestible fill from
diet fractional digestibility, particulate MRT, and daily intake us-
ing the occupancy principle (Eqs. 5 and 6 from Holleman and
White 1989). Indigestible fill (Vy, g dry matter) was calculated as
the product of fecal output (F, g dry matter/h) and total mean re-
tention time (TMRT, h):

Vy=F TMRT 2)

The total dry matter fill (V, g dry matter) of the alimentary tract
was then estimated as:
Vy A

V:VN+————2(1_A) 3)

where A is the dry matter digestibility of the diet.

Milk production

Milk production was estimated by determining body water turn-
over rates of kids, who obtained virtually all their free water via
milk from their mother. Water turnover was calculated using the
isotope dilution technique (Macfarlane et al. 1969). Kids were in-
jected with 1.11 MBqg/kg of tritiated water and held in digestion
cages with their mothers during trials. All free water consumption
was measured. Because some Kids grew appreciably during a di-
gestion trial we calculated water turnover with a model that incor-
porated changes in the size of the body water pool (Dove and Fre-
er 1979). Our estimates accounted for metabolic water production,
milk composition (Mitchell 1962; Maltz and Shkolnik 1984), and
free water intake. All calculations of milk energy yield are based
on an estimated milk energy content of 6284 klJ/kg (Maltz and
Shkolnik 1984).

Statistical analysis

Differences due to sex (male or female), lactation within sex, for-
age type (diet), and the interaction of forage with sex were evalu-
ated using a two-stage, repeated-measures ANOVA for an unbal-
anced design. This design accounted for multiple measurement
from the same animal, which can result in correlated data. The
first stage of the ANOVA separated all potential sources of vari-
ance (Table 1, upper chart). We then tested the necessity of split-
ting out the variance contributed by animals within each sex (MS,
in Table 1, upper chart) using an F test (MS,/MS,, Table 1, upper
chart). This test was not significant for 16 of 18 cases, and we thus
report results from a reduced ANOVA model (Table 1, lower
chart; SPSS/PC, Norvsis 1990). Cell sizes in our ANOVA were
unequal because one kid died between the first and third digestion
trial, and one female refused to consume the liquid marker (Co-
EDTA) in two trials. Thus there were three females in these cells
and four in all others.

We scaled variables to body mass by performing linear regres-
sion on log, transformed data (log y =log a + b log x, SAS 1988).

Table 1 ANOVA designs used to test for effects of sex, diet, and
lactation. We examined results from the full model ANOVA
shown in the upper chart and determined the appropriateness of a
reduced model from the significance (F-test) of MS,/MS,. The de-
sign of the reduced model 1s shown in the lower chart

Source df MS F
Sex 1 1 MS,/MS,
Animal within sex 6 2
Lactation within sex 1 3 MS,/MS,
Animal * (lactation within sex) 3 4
Diet 1 5 MS/MS,
Diet * sex 1 6 MS/MS,
Diet * (animal within sex) 6 7
Residual 3
Total 22
Sex 1 1 MS,/MS,
Lactation within sex 1 2 MS,/MS,
(Animal within sex) 9 3

+ animal * (lactation within sex)
Diet 1 4 MS,/MSg
Diet * sex 1 5 MSs/MS¢
Diet * (animal within sex) 6 6
Residual 3
Total 22
Results

Forage intake and digestion

Daily dry matter (DM) intake expressed in terms of met-
abolic body mass (W975; W = body mass in kg) did not
differ with sex or forage (Table 2). However, daily intake
rates of females increased by 25% to 75% (P < 0.05)
with lactation, and DM consumption by males was inter-
mediate to that of the two female groups. Males and non-
lactating females consumed similar amounts of feed per
kilogramm of body mass, but lactating females con-
sumed about 50% more than other groups (38 g kg!
day-1, Table 2, P < 0.05). Dry matter intake scaled to
WO082 (y2 = (.78, n = 23) when all animals were included
in the regression, but different exponents resulted when
only males and lactating females (W063, r2 = 091, n
= 15) or males and non-lactating females (W1.04, r2
=0.94, n = 16) were included in the regression.

Neither sex nor lactation significantly influenced ap-
parent DM digestion, but alfalfa hay was consistently
less digestible than grass hay (Table 2). Sex and lactation
had no effect on either NDF or ADF digestion. Alfalfa
hay NDF and ADF digestion coefficients (60% and 56%)
were significantly lower than those of grass hay (69%
and 63%, respectively). Digestion of NDF was not corre-
lated with total MRT (2 = 0.08).

