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Abstract

Savanna water management is predicated on the hypothesis that surface water availability

can be manipulated at scales that influence herbivore distributions. Using a case study in the

Kruger National Park, South Africa, we assess the contribution of perennial and ephemeral

water sources to surface water availability in the dry season. We posit that surface water

availability in savanna ecosystems exists along a continuum of being determined primarily by

perennial or ephemeral water sources and propose that locating an ecosystem along

this continuum provides a means to evaluate the utility of water management. We also

develop general hypotheses about the relative response of herbivore species to ephemeral

water sources.
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1. Introduction

Successful management of African savanna ecosystems requires an understanding
of the relationship between surface water availability and herbivore populations. For
example, Owen-Smith (1996) states that water provision ranks with fire and culling
policies as one of the main interventions available to managers. Previous studies
have documented that herbivore distributions are influenced by the location of water
sources, particularly during the dry season (Western, 1975; Fryxell and Sinclair,
1988; Bergstrom and Skarpe, 1999; Redfern et al., 2003). Additionally, studies have
documented increased herbivore impacts on a range of forage and soil variables close
to natural perennial, natural ephemeral, and artificial water sources (Parker and
Witkowski, 1999; Thrash and Derry, 1999). Studies exploring how herbivore
populations are affected by the addition of artificial water sources to an ecosystem
suggest that water provision may increase herbivore drought mortality (Walker
et al., 1987), increase predation on particular herbivore species (Smuts, 1978;
Harrington et al., 1999), and contribute to the decline of rare antelope species
(Harrington et al., 1999).
Underlying many previous studies and water management policies is the

hypothesis that surface water availability can be manipulated to alter herbivore
distributions. This hypothesis rests on two assumptions: (1) water sources are
primary determinants of herbivore distributions; and (2) surface water availability
can be manipulated at scales that impact herbivores. An uncritical acceptance
of the first assumption can be problematic because it fails to address the
potential influence other factors, such as forage condition, water quality, controlled
burning, and fence construction, may exert on herbivore distributions. For example,
Redfern et al. (2003) suggest that grazer distributions relative to water sources
in the Kruger National Park (KNP), South Africa, change in response to
variations in forage quality and quantity. Additionally, Fryxell and Sinclair (1988)
observed that white-eared kob (Kobus kob leucotis) in the Sudan dispersed
from their typical dry season concentration area to an area in which a dry
season rainstorm produced a green flush of vegetation. Finally, Gereta and Wolanski
(1998) suggest that migrations of zebra (Equus burchelli) and wildebeest
(Connochaetes taurinus) in the Serengeti, Tanzania, may be initiated by changes
in water quality, specifically salinity, rather than water availability or forage
condition.
An evaluation of the second assumption, that surface water availability can be

manipulated at scales that impact herbivore distributions, must include an
exploration of the relative contribution of perennial and ephemeral water sources
to surface water availability and an exploration of the relationship between
ephemeral water sources and herbivore distributions. The distribution of perennial
water sources within an ecosystem can be assumed constant over time scales relevant
to herbivore management (Western, 1975). The potential locations of ephemeral
water sources will be governed by the geology and topography of an ecosystem.
Whether these locations actually contain an ephemeral water source will be
determined by temporal and spatial rainfall fluctuations.
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In general, surface water availability is most limited and hence exerts the greatest
influence on herbivore distributions during the dry season. For example, in the
Amboseli ecosystem, Western (1975) observed that many species of water-dependent
herbivores were concentrated near perennial water sources during the dry season.
During the wet season, increased forage moisture content and the increased
availability of ephemeral water sources allowed these species to disperse, expanding
or shifting their distributions (Western, 1975). Western (1975) also observed that
small quantities of rainfall led to a rapid, large-scale emigration from the dry season
concentration area and that immigration after rain cessation was comparatively
slow. Hence, it is possible that the distribution patterns of large, mobile herbivores
will be influenced by ephemeral water sources during the dry season.
We use 13 years of dry season data collected in the KNP, South Africa (Fig. 1), as

a case study for exploring the potential contribution of ephemeral water sources to
Fig. 1. The Kruger National Park (KNP) occurs in the northeastern corner of South Africa. From a

