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ABSTRACT.

Three years ago, the African elephant, Loxodonta afri a, was
declared endangered and placed on Appendix I of CITES. In this
Paper we describe a demographic model for elephants that examines
the effect that poaching has had on East African populations and
the time tl;at it would take exploited populations to recover
under complete protection. All of the model’s parameters are
based on empirical data from a number of field studies. The
analyses suggest that both social structure and reproductive
physiclogy are crucial in understanding the demography of
elephants and in determining the size and composition of viable
elephant populations. In particular, inclusion of the elephant’s
social behaviour into the model creates a threshold below which
the population will always collapse to extinction. The technique
provides a framework which may ke applied to studies of

extinction in other endangered species.



Intrzoduction.

The 1583 internatiocnal ban on commercial trade in ivory was

implemented by the intermational community because of very real
concerns about the trend towards extinction of many African
elephant populations. Between 1273% and 1989 pcaching for ivory
reduced the continental peopulaticn from 1.3 million to 609,000
elephants (Douglas-Hamilton, 1988). In regions where poaching
was severe individual populations declined by over 80 percent
during the same pericd. During the 1980‘’s the internaticnal
ivory trade averaged scme 800-1,000 tonnes per year, representing
the deaths of up to 100,000 elephants annually. It has been
estimated that up to 90% of the ivory traded criginated from
illegally killed eleprants (Deokson & Poole, 1992). The cfftake
in many areas ‘left elephant families fragmented and caused
radical changes in grcuping patterns (Pocle, 1989a). A range of
scientific and economic analyses ccgnductad during 1988 and 1989
indicatea .aat a cecntinuation of the ivory trade would drive many
elepnant populatiocns te extincticn esarly in the next century
(Beddingten et al, 198%; Caugnrlsv exr al, 18%0). In this paper we
examine the pcssible effzct cn alraady exploited populations of

recrening the trade in ivorvy.

The African elepnant, Lgxcdgnta africana, has a ceomplex
social organizaticn ceonsisting cf a network of alliances between
matriarchal groups of related fa=males (Moss, 1988). Adult males

live essentially independent lives, alternating between periods
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of association with cther adult nales and extended pericds of
sexual activity during which they move between cow/calf groups in
search of receptive femalies (Pocle, 1987). Elephants are long-
lived mammals; age deterxines dominance, leadership and calf
survival among females and reprcductive success through female
cheoice and dewminance among males (Poocle, 1987, 1%89b). Here we
describe an age-structured model, based on the Leslie matrix
(Leslie, 1945; Caswell, 1989), that includes functions describing
both the decrease in female reprcductive activity as population
density approaches the carrying capacity and the decrease in the
probability of conception as mature males become limiting through
overexploitation. Empiricail data from long term studies at
Ambosell and surveys of age and sex structure in other African
elephant populations are used to estimate the model’s parameters

and -to illustrate the respcnse of different populaticons <o

exploitation.

A model for elephant democrzphy

long term studies on elephants in Amboseli National Park in
Kenva indicate that the cccurrsnce of cestrus and concepticn are
highly sensitive to resocurce availability (Moss, 1988; Poole,
1987; Laws 1969%9). Data frzoo a number of different elephant
populations studied by Laws [1969) suggest that both age at first
repreoduction and inter-bpirtz interval increase with populatiocn
density (Figqure 1 a,b). However, since his data were gathered

from elephants living in diffsrent habitats they compound density



effects with variaticns in habitat quality. Under constant

weather conditicns, per capita rescurce availability should

decline as populatiocn density approaches the carrying capacity.
While we acknowledge that Laws’s study may inccrperate the
effacts of habitat and weather on reprcducticn, it does provide
evidence from a sufficient range of populations to show that the
reproductive activity of elephants is sensitive to populaticn
density. We have therefcre used these data to describe rates of
recruitment and set both age at first reprcduction and interbirth

interval as functions cf density.

