" UNIVERSITAT Fakultat Il
SIEGEN Wirtschaftswissenschaften,

Wirtschaftsinformatik und
Wirtschaftsrecht

E Volkswirtschaftliche Diskussionsbeitrage
Discussion Papers in Economics

No. 174-15
August 2015

Thomas Eichner - Ridiger Pethig

Economic Approaches to Ecosystem Analysis



Universitat Siegen

Fakultat Il

Wirtschaftswissenschaften, Wirtschaftsinformatik und Wirtschaftsrecht
Fachgebiet Volkswirtschaftslehre

Holderlinstraf3e 3

D-57068 Siegen

Germany

http://www.wiwi.uni-siegen.de/vwl/

ISSN 1869-0211

Available for free from the University of Siegen website at
http://www.wiwi.uni-siegen.de/vwl/research/diskussionsbeitraege/

Discussion Papers in Economics of the University of Siegen are indexed in RePEc
and can be downloaded free of charge from the following website:
http://ideas.repec.org/s/sie/siegen.html




Economic Approaches to Ecosystem Analysis

Thomas Eichner and Riidiger Pethig

Draft, May 2001

1 Reasons for and the potential of using economic methodology in
ecosystem analysis :

Ecological systems (ecosystems, for short) are complex systems of interacting species, plants
and animals, where each of the species consists of individual organisms that interact with or-
ganisms of the same or other species in various ways: they compete for scare resources and
they are involved in predator-prey or mutualistic relationships. The challenge to understand
the performance and changes of ecosystems over time was taken up long time ago by ecolo-

gists. ]

In the ecological literature? a vast number of models address ecosystem dynamics, taking
populations as the relevant endogenous variables and investigating how populations develop
and interact over time. For brevity, we call them ecological population models. Many of them
focus on the simplest case of a single species as an aggregate entity developing over time. The
prototype (heuristic) model for one large homogenous population in a constant environment is
the logistic growth curve based on the so-called Verhulst-Pearl equation. Pierre Francois Ver-
hulst (1838) introduced the logistic equation and Raymond Pearl (1930) applied it to popula-
tion growth in the US; this equation turned out to become an important analytical tool in eco-
system analysis. :

Modeling dynamic multi-species intra-ecosystem interdependence and interaction increases
the level of complexity significantly. It is convenient to characterize multi-species models
according to which type of interaction they focus on: (a) competition for resources, (b) preda-
tor-prey relations and (c) mutualism. The analysis of both (a) and (b) originated in the pioneer-
ing contributions of Lotka (1925) and Volterra (1926). Larkin (1963,1966) and Gause (1964)
elaborated on the Lotka-Volterra approach and extended it in various important ways.

o Competition among interacting species may take the form of competition for food, water or
habitat. It is modeled through introducing competition coefficient and limited resource ca-
pacities. For more details, see Tilman (1980, 1982, 1985), Pacala and Tilman (1994) and
Roughgarden (1998). '

1 Ecosystems analysis is a core area of research for biologists, but other natural scientists like physicists and
chemists are also involved. For convenience, we call ecologists all natural scientists whose focus are ecosys-

tems.

2 For surveys of mathematical modeling of ecosystems see e.g. Murray (1993) and Brown and Rothery (1993).
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o -Two-species models are the simplest way to study dynamic predator-prey relations. With
more than two species the analysis becomes very involved (or even intractable), in particu-
lar, when the food chain is not unidirectional. See, e.g. Bulmer (1976), Brauer and Son-
dack (1979), May (1981) or Ragozin (1982).

e Mutualism denotes the phenomenon of two or more species promoting each other’s growth.
’ For example, one species generates outputs or resources that foster another species’ popu-
lation growth. Mutualistic systems are studied e.g. by Goh (1979) and Travis and Post
(1979).

