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ABSTRACT

Aim To assess scale dependence between environmental factors and plant species

richness. Additionally, we aimed to identify the scales at which niche relations and

habitat heterogeneity, as hypothesized by A. Shmida & M.V. Wilson (1985)

Journal of Biogeography, 12, 1–20, operate in the savanna grasslands that were the

focus of this study.

Location Savanna grassland plant communities of Serengeti National Park,

Tanzania.

Methods Plant species richness was sampled in 102 modified Whittaker plots

and tested for associations with two climate factors, mean annual rainfall (MAP)

and potential evapotranspiration (PET), and two landscape variables, plot aspect

(ASP) and topographic variation (TOPO), using multiple regressions. Scale

dependence was assessed by conducting regressions after altering three aspects of

spatial scale: grain, extent and focus. Grain was altered by analysing plant richness

at 1, 10, 102 and 103 m2; extent was investigated by restricting the maximum

distance between samples to 75, 100, 125 and 150 km; and focus was manipulated

by averaging samples spatially according to geographical land regions. Within the

context of our data, we assumed that niche relations were represented by climate

factors and habitat heterogeneity by landscape factors.

Results Across all 102 plots, plant species richness between 1 and 102 m2 had a

negative relation to PET and a weak positive relation to MAP. Plant species

richness at 103 m2 had a positive association with TOPO and weaker associations

with climate factors. ASP stayed in the model between grains of 10 and 103 m2,

but had a very weak positive association with richness. When the focus was

changed to land regions, associations between plant species richness and

explanatory variables strengthened, but were not qualitatively different. At

spatial extents of 75 and 100 km, PET was the strongest correlate of plant species

richness across all spatial grains. At spatial extents ‡ 125 km, PET explained the

majority of the model variance at spatial grains £ 102 m2, whereas TOPO

explained equal amounts or more of the model variance at spatial grains of

103 m2.

Main conclusions Both climate and topographic variation explained plant

species richness in Serengeti grasslands, but specific patterns depended on grain,

extent and, to a lesser degree, focus. Consistent with the ideas of Shmida &

Wilson (1985), determinants of plant species richness shifted from niche relations

to habitat heterogeneity between spatial grains of 1 and 103 m2, although this

occurred only at relatively large spatial extents (‡ 150 km). Finally, the signs,

strength and shape of plant species richness relationships in Serengeti closely

match those that describe macro-scale patterns of woody plant species richness

across the entire African continent.
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INTRODUCTION

In an influential paper, Shmida & Wilson (1985) argued

convincingly that the factors determining plant species

richness change with spatial scale. Since the publication of

their paper, scale-dependent properties have been widely

recognized as important features of ecological systems

(Peterson & Parker, 1998; Gross et al., 2000; Crawley &

Harral, 2001; Schneider, 2001). When ecological patterns are

scale-dependent, studies conducted at different spatial scales

may seem contradictory when they are, in fact, consistent. For

example, variation in the productivity–diversity relationship

(Mittelbach et al., 2001) can occur because studies are

conducted at different scales (Scheiner et al., 2000; Chase &

Leibold, 2002; Mittelbach et al., 2003; Whittaker & Heegaard,

2003).

Shmida & Wilson (1985) hypothesized that four general

mechanisms regulate plant species diversity and, while they

operate over wide spatial scales and broadly overlap, each has

its strongest influence at different spatial scales. ‘Niche

relations’ are most important at scales £ 1 m2, and refer to

microhabitat conditions and plant–plant interactions (compe-

tition, facilitation, etc.). ‘Habitat diversity’ is most influential

at 1–103 m2, and accounts for increased habitat heterogeneity.

As habitat variation is increased, species with different niche

requirements can co-exist. ‘Mass effect’, the presence of species

in unsuitable habitat because of dispersal from suitable habitat,

is strongest over scales of 10–106 m2. Finally, ‘ecological

equivalency’, the accumulation of species because they have

spatially separate but equivalent niches, is strongest at scales

> 106 m2.

