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Preface

The concept of sustainable development is a multifaceted global problem which
was recognized, introduced, and articulated over the course of several decades.
Nevertheless, the concept still requires a thorough and comprehensive investigation.
It is obvious that the entire scope of the sustainability issues cannot be addressed by
a single book.

This volume appears in the “Strategies for Sustainability” series focusing on
implementation strategies and responses to sustainability problems — at the orga-
nizational, local, national, and global levels. The main objective of the series is to
encourage policy proposals and prescriptive thinking on topics such as sustainabil-
ity management, sustainability strategies, lifestyle changes, regional approaches,
organizational changes for sustainability, educational approaches, pollution preven-
tion, clean technologies, multilateral treaty-making, sustainability guidelines and
standards, sustainability assessment and reporting, the role of scientific analysis
in decision-making, implementation of public-private partnerships for resource
management, regulatory enforcement, and approaches to meeting inter-generational
obligations regarding the management of common resources.

The book presents original research papers on the state of the art in sustainability,
and it is intended for a broad audience, primarily from the academia, environmental
authorities, industry, forestry, agriculture, and land and water management, and
can be of interest for researchers, graduate students and practitioners in the areas
of sustainable development and environmental sciences, business managers and
analysts, and policy- and decision-makers, who will find valuable sources of
information for their professional activities.

The contributions received for the book reflect geographically disperse locations
from New Zealand to Nepal and from Australia to the United States. Thus, the
book sets out a worldwide perspective of the science, policy, and practice of
sustainability in North and South Americas, Europe, Asia, Australia, and Oceania. It
is a clear indication of a growing interest toward the issues of sustainability — locally,
internationally, and globally. The chapters in the volume also explore country-
specific development and applications of sustainability principles. We would like
to thank all the researchers who responded to the call for chapters and submitted
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manuscripts to this project for their hard work under tight deadlines and high quality
of the contributed papers.

The high scientific quality of the material was also assured by a rigorous review-
ing process by the leading researchers and practitioners in respective fields from
Argentina, Australia, Austria, Canada, India, New Zealand, Palestinian Territories,
Qatar, Russia, Saudi Arabia, United Arab Emirates, and the United States. We
are grateful to our reviewers whose names are not listed in the volume due to
the confidentiality of the process. Their voluntary service and insightful comments
helped the authors to improve the quality of the manuscripts as well as assisted the
editors in decision-making on each chapter.

We would like to express our appreciation to the entire team of Springer Nature
with very special thanks going to the series editor of Strategies for Sustainability,
the publishing editor Dr. Fritz Schmuhl, and his editorial assistant, Catalina Sava.
We are grateful to the Project Coordinator (Books) Prasad Gurunadham and Project
Manager AbdulBari Ishrath Ara of SPi Technologies for their enthusiastic support
and exceptional editorial and proofing work on behalf of the team of authors.

Toronto, ON, Canada Peter A. Khaiter
Marina G. Erechtchoukova



Introduction

For this book, we invited contributions on methodological and applied aspects of
sustainability and sustainable management from different countries and regions
around the globe. The chapters discuss approaches to sustainability assessment
and demonstrate how ideas of sustainability and sustainable management are
incorporated into public policies and private actions at local and national levels. The
book presents the current directions of scientific thinking and success in the field
of sustainable development. The conceptual ideas and case-based implementations
showcase how the theory of sustainability and its approaches can be applied to
public policy development and actual realization in local and regional sustainable
practices. The authors focus on promoting greater sustainability in natural resource
management, energy production and storage, housing design, coastal planning,
land use, and business strategy, including sustainability indicators, environmental
damages, and relevant theoretical frameworks. The chapters reflect environmental,
economic, and social issues in sustainable development, challenges encountered,
and lessons learned as well as solutions proposed.

Structurally, the book is divided in three parts. Part I is dedicated to scientific
or theoretical foundations of sustainability. At the same time, the authors discuss
and demonstrate practical applications of their thoughts. The opening chapter, by
the editors, provides an introduction to the fundamentals of sustainability, including
a brief historic overview of the concept. The idea of sustainability is articulated
on the basis of ecosystem services and formalized in a theoretical framework
in terms of a meta-modeling approach. In moving the concept of sustainability
toward design and implementation, the architecture of the environmental software
modeling framework is presented. Syaifudin and Wu (Chap. 2) discuss sustainable
development in Indonesian regions where significant economic growth over the
past several decades has been achieved at the cost of environmental degradation.
Currently, the Government of Indonesia views sustainability as an important goal in
the country’s long-term development planning. The chapter presents a study aimed
at measuring and analyzing sustainability at the provincial level in Indonesia by
developing composite indices, so that they reflect four aspects of sustainability:
economic, environmental, social, and institutional pillars. Prato (Chap. 3) presents

vii


http://dx.doi.org/10.1007/978-3-030-19550-2_2
http://dx.doi.org/10.1007/978-3-030-19550-2_3
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a framework that identifies a preferred sustainable management action and its
application to sustainable fuel treatment of forests in the United States. The
proposed framework has been applied in a case study that determines which fuel
treatment strategy is preferable for US Forest Service Land in Flathead County,
Montana, over a 50-year planning period. The objectives in the study express
sustainability goals through minimizing expected residential monetary losses from
wildfire, minimizing expected deviation of forest ecological conditions from their
historic range and variability, and maximizing expected net returns from timber
harvesting associated with fuel treatment. Trofimchuk (Chap. 4) explores sustain-
ability of water ecosystems as self-organizing systems. The existing approaches
to the assessment of water quality may not provide control of thousands of new
pollutants into the water bodies. Through the results of many years of experimental
work, the chapter describes the criteria of ecosystem stability and functioning on the
basis of thermodynamic parameters.

Part I deals with promoting sustainability through policies. The opening chapter
in this part by Eaves et al. (Chap. 5) investigates how precautionary policy planning
can shape sustainable land use development in the coastal environment of New
Zealand. There is an evolving risk and exposure to hazards that are perpetuated
by sea level rise and extreme storm events that manifest from a changing climate.
It is proposed that a sustainable dynamic adaptation to these hazards through a
managed process can create a long-term resilience for communities. Tyaglov et al.
(Chap. 6) is focused on measures aimed at remediation of environmental damages
accumulated from the past and the necessity to formulate them in the form of
regional and federal policies as a means of promoting sustainability. Viewing from
environmental and economic perspectives, the analysis reveals the main components
of the restoration process including environmental objects, stakeholders, tools,
institutions responsible for policy implementation, and enforcement mechanisms.
Thomson et al. (Chap. 7) document the development of an outcome-based platform
for assessment of sustainability performance of commodity crop agriculture in the
United States. The multi-stakeholder development process is described showing co-
design of the platform with farmers and industrial stakeholders, including brand and
retail companies. As sustainability programs in agriculture are increasingly focused
on meeting environmental objectives, this case study provides useful lessons regard-
ing scientific metrics and key environmental performance indicators. Danilenko et
al. (Chap. 8) present assessment and forecast of surface water quality as the key
elements of effective water resource management given that the state of natural
ecosystems, including aquatic ecosystems, has decisive importance for sustainable
social and economic development. The authors argue for regional standards on the
content of pollutants in water bodies taking into account specific local conditions
of their formation for the development of ecologically justifiable water protection
measures as the necessary premise for sustainable development of the territories.
Braaten et al. (Chap. 9) explore the use of indicators for water management
by drawing on the Australian National Water Account dataset, specifically their
applicability and usefulness as well as limitations for water sustainability reporting
and potential utilization by environmental authorities. It is assessed which indicators
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provide the most insight into water sustainability, best suitability for addressing
contemporary sustainability issues, and how indicators could/should be applied by
decision- and policy-makers. Banjade and Paudel (Chap. 10) provide a historical
account of how the concept of sustainability has been advanced over time in
Nepal where the Himalayan environmental degradation has forced to revisit the
approaches to forest sector governance of highly vulnerable hill areas to integrate
environmental, social, and economic dimensions. The authors examine the concept
of sustainability in relation to these three dimensions and analyze existing forest
sector policies and programs in relation to increased market interface and in the
context of climate change threats and food security crises.

Part III is focused on implementing the ideas of sustainability in practice. In
the first chapter of this part, Scarpati and Capriolo (Chap. 11) analyze seasonal
precipitation trends over a 40-year period in 16 drainage basins of the Buenos
Aires Province, one of the main crop production areas in Argentina. The results
show a decreasing tendency over many areas and call for a high need of irrigation
during the entire year. This information is important to plan for irrigation measures
in support of sustainable agricultural production in the region taking into account
that climate changes are also likely to challenge existing spatiotemporal patterns of
plant species, cultivated crop systems, and their management. Cakici et al. (Chap.
12) discuss the recent developments of low-cost and highly efficient storage devices
and their role in supporting sustainable energy supply. The authors argue for novel
techniques which will produce multifunctional well-defined nanostructured hybrids
consisting of carbons and conjugated polymers that have potential for applications
in sustainable energy storage devices (e.g., supercapacitors, batteries, fuel cells,
solar cells, and photoanodes). Paudel and Imteaz (Chap. 13) present an experience
with a prudent and optimal government rebate for rainwater tank installation with a
case study for an Australian coastal city, Adelaide. It is found that payback periods
widely vary depending on region, tank, roof, and demand scenario. Accordingly,
a variable rebate scheme is recommended to optimize government’s spending.
Shekhovtsov et al. (Chap. 14) deal with incorporating the principles of sustainable
development in long-term socioeconomic planning at regional and municipal levels
in a large industrial and agricultural area — Rostov region, Russia. The authors
investigate the best practices of strategic planning of sustainable initiatives based
on the thorough analysis of the dynamics of sustainability indicators, major stake-
holders, and organizations involved in the due process and formulate appropriate
recommendations. Tahir et al. (Chap. 15) highlight the most recent approaches to
resilience and sustainability of water supply in the Middle East where countries
heavily depend on desalination for freshwater procurement. The authors evaluate
the possible vulnerabilities and the ways of technological diversification to ensure
that constant water supply can be maintained without relying on fossil fuel-based
plants. A review of the national programs in the region looks promising as they
implement ongoing projects, such as Mega Reservoir, and research programs in
solar desalination and pretreatment techniques. Kumar et al. (Chap. 16) present
an Indian nation-scope study of the current status of forest fringes and their role
in sustainable development. The recent phenomenal increase in human population
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and cattle size and the lack of effective management have led to overexploitation
of forest resources and diminished supply of goods and services. The authors
emphasize that forest fringes demand an urgent quantitative assessment and site-
specific prioritized intervention to improve livelihood as well as ecological health
in addressing the goals of sustainable development.

Peter A. Khaiter
Marina G. Erechtchoukova
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Scientific Foundations of Sustainability



Chapter 1 ®
Perspectives of Sustainability: Towards Qe
Design and Implementation

Peter A. Khaiter and Marina G. Erechtchoukova

Abstract The idea of sustainability is approached on the basis of ecosystem
services which are widely recognized as a key notion for sustainable development.
Utilization of this interpretation of sustainability requeres a mechanism whereby
all the goods and services generated by ecosystems are adequately quantified,
valuated and incorporated in the decision-making process. A theoretical framework
for sustainable management consists of five layers: “Ecosystem”, “Monitoring”,
“Modeling”, “Valuation” and “Management” and it is expressed in terms of a
meta-modeling approach. A sophisticated information system which implements
the main elements of the meta-modeling framework allows to transform it into a
tool of a practical use by the policy- and decision-makers as well as by the wider
categories of the interested stakeholders, thus moving the concept of sustainability
towards design and implementation. The architecture of the environmental software
modeling framework (ESMF) follows the main structural solutions of the multi-
layered designs and the principle of platform independence. As a result, the logic
of the ESMF is distributed across four tiers: Client tier, EMMVM tier, Data Source
(DS) tier and Data Warehouse/Database (DW) tier. A particular parameterization of
the underlying techniques and selection of the targeting variables in each tier are
determined by a given domain and problem at hand.

Keywords Sustainability - Ecosystem services - Environmental management -
Software tool - Decision-making - Meta-modeling framework
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1.1 Introduction

The interplay between environmental conditions and economic prosperity had been
noticed long time ago. For example, the relationships between forests and the
hydrological cycles on the adjacent territories were understood as early as the
ancient Greece and Rome. Definitely, this link was recognized by Plato who noted
that disappearance of forests (i.e. deforestation in our modern language) on the Attic
peninsula, a historical region of Greece, had led to soil erosion and drying of springs.
In general, the collapse of ancient societies often followed the deforestation of their
land, what is reflected in an old saying that “forests proceed civilization; deserts
follow” (Thiele 2013).

Nowadays, the issues of rational use of the environmental objects continue to
attract public attention world-wide, especially in connection with increasing man-
produced impact. The scale of anthropogenic alteration of the planet’s ecosystems
is a substantial and growing factor to be regarded in policy- and decision-making
procedures. Human society and its economic development cause adverse side
effects, such as habitat destruction, over-harvesting and pollution of environmental
niches (i.e., air, soil, fresh waters, oceans, etc.). According to Saier (2006), the rate
of biological species extinction due to human activities is about 8000 per year.

There are even growing concerns on the part of various environmental stake-
holders and general public in relation to the on-going global climate change and
natural resources depletion as well as a common demand for a harmonized type
of relationships between the societal development and the environment which
crystalized in the concept of environmentally-friendly sustainable development. In
the most generic sense, sustainability can be understood as maintaining natural
capital and resources (Goodland 1995). The frequently cited Brundtland report
defined sustainability as “development that meets the needs of present [generations]
without compromising the ability of future generations to meet their needs” (WCED
1987).

The 2005 World Summit on Social Development (UNGA 2005) expressed
the paradigm of sustainability in three dimensions or “pillars”: “economic devel-
opment”, “social development” and “environmental protection” (also known as
the “Triple Bottom Line” approach). Inherent in the definition of sustainability
is the recognition of the importance of the three pillars (NRC 2011) and their
interdependency, so that the economy is a subsystem of human society, which
is itself a subsystem of the biosphere (Porritt 2006). This can be visualized by
a diagram with the three nested circles in which both economy and society are
constrained by environmental limits (Scott 2009). Therefore, the environmental
pillar is a key aspect of sustainable development which, to a greater extend, will
determine the future of humanity because everything that humans require for their
survival and well-being depends, directly or indirectly, on the natural environment
(NRC 2011; Marsh 1864).
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In 2015, the United Nations General Assembly adopted the 2030 Agenda for
Sustainable Development in which 17 Sustainable Development Goals (SDGs)
(Fig. 1.1) have been set and spelled them out in 169 associated targets aimed
at addressing “the global challenges we face, including those related to poverty,
inequality, climate, environmental degradation, prosperity, and peace and justice”
(UNGA 2015). All UN Member States agreed that solving the global problems is
impossible without addressing climate change and working to preserve the nature at
all the levels.

A methodology linking together the three pillars of sustainability is rooted in
the concept of ecological-economic-social (EES) systems and ecosystem services
they produce (Khaiter 1986, 1993a, 1996, 2005a; Gorstko and Khaiter 1991).
Corresponding theoretical framework expressed in terms of a meta-modeling
approach is presented in the second section of this chapter. In order to move the
concept of sustainability towards design and implementation, a transformation of the
theoretical framework into a sophisticated software tool is required. Environmental
software modeling framework (ESMF) is discussed in the third section of the
chapter. The ESMF applies the key structural solutions of the multi-layered designs
and the principle of platform independence and demonstrates the ways of how
the task of sustainable development can be formulated in terms of optimal control
theory.



6 P. A. Khaiter and M. G. Erechtchoukova

1.2 Methodology for Sustainability Assessment: Theoretical
Framework

An approach to managing the economic and societal development with a view of
ecosystem goods and services they produce for humankind had been suggested
and developed mainly for forested territories since late 1980s (Khaiter 1986,
1991, 1993b; Khaiter and Erechtchoukova 2013). Nowadays, there is an obvious
broad consensus that ecosystem services are an important integral part and even
cornerstone of sustainability studies, even if the term ecosystem services is not
always explicitly mentioned in policy documents (Geijzendorffer et al. 2017; Griggs
et al. 2013; Liu et al. 2015; Wu 2013).

At the same time, Geijzendorffer et al. (2017) explored two international policy
documents: the SDGs (UNGA 2015) and the Conventional of Biological Diversity
(CBD) Aichi Targets (CBD 2013), both having global coverage and containing
objectives on sustainable development, to analyze to what extent the ecosystem
services have been incorporated in global sustainability policies. It was found that
12 goals (out of 17 SDGs) and 13 targets (out of 20 Aichi Targets) relate to
ecosystem services. Therefore, it should be taken as imperative that the very idea
of sustainable management can be discussed in practical terms only if all the goods
and services generated by the affected ecosystems are properly quantified, valuated
and incorporated into the decision-making process at its various stages (Khaiter and
Erechtchoukova 2010a).

The UN-led Millennium Ecosystem Assessment Report (MEA 2005) has cat-
egorized ecosystem services into four broad groups: provisioning, such as the
production of food and water; regulating, such as the control of climate and diseases;
supporting, such as nutrient cycles and crop pollination; and cultural, such as
spiritual and recreational benefits. However, the main methodological problem is
that the quantifying of ecosystem benefits is a non-trivial task. In most of the
cases, the corresponding measures can only be obtained through modeling of the
phenomena in question (Khaiter 1993a, 2005b).

Quantitative assessment of the ecosystem services in the scenarios of sustain-
able development requires, at the very minimum, the following elements: (1) an
adequate theoretical understanding of an ecosystem and its various services; (2)
an adequate model of an ecosystem describing internal physical, chemical and
biological processes and their interrelationships, structure and components of the
ecosystem, laws of its functioning and generation of the services under natural
conditions; (3) understanding of the principles governing responses/reactions of the
ecosystems to exogenously caused stresses including the ability to produce services
under the stress; and (4) a model predicting the ecosystem behaviour under the
anthropogenic impacts and the quantities of the services it can so deliver (Khaiter
and Erechtchoukova 2009a, 2010a).

As a means of coupling the concepts and ideas of sustainable development, a
theoretical framework has been suggested. While the initial steps in developing
the framework were mostly concerned with the four above tasks of quantifying
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Fig. 1.2 Layers of the
theoretical framework for
sustainable assessment
(Khaiter and Erechtchoukova
2014)
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the ecosystem services (Khaiter and Erechtchoukova 2010a, b), as a further devel-
opment, the framework has been extended to include the modules implementing
valuation and decision-making activities at the upper structural levels (Khaiter and
Erechtchoukova 2012) to finally consist of five layers: “Ecosystem”, “Monitoring”,
“Modeling”, “Valuation” and ‘“Management” (Fig. 1.2) briefly reviewed below. A
detailed description of the internal operations of each layer can be found elsewhere
(Khaiter and Erechtchoukova 2018).

1.2.1 “Ecosystem” Layer

Based on general systems theory (von Bertalanffy 1969) as well as classical and
systems ecology (Dale 1970; Mueller 1997; Odum 1983; Tansley 1935), it has
been suggested (Khaiter and Erechtchoukova 2018) a five-set tuple description
of an ecosystem (E), which includes a set {C} of biotic and abiotic constituents
(i.e., ecosystem composition), a set {S} of their particular assemblages reflecting
interrelationships of ecosystem elements (i.e., ecosystem structure), a set {P}
of ecosystem parameters designating quantitative values to the characteristics of
ecological processes, a set {In} of environmental inputs and a set {Out} of ecosystem
outputs:

E = ({In}, {C},{S},{P},{Out}). (1.1)
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1.2.2 “Monitoring” Layer

The objective of the “Monitoring” layer is to supply sustainable decision-making
with required observation data collected in a standardized way and in conformity
with a certain monitoring program. The latter can be defined in terms of monitoring
indicators, sampling designs and a set of observation sites (Erechtchoukova et al.
2013). It will also specify laboratory analyses and procedures, and include recording
of monitoring data, data analysis and interpretation as well as reporting and follow-
ups (WQTG 2006). The aims of a monitoring system can be: (1) assessment
of trends in indicators; (2) attainment of environmental quality standards; (3)
assessment of environmental impact; and (4) general surveillance (Whitfield 1988).

1.2.3 “Modeling” Layer

The “Modeling” layer consists of a module responsible for modeling natural dynam-
ics, another one modeling anthropogenic dynamics and a module for quantifying
the ecosystem services. The aim of as well as steps and challenges associated
with modeling of ecosystem natural dynamics have been recently summarized by
Khaiter and Erechtchoukova (2018). The outcome of the first module is a model for
evolution of the studied ecosystem under the natural conditions, which, in a unified
notation by Ide et al. (1997), can be written as follows:

M [t,in(?), x(¢), p(t), F] =0, (1.2)

with the initial conditions x(0) = xq. Here M is the model dynamics operator; ¢ is
the time variable; x(¢) is the vector of model state variables quantifying elements
of the set {C}, i.e. both biotic and abiotic constituents of the ecosystem; p(¢) is
the vector of model parameters; and in(z) is the vector of inputs of environmental
factors, i.e. elements of the set {/n}. The vector-function of ecosystem processes F
expresses an interplay of environmental inputs, state variables and parameters. The
structure {S} of the modelled real-world ecosystem is revealed through the values of
the state variables and parameters and a particular mathematical form of functions
fi(i=1,n)inF.

Exogenous perturbations denoted as vector u(¢) caused by anthropogenic impacts
may affect and change different components of the real-world ecosystem as
expressed by its mathematical model (1.2). Therefore, the task of the module of
anthropogenic dynamics is to predict ecosystem behaviour in response to each
type of stress. Following classical papers by Holling (1973) and Odum (1983), it
has been demonstrated that there are common patterns in the ecosystem reaction
to anthropogenic stress and five possible scenarios determined: (i) resistance;
(i) deformation; (iii) resilience; (iv) degradation; and (v) shift (Khaiter and
Erechtchoukova 2007). Considering the evolution model (1.2) as the base model
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level 0 (BaseModel0), ecosystem anthropogenic dynamics can be interpreted as a
meta-model level 1 of the base model:

MetaModell = BaseModelO[u(t)]. (1.3)

Building the transformations (1.3) requires extensive data of empirical observa-
tions on the behaviour of the ecosystem components as they respond to each kind of
anthropogenic stress or a certain combination thereof. Provided that these data are
supplied by the “Monitoring” layer of the framework, the impact can be factored
through the corresponding transformation functions for each affected state variable
and for each type of the influence (Khaiter 1991), i.e.:

A =TFipxxY, O<TF <1,Vi=1,.,nVk=1,.K, (1.4)

where in and xiA are the ith state variable before and after the influence of the
kth type factor, respectively; TF; i is the transformation function of the kth type
factor on ith state variable. A compounding effect of multiple factors can be
expressed through the resulting transformation function (7FR) built using different
approaches, e.g. either from the ecological Liebig’s law of the minimum of limiting
factors (1.5) or in the multiplicative form (1.6):

TFR = ming—1 ., {TFx}, (1.5)

.....

TFR = TT,_, (TF} . (1.6)

A sample view of the transformation functions TF's is given in Fig. 1.3.

Ecosystem services can be interpreted as derivatives or by-products of ecosystem
existence and functioning. Then, their quantitative values appear as the outputs of
the ecosystem dynamic model. In the case of natural (undisturbed) dynamics, Base-
Model0 will be applied while in the case of anthropogenic dynamics, MetaModell
will be used. In either case, an operator that quantifies ecosystem services is a
meta-model level 2 (i.e. MetaModel2). It should be noted that there is no analytic
expression for BaseModelO, MetaModell or MetaModel2. In most cases, they can
only be formalized by building complex process-based simulation or data-driven
models. As Costanza and Folke (1997) noted, “one way to get at these values would
be to employ systems-simulation models that incorporate the major linkages in the
system at the appropriate time and space scales.”

For example, to quantify the water regulating (hydrological) service of a forest
ecosystem, an approach has been suggested (Khaiter 1993a) that is based on
a simulation model “Forest hydrology” (SMFH) of the processes of moisture
transformation in a forested watershed. The SMFH simulates the processes of forest
hydrology to produce as outputs the values of the water balance components and
provides a quantitative assessment of the hydrological service of the forest under
different management scenarios.
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Fig. 1.3 View of TFs [x-axis is time; y-axis represents coordinates of x(#)] (Khaiter and
Erechtchoukova 2012)

1.2.4 “Valuation” Layer

One of the ways to incorporate ecosystem services in the practical sustainability is
by attributing to them some monetary values due to the necessity to choose from
a set of possible alternatives and determine which one is preferable. Goulder and
Kennedy (1997) noted in this connection that it always “requires to indicate which
alternative is deemed to be worth more.” The output produced by the “Valuation”
layer is an integral monetary value of a set of compatible services Vo, which
depends on a chosen management strategy of exploitation u, i.e.

Vo = Vo (uy) . (L.7)

In terms of the meta-modeling steps, it constitutes meta-model level 3 (i.e.
MetaModel3).

1.2.5 “Management” Layer

Given a number of potential alternatives for managerial actions, a criterion of
sustainability on the basis of ecosystem services can be formulated through the
notion of ecological stability and expressed in terms of optimal control theory. One
of the articulations allows to restrict anthropogenic impact on the ecosystem in study
to maintain a minimal level of critical services, so that ecosystem rehabilitation
abilities were not exceeded, and it could operate within a certain structural domain,
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thus, preventing the ecosystem from critical transitions leading to ecosystem
deterioration or destruction (Khaiter and Erechtchoukova 2009b).

Environmental objects are characterized by the long timespans. It is, therefore,
more realistic to assume that the management strategy may not stay unchangeable
over the whole period of consideration (#p, 7)) but rather an appropriate strategy
should be re-evaluated and determined for shorter time intervals, for which the best
management actions are found from the criterion of maximizing the overall integral
value of ecosystem services Vp(u), from the condition:

T—1
ut = Arg max X_(:) vo (ux (1)) - (1.8)

upe

Solving the problem (1.8) on the basis of meta-models presented in the “Model-
ing” and “Valuation™ layers is the core purpose of the “Management” layer forming
meta-model level 4 (i.e. MetaModel4). It is important to note that said articulation
of sustainable management is fully consistent with Brundtland’s definition of
sustainability (WCED 1987) clearly enabling trans-generation well-being.

1.3 Designing for Implementation of Sustainability

A practical utilization of the meta-modeling framework requires a sophisticated
information system which implements the main elements of the framework in
corresponding software components. In other words, it calls for a transformation of
the theoretical framework into an environmental software framework to allow for its
practical use by the policy- and decision-makers as well as by the wider categories
of the interested stakeholders.

In general, software frameworks help define the software architecture of appli-
cations by: (1) providing a reusable design which guides software development in
partitioning functionality into units, commonly referred to as components, classes
or modules; and (2) specifying how units communicate and manage the thread
of execution (Lloyd et al. 2011). Most modern architectural solutions for large-
scale information systems employ multi-layered designs, such as the Core J2EE
architecture (Alur et al. 2003) and the PCBMER architectural model (Maciaszek
and Liong 2005), but none of them concerns the environmental problem domain.

In the proposed environmental software modeling framework (ESMF) the key
structural solutions of the multi-layered designs and the principle of platform
independence were applied. As a result, the logic of the ESMF is distributed
across four tiers: Client tier, EMMVM tier, Data Source (DS) tier and Data
Warehouse/Database (DW) tier as shown in Fig. 1.4.

The EMMVM tier is the backbone of the ESMF implementing its application
logic in response to the users’ requests placed through the Client tier. It also
communicates with the DW tier to retrieve or store any required data sets. As
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Fig. 1.4 Architecture of the ESMF (Khaiter and Erechtchoukova 2018)

seen in Fig. 1.4, the tier is structured in five hierarchical layers: Ecosystem,
Monitoring, Modeling, Valuation and Management which fully address all aspects
of the theoretical framework.

Particular environmental issues may require designing the software tools suitable
for specific characteristics of the case at hand. For example, biological invasion
of nonnative species is recognized as one of the major threats to sustainable
development and as a major danger to marine and terrestrial biodiversity (Hughes
and Worland 2010; Molnar et al. 2008). As observed by Mazza et al. (2014),
alien species are one of the primary means for human-accelerated global change:
they pose a threat to biodiversity, re-work domestic ecosystem structure, functions
and services, and induce huge economic costs and serious health complications to
humans. The effects of having no control in place for invasive species could be
costly in terms of both direct monetary values and the negative consequences for
human life (Andersen et al. 2004).

The problem of biological invasion calls for the ecosystem scope of study
because alien species produce substantial negative effects on the composition,
structure and functioning of the invaded ecosystems (e.g., Higgins et al. 1996;
Wangen and Webster 2006). The introduction of non-native species is a stress onto
invaded ecosystems, and this stress, in most of the cases, will be compounded with,
and possibly amplified by, other natural and anthropogenic influences (Khaiter and
Erechtchoukova 2017). The impacted ecosystem and its components will react to
the stress in different ways altering their functioning. A typology of ecosystem
stresses (e.g. Khaiter and Erechtchoukova 2009a; Gutiérrez et al. 2014) enables
differentiation between specific categories of stress, on the one hand, and the distinct
functions and ecosystem components (biotic and abiotic) being influenced, on the
other. It is important to predict a particular scenario in the ecosystem stress dynamics
in terms of five common patterns (Khaiter and Erechtchoukova 2007).
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Fig. 1.5 The EMDMIC architectural design (Khaiter and Erechtchoukova 2017)

Managerial actions directed at the protection and restoration of native ecosystems
are associated with considerable difficulty and expense, and their effect is not
easily foreseeable due to the multifactorial and multiattribute complexity as well as
substantial non-linearity of the contributing factors and processes. A software tool
for environmental modelling and decision making in managing of invasive cases
(EMDMIC) is aimed at integrating relevant knowledge and acting as a supporting
expert (Fig. 1.5).

The EMDMIC facilitates the efforts of decision-makers and environmental
practitioners in managing the invasive cases by generating possible scenarios of
interventions to cope with the invasiveness. Once the set of scenarios is formed, it
executes predictions of ecosystem components, their short- and long-term dynamics,
ecosystem persistence capacity and restoration capabilities in response to each
potential managerial effort while taking into account the mechanisms of invasion,
typology of stresses and the common patterns in the ecosystem stress behaviour.

Given the uncertainty and likely significant cost associated with the implemen-
tation of controls in view of scarce budgeting resources, a risk analysis becomes
a necessary step of the decision-making process. Specific features of risk analysis
in application to the cases of biological invasion have been examined by Andersen
et al. (2004) and Bartell and Nair (2004). The outcome of the EMDMIC is a set
of recommended measures addressing the intervention of alien species in the most
efficient way and suggesting resilient solutions for the impacted ecosystems.
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1.4 Conclusions

Traditionally, sustainability appraisal was conducted on the basis of annual esti-
mates of the 50 core indicators formulated by the UN at country- and continent-
levels (UN 2007). These indicators are categorized into themes and can be used
to select the relevant measures for natural environments and human impacts.
However, the analysis of these core indicators demonstrated that they require data
of various granularity, collected from diverse sources and by different authorities
(Erechtchoukova and Khaiter 2014). Furthermore, it is important to stress out
that the granularity of these indicators does not allow for the assessment of
a planned policy or an undertaking at the local levels taking into account the
specifics of potential anthropogenic impacts it may cause. The proposed ESMF
framework applies the systemic approach to the assessment process with a focus
on impacted ecosystems, their potential reactions to perturbations and evaluation of
the consequences of management actions. It supports an ‘end-to-end’ integration
of the activities corresponding to the entire decision-making process including
the identification of the most appropriate strategies of operations. Therefore, the
framework is a tool promoting sustainability by outlining underlying methodology,
necessary data, algorithms and technology enabling the inclusion of sustainability
appraisal into practical sustainable management.

The generic nature of the presented ESMF framework allows for a wide range
of computational techniques utilized at different structural tiers and their internal
components. The techniques can be based on different modelling paradigms reflect-
ing specific features of an investigated environment, type of the potential impact
and available data. A particular parameterization of the underlying techniques and
selection of the targeting variables are determined by a given domain or problem at
hands. Chapters in this volume describing various areas and case studies provide
foundation for further elaboration on specific modelling components and tools
required to evaluate sustainable decisions.

It is evident that the concept of sustainability is multifaceted by default and
requires inter- and multi-disciplinary approaches for its investigation and designing
the practically viable solutions. In view of the growing interest to formalization
and systematization of knowledge in relevant subject areas and integration across
spatial and temporary scales, the outlook is favourable: sustainability emerges in
a practical discipline, being increasingly spelled out in policies and management
decisions, thus becoming a driving force of societal development.
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Chapter 2 )
Framework for Identifying Preferred Qe
Sustainable Management Actions

with Application to Forest Fuel

Treatment

Tony Prato

Abstract A conceptual framework is presented for identifying preferred feasible
and sustainable management actions for a coupled human and natural system.
The framework involves: (1) determining operationally and financially feasible
management actions; (2) selecting and estimating management objectives for those
actions; (3) using the weak or strong sustainability criterion to identify feasible
management actions that are sustainable; (4) assigning weights to management
objectives; and (5) ranking feasible and sustainable management actions. Manage-
ment actions, objectives, and weights are selected by the manager. Management
actions are ranked using a multiple objective evaluation method and utility values
estimated with the utility function U(3_;_ w; V;;), where i designates management
objective, j designates management action, w; is the weight assigned to the ith
management objective, Vj; is the estimated value of the ith management objective for
the jth management action, and ) ;_, w; = 1. Management objectives are simulated
or estimated using biophysical and economic data and models. An empirical
application of the framework is presented that uses the Stochastic Efficiency with
Respect to a Function method and utility values to rank three preselected fuel
treatment strategies and determines preferred treatment strategies for U.S. Forest
Service land in Flathead County, Montana for two risk attitudes (i.e., almost risk
neutral and strongly risk averse).
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2.1 Introduction

Managers of coupled human and natural systems (CHANS) face the daunting task of
managing those systems in a sustainable manner over space and time. CHANS are
complex socio—ecological systems for which natural and human elements interact
(Liu et al. 2007). For example, preparing or updating a general management
plan for a U.S. national forest requires forest managers to identify and evaluate
the operational and financial feasibility of management actions (MAs) and the
sustainability of feasible MAs based on the extent to which they attain forest
management objectives and satisfy sustainability criteria. Evaluating the feasibility
and sustainability of MAs requires a conceptual framework that quantifies expected
outcomes of MAs in terms of management objectives, determines the importance of
those objectives to managers, and ranks the sustainability of feasible management
actions based on expected outcomes.

