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Abstract

The assessment of total economic value has become a pragmatic and popular approach in nature
valuation, yet criticisms have been raised. One major point of critique is that total economic value bases
the monetary value of ecosystems purely on the flow of human benefits of services of ecosystems and
consequently ignores questions of sustainable use of natural capital per se. This paper explains why total
economic value by itself is in principle an inadequate concept to guide sustainable use of ecosystems and
gives an overview of essential ecological theory that needs to be taken into account in addition to total
economic value to fully include ecosystem sustainability. The paper concludes with suggestions on how
to combine ecological theory with economic valuation. The key elements here are theoretical ecological
insights about ecosystem resilience and portfolio theory which offers an economic perspective on
investment in biodiversity. Portfolio theory puts total economic value in a framework where investment
in biodiversity can cover functional diversity and mobile link species in order to maintain ecosystem
resilience and so fosters sustainable use of ecosystems.

Keywords

Total economic value, biodiversity, ecosystem services, ecosystem functioning, functional diversity,
natural capital, ecosystem resilience, insurance value, portfolio theory
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1. Introduction

Economic valuation of the services provided by nature is widely perceived by scientists and policy makers
as an appealing and important approach to support management decisions (Costanza et al., 1997; Losey
and Vaughan, 2006; Nunes and Van den Bergh, 2001; Pimentel et al., 1997). The use of economic values
is attractive in that it enables nature to be taken into account in social development, research and policy
and promises sustainable use of natural resources, landscape restoration and efforts of conservation.
The most inclusive way of economic valuation of nature is through a total economic value assessment.
Total economic value is an expression of the total value of the benefits derived from a marginal change
in an ecosystem, expressed in monetary terms, which can subsequently be used in cost-benefit models.
Total economic value is especially attractive because it aims to cover all expressions of value, including
use values and non-use values of ecosystems. For an overview, see Bateman et al., (2011),
Dziegielewska, (2009) and TEEB (2010).

Yet, during the last decade criticisms have been raised (Bockstael et al., 2000; Chee, 2004; Gatto and De
Leo, 2000; Ludwig, 2000; Morse-Jones et al., 2011). Existing economic valuation methods that are used in
total economic value calculations, such as production function approaches and contingent valuation
methods, refer to the value of nature to humans, supposedly acting as rational actors (Bockstael et al.,
2000; Farber et al., 2002). The aggregate of their individual preferences forms total economic value and
supports decisions in ecosystem management. However, if consumer preferences are not in line with the
requirements of ecosystem sustainability, total economic value will not express these requirements
either (Common and Perrings, 1992). Assuming that ecosystem sustainability would be a preferred status
by consumers, one reason why consumer preferences might not be in line with such requirements is an
information problem, where the consequences of action and decision on ecosystem sustainability are
not well known by consumers (Chee, 2004; Ludwig 2000). For example, Peterson et al., (2003) describe
an ecosystem management model of oligotrophic lakes, which deliver ecosystem services such as water
for consumption, irrigation and industrial use, recreation and fish catch. The example shows how a
management decision making process that aims to maximize net present value of a lake does not take
into account ecosystem resilience, and leads to ecosystem collapse.

There is a necessity to solve this information problem. Ecosystems behave in erratic ways and display
time-lagged responses (Holling, 1992; Scheffer et al., 2001, Scheffer and Carpenter, 2003), and because
economic valuation of services tracks marginal changes in ecosystem’s benefits to humans, the method
is blind to erratic behavior of ecosystems. Loss of species and resilience can happen unobserved while
ecosystem functioning itself can remain largely unchanged (Chillo et al., 2011; Scheffer et al., 2001,
Sundstrom et al., 2012; Walker et al., 2010). Hence, total economic value by itself cannot give an
indication of an ecosystem’s ability to maintain future provision of services, as collapse of an ecosystem
may be only one marginal change ahead (Fisher et al., 2008). Thus, projects that use economic valuations
to inform decisions on how much nature to keep and how much to convert to other uses, fail to
safeguard ecosystem functioning for future benefit. Anderies et al., (2006) describe an example from
management of an agricultural system in Southeastern Australia in which too much vegetation was
cleared to keep the ecosystem resilient against flooding. Decision making based on enhancing economic
efficiency and productivity became increasingly reactive and incremental, leading to loss of resilience
and a lock-in to an unsustainable management trajectory.

