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Glossary

Applied research

Research which answers questions that have direct applications in the

world; solving a practical problem.

Boundary

A socially constructed point or limit that distinguishes one social

system or group from another.

Boundary institution

An institution or organisation that supports boundary crossing by
proving mediating functions across the boundary, and facilitates

communication among stakeholders at the boundary.

Boundary object

A material object used to focus interaction and communication around

a specific topic or issue.

Decision support | A computer-based system designed to support decision making

system processes by compiling relevant information from multiple sources.
One of the departments of the South African government. This

Department of ) ) ) ) )
department is responsible in overseeing and supporting the

Agriculture, Forestry

and Fisheries

agricultural, forestry and fisheries sectors and ensuring access to

sufficient, safe and nutritious foo

Department of
Environmental
Affairs

One of the departments of the South African government. This
department is responsible for protecting, conserving and improving the

South African environment and natural resources.

Ecosystem Approach

Offers a more holistic approach to managing fisheries than traditional
An

fi st

target resources-orientated fisheries management approaches.

Ecosystem Approach to Fisheries

objectives, by taking account of the knowledge and uncertainties of

to Fisheries
biotic, abiotic and human components of ecosystems and their
interactions and applying an integrated approach to fisheries within
ecologically meaningful boundari eso
Expert Someone whose special knowledge or skills causes him or her to be

considered an authority or specialist in that field.

Expert system

A class of computer-based decision support tool that can function as a
framework to facilitate communication between the user, the knowledge
base and the inference engine. Often used interchangeably with

knowledge-based system.

Interdisciplinary

Research approach which draws from two or more different disciplines
to work towards a common goal. Interdisciplinary research supports

the synthesis of disciplinary frameworks.

Knowledge-based

system

See Expert system
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Knowledge-based

tool

A conceptual model which can take explicit account of multiple

objectives and various knowledge sources, including expert

knowledge, to aid decision-making proceses.

Mediated modelling

The process of including stakeholders directly into the modelling

process.

Multiple criteria

decision analysis

An umbrella term describing a collection of formal approaches which
take explicit account of multiple criteria to aid decision-making

processes.

Operational
Management
Procedure

A scientifically evaluated process which pre-selects the types of data
required to determine the levels of control measures, in this case the
Total Allowable Catch, to be detailed in a fishery. Simulation testing is
done to t involves an evaluation of the implications, for both the
the the

combinations of monitoring data, analytical procedures, and decision

resource and industry using resource, of alternative
rules to provide advice on management measures that are robust to
inherent uncertainties in all inputs and assumptions used (Cooke,

1999). The simulation-test

Participatory

modelling

See mediated modelling.

Rapid prototyping:

Rapid development of prototype models. Provides a means for building
simple conceptual models while adding complexity as needed to

address specific decision problems.

Scientific Working

Groups

A body within the Branch Fisheries of DAFF which is tasked with
formulating scientific advice. The main objective of these groups is to
provide the best possible scientific advice regarding all scientific inputs
into fisheries management, provide a forum for scientific debate and
SWGs

include the pelagic SWG which contributes advice for managing the

advice on research programmes with the Branch Fisheries.

small pelagic fishery and the EAF-SWG which addresses scientific

advice for an EAF for all fisheries.

Social learning

Soci al |l ear ni i olledieef actioe a@and ee8ectibrhtbat

ng
occurs among individuals and groups as they work to improve the

management of human and envi

2005:4).

ronmen

Stakeholder

A person, or group of people that have a stake in, or are affected by a

particular issue or problem.

Target resources-
orientated

management

Refers to more traditional fisheries management approaches which

primarily focus on fishing and the target resource.
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Transdisciplinary

A research approach which draws from different disciplines to work
towards a common goal. Transdisciplinary research moves beyond
discipline-specific approaches, bypassing disciplinary frameworks to
focus on the problem issue. Participation is extended beyond academia

and research

Wicked problem

A problem that is characterised by being complex and persistent,
difficult to define and delineate from bigger problems, with no right or
wrong solution and often highly context specific. Examples of wicked
problems include Ecosystem Approach to Fisheries management,

climate change and the HIV/AIDS epidemic.
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Abstract

Evaluating the implementation efficacy of an Ecosystem Approach to Fisheries

in the South African sardine fishery

Emily Skye McGregor

An Ecosystem Approach to Fisheries management (EAF) offers a holistic approach
for sustainable fisheries management by extending the traditional target resources-
orientated management (TROM) to include wider social-ecological dimensions of
fisheries. An EAF requires balancing of multiple, often conflicting objectives,
effectively dealing with complexity and uncertainty, and engaging with diverse
groups of stakeholders. Various tools within the field of Multi-criteria Decision
Analysis provide a formal approach which takes explicit account of multiple criteria,
while effectively dealing with risk and uncertainty. A knowledge-based tool was
developed in this thesis to assess the efficacy of EAF implementation for the
ecological well-being dimension in the South Africa sardine fishery. An iterative,
participatory approach was adopted for its implementation. The modelling philosophy
applied a rapid prototyping approach, and an applied research perspective was
employed to direct the research. A broad group of stakeholders participated in
indicator selection, tool design, and interpretation.

The knowledge-based tool provided a hierarchical framework for seven specific
management objectives to which eleven ecological indicators were linked. Time
series (1987-2009) were collated for each indicator, and a utility approach was used
to transform indicators to a common scale. Weights for indicators and objectives
were agreed to by st akehol ders and combined through
using weighted means. The resulting outputs were discussed in detail during focus
group meetings to ensure that the tool was clearly presented and as intended helped

i mprove t he uwntlestaralingdf ttheeprogess. It was confirmed that the

19



knowledge-based tool presents a transparent, repeatable and scientifically
defensible approach, suitable to meet management requirements. The tool
development process was useful in bringing diverse stakeholder groups together,
and through applying the tool as a boundary object, has helped to bridge the
boundary between the TROM and EAF research communities. Encouraging
stakeholder interaction offers opportunities for social learning, which if carefully
facilitated through the tool development process is likely to enhance the outcomes of
this process and support more generally in bridging boundaries to EAF
implementation. The combined focus on tool development and social processes
supports effective implementation of an EAF in the South African small pelagic

fishery and provide a model for other fisheries.

December 2014
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Chapter 1

Introduction

1.1. An Ecosystem Approach to Fisheries management

It is widely recognised that an Ecosystem Approach to Fisheries management (EAF)
presents a more inclusive and sustainable approach to fisheries management than
the more traditional target resources-orientated management (TROM) approaches.
Following the principles of sustainable development, an EAF requires broadening of

the scope of traditional management to include ecological, social and governance

issues (FAO, 2003). AnEAFthusfistri ves to balance diverse

taking account of the knowledge and uncertainties of biotic, abiotic and human

components of ecosystems and their interactions and applying an integrated

approach to fisheries within (EAOpZA0@8d4)and | | vy

emphasises the importance of stakeholder involvement in the management process
(FAO, 2003, Garcia, et al., 2003, Degnbol, 2003 and Wilson et al., 2006).

A number of binding international agreements containing aspects of an EAF have
been adopted over the past few decades. These include the 1971 RAMSAR
Convention on Wetlands, the 1973 CITES Convention on International Trade in
Endangered Species, the 1979 Bonn Convention on Migratory Species of Wild
Animals, the 1982 Law of the Sea Convention, the 1992 Convention on Biological
Diversity and the 1995 Straddling Fish Stocks Agreement (Garcia and Cochrane,
2005). The 1995 FAO Code of Conduct for Responsible Fisheries provided the first
reference framework for an EAF, consolidating the principles and goals of humerous
international conservation and sustainable development agreements (Garcia et al.,
2003, Garcia and Cochrane, 2005). An EAF was formally recognised as a goal for
fisheries management in 2001 by the Reykjavik Declaration on Responsible
Fisheries in the Marine Ecosystem. This was reinforced at the World Summit on
Sustainable Development in Johannesburg in 2002 where the Plan of
Implementation requiredt he si gnat o rdgvelap andifacilitase the ase @f

diverse approaches and tools, including the ecosystem approach, the elimination of
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destructive fishing practices, the establishment of marine protected areas consistent
with international law and based on scientific information, including representative
networks by 20120 W$SD, 2002:18). The FAO Technical Guidelines for
Responsible Fisheries were published in 2003 to provide signatory nations with

guidelines for supporting EAF implementation.

Subsequently, there has been a definitive move towards implementing EAF in
fisheries worldwide. Scientific baselines for EAF have been developed and a large
guantity of scientific research has been carried out to better understand the
complexity of marine ecosystems and fisheries (Hofmann et al., 2010, Jennings et
al., 2014, Link and Browman, 2014). However, practical implementation of EAF has
been difficult to achieve. Fishery managers are left grappling with understanding the
complexities of EAF and finding effective means to identify and prioritise the multiple,
often conflicting, objectives of an EAF (Paterson and Petersen, 2010, Jennings et al.,
2014). Along with balancing multiple sources of knowledge, and evaluating risks and
uncertainties, this information needs to be combined into a logical framework that
can assessed in a transparent, defensible and repeatable manner (Jarre et al.,
2008).

The FAO recommend a series of steps for developing an EAF management plan,
which are outlined in Figure 1.1 below (FAO, 2003, Garcia and Cochrane, 2005).
The principles of EAF need to be translated into national and policy goals to which
priority issues can be operationalised. This is often achieved through the
development of objectives that can be linked to management actions. Without the
6transl ationd of EAF from policy to
fisheries management will be achieved. The iterative nature of an EAF is highlighted
in this process by feedback loops for revising objectives and indicators after
monitoring, review and performance evaluation. Additional guidelines for EAF
implementation have been developed, including the Ecological Risk Assessments
applied in commercial fisheries in Australia and South Africa (Fletcher et al., 2002,
Nel et al., 2007).
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High level policy goals
(Economic, social and environmental)

|

Broad objective for the fishery

|

Priority issues
(level at which management can address)

|

Operational objectives TEE——
Indicators and performance measures —

|

Monitoring review and
performance evaluation

Figure 1.1The iterative implementation process fdEAFsuggested by thé-AO(2003).

A hierarchical framework has been developed to identify operational or management
objectives relating to EAF (FAO, 2003). This framework, shown in Figure 1.2,
divides EAF into three inter-related dimensions: Ecological well-being, human well-
being and ability-to-achieve. The hierarchical structure helps to link objectives at
different levels to high-level goals for sustainable development and allows for
multiple, diverse and sometimes conflicting issues to be identified (FAO, 2003).
While it is recognised that the social, ecological and governance dimensions of EAF
are tightly coupled (Berkes and Folke, 1998, Ommer et al., 2011), to effectively
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implement an EAF, decision-makers need to balance multiple objectives and

consider priorities and trade-offs between conflicting objectives.

Contribution to sustainablée
development

Ecological welbbeing Ability-to-Achieve Human wellbeing

Figure 1.2: Conceptual framework of the three dimensions of EAF (adapted from FAO, 2003).

Addressing trade-offs and balancing multiple objectives is therefore an essential
component of effectively implementing an EAF (FAO, 1999, Garcia and Staples,
2000, Degnbol and Jarre, 2004, Garcia and Cochrane, 2005). This often requires
integrating several different criteria to support decision-making. Indicators are
considered an important tool for EAF implementation (Garcia et al., 2000), and are
used to translate ecosystem components and changes into management measures
for decision-making (Garcia et al., 2000, FAO, 2003, Rice, 2003, Jennings, 2005).
Indicators are thus an effective tool for linking the operational objectives of EAF to
management action for effective EAF implementation (Garcia et al., 2000, Rochet
and Trenkel, 2003, Rice, 2003, Jennings, 2005). However, as a result of the
complexity of EAF, no single indicator can perform this function. Instead, a suite of
indicators are needed, and often more than one indicator is required for a single
objective (Shin et al., 2010). To make sense of indicators in decision-making,
indicators should to be incorporated into broader approaches or frameworks (FAO,
1999). Indicator frameworks provide a synthesis and communication function in

supporting decision-making around EAF.
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1.2. Implementing an Ecosystem Approach to Fisheries

management in the South African sardine fishery

South Africa, as signatory to the World Summit on Sustainable Development, has
committed to implementing an EAF. To meet this goal, South Africa has adopted an
incremental and proactive approach to implementing an EAF, considering EAF as a
complementary approach to TROM approaches which aims to incorporate
ecosystem considerations in decision-making rather than overhauling the
management system. It is not intended to replace TROM (Shannon et al., 2010).
However, the ecological approach is not a new concept in the management of
human activities in the oceans around southern Africa (Hara et al., 2014). An
extensive knowledge base for the ecological well-being dimension of EAF has been
developed regionally through the Benguela Ecology Programme (BEP) and the
Benguela Current Large Marine Ecosystem Programme (BCLME) (see Moloney et
al.,, 2004, Hampton and Swei j d, 2008, O6Toglamd,in 2008 f o
southern Benguela ecosystem comprehensive reviews of the scientific knowledge
base have been prepared by Shannon et al. (2004, 2006, 2010). More recently,
progress has been made in creating a knowledge-base for the human well-being and
ability-to-achieve dimensions of EAF in South Africa (see Hjort, 2008, Cochrane et
al., 2009, Paterson et al., 2010, Sowman et al., 2013, Augustyn et al., 2014, Norton,
2014). While these provide a strong baseline for EAF in the southern Benguela
ecosystem, fisheries managers are still grappling with the problem of how to
effectively implement an EAF (Cochrane et al., 2009, Staples, 2010, Augustyn et al.,
2014).

