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Escape from predation is commonly recognized as a major force that guided
natural selection leading to the evolution of gregariousness (Williams 1966; Eibl-
Eibesfeldt 1970: Ewer 1968; Hamilton 1971; Alexander 1974; Estes 1974; Jarman
1974) since lone individuals and those on colony peripheries are more predator-
pronc than those within aggregations (Horn 1968; Tenaza 1971; Kruuk 1972;
Schaller 1972; Sinclair 1974; Estes 1976). However, a unitary explanation of
gregariousness is suspect (Pulliam 1973; Hoogland 1981) since gregariousness can
have other benefits, such as releasing time from predator search to foraging
(Caraco 1979a, 1979b; Caraco and Pulliam 1984). Although this does not strictly
increase the efficiency of foraging, it increases the proportion of the time budget
that can be devoted to foraging. In the present paper [ examine data suggesting
that gregariousness in grazing animals may increase foraging efficiency by modify-
ing vegetation structure to increase food vield per bite to the individual grazerin a
herd. That gregariousness also leads to the evolution of plants in response to the
grazing intensity experienced.

Large grazing mammals are among the most spectacularly gregarious animals
known, often forming large, dense herds. Among the diverse grazing mammals for
which herds are well known are many species of African ungulates (Estes 1974;
Jarman [974; Leuthold 1977; Delany and Happold 1979; Eltringham 1980); bison
{(Bison bison) in North America (Seton 1910; Roe 1951, Dary 1974); saiga (Saiga
tartarica) in Eurasia (Bannikov et al. 1961}); caribou (Rangifer taradus) in north-
ern latitudes (Bergerud 1974): and members of the Macropodidae in Australia
(Newsome 1971, 1975). The gregariousness of herding animals, and consequent
herd size and animal density, often varies throughout the year. The ungulate
studies suggest that the adjustment of densities to vegetation production by free-
ranging herbivores appears to be a general feature of animals that feed compara-
tively unselectively on plant foliage, i.e., grazers.

Herbivores have well-documented effects on plant establishment (Watt 1919;
Shaw 1968; Gashwiler 1970; Louda 1983); growth (NcNaughton 1976, 19795,
1983a; Morrow and LaMarche 1978); and reproductive success (Janzen 1969;
Chew and Chew 1970; Louda 1982, 1983). They also have substantial effects on
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plant form (McNaughton 1976, 1979a, 1983h). Herbivores as distinct as browsing
mammals (Vesey-Fitzgerald 1973a) and stem gall insects (Hartnett and Abra-
hamson 1979) feeding on trees and herbs, respectively, alter plant form dramat-
ically by activating lateral buds that produce a dense, bushy geometry. Browsing
by moas has been proposed as a selective factor leading to the evolution of a
divaricating shrub form in New Zealand (Greenwood and Atkinson 1977). Among
the most conspicuous effects of large mammalian grazers upon grasslands arc a
drastic reduction of canopy height and the activation of tillers that lcad to a
prostrate, dense canopy (Vesey-Fitzgerald 1973h; McNaughton 1976, 1979a,
1979h). hereafter referred to as a grazing lawn.

A wide variety of grazing animals in addition to large mammalian herbivores
feed as members of dense aggregations of individuals. A pattern of vegetation
exploitation that can be characterized as herding has been described for grazers as
diverse as freshwater (Hunter 1980) and marine (Lein 1980; Bertness et al. 1983)
snails; tortoises (Grubb 1971; Gibson and Hamilton 1983): marine turtles (Bjorn-
dahl 1980); geese (Prins et al. 1980; Cargill 1981); deer (Clutton-Brock et al. 1982);
bison and small mammals feeding on common grazing grounds (Coppock et al.
1983a, 1983h), many species of African ungulates ranging in size over several
orders of magnitude and with otherwise diverse behavioral systems (Vesey-
Fitzgerald 1960; Lamprey 1964; Bell 1969; Duncan 1975; Hoeck 1975; McNaugh-
ton 1976, 1979a, 1979h; Sinclair 1977; Jarman 1979; Tomlinson 1981; Murray
1982). It seems unlikely that foraging time would be released from predator
watching time in snails or that predation upon tortoises would have led to the
evolution of aggregating behavior. Although not necessarily explicitly mentioned
by the authors. these studies reveal that grazing amimals commonly adjust their
densities and vegetation utilization patterns in relation to the vegetation’s produc-
tivity potential, congregating and producing grazing lawns where that potential is
high and dispersing from areas where that potential is low. African ungulates in
areas of moderate to high rainfall concentrate on small areas during the wet season
and disperse into expanded ranges during the dry season. In low rainfall areas,
they commonly disperse over large areas during the wet season and congregate
around lake margins and in groundwater-irrigated grasslands with a high produc-
tivity potential during the dry season (Lamprey 1963). Those behavioral patterns
tend to produce grazing lawns during periods of high utilization and allow taller
meadows to develop during periods of grassland disuse (Vesey-Fitzgerald 1969,
1973bh, 1974; McNaughton 1976, 1979q).