Examples of ecosystem collapse in the literature on ecosystem management suggest that higher levels of
caution are required in modifying or removing nature for the purpose of economic efficiency (Anderies

et al., 2006, Steneck et al., 2011). A more fundamental criticism comes from Ridder (2008), who argues
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that more cautious management trajectories are not in line with economic valuation of ecosystem
services. This is because total economic value resides mainly in certain functional species or species
groups, except for some specific ecosystem services such as scenery and ecotourism. According to this
reasoning, only the species needed for generating the ecosystem service of choice are to be maintained
or cultivated and non-intervention in an ecosystem only applies to those cases where ecosystem services
are provided by species or groups that are rare or very sensitive to human disturbances. Then, why have
more species than just those that contribute to human benefits as reflected in total economic value?
Steneck et al. (2011) consider the case of lobster monocultures in the Gulf of Maine that are threatened
by collapse. Through relying on a few economically valuable species and removal of most apex predators
through fishing, the lobster fisheries are on the verge of closure and collapse. Lobster monocultures offer
large financial gains, but are vulnerable to perturbations such as rising ocean temperature, causing a
decline of more than 70% in lobster abundance and potential great socio-ecological consequences. Low
diversity cultivation has been known to increase the chances of pest outbreaks, disease outbreaks, fire
and other expected or unexpected consequences (Hooper et al., 2005; Larsen, 1995; Weitzman, 2000). In
addition, strategies in land use that support the maintenance of bundles of ecosystem services are
recognized as practices to confront negative environmental impacts, while maintaining economic
benefits and ecological resilience (Foley et al., 2005).

As is seen from these examples, economic valuation bases the monetary value of ecosystems only on the
output of ecosystems at one point in time and space and not on the state of ecosystems (Morse-Jones et
al., 2011) (see Fig. 1.). Hence, a major economic challenge is left unaddressed through the total
economic value concept, namely how to manage biological diversity to assure a provision of ecosystem
services through wider time and space (Perrings et al., 2009). In other words, how to manage the
sustainable use of ecosystems (Farber et al., 2002). Using the analogy with factory production, the
Millennium Ecosystem Assessment (2010) describes how the flow of goods sold is neither an accurate
measure of manufacturing performance nor of the factory’s management. The goods could either have
been newly produced or taken from an existing built-up stock that is depleting.

Total

Economic
Value

Ecosystem Benefits Society

Fig. 1. Total Economic Value represents the value of the output of ecosystems to society, but is no
indication of the state of ecosystems.
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In sharp contrast to these characteristics of the total economic value approach, the ecological way of
describing the functionality of ecosystems is non-anthropocentric. It describes causal relationships
between parts of a system. If ecosystems are seen as assets of humankind, as stocks of natural capital
from which ecosystem services flow, ecological “valuations” concern themself with effects within the
stock (Banzhaf and Boyd, 2005). Ecological valuation of ecosystems concerns itself with the maintenance
of an ecosystem’s complexity, structure, capacity for self-renewal and resilience (Gamborg and Rune,
2004). Ecology may, for example, describe how trees can stabilize slopes or the survival value of certain
traits in organisms (Farber et al., 2002). With that, ecological theories are intimately linked to the
concept of ecosystem sustainability and therefore have a potential to fill in the information gap in
economic valuation, as it offers a perspective on ecosystem functioning that has economic meaning.

