Sustainable Development and Intergenerational Efficiency: 
A bio-economic approach
Abstract

The present paper delineates an operational bio-economic approach for sustainable development by integrating key concepts from biology and economics. This approach assigns equal importance to the welfare potentials of future and current generations and defines Sustainable Development as that pattern of economic process that ensures the environmental prerequisites for efficient evolution of intergenerational welfare. 
This paper focuses on the dependency of intergenerational efficiency on the biological-ecological infrastructure; which is the biological basis for the socio- economic process taking place within coupled human- natural systems. Efficiency of intergenerational welfare requires the preservation of the biological integrity of ecosystems. In order to make this idea operational, we suggest the preservation of certain thresholds, the Biologically Crucial Levels (BCL) of biological- ecological functions and species. BCLs represent an operational entity inspired by contemporary trends in biological conservation. The preservation of BCLs bears strong similarities with the original Safe Minimum Standards (SMS)  approach Ciriacy-Wantrup 1952()
 before being modified by Bishop (1978)
: BCL ought to be preserved regardless of the short run foregone benefits the preservation entails. 
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1. Introduction

The innovative element arising from the concept of Sustainable Development (SD) lies in the explicit consideration of the needs, preferences and welfare potentials of future generations WECD 1987()
. In this context the present paper argues that an equal importance should be attached to these attributes of future generations as to those of current generations. A realistic approach should recognize that our knowledge on the needs and preferences of future generations is limited at best Baumgärtner and Quaas 2010()
. Beyond certain preferences pertinent to basic biological needs, whatever preferences future generations might have are unknown and unknowable. Keeping this fundamental constraint in mind, it is imperative that the potential of generations to come be preserved. The ‘environmental infrastructure’ that permits future generations to enjoy biological health, to shape preferences and to pursue their fulfillment should be available to them; the environmental rights of future generations should be preserved. The present paper argues that such a preservation scheme entails ensuring the potential for efficient evolution of intergenerational welfare 
 ADDIN EN.CITE 
(Daly 1990; Spash 1993; Padilla 2002; Bromley 2004)
. 

Our approach places emphasis on the environmental infrastructure that determines the healthy functioning of the ecosystems and hence the provision of society with such ecological services that maintain: (i) the biological health of human beings; (ii) the shaping of preferences dependent on the environment. The availability of natural resources and their intergenerational allocation evades the scope of the present paper 
 ADDIN EN.CITE 
(Solow 1974; Georgescu-Roegen 1975, 1979; Amir 2002)
. The paper builds on previous papers by Bithas and Nikjamp (2006)
  and Bithas (2008)
The present paper argues that prevailing economic criteria of efficiency (the Potential Pareto Improvement criterion based on the Pareto criterion as modified by Kaldor and Hicks) offers the appropriate framework for defining and planning SD.  The efficiency criterion is appropriate for evaluating alternative patterns of intergenerational welfare and identifying as sustainable the efficient ones, provided that the welfare of all future generations is explicitly taken into account as equal in importance to the welfare of present generations. In this context, a zero discount rate for evaluating intergenerational welfare is adopted.  Because the welfare of future generations is unknown and unknowable, the environmental requisites for the attainment of welfare should be preserved in the long run. This preservation ensures the attainment of efficient paths of intergenerational welfare, in comparison to paths that arise when environmental requisites are not preserved.  Sustainability requires the preservation of those environmental ‘boundaries’ within which intergenerational efficiency can be attained. 

The proposed framework relates the requirement for ‘inviolable rights of future generations’ with the utilitarian concept of efficiency Spash 1993()
. We suggest that the preservation of ‘inviolable rights’ is the necessary condition for efficiency in intergenerational welfare. Based on basic biological principles, our approach attempts to define those environmental rights (not necessarily comprising the entire existing environmental infrastructure) that should be entailed to future generations in order to achieve intergenerational efficiency. Evidently, within the context of intergenerational efficiency, the existing ‘environmental infrastructure’ may diminish if such is the result of an increase in the intergenerational welfare. However the reduction in environmental infrastructure has certain limits prescribed by the criterion of efficiency once applied to evaluate intergenerational welfare. As the generations to come tend to infinity, certain patterns of reduction in the environmental conditions for shaping preferences and enjoying welfare by future generations, will result in inefficient intergenerational welfare. 