Certain aspects from Shmida & Wilson (1985) have been

integrated into mainstream ecology, such as the concept of

mass effect in meta-population theory (Hanski, 1998).

However, other studies, such as that of Palmer (1991) testing

habitat diversity, have not supported their hypotheses. Thus,

despite the high number of citations of this paper, the extent to

which natural communities behave according to the proposed

mechanisms remains anecdotal. Regardless, evidence of scale

dependence of plant species diversity is extensive and well

accepted by most ecologists. For example, species diversity

within small plots reflects competition among individuals

(Tilman, 1982; Grace, 1999) and species’ ability to partition

limited resources such as water (Silvertown et al., 1999) or

nutrients (McKane et al., 2002). As plot size increases, plant

species diversity reflects the addition of new habitats, which

allows for co-existence of species with different niche require-

ments (Bell et al., 2000). At larger areas, plant species diversity

reflects meta-community processes, such as dispersal among

local communities (Hanski, 1998); biogeographical history,

such as extinction events (Kauffman & Fagerstrom, 1993); and

the size of the regional species pool (Zoebel, 1997; Grace,

2001).

Plot area is just one aspect of scale important to the study of

ecological interactions among organisms. In fact, scale consists

of several main components, such as grain, extent and focus

(Palmer & White, 1994; Scheiner et al., 2000; Dungan et al.,

2002). Grain measures the elementary sampling unit in which

data are collected (Legendre & Legendre, 1998); extent is the

total length area or volume separating samples (Dungan et al.,

2002); and focus identifies how samples are aggregated

(Scheiner & Jones, 2002). Grain and extent are modified by

altering aspects of the sampling space, by changing either plot

sizes or inter-plot distances. Focus can be modified by

aggregating samples differently based on spatial proximity

(group plots that occur within a certain distance of one

another).

In Serengeti National Park (SNP), Tanzania, the ecology of

grassland plant communities has been studied at small scales

(Belsky, 1983; McNaughton, 1983), but no study has analysed

the distribution and abundance of plant species at multiple

scales across the entire ecosystem. However, two methodolo-

gical approaches greatly enhance the opportunity to do so.

First, Gerresheim (1974) classified SNP into land regions,

which represent main landscape types sharing common

geological history, comparable geomorphic and topographic

influence, and similar climate. Second, modified Whittaker

plots (MWPs) allow the analysis of vegetation diversity from

scales of 1–103 m2, while reducing spatial autocorrelation and

increasing detection of rare species (Stohlgren et al., 1998). We

capitalized on the regional classification of Gerresheim (1974)

and MWPs to study how climate and landscape factors were

associated with plant species diversity at multiple spatial scales

in the savanna–grassland habitats of SNP.

There were two main aims of this study. First, we asked

whether the relationship between environmental factors and

plant species richness depended on three aspects of spatial

scale: grain, extent and focus. Scale dependence was assessed

with multiple regressions at four spatial grains between 1 and

103 m2; four spatial extents between 75 and 150 km; and two

levels of focus, all samples together and by land regions.

Second, our goal was to determine the scales at which two of

the processes proposed by Shmida & Wilson (1985), niche

relations and habitat heterogeneity, operate in Serengeti plant
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communities. We achieved this by assuming that climate

factors represented ‘niche relations’ and landscape factors

represented ‘habitat heterogeneity’. We believe these assump-

tions are appropriate because climate factors are often used as

surrogate measures of plant competition for water, while

landscape factors are often used to measure the variety of

habitat types for different species.