The objectives and principles of South African fisheries legislation and policies, in
particular the Marine Living Resources Act No. 18 of 1998, relate closely to those of
an EAF. Principles of an EAF contained within the Act include; the need for a holistic
view of ecosystem conservation, the sustainable conservation of marine resources,
the preservation of marine biodiversity, the application of the precautionary principle,
and the need to balance sustainable ecological management with the governmental
goals of economic growth, human resource development, capacity building and job

creation. It also emphasises the importance of stakeholder participation in the
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decision-making processes. Numerous other environmental, marine and coastal
legislation in South Africa incorporates either direct references to an EAF or includes
principles of EAF (see Staples (2010) for a comprehensive list of relevant
legislation). Regional agreements through the Benguela Current Commission further
support the implementation of an EAF in South African fisheries (Staples, 2010,
Augustyn et al., 2014).

The primary responsibility for managing fisheries in South Africa lies with the national
fisheries department. Prior to 2010 this was Marine and Coastal Management
(MCM) within the Department of Environmental Affairs and Tourism. MCM was
responsible for fisheries management as well as all coastal zone and marine
environmental management. However, in 2010 a cabinet reshuffle resulted in the
dissolution of MCM and the separation of fisheries from environmental management.
As a result of these changes the Branch Fisheries within the Department of
Agriculture, Forestry and Fisheries (DAFF) was formed (South African Government
Proclamation 44 of 1 July 2009). Fisheries research, monitoring and generation of
management advice for decision-making are developed within the Fisheries Branch,
and each fishery sector has both a Scientific Working Group (SWG) and Resource
Management Working Group which help assess the status of resources and
manage the fishery respectively. An EAF Scientific Working Group (EAF-SWG) was
set up as a DAFF advisory group to address EAF issues at the national level. The
EAF-SWG was instituted as a multiple stakeholder scientific forum, drawing
expertise and interested parties together from the government (DEA and DAFF),
universities, fishing industry representatives, conservation NGOs, and civil society
groups to generate research and scientific advice towards implementing an EAF in
South African fisheries. Progress has been made in advancing EAF implementation
in a number of important commercial fisheries, including the demersal trawl fishery
for hakes (for example, Maree et al., 2014) and the small pelagic fishery for sardine

and anchovy (for example, Cherry, 2014).

EAF objectives are considered when generating scientific advice within the Pelagic
Scientific Working Group (SWG-PEL) (for example, de Moor and Coetzee, 2012,
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Moseley et al., 2012, Coetzee, 2013), but fisheries management in South Africa is
still heavily reliant on single or dual species stock assessments (Shannon et al.,
2010). International reviews of the South African small pelagic fishery management
have recommended that more ecosystem indicators be incorporated into fishery
management approaches (Smith et al., 2011b, 2013). However, limited research
capacity and funding within DAFF constraint he Fi s h e r iabilgdy toBmoeenc h 6 s
effectively address EAF objectives (Augustyn et al., 2014). External organisations,
in particular the Responsible Fisheries Alliance (RFA; www.rfalliance.org.za),
CapeNature, WWF South Africa, BirdLife South Africa, the University of Cape
Townds Mari ne RdMaeRa)r anchRhodassunivetsity have stepped in
to address this gap and support EAF implementation.

The RFA is a partnership between WWF South Africa, BirdLife South Africa, and four
major fishing companies in South Africa (Oceana, 1&J, Sea Harvest and Viking) aims
to enhance EAF implementation in South Africa and has made significant progress.
Focussing on responsible and sustainable fisheries practices, the RFA facilitates
EAF training for skippers, works with researchers and the private sector to better
understand fishing impacts on seabirds and other predators, and facilitates market
access through programmes such as the South African Sustainable Seafood
Initiative (www.wwfsassi.co.za) and the Marine Stewardship Council.

The small pelagic fishery was the first fishery in South Africa to be targeted for EAF
implementation (Nel et al., 2007). The ecological value of small pelagic species in
the ecosystem, the commercial value of this fishery in South Africa, and the
extensive knowledge base underpinning this fishery has helped progress in

implementing an EAF (Moloney et al., 2004).

To track EAF implementation, a method to follow progress towards this goal was
needed. The Ecological Risk Assessment (ERA) process (Fletcher et al., 2002, Nel
et al., 2007) provided a means to start identifying issues and objectives relating to

EAF that are not adequately addressed in management strategies in a number of
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key fisheries in South Africa, Namibia, and Angola, which together form the
Benguela Current Commission (BCC; www.benguelacc.org). The ERAs provided a
way to identify and prioritise the key issues relating to the three dimensions of EAF in
each fishery, develop a suite of objectives and link these to potential management
actions (Nel et al., 2007). The subsequent periodic ERA review workshops have
developed a structured framework for tracking progress towards meeting the
objectives of EAF identified during the ERA and provide a way to identify steps for
assessing progress towards meeting these objectives (Paterson and Petersen,
2010). These processes have emphasised stakeholder participation and included
consultation and discussion among a wide group of stakeholders (Nel et al., 2007,
Paterson and Petersen, 2010, Smith and Johnson, 2012).

The ERA and ERA reviews provide a progress report towards meeting objectives for
EAF and allow for a degree of comparison of progress in EAF implementation across
fisheries (Paterson and Petersen, 2010). These frameworks, however, are limited in
presenting progress in EAF implementation on the ground and rely on descriptive
response and process indicators of progress. A different approach is required to

track the efficacy of EAF implementation on the ground.

Jarre et al. (2006) proposed in their paper on predicting long-term ecosystem
changes in the southern Benguela a suite of indicators to track EAF implementation.
These authors identified the need for formal mechanisms to combine the signals of
various indicators in support of management in the region. Expert systems, or
knowledge-based systems, are one such framework. Expert systems are a form of
multi-criteria decision support tools which offer a structured way to assess multiple
criteria and incorporate multiple knowledge sources to aid decision-making by
mimicking the way experts make decisions. Based on this suggestion by Jarre et al.
(2006), Paterson et al. (2007) developed the first prototype of an electronic expert
system to track the implementation efficacy of EAF in the South African sardine
fishery. This expert system developed a way to synthesise indicators of the three
dimensions of EAF in order to provide a holistic view of EAF implementation to

support of decision-making in this fishery. Following the hierarchical framework
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presented by the FAO (2003) (see Figure 1.2) and linking the objectives identified in
the ERA to the three dimensions of EAF, Paterson et al. (2007) identified a suite of
indicators to measure the efficacy of meeting the objectives for EAF implementation.
This first prototype was developed with a small group of stakeholders.

Paterson et al. (2007) demonstrated that structuring a complex problem in such a
manner was useful in improving stakehol der sé under standing
related to an EAF and improved communication among the stakeholders. However,
the authors focused on enhancing understanding amongst the stakeholders over the
precision of the model (Paterson et al., 2007). By doing so, there was limited reliable
data input into the expert system and while stakeholder engagement was sufficient
for this prototype wider involvement of stakeholders was needed to improve uptake
of this system within the government department. In addition, much need revisions
to the objectives underlying the model were required. Further research on human
well-being indicators was carried out (Paterson et al., 2010). The ecological well-
being dimension of this expert system still required refinement. To do this requires
the improvement of the indicators and the model structure of the expert system. This
is possible given the strong scientific base in the ecological well-being dimension for
the South African sardine fishery. The EAF-SWG has recognised the value of the
expert system in supporting strategic management advice for EAF implementation
and has recommended that further research be done to include an updated suite of
indicators in support of EAF in the sardine fishery (EAF-SWG, 2007).
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1.3. Thesis aim and structure

This thesis aims to develop, to completion, a full prototype knowledge-based tool (a
variation of Paterson et al .d6s (2007)
efficacy of the ecological well-being dimension of EAF in the South African sardine

fishery.

The knowledge-based tool will introduce a transparent, repeatable and scientifically
defensible methodology for evaluating a suite of indicators against objectives of
ecological well-being in the sardine fishery. The aim of this tool is to provide a
synthesis of objectives for ecological well-being in the sardine fishery that can be
useful in understanding trade-offs and priorities for EAF implementation as well as
being potentially useful tool to enhance communication among stakeholders around
these issues. This thesis aims to draw on an interdisciplinary perspective, drawing
methodology from different disciplines, to guide both the development of a
scientifically-robust a tool to track EAF implementation while maintaining focus on

the participatory process of tool development with stakeholders.

It is envisioned that the knowledge-based tool could be used by stakeholders and
decision-makers as a strategic planning tool to track the implementation of EAF in
the fishery, communicate the complexity, trade-offs and uncertainties relating to
implementing an EAF and guide thinking around the issues of EAF in the fishery

among stakeholders.

The process adopted through this thesis is presented in Figure 1.3, which provides a
conceptual framework of how each chapter in this thesis addresses an aspect of the
research process. The process is highlighted in this figure through the iterative
process of knowledge-based tool development. Feedback loops as displayed by the
arrows allow for iterations between the steps as well as through the entire process.

The key results and process steps in each chapter of this thesis are detailed below.
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Figure 1.3The onceptual frameworkfor evaluating the implementation efficacy of an EAfthe South

Chapter 4
Building the tool
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Knowledge-
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\_/ Stakeholder
meetings
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Communication of tool

African sardine fishery through knowledgeased tool developmentThis framework represents an iterative

process incorporating the structure of this PhD thesis.

Chapters 1 and 2 providean overview of this thesiofb

key literature while placing this research in context of South African fisheries
management and EAF implementation. A suite of indicators matched to pressure
and state objectives (OECD, 1995) for the ecological well-being of EAF in the
sardine fishery are developed in Chapter 3. It is important that the indictors
represent the best available scientific data and expert knowledge. All efforts were
made to ensure the process of indicator identification and development is
transparent and scientifically defensible and that stakeholders were consulted at
appropriate times during this process. Chapter 4 presents the development of the
new prototype knowledge-based tool. Stakeholder meetings helped to identify an
appropriate method for aggregating indicators and objectives structured through an
objectives6 hierarchy. A thorough sensitivity analysis on the tool structure and

outcomes was conducted to ensure an appropriate modelling process.
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Chapter 5 details the approach taken in improving the visualisation and presentation
of the knowledge-based tool for communication among stakeholders. As the
knowledge-based tool only becomes useful when applied, further focus on designing
a tool that would be useful to the stakeholders was needed. A series of focus groups
were held with stakeholders, the results of these meetings are detailed in Chapter 5.
Chapter 6 draws on the social theories of boundary crossing and social learning to
reflect on the iterative process of developing the knowledge-based tool for use in
implementing EAF in the sardine fishery. Chapter 7 draws together the key findings
and conclusions and maps a way forward for a new prototype of this facilitated,

iterative process.
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Chapter 2

Literature review and thesis background

This chapter provides the relevant context and literature review to address the
various components of this thesis. It starts with outlining the importance of forage
fish in the southern Benguela ecosystem, which is followed by a detailed description
of the South African small pelagic fishery and the current management structure of
this fishery. A short discussion of literature on fisheries and complexity provides
context for understanding the value of an ecosystems approach in fisheries
management and the need for methods to balance multiple objectives when
managing fisheries. This is followed by an introduction to key literature and research
progress in multi-criteria decision analysis and stakeholder participation in fisheries
management. The chapter concludes by considering literature on boundary crossing

and social learning in natural resource management.

2.1. Therole of forage fish in the southern Benguela ecosystem

The southern Benguela is an upwelling system off the coast of South Africa. This
highly productive ecosystem supports large biomasses of small pelagic, or forage
fish, including sardine (Sardinops sagax), anchovy (Engraulis encrasicolous), redeye
round herring (Etrumeus whiteheadi), and mesopelagic species. Small pelagic
species play an important role in regulating ecosystem functioning. They occupy a
mid-level position in the food web, and therefore influence the abundance of both the
plankton which they feed on, and the top predators, such as the fish, seabirds and
large marine mammals which feed on them (Cury et al.,, 2000). Sardine and
anchovy are a planktivorous, highly fecund, short-lived, and highly mobile species
(van der Lingen et al., 2002). These characteristics make them sensitive to
environmental changes and inter-annual and decadal-scale variability in abundance,

distribution, and recruitment (Cury et al., 2000, van der Lingen et al., 2002).

Smal | pel agi c speci es tend t o experience

population biomass (van der Lingen et al., 2002). The South African sardine fishery

33



has experienced substantial fluctuations in population size over the past 60 years.
Recovering from a collapse in the population following large population numbers in
the 1950s, sardine were found in low abundance during the 1960s. This was
followed by a subsequent recovery of the population by the 1980s, with population
sizes by the mid-2000s reaching similar or larger quantities to that observed in the
1950s (van der Lingen et al ., 2006) .
have been observed in the relative biomass of sardine and anchovy in the southern
Benguela, experiencing alternating species dominance on a decadal scale (Cury and
Shannon, 2004, van der Lingen et al., 2006).

