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Abstract

In evolutionary time frames, grazing by domesticated livestock on the short grass plains of

East Africa is a new occurrence resulting in increased animal densities year around and

modification to annual timing of grazing. We addressed the following questions: (1) do plant

species diversity and vegetation structural differences exist between an area that is grazed only

during the wet season and an adjacent area that is grazed year around; and, (2) does plant

species diversity and structure correlate temporally with density of grazers? A spatially explicit

ecosystem model was used to determine grazer densities. The two areas were similar with

respect to grazer density during the wet season but not in the dry season. Dry season grazer

densities were solely due to the presence of domesticated livestock. No significant differences

in plant species diversity (H’), evenness, or richness were found between the two areas.
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However, the relative abundance of forbs, shrubs, percent cover of shrubs and bare ground

was positively correlated with grazer densities during the dry season.

r 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The Serengeti ecosystem is functionally defined by the seasonal migration of over
1.5 million wildebeest, gazelle, and zebra (Campbell and Borner, 1995; Pennycuick,
1975) and spans political boundaries and administrative units with a variety of
different land-use designations (Fig. 1). Despite different management strategies and
land-use practices among the units, a common mandate for conservation of
biodiversity is shared. The Serengeti National Park (SNP) is the most well known
component of this region. Inside the park, human habitation is restricted to national
park personnel, and grazing by domesticated livestock is not allowed. Adjacent to
the SNP is Ngorongoro Conservation Area (NCA), which has a ‘multi-use’
designation that targets the conservation of both cultural and natural world
treasures. The indigenous pastoralists, the Maasai, live within the NCA boundary
and their livelihood and culture depends on maintenance of cattle herds. Because
human populations in the NCA are increasing at 3% yr�1(Parkipuny, 1997), the
multi-use designation in NCA has come under attack by conservationists who are
concerned that the mandate for the preservation of biodiversity is not being
achieved.

Grazers alter landscape heterogeneity (Belsky, 1992; McNaughton, 1985), rates of
nutrient cycling (Frank et al., 1998; Ritchie and Tilman, 1995), vegetation
composition, and productivity (Dahlberg, 2000; Eccard et al., 2000; Shackleton,
2000). Land-use change, such as modifications in natural grazing regimes, often lead
to changes in biodiversity (Chapin III et al., 1997; Mooney et al., 1996; Vitousek et
al., 1997) and vegetation structure (Eckert and Spencer, 1987; Noy-Meir, 1979, 1993;
Walker and Noy-Meir, 1982). In the Serengeti Ecosystem, grazing has been shown to
be a very important evolutionary force shaping the biodiversity of vegetation and
vegetation structure (McNaughton, 1979, 1983a, 1984, 1988).

The short-grass plains, which spans both the SNP and NCA, is small in area but
important to wet season grazing and calving for migratory wildebeest (Connochaetes

taurinus). The migration’s arrival in the plains is timed with the wet season rains
(January–May) and precludes Maasai cattle from utilizing the short-grass plains due
to a fatal disease, bovine malignant catarrhal fever (MCF), which is carried by, but
does not affect, wildebeest. Therefore, during the wet season, the plains are grazed
exclusively by the wildebeest. At the end of the wet season, the migration travels
north and the dormant grasses of the short-grass plains within the SNP are
essentially untouched until the wildebeest return the next year. Once the wildebeest
leave the short-grass plains, Maasai livestock graze the portion of the plains within
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the NCA boundary, altering historical animal densities spatially and temporally
(Machange, 1997).