In the context of forest management, which is the area to which this study applies
the proposed framework, several studies have evaluated management strategies to
increase the resilience and sustainability of forest ecosystems (e.g., Deuling et
al. 2000; Summerfield et al. 2004; Millar et al. 2007; Malmsheimer et al. 2008;
Evans and Perschel 2009; Puettmann et al. 2009). These studies focus on how
changes in just one natural or human driver of forest sustainability influence a
single management objective (e.g., how landscape fragmentation resulting from
residential development degrades wildlife habitat or how increases in temperature
resulting from climate change influence the distribution of tree species). Few studies
have evaluated how multiple sustainability objectives are influenced by multiple
socioeconomic, biophysical, and other drivers of forest sustainability. For the most
part, this deficiency stems from the lack of an integrated conceptual framework that
forest managers can use to evaluate the impacts of multiple forest ecosystem drivers
on the sustainability of MAs.

This chapter proposes an integrated, multiple objective, conceptual framework
for evaluating and ranking the sustainability of MAs for CHANS, and determining
preferred sustainable MAs. An empirical application of the framework is made
that demonstrates how the framework is used to determine preferred fuel treatment
strategies (FTSs) for a U.S. national forest in northwest Montana. The framework
consists of five sequential elements: (1) determining operationally and financially
feasible management actions; (2) selecting and estimating management objectives
for those actions; (3) using the weak or strong sustainability criterion to identify fea-
sible management actions that are sustainable; (4) assigning weights to management
objectives; and (5) ranking feasible and sustainable management actions (FSMAs).

2.2 Methodology

This section describes the elements of the proposed conceptual framework and the
methods used in the empirical application of that framework. Figure 2.1 summarizes
the sequence of elements in the conceptual framework.
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Fig. 2.1 Flow chart of proposed conceptual framework

2.2.1 Feasibility of Alternative Management Actions

The proposed framework evaluates two kinds of feasibility: whether an MA is
operationally feasible; and whether an MA is financially feasible. An MA is
operationally feasible if it is feasible to use that MA in the CHANS. For example,
clearcutting involves harvesting most, but not all, of the standing trees in an area
at the same time. Clearcutting is likely to be a more feasible harvesting method for
a stand of Douglas fir because it supports the growth of new seedlings that require
direct sunlight for growth, whereas selective harvesting methods, such as thinning,
are more feasible for stands of shade—tolerant tree species because it allows trees to
regenerate naturally (Oregon Forest Resources Institute 2018). Therefore, in terms
of fostering natural tree regeneration, clearcutting is more operationally feasible in
Douglas fir stands, and selective cutting is more operationally feasible in stands
of shade—tolerant species. Of course, clearcutting and selective cutting have other
benefits and costs that influence their overall acceptability.

Financial feasibility is evaluated by comparing the expected total cost of
implementing a particular management action to the manager’s expected budget
for management actions. If expected total expenditures for an MA exceed the
expected budget, then that MA is not financially feasible. In the example used
above, selective cutting of certain tree stands may not be and clearcutting may
be financially feasible. This is likely to occur because clearcutting is generally
the most efficient and economical method of harvesting tree stands (Oregon Forest
Resources Institute 2018). A harvesting method can be: (1) operationally feasible,
but financially infeasible; (2) operationally infeasible, but financially feasible; (3)
operationally and financial feasible; or (4) operationally and financial infeasible.
For purposes of the proposed framework, sustainability of MAs is evaluated only
for operationally and financially feasible MAs.
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2.2.2 Selecting and Estimating Management Objectives

The proposed framework requires the CHANS manager to select a set of manage-
ment objectives with which to evaluate and rank FSMAs and estimate the values of
those objectives for FSMAs. Management objectives for a CHANS typically vary
with land ownership/management. For example, if the CHANS is a national forest
in the U.S. (i.e., a forest that is publicly owned and managed by the U.S. Forest
Service), then the Multiple Use and Sustained Yield Act of 1960 requires the Forest
Service to manage that forest for multiple objectives, including outdoor recreation,
range, timber, watershed, and fish and wildlife with no use greater than any other. In
other words, a U.S. national forest must be managed for multiple objectives that are
equally important. In contrast, if the CHANS is a privately—owned industrial forest,
then the primary management objective is to maximize net returns from the sale
of timber harvested from tree stands subject to legally-mandated best management
practices, such no logging within a certain distance of water bodies.

The proposed framework estimates the values of management objectives for
feasible MAs using biophysical simulation models, revenue and cost estimation
methods, land use change simulation models, and expert opinion. For instance,
the empirical application, which determines preferred FTSs for tree stands in the
Flathead National Forest (study area), required simulating the volume, location, and
method of timber harvesting for each stand. That was done using a modified version
of the Fire BioGeoChemical (FireBGCv2) model. FireBGCv2 is a mechanistic,
individual tree succession model that includes a spatially explicit model for fire
ignition and spread, and their effects on ecosystem components (Keane et al. 2011).
Simulated volume of harvested timber, forecasted timber prices, and estimated
harvest costs for forest stands were combined to estimate expected net returns from
timber harvesting (ENRT) for each stand. ENRT is one of the three management
objectives used to evaluate and rank MAs for Flathead National Forest.

2.2.3 Identifying Sustainable Management Actions

The proposed framework evaluates the sustainability of feasible management
actions based on a set of sustainability conditions chosen by the manager. Sustain-
ability conditions are statements about the level of management objectives that need
to be achieved by feasible MAs to make them sustainable. Having the manager
select sustainability conditions does not imply that stakeholders’ opinions about
sustainability are ignored because those conditions can be selected in collaboration
with stakeholders.

Because the proposed framework evaluates the sustainability of feasible MAs
in terms of multiple objectives, sustainability conditions need to be specified
for all objectives. Sustainability literature differentiates between weak and strong
sustainability (Dietz and Neumayer 2007; Prato 2015). A CHANS system is weakly
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sustainable when some, but not all, of the estimated values of the management
objectives satisfy their respective sustainability conditions. The form of the weak
sustainability condition depends on whether there are single or multiple estimated
values of management objectives for MAs, and whether a management objective is
positive (i.e., more is preferred to less) or negative (i.e., less is preferred to more).
Two cases of weak and strong sustainability are described. In the first case, a single
value is estimated for each management objective and feasible MA, whereas in
the second case multiple values are estimated for each management objective and
feasible MA. Both cases are described in terms of three management objectives (i.e.,
01, 02, and 03)

For the first case of weak sustainability, the jth feasible MA (i.e., MA;) is
weakly sustainable with respect to positive objective i if éij > Ojimin and not weakly
sustainable if Oij < Ojmin Where Oij is the estimated value of positive objective i for
MA; and Ojmin is the minimum acceptable value of O;. Conversely, MA; is weakly
sustainable with respect to negative objective i’ if (A)i’j < Ojmax and not weakly
sustainable if Oy ;> Omax Where o} i is the estimated value of negative objective i’
for MA;j and Oj'max is the maximum acceptable value of O;-.

For the second case of weak sustainability, MA; is weakly sustainable with
respect to positive objective i if Pr{f)ij > Oimin} > 1 — ¢, and not weakly sustainable
if Pr{oij > Oimin} < 1 — ¢, where 0 < ¢ < 1, and 1 — ¢ is the reliability
level for the probability statements. Conversely, MA; is weakly sustainable with
respect to negative objective i if Pr{f)ij < Oimax} = 1 — ¢, and not weakly
sustainable if Pr{f)ij < Ojmax} < 1 — ¢. Evaluation of these probability statements
requires specifying probability distributions for the estimated values of management
objectives. This can be done, for example, by using the bestfitting probability
distributions for the estimated values of management objectives.

A problem with applying the weak sustainability condition is that there is
no generally accepted rule for how many estimated management objectives need
to satisfy their respective sustainability conditions for the system to be weakly
sustainable. One way to deal with this problem is for the manager to establish a
decision rule, such as the system is weakly sustainable if at least two—thirds of the
estimated management objectives satisfy their respective sustainability conditions.

An MA is strongly sustainable if every estimated management objective for
that MA satisfies its respective sustainability condition. For the first case of
strong sustainability, MA; is strongly sustainable if Oij > Ojpin for all positive
objectives and Oijt < Oimin for all negative objectives. For the second case of strong
sustainability, MA; is strongly sustainable if Pr{Oij > Ojmin} > 1 — ¢ for all positive
objectives and Pr{éij < Oimax} = 1 — ¢ for all negative objectives. For both cases,
if even one of the sustainability conditions is violated, the MA; is not sustainable.

Values of Ojmin, Oimax, and ¢ are chosen by the manager. The sustainability
conditions stated above assume ¢ is the same for positive and negative objectives.
However, the manager can select different values of ¢ for positive vs. negative
objectives, and different values of ¢ for different positive objectives and/or different
negative objectives.
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Table 2.1 De?rivation of Member
consensus weights for

L Objective | 1 2 3 Sum | Consensus weights®
management objectives for a

three-member management 0 0203 |04 |09 1093=23

team O3 03 /02 |03 (0.8 |.8/3=.267
03 05 05 03 |13 |1.3/3=.433
Sum 1 1 1 3 1

4Sum of weights for each objective divided by the sum of
weights for all objectives

2.2.4 Assigning Weights to Management Objectives

Calculation of utility values for FSMAs (see Sect. 2.2.5) requires the manager to
assign weights to management objectives, such that the sum of the weights equals
one. Weights indicate the relative importance of management objectives to the
manager or, if collaborative decision making is being practiced, the manager and
stakeholders. For example, suppose there are three management objectives and the
assigned weights are .20 for the first objective and .40 for the second and third
objectives. These weights imply the first objective is half as important as the second
and third objectives, and the second and third objectives are equally important. If
weights are independently determined by members of a management team, then
consensus weights for the team are used to calculate utility values. For example,
suppose the weights assigned to management objectives by three members of a
management team are as shown in Table 2.1. In this example, consensus weights
for the team are .3 for Oy, .267 for O,, and .433 for O3.

2.2.5 Deriving Preferred Management Actions

Preferred management actions are determined by ranking FSMAs. Ranking
requires: (1) selecting an outcome that the manager desires more of, designated
as c¢; (2) defining a utility function on c, namely U(c); (3) using U(c) to calculate
utility values for FSMAs; (4) using utility values to calculate certainty equivalents
(CEs) for FSMAs; and (4) ranking FSMAs based on their CE values. In this study,
a CE is the payoff amount that a manager is willing to receive in exchange for
accepting the variability in utility associated with a particular FSMA (adapted from
Prato et al. 2010). Studies of risky alternatives (e.g., Hardaker et al. 2004; Qiu and
Prato 2012) typically define ¢ as wealth or income. In this study, ¢ is defined as
the following index of the values of the multiple objectives achieved by an FSMA,
namely ¢; = > 7 w; VI’J, where i = 1, ..., nis an index for objectives, j =1,...,
m is an index for FSMAs, w; is the weight assigned to the ith objective, V’;; is the
estimated normalized and/or adjusted value of the ith objective for the jth FSMA,
and ) 7_,w; = 1. FSMAs are risky alternatives because w; and V’;;, and hence c; are
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stochastic. Estimated values of management objectives need to be normalized when
the raw values of objectives are measured in different units. Estimated values of
negative management objectives need to be adjusted (i.e., converted from negative
objectives to positive objectives) to ensure that ¢j is a monotonically increasing
function of the values of objectives or equivalently that all objectives in the utility
function are positive (i.e., increasing the objective increases utility).

Use of the above utility function requires information about its exact shape, or
equivalently the manager’s risk attitudes. Such information can be obtained by
eliciting the managers’ risk attitudes (e.g., Charness et al. 2013). Alternatively,
hypothetical risk attitudes can be used (Prato 2008). This study employs the
Stochastic Efficiency with Respect to a Function (SERF) method (Hardaker et al.
2004) to rank FSMAs for an absolute, relative, or partial risk aversion coefficient
r(cj) € [rL(c)), ru(cj)], where r (c)) is the selected lower bound and ry(c;) is the
selected upper bound of the coefficient. In particular, the discrete approximation
of the utility function is U [cj,r(c;)] = 272, Ulci, r (¢)1p (cij), where p(cy) is
the probability of the ith outcome for the jth FSMA. This approximation provides
utility values for discrete values of r(cj). Because the partial ordering of FSMAs
based on Ulc;, r(cj)] and CE values is the same (i.e., CE[c;, r(cj)] = U-! [cj, r(cp],
where U~! [cj, +(cj)] is the inverse utility function), the CE values calculated using
the SERF method were used to rank FSMAs.

2.2.6 Empirical Application

The western U.S. continues to experience increasing wildfire-related losses, partic-
ularly for residential properties located near public lands (USDA and USDI 2001;
Union of Concerned Scientists 2013). Such losses result from the accumulation
of fuel loads due to decreased logging, especially in national forests, population
growth in the wildland—urban interface, warmer summers, reduced precipitation,
and milder winters. Prato et al. (2014) state that residential losses due to wildlife
in the 290,135-ha Flathead National Forest in Flathead County, Montana—the study
area used here—are expected to increase from $1.8 million in 2010 to an average
annual present value of $6.8 million in 2059. Figure 2.2 illustrates the location of
Flathead County in Montana and industrial forest landownership in the study area.

Potential benefits of forest fuel treatment include a reduction in fuel loads and
possibly wildfire intensity or severity (Pollet and Omi 2002; Graham 2003; Agee
and Skinner 2005; Raymond and Peterson 2005; Cram et al. 2006; Prichard et
al. 2010). For that reason, fuel treatment in forest ecosystems has become a high
priority for reducing wildfire risk to human and natural resources (Healthy Forests
Restoration Act of 2003; Rhodes and Baker 2008).

This section describes the methods used in the empirical application to evaluate
and rank FTSs for Flathead National Forest. Several of the methods used in the
empirical application come from a previous study of wildfire risk in Flathead County
(Prato et al. 2014).
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Fig. 2.2 Location of Flathead County, Montana and industrial forest landownership in the study
area, 2010

2.2.6.1 Management Actions and Study Area

Three FTSs were evaluated and ranked: (1) Community Wildfire Protection Plan
(CWPP) priority; (2) CWPP & Wildland—Urban Interface (WUI) priority; and (3)
No priority. Each FTS specifies the forest stands prioritized for fuel treatment.
Prioritization is appropriate because limited financial budgets and personnel restrict
the forest area that can be treated in each subperiod. Such limits were taken into
account by having officials of Flathead National Forest specify the maximum area
that can be treated in each of five subperiods: 2010-2019; 2020-2029; 2030-2039;
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2040-2049; and 2050-2059. Each FTS allows trees to be harvested using three
practices: heavy partial thinning; light partial thinning; and/or prescribed burning.

The CWPP priority FTS is based on fuel treatment priorities established by
local stakeholders in Flathead County, and . .. is intended to outline the Flathead
County’s plans and activities targeted at reducing the risk of a catastrophic
wildland and/or wildland—urban interface (WUI) fire event in Flathead County”
(FireLogistics 2011, p. 7). Stands without a CWPP priority were not allowed to
be treated unless all eligible CWPP priority stands were treated and the maximum
area that can be treated per subperiod was not exceeded.

The CWPP & WUI priority FTS targets forest stands for fuel treatment based
on whether they have a CWPP priority and/or are located in the WUI. The WUI
generally refers to areas where human development is in close proximity to or
interspersed with wildland vegetation. Procedures used to delineate the WUI are
described in Paveglio et al. (2013) and Prato et al. (2014). Those procedures use
site specific data and calculations, and spatial criteria to designate WUI areas that
conform to state and federal policies. Stands without a CWPP & WUI priority were
not allowed to be treated unless all eligible CWPP & WUI priority stands were
treated and the maximum area that can be treated per subperiod was not exceeded.

The No priority FTS randomly selects eligible forest stands for treatment until
the maximum area that can be treated per subperiod was attained or no more stands
were eligible for treatment.

The empirical application assumes that the three FTSs are feasible and sus-
tainable, only one FTS can be used per subperiod, and the same FTS is used
across subperiods. The volume of wood harvested or burned in each stand and
subperiod with each FTS and practice were determined using a modified version
of the FireBGC model.

2.2.6.2 Specification and Estimation of Fuel Treatment Objectives

Empirical use of the utility function specified in Sect. 2.2.5 requires estimates of
the values of the fuel treatment objectives for FSMAs, as well as the weighs for
objectives. Three fuel treatment objectives were used to evaluate and rank FSMAs:
(1) minimizing expected residential monetary losses from wildfire (ERLW); (2)
minimizing expected deviation of forest ecological conditions from their historic
range and variability (EDRV); and (3) maximizing expected net returns from timber
harvesting associated with fuel treatment (ENRH). ERLW, EDRV, and ENRH are
referred to as the attributes of fuel treatment objectives. These fuel treatment
objectives are the same ones used in a previous study of wildfire risk in Flathead
County, Montana (Prato and Paveglio 2017).
ERLW is a probabilistic metric of wildfire risk defined as

ERLW = ERLW, + ERLW,, 2.1)
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where:

ERLW, = present value in 2010 of expected wildfire losses for residential properties
that existed in 2010; and

ERLW, = present value in 2010 of expected wildfire losses for new residential
properties developed during the 50—year evaluation period.

Present values of ERLW were calculated using a nominal (i.e., unadjusted for
inflation) discount rate of 6%. Properties containing residential structures in 2010
were identified using the Montana Computer Assisted Mass Appraisal (CAMA)
parcel data for 2010 (Montana Cadastral 2010). For each subperiod, a new WUI
was delineated that included existing and new residential properties as of the end of
that subperiod.

ERLW, is defined as

ERLW, = PV o (ERLWy, ERLW,2, ERLW .3, ERLW 4, ERLW,s),
(2.2)

where PV stands for the present value in 2010. ERLW,; is the undiscounted
expected wildfire losses during subperiod ¢ for residential properties that existed
in 2010 defined as

mx nxj
ERLW,; = ijll’bjt [(Zh—lpshjtvsxhjt> + ﬁj;Tijr] t=1,...,9),
(2.3)

where:

m, = number of parcels in the WUI containing residential properties in 2010;

nyj = number of residential properties in parcel j in 2010;

pbj; = probability that parcel j burns during subperiod ;

pSpj: = probability that structures on property A in parcel j burn during subperiod ¢
given parcel j burns during subperiod ¢;

VSxnj: = total value of structure(s) existing in 2010 on residential property A in
parcel j during subperiod #;

Bj: = average percentage loss in aesthetic value of residential properties in parcel j
during subperiod ¢ given parcel j burns during subperiod #; and

TV,j; = total value of each 2010 residential property (structure and land) in parcel j
during subperiod t.

my and ny; are determined from the 2010 CAMA parcel data. Values of pbj, for each
FTS and subperiod were estimated by inputting into the FSim model (Finney et al.
2010) changes over subperiods in forest vegetation simulated using FireBGC. The
latter were based on the Intergovernmental Panel on Climate Change’s (IPCC’s) A2
emissions scenario (IPCC 2007). pSy;; and B, were simulated using the procedures
described in Prato et al. (2014). VS, was estimated by VSujr = (1 + M) VSuyjo,
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where VSyj, is the total value of structures located on residential property 4 in
parcel j in 2010 determined from the 2010 CAMA parcel data, . = 0.035, which
is the annualized nominal growth in average property values in the US during the
past 20 years (i.e., 1991 to 2009 (Federal Housing Finance Agency 2010) in decimal
equivalent, and r equals 10 for r = 1, 20 for t = 2, 30 for t = 3, 40 for r = 4, and 50
forr=>5.

TV, was simulated by TV, = (1 + N\)" TV,,, where TV, is the sum of the
assessed building and land values for residential properties located on parcel j in
2010, and r and '\ are as defined above. VSyj; and TV, are nominal values as of the
end of each subperiod. pSy; VS is expected wildfire—related loss in the value of
structures that existed in 2010 on residential property % in parcel j during subperiod
t and B;;TVy; is expected wildfire-related loss in the aesthetic value of residential
properties (including structures and land) that existed in 2010 on parcel j during
subperiod ¢ given parcel j burns during subperiod .

ERLW,, is defined as

ERLW,, = PV, (ERLW},,, ERLW»,, ERLW3,, ERLW.,, ERLWs,,) . (2.4)

ERLW;, is the present value as of subperiod ¢ of expected wildfire losses between
subperiods ¢ and 5 for new residential properties added during subperiod ¢ defined
as

ERLW, 1140 = PV, (ERLW;, 4 ... + ERLW, 14 ,) (t = 1,...,5). 2.5)

PV, is the present value as of the end of subperiod ¢, k equals 4 for r = 1, 3 for
t =2,2fort=3,and 1 for t = 4. ERLW,, is the expected wildfire losses for new
residential properties added during subperiod ¢ as of the end of subperiod ¢ defined
as

mnt fnjt
ERLW,, = Zj:]pbj’ [(thl PShjtVthjt> + IBjtTanti| > (2.6)

where:

my,; = number of parcels in the WUI in which new residential properties are added
during subperiod t;

Jfnjr = number of new residential properties added to parcel j during subperiod ¢;

pbj; = probability that parcel j burns during subperiod ;

PSpjr = probability that structures on property 4 in parcel j burn during subperiod ¢
given parcel j burns during subperiod #;

VSunjr = total value of new structures added to residential property & in parcel j
during subperiod t;
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Bjr = average percentage of loss in aesthetic value of residential properties in parcel
Jj during subperiod ¢ given parcel j burns during subperiod #; and

TVyj; = total value of each new residential property added to parcel j during
subperiod t.

The IMPLAN regional economic analysis model for Flathead County (Minnesota
IMPLAN Group, Inc. 2011) was used with Bureau of Census data to estimate the
number of new housing units required in each subperiod for a moderate economic
growth scenario. The moderate economic growth scenario assumes an annual
average rate of growth of 2.2%; the annual economic growth rate for the county
between 2000 and 2008. The RECID2 model (Prato et al. 2014) was used to simulate
my, and fy, for six residential density classes as well as subdivision of residential
parcels over subperiods based on total housing requirements estimated with the
IMPLAN model and the 2010 land use policy scenario for Flathead County. The
latter assumes or specifies: (1) no residential development on slopes greater than
30%; (2) no residential development in the 100—year floodplain; (3) the percentage
of total housing units in six residential density classes (i.e., 3% in high density, 18%
in urban, 42% in suburban, 7% in rural, 18% in exurban, and 12% in agricultural);
(4) a 6.1 m setback of houses from wetlands and water bodies; and (5) residential
development at the high, urban, and suburban density classes are only allowed on
parcels having sewer access.

DPSpjr and Bj; were simulated using the procedures described in Prato et al. (2014).
DShjt VSunjr is the expected wildfire-related losses in the value of new structures in
residential property 4 added to parcel j during subperiod ¢ given parcel j burns during
subperiod t. B8, TV, is the expected wildfire—related losses in the aesthetic value of
residential properties (structure and land) added to parcel j during subperiod ¢ given
parcel j burns during subperiod 7.

The historic range and variability (HRV) is an envelope of historical ecological
conditions that can be used as reference point for evaluating the ecological benefits
of management prescriptions (Aplet and Keeton 1999; Keane et al. 2009). EDRV
measures the extent to which ecological conditions in forest stands in Flathead
National Forest deviate from the HRV. For example, if heavy thinning reduces the
departure of ecological conditions from HRV more than light thinning, then EDRV
would be lower for heavy thinning than light thinning. Hence, heavy thinning would
be preferable to light thinning in terms of reducing EDRV. FireBGC was used to
simulate HRVs in Flathead National Forest for three variables: basal area; leaf area
index; and fuel load. Deviations between simulated HRVs for the three variables
and the estimated values of the variables for each FTS and subperiod were used to
estimate EDRV.

ENRH measures total expected net returns from timber harvesting (across the
five subperiods) in Flathead National Forest associated with FTSs. ENRH is a
function of: (1) number of tree stands harvested in all subperiods with FTSs; (2)
merchantable cubic feet harvested in each stand and subperiod with each FTS, if
any; (3) average annual mill-delivered log prices; and (4) cost per cubic foot of
harvesting and hauling timber to the sawmill for each FTS, stand, and subperiod.
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Tal?le 22 .ConversiorT of Attribute | Rating? | Weight?

attribute ratings to attribute ERLW 5 042

weights A2 (grLw)
EDRV 4 0.33 (a¢gprv)
ENRH 3 0.25 (agNrRH)
4Very low = 1, low = 2, moder-

ate = 3, high = 4, and very high =5
b Attribute rating divided by the sum of
the ratings

Average harvesting costs per cubic foot for FTSs were estimated using the Harvest
Cost Model (Hayes and Morgan 2014). Average annual mill-delivered log prices are
sawlog prices weighted by volume delivered to northwest Montana sawmills during
the period 1989-2009 (Bureau of Business and Economic Research, University of
Montana 2013). More detailed explanations of how the attributes were estimated are
given in Paveglio et al. (2013) and Prato and Paveglio (2014, 2017).

2.2.6.3 Determination of Attribute Weights

Weights for the three attributes of management objectives (i.e., ERLW, EDRV, and
ENRH) were determined using the results from a survey conducted in an earlier
study (Prato et al. 2014). In the survey, officials from Flathead National Forest
were asked to rate the importance of the three attributes. Attribute ratings and their
conversion to attribute weights are listed in Table 2.2.

2.2.6.4 Calculation of Utility Values

Utility values for FTSs were calculated using the utility function U(cj,), where cj;
= Z?:] w;V’jj. w; is the weight for the ith attribute and V’j; is the normalized
and/or adjusted present value of the ith attribute for the jth FTS in the rth
subperiod. In terms of this study: ¢j; = agrLw(100 — ERLWj;) + agpry(100 —
EDRVj;) + agnre(ENRH*), where ERLWj;,. and ENRH,,* are normalized present
values of the objectives. ERLW;, and ENRHj; were normalized so that their units
of measurement would match those of EDRVj,, namely values in the interval [0,
100]. Subtracting ERLWj;, and EDRV)y, from 100, which is referred to as adjusting
the attributes, makes 100 — ERLWj;, and 100 — EDRVj,, positive attributes (i.e.,
increases (or decreases) in 100 — ERLWj;,. and 100 — ERDV};, cause increases (or
decreases) in cjt). Since ENRHj;4 is already a positive attribute, it was not necessary
to adjust its value. Normalized and adjusted attribute values are interpreted as
follows: 100 — ERLWj;, is the reduction in normalized, expected present value of
residential losses due to wildfire; and 100 — EDRV/;, is the reduction in normalized,
expected deviation of ecological conditions from their HRV. The weights agrrw,
agprv, and agyry were derived from the ratings of ERLWj,, EDRV},, and ENRHj;,
respectively (see Table 2.2).
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2.2.6.5 Ranking Management Actions

FSMAs were ranked using the SERF method contained in the Simetar computer
program (Richardson et al. 2017). The SERF method substitutes the five values of
cjr (i.e., one for each subperiod) and 25 risk aversion coefficients (r) values selected
from each of two user—specified intervals for the absolute risk aversion coefficient
(ARAC) (i.e., r € [—.005, .005] for almost risk neutral attitudes, and r € [.02, .04] for
highly risk averse attitudes) into a user—selected utility function to derive 25 utility
values for each FTS. The two intervals selected for ARAC are consistent with the
range of intervals for almost risk neutral and strongly risk averse attitudes used in
other studies of risky alternatives (Raskin and Cochran 1986). SERF uses the 25
utility values to calculate 25 CVs for each FTS and risk aversion coefficient.

The following exponential utility function was selected for calculating utility
values: U(cj;) = (1 - e, where r = -U” (cj)lU'(cj). U”(cjr) is the second
derivative and U’(cjt) is the first derivative of U(cj) with respect to cj. An
exponential utility function implies r is independent of cj;, or constant absolute risk
aversion. Therefore, r does not vary with respect to cj,. Simetar displays the resulting
25 CE values for each FTS in tabular and graphical forms. Figure 2.3 is an example
of CE curves calculated with the SERF method.

The figure illustrates a problem with trying to rank FTSs based on CE curves:
CE values for the CWPP priority and No priority FTSs (the two lowest curves in
Fig. 2.3) have similar CE curves making it difficult to ascertain whether the CWPP
priority FTS is superior to the No priority FTS or vice versa. To alleviate such
ambiguities, this study used statistical tests to determine whether CE values for the
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28.00
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e CWPP CWPP & WUI No Priority

Fig. 2.3 Example of CE curves for three FTS calculated with the SERF method
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three pairs of FTSs (i.e., CECWPP and CENP, CECWPP&WUI and CENP, and CECWPP
and CEcwppswur) were significantly different from one another. Normally, t—tests
are used to test for significant differences in population means for a variable. The
hypotheses in such tests are: (1) Ho: ucwpp = NP VS. Ha: iewpp # mnp; (2) Ho:

mcwpp&wUI = NP VS. Ha: iewppg&wur 7 wnp; and (3) Ho: lewpp = WCWPP&WUI
vs. Ha: iewpp # ewppawul, Where  is the population mean of CE. These tests

would be valid if the CE values are normally distributed. This was not the case.
Therefore, a nonparametric test was used to test for significant differences between
CE values for the three pairs of FTSs.

Two nonparametric tests were considered for this purpose: Mood’s Median Test;
and Mann—Whitney U Test. The null and alternative hypotheses for both tests are
Ho: nj = nj> vs. Ha: nj > 1157, where 1); and 1, are the median CE values for the jth
and j’th FTSs, respectively. Results of one—tailed tests were used to facilitate the
ranking of FTSs. The Mann—Whitney U Test assumes the variances of the CEs are
the same for the two FTSs being compared. Mood’s Median Test does not make this
assumption. Unfortunately, Mood’s Median Test could not be used because there
were not enough CE values greater than the median. Therefore, the Mann—Whitney
U test was used to test the equality of median CE values for pairs of FT'Ss using an
a—value, or type I error, of .05.

2.3 Results

Table 2.3 contains the raw and normalized and/or adjusted attribute values for the
three FTSs. Raw ERLW values for all three FTSs increase during the first three
subperiods and then decrease between the third and fifth subperiods. Changes in raw
ENRH values are not consistent across subperiods. The raw ENRH value is negative
for the CWPP priority FTS in subperiod 4 and the No priority FTS in subperiod 1.
Raw EDRV values for all FTSs and subperiods are very high (100 is the maximum
value), indicating that ecological conditions in the Flathead National Forest deviate
substantially from their HRVs.

Total raw ERLW (i.e., the sum of raw ERLWSs across subperiods) is lowest for
the No priority FTS and highest for the CWPP priority FTS, but the difference is
only 10%. Total raw ENRT is lowest for the No priority FTS and highest for the
CWPP & WUI priority FTS, with a difference of 13%. Average EDRV is highest
for the No priority FTS and lowest for the CWPP priority FTS, with a difference
of 7%. If the three FTSs were ranked based on the total raw values of each of
the three attributes, the first ranked FTS would be the No priority FTS based on
minimizing raw ERLW, the CWPP & WUI priority FTS based on maximizing raw
ENRT, and the CWPP priority based on minimizing EDRV. In other words, the
preferred FTSs would be the No priority FTS based on minimizing ERLW, the
CWPP & WUI priority FTS based on maximizing ENRT, and the CWPP priority
based on minimizing EDRV. Hence, ranking FTSs based on only one management
objective would give misleading information about the preferred FTS. In general,
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Table 2.3 Subperiod raw and normalized and/or adjusted attribute values for FTSs

Subperiod
Attribute 1 2 3 4 5
Raw and unadjusted attribute values
CWPP priority
ERLW $371,677 $1,242,245 $1,972,854 | $1,434,784 $1,077,629
ENRH $9,581,910 | $1,697,764 | $451,146 -$1,775,674 $1,813,348
EDRV 0.869 0.845 0.935 0.972 0.904
CWPP & WUI priority
ERLW $341,959 $1,034,645 $1,819,600 | $1,531,477 $1,093,450
ENRH $3,271,970 | $3,368,976 $3,076,553 $1,516,979 $1,209,313
EDRV 0.9570 0.9497 0.9773 0.9859 0.9753
No Priority
ERLW $449,672 $864,919 $1,692,502 | $1,326,331 $1,189,675
ENRH -$309,844 $1,678,596 $3,510,581 $2,888,701 $3,209,873
EDRV 0.956 0.966 0.989 0.995 0.977
Normalized and/or adjusted attribute values
CWPP priority
100 — ERLW, 93.91 79.63 67.65 76.48 82.33
ENRH, 81.42 14.43 3.83 —15.09 15.41
100 — EDRV., 13.07 15.48 6.54 2.83 9.57
CWPP & WUI priority
100 — ERLW, 94.13 82.23 68.74 73.69 81.22
ENRH, 26.29 27.07 24.72 12.19 9.72
100 — EDRV, 4.30 5.03 227 1.41 2.47
No priority
100 — ERLW, 91.86 84.34 69.36 75.99 78.46
ENRH, —2.82 15.29 31.98 26.31 29.24
100 — EDRV, 4.42 3.43 1.11 0.51 2.31

this result supports the approach of ranking decision alternatives based on multiple
management objectives.

Results of the Mann—Whitney U Test support rejection of the three null hypothe-
ses at the 5% level of significance for managers having almost risk neutral and
highly risk averse attitudes. These conclusions support the following preference
orderings: CWPP P NP; CWPP & WUI P NP; and CWPP P CWPP & WUI, where
‘P stands for ‘preferred to.” Collectively, the three preference orderings imply CWPP
P CWPP & WUI P NP. Therefore, the CWPP priority FTS is the preferred FTS for
Flathead National Forest for both risk attitudes.
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2.4 Discussion

The conceptual framework proposes using a multiple objective, exponential utility
function to rank MAs for a CHANS. Other multiple objective/criteria decision
frameworks can be used for this purpose, such as multiple objective/attribute value
theory (Duarte and Reis 2006), ELECTRE (Roy 1968), Analytic Hierarchy Process
(Saaty 1986), balancing and ranking method (Strassert and Prato 2002), and fuzzy
Technique for Order Preference by Similarity of Ideal Solution (fuzzy TOPSIS)
(Chen 2000; Prato 2009; Prato et al. 2010). An advantage of the utility function
approach is that it allows management actions to be ranked for different risk
attitudes, which allows evaluation of the sensitivity of the ranking of FTSs to
variation in risk attitudes. Some of the other multiple objective/attribute decision—
making methods do not require specification of a utility function. For example, the
fuzzy TOPSIS method, which is a variation of the ideal point method (Anchen et
al. 1997), evaluates and ranks decision alternatives based on how close (or how far
away) the management objectives achieved by those alternatives are to the most
(or least) desirable values of the positive (or negative) objectives. Use of fuzzy
TOPSIS requires the decision—maker to rate the estimated values of the attributes
for decision alternatives and importance of attributes using linguistic variables (e.g.,
low, moderately low, medium, moderately high, and very high). Fuzzy numbers
assigned to the linguistic variables are then used to rank decision alternatives.