Recent spatial shifts in the distribution of sardine and anchovy, from being
predominately situated on the west coast (the area west of Cape Agulhas) to being
situated on the south coast (east of Cape Agulhas) have been observed. A gradual
increase in the relative biomass of sardine located east of Cape Agulhas has been
observed from 1997-2005, followed by a recent reversal from 2008 (Figure 2.1). A
similar shift has been observed for anchovy (Roy et al., 2007). This spatial change
in species distribution has been attributed to both the effects of localised overfishing
(sardine) and changes in the environment (anchovy) (Coetzee et al., 2008a). Roy et
al. (2007) hypothesized that the eastward shift in distribution of anchovy across the
Agulhas Bank since 1996 could be attributed to changes in environmental forcing in
the region, which resulted in a better feeding environment in the area east of Cape
Agulhas (Howard et al., 2007, Blamey et al., 2012). Coetzee et al. (2008b) could not
assign an environmental driver to the shift eastwards in sardine biomass
experienced since 2001. Both Roy et al. (2007) and Coetzee et al. (2008b) explored
the implication of localized overfishing on the west coast of South Africa as a driver
of the distributional shift of sardine to the east of Cape Agulhas. A recent PhD thesis
(Watermeyer, in prep) uses spatial indicators to explore possible ecosystem
implications of species distributional shifts along the Agulhas Bank, confirming
changes at the ecosystem scale and the role that fisheries could have in driving such

changes.
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The spatial shift in small pelagic fish biomass has provided an interesting challenge
in managing this fishery, with concerns being raised over the effect of localized
overfishing on the west coast. Minimising the risk of spatially disproportionate fishing
has become an increasingly important issue in managing the small pelagic fishery
(Nel et al., 2007). Changes in small pelagic fish abundance and distribution can
have serious consequences for dependent top predators, in particular endemic
seabirds (Crawford et al., 2008, Cury et al., 2011). Hutchings et al. (2012) present
an overview of the history of the dynamics of top predators in the southern Benguela,
and the relationship between forage fish abundance and seabird population health is

discussed in detail in Chapter 3.
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2.2. South African small pelagic fishery

The commercial, pelagic purse seine fishery i s South Africads

volume and, after the demersal trawl fishery, the second most valuable (Shannon et
al., 2006). In operation since the late 1940s, this fishery targets primarily sardine
and anchovy, with smaller landings of redeye round herring, juvenile horse mackerel
(Trachurus capensis) and mesopelagic lanternfish (Myctophidae, Lampanyctodes
hectoris). The small pelagic species distribution extends from southern Namibia to
Richards Bay on the northeast coast of South Africa (Figure 2.2; Beckley and van
der Lingen, 1999, Coetzee et al., 2008b). Fishing occurs inshore, predominantly
along the Western Cape west and south coasts for sardine and anchovy and further
along the Eastern Cape coast for sardine (Coetzee et al., 2008b). Anchovy, redeye,
horse mackerel, and to a small degree lanternfish are reduced to fishmeal, fish oil,
and fish paste. Sardine is canned or frozen for human consumption, pet food, and
bait. Processing factories are situated primarily on the west coast, with a factory in

Mossel Bay and one in Port Elizabeth.

The South African small pelagic fishery has been in operation since the 1940s, being
predominately situated off the west coast. Intensive fishing continued during the
1950s, with catches exceeding 400 000t by the early 1960s. The high exploitation of
this booming fishery and low sardine biomass in late 1960s resulted in unsustainable
catches, and combined with low relative biomass of sardine over this period, and an
eventual decline in fishery landings by the late 1960s (Figure 2.3). Continuing low
catches averaging 80 000t were taken throughout the 1970s, declining even further
to 40 000t by the mid-1980s. The implementation of regular fishery-independent
acoustic surveys and a stock rebuilding strategy, which included the allocation of an
annual Total Allowable Catch in the 1980s, resulted in the recovery of sardine stocks
(Coetzee et al., 2008b). High recruitment and a peak in sardine biomass over the
period 2001-2005 (Figure 2.4) resulted in catches averaging more than 200 000t that
was followed by a sustained period of low sardine recruitment, and combined
catches leveling off at 100 000t in 2006-2007 (Coetzee et al., 2008b).
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fishery 19492011 (from van der Lingen et al., 2012).
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Figure 24: Annual sardine biomass observed during surveys conducted in November and sardine

recruitment from May surveys (from Coetzee et al., 2008b).

The South African small pelagic fishery is currently managed through the Branch
Fisheries, Department of Agriculture, Forestry and Fisheries (DAFF). The DAFF
Pelagic Scientific Working Group (SWG-PEL) and Resource Management Working
Group are responsible for the management of the small pelagic fishery (for details on
management structure of the Branch Fisheries, see:
http://www.daff.gov.za/daffweb3/Branches/Fisheries-Management/Fisheries-

Research-and-Development).

The SWG-PEL is a scientific forum tasked with formulating sound scientific advice
for decision-making. This group consists of scientists and technicians from within
the Branch Fisheries with relevant expertise in management, biology and stock
assessment and external scientists from universities and other institutionswith
relevant knowledge. Representatives from the fishing industry and conservation
NGOs are invited observers in the working group meetings. Tasks of this group
include directing and setting research priorities, devising the Operational

Management Procedures (OMP) that generate advice for Total Allowable Catch
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(TAC) levels. The Resource Management Working Group is responsible, among
other tasks, for final approval of TAC recommendations of which are sent through
this group to the the DAFF Minister for final approval in setting the final annual
TACs.

The small pelagic fishery is managed by effort limitations through access rights,
vessel licensing, and bycatch limits. Seperate TACs for sardine and anchovy are set
annually and fixed Precautionary Upper Catch Limits (PUCL) are set for redeye

round herring and horse mackerel.

A joint OMP for sardine and anchvoy is used to set annual TACs in the small pelagic
fishery. The OMP uses algorithms that base TAC levels on stock sizes estimated
from observations during two annual monitoring surveys. An annual TAC is set for
sardine and an initial and a final TAC are set for anchovy each year, the final TAC
accounting for observed anchovy recruitment because the fishery for this specices is
primarily recruit-based. Juvenile sardine and juvenile horse mackerel are caught as
bycatch in the anchovy-directed fishery, an annual Total Allowable Bycatch (TAB) is

set for juvenile sardine and a PUCLIs used for horse mackerel.

OMP development is carried out by the UCT MARAM group on contact with DAFF
and includes input from fishery scientists, industry representatives and other
interested parties as part of the Pelagic Scientific Working Group (PEL-SWG). The
objective of the OMP is to maximise sardine and anchovy catches in the medium
term, while ensuring that the risk to either population does not exceed agreed levels.
The OMP also includes constraints on the year-to-year variability of the TAC to
ensure industry stability. Input data for the OMP include fishery-independent hydro-
acoustic surveys and fishery-dependent data. An OMP cycle typically lasts for four
years. Revisions or adaptations to the OMP are carried out after each cycle to
include new and updated information and any new insights into the role of small

pelagic fish in the ecosystem that may become avaliable.
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Two hydro-acoustic surveys are conducted annually by DAFF. A summer November
biomass survey measures the total stock sizes and an autumn May/June survey
measures recruitment. These hydro-acoustic surveys have been conducted
annually since 1984, with a spatial component added to the surveys in 1987
(Coetzee et al., 2008a). Other important data are collected during the survey trips,
including biological parameters required for the OMP (for example, information
underlying population age-structure)and other biological and ecological information
(for example, temperature, salinities and oxygen). Continually improving technology
and data analysis techniques over time have improved the quality of the acoustic
time series and biomass estimates obtained during these surveys (Coetzee et al.,
2008a, de Moor et al., 2011). The surveys have been lauded to produce some of the
best quality and quantity of information in the world (Smith et al. 2012, van der
Lingen et al., 2012).

Fisheries-dependent data are collected routinely, and include catch statistics (for
example, landed mass, catch timing and position). Representative sampling of
commercial fish catches are routinely conducted and include the size composition
and biological characteristics of catches. Accurate reporting and reliable monitoring

are required to ensure these data are precisely and consistently recorded.

EAF objectives are considered by the SWG-PEL when generating scientific advice
(de Moor and Coetzee, 2012, Moseley et al., 2012, Coetzee, 2013). Ecosystem
considerations currently addressed within the SWG-PEL include the penguin island
closure experiment which aims to assess the localised impacts of fishing on the
survival and breeding success of African penguin colonies (Weller et al., 2014, Dunn
et al., 2014, Sherley et al., under review). Two models of African penguin dynamics
have recently been developed, one in conjunction with the revisions to the OMP
(Robinson, 2013) and the other using a systems modelling approach (Weller et al.,
2014). In addition, investigations into changes in sardine and anchovy distribution
and subsequent implications of spatially disproportionate fishing are ongoing within
the SWG-PEL (for example, Coetzee et al., 2008b, de Moor and Butterworth, 2008,
de Moor et al.,, 2014) and under the auspices of the EAF-SWG (for example,
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Shannon et al., 2014). Hypotheses around the possible existence of multiple sardine
stocks in the southern Benguela are also currently being investigated (de Moor and
Butterworth, 2009, van der Lingen et al., 2009, Reed et al., 2012, de Moor and
Butterworth, 2013a, 2013b, Chiazzari, 2014, de Moor et al., 2014 and Hampton,
2014). OMP revisions to take into account stock structure and spatially
disproportionate fishing are currently being developed (de Moor and Butterworth,
2013b, 2013c, Smith et al., 2013, 2014).

Further research into ecosystem-based management of the small pelagic and other
fishery sectors at DAFF has been co-ordinated through the EAF Scientific Working
Group (EAF-SWG). The EAF-SWG is a multiple stakeholder scientific forum
drawing expertise and interested parties together from the government (Department
of Environmental Affairs and DAFF), universities, fishing industry representatives,
and conservation NGOs to generate research and scientific advice towards
implementing an EAF in South African fisheries. Scientific and management advice
that was generated in this group includes the methodological development of
ecosystem indicators expert systems (for example, Shannon et al., 2014), penguin-
related conservation management (for example, Weller et al., 2014), and phosphate
mining on the Agulhas Bank (EAF-SWG, 2012).

Recently, and subsequent to the research presented in this thesis, the EAF-SWG
has been dissolved. The dissolution of this group emphasises the need for other

fora to drive EAF implementation, and this is discussed further in Chapter 6.
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2.3. Fisheries and complexity

Fisheries and coastal environments are complex, adaptive social-ecological systems
that are characterised by complex interactions at various scales (Berkes and Folke,
1998, Jentoft and Chuenpagdee, 2009, Ommer and Perry, 2011, Ommer et al.,
2011, Berkes, 2012). The social and ecological components of these systems are
seen as coupled and interdependent, nested within one another (Berkes and Folke,
1998, Ommer et al., 2012).

Drivers of change that affect social-ecological systems do so in complex and
unpredictable ways (Berkes and Folke, 1998). The dynamics of fisheries span
multiple scales, covering temporal, spatial and governance dimensions and involve
multiple actors. The governance of fisheries 1is

problem (Jentoft and Chuenpagdee, 2009, Khan and Neis, 2010). Wicked problems,
in opposition to Ot ame6 asppeimghbilde rhd,i cail ¢

delineate from other and bigg e r pr odndl emdsta@ have no right or wrong
solution, no technical solutions and it is often unclear when they are solved, or if they
ever can be solved (Jentoft and Chuenpagdee, 2009:553, after Rittel and Webber,
1973). Wicked problems are often so complex and persistent that people tend to
disagree on how to define the problem, what causes it, and what it would take to
provide a solution to the problem (Rittel and Webber, 1973). When solutions to
wicked problems are found they are often highly contextual. Solutions may only
work in a certain place at a certain time, and not in another context or at a different
time. Khan and Neis (2010) suggest the exploring of solutions for fisheries problems
through @lumsy solutions which applies exploratory solutions which requires the
input of diverse stakeholders, information sharing, knowledge synthesis, and trust

building.

Understanding and framing the problem of fisheries governance as a wicked one
provides an incentive for the development of more inclusive and holistic approaches
for the management of fisheries (Ommer et al., 2007, Jentoft and Chuenpagdee,
2009, Khan and Neis, 2010). Based on these characteristics, Berkes (2012)
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suggests that Ecosystem-based Fisheries Management is a wicked problem. Other
examples of wicked problems include; adapting to climate change, watershed
management, the conservation of endangered species, and containing the HIV-AIDS

pandemic.

Fisheries management has been moving away from managing fisheries as individual
stocks and individual fishing fleets towards a broader, more inclusive approach,
drawing on multiple stakeholders, disciplines, and objectives, envisioning fisheries as
social-ecological systems (Cochrane and Garcia, 2009, Berkes, 2012, Ommer et al.,
2012). This requires management structures to match the scales, complexity, and
interdependencies of social-ecological systems (Ommer et al., 2012). Berkes (2012)
critiques current approaches for implementing an EAF, which tend to complement
and expand traditional management paradigms, suggesting that an evolutionary
approach to implementing EAF is insufficient to effectively deal with the multiplicity of
issues and complexity associated with fisheries, and that a more revolutionary
approach should be considered.

Whether there is a revolution or the slower evolution of fisheries management
towards an EAF, a paradigm shift is required. More strategic, broad scale
approaches are needed in addition to the tactical, narrow-focused management
approaches currently applied in South African fisheries management (Shannon et
al., 2010). This will require new ways of thinking, interdisciplinary approaches, and
respectful collaboration (Shannon et al., 2010). Stakeholder buy-in and participation

will be required for effective implementation (Shannon et al., 2010).

This thesis is aims, through developing a knowledge-based tool to offer a
transparent and repeatable methodology supporting strategic planning for
implementing an EAF in the South African sardine fishery. Through this process,
this thesis aims to contribute to making explicit the multiple objectives, simplifying the

complexity and addressing trade-offs in achieving an EAF.
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2.4. The application of multi-criteria decision analysis and expert

systems in fisheries management

Decision problems in fisheries management are complex and are characterised by
uncertainty in the knowledge base, as well as multiple and often conflicting
objectives and diverse stakeholders (Belton and Stewart, 2002). Decision problems
typically do not present themselves in a structured form, complete with lists of
alternative courses of action and decision-making objectives ready for systematic
analysis. Rather, they are a human construct, emerging as stakeholders struggle to
gain a shared understanding of the situation at hand and strive towards a joint
solution (Belton and Stewart, 2002). Various tools within Multi-Criteria Decision
Analysis (MCDA) provide a formal approach which takes explicit account of multiple
criteria, while effectively dealing with risk and uncertainty. This allows the combined
evaluation to be transparent and understandable to all those involved in the decision-
making process (Belton and Stewart, 2002, Paterson et al., 2007). This process
may help to increase stakeholder buy-in, making the process transparent and the
decision defensible, and provides a documented basis for possible modifications of
the decision in the future (Belton and Stewart, 2002, Goodwin and Wright, 2004).

