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1. Introduction

Although small-scale fisheries are important livelihood sources for
more than 200 million people worldwide (FAO, 2017), most lack formal
stock assessments and comprehensive resource management (Costello
et al., 2012). Conventional stock assessments involve complex, data-
hungry models, but often the managers of small-scale fisheries have
neither the requisite biological nor catch data to use these models, nor
sufficient resources to obtain the necessary data (Carruthers et al.,
2014; Honey et al., 2010). In these data-limited fisheries, managers
often struggle to assess the status of fish stocks and implement science-
based management. The ensuing lack of appropriate management
measures can lead to ecological degradation and diminished economic
and social benefits from fisheries (Beddington et al., 2007; Willman
et al., 2009). Where no other options exist, some have even made the
case for implementing not only precautionary management, but data-
less management, which utilizes only local ecological knowledge (LEK)
and information gathered from similar systems (Johannes, 1998).

To address data shortfalls, a number of tools have been developed
for the assessment and management of data-limited fisheries. Fisheries
managers have access to a suite of data-limited assessment methods
relying on fishery-dependent and —independent data combined with
information on species life history (e.g., Babcock and MacCall, 2011;
Ehrhardt and Ault, 1992; Honey et al., 2010; Hordyk et al., 2014).
These methods rely on varying data types and assumptions, and pro-
duce different indicators of fisheries status such as fishing mortality or
spawning potential ratio (SPR). Additionally, to accompany the pro-
liferation of data-limited assessment methods, scientists and managers

* Corresponding author.

have developed several tools to facilitate their use and the interpreta-
tion of their results. Examples include the Data Limited Fisheries
Toolkit, an R package that provides multiple assessment methods and
allows for Management Strategy Evaluation (MSE) comparisons
(Carruthers, 2014; Newman et al., 2014); the NOAA Fisheries Toolbox,
a compilation of biological modelling software for fisheries stock as-
sessments that includes some data-limited methods but lacks guidance
on interpreting results for management (NOAA, 2014); the Food and
Agriculture Organization's Ecosystem Approach to Fisheries Toolbox, a
framework that includes guidance on selections of assessment methods
and a framework for stakeholder engagement (FAO Fisheries and
Aquaculture Department, 2016); the Environmental Defense Fund's
Framework for Integrated Stock and Habitat Evaluation (FISHE), which
provides tools and a step-by-step framework (Environmental Defense
Fund, 2013); the Science for Nature and People working group's tool,
FishPath, a decision-support software that guides users through a pro-
cess of characterizing their fishery based on ecological, socioeconomic,
and governance factors and then identifies potential management
strategies (Dowling et al., 2016); and the Traffic Light (TL) approach,
which integrates multiple quantitative and qualitative criteria to assign
management responses to fisheries (Caddy, 1999, 2015; Caddy and
Mahon, 1998). While each of these frameworks provide valuable in-
formation on some aspect of the assessment or management process,
none of them guide decision makers throughout the entire process from
data compilation to adaptive assessment management with the help of a
user-friendly dashboard.

The Adaptive Fisheries Assessment and Management (AFAM)
Toolkit draws from the best available science and existing tools to guide
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Abbreviations

AFAM  Adaptive Fisheries Assessment and Management

CPUE Catch-Per-Unit-Effort

EDF Environmental Defense Fund

FMP Fishery Management Plan

HCR Harvest Control Rule

KNP Karimunjawa National Park

LBAR Average length method for calculating fishing mortality
LEK Local ecological knowledge

LRP Limit Reference Point

MSE Management Strategy Evaluation
MSY Maximum Sustainable Yield

NTZ No-take zone

PI Performance Indicator

PSA Productivity Susceptibility Analysis
SPR Spawning Potential Ratio

TRP Target Reference Point

TURF Territorial Use Rights in Fisheries

managers through the process of data compilation, fishery performance
assessment in data-limited contexts, results interpretation, management
response implementation, and adaptive management over time through
iterative feedback. AFAM is a comprehensive framework that is de-
signed for small-scale fisheries with varying amounts of data and lim-
ited technical capacity. AFAM's unique contributions to the field of
data-limited fisheries assessment and adaptive management include: 1)
a user-friendly and user-useful open-source dashboard that can be used
online or offline to facilitate data analysis and interpretation; 2) ac-
companying hyperlinked guidance documentation which contains de-
cision-trees, reference tables, and case studies; and 3) a process for
synthesizing multiple performance indicators from independent data
sources using LEK, and adaptively adjusting management decisions
based on new information and changing dynamics. Importantly, while
the toolkit provides information on the tradeoffs and implications as-
sociated with each step, it is not prescriptive and does not provide
fishery-specific advice - final management decisions are still left to the
discretion of the stakeholders involved. Additionally, the toolkit is not
meant to be a replacement for more traditional stock assessment and
management where the data and resources are available; it should ra-
ther be seen as a framework for fisheries that would otherwise have
limited or no scientific management guidance.