METHODS

Study area and vegetation sampling

SNP is located east of Lake Victoria and north-west of the

Ngorongoro Highlands and the Rift Valley of Tanzania, East

Africa. The Serengeti–Mara ecosystem, which includes SNP,

Masai-Mara national reserve to the north, and a network of

surrounding game reserves, encompasses 27,000 km2 and is

operationally defined by the seasonal movements of wildebeest

(Connochaetes taurinus), the ecosystem’s dominant migratory

herbivore (Sinclair & Norton-Griffiths, 1979). Considerable

geological complexity exists for a region the size of SNP. The

region is located on a peneplain tilted up from c. 1000 m at

Lake Victoria in the west to > 1800 m in the north-east. Soils

in the Serengeti plains are of volcanic origin, alkaline, and rich

in organic carbon and nutrients (de Wit, 1978; McNaughton

et al., 1988). In the north, soils are derived from granite and

gneiss and deposited in a complex way across an undulating

arrangement of quartzite hills. SNP has two wet seasons driven

by the intertropical convergence zone: the short rains from

November–December, and the long rains from March to May

(Norton-Griffiths et al., 1975). The prevailing north-westerly

direction of storm movements and the location of the

Ngorongoro highlands in the south-east produce a rain

shadow; rainfall reaches a low of 250 mm year)1 on the

southern Serengeti plains (region 14; Fig. 1) and increases in a

north-westerly direction to > 1000 mm year)1. Water is a

limiting resource for primary production across the entire

ecosystem, either because of low or highly seasonal rainfall, or

because of soils that do not facilitate long-term water storage

(Jager, 1982; McNaughton, 1983, 1985). The rainfall gradient

occurs on a continuous stretch of undisturbed savanna,

making this system ideal for examining relationships among

species richness, environmental variation and scale.

Plant species diversity was sampled at 102 sites from May to

August 2000 (n ¼ 78) and from February to May 2002

(n ¼ 24) (Fig. 1). Sites were selected by identifying major

savanna–grassland habitats of SNP on a map and randomly

selecting coordinates within the areas, using a random number

generator. Every attempt was made to visit the pre-selected

coordinates via Land Rover, except when the site fell on a

Figure 1 Map of Africa and the location of

Serengeti National Park (SNP) in the East

African country of Tanzania (shown in grey).

Vegetation was sampled at 102 study sites

(d) within the SNP boundary (bold line).

Land regions (thin lines; as defined by

Gerresheim, 1974), in which study plots were

located, are numbered. Each site consisted of

one 103-m2 modified-Whittaker plot (inlay),

which included one 102 m2 (C), two 10 m2

(A, B), and ten 1 m2 (grey boxes) sub-plots

nested within a 50 · 20 m whole plot (K).

Scale dependent plant species richness in Serengeti
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mountain, kopje, forest, river or inaccessible habitat, in which

case new coordinates were selected. Samples occurred in nine

of the 10 Gerresheim land regions within the SNP boundary

(Fig. 1). Sites consisted of a 103 m2 MWP containing 13 sub-

plots: ten at 1 m2; two at 10 m2 (A and B); and one at 102 m2

(C) nested within the whole plot (K), which measured

20 · 50 m (Fig. 1). The number of plant species (richness)

was enumerated at all four spatial scales (1, 10, 102 and 103 m2;

Fig. 1) and averaged for 1- and 10 m2 sub-plots. Plants were

identified to the lowest taxonomic level possible in the

Serengeti Wildlife Research Centre herbarium and with the

help of experts from the University of Dar es Salaam. Species

names and taxonomic authorities were verified with the Flora

of tropical East Africa (Beentje, 2001) and the Missouri

Botanical Garden’s Vascular Tropicos nomenclature database

and associated World Wide Web authority files (VAST, 2004).

