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welfare weights), and when social welfare is nonanthropocentric (all species have positive
welfare weights). Not surprisingly, biocentric social welfare calls for suspending all economic
activities. It is more important, however, that both anthropocentrism and nonanthropocentrism
make the case for nature protection through different channels. Our analysis suggests that one
may dispense with the concept of nonanthropocentric social welfare provided that in the
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for.
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THE EARTH BELONGS IN USUFRUCT TO THE LIVING
THOMAS JEFFERSON

1 Introduction

Environmental economists not only borrowed from economics methodological individualism
but also the paradigm that all value originates in some consumer’s valuation. Focusing on
the interface of the economy and the environment they maintain that all environmental
value is ultimately based on some or all consumers’ valuation of natural objects or ecosys-
tem services. In other words, ecosystems, natural resources and species communities are
valuable only because and so far as they are valuable for consumers. Yet, this anthro-
pocentric perspective is not tantamount to making the case against nature protection. It
rather implies that nature protection ought to be derived from and confined to nature’s

instrumental value for humans.

This instrumental role of nature is quite well understood. For example, the efficient
intertemporal extraction and harvesting of nonrenewable and renewable resources can be
interpreted as a normative rule for optimal nature protection. Overharvesting as well as
underharvesting are 'wasteful’ deviations from the optimum. Moreover, in environmental
economic analysis consumers are usually assumed to ’care about nature’ in the sense that
they suffer from ’environmental degradation’ which is often interpreted as suffering from
deteriorating life-supporting ecosystem services (Dailey 1997). In terms of formal modeling
such ecosystem services come as positive consumption externalities to the effect that taking
them properly into account provides a rationale for nature protection in addition to the

extraction /harvesting rationale.

The major part of normative environmental economics has been and still is committed
to this anthropocentric paradigm of efficient nature protection. Yet in sharp contrast, many
environmental ethicists embrace nonanthropocentrism and the concept of intrinsic value in
nature, e.g. in individual animals, species and /or ecosystems, and they call for these natural
objects’ moral consideration in human decision making on environmental issues (Routley
1973, Rolston 1988, Callicott 1989). Such an intrinsic-value argument seems to suggest
that nature protection should be stepped up beyond the level which is efficient under the

anthropocentric paradigm.

Summarizing, two separate rationales for nature protection can be distinguished: (i)

the anthropocentric argument calling for a restrained use of nature out of the consumers’



self-interest in order to take the best possible (long-term) advantage of nature’s resources
and ecosystem services and (ii) the nonanthropocentric argument calling for nature pro-
tection for its own sake, i.e. independent of its instrumental value to consumers.! As
mentioned above, the extant literature provides useful insights into the logic of optimal
anthropocentric nature protection even though important impacts of human activities on
species, habitats and ecosystems are rarely addressed in formal models. On the other hand,
we know very little about the analytics of nonanthropocentric nature protection. In fact,
we are not aware of any formal analyses investigating the consequences of values intrinsic

to nature itself.

When the focus is on intrinsic value and social welfare which may or may not include
nonhuman components, one can hardly avoid taking notice of the differences and linkages
between the concepts of utility, preferences, informed preferences, well-being, happiness and
welfare regarding both human and nonhuman organisms as scrutinized, e.g. by Ng (1995,
1999, 2003) and the literature quoted there. Following that literature, we take the view
that social welfare ought to be based on individual welfare rather than on preferences. This
methodological decision raises the questions (i) whether it is sensible to attribute welfare to
nonhuman species, and if so, to which, and (ii) what the appropriate determinants of welfare
are in theoretical analysis. In the present paper we do introduce and specify individual
welfare functions for both human and nonhuman species without claiming, however, to

provide an innovative let alone comprehensive contribution to the formation of welfare.

It may be considered a plausible proposition that under nonanthropocentrism the
optimal human use of (and strain on) nature will be less than under anthropocentrism.
But how should that be made precise and how exactly differs nature protection under both
paradigms? With the focus on the intrinsic value to nature, will there be larger species
populations, habitats, ecosystems and/or, perhaps lower resource extraction and biomass
harvesting by humans? Do we need to sacrifice human welfare and material well-being
for greater ecosystem health? Interestingly, even the strongest proponents of nonanthro-
pocentrism, mainly environmental ethicists, have no clear conception of the consequences of
attaching intrinsic value to nature. Norton (1991) even proposed a ’convergence hypothesis’
suggesting ". .. that, if one takes all human interests into account (including the full breadth
of human values in the present and in the future), and if one defines nonanthropocentric
interests reasonably, then the policies required to comply with anthropocentric and nonan-

thropocentric values will converge". Since the difference between both approaches on the

!This line of reasoning already has significant impacts on the real world. In a recent amendment to
the German constitution the intrinsic value of nature has been recognized. Almost ninety percent of the

German population believe that the plants’ and animals’ right to live ought to be respected.



conceptual level can hardly be denied we take ’convergence’ to mean that the approaches

become closer rather than the same.

The present paper aims at scrutinizing in rigorous analysis the consequences for nature
protection of the social planner’s choice between accounting for human welfare, nonhuman
welfare and a combination of both. To that end two principal prerequisits are needed.
First, we need to construct an integrated model of the economy and the ecosystem with an
explicit consideration of nonhuman species and their constituent individuals. Second the
conventional anthropocentric concept of social welfare has to be modified to encompass the

welfare of nonhuman organisms.

As for the integrated model we follow the lines of Hannon (1976), Tschirhart (2000)
and Eichner and Pethig (2003) conceiving of the ecosystem as a community of species the
individuals of which engage in intra-ecosystem transactions competing for prey biomass
and natural resources (here: land for habitat). Humans are additional competitors for
prey biomass and for land which they annex at the expense of the nonhuman species’
habitat. Since humans are unchallenged usurpers of land and top predators, the species
communities have to content themselves with the residual land for habitat and the residual
biomass for foraging. (Recall, however, that even if humans have their way, some level of

nature protection is in their self-interest.)

Conventional welfare economics is based on the proposition that individual consumers’
welfare is to count, and the conventional (utilitarian) concept of social welfare defines social
welfare as the sum of all consumers’ welfare with positive welfare weights attached to all
individual welfares. We will call this concept anthropocentric social welfare, since positive
welfare weights are assigned to all consumers and to nobody else or nothing but consumers.
In the present paper we wish to generalize the (utilitarian) notion of social welfare to include
the welfare of nonhuman organisms. Nonanthropocentrists have suggested divergent views
on the exact nature of natural objects that could be said to have intrinsic value. Some
authors attribute intrinsic values to composites such as species, communities or ecosystems
(Callicott 1989), others to nonhuman individual organisms (Regan 1983). Ng (1995) also
argues in favor of recognizing the welfare values of nonhuman individual organisms but he
maintains that only a subset of them, the set of organisms he characterizes as ’affective
sentients’ ought to be considered as morally relevant. For the purpose of our subsequent
exploration we need not provide an ultimate answer for what the appropriate natural ob-
ject is to be endowed with intrinsic value, because any natural entity that enters the social
planner’s objective function in addition to or instead of human welfare will serve our con-
ceptual analysis. We choose to allow nonhuman organisms, possibly only a subset of them,

to be 'morally considerable’ individuals in the sense that their welfare is to count. To this



end we need to assign welfare to nonhuman organisms and we introduce a generalized con-
cept of (utilitarian) social welfare that allows for attaching positive welfare weights to the
welfare of nonhuman organisms. If positive welfare weights are placed only on nonhuman
organisms, we call the resultant social welfare concept biocentric. Combining biocentric
and anthropocentric social welfare yields nonanthropocentric social welfare defined by a
(generalized utilitarian) social welfare function with positive welfare weights attached to

both consumers and nonhuman organisms.

