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WHAT CONSTRAINS DAILY INTAKE IN THOMSON’S GAZELLES?
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Abstract. We tested whether cropping or digestion by Thomson's gazelles (Gazella
thomsoni) constrains daily energy intake under sward conditions normally encountered
during the growing season. Distinguishing between these alternatives is important in un-
derstanding grass—grazer interactions and modeling grazer energetics. Grazing trials on
artificial swards showed that gazelles had a monotonically saturating functional response,
but that relationships between grazing rate and forage density changed with grass height.
Grazing rate was positively related to biomass on short swards, yet there was no significant
relationship for tall swards. Bite mass and bite rate also differed in their relationship to
biomass across sward heights, with the strongest rel ationships being found on short swards.
Bite rate and bite mass were inversely related, as predicted by current theory for dense
grass swards. Voluntary energy intake on a daily basis was a positive function of the
digestible energy content of forage, but a negative function of sward biomass. Therefore,
our results indicate that daily energy intake is constrained by digestive processes on swards
with biomass >25 g/m?, whereas intake is constrained by cropping processes at lower sward
biomass. Our data additionally suggest that variation in bite rate and bite mass with sward
height could permit a small ruminant to select high-quality grass, thereby achieving high
energy gain on immature swards.

Key words: bite mass; bite rate; constraints, daily energy intake; digestibility; energetics; func-
tional response; forage quality; Gazella thomsoni; grazer; Serengeti National Park, Tanzania; Thom-
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INTRODUCTION

Grazing herbivores are confronted at every spatial
and temporal scale with variation in forage quality and
abundance (Banyikwa 1976, Senft et al. 1987, Mc-
Naughton 1988, O’ Conner 1994, Tilman 1994). They
must simultaneously satisfy demands for essential min-
erals, water, energy, and protein (Westoby 1978, Be-
lovsky 1986a, Bazely 1989) from a nutritionally poor
and variable food source. To track this variation, many
large herbivores move continuously across landscapes,
in both small-scale nomadic shifts and large-scal e sea-
sonal migrations (Hebert 1973, Maddock 1979, Fryxell
et al. 1988, Fryxell and Sinclair 1988a, b, Albon and
Langvatn 1992, Fryxell 1995, Murray 1995). One ap-
proach to understanding how herbivores distribute
themselves relative to resources in heterogeneous en-
vironments has been to identify behavioral, morpho-
logical, and physiological characteristics that constrain
food intake (Belovsky 1978, 1986b, Illius and Gordon
1991, Spalinger and Hobbs 1992).

Ruminant grazers are constrained either by the rate
at which food can be cropped or by the rate at which
food can be processed. On short, homogeneous swards,
the quantity of grass cropped in each bite (bite mass)
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is small (Black and Kenney 1984). As sward height
increases, the bite mass also increases (Black and Ken-
ney 1984, Laca et al. 1992a, Gross et al. 1993). Even-
tually, a point is reached at which the quantity of grass
that could be cropped in a single bite exceeds mouth
dimensions (Illius and Gordon 1987). At this point, the
grazing rate (mass of grass cropped per unit time) is
constrained by the rate at which grass can be chewed
and swallowed (Spalinger and Hobbs 1992). For most
grazing herbivores, this process results in a deceler-
ating (Type I1) functional response (Gross et al. 1993).