Over the last decades evidence accumulated about serious detrimental effects or ‘environ-
mental damage’ many economic activities inflict on ecosystems and about the feedback of
~ these ecological disruptions on the economy. In fact, it is this mutual dependence between the
ecosystem and the economic system that spurred. the interest for better understanding how
exactly ecosystems work, what the interface between both systems is like and how changes in
one system impact on the other. '

To date, significant progress has been made towards answering these questions. A growing
ecological literature emerged focusing on the impact on ecosystems of economic activities
including harvesting, pollution, irrigation, deforrestation or other changes in land use confi gu-
rations (e.g. Shukla and Dubey (1997), Namba, Umemoto and Minami (1999) and Dubey and
Hussain (2000)). However, ecologists use to model economic activities in a rudimentary way
only. They introduce parameters whose (exogenous) changes cause populations to adjust. On
- the other hand, economists also took into account that some economic activities have detri-
mental impacts on ecosystems and responded by extending their models (of the economy) to
capture pollution and ‘environmental damage’. However, in its core the by now well estab-
lished branch of environmental economies is still a theory of environmental externalities in
which the environment-economy interactions play a minor, if not even a marginal role only.
Essentially the ecosystem is treated as a black box hidden behind damage functions whereas
intra-economy interactions use to be modeled in a much more complex and elaborate way.

More recently, some progress has been made in opening up that black box by integrating intra-
economy and intra-ecosystem interactions with special emphasis on the interface of both sSys-
tems. The economy is represented by a set of differential or difference equations and the eco-
system is represented by ecological population models. This framework allows to characterize
Pareto efficient (economic!) allocations and market allocations accounting for economic and
ecological constraints that have been included in the model. Clark and Munro (1975), Strébele
and Wacker (1995) and Brack and Xepapadeas (1998, 2000) are major contributions to this
approach. Clark and Munro (1975) address the issue of (efficient) harvesting in an ecosystem
consisting of a single species whose population dynamics satisfy the Verhulst-Pearl equation.
Their model is extended by Strobele and Wacker (1995) to a two-species ecosystem and by
Wacker (1999) to an ecosystem with mutualistic interactions. Brock and Xepapadeas (1998,
2000) investigate optimal ecosystem management in a competitive economy.

This dynamic approach to ecosystem-economy interaction is valuable, because it is balanced
in its treatment of intersystem-interactions combined with intrasystem-interactions in both
systems. It is also ambitious regarding the mathematical tools applied. Unfortunately, how-
ever, the insights to be gained are limited because the analysis becomes very involved or even
intractable as soon as either system is modeled in a realistic, that is complex way. Brock and
Xepapadeas (1998, 2000) provide an illustration of this point: The decision problems of the
social planer and the market participants are so complex that hardly any specific unambiguous
conclusion can be reached. Hence this approach will promises only little mileage on the con-
ceptual level. But on the other hand, it lends itself well to numerical analysis, and with mod-
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ern computing tools it is in this area of applied research where its strengths have been and will
continue to be demonstrated. Needless to say that analytical — as opposed to numerical - in-
tractability seems to be the fate of all pretentious complex dynamic ecosystem-economy mod-
els. In view of this dilemma there is certainly some merit in ‘unbalanced’ approaches to eco-
system-economy interactions in either direction: the environmental economist’s tendency to
reduce the ecosystem complexity may be appropriate for some issues and the ecologlst s ten-
dency to reduce the complexity of the economy for others. :

Having made the case for not discarding of conventional 'unbalanced' approaches we hasten to
add that large-scale integration of both systems remains indispensable for a full understanding
of the complex interdependencies in and between these systems. How good our understanding
. is depends, in turn, on the methodology of modeling. In our view, combining an economic
model with the ecological population is not yet completely satisfactory for the following rea-

sons:

Ecological population models represent a macro approach where the relevant variables typi-
cally are aggregate interdependent populations. The focus is on populations changing over
time and responding to shocks (parameter changes). For example, a predator species popula-
tion is assumed to increase, ceteris paribus, following a shock-induced increase in a prey
population. There is nothing wrong with the plausibility or even empirical relevance of such
hypotheses. The point rather is a methodological one: Taking populations as the basic en-
dogenous variables implies to disregard — and hence fail to explain - the fact that intra-
ecosystem transactions of biomass take place: biomass flows from individual organisms of
prey species to individual organisms of predator species and where most organisms are preda-
tors as well as preys. From a species perspective, preying is vital for surviving, and surviving
presupposes, in turn, that a predator’s prey species survive(s).

Pursuing the end of developing a fully integrated analysis of both systems without resorting to
ecological population models begs the question as to which methodology of ecosystem analy-
sis should be chosen as an alternative. It is clear that we need to go for a compatible — or
maybe even for a joint - methodology since otherwise the interface of both systems would not
be well defined. In computer science, hardware components cannot communicate without
standardized interfaces. For similar reasons, we need an appropriate method of integrated eco-
system-economy analysis with the capacity to study repercussions in one of the systems
caused by shocks in the other.