Identification of climate and landscape variables

Data were obtained for abiotic variables expected to influence

plant species richness (Table 1): two climate-related variables,

potential evapotranspiration (PET) and mean annual precipi-

tation (MAP); and two landscape-related variables, aspect

(ASP) and topographic variation (TOPO). Average annual

PET (m H2O year)1) was calculated with the equation of

Priestly & Taylor (1972), which includes net radiation, soil

heat flux, slope of the saturation vapour pressure function of

temperature, and the Priestly–Taylor location constant, which

was 0.025�C)1 for SNP. Net radiation was assumed constant

over the ecosystem (19.74 W m)2), obtained by averaging

seasonal variation in surface radiation from East Africa

(Darnell et al., 1992). Soil heat-flux data were generated using

output from the Savanna model (M.B. Coughenour, personal

communication). Mean monthly temperatures over 3 years

were collected by de Wit (1978) at the geographical centre of

SNP, and were used to calculate the slope of the saturation

vapour pressure for SNP by multiplying the elevation from a

30 · 30-m digital elevation map (DEM) by a lapse rate of

0.0065�C m)2. The DEM was compiled from 55 Government-

produced 1 : 50,000 scale quarter-degree topographic maps

digitized by the Tanzania Wildlife Conservation Monitoring

Program in Arusha, Tanzania. Map sheets were edge-matched

and combined to form the ecosystem-wide GIS coverage using

ArcInfo ver. 8 (ESRI, Redmond, CA, USA). MAP (cm) was

obtained from average annual precipitation data collected

monthly from over 30 years of rain-gauge measurements at

58 sites across SNP. Data at each rain gauge were averaged

annually, but only years with data for each month in the

calendar year were included. Average rain gauge values were

then interpolated across SNP using inverse-distance weighting

(Watson & Philip, 1985) to create complete coverage of MAP.

As an index of topographic variation of plot locations, nine

elevations in a 30 · 30-m grid surrounding the centre of each

MWP were obtained from the DEM. TOPO was calculated as

the standard deviation of the elevations (m) and square-root

transformed before analyses to decrease skewness. ASP was

obtained from the DEM as the angular direction (0–360�) that

each plot faced. Subsequently, the sine and cosine of ASP used

to calculated two new variables that measured the degree to

which the plot faced east and north, respectively (Roberts,

1986). The spatial autocorrelation of variables across 102 sites

was assessed with Moran’s I (Cliff & Ord, 1981), calculated

with the spatial analyst tool in ArcGIS ver. 9 (ESRI).

Statistical procedures

All statistical analyses were performed using sas ver. 8.02 (SAS

Institute, 2002) unless otherwise stated. Because correlations

remained among some of the variables, most notably between

PET and MAP (Table 1), steps were taken to evaluate and

reduce multicollinearity (Graham, 2003). First, we conducted

stepwise multiple regressions (a ¼ 0.25 to enter; a ¼ 0.15 to

stay) with climate and landscape variables as predictors and

plant species richness at grains of 1, 10, 102 and 103 m2 as

response variables. Second, all possible combinations of

variables were entered into simple multiple regressions and

evaluated with R2, adjusted-R2 and Mallow’s Cp statistic

Table 1 Environmental variables entered into multiple regression

models to predict plant diversity measures in Serengeti National

Park

(a) PET NORTH EAST TOPO

MAP 0.62 0.12 )0.02 0.03

< 0.0001 0.22 0.80 0.77

PET 0.23 )0.04 )0.26

0.02 0.71 0.01

NORTH 0.16 0.11

0.11 0.29

EAST 0.10

0.33

(b) MAP PET NORTH EAST TOPO

N 102 102 102 102 102

Mean 68.6 1.54 0.12 )0.20 0.61

SD 12.4 0.07 0.72 0.66 0.25

Min 42.6 1.43 )1.0 )1.0 0.18

Max 98.4 1.67 1.0 1.0 1.38

Moran’s I 0.59 0.56 0.11 0.11 0.11

P < 0.0001 < 0.0001 0.02 0.02 0.02

PET ¼ potential evapotranspiration (m H2O year)1); MAP ¼ mean

annual precipitation (cm); NORTH ¼ cosine of the plot aspect

(aspect ¼ compass direction which the slope is facing); EAST ¼ sine

of the plot aspect; TOPO ¼ square root-transformed SD of topo-

graphic variation among elevations (m2).

(a) Pearson’s correlation coefficients (r) among individual variables

(top number) and associated P values (bottom number).

