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Formulating a birth-and-death model 43

there are fewer parameters in a model, there are more assumptions' For

example, if we ignore the different ages of individuals' we assume age

playsnoimportantpart intheaveragechancesofanindividualdyingor
ieproOuclng. If we ire to judge the validity of that assumption, we would

n""d infor-ation on the relationship between age and vital rates'

As a result, conventional wisdom dictates that we should place little

confidence in the accuracy of quantitative predictions made from simple,

general models. These rnodelsoften proceed from assumptions that are

ireatty oversimplified and are usually employed to generate qualitative

answers to very general questions. However, if a model diverges from the

details of the real world, it does not necessarily follow that it will be a

poor predictor of ensemble properties such as the average population size

ut .o*" time in the future, br the chances of crossing a given population

size threshold. The values we assign to the parameters, and their relation-

ships to one another in the model, embody all assumption:' W-" do not

sujgest that the kinds of models described below are sufficient for every

.uJJ. Rutt 
"r, 

when time is short and data are critically scarce, they may

be the only methods. conservation biology often deals with cases where

time and resources are critically scarce' When urgent decisions are

required and you have to decide one way or the other, it may be better to

use a crude model than to use intuition alone'

2,1.  FORMULATING A BIRTH-AND'DEATH
MODEL

The total number of individuals (N) in a fixed region of space-can only

change because of births, deaths, immigration and emigration' Change in

popu'iation size over a discrete interval of time from / to / + 1 can be

described by the equation
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Nr*r=Nt+B-D+I-E (2.r)

where B and D are the total number of births and deaths respectively

during the time interval from / to t + 1, while I and E are the total

numb-er of individuals entering and leaving the region during the same

time interval. Of cours", *" 
-uy 

replace immigration and emigration

byprocessesthataremediatedbyhumans,suchasintroductions,harvest-
i"g ot poaching. Change in population size from / to t + f is given by

Nr*r - Nr''For 
the, moment, let us assume there is no immigration to,. or emrgra-

tion from, the rhinoceros population' We can rewrite Equation (2'1) in

terms of the difference between the average per capita rate of reproduc-

,ion, * birth rate, (b) and the average per capita death rate' (d)' The

t*o'puru-eters, b and d, can also bi considered as the probability of

havingoffspr ingandtheprobabi l i tyofdyingbetweenonet imeandthe
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It is always a good idea to look at the qualitative characteristics of
a model before you estimate parameters and make predictions. For
example, Equation (2.4) predicts a very strong relationship between the
expected population size and the difference between the per capita birth
and death rates. We can tell this by inspection: the difference between
the vital rates is an exponent (it is raised to the power'e').

2.1.1 Model assumptions

Whenever a model is constructed, it employs a set of assumptions reduc-
ing the complexity of the real world to manageable proportions. Assump-
tions are all those things not dealt with explicitly in the model but which
must nevertheless be true for the model to provide reasonably accurate
predictions. The model above makes a number of them.

It is obviously a vast oversimplification. There is no attempt to model
the dynamics of populations comprehensively. The probability of dying,
d, and the probability of having an offspring, b, are not likely to be the
same for different individuals in a population. They will surely depend to
some extent on the age of the individuals. Furthermore, these rates are
not likely to be constant over time. Nor are births and deaths likely to be
independent events.

A list of all the assumptions, at least those of which we are aware, is:

1. Populations will grow or decline exponentially for an indefinite period.
This implies that population density remains low enough for there to
be no competition among members for limiting resources. There are
no density-dependent effects.

2. Births and deaths are mutually independent.
3. Births and deaths are independent of the ages of individuals. In

real populations, births, deaths and the propensity to immigrate or
emigrate ate age, sex and density dependent. However, it turns out
that even if birth and death rates are age dependent, the mean rate per
individual will remain constant if the proportions of the population
in each age class remain constant over time (see Chapter 4). It is
sufficient that, on average, the constant parameters apply equally and
independently to all members.