Jarre et al. (2011) provide a review of multi-criteria decision support tools used in the
field of MCDA that have been applied in fisheries management in South Africa and
Europe. These tools include problem structuring, scenario planning, expert systems
and mor e 6cl assical 6 MCDA approaches
outranking methods (Jarre et al., 2011). These approaches can help for the decision
process to remain structured, transparent and documented and allow for group
interactions where multiple groups of diverse stakeholders can be included in the
process. Detailed descriptions of MCDA approaches and the application of these in
statistical and management sciences are provided by Belton and Stewart (2002) and
Goodwin and Wright (2004).

Expert systems, also known as knowledge-based systems, are type of computer-

based decision support system that mimic the way decisions are reached by experts.
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In this way, expert systems help to make the decision process transparent,
defensible, communicable, and reproducible to a wider audience (Belton and
Stewart, 2002, Goodwin and Wright, 2004). Expert systems are used in the field of
decision science, being most useful in repetitive decision-making or advice-giving
situations and can handle knowledge represented in many different ways and from a
wide variety of sources, both qualitative and quantitative. Conventional approaches
to assessing the adequacy of a system focus on the convergence between the
system's decision (diagnosis or advice) and that of the group of experts whose

knowledge is modelled in the system.

There are various ways to incorporate the knowledge base into an expert system.
Often decisions in expert systems are modelled using IF-THEN rules. This method
can provide freedom to a model in a given decision process, because no normative
theory oversees the aggregation or selection of these rules into an optimal set or
sequence for execution when the system is used. Fuzzy sets admit partial
membership of a category, for exampl e, not being

allows the incorporation of uncertainty in premises and in rules and fuzzy set theory
provides methods to combine the uncertainty within and between rules

(Zimmermann, 2001).

While acknowledging the flexibility of rule-based approaches, Stewart and Joubert
(2006) caution against a loss of transparency through rule proliferation. However, the
approach is still very valuable for small expert systems, comprising tens rather than
hundreds of rules (for example, Starfield and Bleloch, 1991, Miller and Field, 2002).
Jarre et al. (2008) highlight the potential of such small expert systems to summarise
complex information and emphasise the ease with which rules, as natural language,

are communicated among stakeholders.

Expert systems have various applications in the context of fisheries management,
and the following section will briefly summarise some of these approaches. Gurocak

et al. (1998) developed an expert system based on fuzzy set theory and IF-THEN-
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ELSE rules to select project alternatives that aimed to increase the number of
salmon in the Columbia River Basin in North America's Pacific Northwest in line with
a recovery plan. The values of five input attributes (indicators) were transformed into
fuzzy variables, representing relative membership to three categories; 61 o wo ,
0medij anthd h i gnhabcommon scale (0 to 1), which were combined using
decision rules. An example rule would read "If genetic risk is low and harvestable
fish is medium and natural escaped fish is medium and cost is low then utility is
goodo . The authors designed an automatic procedure to replace the assignment of
weights by decision makers which is usually required by classical MCDA methods.
That expert system was compared with the results of a weighted summation method,
and an interactive method, and the authors concluded that the expert system
outperformed both methods (Gurocak et al., 1998). The application of this method is
limited by the dependence of the system on the initial definition of the fuzzy

transformation for each input.

Caddy (1999, 2006) described a framework for precautionary management suitable
for use in fishery assessments in data-poor situations. He proposed a system of
green, yellowandred ( 6t r af f i ¢ 6) & mubligletirglicators relevartte the r i s
state of a fishery and ecosystem in relation to defined thresholds. Integral to this
approach is a set of decision rules on management actions to be taken depending
on the numbers of lights of each colour that are recorded, with the measures
becoming more restrictive as the proportion of red lights increase. In application, the
integrative function of the traffic light categories and the set of management
response rules could make this an expert system. Halliday et al. (2001) elaborated
this approach and suggested it as a method for integrated fisheries planning. These
authors included a helpful template for the description of an indicator to be used in
the system and explored ways of employing fuzzy set theory. The traffic light system
has subsequently been applied in a number of fishery assessments, including shrimp
stocks in the North Atlantic (Koeller et al., 2000), the snow crab fishery in the Gulf of
St. Lawrence (Caddy et al., 2005), the broadtail shortfin in the central Mediterranean
(Ceriola et al., 2007), and more regionally, the southern Angolan leerfish fishery
(Potts et al., 2008).
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KorrGbel et al. (1998) developed two rule-based deterministic models which use
guantitative and semi-qualitative data to relate recruitment strength in the South
African anchovy fishery to biological and physical indicators. That paper presented
the first attempt at predicting anchovy recruitment success, which was beneficial for
more effective management of the commercial anchovy recruit fishery in the
southern Benguela ecosystem early in the fishing season. Miller and Field (2002)
chose another approach to provide a qualitative estimation of anchovy recruitment
strength using crisp classification trees and a rule-based expert system. Similar to
the traffic light approach, they employed four categories of recruitment strength
estimation. An illustrative run of this expert system is provided in Jarre et al. (2008),
who also compared the rule-based application of crisp classification with a piecewise
linear approach (Fuzzy ANDO YPaterson et al., 2007) as used in simple fuzzy
transformations and concluded that the piecewise linear approach does not
necessarily perform better than the crisp categories; the choice of numerical

representation is likely to remain case specific.

Rochet et al. (2005) developed a rule-based, probabilistic expert system to assess
on-going changes in exploited fish communities off the French coast based on data
from scientific monitoring surveys. The objective of that system was to evaluate the
existence of fishing impacts on the fish community in question, and if fishing impacts
exist, determine whether the impacts have been increasing, stabilising, or declining
over time. At the population level, relevant indicator trends were compared with
expected probabilities of combined trends in diagnostic tables under the null
hypothesis that populations were stable and the indicator trends in question are
independent. At the community level, a sequential procedure was applied. As an
example, starting from a state where a community was impacted by fishing, the
average length in the fish community is examined first. If it is decreasing, the
community was assumed to be deteriorating and the procedure was stopped. If not,
the trend in total biomass was examined in the same way, and so on until all relevant
indicators were examined. Finally, the results at the population and community levels
were combined using the rule that as soon as one level was found to be

deteriorating, so was the system. Conversely, improvement at both levels was
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deemed necessary to conclude that the system was recovering. The authors
suggested that scientists were the intended audience, in line with the advisory
framework suggested by Trenkel et al. (2007) where the diagnosis of changes in
indicators resides with scientists, not with managers or other stakeholders.

A rule-based expert system, designed to provide early warning of long-term

ecosystem change in the southern Benguela upwelling system is outlined by Jarre et

al. (2006). Anotherexpert system comparing the &éstate

ecosystem for different decades was developed by Osman (2010) and Shannon et
al. (2014) building on an initial decision tree by Bundy et al. (2010). Three decision
trees where developed to examine fisheries management in the southern Bengeula
ecosystem at the community level (pelagic-caught fish and demersal-caught fish
community decision trees) and the system level (ecosystem decision tree). While
conservative in the trends presented, that expert system provided a robust and
effective framework for fishery managers, the intended target audience, to access
the synthesised information and the reasoning behind conclusions (Shannon et al.,
2014).

Based on Jarre et al. (2006), Paterson et al. (2007) constructed a prototype expert
system based on fuzzy set theory to evaluate the implementation of an EAF in the
South African sardine fishery. That system designed a hierarchy of increasingly
specific objectives, and linked indicators to the most specific objectives. The
indicators were transformed onto a common scale (from -1 to +1) representing the

degree of 0 t r oftthe @bjective as a fuzzy variable, corresponding to the fuzzy

transformation of Gurocaket al . (1998) but emphasizing

on

6f al sed) . H Gwacakernt , alnloiskg 1998) application

fuzzy sets, the expert system by Paterson et al. (2007) applied fuzzy logic operators.
In replacing decision rules with fuzzy logic operators, strong parallels with
methodology of preference modelling (a more 6 ¢ | a EGDA approach, Belton and
Stewart, 2002) are achieved. The advantage of this approach is that uncertainties

are, in part, already are taken care of by fuzzy set theory.
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Paterson et al.6 s(2007) expert system shows strong potential as a tool for
transdisciplinary research and communication between scientists with other
stakeholders (Paterson et al. 2010) and can, in principle, accommodate a large set
of indicators. However, as pointed out by Gurocak et al. (1998), the dependence of
the system on the definition of the fuzzy transformations remains problematic. Jarre
et al.6 $2008) comparisonofarule-based expert system to that
(2007) Fuzzy ANDO operator found that both methods yield very similar results.
These authors concluded that the principal trade-off lies in a mathematical
formulation (fuzzy set theory) versus the ease with which the functioning of the

expert system can be understood by stakeholders.

MCDA is particularly useful in the context of an EAF where multiple societal
objectives need to be addressed in the light of uncertainty and complexity, whereas
the choice of methodological details for modelling the decision process is case
specific. Expert systems (or knowledge-based tools) as an approach have widely
been found useful. There are, however, similarly important methodological
considerations to take in the process of modelling with stakeholders which will be

detailed in the following sections.

MCDA, such as expert systems, have been demonstrated to be useful in a fisheries
management context in particular for supporting management considerations when
faced with multiple objectives and offers a way to deal effectively with multiple
knowledge sources. This thesis draws on this approach and aims to develop a
knowledge-b ased t ool based on Ot hper odpnt ypfe @eixpeot
developed by Paterson et al. (2007) to assess the implementation efficacy of an EAF

in the South African sardine fishery.
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2.5. Stakeholder participation in fisheries management and

modelling in the southern Benguela

Stakeholder participation and engagement is now considered an essential
component of fisheries management and sustainable development practice.
Stakeholders are considered individuals or organisations that are affected by or are
interested a particular topic or issue. With this definition in mind, stakeholders can
include scientists, managers, conservation or NGO groups, or representatives
thereof, the industry, as well as members of the public who have an interest in the
fishery being addressed. In South Africa, the need for participation by all
stakeholders in fisheries management is widely recognised (for example,
participation is explicitly included in Chapter 1 (Section 2) of the Marine Living
Resources Act No. 18 of 1998). Stakeholder participation is considered well
developed within the commercial fisheries sector (Staples, 2010) where fishers,
industry and management engage in decision-making. A wider range of stakeholder
participation is required in fisheries management, where stakeholder participation is
fragmented and is limited to observer positions within some scientific and
management working groups (Hara et al., 2014). A more representative stakeholder
group would ideally include more participation by stakeholders including fishery
rights-holders, members of conservation groups, and academic institutions
(Augustyn et al., 2014, Hara et al., 2014).

In moving towards an EAF in South Africa, a strong focus is placed on stakeholder
participation. The ERA process sought to bring together stakeholders from a
diversity of interests to identify issues of EAF in South African fisheries (Nel et al.,
2007). Paterson et al. (2007, 2010) followed a collaborative process for developing
the first prototype expert system for EAF implementation efficacy in the South
African sardine fishery. The work by these authors has provided strong motivation
for interdisciplinary and transdisciplinary approaches to EAF in South Africa, which is
expanded upon in this thesis. These processes have been developed in close
collaboration with South African government departments and have included

participation by stakeholders and decision-makers both within the managing
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authorities (DAFF and DEA) and outside (such as industry, conservation and

academia).

Communication among stakeholders is highlighted as a shortcoming in traditional
fisheries management. Similarly, the challenge of reporting the indicators and expert
systems to stakeholders is widely documented in the literature (Hammond et al.,
1995, Garcia et al., 2000, FAO, 2003, Potts, 2006, Reed et al., 2006, Shields et al.,
2006, Mackinson et al.,, 2011). Expert systems and other multi-criteria decision
support tools help in synthesising information and making the method and process
transparent and communicable to a broad audience. This is emphasised as the
major strength of these tools, but ensuring effective communication is often
neglected in practice (Grey and Wiedemann, 1999, Chess et al., 2005, Potts, 2006).
Exploring ways of communicating the outputs of models among stakeholders and the
general public is considered the final step in indicator development (Schiller et al.,
2001, Chess et al., 2005, Potts, 2006). Nevertheless, the process of designing
expert systems and the interaction of users with the tool can help to facilitate buy-in
to the decision as well as offering ways to improve communication among
stakeholders around the problem or decision. The transparency, repeatability and
scientific defensibility of the method are essential for application, particularly in a
management context (Belton and Stewart, 2002, Goodwin and Wright, 2004).

Models that allow for the detail of input data and calculations to be visible help to
make the methodology comprehensible and more acceptable to stakeholders and
ultimately useful to the fishery managers (Belton and Stewart, 2002). The choice of
aggregation and visualisation methods employed in an expert system is dependent
on stakeholder or user preference (Shields et al.,, 2002, Potts, 2006, Jarre et al.,
2008) as the role of expert systems in improving communication is only useful when
stakeholders are responsive to information being presented to them (Hammond et
al., 1995, Johnson and Chess, 2006, Turhout et al., 2007).
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Ensuring that the model outputs are communicated among stakeholders in an easy-
to-understand and transparent manner facilitates broader stakeholder buy-in to the
decisions made (for example, Garcia et al., 2000, Paterson et al., 2007, Starfield and
Jarre, 2011). The dissemination of the model results is one way to include
stakeholders in the process. If this is at the end of the process however,
stakehol der s6 aisioosnpateanmy lee limited (hre den Belt, 2004).
Involving stakeholders in a meaningful way in all stages of the modelling process will
ensure that stakeholders have a sense of ownership and buy-in to the project, which
will increase the likelihood of these tools being incorporated into the decision-making
process (Garcia et al., 2000, Belton and Stewart, 2002, Voinov and Bousquet, 2010).
Participatory or medi at eubse ahwmatialihg in sugport ofd e f i n e
decision-making processes that involve stakeholderso , provides atostruct

include stakeholders in the modelling process (van den Belt, 2004:14).

Participatory or mediated modelling, a modelling approach which includes
stakeholders directly in the modelling process, can help to integrate aspects of
complex environmental problems, drawing in ecological, social and economic
components of a problem, and facilitates stakeholder participation in an effective
manner (van den Belt, 2004). This process helps to improve access to data and
puts a quality-check on the data available. As expert systems rely on knowledge
from a variety of sources and forms, modelling with stakeholders can help gain
access to these knowledges (van den Belt, 2004). Her synthesis provides examples
of how mediated modelling can help resolve conflict, build trust among stakeholders,
and facilitate mutual group learning processes.