Within this framework of analysis we are interested in characterizing the efficient in-
tertemporal allocation under biocentric, anthropocentric and nonanthropocentric social wel-
fare. Not unexpectedly, the biocentric social welfare optimum will turn out to require shut-
ting down all economic activities thus extinguishing the human species. In contrast, with
anthropocentric social welfare, optimal nature protection implies to maintain the ecosystem
in operation because humans depend on nature but nature doesn’t depend on humans. The
comparison of the marginal efficiency rules under anthropocentric and nonanthropocentric
social welfare turns out to yield interesting general but limited specific information about
differences in optimal nature protection. We therefore proceed by focusing our attention
on optimal steady states in simplified models to explore the allocative displacement effects
of parametric changes in (i) the welfare weights of organisms belonging to a nonhuman
species and (ii) the marginal welfare consumers derive from nature’s ecosystem services.
In both cases stepping up nature protection tends to be optimal, although the results do
not conform to one’s intuition in all details. Of particular interest is a special case where
optimal protection of nature under anthropocentric and nonanthropocentric social welfare

coincides.

Section 2 outlines the general intertemporal integrated model of the economy and the
ecosystem. For that model the efficient time paths of resource allocation are characterized in
Section 3, when the social welfare is either biocentric, anthropocentric or nonanthropocen-
tric. In Section 4 the focus is on steady states of two different, substantially simplified
models to elicit additional information on optimal nature protection by means of compar-

ative dynamic analysis. Section 5 concludes.

2 The general model

Suppose the amount y > 0 of the composite consumption good Y is supplied by the pro-

duction sector according to the concave production function ¥ : Ry x RY — Ry satisfying

v (rym) .

+ o+
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Good Y is produced with a non-biomass natural resource, r, > 0, and with the biomass of
N species, zy = (2y1,...,2zyn) € RY, where z,; is the biomass of species j. We assume that?
Y,, > 0 and that all inputs are essential in production, i.e.* Y (0,z,) =Y (ry, ON) =0.

In the real world, the production sector uses as inputs a variety of renewable and
non-renewable (non-biomass) natural resources, e.g. minerals, fossil fuels, water, sunlight
or land. In the present model we focus on a single natural resource for which humans
compete along with organisms of (other) species. Among such resources, we select land
as a particularly important life-supporting resource for species. Land cannot only be used
for economic activities, r,, but it also accommodates the ecosystem. Focusing on land is
also convenient on analytical grounds because its total endowment, 7, is fixed and time
invariant. Since economic uses of land supersede ecological uses quite often we confine the
ecosystem to the segment of land, 7 — r,, referred to as the habitat of the community of N
species. To further simplify, all organisms of the same species are assumed to be identical.
We denote by organism i the representative organism of species 7, for short. In the period

under consideration, organism i generates net offspring b; that is modeled* by the concave
function B*: Ry x RY — R such that

bigBi<ri,zi>, i=1,...,N. (2)
+ o+
In (2), r; is the input of land used exclusively by organism i and z; := (21, ..., 2ii, ..., Zin) €

RV is a vector of organism i’s biomass transactions. zi; > 0 is interpreted as organism i’s
intake of biomass of (prey) species j # i and z; < 0 is organism i’s loss of own biomass
to its predators. Obviously, B;u > (0 means that organism i’s net offspring generation is
hampered by losses of own biomass z;. On the other hand, the derivatives Biij > 0 for
© # 7 and B! > 0, respectively, indicate that organism ¢’s net offspring is fostered by the
intake of biomass of (prey) species j, and by land available for its own use. We assume
B,, < 0, and since organism ¢ cannot survive without prey biomass intake or space for
living (land), we set B*(0,0) < 0. As a consequence, B’ (-) = 0 presupposes some food
intake or some land use since this special case characterizes a situation where the birth rate
of species i equals its death rate such that the population of species 7 is constant. Some
partial derivatives of function B* may be zero, of course. If organism i belongs to a plant
species, one would expect B > 0 and Bf,” > (0 but Biij = 0 for all 7 # 7. In case of an

animal species we certainly have Bii]_ > ( for some j # i but perhaps Bt = 0.

2If letters denote functions, subscripts attached to them indicate derivatives.
30"V is the N-dimensional vector consisting of N zeros.

4The conceptual origin of (2) is Hannon (1976) whose approach has been further elaborated by Tschirhart
(2000). Our approach differs from theirs mainly in that these authors focused on the generation of net

energy rather than net offspring.



A more realistic description of the process of offspring generation would require to
include as arguments of function B many more variables such as nutrients, minerals, fresh
water etc. or perhaps even populations or individuals of own and/or other species. Yet
space for living (r;) and intake of prey biomass (z; for j # @) as well as loss of own
biomass to predators (z;;) appear to be the central and most important determinants of
offspring generation. Therefore suppressing other variables in (2) is warranted in view of

both Occam’s razor and the quest for tractability.

As indicated in the introduction, various approaches to nonanthropocentrism support
the idea of recognizing the welfare of nonhuman organisms as morally relevant. Taking
up this line of reasoning we will endow nonhuman organisms with welfare. However, the
question as to what the appropriate determinants of these organisms’ welfare are is difficult
to answer, since 'welfare biology ’ is a discipline in its infancy (Ng 1995). We will employ a
simple hypothesis that we find quite plausible and appealing: Nonhuman organisms enjoy
both their offspring and their own population.® In terms of the formal model we therefore

represent organism i’s welfare by the concave function V*: R x R — R satisfying

+,0 +,0

Endowing nonhuman organisms with welfare is certainly an unusual feature of our approach.
Yet it is necessary to prepare for an analysis reaching beyond the conventional view that
the entire ecosystem (similar as the producers’ activities) is evaluated by means of its
instrumental contribution to human welfare. Even if one accepts that nonhuman species
are capable of enjoyment and suffering (as captured in V* in (3)) one may not agree that
this is true for all such organisms. Ng (1995) scrutinizes this issue and concludes that
welfare and hence moral relevance is attached only to individuals of that (proper) subset
of animal species whose members are affective sentients. For the purpose of the present
paper we need not make a decision in favor or against particular concepts of nonhuman
welfare or moral irrelevance of species. In the formal model, we may readily adopt Ng’s
(1995) approach to welfare biology by specifying (3) as strictly increasing in its arguments,
if species i consists of affective sentients and by setting V*(b;,n;) = 0 in case that the
organisms of species ¢ are not affective sentients. However, the model is flexible enough to

accomomodate other concepts of nonhuman welfare.