The model 1s constructed in the framework of a two-sex
leslie matrix with the population divided into five year age-
cohorts. The natural survival rates of male and female elephants
were estimated from the long term population daﬁa collected from
the relatively unpoached elephant gopulatiocn at Amboseli (Moss,
in press), these parameters fcorm the off-diagonal of the matrix.
The fecundity terms of the first row of a standard lLeslie matrix
are replaced by the density-dependent functions illustrated in
Figure 1 (a,b), these expressicns determine the pbirth rates of
young (10-20 years) and mature (> 20 years) females. The effects
of poaching were included by reducing the natural survival rate
of any age or sex class by a term corresponding to the additional
mortality due to poaching. The model was initially used to
determine the effects of randcm exploitaticn on elephant

populations, this essentallly corresponds to the case where
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family groups of elephants are culled for control purposes.

This initial analysils suggests that elephant populations are

very susceptible tc exploitation (Fig 2a,b). For example, a
randem annual offtake of 1.25% reduces the population to a new
equlibrium at 50% of its initial size in about 100 years, while
an annual removal of 7% is sufficient to drive a population to
extinction in around 150 years. Present evidence suggests that
annual levels of poaching averaged tetween 12 and 18% in some
East African peorulations (Beddington et al, 1989%9: Milner-cGulland
& Mace, 1991). Had harvesting continued at this level it would

have driven many elephant populations to extinction early in the

next century (Fig 2b}.

However, as tusk size is dependent upon both the age and sex
of an elephant (Fig 3), poacking is unlikely to operate in a
random fashion. If we assume that poachers selectively remove
eleppants with tusks larger than a zinimum size, we obtain a more
complex relaticnship between ivory vield and populaticn size (Fig
4a). Initially, tke larger TuskKed adult males will be selected
in prerference to females and vounger nales. Selective poaching
at lower tusk welghts rapidly zrcduces populaticns with distorted
sex-ratlo and age-structure (Tig 4b). Surveys conducted cn East
African elepnants populaticns confirm these highly skewed sex-
ratios, in some areas nature Ismales cutnumber mature males by a

factsr of over fifty to one (Pocle, 198%a). Furthermore, &the
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proportion of females showing signs of pregnancy or accompanied
by recent ocffspring were diminished in these populations. To

examine how these changes in social structure affect the ability

of populaticns to reccver, wWe have extended the medel to

ascercain the ccnditicns when a paucity of mature males limits

conception rates.

Social structure and propulation viability.

We model the social system of elephants by assuming that
males searching for females have the dynamics cf 2 simple
predator prey system. We assume that M males search at a rate,
«, in a population of F females, divided into G groups (the rate
at which males find females in cestIus is thus «eF/G, where e 1s
the propertion of time for which a female is receptive). Each
male takes a constant pericd of +ime, h, to consort with each
cestrous female. The number of females that any nale
succcesfully conserts with in a period of time T, equal toc one

cestrus cycle is given by tae following equation;

N, _ aTeF/G (1).
M. 1+afeF/G

This expression for the instantanecus rate at which males
enccunter females may be used tc estimate the preccability that
any individual female is not lccated by the available males
during any one oestrus pericd. This probability is given by

substituting Egqn 1 intoc the zerc-th term of a Paoisson
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distributicn;

- (NJF.
( . __) (2).

d

Po=

The propertion of females who eventually ccnceive during the time
equal to one inter-birth period is a function of the probabilty
that she is not nated, Py, the prebability, c, that she conceives
if mated and the number cf times, t, a female would ccme into
cestrus every four years if not successfully mated. Thus the
proporticn of females whe are pregnant or produce offspring in

any four year time interval is given by

f(F,M)=l"‘[(l"C') (l—po) +p0]f (3).

Substitution of Egn 2 into 2 allcws us to obtain an expression

for the propeorticn cf females procducin oung in any four year
prort b4 g Y

interpirth interval

F(Z, M =1-T1-c(1-e ¥/F) " (4).