This thesis will draw on the mediated modelling approach to aid the development of
the knowledge-based tool developed in Chapters 3, 4 and 5. Focus will be on
engaging with relevant stakeholders at each step in the tool development process
and ensuring that effective communication among stakeholders is facilitated to

enhance the communication function of the indicators and the knowledge-based tool.
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2.6. Boundary crossing and social learning

2.6.1. Boundary crossing: Boundary objects and boundary institutions

Managing complex social-ecological systems such as fisheries requires flexible,
adaptive, and collaborative approaches. This often means integrating various types
of knowledge in decision-making and the collaboration of, and interaction among
multiple and diverse groups of stakeholders (Armitage, 2008, Berkes, 2009).
Balancing divergent practices, perspectives, and interests in management
approaches is therefore needed; otherwise they may become boundaries to effective

collaboration.

Boundaries are defined i n saic-¢ultutal défecencesnce | i
leading to discontinuities in action or interactionsd6 ( Akker man and Bakke
133). Boundaries distinguish something from something else. It is the experience of
unfamiliarity that often defines the boundary (Akkerman, 2011, Cremers et al., under
review). Boundaries are dynamic and socially constructed for a particular context
(Akkerman and Bakker, 2011a) and can be defined by different practices or physical
locations such as the boundary between science and policy (Wilson, 2009), or by
verbal markers. Verbal boundaries can be observed through use of us versus them
language or use of the term boundary or its synonyms (for example; barrier,

threshold, or fence) (Cremers, et al., under review).

Many collaborative approaches require continuity across boundaries. Working
across boundaries may impede understandings between stakeholders or hamper on-
going action. It may also offer a means of continuity and suggests movement across
an identified boundary or the co-location of practices across the boundary
(Akkerman and Bakker, 2011a). Boundaries can be bridged through the use of
artefacts called boundary objects. Star and Griesemer (1989) introduced boundary
objects to make sense of the collaboration between scientists and other actors

(academic professors, university managers and administrators, and the general
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public) during the development of a natural history museum. Boundary objects
provide a material object to focus interaction and communication around a specific
topic or issue (Star and Griesemer, 1989, Guston, 2001). A boundary object offers a
means by which to structure discussions between perspectives, translate information
across boundaries, and explore how to relate different perspectives to one another
while maintaining coherence within their socio-cultural world (Star and Griesemer,
1989, Guston, 2001, Guile, 2011).

Organisations or institutions can support boundary crossing by providing important
mediating functions across the boundary and facilitating communication with
stakeholders at the boundary (Wilson, 2009). An institution can be an emergent
feature of a group sharing common norms and behaviours, or a more structured
organisation set up for a specific purpose (Miller, 2012). While the roles of boundary
institutions vary in their intended purpose, they share some key characteristics or
functions: (i) they allow for participation by stakeholders from both sides of the
boundary, (ii) they are accountable to both sides of the boundary and (iii) they help to
mediate information flow across the boundary (Guston, 2001). Boundary institutions
often provide the space and incentives to create and use boundary objects and tend
to be most successful when the principal stakeholders on each side of the boundary
rely on the boundary institution to provide the resources (Guston, 2001).

Individuals who participate in boundary institutions can support boundary crossing
(Wegner, 2000, Akkerman and Bakker, 2011b). These people are referred to as
brokers or boundary crossers (Akkerman and Bakker, 2011b). Brokers are most
often members of multiple groups or act as transitions between one group and
another and are therefore able to introduce elements of each group to the other
(Akkerman and Bakker, 2011b). Establishing interactions between stakeholders
involved in different practices offer another means of boundary crossing (Wegner,
2000, Akkerman and Bakker, 2011b). Boundary interactions or boundary practices
offer a more sustained interaction across the boundary, for example between

disciplinary practices in an interdisciplinary research project (Wegner, 2000).
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Boundaries function in distinguishing practices and defining roles and responsibilities
(Wilson, 2009). Maintaining boundaries can be important for the legitimacy of some
practices (see Wilson (2009) for a detailed discussion on this in the context of the
science-policy boundary in European fisheries management). When seeking
innovative solutions to complex natural resource problems, encountering boundaries
may result in dissonance between stakeholder perspectives or practices. This
dissonance may result in tensions or conflict between stakeholders or groups of
stakeholders which can make it difficult to meet goals or produce useful findings
(Akkerman, 2011, Sol et al., 2013). Boundaries can offer the space for stakeholders
to interact, and through interaction, to learn from the very differences that define the
boundary (Akkerman and Bakker, 2011b). Learning in this context is seen as the
change in practice that occurs during action and interactions at the boundary
(Akkerman, 2011, Akkerman and Bakker, 2011b).

2.6.2. Social learning

Collaborative, reflexive learning-based approaches are gaining value in addressing
issues associated with managing complex social-ecological systems (Armitage et al.,
2008, Berkes, 2009, Rodela, 2011). Social learning has become a normative goal in
natural resource management over the past decade (Armitage et al., 2008, Reed et
al.,, 2010, Rodela, 2011) andi s d e f i n edlectwesactiorhamd réflection that
occurs among individuals and groups as they work to improve the management of

human and environmental interrelations0 ( Keen e4). al ., 2005

Muro and Jeffrey (2008) provided a review of social learning in participatory natural
resource management. As part of their research the authors present a compound
model of social learning (Figure 2.5). This figure provides a useful framework for
understanding the application of social learning in the context of natural resource
management. Social learning is enabled by communication and interaction through
a participatory process, but this alone does not ensure social learning. Social

learning can contribute to shared understandings, mutual agreement and collective
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action when the space is created to allow a truly participatory process. This includes
creating the space to allow participants or stakeholders involved in a participatory
process to recognise other perspectives, making their own and others underlying
assumptions and values explicit, allowing for the co-creation of knowledge and
improving understanding of complexity of the management system (Muro and
Jeffrey, 2008).

Process features that foster
social learning

Facilitation

Small group work

Egalitarian atmosphere
Repeated meetings
Opportunities to influence the
process

Open communication

Diverse participation
Unrestrained thinking

Multiple sources of knowledge

Recognising each others' goals and ( Common \
perspectives understanding
Making explicit underlying values

Communication

and interaction Mutual

in participatory agreement
processes

Collective action

4

Co-creation of knowledge
Understanding of interdependence
Understanding of the complexity of the
management system

Social leaming leads to
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Figure 2.5: A compound model of social learning drawn from literature. Adapted
from Muro and Jeffrey (2008).
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Following this model, a social learning method is understood as the -careful
facilitation of learning features within a participatory process. The type of process
used as examples by Muro and Jeffrey (2008) include building a group model in
water resource management in Switzerland (Pahl-Wostl and Hare, 2004), an EIA for
a waste management strategy in Finland (Saarikoski, 2000) and learning for
sustainability workshops in India, Bolivia and Mali (Rist et al., 2007), Process
features that support social learning included the considered facilitation of the
process, group work, repeated meetings and extended contact time (Muro and
Jeffrey, 2008). Offering participants in social learning processes the space for open
communication and encouraging an equal footing for all stakeholders is important
(Muro and Jeffrey, 2008, Cundill and Rodela, 2012). As is including diverse
stakeholders and using multiple knowledge sources (Muro and Jeffrey, 2008). The
positive outcomes of a successful social learning process are listed in Muro and
Jef freyos ((Fglr® B5) andanochide Ibuilding trust, and changing attitudes
and behaviours among stakeholders.

Based on comprehensive literature reviews, Rodela, Cundill, and others have
produced a series of review papers which unpack the research perspectives,
methodological underpinnings, processes, and outcomes of social learning in natural
resource management (Rodela, 2011, Rodela et al., 2012, Cundill and Rodela, 2012,
Rodela, 2013). Three research perspectives have been identified in social learning
literature (Rodela, 2011). Firstly, learning is observed as an outcome of
stakeholders attending events such as participatory workshops. Secondly, social
learning is referred to as the change in the way resource management practices are
undertaken as the result of interaction through networks; and thirdly, social learning
is observed as the broader conceptualisation of learning as an emergent property in
social-ecological systems. Rodela (2011) refers to these research perspectives as
individual-centric, network-centric, and systems-centric. Some authors emphasise
individual learning while others emphasise group learning (Rodela, 2011). Most

researchers recognise that interventions, such as participatory workshops, meetings,
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and multi-stakeholder platforms provide opportunities for social learning (Rodela,
2011).

Interventions such as these offer a platform for exploratory research, supporting
social learning through research design, with the outcomes and assumptions to be
tested in action (Rodela, 2011). However, few papers include active experimentation
on social learning in research projects, rather presenting social learning as hindsight
(Rodela et al., 2012). Social learning in natural resource management is often
extrapolated from projects or activities used to evaluate other processes such as
participation. This is possibly as a result of the role of the researcher involved in
evaluating social learning (Rodela et al., 2012). In the natural resource management
domain such researchers are very often trained in the natural sciences and borrow
practices from social science while maintaining their disciplinary perspectives
(Rodela et al., 2012). Consequently, social processes may be evaluated differently
than they would be by a social scientist. Interdisciplinary research benefits from a
social learning perspective and more experimental, iterative, and reflective methods
should be applied to evaluate social learning processes in management
interventions (Rodela et al., 2012, Rodela, 2013).

Soci al l earning occur s 6in actiono, echoin
management (Armitage et al., 2008, Berkes, 2009) and participatory modelling (for

example, Squi res and Renn, 2011), and o6in intera
problem situation (Loeber et al., 2007, Cundill and Rodela, 2012). Deliberative
interactions among stakeholders from different backgrounds and with different
perspectives provide opportunities for social learning (Jiggins, 2007, Cundill and

Rodela, 2012). It is during interaction that stakeholders can learn to work together

for joint action to develop new and innovative solutions and perspectives on a shared

problem (Jiggins et al., 2007, Cundill and Rodela, 2012).

Social learning through sustained interactions can result in renegotiation of

relationships, sharing of knowledge and increased trust between stakeholders as
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well as a re-framing of shared issues as stakeholders interact (Cundill and Rodela,
2012, Sol et al.,, 2013). The outcomes of social learning processes can be
conceptualised on three axes: (i) the co-creation of knowledge around a topic, (ii) the
convergence of goals, criteria, and knowledge among stakeholders and (iii) changes
in the behaviours, norms, and procedures undertaken in a given context (Jiggins et
al., 2007). Change in perception followed by modifications in the behaviour of those
involved in social learning processes are considered key outcomes of the process,
and it is these changes that influence management outcomes and decision-making

processes (Sol et al., 2013).

However, poorly facilitated collaborative processes may have the opposite effect.
Unsuccessful participatory projects and processes are much harder to find in the
literature and with these stories missing, may bias the reader into thinking that by
encouraging participation that social learning will automatically occur and the
benefits of this process will follow. Muro and Jeffrey (2008) offer a useful critique of
this assertion based on available literature. Mistaken learning, failure to reach
agreement or consensus, increased conflict as a result of stakeholder interaction and
the influence of power over the proces
social learning through participatory processes (Muro and Jeffrey, 2008). Being
conscious of this is important when facilitating and documenting social learning

processes.

Social learning can be observed as either an emergent property of stakeholder
interactions or as an instrument designed and used in a carefully facilitated process
(Wals, 2007, Wals et al., 2009). Facilitated communication and dialogue occurring
across different scales of interactions can strengthen social learning outcomes.
Deliberate facilitation is required to ensure that effective social learning takes place
(Jiggins et al., 2007, Cundill, 2010). Rist et al. (2007) suggest that in addition to
creating a favourable social space, facilitators of social learning processes need to
invest in social capital and connect levels of knowledge. This requires a move
beyond simply involving people representing their sector or discipline. For

successful social learning, some commitment to equitable decision-making is
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required, and conflicts or tensions that may arise through the process should be
approached as learning opportunities (Dyball et al., 2007, Akkerman and Bakker,

2011a) . Thus, facilitating soci alcultirethatni ng
respects and values diversity, transparency and accountabiltydo ( Dy bal | et al
Social learning, therefore, offers the opportunity to take advantage of differences in
perceptions, practices and interests by fostering stakeholder interactions (Sol et al.,

2013) . Joi nt a dacilitatennnovatiam ankl @dsgibly foster pathways for

positive transitions in social-ecological systemso ( Sol @&t al ., 201

There is growing consensus that successful social learning results in improved
decision-making (Cundill and Rodela, 2012). Social learning is issue-driven, and has
demonstrated through practice to support an improved awareness of human-
environment interactions and problem solving abilities of stakeholders involved in

these processes (Cundill and Rodela, 2012).

Participatory and adaptive social learning allows stakeholders to consider social and
environment al r eihtagtaies Meab iampds actiensy céceros8 social
boundarieso , al | owi megotiatiom rof learhimy agendas and indicators of
success0 ( Dy b 32007:1e2). Tad use of boundary objects can facilitate social
learning just as social learning helps to integrate ideas and actions across social
boundaries (Dyball et al., 2007:192) . | satial Eakning firactices benefit more
from working around material objects than from spending endless hours trying to
develop shared visions in the abstractdo ( Ji g g i n s:43¥).t By arigaging watto 0 7
stakeholders around a common objective, for example, indicators or a model (see for
example, Cash et al., 2003) it will be easier to make progress towards a solution to a

shared problem.

The social theories of boundary crossing through the use of boundary institutions
and boundary objects, and social learning will be applied in Chapter 6 of this thesis.