herbivore management perspective, the KNP can be subdivided into a northern region and a southern

region along the Olifants River. A rainfall-based subdivision of the KNP was derived by mapping the three

primary clusters of rainfall stations (see text for details). The rainfall-based KNP subdivision generally

corresponds to this management division and suggests that the northern region experiences lower annual

and dry season rainfall than the southern region. Rainfall data used in our analyses were collected at the 10

northern and 11 southern rainfall stations shown in the map; 17 stations recorded data throughout the

entire study period while four stations (VLA andWOO in the north, HOU and STO in the south) recorded

data from July 1984 (i.e. the 1985 climate year) to the end of the study period. Surveys of the northern-

most region of the park occur infrequently; therefore this region is excluded from analyses.
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surface water availability. In particular, we assess the impact of ephemeral water
sources on our capacity to manipulate surface water availability at scales that are
meaningful to herbivores. A water provision program, started in the 1930s, resulted
in the establishment of over 300 artificial water sources in the KNP, predominately
boreholes (Pienaar et al., 1997). Currently, the high density of artificial water sources
constructed under this program is viewed as incompatible with KNP management
objectives (Pienaar et al., 1997), which emphasize the heterogeneity of ecosystem
processes, and removal of a substantial number of boreholes began in the mid-1990s.
We analyse how the removal of boreholes changes the percentage of KNPs area in

categories defined by distance-to-water. Our analyses explicitly assess the effects of
borehole removal when analyses include only persistent water sources and when
ephemeral water sources, which are available during some portion of the dry season
in one or more years, are included in analyses. Based on the results of our analyses,
we propose that surface water availability in savanna ecosystems exists along a
continuum of being determined primarily by perennial or ephemeral water sources
and that placement along this continuum depends on an ecosystem’s geology,
topography, and rainfall. Finally, we develop general hypotheses about the relative
response of herbivore species to ephemeral water sources.
2. Methods

2.1. KNP rainfall

Rainfall in the KNP oscillates between approximately 10 years of above average
annual rainfall and 10 years of below average annual rainfall (Gertenbach, 1980).
Our study period (1981–1993) corresponds to a below average rainfall cycle and
includes two years with the lowest recorded rainfall in the last century (Zambatis and
Biggs, 1995). In addition to varying temporally, rainfall in the KNP has been
observed to vary spatially. In particular, using data collected at KNP rainfall
stations from a range of starting dates, some as early as the 1920s and 1930s, to 1979,
Gertenbach (1980) describes a trend of increasing rainfall from north to south and a
minor increase from east to west. We used an agglomerative hierarchical clustering
technique (Kaufman and Rousseeuw, 1990) to classify KNP rainfall stations into
distinct clusters based on the time series of their monthly rainfall during the climate
years (July of the previous year to June of the current year—Zambatis and Biggs,
1995) associated with our study period (1981–1993). Twenty-one rainfall stations
were included in the analyses: 17 stations recorded data throughout the entire study
period while four stations were added in the 1984–1985 climate year. We used the
data from these four stations to obtain the best possible spatial representation of
rainfall clusters.
Starting with the assumption that each rainfall station forms a unique cluster,

agglomerative hierarchical clustering successively merges similar clusters until all
rainfall stations are contained within a single cluster (Kaufman and Rousseeuw,
1990). Mergers at each successive stage occur between the two clusters with the
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lowest dissimilarity value. We used the software package S-Plus (Windows
Professional Version 6.0, Release 2, Mathsoft 2001) to calculate the dissimilarity
between clusters by averaging the Euclidean distance between pairs of rainfall
stations contained in each cluster. Specifically, the Euclidean distance was calculated
using the formula