4. Birth and death rates (and immigration and emigration rates) are
constant in time. This assumption will be violated by any external
influence such as an epidemic, or by genetic changes in the population,
or by a change in the sex ratio (the relative numbers of males and
females). Often, models of populations deal only with females, assum-
ing there are sufficient males present for reproduction not to be
limited by a lack of them.

5. There is no variability in model parameters due to the vagaries of
the environment or the population's demography. The model for
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Figure 2.1 Deterministic prediction of an exponential model for growth of
a white rhinoceros population: (a) population size is the number of females;
(b) population size plotted on a log scale.

2.3 THE DETERMINISTIC PREDICTION

As a first step, we could evaluate the predictions of the deterministic
version of our model. In this case, we have an analytical solution for Nr,
given Ns and r. We substitute the parameter values reported by Conway
and Goodman in Equation (2.4), giving

N, : 35 eo'06t, (2.s)

and solve the equation for each time step (Figure 2.1(a)).
The first thing to note is that the prediction is exact: there are no error

bars or confidence limits. Second, if the population is allowed to grow for
the next 50 years and there are no limits to the amount of habitat or other
resources available, we could expect in excess of 650 females and a total
population in excess of 1300 animals. When population size is plotted in a

o
l!
o
E
.9
6
5
CI
o
o-

E

(a)

(b)



peleJs uoqnqrJlsrp ruJoJrun € ruoJJ Jeqrunu uopueJ e alsJoueS feq}
',{1pnsn .rolereue8 Jaqrunu ruopuuJ u elerodrocur sa8en8uel Sururruer8ord
1so141 'relnduroo e uo pelueuoldrur ,,(lerrqcaJJe lsou sr qceorddu srql 

^ I
'(1 roldeq3 ees) ,{1rc4seqco1s cqderSourap parrrrel ii

are ,(luregecun Jo sluouodruoc eseqa 'e1er qpnor8 1er1uelod eql e8rel ,roq i i
Jo azrs uorlelndod eql e8rel Aroq Jegerrr ou 'uorlelndod ,{ue ;o uorlcu4xe i I
eql 01 peel plnoJ sl"npr,/\rpu Jo learlrns eql Suldurzs {cnl peq Jo unr !
fJ " lat2ya ln r l?rrnr nrr  rrrM srrnnrrnarj  r in rDr '  i iV 'p€xe eq ra8uol ou IIr^\ suorlcrperd rno leql sl lpseJ eql .sel€J ql"ap i i
pue qlrrq eSeJeA€ uorlepdod eql pue ezrs uollepdod pe,uesqo eql Bursn - '

'uorlulndod eql Jo sJeqrueu Jo uorpnporder pue l?arlrns eql eldues e^\ i "" ""-
pue slenphrpur Jo Jaqunu ra8elur ue;o pesodruoJ se uorlelndod eql leerl 

fvr1l^'q{r/'{uij

e16 ',{e,r slql q laporu eql Sullueureldur ,(q sEurq} o^\l JoJ lunoccp eA\ ir'rt,Jrvzu
'(6961 'uurupooC pue,(e,nuo3) Ieuos€os ftq8lq sr'l lsJuruJ fllercedse L,,t.,,) ,1:1,.,

'lueruuorurue eql pue leuosuos sr serceds eql ut uolpnpordeJ asn€ceq \t , \
elerrdordde sruees rcef. e yo dels atup V 'dels aur] ^{ue ur Surrdsgo seq f,.i
Jaqruaru qcea Jr 'r(puapuadepur 'pue solrl:ns uoltelndod eql Jo Jaqruorrr ,,,..,^,.,^: .:
qo€e Jr {s" pFoc elr'uorlulndod e yo lcedse sql leporu o;'ree,{ fue Il ' '.4'*' u

ug SuFdsgo eleq IILI\ Jo aArAJns IIr^\ Ierurue uelr8 e gr,tes o1 elqrssodur C,\ vTWl
sr ]r pue sacnporder uorlelndod eql Jo uoqrodord u ,Jorllell .qulq Bul , 1
-zrt8 purrue qJ€a Jo tl'g e^eq lou op en :uorlepdod luer aql eul3erul , 1' '.
'eloq^\ e w uorlelndod eq1 o1 ,(1dde sueoru eseqJ 'g0'0 s€^\ aler rlluep rl
eql pu€ '71'g sem eler qurq uorlelndod u"etu oql leqt pelou ea\'e^oqv i i