This chapter aims to reflect on the process of participatory modelling through the
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knowledge-based tool development process and uses these theories to support the

observations made.
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Chapter 3

Tracking EAF implementation in the South African sardine fishery:

Indicators of ecological well-being

3.1. Introduction

An EAF requires addressing a large number of issues, taking into consideration
various sources of knowledge and data to do so. It would be inefficient, if not
impossible, to measure everything relating to an EAF in a fishery (FAO, 1999,
Rochet et al., 2007). In the context of an EAF, the role of indicators in supporting the
decision-making process cannot be overlooked. Indicators provide an efficient
means of distilling key elements of a fishery to produce information on the state of
the ecosystem and track progress towards meeting management objectives (Garcia
et al., 2000, FAO, 2003, Rice, 2003, Rochet and Trenkel, 2003, Jennings, 2005).

Indicators can help track progress towards meeting management objectives by
linking societal goals and objectives to management actions (Garcia et al., 2000,
FAO, 2003, Rice, 2003, Rochet and Trenkel, 2003, Jennings, 2005), and are often
used to help bridge the gap between science and decision-making and policy (Potts,
2006, Turnhout et al., 2007). Indicators can be used to promote understanding and
consensus building among stakeholders, as well as communicating trends and
progress made in management processes (Garcia, 2000, Rice, 2003, Degnbol and
Jarre, 2004, Rice and Rochet, 2005, Jennings, 2005, Potts, 2005, Rochet et al.,
2007, Turnhout et al., 2007).

A thorough issue and objective identification process should be the first step in any
effort to develop indicators for an EAF (Garcia et al., 2000, Rice and Rochet, 2005).
A number of frameworks have been developed as useful tools for issue identification
and objectives development in fisheries management; these include the Pressure-
State-Response (PSR) and Drivers-Pressure-State-Impact-Response (DIPSR)
frameworks and hierarchical trees (FAO, 2003). The DPSIR framework, an
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extension of the PSR framework developed by the OECD (1993) is presented in
Figure 3.1. This framework captures the interactions between the environment and
society and is used to assess environmental problems and identify possible
management actions (FAO, 2003). The DIPSR framework distinguishes between
driving forces exerting pressures on an ecosystem, which in turn result in changes to
the state of the ecosystem, and may impact the broader socio-ecological system.
Management provides responses to these impacts; these responses either affect the
driving forces, or directly affect the pressures on the ecosystem. Pressure and state
indicators are usually linked to ecological or technical objectives and response and
impact indicators are often linked to institutional objectives (Degnbol and Jarre,
2004).

[ Pressure
Driving force State
Response — Impact
<_/

Figure3.1: The DIPSRamework widelyused to identify indicatoran the management proces€ECD,
1993).



To assist in identifying the main issues a fishery is faced with when implementing an
EAF and Ecological Risk Assessment has been adopted in Australia (Fletcher et al.,
2002) and South Africa (Nel et al.,, 2007, Paterson et al., 2007). This approach
provides a structured method to help tease out all the issues a fishery faces when
implementing an EAF (FAO, 2003). The ERA applies a hierarchical tree to deal
directly with issues and objectives. In the ERA, the three overarching goals of EAF,
as presented in the FAO EAF framework (see Figure 1.1) are broken down into eight
key components and disaggregated further into specific management objectives to

which indicators can be linked (see Nel et al., 2007).

In South Africa, the Ecological Risk Assessments (ERA) and ERA review processes
have supported the development of response and impact indicators for all three
dimensions of an EAF (Nel et al., 2007, Paterson and Petersen, 2010, Paterson et
al., 2010). Progress in compiling pressure and state indicators for the ecological
well-being dimension of EAF in the South African sardine-directed fishery have been
done to some extent by Fairweather et al. (2006a, 2006b) and Shannon et al. (2010).

These indicators were used in dewsemdgi ng

tracking the implementation of EAF in the South African sardine fishery (Paterson et
al., 2007, Jarre et al., 2008).

Paterson et al. (2007) placed emphasis on stakeholder participation over the fine-
tuning of their model. Since this first prototype was developed further work has been
done on refining the indicator suite and updating the scientific database. While
Paterson et al. (2010) has proceeded in putting together a first prototype for the
human dimension, indicators for the ecological well-being dimension of EAF in the

sardine fishery required further refinement.

This chapter aims at developing a suite of indicators linked to ecological well-being
objectives for EAF implementation in the South African sardine fishery. The time
series of indicators identified through consultation with stakeholders and the

methodology used in calculating each indicator are presented in detail.
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3.2. Objectives for ecological well-being and EAF implementation

in the South African sardine fishery

The management objectives for an EAF in the South African sardine fishery were
first developed through the Ecological Risk Assessment workshops held in 2007 (Nel
et al., 2007). These a multi-stakeholder workshops included representation from
fisheries management, conservation, academic institutions and industry and the
objectives developed here are widely accepted as appropriately representative of the
state of EAF in South Africa. An extensive discussion on objectives for the sardine
fishery was further held at a workshop in Pringle Bay in November 2007 (Jarre et al.,
2007) and further discussions with the EAF Scientific Working Group in October
2009 (EAF-SWG, 2009) resulted in the revision of the objectivesohierarchy for EAF
in the sardine fishery (Figure 3.2).

A hierarchical tree approach was applied for identifying objectives for EAF in the
South African sardine fishery, for the ecological well-being dimension, and the issues
relating to pressure and state indicators in the DIPSR framework were identified.

The objectivesd hierarchy has been divided into separate state and pressure
objectives to help distinguish between pressures to the ecosystem which can be
controlled through management intervention in the fishery and external factors which
indicate changes to the ecosystem state beyond the scope of direct fishery
management (Degnbol and Jarre, 2004, Jennings, 2005). This hierarchy has been
accepted by the EAF-SWG as a suitable framework for the identification of issues
relating to EAF implementation in the sardine fishery (EAF-SWG, 2009). This

hierarchy provides the platform on which this chapter is built.
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3.3. Approach to identifying indicators

Figure 3.2 presents the objectivesdhierarchy in four levels. An overarching objective
for EAF implementation in the South African sardine fishery is split into broad
objectives for pressure and state. The hierarchy is further disaggregated into a suite
of specific management objectives to which indicators can be linked. | accepted
that, at the time this research was conducted, this suite of objectives reflected the
current issues and priorities for EAF implementation in the ecological well-being

dimension for the sardine fishery.

The objectivesbhierarchy was the result of numerous hours of consultation with key
experts in EAF at the time (Jarre et al., 2007, EAF-SWG, 2009). During indicator
development, | kept any discussions on the management objectives to a minimum,
assuming that as this had already been through an extensive consultative process
they would be appropriate for research. However, some changes were made to the
wording of objectives when stakeholders who were consulted during indicator
development process presented a strong motivation for such change, for example to
improve clarity in the objective. Any edits to the objectives were cosmetic, as only
the wording was changed, and did not affectt he o b jneeaning.ve s 6

Linking ecological indicators to the specific management objectives shown in Figure
3.2 was the first step in developing the knowledge-based tool. A literature review
was conducted to identify existing indicators that would address the management
objectives. In addition, experts were identified to assist in identifying indicators
(experts consulted are listed in Table 3.1). The experts consulted were affiliated with
well-established research groups, such as the Marine Research Institute (MA-RE),
Avian Demography Unity (ADU) at UCT or are in-house experts with relevant South
African government departments (DAFF, DEA). Interviews were held with the
identified experts to discuss possible indicators and source relevant data. Experts
consulted here are considered specialists in their relevant fields and are also
stakeholders in this process as they work directly on EAF-related issues considered

important in this fishery. The result of these interviews and the literature review was
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a suite of candidate indicators; a full list of potential indicators is presented in

Appendix 1.

Any indicators selected to support an EAF should be readily observable, linked to
management objectives and be acceptable to stakeholders (Degnbol and Jarre,
2004). Rice and Rochet (2005) further add to the properties of indicators, presenting
a suite of criteria against which to select indicators. These include the concreteness
and theoretical basis of an indicator, cost effectiveness, measurability, availability of
historical data, public awareness and the sensitivity and responsiveness of the
indicator to management action (Rice and Rochet, 2005). No single indicator will
have all these properties. However, the choice of indicators can be supported and
potential trade-offs between candidate indicators can be related to these criteria.

Only the most representative and practically achievable indicators were selected to
measure progress towards meeting the objectives of EAF implementation in the
sardine fishery. The indicators that were finally selected were required to meet the
following criteria (Garcia et al., 2000, Degnbol and Jarre, 2004, Rice and Rochet,
2005, Potts, 2005, Shin et al., 2010):

I. Be easily measured using long term reliable data sets,

il. Show a trend representative of expert understanding of the indicator

(ecological significance and sensitivity to fishing pressure), and

iii. Be acceptable to most stakeholders.

The suite of candidate indicators was narrowed down to ensure they were most
appropriate to the above criteria. These indicators were presented at two
stakeholder meetings. The first meeting formed part of a meeting of the EAF-SWG
(2 March 2011) and the second as part of a meeting of the SWG-PEL (17 May
2011). These two groups consisted of some of the experts who were consulted in

identifying indicators, as well as other stakeholders, from the fishing industry,
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conservation NGOs and the University of Cape Town, who have relevant experience
with one or more of the areas addressed by the management objectives. A list of
stakeholders is included in Tables 3.2 and 3.3. Feedback from these groups was
valuable in selecting appropriate indicators. Stakeholders in both meetings were
asked to provide feedback on the acceptability of the indicators in meeting the
management objectives, and to ensure that they were the most appropriate given the
constraints and available scientific information. From these discussions a final suite
of indicators was selected, these are linked to the management objectives and
presented in Figure 3.3. Table 3.1 provides a detailed description of each indicator
and lists the experts consulted when developing the indicator. Section 3.3 details

the indicators selected and describes the related indicator time series.
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Table3.1: The cescription ofthe ecolagical indicators identified foeachmanagement objective. The
expertsconsulted in identifying indicatorsand their professional affiliationare included

Broad objective

Management
objective

Indicator

Description

Expert consulted
and professional
affiliation

Pressures exerted

by the sardine fishery

Optimisesardine

Optimise
exploitation rate

Exploitation rate

Measure of fishing
intensity Proportion
of the total mortality
caused by fishing (E
FIZ)

Tracey Fairweather
(DAFF)

Deon Durholtz
(DAFF)

mortality

Minimise bycatch of
juvenile sardine

Bycatch ofuvenile
sardine

The bycatch of
juvenile sardine in
the total sardine
directed catch

Janet Coetzee
(DAFF)

Eliminate spatially

Proportion of catch
west of Cape
Agulhas reflects the
distribution of
sardine in the
population

Proportion of
sardine caught west]
of Cape Agulhas

The sardinadirected
catch to the west of
Cape Agulhas
reflects the
distribution of
sardine in the total
population in the
previous year

Carl van der Lingen
(DAFF)

Jan van der
Westhuizen (DAFF)

disproportionate
fishing

Catch of large
sardine in catch
west of Cape
Agulhas reflects the
proportion of large
sardine in the
population west of
Cape Agulhas

Ratio of large
sardine in the
sardinedirected
catch west of Cape
Agulhas

The proportion of
large sexually
mature sardine in
the sardinedirected
catch off the west
coast reflects the
proportion of large
sardine in the total
population

Carl van der Lingen
(DAFF)

Jan van der
Westhuizen (DAFF)

State of the southern Benguela ecosystem

Maintain target
species in a highly,
productive state

Maintain spawner
stock biomass (SSB
above a level where
abundance has
historically been
able to increase in
the presence of
fishing

1'SSB

Model predicted
1'ssB

Janet Coetzee
(DAFF)

Carryn de Moor
(MARAM, UCT)

Maintain target
species in a highly
productive state

Sardine in good
condition

Sardine relative
weight

Median value of
relative condition of
the sardine
population

Hilkka Ndjuala (MA
RE, UCT)

Carl van der Lingen
(DAFF)

Maintain forage
base for
dependent
seabirds

African penguin
populationson
western islands in
good nutritional
condition

Number of breeding
pairs of African
Penguins on
western islands

Breeding numbers o
African Penguins on
western islands

Rob Crawford (DEA
Les Underhill (ADU,
UCT)

Richard Sherley
(ADU, UCT)

Lauren Waér (ADU,
UCT & CapeNature
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Broad objective

Management
objective

Indicator

Description

Expert consulted
and professional
affiliation

African penguin

Number of breeding

Breeding numbers o

Rob Crawford (DEA
LesUnderhill (ADU,

populatpns on pairs of African African Penguins on UCT) .
eastern islands in Penguins on eastern eastern islands Lorien Pichegru
good nutritional islang ds (ADU, UCT)
condition Lauren Waller (ADU
UCT)
Number of breeding| Breeding pairs of Rob Crawford (DEA
pairs of Cape Cape cormorants on| Les Underhill (ADU,
. cormorants western islands UCT)
Healthy seabird
. ) . . : Rob Crawford (DEA
populations in Number of breeding| Breeding pairs of .
. . . Les Underhill (ADU,
general pairs of Swift terns | Swift terns

UCT)

Number of breeding
pairs of Cape
gannets

Area (ha) occupied
by Cape gannets on
western islands

Rob Crawford (DEA|
Les Underhil{ADU,
UCT)

Table 3.2 Stakeholdergresent at theEAFSWG meeting on the 3 March 2011.

Name Institution/ Affiliation Area of expertise
Carl van der Lingen DAFF Sardines and EAF
Astrid Jarre Ma-Re UCT EAF

Lynne Shannon Ma-Re UCT EAF

Rob Crawford Oceans and Coasts, DEA Seabirds

Herman Oosthuizen

Oceans and Coasts, DEA

Top predators

Johan de Goede DAFF Sardines and management
Newi Amakhado Oceans and Coasts, DEA Seabirds
Samantha Petersen WWF South Africa EAF
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Table 3.3 Stakeholdergresentat the SWGPEL meeting on the 17 May 2011.