di;j ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Xn

f¼1

ðxif � xjf Þ
2

vuut ,

where di,j is the distance between rainfall stations i and j, n is the number of
overlapping elements in the time series of monthly rainfall data for both stations,
and xif refers to element f of the time series for rainfall station i (Kaufman and
Rousseeuw, 1990). Cluster membership was determined by averaging the Euclidean
distance between cluster members because the resulting dissimilarities are statistically
consistent and robust (Kaufman and Rousseeuw, 1990). Although evidence of
clustering among the KNP rainfall stations is weak (agglomerative
coefficient ¼ 0.39, see Kaufman and Rousseeuw, 1990), three clusters can be
distinguished (Fig. 2). These clusters generally correspond to a north, south, and far
south spatial division of the park (Fig. 1). The differences among the clusters are
apparent in average annual and average dry season rainfall patterns.
From a herbivore management perspective, the KNP can be subdivided into a

northern region and a southern region along the Olifants River (Fig. 1), which is a
barrier to large-scale migration for many herbivore species (Smuts, 1974). The
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Fig. 2. The clustering tree derived from the agglomerative clustering analysis shows an overview of the

entire hierarchical process. Three primary clusters can be distinguished, which correspond to a north,

south, and far south spatial division of the KNP (see Fig. 1).
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rainfall-based KNP subdivision generally corresponds to this management division
and suggests that the northern region experiences lower annual and dry season
rainfall than the southern region (Fig. 3). We analyse data from the northern and
southern regions separately to explore the relationship between the current climate
year’s rainfall and surface water availability. Conclusions about the relationship
between surface water availability and rainfall derived from analyses conducted in
the northern and southern regions do not take into account smaller, rainfall-based
patches that may deviate from the overall patterns (e.g. the higher rainfall patches in
the southern-most section of the KNP). The significance of these deviations will
increase as the scale of interest decreases. It may be important, therefore, to consider
these patches separately when analyzing local rather than landscape scale patterns of
surface water availability.
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Fig. 3. Average annual and dry season rainfall, calculated in the northern and southern regions, are

plotted for the study period (1981–1993). Data from the northern or southern rainfall stations (see Fig. 1)

are averaged and the standard error is shown. In our analyses, wet years are defined as the 6 years with the

highest average annual rainfall (i.e. 1981, 1985, 1988, 1990, 1991, and 1993 in the northern region and

1981, 1984, 1985, 1988, 1990, and 1993 in the southern region), while dry years are defined as the 6 years

with the lowest average annual rainfall (i.e. 1982, 1983, 1984, 1987, 1989, and 1992 in the northern region

and 1982, 1983, 1986, 1987, 1991, and 1992 in the southern region).
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2.2. Water source assemblages

The dry season (May–August) distribution of water sources was recorded over a
majority of the KNP from 1981 to 1993 during an annual aerial census conducted
using a total count, strip transect methodology (P.C. Viljoen, 1996, Ecological aerial
surveys (EAS) in the KNP. Summary of current methodology—1996 update,
unpublished report, South African National Parks, Skukuza, South Africa).
Specifically, the census is conducted using a fixed-wing aircraft flying 95–100 knots
at a height of 65–70m above the ground. A team of four observers visually search a
strip of 400m on either side of the plane and record all animals and the presence of
artificial, natural perennial, and ephemeral water sources. A large proportion of the
ephemeral water sources recorded during the census result from dry season
rainstorms (P.C. Viljoen, KNP, pers. comm.). Other ephemeral water sources result
from the cumulative effects of rainfall during preceding years (i.e. a larger number of
ephemeral sources will contain water during the dry season if rainfall is above
average for several years). The locations of census water points are recorded with an
accuracy of approximately 800m (P.C. Viljoen, KNP, pers. comm.). We believe that
no systematic errors occur in the census water data because a consistent
methodology was applied to all surveys.
We differentiate between two water source assemblages. The persistent assemblage

is comprised primarily of perennial water sources, defined as continuously extant
water sources of known location, specifically rivers, springs, dams, and boreholes,
and represents the assemblage of water sources typically considered in analyses of
surface water availability. This assemblage also contains water sources that
persistently occur in the census data. We used the Geographic Information Systems
(GIS) software ARC/INFO (version 8.0.2, Environmental Systems Research
Institute, Inc., Redlands, CA, USA) to summarize the presence of census water
points in a 1� 1 km grid of the KNP during wet and dry years. This resolution was
chosen as the smallest convenient distance compatible with the approximately 800m
spatial accuracy of the census water data. Wet and dry years, respectively defined as
the 6 years with the highest average annual rainfall values and the 6 years with the
lowest average annual rainfall values, were determined separately for the northern
and southern regions (Fig. 3). The locations of persistent water sources during wet
years were defined as those cells containing at least one water point in all six wet
years. The locations of persistent water sources during dry years were defined using
the stricter criterion of only those cells containing at least one water source in all six
wet years and all six dry years.
We analysed the contribution of ephemeral water sources to surface water