The step-by-step process outlined in the toolkit is modeled after a
framework that was applied in the conch and lobster fisheries of Belize
(McDonald et al., 2017). A MSE of that particular framework has shown
that it can act to maintain stable catches and prevent stock collapse,
even when the fisheries are faced with environmental stochasticity and
increasing effort (Harford et al., 2016). The toolkit was further refined
for the Fish Forever partnership in the context of TURF-reserves in the
developing tropics, and thus has a focus on input controls as manage-
ment options as well as data types that are commonly found in this
setting. However, the toolkit is broadly applicable to any type of small-
scale fishery where these types of management options and data exist.

This paper aims to: 1) fully describe the process outlined in the
AFAM Toolkit; and 2) apply the toolkit to a case study of Karimunjawa
National Park, Indonesia (KNP) to illustrate how the toolkit can be used
to inform management recommendations. The materials and methods
section first outlines the AFAM Toolkit generally, including how to
access the toolkit, stakeholders involved and skills required, data re-
quirements, and the eight steps in the toolkit. Second, the materials and
methods section introduces the case study site of KNP and the nine
target species that are analyzed. KNP is a helpful example for using the
toolkit in that it typifies many small-scale fisheries where data are
limited, but where there is a need for improved management due to low
compliance of existing regulations, high fishing pressure, and depleted
stocks (Campbell et al., 2014, 2012). The results section outlines the
results of the KNP toolkit application in a stepwise fashion. Finally,
implications of the results are discussed, both in the context of KNP as
well as in the broader context of how this framework can be used in
other data- and resource-limited fisheries.

2. Materials and methods
2.1. AFAM toolkit overview

2.1.1. Accessing the toolkit

The complete toolkit can be wused online (https://sfg-ucsb.
shinyapps.io/afam-dashboard/), but can also be used offline by instal-
ling an open-source R package (https://github.com/SFG-UCSB/
afamAppPackage). The dashboard is built using the R programming
language (R Team, 2013) and R Shiny package (Chang et al., 2017), the
guidance documentation is built using the R Bookdown package (Xie,
2016), and the R package is stored on the open-access code-sharing
platform GitHub (“GitHub,” 2017). Using the dashboard and guidance
documentation online requires no understanding of R, a key feature to
both the Shiny and Bookdown platforms. As a sample data set for
learning the toolkit and also exploring the results from this paper, the
dashboard comes pre-loaded with the data used in this paper. The
fisheries science and management community is also encouraged to
make contributions to the dashboard R package so that it can con-
tinually improve over time. The authors therefore hope that the toolkit
can further advance the growing open-source and open-science move-
ment (Dabbish et al., 2012; Wolkovich et al., 2012), particularly as it
relates to data-limited fisheries assessment and management.

2.1.2. Stakeholders involved in using the AFAM toolkit

The toolkit facilitation should be led by one person who works with
a multi-stakeholder group to reach consensus and make decisions. It is
ideal if the facilitator has meeting facilitation experience, effective
communication skills, and a general knowledge of fisheries manage-
ment, ecology, population dynamics, and local policy. It can also be
helpful if the facilitator is independent so as not to introduce bias into
the process. The lead facilitator should coordinate a multi-stakeholder
participatory process to work through all steps of the toolkit; this group
may include fishers, managers, buyers, scientists, members of NGOs,
and government officials. It is important that the entire adaptive
management process be participatory in order to: 1) draw on the
knowledge of scientists, resource users, government agencies, and
others; 2) create common goals and a common understanding of the
fishery; 3) create a context for learning together and working co-
operatively; and 4) empower stakeholders with ownership of the pro-
cess. This reduces uncertainty and conflict while increasing the like-
lihood of compliance with regulations generated by the adaptive
management process. A group of individuals, such as a Technical
Working Group, could be formed to work through these decisions.

2.1.3. Data requirements for the AFAM toolkit

The toolkit has minimum data requirements as well as additional
data options that are recommended but not required (Table 1). The
amount of available data will determine the tier for using the toolkit
(see description of tiers in Step 1). At a minimum, it is necessary to have
a qualitative understanding of the fishery and any spatial management
characteristics, along with a list of prioritized species for management
and general management goals. After stakeholders have articulated
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Table 1
Minimum and recommended data for using the AFAM ToolKkit.
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Minimum Data Requirements

Recommended Additional Data Options

Qualitative characterization of the fishery (e.g., local history, gear types, target species, fishing locations, fishing seasons,

existing regulations, etc.)