AI IJI ISVHJOIS JIHdVTICOWAC CNI(ICIV N'Z

'lsJg ruelqoJd srql ssarpp€ il€qs adysreqrunu
re8elur esn ol $ Iepou Jno ol ppe uec e,r\ usrpeJ Jo lueuele euo
'sorocourqJ e Jo Z'0 eleq dlqeer ur louueo elr ',{1rea13 'S'6€ sl U gg6l ur pu€
soJaJourqJ Z'LE sl rg6l ul ezrs uorlepdod eqt roJ uorlcrpeJd aql 'eldurexe
JoC 'sJeqrunu I€eJ pesn ea\ '(1'7 ern8rg) a,roqe uo4epedxe le4uauodxe
eql Suqelncpc q tuq] $ Iopour eW Jo ernl"eJ Suqqno4 reqlouv

'pllelur eurooaq ,{1erns plno^\ 'reer( ol rue.{ uor; }ue}suoc
eJe seleJ rl]eep pue qurq lur{l '1epou rno Jo suopdunsse luelrodrur
eql Jo euo 'llnseJ e su IIeJ plnoa saler dlrpunoeJ pue drqsrotnrns pue
peseeJcur ,(lrsuap se paleldep eurooaq plnoa\ eAJesaJ oql uo seJJnoseg
'sreef 69 uau egl lnoqSnorql uoil{seJ pllueuodxe ue ur ,t.or8 ol enur}uoc
plno^\ uorlepdod eql leql ,{yalqun fua,r sr }I 'lueuuoJr^ue >lJed aql
ur elqepoddnsun ̂ {pealc sr ,(lrsuap s1ql '(696I 'ueurpoog puu ,{e,t.uo3)
Bclr;V ur ereq^\esle l€}lq€q prurldo eJorrr ur pa^rasqo ,{lrsuep eql ocr^u
lnoqe 'erleruop>1 arenbs red spurtus €I Jo sorlrsuep ur lFseJ plnot\
00€I Jo uorlepdod y '8ur,(;sr1es ,(lrulncrged 1ou ere sllnseJ eseqJ
'epos 3o1 B ur pelueserder eq plnm tv\olloJ terll sraldeqr eql pue reldeqc

slql uI azs uorlelndod ro; suorlcrperd er{l Jo ,{uy 'se8ueqc e^urppp ueql
luelrodur eJoru eJe ezs uorlepdod ur se8ueqc puorgodord p luegodurr
sI uolleruroJsuerl srql 'reeuq sreedde qlmor8 '((ilt'Z arnErg) epcs 3o1

e^Jeseu nunpN uo soresouHJ ellql[ 8t

goncalo
Pencil

goncalo
Pencil



Addingdemographicstochasticity 49

between 0 and 1 (that is, each value between 0 and t has the same
probability of being sampled). The algorithm to calculate population
crowth is:

Algorithm 2.1 Exponential population growth with demographic variance.

For each time step from 1 to /, do steps 2 to 7.

Choos.a-ilnJfg!!,_ {andom number, U1.
Choose a uniioim i'andom number. (J,.
If U1 is less than d,then decrease N(r + 1) by 1.
If U2is less than b, then increase N(r + 1) by 1.

Notice that the formulation in the Algorithm 2.1 is similar to, but not
quite the same as, Equation (2.5), even if we ignore the element of
demographic stochasticity it simulates. In the algorithm, we specify the
average size of next year's population according to the equation

Nr+r:Nt+bNt*dN, (2.6)

Thus, Equation (2.5) says that N*llNt: exp(b - d) : 1.062 whereas
Equation (2.6) says N*rlNt : 1 + b - d : 1.060. Neither of these
formulations is wrong. Rather, what is meant by b and d is slightly
different. Because the population reproduces seasonally, in a more or
less discrete period rather than continuously as, say, humans do, the
definition of b and d encapsulated in Equation (2.6) is appropriate.