The rate and extent of cell wall (NDF) digestion dif-
fered in the alfalfa and grass hays (Fig. 1). Cell wall of
alfalfa was less digestible overall, but the fermentable
portion of the alfalfa cell wall digested rapidly. After
18 h of incubation, 86% of the digestible cell wall of al-
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Table 2 Daily intake and digestion (mean and SE) of forage dry matter (DM), neutral detergent fiber (NDF), and acid detergent fiber
(ADF) by Nubian ibex fed a grass hay (GH) or alfalfa hay (AAH)

DM intake DM intake NDF intake DM digestion NDF digestion ADF digestion
(gkg®P) (g/kg) (¢/kg)
Non-lactating females
GH 592 544 26.7 222 169 150 0.66 0.01 0.68 0.01 0.63 0.01
AAH 50.1 4.68 226 1.87 9.9 0.89 0.64 0.02 058 0.02 0.54 0.02
Lactating females
GH 73.8 352 342 205 228 1.30 0.67 0.02 070 0.03 0.64 0.03
AAH 873 6.28 40.6 257 20.1 159 0.62 0.02 059 0.04 0.58 0.04
Adult males
GH 674 2.63 243 0.82 156 050 0.66 0.00 0.69 0.00 0.63  0.00
AAH 712 329 256 124 13.0 086 0.65 0.00 063 0.0t 056 0.03
Effects:
Sex Hk sk
Lactation * * *
Forage * #3k wik ‘*

* = P<0.05, ** = P<0.01
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Fig. 1 In vitro rate of digestion of plant cell wall (NDF) from al- Fig.2 A representative example of the excretion pattern of the
falfa and grass hay large particle forage marker (Cr-mordanted fiber; solid circles)
and the least-squares fit of the gamma-2 model (/ine)

Table 3 Transit time (77, h) and mean retention time (MRT, h) of the large particle pool (Cr-mordanted fiber) for Nubian ibex as esti-
mated by a gamma-2 model or summation method (Eq. 1). Values in the Table are means and SE

Gamma-2 model Summation method

TT Rumen MRT Total MRT TT Rumen MRT Total MRT
Non-lactating females
GH 134 0.61 20.8  4.40 342  4.69 13.0  1.76 224 422 354 352
AAH 10.3  0.83 19.2 346 295 347 134 1.12 213 231 347 245
Lactating females
GH 9.3 098 31.0 4.10 40.3 399 9.7 0.89 30.1  3.02 39.8  2.80
AAH 8.2 1.50 289 2.88 371 3.72 94 1.29 29.9 245 393 299
Adult males
GH 11.1  0.55 454  7.77 56.5 7.60 120 0.34 41.6 4.58 53.6 4.69
AAH 9.2 1.77 28.8 1.89 380 3.29 12.5 2.05 31.8  4.07 44.3  5.36
Effects:
SCX % *k % %
Lactation * *
Forage Hk * * %

* = P<0.05, ** = P<0.01
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Table 4 Transit time (77, h) and mean retention time (MRT, h) of the small particle pool (Co-EDTA) for Nubian ibex as estimated by a
gamma-2 model or summation method (Eq. 1). Values in the Table are means and SE

Gamma-2 model

Summation method

TT Rumen MRT Total MRT TT Rumen MRT Total MRT
Non-lactating females
GH 103 0.93 11.1 247 214 1.53 94 1.64 13.5 2.86 229 1.23
AAH 9.1 140 11.1 145 20.1 1.80 104 1.29 124 2.04 22.8 238
Lactating females
GH 6.9 074 142  0.87 21.1  1.59 73 123 150 0.61 223 148
AAH 7.5 1.83 11.4 1.08 189 0.74 84 1.25 13.3 098 217 0.78
Adult males
GH 9.0 0.86 19.1 146 281 171 114 1.26 205 1.81 319 142
AAH 83 178 16.6 1.73 249 326 9.7 190 185 1.35 28.1 299
Effects:
Sex * *
Lactation
Forage a
*=P<0.05;2 P=0.056
Table 5 Gut fill (g dry matter, . ] .
mean and SE) of ibex consum- Gamma model Summation Gut fill Gut fill
ing grass hay (GH) or alfalfa (g/kg body mass) (g/kg7> body mass)
hay (AAH). Calculations were ]
based on mean retention time Non-lactating females
estimated by a gamma-2 model GH 583 16 615 34 252 12 555 1.7
or summation method. Mass- AAH 439 33 525 51 202 09 446 1.9
specific gut fill is the average Lactating females
of the two estimates GH 831 85 822 6l 374 13 81.0 3.3
AAH 917 93 976 108 439 1.7 943 3.4
Adult males
GH 2229 175 2131 99 36.8 2.8 102.3 6.9
AAH 1638 111 1899 182 293 19 81,5 5.3
Effects:
% = P<0.05, ** = P<0.01 Sex . . o
= < = P .
. A . . L tat * ES kg £
#x% Pe(),001, Fgfa;;éon ook a * ek
a P =0.056

falfa had been fermented, compared to only 58% of the
grass hay.

