Soc Choice Welfare (2006) 27: 407-422
DOI 10.1007/s00355-006-0137-8

ORIGINAL PAPER

Matthew Clarke - Yew-Kwang Ng

Population dynamics and animal welfare:
issues raised by the culling of kangaroos
in Puckapunyal

Received: 28 June 2004 / Accepted: 30 November 2005 / Published online: 29 April 2006
© Springer-Verlag 2006

Abstract The culling of kangaroos at the Puckapunyal Army base (Australia)
raises some intriguing ethical issues around animal welfare. After discussing the
costs and benefits of the cull, this paper addresses the more general animal welfare
issues related to population dynamics. Natural selection favours the maximization
of the number of surviving offspring. This need not result in the maximization of
the welfare of individuals in the species. The contrast between growth maximiza-
tion and welfare maximization is first illustrated for a single population and then
discussed in terms of competing populations. In the Lotka-Volterra model of com-
peting species and its generalizations, the choice of different birthrates does not
affect the population sizes at equilibrium. Welfare could be much higher at lower
birthrates without even reducing numbers (at equilibrium).

1 Introduction

On May 16,2002 the Victorian State Government Department of Natural Resources
and Environment issued a permit for the culling of 15,000 kangaroos at the Aus-
tralian Defence Force army base at Puckapunyal in central Victoria. An estimated
80,000-100,000 kangaroos lived within this fenced 44,000-ha site. This number
was unsustainable with the majority of kangaroos starving and ill. This paper
is interested in using this practical real life example to re-examine a number of
welfare economic concepts primarily related to population dynamics. This exami-
nation relies on the consideration of the Puckapunyal kangaroos as affective sentient
beings whose welfare can be treated in a similar manner as humans (Singer 1975,
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2000). As with humans, the welfare of affective sentient animals is happiness minus
suffering (Ng 1995). !

Sentients are usually defined as beings that are capable of subjectively per-
ceiving or feeling by means of the senses. This includes not only being capable of
the feeling of being happy and/or unhappy, but also includes beings just capable
of perceiving things without having any affective feelings. Thus when discussing
welfare impacts on animals, it is important to further classify sentient animals into
affective sentients or non-affective sentients (Ng 1995). Kangaroos are affective
sentient beings. They have the capacity to feel pain and pleasure. It is possible and
reasonable therefore to rank various social states in terms of the welfare effects on
these beings.

Whilst a number of welfare issues are briefly reviewed, particular attention
is paid to population dynamics and how this affects welfare maximization. Simi-
lar consideration is limited within the literature. Blackorby and Donaldson (1984,
1992) discuss the ethics of animal exploitation in research and food production, par-
ticularly examining the implication of these activities and apply their own ethical
principle of critical-level utilitarianism. In contrast to classical or ordinary utilitar-
ianism, critical-level utilitarianism maximizes the sum of individual (or affective
sentient, when generalized to cover animals) utilities in excess of a certain positive
critical level. Blackorby and Donaldson (1984) use critical-level utilitarianism to
solve the well-known moral philosophical problem of optimum population. Clas-
sical utilitarianism maximizing aggregate utility/welfare may prefer an arbitrary
large number of the population with a tiny but positive level of average welfare to a
small population with a high level of average welfare (called the repugnant conclu-
sion; see Parfit 1984; more on this point below). In contrast, the maximization of
average welfare implies the unreasonable rejection of adding very happy individu-
als of slightly lower welfare than the existing people. For an alternative solution of
this dilemma, see Ng (1989). However, Blackorby and Donaldson (1984) and Ng
(1989) consider comparative static comparisons rather than the population dynam-
ics discussed in the main Sect. 4 of this paper.

