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Abstract

Ngorongoro Conservation Area (NCA), in northern Tan-
zania, is amultiple-use areaof importance toMaasai pas-
toralists and wildlife conservation. We adapted the
Savanna modelling system to the NCA, creating an Inte-
grated Management and Assessment System that allows
users to assess responses to alternative management
actions. We used the system to conduct ¢fteen experi-
ments re£ecting potential management questions.
Results suggest that: the distribution of rainfall through-
out the year mayhave a greater impact on the ecosystem
than its quantity; cattle may be near a carrying capacity
determined not by forage limitations but because of dis-
ease risks; increasing survival and reducing disease in
livestock yields greater returns than increasing birth
rates; allowing livestock to graze in areas where they
are currently excluded may lead to a slight increase in
livestock populations, but sometimes leads to large
declines in wildlife populations; few ecosystem e¡ects
were noted when households and cultivation were
allowed to grow at 3% per year for 15 years; and when
up to 5% of the study areawas in cultivation, there were
declines �16% in livestock and wildlife populations,
except for elephants, which declined by 48%. Users may
modify our experiments using tools we have developed,
or address other NCA management questions.
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Re¤ sume¤

L’Aire de Conservation du Ngorongoro (NCA), au nord de
la Tanzanie, est une aire multi-usages importante pour
les pasteursMasa|« et pour laconservationde la faune sau-
vage. Nous avons adapte¤ le mode' le SAVANNA a' la NCA,
cre¤ ant un Syste' me inte¤ gre¤ de gestion et d’e¤ valuation qui
permet a' ses utilisateurs d’e¤ valuer les re¤ ponses a' di¡e¤ r-
entes activite¤ s de gestion. Nous nous sommes servis du
mode' le pour mener 15 expe¤ riences re£e¤ tant di¡e¤ rents
proble' mes de gestion possibles. Les re¤ sultats sugge' rent
que: la distribution des chutes de pluies tout au long de
l’anne¤ e peut avoir un plus grand impact sur l’e¤ cosyste' me
que leur quantite¤ ; le be¤ tail peut e“ tre proche de la charge
ponde¤ rale, de¤ termine¤ e nonpar la disponibilite¤ de lanour-
riture,mais par les risques demaladies; augmenter la sur-
vie et re¤ duire les maladies du be¤ tail donne de meilleurs
re¤ sultats que d’augmenter la natalite¤ ; permettre au be¤ tail
de pa“ turer dans des zones d’ou' il est actuellement exclu
peut augmenter le¤ ge' rement les populations de be¤ tail,
mais cela entra|“ ne parfois un de¤ clin important des popu-
lations sauvages; on a remarque¤ peu d’e¡ets sur l’e¤ cosys-
te' me lorsque les foyers et leurs cultures ont e¤ te¤
autorise¤ s a' cro|“ tre de3%paranpendant15 ans; et lorsque
5% de l’aire e¤ tudie¤ e ont e¤ te¤ mis en culture, on a constate¤
une diminution �16% des populations de be¤ tail et de
faune sauvage, sauf des e¤ le¤ phants qui ont diminue¤ de
48%. Les utilisateurs peuvent modi¢er nos expe¤ riences
en se servant des outils que nous avons mis au point, ou
aborder d’autres proble' mes de gestion de la NCA.

Introduction

Ngorongoro Conservation Area (NCA), in north-eastern
Tanzania (Fig.1), was created in 1959 explicitly as a
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multiple-use area, with both wildlife conservation and
human welfare to be considered in management deci-
sions.TheNCA is home formore than 50,000Maasai pas-
toralists and their livestock (Kijazi et al., 1999), an
increasing human population (10,633 in 1954 to 51,621
in 1999; reviewed in NCAA, 1999), and cultivation ¢rst
outlawed in 1975, and then reinstated in 1992 (Perkin,
1997; NCAA,1999). The land-use practices of the Maasai
are changing (McCabe, 1997) and their food security is
being threatened (Galvin et al., in press). Maasai families
are becoming more sedentary, for example (Homewood
& Rodgers,1991; McCabe,1997).
The Ngorongoro Conservation Area Authority has the

complex task of balancing the competing needs of users.
In the simplest of examples, considering the well-being
of the Maasai is explicitly a part of the Authority’s man-
date (Thompson, 1997), however, human population
increases may reduce wildlife populations, and tourists