These problems cannot be resolved within total economic value theory as it exists today, because the
empirical methods used to calculate total economic value are inadequate to address the ecological
importance of species functions to sustain ecosystems. This is because, as pointed out by Diamond and
Hausman (1994), existing valuation methods suffer from embedding effects in addition to several other
limitations. This weakness of economic valuation methods has been recognized, and inclusion of some
ecological theory in economic models has become commonplace. The decision on what ecological theory
should be included in the economics depends on the spatial scale of the projects considered. Eppink and
Van den Bergh (2007) give an overview of the ecological theories already in use in economic models.
Some ecological theories tell us something about small-scale dynamics and are therefore useful in small
scale cost-effectiveness and resource extraction models. Other theories offer broader system-wide
views, and are more useful for economic models that are applied at large spatial scales. Eppink and Van
den Bergh conclude that these applications predominantly deal with ecological theory at the species
level with a clear absence of ecosystem wide theories of ecosystem resilience. This absence of theory
about ecosystem resilience in economic models is problematic.

Inclusion of notions of ecosystem sustainability is essential for sound decision making in ecosystem
management. We define ecosystem sustainability in line with the resilience concept (Holling, 1973) as
the ecosystem’s ability to maintain the provision of ecosystem services into the future. We address the
following research questions to explore how the concept of Total Economic Value can be combined with
ecosystem sustainability in economic models of nature conservation:
1. What notions of ecosystem resilience need to be added to Total Economic Value assessments in
decision making to foster sustainable use of ecosystem services?
2. How can the concept of Total Economic Value be combined with these notions of ecosystem
resilience?

The subsequent sections follow this order of research questions. The research questions imply that we
maintain an economic and functional outlook on nature. Hence we will not touch on intrinsic values and
priorities to protect endangered or characteristic species.

2. Notions of ecosystem resilience to foster sustainable use of ecosystems

2.1. Ecosystem Resilience

As mentioned above, we define ecosystem sustainability in line with the resilience concept of Holling
(1973). More specific, ecosystem resilience according to Holling is the amount of perturbation an
ecosystem can withstand before relations between organisms (predator and prey, herbivore and

resources, or competing species) cause local extinctions and as a consequence cause the ecosystem to
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shift to another state. Consequently, so-called ‘Holling Sustainability’ defines an ecosystem as
sustainable if it can maintain its self-organization through time by adapting to stresses imposed on it
(Common and Perrings, 1992). A second interpretation of ecosystem resilience has been formulated by
Pimm (1984) who states that resilience can be defined as the speed with which an ecosystem returns to
its former equilibrium state rather than the extent of perturbation it can withstand. The terminology has
become more complex ever since (see Loreau et al., 2002) and resilience thinking has expanded to
incorporate social-ecological systems (SESs) and the entire Earth System (Folke et al., 2010). In this
framework, fostering ecological resilience is seen as a contribution to SES resilience and Earth System
resilience. In this paper, we focus exclusively on ecological resilience, for which the definition by Holling
remains most in use. Hence, we can refine the information problem in economic valuation to: a lack of
information concerning the amount of perturbation an ecosystem can withstand before a shift to
another state occurs.

The ecological theory discussed in sections 2.2 and 2.3 attempts to fill up this lack. There are limits to this
exercise, as the precise requirements of ecosystems to maintain their self-organization through time
depend on the ecosystem in question and the preferred state of an ecosystem depends on the services
desired from it. For example, Carpenter et al. (2001) discuss very practical measures of ecological
resilience in an example of lake eutrophication, where the author uses indicators for ecological resilience
such as soil P concentration, animal stocking densities, and land area under construction. In the causal
chain from human action to an ecosystem adapting to the effects, the indicators such as those used by
Carpenter et al. (2001) are the direct causes of perturbations, and not ecosystem adaptability itself. If
the physical relations in ecosystems are well understood, such indicators are valid for resilience
measurements. However, if such relations are exceedingly complex, ecological theory about ecosystem
adaptability still needs to be taken into account and can provide guidelines in maintaining ecosystem
resilience. In addition, ecology is limited in its predictive power to describe the sustainable use of any
ecosystem service, the relationships between ecosystems and ecosystem services differ per location, and
ecological theory can be ill-fitted in the strict framework of stocks and flows with which ecosystem
services are regarded and economic valuation relies on (Norgaard, 2010). Therefore, as a necessity the
ecological theory presented in this paper is general in outlook.

