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1

Introduction

Ecosystems that are used and managed by humans for the ecosystem services they provide
may exhibit multiple stability domains (“basins of attraction”) that differ in fundamental system structure and behavior. As a result of exogenous natural disturbances or human management, a system may flip from one stability domain into another one with different basic
functions and controls (Holling 1973, Levin et al. 1998, Scheffer et al. 2001). As a consequence, also the level, composition and quality of ecosystem services may abruptly and
irreversibly change. Examples encompass a diverse set of ecosystem types that are highly relevant for economic use, such as boreal forests, semi-arid rangelands, wetlands, shallow lakes,
coral reefs, or high-seas fisheries (Gunderson and Pritchard 2002).
The term “resilience” has been used to denote an ecosystem’s ability to maintain its basic
functions and controls under disturbances (Holling 1973, Carpenter et al. 2001). The economic relevance of ecosystem resilience is obvious, as a system flip may entail huge welfare
losses.1 For example, a combination of drought, fire and ill-adapted livestock grazing management in sub-Saharan Africa, central Asia and Australia have lead to severe degradation and
desertification of semi-arid rangelands, which provide subsistence livelihood for more than
one billion people worldwide. Once degraded, these grassland ecosystems cannot be used as
pasture anymore (Perrings and Walker 1995, Perrings and Stern 2000). In Africa alone, almost 75 % of semi-arid regions are threatened by degradation and desertification (UNO 2002).
Worldwide, the income loss associated with desertification of agricultural land is estimated to
some 42 billion US dollars per year (UNCCD 2005).
An ecosystem’s resilience in a given stability domain can be measured by the probability
that exogenous perturbations make the system flip into another stability domain. Therefore,
enhancing the resilience of a particular (desired) domain reduces the likelihood of a flip into
another (less desired) domain. It is for this reason that ecosystem resilience has been referred
to as “insurance”, e.g. in the following manner:
“Resilience can be regarded as an insurance against flips of the system into different basins of stability.” (Mäler 2008: 17)
1 Accordingly,

some have included a reference to the provision of desired ecosystem services right into the

definition of ecosystem resilience, e.g. as the capacity of an ecosystem “to maintain desired ecosystem services
in the face of a fluctuating environment and human use” (Brand and Jax 2007: 3, referring to Folke et al. 2002).
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“[R]esilience [...] provides us with a kind of insurance against reaching a nondesired state.” (Mäler et al. 2009: 48)
“The link between biodiversity, ecosystem resilience and insurance should now
be transparent. [...] It follows that the value of biodiversity conservation lies in
the value of that protection: the insurance it offers against catastrophic change.”
(Perrings 1995: 72)
“The resilience of the ecological system provides ‘insurance’ within which managers can affordably fail and learn while applying policies and practices.” (Holling
et al. 2002: 415)
So far in the resilience literature, the term “insurance” is employed in a rather metaphoric
manner – as a metaphor for “keeping an ecosystem in a desirable domain”. It is used to convey the message that resilience is a desirable property of some ecosystem since it helps to
prevent catastrophic and irreversible reductions in ecosystem service flows. While ecosystem resilience obviously and undoubtedly includes an insurance aspect, no explicit attempt
has been made so far to use a clearly defined concept of “insurance” from the established
literature on insurance and financial economics. As a result, it remains unclear what exactly
constitutes the economic insurance value of ecosystem resilience, how it depends on ecosystem properties, economic context, and the ecosystem user’s risk preferences, and how it relates
to the total economic value of ecosystem resilience.
In an attempt to conceptually determine and to empirically capture the economic value
of ecosystem resilience, Mäler et al. (2007) and Walker et al. (2007) have suggested to use
the shadow price of resilience as a measure of its economic value. They calculate the present
discounted value of future improvements in welfare from ecosystem services, where these
future improvements accrue from reduced risks of a system flip due to a unit increase in
the initial level of resilience. While this procedure establishes the total economic value of
resilience, it does not explicitly relate it to any idea of “insurance”.
In this paper, we aim to close that gap and to provide some conceptual clarification. Any
idea of “insurance” fundamentally refers to a combination of three elements: (i) the objective
characteristics of risk in terms of different possible states of nature, (ii) people’s subjective
risk preferences over these states, and (iii) a mechanism that allows mitigation of (i) in view of
(ii). We believe that the ongoing discussion of resilience as an insurance could be clarified and
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fruitfully advanced if reference to these three elements was made explicitly and rigorously, and
we propose an analytical framework for that purpose. We adopt a clear and generally accepted
definition of “insurance” from the risk and finance literature, according to which insurance
is an action or institution that mitigates the influence of uncertainty on a person’s well-being
(McCall 1987). Based on this definition, we conceptualize resilience’s economic insurance
value as the value of one very specific function of resilience: to reduce an ecosystem user’s
income risk from using ecosystem services under uncertainty. We also analyze how exactly the
insurance value of ecosystem resilience depends on ecosystem properties, economic context,
and on the ecosystem user’s risk preferences.
Our analysis yields several interesting and important results. First, the insurance value of
resilience is negative for low levels of resilience and positive for high levels of resilience. That
is, ecosystem resilience actually functions as an economic insurance only at sufficiently high
levels of resilience; it does not function as an economic insurance at low levels of resilience.
Second, the (marginal) insurance value of resilience increases with the level of resilience –
for some ecosystem types even monotonically. This is in contrast to normal economic goods,
the (marginal) value of which decreases with their quantity. Third, the insurance value of
resilience is one additive component of its total economic value. That is, the total economic
value of resilience is larger than just its insurance value. While the latter may be negative, the
total economic value of resilience turns out to be always positive.
The paper is organized as follows. In Section 2, we present a stylized model of an
ecological-economic system that describes how different degrees of ecosystem resilience are
related to different system outcomes, and how this contributes to an ecosystem user’s wellbeing under uncertainty. In Section 3, we clarify what exactly we mean by “insurance” and
“insurance value”. On this basis, in Section 4, we present our results about the economic insurance value and the total value of ecosystem resilience, with all proofs and formal derivations
contained in the Appendix. In Section 5, we discuss these findings and draw conclusions.

2

Model

To discuss the economic insurance value of ecosystem resilience, we propose the following
simple and stylized model of an ecological-economic system. Consider an ecosystem that potentially exhibits two different stability domains with respective levels of ecosystem services-
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production. One domain is characterized by a high level of ecosystem service provision and
corresponding net income yH ∈ Y ; the other domain is characterized by a low level of ecosystem service provision and corresponding net income yL ∈ Y ; with Y ⊆ IR+ and yL < yH , so
that
∆y := yH − yL > 0

(1)

is the potential income loss when the system flips from the high-production into the lowproduction stability domain.
Initially, the ecosystem is in the high-production stability domain. In this domain, exogenous stochastic disturbances threaten to trigger a flip into the low-production stability domain.
Such a flip may occur with probability p with 0 ≤ p ≤ 1. Conversely, the ecosystem stays in
the high-production domain with probability 1− p.
In line with Holling’s (1973) notion of resilience as the maximum amount of disturbance
a system can absorb in a given stability domain while still remaining in that stability domain,
we define and measure resilience as a continuous state variable R ∈ [0, 1] that determines the
probability of the system flipping from the high-production into the low-production stability
domain as follows:
p = p(R)

with

p0 (R) ≤ 0 for all R and p0 (R) < 0 for all R ∈ (0, 1)

(2)

and

p(0) = 1, p(1) = 0 .

(3)

In words, the higher the ecosystem’s resilience in the high-production domain, the lower the
probability that it flips into the low-production domain due to exogenous disturbance; with
zero resilience, it flips for sure; and with maximum resilience it will certainly not flip. For
future reference, we define R through p(R) = 1/2 as the level of resilience at which the probability of a system flip exactly equals the probability of the system not flipping. This is the
level of resilience at which the future state of nature is maximally uncertain.
In order to give more ecological structure to our ecosystem model (2)–(3), in some parts
of our analysis we assume the following more specific model about the relationship between
the level of resilience R and the flip probability p:
p(R) = 1 − R1−σ

with

−∞ < σ < 1 .

(4)

This model has the fundamental resilience-defining properties (2) and (3). In addition, it has
the analytically handsome property that p0 (·) is a constant-elasticity function of R, where the
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parameter σ is the (constant) elasticity of p0 (·),2 i.e. σ specifies by how much (in percent) the
flip probability’s slope increases when the level of resilience increases by 1 %. For short, we
will refer to σ as “the ecosystem’s elasticity”. As σ may be positive or negative, one has3
(
)
(
)
>
>
p00 (R) = 0 for all R ∈ (0, 1)
if and only if
σ = 0.
<
<
Lacking ecological evidence or a plausible guess on the value of σ , we will study the full range
of theoretically possible values of σ . Notwithstanding this generality, the case of σ = 0 has an
epistemically outstanding importance. For, one may argue that one can meaningfully define
and measure the system’s state variable “resilience” only through, and not independently of,
the observable variable “flip probability”.4 Such an epistemic equivalence between the state
variable R and the observable p is exactly what is expressed by σ = 0. In this case, (4) reduces
to a linear negative relationship, p(R) = 1 − R, so that resilience is measured directly in units
of reduced flip-probability. As this case has an epistemically outstanding importance, we will
treat the case of σ = 0 as the preeminent case, and discuss the cases of σ < 0 and σ > 0
against it.
Given the ecosystem model (2), (3) – or, more specifically, model (4) – the ecosystem
user thus faces a binary income lottery {yL , yH ; p(R), (1 − p(R))}. That is, given that the
system is initially in the high-production stability domain and is characterized by a level R
of resilience, the system will provide net income yL with probability p(R) and net income
yH with probability 1 − p(R). Obviously, with changing level of resilience R the statistical
distribution of income will also change. As in our simple analytical framework only the level
of resilience R may vary, R uniquely characterizes the income lottery. One may thus speak of
“the income lottery R”.
2 Note
3 For

that (4) implies −p00 (R)R/p0 (R) = σ .

σ = 0, p00 (R) = 0 holds also for R = 0 and R = 1. Yet, for σ < 0, one has p00 (0) = 0, and for σ → 1,

one has p00 (1) → 0.
4 If

the system’s state space was one-dimensional, one could indeed meaningfully define and measure the

system’s resilience (sensu Holling 1973) independently of the system’s flip probability, namely as the “distance”
in state space – measured in units of the single state variable – between the current system state and the threshold
between stability domains. However, if the system is characterized by more than one state variable, the “distance”
in state space is not uniquely defined but requires some metric which is not naturally given. Then, the system’s
resilience in a given stability domain cannot be measured through some distance in state space, but only through
the observable consequence in terms of flip probability.
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We assume that the ecosystem user only cares about (uncertain) income, and not directly
about the underlying states of nature in terms of resilience. The ecosystem user’s preferences
over income lotteries are represented by a von Neumann-Morgenstern expected utility function
U = ER [u(y)]

with

u0 (y) > 0 and u00 (y) < 0 for all y ,

(5)

where ER is the expectancy operator based on the probabilities of lottery R, y is net income,5
and u(y) is a continuous and differentiable Bernoulli utility function which is assumed to be
increasing and strictly concave, i.e. the ecosystem user is non-satiated and risk averse.6 In
order to study in the most simple way how the insurance value of resilience depends on the
ecosystem user’s degree of risk aversion, we assume that the ecosystem user is characterized by constant absolute risk aversion in the sense of Arrow (1965) and Pratt (1964), i.e.
−u00 (y)/u0 (y) ≡ const., so that the Bernoulli utility u(y) function is
u(y) = −e−ρ y

with

ρ >0,

(6)

where the parameter ρ measures the ecosystem user’s risk aversion.

3

Conceptual clarification: insurance and insurance value

Before we derive results about the economic insurance value of ecosystem resilience in the
next section, in this section we provide exact definitions of the terms “insurance”, “insurance
value” and “total economic value”. Adopting a very general and widely accepted definition,
insurance may be defined in the following way (cf. McCall 1987).
Definition 1
Insurance is an action or institution that mitigates the influence of uncertainty on a person’s
well-being or on a firm’s profitability.
In the concrete setting described in the previous section, the term “insurance” takes on a
more concrete meaning. As a person’s (here: the ecosystem user’s) well-being is determined
5 For

notational simplicity, y denotes both the random variable income and income in a particular state of the

world.
6 While

risk aversion is a natural and standard assumption for farm households (Besley 1995, Dasgupta 1993:

Chapter 8), it appears as an induced property in the behavior of (farm) companies which are fundamentally risk
neutral but act as if they were risk averse when facing e.g. external financing constraints or bankruptcy costs
(Caillaud et al. 2000, Mayers and Smith 1990).
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by a preference relation over income lotteries, insurance is about the mitigation of income
uncertainty, and the person’s risk preferences specify what changes in the income lottery
actually constitute a “mitigation”. Thereby, uncertainty exists due the existence of many
potential future states of the world (here: high and low ecosystem-service production), in
each of which the state-specific income is known (yH and yL ) and the probability of which is
also known (1−p(R) and p(R)). That is, uncertainty comes in the form of risk in the sense of
Knight (1921).
In this more concrete understanding of the term, insurance may come in many forms.
One example is the classic insurance contract that an insuree signs with an insurance company under private law, and which specifies that the insuree pays an insurance premium to
the insurance company in all states of the world and in exchange obtains from the insurance company an indemnification payment if and only if one particular unfavorable state of
the world should occur. Another example is so-called “self-protection” (Ehrlich and Becker
1972), which means that a person undertakes some real action that reduces the probability by
which an unfavorable – in terms of net income – state of the world occurs. In this terminology, an increase in the ecosystem’s resilience by the manager may be interpreted as insurance
because it is a real action that may provide self-protection in terms of net income obtained
from the ecosystem.
In order to precisely define and measure the economic insurance value of some act of selfprotection (here: an increase in the ecosystem’s resilience), we follow Baumgärtner (2007:
103–104). One standard method of how to value the riskiness of an income lottery to a decision maker in monetary terms is to calculate the risk premium Π of the lottery, which is
defined by (e.g. Kreps 1990, Varian 1992: 181)7
u (ER [y] − Π) = ER [u(y)] .