Owing to their background in economics, some environmental economists maintain that, for
the purpose of integration, ecosystem analysis should be further (or re-) developed using eco-
nomic methods. This is a contentious methodological route which some researchers, non-
economists in particular, might be reluctant to follow. Nevertheless, from a pragmatic per-
spective, there are good reasons to embrace this proposition simply because the analysis of the
economy is based on a powerful and well-established methodology. If major elements of this
methodology were applied to ecosystem analysis one could hope for interesting new insights
in the interactions between both systems. The present paper aims at discussing major pieces of
economic methodology suggested for ecosystem analysis in the literature and at examining
their potential of reshaping ecosystem analysis to make it fit for a balanced two-pillar inte-
grated analysis of both systems.

With respect to their micro structure ecosystems are strikingly similar to economies: Charac-
teristic for both systems are the production of outputs by means of primary inputs and inter-
mediate products and a network of transactions between agents. It is tempting, therefore, to
explore how far this purely formal analogy can be carried, or more specifically, how fruitful it
is to study intra-ecosystem interaction using economic methodology. A majoer point of dissent,
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if not the central one, for applying economic theoretical concepts to ecosystem analysis is
probably the economists’ preoccupation with teleology and rationality. In economics, com-
petitive markets or social planers, for that matter, are considered to maximize natural product,
consumers maximize utility and producers maximize profits under appropriate constraints.
There are good reasons to doubt whether maximizing or optimizing of some sort is part of
nature’s blueprint. This contentious issue will be further discussed below. And yet, there is
already a small literature that studies ecosystems with economic methodology including pro-
duction, prices and optimizing behavior. Two major lines of research can be distinguished.

The first line takes up Koopmans® (1951) linear production model of an economy and applies
it to ecosystems (Amir (1989, 1994) and Klauer (2000)). These authors focus on biomass
. transfers in predator-prey relationships and on the species’ use of ecosystem endowments of
nutrients like water, minerals, solar energy etc. and establish a short-run ecosystem equilib-
rium suggesting that the ecosystem as a whole thrives for ‘production efficiency’. Short-run
equilibria are then linked by suitable stock-flow conditions to result in a dynamic model of
changing populations. This approach is more elaborate than the standard ecological population
model in that the process of transforming inputs into outputs is explicitly taken into considera-
tion. On the other hand, it shares with the ecological approach the feature — or perhaps the
shortcoming — that its principal focus is also on aggregate entities (populations). Quite obvi-
ously, each species inhabiting a given ecosystem consists of a number of individual organisms
and interactions take place between members of the same species as well as between individu-
als of different species. Populations do not interact with populations neither mechanically as
in the ecological model, nor guided by some central maximizing ‘ecological’ planer. It is the
activities (or behavior) of all individual organisms that drive the ecosystem dynamics. In other
words, both the ecological population model and the linear production approach lack a micro-
foundation — as economists would call it — or the individual base (Judson (1994)): they ignore
individual behavior and (hence) do not explain community structure as resulting from indi-
vidual activities.

Responding to this criticism, the second line of research aims at microfounding the ecosystem
analysis using the assumption familiar to economists that (representative) individual organ-
isms of each species maximize ~ or behave as if they maximize — some objective function
under pertinent constraints. There is little consent about what the appropriate maximand is.
Among the maximands suggested in the literature are energy (Lotka 1922, Hannon 1973,
1976, 1979, Tschirhart (2000)), biomass (Odum 1969, Reichle et al. 1975, Whittaker 1975),
power (Odum and Pinkerton 1955, Odum 1971), energy (Jorgenson 1982, 1986) and ascen-
dancy (Ulanowicz 1986). A common feature of microfounded ecosystem analysis with (as if)
maximizing agents is that non-linear technologies are employed and that short-run price-
supported ecosystem equilibria are established which are then connected via stock-flow rela-
tions to form dynamic time-paths of moving short-run equilibria.

After this brief introduction into the motivation for and the potential of using economic meth-
odology in ecosystem modeling we now proceed to describe and compare in more detail the
two main concepts introduced above. Section 2 elaborates on the linear production model and
in section 3 the issue of microfoundation and substitutional biomass production technology is
discussed. Section 4 concludes.