Notice also that Algorithm 2.1 simulates each individual separately. All
the algorithms in this chapter use this approach to simulate demographic
stochasticity because it makes the process easy to understand. By using
Algorithm 2.1. we stipulate that a female can have no more than one
offspring per year, and if b : 1 there won't be any uncertainty associated
rvith births. These assumptions are probably allright for white rhinoceros,
but not for many other species. In the chapters following Chapter 2, a
more efficient and more general method is used that involves sampling
th,e binomial and Poisson distributions.

ln formulating the model above, we assumed that births and deaths
are independent events. Two components of Algorithm 2.1 reflect this
assumption. First, in steps 6 and 7, if an animal dies we allow it to have
offspring in that same year. Second, we choose different random numbers
to represent the survival and reproductive success of each individual in
steps 4 and 5. We could, if we wanted, preclude reproduction if an animal
dies by returning to step 2 it Ul is less than d in step 6. The version of the
model in Algorithm 2.1 was implemented and the results of the first two
trials are shown inFigure 2.2.

It is clear that demographic stochasticity can have an important effect
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deterministic model (Figure 2.1). Notice that the confidence interval
increases in width as time goes on (Figure 2.3). Our predictions become
less and less certain, the further into the future we make predictions. This
characteristic is a general result common to all stochastic models and it
makes good intuitive sense.

The 95'/" confidence limits in Figure 2.3 are quite close to the mean,
even after 50 years. On the whole, demographic stochasticity has often
been considered unimportant in models of all but the very smallest
populations because it has such a small effect. Demographic stochasticity
is likely to be most important for rare species because the variance in
population size it causes is related directly to the number of individuals in
the population. As populations become larger, the effects get smaller, a
phenomenon we shall return to below. We can see the qualitative effect
of population size by considering the survivorship probability, 0.08,
in isolation. If two females remain, the chance of extinction due to
variability in sampling is 0.082 : 0.0064. When there are 60 animals, the
chance is 0.0860, a very small number. Nevertheless, there remains some
chance of important deviations from the deterministic model (Figure 2.2)
and some chance, albeit small, of extinction through nothing more than
sampling error. We shall return to the relationship between variance and
population size in Chapter 3.

2.5 INTRODUCING A POPULATION CEILING

Conway and Goodman (1989) note that the population on Ndumu Reserve
is below the carrying capacity of the environment. They expect the
population to continue to increase, and they plan to remove individuals
whenever the population exceeds about 60 adults. Given a constant
proportion of about 20% subadults and juveniles in the population, this
population ceiling translates to about 40 females.

The animals taken are to be used in establishing or supplementing
herds in other areas. Another reason for the removals is that the area of
suitable white rhino habitat on the Reserve, although small, supports a
large number of other grazerc and increased rhino numbers could be
detrimental to the chances of persistence of other species.

We can model this aspect of the management of the population in a
straightforward manner by using Equation (2.6). We include a population
ceiling for females above which there is no reproduction, and we truncate
the population to 40 whenever it exceeds that number. The model
becomes:

for N, ( 40, Nr+r : Nt + bNt - dN,

for N, > 40, Nr+r : Nt + bNt - dNt - H

(2.7)
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If managing this population involved nothing more than removing the
excess animals each year, we would not anticipate too many problems
from demographic stochasticity. However, even a modicum of intuition
makes us feel uneasy about a population of 40 female rhinoceros surviv-
ing for the next 50 years. Too many things can happen.

Conway and Goodman (1989) mention the possibility of poaching, an
activity responsible for the decline of rhinoceros populations elsewhere in
Africa. Poaching may result in a constant number of animals lost from the
population each year. Alternatively, if denser populations are easier to
poach, it may be better expressed as a constant proportion of the popula-
tion lost each year. Taking this latter alternative, we may rewrite the
model in Equation (2.7). We let p be the per capita rate of loss due to
poaching. That is, it is the average chance that an animal has of being
taken by a poacher in any one year. Equation (2.7) becomes,

for N, ( 40, Nr+r : Nt + bNt - dN, - pN,,

for N, > 40, Nr+r : Nt - dNt - pN,.
(2.8)

We make essentially the same assumptions about poaching as we do
about births and deaths. The rate of poaching is independent of the other
two events, it is independent of the age, size or sex of the individual, and
it is constant in time. Again, using the same basic algorithm, we can write
the logic for Equation (2.8) as:

Algorithm 2.3 Population growth to a ceiling, with demographic variance
and removals proportional to current population size.