(b) Sample size (N), mean, standard deviation (SD), minimum and

maximum values for each variable. Moran’s I measured spatial auto-

correlation of variables across 102 sites, 0 ¼ no correlation to

1 ¼ complete spatial autocorrelation. P ¼ probability value from a

significance test of the observed Moran’s I against that obtained from a

randomized distribution.
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(Freund & Little, 2000). Models were selected when R2 and

adjusted-R2 were as large as possible and Cp was approximately

equal to the number of regression coefficients (R2 selection

method). The addition of a variable was deemed inappropriate

unless it increased the adjusted-R2 by > 0.02. When the

stepwise and R2 selection methods produced different results,

the two models were re-analysed with simple multiple

regressions and compared on the basis of the variance inflation

factor and condition number of the variable correlation

matrix. Variance inflation factors > 10 and condition numbers

> 30 were considered as evidence of multicollinearity (Freund

& Little, 2000), in which case the model with fewer variables

was selected. If no evidence of multicollinearity existed, the

model with the greater adjusted-R2 was chosen. Multiple

regressions were conducted at two levels of focus: all plots

(n ¼ 102) or averaged by land region (n ¼ 9).

To test the hypothesis that factors associated with plant

species richness depended on spatial extent, multiple regres-

sions were analysed, including plots separated by no more than

75, 100, 125 or 150 km. A large number of possible plot

combinations fit these criteria and many with overlapping

data, thereby violating assumptions of independence. To

overcome these problems, we used resampling to generate

mean multiple regression responses at different spatial extents.

Coordinates were selected randomly within the sampling area,

and stepwise multiple regression (same settings as above) was

conducted on all plots within the given spatial extent. To

reduce potential edge effects resulting from regressions with

small sample sizes, random draws with n < 10 plots were

discarded. The procedure was repeated 103 times, from which

average variable coefficients and average contributions to the

total model R2 were obtained. Because the number of possible

combinations becomes limited at larger extents and many

resamples were identical, we use the mean coefficients and

variance contributions to the R2 to qualify the strength of the

variables at different extents, rather than to calculate P values,

as is often done in resampling. Therefore, at the largest extents

our method is analogous to generating mean coefficients and

R2 contributions from all possible plot combinations. The R2

contributions of NORTH and EAST were averaged together

under the heading ASP for graphical presentation of the

results.

RESULTS

General patterns of plant species richness

Almost 98% of the plants encountered during the surveys were

identified to species. Perennial grasses accounted for 52% and

perennial herbaceous forbs 17% of plants identified. Taxo-

nomically, 317 species, from 187 genera and 54 families, were

represented; of these, herbaceous forbs were the most numer-

ous (161), followed by grasses (72), shrubs (41), trees (30) and

sedges (13). Annual species were rare compared with perennial

species, averaging only 5% of the relative cover, most of which

was accounted for by easily identifiable annual grasses. Thus,

despite sampling in different seasons and years, we have

confidence that our data are not biased by misidentifications

or temporal variability in species composition.

Scale dependence

At the full spatial extent of the data set and spatial grains

between 1 and 102 m2, climate variables were the most

important correlate of plant species richness; a negative

relationship between PET and plant species richness was

especially strong, always explaining at least twice as much of

the model variance as the positive association between plant

species richness and MAP (Table 2). However, at a grain of

103 m2, TOPO replaced climate variables as the most import-

ant explanatory correlate of plant species richness, although

both PET and MAP were still included as significant variables

in the model (Table 2). The variable EAST stayed in the model

between spatial grains of 10 and 103 m2, but played a minor

Table 2 Significant coefficients (top number) and contribution of each variable to total R2 (in parentheses) from multiple regressions

predicting plant species richness from climate and landscape variables at four spatial grains (1, 10, 100 and 1000 m2) and two levels of focus

(all 102 plots and nine land regions)

Focus Grain (m2) Intercept

Climate variables Landscape variables anova

PET MAP NORTH EAST TOPO R2 F d.f.

