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1 INTRODUCTION

Sustainable hunting has two sides; the economic sidehfch the profits from hunting are
such that the exploiters of a population continue to autite same rate in perpetuity) and the
biological side (in which the population growth rate matcthe offtake so that the population
remains stable in perpetuity). In this review | will Bis& both sides of this equation, starting
first in section 2 with an analysis of how to asselether a given level of hunting will lead

to the population stabilising. Then in section 3 | discuss taopredict the level of hunting

that will actually occur when there is no manager tadminting level, but instead

individuals decide how many animals to kill. This involves ssisg the economics of
hunting. In both sections, | discuss some of the caaitins that can arise in the assessment
of sustainability, and how they can be addressed.

However, first it is necessary to consider what isméy sustainability. Sustainability
cannot be attained, inasmuch as it implies an equilibsiuationin perpetuity. All

biological and economic systems are unpredictable. Tithsugh models can suggest that a
system is likely to move towards extinction of th@lexed population, or towards that
population being maintained at a given size, this should niztkiea as a prediction.
Deterministic models produce a simple result; the kdflavel will be X and the population
size Y. However, if more realistic stochastic modets used to assess sustainability,
including natural variability in population dynamics, measwegt errors in estimating model
parameters and variation in the actual hunting moralithposed on a population, then the
way in which sustainability is expressed is as a prolbaloifia population remaining above a
given size within a stated time period. This is a muohenappropriate output of an
assessment than a simple statement that huntingsisiot sustainable in a particular
situation (Mangel, in press, Ludwig et al 1993).

2  THE BIOLOGICAL SUSTAINABILITY OF HUNTING

In this section | discuss the effects of hunting oldhfé populations. In section 2.1, |
describe the simple models that have been used to pifeglstistainability of hunting a
single species. These models can answer questions swélatasunting rate would be
sustainable for a particular species, or how many iddals can be removed from a
population each year without causing the population to defcbmne its current size. Next |
show how this simple model can be extended to includangueffort. This allows us to
predict what yield would be expected for a given levadftdrt. | discuss the use of statistics
on the amount of yield produced for a given level of éffsrindicators of sustainability, and
show how these can be misleading. Finally, | discussdimplexities that mean that the very
simple model is usually inadequate for making detailed piedgtbout the sustainability of
hunting in real-life situations; these include the taet populations are often structured, by
age or in their spatial distribution, and the fact gpcies do not exist, and are rarely hunted,
in isolation.

In section 2.2, | discuss the methods commonly in usaseessing the sustainability of
bushmeat hunting. The main method was developed by Robins@di®rig (1991). | place
these methods in the context of the theoretical tsadiscussed in the previous section.
Finally, in section 2.3, | combine the analyses to make stiggs about methods that could
be used to assess sustainability in the future. | dischish wata need to be collected in order
to make an accurate assessment of sustainability, anthiese data could be collected in the
field.



2.1 Theory of sustainability

211 Smple single-species biological models

The key assumption behind all sustainable hunting modtlatigopulations of organisms
grow and replace themselves - that is, they emewable resour ces. Otherwise, it would be
impossible to hunt them sustainably. Another assumptiaini usually made is that
populations of organisms do not continue to grow indefiitektead they reach an
equilibrium population size (thearrying capacity), which occurs when the number of
individuals matches the resources available to the populdtiee population then remains
stable at carrying capacity. Given that populations ineré&as limit, a function that describes
the way in which they grow is needed. The function gllbounded, because populations do
not grow at the two extremes - when there are nwithgials there to reproduce, and when
there is an equilibrium number of individuals, so ladl tesources are in use. One of the most
convenient assumptions to make about the growth ratebatthese two limits is that
population growth is sigmoidal (Fig. 1a). This is the agsiion made in théogistic equation

of population growth. At first the population grows fdsitf the growth rate slows gradually
as time goes on, until equilibrium is reached with awinaate of zero. Figure 1b shows how
the population growth rate (in numbers of individualsjesawith population size. The
equation for Figure 1b is:

where:

dN/dt = change in population size,

r = intrinsic rate of population increase,
N = population size,

K = carrying capacity.

At very low population sizes, the value% Is small, so the population growth rate is

approximately equal toN, meaning that the population is growing nearlyangntially at a
rater. Despite this, the population growth rate is losyally because although each
individual in the population is reproducing at gthrate, there are few reproducing

individuals present. When the population is vergéa then the value efE approaches 1, so

the population growth rate is again very low, aitbecause each individual is hardly
reproducing at all, or mortality rates are hightvid=en these two extremes, there is a balance
between enough individuals being present and therimd a high enough per capita growth

. . . K
rate. The population growth rate is at a maximurenN = >

Part of the appeal of the logistic equation is thdéescribes population growth using very few
parameters. Yet the measurement of these parangeteysnecessarily simple. The two key
parameters in the model are carrying capacity hadhtrinsic rate of population increase.
Carrying capacity is a concept that is simple eotty but slippery in application. Population
sizes generally fluctuate over time, dads then taken as the average size of the popalatio
equilibrium. It is unlikely that it will have an ext value for many populations, and is more
realistically thought of as the bounds within wh&population fluctuates. Even if
populations fluctuate greatly in size, they wilveasome upper size limit beyond which they



cannot increase further. Carrying capacity is most likelge a meaningful concept for
species with low intrinsic rates of population increageich tend to have more stable
dynamics. In these species, the population varianeermally signficantly lower than the
mean population size. The mean is therefore an adegppteximation to the equilibrium
population size. Carrying capacity is defined as the equihlyrunexploited, density of a
particular population in a particular area. It is notimsic to a particular species, although the
likely range of carrying capacities is. For example,déweying capacity of elephants in a
National Park in the savannah areas of East Africdntig 2/km, while the carrying
capacity of the same species of elephant mightdsetten 0.5/kfmin a West African forest -
the habits of the species dictate that carrying capecitgver high, but it varies four-fold
with habitat type (Burrill & Douglas-Hamilton 1987).

Whilst K is problematic in its interpretation and varies betwa&pulations of the same
species, at least its biological meaning is relativelyhyetiscomprehend. This cannot be said
of the intrinsic rate of population increaseYetr is often cited as the key parameter that
needs to be known if a population is to be exploitechsuebly. The intrinsic rate of
population increase is best comprehended as the rate attiwbipopulation grows (the
difference between births and deaths) when the populigtiary small and growing
exponentially, as in Equation 1 whilr1. Mortality from factors other than resource
constraints (such as predators or climate) is ignotgahueh in reality these factors might be
very important. In practice, primary data on the valiuieare rarely obtainable. In particular,
it will be hard to obtain a value forfor populations already stable at intermediate or high
population sizes. Usuallyhas to be inferred, either by fitting a population modelaia with
all the other relevant parameter values known, or bygueicundity data from zoo
populations together with assumptions about natural mgntates (Robinson and Redford
1991, Caughley 1977, see section 2.2).

The logistic is a simplistic model. Other functiofams for population growth have been
used, particularly in fisheries (Getz & Haight 1989). l wse the logistic for the sake of
simplicity and in order to make use of previous theoretesults. Most of the results |
present are relatively easily generalised to these @thetional forms. Whatever functional
form is used, it will generally involve negative feedbatiat is, the growth rate of the
population in the next time-period depends on its curreat@ensity dependence). Density
dependence is a population-level amalgamation of processasng between individuals,
when there is competition for scarce resources ammargbers of a species. These scarce
resources are usually assumed to be food, but anothenaoone is space. Increases in
competition for these scarce resources lead to ing@asiee mortality or decreases in the
fecundity of individuals. The functional form of densitgpendence depends on these
individual-level processes.

2.1.2 The effects of exploitation
The simplest way to model hunting is to modify the ldgisquation so that a certain number
of individuals is continuously removed:

If the number of individuals removeH) is constant, then the population is at equilioriu
when the number of individuals removed is equah&population growth rate (Fig 2a). If a
proportion of the population is removed, thér aN, and the equilibrium situation is as



shown in Figure 2b. The equilibrium population size undearéicular hunting rate can be
found as follows: From equation 2, the population is stadblen it is not growing i.e. when

O('j—'? = 0. This happens when the population growth rate is the aartiee hunting rate;

rN(l—%j = H. In Figure 2a, the hunting raltl leads to two possible equilibrium points; a

low population sizé\, and a high oné&l,. However,H, leads to only one equilibrium point,
Nwmsy, Which is the population size that produces thgimam growth rate (half the carrying
capacity with logistic growth). The offtake leug} is called themaximum sustainable yield
(MSY), because it is the largest yield that can be téken a population at equilibrium - H
was higher thahl, then offtake would exceed the population’s capaoitreplace itself at
any population sizeH3). In Figure 2b, there is only one equilibrium pgtion size for a
given slope oH. If H is too steep to cross the growth rate cubg t(here is no equilibrium
population size, as the hunting rate is higher tharpopulation growth rate at all valued\bf
This rate of hunting is not sustainable.

Analysis of the stability of these equilibria iretface of environmental fluctuations gives an
insight into their usefulness as targets for a ingninanager. Inspecting the equilibrium point
producing population sizs, in Figure 2a, assume a perturbation increasegdpelation size
slightly, perhaps due to an especially good breggear. This leads to the hunting rate
slightly exceeding the population growth rate, lbmseadensity dependence makes the
population growth rate decline (thus the lineHaris above the dashed population growth
rate line). This means that more individuals anedpeemoved than are being added to the
population, and the population size moves badk,t&imilarly, if the population size were
reduced beloviN,, density dependence would lead to the growthinateasing, and the
population would return to equilibrium. So the éitpaium pointHi,Ny, is stable, because the
population returns to it after a perturbation. Feg8 shows the outcome of this analysis for
each equilibrium point. It can be seen that, feoastantH with two equilibria, the higher
population size equilibrium point is stable and itheer unstable (because any perturbation
leads to the population size moving away from @p&ildrium). The MSY equilibrium is
semi-stable - a small increase in population Szmpensated for, a small decrease leads to
extinction ifH is not decreased. Hunting at MSY is dangerousausit is on a knife-edge -
any small population decline leads to positive bsatk, with the population declining rapidly
to extinction if the number exploited stays the sathH varies linearly witiN (Fig 3b), then
all the equilibrium points are stable. The MSY hngtrate produces the same kind of
equilibrium as all the other rates.

Even this very simple analysis leads to some usdfsérvations. The first two are quite
general, the other two apply specifically to thgidtic model.

» Starting to hunt a previously unexploited popalawill alwayslead to a decrease in the
population size. It is impossible for a exploitezpplation to remain at carrying capacity. The
exploited population will either stabilise at a nlewer equilibrium size or, if the hunt rate is
too high, decline to zero. The model does not $péow long it will take for the population

to stabilise at its new equilibrium - this depepdsthe values af andH. Thus a decreasing
population size does not in itself indicate thabaulation is being unsustainably exploited,
rather that it is not at equilibrium. This pointighored in most of the literature on sustainable
use.



» The reason why populations can be sustainably explaitédi they exhibit a density
dependent response. This means that at any populatidmetoxeK, the population is
producing asurplusyield that is available for hunt without reducing population.sixensity
dependence is the regulatory process that allows the popuiatreturn to equilibrium after a
perturbation. The logistic equation assumes that dedspendence takes the form of smooth
negative feedback. If this is not the case, small claimgleunting rate can lead to sudden
large changes in population size, which could be dangeootisef population. The form of
density dependence assumed is a key component of model prexiadbout the effects of
hunting on population size.

* If hunting involves removing a constant number of irdlials (Fig 3a), then hunting at a
level greater than the MSY leads to a rapid populationraetty extinction. Hunting below

the MSY level leads to a stable equilibrium populatidhe starting population is above the
unstable equilibrium population size. The further belowMIEY level the hunt is the safer it
is, because the two equilibrium population sizes are fuabart. This reasoning lies behind a
common suggestion that hunting should not exceed hafi§¥ level. If a population is
over-exploited, the hunt rate needs to be reduced helwurrent population growth rate to
allow the population to recover. The fastest recoeegurs wherH=0.

* If hunting rate is proportional to population sizesjragle stable equilibrium population size
results (so long as the hunting rate is low enoughassahe population growth curve at
some point). A slight increase in hunting rate leads slight decrease in population size -
there is a smooth and gradual relationship between thewittono rapid changes. Thus, in
the logistic model, a strategy involving hunting a cerpgrcentage of the population each
year is safer than hunting a fixed number of individealsh year, so long as the hunting rate
is not too high (the proportion taken must be less thahhere is no need for wide safety
margins to guard against unstable equilibria. IUCN recentlygested that sustainable use

. . r .
projects should hunt at a maximum rateéo(Prescott-Allen & Prescott-Allen, 1996), which

is equivalent to MSYH, in Fig. 1.3b). This is not a safe suggestion becausenguatiMSY
is dangerous, although taking a constant proportion gigpelation that is equivalent to
MSY is safer than taking a constant number of indivislah MSY .

2.1.3 Abio-economic model of hunting

The simplest model that includes the economic paramdetermining hunting level assumes
that hunting rate is proportional to population size aradsis determined by hunting effort.
This allows us to predict the effect of hunting on popaasize in situations when resource
managers do not intervene to set the hunting leval.assumed that the hunting leitan

be expressed as:

H =gEN (3)

Here,qE has replaced the percentage of the population kaletthat was used in section
2.1.2.E, thehunting effort, is treated as a variable. Hunting effort can be medsar
various ways, such as the number of days spent huntiing eumber of each type of gun or
snare used. Data on effort need to be collected in apgt@pnits for the situation being
analysed. The constantis thecatchability coefficient, which is a measure of the ease of
catching an individual of a particular species. For examfa single snare is set in a
previously unhunted areq,s the probability that an individual of a particularaps is
caught in it. The units af depend on the measure of effort chosen. Equation 3tsaty t



either effort expended by hunters or population sizeas®, the number of individuals killed
will increase.

By substltutlngq—E for N into equation 2, and assuming that the population is atiteguih

(Z_T =0), we obtain an expression for yield)(as a function of effort:

H= qKE(l—%j )

This produces a parabolic curve (Fig 4). As effiocteases, yield increases to a maximum
and then declines to zero. B£0, the population size is at its maximul,As effort
increases, population size decreases and more @medaffiort is needed to catch the
remaining individuals, until at maximum effort, thepulation size reaches zero. The yield-
effort curve is effectively a mirror image of thegulation growth rate-population size curve
(Fig 1b). This is a very useful result becausedyald effort are parameters that are easily
measured and come directly from hunting data. Raojouml size is, by contrast, very hard to
measure directly; forest-living mammals being ohgi@xamples of cases where individuals
are difficult to count. If this model were to hoklmply measuring yield and effort should be
enough to discover the underlying stock-productelationship, without the difficulty and
expense of population monitoring.

One much-used concept in the literature on resausedscatch per unit effort (CPUE), the
ratio of yield to the effort expended. For examgflé, was known that the number of hunters
in an area had remained constant over time, arfdngpélse was assumed to have changed,
then trends in the number of animals sold in tleallonarket could be interpreted as a trend in
CPUE. Trends in CPUE are an indication of trendsojpulation size, because Equation 3 can

be rearranged a?l_zl— [0 N. So if the yield from a population is declining Meithe hunting

effort remains unchanged, the population size eaassumed to be declining as well. This
relationship could be a very useful indirect measafrpopulation trends. A non-declining
CPUE has been promoted as a good indicator ofisabta hunting. However, it is important
to remember the assumption that has been made to s useful relationship - that yield is
directly proportional to effort and population size the early stages of hunting, a declining
CPUE does not necessarily mean hunting is unsastiginbecause the population may just be
declining to an equilibrium size. Conversely, eo#aCPUE could be due to undetected
increases in technological efficiency, giving esépicture of stability as the population
declines. The effects afygregative behaviour on hunting costs can also lead to misleading
trends in CPUE. If a population aggregates intgdagroups even at low population sizes, or
if its location is always predictable, then thetsax hunting are not related linearly to
population size. The CPUE does not decline as jptipulsize declines, because small
populations are not much harder to hunt than langes. The population declines
dramatically without any reduction in hunting effoand without warning signs, because
catches continue to appear healthy. These conglidimcommon in fisheries, and may affect
social forest species, such as primates.