2. The linear production approach to ecosystems

In economics, linear production models and/or their application in input-output analysis have
been studied by von Neumann (1945), Koopmans (1951), Leontief (1951) and Malinvaud
(1953). The linear production approach was applied to ecosystems by Amir (1989,1994) and
Klauer (2000). For a given period, an economic linear production model has the following

structure:

zi=Zjag-zj+qi i=1..m D
D byzi<r i=l..,n )

J
z; = gross output of sector i (gross output i)
g; = net output of sector / (net output i)

= ‘total exogenous endowment of primary factor i

T

a; = constant production coefficient, determining the amount of output i needed as an in-
termediate product by sector j per unit of output j

b; = constant input of primary factor i needed by sector j per unit of output ;

All variables and parameters listed above are non-negative. For convenience, we define
n

D p;=1t and

J=I

the production possibility set Q:= {q ] q satisfies(1),(2)and g 2 0}

q:=(q,,...,q,,),'p:=(p,,...,pn), the price simplex P:={p20

Koopmans was interested in identifying and characterizing efficient net output vectors in the
set O of feasible net outputs. By definition, an output ¢ €Q is efficient, if there is no q'€Q
such that ¢'; > ¢; for all i with the strict inequality holding for at least one net output i. The
appeal of this ‘production efficiency’ property (also called Koopmans efficiency) is that no
inputs or outputs are wasted. Koopmans® (1951) important contribution was to show that
q €Q is efficient if and only if there is P € P such that

D.5,4,2).5,4, Jorall g Q. 3)
=10 g

The equivalence property of this theorem is remarkable: for a given suitable p we find an effi-
cient § € Q through (3), and conversely, for any given efficient § € Q we find a price vector,
namely p € P, such that (3) holds. The latter observation means that dual to every efficient
production are (shadow) prices that reflect the ‘true’ scarcity or abundance of all output com-
ponents of g'. '

Koopmans approach is translated into a model of an ecosystem as follows. The sectors are

species and z; is the gross biomass of species i. a;; -z, is the amount of own biomass species i

passes to predator species j when j’s gross biomass is z,;. Hence (1) captures all biomass
transactions from prey to predator species. 7; is the ecosystem’s endowment of nutrient 7, e.g.
solar energy, water, minerals etc., and b;-z; is the demand of nutrient i by species ; when

J’s gross biomass is z;.



Given this reinterpretation of terms, g, clearly is the net biomass of species i acquired in the
period under consideration after having ‘served’ all its predators. In full analogy to Koop-
mans, Klauer (2000) proceeds by assuming that the ecosystem as a whole strives for maximiz-
ing the value of total net biomass, Zj D; 4, for some suitable price vector p subject to the

constraints (1) and (2). The solution to this optimization calculus, say g* € Q, represents the
net biomass all species acquired in the period under consideration. Invoking Koopmans’
(1951) theorem referred to above we know that g * is efficient. In other words, the thrust of
this ecosystem model is the claim, that ecosystems use their nutrient endowment and their
biomass transfers to predators in an efficient, i.e. non-wasteful way.

. It is not quite clear, however, what role is assigned to and how to interpret the maximizing
procedure in Klauer’s model. Is the idea, as we conjectured above, to start out with a price
vector, say p € P, and arrive at § eQ satisfying (3)? The trouble with this interpretation is,
though, that it remains unexplained how the ecosystem picks the prices p in the first place.
Alternatively, we can reverse the role of prices and quantities by starting with the proposition
(or rather the claim) that the ecosystem generates an efficient vector of net biomass, § € Q.
Then we calculate the associated ‘efficient prices’ informing us about scarcity. But unfortu-
nately, this procedure leaves unexplained how the efficient net biomass § € O was attained.

The linear production model discussed so far is static and designed to describe a one-period
ecosystem equilibrium. An extension towards ecosystem dynamics has been suggested by
- Amir (1995) who modified equation (1) to read

ds; :
q,zzjay'zj"zi—';i}!‘ l=1,...,m, (4)

where s; is species i’s stock of total biomass accumulated in the past.

While the standard ecological model focusses on the interaction of species populations in a
rather mechanical way, the linear production model has two important additional features: it
considers explicitly production processes within the ecosystem, i.e. the processes of trans-
forming inputs (nutrients and prey biomass as intermediary products) into outputs (the spe-
cies’ gross biomass) and it designs the ecosystem as an efficiency-oriented entity.

In our view, the explicit modeling of intra-ecosystem production and transactions is an indis-
pensable part of realistic ecosystem analysis. However, the linearity of the production tech-
nology does not appear to be an acceptable assumption. To see that consider a species i and

suppose, for ease of exposition, that a;; >0 forall j=1,...,m and b, >0 forall k=1,...,n.