This expressicn is a modificaticn of cne descriked by Dobson &
Lyles (1989); it assumes that females who do not conceive, will
continue cvcling. dere we assume that males attain sexual
maturity at age twenty and are sexually active for a proportion
of time, s each year; thev are promiscuous and will mate with

several females during this pericd. The mating functicn suggests



that the probability cf a female cecnceiving during any one
reproductive cycle is strongly dependent upon the numbers of
males available and the number of groups into which the female
populaticn is divided (Fig S5a & b). As the sex ratio becomes
more distecrted towards females (as is the case in heavily poached
elephant populaticons), or as the females become divided into many

small groups, the proporticon of females producing offspring

declines (Figure 6}).

The mating functicn (EqQn 4) is most sensitive to estimates
of male search rate and the number of times a female enters
cestrus. We assume that a2 female enters cestrus three times a
year; the actual incidence may be less than this as females will
fail teo cycle if resources are liziting. Data collected from
studies of bull elephants at Amboseli (Poole, 158%b} were used to
quantify the rates at which males locate females (Figs 5 & 6
indicate the sensitivity of the resﬁlts to variation in this
parameter). Since females find mature males more attractive than
younger, inexverienced nales (Poole, l989b),_these data may
overestimate the success rate of zales in populations where
poaching will have reduced the numbers of older males. Both
these effects may cause The model to overestimate expected

conception rates in heavily exploited populaticns.

Inclusion of the mating function (Egqn 2) into the fecundity

terms of the demograpnic model described above ccnsiderably




incrszases the susceptibility of explcoited elepnant populations tc
extinction. Essentially, the elephant’s social behavicur
determines a threshcid pogpulatizsn size where successful mating
beccmes limiting and kelcw which the pepulatien always collapses
to extinction. The presence cof such a threshold means that the
viability of elephant populations is dependent not only on past
and present levels of poaching, but also upon the sex-ratio and

grour structure of the explcited ropulations.

Empirical data frem survevs of East African eliephant
pepulations provide supporT for this model of mate limitation
(Poole 198%9a). In Mikumi, Tanzania, where the surveved elephants
were widely dispersed in many small groups, only 39% of the adult
females had developed breasts (and were, therefore, either
pregnant or lactating). In ccntrast, in Queen Elizabeth, Uganda,
MOST of (he <lephants nad groupea tcgether to form a single
permanent large aggregaticn, and 87% cof the adult females had
develcped breasts. The number <f mature females ts mature males
in the two parks was 74:1 and 256:1, respectively. Using the
observed numbers of nales cIi :trseding age and female group size
structures observed in these rcpulations (the mean number of
females per group for Mikumil s 2, while mean numper of females
per croup in Queen Elizareth is §7), cur model predicts 40% and
95%, of females pregnant or lactating for Mikumi and Queen

-

Elizabeth Park respectivelv (14



To further illustrate this point we have run simulations

using the model and the observed age structure, group and sex
compositicon for Mikumi NP, Tanzania, Queen Elizabeth National ;
Park, Uganda and Ambosell and Tsavo NP’s, Kenya (Figure 7). In

the first case we have assumed an "effective" ban on the ivory

trade, in the second case we have looked at *the situation where a
limited ivory trade creates an incentive for poaching and 3% of

the elephant populaticn is killed each year. In the case of a

complete ban, three of the populations take thirty to fifty years

to attain equilibrium density and considerably longer (50-100

years) to establish stable age structure. The population at

Mikumi never reccvers frcm its present condition and in the

absence of migration declines toc extinction. In the situation

where a limited trade in ivory encourages poaching, the

populations at both Mikumi and Queen Elizabeth Park are driven tz
extinction; those at Tsave and Amboseli show proncunced declines.

These results suggest that even a slight increase in pocaching may

be sufficient to cause the presently disrupted elephant

populations in many parts of East Africa to collapse to

extinction. All our calculations suggest that as populations

beccme fragmented their recovery rates become increasingly

sluggish.