2.1.4 Adding ecological realismto the single species model

2.1.4.1 Non-linear density dependence

The simple bio-economic model is linear in most patarnse Introducing non-linearities can
give insights into the dynamics of real populations. @oe-linearity which is especially
emphasised in the natural resource management lite(atgreClark 1990) idepensation,
also known as the Allee effect. In the standard legmbdel, the proportional growth rate is
a decreasing function of population size, so that tralena population is, the faster it
grows. However, if depensation occurs, the population roate increases with population
size, so that smaller populations grow slower thagelaones. Depensation is usually
assumed to happen only when the population is small, armhseasght include difficulties
in finding a mate or reductions in foraging efficiency asugrsizes become too small. One
species for which the circumstantial evidence seemsitd {@ depensation playing a role is
the passenger pigeon. This species declined to extinctigmaj@dly from quite large
numbers. The original cause of the decline was probablyahalgstruction, but it seems
likely that a critical population size was required rdey for the species to find masting trees
reliably. Mast is a patchy and unpredictable food sourakpane below the critical size, the
population could not find food reliably enough to recover (Bud992).

Depensation has serious consequences for the saféiy stfategy of hunting a proportion of
the population each year. The effect is to make theome similar to that of hunting a
constant number of individuals, with two equilibria; atable, the other unstable (Fig 5). If a
population is hunted to a low enough level to reach thahlesequilibrium, it may recover
much more slowly from hunting, or not at all. To asteesmportance of depensation in the
real world, we need to know how common it is, and at laoge a population size it is likely
to express itself. Myers et al (1995) carried out staikinalyses of 128 fish stocks for
which 15 years or more of data were available, and foahyd3that showed statistically
significant evidence for depensation. There were 2 otbeks for which depensation could
not be entirely ruled out, which had also not recavérem very low population sizes. It
seems that depensation is only found in commerciakfigicies at very low population sizes.
This is the only large-scale study of the prevelance péugation that has been carried out to
date, and it seems to show that, at least in fish,rdgpien is not a widespread problem.

Although depensation is probably uncommon, it is wortmtakeriously because it could
compromise the ability of particular species to recdnen low numbers. However, social
disruption caused by hunting is not confined to small popustiComplex behavioural

effects of hunting, particularly those associated withorted sex ratios, are better not lumped
into the simple population-level factor of depensatian,ificluded more explicitly into

hunting models.

Another complexity is non-linearities in tlseck-production relationship. These mean that
the population size at which populations are most produdtieeMSY population size) is not
50% of carrying capacity, as in the simple logistic modkls issue has been explored by
Fowler (1981, 1984), who shows that the degree of non-ligezan be linked to a species’
life-history strategy. Large-bodied, slow -growing speeieslikely to have their highest
production at populations nearer to carrying capacity thatigbeel by the logistic equation.
Other species, particularly insects, have their highestuctivity below 0.8, which may be
linked to population dynamics that are limited more by padahan resources.

If an exploited species has a significantly non-lireack-production relationship, then it is
important to take this into account. It has implicatitorsthe optimal population size under



hunting as well as for the population’s reaction totimgn The optimal population size for a
hunter is related to the degree of non-linearity; sewith their MSY well below 0.5K will
be harvested to a lower level than those with thediyMvell above 0.5K. Elephants have
their MSY well above 0.5K, and are unusual in that tusksimoe to grow exponentially with
age. Basson et al (1991) showed that the optimal str&degy elephant manager was
therefore to keep the population at carrying capacity anelctavory from animals that had
died from natural mortality.

2.1.4.2 Hunting structured populations

Biological populations are structured, with individuadsying in their age, stage, sex or
spatial position. In some species, this structure caa aanajor effect on the outcome of
hunting (Getz & Haight 1989Age structure has a strong effect on the outcome of hunting
when fecundity and mortality rates vary with age, ipalarly if there is a time lag between
birth and sexual maturity. Hunting lowers the mean agepafpulation, because the
additional mortality lowers the life expectancy dfiatlividuals. If the lag between birth and
sexual maturity is sufficiently long and the huntingrtaity sufficiently high, mean age can
be lowered to a point at which there is a danger otiitecent failure because all remaining
individuals are immature. If older individuals are sedddor by hunters (perhaps because
they are larger) the reduction in mean age with huntiagspire is even more pronounced.
For example, the North Sea cod is a long-lived spedmesh reaches sexual maturity around
the age of 4 years. It has been so heavily exploitztdstime one-year-olds are now exploited,
and two-year-olds are fully exploited by the fishery. Oty of one-year-olds now survive to
age 4 (Cook et al, 1997).

Sex structure is not included in population models as a matter of eyusspite often being
the most obvious division between individuals in a poprafThis is because, at least in the
case of mammals, males are assumed not to be limiipgpulation growth rates. However

it is often crucial to include sex structure for expldigpecies in which hunters select by sex,
particularly if they select males. This selection Imige explicit, for trophies that only adult
males bear (such as saiga antelope horns), or imjolidibe largest individuals that provide
the most meat. If a species is polygynous, so thatr@te mates with many females, then at
moderate levels of hunting pressure, targeting male=sveslithe pressure on females. Because
females provide the recruits to the population, the papulgrowth rate at a given

population size is higher if males are targeted thaatti bexes are hunted. So hunting a high
proportion of males is both less damaging to the populahan hunting females, and more
profitable. This is true for many hunted ungulate specidgugh great care needs to be
taken that these “surplus” males really are surplusttatdhe proportion of males in the
population doesn't drop so low that it limits fecundityn@berg & Milner-Gulland 1993). If
the reproductive system is not polygynous, selectomiales might be as damaging to
population fecundity as selection for females.

Spatial structure in the exploited population can have majoremunsnces for the
population’s dynamics, particularly in sedentary specieghich interaction with neighbours
is much more important to an individual than interactatt distant individuals. Plants and
corals are obvious examples. Spatial trends in hun@stséntroduce a non-linearity into the
relationship between costs and population size, and lgzatterns of resource depletion in
which the lower cost areas are exploited first. Tipinoum population size for a hunter could
be higher in a spatially structured population thanpoulation with constant hunting costs,
so that individuals may survive in remote areas thavemgexpensive to hunt (Clayton et al
1997). If resources are patchily distributed, it may becaorthwhile for hunters to forage in

10



groups, so as to increase their efficiency in searchingréy (Clark & Mangel, 1986).
Spatial structure in variables such as population growehoatld lead to different hunting
rates being optimal in different sub-populations, ana stifferent optimum population sizes
in each sub-population. Movement of animals betweessatemplicates the picture
considerably - if an area is being heavily exploited eutisignificant movement taking
place, that area becomes depleted but surrounding aecasadfected. If, however,
individuals move into the depleted area (because the pmpuisitwell below carrying
capacity and so resource levels in the area are hign) the hunting depletes the surrounding
areas as well. Baskin (1998) discusses how the Laplarei\Resas set up to reestablish the
reindeer population in north-west Russia. The populagoavered quickly, so hunting
started in the area around the reserve. Six years itat@nspired that almost the whole
population had been killed, because most of the reindeemigrated out of the reserve into
the surrounding area, where they were vulnerable to lguntin

Because individuals agenetically different, any preferential hunting for or against a
genetically determined trait is evolutionarily selectiveparticular genotypes. The genetic
effects of hunting, through selection for individualshaparticular characteristics, could well
have important long-term consequences for populationsataanot immediately apparent
from population-level analysis. Heavy hunting pressurecease strong selection on a
population, and thus rapid evolution. Heavily exploited salpopulations may have evolved
a smaller mean adult body size as a response teldetige hunting of larger individuals,
while reproductive maturity has been observed at youngeriagxploited cod populations
than in unexploited populations (Law 1991). It is diffidoltascertain from observations such
as this whether the response to hunting is ecologicatautionary. Individuals (particularly
males) can reach sexual maturity earlier if therdeweadults present, showing phenotypic
plasticity rather than evolution. However, if itsgspected that hunting could be exerting a
selective pressure on a population, then a genetic maglet well be needed to examine the
long-term consequences of hunting.

2.1.4.3 Hunting variable populations

Climatic variability is the most commonly included stosti@variable in hunting models,
because it can cause significant variation in populad@ameters however large the
population size is. Population characteristics suchsh®i generation time and discrete
breeding seasons make a species more sensitive toichmaability. The hunting rate also
affects population variability. Variation in the poputeatisize is important for conservation
and sustainable use, because the more variable the popsiag, the more variable the
sustainable exploitation rate is, and the greatertitaaae of population extinction. In general,
the higher the hunting effort on a highly variable poputatibe higher the variance in the
population size (see Milner-Gulland, 1994, for an examplegusaiga antelopes). This is true
if the variability is externally generated (such ash®y ¢limate); if variability is internally
generated (e.qg. population cycles) then hunting will tergtabilise the population. Another
consideration with long-lived species is that hunting, meling the mean age of the
population, increases the relative reproductive contabuif the younger age-classes. If a
population has stochastic recruitment, this incredsesdlative variation in recruitment by
reducing the averaging-out effect of having several fergedasses. The more fertile age-
classes there are, the lower the unexploited vaniaioecruitment, but the more that
variation is increased by hunting (Reed 1983).
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2.1.5 Interactions between species

It is not ideal to consider a single species in isotatvhen analysing the sustainability of
hunting. This is what is usually done, however, and gstament to the explanatory powers
of simple models that they bear any relation atoahe real-world dynamics of exploited
species. A single-species model is an adequate simpdificar a population in which there

is strong intra-specific competition for certain resesr{producing density-dependence), but
there are only weak interactions with other speciegthen they be competitors, prey,
predators or pathogens. From the economic side, the isclebdequate simplification if the
population is exploited in isolation from other populasipof the same or other species. Some
exploited populations fulfil these criteria, others do mog require further analysis. In this
section, | give a brief overview of some of the likeffects of hunting on systems of two or
more species.

2.1.5.1 Species that interact by being exploited together

The simplest situations to model are those in whielbiblogical interactions between two
species are weak or non-existent, but they are exgltwtgether. In this case, they can be
treated as two independent populations, but with a combuetihg effort. This means that
the costs of hunting are also combined, so that ths oelate to the combined population size
of the two species. If one species is much more comhairanhother, then the costs of
hunting are not related in any significant way to tkze sif the rarer population. Thus, the
simple bio-economic model considered in section 3.1.4oadict the extinction of one of

the species at the long-term “sustainable” open-accgsbeium. In the single-species
model, extinction cannot happen at the open-accessleguiii unless hunting costs are zero
or non-linearities are introduced into the model. Writing model equations out as in section
3.1.4, we have:

dn, _ rlNl(l—mj -g,EN,

dt K, (5)
dN N

dt2 = erz(l_K—jj _qZENZ

Nn=pq,EN, +p,q,EN,-CcE

where

M = profits from hunting,

pi = price per individual of species

¢ = cost per unit of effort (e.g. per day’s hunting)
and the other variables are as in Equations 2 & 3.

There are two conditions that must be met for Imgnto lead to the extinction of one of the
two populations in this model. Firstly, one of gh@pulations (population 1 in this case) must
be slower-growing and/or easier to catch than thero

roor (6)
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Secondly, the cost-price ratio of population 2 naessufficiently low for hunting to be
worthwhile when population 1 has been exterminated:
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C < Nz (7)
P4,

where N; is the size of population 2 at the hunting effort whéaterminates population 1.

This result generalises to more than two species,thaelative values of'— determining

1
the order of extermination of the species. The carryipgatesK; do not affect the
equilibrium population sizes, but affect the speed ofrduasition - if, as often happens, the
slower-growing species is also found at lower densiti®g]l be exterminated more quickly.
Note that the economic value of the exterminated specres relevant to the outcome - it
could be much more or less valuable than the surviving spddiesost-price ratio of the
surviving population is the key economic variable - if tos high, then hunting becomes
uneconomic before population 1 is exterminated.

This simple model has been used to explain the presswsisgaverhunting of various
species, including blue whales (on the back of the finevhishery, Clark 1990) and rhinos.
The Luangwa Valley saw its rhino population decline rapidlpear-extinction in the early
1980’s, coinciding with heavy elephant poaching in the &bao horns were much more
valuable than elephant tusks (1.7x as valuable per kill)mwodelling showed that the rhino
population was small enough for it not to be worthwhileoigyanised gangs to poach
specifically for rhinos. On the other hand, it was higilyfitable to hunt the more numerous
elephants. Hunting both species together was only Bligidre profitable than hunting
elephants alone. Thus the poaching gangs captured in theereetarge, because hunting
specifically for elephants requires carriers forlhéy tusks. As predicted by the model, the
poaching gangs were caught with tusks and the occasionalhdin. In neighbouring
Zimbabwe, on the other hand, small gangs went poaching spdlgifor rhino horn because
the rhinos were still numerous. Small gang sizes afferptde for poachers because they are
less visible to guards and wildlife, and can be usedhioprhorn hunting because the horns
are easier to carry than tusks. So the economic asmalyswed that the rapid decline in rhinos
in the Luangwa Valley was not caused by poaching spedyficalrhinos, but by

opportunistic killing of rhinos by gangs out hunting for &lepts. It was the lucrative ivory
trade that was driving the rhino decline, not the (apparemhe lucrative) rhino horn trade
(Milner-Gulland & Leader-Williams, 1992).

If a species is already rare, a low level of oppostimincidental offtake can have a serious
impact on its population size. If the two populationssagarated in any way, there is the
chance of a refuge from hunting pressure for the momatsenspecies. For example,
Sulawesi wild pigs and babirusas are two species thdiuated together in Sulawesi
(Clayton et al 1997). Because Sulawesi wild pigs are caommboth primary and secondary
forest, it is possible to dramatically reduce hunpngssure on the endangered babirusa
(found only in primary forest) without stopping hunting altihge, simply by hunting only in
secondary forest. This could be a way to make hunting sustainable that might be
acceptable to hunters. Fin and blue whale stocks are geogiapb@parated because fin
whales tend to feed in more northerly waters tharbline whales, so hunting could be
confined to northerly areas (Clark, 1990). Other speciestrhgbkeparated in time, perhaps
by coming into an area at different times of yearhsb & closed season would be similarly
helpful.
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2.1.5.2 Hunting species that interact biologically

Models of hunting interacting species (competitors odqia's and prey) have concentrated
on interactions involving just two or three species. lasirgg the number of species leads to
complex models, that may not reveal any more generadiples than the simpler models. It
is hard to make generalisations about the likely outcdrmeearactions between populations,
because depending on the model's assumptions, any tygearhatal behaviour can be
generated in the system (White et al. 1996). Simple modléisnting competing species
show that the effects of competition can be partitytifficult to predict (Clark 1990). A
fishery can collapse due to a shift in competitive domgeabefore it has even reached MSY.
Because the exploited species is dominant, it is thedani species before the fishery starts,
and the competitor is rare, and so easily over-lookkd.apparently healthy fishery can
collapse before the existence of a competitor is ea¢iced. Not every exploited species is
going to have this kind of problem (otherwise there woalehbeen many more observed
collapses of exploited populations with subsequent takes@feheir niches by another
species). The difficulty lies in identifying in advance @fhexploited species are vulnerable
to collapse through competitive exclusion.

The results of exploitation depend on whether thedrusttaking a species that is low in the
food chain, and is a resource for many other specieghether the exploited species is a
predator or competitor for other species. The compstiiban exploited species benefit from
the increased availability of resources as the populatkEnof the exploited species declines,
and their populations will probably increase. The pregroéxploited species may or may not
increase in population size depending on whether theratlaee predators present that can
increase to compensate for the removal of their cobopeRemoving more than one species
from an ecosystem will have effects that are everernomplex and hard to predict. Fisheries
modellers are starting to address the effects of hus@mgral species from multi-species
predator-prey systems, using techniques such as multi-spetied population analysis, but
there are still many uncertainties (Magnusson 1995).