2 Puckapunyal and the kangaroo cull

The Australian Defense Force army base at Puckapunyal in central Victoria is a
44,000 ha site. To protect against purposeful or inadvertent intrusion, Puckapun-
yal is surrounded by a number of secure perimeter fences. Whilst the purpose of
these fences is to keep unauthorized visitors out, they also keep wildlife locked in.
Much of Puckapunyal is bushland (left purposely so for military training purposes)
and contains natural fauna and flora. Kangaroos are amongst the wildlife found in
Puckapunyal. Central Victoria endured a long drought through the late 1990s and
early 2000s. Due to the perimeter fence surrounding Puckapunyal, the kangaroos
(and other species) inside were unable to follow natural migration patterns to better
feeding grounds. Over a period of time, the kangaroo population completely razed

I In contrast to the case of humans, it is less controversial to view animal welfare hedonistically
(in the philosophical sense instead of the everyday usage of this term) as the balance of happiness
over suffering. Even for human, a case for viewing welfare just as net happiness can be made
(Kahneman et al. 1997; NG 2000a).
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all vegetation within Puckapunyal and was left without sustainable food stocks.
Illness and starvation followed.

A sustainable population within the Puckapunyal base is estimated to be 40,000
kangaroos (about one kangaroo per hectare). However, at least twice that number,
and possibly more, were alive in the period leading up to the cull announcement
in May 2002. Given the limited space, overpopulation led to the starvation and
suffering of a large number of kangaroos.

3 Measuring net benefits to social welfare of the cull

As a result of insufficient food supply, caused by overpopulation within a con-
fined space, up to 100,000 kangaroos at Puckapunyal were in various stages of
starvation, illness and misery. As affective sentient beings, all kangaroos were
experiencing reduced welfare as this situation continued. The Victorian State Gov-
ernment Department of Natural Resources and the Environment, in conjunction
with the Australian Defence Force, issued a permit to cull 15,000 kangaroos in
May 16, 2002. (A second and final permit for an additional cull of kangaroos was
issued in September 2002). The expected outcome was that this judicious killing,
in combination with the natural death of an additional 20,000 kangaroos through
starvation, would lower the population to more sustainable levels.

The culling of kangaroos had an immediate impact on the present and future
welfare of those surviving. Due to the reduced pressure on resources, surviving
members had greater welfare. It is possible to consider the welfare affects caused
by the cull in a similar way to Broome’s (2001) analysis of the effects of an epidemic
on welfare. This welfare test is dependent upon the assumption of intertemporal
well-being being measurable on a cardinal scale, and being comparable across
time. This analysis considers different sets of “potential” kangaroos. A “potential”
kangaroo is one that exists in some state or another. This set is assumed to be
countable. In each state, some “potential” kangaroos exist and others do not. It
is further assumed that each state contains a finite number of kangaroos, each of
whom live for a finite period. This avoids the problems of infinite sums. Finally,
the value of non-existence is set at zero welfare. Aggregate welfare, requires the
addition of the welfare levels of all members of that population under study across
all time. This requires addition across two dimensions — time and affective sentient
beings (Broome 2001).

Within this assumed scenario, the death and non-birth of two kangaroos is con-
sidered a loss to total welfare as ‘death is bad — at least partly — because it deprives
its victims of all the good things she would have enjoyed in the rest of her life’
(Broome 2001, p. 96). It should be noted though that death may be preferable if
living resulted in suffering without hope of escape. Zero welfare may be an attrac-
tive alternative to a large amount of negative welfare. Apart from non-existence,
zero welfare applies when the amount of positive enjoyment is offset by that of
negative suffering (Kahneman et al. 1997; NG 2000a). However, at least for the
case of humans, killings have obvious enormous negative implications for the wider
society. This is evidenced by the banning of homicide which can be justified even
on purely utilitarian grounds.

Within this approach we have assumed separability of affective sentient be-
ings in order to calculate total welfare, but in doing so we implied ‘not only that
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we can evaluate a. .. life independently of how things go for other. .. (affective
sentient beings), but also that the value of... existence is independent of how
many other(s). . . exist and of how things go for them’ (Broome 2001, p. 99). It is
important to note the distinction between the independence between utility/welfare
values and separability. The former refers to the independence of the utility/welfare
level of an individual of the objective variables (such as consumption/income) of
other individuals and is clearly not realistic and can be justified only on the grounds
of simplicity. The latter (separability) refers to the compelling principle that social
valuation of an individual’s well-being should be independent of the well-being
levels of others as individual well-being levels are already ultimate (Ng 2000b).