Theincubator-type digestive system of ruminants ne-
cessitates long periods of retention of ingested material
to permit fermentation of fibrous plant cell walls
(VanSoest 1982). Retention is facilitated by a constric-
tion at the base of the rumen—reticulum through which
only small particles can pass (Hungate 1966). Hence,
highly fibrous forage, resistant to particle breakdown,
takes a prolonged period to digest, which itself can
constrain the long-term rate of food processing due to
limited gut capacity. For ruminants, this means that
voluntary daily intake should be higher on highly di-
gestible, low-fiber grass than on poorly digestible, fi-
brous grass (Ammann et al. 1973, Mould and Robbins
1982, Illius and Gordon 1991). Because forage quality
is inversely related to abundance, due to the matura-
tional accumulation of fiber in grass tissue (Waite
1963), voluntary daily intake should be a negative
function of sward biomass.
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The relative importance of forage quality and abun-
dance for nutrient intake by ruminant herbivores is
poorly understood (Hanley 1997). Nevertheless, this
relationship must be resolved if we are to understand
herbivore distribution and abundance in resource-lim-
ited environments. Recently, Bradbury et al. (1996)
compared grazing rates of free-ranging Thomson’s ga-
zelles (Gazella thomsoni) in southwestern Kenya rel-
ative to grass availability, using the foraging model of
Spalinger and Hobbs (1992). In general, the Spalinger
and Hobbs model predicts that as forage density in
patches increases, the cropping rate by grazers should
shift from being constrained by searching for grass to
being constrained by chewing and swallowing mouth-
fulsof grass. In the study areaof Bradbury et al. (1996),
short swards consisted of widely spaced clumps of
grass, whereas tall swards tended to have a more ho-
mogeneous spatial distribution. Consequently, the for-
aging behavior and grazing rate of Thomson's gazelles
differed between tall and short swards. This suggests
that gazelle distributions could be related to forage
abundance in patchy environments.

Serengeti National Park in northern Tanzania lies
south of the study area of Bradbury et al.(1996) and
is the principal wet-season range of the migratory
Thomson's gazelles that they studied. The grazing con-
ditionsin Serengeti differ from thosein southern Kenya
in that grass swards tend to be more spatially homo-
geneous, irrespective of height. As part of alarger study
of the spatial dynamics of Serengeti herbivores, we
conducted detailed foraging trials with captive Thom-
son's gazelles under grazing conditions typical of Ser-
engeti grasslands. This provided the opportunity to test
rigorously the cropping measures of Bradbury et al.
(1996) as well asto develop agrazing model for Thom-
son’s gazelles that synthesizes the effects of both forage
quality and forage availability. Our objectives were (1)
to measure the components of grazing and digestion in
Thomson's gazelles, and (2) to determine whether di-
gestion or cropping constraints limit daily rates of en-
ergy intake under conditions prevailing on the African
savanna.

METHODS
The model

As grass matures, its digestibility for herbivores de-
clines (VanSoest 1982). Coincident with maturational
declines in grass quality, the sward increases in bio-
mass, leading to a fundamental trade-off for grazers:
low-biomass swards are highly digestible and high-
biomass swards are poorly digestible. There are several
possible methods for modeling this trade-off. The first
is to incorporate grass digestibility as a function of
grass biomass in the herbivore functional response.
This can be achieved by converting handling time from
a constant to a positive function of forage biomass in
the disc equation, to simulate slow passage of fibrous
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forage (Fryxell 1995). A second approach is to model
intake and gut fill as independent functions of matur-
ational variation in grass digestibility (Fryxell 1991).
This is based on the idea that, although cropping is
suspended in favor of rumination once gut capacity is
reached, gut capacity is unlikely to limit cropping be-
fore this threshold is reached. Hence, the two con-
straints operate independently. Both approaches yield
hump-shaped daily energy gain curvesrelative to grass
biomass, but the former method tends to overestimate
daily energy gain by not explicitly considering limits
on gut capacity. Hence, we used the dual-constraint
model in order to distinguish between the functioning
of two separate processes:. the active cropping of bites,
regulated in part by the muzzle morphology of the her-
bivore (Gordon and lIllius 1988, Janis and Ehrardt
1988), and the amount of material that can be processed
in the digestive system, which is regulated by the vol-
ume of the rumen—reticulum (VanSoest 1982).

The model, adapted from Fryxell (1991), contrasts
daily intake of digestible energy constrained by both
forage availability (cropping constraint) and physical
capacity of the ruminant digestive system (digestion
constraint) relative to a gradient of swards varying in
grass biomass. We defined the cropping constraint (C,
in megajoules of digestible energy intake per day) as
the product of the instantaneous intake of grass (in
grams of dry matter per minute), the digestible energy
content (Q, in meggjoules per gram of dry matter) of
grass, and daily foraging time (t,..,, in minutes per day),
all as a function of grass biomass (V, in grams per
square meter):

RV
T M

cV)=Q

We use the Michaelis-Menten (Michaelis and Menten
1913) form of the instantaneous intake function, where
R IS the maximum rate of forage consumption (in
grams per minute) and b is the grass biomass (in grams
per square meter) at which intake is half maximum.
Although this is not a mechanistically explicit repro-
duction of the herbivore functional response, such as
Spalinger and Hobbs's (1992) formulation, it allows us
to link our independent variable, grass biomass, to
grass quality. Nevertheless, the Spalinger and Hobbs
equation is mathematically equivalent to the Michaelis-
Menten form in dense (food-concentrated) patches
when competition between cropping and chewing lim-
itsintake rates, indicating that our model is comparable
to their approach.