Spatial management characteristics, if relevant (e.g., TURF and/or Reserve size and location)

List of prioritized species for management

List of general management goals (e.g., to reduce overfishing, to reduce habitat destruction, to increase food security,
to improve income stability, to increase in-water species diversity and biomass for dive tourism, etc.)

Fishery-dependent catch data for prioritized species
Fishery-dependent effort data for prioritized species

Fishery-dependent length-frequency data for
prioritized species

Underwater visual survey data (density of prioritized
species)

Underwater visual survey data (total biomass of all
fish species)

general management goals, the AFAM Toolkit helps these stakeholders
determine how to achieve these goals through an adaptive FMP.

In the case of the KNP case study in this paper as well as other sites
in the Fish Forever program, these data were collected through two
accompanying toolkits, the Fisheries Landscape Assessment and Goal
Setting (FLAGS) Toolkit (see Battista et al., 2016 for a description of one
of the tools contained within this toolkit, focused on ecosystem risk
assessment) (Battista et al., 2016) and the TURF-Reserve Design Toolkit
(see Oyanedel et al., 2016 for a description of the bioeconomic model
that forms the basis of this toolkit, focused on assessing tradeoffs be-
tween different spatial design options) (Oyanedel et al., 2016). How-
ever, other existing tools and informal processes can be used to col-
lection this information in other fisheries contexts (e.g., the
Participatory Coastal Resource Assessment (PCRA) in the Philippines)
(Deguit et al., 2004).

2.2. Steps of the AFAM toolkit

Following a step-wise approach (Fig. 1), AFAM provides a frame-
work to adaptively analyze data, evaluate the performance of the target
fisheries, choose management controls, and adjust management so that
the fisheries move towards sustainable management. Specifically,
AFAM allows fisheries managers to: 1) select fisheries management

1. Determine
assessment and
management tier

8. Complete Adaptive
Fishery Management
Plan (FMP)

7. Adapt fisheries
management controls
using assessment
results

Adaptive cycle

6. Interpret
assessment results

5. Perform assessment

methods

3. Select performance
indicators, reference
points, and assessment
methods

4. Select harvest
control rules
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controls (i.e., science-based regulations) designed to help managers
achieve their fisheries goals (e.g., reduce overfishing, increase species
diversity for tourism); 2) determine how data should be used to monitor
and evaluate target species and ecosystem status over time using fishery
performance indicators; 3) perform data-limited assessment methods to
calculate performance indicators using a simple but powerful dash-
board; and 4) define a process for how fisheries assessment and man-
agement will be reviewed and adapted periodically over time, using the
best available scientific data and LEK. During each cycle of completing
the steps, stakeholders should critically consider how well previous
management actions moved them towards their objectives, and adap-
tively adjust tactics as necessary using this new knowledge.

2.2.1. Step 1 — determine assessment and management tier

The assessment and management tier is based on the data that is
available and will determine which assessment and management op-
tions are available. Tier 1 in the AFAM Toolkit is designed for fisheries
with little to no quantitative data; fisheries with one year or less of
catch, length, and/or underwater visual survey data fall into Tier 2; and
Tier 3 is designed for fisheries with two or more years of catch and/or
length data (Fig. 2). Tier 1 provides precautionary management gui-
dance using qualitative information on the fishery; Tier 2 allows for a
snapshot of data-limited assessments from a single year of data and

Fig. 1. AFAM Toolkit 8-step Schematic.

2. Determinefisheries
management controls
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Tier 1 — Precautionary Assessment and Management

Less than one year of underwater visual survey data, catch and effort data,
and/or length-composition data

NS

Tier 2 - Preliminary Adaptive Assessment and Management

About one year of catch and effort data, and/or length-composition data

NS

Tier 3 - Adaptive Assessment and Management

Two or more years of catch and effort data, and/or length-composition data

Fig. 2. Schematic of the AFAM Toolkit's three assessment and management tiers.

provides a larger range of management options; and Tier 3 allows for
more refined trend analysis of empirical data and data-limited assess-
ments over time, along with the largest range of management options
(see Step 2 for a description of the management options for each tier).
As the AFAM Toolkit is adaptively used at a site over time, the As-
sessment and Management Tier may progress from one level to the next
as more data become available, presenting new assessment and man-
agement options. In Step 1 of the dashboard, users upload their avail-
able data, and their assessment and management tier is automatically
calculated. These data will then be used during subsequent steps in the
dashboard.