Let r;; 2 0 be the amount of nutrient k available to species i and let x ; be the amount of bio-
mass of (prey) species j available to species i. Then species i’s gross biomass ‘produced’

. . . |7, r. X, X, )
with the help of the inputs ry;,...,7,;, %}, X, IS X, = nnn[#,...,ﬂ,——’i,...,—-"—“—]. Given
by, b, a; Qi
this Leontief technology, an efficient production clearly requires to use all inputs in strict pro-
C by b, by; by;
portion, i.e. ry =~ opy = = by =y = =Ly
byi by aji 2i

In contrast to this specification of production, (casual) empirical observation suggests that
most species are capable to substitute nutrients and/ or prey species, in a certain range at least,
without serious harm to their ‘well being’. For detailed empirical evidence see, e.g., Meneg
(1972) or Bantell (1982). Tschirhart (2001) is therefore correct in pointing out that organisms
substituting among prey as a reaction to changing environments are a key feature of ecosys-



tems. It is desirable, therefore, to employ substitutional production technologies for modeling |
ecosystems.

Before we address this issue in the next section a final remark is in order on how the linear
production approach solves the resource allocation problem using the maximizing procedure
(3). Efficiency is reached as if the ecosystem as a whole is guided by Adam Smith’s invisible
hand without any explanation as to how this result is brought about by the ecosystem’s inhabi-
tants. To be sure, the efficiency result has considerable appeal not only to economists who are
vastly preoccupied with allocative efficiency in their modeling. The idea that nature econo-
mizes on its use of scarce natural resources through evolutionary selection has been put for-
ward since long in many contexts. However, the problem we have with the maximizing pro-
~ cedure (3) is that it is related to aggregate variables, the gross biomass of species. This maxi-
mization 'from the top' leaves open the questions why and how the individual organisms take
the path towards efficiency. We now turn to investigate whether further insights into the
forces driving ecosystems can be gained through a microfoundation of ecosystem analysis.

3 Microfounded ecosystem analysis with non-linear production technology

Since the demand for microfoundation is a crucial methodological issue, let us briefly point
out, by way of digression, its role in economics. To begin with, an economy and an ecosystem
are similar in that both consist of many agents. (In fact economies are simpler because homo
sapiens is the only species). In both systems all agents exhibit an observable behavior - what-
ever their motives, incentives or genetic driving forces are. In economics, the behavioral hy-
potheses of firms maximizing profits and consumers maximizing utility under appropriate
constraints are widely accepted in theoretical analysis, even though some' economists and
many non-economists do challenge these assumptions on both empirical and conceptual
grounds. Leaving this ongoing dispute aside, we like to emphasize that it is the assumption of
maximizing behavior that provides the microfoundations of aggregate demand and supply
curves. Microfoundation of this type has become a widely accepted methodological standard
in economics so much so that ad hoc macro-analyses are not readily accepted any more by

many economists.3

“But in an ecosystem, do nonhuman organisms maximize? Most people do not credit a
weasel with thoughtful preference revelation when it raids the chicken coop instead of
ferreting out a mouse or two. ‘... men consciously optimize, animals do not — they sur-
vive by adopting successful strategies ‘as if’ conscious optimization® takes place’
(Hirshleifer, 1977, p. 4). This “as if”” assumption is sufficient to capture much of the be-
havior of nonhuman organisms and thereby establish a fruitful model.”[Crocker and
Tschirhart, 1992, p. 555]

We believe that this quotation from Crocker and Tschirhart provides a convincing justification
for treating individual organisms as maximizers while we are aware of others who consider
this methodological approach inappropriate. Peters (1991) welcomes it as a fruitful source of
testable hypotheses. Tschirhart (2001, p. 4) finds the optimizing approach useful because it
“... presents mechanisms through which: 1) more efficient resource use by an organism leads
to greater success, and 2) interctions among individual organisms lead to observed dynamics
in ... [species] communities.”

3 In this context it is interesting to observe that its lacking microfoundation was considered a serious flaw of the
Keynesian macroeconomic theory by many economists. Modern macroeconomics tends to be microfounded or
even converges towards microeconomics.