The model can also ke used to estimate the length of time it
will take different elephant populations to recover. This

relationship may ke calculated for populations for which

11
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information is available about the mean weight of the tusks being
remcved from the pepulation. The rate at which the pobulation
recovers will be a function of whether the individuals have been
selectively or randomly poached with respect to tusk size. We
have calculated the reccvery times for both random and
selectively poached porulations and assume the actual reccvery
time for any elepnant population will lie somewhere between the
two extreme values. We have also calculated the recovery times
to two different population densities: 50% of carrying capacity,
the density at which maximum ivory yvield is obtained from a
randomiy culled population; and 98% carrying capacity, the
density at which tetal ivory vield is maximized (Figure 8). In
each case the recovery times of selective poached populations is
longer for a similar mean tusk weight, while the time for heavily
poached populaticns te recover to levels where they will maximize
ivory production is of the order a century. Milner-Gulland and
Mace (1991) have published estimates of the average tusk weights
for a number of African countries in the mid-1980’'s, these data
can te used to estimate the rascovery fimes of the elephant stocks
in these countries (Fig %a & b). These data suggest that while
the populations in Southern African countries, such as South
Africa and Zimbabwe, are still relatively healthy, the
populations in East Africa will take at least thirty to foury
years to recover, and may take as lcng as one hundred years to

reacn levels where they will maximize ivery pProductivity.
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Cenclusicns

The work ocutlined in this article has important implications for

elerhant conservation and ivory trade policy. The first section
of the paper suggests that elephants are highly susceptikle to
overexplcitation. Although the maximum growth rate of an
elephant population may be as much as 7% per year (Hall-Martin,
1970), the non-linear relaticnship between pcpulation density and
recruitment for elephants (Figure 1) means that exploitation at a
level in excess of 1% per year is sufficient to ultimately reduce
a population at carrying capacity by 50%. Once overexploited,
elepnant populations may take at least 50 years to recover from
t+he effects of poaching. The analysis of selective poaching of
the larger tusked individuals suggests a complex interaction
between ivory offtake and elephant population size. In
particular, selective poacning distorts the sex and age structure
of the population and can lead to rapid declines once poachers

include females and immaturs males in their harvest.

Non-linear effects ares alsc lmportant iﬁ determining the
time scale at which elerphant corulations respcend to exploitaticon:
selective culling can rapidly remove the largest tusked
individuals from a populaticn, but it will then take thirty to
fourty years for a conorTt cI slder males to regenerate. In
contrast, randem culling at _ow levels may provide a steady
supply of tusks for a long tTize, but attempts to increase yields

by ralsing the culling level guilckly leads to diminished returns

N 13
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from a population which sukbsegquently takes longer to reccver.
These calculations underlie many of the paradcxes of elephant
censervation and the ivory trade. As was originalily pointed out
by Pilgrim & Western (15387), koth heonest ivory dealers and
conservationists receive maxinum value from elephant populations
kept as close as possible to carrying capacity. In contrast,
where elephant populations are culled to prevent habitat damage
by excessive elephant use, the long-term yield of ivery
diminishes rapidly with the efficacy of control. Consequently,
conservatlion projects that are paid for with ivery from culled
elephants will receive diminishing revenues through time. Indeed
the maximum yield cof ivory from a culled elephant population is
usually an order of magnitucde less than the yield from a
selectively managed population. Under these criteria, fencing,
and potentially fertility control, may present alternatives to

culling that are beoth eccnomically and ethically more sound.