2.2.2. Step 2 - determine appropriate fisheries management controls
Fishery management controls allow managers to limit aspects of
fishing behavior to reduce fishing mortality, protect sustainable size
structure in the population, and/or protect key biological or ecological
function. AFAM provides a framework for choosing appropriate fishery
management controls based on the framework proposed by Liu et al.
(2016). Nine potential management controls are included as options,
with different controls appropriate for different tiers (Fig. 3). At a
minimum, for Tier 1 sites with little to no data, AFAM provides several
options: prohibiting the use of destructive fishing gear (i.e., dynamite,
chemicals, fine mesh nets), spatial seasonal closures to protect known

1. Are destructive fishing 2. Are spawning aggregations
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spawning aggregations, and seasonal or sex restrictions to protect
gravid or egg-bearing females. These options can be informed by LEK
and fisher engagement. Toolkit users first consult the following decision
tree to determine an initial list of the types of fisheries management
controls to consider (Fig. 3).

Once the decision tree produces an initial list, users refine the list by
considering the goals of the fishery and evaluating the biological,
ecological, and socioeconomic implications of each type of manage-
ment control. The toolkit guidance documentation outlines potential
impacts of fishery management controls on the following objectives: 1)
biological objectives (protect spawning stock biomass; protect age-
structure; and protect vulnerable life history stages); 2) ecological ob-
jectives (protect habitat; reduce bycatch and/or discards); and 3) so-
cioeconomic objectives (increase fisher profits; increase product
quality; maintain fishing efficiency; and promote fisher safety). Users
crosswalk the specific goals of their fishery with how each management
control might impact that goal. Additionally, users consider the feasi-
bility of each type of management control in terms of data requirements
and enforcement; guidance is provided that outlines these feasibility
considerations for each type of management control. If fisheries man-
agement controls have been implemented in the past, users are directed
to consider how well these controls worked in meeting fisheries ob-
jectives and if these controls are still appropriate or need adapting. Case
studies of how management controls have been applied in small-scale
fisheries are also provided in the documentation to inform toolkit users
how controls could be implemented in their fishery. Once users have
selected their fisheries management controls, they select these in the
checkboxes shown in Step 2 of the dashboard. Only the options ap-
propriate for the assessment and management tier determined in Step 1
are shown.

2.2.3. Step 3 - select performance indicators, reference points, and
assessment methods

Performance indicators show how the fishery is performing relative
to a reference point. They can either be model-based indicators that are
calculated using simple models, such as fishing mortality, or empirical
indicators that are calculated directly from the data, such as trends in
catch. They can even be data-free indicators that are based on LEK, such
as changes in species catch composition or season length. Reference
points include a Target Reference Point (TRP), a desired state of the
fishery, and a Limit Reference Point (LRP), a state that indicates

3. Can gravid or egg bearing

practices occurring ? targeted by fishers ? fem:rI:st: e v: ulaltyhldzntged? . .
¢ l Y, 1“3 nee Questions for each tier
Prohibit the use of any destructive Consider a spatial seasonal Is discard Tier 1
fishing gear (use of dynamite, closure to protect the mortality of the
chemicals, and/or fine mesh nets) spawning aggregation species high?
v ; Tier 2
Consider a Consider a :]
4. Is more than about 10% 5. Does fecundity increase with o seasonal
fthe catch juveniles? size and are larger individuals closure
g selectively harvested? restriction
¢ ¢ 6. Is a time series of Tier3 I:I
Consider a Consider a catch and effort data ler
minimum size maximum size available? -

restriction |

restriction :
v ¥

Consider implementing a harvest
Is discard control method that would be
mortality of the effective at reducing or maintaining
species high? effort (temporal limit, deployment
¢ limit, and/or gear restrictions)

Consider setting an
appropriate catch limit
for a certain time period
based on management
control rules.

Answers to questions

Consider adding gear
restrictions

|[€—

Consider allocating the catch
into individualbag or trip
limits and/or implementing
deployment limits.

Are fishers likely to

compete with each
other?

¢ Yes

vNo

Fig. 3. Decision tree for selecting a preliminary list of appropriate fisheries management controls.
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imminent danger of fishery collapse. The assessment method is the
technique for calculating performance indicators using available data.

The AFAM Toolkit includes 15 performance indicators that should
apply in most data-limited contexts (Table 2) and provides guidance on
the number and type of indicators that should be included based on the
assessment and management Tier. For Tier 1, at least one indicator
should be based on LEK; and if available, at least one indicator should
come from a fishery-independent underwater visual survey. For Tier 2,
at least one indicator should be based on a fishery-dependent length-
composition survey; and if available, at least one indicator should come
from a fishery-independent underwater visual survey. For Tier 3, all
indicators from Tier 2 should be used alongside at least one trend-based
indicator that uses a time series of landings or CPUE data. This is not an
exhaustive list, so additional and/or alternative performance indicators
and assessment techniques can be added within this framework, but
would require users to build additional assessment modules, or use
other modules from other sources.