The human species consists of n;, identical consumers. The representative consumer’s

®One might think about different specifications of the function V* in (3) depending on (future) insights
of welfare biology. Note, however, that the main contribution of the present paper is conceptual rather than

an inquiry into which are the most appropriate variables determining the nonhuman organisms’ welfare.



welfare is specified by the concave function U : RY x R, x R, — R, such that
u§U<n,f—ry,yh>. (4)
R
According to (4), the consumer derives welfare from consuming the amount y; of good
Y and from the state of the ecosystem as described by the variables n := (nq,...,ny),
and 7 — r,. These variables are interpreted to be indicators of ecological functions or
ecosystem services whose significance for consumers range from esthetic to life-supporting.
According to Dailey (1997, 3) ecosystem services are "the conditions and processes through
which natural ecosystems, and the species that make them up, sustain and fulfill human
life". U,, > 0 for all 7 reflects the consumer’s satisfaction from ecosystem services which are
assumed to be positively correlated to species populations;® the consumer also benefits from

ecosystem services whose flow increases with an expanding habitat, U, := oU/0(7 —r,) > 0.

In the short-run period of our model the allocation of resources is constrained by

naYn <Y, (5)
Z niri +r, < T, (6)
Z N;2ij + 2y; = —NjZj V. (7)

i#]
While (5) and (6) represent conventional scarcity constraints accounting for the limited
supply of good Y and total land, respectively, (7) sees to it that, for all j, total demand for

biomass of species j equals’ total supply of biomass of species j.

To sum up, we envisage a model with two integrated subsystems: an economy with
consumers and an aggregate producer and an ecosystem populated by organisms belonging

to a variety of species. The economy and the ecosystem are interrelated in important ways:

- The total endowment of land needs to be shared by individuals of both subsystems;

land used for economic activities is lost as habitat for nonhuman species.

- The producer harvests biomass to provide consumers with food (implicit in the com-

posite consumption good) and thus competes with nonhuman species for prey.

- The net offspring of all nonhuman organisms is hampered when their habitat shrinks

due to increasing demand for land put aside for economic activities, and net offspring

is also impaired when organisms yield own biomass to the producer.®

60,, > 0 for all i is a stylized assumption, of course, since negative partial derivatives can be considered

plausible for viruses and bacteria, e.g.
"Note that in contrast to (5) and (6), in (7) the strict equality sign is indispensable; see Eichner and

Pethig (2003).
8 They also suffer from losing own biomass to their predators, but this is an intra-system interdependence.
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- The consumers receive positively valued ecosystem services from the ecosystem that
are increasing in the health of the ecosystem which in turn is assumed to improve with

the population size of all species and with the size of their habitat.

All these channels of ’cross-system activities’ highlight the heavy interdependence of both
subsystems. Of particular importance are the effects of economic activities on the ecosystem
through the variables r, and z,, and the effects of the ecosystem on the economy through

the variables n and 7 — r,.

All variables of the model, i.e. y, ry, z,, u and b;, n;, r;, v;, z; for e =1,..., N, relate
to one and the same short-run period (point in time), and there is a set of such variables
for each short-run period. The populations, n, are stock variables while all others are flow
variables. It remains to be specified, how the stocks of population change in time. To
establish that intertemporal link, recall that b; is the net offspring of organism i. Hence
the adjustment in time of the population of species i, dn;/dt =: n;, is given by the simple

differential equation

According to (8), the (positive) population of species i increases, iff b; > 0, and it decreases,

3 Optimal intertemporal allocations for alternative sets

of welfare weights

Consider a social planner who maximizes an individualistic social welfare function. Social
welfare is non-negatively related to each and every consumer’s and each and every organ-
ism’s welfare. For simplicity, we restrict our attention to the class of additive separable

generalized utilitarian social welfare indexes

5hahnhU () + 55 Z amzvl () (9)

i
defined for each point in time. In (9), ap,a1,...,axy € Ry, are positive constant welfare
weights, ny,ny,...,ny € Ry, are positive populations of humans and nonhuman species,’

and dp, ds are jump variables taking on either the value one or zero. The specification

(9) is convenient for distinguishing three different sub-classes of social welfare functions as

9The issue of species extinction (n; = 0) is in the realm of our analytical framework but beyond the

scope of the present paper.



follows:

For any vector (ay, ay,...,ay) € RIEN the social welfare index (9) is said to be
(i) anthropocentric, if 6, = 1 and 65 = 0;

(ii) biocentric, if 6, = 0 and 05 = 1;

(iii) nonanthropocentric, if 6, = 0 = 1.

The anthropocentric social welfare function clearly represents the conventional welfare-
economic approach. The biocentric social welfare function ignores human welfare altogether
while the nonanthropocentric social welfare function obviously combines the polar cases (i)
and (ii): it takes up the principle of the established individualistic social welfare concept
that ’individuals are to count’ and extends that principle from individual consumers to the

organisms of all (other) species.

To determine an efficient allocation for the integrated model of the ecosystem and the

economy, the social planner seeks to maximize

/Oo léhahnhU () + (Ss Z asz’ () eiptdt S.t. (1)—(8), (10)

where p is a positive constant discount rate. (10) is an optimal control problem where n is
a vector of state variables and all other variables are controls. The solution to (10) is an
allocation that will be said to exhibit anthropocentric, biocentric or nonanthropocentric ef-
ficiency, respectively, depending on whether the social planner employs an anthropocentric,

biocentric or nonanthropocentric social welfare function.'”

Efficient allocations are characterized by solving the Lagrangean
L = opapnyU (0,7 — 1y, yn) + ds Z ain;V* (bi,n;) + Z fn; i
i i

+ Zni)\bi [B* (ri,2;) — b;] + Ay (y — npyn) + Ay [V (ry, 2) — o]

+A\, (7’ — Ty — Zmn) - Z)\Zj (Z NiZij + Zyj + njzjj) : (11)
i J

i#]
To simplify the subsequent characterization of solutions to (11), we restrict our attention
to interior solutions except for the case of a biocentric social welfare function where zero

solution values of the variables r,, z,, y, y, are not excluded.

Proposition 1. (Properties of efficient allocations)
Consider a solution to (10).

1®Note that the notion of anthropocentric efficiency is equivalent to the conventional concept of Pareto

efficiency.



(i) The intertemporal allocation exhibiting biocentric efficiency is characterized by r, =

y=yn,=0, z, = 0" and

) m
= I Vi, i, k,m, (12)

B! B

L = - Vi, k,m, (13)

13 m

Zik Zmk
Hon,; 1 ai‘/;;i .
e 4 14
A Bi A, b (14)
fin; = Hn; - |p—bi+ Z ZijBiij + 7By | +aVy - (Z ZijBii]- + TiBi>

J J

—a; - (V' +n;V}) Vi. (15)

(ii) The intertemporal allocation exhibiting anthropocentric efficiency is characterized by

By _ Boy _ Y Vi, j, k,m (16)
Bl Bm )/Z ’J) Y Y

Zik Zmk yk

Bi B™ Y; nhUr .