availability in the total water source assemblage, which combines ephemeral and
perennial water sources. Ephemeral water sources are expected to vary over a range
of temporal scales, from small pans formed by dry season rainstorms that are only
available for a few weeks to pools in seasonal rivers formed by the cumulative effects
of preceding years’ rainfall that are available throughout the dry season in one or
more years. A majority of the water sources recorded during the censuses are
ephemeral. Boreholes are considered a perennial water source, but may also have
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been recorded during the censuses. To correct this redundancy, we created a circular
buffer of 1.5 km radius around each borehole. Among the census water points
contained in this buffer, the point closest to the borehole was removed. When
observers failed to record the presence of a borehole during the censuses this
procedure may result in the incorrect removal of a census water point. The chosen
buffer radius, which is larger than may be needed to account for potential location
errors in the census water data, increases the probability of incorrectly removing a
census water point. The number of water points recorded during the yearly censuses
varied from approximately 3000 to 9750. Hence, the number of ephemeral water
sources in the KNP is much higher than the number of boreholes (there are
approximately 300 boreholes). We accepted a higher probability of incorrectly
removing a census water point to ensure that the consequences of removing
boreholes were not underestimated.

2.3. Quantifying patterns of surface water availability

Patterns of surface water availability can be meaningfully described by the
percentage of area occurring at different distances from water sources. In particular,
areas at varying distances from water may support different herbivore densities
(Western, 1975; Bergstrom and Skarpe, 1999; Redfern et al., 2003) and hence
different intensities of herbivore impacts on forage and soil characteristics (Thrash
and Derry, 1999). We calculated the percentage of area in four distance-to-water
categories relevant to herbivore movements, specifically 0–2, 2–5, 5–10, and410 km.
The 5–10 km distance-to-water category was chosen because 5 km has been
proposed as the typical daily movement range of water-dependent, medium-sized
herbivores, such as wildebeest and zebra (Owen-Smith, 1996). The 410 km category
was chosen because larger herbivores, such as buffalo (Syncerus caffer) and elephant
(Loxodonta africana), are capable of moving greater distances (Owen-Smith, 1996).
We chose to break the 5 km distance-to-water category into areas within 2 km of
water sources and areas between 2 and 5 km from water sources so that our
comparisons are also relevant for species that are expected to remain close to water
sources. For example, waterbuck (Kobus ellipsiprymnus) are one of the most water-
dependent herbivores and typically remain within a few kilometers of water sources
(Estes, 1991).
We used the percentage of area in each distance-to-water category to describe

surface water availability patterns in the KNP. In particular, we assessed the
relationship between rainfall and surface water availability for both water source
assemblages by comparing the average percentage of area in each distance-to-water
category in the northern versus southern region and in wet versus dry years. We also
assessed the contribution of ephemeral water sources to surface water availability by
comparing the percentage of area in each distance-to-water category for the
persistent and total water source assemblages. Finally, we evaluated our capacity to
manipulate surface water availability by analyzing the changes in area among
distance categories produced by removing all of the KNP boreholes from both water
source assemblages.
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3. Results