Data availability is a driving factor in choosing performance in-
dicators, but is not the only consideration in choosing performance
indicators. All data-limited assessment methods have associated input
parameter sensitivities (e.g., Babcock et al., 2013; Carruthers et al.,
2014), caveats and critical assumptions; none provide a perfect re-
presentation of the fishery, and each could be misleading if certain
assumptions are violated. The AFAM Toolkit provides details on the
input parameter sensitivities and caveats associated with each assess-
ment method; these should be carefully reviewed before selecting
performance indicators. Given challenges with any one indicator,
multiple indicators should be used from independent data sources with
different sensitivities, if possible, so that the chance of multiple in-
dicators failing simultaneously is minimized. Additionally, the dash-
board includes a series of questions as a built-in safety check to prevent
assessment methods from being used in situations where assumptions
are clearly violated or data are insufficient.

Many of the data-limited assessment methods used by the AFAM
toolkit rely on species-specific life history information as model inputs;
these requirements are summarized in the toolkit for each method. It is
during this step that the user should compile all relevant life history
information. Wherever possible, parameters from local studies and
fisheries should be used. Sources of these parameters can come from
published scientific literature, unpublished grey literature, and online
databases such as FishBase (Froese and Pauly, 2017). Moreover,
wherever possible and economically feasible, fisheries managers should
conduct life history studies to collect locally-relevant parameters for use
in adaptive management. However, many data-limited fisheries lack
local life history information on their target species or the resources to
conduct new studies; there may therefore be a need to use life history
parameters from populations of the same species that are nearby geo-
graphically. If using life history information from other fisheries, this
should be considered when interpreting performance indicators and
reference points. To aid in the collection of life history parameters, the
dashboard comes pre-loaded with a database of parameters for many
target species that are commonly found in Brazil, Philippines, and In-
donesia, three of the first Fish Forever countries. If using information
from the included life history database, users should first carefully
check the parameters and included references to ensure they are rea-
sonable for their fishery.

Once performance indicators have been determined, TRPs and LRPs
for each performance indicator should be set. Table 2 provides sug-
gested TRPs and LRPs for each performance indicator based on best
practices from the literature and which are broadly applicable for many
finfish species; these are also loaded as defaults in the dashboard.
Length-based indicator reference points are based on either healthy size
structures (i.e., Froese indicators) or proxies for MSY (i.e., fishing
mortality and SPR indicators), while underwater visual survey in-
dicators are based on proxies for healthy coral reef ecosystems. How-
ever, stakeholders should use discretion when setting reference points
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for their particular fishery. These could be adjusted based on the goals
of the fishery; for example, if the primary goal of the fishery is to in-
crease biomass in the water to support a dive tourism industry, a higher
TRP for SPR may be preferred. Uncertainty and risk tolerance should
also be considered, and may result in more conservative reference
points based on stakeholder preferences. Where available, literature
from nearby fisheries or similar target species should also be consulted
to determine the most appropriate reference points. Finally, assessment
methods are selected for each performance indicator. Most indicators
have only one possible method, with the exception of fishing mortality/
natural mortality which has two choices. Once users have selected their
performance indicators, reference points, and assessment methods, they
select these in the checkboxes shown in Step 3 of the dashboard. Only
options that do not violate data requirements and major assumptions
are shown.

2.2.4. Step 4 — define harvest control rules

A harvest control rule (HCR) helps stakeholders compare perfor-
mance indicators with reference points and adjust fisheries manage-
ment controls accordingly. For example, a harvest control rule may
specify that if SPR is found to be below its associated TRP, the total
allowable catch should be reduced by a previously agreed upon
amount. It is important for stakeholders and managers to agree upon
HCRs in a safe and neutral setting before data analysis or decision
making. This can help improve compliance by ensuring management
responses are objective, consistent, transparent, and appropriate. This
can also help mitigate confirmation bias or conflicts of interest by
certain stakeholders, since decisions will be agreed upon before any
data is analyzed or any immediate stakes are at risk. Therefore, it is
necessary to identify all foreseeable scenarios that could occur in the
fishery using the given set of performance indicators and agree upon
the likely interpretations leading to those scenarios and the appropriate
management responses for each interpretation.

The output of this step is a HCR table that outlines all imaginable
scenarios, possible interpretations, and management responses for each
interpretation. Each scenario in the table is defined by a set of perfor-
mance measures, one for each performance indicator. A performance
measure indicates how each indicator is performing against its asso-
ciated TRPs and LRPs. If only a single performance indicator is being
included, only a single set of performance measures must be included in
the HCR table (Table 3). However, if multiple performance indicators
are included, all possible combinations of the associated performance
measures should be included as their own unique scenarios (Table 4).
The AFAM Toolkit translates these performance indicators into a simple
traffic light color-coding system; green indicates desirable fishery per-
formance (the PI is performing better than the TRP), Yellow indicates
undesirable fishery performance (the PI is between the TRP and the
LRP), and Red indicates the fishery is in danger of collapse (the PI is
performing worse than the LRP). Green indicates that no management
response is necessary or management could be less restrictive; yellow
indicates that a precautionary or more restrictive management response
should be implemented; and red indicates that the fishery should be
closed and a fishery recovery plan implemented. The dashboard for
Step 4 automatically creates a blank HCR table to be filled out by the

Table 3
Harvest control rule table for a framework with a single performance indicator.