1. For each time from 1 to /, do steps 2 to 9.
2. Let N(/ + 1) take the value of the current population size N(r).
3. For each animal from 1 to N(/ * 1), do steps 4 to 9.
4. Choose a uniform random number, U1.
5. Choose a uniform random number, U2.
6. Choose a uniform random number, U3.
7. If Ur is less than d, then decrease N(r + 1) by 1.
8. If U2 is less than b and N(r) is less than 40, then increase N(l + 1)

bv 1.
9. lf U3 is less than p and, Ulis greater than d, then decrease N(l + 1)

bv 1.

We have assumed that the chances of dying, having offspring, and being
taken by poachers are independent events for each animal. We have no
data on the real levels of poaching on the Reserve. Assume that poaching
occurs at a modest rate, say, one animal per year from a population of 50.
In this case, the value of p will be around 0.02. Note from Equation (2.8)
that the effect of poaching at this rate is identical to increasing the death
rate from 0.08 to 0.10. The reason for the extra condition in step 9 in



'qcue acrml peuropad eJe^\ suorlepurrs osoql 'setuq 00I ,{ropaferl
qcee paleedeJ pue 'sree,{ gg re^o Iepou uorlelndod sql pe}e1nruls e71\

't ,(q (t + llg eseercur ueql 'q ueqt ssel sl zp g '4

t ,(q (f + llg eseercep ueql 'p ueqt ssey sr tp g1 '9
'zn'lequrnu uropueJ ruJoJrun e esooqJ 'S
'Ifl 'Jeqrunu uropueJ ruJoJrun 

" 
esoogJ 't

'Lotl sdels op'(t + l;1*r 01 I ruoq leruru€ rlJ€e Jod '€
'x'po^orueJ Joqrunu

eql ssel '(rlg ezrs uorlelndod luerrno eql Jo en1e^ eql e>l"t (t + lhf rc-I 'Z
'L ot Z sdels op '/ o1 1 uror; ourl qcue roC 'I

'na,{ pd slnwtuo to raqunu luzlsuo) o to paouat puo
aJuortot crqdotSoutap qltn qtmot8 uouo1ndod ln4uauodxg p'7 uttltuoSyy

G'z)

:seuocaq uqlrJodp eqJ

'x - tNP - tNq + tN: I* 'N

euoceq ol pogryou sl (9'Z) uorlenbg 'ue1e1 sptulue Jo reqrunu
aqt aq y 3ug1e1'8u1pec uotlulndod eql qlllrr esuedstp IIBqs a^\ 'flrcqdruts
Jog 'slerurue Jo Jequnu las ? Sur,roruar ro; urqluo8le JoqlJnJ e elIJ^\
o1 ,(see s 1r 'eleldurol e s€ padoyezrep ,(peerp sruqluoSle aq1 3uts1-1

'ezrs uorlelndod luerrnc eql
go luepuedaput st ue{zl sl€tulue Jo Joqrunu eql;r ,(u,t erues oql ,{yletluessa
>po,r.{eu Suqceo4 'ree,{ red (epruay euo ro) spnplllpul o^r} Jo IsAoIueJ
orl] urclsns p1noc numpN le uoltelndod eql tsoSSns (OSO1) uerupoog
pue ,ternuo3 'ree,( qcea pe^olueJ eq plno^\ sptulue Jo Jequrnu pegrceds
e leql ,(141q eroru sr 1r 'peelsuJ 'pe^orueJ oJe slslxluB eql etull eql
le ez:s uorlelndod eql rrrourl 01 peeu plno^\ e,tr'os op oI'uorlelndod eql