We defined the digestion constraint (D, in mega-
joules of digestible energy intake per day) as the prod-
uct of the maximum daily food consumption (grams of
dry matter per day) under ad libitum conditions and Q,
both as functions of V:

D(V) = Q(c + dV). (2

Studies of domestic and wild ruminants have found that
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daily voluntary intake is positively related to forage
digestibility (Ammann et al. 1973, Mould and Robbins
1982, Illiusand Gordon 1991, Meissner and Paul smeier
1995). Although the shape of the positive relationship
between daily voluntary intake and food digestibility
can vary (Meissner and Paulsmeier 1995), we model
it here as a linear function, with ¢ being the intercept
(in grams per day) and d being the slope (in square
meters per day).

The model is solved graphically. Both constraints
are plotted on the same axes (daily digestible energy
intake vs. sward biomass) and the realized daily di-
gestible energy intake tracks the minimum of the two
lines (Fryxell 1991). Under most conditions of grass
digestibility, maximum daily digestible energy intake
will coincide with the intersection of the constraints
(Fryxell 1991, Wilmshurst 1998), the point that also
identifies optimal sward biomass.

Study area and animals

We conducted intake trials using captive Thomson's
gazelles (see Plate 1) at the Tanzania Wildlife Corpo-
ration animal holding facility at Oldonyo Sambu, 40
km north of Arusha, Tanzania (3° 9.7’ S, 36° 38.9' E).
Two subadult Thomson's gazelles (one male, one fe-
male) being held temporarily as evidence in an illegal
exportation trial were made availablefor our study. The
animals were housed in atree-shaded, 1000-m? pen that
was devoid of low-level vegetation. They were fed dai-
ly with acombination of fresh-cut grass (predominantly
Cynodon dactylon) and alfalfa (Medicago sp.) obtained
locally.

Functional response

A functional response isthe relationship between the
instantaneous rate of intake by a consumer and some
measure of food abundance (Solomon 1949). A re-
cently developed method for measuring the functional
response of grazing herbivores is to measure the mass
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PLaTE 1. Thomson's gazelles (Gazella
thomsoni) in Serengeti National Park, Tanzania.

of forage removed in brief trialsfrom swards assembled
on perforated boards by a single grazer (Black and
Kenney 1984, Laca et al. 1992b, Gross et al. 1993).
We adapted this methodology to the conditions avail-
able at our holding facility.

We perforated a single sheet of 0.25-m? particle
board with 1 cm diameter holes evenly spaced at 5-cm
intervals. Bundles of grass (Cynodon dactylon) of
known mass were inserted into each hole and held in
place with tapered wooden pegs, hammered in from
beneath. Following the terminology of Gross et al.
(1993), these boards constituted food-concentrated
patches, as the grass formed a continuous mat on the
board. Once such patches are encountered by a forager,
grazing rates should be constrained by handling rather
than by searching for the next bite, i.e. process 3 for-
aging, sensu Spalinger and Hobbs (1992).

Trials were conducted at five grass densities (1-5
tillers per hole) and at two sward heights (5 cm and
15 cm). In5-cmtrials, only leaf and sheath tissues were
exposed to grazing above the board, whereas in 15-cm
trails, leaf, sheath, and stem were exposed to grazing,
with the stem protruding 5 cm above the board to sup-
port the leaf tissue. Two boards were placed in the
shade at the center of the animals’ holding pen next to
their feed bin, which was covered for the duration of
the trial. An observer, positioned 30 m away on an
elevated platform, observed foraging on the board with
binoculars and recorded each bite, as observed, into a
tape recorder. Data were later transcribed using a stop-
watch to measure biting intervals and duration. The
trial was terminated after a minimum of 20 bites were
taken from each patch or the animals stopped foraging.
Data were not used if more than one animal grazed
from a single patch in atrial, or if two animals grazed
simultaneously on adjacent patches. Failed trials, in
which no foraging occurred, were used to calibrate for
mass loss due to tiller desiccation during trials (water
concentration was a constant 71% of grass wet mass,
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F,.,;, = 560.7, P < 0.001, r2 = 0.98). At the end of
each trial, the board was recovered and the height and
mass of the forage remaining above the board were
measured. In total, we observed 24 trials at 5 cm and
18 trials at 15 cm tiller height.