Scenario  Performance Possible Management
Measure Interpretations Response

1 Green Interpretation A Response A
Interpretation B Response B

2 Yellow Interpretation A Response A
Interpretation B Response B

3 Red Interpretation A Response A
Interpretation B Response B
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Table 4
Harvest control rule table for a framework with two performance indicators.

Scenario  Performance Measures Possible Management
Interpretations Response
Performance Performance
Indicator 1 Indicator 2
1 Green Green Interpretation A Response A
Interpretation B Response B
2 Green Yellow Interpretation A Response A
Interpretation B Response B
3 Green Red Interpretation A Response A
Interpretation B Response B
4 Yellow Green Interpretation A Response A
Interpretation B Response B
5 Yellow Yellow Interpretation A Response A
Interpretation B Response B
6 Yellow Red Interpretation A Response A
Interpretation B Response B
7 Red Green Interpretation A Response A
Interpretation B Response B
8 Red Yellow Interpretation A Response A
Interpretation B Response B
9 Red Red Interpretation A  Response A
Interpretation B Response B

user which includes a row for each scenario and columns for perfor-
mance measures, likely interpretations, and management responses.

When creating the HCR for each scenario, stakeholders must iden-
tify a set of possible interpretations that would explain why the fishery
is experiencing a certain set of performance measures. In some cases, a
particular performance measure or combination of performance mea-
sures will be associated with a unique interpretation of the fishery
performance (McDonald et al., 2017; Prince et al., 2011). In other cases,
a performance measure or combination of performance measures could
be indicative of multiple possible interpretations of conflicting fishery
performance. For example, if CPUE is increasing, this would indicate a
generally positive trend; but if fish are getting smaller, this would in-
dicate a generally negative trend. An alternative explanation could be
that a more efficient gear such as fine-mesh net has been introduced,
which could deplete the population while increasing CPUE in the short
term. LEK is critical in identifying these types of fishery-specific pos-
sibilities. When multiple interpretations are possible, each possible in-
terpretation should be listed in the table alongside an appropriate
management response. The toolkit provides examples of interpretations
and management responses for each performance indicator and asso-
ciated performance measure. These examples have been drawn from
the literature and collective knowledge of the co-authors. However, the
provided examples are by no means exhaustive or prescriptive — they
are illustrative only. It is the responsibility of the stakeholders involved
in the process to outline the most likely interpretations that are likely to
occur in their fishery, along with the most feasible management re-
sponses for responding to those interpretations. In situations of un-
certainty or ambiguity, precautionary management responses should be
employed.

Data collection methodologies may also impact likely interpreta-
tions. To correctly interpret analyses using fishery-dependent data, it is
important to understand the history of the fishery (i.e., management
changes, changes in fleet size, changes in gear types, changes in spatial
distribution of fishing effort), as well as the design of data collection
protocols (e.g., how data collection is stratified across time and space
and across different gear types, fishers, and fleets). To correctly inter-
pret fishery-independent data, is it also important to understand the
history of the fishery, as well as sampling location design, species
mobility, and any observation biases.

Finally, it is important to make HCRs as specific as possible; for
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example, if the performance indicator is 20% below the target reference
point, the total allowable catch should be reduced by 20%. The mag-
nitude that a HCR should adjust fishery management controls will de-
pend on productivity and life history of the target species, likelihood of
compliance, social and political feasibility, enforcement capacity, un-
certainty of data and the estimation of performance indicators, size and
ability of NTZs to buffer uncertainty, and risk tolerance. If HCRs have
been implemented in the past, stakeholders should consider how well
specific changes worked in improving performance measures and
adaptively make adjustments as necessary.

2.2.5. Step 5 — perform assessment methods

During this step, users use the dashboard to calculate their perfor-
mance indicators using the chosen assessment methods. The dashboard
includes data visualization and assessment modules for all assessment
methods included in the toolkit. Additionally, the guidance doc-
umentation provides further information on how each assessment
method works, caveats, inputs and outputs, and assumptions. The catch
curve assessment module utilizes the TropFishR R package (Sparr and
Venema, 1998; Mildenberger et al., 2017), while the spawning poten-
tial ratio assessment modules utilizes the LBSPR R package (Hordyk,
2017; Prince et al., 2015).