However, issues of non-separability or non-independence must also be con-
sidered as they do affect the compellingness of separability discussed above. The
welfare of one kangaroo can be affected by the welfare of another. In one instance,
one kangaroo might be disabled through the death of its parent resulting in its lower
welfare and in the second, a kangaroo that would have been born, is not because of
the death of its parents. This implies a “restricted” domain, which restricts utility
distributions to ones that are “natural” in that they reflect hereditary order. This
further implies that the underlying domain has a tree structure, thus supporting the
assumption of separability.

A cull is accepted therefore if it increases total welfare, accepting that total
welfare includes the welfare (or lack thereof) of both the present generation and
future generations. This requires incorporating social discounting. The social dis-
count rate can either be negative (< 0), positive (> 0) or neutral (0). If the social
discount rate is negative, future generations are given greater weight, if positive, the
present generation is considered more important, and intergenerational equality is
captured with a neutral or zero social discount rate. For subjective values, such as
well-being, and in the absence of non-survival to realize the future welfare values,
the only valid discount is neutral or zero discount.

If the objective function of society is to maximise welfare, it is possible that
by removing some members of that group with low levels of happiness (perhaps
through starvation or illness), this will immediately increase the average level of
welfare for that group. “This involves not only some technical details but also
raises the intriguing questions as to whether average or total welfare (i.e. average
welfare per individual times the number of individuals) should be maximized and
if the former, average of what time period’ (Ng 1995, p. 273). Further, by reducing
the numbers of the group, natural resources are increased and made available for
consumption by the remaining members also increasing their welfare. Thus the
outcome of removing affective sentients with low-level welfare is twofold.

The question of how low must an affective sentient’s welfare be before death
is a preferred alternative for both that being and other members of society must
be raised. ‘At least from the viewpoint of welfare maximization (which could be
argued to be the rational objective; see Ng 1989), alife is only worth living if welfare
is positive’ (Ng 1995, p. 269).2 Within these circumstances, the alternative social
state includes the killing of certain members of society. Within the Puckapunyal

2 Ng’s view that any positive welfare involves a life worth living is not consistent with the
resolution of the paradox of average versus total welfare maximization by using the critical-level
utilitarianism as discussed above. However, as noted there, Ng has alternative resolution of this
paradox.
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cull there was a code of practice for the killing of kangaroos. This included head or
heart shots, with a focus on distressed, emaciated and injured animals in the most
densely populated areas.

4 Population dynamics

Given the finite space at Puckapunyal (due to its secure fencing), it is expected
that over population will occur again in the future. Population control is therefore
a central issue in understanding how to maximize welfare (or minimize misery) of
kangaroos in this environment. The following discussion presents an initial treat-
ment of how population dynamics of non-human affective sentient beings can be
conceptualized.

4.1 A simple population in exponential growth

We first consider the simple case of a single population not limited by any re-
source constraint and growing exponentially. That growth maximization as might
be favoured by natural selection need not be (total) welfare maximizing can be
shown most simply by distinguishing only between those that die before leaving
offspring and those that do leave offspring. Other aspects such as differential fer-
tility, generation length, age structure, sex, etc. are ignored. It is true that natural
selection need not always result in 100% growth maximization. However, since nat-
ural selection is based on fitness in terms of survival and propagation, it has a bias
away from welfare maximization towards growth maximization. For simplicity of
analysis, we examine only these two contrasting cases.