Voluntary intake

By manipulating the proportion of grass vs. afalfa
provided to the animals in their holding pen, we were
able to vary dietary quality and measure variation in
voluntary intake as a function of diet quality. We pre-
pared five rations that varied in their quantity of highly
nutritious alfalfa. This changed the proportion of di-
etary acid detergent fiber (ADF) and, hence, digest-
ibility (VanSoest 1982). Each ration was provided in
random order to the animals ad libitum for two con-
secutive weeks. Because the animals could not be iso-
lated from each other and ate from the same feeder, we
were unable to measure selection differences between
individuals. Therefore, we provided sufficient food for
two individuals. Fresh and previously weighed rations
were provided each morning, with refusals from the
previous day also collected and weighed. Separate
weighed samples, placed under similar shade condi-
tions but inaccessible to the animals, were used to cal-
ibrate daily mass loss of rations due to desiccation
(water concentration was a constant 73% of grass wet
mass, Fy5, = 2216.2, P < 0.001, r2 = 0.99). Periodic
grab samples were taken and preserved for subsequent
quality analysis at the University of Guelph.

Digestibility

We measured grass digestibility relative to abun-
dance using fecal collections taken from free-ranging
Thomson’s gazelles in Serengeti National Park, Tan-
zania in 1996. Individual gazelles were located and
observed for one grazing/rumination cycle, and fresh
droppings were collected simultaneously with the col-
lection of a single grass sample. This is potentially
problematic, because the feces were composed of grass
ingested up to 72 h prior to sampling and may relate
poorly to asingle grab sample of grass. To address this
problem, we only collected feces from territorial males
who move little from day to day (Walther 1968). Sam-
plesfrom 21 individualswere collected on swardsrang-
ing widely in maturity. The samples were air-dried and
returned to the lab at the University of Guelph for
analysis.

Following the methods of Penning and Johnson
(19834, b) and Nelson et al. (1990), we measured the
concentration of indigestible acid detergent fiber
(IADF) in each fecal and grass sample. IADF acts as
anatural indigestible marker and permits the estimation
of dry matter digestibility (Nelson et al. 1990). Samples
(0.5 g) of feces and grass, ground to pass a 1-mm
screen, were measured into individual 80-mL culture
tubes. Each was digested in vitro (Tilley and Terry
1963) in a 38°C water bath using rumen inocula from
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a hay-fed steer. Following 24-h incubation in rumen
fluid and 24-h digestion in pepsin, the samples were
neutralized with NaCO; and were reinoculated with
rumen fluid for a further 96-h incubation. At the end
of this period, tube contents were transferred to 500-
mL beakers, combined with 50 mL of acid detergent
fiber (ADF) solution (Goering and VanSoest 1970),
boiled for 1 h on a condensing rack, and rinsed through
Whatman 54 filter paper (Whatman, Inc., Clifton, New
Jersey, USA) with boiling distilled water. Sampleswere
oven-dried overnight and the IADF content was cal-
culated by difference. Percentage dry matter digest-
ibility was calculated as 100 [1 — (grass IADF/fecal
IADF)]. Digestible energy (DE) content was cal culated
by multiplying digestible dry matter by 17.1 J/g of
energy in grass (NRC 1958:520-534).

Digestibility in these sampleswas related to the ADF
content of the grass samples by linear regression. Per-
centage of ADF in grass relative to sward biomass was
estimated from 2-m? exclosures erected over patches
mowed at the beginning of the 1996 growing season
on the Serengeti plain. Quadrat samples (0.25 m?) of
known height were collected monthly and sorted into
leaf, sheath, stem, and dead components. They were
then dried, ground through a 1-mm screen, and returned
to the University of Guelph for analysis. A leaf sample
(0.35 g) was measured into individual culture tubes
with 35-mL of ADF solution (Goering and VanSoest
1970), boiled for 1 hin awater bath, and rinsed through
Whatman 54 filter paper. The samples were reweighed
after drying overnight at 100°C to measure the quantity
of ADF remaining after treatment. The digestibility of
a grass sample of known biomass was calculated as a
function of its ADF content. We collected 105 samples,
covering awide range of patch biomasses, for analysis.