2.2. Ecosystem Resilience and Biodiversity

Work on ecosystem resilience has been expanded with work on state changes. If adaptability falls in an
ecosystem due to human-induced disturbances, that ecosystem is more likely to change state, and
acquire a new stable state. The new ecosystem after the disturbance will have a lower functional
diversity and species richness, and ecosystem services it once provided might be lost. Folke et al. (2004)
and Scheffer et al. (2001) describe evidence for increased likelihoods of regime shifts in real world
ecosystems as groups of species go extinct due to human pressure on ecosystems and give many
examples of regime shifts in different biomes. Walker et al. (2004) adds three aspects to ecosystem
resilience that describe the local stability of the current state of the ecosystem: latitude, resistance and
precariousness (see Fig. 2).
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external forcing

system state

Fig. 2. Ecosystems can switch between states in a stability landscape. A stability landscape is a phase
space diagram representing all possible states of an ecosystem. Ecological resilience describes the local
stability of the current state of the ecosystem. The black dot represents the state of the ecosystem at a
point in time and movement along the hills represents change in the ecosystem. As an ecosystem moves
out of a basin, it approaches a threshold, and a regime shift occurs when the ecosystem “falls” into
another basin of stability. Resilience has three aspects that describe the ecosystem's location in a
stability landscape: latitude, resistance and precariousness. L: latitude, R: resistance, Pr: Precariousness.
Adapted from Walker et al. (2004).

Research on ecosystem resilience has direct implications for biodiversity management. In matters of
resilience, biodiversity is seen as protection against loss of productivity or variability of productivity of
ecosystems. Experiments with plant species richness confirmed that to ensure the provision of an
ecosystem service over time, greater biodiversity improves ecosystem functioning and the stability of an
ecosystem’s productivity (Isbell et al., 2011; Tilman et al., 1996). Conversely, if an ecosystem service
depends on an ecosystem function that is provided by a single species, the loss of that species will be of
greater concern. And loss of biodiversity has a small effect on ecosystem functioning only if no species
are lost with singular contributions to ecosystem functioning.

Biodiversity relates to diversity in genes, species and ecosystems, and in the last decade functional
diversity has occasionally been added to this list. During this decade, a consensus has been reached
among ecologists that the provision of ecosystem services is impacted not so much by species diversity
per se in an ecosystem, but by the functional diversity in an ecosystem (Diaz, 2006; Peterson, 1998). As
formulated by McCann (2000), biodiversity by itself is not the driver of ecosystem stability, but
ecosystem stability depends on functional diversity capable of differential response to environmental
disturbances. Species with different traits react differently towards environmental changes. If species
compete for the same resource, decline of one species will lead to an increase of another, which
contributes to maintain a stabilization of ecosystem functioning. And in case one species is lost, another
will be able to do well under changed conditions, and so contribute to the continuation of the ecosystem
as a whole (Vasseur, 2007; Yachi and Loreau, 1999). Thus, the functional diversity in an ecosystem
impacts ecological resilience. A greater variety of functional groups in an ecosystem will lead to the
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presence of more pathways for energy flow and nutrient recycling (Cadotte et al., 2011), which
decreases the susceptibility of ecosystems to environmental disturbances and the establishment of
invasive species and so leads to a greater ecological resilience (Hobbs et al., 2007; Hooper et al., 2002;
Loreau et al., 2002; McCann, 2000; Peterson, 1998).

2.3. Ecosystem Resilience Across Spatial Scales

Biodiversity is recognized for its role in the preservation of ecological structures at local, regional and
global scales. As functional diversity is distributed across scales, ecological resilience is expected to
function across scales as well (Peterson, 1998). Ecosystems are not closed systems, but are responsive to
external input, such as migration of individuals and species dispersal, and are connected through species
that serve as “mobile links”. Such forces are essential to maintain a wide range of functional traits within
ecosystems on a local scale (Loreau et al., 2002). On regional and global scales, forces are at play that
affect the range of functional traits in ecosystems on local scales. Such forces can be landscape
configuration, species dispersal and migration. Through these, local functional traits are maintained in
ecosystems, or new functional traits are added to ecosystems. An added complexity is that while
regional and global biodiversity supports local ecosystem stability, ecosystems on a local scale in turn
support regional and global biodiversity. Ecosystems on a local scale may function as source or sink
locations for species populations that range over larger areas. Bird and fish species often feed in one
area and breed in another. Forests may provide for the precipitation on agricultural areas. Or one area
may provide for the pollination of plant species in another area. Biological control and pollination are
ecosystem services especially vulnerable to changes in these forces (Bengtsson et al., 2002). In summary,
local, regional and global biodiversity support each other.