Hunting does not just affect non-target organisms throughpbeulation-level interactions
with the exploited population. It can also affect thegitel processes and structure of the
ecosystem. Ecosystem-level effects of hunting cae keng-term impacts on all the
component organisms of the ecosystem. Two categor&féeat that are particularly

important are the effects of hunting on nutrient flamd on community structure. Humans can
have large indirect effects on ecosystem structuraihtirlg akeystone species. Keystone
species have a disproportionate effect on their atesy due to their size or their activities.
Any changes in their population size have correspondingdg leffects on the ecosystem.
Examples of keystone species are beavers, which chaatge flew substantially by building
dams, and elephants which can alter ecosystems by ylegttmees.

2.2 Methodsused for assessing bushmeat hunting sustainability

In this section, | discuss the methods that are cilyresed for assessing the biological
sustainability of bushmeat hunting, highlighting their rsgtés and weaknesses. | suggest
other possible methods that could be used.

2.2.1 The Robinson and Redford method

This is the most widely-used method for assessing hustisi@inability. Examples of recent
studies that have used it include Fa et al (1995), Fitzgibbah(1995), Muchaal & Ngangjui
(1999), Alvard et al (1997). The method is appealing to useeibedt is relatively simple,
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uses parameter values that are on the whole obtairablgives a useful threshold value
against which sustainability can be judged. As it has bedbmstandard method, it is
especially important that its assumptions are fullyyeea and the effects of using it are well
understood. The method is fully described in Robinson & &ddfLl991); | summarise and
critique it here.

Robinson & Redford (1991) state that the requirementuiiamable harvesting are:
1) that it should achieve maximum production from the wédbopulation.

2) that the population should not be reduced to levels atwthe species is vulnerable to
local extinction or the ecosystem functioning is afelc

If either of these conditions are not met, the spgecan be considered depleted.

This definition of sustainable harvesting is ambiguousmmaikimum physical yield from a
population is obtainable at MSY (see section 2.1.2) whd&imum economic yield is
obtainable at a point dependent on the discount rateawner, but generally at a higher
population size than the MSY level (see section 3.1.43ufking maximum physical yield,
requirement 1 states that the population should be héheg &SY level. Requirement 2
could be interpreted as meaning that the population showddten the right-hand,
descending portion of the logistic curve (Fig. 1), becausthe left-hand, ascending portion,
it may be vulnerable to unstable equilibria (if a constambber is being removed each year)
or to factors such as depensation. Thus the Robinsord& Rledefinition could be stated as
that the population is depleted if it is below the M&Vel.

They then discuss the parameter values that are eddor their model. These are:
1) Density at carrying capacitip). They suggest obtaining this from actual data (taken as the

average of estimates from unexploited and lightly hiiareas), or from a simple relationship
between density, diet and body size which they haveetbfrom a number of forest species.

2) The arithmetic intrinsic rate of increase of th@udation(A). They suggest estimating
fromr, the geometric intrinsic rate of increase, whiclelated to\ asA = €. They suggest
thatr in turn can be estimated Cole’s equation, which requdia¢s on the age at first and last
reproduction and the annual birth rate of female offspfiihg. equation assumes no mortality
in the population, which can be a problem in some spdad@sever, Cole’s equation is not
ideal, because the data required are not often obtaifwatitee species under study,
introducing estimation error, and because of the assomsptinade about mortality. Instead, it
might be better to estimatdor a given species using an empirically-derived reesinip
between knowm’s for other species and characteristics such as body.rAa mentioned
above (section 2.1.1)is an extremely difficult parameter, both conceptuaiiy practically.

It is best described as the maximum rate of increageathopulation can achieve under
natural conditions but without any significant intra-sfie@ompetition. Thus it is best
measured as the rate of increase of a very small papuf{@ssuming no depensation occurs)
under the best conditions available in the habitat tyyker study. It is clearly unfeasible to
measure in this way in most cases.is the same quantity, but it relates population sizes to
each other in discrete time. Thus, in the absendemdity-dependence:
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?j—':l =rN and N,; = AN, ®)

There is huge confusion in the literature about thenmga ofA andr, including among the
users of Robinson & Redford’s method. Generally, peogienas thak andr are the actual
growth rates of the population, which decrease as popukiienncreases, rather than that
they are constants. For this reason, it can be Hepfefer toA andr asAux andrux to
clarify their meaning; I will do this from now on.

3) Density at which maximum production occuard the maximum producti@Rma).
Robinson & Redford define production as the additions t@dpeilation (through births and
immigration) in a given time period (e.g. a year), thiee these animals survive, emigrate or
die, and maximum production as the MSY. They statepfzattuctionP = N1 - N;, but with
the caveat that no mortality has been included (iteahestimates dfl..1 would not be

useful in estimating production). They then define the poipulaize at whichPma would be
produced as:

Ni+1 = Amax Nt (9)

There is clearly confusion here; as explained inse@il.1, when the population is growing
at Amax the per capita growth rate is highest, but the actwaber of individuals produced is
small, because the population size is small. The maxiprochuction (in the sense of MSY;;
the maximum number of individuals available for harvesturs at intermediate densities
(K/2 in the case of the logistic), when the populatiogr@ving at an intermediate rate per
capita, but because there are more individuals in the gapyléhe actual number of new
individuals produced is highest. This is the point which Rolirzsawl Redford are aiming for.

They also suggest that 2 empirical formulae could be fosezhlculating production. One
(based on Banse and Mosher 1980) relates production to populansity and body mass,
and was derived from a comparative analysis of 7 mammaeaiespé&obinson and Redford
use the unexploited population density in this formula; edymtion is positively related to
density in the equation, this will have the effect okimasing the production estimate
obtained, as required. The second empirical relatiorsstmply relates birth rates to body
mass, again in a regression of data from a number winmad species. However, the use of
these empirical relationships is perhaps not ideal, bedaespoint of the exercise here is to
relate productivity to changes in population density; neifighe comparative relationships
were designed to quantify the effects of density dependengields, as we are aiming to do
here. If they were both derived for unexploited popafai(atk) then the estimates of
productivity obtained will be too low. This is because progitgt(as defined byRobinson &
Redford) in a density-dependent species is likely to bealddy assuming that fecundity rates
are density-dependent.

Robinson & Redford make the following assumptions in glewation ofPmax:
1) Predicted densities are more reliable than observedt@snin general. This is fine, and
will depend on the data quality in a given case. The pestidensityD is equal taK. This

assumption is also uncontentious.

2) Maximum productionFm.x) occurs at 0.&. The logistic equation assumes 0.5K, but as
discussed in section 2.1.4.1, the actual point at which nuamiproduction occurs depends
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on the life-history strategy of the species. Accordm§owler’s (1981) data, Gkbwould be
about right for bighorn sheep, so may fit forest ungslaelatively well. However, for faster-
or slower-growing species, there may be significantrenrthis approximation.

They then calculate maximum production as:
Prex = 0.6 (Amax - 1) (10)

Assuming that MSY is indeed at 8 6then the main problem with this equation is that it wi
substantially over-estimat..x, because of the use fax in the place of the actual

population growth rate at K6 which will be much lower due to density dependence. If MSY
actually occurs at less than B,&henP.x will be further over-estimated, because in Equation
10 the estimated maximum productivity is positively relatethé proportion oK at which

MSY is assumed to occur. Thus in this case the logsgti@tion would be a more
precautionary assumption than the one used here.

They then multiplyPrax by a factor to account for natural mortality, becahed definition

of productivity is the population increase before naturatatity takes place. This factor
varies with the longevity of the species, on the agsiom that if a species has a high natural
mortality rate the proportion of the harvest that lddwave died anyway if it had not been
harvested is high, and thus hunting can afford to takehehmroportion of the population
than if natural mortality rates are low. The facteuggested range from 20%Rf. if the
species is long-lived (>10 years) to 60% if the speciesol-ired (<5 years).

This assumption has the effect of moderating the ovténason ofPnax in Equation 10. It

has the greatest effect for the more sensitive, lelnggd species which is good, but the
original over-estimation may be more severe for tiwter-lived species. However, it is
rather a fudge factor, because the methods used for B8ma.x are actually estimating
production net of natural mortality, so the inclusiorto$ factor is conceptually unnecessary.
Only if the model were more complicated, based on batdsrrather than overall rate of
population growth, would it be necessary. Perhaps the reaqntefor this factor is linked to
the use of Cole’s equation to estimatg, but it would be better to make this explicit.

In assessing sustainability, they compare the estiof@®g. to the production of the area (i.e.
the number of individuals harvested from the area dweappropriate time period). They
clarify that this should only be a crude comparison, andatimaestimate of productivity close
to Prax Should be treated as worrying. This is true. Howeverriii@ concern about this
assumption is that it seriously overestimates theamadtle production level if the population
is already depleted. Referring to Figure 2 and sectio,2fla constant number of
individuals is being hunted each year, then there ialdesand an unstable equilibrium at
each hunting level, from zero to just below MSY (thsrene, semi-stable, equilibrium at
MSY). A sustainable hunting level would best be represkhy the population being at a
stable equilibrium on the right-hand, descending pati@turve. If the population is already
below MSY, then any hunting level above the curve sugtainable, and leads to rapid
descent to extinction. The more depleted the populatennbre the Robinson and Redford
method over-estimates the sustainable hunting levehloylating the MSY.

If instead, the population is being hunted at a constéai(fFeg 2b), then there is a stable

equilibrium at any population size. However, if we wikeing precautionary, we would want
to be on the right-hand side of the curve. In this dd&e’sustainable” hunting rate would
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need to be lower than the MSY hunting rate; the mogegutionary we wish to be, the lower
a proportion of MSY we should set the sustainable humateat.

A brief exploration of the outcome of using RobinsoR&dford’s method on a model
population following simple logistic growth suggests thatuke of this method over-
estimates the sustainable yield most severely when fhdgimn is large, the intrinsic rate of
increase is high, and the natural mortality factoange (Fig. 6). Thus any estimates of
sustainable yield that have been derived for short-livetkgieowing species using this
method should be viewed as suspect. Also, as explaimee abthe population is depleted
(below 0.XK) then there is a danger of rapid population decline, ad@autionary
sustainable hunting rate should be set at zero - ainyatset of sustainable yield derived
using this method for a population that is belowk0ds for which population density is
unknown should also be viewed with suspicion. Howewrlightly-exploited populations of
large, slow-growing species, although the method is conalypteeply flawed, its use may
not be disastrous because the degree of error is lo@gelpreliminary results were obtained
using a model of simple deterministic logistic populagoowth, and should be substantiated
by further analysis under stochastic conditions anld mibre complex population dynamics
(particularly age structure).

2.2.2 Other methods

2.2.2.1 The Bodmer method

A similar method to Robinson and Redford’s was proposeBidoyner, and is described in
Robinson & Bodmer (1999). The formulation below is a riiediversion of his equation,
with different interpretations placed on the parameaisesl in order to clarify the procedure.
The number of individuals produced by a population is cdledlas:

P=DiFs (11)

where:
P = number of new individuals produced.

Ds = population density (females only). They suggest caioglahis asdD=0.5D; on the
assumption of a 1:1 sex ratio, wh&sg; is the overall population density.

F = female fecundity. They suggest calculating thig\svhereY = Number of young
recorded per female (e.g. number of embryos found in si@ddemales, or number of young
at foot) andy = average number of gestations per year.

s = female survival from birth to average age at reproduclibis is a value ranging from 0.6
for short-lived species to 0.2 for long-lived species {he same as the Robinson and Redford
mortality factor).

The actual harvest is compared to this estimated Wlueorder to assess sustainability.

The method is useful in that it is simple, uses reaxblpinable data and there is no
assumption made about intrinsic rates of increaseedd, birth and survival rates are used
explicitly, albeit with the survival rate being a relatly crude approximation. Other
assumptions need to be noted, for example the 1:laexwhich is violated in many
systems where harvesters can select (e.g. for largeiduals, which may be adult males).
However, if the sex ratio is female-biassed, as wbalthe most usual scenario for mammals
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subject to sex-based selectivity, assuming a 1:1 sex saj@nerally precautionary. Also,
there may be a big difference between the number bfyers counted and the number of
young counted at foot, because peri-natal mortality camgbdisant; this may be taken into
account in the value used for the survival mafEhese problems are relatively minor,
however, in a purposefully simple method such as this.

The main drawback of the method is related to its magmgth. This is that no assumptions
are made about density dependence, and there is no atterafotuiate maximum

production; the use of current birth rates, measureckipdipulation under study, means that
sustainable production is assessed for the current poputat® only. As population size
changes under hunting pressure, it would be expected ttratdies (and mortality rates) will
also change. Thus the method is useful as a way dafiggatguick snapshot of the current
situation, not of measuring long-term sustainabilityhtitdd also be noted that in order for
the method to be valid it is important that birth ratesactually estimated for the population
in question at the same time as the harvest ratessaessed.

2.2.2.2 An analogue of the Robinson & Redford method
If a method was desired that had the same conceptualpimuag as Robinson and
Redford’s, then one simple approach would be to usdiskecte-time logistic equation:

AN 12

I\|t+1 = : —-H (12)
(L+aN,)”

where:

A = arithmetic intrinsic rate of population increase

a = A constant related to carrying capacigy= e

B = the degree of over-compensation (non-linearityh@engopulation growth rate.

H = the offtake. This could be a simple number of individidled, or a more complicated
function, such as the number killed as a proportiom@fiopulation size (see sections 2.1.2
and 2.1.3).

We will assume thgd=1 for simplicity, hence Equation 12 represents simgét@ growth,
as shown in Figure 1. By using the discrete-time verdidheoequation, we make data
collection and parameter interpretation much simplercan name a time period (such as a
year) and calculate population growth rates and harfestisat time period.

If offtake is at a sustainable equilibrium then the pojrais stable. If we sét.; = N; and
rearrange Equation 12, then a sustainable harvest rabe abtained at any population size:

( p) J (13)
H=N|—"—-1
@+aN,)

However, if we wished to assess sustainability, we waalat to compare the actual harvest
rate to a putative sustainable harvest rate. Assumih@ thizstainable harvest rate is one that
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maintains a population at a given proportipnof K, then by substitutingy = % andN; =

pK and then rearranging, we obtain:

H= pK(—)l —1}
1+ p(A -2

Following Robinson and Redford, we may wish topset0.6, although there are several
options; for example it has been suggested that a pnecautionary approach would set
p=0.75 (Roughgarden & Smith, 1996), while a common fisheriesitlefi of a depleted
population is one that is below 0KB%Mangel, in press).

(14)

In order to ensure sustainability, we next need to chetkthe population is currently on the
right-hand, descending portion of the logistic curve, otigs with a constant number
harvested there is the dangetbfepresenting the unstable rather than the stable equitibr
(Fig 2). The higher the value we set fpithe easier it is to be sure about this, becatese th
inevitable sampling error in estimating population densitgss likely to lead to confidence
intervals that include values below R.XClearly if the threshold value below which a
population is considered depleted is below the MSY lestedl{ as 0.35), then there is a
conflict between these two steps in the process.

Although I feel that this procedure would be just as singplese as Robinson and Redford’s
method, but without the conceptual flaws, it is still in@tal. There is still no easy way to
estimate\ for the poorly-known species of forest mammal thatauld be used for (let alone
for well-studied species!), and the underlying model is g\@nhplistic (see sections 2.1.4
and 2.1.5). However, it might be useful for a first sitabssessing sustainability. Similarly
simple models, such as that shown in section 2.1.5tWinspecies experiencing joint effort,
could also be used to assess the sustainability of lguinten similar way.

2.2.2.3 Lessons from fisheries management.

Many of the problems encountered in assessing the sustiynabilarvesting of forest
mammals are also encountered in fisheries. These intedeor quality of population size
estimates and the predominance of offtake data as timeimf@imation from which
sustainability must be assessed. Thus it is worthwhilkirg at the fisheries literature to see
how they have tackled these problems. Standard texts su&hlland (1983) and Hilborn and
Walters (1992) include descriptions of the methods usedherfes. Here, | shall comment
briefly on some of the basic issues that they tackle.