The application of the efficiency criterion offers interdisciplinary research an edge. Traditional economic thought does not need to abandon its methodological basis in order to define SD in operational terms. Economic science in collaboration with the biosciences can determine the properties of the environmental infrastructure must be preserved in order to attain efficient evolution of intergenerational welfare.  The present paper operationally defines the necessary environmental infrastructure based on key biological concepts communicated to economics.
2. Defining the environmental prerequisites for efficient intergenerational welfare 

For the delineation of the ‘environmental infrastructure’ required for efficient welfare evolution, we adopt a simple model of the interrelationship between environmental and economic systems. This model is based on systems analysis Odum 1971(; Passet 1979)
 and is adopted by conservation biologists in the investigation of conservation rules Allen and Hoekstra 1992(; Griggs et al. 2013)
. The economic system is a subsystem of the human system, which is in turn a subsystem of the natural one. The relationships between systems applies to their material and energy constitutes as well as to the rules governing them: the material and energy elements of the economic system belong to the natural system, while the rules governing processes taking place within the natural system inevitably apply to the processes  of the economic system.

Figure 1 here

2.1 Environmental Prerequisite A: Ensuring ‘healthy’ biological functioning of human race
The biologically healthy functioning of human race arises as the most fundamental (biological) need of the human beings. This is the prerequisite before any other activity aiming at economic welfare. Healthy biological functioning is the absolute necessity that present and future generations have in common.  Future generations should be afforded the being provided with ecological services that ensure that human beings can continue to satisfy their biological needs (e.g. food, water, human health)Corning 2000()
.  Human health hinges on the structure and function of natural systems and there is an urge to better understand the implications to human health due to environmental changes McMichael 1993(; Myers et al. 2013)
. For example environmental changes may increase the probability of exposure to infectious diseases Collinge and Ray 2006()
.   The healthy functioning of the global ecosystem provides the necessary biological conditions that permit human race to enjoy biological health.  The conservation of the biological functions of the ecosystems, that ensure healthy biological function of the human race, lead to efficient intergenerational welfare paths when compared with paths resulting from non-conservation.

A biologically ailing human race can hardly enjoy any other form of welfare. A severely decayed biological status, beyond some future generation, will become the concern of all human beings who come into existence thereafter, as they will be biologically weakened and barely able to enjoy economic welfare. In fact, if after a certain time in the future all humankind is afflicted with an unhealthy biological status, then effectively another biological race would have arisen. Another biological species, with human- like but inferior biological traits, would be the outcome of a severe environmental degradation, at the aggregate level. 
At the individual level, a severely unhealthy biological status, suffered by a particular individual, could substantially disrupt its welfare potentials. But even so, for some individuals, unhealthy biological status could still leave sufficient room for them to enjoy other sources of welfare.  At the aggregate level that affects every and each member of all generations to come, a serious biological decay reduces substantially the prospects of the aggregate welfare. To assume positive aggregate welfare for a degenerate human race, at the aggregate level, it is tantamount to envisaging a new biological race of impoverished biological properties and potentials in comparison to the human race as we know it.

In this context, when the healthy biological status of human beings is not ensured, then socioeconomic welfare tends to zero at the aggregate level. Let us give a simple analytical presentation of the argument. The aggregate welfare wi  of generation i can be expressed as a function of economic welfare Yi and the welfare Bi arising from healthy biological status:

wi = f (Bi, Yi).    

The condition for wi = f (Bi, Yi) >0 is that Bi>0. If healthy biological status is not ensured for generation i so that Bi tends to 0, then wi also tends to 0.
We are now able to compare two alternative evolutions of intergenerational welfare. In the evolution u1, u2 …..un all generations to come are assured of a healthy biological status. In the evolution w1, w2…………wn on the other hand, the healthy biological functioning of the human race is seriously disrupted after generation j, which implies that wj  tends to 0 and the same holds true for all subsequent generations. The aggregate intergenerational welfare of the two indicative evolutions could be estimated as follows:

[image: image1.wmf]u

u

u

u

u

U

n

j

n

t

i

n

+

+

+

+

+

=

=

å

=

....

....