102 plots 1 46.3 )27.7 (0.34) 0.07 (0.10) 0.44 39.0 2, 99

10 91.5 )54.9 (0.37) 0.12 (0.07) 0.9 (0.02) 0.46 27.4 3, 98

100 139.2 )86.7 (0.23) 0.26 (0.10) 1.8 (0.02) 0.35 17.8 3, 98

1000 186.9 )121.0 (0.09) 0.46 (0.09) 3.0 (0.02) 15.3 (0.18) 0.38 14.9 4, 97

Land regions 1 43.6 )22.7 (0.75) 0.76 21.7 1, 7

10 59.8 )32.9 (0.70) 9.8 (0.10) 0.80 12.2 2, 6

100 97.4 )60.9 (0.67) 0.16 (0.09) 14.2 (0.12) 0.88 12.6 3, 5

1000 9.0 51.3 (0.67) 0.67 14.1 1, 7

Variance contributions in bold identify variables that explain the majority of the total model R2. Abbreviations as in Table 1; R2 ¼ total model R2;

F ¼ F-statistic from anova; d.f. ¼ model and error degrees of freedom from anova.
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role in variance explanation (Table 2), and was of marginal

significance level (P > 0.07 in all cases; data not shown). When

the focus was changed to aggregation by land regions, the

strength of the variance explained by the model (R2) improved

substantially. The general trend of the results remained the

same when the data were analysed by land regions; PET

remained the strongest negative correlate of plant species

richness between grains of 1 and 102 m2, while the positive

association with TOPO was the strongest explanatory variable

at 103 m2 (Table 2). TOPO was retained in the model at spatial

grains of 10 and 102 m2, as was MAP at 10 m2, but the amount

of variance explained by the variables was small relative to

PET.

Changing the spatial extent of the analysis altered the

relationship between explanatory variables and plant species

richness. At the extent of 75 and 100 km, PET accounted for

the largest average R2 contribution at all spatial grains

(Fig. 2a,b). At the spatial extent of 125 km, PET explained

the majority of the model variance between spatial grains of 1

and 102 m2, while the R2 contribution of TOPO was equivalent

to that of PET at the spatial grain of 103 m2 (Fig. 2c). At the

spatial extent of 150 km, the R2 contribution of TOPO

accounted for the largest proportion of the model variation at

a grain size of 103 m2, while PET explained the majority of the

variance at smaller grains (Fig. 2d). The average regression

coefficients obtained when the data were analysed at different

extents were similar to those at the largest extent (Table 2),

except for MAP at the extent of 75 km (grain ¼ 102 m2) and

100 km (grain ¼ 103 m2), in which the average coefficients

were negative (data not shown). It should be noted that the

average R2 contribution in those cases was relatively small

(Fig. 2a,b) and may have arisen as an artefact of some other,

unmeasured variable. Alternatively, this result may suggest that

some smaller regions of SNP (of the order of 75 km2)

demonstrate relationships between MAP and plant species

richness that are opposite to the positive relationship observed

across the larger environmental gradient.

DISCUSSION

Shmida & Wilson (1985) concluded their paper by proposing a

massive species–area curve, extending from plots in the

chaparral habitats of Israel to the extent of the entire planet,

in which the four determinants of species diversity operate. In

their description they were clear that the determinants of

diversity span multiple spatial scales and overlap significantly.

However, they also suggest that each of the mechanisms has its

greatest effect at different scales (Fig. 13 in Shmida & Wilson,

1985). In a general sense, the results of our study are consistent

with the ideas of Shmida & Wilson (1985), in that niche

relations were found to operate on smaller spatial grains than

habitat heterogeneity, and that both overlapped across the

small spatial scales considered. In our study, at all but the

smallest spatial extent (75 km), we observed a general dam-

pening of the importance of niche relations as the spatial grain

increased from 1 to 103 m2. Although not as consistent, the

relative importance of habitat heterogeneity increased with

increasing grain size beyond spatial extents of 75 km.