The biological linkages between local, regional and global biodiversity are embedded in the concept of
“mobile links” (see Fig. 3). Individual animal species can be labeled as mobile links that increase
ecological resilience by connecting habitats through genetic exchange, food web linkages or chemical or
physical processes (Lundberg and Moberg, 2003). Examples of genetic links are insects that contribute to
pollination or seed dispersal in general, and so promote genetic exchange between plants of different
areas. Grazers and predators are examples of food web links or trophic links that impact the populations
and dispersal of other species. Species with long-distance migrations are seen as links between habitats.
In addition to species that fulfill roles as spatial links, there are species that fulfill local resource links,
such as scavengers as agents of decomposition, or organisms such as beavers, that function as links in
physical processes through dam building. Through mobile links such as seed dispersers, a local loss of
species can be replenished from the regional species pool. Thus, regional biodiversity functions as an
external ecological memory that enables disturbed local sites to reorganize (Bengtsson et al., 2002;
Lundberg and Moberg, 2003). As Loreau et al. (2003) put it, biodiversity on a regional scale provides
spatial and temporal insurance against losses in local biodiversity. So while functional diversity supports
ecosystem adaptivity, biodiversity on a larger scale supports the functional diversity on smaller scales.
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Mobile link species

Fig. 3. Mobile link species connect sites and can replenish a local loss of species. This effect is known as
external ecological memory. Adapted from Lundberg and Moberg (2003).

2.4. In Summary

This section described notions of ecosystem resilience that need to be added to Total Economic Value
assessments to support decisions that foster sustainable use of ecosystem services. An overview was
provided of insights from theoretical ecology on ecosystem resilience, the role of functional diversity in
ecosystem resilience, and ecosystem resilience across scales through mobile link species. Theory of
functional diversity and mobile links can help to inform management on how to support the resilience of
ecosystems. Investing in functional diversity and mobile links can improve the adaptability of ecosystems
and so prevent ecosystems from undergoing a regime shift to another valley of stability. A recurring
theme in these theories is biodiversity as an insurance mechanism. Investing in functional diversity
insures an ecosystem against approaching a stability threshold, and investing in biodiversity on a regional
scale through supporting mobile link species can be seen as investing in the insurance mechanism of
ecological memory, that can replace lost species from a regional species pool.

3. How can Total Economic Value be combined with notions of ecosystem resilience?

In the preceding section, we have expanded on the ecological theory that needs to be incorporated in
economic valuation, so that the prescriptions following from it ensure sustainable use of ecosystems.
Having first identified the information problem in economic valuation as a lack of information on
ecosystem sustainability, and having identified ecosystem resilience, functional diversity and the
workings of ecological memory through mobile links as the ecological theory that concerns itself with
ecosystem sustainability, we now need to explore how these ecological theories can be combined with
economic valuation to establish a new methodology.

3.1. The Insurance Concept
A general trend emerges from the ecological theories presented in section 2, namely that biodiversity

acts as an insurance against state change (Baumgartner, 2007; Swanson, 1992; Yachi and Loreau, 1999).
This perspective helps to explain why preserving additional biodiversity has economic value. In the
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context of Holling Sustainability, biodiversity (in the manifestations of functional diversity and
biodiversity across scales) has a value in insuring human society against loss of ecosystem services
through maintaining the adaptability of an ecosystem to biotic and abiotic stresses imposed on it, to
prevent it from shifting to another state. Insurance value of biodiversity has also been called the
inherent value, contributory value, the indirect value, the primary value or the infrastructure value of
biodiversity (Nunes and Van den Bergh, 2001), or has been described as a set of complementary
relationships between species in a habitat, between biotic and abiotic components, and functions and
services by Fromm (2000).