prefer views that donot includevillages. Incontrast, tour-
ist visits can have deleterious e¡ects on conservation
(Western & Gichohi, 1993).We developed an Integrated
Modelling and Assessment System (IMAS) for the NCA
that includes ecosystem and socioeconomic modelling,
spatial analyses, and ¢eld work to help assess manage-
ment decisions. Here we reviewour ecosystemmodelling
e¡orts and present results for potential management
questions.While demonstrating the utility of ecological
modelling inAfrican savannas (as others have, e.g.Harris
& Fowler, 1975; Norton-Gri⁄ths, 1979; Toxopeus et al.,
1994; Hilborn et al., 1995; Gignoux et al., 1996;Wiegand
et al., 1998), we also review some of the complexities
facingmanagers, and somepotential solutions.The ques-
tions we address include: changes in livestock stocking
rates; bene¢ts from improved veterinary practices; the
e¡ects of access by livestock to areas where they are
now excluded; adding and removing water sources;
e¡ects of human population growth; and e¡ects of culti-
vation.

Methods

Savanna modelling system

Evaluating how ecosystem components may change in
response tomanagement requiresamodel that is complex
enough to represent those management actions fairly
(Hilborn et al.,1995); we use the Savanna modelling sys-
tem. The development of Savanna began more than
15 years ago, to support research in theTurkana District
of Kenya (Coughenour et al., 1985). Improvements to the
modelweremade in subsequent applications (e.g. Cough-
enour, 1992; Buckley et al., 1993; Coughenour & Ellis,
1993; Coughenour & Singer, 1996; reviewed in Ellis &
Coughenour,1998). Savanna has beenused, for example,
to: understand the carrying capacity of livestock inAus-
tralian grazing lands (Ludwig & Tongway,1997); manage
elk in the Rocky Mountain (Weisberg, 2000) and Yellow-
stone National Parks of the USA (Coughenour & Singer,
1996); evaluate carrying capacity for livestock and wild-
life of Kruger National Park, South Africa (Kiker, 1998);
and address management issues for Mongolian pastoral-
ists’cattle, sheep and horses (Christensen et al.,1999).
Savanna is a series of interconnected Fortran compu-

ter programs that model primary ecosystem interactions
in arid and semi-arid landscapes. Savanna is spatially
explicit, and models landscapes using a gridded system

Fig1 The study area, Ngorongoro Conservation Area,Tanzania.
Areas in dark grey are forest or dense shrub, light grey are
grassland or woodland, and black are water. Ngorongoro Crater is
in the south-central portion of the area, with Lake Magadi on the
crater floor. Insets depict the location of the study area in Africa
and Tanzania (top) and the general topography of the site
(bottom), showing the highlands to the south-east and plains to
the north-west
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of cells. The model predicts water availability to plants
using rainfall and soil properties for each of the cells.
Baseduponwater, light and nutrient availability, primary
production is calculated for plant functional groups,
using process-based methods (Lambin, Rounsevell &
Geist, 2000). Plant populations are calculated from pri-
mary production. At each weekly time-step plants may,
forexample: produce seeds thatbecomeestablished;grow
into olderage classes; out-compete other plant functional
groups; or die.
A habitat suitability index (see Van Horne & Wiens,

1991) is calculated for each cell, at weekly intervals and
foreachanimal functionalgroup, basedupon foragequal-
ity and quantity, slope, elevation, cover and the density
of herbivores. Individuals in the population are distribu-
ted on the landscape based upon these indices. Animals
will feed upon the available vegetation, depending upon
dietary preferences and consumption rates. The energy
gained is reduced by energy costs associated with basal
metabolism, gestation and lactation. Net energy remain-
ing goes toward weight gain, with weights re£ected in
condition indices. Summaries of the status of vegetation,
herbivores, climate, and humans are produced at
monthly intervals (see Ellis & Coughenour,1998, formore
detail).