2.2.6. Step 6 — interpret assessment results

Using the harvest control rule table defined in Step 4, stakeholders
review assessment results, determine performance measures for each
indicator, and select the most likely interpretation and appropriate
management response. Step 6 of the dashboard provides a summary of
all assessment results and performance measures. Interpreting these
results will be very straightforward if only one possible interpretation
was previously identified for the current scenario of performance
measures. In the case where multiple interpretations are possible, it will
be necessary to utilize stakeholder knowledge to select the most likely
interpretation. The toolkit facilitator should be cautious of conflicts of
interest, for example where stakeholders support certain interpretations
that would indicate more positive fishery performance and therefore
less restrictive management regulations (Mahon, 1997). If stakeholders
cannot agree on the interpretation or are unsure, the most conservative
interpretation and precautionary management response should be
chosen. Once stakeholders have agreed upon an interpretation, users
should record the interpretation in Step 6 of the dashboard.

2.2.7. Step 7 - adjust fisheries management controls using defined harvest
control rules

The harvest control rules defined in Step 4 and the interpretations
generated in Step 6 are used to adjust fisheries management controls
appropriately. By this point, the appropriate management response has
already been agreed upon during Step 4. Users should select the chosen
management response in the drop-down menu in Step 7 of the dash-
board.

2.2.8. Step 8 - complete your fishery management plan

Finally, the outputs of the AFAM Toolkit are used to complete a FMP
for the fishery. Step 8 of the dashboard lets the user generate a PDF or
Word Document summarizing all of the undertaken steps. This can form
the basis of a new management plan. To complement this, the guidance
documentation includes a broader FMP template that contains sections
outlining an overview of the fishery, objectives and challenges, sum-
maries of data, traditional knowledge, research that has been conducted
on the fishery, details on monitoring and enforcement, and a descrip-
tion of the adaptive management framework. This template should be
adapted for the local context of the fishery to be in compliance with any
relevant regulations or norms.
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2.3. AFAM toolkit application in Karimunjawa National Park

We used the methodology described above to assess and provide
management recommendations for a number of target fisheries in
Karimunjawa National Park (KNP) in Indonesia. Since KNP, Wildlife
Conservation Society, and Rare have collected time series of catch,
underwater visual survey, and length data for many target species, we
were able to test all aspects of the toolkit, including the full suite of
data-limited methods. The results of this process will be discussed in the
Results section below.

2.3.1. Study site description

KNP is one of Indonesia's oldest marine national parks, encom-
passing 110,117 hectares of water and three coastal-marine ecosystems:
coral reefs, seagrass and seaweed, and mangrove forests (Authority,
2016). Fishing is the primary livelihood for local residents (Jepara
Regency in Figures - Statistics of Jepara Regency, 2015). Like all pro-
tected areas in Indonesia, KNP is zoned for multiple uses. The current
zoning system includes four types of no-take zones, as well as re-
habilitation zones, mariculture zones, religious and cultural zones, and
traditional fishing zones, which enable the region's inhabitants to
continue fishing using non-destructive practices. An additional tradi-
tional use zone, the Nyamuk Village Managed Area, was established as
a TURF in May 2016. The TURF is managed by a group of community
stakeholders including fishers, neighborhood representatives, elders,
and religious leaders who are currently drafting a Management Plan.
The TUREF is approximately 800 ha in size, including a 150 ha no-take
core zone, making this area a TURF-reserve.

Nine key target species represent a range of catch volumes, prices,
and gear types (Table 5). These species were chosen since they are
found frequently either in the underwater visual survey data, catch
data, or both, and were also identified as important species for fishing
livelihoods by the stakeholder working group described below. Catch
volume, price, and gear type categories were determined using
fishery-dependent landing site data collected at KNP in 2014. Catch
volume is categorized by the annual catch normalized by the number
of sampling trips, and is broken apart by the 33rd and 67th percentiles

Table 5
Key KNP target species including scientific name, common name, predominant gear type
(s), relative catch volume, and relative price.

Scientific Name Common Name Catch Price Predominant Gear
Volume Type(s)
Bolbometopon Bumphead High Low Speargun
muricatum parrotfish
Caesio cuning Yellowtail High Low Speargun
fusilier Trap
Handline
Trolling
Caranx ignobilis Giant trevally Medium Medium Handline
Trap
Trolling
Speargun
Lutjanus gibbus Humpback Medium Medium Handline
snapper Trap
Lutjanus Malabar High Medium Trap
malabaricus snapper
Plectropomus Spotted coral Low High Speargun
areolatus grouper Trap
Plectropomus Leopard coral Low High Speargun
leopardus grouper Trap
Plectropomus Vermicular Medium High Speargun
oligacanthus grouper Handline
Scarus ghobban Blue-barred Low Low Speargun
parrotfish
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(High: > 5.75 kg/sampling trip; Medium: between 1.89 and 5.75 kg/
sampling trip; Low: lower than 1.89 kg/sampling trip). Price is cate-
gorized by the ex-vessel price for each species, and is also broken
apart by the 33rd and 67th percentiles (High: > 46,700 Indonesia
Rupiah/kg; Medium: between 17,100 and 46,700 Indonesia Rupiah/
kg; Low: lower than 17,100 Indonesia Rupiah/kg). Gear types are
listed in descending order of the contribution of each gear type to
catch volume.