The insurance value of functional diversity is thought to lie within two parameters: a diversity of
functional groups in an ecosystem and the number of species within these functional groups. A diversity
of functional groups enables an ecosystem to respond in different ways to disturbances (Cadotte et al.,
2011), while having multiple species within functional groups renders the loss of single species less
harmful for continued ecosystem functioning. After a local loss of a single species, the species remaining
in that same functional group can perform the same function in the ecosystem as the extinct species.
Thus, having multiple species within functional groups is regarded as a redundancy of species.
Redundancy has negative connotations such as superfluity, but in an ecological sense it is similar to
valuable redundancy in software or in the human immune system to boost their reliability (Naeem, 1998;
Naeem and Li, 1997). This is also known as the rivet model (Peterson, 1998). The insurance value of
biodiversity across scales is thought to lie within the mechanism of ecological memory, where the local
loss of a species can be replenished from the regional species pool. Such biological exchanges between
regional and local biodiversity are facilitated through mobile link species. This insures ecosystems at local
scales against functional diversity loss.

Given that the challenge is to maintain ecosystem service provision through time and space, the
insurance value of biodiversity shows us that biodiversity (in the manifestations of functional diversity
and mobile link species) has an economic value in maintaining ecosystem sustainability, and can (and
should) therefore be invested in. Walker et al. (2010) describe the insurance value of biodiversity as a
stock of resilience. These authors explain how ecosystem variables characterized by thresholds have a
stock of resilience, and how a decline in ecosystem resilience can be considered a decline in wealth.
Determining variables with thresholds are for example vegetation connectivity and depth to the water
table. If the variable changes, a threshold may be reached that causes the ecosystem to change state.
The insurance value of biodiversity refers to such controlling variables, such as "differential response of
an ecosystem to disturbances”. The stock of resilience is defined as the distance of an ecosystem to the
threshold of a state change in a stability landscape, for a particular variable (see Fig. 2). Walker et al.
(2010) present an example of including changes in resilience in the estimation of wealth by its
guantification for three controlling variables (ground water table, vegetation connectivity and the
condition of irrigation infrastructure). To invest in the resilience stock of a variable such as "differential
response of an ecosystem”, would mean to invest in biodiversity.

We aimed to find an answer to the question: can the concept of total economic value be combined with
notions of ecosystem sustainability? We can now further refine that question to: how can we express the
economic value of a resilience stock of biodiversity, so that it can be combined with traditional economic
valuation? A resilience stock of biodiversity would often be comprised of a collection of species
populations that would not all be considered needed for optimization of total economic value, because
their insurance value is not recognized in total economic value. The benefit to humans, the ecosystem
service, of a resilience stock of biodiversity is its capacity to maintain the adaptability of an ecosystem to
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stresses imposed on it. This capacity is expressed in functional diversity, so insurance value could ideally
be expressed as a level of functional diversity, where more diversity equals a greater value.

A problem is that the locations of thresholds in ecosystems are often unknown and that means the size
of the resilience stock of an ecosystem is often unknown. Here we run into the limits of ecology’s
predictive power, and to claim that ecology can predict the precise thresholds and thus the resilience
stock in an ecosystem for any ecosystem service would be pretentious (Norgaard, 2010; Polasky et al.,
2011). Walters and Maguire (1996) discuss the example of fishery collapses of Atlantic cod. Even in the
context of fisheries scientists seeking sustainable harvest regimes, and a decision-making system placing
confidence in their scientific models, the collapse of the cod stocks happened unexpectedly, illustrating
that ecosystems can change suddenly, and greater caution is required when the location of thresholds in
ecosystems are unknown. In ecosystem management, that would translate to making use of working
hypotheses that can be revised (Fischer et al., 2010), and a diversification in use of ecological models
(Peterson, 2003).