The seccnd half of the paper considers how disruptions to
the social system of elevhants affect their rpopulation dynamics.
The simulations in this section use data gathered from East
African populations to compare the thecoretical fate of
populations with known age and sex structure. As with any non-
linear ecological model the rprojecticns are dependent upon the
assumpticons of the model. Thus the results for Mikumi are
pessimistic as they exclude the effacts of immigration from the

adjoining Selous Reserve, while the results for all the parks may

14
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be cotimistic as thev ignore any detrimental interaction between
the elephants and their food rescurces, this may lead to
increased mortality if the elephants severely degrade the
hgbitat. The results we have presented are mostT sensitive to our
estimate of male searching rate . The figure we have used is
based cn a study of mature bulls at Amboseli (Poole, 128%bh).
Older bulls are more attractive to females, wheo tend to run away
from younger, inexperienced males. This means it is likely that
we have overestimated the success rate of the younger males
present in a heavily exploited populaticn and in essence our
calculations may underestimate the effects of male limitation in

a heavily explecited population.

The inclusion of other features of elephant social
behaviour, such as the effect of allomeothering cn infant survival
(Lee, 1987) further increases the propensity for fragmented
populaticns to collapse (O‘Connell & Sutton, 139%0). All of this
analysis suggests we shculd be more cautious in the way we manage
populations of elephants and that more research 1is needed to
fully understand the relative impcrtance of the different
processes that determine viapility in different areas and
habitats. While it has been argued that some elephant
populations are not endangered and could sustain a limited
harvest, the inability of both exporting and importing countries
to regulate the trade in ivory would again lead to illegal

exploitation cf endangered populations elsewhere in Africa. The

- 15

o rmes Bl R W A P W W WO AT Yt W R W M W N e



numbers of deaths i1n East African elephant pcpulations has
steadily decreased since the 128% ban and elephants have bequn to
leave the prctecticn of the smaller parks and recclonize parts of
their former range. Tohe evidence rresented in this paper
suggests that lifting the ban on international trade in ivery in

the immediate future cculd still ke catastrophic for many African

elephant populations.
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FIGURE LEGENDS.
Figure 1. (A) & (B) The influence of population density on age at
first reproducticn and interbirzh interval in elephant
populations surveyed by Laws (1369). The fitted curves are
functions ¢f the form p = l/(1+(aN)b), where p 1s the prorortion
of females producing offspring and N is population density; we
assume density determines a significant compconent of per capita
resource availability. The paraizecer estimates are (A - age at
first reproduction) b = 3.04 (£0.38), a = 1/2.00 (£ 1/0.10), ré =
0.98 and (B -inter birth interval) b = 1.54 (£0.531) and a =
1/1.97 (*+1/0.31), r¢ = 0.84. These two functions are used to
determine the proportions of females producing cffspring iIn each
four year time interval. The resultant figures are muitiplied by

1.25 to give the birth rate in each five year interval cf the

Leslie matrix model described in the main text.

Figure 2 (A) The effect of explcitation on an elephant population
is illustrated in the form commenly used by fisheries biologists:
pepulation size on the herizontal axis is expressed as a
preportTicn or carrying capacilty. The amount cf ivory harvested
from the population is expressed on the vertical axis as a
proportion of the maximum amount that coculd kbe cbtained {(the
n"MSY" level); the numbers superiIposed on the figure correspond
toc the annual percentage cf the vopulaticn required to croduce
these yields. (B) An indicaticn of the time scale over which

different rates of poaching lead to changes in populaticn size:

7
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the time taken to reduce the pepulation to 50% of its size pricr
to exploitation and the time taken to drive a population to

extincticn. In both cases the starting population was set at an
egquillibrium value of 1000 elephants, extinction was defined as a

population of less than one individual.

Figure 3. The relationship between age and tusk size for male

and female elephants; the two arrows indicate the age at sexual

maturity.

Figure 4. (A) The effect of selective poaching for large tusks on
ivery yield and elephant populaticn size. Here we assume that
poaccers select elephants with tusks larger than a certain size.
As males have substantially larger tusks than females, they will
be more heavily exploited in the early years. As mature males
become rare, poachers include females and immature males in the
harvest producing a more complex relationship between yield and
pepulation size. It is particularly important tc note that once
femalies have been included in the harvest, small decreases in
average tusk weight produce large decreases in rpopulation size.
The irregularity that occurs in the recruitment function close to
carrving capacity reflects the switching pocint when poachers
begin te include females into their harvest. {B) The effect of

selective pcaching on the sex ratio of elephants in the

populiation (mature females per mature male).