A potential drawback of the SERF method and some other decision frameworks
is that they do not always yield a complete preference ordering for management
actions. For example, suppose the results of the Mann—Whitney U test are: (1) Hp:
ncwep = 1|Np is rejected relative to Ha: newep > nne; (2) Ho: newppswur = nne
is not rejected relative Hy: newppswur > nnp; and (3) Ho: newpp = newpp&wul
is rejected relative to Hy: newpp > n cwppswul. These results imply CWPP P
NP and CWPP P CWPP & WUI, which is not a complete preference ordering
(i.e., it excludes a preference ordering between CWPP & WUI and NP). Lack of
a preference ordering between CWPP & WUI and NP could be interpreted to mean
that the manager is indifferent between the two FTSs. In cases where all three null
hypotheses are not rejected, it is not possible to establish a preference ordering
between the FTSs. Incomplete preference orderings for decision alternatives can
also occur with other ranking methods, such as fuzzy TOPSIS (e.g., Prato 2009).

While the methods/approaches used in the empirical application can be used
in other forested landscapes, their complexity is likely to dissuade most forest
managers from using them. Some managers may be able to use these methods/ap-
proaches with assistance from professionals familiar with them. Another option is
to utilize less complex models/approaches than the ones used here. For example,
instead of using FireBGC to simulate the effects of MAs on intertemporal changes in
forest vegetation, such dynamics can be simulated using the more tractable Climate—
Forest Vegetation Simulator (Crookston 2014) or ENVISION model (Oregon State
University 2012). Alternatively, vegetation changes over time for alternative MAs
can be estimated using the Delphi method (Linstone and Turoff 1975). That
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method uses a panel of experts to estimate the effects of alternative decisions on
management objectives. Similarly, instead of using the IMPLAN model to simulate
the number of new housing units required in each subperiod, that number can
be estimated by multiplying population projections for subperiods by the average
number of persons per housing unit in the study area.

2.5 Conclusions

Intertemporal changes in complex, interacting biophysical and socioeconomic
drivers influence the sustainability of CHANS. Managers of CHANS face the chal-
lenging task of understanding how these drivers influence CHANS and determining
the best MAs for achieving sustainability. This task can be facilitated by developing
conceptual frameworks that integrate the complex drivers of sustainability in a
decision—making algorithm that managers can use to evaluate and rank feasible and
sustainable MAs over time and space.

This study proposes one such conceptual framework that involves the following
five elements: (1) determining operationally and financially feasible management
actions; (2) selecting and estimating management objectives for those actions; (3)
using the weak or strong sustainability criterion to identify feasible management
actions that are sustainable; (4) assigning weights to management objectives; and (5)
ranking feasible and sustainable MAs. Some of these elements are more difficult to
accomplish than others. Specifically, elements 2 and 5 are more difficult to execute
than elements 1, 3, and 4.

The empirical application uses the proposed framework to determine preferred
FTSs for Flathead National Forest for forest managers having almost risk neutral
and highly risk averse attitudes. Results indicate that: (1) ranking the three
preselected FTSs based on only one management objective could give misleading
information about the preferred FTS, which, in general, supports ranking decision
alternatives based on multiple management objectives; and (2) there is a complete
preference ordering for the three FTSs (i.e., no two FTSs have the same rank) that
is the same for both risk attitudes. Although it would be challenging for CHANS
managers to implement the proposed framework the way it was done here, the
framework is general enough to be implemented using more simplified methods and
techniques. Doing the latter would make it easier for CHANS managers to apply the
framework.
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Chapter 3 )
Sustainable Development in Indonesian Qe
Regions: Towards an Assessment

Noor Syaifudin and Yanrui Wu

Abstract Sustainable development has for a long time attracted the attention of
economists and policy makers. Yet, there are few studies of sustainable devel-
opment indicators, particularly in Indonesian regions. This paper presents an
empirical assessment of sustainable development in Indonesia at provincial level.
It contributes to the general literature. Firstly, the paper reviews the existing
literature on the concepts and theory of sustainable development. It then applies a
composite index method to examine relevant indicators of sustainable development
in the Indonesian regions context. Various scenarios are considered in order to
accommodate the different nature of Indonesian regions in terms of sustainable
development aspects i.e. economic, social, environmental and institutional aspects.
The findings confirm that the development in Indonesia emphasises the short term
goal, by focusing on the economic and social aspects but ignores the environment
aspect.

Keywords Sustainable development - Sustainable development indicators -
Empirical assessment - Composite index - Indonesian regions

3.1 Introduction

Economic development, which does not aim for environmental preservation, may
have negative impacts on the environment because of the limited capacity of the
environment and may risk the economic future of a nation in the long term. Concern
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about economic growth and sustainability was first raised by Malthus (1798) when
he addressed the limitation of natural resources to satisfy the vast growth of
population in England (Fauzi and Oxtavianus 2014). Much later, Meadows et al.
(1972) concluded that economic growth will be limited by the scarcity of natural
resources and there will be no sustainable flow of services and goods.

This paper reviews the existing literature on sustainable development including
the underlying economic theories, relevant indicators of sustainable development
and economic models addressing sustainable development. The relevance of these
issues in the Indonesian context is discussed and a composite index method is used
to examine relevant indicators of sustainable development at the provincial level
in Indonesia. Four different scenarios are used to capture the variations in various
natures of Indonesian provinces in terms of four sustainable development aspects:
economic, social, environmental and institutional.

3.2 Literature Review

Sustainable development was first addressed at the United Nations Conference on
the Human Environment in Stockholm in 1972 (Rogers et al. 2006). The discussion
focussed on how to boost the economy without harming the environment. The
concept was explored further in the World Conservation Strategy prepared by
the United Nations Environment Programme (UNEP), the International Union for
Conservation of Nature and the Natural Resources (IUCN), the World Wide Fund
for Nature (WWF) in 1980 and again at the UNEP summit in Nairobi, Kenya in
1982 (Elliott 2006). One key result was the establishment of a special council
under the United Nations (UN), called the World Commission on Environment
and Development (WCED). In 1987, the concept of Sustainable Development was
formally defined in a WCED Report as “development which meets the needs of the
present without compromising the ability of future generations to meet their own
needs” (WCED 1987).

Today, this definition of sustainable development continues to be debated.
Several scholars argue that the definition is too general, ambiguous and difficult
to implement (O’Riordan 1995; Mawhinney 2002; Holmberg and Sandbrook 1992;
Lél€ 1991). Others are still keen to operationalise the definition. Some of them look
at it as an issue associated with the intergenerational environment and economic
sustainability (Rogers et al. 2006; Elliott 2006), while others view it as an issue of
equity and balance (Soubbotina 2004). Ene et al. (2011) suggest that sustainable
development concurrently examines the presence of environmental fortification and
economic improvement from a global and long-term position. From these different
points of view, it can be concluded that sustainable development is related to equity,
economic sustainability, and environmental protection in the long term.
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Table 3.1 Aspects of sustainable development

Institutions Economic Social Environmental Institutional
OECD (2001) V& J

UN (2007) v v J J

EU (2013) J v J J

Central Statistics Agency (2013) |/ v J J

4Socio-economic aspect

3.2.1 Defining Sustainability

Economists have different views of the meaning of sustainability. Before defin-
ing sustainability, they tried to distinguish the difference between growth and
development. Daly (1990) correlated growth with physical characteristics and
development with qualitative improvement. He saw growth as something caused
by natural processes like assimilation or accretion, and development as something
that expands capacity. Daly concluded that growth is not sustainable in the long
term and suggested sustainable development. Asheim and Brekke (1993) stated
that sustainable development requires sustainability of resource management over
generations, and Pezzey (1997) noted that sustainability is attained when the human
well-being trend is not decreasing. Alisjahbana and Yusuf (2003) also adopted the
definition of sustainability as a non-declining welfare per capita of a human being,
by using capital as the basis of the measurement.

More recently, the definition of sustainability has been extended to distinguish
weak sustainability from strong sustainability. Two neoclassical economic scholars,
Solow and Hartwick, introduced the term weak sustainability to explain how natural
capital can be replaced by man-made capital (Davies 2013). In contrast, strong
sustainability refers to man-made capital that cannot replace natural capital (Davies
2013; Neumayer 2003).

3.2.2 Sustainable Development Indicators

Different institutions have similar perspectives about the aspects that underpin
sustainable development. The UN via Commission on Sustainable Development
(CSD), European Union (EU) and Central Statistics Agency of Indonesia (UN
2007; EU 2013; Central Statistics Agency 2013) outlined four aspects of sustainable
development: economic, social, environmental and institutional aspects. The OECD
looked at only socioeconomic and environmental aspects (Table 3.1).

Any discussion of sustainable development without consideration of appropriate
indicators remains incomplete. Sustainable development indicators (SDI) should be
management tools (United Nations 2007), evaluation criteria (OECD 2001; United
Nations 2007; Pintér et al. 2005), and a means to deliver ideas and values (United
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Nations 2007; the European Union 2013). SDI should be supported by operational
definitions (Rennings and Wiggering 1997), be related to policy priorities, and be
flexible and communicable (The European Union 2013; Pintér et al. 2005).

The UN (2001) via CSD provides a framework for countries to determine
their SDIs. This framework requires the themes and sub-themes of each SDI to
be determined. There are six themes (equity, health, education, housing, security
and population), three economic themes (economic structure, consumption and
production patterns) seven environmental themes (atmosphere, land, oceans, seas
and coasts, fresh water and biodiversity) and two institutional themes (institutional
framework and institutional capacity).

Other institutions use different SDIs. The Department of Economic and Social
Affairs of the United Nations Secretariat (UN-DESA) assesses 50 core SDIs (United
Nations 2007). OECD (2001) considers two main sets of indicators — environmental
and socio-economic. Pintér et al. (2005) proposed four main indicators covering
institutional, economic, social and environmental factors. Institutional indicators
comprised conflict, refugees and governance. The social indicators were represented
by gender equality, HIV/AIDS and malaria, and the economic indicators by tariffs.
The environmental indicators included the risk of soil degradation, vulnerability to
climate change, and biodiversity weighted land use change. The EU (2013) uses 12
leading SDIs.

Consumption and production patterns are perceived as relevant in the economic
aspect. While the UN and Indonesia agree that global economic partnership should
be one of the themes, the OECD and the EU stress that productivity is more relevant.
The OECD recognises that productivity should be more detailed to describe the
SDI. However, the EU identifies that resource productivity as a sub-theme can
represent the issue of productivity. While the OECD observes energy and transport
as a theme in the economic aspect, the EU recognise these two sectors as a theme
in the environmental aspects of SDI. According to the EU, renewable energy is
valid to explain the climate change and energy issue in sustainable development.
Furthermore, it is interesting that the OECD also includes waste as a theme, while
the other institutions do not include it. In relation to the waste theme, the OECD
identifies that waste generation and recycling should be considered as a sub-theme.

The social aspect is mostly represented by poverty and equity. This theme leads to
the ability of people to maintain their level to adopt the economic and environmental
changes. Demographics and poverty are seen by all institutions to represent social
aspects. The OECD, which combines social and economic aspects of sustainable
development, perceived that the social aspect will lead to the ability of society to
produce and consume as well as enjoy the economic development. The EU’s view
is different from those of the UN and Indonesia about the demographics theme of
sustainable development. The EU interprets the demographics as the employment
rate of older workers, while the UN and Indonesia recognise demographics as
the level of population as well as tourism. Institutional aspects of sustainable
development represent governance. While the UN and Indonesia see governance
as a focus on the level of corruption and crime, the EU perceives governance as
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the effectiveness of policy, public openness and economic instruments. The EU also
looks at the institutional aspect as a focus on global cooperation, ODA particularly.

3.2.3 Studies of Sustainable Development Indicators
in Indonesia

There are several studies of SDI in Indonesia. These include studies of the environ-
mentally adjusted national income (EAAI), the system of integrated environmental
and economic accounting (SEEA), genuine saving, Eco-Region Domestic Product
(ERDP), and Composite Sustainable Development Index (CSDI). The EAAI was
first introduced by Repetto et al. (1989). Supported by the World Research Institute
(WRI), EAAI measures the SDI basically by determining the changes in the stocks
of natural resources including oil, forestry, and soil into the capital and flow account.
By subtracting the estimates of net natural resources depreciation from GDP for the
three products, the study defines a net domestic product as the representative of SDI
for Indonesia. The study with Indonesian data from 1970 to 1984 concluded that
even though GDP growth from 1970 to 1984 was 7.4% but the net domestic product/
growth rate only reached 4.0% annually. This is because GDP growth counts on the
depletion of natural resources.

The SEEA (Gustami 2012) was compiled between 1997 and 2010 and was based
on the methodology recommended by UNSD (United Nations Statistics Division).
The study prepares the sustainability of Indonesia based on the asset account in
terms of physical and monetary aspects of the selected environment assets such
as timber, crude oil, and gas, coal, as well as other minerals (bauxite, tin, gold,
silver and nickel) (Tasriah 2013). The system is broader than the previous study
on national income in the sense that the national assets counted are more broad.
The system provides information on the stock of environment assets, live assets and
depletion of natural resources. The main result is to develop indicators which adjust
the conventional GDP with a somewhat environmentally adjusted GDP. According
to the result of the study for the period of 2007-2010, Net Domestic Product (GDP
minus Depletion and Degradation) is reduced by about 10% from conventional GDP.

The study of Genuine Saving was conducted by Alisjahbana and Yusuf (2003).
It adopted the weak sustainability concept which defines sustainability as non-
declining welfare per capita. The study used genuine savings and change in wealth
per capita as an indicator of sustainable development. It concluded that change in
wealth per capita between 1980 and 2000 was not sustainable. The result showed
that the shifting in the economy from oil and gas reliance to the secondary and
tertiary sectors gives a positive impact in the long term. The study also found that
economic crisis may reduce the savings rate and depletion of natural resources and
hamper the positive trend of sustainability. Furthermore, the study recommended
more appropriate management in mineral, forestry, and environmental degradation,
because these three sectors will be an issue in the future.
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The study to develop ERDP was conducted by Yusuf (2010) for 30 provinces
in Indonesia for 2005. It is proposed that by calculating ERDP, the sustainable
development indicator, which is represented by the ratio of ERDP over GRP, can be
determined for each province. The study found the lowest ERDP value comes from
provinces that are deeply reliant on natural resources. According to this paper, at
least five provinces are not sustainable due to their reliance on the natural resources
to support their economy. Thus, the policy implication is that the government
should apply the sustainable development agenda as well as increasing economic
productivity.

Studies of SDI for Indonesia were also conducted by applying a composite index
which was initiated by OECD in 2008 (OECD 2008). The same approach was also
applied by Indonesian scholars to determine the SDI in Indonesia. Examples include
are Fauzi and Oxtavianus (2013), Oxtavianus (2014), and Fauzi and Oxtavianus
(2014). The composite index is a set of indicators or sub-indicators which do not
have measurement units. Each composite index can be regarded as a model, and
formulated by following a series of steps.

In the study by Fauzi and Oxtavianus (2013), the CSDI was developed based
on three different variables which are GRP (Gross Regional Product) for represent
economic aspect/dimension, Human Development Indicator (HDI) for social dimen-
sion and Environment Quality Index for the environmental dimension. The study
was conducted according to two scenarios. The first is an equal weight for each
indicator, and the second is the same weight between dimensions of development.
As a result, the study concluded that sustainable development in Indonesia reached
about two-thirds of the maximum target. The significant progress in economic and
social aspects was corrected by environmental degradation. However, progress in
the economic and social aspects seems to put pressure on the environment.

There are two more recent studies concerning CSDI in Indonesia namely Fauzi
and Oxtavianus (2013) and Oxtavianus (2014). Both studies apply descriptive
analysis to get an overview of the early stage of development in Indonesia.
These studies considered various aspects of the economic, social, environmental
and institutional conditions. The initial overview indicates that development in
Indonesia is still very oriented to economic and physical development. This is
shown in the achievement of economic development being quite high, which is
characterised by a fairly high level of GDP only a few years earlier. Also, the
physical development showed reasonably good improvement, which can be seen
from the rising value of the HDI. Both studies showed that an indicator is required
to describe the condition of sustainable development in Indonesia. It is hoped that
obtaining the appropriate indicator, will assist policy makers in determining the
direction of development at a later stage.

Fauzi and Oxtavianus (2013) apply two scenarios i.e. (i) same weight among
indicators and (ii) same weight among aspects. The first scenario was applied
with the consideration that all indicators have the same impact on the level of
sustainability in Indonesia; the second scenario assumes that the environmental and
social aspects should be weighted to be equal with the economic aspect. Thus the



3 Sustainable Development in Indonesian Regions: Towards an Assessment 47

indicators in the environmental aspect were weighted three times and the social
aspect twice. The overall indicators in scenario two were divided by 6.

In a study by Fauzi and Oxtavianus (2013), each aspect of sustainable develop-
ments was constructed based on indicators that were provided by Central Statistics
Agency, i.e. GRP for economic aspect, HDI for the social aspect and EQI for
environmental aspect. In the study by Oxtavianus (2014), the indicators were
selected based on the data availability and were constructed based on second-
order confirmatory factor analysis. The analysis finally selected nine indicators to
construct SDI. Fauzi and Oxtavianus (2013) found that the SDI in Indonesia in
2011 was 69.02 under scenario 1 and 68.81 under scenario 2. Oxtavianus (2014)
was more optimistic and found that in 2011, SDI in Indonesia is 80.03 and became
82.42 in 2012. Both studies conclude that the developments in Indonesia are still an
imbalance between economic, social, environmental and institutional aspects. It is
also concluded that the level of sustainability in Indonesia is more about short-term
perspectives and not the long-term ones. Moreover, development may also lead to a
decline of social capital in more advanced provinces.

Based on those previous studies, it can be concluded that the previous composite
index for sustainable development in Indonesia has several areas to be improved.
First, the study by Fauzi and Oxtavianus (2013) did not include the institutional
aspect of sustainable development. Second, Fauzi and Oxtavianus (2013) and
Oxtavianus (2014) absorbed limited indicators in estimating a sustainable index.
Fauzi and Oxtavianus (2013) only applied three indicators while Oxtavinaus
(2014) applied nine indicators to construct the index. Third, both studies did not
accommodate the difference between Java and Non-Java islands as well as the
difference in impact of the provinces who have oil and gas and those who do not in
their GRP.

Based on the above considerations, this study attempts to compose a sustainable
development index at the provincial level in Indonesia by adopting a composite
index method. Several adaptations were made, namely, 20 indicators are adopted,
and several scenarios are considered to accommodate the difference between Java
and Non-Java islands as well as the difference between total GRP and GRP without
oil and gas.

3.3 Methodological Issues

In this study, a composite index (CI) approach is applied. CI is recognised for its
practicality in presenting a performance indicator and providing a signal of required
policy intervention (Jacobs et al. 2004). There are several advantages of applying
CI (i) CI may focus on key policy matters (Jacobs et al. 2004; Michalos et al. 2011),
(ii) it simplifies the presentation of major problems into a simple format (Jacobs
et al. 2004; Michalos et al. 2011, Baptista, 2014), (iii) it is informative (Jacobs
et al. 2004; Michalos et al. 2011; Baptista, 2014) and (iv) it provides trends for
many different indicators for different times, regions and populations (Michalos et
al. 2011; Baptista 2014).
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Moreover, for technicality reasons CI is applied in this study due to two reasons.
The first is that the CI approach has been widely applied and used in several
empirical studies (Jacobs et al. 2004; OECD 2008; Kondyli 2010; Michalos et
al. 2011; Fauzi and Oxtavianus 2013; Baptista, 2014 and Oxtavianus 2014). The
second is that most of the data are available and collected in a book entitled
“Indicators of sustainable development” (Central Statistical Agency 2004-2014).
Thus, to construct the composite index, each of the indicators was grouped based on
a theme and sub-theme following the UNCSD method (UN 2001). The indicator
selection was also conducted based on the data availability. The indicators are
grouped into four aspects as shown in Table 3.2. One important thing to understand
is that the CI structure must always be checked and developed according to the
situation and conditions over the period (Baptista 2014).

In this study, CI is estimated according to seven steps following a similar
procedure adopted by OECD (2008), Kondyli (2010), Fauzi and Oxtavianus (2013),
and Oxtavianus (2014). The seven steps include preparation of a theoretical
framework, identification of indicators, imputation of missing data, normalisation
of data, determination of weights, aggregation, presentation and dissemination.

3.4 Empirical Issues

In this study, normalisation is conducted by using the maximum-minimum method.
References are used in determining the maximum and minimum values. For the
normalised value between 0 and 100, the maximum and minimum use in this method
also brings some consequences. The first consequence is that, while the indicator
value may be below the minimum value, the normalised value is set at 0. Likewise,
for indicators that exceed the maximum value, the normalised value is set at 100.
There are two scenarios in determining SDI for Indonesia, with consideration of
weighted Java Island and non-Java Island, and comparison between total GRP as
well as GRP minus GRP from oil and gas.
Scenario 1: All indicators equally weighted

l«—n .
CSDI = sz:lm’ n =20

where

x1 = Total GRP

x2 = % of population aged 15 years and over who worked
x3 = % of households that use LPG for cooking

x4 = Estimates of CO2 emissions from motorized vehicle
x5 = Environmental Quality Index

x6 = % of poor people

x7 = % dependency ratio
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x8 = % infant mortality

x9 = % life expectancy

x10 = % HH manages sanitation

x11 = % HH using clean water

x12 = % women using birth control

x13 = % net enrolment rate of elementary school

X14 = % net enrolment rate of junior school

X15 = % net enrolment rate of high school

X16 = Total Fertility Rate

X17 = % houses connected to phone

X18 = % HH accessing the internet within last three months

X19 = Ratio women participation in the school to the men participation in the
school

X20 = Ratio of women wages to men wages

Scenario 2: The Environmental and Social aspects of provinces in Java will be
weighted more than Economic and Institutional Aspects. Non-Java Island will be
weighted more on Economic than the other two aspects. In this scenario, the GRP
is total GRP minus GRP from oil and gas.

CSDI Indonesia = (7 « CSDI Java + 26 x« CSDI non — Java) /33

CSDI Indonesia = [7 * ((Ecj 4+ 2Socj + 2Envj + Insj) /6)
+ 26 * ((2Ecnj + Socnj + Envnj + 2Insnj) /6)] /33

where

CSDI = sustainable development indicator composite index

CSDI Java = sustainable development indicator composite index — Java
CSDI non-Java = sustainable development indicator composite index — Non Java
Ecj = Economic aspect indicator for Java (GRP without oil and gas)

Socj = Social aspect indicator for Java

Envj = Environmental aspect indicator for Java

Insj = Institutional aspect indicator for Java

Ecnj = Economic aspect indicator for non-Java (GRP without oil and gas)
Socnj = Social aspect indicator for non-Java

Envnj = Environmental aspect indicator for non-Java

Insnj = Institutional aspect indicator for non-Java

The distinction between GRP total and GRP without oil and gas was recom-
mended by Fauzi and Oxtavianus (2013), in order to know the magnitude of oil and
gas in SDI. The latter scenarios are suggested by Oxtavianus (2014), in order to meet
the same dimension among SDI variable (aspects), and weighting should also count
the difference between Java and non-Java provinces. This is due to consideration that
Java will be high on the economic aspect value but will be low in the environmental
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and social aspects; while in non-Java Island is otherwise. It is suggested that in the
non-Java island, the environmental and social aspects will be high and economic
aspect will be low. Thus, it is expected that the resulting index will be balanced.
Meanwhile, Fauzi and Oxtavianus (2013) gave a weight of three for the social aspect
and two for environmental aspect. This study gives a weight of two for social and
environmental aspects of Java and two for economic and institutional aspects in non-
Java. Under this scenario, it is assumed that the economic and institutional quality
in Java will be better than that in non-Java, and the social and environmental quality
in non-Java is considered to be worse than that in Java.

3.5 Sustainable Development Index (SDI) for Indonesian
Regions

In general, based on two scenarios employed in this study, it shows an increasing
tendency of sustainability index achieved among provinces in Indonesia over the
period of study (2002-2013), but small numbers of provinces display the opposite
trend. The other general finding is an imbalance in the increasing level of sustain-
ability and the sustainability index itself. The high fiscal capacity will lead to a high
level of sustainability. The high fiscal capacity mainly is drawn from a great transfer
fiscal fund due to their high capacity in natural resources or the province with high
locally-generated revenue. This confirms Wibowo (2011) that the poor provinces
have difficulties in attaining their development target due to a limitation in economic
development and natural resources. The scenarios also support Tusianti et al. (2013)
and Fauzi and Oxtavianus (2013) that there was imbalance in each aspect of
sustainable development. The conflicting and complementary interactions between
the economic, social and environmental aspects of sustainable development are
viewed as the main factors responsible for imbalanced development in Indonesia.

3.5.1 Scenario 1

In 2013 (Fig. 3.1), four provinces achieved a sustainable development index of more
than 70. These are Riau Islands, East Kalimantan, Jakarta Special Region and South
Sulawesi. In 2012 and 2013, those provinces were among the provinces that had
the largest regional budget. Eight provinces had a sustainable development index
below 60. Those provinces are West Nusa Tenggara, Papua, South East Sulawesi,
West Sulawesi, Gorontalo, North Maluku, Maluku and East Nusa Tenggara. The low
score of the sustainability is reflected by the low regional budget of those provinces.

Generally, based on scenario 1 (Fig. 3.2), all provinces experienced increasing
trends in the level of sustainability, except Aceh and Papua. Those two provinces
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experienced a decreasing trend. From 2002 to 2013, Jakarta Special Region

achieved the highest level of sustainability among provinces.

In Aceh, the sustainability was about 69 in 2002 and became 63 in 2013. The
decreasing value was supported by the decrease in the economic and environmental
aspects. These two aspects experienced a large decrease between 2002 and 2013. In

2002, the economic aspect reached 89% and became 76% in 2013, or a decrease of

about —13%. The environmental aspect was 69% in 2002 and decreased to 53% in

2013.



54 N. Syaifudin and Y. Wu

e 2002 cccoggeeee 2013
P Aceh
apua
West Pap\A._ 5-00 A \
North Maluku 6&00
Maluku 5500
West Sulawesi 50.00 outh Sumatera
Gorontalo A X 45.00, Bengkulu
South East Sulawesi 5 00 ‘ Lampung
..... 35.00 el
South Sulawesi Bangka Belitung Islands
30.00
Central Sulawesi A Riau Islands
North Sulawesi‘ akarta Special Region
East Kaliman A o ‘ West Java

South Kalimantanf. Central Java

AYozcv,yakarm Special Region

Central Kalimantal‘ L. A A :
East Java
&éﬂten -2

West Kalimantan
East Nusa Tenggara = /
West Nusa Tenggara Bali

Fig. 3.2 SDI Based on Scenario 1 for 2002 and 2013. (Source: Authors’ own estimates)

In Papua, three aspects support the decreasing trend of its sustainability i.e.
economic, environmental and social aspects, while the institutional aspect shows an
increasing trend. The economic aspect reached 93% in 2002 and decreased to 80%
in 2013, or a decrease of about —13%. In 2002, the environmental aspect reached
68% and became only 50% by 2013. The social aspect was also decreasing, from
58% in 2002 to only 54% in 2013.

In this study, sustainability is grouped into three categories i.e. low, moderate
and high. The low sustainability, represented by the blue colour on the map, was
achieved when the sustainable development score was below average. Moderate
(green) is above average and under 3% of the highest score, and high (yellow) for
more than % of the highest score.

In 2002 (Fig. 3.3), there were nine provinces at the high level, six at a moderate
level, and eighteen provinces in the low level. In 2013, there were seven provinces
at the high level of sustainability, while ten provinces were at a moderate level
and 16 provinces were at low sustainability levels. Among those high levels of
sustainability provinces, only four maintained the level which was Jakarta Special
Region, Bali, East Kalimantan and Riau Islands, while at the same time three
provinces moved to high level i.e. East Java, Bangka Belitung Islands, and South
Sulawesi.

Provinces which remained at high levels are generally rich provinces with natural
resources, a tourist destination and also a national business centre. They had good
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infrastructure which supports development in the social and institutional sectors.
On the other hand, provinces that remained at the low level of sustainability are
typically poor regions with low capacity in natural resources.

3.5.2 Scenario 2

In this scenario, GRP from gas and oil is excluded, while the weights of the
economic and institutional aspects in non-Java islands are more than social and
environmental aspects. At the same time, the social and environmental aspects
in Java are weighted more than economic and institutional aspects. This scenario
applied to give a more equal treatment to provinces in non-Java islands which have
less capacity in economic aspects.

Figure 3.4 shows that in 2013 six provinces achieved sustainability index of
more than 70 i.e. Riau Islands, Jakarta Special Region, East Kalimantan, East
Java, Bangka Belitung Islands, and Bali. At the same time six provinces achieved
below 60 of its sustainability index i.e. West Sulawesi, West Nusa Tenggara,
Gorontalo, North Maluku, Maluku and East Nusa Tenggara. The results provide
almost the same picture with the previous scenario, where the high economic
capacity provinces achieved a higher index. The lower the economic capacity of
provinces, the lower their sustainability level is.

Figure 3.5 depicts the dynamic of sustainability index between 2002 and 2013
among provinces in Indonesia. According to this scenario, three provinces had
a decreased index, while the rest experienced an increasing value. Those three
provinces are Papua at —6.35%, Maluku at —2.37%, and East Nusa Tenggara at
—1.19%. There were several provinces that experienced increases in the index of
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more than 10%: among others, they are South Sulawesi at 17.95%, Jambi at 16.17%,

East Java at 15.12% and Central Kalimantan at 13.20%.

According to this scenario it appears that the level of sustainable index was
shared quite evenly even though several provinces remained at the low level,
this being due to very low economic capacity. Moreover, in this scenario several
provinces achieved a high sustainability index increase with low resources and
capacities such as Central Kalimantan and South Sulawesi. This proves that
these two provinces applied policies that support the development of social and

environmental aspects.

The distribution of the index according to this scenario can be depicted as
follows: in 2002 the total index of seven provinces in Java islands was 426.62 or
60.95 on average, while in the non-Java islands the total index was 1516.06 or 58.31
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on average. Moreover, the highest index in Java island was achieved by Jakarta
Special Region at 70.03, while the lowest was Central Java at 54.41. In non-Java
islands, the highest was achieved by East Kalimantan at 70.66, and the lowest was
achieved by Jambi at 46.85.

In 2013, in Java island the total index was 476.45 or 68.06 on average, with
the highest level achieved by Jakarta Special Region at 75.05 and the lowest was
Central Java at 61.68. During the same period the total index for non-Java islands
was 1662.23 or 63.93 on average. The highest was achieved by Riau Islands at
75.76, and the lowest was East Nusa Tenggara at 52.51.

Furthermore, compared with the result from scenario 2, in 2002, the total index
for Java island was 425.45 or 60.78 on average. The highest was reached by Bali at
69.32, and the lowest was East Java at 54.38. In the same year, in non-Java islands,
the total index was 1521.01 or 58.50 on average. The highest was achieved by North
Sulawesi at 68.88, and the lowest was by Jambi at 47.59. In 2013, the highest index
was achieved by Riau Islands at 73.42 and the lowest was East Nusa Tenggara at
50.90. During this year the total index was 1631.26 or 62.74 on average. According
to these findings, it can be concluded that the index under this scenario is more even
among provinces both in Java and non-Java islands, even though the result shows
that the high index was achieved by provinces with high economic capacity.

Figure 3.6 shows that there were 20 provinces which achieved a low level of
sustainability in 2002, seven at high and the rest at moderate. This switched in
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2013 where there were 15 provinces at a low level, only four at a high level and
14 at a moderate level. Based on this scenario, East Java shifted from a low level
in 2002 at 56.43 to reach a high level of sustainability in 2013 at 71.56. Papua
decreased from high to low, from 67.87 in 2002 to 61.52 in 2013. Moreover, three
provinces remained at a high level i.e. Jakarta Special Region, East Kalimantan, and
Riau Islands. These provinces were characterised as provinces with high economic
capacity. However, several provinces remained at the low level of sustainability:
among others, East Nusa Tenggara, Maluku, Gorontalo and South East Sulawesi. In
contrast with the high level, these provinces were characterised as provinces with
weak economic capacity.

3.6 Conclusion

The need for the next generation to fulfill their necessities draws the notion of
sustainability. Sustainability has several prerequisites to meet, namely, sustainability
of resource management from time to time, sustainability of human well-being,
the sustainable yield, and sustainability in natural capital. To measure the level of
sustainability achievement, scholars have provided several indicators. Even though
different authors have different methods in clustering the indicators, they share
common arguments that the sustainable development indicators reflect four aspects,
namely: economic, environmental, social and institutional aspects. Each aspect was
then clustered into themes and sub-themes to construct the relevant indicators.

This study applies a composite index for 33 provinces in Indonesia by using
20 indicators from 2002 to 2013. First, the preliminary analysis shows high
achievement in economic aspect, low achievement in institutional and social aspects
and a decrease in the environmental aspect. This confirms that development only
emphasises the short-term perspective, which focuses on the development of
economic and infrastructure aspects at the expense of the environment and social
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development. Second, this study constructed a composite index based on two
scenarios i.e. (i) the same weights among indicators where GRP is total GRP and
(i1) the same weights among sustainable development aspects where GRP is total
GRP minus GRP from oil and gas.