;o uolgodord luelsuoc e eAoIueJ ot elqe oq IIII( eruurerSord ]uerua8eueur
B lBql ,{1e>11pn sI 1I os '1unoc ol lFcgJIp eJB soJeJoulqJ leql 

^rou)I 
eA\

SUESWNN INVISNOJ CNINOI^IAU 9'Z

'(p'7enfug,) srea,( 0g re+e selerueJ gg uer{l ssel ol sll?J ezIS uoqelndod
ueelu eql pue elqerJ?^ eJoru qJnlu ,(rs,\ sauoceq ezls uorlelndod eq1
'(ree,{ red 0S Jo }no sluturuu eerql 3ur1u1 ot luep,rtnbe) y"g 01 possoJJul
sr eler Suqreod aqt;1 'rue,( rcd y"7 Jo eler Surqceod lsepou eIIl Jepun
sepureJ gy yo 8u1pec oq] ol esolc sureruer ezrs uollelndod leqt 

^{oqs 
suoll

-elnlurs 0S uo peseq slrturl ocuopguoc pue ezs uotlelndod e8ererre eq;
'1erurue eq1 Suqunoc alqnop splo^e 6 dais

ur uorlrpuor egl 'pouJaJuoc sr uorlelndod aq1 se re1 se Sulql orues eql
ol slunoue 1r 'ree,{ orues eql ur sreqcuod ,(q ua1e1 $ pue selp qloq Iptulue
u€ JJ 'perp seq Ieurrue repcqred teql ueqt 'p 'e1et qleap eql ueql ssel
sl rn JI'qSnoue Jeelo eq plnoqs ',p uarll releer8 sI rn JL'g'7 uqltroSlrT

iSe^Jeseu nunpN uo sorecoull{J ellq^\



Environmental variation 55

Year

Figure 2.5 Mean population size and 95'h confidence limits based on 100
reilications for the ihinoceros population, assuming one female (thin line) and
tx'o females (healry line) are removed each year.

letting x equal 1 and then 2 to represent the removal of either 1 ot 2

females each year from the population.
The results suggest, at first glance, that the population could sustain the

removal of two females per year and remain viable (Figure 2.5). The

mean population size is higher, after 50 years, than the mean population

size if we impose a strict ceiling (Figure 2.4).It it saves considerable time

and money not to survey the population each year immediately prior to

removing animals, we may be content to remove as many as two male

and female pairs every year.

2.7 ENVIRONMENTAL VARIATION

So far, we have looked at nothing except the variation in population size

that results from sampling a finite, integer number of animals from one
year to the next. Populations are affected by other things, notably by the
variation in the environment around them. conway and Goodman (1989)

observe, for example, that extended drought has probably depressed

natality in the population of rhinoceros at Ndumu. Such variation, we

assume, is fundamentally unpredictable. /i , \
Changes in environmental conditions will dictate fluctuations in the ]] r -, 1

growth of a population. That is, e_nvironmental variation will affect the ]] 
^, 

,
oopulation through effectsin- sdrvivoritrip and fecundity. When condi- I | 

" ' . t,
i ion. utJpooi, to-oa and water are scarcer. there is more competition with i ' \"' ' ' , ' ' '

other grazers for the available resources, and fewer rhinos survive thej

vear. Thus, environmental variation may be seen as something that varies

the population mean birth and death rates'
Perhaps the easiest way to model this in a system without density

dependence is to incorporate environmental variation through a degree of
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vary depending on how favourable or unfavourable the seasons turn out
to be.

We shall assume that the environmental factors important for the
growth of the rhinoceros population act independently and that their
effects on the growth rate of the population are additive. For example, if
rainfall is 10% above average, we might expect survival to increase by
I0%. If some other important factor is 10"h better than normal, we shall
add another 10"/" to the average chance of survival.