Passage rates

Rumen MRT and total MRT of Cr-mordanted fiber (the
large particle marker) was longer in males than females
(P < 0.05, Table 3), an effect due primarily to the much
longer retention of the grass hay fiber (rumen MRT
>40 h for males). Large particle rumen MRT was shorter
in non-lactating females (22 h) than any other group. Av-
erage transit time of Cr-mordanted fiber in lactating fe-
males was about 2 h shorter than in non-lactating fe-
males (P < 0.05) and males (P > 0.05), but there was no
significant difference by sex (Table 3).

There was a significant forage effect when Cr TT was
estimated by the gamma model, but not when estimated
by summation (Table 3). This discrepancy is likely due
to the failure of two non-lactating females to defecate for

one or two sampling periods in which the marker would
have been expected to appear in the feces. Therefore, TT
estimated from the gamma model likely provided a more
realistic approximation of TT for these animals. Overall,
the gamma model provided a good fit to excretion pat-
terns of both markers (Fig. 2), and it accounted for an
average of 93% and 97% of the variance of Cr and Co
concentration in fecal matter.

Rumen MRT of CoEDTA was longer in males than
females (P < 0.03), but TT and total MRT did not differ
among treatments (Table 4). Forage type and lactation
had no effect on CoEDTA dynamics.

Retention times of Co and Cr were significantly cor-
related (Cr rumen MRT =2.65 + 1.86 Co rumen MRT,
r =0.62, P < 0.01, n =21; Cr total MRT =2.71 + 1.60 Co
total MRT, r =0.62, P < 0.01, n =21). With lactation
there was a shift in the relationship of large and small
particle passage that was indicated by an increase in the
residence time of large particles, but constant turnover
rate of the small particle pool.
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Fig. 3 The relationship between gut fill (% of body mass, W) and
daily intake rate [g (kg body mass-!) day-!1] for Nubian ibex. Gut
fill increased with daily intake (y = 1.19 + 0.07x, 2 = 0.32,
P <0.001)

Gut fill

Compared to non-lactating females, gut fill (g DM/kg W)
of lactating females was 50% greater for ibex fed grass
hay, and gut fill was more than doubled for ibex fed al-
falfa hay (Table 5). Correlations of gut fill to DM intake
(g kgt day!, 2 =0.32, P < 0.01, n =23) and NDF intake
(r2 =0.33, P < 0.01, n =23) were statistically significant,
but had little predictive power. When gut fill was ana-
Iyzed as a linear function of body size (e.g. W1), there
was no direct effect attributable to sex. However, when
expressed as a function of metabolic body size (W0.75),
male gut capacity was significantly greater than that of
females (P < 0.01; Table 5). We could discern no clear
upper limit to gut fill, but there was a distinct lower limit
for animals with intakes of more than 25 g kg-! day-!
(Fig. 3).

Lactation

Milk production per female increased by 46% between
the grass and alfalfa hay trials (Table 6), from 16.1 to
23.5 ml kg1 day-!. The energy content of milk produced
by each lactating ibex (based on 6284 kJ/kg milk; Maltz
and Shkolnik 1984) averaged 2740 kJ/day over both tri-
als, but varied with animal and forage from 1678 to
4397 kl/day. Milk energy production was significantly
related to kid body mass (ME =318 + 522 W; ME = kJ
milk/day, W = kid body mass in kg; »2 = 0.74, P = 0.01,
n = 7) and to daily intake by ewes (Fig. 4). Lactating
ibex consumed an average of 231 kJ kg-! day~! more en-
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Fig. 4 Milk production and energy intake by Nubian ibex. Milk
production was strongly correlated with energy intake (y = -224 +
0.49x, r2 = 0.83, P = 0.01, excluding the circled value)

ergy than when barren, and produced an average of
122 kJ kgt day~! of milk. Lactating ewes thus converted
about 53% of the additional energy consumed during
lactation into milk energy.