(7)

In words, the risk premium Π is the amount of money that leaves a decision maker equally
well-off, in terms of utility, between the two situations of (i) receiving for sure the expected
pay-off from the income lottery R, ER [y], minus the risk premium Π, and (ii) playing the risky
income lottery R with random pay-off y.8 In the model employed here, the risk premium as
7 By

Equation (7), ER [y] − Π is the certainty equivalent of lottery R, as it yields exactly the same expected

utility as playing the risky lottery, ER [u(y)].
8 The risk premium is,

thus, the maximum amount of money that a decision maker would be willing to pay for

getting the expected pay-off from the income lottery, E [y], for sure instead of playing the risky income lottery
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defined by Equation (7) uniquely exists because, by assumption (cf. Section 2), y ∈ Y with Y
as an interval of IR, and u is continuous and strictly increasing (Kreps 1990: 84). In general,
if the Bernoulli utility function u characterizes a risk averse decision maker, i.e. if ρ > 0 in
Equation (6), the risk premium Π is strictly positive.
The economic insurance value of resilience can now be defined based on the risk premium
of the income lottery R as follows.
Definition 2
The insurance value I of resilience is given by the change of the risk premium Π of the income
lottery R due to a marginal change in the level of resilience R:
I(R) := −

dΠ(R)
.
dR

(8)

Thus, the economic insurance value of ecosystem resilience is the marginal value of its function to reduce the risk premium of the ecosystem user’s income risk from using ecosystem
services under uncertainty. Being a marginal value, it depends on the existing level of resilience R. The minus sign in the defining Equation (8) serves to express a reduction of the
risk premium as a positive value.
As it is apparent already from Definition 2 (and as it will become more explicit in the
following section), the economic insurance value of ecosystem resilience has, in general, an
objective and a subjective dimension. The objective dimension is captured by the ecosystem’s
sensitivity of the flip probability p(R) to changes in the level of resilience, σ ; the subjective
dimension is captured by the ecosystem user’s degree of risk aversion, ρ. If the flip probability
would not vary with the level of resilience (i.e. p0 (R) ≡ 0), or if the ecosystem user was riskneutral (i.e. ρ = 0), the risk premium Π of income lottery R would not vary with R, thus
yielding a vanishing insurance value of resilience.
The insurance value of resilience is only a fraction of resilience’s total economic value,
namely the value of its function to reduce the risk premium of the ecosystem user’s income
risk from using ecosystem services under uncertainty. Beyond its insurance value, resilience
also has economic value in its function to increase the ecosystem user’s expected income from
ecosystem services. In order to characterize the insurance value of resilience as a fraction of
its total economic value, we adopt the following general and widely accepted definition of
total economic value under uncertainty (e.g. Freeman 2003: Chap. 8).
with random pay-off y.
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Definition 3
The total economic value V of resilience is given by the maximum willingness to pay W T P
per unit for a marginal increase of ∆R in the level of resilience R:
V (R) := lim
∆R→0

W T P(∆R)
,
∆R

(9)

where W T P is defined through
ER [u(y)] = ER+∆R [u(y −W T P(∆R))] .

(10)

In words, we measure the total economic value of a change ∆R in resilience as the maximum willingness to pay (W T P) for that change, more exactly as the W T P per marginal unit
of resilience. The maximum willingness to pay for the increase ∆R in resilience is the amount
of money that leaves an individual indifferent, in terms of expected utility, between the two
situations of (i) resting in the original position with resilience R and (ii) paying the amount
W T P and getting into a situation with resilience R + ∆R.9 As value is typically expressed as
a per-unit quantity characterizing a marginal change, we divide W T P by ∆R and let ∆R → 0
to obtain the marginal value of resilience. Being a marginal value, it depends on the existing
level of resilience R.
In the simple model studied here, with no other constraints or alternative options for action
in place, the total economic value of resilience as defined by Definition 3, evaluated at the
socially optimal level of resilience, is exactly equivalent to its shadow price (as measured e.g.
by Mäler et al. 2007, Walker et al. 2007).

4

Results

Using the concepts defined in Section 3, we can make statements about the model described
in Section 2, and, thus, about the economic insurance value of ecosystem resilience. To start
9 In

the language of welfare measurement, W T P is the Hicksian compensating surplus for a finite change of

∆R in the level of resilience (Hicks 1943, Freeman 2003: Chap. 3). Alternatively, one could also use the Hicksian
equivalent surplus to measure the monetary value of the welfare change associated with a finite change of ∆R in
the level of resilience, that is, the minimum amount of monetary compensation to the individual (“willingness
to accept”, W TA) that leaves the individual indifferent between the two situations of (i) resting in the original
position with resilience R and receiving a monetary payment of W TA and (ii) getting into a situation with
resilience R + ∆R. In general, W T P and W TA will differ for finite changes of ∆R. However, for the marginal
changes studied here, i.e. for ∆R → 0, W T P and W TA coincide, so that the value of V (R) does not depend upon
whether W T P or W TA is used in the defining Equation (9).
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with, we discuss the risk premium associated with different levels of resilience.
Lemma 1
The risk premium Π(R) of the income lottery R is given by
Π(R) = −p(R)∆y +


i
1 h
ln 1 + p(R) eρ∆y − 1 ,
ρ

(11)

which has the following properties:
(i)
Π(0) = Π(1) = 0
(ii) For all R ∈ (0, 1)10
(
)
>
Π0 (R) = 0
<

and

(
for

R

Π(R) > 0 for all R ∈ (0, 1) .

<
=
>

(12)

)
R̃ ,

−1



where R̃ := p

so that R < R̃ < 1

(13)

1
1
− ρ∆y
ρ∆y e − 1
and


,

(14)

d R̃ d R̃
d R̃
,
> 0,
<0
dρ d∆y
dσ

(15)

lim σ̄ = 0 ,

(16)

(iii) There exists σ̄ with 0 < σ̄ ≤ 1 and
d σ̄
>0,
d(ρ∆y)
so that
Π00 (R) < 0

σ̄ = 1 ,

lim

ρ∆y→0

ρ∆y→+∞




for R > R̃˜
if σ < 0


for all R ∈ (0, 1) if and only if



 for R < R̃˜
if σ > σ̄

0 ≤ σ ≤ σ̄ ,

(17)

where R̃˜ is defined through Π00 (R̃˜ ) = 0 for σ < 0, and through R̃˜ = min{R | Π00 (R) = 0} for
σ > σ̄ , so that R̃˜ >
< R̃ for σ >
< 0.
(iv) For all R ∈ (0, 1)

10 For

dΠ(R)
>0
dρ

and

dΠ(R)
>0
d∆y

and

lim Π(R) = 0 ,

(18)

ρ→0

lim Π(R) = 0 ,

(19)

∆y→0

σ = 0, the statement about the sign of Π0 (R) holds also for R = 0 and R = 1. Yet, for σ < 0, one has

Π0 (0) = 0; for σ → 1, one has Π0 (1) → 0.
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dΠ(R)
dσ

(

>
=
<

)

(

<
=
>

)
R̃ ,

(20)

and lim Π(R) = lim Π(R) = 0 .

(21)

0 for R

σ →1

σ →−∞

Proof. See Appendix A.1.
Result (12) states that the risk premium of income lottery R is strictly positive at all levels
of resilience in between 0 and the maximum level of 1, and is zero at the extreme levels of 0
and 1. That is, income is risky at all levels of resilience in between 0 and 1; and only at the
extreme levels of 0 and 1 does the income risk vanish, as in the case R = 0 the system will
flip into the low-productivity domain with income yL for certain, and at R = 1 the system will
remain in the high-productivity domain with income yL for certain.
As a consequence of Result (12), the risk premium varies with the level of resilience in
a non-monotonic way (Figures 1 and 2, orange line). Result (13) states that there uniquely
exists a level R̃ of the domain’s resilience at which the risk premium is maximal, that is, the
income lottery is most risky (R̃ = 0.647 in Figure 1, R̃ = 0.794 in Figure 2 left, R̃ = 0.004 in
Figure 2 right). For R > R̃ a marginal increase in resilience reduces the risk premium, and for
R < R̃ a marginal increase in resilience raises the risk premium. This maximum-income-risk
level of resilience, R̃ (Equation 14), is strictly in between R and 1, where R > 0 denotes the
level of resilience at which the probability of a system flip exactly equals the probability of
the system not flipping (Result 15a).11 So, the maximum-income-risk level of resilience R̃
is always strictly larger than the level of resilience R, at which the future state of nature is
maximally uncertain. Also, the range (0, R̃] of low levels of resilience, for which the risk
premium is strictly increasing with resilience, is non-empty.
Furthermore, the maximum-income-risk level of resilience R̃ increases with the degree of
risk aversion ρ and the potential income loss ∆y, it decreases with the ecosystem’s elasticity
σ (Result 15b).
The statement about the second derivative of the risk premium (Result 17) is rather technical, and will be needed for the proof of an important property of the insurance value in
Proposition 1 below. Essentially, it states that there exists a domain of (positive) values of
ecosystem elasticity, 0 ≤ σ ≤ σ̄ , including the preeminent case of σ = 0, for which the risk
premium is strictly concave over the entire range of resilience (Figure 1, orange line). This
11 Note that R,

which is defined through p(R) = 1/2, will be greater than (equal to, smaller than) 1/2 for σ < 0

(= 0, > 0).
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domain of ecosystem elasticities is bounded from below by zero, and from above by some
maximal value σ̄ , which has the properties stated in Result (16): it increases with the riskaversion-weighted potential income loss, ρ∆y, and for ρ∆y going to infinity (zero) approaches
the maximal ecosystem elasticity of one (zero).
The more risk-averse the ecosystem user is, the larger the perceived riskiness of the income
lottery R and the larger the associated risk premium (Result 18). For a risk-neutral individual,
on the other hand, the risk premium would be 0 for all R. Similarly, for the potential income
loss ∆y (Result 19): the risk premium raises with an increasing potential income loss ∆y. For
equal income levels in both stability domains, which means no income loss in case of a system
flip (∆y = 0), the risk premium would be zero over the whole range of R.
Result (20) states that the risk premium increases (decreases) with the ecosystem’s elasticity for levels of resilience below (above) the maximum-income-risk level of resilience, R̃.
That is, in the range of resilience where the riskiness of income increases (decreases) with
resilience, i.e. for R < (>)R̃ (cf. Result 13), an increase in ecosystem elasticity increases
(decreases) the riskiness of income. This can be seen from comparing the orange lines in Figures 2 (left), 1 and 2 (right), as σ increases in this order. Ecosystem elasticity thus has the very
same ambivalent role as ecosystem resilience for the riskiness of income. Result (21) states
that the risk premium vanishes as the ecosystem’s elasticity approaches either its maximum or
its minimum value. The reason is that in either limiting case, according to model (4), the flip
probability p(R) does not depend on the level of resilience any more, except for the extreme
levels of R = 0 (for σ → 1) or R = 1 (for σ → −∞) where it jumps from one to zero or from
zero to one, respectively. As a result, the risk premium is non-vanishing only at R = 0 (for
σ → 1) or R = 1 (for σ → −∞), but vanishes for all other levels of resilience.12
Having explored the effect of the ecosystem user’s risk preferences and ecosystem properties on the risk premium of income lottery R, we can now discuss the insurance value of
resilience as introduced in Definition 2.
Proposition 1
The insurance value of resilience, I(R), is given by


1
eρ∆y − 1
0
I(R) = p (R) ∆y −
,
ρ 1 + p(R) (eρ∆y − 1)
12 Note

(22)

that an overall vanshing risk premium, except for either R = 0 (for σ → 1) or R = 1 (for σ → −∞) is

compatible with Result (20)’s statement that the risk premium increases with σ for R < R̃, because R̃ decreases
with σ (Result 15).
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which has the following properties:
(i) For all R ∈ (0, 1)13
(
)
<
I(R) = 0 for
>

(
R

<
=
>

)
R̃ , where R̃ is given by Equation (14) .

(23)

(ii) The insurance value is globally increasing with resilience,
I(0) < I(1) ,

(24)

in particular, it is strictly monotonically increasing depending on ecosystem elasticity:



for R > R̃˜
if σ < 0


I 0 (R) > 0
for all R ∈ (0, 1) if and only if 0 ≤ σ ≤ σ̄ ,



 for R < R̃˜
if σ > σ̄

(25)

where σ̄ and R̃˜ are as defined in Lemma 1(iii).
(iii) For all R ∈ (0, 1)
(
)
dI(R) <
= 0
dρ
>
dI(R)
d∆y

(

<
=
>

(
for R

)

(
0

for R

<
=
>

)

<
=
>

)

R̃

and

lim I(R) = 0 ,

(26)

ρ→0

R̃

and

lim I(R) = 0 ,







<
R < 0R









 R = 0R
dI(R)  = 
0R < R < R0
> 0 for


dσ 




= 

R = R0






<
R > R0
and lim I(R) = lim I(R) = 0 ,
σ →1

(27)

∆y→0

σ →−∞

(28)

(29)

where R̃ is as defined in Lemma 1(iii) and 0R < R̃ < R0 .
Proof. See Appendix A.2.
Result (23) states that the insurance value of resilience may be negative or positive, depending on the level of resilience R. If resilience is below the maximum-income-risk level R̃,
an increases in resilience raises the risk premium (Result 13) and therefore, as the insurance
value is defined as the reduction in the risk premium (Definition 2), resilience has a negative insurance value for all R < R̃. Only if R > R̃, an increase in resilience reduces the risk
premium and the insurance value is positive (Figures 1 and 2, green line).
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Figure 1: Risk premium (orange curve), insurance value (green curve), expected value (vertical distance between green and blue curves) and total value (blue curve) as a function of
resilience for the case of intermediate ecosystem elasticity 0 ≤ σ ≤ σ̄ . The dashed line marks
the maximum-income-risk level of resilience R = R̃. (Parameter values: σ = 0, ∆y = 110,
ρ = 0.017)