Prior to borehole removal, a majority of the KNP’s area occurs within 5 km of
water sources in both assemblages (Figs. 4–6). Following borehole removal,
however, large differences between the assemblages are observed in the partitioning
of area among the distance categories. As expected, removing all boreholes from the
persistent water source assemblage, which is comprised primarily of boreholes and
perennial rivers, had a large impact on patterns of surface water availability during
the dry season. In general, complete borehole closure causes a change from regions
in which a majority of the area occurs within 5 km of persistent water sources to
regions in which a substantial percentage of the area occurs beyond 10 km of
persistent water sources (Fig. 4). These changes suggest that borehole removal
isolates the remaining persistent water sources, creating little area within 5 km of
persistent water sources (Fig. 5).
Fig. 4. The percentage of area in four distance-to-water categories during the dry season, derived by

including all boreholes and no boreholes in the persistent and total water source assemblages, is plotted for

wet and dry years. For the total water source assemblage, the percentage of area in each distance-to-water

category was averaged over the six wettest years and six driest years (see Fig. 2) and the standard error is

shown. The persistent water source assemblage represents areas that consistently contain sources during

wet and dry years. Hence, a single value is obtained for the percentage of area in each distance-to-water

category under the different scenarios considered.
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Fig. 5. The spatial distribution of four distance-to-water categories during the dry season of dry years is

mapped for the persistent water source assemblage when all boreholes and no boreholes are included.

Persistent water sources in dry years represent a subset of the persistent water sources in wet years. Hence,

a greater percentage of the area in the KNP occurs close to persistent water sources in wet versus dry years.
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Removing boreholes from the total water source assemblage, however, causes
smaller increases in the percentage of area far from water sources. Specifically,
removing boreholes during dry years increases the percentage of area that occurs
beyond 5 km of water sources from 9% to 28% in the northern region and from 5%
to 13% in the southern region (Fig. 4), although little area more than 10 km from
water sources is created in either region (Fig. 4). Additionally, the location of areas
more than 5 km from water sources is not consistent, but varies according to the
location of the ephemeral water sources produced by dry season rainstorms or the
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Fig. 6. Temporal and spatial heterogeneity in the total water source assemblage, when all boreholes and

no boreholes are included, are depicted for the dry season of dry years. A GIS was used to determine the

number of dry years (out of a total of six) each 1� 1 km grid cell was more than 5 km from a water source.

Maps produced for wet years have fewer areas that are consistently more than 5 km from a water source.

The locations of these areas, however, may differ between wet and dry years because of the variability in

the location of dry season, ephemeral water sources.

J.V. Redfern et al. / Journal of Arid Environments 63 (2005) 406–424416
cumulative effects of rainfall during preceding years (Fig. 6). In particular, few areas
are more than 5 km from water sources for more than four of the six dry years that
occurred during our study period (Fig. 6). We did, however, observe an increase in
the proportion of area more than 5 km from water sources in up to four of the six dry
years (Fig. 6). Hence, removal does increase heterogeneity of water source locations
and availability. In general, water source heterogeneity in the total assemblage
appears to be related to rainfall. A larger proportion of area occurs close to water
sources in the wetter southern region versus the drier northern region and in wet
versus dry years.
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4. Discussion

4.1. A surface water availability continuum

The hypothesis that surface water availability can be manipulated to manage
herbivore distributions in African savanna ecosystems assumes that surface water
availability is a primary determinant of herbivore distributions and that surface
water availability can be manipulated at scales that influence herbivore distributions.
Our analysis of the KNP persistent and total water source assemblages suggests that
ephemeral water sources are a substantial component of surface water availability in
the KNP. In general, we posit that surface water availability in savanna ecosystems
exists along a continuum of being determined primarily by perennial water sources
or primarily by ephemeral water sources (Fig. 7). An ecosystem will not be placed at
any particular point along the continuum, but rather within a band determined by
the amount and variability of rainfall. The left end of this band will always occur at
the end of the continuum containing perennial water sources because we assume that
areas that sustain water-dependent herbivores during the dry season will always
contain some perennial water sources. The location of the right end of this band will
expand toward ephemeral water sources in ecosystems that receive higher annual
rainfall. Within an ecosystem, the band will expand toward ephemeral water sources
during extremely wet years or when multiple years of above average annual rainfall
coincide.
Units along the surface water availability continuum can be devised in accordance