Adapting Savanna to Ngorongoro Conservation Area

Functional groups. When adapting Savanna to a new
ecosystem, speci¢c functional groups of plants and ani-
mals are de¢ned, dependinguponthemanagement ques-
tions of interest. For NCA, we de¢ned seven plant
functional groups: (1) palatable grasses, (2) palatable
forbs, (3) unpalatable herbaceous plants, (4) palatable
shrubs, (5) unpalatable shrubs, (6) evergreen forests,
and (7) deciduous woodlands. Here the term palatable
re£ectsageneralacceptancebyherbivores;‘evergreen for-
ests’are primarily the forests of Ngorongoro Highlands;
and ‘deciduous woodlands’ are primarily acacia wood-
lands.
Seventeen herbivore functional groups were de¢ned,

including some species split into resident and migratory
populations, or populations within (‘crater’) and outside
(‘area’) NgorongoroCrater.Theherbivores usedwere: cat-
tle, goats, and sheep (1^3); migratoryand residentwilde-
beest (Connochaetes taurinus, Burchell), zebra (Equus
burchelli, Gray), and grazing antelope (4^9); crater and
area African bu¡alo (Syncerus ca¡er, Sparrman) and

browsingantelope (10^13); elephants (Loxodontaafricana,
Blumenback) (14); rhinoceros (Dicerosbicornis, L) (15); gir-
a¡e (Gira¡e camelopardalis, L) (16); and warthog (Phaco-
choerus aethiopicus, Pallas) (17). Three groups of
antelopes (i.e. resident grazing, and crater and area
browsing antelopes) included multiple species, and
migratoryantelopes areThomson’sgazelles (Gazella thom-
soni, Gu« nther).

Geographic layers. Savanna uses geographical layers
describing elevation, slope, aspect, soils, vegetation,
water sources and restrictions upon animal movements.
Topographic information for NCA (plus a 5-km bu¡er
around the area) was calculated from a digital elevation
model produced by the US Geological Survey (USGS). All
geographical data were generalized to two resolutions,
1km�1km and 5 km�5 km cells. Soils came from the
mapproduced by the FoodandAgricultureOrganization,
and recoded by USGS (USGS, 1997). Land cover was
mapped by M. Kalkhan (Natural Resource Ecology
Laboratory,ColoradoStateUniversity,USA)usingLandsat
satellite dataand existing vegetationmaps.Water sources
for NCA were based primarily upon Aikman & Cobb
(1997), and restrictionsupongrazingwere extracted from
Machange (1997) and other authors in Thompson
(1997), and from reviews by experts.

Parameterizing the model. A suite of parameters too
numerous to cite were set in the model, based upon a lit-
erature review that included more than 100 sources
(some are cited below), previous Savanna applications
(e.g. Coughenour,1992; Kiker,1998), ¢eldwork associated
with this project, and expert opinion. As an indication
of the process-orientated nature of Savanna, the model
includes plant growth and population parameters, such
as speci¢c leaf weight and ¢ne-root death rate due to
water stress. Parameters describe the diets of herbivores,
energy costs, birth and death rates, and habitat relation-
ships (Boone&Krohn,2000). In themodel,105,202 cattle,
130,000 goats and 60,000 sheep were placed in the sys-
tem (Machange, 1997; Thompson, 1997). Approximately
900,000 wildebeest inhabited the Serengeti Ecosystem
in the late 1990s (Mduma et al., 1998), of which about
50% spent some portion of their year on NCA (A.R.E.
Sinclair, pers. comm.). These 450,000 wildebeest were
joined by 66,000 zebra and bu¡alo, 156,000 grazing
antelope, 14,000 browsing antelope, 300 elephants, 14
rhinos and 1700 gira¡es. Lastly, soil and climate data
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were incorporated into the model. Climate data were
available from 1963 to 1992, and we selected data for a
15-year period (1973^1988) to model. Note however, that
data on humanand herbivore populations represent con-
ditions from the late 1990s, and thus the simulations do
not represent a particular period and in ¢gures the years
are designated1^15.