As we have seen in the discussions of the RobinsondforReand Bodmer methods, natural
mortality is a difficult quantity to assess. In tgheries literature too, the natural mortality
rate is generally assumed rather than being measuredjisuhebds to serious problems in the
accuracy of sustainability assessments. Methods dofexmsssessing natural mortality rates
(Gulland 1983). These include relating natural mortalitysréadish growth rates and

deriving an empirical relationship similar to those traat be derived for quantities such as
rmax and body size. ldeally, tagging experiments should be dayue so that natural

mortality rates can be estimated more directly. Bes¢hare likely to be impractical for the
majority of fish species, and more so for the majaritbushmeat species.
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For many years, one of the planks of fishery stocksassent has been the relationship
between yield, effort and population size given in EquaBioAfter normalisation to account
for changes in effort levels (number of fishing days, nunolbéoats of different sizes), the
yield should be directly related to the population size2 Simplest assumption, shown in
Equation 3, is that there is a linear relationship - ameah yield per unit effort (usually
called catch per unit effort, CPUE) denotes a correspgrdéaline in population size. If
CPUE continues to decline, rather than stabilising &oaniibrium level, then the offtake can
be inferred to be unsustainable.

Changes in CPUE are relatively easy to calculatengastime-series of yield and effort.
These data are usually available for managed fisherieayduarely available for bushmeat
harvesting. However, given that the data can be usdéukisimple way, it may seem
worthwhile investing in collecting them so that thediseries can be used in future
assessments of sustainability. Alternatively, it rhigé worth collecting yield and effort data
in a number of locations, so that spatial variabilitypfftake can be linked to spatial
variability in sustainability. This has been done for busdtiifer example by Muchaal &
Ngangjui (1999). However, the interpretation of trend€HUE is fraught with difficulties,
so much so that the usefulness of CPUE in fishersssament is being seriously questioned
(Jim - a ref?). Some of the many problems with using ERk¢ mentioned in section 2.1.3,
others include undetected changes in hunting efficiencyooding trends, and changes in
the behaviour of targetted species, which may become raclusive or move into or out of
the area as hunting pressure changes.

2.2.2.4 Population density and structure

In an excellent review of sustainability indices forlomgat harvesting, Robinson & Redford
(1994) discuss some of the issues related to CPUE menttoed, and also discuss the
problems and possibilities in using direct measures of pomuidénsity and structure to
assess the sustainability of hunting.

Point estimates of population density are only usefhileftcan be compared to estimates of
population density in similar, but otherwise unhunted afiemasestimates of carrying
capacity). Often the reason why an area is unhuntéetst is inaccessible; this may be
because it is of a different habitat type (wet or maunotss) or it may be a protected area, in
which densities of hunted species may be unnaturally mghese cases, estimates of
carrying capacity will be unreliable because they are mpoesentative of carrying capacity in
the area under study. Given a reliable estimate, théHachunted populations have lower
densities is in itself not surprising; a relationship lestw (long-term) hunting effort and
population density is expected. If there are several gsinnates from different areas, with
data on CPUE attached, the shape of the relationship érefpepulation density and CPUE
may be informative about the dynamics of the populatiachits reaction to hunting. If the
point estimate shows that a population is depleted{gtlya density less than &}, then

this may be useful as a way of highlighting that this pajmuras of concern. However, point
estimates are not useful as predictive tools, bedéwgesay nothing about the dynamics of
the system; for example whether a population is stabtkeclining.

A trend in population estimates can give evidence thapalation is declining (assuming
that survey methods are comparable over time; MilndlaGa & Lhagvasuren 1998). This
may be a cause for concern, but it must be borne in thatceven ultimately sustainable
harvesting causes a population decline when it begirteegsopulation size moves towards
equilibrium. However, if there are data on factors Wwhitay be causing the decline (changes
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in hunting rates over time, changes in habitat avéitighiit may be possible to use a model
to tease out which factors are likely to have been thie tauses of the population decline.
Using a simple population model to link data on populatiaierates and offtake rates
makes it possible to suggest whether hunting has been sid¢aimthe past, and the size at
which the population will stabilise given that huntingesatontinue. Thus, trends in
population size in themselves are only suggestive that fhdgimn is of concern; with the
addition of data on offtake rates and a population md@sl tan be used to assess
sustainability.

Robinson & Redford (1994) also discuss the possibility afgudata on age structure, either
of the population itself or of the offtake, to assessting sustainability. Again, these data can
often be highly ambiguous. If age structures in both etqgopulations and unexploited
populations can be obtained, then it would be expectedhindiigher the hunting mortality,
the more skewed the age distribution will be towards geuanimals. This is because as
hunting mortality increases, life expectancy decreaseth)e mean age of death decreases, so
does the the mean age in the population. In a similgrteveata on population size, data on
age structures tells us only that a population is beingedunbt whether the hunting is
sustainable. But age structure data is even less useéuldgethere is no clear threshold that
can be set below which a population can be considerdetee@nd therefore of concern.
However, there is one situation in which the exanmadf age distributions can highlight
populations of concern. This is in species where ih@aAn that reproductive maturity is at a
relatively old age, but where animals that have natheg reproductive maturity are hunted.
In this case, it is possible that hunting can reduce #arage of the population low enough
that reproductive failure can occur because there arenoatgh mature individuals in the
population. North Sea cod is a good example of this; bhegd at age 4, but they have been
so heavily exploited that only 4% of one-year-olds surtavehis age (Cook et al 1997).
However, many species are able to respond to this pressarmeividuals becoming
reproductively active at a younger age; thus the problemnoialye too serious in most cases.
Another problem is that it is impossible to tell whettrer population is declining or
increasing from an age distribution. As the populationides) it would be expected that the
population would get younger. However, as a populationvexsa high proportion of
juveniles is also likely to be found, due to higher bietes.

Age structure data in the offtake may be easier to dymbut it is even less informative than
age structure data from the population. This is becausastinduation of ages in the offtake is
the result of two confounding processes; changes intaggise in the population itself and
selectivity by hunters. It is possible to disentanglsetevo processes in a model, and infer
the most likely combination of hunting mortality andesgivity that would have caused these
patterns (Milner-Gulland & Mace, 1991, did this for the ivblde). Alternatively if there is
evidence that the hunting methods used are unselectiveagleestructures in the offtake can
be assumed to be equivalent to those in the populatiome¥#w, a simple examination of age
distributions in the offtake can be very misleadindpére is strong selectivity operating.
Milner-Gulland & Mace (1998) show several tusk weight distions from the ivory trade
and discuss the various interpretations that can bendram them.

Many of these problems also apply to other forms of dadatehe structure of the
population, such as sex ratio data. Overall, the effelstinting on population structure
depends on the demographic characteristics of an indivigheaies; inferences can be made
through the use of age-structured population models, utastainly not a quick and easy
method to use.
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2.3 Assessing biological sustainability

In section 2.2, | discussed the various sorts of data#imabe collected in order to assess
sustainability, and their relative usefulness. Fromdlpsiority list can be drawn up for data
collection:

1. Data orpopulation density in the hunted area. This tells us little without corapige data,
but is nonetheless the building block without which nohterr inferences can be made.

2. It is also necessary to obtain dataum@exploited population density in similar habitat. By
comparing the two densities, it is possible to discern venetipopulation is depleted, but not
to infer whether hunting is to blame or whether currentihgrevels are sustainable.

Data on unexploited population density may be difficutblbtain, but the data must be
independently estimated in order to serve as a valid catngadatapoint. This can be done
by various means, but the common practice of obtainingficdateightly exploited
populations is not satisfactory. This is because sonmegd@opulation densities may be
dramatically affected by light hunting pressure. Large malsiare particularly vulnerable,
both because of the functional form of the density depecelthey often exhibit (in which
much of the change happens near carrying capacity), and bélcaysee often strongly
selected for by hunters in the early stages of hunting.

3. Data omnumber of animalskilled. This can be used to derive the hunting mortality that
the population is experiencing. However, the number ahalsi killed must be expressed per
time period and from a given area. It is important thasi ze of the area from which the
offtake is obtained is estimated, otherwise it is ingjgme to assess sustainability. This is not
always easy to estimate if the offtake is calculateddmnting animals on sale in a market,
for example, when all that is known is that theg lacal in origin.

4. With these three pieces of data, it is possible tasimsple models of the types described
above to assess crudely the sustainability of huntingeder, in order to do this, some
estimate of th@opulation growth rate is needed, so that this growth rate can be compared to
the hunting rate. This is usually the most difficultgpaeter of all to obtain. Generally, the

best approach if a predictive model is required (sothigalong-term sustainability of the

hunting rate can be assessed) is to estimat@thasic growth rate and make an

assumption about the functional form of density dependéhites current snap-shot position

is all that is required, then estimating tugrent population growth rate will do. This is

less demanding in terms of assumptions made, but als® lgs®information.

As we have seen, feasible approaches to estimatingsietgrowth rates include: i) using
empirical relationships derived from comparative asedyto relate intrinsic population
growth rates to measurable variables such as body sizeoghit level; ii) using data from
zoo animals, which has the problem of the artificialdibons under which the animals are
kept; iii) using Cole’s equation (which is not ideal); Njserving growth rates over time of
populations in similar habitat which have no density ddpatconstraints, usually because
they are very small (which is unlikely to be possiblellitoat a tiny minority of species).

Measuring current population growth rates (i.e. the nurabeew individuals added to the
population which will become available for hunting rathenrt the change in population size
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over time) can be done by measuring female fecundityraakdng an assumption about
natural mortality rates.

Alternative approaches to modelling include constructing matatsexplicitly model birth
rates and survival, with density-dependence placed on dm&loof these vital rates. If the
population is very depleted, density dependence may be aliamd so ignorable. These
birth-death models are easily extended to age-structurddlsyavhich can be useful for
long-lived species. The advantages of these types d¢in®that they are more
representative of reality than a simpler model whatédand deaths are collapsed into the
single parametex orr, and their assumptions are more transparent. The disatd)e is that
they are not so tractable to analytical solution, songle formula like Equation 14 can’t be
used.

From atime series of data on population sizes and hunting rates, informaim be gleaned

on whether the system is at equilibrium or not; i.eethilar the population is still declining,
whether the hunting rate is increasing or decreasing, aather hunters are taking a constant
number of individuals or a constant proportion of the fetmn (which has implications for

the stability of any equilibrium that will be reachefpatially extended data sets, in which
data from sites with several levels of hunting madstalnd associated population densities are
collected, can also be useful in the assessment ahgunistainability. This kind of data can
give information on how the species reacts to diffel@rels of hunting mortality, and thus

on what functional form is appropriate for the popolaimodel. In multi-species harvesting
systems, assessments should be carried out foeaptries individually, bearing in mind
how a given amount of hunting effort is apportioned leetwthe different species (see section
2.1.5.1).

The collection of data onunting effort is useful, however it is not advisable to use it in
assessments of CPUE. This is too fraught with diffies! Instead, hunting effort data is
useful for the assessment of the economics of hurdaimdjthus for assessing sustainability
from the economic side. This is covered in section 3.

3 THE ECONOMICS OF HUNTING

In this section, | move on to the issue of how thenlper of individuals that hunters wish to
kill is determined. In section 3.1, | describe simplenecnic models of supply and demand
and relate them to the market for bushmeat. | discuda¢t@rs which determine the quantity
of a good that is supplied or demanded, including the priteecjood, consumer incomes
and the prices of substitute goods. | then develop thelsmmtleoduced in section 2 to predict
the equilibrium size of a hunted population, depending ortheh¢here is a sole owner or
whether there is open access to all who wish to haisiection 3.2, | discuss the models that
have been used to describe the behaviour of individuat¢tsifhese include models that
answer questions about how hunters choose which speciegédt tehere to hunt and how
long for. | also show how the economic models of mgntleveloped in section 3.1 can be
extended to model a hunter’s decision-making when hurgiilggal and there is a risk of
being captured and receiving a penalty. In section 3.3, | rgsiewous studies that have
looked at the economics of bushmeat hunting, and rélate to the theoretical models, while
in section 3.4, | make suggestions about how the econoouelling of bushmeat hunting
could be carried out in the future. | discuss the typeratd that are needed to model the
economics of the bushmeat trade and how these canléeted!
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3.1 Supply and demand for bushmeat

3.1.1 The market model of supply and demand

People will only produce a particular good in responsedenaand for that good. This is as
true for the hunter who uses time and effort as inpuésder to supply dinner for the family
as it is for a firm manufacturing burgers. But unlike ordireconomic goods, the size of a
exploited population is affected (through hunting effort}h®y amount of the good that
hunters wish to supply. Two functions need to be estimatedder to estimate the amount of
a good supplied to a market. One is how the costs of supphywith the amount produced.
The other is how the quantity demanded varies with tloe pifithe good. Together, these
functions determine the equilibrium price of the good. 3iegpes of these functions have
implications for how the market responds to regulatitas aim to reduce the supply of the
good, such as hunting quotas. Thus the shapes of an edgoad’'s supply and demand
functions have important implications for policiesttlim to promote its conservation and
sustainable use.

The market model of supply and demand describes the rahipobetween costs and prices
and the quantity of the good supplied and demanded. It can beousedve the equilibrium
price and quantity of the good supplied. It is a static equihibanalysis, like the previous
simple bio-economic model, meaning that the long-ternilibgum is being described, not
the dynamics of getting there. The basic model is shavFigure 7. Demand is assumed to
slope downwards with the quantity consumed. If a good isheard to get hold of, consumers
are prepared to pay a very high price per unit of it; ifnlaeket is swamped with a good, all
the consumers have enough and are not prepared to payantietd §ood. Conversely, the
supply curve usually slopes upwards because the higher tee e more of the good the
supplier wishes to sell. The equilibrium is reached is Way: If the price is too high, the
suppliers produce more of the good than is wanted. In avddedr excess stock, they cut
their prices, which has the dual effect of increasimgaimount of the good that consumers
demand and decreasing the amount that they wish to suppiar8j, if the prices are too
low, there is excess demand that is unsatisfied. SuppiEesase the price, which both cuts
the amount of the good the consumers want and incréesasiount suppliers want to
supply, and equilibrium is reached. In a competitive matketequilibrium is reached
automatically through individuals pursuing their own betgrgsts. In a non-competitive
market, the equilibrium is not reached automaticallyok supplier of a good has the power
to set the price of the good. If the sole supplier is\apimonopolist, the price is set at
whichever level maximises the firm’s private profits. Tisisiot usually at the socially
optimal level where the supply and demand curves crasstla higher price, leaving
demand unsatisfied.

Because bushmeat is a perishable good, prices may vangththe day as meat quality
declines; near the end of the day the supplier may loeselltat a low price in order to clear
stock that would be unsaleable the next day. Some swdutiiothis problem include smoking
the meat or carrying it on ice, as a way of extendmgaleable life.

3.1.2 Demand

The demand for a good is not just determined by its pricpjtdeébe emphasis on price in the
market model. Price is highlighted in this model becausetit determines the quantity
supplied and is determined by the quantity demanded, whilehbeariables are externally
determined in the wider economy. In the model, changéese external variables shift the
supply and demand curves to the left or right, thus afigthe equilibrium price and
quantity.

25



The major external variables affecting demand arethee of related goods, consumer
income, andconsumer tastes. Related goods can be substitutes or complements - for
example the prices of rhino horn, water buffalo hord saiga antelope horn on the traditional
Chinese medicine market are probably linked because saidapentern and water buffalo
horn are being promoted as possible substitutes for Huma However, saiga antelope horn
is generally used in traditional medicines as a compierto rhino horn. Consumer income
can be a major influence on demand for a good - intfaeems that in Japan, consumer
income was the only significant determinant of demanavéoy over the period 1950-85,
while the price of ivory had no discernible effect (hit-Gulland 1993). This information is
important not only for those planning ivory cartels bub afspredicting possible future
increases in demand for ivory as other Asian counbeesme richer. Changes in consumer
tastes can also be important, as was demonstrated tyttred shutting down of the markets
for furs in the UK and ivory in the EU and USA. Exmaions for a change in the quantity of
bushmeat demanded as an isolated community integratébengeneral economy might thus
include a decrease in the price of substitute goods asfimeatiomestic livestock becomes
cheaper, causing a decrease in the quantity of bushmeandednas its price becomes
relatively higher. Changes in tastes may decreasguidnetity of bushmeat demanded if other
meats become more socially acceptable. The incoraeetae$f more ambiguous; as incomes
increase in the community, the amount of bushmeah eadg increase more or less than the
increase in income, or even decrease. The parameteletieaines the degree to which each
of these competing influences affects the quantity ofilmestt demanded is tiekasticity of

the demand curve to these factors.