Discussion
Digestion and passage rates

An allometric-based theory on herbivore nutritional ecol-
ogy (Clutton-Brock et al. 1982; Demment 1983; Dem-
ment and Van Soest 1985; 1llius and Gordon 1991; Jus-
tice and Smith 1992) was supported by several of the re-
sults from our experiments. This theory, founded on the
scaling relationships of intake and gut volume with body
size, incorporates the well-established increase in cell
wall digestion with retention time (Fig. 1). Consistent
with theory, males did consume more forage on an abso-
lute basis than did the smaller-bodied females, and daily
intakes were not different when corrected to metabolic
body size (W0-75). We also found that male ibex retained
forages in the digestive tract longer than females, extend-
ing results from interspecific comparisons of other rumi-
nants (Robbins 1983; Van Soest et al. 1983; Illius and
Gordon 1991).

Our estimates of gut fill were also consistent with
scaling relationships derived from interspecific compari-
sons (Parra 1978; Demment 1982; Justice and Smith
1992). When we expressed gut fill as a linear function of
body size (e.g., W), there was no statistical difference in
gut fill due to sex (Table 5). However, gut fill as a por-

Table 6 Daily milk production

(mean and SE) by lactating Diet ml kJ ml/kg body mass kJ/kg body mass
ﬁ‘fﬁ}znhfye xfedgrasshayor < hay 364 88 2314 559 161 2.13 102 13
Alfalfa hay 518 93 3293 592 235 291 149 18
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tion of metabolic body size (e.g., W0-75) was greater for
males than for females. The gut fill of lactating females
approached that of males, but we have no reason to be-
lieve that males were any less able than females to en-
hance gut fill in response to an increase in energy needs
or a decrease in diet quality.

Because of the difference between MRT of male and
female ibex, we were surprised to find that all groups of
ibex digested the fiber components of forages to the
same extent, and there was no correlation of NDF diges-
tion with RMRT (2 = 0.08). This result was especially
perplexing in light of rumen retention times we ob-
served, which fell on the steeply ascending portion of the
cell wall digestion curve for grass hay (Fig. 1). Thus, cell
wall digestion coefficients for grass hay should have
been quite sensitive to the variation we observed in re-
tention times, but they were not. Previous studies of both
ruminant and non-ruminant herbivores have inextricably
linked the total extent of cell wall digestion to retention
time (reviewed by Parra 1978; Allen and Mertens 1988;
Van Soest 1994). Forage retention time in the gut is seen
as an important determinant of digestion because pas-
sage and digestion of fiber are viewed as competing pro-
cesses (Mertens 1977; Robbins 1983; Huston et al. 1986;
Allen and Mertens 1988; Van Soest 1994). However, oth-
er processes clearly influence the rate of digestion for
cell wall.

Mastication is such a process. We believe that female
ibex in our experiments comminuted food particles more
completely than males, thereby increasing the rate of cell
wall digestion in the rumen relative to that of males.
Robbins’ summary (1983, p320) suggests that fiber in-
take by all ibex in this experiment was sufficient to elicit
maximal rumination activity (9-10 h/day). We calculated
that if our ibex ruminated for 9.5 h/day at a rate of 55 or
61 chews/min (for females and males, respectively;
Gross et al. 1995b), then even lactating females were ca-
pable of chewing each gram of intake almost twice as
many times as males while ruminating. We estimate that
chewing during rumination would have resulted in a total
of 22, 41, and 58 chew/g for males, lactating females,
and non-lactating females, respectively. A reduction of
ingesta particle size due to mastication would not influ-
ence the total extent of cell wall digestion, but it would
change the rate of digestion and reduce the lag time be-
fore fermentation of cell wall (Poppi et al. 1981;
Bjorndal et al. 1990). Mastication damages cell wall sur-
faces and enhances penetration by cellulase-producing
bacteria (Akin 1979), thereby increasing digestion rate
and reducing the lag time between ingestion and the ini-
tiation of cell wall digestion. In vitro digestion trials re-
vealed that significant digestion of cell wall from masti-
cated forages took place after 3.1 h, in contrast to 15 h
required for unmasticated samples (Reid et al. 1979;
Poppi et al. 1981). Therefore, in comparison with male
ibex, females were apparently capable of compensating
for shorter retention times by virtue of a greater chewing
investment.