Model adjustment and assessment. Model control para-
meters were adjusted until values from the literature for
measures such as plant allometrics (e.g. Coughenour,
1985; Hodgkinson et al., 1989; Coughenour et al., 1993;
Tewari, 1996), standing plant biomass (e.g. Ndawula-
Senyimba, 1972; Stronach & McNaughton, 1989; Mwa-
lyosi, 1992; Murray, 1995) and herbivore populations
(e.g. Homewood & Rodgers, 1991; Campbell & Borner,
1995; Runyoro et al., 1995; Boshe, 1997; Machange, 1997;
McCabe,1997)were similar to thosemodelled.The result-
ing model was a preliminary ‘control’, for use in compar-
isons with the results of model experiments. Green
biomass responses in Savanna were compared to Nor-
malized Di¡erenceVegetation Indices created by the Glo-
bal Land 1-km AVHRR program (USGS, 1998), which
represents plant biomass derived from satellite images.
Fromthese comparisons,we judged themodel tobe repre-
senting vegetation biomass reasonably well (e.g.
r�0.60, P<0.01). Detailed assessments were made by
comparing biomass and greenness estimates from
Savanna to long-term ¢eld vegetation data collected by
the Ngorongoro Ecological Monitoring Program
(Runyoro,1998), for sixteen sites within the NCA.Vegeta-
tion biomass was being underestimated (r¼0.34,
P>0.1) due to our setting vegetation disturbance levels
and the rate of leaf-fall to litter too high, whereas phenol-
ogy was being modelled reasonably well (r¼0.72, P
<0.001).We modi¢ed the simulation, yielding the ¢nal
control model. As an integrative model, Savanna results
can be challenging to assess, so the responses of experts
were critical in judging the success of the modelling
e¡ort. More than100 experts in various ¢elds have seen
the results, with favourable feedback. In particular, 26
East African scientists and managers, including ecolo-
gists working in NCA, have had in-depth exposure to
the model results during 3- to 5-day trainingworkshops.

Simulating management scenarios. A series of experi-
mentswas conductedandcompared to the controlmodel.
The experiments were selected to both address potential

management questions and to demonstrate the £exibility
of the IMAS system. Forbrevity, the conditions of the indi-
vidual experiments will be introduced as results are
reported.

Results

Drought

We ¢rst explored how drought would a¡ect range condi-
tion, livestockandwildlife.The normal precipitation dur-
ing years 9 and 10 (i.e. 1983 and 1984) was reduced by
50% (Fig.2a), the model experiment was run, and the
results compared to those from the controlmodel.Vegeta-
tion biomass decreased during the simulated drought,
as expected, with shrubs dropping from 150 to
100 gm�2 (averaged over the entire study area) (Fig.2b).
Green leaf biomass declined by one-third during the dry
season. Annual net primary productivity for palatable
grasses decreased by 50 gm�2 (Fig.2c). The number of
cattle declined by about 20,000 animals (19%).
Scientists predict changes in the distributionof rainfall

in response to global climate change (e.g. Hall et al.,
1995; Groisman et al.,1999).Wemodi¢ed the annual tem-
poral distribution of rainfall in the NCA by reducing the
amount in the ¢ve wettest months (December^April) by
1%, and adding this amount to the ¢ve driest months
(May^September) (Fig.2d); the total precipitation
remained unchanged.When simulated, large increases
in dry-season green biomass were observed (e.g. Fig.2e
versus 2f), similar to Hall et al. (1995) for dry savannas.
Wildlife populations increased markedly, and increases
in livestock occurred, although the increases were mod-
erated by increased tick-borne disease.

More livestock

The number of livestock in the NCA has been relatively
stable over the last 40 years (but the number of people
has been increasing) (Kijazi et al., 1997; McCabe, 1997).
There are ongoing e¡orts, however, to increase the
number of livestock (C. Sorensen, Danish International
Development Assistance, pers. comm.).We assessed the
potential e¡ects of this by conducting simulations with
50% more livestock than in the control. The increased
livestock populations remained relatively stable until
a dry period occurred in year 8, and then declined
(Fig.3a). Cattle populations, body conditions, and o¡take
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(Figs 3b,c) declined sharply because the cattle were
restricted to the midlands and highlands during the wet
season, avoiding the NCA plains because wildebeest
calves can transmit malignant catarrhal fever to the cat-
tle (McCabe,1995).
In another experiment, we held livestock populations

high (þ50%) and constant, to: (1) represent importation
of livestock by some group (e.g. donor or governmental
agency) that might seek to maintain livestock at a given
level, and (2) make changes in vegetation and wildlife
populations easier to interpret.The leaf biomass ofpalata-
ble grass decreased about 15%, unpalatable herbaceous
biomass increased by 10% (Fig.3d), and most wildlife
populations declined (e.g. Fig.3e). Some wildlife popula-

tions, suchas rhinoceros inhabiting the Ngorongoro Cra-
ter, did not decline because livestock are not allowed to
graze in the craters (Fig.3f).