The price elasticity of demand measures the responsivehdemand to changes in price. It
is defined as the percentage change in the quantity of adgmoainded with a 1% change in
price: A 1% fall in price that leads to a 2% increastéquantity demanded has an elasticity
of -2. Elasticity is related to the slope of a curve,unlike the slope, it is dimensionless. This
allows elasticities to be compared between goods wiirelint units, and between different-
sized markets. If the demand for a good is “elastic” wepect to price, this means that the
guantity demanded is strongly affected by price, and thenio@g of the elasticity is greater
than 1. If demand for a good is inelastic, the quantityadeled is not greatly affected by
price, and the magnitude of the elasticity is less fhéfig. 8).

Elasticity is most conveniently calculated using theniola below, for smalAP:

A
~_| % (11)
P A%

whereA means a change in a variable, | | means the magnitudeofble (regardless of
sign), P is the price, Q is the quantity demanded gaiglthe price elasticity of demand.

&

Similar equations can be derived for any other elagtiEibr example, the cross-price
elasticity of demand (how demand for a goatianges with respect to changes in the price of

AQi AQ
o o
it )

another good) is: £; = , While the income (l) elasticity of demand &: =
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The cross-price elasticity of demand measures howglyrtéime demand for one good is
affected by changes in the price of another good. I§tlnels are substitutes, such as beef and
bushmeat, an increase in the price of one good shou&hse the quantity of the other good
demanded, ang; is positive. If the goods are complements, like fisbksoand fishing line,
an increase in the price of one good should decrease thetyjoéthe other good demanded,
andgj; is negative. The income elasticity of demand measungsaizhange in income affects
the amount of a good demanded. The income elasticitysf goods is greater than zero, so
the amount demanded increases as people’s income incrélasss are called “normal
goods”. “Luxury goods” have>1, so an increase in income leads to a more thamogi@ml
increase in the amount of the good demanded. Ivory anigoiravel are examples of luxury
goods. If a good is particularly associated with poveny‘if@erior good”), as some
bushmeat may be, then an increase in income leaddeicr@ase in the amount of the good
demandedg(<0).

The own price elasticity of demarg, is largely determined by how easy it is to substitute
another good for the good in question. If there are aflsimilar goods, demand is elastic,
because a small price increase causes consumersab swihe substitute goods. Tastes and
social customs are also important. For examplepibauct is regarded as frivolous, then
consumers have elastic demand for it and buy much faisg the price rises. If the product

IS seen as a necessity, people continue to demand itedpgpe rises - it has inelastic
demand. Long-run demand tends to be more elastic thanrahatemand, because in the
long run, consumers can change their behaviour and substitutée found, while in the
short run, continuing to use a good despite price risghtrhe unavoidable.

3.1.3 Supply

Theproduction function defines the relationship between the amount of the goatliped
and the costs involved in producing it. In the simple bmremic model discussed in section
2.1.3, the production function was assumed to be linkeaitotal cost of producing the good
increased linearly as the amount of effort put into imgnit increased . This relationship was
simplistic in that it assumezbnstant marginal costs - that the cost per unit of effort was
constant however much effort was put in. This is unjikelbe true - for example, there are
often economies of scale. As the scale of a hurtpegation increases, it is possible to
introduce cost-saving technologies like larger boats tebguns. The model also assumed
no fixed costs. This can be unrealistic, particularly for commerciahting, because some
costs, such as the maintenance of hunting equipmehé @alaries of managers, need to be
paid regardless of the amount of hunting that goes oweMer, small-scale subsistence
hunting is unlikely to have many fixed costs. The mode& atsumed eonstant price
throughout. This is a fair short-term assumption fomogecess hunters supplying only a
small quantity of a good to a large market. But if a $igaunt proportion of the market is
being described, or if prices change through time, thensthergtion of fixed prices is not
tenable, irrespective of whether the hunting is done mp&m-access system or by a
monopolist.

Like the demand curve, the supply curve is also affectadbgbles other than price. These
variables include technology, input costs and regulatiomstdvements in technology shift
the supply curve to the right because they make it pessildupply more of a good at a
given price. This can be crucial to the sustainabilitiiriting because the model predicts
that technological improvements such as better, moceemaveapons will increase the
equilibrium quantity exploited. Finally, regulations afféee supply curve, preventing
producers from adopting otherwise cheaper technologidshas move the supply curve to
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the left, leading to higher equilibrium prices and lower gtias supplied. Regulations
requiring hunters to use traditional weapons would hageefifect. MacKinnon (1998)
discusses programmes in Irian Jaya, Indonesia, wheakhonoters have collaborated with a
conservation organisation to develop regulations that haoriting to traditional weapons.
This allows the locals to continue to hunt in their usuey, but makes it illegal for outsiders
to come into the area and hunt game using more effi@ehhologies.

3.1.4 Profitability and the market

In section 2.1.3, the level of hunting effort was idiroed as an important determinant of the
yield obtained from hunting a population. Here we expldanatwdetermines the level of effort
that hunters wish to expend. So far, effort has beetettes an externally determined
parameter, but in the real world, the sustainabilityaitiral resource use is not determined
arbitrarily, but by the interplay between the biolog\titd exploited species and market
forces. A bio-economic model is needed to capture thesasitles of the coin. Analysing the
economics of hunting leads to insights into the likejyikbrium size of exploited
populations under a range of market conditions. This ranojigdes the situation when a sole
manager has full control of the hunting of the reseuas well as when hunting is an
uncontrolled free-for-all.

The level of hunting can be predicted by adding a terrthfprofits made from hunting to
the population model. The profits made from hunting areutatied as the revenues from
hunting, which depend on the yield, minus the costs diifginvhich depend on the effort
expended. Costs are defined rather differently in ecar®othan in ordinary life, using the
concept obpportunity costs. The opportunity cost of an action is the cost ofduhg
whatever you could have done instead of what you decided &hda:osts of hunting

include not only the direct outlays involved, but alsodbsts of the hunter’s time. The
opportunity cost of working as a hunter is the wagehther would have received in the
best-paying alternative employment. If the hunter’'s mees are not covering this wage, then
it would be better to leave hunting and move into the-paging alternative employment
instead. Thus “profits” actually means the extra monayttie hunter is earning over and
above that which can be earned in other feasible Jois definition of costs is important
when one considers that individuals in economicallyaveloped areas may not have much
alternative employment other than hunting wildlifegs their opportunity costs are very low.
Individuals in areas with more developed economies hare employment opportunities
and so higher opportunity costs. Other things being equakexpdoitation is more likely
when opportunity costs are low, because low costs lead egualibrium point at lower
population sizes and higher hunter numbers than wouldebease in an area with alternative
employment available.

The integration of a hunting community into the wideomomy is likely to have two
important effects on costs, which work in oppositedio®s - increasing opportunity costs
because the opportunities for wage-earning employment irapaow decreasing actual costs
of hunting due to the introduction néw technology. Frequently the latter outweighs the
former. Many fisheries follow the pattern of gradualteesluction as their equipment
improves, contributing to the over-exploitation of @eiightly exploited resource. However,
Freehling and Marks (1998) describe the opposite effedbtelbiangwa Valley, Zambia, in
the first half of this century, the use of muzzle-lmgdyuns became widespread, because the
guns were a symbol of prestige. However, the adoption®htw technology reduced the
hunting success of local hunters, compared to using traditweapons like snares and
poisoned arrows.
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A simple assumption about profits is that:
M = pgEN —cE (12)

wherell is the profit from huntingp is the price per unit of offtake (usually per individual
killed) andc is the cost per unit of effort expended, for exampdectbst of a day’s hunting.
The yield from huntingH, isgEN (Equation 3). Equation 12 implies that the total costs of
hunting increase as population size decreases, becavsefiort is required to hunt low
density populations. Equations 2 and 12 can be combined to pradumnplete bio-
economic model of the equilibrium state of the humsgstem. A bio-economic equilibrium
involves two separate equilibria, biological and econontie Biological equilibrium occurs
the number exploited equals the population growth ratdiespdpulation size is constant
over time. The economic equilibrium occurs when thewthof effort expended is constant
over time, because the individual hunters cannot imptiose profits by increasing or
decreasing their effort. One common assumption isathedjuilibrium, profits are zero. This
IS not as strange an assumption as it appears, due tdwptyocosts - zero profits mean that
hunters are earning the same as they would earn begteaying alternative profession they
could go into. At equilibrium, the population growth rateasozbecause the population is
stable. So we can write:

Profits are zero:pgeN —cE =0

Population growth is zerorN(l—%j -gEN =0

Rearrange and substitute> N, :i, E,= L(l—ij : (13)
pq q paK

whereN., is the population size at equilibrium, alfd is the equilibrium level of effort. The
solution,E., is shown in Figure 9, along with the solutionasbéd under the assumption that
instead of being zero, profits are maximised. Thdenoted b¥,; and occurs when the
distance between the revenue curve and the cost (iavenues minus costs) is maximised.
An important observation is that the profit-maximgssolution occurs at a lower effort level
(and so a higher population size) than the zer@itmolution. It also occurs at a population
size above the MSY level. Hunting at the MSY lewak a standard management
recommendation until recently. We have seen thatah unsafe strategy biologically, due to
the semi-stable nature of the equilibrium. We nee that it is not likely to be the most
profitable strategy either. The inclusion of thetsoof hunting, which increase as stock size
decreases, means that maintaining a larger populaize is a better strategy for the profit-
maximising hunter than hunting at MSY. Hunting a¥lis only the profit-maximising
strateqy if costs are zero or unrelated to popragize. Otherwise, MSY will be neither be
popular with conservationists nor adopted by hisnteowever convenient it might be
mathematically.

The zero-profit equilibriunk., is sustainable, in as much as it is a stable ibguin if the
environment is deterministic and the stock-produrctelationship is smooth. However,
hunting at the zero-profit level is unsatisfactbogh for biological and economic reasons.
The resource is biologically over-exploited if #aguilibrium point is on the descending
portion of the revenues curve, which happens itingrcosts are sufficiently low. The
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population might be in danger of sudden collapse from agtichevents, and in any case the
productivity of the resource will be very low. Also, ibuld be more economically efficient,
both for the hunters and for society, if the prdfitan hunting were maximised, rather than
being dissipated. When benefits from the resource ang Ib@st, the resource is considered
economically over-exploited.

The key determinant of whether hunters maximise profitissipate them is thear ket
structure of the industry. One extreme of market structurehisma sole owner has full
control of the resource and can set the hunting leaetonopoly. In this case, the producer
can choose any price to charge, knowing that the anadtiné good that consumers will buy
depends on the price set. The owner could be a privditednal, a community or the state. A
likely aim of a sole owner is to maximise profits, andg to hunt at the profit-maximising
equilibriumE;. We are making important assumptions here, particulbalyprices are fixed
at a constant value and that there is no time dimman3ihe other extreme is that the resource
IS open access; anyone can hunt it. This leads to the other extreérhemting atE.,, because

as long as there are profits to be made, new humegsthe industry. If losses are being
made, some hunters leave the industry. The equilibnumber of hunters, and so the
equilibrium effort level, is when profits are exactly@eOpen access hunting is also known
as hunting under conditions giérfect competition”. The price in an open access market is
generally lower than the price in an equivalent monopwyket.

Quite specific conditions must be fulfilled if an indwysis to operate at the extremes of either
monopoly or perfect competition (Begg et al 1984). In ordepérfect competition to exist,
individual buyers and sellers must have no influence anahe market price for the good.
Then an individual can just assume that the price ofjtloal is given, however much of it
they personally buy or sell. This happens when thera &ge number of individual buyers
and sellers, each selling an identical product. Many a#sasall-scale hunting probably fit
this scenario fairly well. Monopoly markets are foundevdver there are barriers to entry into
resource hunting, which may be caused by the type of resauriog regulation or

legislation. Most markets are somewhere between tixesextremes of monopoly and open
access, although they usually resemble one or the midrer closely. In particular, a
competitive market can develop even when there are wolptoducers present, if they are
engaged in a price war which drives profits down to zero.

The bio-economic models described so far give a statidgtnather than a dynamic
equilibrium. In other words, there is no mention ofdjrmm particular there is no account take
of how long it might take to reach equilibrium. Timangortant, because resource owners
trade off present and future revenues. Another way taidesmarket structure is to
incorporate time preference (Clark 1990). Under perfect cbigme producers are
effectively placing a value of zero on future revenuethdfresource is open to anyone who
wishes to exploit it, then the hunters look only torstterm gains and have no interest in
increasing future productivity, because individuals that aimedn leaves to replenish future
stocks will simply be exploited by another. Thus therefevel isE.., the open access
equilibrium shown in Figure 9. Monopolists are abl@itofit-maximise over time, because
they are sure that the increased future yields will beetfor them and will not be taken by
someone else. Thus a monopoly hunter should preséavgea population size than an open
access hunting system. How much larger the populatierisdepends on the monopolist’s
discount rate (the rate at which value declines ovez;teguivalent to an interest rate). A
person with a zero discount rate would hurEatE; is thus the most conservative effort
level, which is only adopted by hunters who value the futgreally with the present. With a
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discount rate between zero and infinity (as is ustia)pptimal population size depends on
the discount rate - the higher the discount rate, therlole optimal population size. An
important point raised by Clark (1973) is that it can binénlong-term interests of the sole
owner of a exploited population to hunt it to extinctid@his only happens under rather
special conditions, the main one being that the growéhafthe population is always below
the prevailing interest rate in the economy. This cbelé problem for very slow-growing
resources, that potentially will never yield a competiteturn on an owner’s investment. The
rapid depletion of the population is then an econonyicational act.

3.2 Individual decison-making about hunting

An individual hunter is working within the framework @fmarket, and is exploiting a
resource that others may also have access to; tbesilerations have important implications
for sustainability. But the way in which individuals malexisions about their hunting
behaviour may also have important consequences; forpgedraw they decide where to
hunt, how many to hunt on a given day, and how they teaeggulations about hunting. In
this section we discuss the foraging theory approaphetdicting hunting behaviour, and how
economic models can be used to predict hunters’ reactolaw enforcement.

3.2.1 Foraging theory

One important type of model for individual decision-makingnes from optimal foraging
theory. The theory was developed in behavioural ecologgxamine how animals might be
expected to behave when foraging to maximise their dicdd fitness (Krebs & Davies
1991). Fitness is not measured directly, but a currencyreessto approximate to fithess,
such as the rate of energy intake whilst hunting,9srasd to be maximised. Most of the
models that have been used only consider maximising huatiegver the short-term. The
theory has been successfully used to analyse the behafiforaging people. Precise
predictions can be made about foraging decisions, suchiel prey types a hunter should
hunt and which ignore, when a forager should move on @neenpatch to the next (Kaplan &
Hill 1992), what size groups hunters should forage in (ClaMagagel 1986), and how the
arrival of more efficient hunting technology might ungihce these decisions (Alvard &
Kaplan 1991).

These studies have some important messages for carmerJdere has been a tendency
amongst some anthropologists to create an image oétimdogically noble savage” (Redford
1990), whose resource use decisions are assumed to be baélsednmtive of conserving that
resource. Detailed studies of hunting and gathering dasisiave used the framework of
foraging theory to show that this is not the case (A\&#93). For example, it has been
observed that Amazonian hunters typically do not hudepleted areas, which are usually
areas close to settlements. They usually move oavoaneas when the vicinity is getting
depleted of prey. This is consistent with conservatoihjs also consistent with optimal
foraging models, which predict that hunters should natdgpene in less profitable areas
(Hames 1987). However, if hunters are simply maximisingihg returns, they should
always take prey from the depleted areas opportunist@altitey pass through, which is what
they have been shown to do (Alvard 1995). Further, theskels)ydased ultimately on fitness
maximisation, stress that traditional populations mastden as groups of individuals, where
each person is trying to maximise individual fitness erfitmess of very close Kin.
Evolutionary models do not predict that such individual$ méke sacrifices for the good of
the wider group. A more likely explanation for the mamxamples of traditional foragers
hunting resources sustainably is limited technology, low @ou growth and distance from
markets. There are also examples of traditional conitieg cooperating to set rules limiting

31



hunts in places where resource scarcity has beconssue (McCay & Acheson 1990), but
this involves individual fitness maximisation as well; thembers of a small closed
community are likely either to be relatives or to édndang-term interactions with each other.
Relatives may cooperate because helping kin also ig@asindividual’s fitness. Game
theory predicts that unrelated individuals within commaeasitwvill cooperate to keep hunting
sustainable only under rather specific conditions. Impbansiderations that determine
when cooperation is likely to develop and be stable are:

* When there are few people involved, so that dealgasity be struck and

compliance monitored.