Result (24) states that the insurance value of ecosystem resilience globally increases with
the level of resilience: it is strictly higher for the maximum level of resilience than for zero
resilience. Result (25) states that for a domain of (positive) values of ecosystem elasticity, 0 ≤
σ ≤ σ̄ (including the preeminent case of σ = 0), the insurance value of ecosystem resilience
increases even strictly monotonically with the level of resilience (Figure 1, green line). Only
as ecosystem elasticity σ turns negative or exceeds the threshold value σ̄ , it may happen
that the insurance value locally decreases.14 For negative ecosystem elasticity, σ < 0, it may
13 For

σ = 0, the statement about the sign of I(R) holds also for R = 0 and R = 1. Yet, for σ < 0, one has

I(0) = 0; for σ → 1, one has I(1) → 0.
14 A

parameter value of σ < 0 in Function (4) implies a relationship between p and R such that the first

marginal units of resilience starting from R = 0 do not have any significant impact on the reduction of the flip
probability p. Only increases in resilience close to the maximum level of R = 1 do significantly lower the flip
probability p. For such ecosystems, the insurance value of resilience decreases for small levels of resilience and
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Figure 2: Risk premium (orange curve), insurance value (green curve), expected value (vertical distance between green and blue curves) and total value (blue curve) as a function of
resilience for the two extreme cases of negative ecosystem elasticity (σ < 0, left) and very
large positive ecosystem elasticity (σ > σ̄ , right). The dashed line marks the maximumincome-risk level of resilience R = R̃. (Parameter values, left: σ = −0.88; right: σ = 0.92;
both: ∆y = 110, ρ = 0.017)

be that the (negative) insurance value locally decreases at levels of resilience smaller than R̃˜
(Figure 2 left, green line); and for very large positive ecosystem elasticity, σ > σ̄ , it may
be that the (positive) insurance value locally decreases at levels of resilience greater than R̃˜
(Figure 2 right, green line).
In economic terms, an increasing insurance value means that the higher the level of resilience, the more valuable – as an insurance – is a marginal increase in resilience. This is
unusual and in contrast to normal economic goods, the marginal value of which decreases
with their amount: normally, the more abundant a good, the less valuable the next marginal
unit. Technically, the increasing marginal value of resilience comes about as the objective
function, expected utility (5), when expressed as a function of the level of resilience, is nonconcave in R.
Result (26) states how the ecosystem user’s degree of risk-aversion affects the insurance
value. If the ecosystem user was risk neutral (ρ = 0), the insurance value would vanish for
increases for high levels of resilience close to R = 1 (Figure 2 left, green line). Conversely, a parameter value
of σ close to its maximum value of 1 means that the first marginal unit of resilience has a huge impact on the
reduction of the flip probability p, whereas all later units of resilience only have a negligible effect. Under such
circumstances, the insurance value of resilience steeply increases in the vicinity of R = 0 from a negative value
to its maximum (positive) value and then decreases with R (Figure 2 right, green line).
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all levels of resilience R. With increasing risk-aversion, the insurance value increases for high
levels of R > R̃, where it is positive, and decreases for low levels of R < R̃, where it is negative.
Thus, the more risk-averse the ecosystem user is, the steeper the curve for I (Figure 1, green
line). The same goes for the potential income loss ∆y (Result 27). For equal income levels
in both stability domains, which means no income loss in case of a system flip (∆y = 0), the
insurance value would vanish for all levels of resilience R. With increasing potential income
loss ∆y, the I-curve gets steeper, as the insurance value decreases for R < R̃ and raises for
R > R̃.
Also, R̃ shifts to the right with both increasing risk-aversion ρ and increasing potential
income loss ∆y. For very high values of ρ or ∆y the I-curve appears to be sharply bended
around R̃, since the insurance value raises faster with ρ or ∆y in the range of R > R̃ than it
decreases in the range of R < R̃.
Result (28) states that the insurance value decreases with increasing ecosystem elasticity
for low and high levels of resilience, R < 0R < R̃ and R > R0 > R̃, and increases with increasing
ecosystem elasticity in between, 0R < R < R0 . This can be seen from comparing the green
lines in Figures 2 (left), 1 and 2 (right), as σ increases in this order. Result (29) states that the
insurance value vanishes as the ecosystem’s elasticity approaches either its maximum or its
minimum value, which becomes plausible from the underlying property of the risk premium
(Result 21). This can also be seen from comparing the green lines in Figures 2 (left and right)
and 1.
Having discussed the effect of the ecosystem user’s risk preferences and ecosystem properties on the insurance value of resilience, we now turn to discussing how the insurance value
of ecosystem resilience relates to its total economic value (Definition 3).
Proposition 2
The total economic value of resilience, V (R), is given by
1
eρ∆y − 1
V (R) = −p (R)
,
ρ 1 + p(R) (eρ∆y − 1)
0

(30)

which has the following properties:
(i)
V (R) ≡ −p0 (R)∆y + I(R).

(31)

(ii)
V (R) ≥ 0
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for all R.

(32)

Proof. See Appendix A.3.
From Equation (31) it becomes obvious that the total economic value of resilience is
the sum of two components: the expected increase in income due to a marginal increase
in resilience, −p0 (R)∆y, which is always positive,15 and the insurance value of increased resilience, which may be negative or positive (cf. Proposition 1). This reflects the fact that an
increase in ecosystem resilience has two effects on the ecosystem user’s income: (i) it raises
the expected income; (ii) it may raise or lower the riskiness of income, i.e. deviations from
expected income. Thus, the total value of resilience is more than its insurance value, or, put
the other way round, the insurance value is a value component over and above the expected
value of resilience.
Figures 1 and 2 show the total economic value as a function of resilience (blue line). In
the figures, the expected value of resilience, −p0 (R)∆y, is just the vertical difference between
the curves for I (green) and V (blue). Whereas the insurance value I(R) of resilience may be
positive or negative, depending on the level of resilience R, the expected value of resilience,
−p0 (R)∆y, is positive at all levels of resilience R.16 As a consequence, for R < R̃ where the
insurance value is negative, the total economic value of resilience is smaller than its expected
value. Yet, at all levels of resilience the total value is positive (Result 32). That means, even if
the insurance value should be negative, the mean-increasing value of resilience is large enough
to offset this negative effect on the total value.

5

Discussion and conclusion

In this paper we have provided a conceptual clarification of the economic insurance value of
ecosystem resilience. We have adopted a general and widely accepted definition of insurance as mitigation of the influence of uncertainty on a person’s well-being (McCall 1987),
and of insurance value as a reduction in the risk premium of the person’s income risk lottery (Baumgärtner 2007). That way, we have clearly distinguished the insurance value of
ecosystem resilience, which is due to its function to reduce the riskiness of income (“risk
15 By

Assumption (2), p0 (R) < 0 for all R ∈ (0, 1).

16 Note

that for σ = 0, one has p0 (R) = −1 = const., so that the expected value of resilience does not depend

on the level of resilience. That is, the vertical difference between the curves for I (green) and V (blue) in Figure 1
is constant.
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mitigation”), from other components of its total economic value, which are due to resilience’s
function to raise the expected income from ecosystem services.
Our analysis has yielded several interesting and important results. First, the insurance
value of resilience is negative for low levels of resilience and positive for high levels of resilience. That is, ecosystem resilience actually functions as an economic insurance, i.e. it
reduces the riskiness of income from ecosystem services, only at sufficiently high levels of
resilience; it does not function as an economic insurance but – just on the contrary – increases
the riskiness of income at low levels of resilience.
Second, the (marginal) insurance value as well as the (marginal) total value of resilience
increase globally with the level of resilience – for some ecosystem types (namely those with
moderately positive elasticity) even monotonically: the higher the level of resilience, the
more valuable is another unit of resilience. This is in contrast to normal economic goods,
the (marginal) value of which decreases with their quantity. As unusual as this increasingreturns property may be for normal economic goods, it is not implausible and also known
from other goods which are of systemic importance and thus give rise to a non-concavity
in the social objective function, such as e.g. information (Radner and Stiglitz 1984) or biodiversity conservation (Hunter 2009). The management consequences for such non-convex
ecological-economic systems are discussed e.g. by Dasgupta and Mäler (2003).
Third, the insurance value of resilience is one additive component of its total economic
value. The other component is the rise in expected income due to a higher level of resilience.
So, the insurance value of resilience, which is due to its risk-mitigation function, is a value
component over and above the change in the expected value of the income lottery. While the
former may be positive or negative, the latter is always positive, and the total economic value
of resilience is always positive. One reason for distinguishing between the two value components of ecosystem resilience, and for studying the insurance value separately, might be that
in an encompassing management-and-decision context the different functions of resilience
may have different substitutes. For example, in many rural areas of developing countries
there is no substitute for agro-ecosystem resilience in enhancing the mean level of farming income, but there is now more and more financial insurance available that serves as a substitute
for resilience’s function to mitigate income risks (Baumgärtner and Quaas 2008, Quaas and
Baumgärtner 2008).
While we have made one specific assumption about risk preferences, i.e. constant absolute
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risk aversion, actually all of our results qualitatively hold more generally for all risk preferences satisfying the von-Neumann-Morgenstern axioms. These axioms, including continuity
and context-independence, appear plausible for standard small-risk situations. But one may
doubt that they adequately describe people’s risk preferences when it comes to catastrophic
(i.e. discontinuous) risk that irreversibly threatens the subsistence level of income, as it is the
case for many threats to the resilience of life-supporting ecosystems. For such risks, it may
be interesting to study how resilience provides insurance under, e.g., safety-first preferences
(Roy 1952, Telser 1955, Kataoka 1963).
One general lesson from our analysis for further discussions of resilience as an insurance
is that the concept of insurance fundamentally refers to both the objective characteristics of
risk in terms of different possible states of nature and people’s subjective risk preferences
over these states. In particular, explicit reference to people’s risk preferences is needed to
meaningfully discuss insurance, to specify the economic insurance value of resilience, and to
meaningfully distinguish the insurance value from other components of the total economic
value of ecosystem resilience.
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Appendix
Throughout the appendix, we denote the risk-aversion-weighted income loss by λ ≡ ρ∆y.

A.1

Proof of Lemma 1

Explicating the general definition of the risk premium (Equation 7) by the CARA-utility function (6) yields
−e−ρ[(1−p(R))yH +p(R)yL −Π(R)] = −(1 − p(R))e−ρyH − p(R)e−ρyL ,

(A.33)

which can be rearranged into
eρΠ(R) =

(1 − p(R))e−ρyH + p(R)e−ρyL
.
e−ρ[(1−p(R))yH +p(R)yL ]

Using ∆y = yH − yL , (A.34) can be solved for Π(R), which leads to Result (11).
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(A.34)

ad (i). Inserting p(0) = 1 or p(1) = 0 into (11) immediately yields Π = 0 (Result 12a). Strict
positivity of Π(R) for all R ∈ (0, 1) (Result 12b) can be demonstrated as follows. Note that
1 − p(R) > e p(R)λ − p(R)eλ

(A.35)

because the right hand side of this inequality approaches 1 − p(R) as λ → 0 and strictly
monotonically decreases with λ ,
i


d h p(R)λ
e
− p(R)eλ = p(R) e p(R)λ − eλ < 0 ,
dλ
since λ > 0 and R ∈ (0, 1), i.e. 0 < p(R) < 1. Inequality (A.35) can be rearranged
1 − p(R)


1 + p(R) eλ − 1
h

i
ln 1 + p(R) eλ − 1
h

i
−p(R)λ + ln 1 + p(R) eλ − 1

> e p(R)λ − p(R)eλ

(A.36)

> e p(R)λ

(A.37)

> p(R)λ

(A.38)

> 0,

(A.39)

which yields, after dividing by ρ > 0, Result (12)b.
ad (ii). Differentiating Result (11) with respect to R yields
(
)
0 (R)
λ −1
p
e
 .
Π0 (R) = −
λ−
ρ
1 + p(R) eλ − 1

(A.40)

By Assumption (2), p0 (R) is strictly negative for all R ∈ (0, 1). Hence, the sign of Π0 (R) is
determined by the sign of the term in braces. For R → 0, using ex > 1 + x for all x 6= 0, one
has
lim λ −

R→0

eλ − 1
eλ − 1
 = λ−
 = λ − 1 + e−λ
1 + p(R) eλ − 1
1 + eλ − 1
> λ −1+1−λ = 0

(A.41)

For R → 1, and again using ex > 1 + x for all x 6= 0, one has
lim λ −

R→1

eλ − 1
eλ − 1
 = λ−
= λ − eλ + 1
λ
1
+
0
1 + p(R) e − 1
< λ −1−λ +1 = 0

(A.42)

And Π0 (R) = 0 for
λ−

eλ − 1
 =0.
1 + p(R̃) eλ − 1
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(A.43)

This can be uniquely solved for R = R̃ where R̃ is defined through
p(R̃) =

1
1
− λ
,
λ e −1

(A.44)

which is equivalent to Result (14), since p0 (R) 6= 0 for all R ∈ (0, 1). Pulling all this information together, from Π0 (0) > 0 (A.41), Π0 (1) < 0 (A.42), and Π0 (R) = 0 if and only if R = R̃
(A.44), it follows that Result (13) holds.
In order to study the properties of R̃ (Equation 14) introduce
F(λ ) =

1
1
,
− λ
λ e −1

(A.45)

so that (A.44) and (14) can be rewritten as
p(R̃) ≡ F(λ ) and R̃ ≡ p−1 (F(λ )) .

(A.46)

Note that
eλ − 1 − λ
eλ − 1
1
1
lim F(λ ) = lim
= lim
= lim
= , (A.47)
λ
λ
2
λ →0
λ →0 λ (e − 1)
λ →0 (1 + λ )e − 1
λ →0 2 + λ
(apply l’Hôpital’s rule twice)
lim F(λ ) =

λ →+∞

lim

λ →+∞

1
1
− lim λ
= 0,
λ λ →+∞ e − 1

(A.48)

1
eλ
1
1
= λ
− 2 < 0 for all λ ,
(A.49)
+
2
λ
2
−λ
λ
(e − 1)
e +e −2 λ
∞
λn
and therefore
(as, through Taylor expansion, eλ = ∑
n=0 n!