3.1 Hannon’s concept of energy maximizing organisms

According to Hannon (1976, p. 535) the currency in natural systems is energy. Herendeen
(1991) observes that energy has been the most frequently chosen maximand. Species obtain
energy from sunlight or from feeding on other species and they lose energy to other species
when they are preyed upon. In addition, they need energy for ‘maintenance’, i.e. for respira-
tion, metabolism etc. Another important currency in ecosystems is biomass measured, e.g., in
kilograms. Hannon (1976) and Tschirhart (2000) assume that the energy embodied or stored
in each unit of biomass is (roughly) constant and species-specific. Denote by e, the energy
embodied per unit of biomass from an individual organism of species i. Clearly, with the ‘ex-
change rate’ ¢; constant both currencies are equivalent dimensions for ecosystem analysis.

We now envisage an ecosystem with m species, among them plants and animals, and consider
for each of these species i = I,...,m a representative individual organism called organism i, for
short. The only nutrient, which is explicitly accounted for is sunlight. It is analytically conven-
ient to refer to the sun as species 0 and to think about plants as preying on that species, Han-
non (1976) and Tschirhart (2000) modeled a unilateral non-circular food chain. We will use a

more general formulation and define for this purpose:4

M:={012,...m}, 4 ={J € M| j isa predator species fori},

B :-_—-{j eM|j isapreyspeciesfori}

Observe that A’ = & and that the existence of plants is secured by 0 € B’ for some i > 0. The

demand of organism i for biomass of organism ; is denoted x;; and the supply of organism

i’s own biomass to organism j is denoted y;. We set

>0 forjeB, >0 forjed,
i and i
=0 otherwise, =0 otherwise,

and write for compactness x' :=(x;,..., X;,) and ¥ :=(¥; 11, Vi )-

The central building block of Hannon’s (1976) model is the net energy of organism i, defined
(in Tschirhart’s (2000) specification) as
Vi:Z(ej"eij)'xg'“zei'yik‘Fi(xi)"ﬂi 5)
jeB' ked +
In (5) e; is the energy to be spent by i to locate and capture a unit of biomass of j; the ‘en-

ergy price’ ¢; is constant from i’s perspective but endogenous in the system as a whole. f3, is

a constant reflecting basal metabolism, independent of energy intake. The function F' in (5)
reflects that part of metabolism and respiration which depends on the energy intake.

At first glance, (5) bears little resemblance with the linear production approach. To clarify the
relationship it is helpful to rewrite (5) by separating the dimensions of energy and biomass.
For that purpose we define

4 The special case of an unilateral food chain is defined by the constraints: (j € A e j>iforalli € M)and

(jeB o j>iforall i=1,...,m). Itis interesting and convenient for specific empirical applications but
it is unnecessarily restrictive for the purpose of conceptual analysis.
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. H'(x):= ; 7;-’="B‘f, C,-j.'=—ejf and py.-zj. . (6)
Inserting (6) in (5) yields

€9, =ei'[zi(xiapi)“ Zyi/c] _ 7
ked

with ‘

Zi(xi;pi):=2(cy.—py).xy—Hi(xi)~y (8)

jeB‘

and p’ :=(pigyerr Din)- I we refer to the generation of own biomass as (gross) output of i, then
Z' is clearly the production function of gross output i. The vector p’ affects factor productiv-
ity such that productivity shrinks when some component p; is increased. Recall that py (or
rather e;) is exogenous to the individual organism i but will be determined endogenously in
~ short-run ecosystem equilibrium. We refer to p' as unit predation costs of organism i (in
terms of own biomass per unit of preyed biomass). It turns out, then, that (5) is the value of
net biomass 7, defined as the difference between the value of gross biomass i, ¢; 7' (), and

the value of own biomass to be supplied to prey species, ¢; - Z YVik - Observe also that our
ked

Vtransfomlatlon of (5) into (7) reveals the possibility of carrying out the entire analy31s on the
basis of biomass rather than energy.

Following the basic rationale of the linear production approach, Hannon (1976) and Tschirhart
(2000) proceed to take the energy value of net biomass as the organism’s maximand. The de-
cisive difference to section 2 is that maximization is now assumed to take place at the micro

level, and is hence a behavioral or an ‘as if” behavioral assumption. The intakes x' are clearly
variables under control of organism i, but the outflows 3’ are not. Therefore, the maximiza-
tion problem for the individual organisms is not well defined. This difficulty is overcome by
introducing the additional assumption that organisms “...are subject to predation risk and the
biomass they supply depends on the biomass they demand” (Tschirhart 2000). Formally, for

all i we have
Vit =Yi"(3:i) k=1,..,n ©)
Wthh turns (7) into |
e Q' (x',p)=e [2'(x,p)~ ZZ"‘(x g ’ (10)

We assume that O'(x’, p’) is strictly concave in x' and attains, for any given p', a maximum
at

X'(p'):=argmaxe,-0'(x', p'). (1

(11) establishes organism i’s demand for biomass as a function of unit predation costs p'.