* When there is communication between individuals.

* When the “game” between the same individuals is ieratrer time, not just played

once.

Thus theory suggests that small communities that irttesigtt each other over a long period
of time are the most likely to develop rules promoting saghde hunting. These results
mirror those found by researchers working on the evolatiostability of reciprocal altruism
in animal populations (Trivers 1971). Recent initiativesanservation promote the idea that
by giving communities control over, and benefits frortdife (in the form of schools or
clinics, for example), sustainability of wildlife usan be promoted. However, Gibson and
Marks (1995) used a game-theoretic framework to illustrateitmpertant individual, rather
than community-based, incentives for hunters arevishalals will only comply with rules

that benefit the community as a whole if the berehat they obtaiasindividuals outweigh
their costs (Mesterton-Gibbons & Milner-Gulland 1998).

3.2.2 Law enforcement and the economics of hunting

Many of the crucial questions about how to make resouesustainable revolve around
illegal exploitation. The options for a manager oésaurce that is being illegally and
unsustainably exploited include attempting to stop theuresause entirely; legalising the
resource use and then trying to find ways to regulate it &tisable levels; and attempting to
contain illegal resource use at sustainable levels thrlamgbnforcement. The last option,
though rather unsatisfactory, is the one that is usaallyed atde facto, when insufficient
funds lead to imperfect enforcement. Game theory carsée to model the incentives for
people to break the law, particularly when members o$dinee community are both law-
breakers and law-enforcers. Mesterton-Gibbons (1993) deserib@mmunity irrigation
scheme in which people take turns to guard the water sugpplymembers of the community
have the opportunity to cheat by stealing extra watethfar own crops. He uses game theory
to show that whether stealing is optimal or not depemdsow much extra benefit the stealers
receive. If the probability of the supply failing is highmoeigh, it is optimal to be trustworthy,
even when there is no-one guarding the water supply.

A key component for understanding how different law ermorent policies work is the
theory of how individual decision-makers chose whethiarot to undertake an illegal

activity. This has been studied in the economic theblgvo (Becker 1968, Eide 1994). The
theory was first developed to understand the behaviour gfdvarin the USA. No empirical
testing of its applicability to natural resource use has learried out. However, the results of
these studies do have direct relevance to the probleresairce management. A person’s
attitude to risk is an important determinant of the densthey make. The most analytically
convenient assumption to make is that peopleiskeneutral - they calculate the monetary
values of the possible outcomes of a risky decisionwaright them by the probability of
occurrence to find the optimal decision. However, if pe@pe not risk-neutral this is not a
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valid approximation to their behaviour when considering wdretitn undertake a risky
enterprise. People are generally risk-averse. Poor peoplamghbarely surviving might be
more prepared to take risky decisions, such as poachingristected Area or hunting
unsustainably, so as to survive. Those who are slighttgboff are generally more risk-
averse, tending to act conservatively. Usually onlgtreely well-off people are prepared to
gamble, for example with new, perhaps more sustainalelhoas of resource use.

A person’s attitude to risk and uncertainty is a crucialrdetent of the mix of activities
undertaken; a risky high-return crime versus a safe, riegfié job. The amount of risk
involved in the crime, and the amount of security intiegte employment, varies with the
type of crime and the social circumstances of thegpers/olved. In general, a risk-averse
person undertakes a greater proportion of legitimateitggdihan a risk-lover. As Cook (1977)
pointed out, illegal activity also has a threshold caliseckspect for the law and social
opprobrium, which is not easily quantified and varies whthtype of crime. In the economic
theory of law, the law-breaker is seen as a ratiahktly maximiser in an uncertain world, i.e.
as risk-neutral. There has been strong resistance ideh that law-breakers act in a rational
economic way (Eide 1994), but poachers are perhaps malsetliee most to act this way,
either because they are already hunting legally amavaighing up whether to take a bit
extra, or because their social climate is relatiyegitive towards poaching, and they feel
they have a right to hunt their local resources. AbbMa&e (1999) describe how law
enforcement aimed at regulating fuelwood gathering in Mé&kawi National Park came
under strain for this reason. Most women have no sofrtuel available to them other than
firewood from the Park. Collecting wood from the Parkeigal, provided an inexpensive
permit is purchased from Park authorities. Due to the ppeéthe women, the permits have
to be extremely cheap. But the women resented any expendhey felt they had an
historical right to collect wood in the area. As sbgiin general agreed with the women'’s
view, penalties for illegal wood collection were rarghposed on transgressors. This meant
that it was not economically rational for women toghase permits, and they rarely did so.
Eventually the Park scaled down enforcement of the psahgéme.

Factors likely to reduce the crime rate are an incregesee perceived probability or severity
of punishment; a decrease in the profits made from theecor an increase in the
opportunity cost of crime through improved wages elsewl&ttalies seem to show a strong
deterrent effect of the probabilities of being caught@mlicted, but are contradictory as to
whether the severity of the sentence has a detesffet. It is the perceiveskverity of the
sentence beforhe crime is committed that is the relevant factt@ctiing incentives to
commit crimes. If a prison sentence is given, thegréssdiscount rate and time horizon (the
distance into the future they look) affect the sentenpeiceived severity. With a positive
discount rate, one year in gaol with a probability @fi8.a worse option than two years with
a probability of 0.1 (Cook 1977), because the second yeaisongs valued less highly than
the first. With a short time-horizon, 10 years in pnisnay look exactly the same as 5 years.
This discounting, together with the empirical evidenaggssts that with a limited budget, it
could be better to concentrate on increasing the pectcpinadability of detection than to
spend the same amount on housing prisoners for long periods

Natural resource users’ attitudes to law enforcement mesabave been little-studied.
Sutinen & Gauvin (1989) showed that the rate of violatioregulations by lobster fishermen
in Massachusetts varied with the perceived probabifidetection and conviction, as
predicted by the theory. Freehling and Marks (1998) show hotehbehaviour in the
Luangwa Valley, Zambia, has changed as law enforcemennti@ased. They now tend to
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use less easily detected snares, rather than guns, andrarsecretive in their consumption
of meat. Simple bio-economic models of hunting caaltexed to incorporate the risk of
capture and a fine into the costs of hunting (Sutinen &efson, 1985). Mazany, Charles &
Cross (1989) modelled the likely extent of illegal fishing isituation where there was a legal
fishing quota, with imperfect enforcement. People who fislva their quota face an
expectation of a fine, expressed as the fine receivedpiredt by the perceived probability of
receiving it. The hunter’s short-term profit-maximisat{@nan open-access situation) then
becomes:

max.[ pH - cE - &]] (11)

wherep is the price per unit of outpud;, E is all the inputs to production, not just effartis
the cost per unit input; ar@lis the probability of receiving the fing 6 is assumed to depend
on the amount of inplE. //can be expressed as a function of either input or aufpet
profit-maximising condition found by Mazany, Charles & Crk389) for Equation 11 was:

pH. =c+H_[6,0+0,6] (12)

whereHg means the partial differential bff with respect tde. This is equivalent to the profit-
maximising condition found for the standard model, but Withaddition of a term for the
marginal change in the expected fine with a changeeiotitputH. The mathematical
analysis assumes that the decision-maker is risk-rel#eause it assumes that the cost of
the fine is the expected monetary value of that fireeheve already seen that reality is more
complex than this. The model also assumes that thaldme and the probability of capture
have equal weight in calculating the expected fine, imglyhat the policy-maker can
increase the expected fine in two, equally good, ways easerthe probability of capture or
increase the fine. As increasing the probability of captuegpensive, the strategy of
lobbying for increased penalties has been a common readtwitdlife authorities to
unsustainable poaching (Leader-Williams & Milner-Gulland 1998}.tBe socio-economic
studies discussed above suggest that the best straiagyi¢ve effective law enforcement is
to increase the perceived probability of detection. THislerdiscussion is made more
complex by the involvement of several authorities, wifferent priorities and budgetary
arrangements. Crime-reduction initiatives taken by lawreafoent officials may not be
supported by the judiciary in sentencing. For exampleaml2da, concern about the loss of
elephants and rhinos, and about ivory and horn trafficked the government to introduce
mandatory 5-15 year prison sentences for elephant aralpbachers in 1982. After 1982,
magistrates did tend to deliver more prison sentencelepdant and rhino offenders, but not
all of them received prison sentences. Those thatedeive prison sentences received only
short ones, of a few months. The maximum length goxeam the first 3 years of the new law
was 36 months. The legislation that was required to iserd® penalties was slow and
difficult to enact, meeting much opposition. Once lacp, it has been widely ignored by the
magistrates, and has failed to curb poaching. The rhino pgapué the Luangwa Valley
declined rapidly to near-extinction over the same pea®the new legislation was coming
into force (Leader-Williams et al 1990).
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3.3 Assessing the economics of bushmeat hunting

3.3.1 Previous studies

Much less work has been published in the conservatematitre on the economics of
bushmeat hunting than on the biological sustainabilityuoking. This is also true in the
fisheries literature; research on the behaviour bkfis and the dynamics of markets for fish
has a much lower profile than that on fish stock dynanHowever, if the system is to be
fully understood so that adequate assessements of shéiigican be made, then the
economic and social sides of sustainability must atscdnsidered.

Many of those studies that do exist report the quantibushmeat found in a market. They
usually break this down by species and report quantitiestioveor in different markets in

the area (e.g. Juste et al. 1995). On its own, such iat@mtells us little. If quantities found
in a market can be related to the offtake of hunters fa particular area, then the information
can be used in an assessment of biological sustaiggbée section 2). However, it is still
virtually useless for assessing economic sustainabilitg. biological analogy would be
collecting data from an area on population density alibvi®js crucial data without which

one cannot go any further, but by itself is not useful.

Other studies look at bushmeat demand on a household lesedsang the amount of meat
that a household eats in a given period (e.g. Wilkiea&p@€nter 1999, Njiforti 1996). This is
another useful measure of current offtake that can éx tasassess biological sustainability
(as done by Njiforti 1996), but in itself says nothing abbatdynamics of demand. The main
case in which it is necessary to obtain estimatémo$ehold bushmeat requirements is when
hunting has a subsistence component, rather than beiry faursale or exchange. Even
then, it is the households of the hunters that@evant, not the households of purchasers.

Clayton et al. (1997) calculate the long-term equilibrjpopulation sizes of two wild pig
populations under open access harvesting. Thus their moeeidamlve both the economic
and the biological sides of hunting. They identify tpors costs as key determinants of the
equilibrium wild pig population size and hunting level. Hawer, they assume a constant
price of wild pig meat in their calculations; althougkit short run market observations did
suggest that this was the case (Clayton & Milner-Gullangress), longer run data on the
market are needed to give a full picture of the supply dfdeamand for wild pig meat in their
study system.

A number of researchers have collected data on huntevibahashowing how individuals
choose which animals to target and how they make useiohtimting areas. These data are
often suggestive of the impacts of hunting on surroundingadopulations, typically
showing depletion near villages, or changes over tinllearistance that hunters need to
travel to catch their prey. They can also illusttheeffects of changes in technology on
offtake rates. Good examples of this kind of study aaekis1(1994), Alvard (1995), Collel et
al (1994) and Hofer et al. (in press). These studies caargaiseful in assessing hunter
effort, and showing how various factors (such as lawreafoent) can influence it. But these
results at the individual level need to be translated tipetanarket and population levels
before they become useful for assessing overall siastieity: how many individuals are
likely to wish to go hunting at a given set of marketgsiand hunting costs, and how does
the total number of hunters interact with the pricéhefgood and the quantity on sale in the
market? How does the behaviour of all the huntersaratea interact with the population
sizes of their prey? Milner-Gulland & Leader-Williami902) use an analysis of the costs
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and benefits of ivory hunting at the level of theiwlal gang to predict how many
elephants and rhinos would be left in the Luangwa Vatea of Zambia at the open access
equilibrium. However, their job was made easier byfélcethat ivory is an internationally
traded good, so that the quantity of ivory removed fromarnea is unlikely to affect the
price; thus a fixed price could be assumed. If bushmeainiguistfor the local market, then
this is unlikely to be the case.

Other studies have assessed the impacts of extert@isfan hunting effort, and thus have
direct relevance to policy. For example, Jachmann|8oBw (1997) and Martin (1996)
looked at the effects of law enforcement spending orhal@pand rhino poaching. They
showed that there was a direct relationship betweerdsmean informant networks and the
number of hunter arrests (used as a proxy for the anedypataching activity). Dublin et al
(1995) looked at the effect of spending on law enforceimegeneral on detected poaching
rates, and found that there was a positive effect.mdia problem with this kind of study is
that the rate of illegal hunting detected is notitable proxy for the actual illegal hunting
rate: At low levels of law enforcement, detection raiiébe low and hunting rate high, while
at high levels of law enforcement, detection raté lvélhigh but hunting rate low. Other
studies looking at the impact of external changes onfeffort include Ayres et al. (1991),
who looked at the effects of a new road on huntinglgiahd diets, and Wilkie et al (1992)
who assessed the effects of a logging concessionrdmguates.

The requirements for a full economic analysis of bustirharvesting are rather extensive,
and | have yet to see a study that carries one owtetszr, even if a particular study does not
aim to carry out a full analysis, it is useful to kneavich kind of data to collect so as to allow
future researchers to carry out studies on other asgédtis system. One way to approach the
issue is to divide it into two components; studies ofinbentives facing individual hunters
and studies of the dynamics of the market and conscimgce. Broadly these can be thought
of as addressing the supply side and the demand side o&tketnThe way in which
individual incentives translate up the the market level dgpen the market structure. This
also needs to be addressed.

3.3.2 Market structure

As the market structure is an overriding influence on hamting proceeds, it is useful to
assess it first. Generally, bushmeat hunting wouldxpecated to be competitive, leading to
open access behaviour (see section 3.1.4). It is probably a fair assaomgtat open access
conditions prevail unless there are obvious barrieentoy into bushmeat hunting. These
might include community-level controls such as the handiown of a gun through a lineage
with hunters only being allowed to operate after traininghleyprevious owner of the gun
(Freehling & Marks 1998) or intimidation by other hunters (saglis practised by lobster
fishermen in parts of the USA, McCay & Acheson 1990).yTinght also include barriers
such as access to capital to buy equipment to hunttarsport the meat to market. If
barriers to entry do exist, there may be imperfectp=iion operating, leading to hunters
being able to make supernormal profits, and to a more carapbdysis being required.
Otherwise the system will tend towards an open a@mssibrium, with profits at zero (so
that there is no incentive to enter or leave theihgmirofession and hunter numbers remain
stable). Assuming an open-access equilibrium is precawgionasmuch as it predicts lower
population sizes than would be expected with imperfecipetition. If an assessment of
hunter profits shows that they are not making super-alopnofits, and that the total number
of hunters in an area has remained roughly stable over(tiespite individuals entering and
leaving the industry) then this suggests that open accedibragim has been reached. If
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however, as is the case for wild pig hunting in SuE{€layton & Milner-Gulland, in press),
dealers are making super-normal profits and the numbeiaédrdas expanding rapidly, this
suggests that the system is in disequilibrium and huntegspre will continue to increase in
the short term.

One important consideration is the structure ofstimply chain. It is important to identify

the decision-maker; the person whose incentives atieatumber of animals killed. It is at
this level that the economic analysis should be @choid. In the case of wild pig hunting,
this is the dealer, not the hunter. The hunter candagetd effectively as an employee. In the
case of elephant and rhino hunting, two types of poagbee identified; organised gangs
who were hired by a middleman and were similarly besighbof as employees, and local
poachers who themselves decided when to go hunting (Milnda+téiind Leader-Williams
1992). If the trade structure is complex, with a numbemidtilemen and thus a number of
different markets, analysis can be difficult; thishe case for internationally traded goods
like ivory and rattan. In this case, it may not be fdsgo attempt a full assessment of trade
economics and sustainability. If hunting is by localgledor local consumption, with no
complex supply chain, then market structure is relbtigasily analysed and a full assessment
is feasible.