F 0 (λ ) = −

2λ 2n
> λ 2 for all λ )
(2n)!
n=1
∞

eλ + e−λ − 2 = λ 2 + ∑
F(λ ) > 0

for all λ .

(A.50)

(follows immediately from A.47–A.49)
From (A.50) it follows immediately that p(R̃) = F(λ ) > 0 for all λ , which implies, with
p0 (R) < 0 for all R, that R̃ < 1 for all λ . On the other hand, from (A.47) and (A.49) one has
that F(λ ) < 1/2 for all λ > 0. Hence, p(R̃) = F(λ ) < 1/2 for all λ , which implies, with
p0 (R) < 0 for all R ∈ (0, 1), that R̃ > R for all λ . This establishes Result (15a).
With (A.46), Assumption 2 (p0 (R) < 0 for all R ∈ (0, 1)) and Property (A.49), it follows
that
d R̃
1
= 0
F 0 (λ ) > 0 .
dλ
p (R̃)
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(A.51)

From that, with λ ≡ ρ∆y it follows immediately that d R̃/dρ > 0 and d R̃/d∆y > 0 (Result 15b). Using (4) and (A.46), R̃ can be rewritten as
1

R̃ = p−1 (F(λ )) = [1 − F(λ )] 1−σ ,

(A.52)

1
d R̃
1
= [1 − F(λ )] 1−σ ln [1 − F(λ )]
<0,
dσ
(1 − σ )2

(A.53)

from which it it follows that

since 0 < F(λ ) < 1/2 (from A.47–A.50) and σ < 1 (by Assumption 4) imply that the first and
third factors are strictly positive and the second is strictly negative.
ad (iii). Differentiate (A.40) again with respect to R:

"
# "
#2 


λ
λ
e −1
e −1
1
00
0
00
p (R) λ −
+ p (R)
Π (R) = −
.
ρ
1 + p(R)(eλ − 1)
1 + p(R)(eλ − 1) 

(A.54)

Under Assumption (4) one has
p(R) = 1 − R1−σ

(A.55)

p0 (R) = −(1 − σ )R−σ

(A.56)

p00 (R) = σ (1 − σ )R−σ −1

(A.57)

Inserting (A.55)–(A.57) into (A.54) yields an explicit equation for Π00 (R) in the elementary
parameters of the model, σ , ρ and ∆y. Systematic numerical simulation of this equation for
all −∞ < σ < 1 and for various ρ, ∆y > 0 yields Results (16) and (17).
ad (iv). By definition, the risk premium is zero for a risk-neutral decision-maker (ρ = 0), and
is known to increase with her degree of risk-aversion ρ (e.g. Gravelle and Rees 2004: 463),
which yields Result (18).
Setting ∆y = 0 in Expression (11) for Π(R) obviously yields Π(R) ≡ 0. That the risk
premium increases with ∆y can be seen from the first derivative of Π(R) with respect to ∆y:
"
#
dΠ(R)
eλ
 −1
= p(R)
d∆y
1 + p(R) eλ − 1


1
(A.58)
= p(R)
−1 .
p(R) + (1 − p(R))e−λ
As e−λ < 1 for λ > 0, and 0 < p(R) < 1 for R ∈ (0, 1), the denominator in the fraction is
strictly smaller than 1, so that the term in brackets is strictly positive and the whole expression
is strictly positive, which yields Result (19).
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From Result (11) it follows that
dΠ(R)
1
=−
dσ
ρ

(

eλ − 1

λ−
1 + p(R) eλ − 1

From (A.40) it is apparent that
(

eλ − 1

λ−
1 + p(R) eλ − 1

so that (A.59) becomes

)
= −ρ

)

d p(R)
.
dσ

Π0 (R)
,
p0 (R)

(A.59)

(A.60)

dΠ(R) Π0 (R) d p(R)
= 0
.
dσ
p (R) dσ

(A.61)

As p0 (R) < 0 for all R ∈ (0, 1), and, with Assumption (4), d p(R)/dσ < 0 for all R ∈ (0, 1),
the sign of dΠ(R)/dσ is determined by the sign of Π0 (R). With Result (13), Result (20) then
follows immediately.
Result (21) follows from Result (11) and noting that model (4) implies
lim p(R) = 0

σ →1

A.2

as well as

lim p(R) = 1

σ →−∞

for all R ∈ (0, 1) .

(A.62)

Proof of Proposition 1

Differentiating −Π(R) with respect to R immediately yields Result (22).
ad (i). Result (23) follows immediately from Definition (8) and Result (13).
ad (ii). Result (24) can be demonstrated by noting that Result (22) implies


1
1
−λ
λ
0
0
I(0) = p (0)
λ −1+e
and I(1) = p (1)
λ −e +1 ,
ρ
ρ

(A.63)

where
λ − 1 + e−λ > 0

and

λ − eλ + 1 < 0 ,

(A.64)

since ex > 1 + x for all x > 0. Under Assumption (4), one has (A.56), so that




0 (0) = 0 and p0 (1) < 0








p
σ
<
0








0
0
if
.
p (0) < 0 and p (1) < 0
σ =0












 p0 (0) < 0 and p0 (1) ≤ 017 
 σ >0 
Combining (A.63)–(A.65), one has



I(0) = 0 and I(1) > 0


I(0) < 0 and I(1) > 0



 I(0) < 0 and I(1) ≥ 018
17 p0 (1) < 0

for σ < 1, and p0 (1) → 0 as σ → 1.
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if




σ <0









,
σ =0






 σ >0 

(A.65)

(A.66)

which means that, in any case, I(0) < I(1), which is Result (24). Result (25) follows immediately from Definition (8) and Result (17).
ad (iii). Results (26), (27), (28) follow from Definition (8), the fact that the function Π(R)
is continuous and differentiable, and Results (12), (18), (19), (20). In, addition, systematic
numerical simulations of Equation (23), using model (4), for all −∞ < σ < 1 and for various
ρ, ∆y > 0 have been employed to demonstrate Result (28). Result (29) follows from Definition (8), the fact that the function Π(R) is continuous and differentiable, and Result (21).

A.3

Proof of Proposition 2

Explicating the general Definition of the ecosystem user’s W T P (Equation 10) by the CARAutility function (6) yields
−(1 − p(R))e−ρyH − p(R)e−ρyL
h
i
= − p(R + ∆R)e−ρ(yL −W T P(∆R)) + (1 − p(R + ∆R))e−ρ(yH −W T P(∆R))


= −eρW T P(∆R) p(R + ∆R)e−ρyL + (1 − p(R + ∆R))e−ρyH .

(A.67)
(A.68)
(A.69)

Rearranging leads to
−eρW T P(∆R) =

−(1 − p(R))e−ρyH − p(R)e−ρyL
.
[p(R + ∆R)e−ρyL + (1 − p(R + ∆R))e−ρyH ]

(A.70)

Solving for W T P(∆R), using ∆y = yH − yL and λ ≡ ρ∆y, yields
W T P(∆R) =
18 I(1) > 0

1
(1 − p(R)) + p(R)eλ
ln
.
ρ (1 − p(R + ∆R)) + p(R + ∆R)eλ

for σ < 1, and I(1) → 0 as σ → 1.
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(A.71)

Using (A.71) in Definition 3 and applying l’Hôpital’s rule, one has
λ

(1−p(R))+p(R)e
ln (1−p(R+∆R))+p(R+∆R)e
λ

1
lim
ρ ∆R→0
∆R
1
(1 − p(R + ∆R)) + p(R + ∆R)eλ
=
lim
ρ ∆R→0
(1 − p(R)) + p(R)eλ


d
1 − p(R) + p(R)eρ∆y
×
d∆R 1 − p(R + ∆R) + p(R + ∆R)eλ
#
"
1
d
1 − p(R) + p(R)eλ
=
lim
ρ ∆R→0 d∆R 1 − p(R + ∆R) + p(R + ∆R)eλ
i
ih
h
0 (R + ∆R) + p0 (R + ∆R)eλ
λ
−p
1
−
p(R)
+
p(R)e
1
= − lim

2
ρ ∆R→0
1 − p(R + ∆R) + p(R + ∆R)eλ

V (R) =

= −

p0 (R)
eλ − 1
.
ρ 1 + p(R) eλ − 1

(A.72)

(A.73)
(A.74)

(A.75)
(A.76)

ad (i). Rearranging Result (30), and using Result (22), immediately yields Result (31).
ad (ii). Expression (A.76) for V is non-negative for all R, since −p0 (R) is non-negative and
the term (eλ − 1) is strictly positive for all R. Hence, Result (32) holds.
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1

Introduction

Natural systems that are used and managed by humans for the ecosystem services they
provide may exhibit non-trivial dynamics. This makes the long-term conservation and
sustainable use of such systems a huge challenge.
In particular, a coupled ecological-economic system may be characterized by limited
resilience (Holling 1973). That is, it exhibits multiple stability domains (“basins of
attraction”) that differ in fundamental system structure and controls as well as in the
level and quality of ecosystem services provided to humans. These stability domains are
separated by thresholds in the system's state variables. Theoretically, the resilience of
the system in some state can be measured by the stability basin’s width – also known as
its “latitude” (Walker et al. 2004). As a result of exogenous natural disturbances or illadapted human interference with the system, the system may flip from one stability
domain into another one with different basic functions and controls (Holling 1973,
Levin et al. 1998, Carpenter et al. 2001, Scheffer et al. 2001). Examples encompass a
diverse set of ecosystem types that are highly relevant for economic use, such as boreal
forests, semi-arid rangelands, wetlands, shallow lakes, coral reefs, or high-seas fisheries
(Gunderson and Pritchard 2002).
As the system undergoes a regime shift and flips from one basin of attraction with
more desirable ecosystem service provision (from the anthropocentric point of view
based on valuation of ecosystem services) to a basin of attraction with less desirable
ecosystem service provision, humans will assess this change as a deterioration in
ecosystem service provision, or even as a “catastrophic” shift (Scheffer et al. 2001).
Such system flips may threaten the intertemporal efficiency of resource management
and the intergenerational equity of ecosystem services use from this system, and may
thus impair a sustainable development (Arrow et al. 1995, Perrings 2001, Perrings 2006,
Mäler 2008, Derissen et al. 2011).
Many studies analyzing the role of resilience for the long-term development of
coupled ecological-economic systems explain limits to resilience, i.e. the existence of
multiple and limited basins of attraction in a dynamic system, by natural characteristics
of the system which exist prior to any human interference with the system, such as e.g.
ecological properties of shallow lakes or the interaction between grass and shrub species
in semi-arid rangelands. Human management of the system then has to be adapted to
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this natural characteristic, or transform the dynamic characteristics of the natural
system, so as to achieve sustainability (e.g. Berkes and Folke 1998, Gunderson et al.
2001, Berkes et al. 2002). How the stability landscape of a coupled ecological-economic
system is determined by, and may be changed through, institutional arrangements has
been analyzed by e.g. Horan et al. (2011).
In this paper, we point out that under open access to ecosystems for profitmaximizing harvesting firms – which describes many exploited ecosystems – consumer
preferences may induce similar characteristics into a dynamic system. Here, the term
“consumer preferences” denotes the preferences that consumers hold over the different
commodities that are directly consumed, including ecosystem services, based on the
individual utility conferred by such consumption – in contrast to preferences for
particular ecosystem states or properties that may indirectly result from consumers’
behaviour (“green consumerism”).
A decrease in the resilience of some desired state in a coupled ecological-economic
system, i.e. a decrease in the corresponding stability basin’s width or an increase in the
number of alternative basins of attraction, may arise due to particular consumer
preferences for ecosystem services, even if the underlying ecological processes are
rather simple and management institutions are stable. To demonstrate this, we present a
model of a simple multi-species ecosystem that may be harvested for economic
purposes by profit-maximizing resource-extracting firms. We model biological
interactions as competition between the species. We show that multiple basins of
attraction may be introduced into the system's dynamics, and, thus, the width of some
desired state’s basin of attraction may decrease, solely as a consequence of changes in
consumer preferences. We also analyze how the resilience properties of the coupled
ecological-economic system depend on the consumers' preferences for ecosystem
services and on the degree of biological interaction between species. Thus, we clearly
distinguish the effects of economic use and consumer preferences from the effect of
ecological interactions on the system’s resilience properties.
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2

M
Model

h
stylizzed description of dyn
namic
Conssider the foollowing moodel, whichh gives a highly
ecoloogical-economic system
ms. Societyy consists of
o n identiccal individuuals whose wellbeingg derives from
f
the consumptionn of manuffactured gooods (y) annd two diffferent
ecosyystem serviices, say fishh (c) and tim
mber (h). Assume
A
that all three gooods are essential
for individual well-being
w
a that thhe two ecossystem servvices are coomplementaary in
and
humaan well-being. Then, a representaative househ
hold’s welll-being can be describeed by
the utility
u
functiion

(1)

.