Improved veterinary practices

Losses of livestock due to disease can be extreme in the
NCA (McCabe, 1995, 1997; Rwambo et al., 1999). E¡orts
are underway to improve the survival of the livestock
(C. Sorensen, pers. comm.).We investigated the e¡ects of
improved veterinary care by modifying the population
parameters in Savanna. Livestock populations were not
allowed to increase inde¢nitely; the experiments just
described explored e¡ects of elevated livestock numbers.

Fig 2 Experiments addressing changes
in rainfall. A drought was simulated by
making rainfall in year 9 and10, of 50%
of normal ((a), with the shaded area
highlighting the decrease in rainfall),
which reduced shrub biomass during
that period (b) and accumulated net
primary productivity of palatable grasses
(c). Moving1% of the annual rainfall
from the five wettest months to the five
driest (d) dramatically improved range
condition and increased herbivore
populations. Comparing the standing
biomass of herbs and trees in the control
model (e) and with rainfall redistributed
(f) demonstrates the improved range
condition
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Instead, excess animals were culled, representing live-
stock sold, slaughtered, or traded by the Maasai, in addi-
tion to the number sold or slaughtered in the control
model. Animals were culled in proportion to their occur-
rence in the population.
In one analysis, female calf (i.e. ¢rst year) survival was

increased from 80 to 87%, male calves from 75 to 82%,
and similar changes were made for goats and sheep (the
relativelyhigh survival rates in the controlmodel exclude
losses due to tick-borne diseases, which were modelled
separately). Based upon initial population levels, this
increased survival of newborns added up to 4.2% addi-
tional cattle (Fig.4a),3.8% goats (Fig.4b), and 7.5% addi-
tional sheep (Fig.4c) available for sale.

In similar analyses, the adult survival of livestock was
increased by 5% (e.g. females of cattle from 90 to 95%,
goats from87 to 92%, sheep from85 to 90%; again, losses
to tick-borne diseases were treated separately). Improved
survival of adults yielded about 6.8% additional goats
and sheep available for sale during the wettest years
(e.g. years 5, 9 and 14), and 6.7% additional cattle. The
birth rates of livestock were increased by 5%, represent-
ing improved veterinary practices, and increased forage
availability improving animal nutrition. In general, rela-
tively fewadditionalanimalswereavailable for salewhen
birth rates were improved. Finally, the simulated e¡ect
of tick-borne diseaseswas reduced byhalf in the Savanna
model.Anadditional5.7%ofcattlewereavailableperyear

Fig 3 Experiments increasing the
number of livestock.When livestock
populations were increased by 50%, each
declined during a dry period, with cattle
declining markedly (a). Animal
conditions declined as well (b), but
returned to high levels in a density-
dependent response. Savanna reports
results spatially as well, with the large
decline in accumulated offtake (c) as an
example. If livestock populations are
increased by 50% and held constant,
range condition declines, as
demonstrated by an increase in
unpalatable herbaceous plants ((d), with
the greyarea highlighting the increase in
biomass).Wildlife populations, such as
elephants and warthogs (e), declined as
well, unless relatively isolated from
changes in livestock populations, as
rhinoceros were in Ngorongoro Crater (f)
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for culling or selling, as well as 2.3% goats each year and
6.3% sheep every other year.
In these experiments, the animals were removed from

the system when a given population level was exceeded.
Because of this, relatively few changes occurred in the
simulated ecosystem. Small changes in the age structure
of the livestock and in the condition of herbivores were
observed (e.g. Fig.4d).

Increased access to grazing lands

Livestockare unable to grazewithin NCAcraters because
of legal restrictions (Runyoro et al.,1995).Herders arealso
unlikely to graze animals in the south-western portion
of the NCA because of a high likelihood of stock theft
(Machange,1997). As mentioned, during the wet season,
cattle herders must avoid the short grass plains because
of the risk of disease transmission from wildebeest
(McCabe,1995; McCabe,1997).
When livestockwere allowed to grazewithin NCA cra-

ters (Fig.5a versus Fig.5b), relatively few additional ani-
mals could be supported. However, their condition
indices did increase <5%. Population increases were
modest, in part because of the increased likelihood of

disease associated with the high, wet craters. Animals
restricted to Ngorongoro Crater, such as rhinoceros,
declined (Fig.5c).When livestock were allowed to graze
freely in the south-western portion of the NCA (e.g.
Fig.5d), wildlife populations were not strongly a¡ected,
except for elephants, which decreased by 22% (Fig.5e).
After15 years,20,000morecattle (þ19%)were supported
when they were allowed to graze on the plains during
the wet season. However, the condition indices of goats
and sheepwere reduced, indicating that herders of small
stock (which are not susceptible to malignant catarrhal
fever) avoid competing with cattle by grazing their ani-
mals in the midst of wildebeest, whichwe have observed.
Finally, separate simulations with malignant catarrhal
fever in-place indicated that �150 cattle were lost each
week when grazed amongst wildebeest (Fig.5f).