2

1

1

 


[image: image2.wmf]w

w

w

w

w

W

n

j

n

t

i

n

+

+

+

+

+

=

=

å

=

...

...

2

1

1

 

Evidently, Un > Wn as n becomes large, so the former sequence of intergenerational evolution of welfare is, according to the Potential Pareto improvement criterion, superior to the latter. The Ui sequence of successive generations’ welfare is efficient compared to Wi QUOTE 
 . 

2.2 Environmental Prerequisite B: Preserving the environmental infrastructure for unconstrained shaping of preferences by future generations

The second environmental prerequisite for efficient intergenerational welfare is to preserve the environmental potential for unconstrained formation and satisfaction of preferences in future generations. Forming preferences is a social process that depends on the social, institutional, technical and cultural settings. In social evolution, one may identify preferences that depend, directly or indirectly, on the natural environment. The natural environment offers a vast infrastructure related to the preferences of individuals.

The environmental conditions of natural systems define in the present, and will determine in the future, the prospects for shaping preferences and pursuing their satisfaction. A significant number of preferences in the future may depend on the natural environment only to a limited extent. Nevertheless, as the preferences of future generations are unknown and unknowable, the insistence on SD makes it imperative to safeguard future generations’ rights to the environmental infrastructure that allows unconstrained shaping of preferences. This condition is extremely crucial today as the human domination on the planet has led to a wide range of environmental impacts, which have caused rapid, unprecedented and substantial changes in Earth ecosystems Vitousek et al. 1997()
. Critical functions of biophysical systems are on the verge of irreversible degradation, if not already deeply entrenched in it Rockstrom et al. 2009()
. Climate change, biodiversity loss, land use changes, desertification and pollution of water resources are but a few of the symptoms. If the current trend in environmental impacts continues unabated, the environmental infrastructure available to future generations for shaping preferences will be depleted irreversibly. According to the efficiency criterion, such an evolution can only lead to intergenerational welfare trajectories inferior in comparison to those that would stem from preserving an environmental infrastructure capable of supporting the unconstrained shaping of preferences for generations to come.

Let us compare two indicative intergenerational sequences of welfare in efficiency terms by estimating their aggregate welfare levels. 
Un represents the aggregate of an intergenerational welfare sequence in which all future generations are freely able to form preferences depending on the environment and to pursue their fulfillment effectively:

 

  
In contrast, in the evolution Un,  QUOTE 
 the environmental status after generation j does not permit the unconstrained shaping of preferences that depend on the environment,  n denotes a sufficiently distant period:


 
With future preferences being unknowable, it is very possible that after the generation j,  QUOTE 
  wi<ui QUOTE 
 . The potentials of generations after j to attain welfare arising directly or indirectly from the environment are diminished since in the sequence Wi the environmental infrastructure for shaping preferences has been substantially reduced. Τhe generations to come after j tend towards infinity, hence  QUOTE 
 Un>Wn. The probability of this outcome increases with the probability of future generations shaping preferences dependent on the environment. Given the uncertainty cloaking the preferences of future generations, it is essential that the environmental infrastructure be preserved in order to ensure efficient welfare evolutions. 

3. Defining the Environmental Infrastructure for Intergenerational Efficiency: Lessons from Biology

3.1 Biological Integrity and biological sustainability
The maintenance of the healthy biological functioning of the human race and the unconstrained shaping of preferences is only ensured through the healthy functioning of the biosphere. The preservation of the healthy functioning of the biosphere attracted the interest of classical preservationists Muir 1916()
 and lies at the core of contemporary preservationism Noss 1995(; Pimentel et al. 2000)
. In this context, the biological-ecological integrity of the earth’s ecosystem necessitates its healthy ecological functioning and preserves the two fundamental prerequisites for efficient intergenerational welfare:

· Biological integrity provides the ‘biological infrastructure’ for the healthy existence and evolution of humankind which is a bona fide biological species, albeit sui generis. 

· Biological integrity bequeaths to future generations the freedom to shape environmentally based preferences.