Paarameter α (with 0<α<
<1) expressses the reprresentative household's
h
s dependencce on
ecosyystem serviices, where a higher vaalue of α deescribes a hiigher relativve importan
nce of
ecosyystem serviices for thee householdd’s utility. Parameter
P
σ (with σ>00) representts the
elasticity of subbstitution beetween the consumption
c
n of fish annd timber: a smaller vallue of
σ impplies a highher degree of
o complem
mentarity of fish and tim
mber. In thee limit σ→0
0, fish
and timber wouuld be perffect compleements and
d utility woould be dettermined by
y the
relatiively scarceer ecosystem
m service only.
o
In thee opposite limit
l
σ→∞, fish and tiimber
woulld be perfecct substitutees and utilitty would be determineed only by the sum off both
ecosyystem services.
Thhe dynamiccs of the stoocks of fishh (x) and wood
w
(w) is described bby the follo
owing
systeem of differential equattions

(2)

(3)

,

,
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w
where
the funnctions f(x,w) and g(w
w,x) describ
be the intrinnsic growth of the stoccks of
fish and
a wood, and
a C and H denote thhe aggregatee amounts of
o fish and ttimber harveested.
For expositionaal simplicityy, we speccify f(x,w) and g(w,x)) in a stanndard mann
ner as
logisstic growth functions with
w compeetitive interraction betw
ween speciees (e.g. Sch
heffer
20099: Appendixx A4):

(4)

,

(5)

,

w
where
ρi denootes the intrrinsic growtth rate and κi the carryiing capacityy of the stoccks of
fish (i=x) and wood
w
(i=w)), respectively, and γi denotes thee impact off competitio
on on
speciies i (i=x,w
w) from the other speciies. The speecification of
o logistic ggrowth funcctions
and this
t particullar form of biological interaction
i
is by no meeans essentiial for the reesults
derivved below. But usingg a well-knnown functtional form
m of the biiological grrowth
functtions f(x,w)) and g(w,xx) helps to clarify
c
the argument and
a to highhlight the ro
ole of
consuumer preferrences for thhe dynamics of the eco
ological-ecoonomic systeem.
Thhe consumpption of eccosystem seervices reliees on the harvest
h
of fish and tim
mber.
Therre are mx iddentical fishh-harvestingg firms and
d mw identiccal timber-hharvesting firms,
f
wherre the exactt numbers are
a endogennously deterrmined accoording to m
market conditions
in these two secctors. Let ex and ew dennote the effo
ort, measureed in units oof labor, speent by
ome repressentative tim
mber-harvesstingsomee representaative fish-hharvesting-ffirm and so
firm.. The maxximum amoounts of fissh and tim
mber that can
c be harvvested from
m the
respeective stockks by indivvidual firms are descrribed by Gordon-Scha
G
aefer produ
uction
functtions

(6)

,

(7)

,
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where νx and νw denote the productivity of harvesting fish and timber, respectively.
Then, the aggregate amounts of fish and timber harvested are simply

(8)

,

(9)

.

Assume that each household inelastically supplies one unit of labor, so that total
labor supply of the economy is equal to human population size n. Households work
either in one of the resource harvesting sectors or in the manufactured-goods sector.
Assuming that labor is the only factor input for the production of manufactured goods,
and that production is through a constant-returns-to-scale technology, i.e. each unit of
labor produces ω > 0 units of output, aggregate output of manufactured goods is

(10)

3

.

Analysis

In order to show that under open access to ecosystems for profit-maximizing harvesting
firms consumer preferences about ecosystem services essentially matter, we analyze the
resilience properties of the coupled ecological-economic system for different scenarios
in terms of resource-management and consumer preferences. To this end we employ
local and global stability analysis based on graphical representation of the system's
dynamics in state space. The analytics behind the graphical representation are derived in
the Appendix.

3.1 Natural dynamics
In the absence of any resource harvesting by society, the system's dynamics is
completely determined by the natural dynamics of the two resources stocks of fish and
wood, described by Equations (2)–(5) with C=H=0. This scenario goes back to Lotka
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(19322) and Vollterra (19266) and sets the benchm
mark againsst which wee then stud
dy the
influuence of harvesting andd consumer preferencess on resiliennce.
Iff the dynam
mics of the tw
wo resourcee stocks are independennt of each oother, i.e. iff there
is noo inter-speccies compeetition (γx=γγw=0), both
h stocks coonverge to their respeective
carryying capacitties. The isooclines dx/ddt=0 and

= 0 thus aree the straighht lines with
hw=

κw annd x = κx, reespectively.. This dynam
mics is reprresented by the upper pphase diagraam in
Figurre 1 for parrameter valuues ρx=ρw=00.5 and κx=κw=1. The green
g
line iss the isoclin
ne for
dx/dtt=0, the redd line is the isocline forr dw/dt=0. Below
B
(abovve) the dx/ddt= 0-isoclin
ne the
dynaamics is chharacterizedd by dx/dt>
>0 (<0). Likewise, lefft (right) of the dw/d
dt= 0isoclline the dynnamics is chharacterized by dw/dt> 0 (<0). In each
e
segmennt of state space,
s
the green
g
and reed arrows inndicate thiss direction of
o dynamics. At the inntersection of
o the
isocllines (point D: x=1, w=
=1), one has dx/dt=dw/d
dt=0 and thee arrows inddicate that this
t is
a stabble equilibrrium.
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Figure 1: Phase diagrams in state space for the ecosystem's natural dynamics
without any harvesting (C=H=0). Dynamics is characterized by dx/dt>0 (<0) below
(above) the green line, and dw/dt>0 (<0) left (right) of the red line. Blue lines indicate
saddlepaths. The upper diagram displays the case of independent species (γx=γw=0). In
the middle diagram inter-species competition is weaker than intra-species competition
(γx=γw=0.25), and in the lower diagram, inter-species competition is stronger than intraspecies competition (γx=γw=1.25). Parameter values for all diagrams: ρx=ρw=0.5,
κx=κw=1.
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Other than D, the system has three more equilibria: A (x=w=0), B (x=1, w=0) and C
(x=0, w=1). In the absence of inter-species competition (γx=γw=0), it is obvious from the
state-space representation (Figure 1, upper diagram) that A is an unstable equilibrium,
while B and C are locally saddlepoint-stable equilibria. The basin of attraction
corresponding to the only stable equilibrium, D, comprises the entire state space with
the exception of the axes (x=0, w≥0) and (x≥0, w=0). >From any system state in this
domain will the system automatically converge towards equilibrium D. So, equilibrium
D is (almost) globally stable – where the “almost” refers to the exception of the axes. In
terms of resilience, (almost) every state of the natural system is therefore characterized
by (almost) unlimited resilience.
If the system exhibits inter-species competition, neither stock reaches its full carrying
capacity due to competition from the other species (Figure 1, middle and lower
diagrams). As long as inter-species competition is weaker than intra-species competition
(γi<1), however, the ecosystem still exhibits one almost globally stable equilibrium at
point D (Figure 1, middle diagram). In terms of resilience, (almost) every state of the
natural system with moderate ecological interaction (0≤γi<1) is therefore characterized
by (almost) unlimited resilience.
If inter-species competition is stronger than intra-species competition (γi>1, Figure 1,
lower diagram), this changes fundamentally as point D no longer represents an almost
globally stable equilibrium. D is now only saddlepoint-stable, but B and C are locally
stable. Hence, the system exhibits two corresponding basins of attraction: the area
northwest of the saddlepath is the basin of attraction for equilibrium B, the area
southwest of the saddlepath is the basin of attraction of equilibrium C. Due to an
exogenous disturbance, the system may flip from one basin of attraction to another. This
means, ecological interaction in the form of strong inter-species competition has a
destabilizing effect on the ecosystem.

3.2 Profit-maximizing harvesting under open access to ecosystems significantly
weakens resilience
We now include the impact of economic resource use. That is, we no longer study an
isolated natural system (as in the last section), but a coupled ecological-economic
system with profoundly different resilience properties. In this section, we study this
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impact for one given level of mild complementarity between ecosystem services in
consumption, and without inter-species competition. In the next section, we then
systematically study variations in these two parameters – complementarity and interspecies competition.
We suppose for the economic part that profit-maximizing firms can harvest the
resource species from their natural stocks under open-access and competitively sell
these ecosystem services as market products to consumers. This is the currently
dominant economic institution for the use of ecosystem services. Compared to the
scenario without resource harvesting and with not-too-strong inter-species competition
(cf. Figure 1, upper and middle phase diagrams), the stability properties of the
ecosystem are now fundamentally altered (for the mathematical derivation, see
Appendix). This dynamics is represented by the state-space diagram shown in Figure 2
for parameter values ρx=ρw=0.5, κx=κw=1, γx=γw=0, νx= νw=1, α=0.6, σ=0.4 and n=1.

Figure 2: Phase diagram for the ecosystem's dynamics under open access and profitmaximizing harvesting. Dynamics is characterized by dx/dt>0 (<0) left (right) of the
green line, and dw/dt>0 (<0) below (above) the red line. A is an unstable equilibrium; E
and F are locally saddlepoint-stable equilibria; B, C and D are locally stable equilibria;
the corresponding basins of attraction are the area northeast of the upper saddlepath (for
B), the upper saddlepath (for F), the area in between the two saddlepaths (for D), the
lower saddlepath (for E), and the area southwest of the lower saddlepath (for C).
Parameter values: ρx=ρw=0.5, κx=κw=1, γx=γw=0, νx= νw=1, α=0.6, σ=0.4, n=1.
Again, the green line is the isocline for dx/dt=0, the red line is the isocline for
dw/dt=0. Left (right) of the dx/dt=0-isocline the dynamics is characterized by dx/dt>0
(<0). Likewise, below (above) the dw/dt=0-isocline the dynamics is characterized by
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dw/dt>0 (<0). In each segment of state space, the green and red arrows indicate this
direction of dynamics. While A (x=w=0) is still an unstable equilibrium, B (x=1, w=0)
and C (x=0, w=1) are now locally stable equilibria. D is still a stable equilibrium, but it
is now only locally stable. In addition, there are two new equilibria, E and F, which are
locally saddlepoint-stable. The basins of attraction associated with the stable equilibria
are as follows: the area northwest of the upper saddlepath (for B), the upper saddlepath
(for F), the area in between the two saddlepaths (for D), the lower saddlepath (for E),
and the area southeast of the lower saddlepath (for C).
It is obvious that the particular resource management institution considered here –
open access to ecosystems of profit-maximizing harvesting firms – has fundamentally
altered the resilience properties of the ecosystem. While in the absence of resource
harvesting and not too-strong inter-species competition there exists only one (almost)
globally stable equilibrium, so that (almost) every state of the system is characterized by
(almost) unlimited resilience, under open access to ecosystems of profit-maximizing
harvesting firms the system has three locally stable equilibria. Each of those has an
associated basin of attraction which comprises only a limited part of the state space, so
that the system may flip from one basin of attraction to another one as a result of
exogenous disturbance. In particular, equilibrium D (with both resource species in
existence) and any state in its basin of attraction have only limited resilience, and any of
those states may be disturbed in a way that the system flips into another basin of
attraction with another locally stable equilibrium characterized by extinction of one or
the other species.

3.3 Complementarity and relative importance of ecosystem services in
consumption decrease resilience
Consumer preferences about ecosystem services and manufactured goods are a
significant determinant of an ecosystem's resilience properties. This is demonstrated
here by illustrating for the institutional setting considered previously – open access to
ecosystems of profit-maximizing harvesting firms – how a change in the elasticity of
substitution σ between the consumption of fish and timber, and how a change in the
relative importance of ecosystem services α, affect the resilience properties of the
ecosystem.
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In the previous section, the analysis of that setting was carried out for an elasticity of
substitution between the consumption of fish and timber of σ=0.4, which reflects a mild
complementarity (cf. Figure 2). Figure 3 illustrates the resilience properties of the
ecosystem when – everything else being equal – the elasticity of substitution changes to
σ=0.95 (low complementarity) and σ=0.05 (high complementarity).

Figure 3: Phase diagrams for the ecosystem's dynamics under open access and
profit-maximizing harvesting for low complementarity (σ=0.95, left diagram) and high
complementarity (σ=0.05, right diagram) between ecosystem services in consumption.
Dynamics is characterized by dx/dt>0 (<0) below (above) the green line, and dw/dt>0
(<0) left (right) of the red line. In the left phase diagram, A is an unstable equilibrium, B
and C are locally saddlepoint-stable equilibria, D is the only and (almost) globally
stable equilibrium; the corresponding basin of attraction comprises the entire state space
with the exception of the axes (x=0, w≥0) and (x≥0, w=0). In the right phase diagram, A
is an unstable equilibrium, B and C are locally stable equilibria; the corresponding
basins of attraction consisting of the areas northeast (B) and southwest (C) of the
saddlepath; D is a saddlepoint-stable equilibrium whose basin of attraction is just a onedimensional line. Parameter values for both diagrams: ρx=ρw=0.5, κx=κw=1, γx=γw=0, νx=
νw=1, α=0.6, n=1.

From Figure 3 (left diagram) it is apparent that even for open access and profitmaximizing resource harvesting, with low complementarity between ecosystem
services in consumption the resilience properties of the system are very similar as in
the natural dynamics without human resource management and with moderate interspecies competition. That is, with low complementarity between ecosystem services
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in consumption, and a low relative importance of ecosystem services, resource
harvesting only lowers the species’ abundances at the stable equilibrium D (cf. Figure
1), but this equilibrium and every state of the system in its basin of attraction are
characterized by (almost) unlimited resilience.
With increasing complementarity between the two ecosystem services in
consumption, i.e. a decreasing value of σ, the resilience of this equilibrium reduces. The
reason for this decrease in resilience is a vicious circle brought about by the
complementarity between ecosystem services. Since the benefits from ecosystem
services use are limited by the scarcer service, more effort is spent on harvesting this
resource. The increased harvesting effort, in turn, reduces the abundance of that
resource even further, thus leading to self-re-enforcing dynamics. At a certain threshold
value of σ (σ =1/3 for the parameter values used to compute the figures) the locally
stable equilibrium D in Figure 3 (left diagram) loses its stability and turns into an only
saddlepoint-stable equilibrium (Figure 3, right diagram). The basin of attraction for this
equilibrium is just a one-dimensional line. This means, its resilience is extremely
reduced and the state of the system is very brittle and sensitive to exogenous
disturbance.
Consumer preferences influence the ecological-economic system’s resilience
properties also via the relative importance of ecosystem services in the consumer’s
utility function, α. If ecosystem services are relatively unimportant in the utility
function, as compared to the manufactured good, the system shows almost unlimited
resilience. In contrast, increasing the relative importance of ecosystem services
destabilizes the system. If the relative importance of ecosystem services is very large,
the ecosystem’s resilience sharply declines and small exogenous perturbations may lead
to extinction of one of the species.
Figure 4 illustrates this result. Taking Figure 2 again as a reference point, the phase
diagrams of Figure 4 show how changes in the relative importance of ecosystem
services in the consumer’s utility-function alter the resilience properties of the system.
Everything else being equal, decreasing the value of α from 0.4 to 0.25 stabilizes the
system in that interior equilibrium D is now almost globally stable (Figure 4, left
diagram). Conversely, increasing the relative importance of ecosystem services in the
consumer’s utility function by raising α from 0.4 to 0.75 entails destabilization of the
system: the interior equilibrium’s basin of attraction now consists only of the

104

saddlepath, so its resilience is sharply reduced and the system is very sensitive to
exogenous disturbance (Figure 4, right diagram).