In general, according to the scenarios, most of the provinces showed an increas-
ing trend between 2002 and 2013, even though a number of provinces experienced
different tendencies. It is also shown that the increasing level of sustainability was
not shared evenly among provinces. Moreover, all scenarios resulted in a high
sustainable index for provinces with high fiscal capacity and vice versa. The high
fiscal capacity in a province comes from its high transfer fiscal fund from central
government due to its high capacity in natural resources or the province with high
locally-generated revenue which may be a business centre or a tourist destination.

The findings also imply imbalance between sustainable development aspects.
Development places emphasis on the improvement of the economic and social
aspects but puts pressure on the environmental aspect. The results also point out
the complexity in achieving balanced development in Indonesia due to conflicting
and complementary interactions between the economic, social and environmental
aspects of sustainable development. Furthermore, these results also confirm that
there was inequality among rich and poor provinces. The poor provinces may have
difficulties in attaining their development targets due to a limitation in economic
development and natural resources.
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Chapter 4 ®
Sustainability of Water Ecosystems: Qe
From Theory to Practice

Mikhail M. Trofimchuk

Abstract Existing approaches to the assessment of water quality may not provide
control of thousands of new pollutants into water bodies. To determine the scope
of further exploitation of the hydrosphere, without irreversible changes to its
functioning, there is a need for new methods evaluating the state of aquatic
ecosystems as a holistic biogeochemical structures and scientifically based criteria
of their evolution. This task cannot be solved on the basis of hydrochemical
indicators or assessments of individual biotic structures of ecosystems — organisms,
populations, communities. Objective assessment of aquatic ecosystems as holistic
structures can be conducted only on the basis of state parameters representing
a generalized response of aquatic ecosystems to external influences, regarding
them as open self-organizing systems, using the principles of non-equilibrium
thermodynamics, i.e., as a special case of dissipative systems, characterized by
energy, exergy and entropy. Through the results of many years of experimental
work, the chapter describes criteria of ecosystem stability and functioning on the
basis of thermodynamic parameters. Their practical application will contribute to
a more rational management of water resources and create a basis for sustainable
existence of aquatic ecosystems.

Keywords Entropy - Exergy - Dissipative function - Primary production

4.1 Introduction

One of the central problems in ecology is the problem of ecosystem stability. “Life
strives to maintain its own sustainability and optimal environment, so ecology is the
science of sustainability of life and the environment. Life is a truly self-organizing
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system and manages not only chemical but also important physical processes in the
space of life on Earth.” (Kondratyev et al. 2003).

Sustainability limits determine the maximum loads on ecosystems, the excess
of which can lead to irreversible degradation of ecosystems. The problem of
sustainability is always faced with while considering the exploitation of natural
resources. Since the use of natural resources cannot be abandoned by the society
in order to maintain the balance of “use — reproduce”, it must assess the limits of
the impact that do not irreversibly violate this balance.

Since the middle of the last century, when it became evident that it was impos-
sible to control thousands of newly created chemicals entering aquatic ecosystems
and to predict their impact on the basis of hydrochemical methods, there was a need
to directly assess the impact of pollutants on aquatic ecosystems. Many methods
and approaches for assessing the state of aquatic ecosystems based on the response
of individual biotic structures have emerged. However, they ignored the idea of the
ecosystem as a whole living unity with emergent properties that are not a simple
sum of the properties of its constituent elements. This was the reason that none
of these approaches was able to predict the evolution of ecosystems under human
impact, let alone to make a correct objective assessment of their state, even less to
offer adequate methods of management and operation.

At the same time, it has become obvious that aquatic ecosystems poses all
the properties of complex open systems, namely dissipative structures, whose
specific features of functioning are largely studied (Anishchenko 1990; Gaponov-
Grekhov and Rabinovich 1981; Glensdorf and Prigogine 1973; Zotin 1980, 1982;
Zotin and Zotina 1987; Zotin and Zotin 1999; Klimontovich 1996; Knyazeva and
Kurdyumov 1994; Malinetskiy and Potapov 2009; Nicolis and Prigogine 2008;
Opritov 1999; Riznichenko and Rubin 2004; Rosen 1976; Trubetskov 2010). The
nature of ecosystems as open self-organizing systems allows to describe their state
by parameters expressed in energy terms. Thus, the problem of objective assessment
of the state of ecosystems and to determine the measure of stability of a certain state
can be solved on the basis of a holistic approach and thermodynamic interpretation
of available observation data.

4.2 Methodology

4.2.1 Some Regularities of Functioning of Dissipative
Structures

The concept of sustainability in the scientific literature is diverse and therefore
somewhat ambiguous. The review (Grimm and Wissel 1997) analyses 163 defini-
tions of environmental sustainability using 70 different concepts of sustainability.
Having carried out an inventory of all these concepts and definitions, the authors
quite reasonably come to a conclusion that “stability” is merely a general term that
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cannot be used as a classifier of specific ecosystem states. The main consequence of
their study is expressed by the motto: “stability” is not a property of stability!*
Different definitions of stability, the authors emphasize, may be sufficient “as a
local terminology, i.e. within a single article, but for a proper understanding of the
discussion of environmental stability they are an unnecessary obstacle because they
cannot eliminate the ambiguity of the term “stability”.

It is obvious that the ecosystem, existing in a relatively unchanged form for
a long time, has the ability to resist disturbing environmental factors, including
anthropogenic impacts. Stability in the conventional sense implies also the ability
of the system to return to the previous state after perturbation (Margalef 1992).

There is a developed mathematical theory of stability, in which the definition
of stability is given quite strictly. There are several concepts of stability of
motion: Lyapunov stability, asymptotic stability, orbital stability, Poisson stability,
Lagrangian stability, etc. Unfortunately for practitioners, this theory does not work
with real objects themselves, but with their mathematical models (Khaiter and
Erechtchoukova 2009). When studying models, we usually talk about the stability
of some solution of the system of equations, i.e. either the stability of a state of the
system or the stability of a particular regime of its functioning. For example, it is
believed that the ecosystem is stable if the trajectory of its model in the phase space
does not go beyond a given bounded region for some non-specific perturbations.
It should be emphasized that in this case, we are talking about the model and the
question of its adequacy to the real object remains aside (Svirezhev and Logofet
1978).

Mathematical models are often so abstract that they operate on variables that are
in no way related to real systems. But despite this fact, the properties found in the
investigation of abstract models can be useful for studying the evolution of the state
of real ecosystems and determining the limits of stability.

Transformation in the nature have the character of irreversibility, i.e., they
are non-equilibrium. Thermodynamically, living systems in the process of life
and development pass through a number of non-equilibrium states, which is
accompanied by appropriate changes in thermodynamic variables. In this regard,
two classes of evolutionary processes are distinguished in open systems: (1) the
temporal evolution towards a nonequilibrium but stationary state; (2) the process of
evolution through a sequence of nonequilibrium stationary states of an open system.
The change of stationary states is caused by the slow change of so-called control
parameters. The emergence of a new system is associated with the loss of stability
and the transition of the initial system to a new stable state.

The process of transition from one state to another is called bifurcation. In this
case, the system structure changes. It is proved that the transition to a stable state can
occur only through an unstable state, and the transition to order — through disorder.
“Complex systems tend to disintegrate, reaching their developed state. Instability is
dialectical. Stability grows out of instability, as a result of instability, because the
beginning, the birth of a new structural formation is associated with randomness,
chaos, instability. And stability, in the end, sooner or later, turns into instability”
(Knyazeva and Kurdyumov 1994).
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It is clear that in order for the same material substrate to form any new structure
meeting the criterion of organization, the old structure must be destroying, breaking
the intra-connections. In this case, the appearance of a new structure can be
considered as a nonequilibrium phase transition (Klimontovich 1996). It should
be emphasized here that in ecosystems the transformation process is primarily
important to change intra-links. Elements of the old structure-the population, the
community can continue to exist in a subordinate or oppressed state, giving way
to the dominance of other elements. The qualitative certainty of the new system is
formed randomly. According to the bifurcation theory, the past state of the system
disappears abruptly due to the accumulation of fluctuations in the system (Buck
2013).

The bifurcation point acts as a point of maximum sensitivity of the system, both
to external and internal impulses. For example, in the bifurcation point, the role of
external factors affecting the system increases. The ecosystem can begin to react
to small concentrations of pollutants, being in a stationary state indifferent to them
(Prigogine and Stengers 1986). Near the bifurcation point, a highly nonequilibrium
system is particularly sensitive to minor fluctuations of a process parameter. In the
equilibrium state the effect of the second law of thermodynamics, will neutralize
the effect of fluctuations, consistently forcing the system to return to the initial
(stationary) state. Actually, the stable state of the system is called such a state when...
active... disturbances fade in time”, “leaving no traces in the system” (Nicolis and
Prigogine 2008).

Since all living systems exist in a continuously fluctuating environment and since
it is impossible to know which deviation will occur at the bifurcation point at the
right moment, it is never possible to predict the future direction of the system.
Insignificant deviations in the environment determine the choice of the branch on
which this structure will follow. In addition, it is impossible to predict exactly when
bifurcation will occur. Thus, all deterministic descriptions turn out to be untenable
when the dissipative structure passes the bifurcation point. However, knowing the
basic types of bifurcations, it is possible to predict the parameters of the movements
that arise at the time of the transition, to find in the parameter space the region of
their existence and stability (Trubetskov 2010).

Another important concept that fixes the specifics of dissipative structures is the
attractor. It is defined as the mode (state) to which the system tends. In terms of
content, this means that the attractor state acts as the desired and achieved (final in
a particular frame of reference) phase of evolution (Nicolis and Prigogine 2008).
In the study of the processes of self-organization was recorded the fact that among
the possible branches of the evolution of the system are not all likely, “that nature
is not indifferent, that it has “attraction” in relation to some states”; in this regard,
the physics of* dissipative systems producing entropy calls the final states of these
systems “‘attractors” (Nicolis and Prigogine 2008). The most important fact in this
context is the fact that this state to which the system is evolving is not only a
potential prospect of its development, but also as a really effective factor in this
process. In fact, the attractor can be considered as a factor of order (an order
parameter for a system in the process of self-organization) (Nicolis and Prigogine
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2008). In the dynamics of open systems there are four types of attractors: stable
focus (attractor-point), stable limit cycle, two-dimensional torus (two-dimensional
torus surface) and chaotic, or strange attractor (Riznichenko 2003).

Living systems are characterized by periodic changes in different characteristics.
In this case, the periodic change of values is one of the types of stationary behavior
of the system. If the oscillations in the system have a constant period and amplitude,
are set independently of the initial conditions and are maintained due to the
properties of the system itself, and not due to the effect of periodic force, the system
is called self-oscillating. In the phase space, this type of behavior corresponds to
the attractor, called the limit cycle. The behavior of the system corresponding to
the limit cycle has a characteristic specificity: small excitations do not destroy its
stationary motion (Riznichenko 2003).

A more complex attractor has the form of a torus. This form corresponds to the
movement, composed of two independent oscillations — the so-called quasi-periodic
motion. The trajectory is wound on the torus in the phase space, one frequency is
determined by the time of the revolution in a small circle of the torus, the other —
in a large circle. For a combination of more than two rotations, the attractors
can be multidimensional torus. An important distinguishing feature of the quasi-
periodic movement is that, despite its complexity, it is predictable. Although the
trajectory can never be repeated precisely (if the frequencies are incommensurable),
the motion remains regular. Trajectories starting near one another on the torus
remain close to one another, and the long-term forecast is guaranteed.

However, there may be non-stationary states of the system, i.e. those in which the
equilibrium state does not have time to be established. The increase of nonlinearity
in the system beyond a certain critical value leads the system to bifurcation again.
The macroscopic coherence is replaced by the inconsistency of random fluctuations,
which leads to ambiguous results: a small change in the initial condition over time
leads to arbitrarily large changes in the dynamics of the system. In this situation,
the system is characterized by instability with respect to its own initial parameters
(Lyapunov instability) and an exponential trend towards divergence. Such behavior
of systems was given the term dynamic or deterministic chaos.

The observed chaotic behavior is not due to external noise sources, a large
number of degrees of freedom, or uncertainty under the laws of quantum mechanics.
It is generated by the intrinsic dynamics of a nonlinear deterministic system
(Beckman 2009). In the phase space such behavior of the system corresponds to
a strange attractor. The deterministic chaos in the phase space is displayed by a
continuous trajectory developing in time without self-intersection (otherwise the
process would be closed in a cycle) and gradually filling a certain area of the phase
space. Thus, any arbitrarily small zone of the phase space is crossed by an infinitely
large number of segments of the trajectory. This creates a random situation in each
zone — chaos. At the same time, despite the determinism of the process, the course
of its trajectory is unpredictable, hence the name of the nature of the process —
deterministic chaos. In other words, we are not able to foresee or at least roughly
characterize the behavior of the system at a sufficiently large period of time, and
primarily because there are no analytical solutions.
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This trend, however, realizes itself within the boundaries of a fairly clearly
limited scope of opportunity. Even systems described by strange attractors, i.e.
chaotic, unstable systems, cannot be considered absolutely unstable. After all,
for such systems, it is possible not to have any state, but only a state that gets
into a limited deterministic region of the phase space. “Instability means random
movements within a well-defined range of system parameters. Therefore, there is not
a lack of determinism, but a different, more complex, even paradoxical regularity,
a different type of determinism. ... the study of strange attractors (in particular,
the construction of their phase portraits) is, in fact, the discovery of the laws and
boundaries of instability” (Knyazeva and Kurdyumov 1994).

Since the normal functioning of a living system is possible only with a certain
norm of randomness, which corresponds to a significantly non-equilibrium state, the
deviations in both directions can be considered as a “disease” and, consequently, as
degradation. However, not always, especially in biology, the transition to a more
chaotic state should be considered as degradation. The consideration of deviations
from the norm of randomness is essential (Beckman 2009).

Structure — attractors of evolution, considered as a holistic structure, according
to Knyazeva and Kurdyumov (1994), relatively simple compared to the complex
course of intermediate processes that form them. Based on this substantially
simplifies the asymptotics and opportunity forecasting, “proceeding: a) “of the
purposes‘ of the process (structure — attractors), b) on the whole,* based on general
trends in the deployment of processes into a holistic system”. For this purpose, the
system, which is extremely complex, infinite-dimensional and randomized at the
element level, should be described, like any non-linear system, by a small number
of fundamental ideas and images, and subsequently, by mathematical models that
determine the general trends of the system (Knyazeva and Kurdyumov 1994).

Depending on which attractor is present in the phase space, the system can
implement various modes of dynamics — stationary, periodic (quasi-periodic),
chaotic. Such modes of motion correspond to a stable point, a limit cycle and a
strange attractor. With a slight change in the parameters, the stable point can shift in
the phase space, change its shape and the period of the limit cycle or the invariant
torus can be deformed. When the parameter is passed through some critical value,
the system dynamics can change abruptly. A stable point can be transformed into a
limit cycle, an invariant torus can arise from the limit cycle (Loskutov and Mikhailov
1990).

4.2.2 Some Extreme Principles as Criteria for the Evolution
of the State of Open Systems

One of the key issues in solving the problem of ecosystem stability is the question
of the criteria of state evolution. Simple logic suggests that to achieve success
and dominance and ensure a stable state in a competitive relationship can only
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be the system that uses resources for its own reproduction more effectively than
others. Accordingly, as criteria for the evolution of living systems may be some
principles of extreme functioning. According to extreme principles, only states with
an extreme value of the goal function are realized in nature. The formulation of the
principle of extremity was given by the great philosopher of the Renaissance Gior-
dano Bruno: “who wants to know the greatest mysteries of nature, let him consider
and observe the minima and maxima of contradictions and opposites” (cite by Yugay
1985). Extreme principle is one of the fundamental principles of theoretical natural
science, Yugay (1985) believes. Approaches based on extreme principles that allow
us to overcome the difficulties associated with high dimensionality of the task of
modeling ecosystems (“curse of dimensionality”) and to avoid the need of selection
of hundreds of coefficients and the analysis of systems of many equations (Fursova
et al. 2003).

Moiseyev (1987) formulated the principle of the minimum energy dissipation
as follows: “if not the only state of the system (process) is permissible, but the
whole set of states that agree with the conservation laws and relations imposed on
the system (process), then its state is realized, which corresponds to the minimum
dissipated energy, or the same, the minimum growth of entropy.”

Based on the reasoning of competitive mutual exclusion, Rosen (1976) formu-
lated the principle of optimality of the living system as follows: “since the living
organism has only a limited supply of energy, it can be considered that, all other
things being equal, the optimal structure will be such that provides the lowest
consumption of metabolic energy (sufficient at the same time for the needs of the
entity)”. In other words, minimization of metabolic energy can be considered as a
criterion for the evolution of living systems to the optimal state. At the same time,
it is obviously necessary, firstly, to correlate the consumption of metabolic energy
at least with the biomass of the living system (and more correctly to compare the
process — the expense of metabolic energy with the process — the production of
biomass), and, secondly, to keep in mind that the minimization cannot be unlimited.
Most likely, it should be sufficient to implement the necessary level of competition.
In other words, the use of energy by a live system is limited on two sides: on the
one hand, the system needs necessary for self-maintenance and reproduction, on the
other hand — competition for energy sources, i.e. the energy needs of competitors. It
follows that the optimal ratio of metabolic energy expense and energy structured in
the biomass of the system should lie within some apparently narrow limits.

Pechurkin (1982, 1988) formulated the energy principle of intensive develop-
ment: “any living system of the supra-organizational level develops (evolves) in
such a way that the flow of used energy per unit of biological structure (during the
existence of this structure) increases”. It is obvious that in a competitive environ-
ment, this principle can be implemented by a living system only by increasing the
efficiency of energy use.

Yugay (1985) is committed to the same views, arguing that “it is justified to
consider the organization of living systems as the main criterion for the progress
of their evolution, and the main criterion for the degree of their organization is the
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efficiency of energy use...Since the maintenance of the constancy of the organization
of the living can be the most effective with a minimum of energy expense.”

Rybin (1990), considering the factors of evolution, suggests that even with
an unlimited supply of free energy in the environment in the form of sunlight,
increasing the efficiency of the use of the mobilized energy was a factor of
evolutionary selection. In the conditions of limited resources, this factor has become
decisive in the competitive interspecies struggle for living space and food sources,
in the struggle for existence.

We will mention a number of extreme principles that have found application in
practical ecology.

The principle of maximum total breathing. Washida (1995) put forward a
hypothesis according to which the system seeks in the development process to
achieve the configuration at which the breath is maximum possible as early as
possible.

Maximum empower and emergy. The emergence was proposed by Odum (1988),
as a quality energy factor measuring how much initial solar energy is required to
create a given product, i.e. energy of a given type. For example, the energy of fuel is
of higher quality than solar energy. 10* calories of solar energy produce 107 calories
of primary producers, which in turn produce 10 calories of predators. If you take the
quality of solar energy per unit, 1 emjoule, the quality of higher trophic levels will
be respectively 100, 1000, 10,000 emjoules.

The principle of maximum ascendency proposed by Ulanowicz (1986) in the
theory of growth and development of the ecosystem. This principle considers the
organization of the network as a result of the total flow of energy and the average
joint information, including the individual flow and is described by the expression
of the logarithm of various other flows and components of the organization.

The principle of maximum power. Odum and Pinkerton (1955) proposed the
principle of maximum power, according to which the functioning of the ecosystem
is so as to maximize power, i.e., the rate of change in the total system throughflow
of energy, passing through the system.

A detailed description of the application of these and other principles in practice
and specific ways of calculating indicators based on the relevant principles can be
found in the original and review publications (Ray 2006; Fursova et al. 2003).

Thus, some of the stated principles, based on thermodynamic parameters, seem
promising, in particular, to establish the state and solve the problem of sustainability
of ecosystems. The question of the choice of parameters that can be determined
by available methods in real ecosystems and are the basis for the calculations of
ecosystem functioning regimes remains open.

4.2.3 From Models to Nature

Fedorov (1977) formulated the general requirements for variables to assess the
state of ecosystems. The first requirement — the state of biological systems can be
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assessed only on the basis of indicators related to the processes with homeostatic
mechanisms of regulation. The second requirement (subject to the first) is the need
to select variables that characterize the non—specific response to external factors.
The third requirement (subject to the first two) is that preference should be given to
integral indicators and, above all, to those that can be measured quickly and reliably.

In recent years, the most widespread use of exergy for the assessment of the
state of ecosystems. In a number of works, exergy is used as an indicator of the
state of the environment, especially in anthropogenic impacts (Marques et al. 1997,
Jgrgensen et al. 1995, 1998, 1999, 2005, 2010; Fonseca et al. 2000; Marquez et al.
2003; Ulanowicz et al. 2006; Ludovisi and Jgrgensen 2009; Ludovisi 2009; Silow
and Mokry 2010; Zhang et al. 2003, 2010).

Exergy is the maximum work that can be done by a thermodynamic system in
the transition from this state to the state of equilibrium with the environment. Thus,
exergy is a measure of system efficiency. The value of exergy is determined by the
degree of non-equilibrium of the system and its structure.

The concept of exergy entered into ecology in the late twentieth century thanks to
the works of Jgrgensen (Jgrgensen and Mejer 1979; Jgrgensen and Svirezhev 2004).
Exergy is well-theoretically justified, connected with the theory of information
and relatively easy to calculate. However, the exergy approach in its practical
application for large-scale use in such tasks as assessment of the state of water
ecosystems within the state observation network of Russia is significantly limited.
To calculate the magnitude of exergy, it is necessary to collect primary data on
the species comprising the ecosystem. This type of work requires efforts of highly
qualified staff of hydrobiologists-taxonomists. The use of basic hydrobiological
information in the calculation of eco-exergy also involves significant time spent
on processing the material. Thus, the efficiency of the assessment of the state of
aquatic ecosystems is significantly reduced, if not eliminated. The efficiency of
assessment is dictated by timely management decisions to limit or stop negative
human impacts and prevent damages to aquatic ecosystems. Another limitation
of ecoexergy is due to the use of approximate averaged values of the parameter
B a factor expressing roughly the quantity of information embedded in biomass
(Marques et al. 1997) for the calculation of its value for a particular ecosystem. In
addition, in our opinion, the calculation of any thermodynamic parameter (entropy,
exergy) for the whole ecosystem by summing the values for individual communities
contradicts the thermodynamic (holistic, macroscopic) approach.

It should be noted that all the above principles are described in terms of energy
and organization and can be closely related. In particular, Patten (1995) showed that
exergy, emergy, power, ascendency and indirect effects are interrelated microscopic
dynamics. Ludovisi (2014) demonstrated, the relationship between entropy, exergy
and respiration:

Entropy generation rate _ Resperation/T Resperation

Entropy of structure "~ Free energy stored/T ~ Biomass

where T is the absolute temperature.
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The problem of ecosystem stability is not only an academic problem of inter-
est exclusively for fundamental research. On the contrary, the determination of
ecosystem sustainability limits is of great practical importance for the management
and exploitation of natural resources. Therefore, the most promising approaches
for practical implementation are those that, on the one hand, can be implemented
by simple calculations based on instrumental measurements obtained manually or
automatically, and the which use indicators that naturally generalize the interactions
of the whole variety of abiotic and biotic structural elements on the other hand.
These are photosynthetic production and destruction of organic matter representing
complete variety of biotic relations and abiotic components forming an ecosystem
refer to them. In other words, all processes occurring in an ecosystem are, in reality,
separate stages of united process of solar energy transformation. It seems to us that
the principle of the minimum specific dissipation combines the fundamental validity
and the possibility of practical implementation and can serve as a criterion for the
stability of ecosystem states.

This criterion is based on Prigogine’s theorem, which is formulated as follows:
in a stationary state, the production of entropy inside a thermodynamic system with
constant external parameters is minimal and constant (Ray 2006). If the system is
not in a stationary state, it will change until the entropy production rate, or the
specific dissipative function o of the system, takes the lowest value, i.e., the system
will be in a steady state:

do
— <0 4.1
dt — @)
TdiS
= ——, 4.2
‘ V dt (4.2)

where T is the absolute temperature, V is the volume of the system, diS/dt is the
entropy production rate.

In living systems, the specific dissipative function, with a known approximation,
is equated to the intensity of heat production, and, consequently, to the intensity of
respiration and glycolysis (Zotin and Zotina 1987). Then the formula (4.2) can be
written as

TdiS _ . 43
Tva T (43)

where ¢ is the intensity of heat production. Therefore, the criterion of evolution for
open thermodynamic systems can be written in the form of

D<o (4.4)
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The criterion (4) shows the direction of evolution of an open thermodynamic
system associated with the transition of the system from a less probable unsteady
state to a more probable stationary state (Zotin and Zotin 1999).

There are, however, theoretical objections to the use of the criterion (4) to
describe the evolution of organisms, in particular during their growth, development
and ageing. It is believed that the limitations imposed on the system by the
thermodynamics of linear irreversible processes are not met during the development
and growth of animals. Living systems are far from equilibrium or steady state, and
it would seem that thermodynamics of linear irreversible processes cannot be used
to describe their changes.

Leaving open the question of the limits of applicability of the principle of
minimum of excess entropy production as a necessary and sufficient thermodynamic
criterion for the evolution of complex living systems, it is believed that the
complexity in nature cannot be reduced to a certain principle of global optimality,
considering that in nature the search for stability plays an essential role (Nicolis and
Prigogine 2008).

However, the condition of positivity of the excessive entropy production cal-
culated in close proximity to standard nonequilibrium state can be regarded as
sufficient conditions for the stability (Nicolis and Prigogine 2008; Opritov 1999).

Thermodynamics, as a general phenomenological theory of any processes and
phenomena that occur in nature and are accompanied by processes of energy
dissipation, i.e. entropy production, provides a key to the description of macroevo-
lutionary changes in complex systems. Therefore, the science is faced with an
alternative: either to abandon the thermodynamic description of the processes of life,
or, to use the results already obtained in thermodynamics within reasonable limits
and to continue the study of life on the basis of thermodynamics (Zotin 1980, 1982;
Zotin and Zotina 1987; Zotin and Zotin 1999). It was shown that the application
of modern thermodynamics to the phenomena of the development of organisms not
only gives good experimental results, but also in principle the thermodynamics of
linear irreversible processes in many cases can be used to describe these processes.

For strongly nonlinear systems, to which all living systems belong, Zotin
postulates the principle of minimum dissipation, according to which in the stable
state of any thermodynamic system the rate of energy dissipation in it is minimal.
In such systems, the specific dissipative function is not necessarily constant and the
criterion of evolution (4) can be written as

— <0, (4.5)

where ¢ is the average value of the heat production intensity of the system, achieves
its minimum on a steady state in accordance with the principle of minimum
dissipation.

Conclusions and reasoning of Zotin and his colleagues seem to us quite reason-
able and sufficient and coincide with our views on the development and evolution of
living systems. In practical terms, it is important that the thermodynamic criterion
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can be expressed in terms of the specific rate (intensity) of heat production, i.e. the
amount of energy dissipated by a living system per unit of time per unit of biomass

= TdQ

T=Bar (4-6)
where Q is the heat production of the living system, B is the biomass, T is the
absolute temperature. When determining the intensity of heat production of an
individual organism or a fixed set of organisms, it is possible to take a biomass of a
fixed value and easily determine, for example, by simple weighing. If we are talking
about aquatic ecosystems, the definition of its biomass is practically impossible
and unnecessary. The rate of energy dissipation can be logically linked to the rate
of biomass growth, i.e. the ecosystem production, more precisely, with primary
production, which are carried out in aquatic ecosystems mainly phytoplankton.
Secondary products are not created again, and is the result of assimilation of
primary products and therefore together with the breath of phytoplankton is the total
dispersion of the ecosystem. The rate of energy dissipation for aquatic ecosystems
is denoted as destruction (R), primary production (P). Then expression (4.6) can be

replaced by
- R
g=T (F) . 4.7)

With regard to practical implementation to calculate specific dissipative functions
of a real or full-scale model of aquatic ecosystems derivative of the relationship
between destruction and production can be replaced with the average rate over
the measurement period. Thus, we propose to approximate the specific dissipative
function by the formula

6 =TA(R/P) At™! (4.8)

As a result, we obtain the criterion of ecosystem state evolution, which can
be easily calculated on the basis of traditional hydrobiological indicators — the
destruction of organic matter and primary phytoplankton production.

In practice, when conducting full-scale experiments at a relatively stable tem-
perature, the absolute temperature can be considered as a constant factor for all
variants. Then, the dynamics of the approximation of the dissipative function will
be determined by the

& = AR/P) At~ (4.9)
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4.3 Results and Discussion

In numerous experiments carried out in the period 1992-2009 on natural models of
freshwater ecosystems (mesocosms) installed on various water bodies of the Don
river basin, the response of ecosystems to toxic pollution was studied. Primary
production and destruction of organic matter were determined by the difference
in the content of dissolved oxygen in light and dark isolated vessels (Guidebook
1992) in the author’s modification, which allows to take into account the production
and destruction processes in bottom sediments and bottom microlayer of water
(Trofimchuk et al. 2010). Cadmium (Cd?T), mercury (Hg>t), copper (Cu™),
sodium lauryl sulfate (SLS) and others were used as pollutants.

One of the main objectives of the experiments was to study the regularities of
response of production and destruction processes of aquatic ecosystems to toxic
effects. Because the emphasis in research was placed on the ecosystem response to
violating effects, in the majority of experiments used the same toxicant — a solution
of sulfate of cadmium in various concentrations.

A priori, the higher the concentration of the toxicant, the greater the exposure
and therefore the more distinct the response. In this regard, in one of the first
experiments, a toxicant was introduced into the mesocosms based on the calculation
of initial concentrations in the mesocosms from 250 to 750 pg/dm3 Cd2*. In
subsequent experiments, lower concentrations of sulfate of cadmium were used.

The key point in the study of the thermodynamics of ecosystems is the question
of whether there are stationary states in the dynamics of production and destruction
processes in real aquatic ecosystems and if so, what are their parameters. The
stationarity of the process is determined by the immutability of its rate, therefore,
to identify the presence of stationary states in the dynamics of production and
destruction processes and study their parameters according to field observation data,
phase planes were built — graphs of the change in the time of the relationship of
R/P and the rate of its change per day (Fig. 4.1). In other words, the analysis
of the dynamics of production and destruction processes was carried out in the
dynamic phase space. Determination of the rate of change in the parameters of
the dynamic system is also necessary to identify such an important feature of the
system, as bifurcation. After all, in the bifurcation points there is a change of modes
of functioning of dissipative systems, therefore, without determining the point of
bifurcation it is impossible to establish the moment of transition of the ecosystem
from one state to another. This approach allowed us to present a qualitative picture
of changes in the states of ecosystems by their phase portraits, without resorting to
mathematical modeling.

Since the state of real living systems, including freshwater ecosystems, is always
in dynamic equilibrium, the process parameters in these systems never take stable
minimum values, and fluctuate around them. In this case, the steady state on the
phase plane is a stable limit cycle (Nicolis and Prigogine 2008).

Phase portraits of ecosystems, built on the results of field experiments, clearly
reveal the differences between the states of mesocosms, depending on the nature and
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Fig. 4.1 The dynamics of the ecosystem characteristics in the open water body. Digits at the
trajectories indicate the days of P and R measurements. (a) open pond (maternal ecosystem), 2005
year; (b) open pond (maternal ecosystem), 2007 year; (c¢) open pond (maternal ecosystem), 2008
year; (d) open pond (maternal ecosystem), 2009 year

strength of external influence. The parameters of the state of ecosystems describe
cyclic trajectories — limit cycles, the number, area and relative position of which in
the phase space may differ.

In maternal ecosystems, which served as reservoirs, not contaminated with
toxic substances, during the period of experiments observed one (Fig. 4.1b) or
several cycles (Fig. 4.1a, c, d). The cyclic trajectory can be completely or partially
overlapping, in varying degrees, moving along the R/P — axis. In the case where the
phase portrait of the ecosystem is represented by several cycles, one of them with a
minimum area is allocated, from which unstable trajectories come out and to which
they return. This limit cycle is a stable attractor (Fig. 4.1c, d). The depicting points
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representing the state of the ecosystem at a given time are located more compactly
inside the attractor area.

Thus, the state of maternal ecosystems cannot be characterized as stationary
over the entire time of observations. This behavior corresponds to the known trend
of evolutionary processes observed in open systems in the general case, when
stationary states are replaced by non-stationary periods of development. The change
of stationary states is due to the slow change of so-called control parameters. The
emergence of the new system is associated with the loss of stability and the transition
of the initial system to a new stable state (Klimontovich 1996). Relatively stationary
periods in the dynamics of production and destruction processes are observed for
a short time, when the parameters of ecosystems lie within the cycles-attractors.
These modes are replaced after bifurcations by bursts of parameters, during which
the rate of change increases abruptly (exponentially). It should be noted that most
of the bursts are directed towards increasing R/P, and the attractors, which are
considered by us as an area of optimal ratio between the processes of dissipation and
photosynthetic production, corresponding to the optimal conditions for the existence
of the ecosystem, are located within the values of R/P equal to 0,6 — 1,0. Since we are
talking about maternal ecosystems that are not subject to toxic load, and therefore
whose condition is considered to be undisturbed, it must be recognized that some
chaotic dynamics are inherent in the functioning of aquatic ecosystems and must
be interpreted as the norm of functioning. “Stability grows out of instability, as a
result of instability, because the beginning, the birth of a new structural formation is
associated with randomness, chaos, instability. And stability, in the end, sooner or
later turns into instability” (Knyazeva and Kurdyumov 1994).

Today it is accepted to distinguish between two “types” states of living systems —
the norm that characterizes “health”, and the pathology that characterizes the
“disease”. The norm is defined as the average value of some parameters established
for a priory healthy living systems. Statistically significant deviations from this
value are treated as pathology. The experiments have shown that extremely high
values of production, destruction or their ratio can occur in the study of ecosystems
that are not subject to any negative effects. Such values of production-destructive
indicators may not be the result of measurement errors or ecosystem response to
negative impact, but also the result of the processes of ecosystem self-development
in case of changes in its state. Such “sudden outbursts” of trajectories, a kind of
inversion loops, is a manifestation of unsteadiness of production and destruction
processes, the transition period of the formation of a new ecosystem (new state),
regardless of the reasons that caused this restructuring. Therefore, by themselves,
they cannot be an indicator of negative effects and a sign of pathology. At the same
time, the steady state of the ecosystem, by definition, describes the correspondence
of environmental factors to this biotic structure, the “harmony” between the biota
of the ecosystem and the environment. This state is characterized by the optimal
(minimum possible) ratio of expenses on the exchange and production of biomass,
energy dissipation and its accumulation in living matter.