with particular management objectives. For example, thiessen polygons (Okabe et
al., 1992) can be used to allocate the area in a reserve to the nearest water source
(Fig. 7). The amount of area allocated to perennial and ephemeral water sources can
then be calculated and the ratio of these areas can be used as the unit defining the
surface water availability continuum. Further refinements of such an analysis could
be used to partition the percentage of area in particular distance-to-water categories
between perennial and ephemeral water sources. The location of perennial and
ephemeral water sources within a reserve can be determined using high-resolution
remote sensing data. A comparison of multiple images can be used to define
perennial and ephemeral water sources and measure their relative contributions to
surface water availability under varying climatic conditions.
Alternatively, a GIS can be used to map a template of possible water source

locations by combining soils data with a digital elevation model (DEM). A
hydrological model can be applied to this template to determine the probabilities of
particular soil and slope combinations supporting water sources and the storage
capacity of such water sources. In particular, the surface area and depth of the water
sources should be predicted because they are important factors in determining
evaporation rates and hence water source duration (Zambatis, 1985). By including
factors such as rainfall patterns, evaporation rates, seepage rates, and animal
consumption (Western, 1975) within the model, maps of surface water availability
under various climatic conditions can be produced and used to understand the
relative contribution of perennial and ephemeral water sources. For example, on an
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Fig. 7. A diagrammatic representation of the surface water availability continuum is shown for (A) an

ecosystem in which surface water availability is composed of a large number of ephemeral water sources,

and (B) an ecosystem in which perennial and ephemeral water sources contribute equally to surface water

availability. A metric assessing the relative contribution of perennial versus ephemeral water sources is

used to place an ecosystem along the surface water availability continuum. For example, the metric could

be the percentage of area allocated to perennial versus ephemeral water sources using thiessen polygons.

Placement of an ecosystem along the continuum is represented by a band, rather than a point, because

perennial water sources are always present in an ecosystem. The position of the band relative to the

ephemeral water source end of the continuum will be determined by intra-annual and inter-annual rainfall.
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intra-annual time scale, the occurrence of ephemeral water sources will depend on
whether rainfall tends to occur exclusively within the wet season or whether an
ecologically significant amount of rainfall may also occur during the dry season. On
an inter-annual time scale, periods of above average annual rainfall will be
characterized by a higher availability of ephemeral water sources than periods of
below average annual rainfall.
While the KNP aerial census data is too coarse to accurately determine the

placement of the KNP along the surface water availability continuum, our analyses
of the KNP persistent and total water source assemblages suggests that, throughout
our study period, the KNP can be characterized as an ecosystem in which surface
water availability is determined by perennial and ephemeral water sources. In
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particular, the census water data suggest that an analysis designed to locate the KNP
along the surface water availability continuum would result in the right end of the
band occurring closer to the ephemeral water sources than the perennial water
sources. The consequences of borehole removal in the KNP, therefore, largely
depend on how particular herbivore species respond to ephemeral water sources.

4.2. Implications for wildlife management

Hypotheses regarding the response of particular herbivore species to ephemeral
water sources can be connected to the surface water availability continuum by
arranging species along the continuum according to relative expectations of whether
perennial or ephemeral water sources exert a greater influence on their distributions.
In general, we expect that herbivore distribution patterns will reflect a balance
among meeting water, forage, and cover requirements while minimizing energy
expenditures. When forage and cover are abundant, we expect water-dependent
herbivores to concentrate near perennial water sources. Specifically, if forage and
cover are abundant, herbivores can minimize travel costs between feeding and
drinking locations and minimize the predation risk incurred by leaving cover to
satisfy drinking requirements by remaining in areas that contain perennial water
sources, which are spatially and temporally static. However, when forage or cover is
scarce in the vicinity of perennial water sources as a result of a drought or increased
competition, the benefits of dispersing to an area containing ephemeral water sources
and a greater abundance of forage or cover will increase. Under these conditions,
ephemeral water sources may exert a greater influence on herbivore distribution
patterns.
The costs and benefits of dispersing to areas containing ephemeral water sources,