Figure 4: Phase diagrams for the ecosystem's dynamics under open access and
profit-maximizing harvesting for different levels of relative importance of ecosystem
services, α. Dynamics is characterized by dx/dt>0 (<0) left (right) of the green line, and
dw/dt>0 (<0) below (above) the red line. Blue lines indicate saddlepaths. In both
diagrams, A is an unstable equilibrium. In the left diagram, relative importance of
ecosystem services is low (α=0.25) and D is an (almost) globally stable equilibrium,
while B and C are only saddlepoint-stable. In the right diagram, relative importance of
ecosystem services is high (α=0.75) and D is only saddlepoint-stable while B and C are
locally stable, the corresponding basins of attraction consisting of the areas northeast
(B) and southwest (C) of the saddlepath. Parameter values for both diagrams:
ρx=ρw=0.5, κx=κw=1, γx=γw=0, νx= νw=1, σ=0.4, n=1.

In passing we note that increasing the productivity of the harvest technology, νx and
νw, has qualitatively exactly the same effect as increasing the relative importance of
ecosystem services in the consumer’s utility function, α: in a market economy and under
open access to ecosystems, both changes lead to an increase in harvesting pressure,
which reduces the potential for sustainable resource use. Similarly, decreasing the
resources’ intrinsic growth rates, ρx and ρw, lowers their ability to recover from
harvesting and destabilizes the system in qualitatively the same way.
The general insight from the analysis so far is that resilience of the interior
equilibrium with both resource species in existence (point D) tends to decrease (i) with
increasing complementarity, i.e. decreasing elasticity of substitution, between the two
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ecosystem services in consumption and (ii) with increasing relative importance of
ecosystem services for the consumer’s well-being. In other words, while
complementarity and relative importance of ecosystem services in consumption reduce
the resilience of the interior equilibrium with both resource species in existence,
substitutability and relative unimportance of ecosystem services in consumption tend to
make this equilibrium and all system states in its basin of attraction more resilient. This
general insight continues to hold with inter-species competition. This is shown in the
remainder of the section.
Whereas in Figures 2 to 4 there was no inter-species competition, in the analogously
constructed phase diagrams of Figure 5 there is weak inter-species competition
(γi=0.25). Figure 5 shows that the destabilizing effect of complementarity in
consumption also occurs under inter-species competition. The same holds for the
destabilizing effect of relative importance of ecosystem services (not shown).
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Figure 5: Phase diagrams for the ecosystem’s dynamics with inter-species competition
for different levels of complementarity between ecosystem services in consumption, σ.
Dynamics in each diagram is characterized by dx/dt>0 (<0) left (right) of the green line,
and dw/dt>0 (<0) below (above) the red line. Blue lines indicate saddlepaths. The upper
diagram shows the case of low complementarity (σ=0.95), the middle diagram displays
mild complementarity (σ=0.4) and the lower diagram high complementarity (σ=0.05).

107

Parameter values for all diagrams: ρx=ρw=0.5, κx=κw=1, γx=γw=0.25, νx= νw=1, α=0.6,
n=1.
In all three phase diagrams of Figure 5, equilibrium A, where both species are
extinct, is unstable. In the case of low complementarity (σ=0.95, upper diagram, Figure
5), D is an almost globally stable equilibrium, whereas B and C are only saddle-point
stable. Thus, there is only one basin of attraction and co-existence of both species is
likely. At a certain threshold value of σ (about σ=0.62 for the parameter values used to
compute the figures) the locally stable equilibrium D loses its stability and turns into a
saddlepoint-stable equilibrium: D lies on a saddle-path and B and C are locally stable
equilibria. In other words, if complementarity is high enough, there are two basins of
attraction and the interior equilibrium D exhibits very limited resilience (σ=0.4, middle
and σ=0.05, lower diagram, Figure 5). Note that compared to Figures 2–4, the threshold
value of σ in Figure 5 is higher (i.e. threshold-complementarity is lower) due to the
additional destabilizing effect of species competition.
The destabilizing effect of increasing inter-species competition also occurs under
resource harvesting. This is shown in Figure 6 for a given level of resource
complementarity. Without inter-species competition (γx=γw=0, upper diagram, Figure 6),
the interior equilibrium D with both resource species in existence is locally stable, but
exhibits limited resilience due to open-access resource harvesting. The resilience of this
interior equilibrium sharply decreases with the introduction of species competition
(γx=γw=0.25, middle diagram, Figure 6): equilibrium D’s basin of attraction shrinks to a
one-dimensional-line. Thus the system is very brittle and sensitive to exogenous
disturbances. Once dislodged from point D, the system will converge to either point B
or C, where only one of the species exists. Both B and C remain locally stable
equilibria. Further increasing the strength of inter-species competition (γx=γw=1.25,
lower diagram, Figure 6) entails lower abundances of both species at the saddlepointequilibrium D.
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Figure 6: Phase diagrams for the ecosystem’s dynamics at a given level of resource
complementarity and increasing inter-species competition, γi. Dynamics in each
diagram is characterized by dx/dt>0 (<0) left (right) of the green line, and dw/dt>0 (<0)
below (above) the red line. Blue lines indicate saddlepaths. The upper diagram displays
the case of independent species (γx=γw=0). Competition occurs in the middle
(γx=γw=0.25) and increases in the lower (γx=γw=1.25) diagram. Parameter values for all
diagrams: ρx=ρw=0.5, κx=κw=1, νx= νw=1, α=0.6, σ=0.4, n=1.
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Comparing Figure 6 to Figure 1 shows that the effects on resilience of increasing
inter-species competition are also present under economic resource use. In Figure 6
however, as equilibrium D’s resilience is already decreased by resource harvesting and
consumer preferences, low levels of species competition are sufficient to significantly
further decrease the resilience of state of the system. Put another way, open-access
economic resource use, relative importance of ecosystem services and complementarity
in consumption entail a decrease of resilience which may be even larger with stronger
species competition.

4

Discussion and conclusion

Our analysis has demonstrated that consumer preferences are an important determinant
of the dynamic characteristics of coupled ecological-economic systems, such as limited
resilience. In particular, we have clearly distinguished the effects of economic use and
consumer preferences from the effect of ecological interactions on the system’s
resilience properties.
We have identified three destabilizing effects that genuinely stem from consumer
preferences in an ecological system used for economic purposes: First, we have shown
that profit-maximizing harvesting by competitive firms under open access to the
ecosystem considerably weakens the resilience of the interior equilibrium of the coupled
ecological-economic system as compared to the natural dynamics. Second, we have
shown that complementarity of ecosystem services in consumption significantly reduces
the resilience of the system’s interior equilibrium where both species are in existence.
The economic logic behind this result is the following: out of two complementary
ecosystem services, the scarcer one is limiting the benefits from ecosystem service use.
Hence, under an institutional setting of open access, this ecosystem service is the one to
which harvesting is directed primarily. The increased harvesting effort, in turn, reduces
the abundance of that resource even further, thus leading to self-re-enforcing dynamics.
Third, we have shown that an increased relative importance of ecosystem services for
the consumer’s well-being destabilizes the system. The economic logic behind this
result is the following: if consumers’ well-being derives to a larger degree from
ecosystem services, the share of their budget spent on ecosystem services increases. In a
market economy and under open access to resource, this leads to an increase in
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harvesting pressure, which reduces the potential for sustainable resource use.
Conversely, if the consumer’s well-being does not, or only to a small degree, derive
from consuming ecosystem services, harvesting pressure on the ecosystem is very low
and it displays an almost globally resilient interior equilibrium. These three preferenceeffects act in addition to the ecological mechanisms that are well-known to destabilize
an ecological-economic system and to give rise to multiple basins of attraction and
limited resilience: increased competition between species and low intrinsic growth rates
(e.g. Scheffer 2009).
While our model analysis was based on specific functional forms and certain
properties of the particular functions used, of course, determine the results obtained, our
results would qualitatively survive a fair amount of generalization. As for the utility
function (1), the crucial property, upon which our results critically depend, is the
complementarity between the two ecosystem services and the substitutability of
aggregate ecosystem services by manufactured goods. As for the logistic growth
functions (4) and (5) for both biological resources, the crucial property, upon which our
results critically depend, is that the intrinsic growth rate is bounded as the stock declines
to zero. Other models with this property, such as e.g. the Beverton-Holt (1957) or the
Ricker (1954) models used to describe the dynamics of fish stocks, would yield
qualitatively the same results. In contrast, if the intrinsic growth rate increased to
infinity as the stock level declines to zero one would obtain qualitatively very different
results. Assuming the existence of a minimum viable population level for one or both
biological resources would make the whole system even more instable, as we have
demonstrated elsewhere (Derissen et al. 2011), and would therefore reinforce our
results. As for the Gordon-Schaefer-harvest functions (6) and (7), the crucial property,
upon which our results critically depend, is that harvest positively depends on the stock
level. Any other harvest function with this property would yield qualitatively the same
results. As for the institutional setting, strong complementarity between ecosystem
services reduces the resilience of the ecological-economic system also when resources
are optimally managed, provided the discount rate applied is relatively large (Quaas et
al. 2011).
In the joint endeavor of natural and social scientists as well as practitioners of
resource management to understand and manage coupled ecological-economic systems

111

for sustainability, our results call for truly interdisciplinary and integrated analysis of
such systems and their management.
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Appendix
Taking manufactured goods as the numeraire, the representative household’s utility
maximization problem is
max u(y, c, h)

subject to

y,c,h

ω = y + px c + pw h ,

(A.1)

where px and pw are the market prices of fish and timber, respectively. With utility
function (1), this leads to Marshallian demand functions for fish and timber:
p−σ
x
and
p1−σ
+
p1−σ
x
w
p−σ
h(px , pw , ω) = α ω 1−σ w 1−σ .
px + pw
c(px , pw , ω) = α ω

(A.2)
(A.3)

Profits of representative firms harvesting fish and timber are given by
πx = px cprod − ω ex = (px νx x − ω) ex

and

πw = pw hprod − ω ew = (pw νw w − ω) ew ,

(A.4)
(A.5)

where production functions (6) and (7) have been employed in the second equality. In
open-access equilibrium, which is characterized by zero profits, i.e. πx = 0 and πw = 0
for all firms, we thus have the following relationships between equilibrium market prices
and resource stocks of fish and wood:
ω −1
x
and
νx
ω −1
pw =
w .
νw
px =

(A.6)
(A.7)

Inserting these expressions into demand functions (A.2) and (A.3), we obtain openaccess per-capita resource demands of fish and timber as functions of the respective
resource stocks:
c(x, w) = α
h(x, w) = α

(νx x)σ
(νx x)σ −1 + (νw w)σ −1
(νw w)σ
(νx x)σ −1 + (νw w)σ −1
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and

(A.8)

.

(A.9)

General market equilibrium, when aggregate supply equals aggregate demand on the
markets for both ecosystem services, is characterized by the conditions
C = mx cprod = nc(x, w) and
H = mw hprod = nh(x, w) .

(A.10)
(A.11)

Inserting these market-clearing-conditions into equations (2) and (3) yields the following system of coupled differential equations that characterize the dynamics of the
ecological-economic system in the general market equilibrium:
dx
= f (x, w) − nc(x, w) and
dt
dw
= g(w, x) − nh(x, w) ,
dt

(A.12)
(A.13)

where f (x, w) and g(w, x) are given by Equations (4) and (5), and c(x, w) and h(x, w) are
given by Equations (A.8) and (A.9). The phase diagrams in the main text graphically
display the dynamics in state space determined by the system of Equations (A.12) and
(A.13).
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Chapter 5: How real options and ecological resilience thinking can
assist in environmental risk management
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Abstract: In this paper, we describe how real option techniques and resilience thinking can be
integrated to better understand and inform decision making around environmental risks within
complex systems. Resilience thinking offers a promising framework for framing environmental
risks posed through the non-linear responses of complex systems to natural and human-induced
disturbance pressures. Real options techniques offer the potential to directly model such
systems including consideration of the prospect that the passage of time opens new options
while closing others. The implications (cost) of risk can be described by option prices that
describe the net present values generated by alternative regimes in the resilience construct, and
the shadow prices of particular attributes of resilience such as the speed of return from a shock
and the distance or time to transition. Examples are provided which illustrate the potential for
integrated resilience and real options approaches to contribute to understanding and managing
environmental risk.
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1 Introduction
Environmental risks are no less a feature of modern society than of times past, and the
exposure of society is growing due to population growth and climate change in particular. The
pertinence of questions about risk is illustrated by the debate on climate change action: what
are the risks? And, what are the consequences of these risks? Alternatively, how much and
when should we invest in avoiding or abating the consequences? Our focus in this paper is to
describe the potential to integrate resilience theory and real options approaches to inform the
cost and management options of complex environmental risks in ecological systems (such as
via pre-emptive and responsive investments in protection, restoration, or adaptation).
Resilience thinking offers a way of framing the responses of complex social and ecological
systems to human and other interventions (Walker and Salt 2006). The concept of resilience
as set out by Holling (1973) comprises two key elements for the purposes of risk research.
First, resilience relates to the capacity of the system to absorb shocks or continuous
disturbances while maintaining stability (remaining within a single basin of attraction) –
generally represented as the reliable delivery of a set of ecosystem or other services. The
second element relates to the consequences of disturbance which results in transition of the
system to a different state (or basin of attraction). These transitions may be irreversible and
non-desirable in the sense that they may lead to a less preferred state (a state which delivers a
less valued mix of services). Resilience is directly linked to the concept of risk via an
interpretation of transition potential as a probability; albeit often non-measurable (uncertain).
Real options are the application of the methods of finance to a wider range of real world
problems to understand the implications of decisions (i.e., to make, abandon, or adjust
investments, policies or other interventions) and the passage of time in creating new options
and foreclosing others. These features of real options approaches can accommodate resilience
thinking by considering the uncertainty of transition, time, and the concepts of irreversibility
and path dependent transitions between states. Real option approaches offer a tool for
‘valuing’ the consequences of transitions from one state to another as an option price relating
to the difference in net present values between two different states of a system. Real options
approaches also estimate shadow prices of particular attributes of resilience that can be
characterised as environmental risks including the speed of return following disturbance, the
distance to a threshold, and the expected time to system transition.
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For policy purposes there are three useful interpretations of the real options approach to
understanding and dealing with risk and resilience. First, the approach can inform questions
about whether and when investment in avoiding or mitigating risk is worthwhile by reference
to the option price. Second, real options shadow prices can help inform what types of risk
reducing investment are most likely to be useful. Third, the approach can be used to inform
how we respond to system resilience and the consequent risk to ecosystem service provision
in terms of switching decisions about management or investment. A simple ecological
example relating to system transition caused by eutrophication of a freshwater lake illustrates
these three interpretations. First, option prices can help inform investments in avoiding the
risk of eutrophication, such as whether it is worthwhile investing and when to invest. Second,
shadow prices can help identify the marginal value of investment in protecting or enhancing
particular aspects of resilience and the consequent risk. Finally, the difference in values
derived from each system and shadow prices can help inform adaptation decisions to
eutrophication where it is not worthwhile or possible to manage environmental risk.
The paper is set out as follows. In the next section we use the concept of resilience thinking
to frame and conceptualise how systems respond to disturbances and how to operationalise
the concept to aid in evaluating risk. In section three we focus on the information for
managing complex systems using a real options approach and we provide a simplified
illustration of the approach and the outputs that would result. In section four we use examples
of real options applications to describe how these approaches can be used to inform resilience
thinking. We conclude with a brief summary of the potential for integrated resilience thinking
and real options models to inform environmental risk management, noting the difficulties in
practical applications.