All we need to do, at each time step, is to choose a random number
from the standardized normal distribution with a specified standard devia-
tion. This number will have a mean of zero. An algorithm for selecting
a random number with a given standard deviation from the normal
distribution is given in the Appendix, Section A.2.3. If the value we
choose is negative, it represents a bad year for the population. The mean
birth rate will fall and the mean death rate will rise (Equations (2.10) and
(2.11)). Conversely, if the number is positive, it represents a good year,
and mean birth rate rises and mean death rate falls. The magnitude we
specify for the standard deviation represents the magnitude of the effects
of environmental variation on the birth and death rates.

lf we use the model for exponential growth in discrete time (Equation
(2.2)) as an example and substitute Equations (2.10) and (2.11). it
becomes

N,+r:  Nt+ (b + s 'y,)N, -  (d -  r 'y)N, (2.r2)

where the value y, represents environmental conditions between times
t and t * L, and s represents the magnitude of their effect on the
population.

The degree of correlation we employ must depend on empirical data.
In the absence of any other information, we assume that the parameters
have a correlation of 1 (that is, we use the same number to represent
variation in both parameters). It would be better to assume there is no
correlation between births and deaths if the factors that act on births are
different from those that act on deaths. To solve Equation (2.I2) and
predict population size, accounting for both demographic and environ-
mental variability, we need only introduce one more step to Algorithm
2.1, giving us

Algorithm 2.5 Exponential population growth with demographic and
env ir o nmental v arianc e .

1. For each time from 1 to /, do steps 2 to 8.
2. Choose a normal random number, Q1, with mean 0 and specified

standard deviation.
3. Let N(/ + 1) take the value of the current population size N(l).
4. For each animal from 1 to N(r * 1), do steps 4 to 8.
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For the exponential model with environmental and demographic
variance, the expected (mean) population size remains the same as the
deterministic model. The curves for all three scenarios (Figure 2.6)
look very similar to the predictions for the same models accounting
for demographic variance alone (Figures 2.4 and 2.5). The addition of
environmental variance had done little more than increase the 95% con-
fidence limits slightly. None of the management alternatives seems likely
to drive the population to extinction.

As managers of the rhinoceros population, we may be tempted to
look at Figure 2.6 and conclude that removing constant numbers from
the population is a reasonable option. The growth rate, on average, is
positive and the confidence limits when removing both one and two
females are a long way from zero. While the variability expected as a
result of imposing a ceiling is much smaller, the mean population size is
well below the other two options at the end of the period. However, the
confidence intervals shown in Figure 2.6 may be misleading. The distribu-
tion of the population sizes is strongly skewed, particularly towards the
end of the simulations. For example, in the case involving the removal of
2 females per year (Figure 2.6), the mean population size at the end of 50
years is about 70 females, with confidence limits of about 20' However,
39 of the 100 trajectories (and the mode) are zero at 50 years, and most
have population sizes of less than 15 females. A few trajectories reach
population sizes in excess of several hundred, reflecting the small chance
that environmental conditions are consistently good for most of the 50
vear period. Thus, the confidence intervals underestimate the true magni-
tude of the variation. We shall test these conclusions by adding risk
assessment to our stochastic models.

2.8 RISK ASSESSMENT

The only thing that may cause us concern about removing constant
numbers of animals is that this management practice results in a much
more variable prediction of the population size. The prediction of the
model for the option involving removals when the population exceeds 40

females, that is, the option for a population ceiling, results in almost no
important variation. It is too small to be shown on Figure 2.6. We should

be comfortable in knowing that the population size will be close to 60
adults if our model is even approximately correct.

When we calculate the mean and confidence limits from a set of num-

bers, we are looking at the central tendency of our data. The behaviour
of outliers is largely ignored. Estimating risk involves calculating the

chances of extreme events. Extreme events in any population may result

in population crashes or explosions. In the case of the rhinoceros on
Ndumu Reserve, we want to know the chances that the population will
become extinct at some time in the next 50 years.
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Risk assessment 6l

represents both the chances of extinction and the chances of falling below

small population sizes. The smallest population sizes were recorded for

each rlpiication of the three simulations in Figure 2.6, giving the three

curves inFigure 2.7.
Perhaps the most surprising thing about these analyses involves the

removafof two females per year. Even though the mean population size

for this management option is well above zero, and above the ceiling of

40 animals at the end of 50 years (Figure 2.6), thete is about a 40"/"