however, will vary among herbivore species. We hypothesize that under conditions in
which resources are limited near perennial water sources a species’ response to
ephemeral water sources will be determined by their water dependence and size. We
define species’ water dependence by the frequency with which they require access to
surface water and assume that a species’ size influences the average and maximum
distance traveled between water sources and other resource patches. In general, when
resources are limited, we hypothesize that distributions of water-dependent
herbivores that are large and mobile will be less limited by the locations of perennial
water sources and more influenced by ephemeral water sources. Hence, we place
large species closer to the ephemeral water source end of the surface water
availability continuum. Alternatively, a higher cost of dispersing to areas containing
ephemeral water sources is expected for water-dependent herbivores that are smaller,
have a fixed home range or territory, or are associated with water-related habitat
characteristics. Therefore, distribution patterns for these species should be more
limited by perennial water sources and we place these species closer to the perennial
water source end of the surface water availability continuum.
Grazers—such as buffalo, zebra, wildebeest, and waterbuck—are characterized as

highly water dependent, typically visiting water sources every 1–2 days during the
dry season (Young, 1970; Estes, 1991). Buffalo, zebra, and wildebeest, however, are
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also large, mobile herbivores and may range 10–30 km from water sources to meet
their forage requirements (Estes, 1991). Hence, we expect that these species are less
limited by perennial water sources and occur closer to the ephemeral water source
end of the surface water availability continuum (Fig. 8). Hippopotamuses
(Hippopotamus amphibious) are also large grazers, but depend on water-related
landscapes. Specifically, their distributions are focused primarily around water
sources in which they can submerge because their skin loses water at rate several
times faster than other mammals, making them prone to rapid dehydration (Estes,
1991). Hence, we expect hippopotamus distributions to be limited by deep, perennial
water sources and occur close to the perennial water source end of the surface water
availability continuum (Fig. 8). We also hypothesize that waterbuck occur close to
the perennial water source end of the continuum (Fig. 8) because waterbuck are
dependent on habitats associated with perennial water sources (Wentzel et al., 1991).
Mixed feeders—such as elephant and impala (Aepyceros melampus)—typically

require access to surface water every 2–3 days during the dry season (Young, 1970;
Owen-Smith, 1988; Estes, 1991). During drought conditions, elephants may occur
15–24 km from water sources (Owen-Smith, 1988). Hence, of all the species
considered here, we hypothesize that elephants are the least limited by perennial
water sources and occur closest to the ephemeral water source end of the surface
water availability continuum (Fig. 8). Alternatively, impala are the smallest antelope
considered and hence should be more limited by perennial water sources. We,
therefore, hypothesize that impala occur closer to the perennial water sources end of
the continuum, although we expect ephemeral water sources to exert a greater
influence on impala distributions than waterbuck or hippopotamus distributions
Perennial 
Water Sources

Ephemeral
Water Sources

Hippo
Waterbuck

Impala Zebra
Wildebeest

Buffalo Elephant

Perennial 
Water Sources

Ephemeral
Water Sources
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Waterbuck
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Wildebeest

Buffalo

Elephant

(A)

(B)

Fig. 8. Hypotheses regarding the relative influence that ephemeral water sources exert on herbivore

distributions are diagrammed for nine species that are abundant in the KNP. In general, we hypothesize

that the distribution patterns of larger, mobile water-dependent herbivores will be more influenced by

ephemeral water sources than distribution patterns of smaller or extremely water-dependent herbivores. In

ecosystems in which surface water availability is composed of a large number of ephemeral water sources

(as shown for the continuum in A), the larger, mobile species are able to spread farther from the perennial

water sources. When fewer ephemeral water sources are available (as shown for the continuum in B),

species distributions are compressed near perennial water sources.
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(Fig. 8). Finally, browsers—such as giraffe (Giraffa camelopardalis) and kudu
(Tragelaphus strepsiceros)—are the least water dependent of the species considered
and may subsist without access to surface water for long periods (Estes, 1991).
Hence, we expect them to be relatively unaffected by the location of either perennial
or ephemeral water sources.
Whether a species’ tendency to disperse to areas containing ephemeral water