Suppose natural selection has resulted in each mature adult bearing ten off-
spring of which three survive to adulthood to give the next generation of offspring.
The (asexual) population is then trebled every generation, a phenomenal rate of
growth. However, this spectacular growth in number may also be a growth in
misery. For example, suppose that each individual who survives to bear offspring
derives a lifetime welfare level of two units and each individual who does not
survive until adulthood derives a lifetime welfare level of —1 unit. Then, for the
ten offspring of an adult, their aggregate welfare is (2 x 3) — (1 x 7) = —1.
Starting from any given initial population size (e.g. 10), this negative aggregate
welfare explodes exponentially as the population trebles after each generation (e.g.
—10, =30, —90, —270, —810, ..., —34, 867, 844, 010 after only 20 generations).

On the other hand, suppose that, by lowering birthrate per adult from ten to
five, the number of individuals surviving to adulthood drops from three to two.
Then, the population only doubles (instead of trebles) each generation. For the five
offspring of an adult, their aggregate welfare is (2 x 2) — (1 x 3) = +1, even
assuming that the welfare levels of an adult and a minor have not been increased.
Instead of a negative aggregate welfare for the offspring of any given adult, we now
have a positive aggregate welfare. This positive welfare also grows exponentially,
doubling every generation (e.g. 10, 20, 40, ..., 10,485,760 after only 20 gener-
ations). This exponential growth in positive welfare accords more with welfare
maximization than the exponential growth in misery in the case of possibly growth
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maximization as might be the result of natural selection described in the preceding
paragraph.

For the simple case of a single population growing exponentially discussed
above, the per generation growth rate g is simply described by

g=bs—1, (D

where b is the number of births per adult and s is the proportion of those who
survive to adulthood to contribute to the next round of births. Obviously, s is a
(usually decreasing, except at very small values of b) function of b. Maximizing g
with respect to b (taken as continuous to facilitate the use of calculus), we have

PP =1 2)
_— = T —
STy T O

as the condition for growth maximization, where n = —(ds/db)b/s is the reduc-
tion in the survival rate with respect to an increase in births, in proportionate or
elasticity form.

For welfare maximization, the present writers are in favour of the maximiza-
tion of total welfare (though time discounted for the uncertainty of future welfare
being actually realized). However, many people are in favour of the maximization
of average (over the number of population concerned) welfare. This issue of the
total versus the average principle has plagued moral philosophers and economists
for a long time. Though Ng has argued for the normative compellingness of the
total principle elsewhere (Ng 1983, 1986, 1989), we do not propose to engage in
this controversy here. Instead, both average and total welfare maximizations are
discussed.

Let the life-time welfare level of a typical individual who survives to adulthood
be a and that of one who does not survive (i.e. one who dies in childhood) be c.
For simplicity, these values are taken to be independent of b and remain constant
through time. The average welfare for any generation is then described by

sa+ (1 —s)c. 3)

Maximizing (3) with respect to b, we have

(a—c)a—b=0 4)

which requires ds/db = 0 unless a = c¢. Assuming reasonably that a > ¢, we
maximize average welfare by maximizing the survival rate s at 3s/9b = 0.3 For
s as a function of b indicated by the curve in Fig. 1 we have the average welfare
maximization solution at the point A and the growth maximization solution at the
point G (where the curve is tangent to a rectangular hyperbola).

3 When kangaroos are starving, it may be the case that the starving adults have lower welfare
than those who died young. However, in our simplified model here, we are only distinguishing
between those who survive to adulthood and have offspring and those that died before having
offspring. Moreover, we are only concerned with long-run comparisons, not with the special
transitional periods of mass starvation. Thus, the assumption that a > ¢ is acceptable.
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0 b

Fig. 1 Average welfare maximization (A) versus growth maximization (G)

It may be mistakenly believed that the principle of total welfare maximization
involves just the maximization of

bsa + b(1 — s)c. &)