3.3.3 Individual hunter incentives

A study of individual-level hunter incentives aims stimate thegroduction function of
bushmeat hunting (how a given set of inputs is combinedbtdupe a particular level of
output). The production function is estimated for a paldichunting method; this is usually
assumed to be the optimal method (because the huatershosen to use it), but if there are
several methods in use, each could be assessed fostitsftectiveness for different types of
game (e.g. Noss 1997). A study of hunters’ production furetan be used to assess the
effectiveness of interventions at the individual legekh as banning a particular kind of
weapon, increasing law enforcement patrols or preventggjrig companies from allowing
their vehicles to be used by hunters. However, effefargerventions at the individual level
do not always translate up simply to the market leveinBlding information on prices, a
study such as this can predict the profit that a huntefdroake at a given price level. This
prediction can then be combined with information on ntask@icture and demand to make a
full economic model.

The first issue to address is hunter behaviour; thistaffemw a given level adffort (or

inputs) translates to a given level of offtake. In thepsast case, one could assume that
hunters lay snares in an area and that for a patispkecies, the more snares that are laid, or
the more individuals of that species there are iratba, the greater the offtake. Equation 3
shows a linear relationship of this kind. However, hub&traviour cannot always be
assumed to be this simple. If for example they stadk tirey and are able to maximise the
chances of killing a particular species, then more cexformulations for the production
function will be required. It is particularly importatiat when a hunter targets more than one
species, all the species are included in this analy&s o is found that when hunters Kill
several species together, the slowest growing spearebe exterminated while the hunter is
still making good profits from the other species (secBdl.5.1). Similarly, if hunters change
their selectivities as different species become raoaece (by actively targetting

progressively smaller-bodied species, not just taking epeacithe proportion that they
encounter them) this needs to be modelled in the productimhidn.
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Once the function relating a given level of inputs tovegilevel of outputs has been
specified, then the next step is to pabd on the inputs. Costs may be fixed or variable. In
the case of bushmeat hunting, where technology is dgngiraple and people are self-
employed, there are few fixed costs. This means thata$ts can be expressed per unit of
input (e.g. per day’s hunting) or, more conveniently, perafroutput (per animal killed).
Costs do not necessarily need to be expressed in motatas, If the hunting is purely
subsistence, in a non-market economy, then it is pérfieetsible to express costs in terms of
a metric such as time. But if the offtake will bedsol is a substitute for meat that would
otherwise have had to be bought, then money is tharisst to use. If the hunter has a
number of income-generating activities as well as hgntircan be useful to compare the
inputs and outputs from each of these activities, to gaumderstanding of how the hunter
determines how much effort to invest in each activitg.(Bloss 1997).

In order to calculate the costs of hunting, each caomapbof cost must be assessed and
included. For example, in the case of wild pig hunting, desiee collected on the costs of one
week-long trip to buy wild pigs for sale in the markelaf@on & Milner-Gulland, in press).
These costs (at 1995 prices and wild pig population sizeshade up of:

Vehicle costs Each trip costs the dealer approximately Rp 89,428 Ingads, maintenance
and amortised vehicle purchase costs.

Opportunity cost of time: The average wage/week for a person in the neareastaive
employment (owner of a medium-sized shop) is approxiiyn&p 70,000. Each trip involves a
week’s full-time work, as the dealer leaves home on Mgedaning and returns home at 6am
on Friday. He then sells from his house for a few honrfSralay and at the market all day on
Saturday.

Food on trip and table in the market: Rp 10,500/trip.

Pay for hunters. The case study dealer pays Rp11,200 per pig to the huntehsdé&aer has
approximately 33 hunters on his books (as there are 1&slead around 400 hunters
operating in North Sulawesi). The case study dealer bugserage of 24 pigs per trip, paying
Rp268,800. This represents an average weekly wage tdex biRp8,145, and a yearly wage
of Rp423,564. The hunters work in Gorontalo district, whieeeaverage wage is Rp462,850,
very similar to the wage calculated for hunters.

Sring: The dealer buys string to give to hunters for snareshiihkers receive the string as
payment, together with the money received per pig. Eadleihreteives approximately
Rp100,000 worth of string a year. Assuming 33 hunters pegrdéais gives a string cost per
trip of Rp63,460.

Opportunity cost of capital: The major capital that the dealer requires is a tiTio&.cost of a
truck is Rp3,300,000. This money could have been invettsed/here. The rate of return on
capital is assumed to be 20% per annum in Minahasa (tkeritarest rate). The investment in
the truck thus represents an approximate opportunityotégp12,690 per trip.

At the open access equilibrium, when the hunterguatenaking enough to keep them in the
profession, a hunter’s costs should add up to the amousipplagl by the dealer. The
equipment needed to make a share is just string and nataiedials, so their only cost is the
opportunity cost of time; the time taken to walk into fikest and walk out again carrying the
week’s worth of pigs for sale to the dealer, and ithe taken to set and check snares. This
time cost is calculated from the average wage/weerfagricultural labourer.

If there are costs of law enforcement, these casdided into the calculation of overall costs.
The costs of law enforcement could include both a penalll the confiscation of the hunter’s
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kill. These costs need to be multiplied by the probahulitipeing caught (section 3.2.2) and
assumptions must be made about the hunter’s attitudektand the monetary value of the
penalty incurred (if it is a prison sentence, for exajple

In the case of ivory hunting in Zambia, the cost tmiddleman of mounting an ivory hunting
expedition was calculated (Milner-Gulland & Leader-Vaiths 1992). One expedition was the
unit of effort, and was assumed to consist of one gangr{ters & 6 carriers), on a one week
trip, using one automatic rifle and one other weapon. [€ke of effort was assumed to
enable the gang to kill every elephant it encounterdohear relationship was assumed to
exist between the elephant population size and the numhleéephants encountered by the
gang during the expedition (i.e. Equation 3). Given thesenagtions about the production
function, the costs of hunting were calculated as:

Opportunity costs of time:  The total wage bill that the gang would command in deest
alternative profession. The hunters were assumed ablbeéo command higher wages than
the carriers. It might be appropriate to include a righrpum in the wage if there is a
significant chance of a hunter being killed by a gansis¢his means that a rather higher
wage would be needed to attract a hunter into the profebsarsimply the wage in the
nearest alternative (safe) profession.

plus
Costs of equipment: The guns and ammunition.
plus

Costs of law enforcement: In this system it was usual for the middleman totpayfine
incurred by their hunters if caught. So the cost of eefment was the average fine payable
per person multiplied by the number of people caught (ofd$sie gang escapes, leaving an
average of one person being caught) plus the cost of ldsnoutput of the expedition
through confiscation of tusks (calculated as the averagder of tusks the gang is caught
carrying) multiplied by the probability of the huntersngecaught. This last parameter is
actually the hardest of all to estimate, as it cannatdbained directly from law enforcement
data, which only gives the number of gangs detected, noutinber that operate undetected.
Instead it needs to be obtained from independent sourceaswdlage heads or the hunters
themselves.

These costs can be varied as other factors vary, sutie @hance of being caught, the
number of elephants in the area, or the cost of haihgnter (for example through
improvements in local employment prospects). Theyoeaocompared to a given price per
tusk to give an overall profit that the middleman would ekp@ make per hunting trip. If this
is more than he could make by investing in some other tgcfsuch as drug smuggling) it is
worthwhile continuing to hunt. This model of the ivorgde (and the model of wild pig
hunting) can then be linked to a calculation of biologstedtainability by using a population
model for the number of wild pigs/elephants in theaaesd seeing at which population size
the profit for a unit of effort are zero - this is tiee towards which the population is tending.

The calculation of evenues obtained from hunting is straightforward if the hunseselling

his entire catch in a local or distant market; itimsy the price per unit of offtake multiplied
by the amount of offtake. However, there is usually atspecfrom entirely subsistence
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hunting through selling only the surplus after the househaddleen their requirements to
completely market-orientated hunting. Rather thanngefor cash, a hunter may also
exchange his kill for other goods. In the case of a psdhgistence hunt, the demand to be
satisfied is generated purely by the households of theefsj@nd money is an inappropriate
metric to use to assess hunter incentives. The ddsramics of demand can still be
modelled, but in this case will be driven by processes asi¢ttuman population growth rather
than consumer incomes and preferences. The metridussdess hunter incentives at the
individual level might be time; the hunter may act taximise offtake per unit of time
invested, for example. If, as is often the case, mumaseholds consume a proportion of the
meat and sell the surplus, then the revenues thautiter obtains from the portion consumed
at home can be estimated from the cost of the foaidwould have had to be bought if the
bushmeat supply was not available. Money is still the gpjat@ metric to use. If hunters
exchange bushmeat for other commodities, and these aditreadhave a price, then money
can also be used.

A major assumption that is made in an equilibriumysigalsuch as the one for ivory poachers
in Zambia is that the price is constant. As menticaigalve, this is an adequate assumption
when the harvest in the area concerned is a very pna@lortion of the total quantity of the
good on the market. But if this is not the case (fongxa, the wild pig trade is being
described in full; there is no other source of wild pegiavailable), then the demand side
must be considered.

3.3.4 Assessing market demand

As the quantity of bushmeat in a market changes, fangkabecause of the increasing
scarcity of a particular species, or because of aeasmg number of people becoming
hunters, then the price that consumers will paytfatso changes. Generally, as a particular
good becomes more scarce, consumers would be expectednoafor it, while if there is

a lot of it on sale, they will pay less. The degrewltech the quantity of bushmeat consumers
buy varies as price varies is measured by the own dastaty of demand. Consumers are
also generally prepared to pay more for goods as theimmaacreases; this is measured by
the income elasticity. Finally, as the availabilitysobstitute goods changes, so does the
amount consumers are prepared to buy of a particularahaagiven price (see section 3.1.2).
In this analysis, we assume that the person who nthkegecisions about hunting levels (the
“hunter” above) is also the person who sells thetnmethe market (the “stallholder”), so
there are no supply chain complexities.

In order to assess demand for a good, the following dataegded at the absolute minimum:

1. The totabjuantity of each species of interest on sale in the market.
2. Theprice of each species of interest on sale in the market.

Price and quantity data need to be collected over as lpagad as possible; one-off market
surveys give very little information about market dynam$at they can tell us is: a) how
profitable hunting currently is, if combined with data amter costs. This might give a hint
as to whether hunting pressure is likely to continuadoease. b) what the current offtake
level is, which together with population estimates apdpulation model gives an idea of
how sustainable hunting is; thus whether the populatibikely to continue to decline.

We are assuming a competitive market, so that the gheeged by all stall holders should be
about the same. This should be checked. If the syststill ia disequilibrium, the price that
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they can charge is higher than their costs, but at datmpe=quilibrium, the price that a
hunter receives is the same as his costs. This isfal g®mparison to make.

Data collection is complicated in the case of perishgbbds like meat, which may drop in
price at the end of the day; thus market prices and qesniiist be assessed first thing in the
morning. They should also be assessed by an inconspicumittmsuch as a local woman
doing her shopping. Ideally, she should buy a piece d&f g@e of bushmeat, as quoted prices
are not always the same as actual prices. Howevéakigsues then emerge when the
species in question is endangered.

In order to carry out a full economic analysis of titagle in bushmeat, so as to be able to
assess the likely effects of conservation actionshamdtrends in the general economy will
affect hunting sustainability, more data are needed. Tihekgle:

1. Theinflation rate. This is crucial, as prices can only be compared over wimen they
have been deflated (ie the inflationary trend has be@oved). Inflation affects all prices in
the economy at once, and so it has a neutral efiecath, hence the need to remove it so that
true trends in bushmeat prices can be discerned (eajudweof increasing scarcity of
bushmeat). Inflation rates in local regions can be ratifferent to the national published
rates, for example if the economy of a particulgiae is linked to a particular sector of the
general economy such as agriculture or timber. Nati@aasrare easy to obtain, local ones
may be obtainable from local government statistice®df or are even calculable directly
from the prices of a representative bundle of goods.

2. The price ofubstitute goods. It can be difficult to decida priori which goods people
would be likely to buy as substitutes for bushmeat, butgaio inclusive makes for an
enormous data collection task. In some cases itas;dl® example domestic pig meat is a
substitute for wild pig meat in Sulawesi. Asking consunearshelp to clarify their
preferences. Often the various bushmeat species thiadrarsted together are close
substitutes; it is thus important in multi-species eyst that data are collected for all the
species that are harvested and sold together.

3. Consumeincomes. In a country without a developed statistical servicis, ¢an be
incredibly difficult information to get. It is alsonely useful to obtain it at the national level,
because bushmeat hunting often happens in areas whipbaer than the national average,
and where the benefits of economic growth may be siawckle down. Incomes are often
estimated in one-off surveys, but these are not verfulgnless they are regular enough to
be relatable to the collection frequencyof the other.d&tale extremely difficult to get,
income data are important, particularly if income charsgasonally (with harvest triggering
a feast, for example) or if there is a trend or stegmgh in income levels which may affect
demand (perhaps caused by an integrated conservation aidpae&nt project or a logging
concession ). If data are collected long enough befatatier a policy is implemented, its
effect on demand can thus be assessed.

Other variables may be important in particular marketsexample if the good is exported,
exchange rates may be important, or if it is kept asra sif wealth (like ivory) interest rates
may be relevant (Milner-Gulland 1993). However, the tlisted above are likely to be the
key ones for bushmeat markets. These variables only nesdléeted if a time series of
market data is being collected, as without a time serefyll analysis can be carried out.
The frequency of market monitoring then becomes an i€semerally it is impossible to
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record every piece of bushmeat sold, unless the markehappens once a week and all
stallholders are present at the beginning of the day. Blamgt should be tailored to capture
as much of the predictable variability as possible. kample, if there is a daily market but
its size varies, then monitoring should sample eaclotithe week in order to get a true
picture of the flow of bushmeat into the market, amhtperhaps concentrate on the busiest
day of the week on the assumption that the relative itapoe of a given day does not vary.
If there is seasonal variability (for example due tonges in hunter availability with crop-
growing commitments, or due to inaccessibility of huningas in rainy seasons), then each
season needs to be sampled. In our wild pig study (Gla&&tdilner-Gulland, in press), we
have been surveying the main market fortnightly on a 8ayuor 6 years, checking other
days and minor markets monthly to ensure that there ¢hawoge in their status. This time
series should be long enough to ensure useful resulbbt@ieed from the analysis. The
general rule is that the more data points can beatell, the more power there will be in the
economic analysis. It is particularly important to captvariability, for example in consumer
incomes or meat availability, because it is only whemtjtias available and consumer
preferences vary that the dynamic behaviour of the magtebe seen - if there is no
variability, the information received is not much morefukthan a single point estimate.

Econometric analysis of demand is data-hungry, princiebause there are many different
factors that affect demand, all of which need to be include multiple regression, usually
with several lags. This means that the data need ¢olleeted over as long a period as
possible to maximise the degrees of freedom availablestretiression. It is also important to
collect every piece of information at each time pasotthat the data sets are comparable, and
preferably to collect data at the same regular intehwalighout. Holes in one data set can
cause all the other other data sets to be discardedafaddls, and when several lags are
included in a regression, losing one data point can hyeexgrensive. Interpolation can fill
blanks to some extent, but should be kept to a minimuvill hot go into econometric

analysis of market data, but a good text on the subjétadglala (1989). It is not a simple
process, but is basically a multiple regression, irctvischanges in the quantity demanded are
related to the price of a good and other factors susitames and prices of substitute goods.
The fully specified model, containing all the variablest timight be important, is simplified
until its explanatory power is significantly weakened éyoving any more variables; the
ones that are left are the key variables driving the bushmarket. If the equation is

specified in a particular way, the coefficients ofseh@ariables are their elasticities, which
can then be used to interpret how changes in policye@@ample by providing a cheap
alternative meat source) would affect the quantityushioneat demanded.