The creation and maintenance of grazing lawns may be caused by both develop-
mental responses by the grasses in ecological time. and the genetic ability to
generate those developmental responses that is determined in evolutionary time.
Grasses can evolve rapidly in response to the prevailing defoliation regime
(Gregor and Sansome 1926; Stapledon 1928; Turesson 1929; Kemp 1937: Brad-
shaw 1960; Lodge 1962; Warwick and Briggs 1978b; McNaughton 19796; Detling
and Painter 1983). Natural selection in infrequently mown hay meadows that
reach a substantial height before harvest is for competitive ecotypes that are tall,
erect, and large leaved. Frequent, intensive grazing selects for prostrate, small-
leaved, dwarfed ecotypes that are short in stature. Since grazing rarely is spread
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uniformly in space or continuous in time, even in commercial pastures (Burt 1949;
Hunter 1964), both natural and commercial grasslands are often a mosaic of short,
heavily grazed areas and tall, lightly grazed patches. Although genetic differentia-
tion in pasture mosaics has rarely been studied (Kemp 1937; Detling and Painter
1983), plants in mosaics maintained for aesthetic and cultural reasons are a
corresponding mosaic of growth form and phenological genotypes (Warwick and
Briggs 1978a, 19785, 1979, 1980a, 1980bk. 1980c; Warwick 1980). There also, of
course, are often major differences in species composition and associated growth
forms in vegetation subject to different patterns of exploitation by herbivores
since there are limits to natural selection for ecotypes tolerant of competition or
grazing (Quinn and Miller 1967). Darwin (1872, p. 66) observed that "If turf which
has long been mown (and the case would be the same with turf closely browsed by
quadrapeds) be let to grow, the more vigorous plants gradually kill the less
vigorous, though fully grown plants; thus out of twenty species grown on a little
plot of mown turf (three feet by four feet), nine species perished, from the other
species being allowed to grow up freely.”” Similar changes in species composition
and growth form have been well documented in marine (Dayton 1975; Menge
1976; Osman 1977: Lubchenko 1978) and terrestrial grazing ecosystems
(McNaughton 1979g, 1983¢), suggesting that growth form selection is a general
consequence of grazing in diverse ecosystems.

Maintenance of grazing lawns increases the quality of food available to herbi-
vores, particularly through enhanced nitrogen content, in both aquatic (Hunter
1980; Hunter and Russell-Hunter 1983) and terrestrial habitats (McNaughton
19795 ; McNaughton et al. 1982; Coppock et al. 1983a; Detling and Painter 1983;
Ruess 1984; Ruess et al. 1983). Grazing also increases the digestibility of forages
(Olubajo et al. 1974; Misleavy et al. 1982) so that both nutrient content and
relative vield to herbivores are greater in grazing lawns.