Statistical analyses were performed with SYSTAT
software (Wilkinson 1990). We report means = 1 sb
and grass densities on a dry matter basis.

REsULTS

The results of our functional response trials revealed
that intake increased initially with grass biomass and
then reached an apparent asymptote (Fig. 1). The
pooled results confirm what has been observed for vir-
tually every other grazing herbivore tested on dense
patches: a Type Il functional response. For Thomson's
gazelles, we calculated a maximum consumption pa-
rameter (R,,) of 6.42 g/min and a half-saturation con-
stant (b) of 16.57 g/m? (r2 = 0.36). Our estimate of
R is higher than the value of 5.738 g/min predicted
from the allometric prediction of Shipley et al. (1994)
for a 20-kg Thomson's gazelle. In addition, mixed-
effects ANOVA showed that both the biomass of pre-
pared sward on the board and the sward height influ-
enced grazing rate (biomass, F, 3 = 25.1, P = 0.003;
height, F, 3 = 6.35, P = 0.016). This suggests that
there are two separate, yet interacting, processes that
influence grazing by Thomson’'s gazelles.
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Fic. 1. Dry-matter grazing rate by Thomson's gazelles

relative to biomass of hand-assembled grass swards.

To illuminate these effects, we partitioned our intake
data according to sward height. Grazing rate increased
with grass abundance on short swards (F,,, = 11.76,
P = 0.002, rz = 0.35; Fig. 2), but we found no sig-
nificant relationship between grazing rate and biomass
on tall swards (F,,, = 0.07, P > 0.5; Fig. 2). Parti-
tioning these relationships by separating grazing rate
into its components (bite mass and bite rate) further
clarified the patterns. Bite mass on short swards in-
creased linearly with increasing biomass (F, », = 44.23,
P < 0.001, r2 = 0.67; Fig. 3), whereas bite mass did
not vary significantly with biomass on tall swards (F ;6
= 1.96, P = 0.18; Fig. 3). Bradbury et al. (1996) sug-
gested that bite mass should change nonlinearly with
forage density (bite mass = g[forage density]? where
g and a are constants), and that a should fall between
0.15 and 0.5. Nonlinear parameter estimation for this
function using our bite mass data at both heights yield-
ed g = 0.017 and a = 0.46, providing a good fit to our
observed pattern at both tiller heights (r?2 = 0.59) and
to the prediction of Bradbury et al. (1996) (Fig. 3).

Bite rate on short swards decreased with increasing
biomass (F,,, = 10.8, P = 0.003, r2 = 0.33; Fig. 4),
whereas the relationship was much weaker on tall
swards (F,; = 4.09, P = 0.06; Fig. 4). We tested both
bite rate and bite mass relationships with biomass
across heights for homogeneity of variance using anal-
ysis of covariance. We found significant heterogeneity
(height X biomass interaction with respect to bite mass
F,3 = 5.812, P = 0.02; with respect to bite rate F, 3
= 12.35, P = 0.001), indicating different relationships
of bite mass and bite rate to sward biomass at each
height tested. Bradbury et al. (1996) predicted that bite
rate should be a hyperbolic function of forage protein
density:
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Fic. 2. Dry-matter grazing rate by Thomson's gazelles,
differentiated by tiller height presented in foraging trials (@,
5-cmtillers; A, 15-cmtillers). On 5-cm swards, intake = 2.3
+ 0.05(biomass). Thereis no significant relationship between
intake and biomass on 15-cm swards.