2 Resilience as a construct for evaluating risk
2.1 The concept of resilience in social and ecological systems
The “Resilience Alliance” defines resilience as

“the capacity of a system to absorb

disturbance and reorganize while undergoing change so as to still retain essentially the same
function, structure, identity, and feedbacks” (Walker et al. 2004: 2). It is an ecological
construct originally used to frame non-linear ecological responses to disturbance. This
concept of resilience is rooted in Holling’s (1973) seminal article on stability and non-linear
changes in ecosystems. Resilience is measured by the duration and magnitude of disturbance
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a system can absorb before it switches into another, qualitatively different stable state with a
different functional structure and which provides a different, potentially less valued, set of
goods and services. A resilient system can absorb exogenous shocks without changing its
basic processes. However, a loss of resilience makes the system prone to disturbances and
small changes in exogenous conditions may trigger a fundamental change in the system’s
functional structure (the notion of a non-linear response to disturbance).
The best-known example of alternating stable states in ecosystems is probably found in
eutrophication of shallow lakes. Initially, a shallow lake’s pristine stable state is characterized
by clear water and rich submerged vegetation. Human farming activities often increase the
nutrient concentration in shallow lakes. This nutrient loading has no perceivable impact on the
water clarity until a critical threshold is reached and the lake undergoes an abrupt transition to
the turbid water stable state. In this system configuration, submerged vegetation is almost
completely absent and different feedback cycles keep the lake in the new stable state (see for
example Carpenter et al. 1999). Other examples include switches between a coral-dominated
and an algae-dominated stable state in coral reefs, and switches between a grassy stable state
and one dominated by shrubs in semi-arid savannahs (see also Scheffer et al. 2001 for an
overview).1
2.2 Implications of resilience thinking for system analysis
“Resilience thinking” provides a framework for understanding and evaluating the risk of a
system change, and in particular the potential for a non-linear response to disturbances and
transitions between potential system states. The transitions between stable states may be
evaluated along the two dimensions of desirability and reversibility. First, stable states may be
favourable or unfavourable. Hence, transitions are either beneficial or detrimental and system
management will either aim at inducing or preventing transitions. An example for a stable
state that is highly resilient yet not beneficial from a human point of view is the Sahara desert.
Until around 6000 years ago, the North African climate was much wetter than today and large
areas were covered with vegetation including wetlands and lakes. Since the abrupt transition
to the desert state (a “catastrophic shift” in the terminology of Scheffer et al. 2001), a strong
albedo-related vegetation feedback keeps the system in this stable state (see for example
Knorr and Schnitzler 2006).
Second, not all transitions are reversible in any practical sense. The forward and backward
transitions may occur at different values of the system variables; termed “hysteresis” (Dixit
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1989, 1992 albeit an equivalent economic interpretation). Whereas the forward transition
might have been triggered by an incremental variable change, the backward transition will not
be induced by an equivalent incremental change and indeed may require a much larger
variable change. Thus, the system exhibits path dependence. An irreversible transition implies
a system so hysteretic that a backward shift cannot be effectuated. Clearly, the costs of
reversing a transition increase with the system’s hysteresis. That is, although a backward shift
might be theoretically possible, it could be too costly to achieve.
Although common in a variety of ecosystems, non-linear transitions between multiple
stable states may also arise from human management of the ecosystem (see Quaas et al. 2008
for example). In a simple system without complex ecological interactions, limited resilience
may be induced into a dynamic state by particular human preferences and resource
management institutions. Thus, resilience thinking is ideal to frame the dynamics of coupled
social-ecological systems – and these dynamics do not only concern the interactions within a
single system but also across different systems. Following Gunderson and Holling (2002),
human and natural systems form clumped, interdependent structures on different scales in
time and space. This in turn suggests that the concept of resilience is also relevant for purely
man-made systems. Understood as a general concept indicating the risk of a transition
occurring, the “resilience perspective” (Walker and Salt 2006) might be applied to any
economic or social system that exhibits different stable states. Evidence for non-linear
transitions in societies exists throughout human history (see for example Tainter 1988;
Diamond 2005; Scheffer 2010) and in economic systems (Dixit 1989, 1992).
2.3 Can resilience be considered as risk?
At this point it is worth defining how we term risk and related terms in this paper. Common
parlance tends to refer to risk as the likelihood (not specified as a probability) of an event with
adverse consequences and for which there are opportunities to manage the risk in some way.
Economists typically apply a more formal definition dividing risk and uncertainty along the
lines proposed by Knight (1921) whereby risk is described as having known outcomes with
known probabilities and uncertainty implies unknown probabilities and also unknown
outcomes. However, Knight’s definition is difficult to apply. If there is true uncertainty,
decisions are impossible. Instead, people tend to think of systems in transition as uncertain
and systems near equilibrium as risky. Kolmogorov (1931) showed how to derive
probabilities for such stochastic dynamic systems. Systems in transition have transition
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probabilities and systems near equilibrium have the more familiar probabilities of Knight’s
definition. In this paper we regard risk as also incorporating uncertainty for systems in
transition as well as near an equilibrium. Where uncertainty is mentioned we are specifically
precluding the possibility that either all outcomes or their probabilities are knowable.2
Risk can also be scale related in which case systemic risk relates to an entire system rather
than a component of that system (and similarly must be managed at the whole of system
scale). The preceding discussion implies that the concept of resilience relates to systemic risk
explicitly relating to a switch of the system from one state to another (Scheffer et al. 2002). If
a system is currently located in a favourable stable state, the risk of a non-linear transition to a
less favourable stable state decreases with its resilience. Accordingly, resilience is inversely
related to the degree of threat a system is prone to (Brand 2009). That is, resilience may be
interpreted as an indicator of the degree of systemic risk: the higher the resilience of a given
system configuration, the lower the risk of system transition.
Resilience thinking can be applied to systemic risk either via the probability of a transition
from one state to another or to the time that elapses until the system switches to another stable
state. First, consider the probability interpretation. Perrings (1998) defines transition
probabilities between different states and relates this to the system’s resilience. The transition
probabilities are conceptualized as a direct measure of resilience: “By this interpretation, the
greater the probability that the system in one state will change to some other state, the less
resilient is the system in the first state” (Perrings 1998: 8). Hence, resilience is defined as the
dependent variable, relying on information about transition probabilities. Baumgärtner and
Strunz (2009) and Walker et al. (2010) take another approach and conceptualize resilience as
a measurable state variable which determines the probability of a system transition.3 In this
view, resilience is the independent variable and the transition probability results as a function
of the current level of resilience. This rests on the assumption that resilience, albeit not a
directly observable system property, can be measured by means of surrogates (Bennett et al.
2005).
Second, consider the time interpretation. Pimm (1991) defined resilience as the time the
system needs to reach its equilibrium after a disturbance. Since this concept of resilience
concentrates on predictability and stability, it has been termed “engineering resilience”
(Holling 1996). By focussing on system dynamics close to a single equilibrium steady state,
this approach is not adequate to analyse transitions between multiple stable states. Hertzler
and Harris (2010) connect resilience to the expected time that elapses until a system subject to
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disturbance undergoes a transition to another state. They use a real options approach in which
probabilities result from stochastic dynamic systems. Unlike the Knightian distinction
between measurable risk and uncertainty, time separates risk in the near term and uncertainty
in the distant future. As time passes and information is collected uncertainty can usually be
resolved. However, many real options studies do not even mention probabilities for three
reasons. First, they may not exist. Second, even if they exist, transition probabilities have to
be solved for numerically. And third, instead of using probabilities, stochastic dynamic
systems are usually modelled directly based on the underlying processes that drive variability
(see McDonald and Siegel 1985; Dixit and Pindyck 1994 as examples).

3

Real Options techniques for evaluating the benefits from resilience

3.1 Resilience and the real options approach
Since the social and economic systems to which resilience thinking is applied often provide
valued services, the question arises as to the value of resilience. In particular, there may be
alternative investment options that would enhance (or reduce) resilience, or in managing the
consequences of system transition for the services generated. That is, from the perspective of
an environmental manager the usefulness of resilience thinking lies in informing investment
decisions about avoiding or preparing for (or promoting) environmental risks posed by system
thresholds. It is in thinking about these investment choices, or options, that the real options
approach is useful.
Real options are often defined as the application of techniques developed in finance to non
financial problems. In the real world, as in finance, every decision (i.e., to make, abandon, or
adjust investments, policies or other interventions) and the passage of time creates new
options and forecloses others. Real options techniques can be used to model the time
dimension of resilience as well as risk in the absence of directly measurable probabilities in a
tractable form to inform policy and investment decisions. The ‘option’ which is the focus of
the technique is the value of an abstract concept: the flexibility to keep options open while
uncertainty is resolved (Dixit 1989). This reveals the notion that options can be sequential and
can involve switches between different forms of intervention such as investment, policy, or
management. An option represents the opportunity to undertake a specific action but it is not
an obligation.
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The link to resilience is the value of retaining flexibility by avoiding or reducing the risk
of undesirable system transitions. Nevertheless the application of resilience thinking within
real options approaches is not necessarily straightforward. Resilience concepts usually refer to
systems that remain in a particular state (basin of attraction) in the absence of further
disturbances. In a stochastic world, this is called stationarity. Real options approaches do not
require stationarity. In fact most real options models assume geometric Brownian motion
which is non-stationary. The famous Black-Scholes formula (Black and Scholes 1973) and the
investment analysis by Dixit and Pindyck (1994) are two examples. Nor do stochastic systems
need to change continuously. Real options can also be analysed in discrete time using discrete
probability distributions (see Copeland and Tufano 2004; Luehrman 1998; and Trigeorgis
1996 as examples).
Careful consideration also needs to be given to how risk concepts relating to resilience are
best quantified within a real options approach. Resilience is an abstract concept, but could it
be valued in the same way that options are valued within the real options approach? The
option price describes the net difference in values with and without the management
intervention, and can be interpreted as the benefit (cost) from reducing the adverse
consequence of risk. Similarly, the resilience related risk constructs (speed of return to
equilibrium, distance from a threshold, probability of crossing a threshold, and expected time
to cross a threshold) can be described by the relevant shadow price within an appropriately
constructed stochastic real option model (though each shadow price is likely to require a
different model formulation). The relevant shadow price represents the benefit (or cost) of an
additional unit of the particular attribute which can be compared against the cost (or benefit)
of changing management to deliver the desired outcome. For example, if we are interested in
the risk of a continuous disturbance (such as represented by Brownian motion) causing system
transition, we might be particularly interested in whether the speed of return is exceeded by
the degree and frequency of disturbance, and if so on the expected time until a threshold is
crossed. Alternatively, we may be interested in the price of an option that provides for
enhanced flexibility in transitioning a threshold in the face of discrete events (such as
represented by a Poisson process).
There are two analytical ways of applying these real options concepts to understanding the
consequences and opportunities of environmental risks. The first is a simple diagrammatic
approach without any mathematics (Hertzler 2007). Hertzler’s approach involves the use of
decision diagrams (similar to decision trees) to set out the available options and consequences
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and map how these may change with the passing of time or as different options are taken or
refused. Anyone can use this approach as a framework for thinking about systems over time
and under risk. The second is highly mathematical. It involves modelling nonlinear stochastic
dynamic systems, subject to thresholds and irreversibilities. The mathematics is challenging,
but the biggest challenge and the potential benefits from the approach, are in understanding
how real options approaches model risk and uncertainty. In the remainder of this paper we
focus on illustrating the potential of combining resilience thinking with real options to
understand and manage environmental risks rather than on the mathematical technicalities.
3.2 Applying the real options approach to resilience thinking
The easiest way to explain the real options approach to managing environmental risk in a
resilience context is by way of an illustrative example, in our case using the classic resilience
example of eutrophication of shallow lakes. The key conceptual relationships are illustrated in
Figure 1 based on three biophysical assumptions (following Scheffer et al. 2002): turbidity
increases with nutrient levels; vegetation reduces turbidity; and vegetation disappears at a
critical nutrient concentration threshold.

turbidity

Without vegetation
(state 2)

D

E

Critical
turbidity

C
B
With vegetation
(state 1)

A
c

b

nutrients

Figure 1: Two stable states in a shallow lake as a function of nutrients and turbidity
Source: Adapted from Scheffer et al. (2002)
The risk of the lake changing state is dependent on the initial state, the vegetation level and
the nutrient level. In the vegetated state 1 (A-B-C), increased nutrients lead to increased
turbidity until b is reached triggering a catastrophic collapse in vegetation and a shift to
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response curve D-E (the non-vegetated state 2). Return to the vegetated state is only possible
if nutrients are reduced below c. The nutrient level may be driven by a chain of human
decisions and environmental factors, but for simplicity it is assumed that the system is driven
entirely by farmer decisions about fertilizer levels (the source of changes to nutrient levels)
and stochastic rainfall events (which transport the nutrients to the lake). From two possible
starting points in state 1 (‘A’ with low nutrients and low turbidity, and ‘B’ with low turbidity
and a moderate nutrient concentration) a simple representation of a range of system outcomes
can be shown using a decision tree like structure as shown in Figure 2. Attaching probabilities
to the rainfall events for given fertiliser levels would estimate the environmental risk
associated with eutrophication in this example. Attaching economic benefits to the different
outcome states will allow consideration of the value of the ‘option’ to apply less fertiliser in
the system which can then be compared against the costs to agricultural production.