Quantitative characterization of the effects of herbivory upon the structural
characteristics of vegetation (McNaughton 1976, 1979a, 1979b) indicates that
grazing lawns have a high plant biomass concentration (forage mass per unit
volume) because of plant growth responses that pack productive, nutritious, and
herbivore-sought tissues into a small volume near the seil surface (Stobbs 19734,
1973h). Similarly. browsing commonly produces a dense, highly branched canopy
surface analogous to a grazing lawn that has a high foliage density but which
protects the interior foliage from browsing by making it physically less accessible
to browsers (Vesey-Fitzgerald 1973a). The higher biomass concentration repre-
sents a potentially higher food vield to herbivores per mouthful eaten (Stobbs
19734, 1975; McNaughton 1976), but it also creates a spatial refuge that renders a
portion of the foliage unavailable (McNaughton 19795, 1983«, 19836). Such physi-
cal refuges from herbivory, generated by plant developmental responses to defoli-
ation, may be an important contributor to the dynamic stability of grazing ecosys-
tems. The stability of analytical grazing models is highly dependent upon such
invulnerable plant tissue classes (Noy-Meir 1975, 1978; Caughley 1976; May 1977
Walker et al. 1981). Those tissues represent an induced defense against herbivory
that produces an invulnerable class of productive foliage.

The cranial and skeletal properties of ungulates influence their abilities to
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cxploit vegetation of different geometries (Bell 1969, 1970). Furthermore, both the
digestive tracts (Hofmann 1968) and the behavioral repertoire (Jarman 1974} of
ungulates are related to their feeding patterns. Thus, the connections among
vegetation geometry and the morphologies, digestive properties, and behavioral
patterns of grazers suggest an evolutionary partitioning of vegetation based on its
geometry and the ability of different ungulates to obtain food efficiently from that
geometry. | examine the sward geometry of East African grasslands and the
extent to which that gecometry is induced by grazers in ecological and evolutionary
time. These studies, when combined with data on the foraging efficiencies of
domestic ungulates in swards of different geometries, suggest that individual
animals may gain substantial fitness, through increased foraging efficiency, by
being a member of a herd.

STUDY REGION ANID METHODS

The Serengeti region occupies 25,000 km? on a vast peneplain between 1135 m
and 1800 m in elevation that is tilted upward from Lake Victoria in the west to the
Gregory Rift branch of the Great Rift system in the east (McNaughton 1983¢). It
lies between 1°15" and 3°30° S at longitudes between 34° and 37° E. There is a mean
annual rainfall gradient between 350 mm in the rainshadow of the Crater High-
lands in the southeast and 1100 mm in the northwest where the Lake Victoria
convergence zone is influential (Norton-Griffiths et al. 1975). The nominal wet
scason is November to May, but it is shorter than that in the low rainfall areas and
longer than that in higher rainfall areas (McNaughton 1984). About 3 million head
of over 25 species of herbivorous ungulates occupy the area (Sinclair and Norton-
Griffiths 1979, 1982). Small mammals also are abundant in many areas (Senzota
1982). The woody vegetation ranges from comparatively rare closed canopy
woodland to the prevailing deciduous to semideciduous thorn tree savanna (Her-
locker 1974, 1976). Grasslands range from short grasslands of Sporobolus in the
southeast, through mid-height grasslands of Themeda triandra in most of the
savanna regions, to tall grasslands of Hyvparrhenia and Hyperthalia in the north-
west (McNaughton 1983¢).

The data reported here were collected between May 1974 and October 1978.
Complete vegetation descriptions (McNaughton 1983¢) and functional dynamics
(McNaughton 1984) are reported elsewhere. Plant biomass was measured by
canopy spectroflectance and interception as described previously (McNaughton
1976, 1979a). Canopy height was measured by allowing a 4.5 g styrofoam sheet 17
¥ 26 ¢cm to come to rest on the canopy (McNaughton 1976). Biomass concentra-
tion was standing crop divided by canopy height (McNaughton 1976).

Plant population samples (n = 3-5 per population, depending on survival) for
transplant garden studies were collected in the native sites and transplanted to
Seronera, a location in the center of the ecosystem with a mean annual rainfall of
837 mm. Plants were irrigated until established and grown under weed-free culti-
vation in a fenced garden. Those studies concentrated on three widespread plant
species, Cynodon dactvlion (L.) Pers., Harpachne schimperi A. Rich, and
Themeda triandra Forsk. The first two species are short grasses, the latter is a