Thus, there is a need to distinguish not only the pathology and normal function-
ing, but also the optimum functioning of the ecosystem, lying within the attractor.
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As can be seen from the analysis of the state of undisturbed mother ecosystems, the
normal state covers a large area of phase space, which includes the area of optimal
parameters of functioning — the area of the attractor that displays the stable state of
the ecosystem.

Regardless of the details of the state parameters dynamics, it is generally noted
for the maternal ecosystems that individual phase points are distributed in the
phase space less densely and more evenly than in the impact ecosystems. Thus,
the main feature of the phase space of maternal ecosystems — its large uniformity
and minimum density was revealed.

In mesocosms without toxicants (control) compression of the phase space
occupied by the ecosystem occurs (Figs. 4.2a and 4.3a). In the case of a non-
stationary initial state of the ecosystem, a cycle can be formed that lies within the
maximum cyclic area, which in our opinion reflects the manifestation of the effect
of a closed space and the change in the water exchange (Fig.4.3a). On the other
hand, it shows that when the level of impact does not exceed the permissible level,
the ecosystem “manages to stay” within the parameters of functioning close to the
undisturbed state.

In exposed model ecosystems (M2/09 and M4/09) Cd>* at toxic loads of 25
and 50 wg/dm? (Fig. 4.2b, d), further compression of the phase space is observed.
Immediately after exposure, there is a shift of the limit cycle-attractor in the
direction of increasing R/P to the average value of 0.9. Then, after bifurcation, a
new stable cyclic attractor is formed in the region of R/P values equal to 0.7-0,8.
The ecosystem is almost back to its initial state. With an increase in toxic load up to
125 pg/dm?® Cd** (mesocosm M5/09), the shift of the initial cycle increases in the
direction of increasing the value of R/P (Fig. 4.2c).

This level of toxic effect seems to be critical, i.e. exceeds the permissible for
this ecosystem structure, which leads to an increase in the area of the initial cycle-
attractor and compaction of the phase space of the second cycle to a state of a
stable point in the phase space close to the initial one in the control mesocosm.
It should be noted that the increase in the energy expense of the ecosystem for the
restructuring of the structure in the first five days is “compensated” by the maximum
energy saving to maintain the structure in the future. This is explained, apparently,
by the accelerated use of limiting resources in the process of restructuring, which
subsequently limit the rate of production and destruction processes by the type of
feedback.

So far, we have observed the compaction of the phase space with an increase in
the level of exposure to external factors, in particular toxic. In this case, there is a
decrease in the density of the phase space in the initial cycle of the model ecosystem
with an increase in the load. In the final limit attractor cycle, the density of the phase
space is maximal and close to the limit. It can be assumed that under different toxic
loads the transformation of the ecosystem structure occurs under different scenarios
due to different sensitivity and different limits of resistance and tolerance of the
populations forming the ecosystem. A five-and ten-fold excess of the MPC leads,
perhaps, not to the destruction of the old structure, but to the oppression of its main
functions. This is manifested in the change in the energy balance of the ecosystem



Sustainability of Water Ecosystems: From Theory to Practice 79
Control mesocosm M1/09 Treatment mesocosm M2109
25 ygldm’ Cd®
2t ) 2 b]
1 1
2 % o 415
L & 8
14 o = 0 7
3 ‘A
d
a4 B |
2 2
00 05 10 15 20 25 00 05 10 15 20 25
RIP RIP
Treatment mesocosm M5/09 Treatment mesocosm M4/09
125 pgldm’ Cd* 50 pgldm’ Ca™
2t ) 2 d)
1 1
TP‘ | e 63 s 70 | 9 13 6}
Lo /‘ﬁ!’ L 7 d
2 - C (£
d q
R -
2 2
00 05 10 15 20 25 0p 05 10 15 20 25
RIP RIP
Treatment mesocosm M7/09 Treatment mesocosm MBI03
375 ugldm’ C4** 250 ygldm’ Cé%
2t g) 2t )
1 1}
5 6§ T
. o] =
2 3 @ 9 b 03
Lo g of )
Z 5 e
3 <
5 | 4t
2 2+
00 05 10 15 20 25 00 05 10 15 20 25
RIP RIP

Fig. 4.2 The Dynamics of the ecosystem characteristics (experiment series of 2009). Solid arrows
denote the days of toxicant adding (a) control mesocosm M1/09; (b) treatment mesocosm M2/09,
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Fig. 4.2 continued

in the direction of increasing the expense of exchange (R) and reducing the rate
of change of (R/P), which is manifested in the phase space by the compression
of the attractor. The impact on the model ecosystem at the level of 125 pg/dm?
ca>t may exceed the limits of its tolerance. In this case, the old structure of the
ecosystem is destroyed and a new one is formed, which is accompanied by an
increase in exchange expense and an increase in the rate of change of R/P. Thus, in
this case, there is a nonlinear dependence of the production — destructive parameters
of ecosystems on the magnitude of toxic effects.

The increase in the toxicant concentration in the mesocosm M6/09 to
250 pg/dm? Cd** leads to the compaction of the phase space of the model
ecosystem (Fig. 4.2f) compared to the previous version. The topological similarity
of the phase portrait with the phase portrait of the previous variant with the toxic
load of 125 pg/dm3 Cd** (two cycles separated in the phase space) is preserved.
Phase portrait of model ecosystem M7/09 (Fig.4.2¢) when exposed to 375 pug/dm?
is generally similar to that in the previous version, occupying the same area of the
phase space.

The temporal dynamics of thermodynamic parameters of ecosystems of different
variants in a series of experiments remains almost the same. Thus, in a series of
experiments in 2009, the initial cycles are formed in the 1st-sixth day, the first
bifurcation occurs on the sixth day, the second cycle is maintained from the tenth
to the 14th day, the second bifurcation is observed on the 14th day. A similar
regularity is found in other series of experiments. Such synchronicity of processes
may indicate that there is a natural frequency of oscillatory processes of a particular
ecosystem. In turn, knowing that the period of oscillatory processes depends only
on the properties of the system, we can say that in each mesocosm the same



4 Sustainability of Water Ecosystems: From Theory to Practice 81

Control mesocosm M1/07 Treatment mesocosm M5/07
500 pgldm’ C4
2 a) 2t b)
1 1
2 %
o A
g0 &g
3 L5
<
4 K]
2 2
00 04 08 12 16 20 24 28 00 04 08 12 16 20 24 28
RIP RIP
Treatment mesocosm M4/07 Treatment mesocesm M2/07
750 pg/dm’ Cd™* 650(250+100x4) pgldm’ Cd**
2t ¢ 2
1
o )
g-‘ ] & 0
= L
q q
A 4
2 2
00 04 08 12 16 20 24 28 00 04 08 12 16 20 24 28
RIP RIP

Fig. 4.3 The dynamics of the ecosystem characteristics (experiment series of 2007) (a) control
mesocosm M1/07; (b) treatment mesocosm M5/07, 500 ;Lg/dm3 Cd**; (¢) treatment mesocosm
M4/07, 750 pg/dm> Cd?*; (d) treatment mesocosm M2/07, 650 (250+100%4) jg/dm>® Cd**+

ecosystem was preserved, and, consequently, full-scale experiments in mesocosms
provide ecological similarity of model ecosystems. Thus, the period of fluctuations
of production and destruction processes can serve as a criterion of similarity of
ecosystems.

Impact on the ecosystem the toxic load 500 wg/dm?® Cd>* (series 2007) leads to
the fact that after the bifurcation, on the seventh day (Fig. 4.3b) the attractor shift
in the direction of increasing the value of R/P, where a stable limit cycle is formed
with an average value of R/P equal to 1,3. With an increase in the toxic load to
750 pg/dm® Cd>* (in the same series of experiments), the phase space is compacted,
especially in the second cycle, and the cycle is further shifted to the R/P value of
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1.5 (Fig. 4.3c). Prolonged toxic effects (250 4+ 100 + 100 4+ 100 + 100 pwg/dm?
Cd>") (Fig.4.3d) despite the lower total concentration — 650 pg/dm3 Cd>*, caused
a greater compression of the phase space of the model ecosystem than a single shock
effect of 750 pg/dm3 Cd>* (Fig. 4.3¢).

A similar regularity was observed in another case, when the model ecosystem
was exposed to daily toxic effects of cadmium in concentrations exceeding MPC
by five times (25 wg Cd>T/dm?) and the total was 375 pg Cd*t/dm? (Fig. 4.2g).
Up to the twelfth day, the dynamics of the destruction-production parameters of the
mesocosm was similar to the dynamics of processes occurring in mesocosms with a
single toxic effect at concentrations of 25 and 50 wg/dm® Cd?* (Fig. 4.2b, d). The
differences in the mode of toxicant effect on ecosystems were not manifested at first
in the change of the phase space density or in the position of the attractors on the
phase plane. However, starting from the twelfth day, there was a sharp increase in
the value of R/P. on the 14th — 15th day at values of R/P equal to 1.6—1.7 bifurcation
followed. The ecosystem, adapting to new toxic conditions, as if tried to stay in this
area of phase space. But, apparently, the concentration of the toxicant exceeded
the tolerance limits of this biotic structure and its further adaptive restructuring
followed, manifested by another abrupt surge in the value of R/P to the value of 3.0.
After the termination of the impact, the phase trajectory of the ecosystem returned
to the attractor area. In this variant, the total toxic load was 375 g/drn3 Cd?t. The
same amount of toxicant, but in one step, was introduced into the mesocosm M7/09
(Fig. 4.2e). At the same time, the reaction of the ecosystem exposed to prolonged
exposure to the toxicant was more pronounced. Thus, long-term pollution has a
more negative impact on ecosystems than the same single pollution.

No matter how far the ecosystem has shifted in the phase space under the
influence of toxicants, in most cases the return of ecosystems to the initial region
of the phase space was observed. This trend was also observed in experiments
with other metals (Fig.4.4) and SLS (Fig.4.5a, b). The exception was a series of
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Fig. 4.4 The dynamics of the ecosystem characteristics (experiment series of 1992)
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contain zero magnitudes R and P conventionally taken as 0.1. SLS was added to mesocosm in
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experiments, when the return of the ecosystem to its original state was not observed,
perhaps, due to the short-term experiment (Fig.4.3b, d). In the study of the impact
of SLS on model ecosystems in the first days after the toxic effects, only the
compression of the limit cycle was observed. Then, after a two-turn cycle, the
ecosystem directed to “infinity”, which corresponded to the almost death of the
photosynthetic system while maintaining the destructive component. However, after
the passing of this “infinite” trajectory, the ecosystem parameters returned to almost
the initial state (Fig. 4.5a, b). Thus, the experimental results show that stable steady
states of ecosystems are not probable in any region of R/P values, but only at certain
values optimal for the given ecosystem, which lie within rather narrow limits. In
other words, the biota of the ecosystem adapts to external conditions so that the
balance of destruction and production remains optimal, regardless of the structure
of the biotic community.

The presence of such a “constant” in the dynamics of ecosystems suggests the
possibility of predicting their state at some times. The prediction of the state is also
possible at the time when the dynamics of ecosystems is represented by the limiting
cycle-deterministic mode.

Thus, the analysis of dynamic phase portraits clearly reveals the main regularities
in the evolution of ecosystem states. The ecosystem moves to a new state not
smoothly, but abruptly, at the point of bifurcation, forming a kind of “inversion”
loops in the phase space. During these periods, there is a structural restructuring of
the ecosystem. The area of attractors in impact ecosystems is reduced and, in case
of exceeding the load intensity above the critical value, the limiting cycles-attractor
are formed in another region of the phase space.
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The transition of the ecosystem to a new state in all cases occurred at a zero or
near-zero rate of change in the value of R/P and abrupt change in the direction of
the phase trajectory. In general, as noted above, such regularities are characteristic
for the limit states of dissipative systems and correspond to the transition between
stability and instability when the excess entropy production vanishes (Glensdorf and
Prigogine 1973).

The analysis of data obtained during several series of experiments carried out
in different years revealed a number of important features of ecosystem behavior
under the influence of external, including toxic, factors. It was found that against
the background of these phenomena, response scenarios may be different, and are
determined by the state of the ecosystem at the time of impact. In the case where
the initial state of the ecosystem is represented by a stable point (Fig. 4.6b, d),
the toxic effect immediately leads to a change in the type of attractor — the point
is transformed into a limit cycle. The position of the attractor in the phase space
is changed — the cycle is formed in the region of higher values of the ratio R to
P. Then, after bifurcation, the ecosystem returns to the initial region of the phase
space, where a new limit cycle is formed. I. e., the evolution of the states of model
ecosystems in this case follows the scheme: stationary point (R/P = 0.6) — limit
cycle (R/P = 1.2) — limit cycle (R/P = 0.8) (Fig.4.6f).

If the initial mode of functioning of the model ecosystem was the limit cycle
(Fig. 4.6a, c), the first ecosystem response to toxic effects (from 500 wg/dm? Cd**
to 750 pg/dm> Cd** in different mesocosms) was to compression the phase space
limited by the initial limit cycle. Only six days the ecosystem parameters are shifted,
after bifurcation, to higher values of the ratio R to P, where a new limit cycle is
formed (Fig. 4.6e). In this case, the type of attractor is preserved, but its position
in the phase space changes, which indicates a change in the state of ecosystems.
The evolution of the state of model ecosystems follows the scheme: limit cycle
(R/P = 1.0) — limit cycle (R/P = 1.4). It should be emphasized that in the second
case, the level of toxic effects in a number of mesocosms was much higher than in
the first, and it was possible to assume an instant reaction to toxic effects (change
in the type of attractor and its position in the phase space) in mesocosms with a
high level of pollution. The differences in the types of ecosystem responses appear
to be related to their mode of functioning at the time of impact. It is known that
the behavior of the system corresponding to the limit cycle is characterized by
certain specificity, namely, small excitations do not destroy its stationary regime
(Nicolis and Prigogine 2008). In this regime, the ecosystem is relatively stable and
for some time retains its previous state, reacting to a significant toxic effect only by
reducing the intensity of changes in production and destruction processes, which is
manifested by the compression of the phase space limited by the limit cycle. After
the exhaustion of the “reserve of stability” the bifurcation occurs, and the ecosystem
shifted to another region of phase space.

The physical meaning of such differences in the behavior of ecosystems becomes
clear if we consider the dimensions of the coordinates of the phase space. The
abscissa axis R/P is the ratio of ecosystem destruction to its gross production, where
R — destruction is defined as the energy spent by the ecosystem to maintain its own
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life for a certain period of time (in our case, per day) and has a dimension of Js~!.
P is the production of biomass photosynthesized at the same time, which can be
expressed in both energy and mass units.

If these parameters are expressed in the same dimensions — energy units, then
R/P is a dimensionless coefficient, convenient for comparative analysis, the physical
meaning of which can be defined as the share of assimilated energy spent on the
maintenance of life. If the products are expressed in units of mass, then we get
the dimension R/P — Js~!/kgs™! = Jkg~!, that is, the value, the physical meaning
of which is the work done by the ecosystem to maintain the unit of biomass. The
ordinate axis shows the change in R/P over time, that is, the rate of change of R/P.
Accordingly, the dimension of the axis ordinate — Js~! kg~!, that is, work per unit
time per unit of biomass, or ecosystem power per unit of biomass. The total value of
A(R/P)Ar~! can be considered as the specific power of the ecosystem, i.e. the work
done per unit time to create and maintain a unit of biomass. Since we are talking
about a living system and the main part of the destruction is the total respiration of
hydrobionts, there is reason to call this parameter the specific metabolic power of
the ecosystem. Note that the value of A(R/P)At~! is thus identical to the dissipative
function of the ecosystem.

The proposed interpretation of the results of modeling of aquatic ecosystems
allows us to understand and explain why the reactions to the toxic effects of
aquatic ecosystems characterized by different initial regimes are different. The
initial modes differ quantitatively from each other in the size of the attractor, which,
in turn, is determined by the value A(R/R) At~!. At point (Fig. 4.6b) the ecosystem
represented by this structure has a critically low, near-zero power. In other words,
the initial structure of the model ecosystem does not have the necessary energy
potential to resist external influence. Therefore, immediately after the impact occurs
restructuring of the ecosystem, adapting it to new conditions. The restructured
ecosystem is able to provide the necessary rate of energy inflow, i.e. power, for
the further functioning of the ecosystem and its evolution to a state close to the
initial level of the balance of destruction and production. In the limit cycle regime
(Fig. 4.6a) the ecosystem, relatively speaking, has a sufficient reserve of power
to maintain the existing structure for some time and to be kept in the same area
of phase space, with the same balance ratio. Only after the exhaustion of this
reserve ecosystem is rebuilt into a new structure corresponding to the new conditions
of existence. Since structural adjustment requires additional energy expense, the
parameters of the ecosystem in the first and in the second case are shifted to another
area of the phase space.

Therefore, the dependence of the ecosystem response on the regime of function-
ing can be related to the potential of the ecosystem to mobilize the necessary level of
power to preserve the balance of energy and matter existing at the time of impact. If
the power level is lower than necessary, structural adjustments occur. Thus, it can be
stated that the stability of ecosystems in relation to external, including toxic, effects
is determined by the regime of functioning (state) of the ecosystem at the time of
exposure, which, in turn, is quantitatively determined by the value of the specific
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metabolic power of the ecosystem. Thus, the specified parameter can serve as one
of the indicators of the measure of stability of ecosystems to negative, including
anthropogenic impacts.

It is extremely important in the applied aspect to identify the bifurcation points in
the dynamics of ecosystems. It is known that in the vicinity of the bifurcation point
dissipative systems are extremely sensitive to changes in control parameters and
even a small fluctuation can lead to the destruction of the system and unpredictable
changes in its evolution (Rozenberg et al. 2000). From this it can be concluded
that even minor negative impacts on aquatic ecosystems during this period can lead
to catastrophic consequences. “If the nature, as an essential characteristic, inherent
instability, the person simply obliged to be more careful and sensitive to the world
around him — at least because of the inability to clearly predict what will happen in
the future.”(Nicolis and Prigogine 2008).

The analysis of experimental data with the construction of two-dimensional
dynamic phase space, allows to identify the steady state of the ecosystem, to
characterize them as stable or unstable and to determine the critical points (bifur-
cation points) in the state of ecosystems. At the same time, the presence of
self-intersections of phase trajectories, recorded in a number of graphs, shows that
the two-dimensional dynamic phase space is not enough to fully describe the state of
the ecosystem. In this regard, in some cases, the return of ecosystems to their initial
state, may look as such in the two-dimensional projection of the n-dimensional
process. In fact, between the initial and final states, most likely, there is a shift in
the phase space along the missing axis. In fact, the analyzed time series seem to
have a dimension greater than two. And, therefore, for a more accurate description
of the state, it is necessary to use a phase space of greater dimension. Based on the
topological characteristics of the phase trajectories, it can be assumed that it should
be at least three-dimensional.

The two-dimensional dynamic phase space does not fully reflect the essential
details of the state of ecosystems, in particular, it does not show of the dynamics of
the absolute values of production and destruction. It is obvious that the same values
of R/P can be obtained for different absolute values of R and P and thus belong to
different states. To detail the description of the state of ecosystems and to establish
differences in states with equal values of R/P, it is necessary to analyze them in the
parametric phase space built on the axes P and R (Fig. 4.7a—d). The dynamics of the
ecosystem state in this space is also depicted as phase trajectories. The time factor
is reflected in these diagrams as a sequence of points.

In diagrams of the phase R — P space, stationary states can be represented by
cyclic closed trajectories (Fig. 4.7a—c) or relatively compact sections of trajectories
in which both P and R parameters are meandered within a relatively stable region
(Fig. 4.7d). The position of each area in the “destruction — production” space can
be determined by a vector drawn from the origin to the geometric center of the
area — a point having the average coordinates of the points of formation of the area.
This R — P vector can be proposed as one of the quantitative characteristics of the
ecosystem state. One of the characteristics of the vector is the slope angle tangent,
tga, defined as the ratio R to P (R/P). The second indicator of the vector V; — module
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Fig. 4.7 Parametric phase portraits of the model ecosystems. (a) treatment mesocosm M2/09,
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“norm” (R = P). Digits at the trajectories indicate the days of R and P measurements

|Vi| depends on the intensity of the processes of production and destruction. The
vector module can be considered as one of the characteristics of the self-purification
ability and stability of the ecosystem. The higher the value of the module, the more
intense, all other things being equal (the structure of biological communities, the
chemical composition of water, granulometric characteristics of suspended solids
and sediments, hydrodynamic parameters), the processes of self-purification. Self-
purification ability, which is considered in the aspect of participation of biota, has a
significant impact on the overall stability of the ecosystem. A general analysis of all
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factors affecting sustainability indicates that sustainability, as the ability to maintain
a state in response to external influences, including toxic ones, is higher the more
at the moment of exposure to the ecosystem biomass and the rate of its production.
In this case, a smaller proportion of the toxicant is accounted for by each individual
of the populations forming the ecosystem, as well as a higher rate of binding and
excretion of the toxicants included in one way or another in the biotic turnover.
Thus, through the use of the parametric phase plane, we obtain the third
coordinate of the phase space-the vector module |V;|, to describe the state of the
ecosystem in three-dimensional phase space. Without mathematical calculations
of the dimension of the phase trajectory of the processes under study, based on
the obtained phase portraits (Figs. 4.8, and 4.9), it can be said that the three-
dimensionality of the phase space is sufficient for the correct description of the
evolution of the state of ecosystems. Parametric phase portraits are an essential
complement of dynamic portraits and detail the condition of ecosystems. Thus,
the dynamic phase portrait of an ecosystem with toxic load of 25 pg/dm3 Cd**
(Fig. 4.2b) is almost no different from the phase portrait of the mesocosm, which
is made 50 pwg/dm® Cd>* (Fig. 4.2d). The similarity of dynamic phase portraits is
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Fig. 4.9 The dynamics of M2/08 model ecosystem in three-dimensional phase space (a) and its
projections (b-d) on the corresponding phase planes

also observed for mesocosms under the toxic effect of 250 pwg/dm? and 375 pg /
dm? Cd>* (Fig. 4.2f, e). Parametric phase portraits of these mesocosms, as seen in
the figures (Fig. 4.7a—d) have significant differences. The vector modules |V;| allow
us to identify differences in states in cases where the values of R/P characterizing
these states are equal or slightly different. Thus, after the impact on ecosystems
of mesocosms by different concentrations of Cd*T — 25 pg/dm3, 50 pg/dm?,
250 pwg/dm?, the state parameters were stabilized at the value of R/P equal to 0.8
(Fig. 4.2b, d, f). The modules of the vectors of |V>| and differed 8.8; 10; 4.5 the
relevant options (Fig. 4.7a—c).

The analysis of phase trajectories in three—dimensional phase space significantly
specifies the features of the dynamics of production and destruction processes in
mesocosms. In Figs. 4.8 and 4.9, phase portraits of model ecosystems in three-
dimensional phase space and their projections on the corresponding phase planes are
presented. It is clearly seen that the return of ecosystems to their initial state appears
to be such only in one projection — {A(R/P)At~' — R/P}. In the three-dimensional
phase space there is a peculiar ecological hysteresis — shift of stationary areas along
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the | V| axis. The trajectory shift along the | V| axis is observed almost always during
the transition of the ecosystem from one state to another.

Stationary states of ecosystems in three-dimensional phase space are represented
by compact volume figures. The position of such a stationary region in the phase
space can be determined by the state vector H, drawn from the origin to the
geometric center of a three-dimensional figure. The coordinates of this center are
equal to the average coordinates of the points forming a stationary figure. This
vector can be used for formalized assessment of the state of ecosystems. But it
is necessary to take into account that information reduction can lead to its loss.
If the characteristics of the projections of phase portraits of water ecosystems on
separate planes are amenable to unambiguous interpretation, the semantic content of
the quantitative characteristics of the generalized vector H requires further research.

Thus, based on the analysis of the behavior of ecosystems in three-dimensional
phase space, it can be concluded that ecosystems after external influence tend to
maintain the initial balance of production and destruction processes at different
levels of intensity of these processes and, apparently, at different structural char-
acteristics. In other words, changes in the biotic structure of the ecosystem and
the intensity of production and destruction processes in response to changes in
environmental conditions are aimed at maintaining the optimal balance of these
processes in the new conditions.

4.4 Conclusion

Application of (8) for the evolution of the state of aquatic ecosystems in the
analysis in three-dimensional space {A(R/P)day~! — R/P — |V|} allows to identify
the characteristic regimes of ecosystem functioning including stationary and non-
stationary states, bifurcations, to fix the moment of transition of an ecosystem from
one state to another, and to determine the parameters of the attractors and the limits
of stability of water ecosystems.

The analysis of the behavior of ecosystems based on the dynamics of production
and destruction processes in the proposed three-dimensional space allows us to draw
the following conclusions:

e water ecosystems are inherent in the functioning with regular regime change
not only under the influence of negative external factors, but also due to the
processes of self-organization: stable regimes represented in the phase space
by the appropriate attractor and characterized by minimum values of the rate
of change of the ratio of destruction to production are interspersed with non-
stationary regimes with an abrupt increase in the value of A(R/P)Ar™!;

* the transition of ecosystems from one state to another does not occur smoothly,
but abruptly at bifurcation points with abrupt change in the direction of the phase
trajectory, which allows to reliably separate one state from another, to fix the
moment of transition and to determine the boundaries of stability;
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» under the influence of external factors, the attractors are compressed in the case
of preservation of the structure of ecosystems that existed at the time of exposure,
the density of the attractor is higher, the greater the magnitude of the impact; in
case of exceeding the level of exposure above a critical value and forming a new
structure — attractors are formed in another region of the phase space, the size of
the attractor may increase;

 the sustainability of aquatic ecosystems to external impacts depends not only
on the strength and frequency of impacts, but also on the state (regime of
functioning) of ecosystems at the time of impacts;

« the analysis of the differences in the reactions of aquatic ecosystems to different
impact scenarios allowed to establish the range of values obtained from (8) not
only as a criterion for the evolution of the state of aquatic ecosystems, but also
presented as the specific metabolic power can be considered as a measure of the
stability of aquatic ecosystems to negative impacts.

Thus, the proposed approach can serve as a methodological basis for assessing
the level of permissible impacts on water ecosystems and regulating the operation
of water bodies.
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Chapter 5 )
Balancing Sustainable Coastal Qe
Management with Development

in New Zealand

Ashton Eaves, Paul Kench, Garry McDonald, and Mark Dickson

Abstract Historically in New Zealand, coastal environments were viewed as
amenities for subdivision to be incorporated into town structure plans with little
regard for hazards and scientific investigation. This subdivision of coastal land
has led to the proliferation of developments that are increasingly vulnerable to
the slow landward creep of sea level rise and increasing extreme storm events.
Planning and management of vulnerable coastal communities and infrastructure
could benefit from an emphasis on sustainable and resilient adaptation through
managed retreat away from coastal hazards. However, it is not at all clear exactly
how managed retreat can be accomplished. This chapter explores methods for
analysing the interactions and manifestations of complex intersecting environmental
and economic systems that are implicit in a managed retreat from coastal hazards.
These complex systems can be quantifiably analysed using the principles of
evolutionary economics, which enables identification of knowledge structures and
information flows that can inform institutional decision-making and planning. The
chapter aims to explore how policy planning, implemented through the lens of evo-
lutionary economics, can inform sustainable land-use management and development
through managed retreat in the coastal environment. It discusses Systems Thinking
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approaches to aid the decision-making process in order to reveal effective policy
outcomes and financial mechanisms that enable resilient coastal management.
Specific consideration is given to System Dynamics modelling, economic impact
analysis and Robust Decision Making.

Keywords Managed retreat - Evolutionary economics - Coastal hazards -
System Dynamics - Climate change

5.1 Introduction

New Zealand is a developed island nation where sea level rise and increasing
storm events will affect its inhabitants more severely than larger and more affluent
countries given its geographical location and extent. There is also a significant
proportion of vulnerable assets at the coast when compared to total national capital
(NIWA 2015). This makes it a good case study for other nation states to learn
practical steps to enable managed retreat given the increasing risk from coastal
hazards.

Coastal hazard planning in New Zealand has historically been decentralised, ad
hoc and risk mitigation is largely achieved through the use of physical structures
or modifications of building standards to protect vulnerable assets (Kirk et al.
1999). Relocating assets away from hazards has been employed only as a last
resort after repeated failure of technical fixes (Waikato Regional Council 2006).
To date, there have only been a few small-scale attempts at coastal relocation in
New Zealand. For instance, between 1962 and 1965 at Mokau Spit, Waikato, eleven
sections were revested with the crown following coastal erosion with compensation
to property owners (Waikato Regional Council 2006). Similarly, between 1965 and
1975 at Ohiwa Spit in the Bay of Plenty, houses were lost to the sea, titles were
revested with the Crown and compensation paid for residents to relocate (Waikato
Regional Council 2006). In contrast to ‘forced’ relocation after disaster, there is
increasing recognition internationally that managed retreat from coastal hazards will
be necessary to minimise risk for communities and provide a resilient future for
society (Dyckman et al. 2014; Freudenberg et al. 2016; Hino et al. 2017; Reisinger
et al. 2015).

Managed retreat at the coast is a proactive, strategic and long-term management
approach to eliminate exposure to the human-use system by migrating exposed
assets, or vulnerable communities, inland due to threats posed by rising sea levels,
coastal erosion and flooding (Reisinger et al. 2015). Managed retreat is an evolving
process that demands a set of adaptive strategies over time as a single solution alone
will not suffice (Owen et al. 2018). However, managed retreat is not without its
issues: (1) it is currently constrained by a lack of knowledge of what it exactly is,
otherwise known as a ‘black box’, (2) there is uncertainty around its implementation
by government and communities, which exacerbates opposition to it, and (3)
funding mechanisms for the large capital and labour costs of managed retreat do
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not currently exist in New Zealand (Boston 2017; Owen et al. 2018). Financial
compensation is often not available and managed retreat can also be stifled by urban
boundaries that concentrate development into allowable zones (Freudenberg et al.
2016). Currently retreat from areas prone to natural hazards occurs as a reactive
approach to restore order to society after a disaster (Ryan 2018).

Insights from New Zealand have shown that the implementation of managed
retreat will require scientifically informed decision-making on changes to the
environmental system (New Zealand Government 2017), defining the extent of
coastal vulnerability (New Zealand Government 2017), discovering the long-term
stakeholder and community desires and expectations through co-creation (Kench
et al. 2018), long-term land-use planning and financial incentives for relocation
(Tombs and France-Hudson 2018). Modelling the economic impact of managed
retreat through examining probable futures and policy implementations can enable
scenarios for a smooth transition to resilience for populations exposed to coastal
hazards. Modelled economic drivers can then provide insights into how a successful
implementation of managed retreat to support hazard management would evolve.
Economic drivers may include changes in business operability, value added, capital
value or investment, land supply or household wealth. Whereas compensation
arrangements, insurability or property taxes can also drive behavioural change
(Storey et al. 2017; Tombs and France-Hudson 2018).

An analytical framework is required to assess plans through economic impact
modelling of future scenarios and policy outcomes with regard to these eco-
nomic drivers. This analytical framework consists of a theoretical framework
derived through evolutionary economics, and a conceptual framework using System
Dynamics. Evolutionary economics is analogous to that of evolutionary biology,
it considers economic systems as dynamic, that they reflect historical process,
and that they exhibit instinctual and habit-based behaviour (Schumpeter 1912;
Veblen 1899). System Dynamics is an ontology of Systems Thinking that interprets
how physical and social systems behave through modelling multi-loop nonlinear
feedbacks in complex systems (Forrester 1971). Evolutionary economics considers
the economic system as knowledge-based with stocks of knowledge and flows
of information (Foster and Holzl 2004). Similarly, System Dynamics facilitates
knowledge creation on the drivers of change by adjusting the quantity of stocks in
the system through flows between influential variables over time (Ruth and Hannon
2012). System Dynamics analysis leads to an understanding of behavioural drivers
of complex systems at an aggregated level which is fundamental to evolutionary
economics. System Dynamics can inform stakeholders about the possible impacts
of the transition dynamics that they will pass through when implementing managed
retreat. Combining this with models based on evolutionary economic theory enables
us to better understand the economic consequences of coastal management and
development decisions, recognising that economic considerations are a key com-
ponent of decision-making.

This chapter reviews a process to enable managed retreat from coastal hazards
through evolutionary economics and System Dynamics within a context of coastal
management in New Zealand. Section 5.2 outlines how legislation has shaped
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the coastal environment. Section 5.3 addresses the evolving risk and exposure
from a changing climate. Section 5.4 explores the contribution that evolutionary
economics can bring to the planning regime. Finally, Sects. 5.5 and 5.6 discuss
possible approaches to enable managed retreat through financing and planning
implementations.

5.2 Legislating New Zealand’s Coast

Coastal land-use planning in New Zealand is primarily governed by the statutory
documents of the Resource Management Act 1991 (RMA 1991) and the New
Zealand Coastal Policy Statement 2010 (NZCPS 2010). Previously, it was under the
influence of the Town and Country Planning Act (TACPA). Other legislation that
influences the coastal zone includes the Local Government Act 2002 (LGA 2002),
the Public Works Act 1981 (PWA 1981) and the Civil Defense and Emergency
Management Act 2002 (CDEMA 2002). However, these statutory legislative acts are
not well integrated and operate under differing time frames (Boston and Lawrence
2017). Table 5.1 summarises coastal legislation over the past half-century.