Initial conditions
(see Figure 1)

Fertiliser level

Rainfall

Likely outcome
Eutrophication

Wet

Eutrophication

High
Dry

Low / Low (A)

No eutrophication
Eutrophication

Low / Moderate (B)

Wet

No eutrophication
Eutrophication

Low
Dry

No eutrophication
No eutrophication

Figure 2: Illustrative decision diagram illustrating the environmental risks
associated with different options
Decision diagrams such as shown in Figure 2 provide an excellent way to conceptualise the
environmental risks associated with different states of nature. However, such diagrams may
not represent the inherent complexity in the real world. In particular, decision diagrams
quickly become complex when applied to a large number of options or across a larger number
of events and always represent conceptual simplicity at the expense of knowledge about the
gaps between defined options, events and outcomes. For example, the initial conditions may
change over time depending on previous decisions; rainfall events will not just fall into high
and low, but across some distribution from extreme wet to drought and so on.
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One way of representing the ecosystem values from the system in different states is shown
conceptually in Figure 3. Agricultural benefits increase with increased nutrients, albeit at a
diminishing rate and are not state dependent. Community benefits (recreation, fishing,
aesthetic, drinking water) sharply diminish with the eutrophic state 2. Total benefits are
simply the sum of agricultural and community values. The community and total values
derived in each state overlap between c and b representing the hysteresis effect shown in
Figure 1.

State 1

Community benefits

Ecosystem values

Agricultural benefits
Total benefits
State 2

c

b

nutrients

Figure 3: Conceptual model of economic values from shallow lake in two states
Managers and policy makers are most interested in maximising the net benefits that arise
and comparing these against the cost of the management options available to maintain these
benefits. The net benefits are described for each state by an option price associated with
remaining in that regime and represents the value of ‘keeping your options open’ – the value
of flexibility. Unfortunately these values may be difficult to estimate because they are
dependent on both the current state of the system and the alternate states of the system. For
example, if we are currently in state 1 in Figure 3, we would need to know the option price in
state 2 in order to solve for the option price in state 1. In other words, the model must be
solved backwards from some terminal value, calculating the option prices for all possible
outcomes and using these to calculate the option prices at the present point in the system.
Hence, as we will discuss later, option prices are time dependent unless the system is in a
stable equilibrium. Option prices have the advantage of being expected values which avoids
the need to directly calculate probabilities for each possible outcome. Decision makers can
then use these option prices to inform their decisions.
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3.3 Describing real options
The real options approach can be used to identify the price of the option of avoiding the state
switch in Figure 1; that is the maximum we should be willing to pay to manage the
environmental risk of state transition. Conceptually the price of an option also illustrates a
fundamental but confusing aspect of real options: how to value an option separately from the
value of an entire investment. The value of an option in the resilience construct is generally
(but not always) time dependent and since it represents an opportunity (or a right in finance
markets terms) rather than an obligation, it will be non-negative.4
An illustration of the option values that will result in the shallow lake example we have
been following is shown in Figure 4 for avoiding a transition from state 1 to state 2 (noneutrophic to eutrophic state) based on total benefits from the system. Option values for
remaining in state 1 are shown as the heavy solid line in Figure 4. As the state transition is
approached the likelihood of transition rises (the environmental risk is higher) and the option
price (expected value of an investment ensuring we remain in state 1) becomes larger,
eventually reaching the expected value of the future difference in benefits between state 1 and
state 2. Once the threshold is breached the option value is bounded by zero (the option only
relates to remaining in state 1 and has no value in state 2). Figure 4 also illustrates the value of
resolving or reducing uncertainty in a real options framework as time progresses. The lighter
lines in Figure 4 represent option values at previous points in time. As we learn more about
the system and the environmental risks posed by differing activities, the option value of

Option price

remaining in state 1 is resolved.

State 1

b

State 2

Figure 4: Option price to avoid transition from state 1 to state 2.
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A similar exercise can be constructed for the price of an option in state 2 that would return
the system to state 1 as shown in Figure 5 (without option prices at previous points in time).
As previously, the option price increases close to the threshold due to the expected benefits
that would result from transition. At points further from the threshold the agricultural losses
would be greater. Note that the transition point changes from b to c as a result of the
hysteresis in the system response to management. The interpretation of the option price differs
however in this instance as it no longer represents a maximum willingness to pay to manage
environmental risk, and instead represents the maximum price of an investment with benefits

Option price

defined by the difference between state 1 and state 2.

State 1

c

State 2

Figure 5: Option price to promote transition from state 2 to state 1.
In the (unlikely) event that both options are available (avoiding transition from 1 to 2, and
promoting transition from state 2 to 1) the option value in the zone of hysteresis will be the
lesser of the two as illustrated in Figure 6. This would be the equivalent of having the option
to invest in make-good insurance rather than further investments in managing environmental
risk and avoiding system transition.
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Option price
State 1

c Hysteresis b

State 2

zone

Figure 6: Option prices in the presence of options to avoid transition state 1 to 2
and promote transition state 2 to 1
If the relative benefits from agriculture rise over time, the option value of remaining in
state 1 will decline and eventually, the system will be allowed to switch. Conversely if the
relative community benefits from the lake rise over time, the option value of remaining in
state 1 will increase and the option value of investments to make state 1 more resilient will
rise correspondingly.

4

Discussion

The previous discussion has characterised environmental risk management through real
options models via an illustration of option prices to avoid or promote transition across
regimes. As previously noted, real options models also allow the estimation of shadow prices
which represent the marginal value of a specific attribute of resilience, such as the distance
from a threshold, the probability of transition, and the expected time to transition. These
shadow prices also represent option values in the sense that the cost of an investment (an
option) can be compared against the marginal benefit that would result. In this section we
describe the ways in which the outputs generated from real options models can influence
management of environmental risk and illustrate our points with examples from a sample of
the real options literature.
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4.1 Option prices as an indicator of the value of resilience
Real options can help us choose appropriate indicators of the dynamics of a system (and of
environmental risk) because it is important that we know the resilience of the system to
perturbations and the value of this resilience. Just as an option value is the amount we are
willing to pay to avoid risk, the option value of system resilience is the maximum amount we
are willing to pay to avoid the risk of an adverse transition. If we are willing to pay a large
amount it means that the services provided by the system in its current state are valuable to us
and we are willing to invest in additional resilience to ensure their continued provision
The real options model illustrated previously was constructed to explicitly provide
an option price reflecting the difference in values between two different basins of attraction.
The option price is effectively the difference in the net present values of the two alternate
regions: the value of resilience in the preferred region. The investment or policy conclusions
are as follows. If there is a risk management investment or policy option that would cost less
than the option price and which would ensure the system remains in the preferred region, it
would be advisable to make that investment. If the only available investments or policies
would cost more than the option price, it is preferable (and indeed beneficial from a net
present value perspective) to allow transition.
Since real options has rarely been applied in a context that explicitly uses resilience
thinking, it is difficult to identify examples which calculate a true option price of a transition
between stable states that may be used as a proxy for the value of resilience. Leroux et al.
(2009), for example, estimate a price similar to an option price for the value of irreversibly
converting land from conservation to agriculture in Costa Rica. In this example, Leroux et al.
parameterise their model to generate estimates of a quasi-option value relating to the impact
of the ecological concept of an extinction debt (the delayed impact of landuse conversion on
biodiversity). If one were to cast Leroux et al.’s study within the framework of resilience
thinking the quasi-option value of the extinction debt might be considered as an option price
relating to managing the extinction risk resulting from conversion of habitat to agriculture.
Most other real options approaches which could be conceptualised in resilience thinking
are focused on aspects of optimal switching points, most commonly in terms of when to
commence or discontinue a particular action or policy. Morgan et al. (2007) for example,
consider the question of when to discontinue forest harvesting activities with the objective of
protecting a population of Caribou under conditions of uncertainty about other impacts on the
forest such as wildfire. The decision to stop harvesting is taken at the point just before the
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probability of extinction exceeds a specified target probability. In a similar way Bakshi and
Saphores (2004) consider the (option) value of reintroductions in analysing wolf management
decisions.
Possibly the most important optimal switching models in this class (though it is difficult to
consider these in terms of shifts between stable states in resilience thinking except in the very
long run) consider the implications of uncertainty and climate change policy. Pindyck (2000)
considers the implications of uncertainties over future costs and ecosystem responses along
with the irreversibilities associated with sunk benefits and costs of environmental regulation.
Baranzini et al. (2003) extend the application of real options to include consideration of
climate catastrophes. In both cases uncertainty leads to delays in the adoption of climate
adaptation policy. The inclusion of increased risk of climate catastrophes by Baranzini et al.
(via a Poisson jump process) has the opposite effect by increasing the return from the
adoption of adaptation policy. The use of discrete transition probabilities offers significant
promise in considering problems of resilience where an extreme event (flood, fire, storm etc.)
may trigger a shift in the system from one stable state to another.
4.2 Shadow prices as marginal values for resilience attributes
A key contribution of real options is that it facilitates estimation of marginal values
representing the shadow price of resilience (whatever indicator is used for resilience). For
example, we could choose speed of return from a disturbance as the indicator of resilience, the
distance from a transition, the probability of a transition, or the expected time to cross the
threshold. Pimm (1991) for example, proposed the speed at which a system returns to
equilibrium as an indicator of resilience. A faster system would be deemed more resilient. It is
an ambiguous indicator which leaves out the distance the system may have to travel to push it
over the threshold (Holling’s 1973 theory) and the frequency and magnitude of the
disturbances. Perrings (1998) proposed the probability that a system will cross a threshold as
an indicator of resilience. This is an unambiguous indicator but would require solving for
transition probabilities at all possible times and states of the system. Hertzler and Harris
(2010) proposed the expected time until a system crosses a threshold, given the current state
of the system. This is also an unambiguous indicator but requires solving option pricing
equations.
Parameters describing speed of return, distance, transition probabilities or time to transition
form important aspects of many of the papers described in the previous section, though again
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we are faced with the consideration that none of these papers explicitly described the problem
using resilience thinking. Morgan et al. (2007) incorporate a mean reversion process, while
Bakshi and Saphores (2004) incorporate a population growth parameter. In both cases the first
derivative of these parameters would provide a marginal value associated with speed of return
from a disturbance as an indicator of resilience. Bakshi and Saphores (2004) note that the
inclusion of a mean reverting process would provide for limits to predator carrying capacity in
the case of wolves, which can also be interpreted as a maximum resilience in a specific
ecological state.
Published papers seldom calculate the marginal value of additional information though
many of the papers discussed note the implications of uncertainty about ecological or other
processes. Leroux et al. (2009) is an exception in that their model can be interpreted as
estimating the value that additional information would provide to decisions about optimal
conservation subject to environmental risk.

5

Concluding remarks

In this paper, we have described the way in which real option techniques can be applied to
resilience concepts to identify the consequences of environmental risk and the management
options available to decision makers. Resilience thinking offers a promising framework for
considering environmental risk in the context of the non-linear responses to disturbance of
complex systems such as ecological and socio-economic systems. In particular, it offers a
framework for describing the dynamics of such systems and the existence of thresholds
between states or regions of a system, each with different functions, structures, and feedbacks.
As transitions from one state or region to another may involve substantive shifts in the values
generated from the system, resilience thinking provides a consistent and robust framework for
managers and policy makers to better identify and understand the risks and consequences of
regime change.
Real options techniques offer the potential to directly model the benefits that result from
whole or parts of complex systems. They present managers and policy makers with improved
information about the costs (and benefits) of environmental risks and of delaying risk
management activities. Investment and disinvestment decisions about whether to manage
environmental risks subject to thresholds, hysteresis and irreversibilities can be rigorously
analysed.
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The formulation and outputs from the real options approach depends critically on the
nature of the problem being considered and on the potential intervention opportunities
available. Where opportunities to directly influence transition probabilities are available,
option prices relating to the difference in net present values generated by alternate regimes
may present the most useful output. Targeted information can be obtained from shadow
prices, or the marginal values, of particular attributes of resilience such as the speed of return
from a shock, the distance to transition or the time to transition. The examples presented in
the paper detail the potential for real options analysis to contribute to policy and investment
questions in these areas.
Despite the positive assessment presented in this paper, we note the difficulty in applying
resilience thinking and real options models to practical problems. These include limited data,
analytical complexity, and difficulty in adequately describing the consequences of threshold
transition. As an illustration of these difficulties many of the examples identified in the
literature incorporate sensitivity and scenario analyses to account for the uncertainty
associated with key parameters. In conclusion, there seems to be a rich opportunity to
researchers to integrate the fields of resilience thinking and real options models with
substantive potential to improve investment and policy decisions under risk and uncertainty.
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Notes:

1

The “Resilience Alliance” is assembling a database of examples of alternating stable states
in ecosystems (Walker and Meyers 2004).

2

This definition remains rather limited and does not address the notion of subjective risk
compared to objective risk and other debates in risk literature.

3

Note that we have used ‘state’ in two ways in this paper: the first in resilience thinking to
describe the basin of attraction in which the system lies; and the second to refer to the
more detailed ‘state of a dynamical system’ which also contains sufficient information
to describe its future behaviour (i.e. its future basin of attraction).

134

4

We also note that American options (that may be activated at any point in time prior to state
transition) are the type most likely to be of interest rather than European options (that
can only be exercised at a terminal time).
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