L = L = - Vi, k,m, (17)

[in; 1 :

LsCC R 1

N, Bi Vi, (18)
fon, = fn, - |p—bi+ Z zijBiij + 1 BL| — apnpUy, V. (19)

J

(1ii) The intertemporal allocation exhibiting nonanthropocentric efficiency is characterized

by
;w — g:nj — }/Zyj Vi ] k. m (20)
;zk ank Yzyk
Bt B™ Y, npU, .
L = L= — Vi, k,m, (21)
. 1 Vi .
Pmi 2 _ @iy Vi, (22)
)‘r Bfﬂ )\yY;« - ahnhUr
J
oty (Z Bl + ani> e (Vendd). Vi @9
J

Proposition 1 is proved in Appendix A. As expected, the marginal conditions governing
efficiency depend on which kind of social welfare function is applied. A major princi-

pal message of Proposition 1 is that it is efficient in the anthropocentric as well as in the
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nonanthropocentric sense to have positive transactions in both the economy and the ecosys-
tem while, in contrast, the biocentrically efficient allocation requires to reduce all economic
activities to zero. This result confirms the common sense proposition that nature can do
without humans (and would do so if it had its way) but that the latter cannot do with-
out the ecosystem, even if the anthropocentric social welfare concept is applied. In terms
of the formal model this result is due to the premises that nature provides humans with
land and biomass and with life-supporting ecosystem services that take the form of positive

consumption externalities in (4).

[t is interesting to observe that in Proposition 1 the equations (12) and (13) constitute
a common feature of all three social welfare regimes. According to (12) optimality requires
that in generating net offspring the marginal rate of technical substitution of biomass j for

biomass k, Biij/Biik7 is the same for the organisms of all species. Likewise, (13) requires the

3

2., to be the same for the

marginal rate of technical substitution of land for biomass k, B%/B
organisms of all species. Hence (12) and (13) are conditions for the non-wasteful allocation
of land and prey biomass within the ecosystem.'! It doesn’t come as a surprise, therefore,
that if it is optimal to produce good Y (Proposition 1ii and 1iii), efficiency in production
requires the marginal rate of technical substitution of biomass j for biomass k, Yzyj/ Yo
to be the same as BY_/B; . This inter-system efficiency requirement is spelled out in (16)
and (20). The equations (17) and (21) exhibit a similar rule for allocating land and biomass
transactions within and across both subsystems. However, the socially efficient marginal
rate of substituting land for biomass k in producing good Y is not Y;./Y, . but rather Y, /Y, .
corrected for the consumption externality n,U,/(U,Y;, ;). This externality term represents
the consumer’s willingness to pay for habitat protection. Hence at the margin, the social
value (in terms of biomass of species k) of land for economic uses is less than its marginal
value in producing the consumption good. This is so because land input in production
diminishes the habitat available to all species which negatively affects consumers, in turn.
To sum up, the instantaneous efficiency conditions in case of anthropocentric social welfare,
(16) and (17), equal those in case of nonanthropocentric social welfare, (20) and (21). If
social welfare is biocentric, the corresponding conditions are (12) and (13) which are implied,

in turn, by (16)-(17) and (20)-(21), respectively.

The equations (14), (18) and (22) specify the shadow price of the population of species
i measured in terms of the resource. In case of anthropocentric social welfare (18), that
price equals the marginal resource costs of net offspring, 1/B:. When social welfare is

not anthropocentric, (14) and (22), the shadow price p,, /), is the difference between the

" These conditions are analogous to the efficiency conditions governing the efficient production in disag-

gregated models of the economy.
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marginal resource costs of net offspring and the marginal benefit of net offspring in terms
of the resource. Although we were unable to formally establish f,,/A, > 0 in (14) and
(18), there are compelling reasons why these optimal shadow prices of populations are also
positive, and will be assumed to be positive, henceforth, when the optimal control problem
(10) is well-behaved. To see that recall that by the construction of the welfare index (9) all
populations positively affect the social planner’s objective function. Yet with p,, < 0 the
optimal b; would be smaller, ceteribus paribus, than with 1, > 0 (since a;Vy = Xy, — fin,)-
That would be necessarily suboptimal since offspring b; needs to be encouraged in view
of the positive social value of species populations beyond its short-period value \,,. It
deserves to be emphasized that unless social welfare is anthropocentric, the welfare weights
that are positive in the social welfare regime under consideration impact on the size of the
shadow prices of species populations. Since these shadow prices direct the socially optimal
allocation over time, it becomes obvious at this point that the optimal time paths of the
three social welfare regimes depend on the magnitude of all welfare weights (including zero

weights, of course).

Finally, comparing (15), (19) and (23) shows that the change in time of the shadow
price of the population of species ¢ differs among all three social welfare regimes reinforcing
our conclusion in the last paragraph that these regimes’ optimal time paths differ. A
rigorous comparison of these three equations is not feasible, since the time paths of the
endogenous variables differ in all these regimes. It is worth pointing out, yet, that the
change in time of the shadow price of populations depends on all welfare weights that are

non-zero in the respective regime.

It is certainly quite intriguing to learn (in Proposition 1i) that placing zero welfare
weights on all consumers renders it optimal to wipe out the species of humans. Yet (being
humans ourselves) we will disregard biocentric social welfare in what follows and focus,
instead, on the concept of nonanthropocentric social welfare with anthropocentric social

welfare as a limiting case.

Recall that looking at anthropocentric social welfare (Proposition 1ii) from a nature
protection perspective two routes linking the ecosystem to the economy can be distin-
guished: (i) the resource-competition link as specified by ¥; > 0 and Y, ; > 0 (all j) and
(ii) the ecosystem-services link as formalized by U, > 0 and U,,, > 0, all i. Concerning the
resource-competition link we deal with the conventional problem of the optimal intertem-
poral consumption of non-renewable and renewable resources where it is irrelevant whether
the (aggregate) firm’s competitors are other firms or organisms. Nature protection is an is-
sue here as one needs to avoid both inefficient overharvesting/overextraction and inefficient

underharvesting /underextraction. The ecosystem-services link takes the form of positive
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consumption externalities suggesting that it is desirable for the social planner to expand
species populations and the habitat beyond what would be optimal for efficient harvesting
of renewable resources. Hence the ecosystem-services link appears to be an important ratio-
nale for nature protection beyond the postulate of efficient intertemporal harvesting. Note,
however, that in case of an anthropocentric social welfare function (Proposition 1ii) the
forces working in favor of nature protection are entirely in the human species’ self-interest.

Nature is then assumed to be of instrumental value only for all humans.

When turning from anthropocentric social welfare to nonanthropocentric social wel-
fare, the resource-competition link and the ecosystem-services link are still active since
consumers continue to carry positive welfare weights. Comparing the efficiency conditions
of the Propositions 1ii and 1iii reveals that they differ only with respect to the shadow prices
of species populations and their change in time. In the nonanthropocentric regime these
shadow prices tend to be smaller than under anthropocentrism and the more so, the greater
is the welfare weight placed on nonhuman organisms. Clearly, assigning positive welfare
weights to nonhuman organisms amounts to placing some intrinsic (as opposed to instru-
mental) value on them. Consequently the social planner is likely to support the growth of
species populations beyond what she would deem desirable in case of an anthropocentric
social welfare function which then appears to constitute a rationale in its own right for

stepping up nature protection.