The previous conclusion deserves several caveats. First, the

identification of thresholds between processes affecting plant

species richness in African grasslands depends on both spatial

grain and extent. For example, habitat heterogeneity was the

strongest correlate of 103 m2 plant species richness only at

spatial extents ‡ 150 km. This result is probably related to the

spatial structure of environmental and topographic hetero-

geneity across SNP. Some areas of the Serengeti, such as the

(a)

(c) (d)

(b)

Figure 2 Mean contributions of each of the

four environmental variables (PET, MAP,

ASP, TOPO) to the total model R2 from

randomly drawn stepwise multiple regres-

sions at spatial grains of 1, 10, 102 and

103 m2, and spatial extents of 75, 100, 125

and 150 km (a–d). Means were obtained by

averaging the variance contributions of

coefficients determined from multiple

regressions on randomly selected plots within

the designated spatial extents.
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plains in region 14, exhibit less topographic heterogeneity

(�x ± SE ¼ 0.51 ± 0.03 m2) compared with other areas,

such as the northern hills in regions 7 and 3 (�x ± SE ¼
0.72 ± 0.10 m2), which are more topographically variable

(t ¼ 2.62; P ¼ 0.01). A simple regression between 103 m2 plant

species richness and TOPO shows that, despite having more than

twice the sample size (n ¼ 24 compared with n ¼ 11), no

relationship exists in the Serengeti plains (F1,22 ¼ 0.46, P ¼ 0.5,

R2 ¼ 0.02) while a rather strong positive relationship exists for

the northern hills (103 m2 richness ¼ 36.8 · TOPO + 26.5;

F1,9 ¼ 0.46, P ¼ 0.02, R2 ¼ 0.45). Only when the spatial extent

of the analysis encompasses an adequate range of variation in

the independent variables would one expect causal variation in

the response variable (Pausas & Austin, 2001). Thus lack of

support for the habitat heterogeneity hypothesis may result

spuriously from a smaller range of environmental variation

over certain areas of Serengeti.

A second caveat is that our conclusion that the scale

dependence identified in our study represents the threshold

between niche relations and habitat heterogeneity is based on

the assumption that our predictive variables represent these

determinants. While this assumption is certainly not met

entirely, we argue it is adequate for the following reasons. First,

TOPO has been used as a surrogate measure of habitat

heterogeneity in other studies of floral diversity (Rey Benayas

& Scheiner, 2002; Pausas et al., 2003; Kubota et al., 2004). Sites

with significant variation in topography tend to vary in other

factors such as soil texture, water-holding capacity, light

regimes and hydrology (Yair, 1990; Stark, 1994) and may

provide recruitment opportunities and habitat for the woody

trees and shrubs, as was the case in the Turkana District, Kenya

(Coughenour & Ellis, 1993) and the Transvaal of South Africa

(Witkowski & O’Connor, 1996). However, the positive influ-

ence of topographic variation on plant species richness in SNP

is consistent with studies of many other taxa, including

flowering plants in Nepal (Vetaas & Grytnes, 2002); birds

(Rahbek & Graves, 2001); mammals (Kerr & Packer, 1997);

and invertebrates (Fleishman & MacNally, 2002). Second, in

defining niche relations, Shmida & Wilson (1985) suggested

that microclimate and plant competitive interactions influence

plant diversity at small spatial scales. Soil water availability is a

key limiting resource in SNP for which plants compete

(McNaughton, 1985). Because MAP provides an estimate of

water inputs and, when coupled with water availability, PET is

proportional to system water losses (higher PET indicates

greater water loss for a given water availability), we argue that,

taken together, these two variables provide an index of the

degree to which plants must compete for water. Moreover,

although MAP and PET are themselves macro-scale processes,

when measured across distant sites, as was the case in this

study, the significant variation captured is more likely to

represent plant competitive conditions, and thus niche rela-

tions.