Many vulnerable coastal developments in New Zealand were authorised under
the TACPA 1953. They were established for their proximity to coastal amenities
and leisure, often with a lack of robust environmental assessment. Part 1 of
the TACPA 1953 required the preparation of regional planning schemes with an
accompanying survey of natural resources and their potential uses and values for
conservation and economic development. The approach employed a static use of
planning instruments through structure plans and focused on lands as economic
‘resources’ that contributed to the expansion of residential development into the
coastal environment. There was little regard for hazard identification or scientific
investigation in zoning, which led to the incorporation of coastal environments
into structure plans. For instance, at Omaha Beach (Rodney District) the sand
spit was developed for housing with a marginal seawall in 1971 (Omaha Beach
Community Inc 2017). A large storm in 1978 destroyed this seawall. Groynes were
subsequently constructed and beach nourishment undertaken by developers to gain
further land-use consent at the end of the spit and protect homes from storms
(Omaha Beach Community Inc 2017; Peart 2009). The TACPA 1977 amended
this issue by introducing regulatory zoning and allowed for the identification of
areas vulnerable to natural hazards (de Lange 2006). These historical planning
regimes were less focussed on coastal hazards and sea level rise and more so on
the subdivision of farmland, maintaining amenity values and preserving access to
the coast (Peart 2009).

Currently, the RMA 1991 is the foundation legislation in New Zealand for land-
use and development. It provides authorities with an assessment of environmental
effects from the applicant before resource consent is given. Land-use consents
are granted based on the premise that any adverse effects are mitigated, and
that appropriate scientific inquiry is undertaken to reveal less than minor hazard
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Table 5.1 Historical and contemporary coastal legislation in New Zealand

Act

Town And
Country
Planning
Act
(TACPA)

Town And
Country
Planning
Act
(TACPA)

Resource
Manage-
ment Act
(RMA)

New
Zealand
Coastal
Policy
Statement
(NZCPS)
Local Gov-

ernment
Act (LGA)

Public
Works Act
(PWA)

Civil
Defence
and
Emergency
Manage-
ment Act
(CDEMA)

Timeframe

Purpose

1953-1977 | State-centred spatial resource

1977-1991

1991-

1994 &
2010-

2002-

1981-

2002-

planning.

Amended original act.

Effects-based resource planning and
management.

Preservation of environments from
inappropriate development while
maintaining public access and
ecosystems.

Implicitly applies the precautionary
principle.

Legislatively enables the NZCPS.

Identify coastal hazards for 100 years.

Assess the risks of climate change on
new and existing development.
Allow for the amenity and natural
character of the coast.

Provide infrastructure.

Land-use plans at the annual and
decadal interval with public
consultation.

Building control.

Meet the needs of future generations
through the provision of services,
roads and access.

Provision of infrastructure.
Allowance for the compulsory
acquisition of land for public areas
and infrastructure.

Long-term planning; usually through
cost-benefit analysis.

Provision for emergency powers
during a disaster.

Enables the centralisation of power.
Provides for the allocation of
emergency funding and resources.

Comments

The utility of natural
resources dominates.
Extensive subdivision and
structural development at
the coast.

Many devolved councils
and boards with minimal
interaction.

Introduced regulatory
zoning for hazards.

A new emphasis on
scientific investigation.

Assessment of
environmental effects
dominates.

Good policy, poor
implementation due to
stakeholder contestation.

Historically ambiguous to
local government.

Could be useful for the
provision of ecosystems
and amenity values.
Provides for the
maintenance and
protection of roads at the
coast.

A reactive approach to
hazard management.
Provides effective
short-term responses in
emergencies by overriding
normal legislative barriers.
Lack of long-term
planning.
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exposure. However, development can proliferate on hazardous land under the
proviso that any adverse effect is remedied, even if adverse effects are complex
in time and space, or beyond quantification (Komar 2009). Developers may provide
evidence only on straight-forward technical solutions, and presiding commissioners
may accept these simplistic worldviews over alternative complex, high uncertainty
worldviews (Komar 2009) as in the case at Omaha Beach. These single consent
decisions may also be flawed in the sense that they consider one proposal with
a fixed set of outcomes rather than robustly examining cascading drivers and the
temporal variability of hazards.

The decision-making process around land-use planning by governments often
results from balancing the environmental, social and economic costs of resource
allocations within an adversarial legal setting of competing stakeholders until a
consensus is reached (Gibbs 2015) or a ruling made. When local government
seeks to implement planning rules to manage sea level rise, it can be challenged
by development interests, and the Environment Court then evaluates between
competing interests (Campbell 2017). This approach to land-use planning through
ad hoc mediated outcomes by the weighting of incomplete information to enable
zoning changes for managed retreat becomes cumbersome and litigious. For
example, in Foreworld Developments v Napier City Council [1998] 5 ELRNZ69
zoning changes consistent with adaptation to coastal hazards were imposed by
Napier City Council on a resource consent applied for by Foreworld Developments
which were counteracted with mitigation measures. Napier City Council imposed
the principle of managed retreat through s106 of the RMA 1991 on new coastal
development: a requirement for mitigating adverse effects through the vesting of
vulnerable land with the council because of their liability given future coastal
hazards. Donating land was not palatable for Foreworld, and therefore inundation
mitigation measures to protect the development were put forward by Foreworld to
maintain the spatial extent which was subsequently accepted by the Environment
Court based on information supplied by the applicant (Foreworld Developments
Ltd v Napier City Council 1998).

5.3 Evolving Risk and Hazard Exposure Due to a Changing
Climate

Governments in New Zealand are often focussed on relatively short-term issues
(Boston 2017). By contrast, the dynamics of climate change require that we focus
on coastal hazards over decades as a result of the slow creep of sea level rise
and changing intensity and frequency of extreme storms (IPCC 2014b; Komar
et al. 2013; Williams and Micallef 2009). This dichotomy is exacerbated by
temporal unpredictability in societal uses and values in the coastal environment that
influence trade-offs between conservation and development (Kwakkel et al. 2015).
Consequently, there is an urgent need to develop methods that allow government
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planning and decision making to occur over timeframes reflective of the diverse
impacts that will be experienced at the coast (New Zealand Government 2017) and
their flow-on effects to the wider economic system.

At the national scale, an assessment of vulnerability in New Zealand identified
9000 properties within 0.5 m of mean high water springs that can be directly
impacted by coastal inundation (Parliamentary Commissioner for the Environ-
ment 2015). The estimated total building replacement cost of at-risk structures is
NZD$19.3B (2011) for the 0—1.5 m elevation zone (NIWA 2015).! Insured losses
for extreme weather events were NZD$240 M in 2017 from 25,000 claims of homes
and businesses (Insurance Council of New Zealand 2018).2 In the last decade,
annual costs of repairing weather-related damages to land transport networks have
increased from NZD$20 to NZD$90 M (Boston and Lawrence, 2017). Static, cost-
based methods such as these are useful, but likely underestimate vulnerability as
they do not consider how disruptions to markets influence the socio-economic
systems, account for spillover trade effects or account for price changes due to
changes in supply and demand that may impact an economy (Sugiyama et al.
2008). At the close of 2018, New Zealand has experienced 2 years in a row of the
three most expensive years on record for insurance claims in history indicating the
increasing frequency and intensity of storms (Radio New Zealand 2018). The impact
of repeated disruption to the economy from flooding needs further exploration as
they are one of the catalysts for social change (Okada et al. 2014). Therefore, these
direct impacts from coastal hazards are exacerbated by the influence of indirect
flow-on impacts (here referred to as ‘higher-order impacts’). Integrating these
higher-order impacts into the economic analysis of coastal vulnerability provides a
more robust understanding of system tolerance, thresholds and feedbacks to hazards.
Higher-order impacts are not considered deeply in the current approach to coastal
vulnerability assessment in New Zealand which recommends estimating the loss
in value-added and the loss of income (Reese and Ramsay 2010). To date, higher-
order impacts have been derived statistically from the Annual Enterprise Survey
for industries and sectors published by Statistics New Zealand (Reese and Ramsay
2010).

Both direct and higher-order economic impacts can be modelled through Systems
Dynamics (McDonald et al. 2018; Smith et al. 2016). Hughes et al. (2017) describe
how positive system feedbacks associated with higher-order impacts can precipitate
a threshold response that can lead to a flow-on cyclical effect, hysteresis, or produce
a catastrophic system collapse. Alternatively, they note that multiple weak feedbacks
that act simultaneously may induce a regime shift. Figure 5.1, a causal loop diagram,
provides an example of system drivers in the coastal environment and the associated
reinforcing (positive) and balancing (negative) feedbacks. Many critical relation-
ships exist between the environmental and economic systems. The relationships of
concern are the reinforcing feedback loops that de-stabilise the complex system

INZD$1 = US$0.83 as at 31 March 2011 (Reserve Bank of New Zealand, 2018).
2NZD$1 = US$0.69 as at 31 March 2017 (Reserve Bank of New Zealand, 2018).
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Fig. 5.1 The causal loop diagram illustrating the influencing variables within the environmental
and economic systems and where there are reinforcing (positive) or balancing (negative) feedbacks.
Climate change exacerbates reinforcing system feedbacks within the environmental system that
can spill over into the socio-economic system. Resilience aims to moderate reinforcing system
feedbacks by enabling sustainable balancing feedback loops

(Ford 2010). For example in Fig. 5.1, exposure to sea level rise creates vulnerable
capital which in turn increases the insurance premium on that capital. Household
income is then diminished, which reduces society’s willingness to pay for coastal
amenity values. A lower willingness to pay leads to a further reduction in the
value of vulnerable capital through reduced demand. This example demonstrates
how evolutionary economic analyses, supported with Systems Dynamics modelling,
can help identify and potentially reduce, through effective policy intervention,
system drivers of threshold-crossing reinforcing feedbacks and promote drivers that
stimulate social change toward sustainability (Hughes et al. 2017).

The following sections will now address how society can move forward by
developing and implementing long-term resilient policies and plans that enable
dynamic adaptation in the form of managed retreat through evolutionary economic
analysis.
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5.4 Economic Planning in Systems Adapting to Knowledge
and Information

Globally, adaptation to climate change is one of the least explored areas of climate
economics when compared with the economics of mitigation, risk analysis or
impact assessments (Burke et al. 2016). There are currently few techniques avail-
able describing how to incorporate inundation damage functions into adaptation
(Burke et al. 2016). Most analyses of adaptation options have followed traditional
approaches that emphasise market solutions, efficiency and cost-benefit analysis
(CBA) (IPCC 2014b). It is now prudent to consider risks, inequalities, behavioural
biases, non-market and non-monetary measures, limits and barriers, and ancillary
costs and benefits (IPCC 2014b) over the long-term. The current approach in
New Zealand to socio-economic decision-making typically utilises a mixture of
econometric, CBA, multi-criteria analysis, real options analysis and economic
impact modelling (e.g. Input-Output Analysis, Computable General Equilibrium)
(Infometrics Consulting Limited 2017; Maven Consulting Ltd 2017; Tonkin and
Taylor 2017), whereas fiscal impact analysis is popular in the USA (Freudenberg
et al. 2016). These techniques are generally focused on the short-term or capture
dynamics poorly through time. Economic assessments that are based on CBA do
not typically assess wider environmental and social issues (Losada and Diaz-Simal
2014) and have no accepted institutional mechanism for assessing who pays for
adaptation (Tonkin and Taylor 2017).

Traditionally in many developed countries, environmental policy theory has been
based on applying neo-classical welfare theory to adaptation options, which strives
to maximise welfare through a competitive equilibrium (van den Bergh 2004).
This neo-classical economic theory of the utility maximisation of stakeholders
is borne out of the microeconomic analysis of preferential consumption (Mas-
Colell et al. 1995). Therefore, the neo-classical general equilibrium approach
applies demand-supply relationships to estimate price changes through market
redistribution based on rational responses (Sugiyama et al. 2008). It seeks to
derive where the equilibrium is located rather than where it is tending toward or
deviating to (Nelson and Winter 2002). This approach fails to accommodate the
behavioural response (Sugiyama et al. 2008), or a dynamic equilibrium (Nelson and
Winter 2002). Both of which are useful for long-term planning for managed retreat.
Evolutionary economics can fulfil this role given its aggregated population approach
to accommodate behaviour and its evolutionary tendencies which are driven by the
systemic change brought on by continual economic development (Foster and Holzl
2004). It can also assess the economic effects on society of various funding options
for managed retreat. Box 5.1 provides an overview of evolutionary economics as an
analytical tool for adaptive coastal management.
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Box 5.1. Evolutionary Economic Analysis

Evolutionary economics provides a useful analytical framework for adaptive
coastal management. Foster and Holzl (2004) recognise three fundamental
principles of evolutionary economics: (1) economic systems are knowledge-
based systems in which knowledge and information are represented as
stocks and flows; (2) it adopts an aggregated population approach based on
behavioural variation instead of a typological approach based on representa-
tive agents; and (3) inertia, selection and development are the primary drivers
of systemic change which enables a dynamic equilibrium.

Evolutionary economics has been compared to ecological economics and
environmental economics (Christensen 1989; Rosser 2011; van den Bergh
2004). It is similar in spirit to ecological economics, as both are concerned
with sustainable economic development (Van Den Bergh (2004), but it
differs from environmental economics, which focuses on natural resource
management and managing environmental externalities (Munda 1997).

Evolutionary economists view the economy as a domain characterised by
dynamic equilibrium processes rather than a system transforming from shocks
toward a stable equilibrium state (Foster and Holzl 2004). They attempt to
represent economics as a system of processes of consolidation and develop-
ment, rather than resource or utility optimisation (Foster and Holzl 2004).
Evolutionary economics utilises a more behavioural and temporal approach
for analysing the tendencies of populations displayed in complex systems
(Foster and Holzl 2004). The aggregated behavioural approach is in contrast
to the incentive-based utilitarianism of representative agents commonly used
as a guiding ethical principle in the economic decision-making process
(Gorddard et al. 2012; Pyka and Hanusch 2006). The long-time horizons
and the continuous selection and mutation processes inherent in evolutionary
economic analysis are also complementary with the attributes of sustainable
development and the slow-creep of climate change (van den Bergh 2004).

Evolutionary economics analyses stochastic fluctuations that are inherent
in all complex systems. Fluctuations are imposed on the system through
extreme flooding, or where water levels breach a threshold through slow-
creeping sea level rise. System fluctuations are then accommodated through
perturbation, saltation or bifurcation before finally coming to rest at a new
dynamic equilibrium. Saltation (abrupt evolutionary change or mutation)
creates the catalyst for societal change and bifurcation (path separation into
divergent branches) drives the acceptance of the ‘new normal’ conditions
(Foster and Holz1 2004). Saltation and bifurcation can then manifest as trigger
and tipping points for when society needs to make plans or take action.

Path dependency is a characteristic of evolutionary economics that can
prove problematic for analysing multiple dynamic adaptation responses with

(continued)
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reversibility (van den Bergh 2004). Unfortunately, Rosser (2011) describes
very low reversibility of industrial, residential and transportation processes
due to the long duration for a response. It is therefore crucial when analysing
future options to discover if there are any potential for significant pathway
dependencies such as substantial up-front costs, technological commitments,
or environmental degradation that will reduce long-term well-being (Boston
2017). However, managed retreat is irreversible and path dependant if the
original site no longer exists due to sea level rise.

Finally, evolutionary economics relies on the bounded rationality of
individuals (van den Bergh 2004). The decision-making processes at the
individual and policy levels are constrained by this imperfect knowledge,
cognitive limitation and the time constraints of bounded rationality (van den
Bergh 2004). Knowledge dissemination of the long-term benefits of managed
retreat that result from evolutionary economic analysis helps to broaden this
bounded rationality of limited information on which to base decisions.

Unfortunately, neo-classical economics or evolutionary economic solutions for
planning alone do not guarantee socially optimum outcomes (van den Bergh
2004). Policy integration, stakeholder participation, funding initiatives and land-
use zoning are also critical (van den Bergh 2004). Evolutionary economics does
give society a new perspective to view a pertinent problem, by allowing decision-
makers to be more informed of economic interdependencies and causalities. It
incorporates knowledge over time for multiple stakeholders, and it allows for
the changing demand and supply of land, capital, and populations. Evolutionary
economic analysis can then test plans and policies ahead of implementation. It
accounts for the rational behaviour of informed communities, the unpredictable
manifestations of the environment and the counter-intuitive behaviour of institutions
and markets. Thereby deriving a pragmatic balance between sustainable market
prices, speculative investment, market uncertainty and aggregated behavioural
variation.

In this chapter, we argue that evolutionary economics can be used in a coastal
context to enhance long-term societal welfare by analysing coastal vulnerability,
socio-economic dynamics and future policy options to enable managed retreat. A
framework is suggested in which policy goals are set that align with the long-
term needs of society. Modelling tools such as System Dynamics and Geographic
Information Systems (GIS) can analyse dynamic economic impacts and spatial
vulnerabilities based on the robust science of coastal hazards. These tools provide
for the analysis of environmental-economic system interdependencies, thresholds
and feedbacks (Dearing et al. 2010). Multiple plausible futures and their economic
impacts can be explored and stress-tested through Robust Decision Making (RDM)
to provide authorities with opportunities for managed retreat based on policy
interventions with enhanced outcomes (Lempert et al. 2013). RDM is a method
of probabilistic statistical analysis which seeks to minimise regret and uncertainty
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Dynamics enable economic impact analysis over time that is then statistically tested through
Robust Decision Making to define pathways toward managed retreat and societal resilience

when assessing local planning options before implementation (Lempert et al.
2013). Evolutionary economics then allows for the inclusion of a gradual and
reflective dynamism of complex systems over the long term to allow knowledge
and information-based preferential adaptation to occur (Foster and Holzl 2004).
Vulnerable areas can then implement strategic, individually-styled long-term plans
for managed retreat that achieve greater integration for managing coastal risks in
land-use management (Manning et al. 2015) when exposure becomes critical. Figure
5.2 illustrates this conceptual framework to enable long-term planning for managed
retreat away from coastal hazards.
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5.5 A Managed Hazard Response: Dynamic Adaptation
and Financing Large-Scale Manage Retreat

The notion of ‘managed’ retreat implies a process of dynamic adaptation in which
vulnerable communities and exposed assets can be relocated as new information on
coastal hazards becomes available (Haasnoot et al. 2012a). Planning for dynamic
adaptation requires the assessment of multiple plausible future scenarios (Haasnoot
et al. 2012b; Kwakkel et al. 2015). It requires long-term planning across multiple
pathways to guide future decisions (Barnett et al. 2014) because it is highly unlikely
that one single action will eliminate all risk. Managed retreat can be viewed as
a combination of dynamic adaptation plans and policies, such as integrated risk-
reduction plans, land-use development restrictions, financial incentives, rezoning
land-use, and accommodating affected parties (Abel et al. 2011). Its implementation
is influenced by the cost of asset relocation, the ongoing costs of maintaining
the existing situation, the cost of alternative actions, the effectiveness of current
practice, and societal acceptance (Abel et al. 2011; Hino et al. 2017).

Currently, in New Zealand, unfavourable risk assessments for households and
firms negatively affect welfare through declining valuations of exposed assets
(Christchurch City Council 2015) inhibiting managed retreat. This is because the
cumulative costs of relocation outweigh the perceived benefits of remaining in situ
which maintains behavioural entrenchment. Globally, declining capital values are
detrimental to the vulnerable, but a more risk-informed capital market is driven by,
and beneficial to, society as it provides a more objective market valuation inclusive
of any expected flood damage (McNamara and Keeler 2013). In order to reduce this
loss of equity through declining capital values, central government administered
financial compensation to the vulnerable at a fair market price would incentivise
managed retreat (Freudenberg et al. 2016) sooner rather than later. Government
compensation is unavoidable where state decisions impose restrictions, or eliminate,
existing property rights (Tombs and France-Hudson 2018).

Enabling compensation requires new types and combinations of funding instru-
ments in New Zealand to overcome the increasing exposure to coastal hazards
(Local Government New Zealand 2015). Alongside new funding instruments
are discussions around who inevitably pays for implemented strategies. Funding
adaptation will be the critical enabler and needs to be addressed across scales
of government (Lawrence et al. 2013). Current policy in New Zealand is devoid
of practical guidelines on how managed retreat should be financed (Boston and
Lawrence 2018). There is also the issue of investment decisions having non-
simultaneous exchanges of immediate costs with distant benefits (Boston 2017). The
greater the temporal gap between costs and the realisation of benefits, there tends to
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be a greater reluctance from governments to invest (Boston 2017). This uncertainty
makes for a difficult task for governments who may have communities requiring
expensive relocation strategies when they are socio-economically disadvantaged or
facing a dramatic loss in equity (Hayward 2008).

System Dynamics modelling enables the assessment of alternative funding
options ahead of implementation. It allows the economy to evolve and accommodate
this new financial information as it becomes available with each iteration. Box
5.2 illustrates how differing levels of investment in managed retreat away from
hazardous land can be modelled using Vensim® by Ventana Systems. Relocation
costs and investment funding can be analysed to determine the appropriate level and
timing of funding given the supply of new information with every model iteration.
Box 5.2 shows four hypothetical simulations to discover the effectiveness of these
different amounts of capital investment funding to cover relocation costs over
time. The ‘investment effectiveness’ illustrates the long-term balance of increasing
relocation costs offset by future investments in managed retreat. Discovering
the dynamic equilibrium of investment effectiveness through System Dynamics
allows economists to determine how much investment capital is required while
simultaneously minimising the financial cost of borrowing.

Box 5.2 System Dynamics to Assess Evolving Funding Options for
Managed Retreat

This Vensim® System Dynamics model based on evolutionary economics
principles illustrates how differing levels of investment might be used to
relocate communities from 200 ha of hazardous land to new land. Graph A
illustrates the temporal investments of four simulations (Siml, 2, 3, 4) for
initial investments of USD$1, 2, 3 and 4 M respectively. Graph B illustrates
the relocation from hazardous land to new land. Graph C shows the increasing
cost of relocation over time for Sim 3 only as all simulations returned the
same relocation cost. Graph D shows the ‘Investment effectiveness’, or the
investment in managed retreat less the relocation cost. This illustrates the
viability of the investment over time. An initial delay of 10 years, a 6% p.a.
growth rate and a 3% discount rate were used. This example demonstrates that
a dynamic equilibrium in investment effectiveness occurs under Sim3 around
2055, in which an investment of USD$3 M is enough to offset the relocation
cost for managed retreat over this period. Dynamic equilibrium is achieved
under Sim 3 where the investment covers relocation costs and the costs of
borrowing are minimised.

(continued)



5 Balancing Sustainable Coastal Management with Development in New Zealand

/”_ﬁ_——_\'k Growth rate

Fraction Dccm\ multiplier rate
Total land
Delay 1

Delay

Intrinsic growth

Actual growth

Discount rate

DiscoU

Inv

{ﬁ‘t‘:t;‘::f::‘:s Eatenst

Hazardous land
price Decay rate
New land price
A. Investment B. Relocation

14M 300 / Tt

Relocation cost : Sim3

. 2 130
-40
2020 2030 2040 2050 2060 2070
2020 2030 2040 2050 2060 2070 Time (Year)
e Tme‘(Year) oA Hazardous land : Sim3
: Sim2 : Simd - Ne'“'h‘ndsm
C. Relocation cost D. Investment effectiveness
oM 30M -
Fi -~ w 13M
-4M
3M 2020 2030 2040 2050 2060 2070
2020 2030 2040 2050 2060 2070 Time (Year)
* =2 : Siml
Time (Year) - : Sim2
ol Sim3

Investment efctivensss :

Simd4 —

111

To date there have not been any direct climate change funding instruments
for coastal hazards in New Zealand (Boston and Lawrence 2018). Although, the
New Zealand Government recently announced the New Zealand Green Investment
Finance Fund as it wishes to become a global leader in response to climate change
(Herd 2018). This fund aims to manage the financial risk to the economy from
climate change and unlock economic opportunities for emission mitigation (Herd

2018).

The range of possible funding instruments that can enable managed retreat
include: public-private partnership (PPP) finance, loans, taxes, charges and subsi-
dies, general or targeted rates, central government grants and funding, resilience
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bonds, improved resource pricing, risk transfer mechanisms, and insurance (Boston
and Lawrence 2017; Cunniff and Meyers 2017; IPCC 2014b; Kartez and Merrill
2016; van den Bergh 2004). The insurance industry by default becomes the key
driver in reducing potential human exposure and the financial costs of disaster
(Murray et al. 2015). It can indirectly drive an ‘unmanaged retreat’ where policies
are cancelled when the coastal risk becomes unacceptable, or when the fortuitous
nature of insurance is no longer apparent (Storey et al. 2017). Insurance companies
are requiring the use of these risk-based premiums and for preventative measures
as a precondition for cover in hazardous zones to incentivise awareness, prepare for
and adapt to future risk (Murray et al. 2015). Unfavourable insurance excesses and
premiums can also discourage development in high-risk areas (Storey et al. 2017).
Conversely, extreme excesses and premiums can become unpalatable for consumers
which can lead to voluntary withdrawal from the insurance market. New insurance
mechanisms are required to manage the evolving risk over the long term and provide
for asset relocation rather than replacement.

Public insurance is also available to New Zealand households and firms through
a compulsory levy on property payable to the government entity, The Earthquake
Commission (EQC). EQC provides contingency funding and long-term financial
resilience against natural disaster. It covers lands affected by flood disasters through
the Natural Disaster Fund (Boston and Lawrence 2017). New Zealand is fortunate to
have a Crown entity solely mandated to provide relief to parties affected by natural
disaster. Public insurance through EQC has facilitated greater insurance penetration
in New Zealand than other countries in order to avoid a socially unacceptable level
of distress and loss caused by natural disaster (New Zealand Treasury 2015).

5.6 Mechanisms for Change

New approaches to technological economic impact analysis, regulatory policies
on land-use, investment in new locations, and the formation of new governance
structures need an avenue for proactive analysis and subsequent implementation into
the hazard management practice (IPCC 2014b). These new approaches to hazard
management can enable sustainable development (IPCC 2014b) through coastal
managed retreat. For success, implementation needs to reflect a cohesive national
vision and a drive for long-term sustainability (IPCC 2014b). However, sustainable
development through managed retreat is not always economically favourable for
society given expensive labour and capital requirements for relocation (IPCC
2014a).

Managed retreat may not be a rational adaptation measure under a neo-classical
framework due to the key determinant of present cost but must go beyond this by
incorporating a long-term behavioural aspect to solve this problem (Sugiyama et
al. 2008). Compounding the issue is that the cost of land to relocate to is more
expensive than the hazardous land, which can often leave some residents needing
to re-mortgage their homes (Fleming 2017). The investigation into options for
the compulsory acquisition of hazardous land where behavioural entrenchment is
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apparent also needs to take place, as well as discussion around how suitable land
for urban development can be obtained affordably. Similarly, acquisition of land
is required for coastal dynamics, ecosystem services and habitats, public access
and amenity values as outlined in the NZCPS 2010. Local government is therefore
required to amend plans to rezone rural, residential and industrial boundaries to
mitigate run-away property prices brought on by land supply scarcity.

Governments can utilise strategic spatial planning instruments that are responsive
to dynamic climate changes, social values (Manning et al. 2015) and population and
trade dynamics through regular allowances for the rezoning and intensification of
land-use. Structure plans that outline land-use zoning and areas for development
can then give markets confidence in new developments and accommodate future
development fairly, reduce uncertainty for future resource management and min-
imise exposure to risk. Accurate and updated national asset geodatabases are also
essential to quantify vulnerable capital on a regular basis for physical changes in
stock, value and extent, and accommodate new hazard information as it comes
to light. These geodatabases enable spatial planning, modelling and statistical
analysis. Ideally, planning instruments should be accompanied by integrated impact
assessments, long-term monitoring of the physical environment, public participation
(New Zealand Government 2017), risk management plans and economic impact
modelling of adaptation and worst-case scenarios (Jevrejeva et al. 2014).

Finally, Van den Bergh (2004) claims that in the future, sustainable development
will be built on an evolutionary perspective based on the relationship between
economic evolution and environmental resources. Sustainable development will
involve the integration of disparate knowledge on technology and innovations,
coevolution and environmental history (van den Bergh 2004). Integration will give
rise to a hybrid of social, biological, technological and economic processes that are
dependent on specific problems and time horizons (van den Bergh 2004). The socio-
economic and the biophysical systems can be analysed as one complex system to
enable sustainable development through managed retreat. The overall patterns that
lead to sustainable development can be tested over time and space to discover causal
drivers and interdependencies of variables under multiple plausible futures. The
very nature of evolutionary economic modelling is to find a dynamic equilibrium
amongst multiple non-linear interactions. This dynamic equilibrium may fluctuate
between a steady state (stable equilibrium), a dynamic state brought on by a sudden
system shock, or positive reinforcement bought about by a chaotic perturbation
(unstable equilibrium), or a disturbed state where shocks and perturbations lead
to a new quasi-stable state (neutral equilibrium) (Ford 2010). Often bifurcation can
arise in the unstable equilibrium (Rosser 2011) leading to dendritic divergent future
pathways with or without human intervention. Even if the climate system were
in a steady state, its interaction with the economy could drive chaotic dynamics
(Rosser 2011). By modelling multiple futures and policies, resilient economic
states can be discovered within the complex system. This modelling would enable
robust institutional decision-making toward effective policy outcomes through
minimising loss, disruption or chaotic perturbation. Scenarios and policies can
then be implemented with the likelihood of the success of managed retreat vastly
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enhanced. Adaptation trigger points for planning and action emerge once system
thresholds are breached (saltation), or new systems arise (bifurcation) allowing
organisations to reconsider their operations through rational action (Stam 2006).
Analysis of dynamic complex systems can then give an informed understanding of
the interactions between all these influential elements (Tobin 1999) on which to base
decisions and policy outcomes.

5.7 Conclusion

Changes to planning and policy are required to introduce new land-use practices
and funding models that enable dynamic adaptation to coastal hazards through
managed retreat. Policies and plans need to be modelled ahead of implementation
to test their effectiveness to provide sustainable development within the complex
and evolving environment-economic system. Modelled scenarios can then inform
society of where change is needed to achieve policy outcomes. Risks and exposure
of assets and infrastructure are evolving due to the slow creep of sea level rise
and changes in extreme weather events which exacerbates the direct impacts of
coastal flooding or inundation. Higher-order impacts such as economic disruption
from flooding or inundation events also need analytical consideration. Evolutionary
economics and System Dynamics have emerged as key tools to support decision-
making in the presence of new knowledge and information. System Dynamics
modelling provides a powerful framework for applying evolutionary economics
through economic impact modelling, quantitative spatial risk assessment, and RDM
for analysing multiple scenarios in a thorough statistical manner. Collectively these
approaches allow exploration of future scenarios and policies for land-use and
finance that can support effective coastal managed retreat. Analysing complex
systems in this way facilitates knowledge creation of system relationships, discovers
information flows that can modify behavioural drivers and provide insights that can
enable institutional change. Successful policy outcomes can then be integrated into
planning documents and development practices. Sustainable coastal management
through managed retreat can then lead to more resilient coastal societies in an
uncertain and changing world.

Acknowledgements All authors were supported by the New Zealand Ministry of Business,
Innovation and Employment through the Resilience to Nature’s Challenges National Science
Challenge. Eaves, Kench and Dickson were funded through the Living at the Edge project;
Resilience to Nature’s Challenges.