To sum up, with social welfare being nonanthropocentric, there seem to be two sep-
arate arguments for making the case for nature protection (reaching beyond the quest for
efficient harvesting or extraction of resources): First, due to the ecosystem services rendered
to consumers nature protection is in the consumers’ self-interest. Second, with assigning
intrinsic value to nonhuman organisms through positive welfare weights these organisms’
‘interests’ count along with those of consumers suggesting that additional attention ought

to be placed on nature protection.

In principle, the model of the present paper is capable of investigating these conjec-
tures on optimal nature protection in a rigorous way. Yet the specification of the model and
the characterization of efficient time paths in Proposition 1 are far too general to answer
the question as to how exactly (i) nature’s ecosystem services and (ii) intrinsic values on
species translate into nature protection. To obtain more informative results we will simplify
our model substantially and restrict, moreover, our attention to the comparative dynamics
of long-run steady states. We aim at checking the conjecture that the more essential the
ecosystem services are that are rendered to consumers by nature, or technically speaking,
the larger the marginal welfare U, > 0 and/or U,, > 0 is, the greater are the habitat

and the populations in the optimal long-run steady state. Similarly, to explore the impact
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on optimal nature protection of assigning positive welfare weights to nonhuman species
we will introduce exogenous small changes of these weights, to determine their impact on
the steady-state allocation. We aim at checking the conjecture that the greater a species’

welfare weight the larger will be its optimal population and its habitat.

4 Protection of nature in the steady states of simplified

models

4.1 Nature protection in a one-species model

Suppose there is only a single species (N = 1) and set n;, = 1 to avoid clutter. Carrying
over the notation from the general model of Section 2 with a few self-explanatory adaptions,

the simplified model to be studied in the present section is given by the following equations:

u = U —rpy) =W () +, (24)

b = B(rz) with B,, <0, (25)

v = V(bn) with V4, =0, (26)

y = Y (ry,z) with Y,, > 0, (27)

Y = Y, (28)

T = nr+ry, (29)

nz =z, (30)

n = bn, (31)

apU (n, 7 —ry,yn) + anV (b,n). (32)

In (24) B is an exogenous positive constant. The specification (24) of the consumer’s
appreciation of ecosystem services enables us to explore the allocative impacts of changes
in the appreciation of those services through (small) parametric changes in 3. Assuming
quasi-linear welfare in (24) is quite restrictive. This specification of human welfare may be
criticized on the grounds that it overdoes the substitution possibilities between ecosystem
services and consumption goods. We therefore also explore the consequences of replacing
(24) by

u = min [n, y] (24a)

which expresses the opposite polar assumption of complementarity between ecosystem ser-

vices and manufactured goods.'? In the subsequent analysis we will also modify the model

12The specification (24a) is reminiscent of the concept of strong sustainability where substitutability

between natural and man-made capital is denied.
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(24)-(32) by replacing (25) by
b=minlr,c(z — z)] — e, (25a)

where ¢, z and e are positive constants.'?

In what follows we will focus on optimal steady states of the model (24)-(32) or one
of its variants and investigate the impacts of parametric changes in # (in equation (24) or
(24a)) and in the species welfare weight a (in (32)) in comparative-dynamic analysis. We
will describe our procedure in its principal aspects for the model (24)-(32), and we delegate

all other technical details and calculations to Appendix B.

An efficient allocation of the model (24)-(32) is characterized by solving the La-

grangean'
L=pW (n)+Y (f—nr,nz)+anV (b,n) + unb+ An[B (r,z) — b] . (33)

The first-order conditions for an interior maximum of (33) are

L, = —nY,+ nB, =0, (34a)
L, = nY,+AnB, =0, (34b)
Ly = anVy+pn —AIn =0, (34c)

i = ppu—Lr=pp— Wy —alV+nV,)+rY, —2Y, — pb. (34d)

We set n = f1 = 0 and use (31) and (34a)-(34d) to determine the optimal long-run levels of
r, z and n implicitly by

nB(r,z) = 0, (35a)
_YML<5Wn+a(v+nvn+p%)—rn+zn>BT _ o (35D)
P
n n — 1Y, +2Y,
YZ+<BW +a(V+nV,+pVy) —rY, + 2 )Bz - (350)
P

To find out how the optimal long-run allocation responds to changes in 8 and a we totally

13We don’t aim at defending either specification (24), (24a), or (25), (25a) regarding its empirical rele-
vance. The main reason for introducing the quite restrictive functions (24), (24a), (25) and (25a) is clearly
analytical tractability, and the main reason for employing alternative specifications of human welfare and

species net offspring generation is to examine the robustness of our results.
14To explore the impact of changing welfare weights it suffices to change the parameter a while keeping

ap, constant. This allows us to further simplify the notation by setting a, = 1.
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differentiate (35a)-(35¢) to obtain (see Appendix B)

dr dr
Sgn @ = Sgn %
dz dz
Sgn @ = sgn @
dn dn
Sgn @ = Sgn @

B, |(2Y,, — 2Y,,) B, — (rY,, — 2Y,,.) B,
sgn [( )| | ( ) ]7
B, - |(?Y;, — 2Y,,) B, — (2Y,, — 1Y) B,
sgn [( )| | ( ) ],

sgn

B? (nY,, + AB,,) + B% (nY,, + \B,,)

/]

7]

Y

(36a)

(36b)

(36¢)

where |J| is the determinant of the pertinent Jacobian matrix. The equilibria are assumed

to be ’stable’ so that the sign of |.J| is the same as that of the determinant of the Hessian

matrix associated to the Hamiltonian. Consequently, J is negative definite (|.J| < 0).

We are also interested in the changes of u, y, nr and nz which are easily determined

as (see Appendix B),

du = Wdp+ W,dn + dy,
dy = (Y, —rY,)dn,
d(nr) = rdn -+ ndr,
d(nz) = zdn+ ndz.
shock | line | model | du |dy |sgndv=sgndn |dr |dz |d(nr) |d(nz)
1 | Model A| 7 | ? + - | = ? ?
dg>0] 2 |ModelB | 7 | ? + 010 + +
3 | Model C | + | + + - | = ? ?
4 | Model D | + | + + 010 + +
5 | Model A || ? | ? + - | - ? ?
da>0| 6 | Model B 7 | ? + 00 + +
7 | Model C 0 0 010 0 0
8 | ModelD | O | O 0 010 0 0

Table 1: Comparative dynamics of simplified one-species models

37a
37b
(37c
(37d

(37a)
(37b)
)
)

Accounting for |J| < 0, (36a)-(36¢) and (37a)-(37d) yield the comparative dynamic
results for the model (24)-(32). These results along with those obtained when the model
(24)-(32) is modified by replacing (24) by (24a) and/or (25) by (25a) are now summarized

mn
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Proposition 2.

Denote by Model A the equations (24)-(32), by Model B the equations (24), (25a) and (26)-
(32), by Model C the equations (24a) and (25)-(32) and by Model D the equations (24a),
(25a) and (26)-(32). If an optimal steady state of these models is disturbed, alternatively,
by a small increase in the parameter B or in the parameter a, the direction of change in the

steady state values of n, r, u, y, z, nr and nz is as shown in Table 1.