Historical and linguistic analysis estimate the 17th century as the emergence of the
Maasai as a distinct group in central and southern Kenya and they are speculated to
have entered the Northern Tanzania sometime after that (McCabe, 2003). Analysis
of the Olduvai fossil fauna shows considerable overlap with modern animals, so
overall, the climate of the ecosystem is thought to have fluctuated inside fairly
narrow limits and has been a grassland–woodland mosaic since Bed I times ca 1.7
Ma, with periodic moist and dry phases (Gentry, 1978; Plummer and Bishop, 1994).
Therefore, the introduction of livestock to the area is a recent occurrence, relative to
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the existence of the ecosystem. Herbivory as an ecological force shaping ecosystems
has been well documented (Ehrlich and Raven, 1964; McNaughton, 1983b) and a
long evolutionary history of grazing has important implications for how grassland
ecosystems respond to grazing (McNaughton, 1983a, 1985, 1988; Milchunas et al.,
1988).

This study addresses two questions. First, what are the potential impacts of dry
season grazing in areas that have historically only been grazed during the wet season
on plant species diversity and vegetation structure? Second, are differences in plant
species diversity and vegetation structure correlated with spatial and temporal
differences in grazer densities?

1.1. Study site

Field research was conducted on the short-grass plains of the Serengeti ecosystem,
Tanzania, East Africa during the wet season so that plants had fully expanded leaves
and were identifiable (December through April of 1999). The mean annual
precipitation (MAP) and temperature for the region was approximately
400–500mm and 22 1C, respectively. The terrain is flat to gently undulating. Short
statured C4 grasses dominate. Some dominant species found on the short grass
plains are Kyllinga nervosa, Digitaria macroblephara, Andropogon greenwayi, and
Chloris pycnothrix.

Site selection was limited to areas with similar topographic relief, comparable
precipitation (400–500mm MAP) and soils categorized as Calculastolls (deWit,
1978). Sites were stratified by grazing regime zones (Fig. 2). Five sites were located
within SNP and seven within NCA. Areas of different grazing regimes were
identified from a regional analysis of the seasonal movements of Maasai livestock
(Parkipuny, 1997). Grazing zones in the short grass plains of the SNP were only
grazed during the wet season and only by native ungulates, while areas in NCA were
selected that were known to be grazed during both the dry season and wet season
(native ungulates only grazing during the wet season and domesticated livestock only
grazing during the dry season). For all analysis the wet season was defined by the
months of December through April and the dry season was from May through
November.
2. Methods

2.1. Vegetation sampling

Plant species diversity was measured using a modified-Whittaker plot design
(Stohlgren et al., 1995). One modified-Whittaker plot was established at each site.
The modified-Whittaker plot is a multi-scale design covering a total area of 1000m2.
Nested within the 1000m2 plot are ten 0.5� 2m (1-m2) subplots, two 2� 5m (10-m2)
at opposite corners, and a 5� 20m (100-m2) at the plot’s center (see Stohlgren et al.,
1995). In the 1-m2 subplots, all species were identified and percent cover and height
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Fig. 2. The multi-scaled sampling design incorporated two sampling schemes. Two perpendicular

transects were established over a 5 km� 5 km area. Along the two transects, nine plots were laid out at

approximately 1 km intervals. At each plot, nine 8-m radius subplots were established. At each subplot,

data was collected on grass, forb, shrub and bare ground cover. One modified-Whittaker plot, used to

measure vegetation diversity, was located at the intersection of the perpendicular transects.

K.L. Metzger et al. / Journal of Arid Environments 61 (2005) 147–160 151
by species was recorded. Species presence was recorded at the 10-m2, 100-m2, and
1000-m2 areas within the plot. Diversity and evenness were calculated using the
Shannon index of diversity (H’ diversity) using a log base 10. Landscape-level
diversity was analyzed using the Jaccard’s coefficient, which determines the degree of
similarity between species list (Krebs, 1989) generated from each plot at the 1000-m2

scale. Jaccard’s coefficient was used to quantify plant species overlap within and
between the SNP and NCA. Jaccard’s coefficient is defined as:

J ¼ A=ðA þ B þ CÞ;

where A is the number of species that are identified in a plot, B the species found in
plot 1 and absent from plot 2, and C the species present in plot 2 but not plot 1.
Complete overlap between two species lists generated from sampling produces a
coefficient of 1.0, while no overlap generates a coefficient of 0.0. All pair-wise
combinations of plots were analyzed using Jaccard’s index. Unique species are those
found only in one of the two plots compared in the pair-wise combination, although
this species may have occurred at more than one site.