Biological–ecological integrity of an ecosystem implies “wholeness of a living system, including the capacity to sustain the full range of organisms and process having evolved in a region” (Chu and Karr, 2001; Karr, 2003). The key factors of biological integrity are the ecosystem’s organisms and process. The quantitatively and qualitatively adequate presence of organisms and the preservation of the ecological processes lead to healthy functioning and evolution of ecosystems, “a flourishing condition, well-being, capacity of self renewal” Chu and Karr 2001()
.

Absolute biological–ecological integrity describes a state devoid of human impacts and thus defines a reference condition for evaluating the status of an ecosystem 
 ADDIN EN.CITE 
(Karr 1991; Barbour et al. 2000)
.  In real world, the intensified impacts of human action result in biotic impoverishment: “the systematic reduction in the capacity of the biosphere to support life” Chu and Karr 2001()
. In the majority of ecosystems, human societies coexist and coevolve within them. Human presence and economic action will necessarily compromise the ecosystem’s biological-ecological integrity. Thus the status of the majority of the ecosystems cannot be described as being similar to that of the reference condition of biological integrity. Under these constraints, the realistic target for ensuring the proper functioning and evolution of ecosystems is to maintain at least that minimum level of biological integrity that ensures the fundamental properties of ecosystems. Even in a state where impacts and degradation exist together, ecosystems can still preserve their inherent potentials, their renewal processes and their capacity for self–repair when perturbed if ecosystems maintain a critical level of ecological integrity Karr 1991(; Rapport 1995)
. Such a state of ecosystems is defined as ‘ecosystem health’ Callicott and Mumford 1997()
.

Preserving at least the minimum necessary level of biological-ecological integrity ensures the healthy ecological functioning of ecosystems, and hence the potential for healthy biological existence of the human race and of the environmental infrastructure for unconstrained shaping of preferences for future generations. Such a status may be defined as ‘biological sustainability’. Biological sustainability is defined as a conservation concept that describes the maintenance, in the same place at the same time, of two integrated things: culturally selected economic activities and ecosystem health Callicott and Mumford 1997()
. Biological sustainability is the necessary condition for SD in coupled human and natural systems Liu  et al. 2007()
. 
3.2 The Biological crucial levels 

The present paper defines the operational conditions of biological sustainability from the point of view of economic science and attempts to delineate operational rules that support the evaluation of economic processes. We investigate the applicability of biological sustainability in decision-making by the integrating concepts originated from biology and ecology that can be used in economic analysis. The definition of operational conditions for biological sustainability is a very complex issue that is clouded by limited knowledge  and uncertainty van den Bergh 2010()
. Despite rapid progress in the sciences of ecology and biology, their contribution to the decision-making progress is still limited in operational terms. An operational bio-economic approach should adopt existing knowledge from biology and ecology and then outline operational principles, avoiding risks that may jeopardize the healthy functioning of the biosphere. Risks could be defined as those trajectories which, after leading to grave and irreversible deteriorations, may result in the disturbance of the minimum level of biological and ecological conditions and hence of biological and ecological health.
Admittedly, the biosciences assume the existence of critical ecological functions that determine the healthy functioning of ecosystem wholeness 
 ADDIN EN.CITE 
(Callicott and Mumford 1997; Davies and Jackson 2006)
. These critical ecosystem functions depend on the presence of certain environmental elements and biological species Krebs 1994()
. These elements and species play a central role in biological functions and determine biological health and integrity. ”Key” and “keystone” species are typical examples of those elements determining biological health and integrity, and hence biological sustainability (Krebs 1994; Batabyal 2002). As long as these elements and species are preserved within certain limits of quality and quantity, the corresponding environmental functions perform well and ensure at least the very minimum of the  biological integrity and hence of biological health. In this way, biological sustainability is ensured. The required levels of the critical biological-environmental elements could be defined as the thresholds or biological crucial levels (BCLs): “the point at which there is an abrupt change in an ecosystem…or where small changes in an environmental driver produce large responses in the ecosystems” Groffman et al. 2006()
.
To summarize, the preservation of the crucial levels- thresholds of the critical biological species and environmental elements emerges as the operational condition for maintaining ecological-biological health, the minimum level of biological integrity and hence biological sustainability. Essentially, we propose a sequence of necessary requirements entailing observable and measurable entities that could be defined as the BCLs. Figure 2 delineates the reasoning for defining BCLs. 
Figure 2 here
The rationale for defining BCLs ought to be extended to cover chemical and physical substances within ecosystems. The dependency of ecosystems functioning on chemical and physical substances has been a long tradition in environmental management (e.g. water management, air quality management). Despite the fact that describing and assessing an ecosystem’s functioning in this way is not suffice, its physical and chemical characteristics do provide a useful store of knowledge and information. Chemical and physical characteristics can make a positive contribution to the effective management of ecosystems especially in cases where knowledge of the biological and ecological characteristics is insufficient. Chemical and physical parameters should remain within levels- thresholds that ensure the proper functioning of the ecosystems. Furthermore, pollutants- a specific category of chemical/physical elements- should be managed appropriately and contained below their own “crucial levels”. Once the level of a pollutant has overwhelmed the assimilation capacity of the ecosystem, further accumulation will result in severe disruption of ecological processes.
In all probability the proposal for preserving the “crucial levels”, with regard to the critical bio-species, environmental elements, chemical and physical substances and pollutants, is likely to reflect our limited knowledge on the functioning of ecosystems.  However, in view of this uncertainty, preserving the “crucial levels” offers an operational framework that adopts a risk-averse rationale.    