The lines 7 and 8 of Table 1 contain the rather unexpected result that if consumers con-
sider ecosystem services and the composite consumption good to be strictly complemen-
tary, changing the welfare weight of the species (da # 0) leaves the optimal steady state
unchanged. In this special case the anthropocentric and nonanthropocentric social welfare
optima coincide, and the level of nature protection depends solely on how essential the

ecosystem services are for consumers.

Except for the (zero) responses to changing parameter a in the models C and D Table
1 shows somewhat mixed results depending on which model is applied and whether 3 or
a is increased. Quite obviously, consumers benefit from an increase in S or in a if and
only if du > 0 and likewise, nonhuman organisms benefit if and only if dv > 0. According
to Table 1 nonhuman organisms gain unambiguously in both cases, i.e. when [ or a is
raised (excluding the case discussed above of increasing a in the Models C and D). In that
sense the parameters 5 and a are alternative sources of nature protection whose impact
on nature is similar in qualitative terms. Rather than taking the nonhuman organism’s
welfare, v, as the relevant indicator for nature protection one may want to argue that
nature protection is enhanced, in a comprehensive (and more demanding) sense, only if in
addition to sgndv = sgn dn > 0 we also have dr > 0 (and hence d(nr) > 0) as well as
dz < 0. Table 1 confirms dz < 0, but in the Models A and C we find dr < 0 and d(nr)
ambiguous in sign. Observe that both dr and dz are either zero or negative. In fact, since
the differential of (35a) yields B,dr = —B,dz it follows that sgn dr = sgn dz owing to B, > 0
and B, < 0, which implies, in turn, either sgndr = sgndz < 0 or sgndr = sgndz > 0. The
reason for sgndr = sgndz < 0 is not clear. In case of sgndr = sgndz > 0 the producer
would have harvested more biomass (dz, > 0) and used less land (dr, < 0) thus changing
the factor input ratio significantly. Yet with sgndr = sgndz < 0, the signs of dz, and dr,

are ambiguous.

Table 1 also shows a slight tendency across all models for consumers to benefit from
changes in  or a although ambiguities are prevalent. The sign of the change in economic
production activity, sgndy, is the same as sgndu in all lines of Table 1. Despite some

indeterminacies one may draw the tentative conclusion that enhancing nature protection

17



by raising £ or a doesn’t come at the expense of consumers and their economy.

4.2 Nature protection in a two-species model

To gain further insight into the rationale for nature protection consider now a simple model
consisting of one consumer and two species: n, = 1 and N = 2. The model is specified by

the following equations:

u = U(ny,ng, T —ry,yn) =W (n1,ne) +y, with W, ,,, =0, (38)

bi = B'(r,zin), by = B*(z1) with B}, =0, (39)

v = V' (bi,m), va =V?(ba, o) with Vi, = V2 =0,  (40)

y = Y (ry, 2y, 2,) =71y with v > 0 and const., (41)

Y =Y, (42)

To= mr4ry, (43)

Nz = Ngko, (44)

ny = niby, Ny = naby, (45)

BW (n1,n2) + yn+arniV' (ny, b)) + aznaV? (ng, by). (46)

According to (39) and (44) species 2 feeds on species 1 and species 1 feeds on the resource.
Humans don’t harvest any biomass (z,, = z,, = 0 due to (41)) but they compete for the

resource along with the organisms of species 1 ((39), (41) and (43)).

The efficient allocation of the model (38)-(46) is characterized by maximizing the

Lagrangean

L = 5W (nl, TLQ) + Y (77 — ’I”Ll?") + alanl(bl, nl) + aznsz(bg, TLQ)
+Mn1nlb1 + /LnZTLQbQ + )\blnl [Bl (’I“, ZH) — bl]
+un2n2 [82 (221) — bg] + )\n(nlzu — 712221). (47)

The first-order conditions read

L, = —yni+ X\, B =0, (48a)
L., = XymBl+ X \n =0, (48b)
L., = MynoBZ— g =0, (48¢)

Ly, = ayniVy + fig,n1 — Apyng = 0, (48d)

Ly, = agnaVi2 + fin,no — Ay = 0, (48e)

ftn, = Phiny, — W, — a1 (VI +n1V,)) + 97 — pin, by — Az, (48f)
flny, = Plin, — LWy, — as (V2 + ngVnQ) — fnybo + Ap2oy. (48g)
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From (48a)-(48g) we obtain the optimal steady-state allocation by setting ny = ny = fi,, =
finy = 0

nlBl (7", ZH) = 0, (498,)

TL2B2 (2’21) = 0, (49b)

N1211 — Ngko1 = 0, (49C)

[BWM + ay (V1 +m V5 + pVbl) — fyr] B! — v (p + ZHB;) = 0, (49d)
[BW,, + as (VZ + V2 + pV?)] By + B, <2’21 + é) = 0 (49e)

dr | dzy; | d2op | sgndv; =sgndn; | sgndvy = sgndny
dg >0 ? ? 0 + +

da; >0 | — — 0
day >0 | + + 0
dy >0 ? ? 0

+ +
+ +

Table 2: Comparative dynamics of a simple two-species model

Total differentiation of (49a)-(49e) yields the comparative dynamic results summarized

in

Proposition 3.

Consider the model (38)-(46). If an optimal steady state of this model is disturbed, alter-
natively, by a small increase in the parameter 3, ay, ay or vy, the direction of change in the
steady state values of v, z11, 221, N1, No, V1 and vy is as shown in Table 2. The direction of

change in all other variables is ambiguous.

Proposition 3 reinforces our findings in the one-species model that nonhuman or-
ganisms gain unambiguously when either 3, a; or as is raised. Again, increasing the con-
sumers’ appreciation of ecosystem services (df > 0) and raising some species’ welfare weight
(da; > 0 for i = 1, 2) are alternative sources of nature protection whose impact on nature is
similar in qualitative terms. The invariance of zo; (dz; = 0) is no general feature since it is
due to the steady state condition dbs = 0 combined with the simplifying assumption in (39)
that by is completely determined by zo;. More significant, and more intuitively appealing at
the same time, are the differential effects on z;; of increasing the welfare weights a; and as.
When organism 1’s [organism 2’s| welfare weight is raised, it is optimal to reduce [increase]

organism 1’s sacrifice of own biomass to its predator species 2.

Table 2 also reports a dynamic exercise that was not carried out in the one-species
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model of the previous section. It is about an exogenous technical progress in producing
the consumer good brought about by an increase in the parameter v which represents the
productivity of using land for economic purposes. As shown in Table 2, the clearcut result
of such a technical improvement is a reduction in both species populations and hence, via
(40), a decline in all nonhuman organism’s welfare. In other words technical progress in
manufacturing renders it optimal to reduce nature protection for any given set of weights

in a nonanthropocentric social welfare function.