This maximizes the total welfare of the current generation but does not maximize
total welfare through time since the population growth rate may differ. Since future
welfare is involved, realization of which is uncertain, the appropriate objective func-
tion is the present value of the stream of (total) welfare through time discounted by
an uncertainty discount rate. [Here, it is taken that the maximization of expected
welfare in the presence of uncertainty is the right objective; see Ng (1984) for an
argument in its favour.] Note that this differs from the interest rate or discount
rate used by economists since it is unrelated to either the marginal productivity of
capital or the time preference of individuals. Some economists are in favour of a
zero rate of discount for the society and speak of irrational time preference due to
“faulty telescopic faculty” (Pigou 1929, p. 25) arising from “weakness of imagina-
tion” (Ramsey 1929, p. 543) or from the “conquest of reason by passion” (Harrod
1948, p. 40). However, this ignores some degree of uncertainty in realizing future
welfare. This uncertainty discount is in general a function of time and may also
differ between species if the uncertainty involved differs. (However, if the uncer-
tainty is mainly due to the destruction of the whole Earth by, say, celestial collision,
it should be the same across species.) However, for simplicity, a constant rate is
used. Similarly, b, the number of births per adult, may also change through time.
Partly for simplicity and partly because changing b (say through genetic engineer-
ing in he future) is likely to be very costly and unlikely to be done frequently, we
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take b to be independent of time. In other words, once chosen, b remains constant.
The objective function for total welfare maximization is thus

w =/{sa + (1 = s)c} N(O)ePs—1=Rrgy, (6)
0

where R is the discount factor and N (0) is the number of population at time zero.
Assuming the convergence of the integral, integrate (6) to obtain

{sa + (1 —s)c} N(O)
(1 4+ R — bs)

(7

Maximizing (7) with respect to b, we have the following first-order condition
(where s, = 0s/0b),

(s +bsp){sa+ (1 —s)c} =(a—c)sp(bs —1 —R) (®)
which simplifies to
(a—c)s>+{(1+ R)(a —c) +bclsp +sc=0. 9)

The above condition may also be obtained in the dynamic optimization prob-
lem of maximizing fooo {sa + (1 —s)c} N(t)e R'dr subject to N = (bs — 1) N for
the special case where db/dr = 0. Together with a specific function s = s(b), (9)
can be solved simultaneously for the optimal values of b and s. For example, if we
have a simple linear

s =k — hb, (10)

where k and / are constants, we may solve (9) and (10) to obtain

X + \/X2 —4(a — o)h2[(a — ){k2 — (1 + R)h} + ck|
b= 2(a — c)h?

: an

where X = 2(a — ¢)kh + 2ch.
For a specific set of values for the relevant constants, e.g. a=1,c=—1,k=1,
h=1/5, R=0.3, we have the positive solution

b=2,5s=0.6, W =2N(0) (12)
which contrasts with the growth maximization solution of
b=25,5s=05W=0 (13)

If R is sufficiently small, the integral in (6) does not converge. To maximize
the objective function, the overtaking criterion may be used (Weizsicker 1965).
However, it is not believed that the present value of the relevant objective function
can be infinite (Ng 1991). We live in a finite world. We integrate to infinity only
because we do not know when the final day of our world (or the relevant species)
will be. While a discount factor that makes the integral converge seems unduly big,
this is only so because of the use of a constant discount factor. Ideally, we should
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use a low discount rate for the immediate future when the continued survival of
the species is more certain and a higher rate far into the future when continued sur-
vival seems much less likely (proportionately speaking, e.g. if the probability of
surviving one thousand years is p, that of surviving two thousand years is less than
p?). Secondly, when a long future is considered, a non-trivial exponential growth
is almost certainly impossible. It is high time to move away from the simple case
of exponential growth.