5 Balancing Sustainable Coastal Management with Development in New Zealand 115

References

Abel N, Gorddard R, Harman B, Leitch A, Langridge J, Ryan A, Heyenga S (2011) Sea level rise,
coastal development and planned retreat: analytical framework, governance principles and an
Australian case study. Environ Sci Pol 14:279-288

Barnett J, Graham S, Mortreux C, Fincher R, Waters E, Hurlimann A (2014) A local coastal
adaptation pathway. Nat Clim Chang 4:1103-1108

Boston J (2017) Safeguarding the future: governing in an uncertain world. Bridget Williams Books
Limited, Wellington

Boston J, Lawrence J (2017) The case for new climate change adaptation funding instruments.
New Zealand Climate Change Research Institute, Wellington

Boston J, Lawrence J (2018) Funding Climate Change Adaptation: the case for a new policy
framework. Policy Q 14:40—49

Burke M et al (2016) Climate economics: opportunities for advances in climate change economics.
Science (New York, NY) 352:292

Campbell J (2017) Environment commissioner tells Govt to act faster, act now. Radio New Zealand

Christchurch City Council (2015) Coastal hazard LIM notations to be changed. https://ccc.govt.nz/
news-and-events/newsline/show/957

Christensen P (1989) Historical roots for ecological economics — Biophysical versus allocative
approaches. Ecol Econ 1:17-36

Cunniff S, Meyers E (2017) Encouraging investments in coastal conservation & resilience. Sage,
Resilient shorelines, thriving communities

de Lange W (2006) Coastal erosion. The Encyclopedia of New Zealand

Dearing J, Braimoh A, Reenberg A, Turner B, van der Leeuw S (2010) Complex land systems: the
need for Long time perspectives to assess Their future Ecology and Society 15

Dyckman C, John CS, London J (2014) Realizing managed retreat and innovation in state-level
coastal management planning. Ocean Coast Manag 102:212-223

Fleming Z (2017) ‘This is going to set a precedent’ — council applying to evict homeown-
ers. Radio New Zealand. http://www.radionz.co.nz/national/programmes/checkpoint/audio/
201851000/this-is-going-to-set-a-precedent-council-applying-to-evict-homeowners

Ford A (2010) Modeling the environment, 2nd edn. Island Press, Washington, DC

Foreworld Developments Ltd v Napier City Council (1998). Environment Court

Forrester J (1971) Counterintuitive behaviour of social systems. Theor Decis-Making 2:109-140

Foster J, Holzl W (2004) Applied evolutionary economics and complex systems. Edward Elgar
Pub, Cheltenham/Northhampton

Freudenberg R, Ellis C, Tolkoff L, Brawley D (2016) Buy-in for buyouts: the case for managed
retreat from flood zones. Lincoln Institute of Land Policy, Cambridge MA

Gibbs M (2015) Coastal climate risk and adaptation studies: the importance of understanding
different classes of problem. Ocean Coast Manag 103:9-13

Gorddard R et al. (2012) Striking the balance: coastal development and ecosystem values. CSIRO,
Australia

Haasnoot M, Kwakkel J, Walker W, Ter Maat J (2012a) Dynamic adaptive policy pathways: a
method for crafting robust decisions for a deeply uncertain world. Glob Environ Chang 23:485—
498. https://doi.org/10.1016/j.gloenvcha.2012.12.006

Haasnoot M, Middelkoop H, Offermans A, Beek E, Deursen W (2012b) Exploring pathways for
sustainable water management in river deltas in a changing environment. Clim Chang 115:795-
819

Hayward B (2008) ‘Nowhere far from the sea’: political challenges of coastal adaptation to climate
change in New Zealand. Pol Sci 60:47-59

Herd E (2018) Investors welcome the New Zealand Green Investment Finance fund. Investor Group
on Climate Change

Hino M, Field C, Mach K (2017) Managed retreat as a response to natural hazard risk. Nat Clim
Chang 7:364-370


https://ccc.govt.nz/news-and-events/newsline/show/957
http://www.radionz.co.nz/national/programmes/checkpoint/audio/201851000/this-is-going-to-set-a-precedent-council-applying-to-evict-homeowners
http://dx.doi.org/10.1016/j.gloenvcha.2012.12.006

116 A. Eaves et al.

Hughes T et al (2017) Coral reefs in the Anthropocene. Nature 546:82-90

Infometrics Consulting Limited (2017) Real options analysis of strategies to manage coastal hazard
risks. Wellington

Insurance Council of New Zealand (2018) Adapting to climate change needs to be a top
priority. ICNZ. https://www.icnz.org.nz/media-resources/media-releases/single/item/adapting-
to-climate-change-needs-to-be-a-top-priority/

IPCC (2014a) Adaptation planning and implementation. In: AR IWGICt (ed) Climate change
2014: impacts, adaptation, and vulnerability. Cambridge University Press, Cambridge

IPCC (2014b) Technical summary. In: Field CB et al (eds) Climate Change 2014: impacts,
adaptation, and vulnerability. Part A: Global and sectoral aspects. Contribution of Working
Group II to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change.
Cambridge University Press, Cambridge/New York, pp 35-94

Jevrejeva S, Grinsted A, Moore JC (2014) Upper limit for sea level projections by 2100. Environ
Res Lett 9:104008(9pp)

Kartez J, Merrill S (2016) Climate adaptation finance mechanisms: new frontiers for familiar tools.
J Ocean Coast Econ 3(2):Article 4. https://doi.org/10.15351/2373-8456.1066

Kench P et al (2018) Co-creating resilience solutions to coastal hazards through an
interdisciplinary research project in New Zealand. J Coast Res 85:1496-1500.
https://doi.org/10.2112/S185-300.1

Kirk R, Morgan R, Single M, Fahey B (1999) Applied physical geography in New Zealand. Prog
Phys Geogr: Earth Environ 23:525-540. https://doi.org/10.1177/030913339902300404

Komar P (2009) The oregon coast experience: good management but ‘bad apples’. In: Williams A,
Micallef A (eds) Beach management: principles and practice. Earthscan, London

Komar P, Allen, Ruggerio, Harris (2013) Earth’s changing climate and coastal hazards: The U.S.
Pacific North West and Hawke’s Bay, New Zealand. In: New Zeland Coastal Society Annual
Conference, Hokitika, New Zealand, 2013. New Zealand Coastal Society

Kwakkel J, Haasnoot M, Walker W (2015) Developing dynamic adaptive policy pathways: a
computer-assisted approach for developing adaptive strategies for a deeply uncertain world.
Clim Chang 132:373-386

Lawrence J, Sullivan F, Lash A, Ide G, Cameron C, McGlinchey L (2013) Adapting to changing
climate risk by local government in New Zealand: institutional practice barriers and enablers.
Local Environ 20:298-320

Lempert R et al. (2013) Ensuring robust flood risk management in Ho Chi Minh City.
https://doi.org/10.1596/1813-9450-6465

Local Government New Zealand (2015) Local government funding review: a discussion paper.
Local Government New Zealand, Wellington

Losada I, Diaz-Simal P (2014) Adaptation in coastal areas. In: Markandya A, Galarraga I, Sainz
de Marieta E (eds) Routledge handbook of the economics of climate change adaptation.
Routledge, London

Manning M, Lawrence J, King D, Chapman R (2015) Dealing with changing risks: a New Zealand
perspective on climate change adaptation. Reg Environ Chang 15:581-594

Mas-Colell A, Whinston M, Green J (1995) Microeconomic theory. Oxford University Press, New
York

Maven Consulting Ltd (2017) Cape coast area coastal hazards social impact analysis and valuation.
Wellington

McDonald G, Smith N, Kim J, Brown C, Buxton R, Seville E (2018) Economic systems modelling
of infrastructure interdependencies for an Alpine Fault earthquake in New Zealand Civil Engi-
neering and Environmental Systems: 1-24. https://doi.org/10.1080/10286608.2018.1544627

McNamara D, Keeler A (2013) A coupled physical and economic model of the response of coastal
real estate to climate risk. Nat Clim Chang 3:559-562. https://doi.org/10.1038/nclimate1826.
www.nature.com/articles/nclimate1826#supplementary-information

Munda G (1997) Environmental economics, ecolgical economics, and the concept of sustainable
development. Environ Values 6:213-233


https://www.icnz.org.nz/media-resources/media-releases/single/item/adapting-to-climate-change-needs-to-be-a-top-priority/
http://dx.doi.org/10.15351/2373-8456.1066
http://dx.doi.org/10.2112/SI85-300.1
http://dx.doi.org/10.1177/030913339902300404
http://dx.doi.org/10.1596/1813-9450-6465
http://dx.doi.org/10.1080/10286608.2018.1544627
http://dx.doi.org/10.1038/nclimate1826
http://www.nature.com/articles/nclimate1826#supplementary-information

5 Balancing Sustainable Coastal Management with Development in New Zealand 117

Murray C, McDonald G, Cronin S (2015) Interpreting Auckland’s volcanic governance through an
institutional lens. Nat Hazards 75:441-464. https://doi.org/10.1007/s11069-014-1340-z

Nelson RR, Winter SG (2002) Evolutionary theorizing in economics. J Econ Perspect 16:23-46.
https://doi.org/10.1257/0895330027247

New Zealand Government (1953) Town and Country Planning Act. Wellington

New Zealand Government (1991) Resource Management Act. Wellington

New Zealand Government (2002) Local Government Act. Wellington

New Zealand Government (2017) Coastal hazards and climate change: guidance for local
government. Ministry for the Environment, Wellington

New Zealand Treasury (2015) New Zealand’s future natural disaster insurance scheme: proposed
changes to the Earthquake Commission Act 1993. New Zealand Government, Wellington

NIWA (2015) National and regional risk exposure in low-lying coastal areas: Areal extent,
population, buildings and infrastructure: Prepared for the Parliamentary Commissioner for the
Environment. Hamilton

Okada T, Haynes K, Bird D, van den Honert R, King D (2014) Recovery and resettlement
following the 2011 flash flooding in the Lockyer Valley. Int J Disaster Risk Reduct 8:20-31.
https://doi.org/10.1016/j.ijdrr.2014.01.001

Omaha Beach Community Inc (2017) Information about Omaha Beach, New Zealand. https://
omahabeach.co.nz/about/

Owen S et al. (2018) Anticipating staged managed retreat at the coastal margins Planning
Quarterly:8-11

Parliamentary Commissioner for the Environment (2015) Preparing New Zealand for rising seas:
certainty and uncertainty. New Zealand Government, Wellington

Peart R (2009) Castles in the Sand: what’s happening to the New Zealand coast? Craig Potton,
Nelson

Pyka A, Hanusch H (2006) Applied evolutionary economics and the knowledge economy. Edward
Elgar, Cheltenham

Radio New Zealand (2018) Insurance payouts for extreme weather events hit $226m for 2018.
https://www.radionz.co.nz/news/national/378165/insurance-payouts-for-extreme-weather-
events-hit-226m-for-2018

Reese S, Ramsay D (2010) Riskscape: flood fragility methodology. NIWA, Wellington

Reisinger A, Lawrence J, Hart G, Chapman D (2015) From coping to resilience: the role of
managed retreat in highly developed coastal regions of New Zealand. In: Glavovic B, Kelly
M, Kay R, Travers A (eds) Climate change and the coast: building resilient communities. CRC
Press, Florida, pp 285-310

Rosser J (2011) Complex evolutionary dynamics in urban-regional and ecologic-economic systems
from catastrophe to chaos and beyond. Springer, New York

Ruth M, Hannon B (2012) Modeling dynamic economic systems, 2nd edn. Springer, New York

Ryan E (2018) Managed retreat; unpacking the ‘black box’. https://resiliencechallenge.nz/edge-
programme/3296/

Schumpeter J (1912) Theorie der wirtschaftlichen Entwicklung, “The Theory of Economic
Evolution”. Dunker & Humblot, Leipzig

Smith N, McDonald G, Harvey E (2016) Dynamic economic model: a technical report prepared
under the economics of resilient infrastructure programme. Market Economics Ltd, Auckland

Stam E (2006) A process model of location change in entrepreneurial firms: an evolutionary
perspective. In: Pyka A, Hanusch H (eds) Applied evolutionary economics and the knowledge
economy. Edward Elgar, Cheltenham, pp 143-165

Storey B, Noy IT, Townsend W, Kerr S, Salmon R, Middleton D, Filippova O, James V (2017)
Insurance, housing and climate adaptation: current knowledge and future research, vol 27. Motu
Economic and Public Policy Research, Wellington

Sugiyama M, Nicholls R, Athanasios V (2008) Estimating the economic cost of sea level rise.
Massachusetts Institute of Tech nology, Cambridge, MA

Tobin G (1999) Sustainability and community resilience: the holy grail of hazards planning? Global
Environ Change B Environ Hazard 1:13-25


http://dx.doi.org/10.1007/s11069-014-1340-z
http://dx.doi.org/10.1257/0895330027247
http://dx.doi.org/10.1016/j.ijdrr.2014.01.001
https://omahabeach.co.nz/about/
https://www.radionz.co.nz/news/national/378165/insurance-payouts-for-extreme-weather-events-hit-226m-for-2018
https://resiliencechallenge.nz/edge-programme/3296/

118 A. Eaves et al.

Tombs B, France-Hudson B (2018) Climate change compensation: an unavoidable discussion.
Policy Q 14:50-58

Tonkin & Taylor (2017) Franz Josef natural hazards options assessment and cost-benefit analysis.
Auckland

van den Bergh J (2004) Evolutionary thinking in environmental economics: retrospect and
prospect. In: Foster J, Holzl W (eds) Applied evolutionary economics and complex systems.
Edward Elgar, Cheltenham, pp 239-275

Veblen T (1899) The theory of the Leisure class: an economic study of institutions. The Modern
Library, New York

Waikato Regional Council (2006) Managed retreat from coastal hazards: Options for implementa-
tion. Hamilton

Williams A, Micallef A (2009) Beach management: principles and practice. Earthscan, Lon-
don/Sterling



Chapter 6

Remediation Measures for Accumulated Qe
Environmental Damages Using Principles

of Sustainable Development: A Case

Study of Russian Regions

Sergey G. Tyaglov, Marina A. Ponomareva, and Victoria B. Cheremina

Abstract Remediation of environmental damages accumulated from the past
requires support in form of regional and federal policies. To ensure that such
policies are formulated and established, the analysis of existing practices is con-
ducted. The analysis reveals the main components of the restoration process
including environmental objects, stakeholders, tools, and institutions responsible
for policy implementation and enforcement mechanisms. A special attention is
paid to increasing the efficiency of remediation measures from the environmental-
economic perspectives. It supports further generalization of remediation measures
for accumulated environmental damages and lead to recommendation for local
authorities to implement them in practice and to return damaged territories into
economic activities through the restoration process.

Keywords Sustainable development - Intergenerational environmental
externalities - Accumulated environmental damage - Regions of Russia -
Ecological-and-economic policy

6.1 Introduction

The concept of sustainable development emerged in the second half of the twentieth
century is still one of the leading ideas which implementation is a priority task for
the majority of powerhouses in the modern world. The interconnection of economic,
ecological and social problems and their transition to the intergenerational direction
requires the managerial structures to rank priorities providing greater opportunities
for future generations to meet their needs.
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The formation of objects of accumulated environmental damage is one of the
most illustrative examples characterizing the problems of human separate areas
development when disobeying the principles of sustainable development. Without
taking into account the ecological consequences, the progress in production took
place in most of the developed countries in the twentieth centuries has led to forming
so-called object of accumulated environmental damage. Over decades, these objects
continue to have a prolonged negative influence on the health of the population and
the environment. In addition, they prevent further economic development of present
and future generations and the territories of their dwelling.

In the Russian Federation and its regions, accumulated damage is becoming more
and more alarming economic and ecological-social problem.

On the one hand, many Russian regions observe the lack of new industrial sites
with the access to different kinds of infrastructure services including transport ones.
Furthermore, there is a high cost of building the new infrastructure and insufficient
development of public-private collaboration mechanisms that may encourage its
building. Thus, the cost of implementing the new investment projects may grow
in case of building additional communications. Moreover, it significantly increases
the terms of implementing investment projects, and, consequently, it discourages the
efficient development and investment in the regions.

On the other hand, in such established industrial regions, huge territories are
affected by the objects of accumulated environmental damage formed in the age of
central economic system when all the enterprises were owned by the state. It leads
to the existing problem of allocating the responsibility between the participants of
investment-production relations for remediating the consequences of accumulated
damage. As a result, the use of such territories to develop new production turns out
to be impossible although more often there appears the appropriate infrastructure
provision. Thus, the solution of the accumulated damage problem may become
a cheaper way of eliminating the restrictions of investment development both for
public and commercial organizations in Russian regions compared to the search for
new industrial sites.

Territories of accumulated environmental damage as an object of ecosystems
are the source of constant environmental hazard affecting all the components of
the environment (air, water, soil, land) The prevention of adverse environmental
impacts requires regional and municipal authorities to continuously monitor the
environmental situation on the respective territories, as well as to implement the
necessary measures in cases of specific environmentally adverse situations. In
addition, it requires a significant budget of different levels. Furthermore, the degree
of harm to the health of the population, duration and amount of the costs of
preventing environmental effects are difficult to foresee, both in the nearest and
distant future. The solution to the problem of accumulated damage today, thus, can
save significant amounts of resources in the future; the latter ones could be used for
other pressing development needs.

It requires more detailed analysis of practices on remediating the consequences of
accumulated damage in Russian regions in order to make suggestions on improving
federal and regional policies implemented in this problematic area.
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6.2 Theoretical, Informational, Empirical
and Methodological Background of the Research

Theoretical and methodical background to the research is the concept of sustainable
development as a founding doctrine connecting economic, ecological and social
priorities of the social development taking into account the needs of future
generations. Furthermore, the study relies on the ecosystem approach, reflecting
the need for integrating the impact of objects accumulated environmental damage
on all components of the environment (air, soil, land, water). To study practices of
remediating accumulated damage, Russian regions use generally accepted methods
of scientific knowledge such as comparative, logic, retrospective analysis, tabular
and graphical data visualization, software-target method, etc.

The information-empiric base of the research is data of official statistics bulletins
and the website of the Federal statistics service, Ministry of natural resources
and ecology of the Russian Federation, program-targeted documents implemented
within the issues of accumulated environmental damage, official reports on their
implementation, etc.

6.3 Results

The analysis of scientific literature has shown that there are different approaches to
studying the issue of accumulated (past) environmental damage within the context
of sustainable development. As the experience of the developed countries, such as
Germany and the USA, shows there is the need for allocating the responsibility for
remediating accumulated damage, defining the mechanisms of legal regulation and
sources of funding. Schoukens (2017) notes in his article that recent developments
in the area of legal regulations of the European Union are mostly connected with
preventing environmental damage while restoration of the territories is becoming
the last resort that can serve as an incentive for unsustainable development, thus
suggesting that any damage caused to the nature can be rectified.

Nevertheless, most developed and developing countries formed the areas of
accumulated damage in earlier periods of the past century. The modern generation
has to eliminate this damage due to the fact that it negatively affects both the use of
territories and human health. The lack of attention to these issues and postponing
the elimination of consequences of accumulated damage may dent the grounds
of sustainable development on the local level and lead to more serious social and
economic losses in the future.

Large cities face this issue to a far greater degree, particularly the accumulation
of harmful chemical agents in the atmosphere and the soil of urbanized territories.
Different methods are suggested to study and eliminate them. Studying the impact
of accumulated damage on human health and flora and fauna is one of the important
directions. For instance, Sujetoviene and Sliumpaite (2013) looked into the changes
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in physiological parameters and the trace metals (Cd, Cu, Pb) uptake by the
lichens transplanted to an urban environment. The study showed that city pollutants
damaged the cell membranes of the lichens. Chinese scholars (Wang et al. 2018)
revealed the interrelation between the development of pancreatic cancer and the
pollution of the environment.

As a result, the research corps devoted to the ecosystem restoration, particularly
urban ones, is being gradually developed. In addition, it should be noted that there
are different programs to design the scoring system of monitoring the condition of
restored ecosystems (Baldera et al. 2018) and to create balanced urban environment
based on the ecological concept together with the sustainable development of urban
landscape (Dong et al. 2018).

The programs in the area of forming the efficient economic incentives for
different participants take an important place among the studies dedicated to
the elimination of accumulated damage and territory restoration. British scholars
(Hewett et al. 2018) suggest CAVERTI tool aimed at encouraging farmers, private
landowners and other stakeholders to reduce soil erosion through providing multiple
benefits from protecting local infrastructure and reducing water pollution.

Since the mining industry is the main source of the accumulated environmental
damage, special attention is paid to this problem in countries such as the USA,
Germany, Great Britain, Canada, Korea, China and Russia.

A great number of works is devoted to the issues of restoring former coal-mining
territories and assessing the impact of coal mining operations on the ecosystems to
work out decisions ensuring the conservation of environmental sustainability while
enabling economic development. Indonesian scholars (Kodir et al. 2017) held the
research on the opportunity to design a spatial plan of coal lands with integrated
protected areas, conservation areas and cultivated areas containing different types
of land use to ensure sustainable development. Chinese scholars (Zhang et al. 2018)
analyzed the ecological impact of coal exploitation, utilization and transportation
taking into account the coal status in China. In their works, international scientists
(Alexandrov et al. 2011; Khaiter and Erechtchoukova 2010, 2009) pay a great
attention to designing mathematical model of the environment and ecosystems to
assess their conditions with IT technologies (Khaiter and Erechtchoukova 2018)
and methods of Al, in particular machine learning algorithms (Erechtchoukova and
Khaiter 2017; Erechtchoukova et al. 2016).

Chinese (Zhu et al. 2016) and Korean (Zhang et al. 2016) scholars study the
subsidence and possibility of extracting coal under buildings, railways and water
objects its reuse in order to raise the economic sustainability under the terms of
resource deterioration.

In Russian science, the issue of accumulated damage as a factor ensuring sus-
tainable development is presented in the works considering accumulated industrial
waste as secondary technogenic resources whose recycling allows to reduce the
amount of extracted raw materials as well as to decrease the environmental damage
connected with their accumulation. Moreover, Russian scholars offer economically
efficient methods that are of great importance as well as regional mechanisms of
remediating accumulated damage that require additional justification and taking into
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account regional specifics while developing managerial decisions, mechanisms and
toolkit of raising the interest of business entities in their implementation (Potravniy
et al. 2017; Zhukova et al. 2017).

Nowadays, in foreign practice, accumulated environmental damage is defined
as “the residual impact/damage on human health and the environment, caused by
past or ongoing economic activity, including compensation for remediation of the
damage (harm)” (Assessment 2000).

Furthermore, such notion as “responsibility for past damage” is considered
as “residual costs which should ultimately be incurred in connection with the
remediation, reduction and/or localization of damage for the environment, health
or property, arising from past or ongoing business activities” (Interpretation 2006).

In the Russian legal field, the term “accumulated environmental damage” was
introduced only relatively recently, nevertheless, it contradictive representation
and the absence of appropriate legally-approved mechanisms on remediating its
consequences did not allow the regions to implement the target activities in this
direction.

In recent years, a number of changes have taken place in the Russian legislation
aimed at a more effective solution to the problem of accumulated damage. In
2016, the Federal Law of the Russian Federation Ne7-FZ “About the protection
of the environment” was passed providing more clear definitions of the following
concepts:

e “accumulated environmental damage is a damage to the environment emerged
due to the past economic or other activities, in which the obligations on its
remediating were not performed or were not performed to the full extent”
(Federal Law 2016);

* “objects of accumulated environmental damage are territories and water areas
detected accumulated environmental damage, objects of capital construction
and objects of waste disposal being the source of accumulated environmental
damage” (Federal Law 2016).

In addition, the document specifies mechanisms for identifying, assessing,
recording and categorizing objects of accumulated damage to the environment, as
well as the basis for organizing work to remediate the accumulated damage to the
environment.

The need to remediate the objects of accumulated damage in the Russian regions
is long overdue.

“In the course of a large-scale inventory, 340 objects of accumulated damage
to the environment were identified. By polluting air and water, they increase the
risk of health deterioration for 17.6 million people. Such objects are located in
all regions of the Russian Federation and occupy 173 thousand hectares. In total,
more than 370 million tons of contaminated components of the natural environment
have been accumulated over an area of more than 77,000 hectares. This is equal
to the population of cities such as Ruza or Kashin. The annual economic damage
from the consequences of the previously destroyed nature can be estimated at
50 billion rubles. Features of localization of objects of the accumulated damage
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to the environment in the Russian Federation are connected with the territorial
distribution of the country’s industrial complex taking into account geographical
and natural resource aspects. Intensive economic and defense activities have caused
serious damage to the environment of the Arctic zone of the Russian Federation.
The intensification of works on developing natural resources of the Arctic zone,
including on the continental shelf, creates new environmental threats, taking into
account the extremely low capacity of disturbed Arctic ecosystems to restore
(Report 2015).

The bulk of the objects of accumulated damage in the Russian Federation was
formed mainly as a result of contamination by oil products and waste from the
chemical industry. In regions with a developed coal mining and mining industry,
significant areas that are prone to accumulated damage have also been formed,
represented by tailing pits, sludge collectors and waste pits.

“Overburden and enclosing rocks with a fine fraction, are subject to wind erosion
and have a significant negative impact on the biocenoses of the enclosed territories,
the ecological situation and the health of the population. In addition to this, systemic
pollution of water bodies occurs. The territory of petrochemical enterprises and
warehouses of oil products, being objects of accumulated environmental damage,
create a threat of soil contamination and ingress of oil products into groundwater,
which can lead to emergencies, related to oil spills. A separate problem is the waste
of the oil refining industry, which are oil-containing sludge of the 2nd and 3rd hazard
classes. More than 40,000 tons of pesticides have been accumulated in the Russian
Federation, which are banned for use in agriculture by the Stockholm Convention.
A special danger to the environment is the waste of galvanic production, as
well as waste containing mercury and organochlorine. One of the objects of the
accumulated environmental damage are the places of the former deployment of
military units, as well as places for testing and destroying military equipment and
weapons (Report of the National Council 2016).

At the end of 2015, the total amount of accumulated and accounted production
and consumption waste in the country as a whole was approximately 31.5 billion
tons, and by the end of 2016 - about 40.7 billion tons (National report 2017).

Despite the fact that the given values of the indicators are estimated in connection
with the objective difficulties in the waste recalculation, formed many decades ago,
it is evident from their dynamics that the process of accumulation of production
and consumption wastes continues and it may result in forming new objects of
accumulated damage in the future. It means that the issue of accumulated damage
under Russian conditions should include two main directions: remediation of the
consequences of existing objects of accumulated damage and prevention of the
formation of new similar objects.

The accumulated and recorded production and consumption wastes were dis-
tributed across the federal districts of the Russian Federation unevenly (Fig. 6.1).

However, if we take into account the unevenness of the total area of the federal
districts, as well as the territorial distribution of the “dirtiest” industries in them, the
contribution of each of the districts to the general result becomes natural.
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Fig. 6.1 Distribution of accumulated and accounted industrial waste across Federal districts of the
Russian Federation, 2015-2016, %. (Source: National report 2017)

Since 2011, the Russian Federation has implemented a number of measures
aimed at remediating the accumulated damage in the regions. By 2014, the Ministry
of Natural Resources and Ecology of Russia together with the subjects of the
Russian Federation has completed the work on inventorying and accounting for
objects of accumulated environmental damage. A set of measures was developed
to remediate environmental damage accumulated as a result of past economic
activities, mechanisms and amounts of financing for these measures were identified,
including pilot projects for working out technologies for liquidating the accumulated
damage.

The list of objects of the accumulated environmental damage was published in
the public domain on the website of the Ministry of Natural Resources and Ecology
of Russia. By regions of the Russian Federation, the objects of accumulated damage
are distributed as shown (Fig. 6.2).

Taking into account that about 340 objects of accumulated damage were
identified during the preliminary inspection, and only 90 objects entered into the
official list, according to which the real work began, it can be said that at present,
the most priority objects covering the largest territories and having a negative impact
on the largest number of people were chosen.

Since 2011, a number of pilot projects were implemented in the regions char-
acterized by the greatest negative impact coming from the objects of accumulated
damage, in particular, on the territory of the Arctic zone of the Russian Federation,
in the Baikal natural area and in the Nizhny Novgorod area.

The financing of these projects includes federal budget funds, consolidated
budgets of the constituent entities of the Russian Federation, as well as extra-
budgetary sources (Table 6.1).
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Fig. 6.2 Distribution of objects of accumulated damage in the subjects of the Russian Federa-
tion. (Designed by authors according to: http://www.mnr.gov.ru/activity/directions/likvidatsiya_
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Within the framework of the Action Plan of the Ministry of Natural Resources
and Ecology of the Russian Federation for 2016-2021, a separate direction “Reme-
diation of accumulated environmental damage” was provided which suggests an
increase in the share of re-cultivated and ecologically rehabilitated lands involved
in economic turnaround in the total area subject to negative impact of accumulated
environmental damage from 0.1% in 2016 to 0.5% in 2020. This means carrying
out works not only to rehabilitate territories that are prone to accumulated damage
but also to increase their involvement in secondary economic turnover, which will
allow compensating for current expenditures at the expense of the development of
new industrial sites on the involved territories. Table 6.2 reflects the actual values of
target indexes according to the annual reports of the Ministry of Natural Resources
and Ecology of the Russian Federation.

As can be seen from the data in Table 6.2, the planned values of the indicator
under consideration in the new work plan of the Ministry of Natural Resources and
Ecology of the Russian Federation are several times lower than in the previous work
plan for 2013-2018, which is explained by unfavorable macroeconomic conditions
in the country. In addition, the planned indicators in 2015 and 2016 were under-
fulfilled due to insufficient funding from the federal budget. At the same time, in
2017, there is a significant almost ten-fold over-fulfillment of the target values. The
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Table 6.1 Major pilot projects to remediate accumulated environmental damage in the regions of
the Russian Federation®

Implementation Region, characteristics of the Volume of financing from the
period project federal budget, million rubles
20112013 Polluted islands of the Franz Josef 1397,0

Land Archipelago
2013 Polluted territories in the area of 124,9

Cape Zhelaniya, Island Northern,
Archipelago Novaya Zemlya

2011-2013 Chukotka Autonomous District, 185,6
territory of the state natural reserve
“Wrangel Island”
Nenets Autonomous District, the
territory of the municipality
“Poselok Amderma”
Elimination of pollution sources in
the territories of Russian presence
in the Svalbard archipelago

2012-2020 Republic of Buryatia, liquidation of |4380,4
the consequences of the activities
of the Dzhidinsky
tungsten-molybdenum plant,
subsoil accumulation of oil
products polluting the waters of the
Selenga River near village
Steklozavod of Ulan-Ude
Irkutsk region, liquidation of the 3010,2
negative impact of waste
accumulated as a result of the
activities of the open joint-stock
company ‘“Baikal Pulp and Paper
Mill”
Nizhny Novgorod region, 4279,1
liquidation of the depth burial
ground in the bowels of industrial
sewage and the unorganized
industrial waste dump “Black hole”
of the former production of the
open joint-stock company
“Plexiglass”, the sludge collector
“White Sea”

4Source: http://government.ru/orders/selection/405/10190/

actual value of that year was more than twice as higher as even the initially higher
target value of 2015.

Nevertheless, the share of territories introduced into economic turnaround after
their rehabilitation remains extremely small. This means that the costs incurred by
them are not justified economically.
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Table 6.2 Reaching the actual values of the indicator «The share of re-cultivated and ecologically
rehabilitated lands involved in economic turnover in the total area of lands subject to negative
impact of accumulated environmental damage, %, 2015-2017 rr?

Index value 2015 2016 2017
Planned 0,9 0,1 0,2
Factual 0,8 0,076 2,07

4Source: Report (2015, 2016, 2017)

Despite the rather complicated macroeconomic situation, work to remediate the
accumulated damage will continue. At the same time, more active work is beginning
not only to eliminate the accumulated damage, but also to prevent the emergence
of new objects. So in 2017, projects on construction of modern enterprises for
heat treatment of wastes have been started. The construction of four new plants
in the Moscow region and one in Kazan began. During the construction of these
plants, green tariffs for connection to power grids are provided. It is planned that
these projects should not only improve the quality of life, but also create an almost
new industry that will be oriented to producing modern recycling equipment (State
Council 2017).

6.4 Conclusions and Recommendations

The carried out analysis of the practice of remediating the consequences of the
accumulated environmental damage in the regions of the Russian Federation shows
that at the present time at the federal level there are organizational, economic and
regulatory prerequisites for solving this problem. At the same time, it is obvious
that not all regions have so far actively joined this process, although it would be a
competitive advantage for them to get federal support for the implementing relevant
projects and programs. Thus, out of more than 80 regions-subjects of the Russian
Federation, only about 30 have been able to contribute the existing territories of
accumulated damage to the list of objects formed at the federal level. This is
due to both the limited federal budget resources and the need to implement the
principle of priority, as well as the untimely preparation of relevant documents
by the regions themselves. In the latter case, the right to federal support must be
confirmed by the relevant studies of the old-developed territories, the evaluation of
the accumulated damage, which requires time and political will on the regional level
of the government.

It is advisable at the same time to engage the private sector more actively when
solving the problem of involving the territories of accumulated damage in the
secondary economic turnover. Low values of the corresponding indicator reflect,
in our opinion, either an incorrect priority in the selection of priority objects for the
remediating the damage or, more likely, a lack of thoughtfulness of the mechanism
for their involvement in the secondary turnover, inconsistent data works with the real
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needs of producers and investors. In this regard, at the regional level, in addition to
assessing the extent of the accumulated damage, it would obviously be effective to
plan the sequence of rehabilitation of the relevant territories and their production
use by new investors well in advance. At the federal level, in order to activate these
processes, it is necessary to continue work on developing the practice of applying
public-private partnership, its regulatory and legal support, protecting the rights of
investors and local society when implementing similar projects.

In addition, we should pay attention at the need of an integrated approach
to solving the problem of accumulated damage in terms of its environmental
significance. Currently, the approach used to eliminate the objects of accumulated
damage is more aimed at solving the problem by reclamation of land. For example,
such cases as the presence of mine cavities and changes in the structure of subsoil,
the penetration of pollutants into groundwater, etc. should be neutralized by other
technologies. In our opinion, it is important to combine measures on improving the
composition of water in natural water bodies with remediation measures, while these
two sections are even referred to different tasks in terms of the work of the Ministry
of Natural Resources and Ecology of the Russian Federation.

Finally, it is clear that the remediation of already accumulated damage will be
useless unless the volume of industrial waste is reduced at the current stage and
the formation of new objects of accumulated damage is prevented in the future.
In addition to general improvement of environmental legislation in the Russian
Federation providing economic incentives to entities to reduce negative effects on
the environment, introducing the best available technologies, modernization and
raising economic energy efficiency of Russian regions, it is necessary to consolidate
the responsibility of new owners for the consequences of their activities in the field
of possible future accumulated damage, with the transfer of such responsibility from
current owners to subsequent stakeholders. The development of these directions
allows raising the efficiency of the implemented policy at the federal and regional
levels in the area of remediating accumulated damage.
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Chapter 7

Defining Sustainability as Measurable oo
Improvement in the Environment:

Lessons from a Supply Chain Program

for Agriculture in the United States

Allison Thomson, Chisara Ehiemere, Jack Carlson, Marty Matlock,
Ed Barnes, Lara Moody, and David DeGeus

Abstract Around the world the private sector is increasingly committing to
supporting sustainable agriculture through supply chain engagement. These sus-
tainability efforts focus on one or more dimensions of economic, environmental or
social concerns for agricultural producers and target goals to ensure adequate pro-
duction, conserve natural resources and address global environmental challenges.
Programs to establish industry standards of sustainability have been designed
to address the most pressing local challenges for the producers, transparently
document production practices, and provide requirements for adoption of alternative
practices. Increasingly the question turns to whether these programs are resulting
in environmental improvement. Programs that are designed specifically to achieve
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and verify measurable environmental impact are gaining acceptance but require
re-thinking the design of sustainability programs to achieve that objective. Here
we describe, and present lessons learned from, an example of this approach for
commodity crop agriculture in the United States. Development of the approach
is documented, with a focus on the scientific, technological and computational
challenges of establishing accessible and meaningful metrics for assessing envi-
ronmental change. This design can be adapted for other regions and agricultural
systems where the key to improvement in environmental outcomes is productive
co-development with all stakeholders.

Keywords Sustainable agriculture - Sustainability metrics - Environmental
modeling - Supply chain

7.1 Introduction

Definitions for sustainable agriculture standards often vary based on region and crop
system of focus, socioeconomic status and level of mechanization of producers, as
well as ease of access to agronomic data. Three pillars of sustainability are typically
considered - social, economic and environmental - in the context of the risks and
needs associated with the crops and regions that the standards are designed for. In
many cases, standards will focus on issues that are considered the highest risk for
local communities or sourcing companies. A multi-sector global standards body, the
ISEAL Alliance, states that credible sustainability standards must clearly define and
communicate their objectives and approach (ISEAL 2013). Voluntary sustainable
agriculture standards typically achieve this through defining a minimum threshold
that shows a producer meets their definition of “sustainable” through adoption of
prescribed practices and protocols.

Food industry standards have approached environmental sustainability of crop
production by requiring changes in agronomic practices that are expected to result in
improvements to the environment, without directly measuring or requiring change in
environmental indictors. This simplicity works well for producers asked to comply
with the requirements — it is relatively easy to understand and prove compliance with
a change in agronomic practice. However, general acceptance of a practice as “good
for the environment” does not always mean that adoption will have the same positive
impact on every farm or for every farmer. Evaluating the impact is more complex
than an accounting of practices adopted, and standards bodies often work with
third parties, such as the Committee on Sustainability Assessment (COSA), to help
them understand whether their programs on the ground are achieving environmental
goals.