13
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Figure 5. The effect of populaticn size and grouping pattern on |
the rate at which cestrous female elephants are located by mature
males. The probability that an cestrous female will be mated is

assumred to have the dynamics of a simple predateor-prey system;

the numbers of females located is dependent upon encounter rate,
¢, female groupr size, F/G, and the proportion of females in
cestrus, e. Each ocestrous female is fertile for two days, and if
she dces not conceive, she will cycle three time a year (thus e =
6/360). The duration cf cestrus also determines the pericd of
time, h, that a male spends consorting with any individual female
and is unavailable to others. The cbserved pregnancy rates at
Ambosell mav be used tc obtain a conservative estimate for
encounter rate « (& = 3). The cdotted lines on either side of
the line for five groups illustrate the sensitivity of the mating
function to this parameter (upper line ¢ = 2, lower line « =
4.5). When either sex is limiting encounter rate is likely to be
a functi~n ~“ habitat size. We have therefore estimated &« for
other pariks by medifying the Amboseli estimate by the relative
area of eacz park (we assume ¢ 1s a function of distance
travelled and that tials will scale with the square root of

habitat area, thus @ ~ 1.2 for Cueen Eljizabeth and &« ~ 1.3 for

Mikumi).

Figure 6. The effect of variaticn in sex ratio on expected
provorticn cf females pregnant cr lactating in a population

containing Two hundred sexually zature female elephants. The

B 12
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figure assumes that males search for females with a success rate
determined by the functional respense depicted in Figure 5.
Successfully mated females have only a 50% chance of cenceiving
(Moss, 1988). The expected proportions pregnant or lactating are
drawn for populations split inte 2, 5, 10 and 50 groups. The
lines are discontinued below densities where it would be
impossible to subdivide the population to the given extent. The
dashed lines on either side of the 5 group contecur illustrate the
sensitivity of the functicn to a, it is again allowed to vary by
a facter of 2. Included in the figure are the data from surveys
of pregnant cr lactating females in Queen Elizabeth Naticnal
Park, Uganda (QENP), Mikumi Naticnal Park, Tanzania (MNP) and the

relatively unpoached population at Ambeoseli National Park, Kenya

(ANP) .

Figure 7. Projections of the popuiations at (A) Amboseli, (B)
Tsavo, (C) Mikumi and (D) Queen Elizabeth Naticnal Parks assuming
a2 complete cessation of poaching and an ineffectual ivory ban.
Each sigulation was performed using the estimates of age and sex-—
structure reccrded in the surveys by Poole (12989a) as the
starting conditions. In eaca figure the medel is run to compare
effective poacning control [upper line in each figure) with one
in which poachers are able ts take 2% of the population in any

yvear {lcwer line).

Figure 8. The relationship cetween average tusk size weight and

20
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recovery time for African elephant populations. Two different ,
recovery contcurs are illustrated, the shorter recovery times are

the time it takes for poepulatiens to return to fifty percent of

carrying capacity: the longer times are the time it takes for
populations to reccver to 98% of carrying capacity. In each case
a band of recovery times is delineated by the extreme values
determined by whether the population had been exploited randomiy
or selectively, in both cases the lcnger recovery times represent

populations that have been selectively poached.

Figure 9. (A) The observed mean tusk sizes exported from a
number of African cocuntries in the mid-1980’s. The data fcor
Singapore represent pocled iveory from a variety of povulaticns
all over Africa (12). (B) The estinated recaovery times of the
elephant populations for which tusk size data are availabkle. 1In
each case data are given for +the recovery time to 50% of carrying
capacity (assuming the population has been poached at random) and

to 98% of carrying capaciity (assuming 1t has been selectively

poached).
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