Nonmetric multidimensional scaling (NMS) was performed using PC-ORD
(McCune and Mefford, 1999), to test whether there are community similarities
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between areas (methods see Mather, 1976). The ordination was based on two areas
using species presence–absence data derived from the Modified-Whittaker plots. We
chose NMS because it avoids the assumption of linear relationships among variables
and it uses rank distance, minimizing error produced by the ‘zero-truncation’
problem common to community data (McCune and Grace, 2002). NMS was run
using the ‘‘slow and thorough’’ autopilot option, with 40 runs with real data and 50
random runs. Ordination scores of protected versus not protected areas were
compared using Kolmogorov–Smirnov GOF two-sample comparison of means test.

The functional composition and structure of the vegetation was measured by using
two 5-km perpendicular transects, with the modified-Whittaker plot at their center.
At approximately 1-km intervals, nine plots along the perpendicular transect were
established. At each plot, nine 8-m radius subplots were established on a 30� 30-m
grid (Fig. 2). Coarse scale information on vegetation structure and composition was
recorded in these 9-point subplots, including cover and height of forbs, grasses,
shrubs, and bare ground, as well as identity of dominant grass species. Canopy cover
was estimated visually, using Daubenmire plots for training. The vegetation
composition was determined using two different methods: raw cover data and
relative abundance of functional types. Raw cover data was simply the visual
estimates of the vegetation cover and height at each subplot while the relative
abundance of vegetation functional types was calculated as the proportion of
functional type to all other vegetation that comprised the total subplot.

2.2. Grazer density distributions

The spatially explicit ecosystem model, SAVANNA, was used in this analysis and
was developed for applications in the arid region in the Turkana District, Kenya
(Coughenour, 1992; Coughenour et al., 1985). SAVANNA’s development began
over 15 years ago and has undergone a number of improvements and additions. To
date, it has been parameterized for arid and semi-arid ecosystems in four continents
and used for applications ranging from elk carrying capacity questions in
Yellowstone National Park, USA to evaluating management questions specific to
the NCA (Boone et al., 2002).

The spatial-dynamic model subdivides the entire short grass plains into
geographical cells (5� 5 km). A habitat suitability index is generated for each cell
based on biotic factors such as forage quality and quantity and abiotic conditions
such as slope, elevation, and distance to water. Additionally, ‘rules’ that constrain
distributions are defined by other factors such as risk of disease and management
boundaries. The model then distributes grazers over the landscape based on these
environmental and cultural/political constraints. For example, at all times the model
is specified to restrict all livestock to the NCA, and they cannot enter the SNP short
grass plains. During the early dry season when biomass is scarce, if there is water
nearby, the model distributes the livestock herded by pastoralists on the short grass
plains of the NCA, in accordance with pastoral land use studies (McCabe, 1995).
Animal densities are thus a straight-forward outcome of animal numbers derived
from censuses and surveys of pastoral livestock holdings (NCAA, 1999) and the
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extents of the known grazing areas. In addition, during the wet season, the model
restricted livestock from entering the plains when the wildebeest are present because
of the possibility of contracting the fatal disease MCF. The cattle may contract MCF
if they are exposed to calving wildebeest. Parameters were set in the model based
upon a literature review, previous SAVANNA applications (Coughenour, 1992;
Kiker, 1998), field work associated with the project (e.g., Boone et al., 2000; Maskini
and Kidunda, 2000), and expert opinion. Individual parameters are too numerous to
cite, but may be classified within groups of ecological processes: plant phenology and
biomass, plant allometrics and growth, ungulate energetics and growth, wildlife and
livestock populations, habitat relationships and climatic effects. Spatial data (e.g.,
elevation, slope, aspect, soils) were primarily from USGS sources. For a
comprehensive explanation of SAVANNA (version 41c was used), including
parameterization, model adjustment and assessment, see Boone et al. (2002). The
dataset used in this study was independent of data used for model parameterization,
therefore grazer densities generated from the ecosystem model are independent of the
data collected in this study.