3.2 Short-run ecosystem equilibrium
In the short-run, all populations #,,...,n, are given. The basic equilibrium condition for a
(short) period is that for each pair of species i and j the following equation holds:

nl'x!/:nj 'yji. i,jzj,...,m, i#’j . (12)
In view of (9) and (11) we rewrite (12) as |
n X' (p')=n; ¥ x4 (p/)] = dem i ). (13)

A short-run eqﬁilibrium is defined by a vector of predation costs p:=( pl p”’) such that

* (13) is satisfied. (13) consists of m-(m— I) equations to determine the m-(m— /) variables p.5
Clearly, to demonstrate the existence of a short-run equilibrium in a rigorous way, it is neces-
sary to construct an appropriate fixed point argument. Hannon (1976) did not address the issue
of short-run equilibrium. Tschirhart (2000) defines the equilibrium via (12) and (13) and
demonstrates the existence for numerical examples, but a general existence proof is still miss-
ing to our knowledge.

Assuming that existence is secured under sufficiently general assumptions, it is important to
understand the nature of a short-run equilibrium. The principal advantage of the ecosystem
equilibrium approach of Hannon and Tschirhart over the linear production model is its capac-
ity to fully determine the allocation of all resources: the use of solar energy, the intermediate
flows of prey biomass as well as all organism’s net energies and predation costs. This gives
the model great predictive power provided it can be calibrated with empirically relevant data.
Admittedly, multiple equilibria may cause problems in this respect but economists have to
cope with the same type of difficulties in modeling perfectly competitive economies.

Obviously, the driving force of bringing an ethbnurn about is the appropriate adjustment of
predation costs. At first glance, the predation cost p’ of organism / may be viewed as a nega-
tive externality affecting this organism’s biomass production function. However, p’ is not an

activity under control of any other agent, which one needs to require for referring to p' asan
externality. In the Hannon-Tschirhart model, predation costs rather play the role market of
clearing prices in economic models. In other words, endogenous predation costs are the
model's (only!) equilibrating mechanism. As a consequence, it is not clear-how to assess the
(in-)efficiency of the equilibrium allocation. For an economist, flexible predation costs ‘de-
signed’ to guide the ecosystem into short-run equilibrium are a highly unfamiliar concept. In
economic modeling, technologies may well be affected by externalities but we are not aware
of economic analyses with technologies subject to variables whose values are chosen, like
prices, exclusively to the end of reaching an equilibrium. We find it difficult to offer a con-
vincing interpretation and justification for this procedure.

The second central feature of the model, which diverges squarely from economic modeling, is
the assumption (9) according to which organism i’s supply of own biomass is completely de-
termined by its own demand for prey biomass. When preying on other species organism i ex-
poses itself to its enemies, and this predation risk is indeed a plausible reason to relate x’ and
y'. Tt is true that some kind of relation between purchases and expenditures also exists in eco-
nomic modeling since a firm's purchases of inputs are related to its sales via profit maximiza-

5 The vector pis m? - dimensional but p;=0foralli=1,.. .m.
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tion and a consumer's sales of labor are related to his or her purchases of consumer goods via
the budget constraint. But a deterministic link as in (9) appears to be a very restrictive
assumption that is hard to accept. Assuming that an economic agent’s supply of goods is
determined by his or her demand for goods would appear to be an rather strange proposition.

3.3 Ecosystem dynamics

Given a short-run equilibrium, the decisive question is how to model the ecosystem’s ‘law of
motion’ in time. To be more specific, suppose n, :=(n,,,...,n,, ) are the species’ populations in
some period ¢ and

pi=(p,. pl") = P(n,) (14)

are the equilibrium predation costs in period ¢. Then the associated net biomass of the repre-
sentative organism of species 7 is

it -'=Qi[Xi(P(nt))' P(nt)]-:QAi(nt)' (15)
Tschirhart’s (2000) basic assumption is that (with discrete notation of time)
1>

na-n 4=0 o On){=0 | » (16)