Even if quantification of a resilience stock of functional diversity remains out of reach in ecosystem
management, investment in a resilience stock of functional diversity is warranted to prevent a regime
shift in an ecosystem. Hence, a framework is required in which investment in traditional total economic
value can be combined with investment in a resilience stock in such a way that a resilience stock

is maintained in the face of optimization of total economic value. To argue for an investment in more
biodiversity in order to invest in both total economic value and insurance value is to argue for a
diversification in investment, and the economic sense of diversification in investment is explained
through portfolio theory. Portfolio theory also allows us to select specific assemblies of biodiversity to
take into account in ecosystem management.

3.2. Portfolio Theory can Combine Total Economic Value with Investment in a Resilience Stock of
Biodiversity

Analogous to financial capital management, sustainable ecosystem management aims to maximize the
delivery of ecosystem services while ensuring that the state of ecosystems is maintained. If biodiversity is
considered a portfolio of natural assets (Weitzman, 2000) the link with portfolio theory is obvious (e.g.,
Tilman et al., 1996; Koellner and Schmitz, 2006). More recently this insight has been extended towards
its implications for ecosystem management (Figge, 2004). Portfolio theory came about in investment
research, because a need for diversification in investment was recognized, but the value of
diversification as of yet was still to be described. It was mathematically developed by Markowitz (1952;
1959). In ecosystem services management we observe a similar situation.

Economics has developed a rich literature on how to optimize the use of capital assets. The idea of
diversifying one’s assets in order to increase return and to manage risk is essential in this literature.
Portfolio theory seeks to maximize returns while minimizing risk through the creation of a portfolio of
investments that are not positively correlated with one another, thus seeking to assure that the
investments held in an account do not all move in a similar pattern. The overall effect of this
diversification is to minimize volatility in returns. In ecosystem management, that would translate to
building a biodiversity portfolio of genes, species or ecosystems with different characteristics in order to
maximize the economic value of ecosystem services, while managing variability or loss of ecosystem
services provision (Figge, 2004). The underlying assumption of portfolio theory is that covariance among
assets (biodiversity) influences the variance of the returns (services) at any given level of these returns
provided by the assets. Portfolio approaches to management compare the tradeoffs between these
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variances and the level of returns for specific assets. When applied to biodiversity this means that the
risk of variability or loss of ecosystem services provided by an ecosystem differs depending on the
assembly of biodiversity that the ecosystem includes (Figge, 2004).

Examples of the application of portfolio theory in ecosystem management, e.g. Schlapfer et al. (2002) for
hay cultivation and Perruso et al. (2005) for fisheries, construct a portfolio of biodiversity to successfully
minimize volatility in ecosystem services provision. In these examples, the population assemblies chosen
are selected on their ability to minimize volatility of the total economic value of the ecosystem services.
We argue that in selecting species populations for a portfolio, the investment should be expanded to
include a larger range of species populations comprising both total economic value and insurance value
(see Fig. 4). These species populations overlap, as economically valuable species add to the total
functional diversity of an ecosystem. Ecological theory predicts that higher levels of biodiversity lead to
lower variability in services provision (Isbell et al., 2011; Tilman et al., 1996). More specifically, ecology
predicts that small assemblies of species focused on maximizing total economic value risk regime shifts
that lead to loss of services, while in larger assemblies of species, a resilience stock is maintained that
increases an ecosystem’s adaptability to external influences, and thus leads to lower variability of
returns. The concepts of functional diversity and resilience across scales add theory on ecological
resilience to the portfolio framework, and can guide us to a selection of species whose addition to the
portfolio is a priority for keeping ecosystems resilient.

Portfolio of biodiversity (new)

A
4 )

Ecosystem

Species Species

opulations lati . i
populati populations | g0 ofits (TEV) Society
comprising comprising

insurance value TEV

—

Portfolio of biodiversity{in literature)

Fig. 4. In selecting species populations for a portfolio, investment can be expanded to include a larger
range of species populations that comprise both total economic value (TEV) and insurance value. These
species populations overlap, as economically valuable species add to the total functional diversity of an
ecosystem.