chance that the population will become extinct (Figure 2.7). These risks

are a much more effective guide to the likely future of the population

rhan are the mean trajectories in Figure 2.6. They reflect the very strongly

skewed distribution of the underlying population. Thus, even though the

average population size for the situation involving the removal of 2

females ii ZO at the end of 50 years, the chance that the population is less

than 70 females is about B0%. We occasionally use confidence limits

when displaying expected population sizes in the following chapters even

though they do not give an accurate representation of the true amount of

variaiion, especially in cases where the risk of extinction is high. The

safest option is to implement a ceiling and remove animals only when the

population exceeds it. The chances that the population will fall below 30

females within the next 50 years is small. Even removing just 1 female per

year results in an increased risk that the female population will fall below

30 animals. These risks are incurred by the population, not because of

systematic pressure (in the sense of Shaffer, 1987), but because the

variability in the average rate of population growth is greater when

constant numbers are removed.
There is a good reas'on why the removal of constant numbers poses a

greater threat to the population than does the imposition of a ceiling.

When we remove animals it may be thought of as mortality, at least from

the point of view of the rhino population. Removing animals in excess of

+0 is the same as increasing the chances of mortality when the population

becomes large. when the size falls below the ceiling, mortality rates

effectively decrease Lrecause we no longer take animals. Thus, managing

the population in this way has a stabilizing effect on the population size.

we ihatt tend to push the population of females towards 40 individuals

from above and below.
If we decide, on the other hand, to remove two females per year' our

management activities will destabilize the population, making it more

pronJto population crashes and extinction. This is because the effective

mortality rate (the sum of per capita death rates due to natural causes

and removals) will increase when there are fewer rhinos. For example,

if there are 100 females in the population, the effective mortality due

to removals will be 2%.lt there are 10 females, it will be 20%. This

management scheme makes mortality inversely proportional to the density

of the population and will tend to push it towards extinction'
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year. The effect of their management recommendations is likely to be
a mixture of the model involving removals of a constant number per
year, and the model for a population ceiling. We could build this into
our computer model by, for example, allowing removals only when the
population exceeds 40 animals. There are doubtless many other factors
we could include if our knowledge was a little better.

Nevertheless, we have learned a few useful things. First, removing two
females per year results in a more variable population size than removing
females in excess of 40, even if the population's average net production is
more than two females per year. This, in turn, increases the risks that the
population will decline through chance events in survival and reproduc-
tion, and through a succession of poor years. Second, while wildlife
managers are likely to be sensitive to the risks of declining population
size, poachers are not. These results tell us that if poachers remove a
constant number of two females or more per year, the population is
endangered. If they remove as many as three animals per year, the
population is almost certain to become extinct within the next 50 years
(Figure 2.8). Poaching seems to pose a real threat because, even if
moderate, its intensity may be independent of the existing population
size. Poaching will destabilize the population. Careful management
around the desired population ceiling may stabilize the population size
and thereby reduce the chances of a severe reduction in numbers over the
next 50 years.

The problems of the managers are complicated by measurement errors.
Since they may not know the exact number of animals, sometimes
animals may be removed when N < 40 and not removed when N ) 40.
This will increase the variation in population size and partially (even
completely, if estimates of N have large errors) offset the stabilizing
property of this management strategy. Its effectiveness depends on how
precisely N is estimated.

When we simulate the scenario where three females per year are
removed, the distribution of extinction times is skewed to the right and,
as a result, most of the trials resulted in the population going extinct
before the mean extinction time. About 60% of the replicates became
extinct before the mean extinction time of 21.5 years. This example shows
why it is important to know the complete distribution of extinction times,
not just the average time (see Chapter 1).

The model described above is used as an exploratory tool. We have
been interested principally in the qualitative results of different assump-
tions. We do not really expect the population to be 379 females, plus or
minus 35, in 50 years' time if we remove exactly one per year. Too many
things may happen in the intervening period to make the prediction
realistic. The Reserve may expand or contract in area; we may develop a
technique that makes counting rhinoceros easy; a catastrophe such as
extreme drought or disease may eliminate the population in a single year.
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