iael T Thit

\'%

i

< <

He then points out that many different methods for adjusting populations could be introduced,
and he suggests a specific procedure based on the Verhulst-Pearl logistic equation combined
with the concept of species-specific carrying capacities that are endogenized via (16). Rather
than discussing this elaborate approach in more detail we choose to illustrate here another
simple and, as we believe, straightforward link between short-run equilibrium and intertempo-
ral species dynamics: Let &, be the average biomass of an organism of species i so that #, -b,

is species i’s total biomass in period #. Moreover, interpret Q'( n,)/ b; as the (positive or
negative) number of new organisms to which the representative organism of species i gave
birth, on average, during period ¢ (where all new organisms are assumed to be grown up im-

mediately). The change in population is therefore n,,,, —n, = n, 0 (n, )/b,- implying that the
growth rate of the population of species 7 is

ni,f‘FI -—nil = Qi(nt) . (17)

My b;

Aslongas O'( n,) # 0, the population of species i grows or shrinks. Hence a long-run eco-
system equilibrium or a steady state of the ecosystem is attained, if and only if there is some
period ¢ such that n;,, . =n, for all 7>0 and for all i=1,...,m. To calculate such a steady

state one has to solve for n, the m equations
O(n)=0 fori=1,..,m. (18)

Note, however, that (18) may fail to have a solution or that (18) may have multiple solutions.
Moreover, even if a solution to (18) exists, it is an open and not at all trivial question whether
the steady state will be reached from some given (non steady-state) initial situation.

11



3.4 An alternative approach to modeling plants

In the Hannon-Tschirhart model discussed above plants are defenceless prey of herbivores and
feed on sunlight. Their access to sunlight is bounded from above by e, but will be further

reduced, in general by positive predation cost e, (here: cost of access to sunlight or access

cost, for short). This access cost is beybnd the plants' control, but it is endogenously deter-
mined in the ecosystem. Plant 7's production of biomass is less productive, ceteris paribus, the

less access it has to sunlight, . e. the smaller is (e, —e,,) . While the thrust of this argument is

appealing, the downside is that the model does not explain why and how changes in the cost
of sunlight access are bought about.

Pethig and Tschirhart (2001) suggested to explicitly incorporate the determinants of changes
in the cost of access to sunlight into the formal analysis. In their model, animal species are

suppressed altogether, so that6. ¢ (%i0» Dio) = Z' (%4, P;,) for all plant organisms i. The central
hypothesis is that :

P = P(x,,n) i=1 .,m (19)1

+ o+

where x, :=(x,,..., xm;,) and n:=(ny,...,n,). The idea behind (19) is that the ecosystem is a

natural system with limited space to which all plants have free access. As long as populations
and plant biomass are small, access costs p;, are zero. However, with increasing biomass and

populations, crowding or congestion sets which in turn diminishes all plants' exposure to
sunlight. A 51mple but illustrative specification of (19) is given by

P*(x,,n) max[O Z X oM = ,} ‘ (19"

where g; is a positive constant.

Let p:=(py ..., Pmo) be the prevailing access cost which all plants take as given. The plants'
demand for sunlight is then given by X’(p,,), essentially as in (9). A short-run ecosystem

equilibrium is a pair (, £,) for given populations », such that
Po=P°3%,,n) and £, =X'(p,) foralli=1, .., m (20)

To model the dynamics of the plant ecosystem model, we proceed as in the last section. Let
p= f’(n,) be the vector of access costs associated to the short-run equilibrium in some given

period ¢ and define
O'(n):=0{x[P(n)] P(n)}  i=1 ..m @1)

as in (15). With Qi (n,) from (21) the dynamics are the same as those described in the last part
of section 3.3 following equation (15).

Comparing the treatment of plants in the Hannon-Tschirhart model and the Pethig-Tschirhart
model shows that in the latter the sunlight access costs are determined by a process of conges-

6 Pethig and Tschirhart use energy as currency. We describe their model here in terms of biomass for the benefit
of comparability with the approach of the preceding sections. -

12



tion or crowding familiar from the economic allocation literature on free access resources. The
phenomenon of crowding is an inevitable consequence of free access whether plant competi-
tion for access to sunlight is at issue or crowded highways and traffic jams. The established
economic methods to analyze the latter appear to be appropriate for studying the former. The
substantial benefit of modeling sunlight access costs by means of congestion is that these costs
are now determined by an externality proper as economists use that concept. In contrast, in the
Hannon-Tschirhart model the determinants of sunlight access costs - and predation costs more
generally - are the unspecified, hidden forces that equilibrate all intermediate demands and

supplies of biomass.
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