While portfolio theory has so far been presented in the literature as a framework to manage risk, i.e.
variability, of ecosystem service provision, we present it as a framework to maintain ecosystem
sustainability. Whereas total economic value is a snapshot valuation of ecosystem services, portfolio
theory introduces the elements of time and future revenue. Thus the basic idea is that the variance of
the total economic value of an ecosystem can be reduced, and service provision kept sustainable, by
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investing in more functional biodiversity and mobile link species. Theoretically, management alternatives
can then be compared based on the expected returns (total economic value) and the risk (variance or
loss of the expected total economic value). The quantification of this tradeoff for (a) alternative
ecosystems or for (b) alternative plans for one specific ecosystem would provide useful information to
support management and species conservation decisions. The trade-offs offer two useful kinds of results
in particular. First, for new ecosystem management plans mapping by these two criteria can show which
plans are "efficient" in the sense of giving the best expected total economic value performance for a
given level of accepted risk, or the least risky outcome at a given total economic value level. Second,
trade-off analysis offers an evaluation of existing ecosystems management plans in terms of their
relative performance compared to other potential species assemblies.

As noted before, the locations of thresholds and thus the level of functional diversity needed to maintain
ecosystem sustainability is difficult to assess, yet investment in resilience stocks is warranted. Portfolio
theory may not help us to assess the locations of thresholds, but it allows us to set a limit on the
functional diversity in danger of being removed from an ecosystem through optimization of total
economic value. As a level of sufficient functional diversity is set to prevent the ecosystem undergoing a
regime shift, that level of functional diversity is a boundary condition for species assemblies, and limits
the number of potential species assemblies under consideration as a portfolio to those that uphold that
level of functional diversity. In addition, as a resilient ecosystem is expected to lead to lower variability of
returns, the species assembly holding that level of functional diversity also sets the maximum level of
accepted risk for other potential species assemblies. Making use of economic valuation in this
methodology thus limits the optimization of total economic value by putting a boundary on the
minimum level of functional diversity. This way, optimization of total economic value is performed in
accordance with a species assembly in a biodiversity portfolio, assessed through guidance by ecological
resilience theory, that maintains an ecosystem’s sustainability.

4. Conclusion

The purpose of this paper was to clarify a lack in the concept of total economic value that renders it
inadequate to maintain sustainable use of ecosystem services, what notions of ecosystem sustainability
can be used to address this lack, and to offer suggestions on how such notions can be combined with
total economic value. To do so, the paper has touched upon three different lines of research: (1)
research on the limits of optimization of the economic value of ecosystem services, which clarifies the
information problem in economic valuation, (2) research on ecosystem resilience, which clarifies the
characteristics of ecosystems that must be maintained for sustainable use of ecosystem services, from
which we concluded functional diversity and mobile link species are its most important characteristics,
and (3) research on portfolio theory, which explains the economic sense of extending investment in
biodiversity to combat risk of losing returns from ecosystem services.

We expand on earlier research by arguing that these three lines of research can be combined to put total
economic value in a framework that would foster sustainable use of ecosystems. The concepts of
insurance value and resilience stock are part of resilience thinking, which is a perspective for a
sustainability analysis of systems, whereas economic valuation is a method for optimization. This
distinction suggests that the two apply to different stages in a process and can therefore complement
each other (Fischer et al., 2010). We present portfolio theory as a framework in which investment in
total economic value can be combined with investment in ecological resilience. Theory on functional
diversity and resilience across scales can provide guidelines for species assemblies that maintain
ecological resilience. Such a portfolio of biodiversity will give an investment strategy that most
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effectively lowers the risk of an ecosystem undergoing a regime shift and thus losing ecosystem services.
The species assembly invested in sets a limit on future optimization of total economic value, while
stabilizing its variance through time and insuring society against its loss. In conclusion, to solve the
information problem in total economic value, economic valuation and optimization of an ecosystem’s
services needs to be performed in accordance with a species assembly in a biodiversity portfolio,
assembled through guidance by ecological resilience theory, that maintains an ecosystem’s
sustainability.
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