Name Institution/ Affiliation Area of expertise

Janet Coetzee DAFF Small pelagics

Jan van der Westhuizen DAFF Small pelagics

Yonela Geja DAFF Small pelagics

Johan de Goede DAFF Small pelagics

Carl varder Lingen DAFF Small pelagics

Sobahle Somhlaba DAFF Small pelagics

Nandipha Twatwa DAFF Small pelagics

Deon Durholtz DAFF Small pelagics

Carryn de Moor MARAM UCT Fishery stock assessment
Doug Butterworth MARAM UCT Fishery stock assessment
FannieShabangu DAFF Small pelagics
Mzwamadoda Phillips DAFF Small pelagics

Ashok Bali DAFF Small pelagics

Astrid Jarre Ma-Re UCT EAF

Some of the objectives could not be linked to indicators, the reasons for this are
provided in section 3.4. These objectives remain in the objectivesd hierarchy
(shaded in grey in Figures 3.2 and 3.3), as it they are, or might easily become,
important issues relating to EAF implementation. Once the indicators were finalised,
the time series underpinning each indicator was assembled with the help of the

relevant experts (see Table 3.1).

The selected time series spans the period 1987-2009. This timeline was chosen
based on the availability of historical data, in particular accurate hydroacoustic
survey data (available from 1984) and spatially explicit catch data, which was only
consistently monitored from 1987. The data were collected for this chapter at the
end of 2010, however as a result of delays in data processing the time series were
compiled to 2009.
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Many of the indicators are directly sourced from long term monitoring programmes
and did not require any further processing or analysis. Some indicators in the final
selection had been developed previously, but required revision, for example sardine
exploitation rate (Fairweather et al., 2006a). Indicators of spatially disproportionate
fishing had not yet been developed and were calculated specifically to use this in this

context.

3.4. Indicator selection and calculation

A final suite of eleven indicators were selected for inclusion in the knowledge-based
tool (see Figure 3.3). How the indicators were defined and calculated and the

resultant indicator time series are presented below.

Exploitation rate

The exploitation rate of a fishery is a measure of fishing intensity, defined as the
proportion of mortality caused by fishing (Fairweather et al., 2006a). Exploitation
rate has been shown by Fairweather et al. (2006a) to be a useful pressure indicator
for managing the sustainable fishing of South African sardine. The annual
exploitation rate for the sardine-directed fishery was calculated for the years 1987-

2009 using the equation:
(3.1)

~ O
o =
w

Where F; is fishing mortality and Z; is total mortality. Sardine fishing mortality (F)

was calculated as:

(3.2)

C:l o
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Where N; is the annual biomass estimates from the spawner biomass survey and C;
is the annual total commercial catch. Total mortality was calculated from the
Beverton and Holt (1957) expression relating total mortality (Z) and average size in
the catch:

(3.3)

In this expression, K and Lp are von Bertalanffy parameters for sardine, Layg is the
average length of sardine in the catch and L. is the size at first capture calculated as
the first 0.5cm length-group that accounted for at least 10% of the cumulative catch.
The von Bertalanffy parameters were calculated from size at age data sampled
annually for the years 1993, 1994, 1996, 2000-2004 and 2006-2009 by D.Durholtz
(DAFF) and compared to von Bertalanffy parameters calculated by Kerstan for the
1990s (Fairweather et al., 2006a). The temporal overlap in analysis was used to
ensure consistency and account for any reader effect between data sets. Sardine
growth models were calculated from the size at age data and the von Bertalanffy
parameters K and Ly derived using the Excel add-in Solver. Total mortality was
calculated annually for three separate von Bertalanffy parameter series, (i) Kerstan
von Bertalanffy parameters (KvB), (ii) Durholtz von Bertalanffy parameters estimated
across the time series (DvB1l) and (iii) year specific Durholtz von Bertalanffy
parameters (DvB2).

Figure 3.4 presents the time series for sardine exploitation rate calculated from
DvB1. Exploitation rate was relatively high from 1987-1990, ranging from 0.36-0.85;
this period was followed by a large decline from 0.79 in 1990 to 0.11 in 1991. An
overall increase in exploitation occurred over the period 1992-1996, but from 1997-
2004 exploitation rates were relatively low following the recovery of sardine stocks
and careful management of the fishery. Exploitation rate increased substantially
from 2005, peaking at 0.76 in 2007. This increase can be attributed to a drastic

decline in the sardine population over this period and a slower rate of response by
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the fishery to this drop in biomass. The following years show a decrease in the
exploitation rate as the sardine population stabilised and the management response

in terms of TAC allocation was better matched the available population biomass.
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Figure3.4: Sardine exploitation rate calculated from Durholtz von Bertalanaffy parametegstimatedacross

the time series (DvB1).

The experts consulted considered the exploitation rate calculated from the DvB1 as
the most appropriate indicator to meet the objective of optimising exploitation rate in
the South African sardine fishery. This time series takes into consideration a longer
and more recent sample of sardine age-at-size data and therefore accounts for more
of the changes in sardine growth over the period studied. The year specific DvB
parameters (DvB2) might be more accurate, but as this represents only 12 years of
samples, the time series would be incomplete. Extrapolating the values across the
time series was considered appropriate in this context as it would allow better
comparison to the other indicators. Exploitation rate calculated from the revised
data differs quite substantially from that published in Fairweather et al. (2006a). To
explain this discrepancy in the time series, Figure 3.5 compares the indicator of

exploitation rate presented in Figure 3.4 (DvB1) to:
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I. The previously calculated exploitation rate published in Fairweather et al.
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Figure3.5: Sardine exploitation rate calculated for (i) DvB1, (ii) the previousiyculated exploitation rate

published in Fairweather et al. (2006), (iii) KvB and (iv) DvB2.

Fairweather et al. (2006a) presented an exploitation rate with very low values, with
only two years in the time series exceeding an exploitation rate of 0.25 (Figure 3.5).
The departure in exploitation rate between that calculated by Fairweather et al.
(2006a) and others presented in Figure 3.5 can be attributed to the revision of the
data sets underlying this indicator. The annual mass of sardine-directed catch and
length frequency data was revised in 2008 to account for subjectivity in landing
allocation at monitoring points and to correctly assign bycatch using a consistent cut-
off for allocating catch to bycatch landings (J. van der Westhuizen, Branch Fisheries,
DAFF, pers. comm.). This method was applied retrospectively to the time series

using fishery data collected at landing sites, and resulted in an increase in the mass
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of sardine-directed catch, albeit not uniformly, from the catch data used in
Fairweather et al. (2006a). Abundance estimates of sardine in the November
spawner biomass surveys have been revised to take into account advances in
acoustic technology and correct for biases such as receiver saturation, acoustic
signal attenuation and target strength (Coetzee et al., 2008a). Biomass was

considered to be underestimated using previous techniques (Coetzee et al., 2008a).

Calculating fishing mortality using the revised data sets has resulted in the
exploitation rate returning much higher values, as can be observed in Figure 3.5.
Exploitation rates calculated with the revised data series demonstrate the same
trends over time, with the exploitation rate based on von Bertalanffy parameters
calculated by Durholtz resulting in even higher values than the exploitation rate

based on Kerstands par amet er sSWG Ad SWERREL i

stakeholders expressed some concern over the high values of exploitation rate
presented to them, however they agreed that the methodology and data used to
calculate the indicator values was appropriate.

Percentage bycatch of juvenile sardine in the sardine-directed catch

Bycatch, the incidental catch of non-target species by a fishery, is an important
management issue in all South Africa fisheries. Juvenile sardine are caught as
bycatch in both the sardine-directed and anchovy directed fisheries. Bycatch in both
fisheries is limited through permit conditions and an annual total allowable bycatch
limit is set for the bycatch of juvenile sardine in the anchovy directed fishery.
Increasing concerns over the amount of juvenile sardine caught as bycatch in the
sardine-directed fishery has resulted in an indicator of juvenile sardine bycatch being

developed.

The percentage bycatch of juvenile sardine caught in the sardine-directed fishery
was calculated as the proportion of juvenile sardine caught in the total sardine-

directed catch each year using the equation:
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(3.4)
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Estimates of the biomass of sardine caught each year are collected and recorded by
fishery inspectors and monitors at designated landing sites. Commercial landings
are weighed, the total mass of each species per set is estimated from the total
tonnage landed and the vesselskipper 6 s esti mate of speci
is recorded. In addition, commercial catches are sampled for size composition and
biological characteristics. The numbers of fish in each 0.5 cm size group are
sampled daily and provide a length frequency estimate for each landing. This
information is collected and retrospectively analysed by DAFF to provide an estimate
of the landings by the sardine-directed and bycatch fisheries, as well as a length
frequency of commercial landings each year. The length frequency data for the total
sardine-directed catch was converted to mass using a length/mass relationship given
in van der Lingen et al. (2006).

Juvenile sardine are defined as the sexually immature sardine in the population each
year. An annual cut-off length of juvenile sardine is determined annually from modal
length analysis of acoustically weighted length frequencies derived from the May
recruit survey (Coetzee, 2006, Coetzee and Merkle, 2007). Prior to 1996 a standard
annual cut-off length of 15.5 cm was observed, since then cut-off lengths have

varied, ranging from 11cm to 17 cm.

Figure 3.6 presents the bycatch of juvenile sardine as a percentage of the total
sardine-directed catch and the annual cut-off length of juvenile sardine. Bycatch
varies annually but a trend can be detected, with high bycatch rates from 1992-1996,
1999-2000 and 2002-2003. These periods were characterised by relatively high
sardine recruitment as detected in the May sardine recruitment surveys. The early to
mid-1990s are characterised by relatively low, but increasing biomass while the early
2000s sardine biomass was at levels similar to those in the 1960s (Coetzee et al.,

2008a). From 2004 a period of prolonged poor recruitment occurred resulting in low
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biomass from 2005 (Coetzee et al., 2008a). In 1999 bycatch was high, and although
recruitment for that year was low the previous year experienced exceptionally high
recruitment, making it possible that some juveniles from this cohort were caught in
1999. When good sardine recruitment occurs there are more juvenile sardine in the
population, and it is more likely that the sardine-directed fishery will be catching
juveniles along with adult sardine. In years of low biomass and good recruitment

bycatch is even more likely.
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Figure3.6: The percentage of juvenile sardine caught in total sardiairected catch each yeaand the cut

off length for juvenile sardine varying annually from 1996.

The removal of juvenile sardine from the ecosystem may have serious
consequences to recruitment in certain areas. The resultant indicator time series
corresponds to stakeholder and management concerns over bycatch in the sardine-
directed fishery. In the late 1990s concerns were raised that the small pelagic
fishery was possibly targeting adult sardine for bycatch in the anchovy fishery,
thereby exceeding the sardine TAC (Fairweather et al., 2006a). In September 2002
further concerns were raised as vessels were thought to be targeting juvenile sardine
and landing them as directed catch (Fairweather et al., 2006a). A flow chart was

developed to assist fishery inspectors in classifying landings more accurately,
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however it is thought that bycatch of juvenile sardine is being underestimated and
small sardine are possibly discarded at sea. Juvenile sardine make up very little of
the commercial landings for 2004-2009, but this could be attributed to poor

recruitment over this time period.

Proportion of sardine caught west of Cape Agulhas

Since 1997 a significant eastward displacement of sardine biomass and catches
along the South African coast has occurred (Figures 2.4 and 3.7). The spatial
change in the distribution of the sardine population has raised concerns among
stakeholders that the remaining population of the west coast may be fished too
heavily, particularly as the processing facilities are predominately situated on the
west coast. Currently, management of the fishery does not account for spatial
differences in the population. A mismatch between fishing effort and fish abundance
(Coetzee et al., 2008b) may result in genetic depletion of the remaining west coast
sardine or cause unsustainably high fishing mortality in the area west of Cape
Agulhas (WoCA; Shannon et al., 2006). Spatial indicators have been suggested for

monitoring spatially disproportionate fishing in South Africa (Shannon et al., 2003).
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Figure3.7: The quantity of sardine caught west of Cape Agultzes the total annual sardinedirected catch.
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By ensuring that the proportion of sardine caught on the west coast mirrors of the
distribution of the fish population the impacts of spatially disproportionate fishing
could be minimised. To monitor the impact of fishing on the population WoCA, the
catch of sardine WoCA was calculated as the proportion of the sardine biomass

found WoCA in the previous year by the equation:
(3.5)
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The total commercial catch of sardine is recorded annually by DAFF and is
separated to reflect catch by mass (in tons) of sardine east of Cape Agulhas (EoCA)
and WoCA. Annual sardine biomass in the population, separated into the areas
EoCA and WoCA, is estimated during hydroacoustic surveys conducted in
November each year.

The proportion of sardine caught WoCA to the sardine biomass situated WoCA in
t he previous y eresenfed in $igurev38y Fiom 1987-2005 the
proportion of sardine caught WoCA to sardine biomass WoCA in the previous year
has been consistently below 40%, i.e. less than 40% of the population situated
WoCA was caught in the sardine-directed fishery (Figure 3.8). A peak at 40%
occurred in 1997, a year characterised by high sardine recruitment following a year
of very low biomass. After 1997, an increase in sardine biomass resulted in fewer
fish being caught in subsequent years, from between 10% to just over 20% from
1998-2001. In 2006, however, a huge increase in the proportion of sardine caught
WoCA was recorded. More fish were caught WoCA than were available in the
population in this area in the previous year (109%). This is an anomalous result, but

can be explained by a number of factors:
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I. A drastic decline in sardine biomass occurred in period 2003-2005 (from
over 1 300 000t in 2003 to 75 600t in 2005, see Figure 3.11),

il. A very low period of sardine recruitment occurred during 2004-2005, so
not many sardine were available to the fishery in 2006 (DAFF, 2010), and

iii. Despite the drastic decline in sardine biomass in the mid-2000s, the TAC
allocation did not correspond to this decline, the OMP in use at the time
required only a 10% chance in TAC from the previous year (de Moor et al.,
2011).