4. The relation of BCLs to other bio-economic approaches and criteria

The BCLs approach bears similarities to other approaches to Environmental Economics and Bioeconomics. This section examines the similarities and differences to delineate the novelty of BCLs approach.
4.1 The critical natural capital approach

The approach of critical natural capital (CNC) emerges as the most akin to the BCL approach. CNC has been defined as the “natural capital which is responsible for important environmental functions and which cannot be substituted in the provision of these functions by manufactured capital”, as well as the “critical natural capital the maintenance of which is essential for environmental sustainability” Ekins et al. 2003()
.These two revealing definitions serve to identify two important differences between the BCLs and CNC approaches Mavrommati and Richardson 2012()
. 

Firstly, in the CNC approach the critical natural capital is defined as “critical” if there are no man-made substitutes. In contrast, within the framework of the BCLs approach the biological crucial levels are defined according to their importance to biological health and integrity, regardless of whether man-made substitutes exist or not. The BCLs approach doesn’t accept the substitution of critical biological functions and elements even though technological advance makes substitution feasible.
In the intergenerational context, this difference becomes essential. According to the BCLs approach the critical biological species and environmental elements and, through them, biological health and integrity are the legacy of the present to future generations so that the latter may be free to shape environmentally-based preferences and to enjoy a biologically healthy life. The rationale is simple: firstly, future generations may not be satisfied with man-made substitutes which could reduce their potentials for forming preferences and satisfying needs under the conditions that may prevail in the future; secondly, the biological health of the human race cannot be substituted by other means but biological conditions supported by, at least, a minimum level of biological integrity Daly 1990()
. Ecologists and biologists strictly reject the possibility of substituting important ecological processes and functions with artificial substitutes Ehrlich 1989()
.

The second fundamental difference between the BCL and CNC approaches is that the latter adopts a broader spectrum of criteria in order to define the critical natural capital: “determination of criticality thus depends on ecological as well as economic, political, and social criteria” MacDonald et al. 1999()
; “critical levels depend not only on ecological standards, but are also related to standard of living and relative affluences” De Groot et al. 2003()
 .“Criticality”, in the context of the CNC approach, reflects biological, political and economic criteria. In contrast, the BCLs approach defines Biologically Crucial Levels on the basis of purely biological-ecological criteria.

As a result, the Critical Natural Capital framework embraces a broader spectrum of environmental elements while the BCLs approach concentrates on a limited number of environmental elements that are necessary for biological health and integrity. They are defined as ‘critical’ irrespective of the possible existence of anthropogenic substitutes and their preservation is an irrevocable necessity for sustainability.
4.2 The Key Species Approach

The ‘key species’ approach bears striking similarities to the BCLs approach and has its origins in ecology and biology Krebs 1994()
. Key species correspond to critical species and elements of the BCLs approach. Key species are those species that determine the healthy functioning of ecosystems Batabyal 2002()
.The BCLs approach assumes that, apart from key species, the healthy functioning may also depend on critical  environmental elements such as physical and chemical substances, and pollutants.