4.2 Non-exponential growth

To move away from exponential growth, let s not only decrease with b but also
decrease with N. (For many animal species, b itself also decreases with N as K,
the “carrying capacity”, is approached. This complication is not considered here.)
Consider a simple function where, for bs > 1 (otherwise no growth is possible),

N 14
E’ ( )

s =5(b) — [§(b) — l]
b
where s, a function of b, is the value of s when there is no density-dampening effect
(i.e. when N approaches zero), and the parameter K is the carrying capacity deter-
mined by exogenous factors such as resources. For the purpose here, K is taken as
a constant.
Since the population grows at the rate bs —1 per generation, we have, using a
time period of the same length as a generation,

N R N
=i (“E)’ (1)

where N = dN/dt. Since b§ > 1, it is clear from (15) that the population grows
positively/negatively as N is smaller/larger than K. Solving the differential equation
(15) for N, we have,

K

N(t) = .
® 1+{L_1}e(1—b§)t
N O

(16)

It can be seen that (15) and (16) are similar to the corresponding equations for lo-
gistic growth, except that the intrinsic rate of growth (usually denoted r) is replaced
by (bs — 1) here. This is so since, from (14), if the density-dampening effect is
absent (when N approaches zero), s equals §. As the rate of growth equals bs —1,
the intrinsic rate of growth (i.e. the rate of growth in the absence of the density-
dampening effect) equals bs — 1 (since s = § here). However, in our formulation,
by making the intrinsic and the actual rates of growth depend on b, rather than be
equal to an assumed constant, we can analyse the question of the choice of b in a
situation of logistic growth.

The value of N over time for different values of b as determined by Eq. (15) or
Eq. (16) are illustrated in Fig. 2 for K = 1, 000, N (0) = 20, and N (0) = 1, 500.
For any given b (which also determines s and hence bs — 1, the intrinsic rate of
growth), the rate of growth depends on N, being positive if N < K and negative if
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Fig. 2 Curve of population size as a function of time from Eq. (17), with K = 1, 000

N > K. For any positive and non-negligible intrinsic growth rate (otherwise the
population can hardly grow at all even without the density-dampening effect), the
population quickly converges towards K, the carrying capacity. Here, the choice
of b that maximizes the intrinsic growth rate can be seen to be rather pointless as
the number of population [if commencing at N(0) < K] cannot exceed K even if
b assumes a value maximizing the intrinsic growth rate. The maximization of W
(present value of total welfare through time) with respect to b can be analysed sim-
ilarly as above (for the case of exponential growth) but the mathematics becomes
more complicated.

A methodological question arises for average welfare maximization. In the
case of exponential growth discussed above, for any value of b, average welfare
remains constant through time. The maximization of average welfare thus gives
an unambiguous solution at the point A in Fig. 1. However, for the present case of
logistic growth, even given b, the value of average welfare changes through time
since s changes with N. As average welfare varies with time, which average welfare
should be maximized?

For a value of b that maximizes s (and hence average welfare) for the present
generation, average welfare for future generations could be increased by a smaller
b since this decreases the density effect through N. But this may be achievable only
at a cost of a lower average welfare level for the present generation. There is a
similar trade-off between different generations in the future. It might be suggested
that the average (through time, perhaps discounted by uncertainty) of the aver-
age welfare levels be maximized. This seems to be a more acceptable (within the
framework of average welfare maximization which the authors do not believe in)
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objective if the relevant set of people is the same under alternative choices (of b).
In contrast, the choice of a smaller b referred to above, while making the welfare
levels of future generations higher, may make these future generations different
sets of people than if b were higher, since the choice of a different » may mean
that different individuals would be conceived. Provided that the welfare levels of
future generations remain positive, increasing the average welfare of the present
generation may mean that all individuals are made better off and no one (except the
unborn but prospective individuals) is made worse off. This paradox for average
welfare maximization is similar to the paradox of resource exhaustion raised by
Parfit (1984). Such paradoxes illustrate the unacceptability of ignoring the welfare
of prospective individuals, individuals that could be born under one alternative but
not yet actually born. For choices that involve that alternative, prospective indi-
viduals related to it cannot be ignored (Ng 1986). However, once we consider the
welfare of prospective individuals, average welfare maximization can no longer be
justified.

4.3 The case of competing populations

The cull of kangaroos at Puckapunyal certainly would have affected other spe-
cies as well. By reducing the number of kangaroos requiring food resources, other
species will have greater food resources available to them.