5 Concluding remarks: nonanthropocentrism and double-

counting

Environmental economics, an anthropocentric discipline, and environmental ethics, based

"... trapped in a bifurcated discourse, each rejecting the

on nonanthropocentrism, are
other’s ontological position ..." (Norton and Minteer 2002, p. 377). The present paper
focused on investigating and comparing the consequences of both paradigms regarding
the appropriate level of nature protection. Interpreting ’'intrinsic values in individuals’ as
attaching positive welfare weights on the welfare of human and/or nonhuman individuals
our finding is that nonanthropocentrism tends to be a rationale for nature protection in
addition and above the level of protection warranted to serve the humans’ welfare. Roughly
speaking, increasing the welfare weights on nonhuman organisms turned out to call for

intensifying nature protection in much the same way as increases in the marginal welfare

consumers derive from ecosystem services.

In our formal model ecosystem services take the form of positive consumption ex-
ternalities induced by the variables 'populations of nonhuman species’ and ’habitat of all
species’. Throughout the paper we interpreted these variables as indicators of ecosystem
functions that consumers perceive as ecosystem services (as specified by a quote from Dailey
(1997) in Section 2) for which their willingness-to-pay is positive. Note, however, that these
arguments in the consumers’ welfare functions may also (and additionally!) be interpreted
as reflecting the individual consumers ’intrinsic’ valuation of these ecosystem components.
According to Johannson-Stenman (1998) some consumers tend to value nature intrinsi-
cally. He links this observation to the discussion of existence values and non-use values in
the context of contingent valuation studies and argues that individual motivations such as
paternalistic, impure and genuine altruism as well as altruism towards nonhuman organ-
isms need to be accounted for to attain good estimates of the social value of public goods.

According to Spash (2000) there is strong empirical "... evidence in people’s words and
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practices that they do indeed value nature intrinsically ...".'> In light of these consider-
ations our comparative-dynamic exercise of raising the parameter § in Section 4 can be
reinterpreted as accounting for an increase in the consumers’ intrinsic valuation of nature.
Since the impacts on nature protection of raising either the parameter a or § are qualita-
tively similar, the chasm between anthropocentrism and nonanthropocentrism appears to be
reduced, from a pragmatic point of view, at least. In other words, environmental economists
may stick to their conventional concept of anthropocentric social welfare (setting the wel-
fare weights of all nonhuman individuals zero) provided that they pay due attention to the
intrinsic values of natural components as perceived by the consumers. Apparently, Norton
and Minteer (2002, p. 399) also endorse such an approach maintaining that it is consistent
with 'nonanthropocentrism in the broader sense’. In any case, all who are willing to accept
the route of capturing intrinsic values in nature through the consumers’ perception of these
values will have no reasons to reject Norton’s 'convergence hypothesis’ alluded to in the

introduction of the present paper.

Those who wish to pursue a nonanthropocentric approach need to make sure that the
arguments 'populations of nonhuman species’ and "habitat of all species’ in the consumers’
welfare functions capture nothing but ecosystem services. However, if these variables are
interpreted to value nature intrinsically along with valuing ecosystem services proponents
of nonanthropocentric social welfare run into the risk of double-counting. Suppose each
member of the human society increases her intrinsic valuation of nonhuman organisms by
increasing . If the social planner notices that shift of individual welfare and reacts by
raising « in addition to raising § we are clearly confronted with a problem of double-
counting implying an excessive protection of nature even according to the standards of

nonanthropocentric social welfare.

The issue of intrinsic values in nature is highly reminiscent of the old and rather
sterile debate on Musgrave’s concept of merit goods that dragged on for decades and is
still a source of confusion in some textbooks and applied work. It seems to us that main-
stream public finance discarded this concept due to its inconsistence with methodological
individualism. The issue at hand can also be resolved convincingly and conveniently with-
out abandoning this methodology simply by accounting for the fact that consumers attach
values to and articulate them for natural composites like ecosystems, habitats, natural
amenities, species communities and/or individual organisms. With continuously improving

methods of measuring the individuals’ willingness-to-pay for nature protection with an eye

15Gimilarly, Norton (1991) recommends the indicator ’percentage of ground area with pervious surfaces’
as representing values of advocates of green space, of biological diversity, of water quality, and of anti-sprawl.

One might consider the habitat variable ¥ — r, from our model as a proxi for such an indicator.
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on both instrumental and intrinsic value the prospects seem to be quite favorable for ob-
taining reliable estimates for the individuals’ intrinsic valuation of nature. In contrast, the
social planner’s welfare weights placed on nonhuman organisms (or natural objects) appear

to be a concept difficult to operationalize and open to arbitrary specifications.
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Appendix A

Proof of Proposition 1: The associated first-order conditions to the Lagrangean (11) are

L, = N—A <0, yL, =0, (50a)
Ly, = opapnyUy, — Ayny <0, ynLy, =0, (50b)
Ly, = —opapnpyUy + AyY, — A <0, ryLr, =0, (50c)
L., = \WY, —X; <0, 2y L2, =0, (50d)
L., = nid, B —\mn; <0, riL,, =0, (50e)
L., = nBl, —ni),; <0, 2ii L., =0, (50f)
Lo, = 0650;nVy 4 pin;ni — nidp, =0, (50g)
g = Pln; = Ln; = phin; = fin,bi + Arr + Z Az; Zij — OnannpUny,

—b5a; (V' +niVy), ] (50h)
Ly, > 0, MLy, =0, Ly, >0,\L,, =0, Ly >0, \vLy, =0,
L > 0, MLy =0, Ly >0,ALy =0. (50i)

(i) Set 6, =0 and J; =1 in (50a)-(50i) and consider a maximum of (10) in which r; > 0
for all i, z;; > 0 for all 4,7, ¢ # j, and (hence) z;; < 0 for all 4. In view of (50e) and
(50f) it is straightforward that either (a) A, > 0 and therefore \,, > 0 and A,; > 0 or
(b) Ar = 0 and therefore \,, = A,; = 0. Consider first the case (b). Raise 7 by dr > 0
and set n;dr; = d7 and db; = Bidr; > 0. The impact of db; > 0 on social welfare is
given by (50g) A, = 0 is the marginal welfare cost of offspring, where a;n;V}’ > 0 is the
direct impact on instantaneous welfare and where p,, captures the shadow price of the
population of species ¢ or, more technically, the present value of the marginal future
welfare induced by dn; = n;db; > 0. Since the welfare index (9) is strictly increasing
in n; (for all i) u,, > 0 follows cogently. Yet Ay, = 0 and (50g) imply u,, = —a;V}! <0

which is incompatible with a maximum of (10). This leads us to conclude that case
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(a) applies with u,, = Ay, — a;V}' > 0.

Suppose now case (a) holds but y > 0, contrary to the assertion in Proposition 1i. Then
Ay = Ay > 0 follows via (50a). If Ay, > 0 then y;, = 0 from (50b) and therefore £y, > 0.
However, A\ L), = 0 implies A, = 0. This contradiction establishes A\, = Ay = 0.
Moreover, (50c) yields A\y'Y; — A, = =\, < 0 and therefore r, = 0 via r,£, = 0. Since
Y (0,2z,) = 0 by assumption, y = 0 follows from r, = 0. This contradiction proves
that ¥y = 0 when (10) is maximized. y = 0 and (6) yield y, = 0 for all h. Finally,
ry = 0 and z,; = 0 for all j is the unique efficient way to produce y = 0.