bite rate = 57375 (3)
g(protein density)2 + 0.0738°

In their study area, forage protein density was a pos-
itive, accelerating function of forage biomass density
(protein = 0.065[biomass]*'*; J. W. Bradbury, personal
communication). Relative to forage biomass, their es-
timate of g becomes 0.043 and their estimate of a be-
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Fic. 3. Bitemassin relation to sward biomass on assem-
bled swards at two heights (@, 5-cm swards; A, 15-cm
swards). On 5-cm swards, bite mass = 0.023 + 0.001(bio-
mass). There is no significant relationship between bite mass
and biomass on 15-cm swards. The dotted line is a function
describing bite mass at both heights; bite mass = 0.017(bio-
mass) 456,
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FiG. 4. Biterate in relation to sward biomass on assem-
bled swards at two heights (@, 5-cm swards;, A, 15-cm
swards). On 5-cm swards, biterate = 1.14 — 0.005(biomass).
On 15-cm swards, bite rate = 68.5 — 0.271(biomass). The
dotted line isthe bite rate estimated from the hyperbolic form
of bite rate by nonlinear regression (bite rate = 6.42/
(0.002[biomass]°#2 + 0.013) from Bradbury et al. (1996).

comes 0.243. Nonlinear regression of bite rate vs. for-
age biomass from our data yielded an estimate of g =
0.002 and an estimate of a = 0.832 (r?2 = 0.51; Fig.
4). Bradbury et al. (1996) calculated a maximum bite
rate on dense swards (77.8 bites/min) that is compa-
rable to our observed maximum (76.1 bites/min).

Spalinger and Hobbs (1992) suggested that bite rate
and bite mass should be inversely related in dense
swards. We found this to be generally true across grass
heights (F, 4 = 32.5, P < 0.001), but the relationship
became weaker when we considered sward heights sep-
arately (short swards: F,,, = 3.86, P = 0.06; tall
swards: F 4 = 4.62, P = 0.05; Fig. 5).

Voluntary intake trials with the gazelles showed a
positive relationship between the digestible energy
content of the forage and ad libitum rates of energy
consumption (consumption = —6.4 + 2.6-content; F, 4,
= 419, P < 0.001, r2 = 0.39). This indicates that
forage digestibility constrains voluntary intake rates,
as predicted on the basis of digestive kinetics (Illius
and Gordon 1991).

Behavioral observations of free-ranging Thomson’s
gazelles suggest that they strongly select for grass | eaf
and sheath, which are the most digestible fractions of
a tiller (Bradbury et al. 1996). To confirm these ob-
servations experimentally, we compared the height of
the remaining stubble in board trials at the two sward
heights (5-cm trials: mean stubble height 1.33 = 0.35
cm; 15-cm trials: mean stubble height 5.5 = 1.05 cm;
t,e = 17.8, P < 0.001). Comparison of mean stubble
height in the tall swards vs. the height of stem (5 cm)
also showed a significant difference (t,, = 2.4, P =

Bite mass (g/bite)

FiGc. 5. Bite rate as a function of bite mass on assembled
swards at two heights (@, 5-cm swards; A, 15-cm swards).
On 5-cm swards, bite rate = 65.7 — 114.7(bite mass). On
15-cm swards, bite rate = 50.4 — 91.8(bite mass).

0.03), showing that Thomson's gazelles cropped tillers
slightly above the point of stem attachment. This pre-
sumably reduces consumption of small amounts of fi-
brous stem tissue. Given that Thomson's gazelles sel ect
for the leaf component, we considered only leaf and
sheath fractions in both our calculations of energy and
fiber content. Percentage digestibility measured from
feces collected from free-ranging gazelles was a neg-
ative linear function of leaf-sheath biomass of the
sward (F,,4 = 6.31, P = 0.021, r2 = 0.25; Fig. 6).
We calculated daily energy intake constrained by
grazing and digestion processes (Fig. 7). To be con-

100 T T T

Digestibility (%)

20 | 1 [l
0 25 50 75

Biomass (g/m?2)

100

Fic. 6. Digestibility of leaf and sheath tissue for Thom-
son’s gazelles as a function of the biomass of leaf and sheath
in the sward; percentage digestibility = 65.5 — 0.29(bio-
mass).
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FiG. 7. Grazing and digestion constraints as generated by
the forage maturation model. Maximum energy intake occurs
at the junction of the two constraints at a sward biomass of
25 g/m2.

sistent with our findings from the functional response
trials, werestricted our analysesto variation in biomass
associated with short swards. We found that daily en-
ergy intake is constrained by grazing rate on swards
with biomass <25 g/m?, but is constrained by digestion
on swards with biomass >25 g/m?. Peak energy intake
is predicted to be 20 MJ/d for an individual Thomson's
gazelle. This compares to an estimated range of 8 to
12 MJ/d average realized metabolic requirements for
a20-kg artiodactyl (Konoplev et al. 1978, Peters 1983).