These factors may have resulted in the high value returned in 2006. However, the
biomass surveys conducted annually are characterised by a snapshot of the sardine
in the population as a result, these surveys may not have detected the entire sardine

population in that year (see Coetzee et al., 2008b).
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Figure3.8: The percentage of sardine caught west of Cape Agulhas (WoCA) in the total population situated

in that areain November of the previous year
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Ratio of large sardine in the sardine-directed catch west of Cape Agulhas

Managing the sardine-directed fishery sustainably requires that there is a sufficient
proportion of large, sexually mature sardine remaining in the population after fishing
each year. Although fishing has followed the shift in sardine biomass, fishing
pressure is still high on the west coast (Figure 3.8). To maintain a stable spawner
stock biomass (SSB), one of the key aims of fishery management, is to ensure that
there are sufficient numbers of adult sardine in the population. Maintaining a SSB
on the west coast will likely favour that recruitment. While there is currently no
spatially explicit management of the fishery, managing the sardine-directed fishery
responsibly against collapse requires that there is proportion of large sardine
remaining in the population after fishing each year. Monitoring the removal of large
sardine from the population can be done by ensuring that fishing takes into account
the distribution of adult sardine. This may be able to provide an early warning
system highlighting when catch of large sardine in a particular region exceeds the

amount of large sardine in the population.

Large sardine are defined as adult (sexually mature) sardine in the population as of
November each year. From 1987 to 1996 a standard annual cut-off length of 15.5cm
was used to differentiate between immature and mature fish, but since then cut-off
lengths have been determined annually from modal length analysis of acoustically
weighted length weight frequencies derived from annual sardine recruit surveys
(Coetzee, 2006, Coetzee and Merkle, 2007).

Commercial catch data, separated for the areas EoCA and WoCA provided
estimates of total catch and length frequencies. Biomass estimates for sardine
EoCA and WoCA are derived from the hydroacoustic SSB surveys conducted by
DAFF in November each year. The length frequencies of sardine caught and sardine
biomass were converted to mass (in tons) for each length class using a length/mass

relationship by van der Lingen et al. (2006).
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The proportion by mass of large sardine caught WoCA was calculated by the mass
of large sardine caught WoCA to the total sardine biomass caught WoCA in the

same year (equation 3.6, below).

(3.6)
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The proportion of large sardine in the population WoCA was calculated as the mass
of large sardine in the population WoCA to the total sardine biomass in the situated
WoCA (equation 2.7).

(3.7)
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The resulting ratio, presented by equation 2.8 describes the impact of fishing on

large sardine found WoCA.
(3.8)
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The proportion of large sardine in the sardine population situated WoCA and the
proportion of large sardine caught WoCA each year are shown in Figure 3.9. The
proportion of large sardine in the sardine population situated WoCA was variable
throughout the time series, ranging from 25% in 1991 to 95% in 2008. Decreases in
the proportion of large sardine in the population WoCA can be attributed to strong
recruitment over those periods. The decline in the mass of large sardine caught
WoCA in 1999, 2000, 2003 and 2006 are matched, albeit to different degrees to the

mass of large sardine in the population situated WoCA.
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Figure3.9: The percentage catch of large sardine caught west of Cape Agulhas (WoCA) and the percentage of

large sardine in the total population situated that area

The resulting ratio of large sardine caught WoCA is presented in Figure 3.10, note
the cut-off lengths to distinguish adult sardine from recruits vary annually from 1996.
Prior to 1996 a standard annual cut-off length of 15.5cm was observed, since then
cut-off lengths have been determined annually from modal length analysis of
acoustically weighted length weight frequencies derived from annual sardine recruit
surveys (Coetzee, 2006, Coetzee and Merkle, 2007). A ratio greater than one
indicates that too many large sardine are being removed from the area WoCA, which
may flag possible problems for spawners in the future and has implications on the
SSB and recruitment in subsequent years. Spatially disproportionate fishing on large
sardine was high during the late 1980s and early 1990s and in the early 2000s
(Figure 3.10). The peak in ratio of large sardine caught in 2007 may be attributable
to the drastic decline in biomass from 2005 and the slower response of catch
allocation to match the decrease in available biomass, which meant that in 2007 the

exploitation rate was very high due to high fishing mortality.
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Stakeholders raised concern over applying a cut-off definition of large sardine from
modal length analysis from the May recruitment survey, suggesting that not all
sardine that are classified as spawning stock should be considered large.
Alternative cut-off lengths of 16cm and 18cm were examined as potential definitions
for large sardine. These standard cut-off lengths showed relatively different results,
from discussions held with sardine biology experts it was agreed that the annually
varying cut-off lengths used are the most appropriate to reflect the biological
dynamics of sardine in South Africa (C.D. van der Lingen, Branch Fisheries, DAFF,

pers. comm.).
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Figure3.10: The percentage catdhy massof large sardine situated west of Cape Agulhas (WoCA) to the

percentage biomass of large sardine situatedthat area in November of the previous year
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1" Spawner stock biomass

To maintain the target stock in a highly productive state an indicator of the
abundance of the target species is required, with periods of high productivity
occurring when the sardine biomass increases despite ongoing fishing on the
resource (Shannon et al., 2006). Sardine biomass provides a good indication of the
state of the target resource, with a high biomass indicative of more fish being
available for exploitation by the fishery. Spawner stock biomass (SSB) is an
indicator used in single stock assessments, and reflects the total mass of the sardine
in a population that are old enough to spawn. A model predicted 1" Spawner stock
biomass (1"SSB) is used to develop the OMP for the small pelagic fishery and to set
the annual TAC for the sardine-directed fishery. This indicator is calculated from the
stock assessment models, presently in use, the methodology for which is
documented by de Moor and Butterworth (2008).

The stock assessment model is currently under revision (2011) and as such no new
1'SSB data has been produced; this indicator therefore relies on previous
assessment outputs for the period 1987-2006 (Figure 3.11). To update the time
series to 2009 the percentage difference between the acoustically estimated SSB
and model predicted 1'SSB was calculated and averaged across the given time
period (Figure 3.11). The average difference was then added to the acoustically
estimated SSB values, which are estimated in November each year and provide a
snapshot of SSB in population, to provide an estimate of model predicted 1*SSB for
2007-2009. Acoustically estimated SSB consistently underestimates 1°SSB in the
population. The period 1991-1994 is indicative of this, as it was a period of stable
biomass with high productivity (van der Lingen et al., 2006) and strong recruitment
resulting in a recovery from a period of low biomass and a subsequent increase in
biomass in following years (de Moor, MARAM, UCT, pers. comm.). The OMP-08
uses the probability of the sardine population size falling below the average 1991-
1994 biomass estimates as a risk definition against which to test the model (de Moor
and Butterworth, 2008; see box in Figure 3.11).
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This indicator is considered more appropriate than acoustically estimated SSB by
fishery scientists involved in the stock assessment process. While the methodology
used to predict 1'SSB in the stock assessment model may be difficult to interpret by
a non-expert, this indicator addresses some of the criticisms of relying too heavily on
a snap shot view of the population as provided by the November SSB surveys.

Model outputs also account for the sardine caught, which surveys cannot do.

Relative weight

The condition of the target species is a measure of the physical health of the
population. The resource condition may indicate years of favourable environmental
conditions, resulting in enough food for the fish, and fatter fish in the population or
alternatively may indicate poor environmental conditions, where many of the fish in
the population are thin (Ogle, 2010). Three commonly applied measures of condition

include condition factor, relative condition factor and relative weight.
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Ndjaula et al. (2013) calculated an annual sardine relative weight for each year since

1953 using the expression:

(3.9)
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Where W is the observed weight and Ws is the standard weight for a fish of the
same length, calculated from a length-weight relationship to predict the 75"
percentile weight (Ogle, 2010, Ndjaula et al., 2013). The overall condition of the
sardine population is calculated by averaging the condition of all fish in the sample
(Ndjaula et al., 2013).

Figure 3.12 presents the relative weight of sardine for the time period 1987-2009.
This indicator shows that the relative weight of the sardine population has been
declining over the period investigated. A slight peak in relative weight occurred in
the early 1990s, a period of known high productivity of the population, since then
sardine, however, have become significantly

productivity of sardine is low .
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Figure3.12: Median sardine relative weight calculatemhnually to show temporal change in sardine

condition.

Annual trends in condition factor for the South African sardine have been presented
previously (van der Lingen et al., 2006). Condition factor, length at maturity and
standardised gonad mass of sardine indicated a density-dependence in the sardine,
with condition factor declining with increased sardine biomass (van der Lingen et al.,
2006). Condition factor was been shown to be a useful indicator for monitoring
changes in sardine productivity over time, but the time series has not been updated
since publication in 2006 (van der Lingen et al., 2006). In addition, Ogle (2010)
draws attention to the difficulties of using condition factor as a measure of overall
population condition. Condition factor assumes an isometric growth, but most fish
stocks, including sardine, do not exhibit isometric growth, resulting in trends in

condition factor differing in fish of different size classes (Ogle, 2010).

Relative weight is suggested as a more appropriate measure of sardine condition
(Ogle, 2010, Ndjaula, et al., 2013). While previous research on sardine condition
have used condition factor (der Lingen et al., 2006), this new method is considered a

more suitable indicator in the context of EAF implementation in the sardine fishery.
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Maintain a forage base for dependent seabirds

Fisheries may negatively affect predator populations through competition for shared
prey (Crawford et al., 2008, Cury et al., 2011). Seabirds, as central place foragers,
are particularly reliant on the availability of prey during their breeding seasons, as
they need to source adequate supplies of food within a reasonable distance of
breeding colonies (Crawford et al., 2008, Oakes et al., 2009, Sherley et al., 2013,
Robinson, 2014). Localised depletion of prey stocks may seriously impact the health
of seabirds during breeding seasons (Crawford et al., 2006, 2008), and as has been
shown in a global context that the depletion of fish stocks are having as serious an

impact on seabird populations worldwide (Cury et al., 2011).

The African penguin (Spheniscus demersus), Cape cormorant (Phalacrocorax
capensis), Swift tern (Sterna bergii) and Cape gannet (Morus capensis) are four
species of seabird endemic to the Benguela ecosystem and feed mainly on sardine
and anchovy, thus dependent on a forage base of small pelagic species. It is
relevant to note that it is not always possible to separate the reliance of seabird diet
to sardine or small pelagic fish. The dependence of sardine or anchovy as main food
varies across time, area and species (Crawford et al., 2007a, Crawford et al., 2007b,
Crawford et al., 2008, Crawford, 2009, Okes et al., 2009, Pichegru et al., 2009,
Sherley et al., 2013) but a decline in the availability of sardine as prey will have an
adverse effect on these species (Crawford et al., 2008, Robinson, 2014). Indicators
of seabird condition relating to the availability of sardine and anchovy have been

identified for these four species.

Condition of African penguins on western islands

The breeding colonies of African penguins on the west coast of South Africa have
been monitored extensively for several decades, resulting in a long time series of
data on breeding numbers, reproductive success, moulting, survival and diet. In
recent years African penguin numbers have declined drastically and they are now
classified as Endangered on the IUCN red data list (Crawford, et al., 2011, Sherley

et al., 2013). The dramatic decrease in penguin population numbers on the west
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coast has been attributed to the decline in prey availability as a result of the
eastward shift in sardine biomass since the mid-2000s (Crawford et al., 2008, 2011,
Sherley et al., 2013). The limited forage range of African penguins, about 20-40km
from a colony during the breeding season, makes this species very vulnerable to

localised depletion of prey species (Crawford et al., 2008, 2011).

The number of breeding pairs of African penguin populations WoCA and EoCA were
identified as appropriate indicators f or t h e o Bain&@inihgi Afriean ehguird
populations in good nutritional conditiond .

An additional indicator, a composite index of the health of African penguins in the
Western Cape, was also identified and developed. The African penguin health index

was deri ved from Under hill and Crawfordos

regularly monitored indicators of penguin health. Subsequently, however,
discussions on the re-analysis of penguin monitoring data showing the decoupling of
local and global prey availability for African penguins (later published in Sherley et
al., 2013) left uncertainty in the validity of the application of a composite index of
African penguin health. A meeting with a group of seabird experts was held in
October 2012 to discuss, in light of data re-visions, what indicator should be used in
the knowledge-based tool. This group of experts agreed that a simpler, but more
representative indicator (the number of breeding pairs in the Western Cape) was a

more appropriate indicator for the condition of African penguins.

Breeding pairs of African penguins in the Western Cape

The number of breeding pairs of African penguins on 12" islands across the Western
Cape has been monitored regularly for more than two decades; regular nest counts
provide a measure of breeding pairs (Crawford et al.,, 2011, Sherley et al., 2013).
Figure3. 13 presents the number of DbWoEAfdrithe

period 1987-2009.  African penguin populations in South Africa showed some

Lamberts Bay, Malgas Island, Marcus Island, Jutten Island, Vondeling Island, Dassen Island,
Robben Island, Boulders, Seal Island, Dyer Island, Geyser Island and DeHoop
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recovery in the mid-1990s but then suffered a collapse from approx. 35 000 breeding
pairs over 2001-2005 period to 11 000 pairs in 2009. This is the lowest level of
penguin numbers recorded and resulted in a reclassification of the IUCN Red list to
from Threatened to Endangered (Crawford et al., 2011).

Breeding pairs of African penguins
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Figure3.13: Breedingpairs of African penguins in the Western Cape

Condition of African penguins on eastern islands

The number of breeding pairs of African penguins is used as an indicator of penguin
condition on the Eastern Cape islands. Monitoring programmes on six islands?
provide counts of nests of African penguins, which are made once or twice a year on
each island and are used to estimate the number of breeding pairs (Crawford et al.,
2011, Sherley et al., 2013).

2 Jahleel, Brenton, St Croix, Seal, Stag and Bird Islands
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