4 APPLICATION TO THEBUSHMEAT INITIATIVE

4.1 Summary of data requirements

Below is a summary of data requirements for a full stfdye biological and economic
sustainability of bushmeat hunting. This is based on thequ® detailed discussion of the
data needs for answering specific questions in section8.2 &

Biological Sustainability

1. Data on population density the hunted area. This tells us little without corapse data,
but is nonetheless the building block without which nohier inferences can be made.
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2. Data on unexploited population densiysimilar habitat. By comparing the two densities,
it is possible to discern whether a population is depl&tgidnot to infer whether hunting is to
blame or whether current hunting levels are sustainable.

3. Data on number of animals killed@his can be used to derive the hunting mortality that t
population is experiencing. The number of animals killed rhestxpressed per time period
and from a given area.

4. An estimate of the population growth raR¥eferably an estimate of the intrinsic growth
rate or independent estimates of birth and death raithsan assumption about the functional
form of density dependence. Alternatively an estimatéeturrent population growth rate /
birth and death rates.

5. Added value can be obtained by collecting data as a tines g for a number of similar
sites under different hunting pressures.

Market structure
1. Can hunting be considered to_ be open a€cAss there any barriers to entry?

2. Is the market at equilibriuPnHave there been changes in numbers of huntersimeer t
and/or profits made by individual hunters?

3. Description of the supply chaikvho is the decision-maker about hunting levels?
Supply side

1. The production functiorHow do hunters combine inputs to produce a given level of
outputs? How do changes in effort level and prey populaizes affect output levels?

2. The _costs of huntingoer unit of input or output. Divided into fixed and variablstspand
including the opportunity costs of time as well as cosexjaipment. May include a cost from
law enforcement activity.

3. The revenuesbtained per unit of output by an individual hunter. Pneg be fixed or
determined by the market.

4. By combining 2 & 3, the profitef hunters can be obtained. These need not be expiassed
monetary terms if the economy is purely subsistence.

5. The number of huntexurrently operating, their hunting methods and overéthlod
levels. This links to the biological sustainability datdemtion.

Demand side
If the bushmeat is sold in a market:
1. The total quantityf each species of interest on sale in the market.

2. The priceof each species of interest on sale in the market.
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If an analysis of market demand is to be done, a timessef 1 & 2 is needed, together with
an equivalent time series of:

3. The inflation ratelocal if possible.

4. The price of substitute goads

5. Consumer incomes
If the bushmeat is not sold or exchanged:

6. An estimate of household requiremettde supplied by the hunters.

If the bushmeat is exchanged for other goods or partly ceetsatrhome:

7. The replacement cosef the bushmeat eaten or exchanged (i.e. the price dEgbat
would need to be bought to replace the meat in the housghilwdd’or the price of the goods
that it is bartered for).

4.2 Policy issues

4.2.1 General considerations

Many authors have discussed the policy alternativésatkaavailable for increasing the
sustainability of bushmeat hunting (e.g. Wilkie & Carped@99, Feer 1991, Bowen-Jones &
Pendry 1999). In practice, this often means finding a wagdoae offtake from its current
level, at least for particularly vulnerable speciesodder to reduce offtake, hunters’
incentives must be changed so that it is no longerhwiite to hunt at the previous
unsustainable levels. There are two approaches to doingntpissingregulations to prevent
people from hunting as they otherwise would, or changioglp&sopportunities so that
they decide that they would do better by hunting in a ik manner (or by leaving
hunting for another profession, which also reduces dvauwating rates). In both cases, the
costs of continuing to hunt as they do currently areeased, either actually (e.g. through
fines) or via opportunity costs (e.g. a better opt®available). Although the former is the
usual approach for controlling large-scale commercialogtgion (e.g. many fisheries) and
has been the usual approach to controlling hunting ing@exte@reas in the past, it is not
currently in favour.

Regulations require enforcement, and it is increasirighr ¢hat if people have no incentive
to abide by rules other than the threat of punishment, @feent can be very expensive or
ineffective. This is particularly true of laws protectindgdhfe from over-exploitation when
people rely on bushmeat for their livelihoods and thasabeing policed are large, remote
and have poor boundary control. On the other hand, regdatan be swift to implement,
unambiguous in their intent and effective immediatety. &ample, it is apparent that the
only way to control rhino poaching for the internatiomealrket is first to protect them in
small, highly guarded areas, and only then to find way®&al people to benefit from their
presence. In the case of wild pigs in Sulawesi, oneiepés protected and highly endangered
by hunting and the other can sustain a reasonable leo#take. Current conservation
initiatives are concentrating on firm enforcementhaf law banning hunting of the
endangered babirusa, which is possible because dealers amedied along the single road
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which all must travel along to the market (Clayton &méi-Gulland, in press). The
circumstances under which the exploitation takes plaee determine whether regulation is a
feasible option.

Regulations can be on the hunters themselves, on pbaplare facilitating their hunting
activities (such as logging companies), or on people furthémeupupply chain such as
middlemen or consumers. The point at which they argt efbective is that at which they can
best be enforced; this is often a bottleneck where thex few people involved. Thus if one
logging company is required to change its policy towards hsirttés will have a much larger
effect than targetting the hunters themselves. Silpilergetting stallholders in markets may
be more effective than targetting hunters. Note #@ngtilations do not just include total bans
on hunting, but also systems such as offtake quotas itatimms on the equipment that
hunter can use. These too need to be enforced, and &edyutdi be suitable for most
bushmeat harvesting systems, as they require a higholewvanagement intervention in
order to work (Milner-Gulland & Mace, 1998, discuss various iguy options in more
detail).

Changing people’s incentives is the method by which hgmtam be made sustainable in the
long term. Regulations only work in the long run if peopke@epared to enforce and abide
by them. Methods that specifically aim to change huntenk@inaor consumer preferences
by providing more attractive options include promoting altevastources of income or
protein and carrying out environmental education that higlgiti@ non-market values of
natural resources. This latter can (and probably shouldaied out alongside all other
types of policy. Setting up economic enterprises that geowiore attractive options than
bushmeat hunting or consumption can be extremely diffias the enterprises must:

* Be mutually incompatible with unsustainable bushmeat hgif.g. ranching that relies on
wild populations for seed individuals).

* Be not just profitable with respect to the general ecgnioutmor e profitable than
bushmeat hunting (otherwise the opportunity costs of cayryut the new activity are too
high for it to be worthwhile).

* Be attractive to the individuals who are making thesdenito go bushmeat hunting, not
just to the community as a whole or to non-hunting membgthe community. Individual
hunters may not be interested in supporting an initiahige doesn’t offer advantages to them
personally (Mesterton-Gibbons & Milner-Gulland 1999).

 Be financially viable in the long term, without continteedernal support, and be robust to
likely changes in circumstances in the area (suchaisases in incomes, increased linkage
with the general economy and inward migration, perhaps esmesed by the project’s
success).

These issues have been addressed by a number of auti@sample, Oates (1995)
describes a conservation project that aimed to provigdtamative income for local
residents; it caused large-scale immigration to the areigh led to even more environmental
damage. Thus projects that involve improving people’s incaiaede successful in altering
incentives at the individual level, but at the markeelean increase environmental damage
by making the area more attractive to newcomers. Camyndynamics can be extremely
important to the success of these projects. For exa®@pls, Rivera and Edwards (1998)

45



discuss an iguana ranching project that generated incaarteadrpositive social effects, but
was threatened by internal divisions within the villa@dson & Marks (1995) discuss how
the ADMADE scheme in Zambia was effective in bringl@pefits at the community level,
but did not succeed in deterring individual hunters frontinaimg to hunt, as they saw no
benefits coming to them as individuals.

4.2.2 Summary of the effects of policies to increase hunting sustainability

In Table 1, | list some of the approaches that hava beggested to improve the
sustainability of bushmeat hunting, including those suggest®dilkie & Carpenter (1999)
and Bowen-Jones & Pendry (1999). In the table | show wtargetted by the policy, where
in the economic system the approach has its effedtwaether it is the type of approach that
relies on regulation or persuasion. If the approach regjeinforcement, | show whether this
can be carried out by the local community or whetherntore easily done by external
agencies such as government officials. If the local conityican enforce its own regulations,
this has the advantage of allowing control of resouregabe devolved; if local
communities have control of the process, regulation Inealyetter accepted by local people.
Finally, | list some of the major pros and cons ohgaalicy. As can be seen from the table,
each policy does have both advantages and disadvantag@sosinare not mutually
exclusive. Which policies are best depends on the patisiibiation in which they are to be
used.

5 CONCLUSIONS

In this report, | have covered the broad issue of asged®e sustainability of bushmeat
harvesting. This has two facets, biological and econd&ath need to be considered if a full
understanding of the dynamics of bushmeat hunting is tdtaéned, and thus if conservation
policies are to be effective. Too often people conditebiological side in isolation. Offtake
levels are determined by the action of many individualstdrandealers and consumers,
whose incentives need to be understood if changesvileoleofftake is to be predicted.
Although a full assessment is ideal, there are a nuofigpes of information that can still be
useful in a preliminary assessment of the situatiohomit necessarily carrying out a full
analysis. In this report | have highlighted the use ¢hah individual piece of information can
be put to, and suggest which types of data are indispensiblerecid can be left to future
studies if time and money are short.

Bushmeat hunting is a complex process. It often targetsrdoer of species, with differing
resilience to hunting. Protecting particularly threatesmetcies without destroying the
livelihoods of people who rely on bushmeat is a problemgésgtcularly needs addressing. A
number of the policies available to conservations bleta distinguish between species, and
may be particularly useful in this case. On the eanoside, bushmeat hunting for local
markets is relatively simple to address, compared to lguthiat supplies a market with a
complex supply chain. In the latter case, expert amalyill be necessary.

| have devoted a lot of space to the theoretical uma@nys of the techniques that are used to
assess hunting sustainability. | feel that this isartgnt, because many conservationists do
not have a background in economics or population ecolaggte these theoretical issues are
raised. However, without a theoretical underpinning,udisions about which policies work
and why tend to rely on opinion or particular cases.CHse-by-case approach, although it
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can be useful, does not help to build a framework withickvnew information and
experience can be placed.

Finally, it is important to consider the scale at wipcbcesses operate to determine hunting
sustainability. These include the level of the individuahter, the community, the market and
finally the national and global economies. Althoughoaa have a lot of influence at the
smaller scales, there is little that a project tayte bushmeat hunting sustainability can do
to affect events at larger scales. As the linkagesdmtwach scale get stronger, these larger
scales (national, global) will have more and more imib@eat the local level. For example,
the economic crisis in Asia in 1998 clearly influencedlébkaviour of rattan collectors in the
forests of North Sulawesi, causing them to turn to gold pgrinstead (Clayton et al., in
press). This is not a reason to stop attempting to influsustainability at the local level;
rather it highlights the increasing importance of taldagnomics into account when
considering the sustainability of bushmeat hunting.
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Figure legends

Figure 1. Curves of the logistic equation. a)Sigmoidal fadjmun growth, as described by the
logistic equation. b) The parabolic relationship betwderpopulation growth rate and the
population size.

Figure 2. The equilibrium population sizes under various hgiméites. The solid lines
represent the number of individuals removed from the papalat particular values ¢f.
The dashed line is the population growth rate at a gig&revofN. The equilibrium
population sizes occur when the number of individualokea by hunting is equal to the
population growth rate (where the growth curve and theiryirate curve intersect). Three
hunting rates, Hto Hs, are shown for each hunting strategy. a) Hunting v&®@ constant
number of individuals. b) Hunting removes a constantqmagn of the population.

Figure 3. Stability analysis for the equilibrium populat&zes shown in Figure 2. a) Hunting
removes a constant number of individuals. b) Hunting ¥x@%@ constant proportion of the
population.

Figure 4. The yield-effort curve for a population withigig growth.

Figure 5. The effect of non-critical depensation (the@kffect) on the parabolic relationship
between the population size and the rate of populaticnease. a) Harvesting a proportion of
the population each year produces two equilibiaand N,. b) The yield-effort curve for
non-critical depensation. If the effort level incressaboveE’, yield declines rapidly and
effort must be reduced t&;, in order to allow the population to recover above thetabie
equilibrium levelN;.

Figure 6. The relationship between the sustainable yietdleadd by the Robinson &
Redford method and the true sustainable yield for a populaitbrsimple logistic growth in
discrete time. The graphs show the degree to which thengan & Redford method over- or
under-estimates true sustainable yield (the differenceeldsyas a proportion of carrying
capacity) as a function of the intrinsic rate of popataincrease). The results are displayed
for 4 population densities, expressed as a proportionrgficg capacity, ranging from 10%
to 100% ofK. Three levels of the Robinson & Redford natural maytéctor are shown: a)
Factor = 1, so that there is no correction to tbalculation of maximum production to
account for natural mortality. b) Factor = 0.6, theugahey suggest for short-lived species. c)
Factor = 0.2, the value they suggest for long-lived speldiet® the different scales of the y-
axis between the 3 graphs.

Figure 7. The market model of supply and demand. The supglgleanand curves intersect
at the market equilibrium. The equilibrium prié®, and quantity demandeQg, are shown.

Figure 8. Inelastic and elastic demand curves. If demandlastic, a small change in price
leads to a small change in quantity demanded, while ibdens elastic, a small change in
price leads to a large change in quantity demanded.

Figure 9. Equilibria for the bio-economic model. Revenueseaated parabolically to effort,
while costs are linearly related to effort. Profithe area between the two curves (Revenues-
Costs). The equilibria shown are the profit-dissipaéiqgilibriumE., and the profit-
maximising leveE.
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Figure 1. Curves of the logistic equation. a)Sigmoidal fadjmun growth, as described by the
logistic equation. b) The parabolic relationship betwderpopulation growth rate and the
population size.
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Figure 2. The equilibrium population sizes under various hgiméites. The solid lines
represent the number of individuals removed from the papalat particular values ¢f.
The dashed line is the population growth rate at a gig@&revofN. The equilibrium
population sizes occur when the number of individualoket by hunting is equal to the
population growth rate (where the growth curve and theirirate curve intersect). Three
hunting rates, Hto Hs, are shown for each hunting strategy. a) Hunting v&®@ constant
number of individuals. b) Hunting removes a constantqmtagn of the population.
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Figure 3. Stability analysis for the equilibrium populat&zes shown in Figure 2. a) Hunting
removes a constant number of individuals. b) Hunting ¥x@®@ constant proportion of the
population.
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Figure 4. The yield-effort curve for a population withigig growth.
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Figure 5. The effect of non-critical depensation (the@kffect) on the parabolic relationship
between the population size and the rate of populaticnease. a) Harvesting a proportion of
the population each year produces two equilibiaand N,. b) The yield-effort curve for
non-critical depensation. If the effort level incressaboveE’, yield declines rapidly and
effort must be reduced t&, in order to allow the population to recover above thetabie
equilibrium levelN;.
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Figure 6. The relationship between the sustainable gaculated by the Robinson & Redford method and the
true sustainable yield for a population with simple logistawgh in discrete time. The graphs show the degree
to which the Robinson & Redford method over- or underegts true sustainable yield (the difference in
yields as a proportion of carrying capacity) as a fanatif the intrinsic rate of population increaseThe

results are displayed for 4 population densities, expressegraportion of carrying capacity, ranging from
10% to 100% oK. Three levels of the Robinson & Redford natural mdytédictor are shown: a) Factor = 1, so
that there is no correction to their calculation @mum production to account for natural mortalityFajtor

= 0.6, the value they suggest for short-lived specidsacior = 0.2, the value they suggest for long-lived
species. Note the different scales of the y-axis &etvthe 3 graphs.
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Figure 7. The market model of supply and demand. The supglgleanand curves intersect
at the market equilibrium. The equilibrium prié®, and quantity demandeQg, are shown.
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Figure 8. Inelastic and elastic demand curves. If demandlastic, a small change in price
leads to a small change in quantity demanded, while ibdens elastic, a small change in
price leads to a large change in quantity demanded.
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Figure 9. Equilibria for the bio-economic model. Revenueseaated parabolically to effort,
while costs are linearly related to effort. Profithe area between the two curves (Revenues-
Costs). The equilibria shown are the profit-dissipaéqgilibriumE., and the profit-
maximising leveE.
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