Water supplies

Wateravailability is a critical determinant of the distribu-
tions of herbivores in East African conservation areas
(Western,1975).Water maps used in Savannawere mod-
i¢ed to explore the e¡ects of restoring water sources that
were listed as having failed in the past (Aikman & Cobb,

Fig 4 Experiments simulating improved
veterinary practices.When the survival
rate of first-year cattle, goats and sheep
was increased by 7%,3000^4000
additional cattle were available for sale or
slaughter every few years (a), additional
goats were available most years (b), and
additional sheepwere available every few
years (c), depending upon long-term
conditions.When losses of livestock to
disease were reduced, changes in the
system (vegetation and wildlife) were
small because livestock were culled. For
example, condition indices of elephants
declined slightly ((d), with the grey area
highlighting the decline)
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1997).We also examined the contentious issue of water
beingused by tourist lodges (e.g. Go« ssling (2001) reported
that the averagewater use bya tourist in Zanzibar,Tanza-
nia, was about 15-fold that of a resident). Any water
source within 1km of an existing lodge was assumed to
be used by lodge residents, and unavailable to herbivores.
When new water sources were added, the mean dis-

tance to water during the dry season for all points in the
NCA decreased from 10.2 to 9.0 km. The distribution of
herbivores and their vegetation o¡take were more uni-
formly distributed (e.g. Figs 6a,b). When some water
sources were dedicated to lodges, the mean distance to
water did not changemarkedly (10.2 to10.5 km), a¡ecting
only cells near the lodges of the Ngorongoro Crater rim.

The small change was echoed in small changes in range
condition and herbivore populations. However, popula-
tions such as browsing antelope that inhabited Ngoron-
goro Crater declined (e.g. Fig.6c).

Cultivation and human population growth

Cultivation was banned in the NCA in 1975, but was
restored in 1992 to improve food security (McCabe,
1997; Thompson, 1997). Since then, the area under
cultivation has increased to about 5000 ha (derived
from Smith, 1999) and the human population has
increased (Kijazi et al., 1997; NCAA, 1999).We modelled
these dynamics in Savanna by adding households, with

Fig 5 Experiments changing areas
available for grazing by livestock.
Normally cattle are excluded from
Ngorongoro Crater ((a), including the
white cell, which represents Lake Magadi
at the bottom of the crater). Cattle (b) and
sheep (not shown) will use the crater, if
allowed, whereas goats (not shown) do
not favour the habitat. Animals restricted
to Ngorongoro Crater, such as rhinoceros
(c), decline when livestock use the area. If
the threat of stock theft in south-western
NCA is reduced, goats will use the area
((d), control versus experiment), but
elephants may be excluded (e). Normally,
cattle do not use the plains in the wet
season because of disease transmission.
When that risk is removed, populations
increase markedly (not shown), but given
the presence of the disease, the number
of infections of malignant catarrhal fever
would be expected to increase if the short
grass plains were used (f)
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associated cultivation, to the landscape.Anannualpopu-
lation growth of 3% was modelled. In addition, a culti-
vated area was modelled covering from 0 to 5% of the
NCA, with cultivation added in a way that mirrored the
current distribution of the Maasai households (NCAA,
1999).
When human population growth was modelled, the

number of households, with ten people each on average
(Natural Peoples World/NCAA census summary data),
went from 5000 in year 1 to 7702 in year 15. Land dedi-
cated to cultivation went from 4727 ha in year 1 to
7293 ha in year15 (Fig.6d). E¡ects upon herbivores were
small, due to the low rate of cultivation [i.e. about 0.8%
of theNCA, although the short grass plains are not arable
and comprise about 50% of the NCA (McCabe, 1997)].

When the cultivated area was increased from 0 to 5%,
the responses of the herbivores were variable. In general,
however, about 11% fewer cattle, 3% fewer goats, and
1% fewer sheep could be supported when 5% of NCA
was cultivated (Fig.6e). Wildlife populations declined
�16%, except for gira¡es, which remained constant,
and elephants, which declined by 48% (Fig.6f).