sources is expressed will depend on many factors including the number of individuals
that can be supported by the ephemeral water sources, the particular conditions that
are limiting, and the amount of time the sources contain water. Prediction of the
number of individuals that can be sustained by ephemeral water sources will be
species-specific and requires a greater understanding of species water quality
preferences. Additionally, herbivore species will respond differently to forage and
cover characteristics. Limitations in forage quality will exert a greater influence on
the distribution patterns of smaller ruminants while limitations in forage quantity
will exert a greater influence on the distribution patterns of larger ruminants and
non-ruminants (Jarman, 1974; Owen-Smith, 1982; Demment and Van Soest, 1985;
Wilmshurst et al., 2000; Redfern et al., 2003). Furthermore, distribution patterns of
smaller species may be more influenced by the location of cover than the distribution
patterns of large species. Finally, ephemeral water sources that are available for a
relatively short period of time are expected to exert a smaller influence on herbivore
distributions.
Our capacity to alter herbivore distributions by manipulating surface water

availability will be constrained by the location of herbivore species along the surface
water availability continuum and the conditions under which herbivores disperse to
areas containing ephemeral water sources. In the KNP, the results from the total water
source assemblage suggest that borehole removal will have less influence on herbivore
species that occur closer to the ephemeral water source end of the surface water
availability continuum. Borehole removal, however, will increase the temporal and
spatial heterogeneity of surface water availability and therefore may increase habitat
heterogeneity created by water-related herbivore impacts, such as soil trampling,
nutrient concentration, and alteration of vegetation composition and structure.
Alternatively, results from the KNP persistent water source assemblage suggest

that following borehole removal herbivore species that occur closer to the perennial
water source end of the continuum may be concentrated in smaller areas and face
movement constraints. The degree of range contraction for these species will depend
on their habitat preference. For example, some species, such as bushbuck
(Tragelaphus scriptus), may depend on riparian habitat and hence concentrate near
perennial rivers to meet forage, water, and other habitat requirements (Estes, 1991).
It is unlikely that borehole removal will directly affect such species. These
populations may, however, be indirectly affected by increased competition and
predation if borehole removal increases the number of species that concentrate in
riparian habitat.
In contrast to perennial rivers, the impact of boreholes on habitat characteristics is

limited to a local area. In particular, previous studies have suggested that obvious
alteration of forage characteristics may only occur within several hundred meters of
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a borehole (Thrash and Derry, 1999). Thus it is unlikely that habitat changes around
boreholes explain the potential influence boreholes exert on herbivore distributions.
Rather, boreholes may be an important determinant of herbivore distributions
because they provide access to regions that would otherwise be unavailable to less
mobile, water-dependent herbivores. Therefore, removing all of the KNP boreholes
significantly decreases the potential dry season distribution range for such species
and consequently may reduce the size of populations that can be supported.
5. Conclusion

Our analyses of the KNP census water data indicate that numerous ephemeral
water sources exist in the KNP and hence form a substantial component of surface
water availability. However, the role of the KNP ephemeral water sources in
determining population, ecosystem, and community dynamics has not been
explored. To address these issues, analyses must be conducted to determine the
location of the KNP along the surface water availability continuum (Fig. 7) and to
explore the relationship between ephemeral water sources and herbivore distribu-
tions (Fig. 8). Such analyses will strengthen our ability to formulate water
management policies. For example, Owen-Smith (1996) suggests that a more
restricted distribution of water sources is advisable in the KNP, whereas Pienaar
(1985) suggests that the distribution of water sources in the KNP is below the
historical distribution. Placing the KNP along the surface water availability
continuum can help resolve this controversy by clarifying the types and abundances
of water sources.
The impacts of water management policies on herbivore species can be clarified by

determining where each herbivore species occurs along the range of the continuum
covered by the KNP (Fig. 8). Other issues that future research should address
include: determination of the rate at which particular herbivore species disperse to
areas experiencing dry season rainstorms, measurement of the total time species
spend in dispersal areas, the relationship between a water source’s duration and its
influence on herbivore distributions, and determination of the amount of dry season
and cumulative rainfall required to cause dispersals. Our hypotheses about the
relative response of herbivore species to water sources (Fig. 8) can help guide the
development of a monitoring program designed to assess the consequences of
borehole removal in the KNP. Tests of the hypotheses, conducted with the
monitoring program data, can then be used to improve KNP water management
policies and understand the relationship between artificial water sources and the
survival of water-dependent species.
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