DiscussioN

In their natural range, Thomson's gazelles tend to
aggregate on shortgrass plains during the growing sea-
son (Walther 1973, Maddock 1979, Borner et al. 1987,
Bradbury et al. 1996). Although explanations such as
predator avoidance (FitzGibbon and Lazarus 1995) or
demands for mineral nutrients (Murray 1995) have
been posed to explain avoidance of tall grasslandswith-
in their movement radius, our experimental work sug-
gests a more direct, energetic explanation. Thomson's
gazelles can maximize daily energy intake by foraging
on swards of low-to-intermediate biomass, where graz-
ing rates are not inhibited by either very short or very
tall tillers, and where the forage digestibility remains
acceptably high. Although other factors may certainly
contribute to the distribution of Thomson’'s gazelles in
the wild, we suggest that energy maximization offers
the simplest explanation for their preference for short
vs. tall grasslands.

Functional responses for grazing herbivores have
been measured for a variety of taxa (Allden and Whit-
taker 1970, Short 1985, Lundberg 1988, Spalinger et
al. 1988, Lundberg and Danell 1990, Gross et al. 1993,
Wilmshurst et al. 1995), with the consistent finding of
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positive, decelerating (Type 1) relationships between
forage abundance and grazing rate. This was our result
for Thomson’'s gazelles, based on data pooled over two
sward heights. However, subtle differences in con-
sumption patterns between short vs. tall swards demand
further explanation.

We found that grazing rates by Thomson’s gazelles
can vary as a function of biomass at a given height, a
property also reported by Bradbury et al. (1996) for
Thomson'’s gazelles, but this is not necessarily true for
all grass heights. A sharp increase in bite mass with
increasing biomass on short swards results in an in-
creased intake rate under the same conditions. On tall
swards, however, both bite mass and bite rate show
little or no variation with biomass, resulting in no vari-
ation in grazing rate over a broad range of biomass.
Because this effect is a function of variation in both
bite rate and bite mass, it supports the assertion by
Laca et al. (1992a) that both sward height and sward
density interact to influence intake, even on homoge-
neous swards. The consistent underestimation of bite
rate illustrated that these parameters appeared to vary
with sward height, independently of bite mass. Thisis
an important consideration for grazing herbivores,
whose food resource often forms a dense grazing lawn
under sustained herbivory (McNaughton 1984), yield-
ing a superficial impression of homogeneity. Minor un-
derlying variation in biomass can result in large vari-
ation in intake rates, which could contribute to hetero-
geneous spatial distributions of herbivores exploiting
open, continuous grasslands.

A second noteworthy feature of our experimental
results relates to the three processes of grazing by ter-
restrial herbivores identified by Spalinger and Hobbs
(1992). Our functional response trials were designed
to mimic food-concentrated patches (process 3 forag-
ing) in which competition between cropping and chew-
ing bites limits intake (Spalinger and Hobbs 1992,
Bradbury et al. 1996). Pooled data for both sward
heights showed ainverse relationship between biterate
and bite mass, as predicted by Spalinger and Hobbs'
model, and as has been shown for similar data collected
over a range of heights and densities (Black and Ken-
ney 1984, Spalinger et al. 1988). This pattern was far
weaker when the data were subdivided into the two
trial heights. Despite significant relationships for both
bite rate and bite mass relative to sward biomass on
short swards, bite rate was relatively constant over a
range of bite masses. On tall swards, where the rela-
tionships between bite rate and bite mass relative to
biomass were weak, there was a significant but weak
trend for declining bite rate relative to bite mass. This
suggests that in process 3 foraging, biteratesare amore
or less constant feature at a particular sward height,
with strong variation in bite mass related to sward den-
sity. Saturating intake rates may stem not only from
competition between bite mass and bite rate per se, but



October 1999

also from plant part selection (resulting in lowered bite
rates) on tall swards.