The SAVANNA ecosystem model generates spatially explicit raster maps of
animal densities (ARCInfo, ERSI, Redlands, CA) of model output covering the
entire short grass plains. Field plot locations were then overlayed onto the raster
map and values at plot locations were extracted. Three years of model output were
generated on a monthly time step at a spatial resolution of 5� 5 km and animal
densities extracted at the monthly time step at the plot locations. Animal densities
were then averaged over 4 month seasons to estimate grazing density distributions
during the wet (December–April) and the dry seasons (June–September). All animal
densities were converted to tropical livestock units (TLU) per km2, which is the
equivalent of one 250 kilogram animal.

Differences in animal densities during the different seasons (wet, dry and year
around) were tested using a t-test. The relationship between vegetation structure,
plant species diversity and seasonality of grazing was evaluated using spatial multiple
linear regression models. This approach was used because high autocorrelation was
found in the dataset and the spatially autoregressive model accounts for this
autocorrelation. The models were fitted using ordinary least squares (OLS). The
residuals from the regression models were tested for spatial autocorrelation using
Moran’s I-statistic. If the residuals exhibited a significant spatial autocorrelation, the
regression model was refitted using a spatial autoregressive model to obtain
generalized least squares (GLS) estimates of the model parameters. Inverse distance
weighing was used to construct the spatial proximity matrix used in testing for
spatial autocorrelation and in fitting the spatial autoregressive models. The spatial
weights matrices were scaled so that all the rows sum to one.
3. Results

Plant species diversity (H’ diversity, evenness, and species richness) in the area
grazed during the wet season only (SNP) and grazed in both the wet season and dry
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season (NCA) were not significantly different at the 1-m2 or the 1000-m2 scale
(Table 1). In addition, no differences in plant species diversity were correlated to
density of grazers in either the wet or the dry season.

The average overlap of species in plots within the SNP, as measured by Jaccard’s
index, was 24%, whereas the overlap of species in the NCA was 13% (Table 2). On
average, more unique species were found in plots in SNP than in the NCA (Table 2).

Species list were then combined for both the SNP and the NCA and analysis of the
combined species list determined that the overlap in species between the two areas
was 44%, which is greater than the average overlap among plots within areas (Table
2). Forty-four and 26 unique species were found in the wet season grazed area versus
the wet and dry season grazed area, respectively (Table 2). The high degree of
overlap between areas indicates that although the two areas each harbor some
unique biota, they share many of the same species.

The NMS ordination resulted in 2 axes (confirmed by examination of the scree
plots), which cumulatively explained 73% of the variance. Most of the variance was
explained by axis 1 (53%), while axis 2 explained 18%. Analysis of the NMS scores
of the species present between the protected and the unprotected areas did not detect
a difference in species community composition between the two areas.

The spatial distribution of animals was variable within both the wet and dry
season. Dry season grazing densities predicted by SAVANNA averaged
4.5 TULkm�2 (range, 3.5–5.2 TLUkm�2, 7SD ¼ 0:9) in SNP versus
46.8 TLUkm�2 (range, 19.7–68.7 TLUkm�27SD ¼ 15:6) in NCA. Wet season
densities for the SNP were 40.9 TLUkm�2 (range, 28.3–59.9 TLUkm�27
SD ¼ 15:5) and 53.8 TLUkm�2 (range, 38.0–108.3 TLUkm�27SD ¼ 15:8) for
NCA (Table 3). During the wet season, when the entire short-grass plains are used
exclusively by the wildebeest and no livestock are present either in the NCA or the
SNP, animal densities were still greater in NCA than SNP although these differences
in densities were not statistically significant. Yet, during the dry season, animal
densities were significantly greater in NCA versus the adjacent SNP (t-test, R2 ¼