Consideration can therefore be given interspecies welfare. If reducing the total
kangaroo population by one increases the total welfare of another species relying
on the same food resources, what is the optimal outcome? How can the welfare
of one cohort of affective sentient beings be compared to the welfare of a second
cohort of subspecies?

TW =D (Kpw + Wew + - + Otw) » 17

where TW is the total welfare all affective sentient animals, Kty is the total welfare
of kangaroos, Wiy is the total welfare of wombats, Oty is the total welfare of other
affective sentient species.

Is it possible to value the welfare of one species above another? This could
be done by allocating weights to certain affective sentient groups. Deciding what
these weights should be though is not obvious.

TW = > (Kpw a1 + Wy ka2 + -+ + Oy % ) » (18)

where o1, o2, . . ., a, are the various weights for welfare.

As the real world is characterized by species competing with each other (for
resources if for nothing else) with also predator-prey, symbiosis, and other relation-
ships, we start from the most simple case of two competing species, the well-known
Lotka-Volterra (L-V) model. We have

Al L N2 (19)
— = —— —an—1.
N, ! K 2k,

N, N, Ni
—=n(\l-=—-au—). (20)
N, 2 2
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where a number subscript denotes the species, «;; is the competition coefficient
on species i by species j, and 7 (the intrinsic rate of growth) may be replaced by
bs — 1 if the choice of b is to be analysed.

Simple as it is, the L-V competition model has received strong support from
laboratory experiments and field studies (e.g. see Roughgarden 1979, Chap. 21 and
also Connell 1983; Schoener 1983, 1985 on summaries of relevant experiments;
see also Cressman and Garay 2003; Edmunds et al. 2003; Gillespie 1998; Gordon
2000; Huang and Zu 2001; Turchin 2003). A most remarkable result of the model, a
point to be emphasized here, is that the final or equilibrium outcome is determined
only by the «’s and K’s; and 7’s (intrinsic growth rates, and hence birth rates b’s)
do not enter into conditions determining different outcomes. For example, for the
case where the final outcome is co-existence in a stable equilibrium illustrated in
Fig. 3, the values of Ni and N, at the equilibrium point is given by

K| — K

Ny = (K1 —ap 2)’ @1
(I —appany)
Ky — K

Ny = (K2 —any 1)‘ 22)
(I —az1a12)

The actual path and speed of movement towards the equilibrium outcome de-
pend on the initial population sizes as well as 7’s but the final equilibrium point
E depends only on «’s and K’s. For some cases with two possible final outcomes

N,
A

K
—2 N
a

21
Fig. 3 Final equilibrium (E) determined by «’s and K’s, not by r’s or b’s
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(extinction of either species), the initial population sizes determine which species
win but this is still independent of the 7’s.

The above remarkable results of the L-V model have important implications
for our purpose here. Since the outcome is independent of the 7’s (and hence b’s),
the choice of b’s to maximize welfare (instead of say growth as might be favoured
by natural selection) does not affect the equilibrium population sizes but increases
welfare, possibly from a negative to a positive figure. Moreover, since the choice
of b; affects only r; but not «’s and K’s (within the L-V model; see below for
complications), the choice of b; does not affect the equilibrium outcome in terms
of population sizes and does not affect the welfare of the other species in the
equilibrium outcome. Thus, the choice of b; to maximize W; and the choice of
b to maximize Wy (both at the equilibrium outcome) gives the solution to the
maximization of Wy + W5 at the equilibrium outcome.

If the initial position is not at the equilibrium point, the choice of » maximiz-
ing welfare at the equilibrium outcome need not necessarily maximize the present
value of (possibly discounted) welfare through time. In particular, welfare over the
adjustment path towards equilibrium needs not be maximized. Analysis of adjust-
ment paths is very complicated. However, for any non-trivial intrinsic growth rate,
since the population size converges rather quickly to the equilibrium figure, the
divergence in welfare between the two is relatively small, for any relatively small
discount factor. Since the discount factor is purely an uncertainty discount, not the
economic rate of interest, it should be rather small unless the populations concerned
are facing very high probability of destruction in the near future.