The relationship that we found between bite mass
and sward height is consistent with the findings of
Bradbury et al. (1996) on the dry-season range of mi-
gratory Thomson’'s gazelles. They found quantitative
shifts in the grazing behavior of gazelles between
searching for bites (process 1 and 2 foraging) on short,
sparse swards vs. a trade-off between bite mass and
bite rate (process 3 foraging) on tall, homogeneous
swards. The behavioral shift was predictable using mul-
tivariate analysis of measures of grass greenness and
height (Bradbury et al. 1996). From 5 to 15 cm high
swards, Thomson's gazelles shifted from an 83% prob-
ability of process 1 or 2 foraging to only 14%, whereas
the probability of process 3 foraging increased from
3% to 33% over the same range of sward heights (J.
Bradbury, personal communication). We could not de-
tect behavioral shifts among the three foraging pro-
cesses proposed by Spalinger and Hobbs (1992) that
corresponded to sward height, but found evidence for
process 3 foraging at both heights. Given that variation
in sward height itself was not sufficient to produce a
foraging behavior shift in Thomson’s gazelles, grass
greenness or plant part selection may be responsible.
Greater than 50% of short-sward biomass measured by
Bradbury et al. (1996) was brown-leaf tissue of poor
nutritional value. Such a mix of dead and live tissue
creates a mosaic of palatable patches for which search
time between bites would be considerable, resulting in
process 1 or 2 foraging behavior. This contrasts with
the wet-season condition on the Serengeti shortgrass
plains where, in patches that have recently received
rain, swards are short, concentrated, and almost entirely
green tissue. Our finding of process 3 foraging on short
grass therefore appears to be related to the lack of plant
part selection on these swards. During the wet season
in Bradbury et al.’s (1996) study area, dead grass de-
clined to ~13% of sward biomass, creating food-con-
centrated patches and leading to process 3 foraging, as
we found in our foraging trails. Our result adds strength
to the finding of Bradbury et al. that switching among
foraging processes is dominated by both grass height
and, perhaps more significantly, the fraction of green
tissue in the sward, both of which may influence bite
mass.

Maximization of energy gain on grass swards of in-
termediate biomassis afeature of herbivory not limited
to Thomson's gazelles (Wilmshurst 1998), and may
have wider implications for understanding grass—her-
bivore dynamics (Fryxell 1991, Wilmshurst et al.
1995). To maximize daily energy intake, grazing her-
bivores should avoid very short or tall patches in their
movement radius, but should deplete patches of inter-
mediate biomass. This suggests that bimodal frequency
distributions of grass biomass should develop where
grazersare foraging optimally, apattern for which there
is some empirical evidence (Gibb and Ridout 1986,
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1988, Gibb 1991, WallisDeVries and Daleboudt 1994).
Across larger landscapes, in which many species are
exploiting the grass resources, scarcity of patches of
intermediate grass biomass could lead to habitat seg-
regation as small grazers shift to more digestible short
patches and larger grazers, more tolerant of fibrous
forage (Illius and Gordon 1987), shift to tall patches.
From the perspective of the grass, herbivore prefer-
ences for intermediate-biomass swards also offers op-
portunities to escape intense exploitation by either
adopting a very short or dispersed growth form or,
alternatively, achieving very rapid maturation, thereby
defending against herbivory through low nutritive
quality (Astrom et al. 1990, Lundberg and Astrom
1990).

Although limits to grazing rate may restrict energy
intake on short swards, our model of constraints on
daily energy intake suggested that, on swards of grass
biomass >25 g/m?, digestion constrains intake for
Thomson’s gazelles. Only on the sparsest swards was
daily energy gain constrained by forage availability.
This supports previous assertions that small ruminants
should be sensitive to forage quality (Illius and Gordon
1991, Gordon and Illius 1994, Hanley 1997). Measures
of instantaneous intake only tell us how quickly an
individual will reach its daily dry matter intake limit,
not what this limit will be. This is a subtle, but nev-
ertheless important, feature of forage use by ruminants.
It tells us that the instantaneous functional response is
a rather poor index of daily energy gain, except when
animals are grazing the sparsest of grass swards. As a
consequence, we should expect to find Thomson's ga-
zelles selecting patches with low-to-intermediate for-
age densities, rather than swards with high biomass.
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