Another challenge for practice-based programs is farmer resistance to require-
ments imposed by outside entities who are not experienced in managing a farm,
particularly if the requirements are technically challenging to adopt or increase the
cost of production. Farmers may be skeptical of the value or accuracy of prescribing
a practice as uniformly “better” without considering trade-offs. For example, many
studies have found a positive impact on environmental outcomes from the use of
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winter cover crops, and they are often promoted as sustainable. However, when
cover crops are grown in semiarid regions without irrigation, crop yields can decline
due to the soil moisture and nitrogen used by the cover crop that is then not available
to the cash crop (Reese et al. 2014). This does not mean that the practice cannot
be beneficial, but rather that local social and environmental context needs to be
used to guide adoption and providing technical assistance is critical to prevent
negative experiences by participating farmers from reducing engagement in the
standard. Scientific and technical guidance that accounts for the farmer’s economic
and cultural situation is necessary to achieve successful adoption of practices and
ensure they achieve the desired environmental improvement.

For this reason, science-based approaches have emerged that include farmer
participation at the design phase. Sustainability science has recognized the impor-
tance of co-development of knowledge as key to implementing successful solutions,
particularly when it comes to land use (Verburg et al. 2013). Sustainable agricul-
ture solutions to environmental challenges must account for the local economic
context, land tenure, market situation, and community values. Understanding and
incorporating this perspective into science-based metrics and programs requires
investing time in consensus-building. This investment will improve chances of
success by transforming the impacted community (farmers and rural communities)
into advocates for the solutions. Developing a sustainability standard through a
multi-stakeholder engagement process follows this co-development approach.

Recognizing the need for clear science-based guidelines, in 2016 the American
Society of Agricultural and Biological Engineers (ASABE) published a sustain-
able agriculture standard (S629) based on the experience of Field to Market:
The Alliance for Sustainable Agriculture. S629 documents a multi-stakeholder
approach based on achieving, measuring and verifying continuous improvement
in environmental outcomes (ASABE 2016). This standard defines legitimate sus-
tainable indicators as science based, outcomes driven, and transparent. Continuous
improvement in key environmental indicators identified by the stakeholders is to be
measured by field-level metrics with progress evaluated over time. It is improvement
over time, therefore, not a specific practice adoption or target, that becomes the
driving force when following this standard. The process of setting aspirational
and strategic goals for environmental improvements is a collaborative discussion
between producers and their supply chains, conservation organizations, and other
stakeholders.

This ability to measure, improve, and communicate improvement opens numer-
ous possibilities to drive significant environmental change. Practice-based stan-
dards, by their design, recognize advanced, progressive producers who can meet
the prescribed thresholds but leave behind producers who must overcome greater
challenges to change their practices. This has the unintended effect of excluding
producers who have the highest potential to improve on sustainability outcomes,
precisely because they are the farthest away from achieving the standard. For real
environmental impact to be achieved, a sustainability program must provide a point
of entry for all producers to begin working towards improvements and eventual
standards participation. However, from a supply chain risk mitigation perspective,
the minimum performance thresholds approach is effective for reducing business
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risks and additional motivation is required to take on additional complexity to focus
on environmental outcomes.

Another challenge with the practice-based approach is that as corporate sustain-
ability goals become increasingly common, the full demand for sustainably sourced
products cannot be met by just those producers who currently meet standards.
Seventy-five percent of food, energy and finance companies in the Global Fortune
500 have set and are tracking publicly communicated high-impact sustainability
goals (O’Nell and McElroy 2017). To meet these goals requires more than simply
shifting to source from producers who already meet standards but rather working
with all producers to provide the assistance necessary to improve their performance.
In cocoa supply chains, for example, the World Bank has estimated that less than
40% of the world’s cocoa supply is certified sustainable; however, substantial double
counting exists as high performing producers gain multiple certifications (Kroeger
et al. 2017). Thus, a new standard could emerge and be adopted, yet have little to
no net impact on environmental outcomes if it only reaches the same producers who
are already participating in sustainability standards.

This complexity has led many companies to look for alternatives that focus on
achieving impact as the standard for sustainable agriculture. The ASABE S629
continuous improvement standard has been adopted by several multi-stakeholder
agricultural groups in the United States and Canada (Thomson et al. 2017) who are
co-developing programs to address unique sustainability concerns for commodity
crops, specialty crops, dairy and meat production, with the farmers and producers
as key stakeholders engaged in the development at every step. Such approaches
require concerted effort to meet farmers where they are and provide mechanisms to
move them along a continuum of improvement. Calculating environmental impact
requires a science and technology focused approach to developing appropriate met-
rics and deploying appropriate models capable of robust assessments of outcomes.

While farmers seek solutions that can best recognize the complexity of farm
decisions that they make, downstream companies and partner organizations are
increasingly looking to standards to achieve and demonstrate progress toward
meeting sustainability goals. Brands must also consider consumer desire for simple
ways to make sustainable choices. Consumers are bombarded with information
about food choices and have more products to choose from than ever before, so
they seek simplification - products with short ingredient lists, certifications, callouts,
or claims of greater product purity on the package (Hartman Group 2018). Supply
chains therefore need complex scientific information to show that they are meeting
their goals, while also needing to communicate their sustainability story in lay terms
for consumers (Friedberg, 2018).

Field to Market: The Alliance for Sustainable Agriculture began as a multi-
stakeholder roundtable with 12 participants in 2006 and has grown to include more
than 140 member organizations representing the full spectrum of the commodity
crop supply chain in the United States. Over a decade of development, metrics,
technical approaches, engagement strategies and sustainability claims have been
explored. Here we discuss insights and lessons learned on the scientific, techno-
logical and program development requirements for implementing this program. We
focus first on program development, and then discuss the scientific requirements and
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technology considerations. We conclude by discussing how companies are engaging
with the program to meet their sustainability commitments and communicate
progress to stakeholders and consumers.

7.2 Multi-Stakeholder Program Development

The process of co-development for sustainability begins with convening all relevant
stakeholders and establishing ground rules and guiding principles for discussion.
Field to Market began in 2006 with a series of discussions that led to establishment
of program guidelines and governance structure, including rights and obligations
for participating organizations. Equal representation is elected from each of five
identified sectors — Growers, Agribusiness, Brand & Retail, Civil Society, and
Government/University. Program development is the result of member participation
in structured work groups, standing committees and on the board of directors that
maintain proportional representation for each sector. In addition, each member
organization has a vote in a general assembly, where major program elements are
considered for adoption. To ensure no sector is marginalized by inequality in the
number of members, a majority of members in each sector must vote in approval at
the general assembly for a motion to pass. This provides a sector-level veto power.

Early in the process, all participants agreed to adopt a continuous improvement
approach. This decision was the product of exploration of common experiences
with other approaches and was strongly influenced by the work of RESOLVE
(RESOLVE 2012). The common objectives for the group included reducing impact
on the environment from agricultural production, securing basic prosperity for
producers, and ensuring continued productivity of the land. Certain key principles
that were agreed on in early meetings were to establish a program that was focused
on measured, scientifically-based environmental outcomes and did not prescribe
specific production practices. The primary principles established to guide the initial
Field to Market discussions are still followed today:

* Engage the full supply chain in program development and implementation
* Focus on commodity crops with unique traceability concerns

e Commit to data privacy for individual growers

* Driven by environmental outcomes

* Grounded in science

* Remain technology neutral

e Commit to transparency

By committing to these common principles, designated work groups can develop
program elements and communicate them in common language to build internal and
external stakeholder support and agreement.

Within Field to Market the needs of all participants define the program. For
example, many sustainability programs have a requirement of an on-farm site audit
to verify farmer provided data is correct, and to certify performance. The grower
organization members of Field to Market felt that an audit requirement would
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lead to very low adoption of the program by US farmers, due to cost and cultural
considerations. The commodity crops in Field to Market typically have very small
profit margins and supply chains that cannot absorb additional production costs or
pay a premium for program participation. To balance the need for quality assurance
with the on-farm audit concerns, the alliance developed a verification program that
focuses on external audits of the data collection system rather than individual farm
operations. The trade-off is that individual farmers are not certified or verified as
sustainable and cannot market themselves as such; however, they can enroll in a
supply chain project with a group of farmers who share a common market. The
organization or brand sourcing from the project farmers can then make sustainability
claims on the represented commodity supply. Willingness to work through this on-
farm audit concern has enabled greater trust and acceptance of the entire program
by farmers.

At the time Field to Market was formed, several food and beverage companies
were considering developing their own unique sustainability programs and reporting
requirements for commodity crops sourced from US farms. The grower organiza-
tions became more enthusiastic about Field to Market as a common standard as
more of these end customers became engaged in the collaborative program. Having
multiple companies accept the same standard proved to be important to farmers,
who often produce multiple commodity crops and sell into multiple supply chains.
A common framework reduces the number of systems of reporting and verification
that they must respond to, substantially decreasing the paperwork burden of multiple
overlapping surveys.

Over the course of alliance building, work groups and standing committees
developed program elements and guidelines around key topics including:

 Sustainability metrics development

¢ Claims and verification of company participation and progress

¢ Technology implementation

» Establishing program level goals and objectives

¢ Educational development for growers and agronomic advisors

* Recognition and awards program for leading farmers and organizations

Ad-hoc short-term work groups have also been used to develop in depth reports
or recommendations on issues of importance to membership, including soil health
and pest management. The program is integrated through a technology platform that
serves as a calculation engine for metrics to assess farmer performance over time,
and to analyze data for groups of farmers engaged in partnership projects. Thus,
one important consideration throughout the history of the organization has been
developing and maintaining science-based metrics that can measure environmental
outcomes and be used to incentivize and track continuous improvement.

Early explorations of potential metrics were made through a national indicators
report (Field to Market 2009) which examined the history of environmental change
for major commodities in the US. The report also provided an opportunity for
engagement of the scientific community through a peer-review process. That
first report, which has been repeated twice to include additional data, crops and
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environmental indicators (Field to Market 2012, 2016) then led to development of
field-scale metrics and a technology platform to collect data, calculate metrics and
report on outcomes to both individual farmers and supply chain customers.

7.3 Sustainability Metrics Development and Implementation

Implementing the continuous improvement in environmental outcomes approach
requires more than data collection from producers. Indicators and metrics for
sustainability must be selected to support specific strategic goals (ASABE 2016).
Farmers do not routinely measure or instrument their fields to collect data on such
environmental outcomes as soil erosion or greenhouse gas emissions and doing so
at a large scale is prohibitively complex and expensive. Thus, information provided
by a farmer must be first run through an environmental model — or metric - to
generate the environmental outcome indicator. Metric calculation approaches range
from simple equations to complex biophysical models. The choice of a metric
calculation method must balance the stakeholder needs to capture relevant field level
information while considering data privacy concerns and providing results that are
sensitive to changes in land management. Finally, the metrics must be scientifically
sound and transparent for ease of communication with diverse stakeholders.

This adds a layer of scientific and technological complexity to program develop-
ment and operation. Not only does the multi-stakeholder process need to come to
agreement on what the indicator should reflect, but also the appropriate metric to
model it (Fig. 7.1). Finally, appropriate technology is necessary to collect and store
data and calculate the metric results in a reliable and time efficient manner.

In the United States, the USDA’s Natural Resources Conservation Service has
developed several conservation assessment tools for use in providing financing and
technical assistance to farmers. Because of this, certain environmental outcomes
identified by Field to Market can be measured using available tools. However, even
when existing models are available, they must be adapted to the specific purpose
defined by the alliance. Substantial collaboration with scientific communities and
model developers is required to implement approaches that are acceptable to all
stakeholders. Field to Market has used a range of approaches, from adoption of
existing tools (e.g. Wagner 2013), to development of new tools through scientific
collaborations (e.g. Linquist et al. 2018), to use of simple efficiency calculations in
order to balance the needs for usability, transparency and scientific robustness.

7.3.1 Metric Approaches

Each metric that serves as an environmental outcome indicator in the Field to
Market program is calculated using user input data, available public databases
of environmental conditions (e.g. soils, weather), and a set of algorithms. We
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Fig. 7.1 Field to Market metric development and revision process roles and responsibilities

have defined four types of algorithms that can be applied — simple and complex
quantitative approaches, biophysical models, and index models.

1. Simple algorithm quantitative metrics: A simple algorithm can be a useful
approach to some environmental indicators. These have the advantage of trans-
parency and simplicity in interpretation. An example is a simple indicator of
land use efficiency that calculates the amount of land required to produce a unit
of a crop. This approach provides a measure of efficiency, is quantitative, and is
meaningful to both the farmer (yield) and to the supply chain (understanding of
land requirements for sourcing).

2. Complex algorithm quantitative metrics: A complex algorithm may be
required in the cases where single equations cannot capture all facets of
an environmental outcome of interest. These also have the advantage of
transparency but require additional guidance for interpretation by a user. An
example is an energy use efficiency metric, which calculates energy requirements
for different components of a farming operation (e.g. field operations such as
planting, harvesting, irrigation, applications of fertilizer or manure, grain drying
energy) and then aggregates these together for a comprehensive metric of the
total energy required per unit of crop yield produced. This approach can provide
useful quantitative feedback to farmers on their environmental performance and
is also meaningful to the supply chain by providing quantitative details on the
environmental impact of their sourcing.

3. Index models: Complex algorithms that result in indices of performance can
also be applied. These tools give a qualitative score of risk or probability (e.g.
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probability that a field is losing soil carbon), rather than a physical quantity (e.g.
amount of carbon gained or lost). They have the advantage of generally being
user friendly — requiring minimal amounts of data and providing results that are
easy to interpret. However, they also rely more on subjective ratings or rankings,
making them less transparent that the simple or complex algorithm approaches.
An example is the Soil Conditioning Index of USDA which provides a measure
of the likelihood that a field is gaining or losing soil carbon (Soil Quality Institute,
2003). It can be used with minimal inputs and provides useful feedback to a
farmer based on just one year of information. Where an index model falls short,
however, is in meeting supply chains’ interest in understanding quantitative soil
carbon amount and the potential for quantifying changes in carbon levels.

4. Complex biophysical models: The research community has developed many
complex biophysical models that simulate crop growth, soil dynamics, hydrology
and land-atmosphere gas fluxes. Such models generally require a certain level
of scientific expertise to use. Computational advances mean that the barrier to
using such models is not the hardware or software of the models; rather, the
challenge is scientific. Such models must first be calibrated and validated against
measurements to ensure the simulation is accurate for the intended production
system and region. The calibration and validation processes ensure a known
level of accuracy or uncertainty for the simulations, which is critical to the
interpretation of results for the farmer and supply chain partners. The advantage
is that complex models serve as aggregations of scientific knowledge on a topic
and can provide a mechanistic description not just of what the outcome is, but
why. The disadvantage is that such models, even when well documented in the
literature, are less transparent to a non-scientific audience due to the complexity
of the biophysical dynamics involved.

An additional challenge with using complex biophysical models is that they
require substantial time and expertise to update with new findings from field
research. For example, cover crops are rapidly being adopted across the US;
however, relatively few years of data are available on many of the different
combinations of cover crops and production systems, and thus their representation
in crop growth models is still incomplete. The models lag the scientific findings
from field research, which often lag the practices being implemented by innovative
farmers. This delay can provide a frustration to users when the practices they
have adopted for purposes of improving sustainability cannot be represented in the
metric.

An example of a complex model used as a metric is the Integrated Erosion Tool
(IET), composed of water (WEPP) and wind erosion (WEPS) components that
simulate crop growth and hydrologic dynamics. This modeling system has been
developed over several decades by USDA and specifically adapted for use as a tool
to directly model erosion on individual fields, and provide actionable guidance to
farmers. In this instance, the needs of Field to Market align closely enough with
those of USDA - reducing soil erosion - that their scientific tools can be directly
applied in the supply chain program. Simplified simulation models can be very good
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at comparing the impacts of practices on outcomes for a site or field over time; they
are less useful for comparing impacts across different sites or fields because of the
complexity of even the most well understood processes. This requires substantial
technical coordination between organizations to implement effectively, which is
addressed below in section 7.3.3.

7.3.2 Providing context to metrics

Participating farmers use their metric scores to identify areas for improvement;
an essential component of a continuous improvement program is some measure
to provide context to the metric scores to help the farmer understand if theirs are
“high” or “low” compared to a known reference point. Ideally, a participant will
measure multiple fields over time and begin to develop their own context, however
a standard set of benchmarks helps to orient metric scores to a known point in time
and space. Benchmarks provide important feedback to help users put numerical
results on environmental outcomes in context. By visualizing whether their results
are higher or lower than those of their peers (defined as the statistical sample survey
by USDA, or by a community of farmers in a specific region), the results become
more meaningful and provide immediate indications of where metric performance
could potentially improve.

Field to Market enables two forms of benchmarks for users. State and national
benchmarks for each crop can be derived for certain metrics using publicly available
data. The Fieldprint Platform data analysis therefore includes the option to view the
relevant state or national benchmark (Fig. 7.2). These benchmarks are possible due
to data collected by USDA through statistically robust grower surveys of practices
(e.g. USDA 2015; USDA ERS 2016; USDA NASS 2016a,b; USDA NASS 2014).
An alternative approach is the calculation of a “Project” benchmark. A project is
defined as a group of farmers collaborating with supply chain partners to measure,
document and improve on environmental performance. Projects can range from
fewer than five to more than five hundred farmer participants; they typically reflect a
specific crop and a discrete geographic area. A project can establish benchmarks for
all metrics for the crop of interest and view that as an additional point of reference
for interpreting their results. One caveat is that benchmarks are not provided for the
metrics represented by index models; as described above, such tools cannot be used
to compare across different fields, and thus an average score across a group of fields
would not provide a meaningful comparison point for project participants.

Providing individual metric scores and appropriate benchmarks is not enough to
ensure change or improvement. Rather, these technical elements provide the starting
point for developing programs of education, technical assistance and partnerships
that can make use of the metrics to guide changes in farmer practices that will lead
to environmental improvement. Thus, while measurement is critical to managing
for improvement, it is not sufficient to achieve change without economic or social
motivation.
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Fig. 7.2 Example of a field level score from the Fieldprint Platform with the state average
benchmark included for context

7.3.3 Technological considerations for metric calculation
approaches

Of the metric approaches described above, the simple and complex algorithms and
index models can generally be implemented in a web-served computer program with
relatively few concerns about computational power requirements or performance.
Complex biophysical models, on the other hand, involve many moving parts and
require considerably more planning and coordination for keeping versions aligned,
accommodating peak user loads, provisioning input data, and diagnosing and
solving problems. Despite more internal complexity, biophysical models provide
a more realistic sense of crop management and its impact on resource conditions
of the farm field. Here we describe the technological considerations for deployment
of a complex model in a supply chain tool to illustrate the challenges and highlight
opportunities for future growth.

Field to Market collaborates with member organizations USDA-NRCS and
Colorado State University to operate two biophysical models supporting the soil
conservation metric. Initially, the Revised Universal Soil Loss Equation (RUSLE2)
was used to calculate water erosion and Wind Erosion Prediction System (WEPS)
to calculate wind erosion. Both models provide a measure of soil lost based on
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dynamic simulation of the cropping system, the dominant soil properties, and
climate conditions.

Field to Market chose these two models in large part because USDA-NRCS used
them to support the development of conservation plans with farmers and ranchers,
providing the basis for cost-sharing agreements to apply conservation practices to
control erosion and improve soil health. To ensure farmers participating in both
programs receive consistent messages regarding their soil sustainability, the versions
of the models used in the Fieldprint Platform are aligned with the versions of
those used by USDA-NRCS. This alignment requires on-going coordination to keep
synchronized and abreast of scientific developments and technology changes. For
example, the Water Erosion Prediction Project (WEPP) model recently replaced
RUSLE2 in the Fieldprint Platform.

WEPP and WEPS are process-based models developed by the USDA Agricul-
tural Research Service. WEPP simulates water erosion from a representative slope
in a farm field while WEPS simulates wind erosion on a representative region in
a farm field. USDA research scientists began development of WEPP and WEPS in
the mid-1980s, and although they both used common algorithms and data for crop
growth, hydrology, management, soils, weather, and other components, they initially
deployed as self-contained stand-alone desktop applications, each with their own
supporting code repositories and databases (Flanagan et al. 2007). The advent of
high-speed broadband networks in the 2000s enabled deployment of these models
as web services using a cloud platform in a data center for centralized and remote
deployment to multiple users simultaneously (David et al. 2014). With multiple
services and databases supporting the Field to Market soil conservation metric,
version management is necessary to ensure orderly operation, maintenance and
scientific credibility.

Field to Market also provides a Fieldprint Platform Application Programming
Interface (API) to member organizations who wish to incorporate the sustainability
metrics into their own technology platforms already used by farmers. This capability
benefits users by reducing the level of effort and data entry required to calculate
the metrics as many of the Platform data requirements are already collected
automatically through the technology platforms. These applications also access the
USDA erosion model and data services to calculate the soil conservation metric.
Increasing demand for these services has led to container-based deployments to
separate model version control from IT operations and support rapid scaling of
computing resources (David et al. 2016; Traff et al. 2018). With the advent of
software containers, model developers can isolate an application and its software
dependencies from physical servers. Orchestration tools have made it possible to
dynamically deploy these containers seamlessly across a cluster of machines.

As an example of model demand, over an 11 month period, the Fieldprint
Platform executed 1.16 million service calls (343 thousand RUSLE2 simulations,
302 thousand WEPS simulations, and 515 thousand soil data payloads). The
Fieldprint Platform request load typically ranged from 2-5 thousand simulations per
week per model, whereas two API partners requested batch simulations exceeding
2000 requests per model on 36 days during the 11 months, as high as 18,500 requests
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per model. Container-based deployment enabled quick adjustment to accommodate
the variation between base load and periodic large batch requests.

Although the demand for these services is low compared to systems in the retail
or financial sectors, the erosion model services have much longer run times. For
example, the WEPS model service will simulate a crop for 50 years at a daily
timestep, which can take up to 1 min to execute. Therefore, computing resources are
configured to accommodate several simulations running concurrently when demand
is high. Also, systems are established to request model simulations in asynchronous
mode, enabling users to work on other metrics while the erosion models are running.

As the Fieldprint Platform user community has grown, service availability has
become increasingly important. Infrastructure-caused outages can be minimized
by deploying model services through a commercial hosting service with hardened
and redundant facilities, but the costs must be weighed against the level of
availability. Erosion simulations involve the orchestration of the two models with
eight supporting data services, and four databases. Enough system monitoring
and response support and reducing recovery complexity through an automated
streamlined DevOps process (David et al. 2016) minimize software and data-caused
outages. Longer term solutions have also been identified including moving to next
generation surrogate models that leverage machine learning methods (Serafin et al.
2018). Surrogate models can be developed from millions of simulations by their
parent process models, having fewer inputs, lightweight, fast, with many fewer
moving parts; the process-based models can then be reserved for detailed analysis.

In addition, technology systems must be configured to comply with data privacy
considerations. Agricultural producers and other sustainability stakeholders do not
want personal and farm field location-specific data in the public domain. Technical
steps taken to ensure data privacy include:

1. excluding all personal data in service request and response payloads,
2. short (seconds) time to live service requests and responses at the backend, and
3. encrypting service requests and responses in the backend.

The erosion model services need to know the nearest climate and wind stations,
as well as the representative soil for the farm field to be assessed, inputs which do
not directly associate to farm field boundary or centroid geometry. Where and how
long the output for each simulation is stored is defined in data privacy policies and
agreements between participating farmers, Field to Market, and project partners.

The erosion model services rely on soil data from Soil Data Access (USDA-
NRCS 2018); climate data from Cligen (USDA-ARS 2018), Windgen (Wagner
2013), and PRISM (PRISM Climate Group 2018); and cropping system data
from the Land Management Operations Database (Carlson et al. 2018). NRCS
periodically updates and continues to host these data stores and tools through on-
going stewardship support. The long-term viability of sustainability programs using
the erosion models and even the simpler tools and methods depend on the stability
of these resource data sources.

The soil erosion models, while the most complex used within the Fieldprint
Platform metrics, are less complex than biophysical models that produce dynamic
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quantitative simulations of soil carbon dynamics or nutrient loss in field runoff (e.g.
DayCent, APEX, etc.). The developments and experience described here increase
the technological capacity of the program to consider adoption of more complex
models over time. In addition, other recent technology developments, such as the
use of remote sensing to generate farm management data products that can be used
to populate environmental models (Begue et al. 2018), may change what is feasible
for metric calculations in a supply chain program.

7.3.4 Complex models as tools for sustainability assessment

While the outcomes-based continuous improvement approach is relatively new to
the sustainability community, the use of models and tools for assessing environmen-
tal outcomes of agricultural practices has been an active research and development
field for decades (Jones et al. 2017). Models have been applied for research at the
field, regional and global scale, and have also been applied to specific decision
support and information assessments. For example, complex models are applied
annually to produce estimates of greenhouse gas emissions from US agriculture to
inform government reporting into a UN treaty (USEPA 2018).

Sustainable agriculture metrics development can be informed by looking at
such approaches that have shared considerations of scientific robustness, practical
limitations and the need for transparency. Examples include tiers of complexity of
measurements to allow for each user to calculate the best measure they can with
available data and resources (IPCC 2006) or may focus in on feedback requested
by the user (COMET-FARM). The metrics selected should always be specific to
the purpose, and typically some modification of the modeling approach will be
necessary when applied in a new program to ensure usability by non-experts and
transparency requirements.

One example can be found in the approach of the Intergovernmental Panel on
Climate Change (IPCC), which issues guidelines to countries for their required
reporting of greenhouse gas emissions into a United Nations treaty (United Nations
Framework Convention on Climate Change) (IPCC 2006). Emissions of nitrous
oxide from soils are a critically important component of greenhouse gas emissions
from agriculture and a high priority to reduce. Guidelines were produced to stan-
dardize country reporting and provide an example of the hierarchy of complexity
for environmental outcome measures. A Tier 1 calculation is designed to estimate
emissions with minimal information - a simple multiplier is used with nitrogen
application rate. This allows all countries to report some information, however the
indicator is limited in both accuracy and in providing opportunities for improve-
ment. The second Tier provides guidelines for establishing individual factors based
on environmental factors such as climate and soil that are known to influence soil
emissions; these approaches are more complex but offer a more accurate accounting.
The third Tier provides guidelines for using complex environmental models to
calculate nitrous oxide from all agricultural lands according to both biophysical



7 Defining Sustainability as Measurable Improvement in the Environment:. . . 147

processes and land management practices. While this provides the most accurate
and robust measure, it is also the technologically most difficult to implement and
requires advanced modeling capabilities as well as access to high quality data on
land management.

These Tiers were designed as an inventory methodology to be applied by
experts. In the case of sustainability indicators that are intended to be used by a
broad group of land managers, farmers and their advisors, there is an additional
barrier to using complex biophysical models. While these can provide detailed
mechanistic simulations of impacts, they require sufficient observed data and
experience in calibration of model parameters to such observed data. For decision
support purposes, therefore, such complex models are pre-calibrated and simplified
at the level of the interface. One example is the COMET-Farm model, a user-
friendly interface that runs a more complex biophysical model underneath. Under
development at the Natural Resources Ecology Lab (NREL) since 2004, COMET-
Farm is now a stand-alone web-based scenario tool for evaluating greenhouse gas
emissions and soil carbon storage on farms. (Paustian et al. 2018). It has been used
by NRCS field offices for assessments on an estimated one million acres annually
since 2015.

Appropriate tools may have been developed for other purposes. For example,
in the US, the USDA has invested decades of research and model development
into farmer-facing tools for assessing conservation practice adoption opportunities.
Several of these can be adapted to serve as sustainability indicators, as they are
designed to be valuable to farmers and to be scientifically rigorous yet easy to use.
However, they must be carefully assessed in the multi-stakeholder framework to
ensure they can be used to represent the environmental outcome of interest. Another
consideration is that such tools may be geographically specific or limited; in this
case, the tools are readily available and tested only for the United States, while
many brands and retailers are global and collect and analyze data across continents.
These examples do, however, still provide important insights for development of
environmental outcome metrics in sustainable agriculture.

The more complex the environmental outcome, the more challenging it has
been to develop models that can be applied in a decision support or assessment
context like a sustainability program. For example, increasingly over the past two
decades, concerns regarding water quality - the loss of nitrogen and phosphorous in
surface and subsurface runoff from farm field — have become a critical sustainability
outcome of concern for communities and organizations operating in the United
States. While several research models have been developed and applied over broad
geographies they have not been focused on field-scale dynamics. It is the individual
field scale where feedback to a farmer on their environmental footprint is most
impactful. Models like WEPS and WEPP for soil erosion are relatively mature after
several decades of development. By comparison water quality metric development
is still in early phases with no clear consensus on a suitable edge of field model
and insufficient data available for model calibration at the field scale across wide
geographies. Models like RUSLE2 were critical to the development and assessment
of soil conservation success across the United States - without such metrics the
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soil conservation movement would not have achieved the reductions in erosion
that have been observed over the past several decades. There is a critical need for
development of the next generation of water quality models with the same rigor
and levels of investment that were put into soil erosion metrics. This will require
significant investment in field research and monitoring to gather appropriate water
quality calibration data.

Sustainability metrics and models also need to be viewed as valuable and easy to
use by farmers. During the development of metrics, it is critical to have farmer input
to ensure they can and will use the metrics once developed. Farmers have virtually
no way to measure their operations against their neighbors so are very interested
in anything that provides the ability to “grade” the success of their operation. The
ability to compare your operation to your neighbors, anonymously, is one key way
to ensure interest. Field to Market is also evaluating the use of scenario tools that
allow farmers to run “what if” scenarios. This is a no-cost way to test out various
production systems to see if they result in better sustainability scores and overall
production efficiency.

The scientific and technical challenges to developing an effective continuous
improvement program can be addressed in several ways, using available tools
and expert guidance specific to the program scope of region and crop systems.
However, to serve as an effective program for consumer facing companies means
that the metrics, results and improvements must be communicated to a general
audience. This challenge - developing effective communications of what continuous
improvement means, why it is important and how it connects with environmental
sustainability goals — requires a shift in perspective of what sustainability is.
Consumers have become familiar with standards that promise that certain actions
were or were not taken within a supply chain, but not with the nuances of change
that are the cornerstone of continuous improvement. Developing a methodology
for calculating change, verifying data and communicating performance through
the supply chain is as critical to successful adoption as developing science based
metrics.

7.4 Communicating Continuous Improvement

Achieving and documenting continuous improvement is a long-term process requir-
ing strong partnerships and commitment to a shared vision and objectives. While
Field to Market develops the metrics, individual member companies are responsible
for implementation of the program by establishing a project, collecting data,
interpreting benchmarks, establishing baselines and incentivizing change results
in knowledge transfer and shared learnings across the diverse viewpoints of a
commodity supply chain (Fig. 7.3). Despite the challenges involved, agricultural
supply chain organizations across North America have begun implementing the
continuous improvement approach, including the US Roundtable for Sustainable
Beef, the US Poultry and Egg Federation, the National Pork Board, the Stewardship



7 Defining Sustainability as Measurable Improvement in the Environment:. . . 149

Define Sustainability Outcomes
*Engage all stakeholders

Program-level *Engage the science community. |

Metric Design

| Develop Metrics to Measure Outcomes A 4
*Partner with scientific experts and stakeholders
=Define and establish support for data input requirements
*Define benchmarks and baselines for measuring progress
\\//
Establish Objectives
«Determine which inputs to influence to catalyze change in desired outcome
#*Develop and i conti imp plans |
[
Company-level Implement Plans v
Metric Use list ips to i conti imp plan

*Measure metrics, interpret results, provide guidance to farmers

b =

Adapt to Improve

sPeriodic evaluation of engagement and impact success
+Engage additional partners for technical support
sAlter strategy when necessary

(\_

Fig. 7.3 Flow of metric development and program implementation

Index for Specialty Crops, the Canadian Fieldprint Initiative, and the United
Soybean Federation.

Industries that have become familiar with practice-based certification models
must overcome pre-conceptions to make the shift to outcomes-based sustainability.
Practice-based standards require a certification system to assure that companies
employing them are complying with performance thresholds, criteria and other
requirements. Many schemes such as the Marine Stewardship Council' and Fair-
trade” use the credibility and rigor that is built into their assurance systems to
support consumer-facing labels and claims. Growers receive third-party audits to
ensure compliance with standards, and, if they are found to comply, are certified
against the corresponding standard. Companies that wish to buy and label certified
product from these growers also receive chain of custody audits so that these
companies can prove that products they label and sell as certified came from
a certified entity. Procuring and labeling certified products provides corporate
buyers with a mechanism to outsource supply chain risk while also communicating
sustainability to consumers right on the packaging.

A key consideration in making a shift to a continuous improvement model is the
time that is required to show measurable improvement on the ground. Companies
want to communicate to their consumers that they, and the entities that they source
from, are sustainable today, or will be within a specific time frame. These are
straightforward and easy to understand statements whereas communicating the
nuance of continuous improvement means accepting the risk of not being able to
communicate a current threshold of sustainability. This creates a communications

Uhttps://www.msc.org/for-business/use- the-blue-msc-label
Zhttps://www.fairtrade.net/about-fairtrade/the- fairtrade-marks.html
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challenge and need for clearly defined statements and claims that are transparent
and verifiable.

The first question that arises when considering how to demonstrate and commu-
nicate continuous improvement is how to define the state that is being improved
upon. While valuable reference points, benchmarks (described above) typically
will represent a broader population than the group interested in documenting their
specific improvement. Since the objective of continuous improvement is to achieve
change over time, an appropriate baseline, or reference point for change, will
represent the historical outcomes that are targeted for improvement, and the actors
responsible for driving change.

Field to Market works on the assumption that the individual land manager
(farmer) is the unit of change (Floress et al. 2017); that is, a change in farmer
perception or behavior as a result of knowledge, skills or assistance gained from
participating in a sustainability program is what will drive changes in practices and,
eventually, changes in environmental outcomes. Farmers are adaptive learners an