The L-V competition model for two species can easily be generalized to any
number of species. (However, with more than two species, the total effect of one
species on another may differ not only quantitatively but also qualitatively from
the direct effect, even if all direct effects are of the same sign. See Lawlor 1979;
Levine 1976; Tilman 1987.) Instead of (17), we have, for all i,

Ly 1__Z_M ) (23)
N; K; K;

From this, the condition for equilibrium (N; = 0 for all i) is, for each i,

N,'ZK,'—ZO{I']'NJ'. (24)
J#
Solving the equation in (20) by Cramer’s Rule, we have, for each i,

Di

N;
D

(25)
where D is the determinant of the relevant matrix and D' is the determinant of the
same matrix after replacing its ith-column by the column vector (K1, ..., Ky).
The solution for equilibrium values of the N’s in (25) again depends only on the
«’s and K’s, but not on the r’s.

In the generalized model for m species, not all the «’s need assume positive
values. Thus, non-competition relationships between species, such as symbiosis,
may be modelled by negative «’s. Moreover, the model can be further generalized
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while preserving the independence of equilibrium N’s from the ’s. Hence we have,
instead of (23),

Ni

— =1iF; (o/s,K's, N's) (26)
N;i
for all i, where F; is a function. Equilibrium then requires, for each i,
F; (o's, K's, N's) = 0. 27

The m equations in (27) then give the m equilibrium values of N’s as functions
only of the o’s and K’s.

The analysis above may be briefly summarized. The number of offspring of
a species that maximizes fitness may lead to suffering and is different from the
number that maximizes welfare (average or total). In the L-V model of competing
species and its generalizations, the choice of different birthrates does not affect the
population sizes at equilibrium. Welfare could be much higher at lower birthrates
without even reducing numbers (at equilibrium).

Of course, even (26) is not a perfectly general model of population dynamics.
One can construct hypothetical counter-examples to the independence of equilib-
rium N’s from r’s. One can also point out aspects of the real-world population
dynamics that tend to point to the possible dependence. This means that the choice
of optimal b’s may significantly change the values of the N’s. But this does not
mean that the existing b’s or the b’s that maximize growth also maximize welfare.
The contrast between growth and welfare maximization still applies, in general, to
the complicated real world, but also in a complicated way.

5 Conclusion

Being an initial attempt at a welfare calculus of species, this paper is purpose-
fully confined to very simplified models, ignoring many relevant issues such as
extinction and viable population, heterogeneous and variable environments, etc.
(On these issues, see, e.g., Abrams 1991; Bernstein et al. 1988; Chesson 1985;
Cohen and Levin 1991; Darwen and Green 1996; Demetrius 1992; Derrick and
Metzgar 1991; Grover 1992; McLaughlin and Roughgarden 1991; Palmqvist and
Lundberg 1998; Ripa and Lundberg 2000; Soule 1987; Sutherland and Norris 2002;
Tuljapurkar 1980; Waage et al. 1985.) The consideration of these issues may mean
that we have to be very cautious in actually undertaking any action, yet the experi-
ence of Puckapunyal demands some action. While our discussion above may give
some support to the culling of kangaroos or other animals in certain circumstances,
a more preventive measure may be superior to the resort to culling. We may not
be able to do much in practice yet. (However, see Ng 1995 for some analysis.)
Nevertheless, conceptual consideration of the problem is urgently required. While
the generalization of our analysis to, say, a sexually reproducing population may be
straightforward; the consideration of other complications may need considerable
ingenuity. A more general model might also take into account the dependence of
not just the number of individuals but also the average welfare level of a species
on other species. It would be interesting to see whether some new results may be
obtainable from such generalizations, but it is definitely beyond the scope of the
present paper.
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