Our hypothesis for the role of mastication in modify-
ing digestion rate also finds support from an interspecific
comparison of mastication rates, ingested particle size,
and fiber digestion by sheep (67 kg) and goats (45 kg;
Domingue et al. 1991a, b). Relative to sheep, the smaller
goats more efficiently reduced particle size at the time of
ingestion by chewing each gram of intake more. Goats
ingested a larger portion of small forage particles, there-
by accounting for their higher rates of digestion of plant
cell wall (Domingue et al. 1991a). These results are con-
sistent with observations of male and female ibex: when
fed a wheat/rye hay, female Nubian ibex chewed each
gram of intake about 50% more than males both at the
time of ingestion, and during rumination (Gross et al.
1995b). Size-related changes in molar surface area or
chewing force do not compensate for these differences in
chewing investment (Fortelius 1985; Gross et al. 1995b).

Gut fill

Our results indicated that animals modified behaviors to
compensate for digestive constraints imposed by lacta-
tion. Lactating ibex were able to maintain retention time
in the face of increased intake through enhanced gut fill.
During lactation, dairy cattle typically more than double
intake, resulting in a decrease in forage retention time
and a consequent reduction in cell wall digestion (Fig. 1;
reviewed by Tyrrell and Moe 1975; Van Soest et al.
1979; Van Soest 1994). Forage retention by ibex may be
less influenced by lactation simply because they exhibit-
ed a relatively small increase in intake with lactation (Ta-
ble 2) and they have a great ability to increase gut fill
over maintenance levels. Increased gut fill is a common,
but not universal, response to increased energy demands
or to a decrease in forage quality (Fell et al. 1972; Hart-
nell and Satter 1979; Hofmann 1982; Gross et al. 19835;
Baker and Hobbs 1987; Hammond and Wunder 1991).
Ibex may be unusual among wild ruminants in the extent
to which they can respond by increasing gut fill: maxi-
mum gut fill of ibex (> 4.0% of body mass, Fig. 3) was
greater than that reported for mule deer (Odocoileus
hemionus, 3.6%, Baker and Hobbs 1987), elk and moun-
tain sheep (Cervus elaphus canadensis and Ovis can-
adensis, 2.1%, Baker and Hobbs 1987), red deer (C. el-
aphus elaphus, 3.4%, Milne et al. 1978), or a variety of
African ruminants (maximnm of 3.4%, Gordon and I1lius
1994). Elk and mountain sheep were apparently unable
to increase gut fill in response to digestive limitations,
and digestible energy intake declined as forage quality
was reduced (Baker and Hobbs 1987).

We calculated that ibex fed our experimental diets
consumed adequate fiber to elicit high levels of rumina-
tion, yet forage nutrient density (sensu Montgomery and
Baumgardt 1965) was apparently sufficient in our exper-
iments to allow animals to regulate intake via physiolog-
ical rather than physical stimuli. If males can modify gut
fill to the same extent as females, only lactating females



were potentially limited by digestive volume (Ammann
et al. 1973). The poor relationship of gut fill to fiber
(NDF) intake (g kg~! day-!, »2 = 0.31) or DM intake
(Fig. 3) suggests that ibex had considerable flexibility
with respect to intake or passage (see also Demment and
Greenwood 1988). We were unable to use diets as poor
as those commonly consumed by free-ranging ibex (J.
Gross, P. Alkon, M. Demment, unpublished data), thus
the ultimate ability of male and female ibex to digest
very low quality forages remains unknown. Nubian ibex
have subsisted on wheat straw (Choshniak et al. 1984),
but they lost weight even after a 3-month habituation pe-
riod. A more demanding test would include a very high-
fiber diet containing a large fraction of digestible cell
wall. However, in a pretrial we found that lactating ibex
rejected their kids when fed a lower quality diet than the
grass hay used in our experiments.

Passage dynamics

The gamma model and summation technique produced
similar estimates of TT, rumen MRT, and total MRT, but
gamma model estimates were less subject to biases intro-
duced by sampling frequency, small errors at long sam-
pling times, and missing samples when an animal fails to
defecate between fecal collections. Thus, under the con-
ditions of our experiments, the gamma model was more
likely to produce biologically relevant estimates for rates
of passage.

Extant theory for the nutritional ecology of herbivores
has provided a valuable framework for identifying and
examining the potential constraints related to body size
(e.g. Parra 1978; Demment 1983; Demment and Van So-
est 1985; Penry and Jumars 1987; Illius and Gordon
1991; Fryxell 1991). However, models of digestion that
form the foundation of this theory have uniformly ig-
nored the ability of animals to compensate for digestive
constraints by increasing digestion rate as well as gut fill.
Our results clearly show that these behavioral adapta-
tions are of sufficient magnitude to alter conclusions
from previous modelling exercises, and they emphasize
the need for further study to quantify these relationships.
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