In the remaining proof of (i) we establish (12)-(15). (12) follows from (50f). More

precisely
ni)\bi B;] )\Zj nm)\bm B;n ;
it R R i ok ) for i,j,k,m=1,..., N. 51
nid Bl A Ty, B or b g, (51)

Eq. (13) is derived from (50e) and (50f):

nz)\bBl )‘r nm)\b B .o

_— === fi k,m=1,...,N. 02
Eq. (14) follows from (50e) and (50g), and finally, using (50c), (50e) and (50g) in

(50h) we obtain (15).

(ii) Set s = 0 and §, = 1 in (50a)-(50i). Now we restrict our attention to an interior
solution such that all inequalities (50a)-(50i) hold as equalities. Equation (16) follows
from (50d) and (50f). To establish (17) we combine (50¢)-(50f). To obtain (18) we
combine (50e) and (50g), and using (50c), (50e) and (50g) in (50h) we get (19).

(iii) Here we set d;, = d; = 1 and make use of the same manipulations as in the derivation
of equations (16)-(19).

Appendix B: Comparative dynamics in the one-species

model

Derivation of (36a)-(36c¢): Total differentiation of (35a)-(35¢) yields:

dr 0
J-| dz | = —(dBW, +da(V +nV, + pV})) B, (53)
dn — (dBW,, + da(V +nV, + pV3)) B,
where
B, B, 0
J = nY. + ABy, + 1B,  —nY,, + AB,, + ¢2B, —zY,, + 1Y, + ¢3B,
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and

A= (W, +a(V +nV, + pVy) —rY, + 2Y}) /p,
o1 = (=Y. +nrY,, —nzY,)/p,
o = (Vo —nrYs, +n2Ya.) /p,
G5 = (ﬁWm + a2V, +nVp) + r?Y,, + 22Y,, — 27“ZYTZ) /p.
Solving the equation system (53) by using Cramer’s rule we obtain

dgw, +d n

ar = Pt (m a0V B (Y. 2V, B, — (1Y, — 2Y.) Bl (54a)
dgw, +d n

a; = Wt a(m Va0V By, - Vi) By — (i — 1Y) B (540)
—2B,B. (—nY;, + A\B,.) ] (54¢)

Derivation of (37a)-(37d): While (37a), (37¢) and (37d) follow directly from total dif-

ferentiation of (24), nr and nz, respectively, totally differentiating Y (7 — nr, nz) yields
dy = nY,dz — nY,dr + (Y, — rY;) dn. (55)

B, =Y, /X and B, = —Y, /) from (34a) and (34b), respectively, inserted into B,dr+ B,dz =
0 yields Y,dr — Y,dz = 0 such that (55) simplifies to (37b).

Proof of Proposition 2:

Model A: The results in lines 1 and 5 of table 1 follow directly from (36a)-(36¢) and
(37a)-(37d) by taking into account that |J| < 0, B, >0, B, <0,Y,, <0,Y,, <0, B,, <0,
Y,,>0and A > 0.

Model B: In case of the Leontief net offspring function b = min|r, c(z — z)] — ¢ efficiency

requires r = ¢(Z — z) such that (33) turns into

H=pBW(n)+Y [f —nr,n (z - g)] anV(n,r — &)+ un (r — &) (56)
and we obtain the first-order conditions
H, = —-nY, — n% +anV, +np =0, (57a)
o= pu— W —a(V+nVy) +1Y, — (2= 1) V. — (- o). (57b)
Then the long-run equilibrium is characterized by nb = 0 which implies r = ¢(z — z) = ¢
and by
5Wn+a(v+nvn+pv;)—(r+p)n+(z—g)yz:o. (58)
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Since the long-run levels of r and z are constant (58) determines the long-run level of n.

Implicit differentiation of (58) yields

W, dn_ Veal+oh

g J da J
where J = BWan + a(2vn + nvnn) + T(T + p)}/rr +z (Z - %) Y., — (2TZ + pz — %) Y.
is assumed to be negative (stability of the equilibrium) implying that dn/dg > 0 and
dn/da > 0. Since dr/df = dr/da = dz/df = dz/da = 0, the results in lines 2 and 6 are

straightforward.

(59)

Model C: In case of u = min [fW(n),Y (7 — nr,nz)| the social planner’s objective is to

L =W (n)+anV(n,b) + pnb+ X [W (n) = Y (F — nr,nz)] + \pyn [B (r,z) —b]  (60)

and the first-order conditions read

L, = \nB,+ AnY, =0, (61a)
L, = \nB,—AnY, =0, (61b)
Ly, = anVy+nu—ni, =0, (61c)
Ly = pW(n)—=Y (f—nr,nz) =0, (61d)
L= pp— LWy —a(V+nV,)+ (Y, —rY, — fW,) — pb. (61e)
Observe that the efficient long-run allocation (r, z,n) is characterized by
nB (T, Z) = 0, (62&)
W (n) =Y (F—nr,nz) = 0, (62b)
B.Y,+B)Y, = 0. (62c¢)

It is interesting to note that equations (62a)-(62c) are independent of the parameter a.
Total differentiation of (62a)-(62¢) yields'®

B. B, 0 dr 0
0 0 BW,—rY,+2Y, || dz | =| —dsW (63)
P4 Ps o dn 0
where
¢4 = BnY,—BY,n+B,Y, - BY,n <0,
¢5 = B..Y.+ BY.,n+ B..Y, + B.Y,n <0,
b5 = B, (2Vi. —1Ys) + B, (2Yy. — 1Y) < 0.

16Total differentiating (62b) one gets (8W,, — rY; + z2Y,)dn + WdB + Y,ndr — Y,ndz. In (63) we have
taken into account that (61a), (61b) and B,dr + B.dz = 0 imply Y,.ndr — Y,ndz = 0.
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Solving the equation system (63) we obtain

dr BzW¢6 dz BT‘W¢6 dn w (Br¢5 - Bz¢4)
dr _ B dz _ _BW an _ i 4

where ‘j‘ is assumed to be negative. Finally we differentiate u = W (n) = y to get
du = Wdp + pW,dn = dy (65)

which establishes du/dg > 0 and dydj > 0.
Model D: Now suppose u and b are specified as b = min[r,c(Z — z)] — ¢ and v =
min [fW (n),Y (F — nr,nz)]. Then it is easy to see that the long-run allocation is deter-

mined by r = ¢(z2 — z) = ¢ and
W (n) =Y (F —nr,nz) = 0. (66)

Implicit differentiation of (66) yields

dn W
A8~ AW, +rY, — 2Y,

> 0, (67)

since W, + rY, — z2Y, is assumed to be negative. Summarizing, we have dr/dg = 0,
dz/dp =0, d(rn)/dp > 0, d(zn)/dS > 0, and du/dS = dy/dB =W + W, (dn/dpB) > 0.

Appendix C: Comparative dynamics in the two-species

model

First, observe that

Next, total differentiation of (49a), (49c)-(49e) leads to
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