Furthermore, the biologically crucial levels may differ from the ‘minimum viable populations’ that ensure the avoidance of the key species’ extinction, which is the decisive objective within the ‘key species’ framework. The biologically crucial levels may be set considerably higher than the minimum viable population.

4.3 The Safe Minimum Standards Approach

The safe minimum standards (SMSs) approach was originally proposed by Ciriacy-Wantrup (1952)
 to maintain a safe minimum standard of conservation and avoid irreversible species loss. In the context of the original SMSs conservation rule, economic evaluation takes place after preserving a minimum species viable populationNeumayer 2010()
.  This rule has been modified to include economic considerations: “some minimum level or safe standard of ecological functions and processes be preserved that some minimum level or safe standard of ecological functions and processes be preserved unless the social cost for doing so is unacceptable large” Bishop 1978()
.. Evaluating whether “social costs” are unacceptably large depends on many factors such as political criteria, poverty and thresholds effects 
 ADDIN EN.CITE 
(Crowards 1998; Bateman et al. 2011)
.
 In contrast, the BCL approach demands that crucial levels be preserved irrespective of the induced social costs. In the context of BCL, beyond the traditional cost-benefit criterion, economic processes should also be evaluated by an ecological condition: the preservation of biological health of ecosystems and the associated norm of BCLs. This rationale lies within the original SMSs approachCiriacy-Wantrup 1952()
.
 Both approaches are based on economic criteria. The BCL approach assumes that the preservation of BCLs ensures efficient intergenerational evolution of welfare, once the welfare potentials of all future generations have been explicitly taken into account. The SMSs approach seems to give more weight to the welfare of current generations as it questions preservation when the social costs are extremely high. 
5. Conclusions 

The proposed framework suggests the preservation of the ‘environmental rights’ of future generations, which are considered to have equal importance with those of the present generation. These environmental rights allow future generations to satisfy their biological needs without having to compromise their biological status. The same environmental rights provide all generations to come with the necessary environmental infrastructure that allows them to shape preferences and enjoy their satisfaction. Once the environmental rights of future generations are preserved, the potentials for efficient intergenerational welfare are ensured. Evidently, our approach does not require the preservation of all existing environmental infrastructure everywhere and for all time as a condition for sustainability. The BCLs approach does not require “a world exactly as the Iroquois left it” Solow 1993()
. Rather it calls for the preservation of that capacity of the environment to ensure the biological healthy status of human race and unconstrained shaping of preferences by future generations. In this context, the hypothetical application of BCL approach, in the past, would have not meant that we inherited a world “as the Iroquois left it”. We would have inherited a world without the current severe environmental problems that are undermining the biological health of the human race (e.g. water pollution, climate change and atmospheric pollution), and without the foregone potentials for shaping preferences (e.g. biodiversity loss). 

The BCL approach sets the necessary limits within which environmental policy avoids paths that restrict future generations’ opportunities. In fact BCLs define those limits within which democratic societies can define the targets of environmental policies. BCLs transmit from science to democratic society the necessary ‘knowledge’ for making informed decisions. 

An important aspect of the proposed approach is that there is no need for substantial revision of mainstream economic thought before investigating Sustainable Development’. Economists, trained to work with the efficiency criterion, are able to absorb the requirement for sustainable development into their own cognitive framework. At the same time, fundamental concepts and criteria from biology and ecology enter economic thought and are incorporated functionally within it. Biological integrity, biological-ecological health, ecosystems functions and processes are integrated with economic efficiency. 
Is the proposed approach policy relevant and with operational prospects? BCLs are observable and measurable entities, which can be included in a decision-making process and lead to informed decisions. Limited knowledge may create uncertainty. However, there is room for effective policy design and the lack of knowledge is not an insurmountable obstacle Daly 1996()

 Essentially, the present proposal sets up a forum for debate among economists as well as between economists and biologists so that certain crucial issues may be discussed: 
· How can the knowledge and findings of biology and ecology be incorporated functionally into bio-economics?

· Which are the appropriate social and economic entities to adopt an intergenerational context of welfare?

· Can individuals and companies – the leading actors in today’s economic life – serve such a welfare consideration?

· What role will markets play?

· Can the institutions of state and society play a role in the preservation of the ‘environmental rights’ of future generations?
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