Discussion

The Savanna modelling system has been used by
researchers to conduct analyses yielding precise esti-
mates of e¡ects for a few speci¢c questions, but that is
not the intent of the adaptation described. Savannawas
adapted for use by those without modelling expertise,

Fig 6 Experiments adding water sources,
and increasing households and
cultivation in NCA.When additional
water sources are added to the system,
cattle distribute themselves more evenly
across the landscape and cluster about
the new sources ((a), comparing control
and experiment). Changes in
accumulated offtake in the centre of the
study area may be seen (b).Whenwater
sources are removed for use by tourists in
lodges, changes to the system are small
but animals within Ngorongoro Crater,
such as a portion of the browsing
antelope on the system, showdeclines (c).
When the number of households and
cultivation increase at 3% per year, after
15 years there are about 7800
households (d) in NCA, cultivating about
7300 ha, or 0.8% of the study area.
Simulations where cultivationwas
increased from 0 to 5% of NCA showed a
gradual decrease in livestock similar to
most wildlife groups (e), except elephants
(f), which declined by 48%
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and to address a broad range of policy questions (Hilborn
et al.,1995).We provide a tool that generates results form-
ing a common foundation uponwhich interested parties
may build a discussion.We start such a discussion here,
stemming from the broad array of model experiments
conducted.
Possible changes inthedistributionof rainfall through-

out the year, associated with global warming (Groisman
et al., 1999; Mason et al., 1999), may have major impacts
on plants and herbivores in the NCA (Ellis & Galvin,
1994). A slight shift (1%) in rainfall from the wettest
months to the driestmonths caused large increases in for-
age availability (e.g. Hall et al.,1995) and herbivore popu-
lations. Possible changes in the future not
withstanding, results suggest that cattle are near carry-
ing capacity (i.e. a population that can be sustained over
a longperiod), set inpartbydisease, giventheir restriction
to the midlands and highlands of the NCA during the
wet season (McCabe, 1997). If veterinary care and live-
stock production improve, integrated assessment results
strongly suggest that market access will be important ^
with more animals being produced on a system unable
to support a large increase in population, the excessmust
be sold or slaughtered to avoid a population collapse.
Homewood & Rodgers (1991) reviewed di⁄culties in
expandingmarketaccess. However, increased commerci-
alism has bene¢tted the Maasai in Kenya (e.g. Zaal,
1999) as well as some in the NCA (McCabe,1997).
Opening areas to livestock grazing that are now closed

led to mixed results. Small increases in the numbers of
livestock may occur, but at the cost of large declines in
some wildlife groups, such as elephants in the southern
NCA. An exception to this is the restriction of cattle to
the midlands and highlands (McCabe,1997). If an inocu-
lation were developed for malignant catarrhal fever, for
example, large areas of NCAwould become available for
Maasaicattle tograzeduring thewet season.Results from
simulations suggest that ecosystem-level responses to
having 0.8% of the NCA in cultivation are minor.When
5% of the area was cultivated, larger declines in herbi-
vores occurred, but remained�16% for all but elephants.
This occurred because the areas most densely populated
byMaasai, and therefore, most likely to be under cultiva-
tion, were also those most favoured by elephants. Con-
£icts between the Maasai and elephants can be
anticipated. These con£icts must be weighed against
improvements inMaasai nutritional status,which is poor
compared to theneighbouringMaasai in Loliondo,where

there are no restrictions on cultivation [Galvin et al. in
press; see Norton-Gri⁄ths (1998) for a reviewof the costs
of conservation to Maasai].
Since the completion of this research, our research

team has extended the application to include complex
socioeconomic relationships (Thornton, Galvin &Boone,
in press). However, those relationships are not included
in the simulations discussed in this paper.The limitations
in our modelling methods should be considered when
interpreting or applying the results.
To enable non-experts to conduct analyses using the

Savanna modelling system, a computer program (i.e.
SavView) has been written that provides an interface
between the user and the textual parameter ¢les used
by Savanna. The Windows^style interface allows users
to easily change parameters (e.g. cattle population) and
run the model. To date, IMAS tools have been installed
in six primary locations in Tanzania and Kenya, and 26
people have received in-depth training on the use of the
tools. In an upcoming Global Livestock CRSP project,
we will further the use of integrated assessment in East
African policy formation.
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