Whether or not climate variables are appropriate surro-

gates for niche relations, there is a well established

theoretical basis for the connection between plant species

richness and variation in PET and MAP (Hawkins et al.,

2003; Field et al., 2005). Recent theoretical and empirical

development of the water–energy theory (O’Brien et al.,

1998; Whittaker et al., 2001) – which is similar to the

species-energy hypothesis (Wright, 1983; Currie, 1991) in

that both describe the capacity of organisms to do work –

accounts for the separate effects of water (MAP) and energy

(PET) and the effects of energy on water availability through

state transformation (O’Brien et al., 2000). The theory

predicts that macro-scale (104 km2) variation in woody

plant species richness is a positive linear function of MAP

and unimodal function of PET (O’Brien et al., 1998).

Moreover, including variation in topography increases the

explanatory power (R2) predicting plant species richness

across Southern Africa from 78.8% to 85.6% (O’Brien et al.,

2000). Our results also were described by a positive linear

relationship with MAP and a negative relationship with

PET; these results are consistent with studies in which

species richness declined above PET values of 0.6 m year)1

(Hawkins et al., 2003). Closer inspection of our data

demonstrates a strong similarity to the predictions of the

water–energy theory. Like other studies predicting plant

species richness across Africa (O’Brien, 1998; O’Brien et al.,

2000; Field et al., 2005), the relationship between PET and

richness was best described by a unimodal parabolic

relationship above the grain of 10 m2 (Fig. 3). Thus the

exact factors that describe macro-scale woody plant distri-

bution across the African continent are the same as those

that account for variation in total plant species richness

within SNP, namely combinations of MAP, PET and TOPO.

O’Brien et al. (2000) predicted this, given an adequate range

of within-ecosystem elevation or climatic variation.

That there was consistency between the results of our study

and studies describing woody plant species richness across

Africa is made more interesting by their widely differing grains,

extents, foci and inclusion of different life forms (woody vs. all

plants). Do the factors associated with diversity in this study

and the water–energy theory emerge as similar because of their

overwhelming importance in determining patterns of plant

species richness, despite differences in scale and plant

functional types? Or do the parallel conclusions result from

scale dependencies that converge on similar patterns for

different reasons? More detailed analyses will be required in

the Serengeti to answer this question, but the ideas of Shmida

& Wilson (1985) seem particularly germane to approaching

these future questions.

There are two other noteworthy differences between this

study and those of O’Brien (1998) and O’Brien et al. (2000),

which make the parallel findings that much more perplexing.

First, our data were based on survey data, while the woody

plant data are based on range-map data. This had important

implications for measuring patterns of bird species richness

across the USA (Hurlbert & White, 2005), in which survey

richness was correlated with environmental productivity, while

range-map data were correlated with heterogeneity of eleva-

tion. Second, the studies of O’Brien (1998) and O’Brien et al.
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(2000) were based on mean monthly minimum PET, while our

data were average annual PET values. While this certainly has

an influence across large latitudinal gradients, we suspect that

the location of Serengeti near the equator minimizes the

monthly fluctuations of PET so that the average annual value

may be a close approximation to the minimum monthly value.

The ecological patterns exhibited by SNP plant communities

are regulated by a complex set of contingent processes, such as

climate, grazing, fire, soils, nutrient availability, trees and

termites (McNaughton, 1983; Anderson et al., in press). As

recognized by Hawkins et al. (2003), despite strong relation-

ships, whether the observational associations between climate

and species richness are direct or indirect remains speculative

until appropriate experimental or statistical methods are

available. Such methods are currently maturing in the biolo-

gical sciences (Grace, 2006) and may offer substantial insights

into the individual path strengths of direct and indirect

relationships in complex multivariate interaction webs. Under-

standing these complex processes in SNP, one of the last fully

intact grazing ecosystems on earth, may help ecologists

appreciate the processes that govern global patterns of species

diversity.
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