0:73; p ¼ 0:0004). This was entirely due to the presence of the Maasai livestock using
Table 1

Means and standard deviations of H’ diversity, evenness, and species richness (1 and 1000m2) for modified

Whittaker plots sampled in the two land-use areas, Serengeti National Park and Ngorongoro

Conservation Area

Variable Mean (SD)

Serengeti National Park Ngorongoro Conservation Area

H’ Diversity

Diversity 4.37 (1.09) 3.12 (1.33)

Evenness 1.24 (0.19) 0.907 (0.30)

Species richness

1000m2 34.2 (11.07) 29.71 (11.38)

1m2 10.54 (1.49) 8.34 (3.20)
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Table 2

Jaccard’s coefficients for overlap, and number of unique species (7SD) between site location and between

the two regions (SNP and NCA)

Jaccard’s coefficient Serengeti National Park Ngorongoro Conservation Area

Between sites

Mean overlap between sites 24.4%718.0% 13.1%78.0%

Number of unique species 16.875.9 11.274.6

Between regions

Overlap between regions 44%

Number of unique species 44 26

Total species 100 82

Table 3

Average SAVANNA generated tropical livestock units (animal densities) for SNP and NCA during the

wet season and the dry season

Season of grazing Tropical livestock units

SNP km�2 NCA km�2

Wet

Min 28.3 38

Max 59.9 108.3

Mean 40.9 (715.5) 53.8 (715.8)

Dry

Min 3.5 19.7

Max 5.2 68.7

Mean 4.5 (70.9) 46.8 (715.6)
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this area after the migrating wildebeest had moved on. Over all, yearly estimates of
grazer density were greater in the NCA vs. the SNP due to greater density during
both wet and dry seasons (t-test, R2 ¼ 0:63; p ¼ 0:002).

The relative abundances of forbs (p ¼ 0:03; Table 4) and shrubs (p ¼ 0:02) were
greater with increasing dry season animal density, and shrub relative abundance was
negatively correlated with wet season grazer density (p ¼ 0:04). The relative
abundance of grass was negatively correlated (p ¼ 0:02) with dry season grazer
density and independent of wet season grazer density. Grass cover was independent
of wet season grazer density but negatively correlated (po0.001) with dry season
grazer density. Shrub cover was negatively correlated with wet season grazer density
and positively correlated with dry season grazer density (po 0.001). Forb cover was
independent of both wet and dry season grazing density. Bare ground was
independent of wet season grazer densities and was positively correlated with dry
season grazer density (p ¼ 0:01). Grass height was positively correlated with wet
season grazer density (p ¼ 0:04) and independent of dry season grazer density. Shrub
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Table 4

Correlations between animal densities during the dry season and the wet season with relative abundance

and cover of grass, forbs, shrubs and bare ground

Dry season Wet season

Relative abundance

Grass � NS

Forbs + NS

Shrub + �

Cover

Grass � NS

Forbs NS NS

Shrub + �

Bare ground + NS

Height

Grass NS +

Forbs NS NS

Shrub + �

p-value o0.05; NS ¼ not significant.
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height was negatively correlated with wet season grazer density and positively
correlated with dry season grazer density (p ¼ 0:002). Forb height was independent
of grazer density in both seasons.
4. Discussion

No differences in plant species diversity or species community composition were
found between the two areas or at any of the scales examined and differences in plant
species diversity were not correlated with animal densities at different times of the
year. This result is consistent with predictions regarding the influence that grazing
can have on diversity in semi-arid ecosystems with long evolutionary histories of
grazing (Milchunas et al., 1988; Stohlgren et al., 1999). Arid and semi-arid systems
that have a long evolutionary history of grazing such as the Serengeti Plains are
predicted to be extremely resilient to the influence of grazing and theoretically are
hypothesized to experience changes in diversity when a system that has a history of
grazing is ungrazed (Milchunas et al., 1988).

Within the wet season, spatial variations in vegetation composition and structure
were correlated with animal density distributions. Areas with higher densities of
animals had a higher relative abundance of grass and increased grass cover. Indeed,
within the SAVANNA model animals responded to increased forage biomass so
they would concentrate in areas of higher grass cover and productivity during the
wet season. However, the correlation here was between the predicted distribution
from SAVANNA, and actual field data for plant abundances. During the wet season
when water is readily available, animals move in response to localized green-ups
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(McNaughton, 1985) and are more spatially aggregated over the landscape. This
aggregation therefore changes spatially and temporally during the wet season.
During the dry season, close proximity to water is an important constraint on animal
distributions (Illius and O’Connor, 1999). Animals are still aggregated but this
aggregation is more constrained spatially. Forage during the dry season is of
substantially lower quality overall than available forage during the wet season, and
the benefits of seeking scarce, higher quality forage during the dry season are likely
outweighed by the necessity of being in close proximity to water (Pickup et al., 1998;
Weber et al., 1998). The grazing range during the dry season is reduced by this
constraint and as a result, areas near water points are not only grazed throughout the
year, but also experience higher average animal densities.

Increases in dry-season-grazer densities were correlated with increases in relative
abundances of forbs, shrubs and bare ground, and decreased grass abundance. On
the Serengeti short-grass plains, short stature grasses are predominant, and the
relative abundance of forbs is small compared to grasses (Belsky, 1995;
McNaughton, 1983b). Short stature and other graminoid traits may have evolved
over thousands of years in response to heavy grazing during the wet season. These
traits may provide a competitive advantage of graminoids relative to the establish-
ment of forbs. Much of the short-grass plains is dominated by graminoids with
shallow, dense, finely structured roots that efficiently capture rainfall, enabling them
to reestablish growth within three days of the first initial rainfall event
(McNaughton, 1985). These grasses capitalize on water resources early in the
growing season enabling them to out compete forbs.

While removal of senescent aboveground shoot material in the dry season should
have little effect on grass growth, indirect effects are likely at work causing grass
abundance to be negatively affected by the density of grazers in the dry season.
Heavy grazing reduces aboveground biomass, which in turn decreases rainfall
interception and increases infiltration and bare soil evaporation (Aguiar and Sala,
1999; Klausmeier, 1999). Increased water inputs to the soil would then cause water
to infiltrate to deeper depths, thus reducing the competitive advantage afforded by
the fine dense root structure of the grasses. Water may also reach deeper depths
where shrubs are rooting. Another possibility is that changes in aboveground litter
inputs cause changes in the belowground flora and fauna, which have been shown to
affect plant growth (Hooper et al., 2000).

Changes in species distribution, composition and structure have possible
implications for wildlife, due to reduced forage biomass and higher relative
abundances of unpalatable species. Results from this study indicate that some of
these changes are correlated to increased grazing during the dry season. This system
has evolved under heavy grazing, yet the grazing regime historically has been limited
to the wet season only. Changes in vegetation structure were found between areas
that are now grazed during both the portions of dry season and the wet season and
those that are only grazed during the wet season.

This is a comparative study of plant species diversity and structure in two areas
having different spatial and temporal patterns of grazer densities. Although
vegetation structural differences were correlated to differing densities of animals at
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different seasons of grazing this relationship is not necessarily causal. However, we
hypothesize that a change in seasonality of grazing has been the cause of changes in
vegetation structure. Semi-arid systems with long evolutionary histories of grazing
have been shown to be extremely resilient to grazing, and removal of grazing would
probably be a much larger disturbance than increased stocking rates or switches in
the time of year the system is grazed (Ellis and Swift, 1988; McNaughton, 1985;
Milchunas et al., 1989, 1988; Ward et al., 1998). Results from this comparison
indicate that increases in dry season grazing may be bringing about changes in
vegetation composition and structure; an experimental approach would be needed to
determine cause and effect.
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