2.3.2. Stakeholder working group and process for the KNP case study

To work through the AFAM Toolkit steps described above, a multi-
stakeholder group was assembled. This group included fisheries sci-
entists from partner organizations at the Environmental Defense
Fund, Rare, and the University of California, Santa Barbara, the three
founding partners of Fish Forever. These scientists guided the process
and lead the analysis, while also bringing general expertise on the
selection and interpretation of performance indicators and references
points. The group also included staff from Wildlife Conservation
Society and Rare, who have worked with KNP for a number of years
and are implementing partners for Fish Forever. This staff brought
expertise on the data collection methodologies used by KNP, as well
as knowledge of the fisheries, important for both the analyses as well
as interpretation of the results. Finally, staff members from KNP itself,
another local implementing partner for Fish Forever, participated in
the group. These staff members brought intimate knowledge of the
history of the park and its fisheries, and were critical in interpreting
results. Since this group was composed of members from Indonesia,
the United States, and Mexico, this work was primarily done remotely
over email exchanges and a series of Skype webinars. The team met in
person in KNP in July 2016 to review and interpret preliminary
fisheries assessment results. Working through the entire process took
roughly two years, from late-2014 to early-2017. However, much of
this time was spent learning about the most efficient ways to conduct
this process as well as developing the toolkit itself. We anticipate that
the toolkit presented in this manuscript would greatly improve the
ease and speed of this process, while also reducing the need for the
high level of outside-expertise used in the KNP case study.

3. Results
The step-by-step results of KNP case study are described below.

3.1. Step 1 of the AFAM toolkit — determine assessment and management
tier

To determine the appropriate assessment and management tier, an
inventory of data was conducted. Fishery-dependent landing site data
has been collected since 2009 and includes effort, gear type, catch (by
species), where fishers caught their catch (by zone and whether it was
caught inside or outside KNP), and individual fish lengths and weights
(Campbell et al., 2014, 2012; Figs. A1-A3). Additionally, fishery-in-
dependent underwater visual surveys have been conducted within
KNP intermittently since 2005 (Figs. A4 and A5). Belt transects are
located both in fished and unfished areas of KNP (Campbell et al.,
2012), and divers record fish densities and lengths, which are later
converted to biomass using length-weight relationships (Froese and
Pauly, 2017). For the interpretation of results, fishery-independent
indicators were selected from 2013 data and fishery-dependent in-
dicators from 2014, the most recent data used in this analysis. Since
multiple years of catch, length, and underwater visual survey data are
available for KNP, the Tier 3 assessment and management was se-
lected. This tier features the greatest array of assessment and man-
agement options, since trends in performance indicators can be ob-
served.
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Table 6 (continued)

Suggested New Fisheries Management Controls

Regulatory Mechanism

Compliance Level

Existing Fisheries Management Controls

Species

Consider extending species ban to other villages within KNP

National Law of Fisheries No. 31/2014

Medium

Ban of spearfishing (Karimunjawa Village)
Sale of this species is prohibited (Nyamuk

Village)

Plectropomus areolatus

Consider extending spearfishing ban to other villages within KNP
Consider effort restrictions, such as limiting trap numbers
Consider trap modifications to allow juveniles to escape

Government Regulation No.50/2015 on Empowerment of Small

Fishermen and Small Fish Breeders

Medium

Low National Law No.6/2014 on Village

Minimum weight of 300 g

Consider hook size regulation to prevent capture of juveniles with

handline

Consider speargun regulation, such as ban of compressor fishing or

minimum length at capture limit

National Law of Fisheries No. 31/2014

Low

Plectropomus leopardus ~ Minimum weight of 300 g

Government Regulation No.50/2015 on Empowerment of Small

Fishermen and Small Fish Breeders

National Law No.6/2014 on Village

Consider speargun regulation, such as ban of compressor fishing or

minimum length at capture limit

National Law of Fisheries No. 31/2014
National Law No.6/2014 on Village

Low

Minimum weight of 300 g

Plectropomus

oligacanthus
Scarus ghobban

Consider speargun regulation, such as ban of compressor diving or

minimum length at capture limit

No species-specific controls
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3.2. Step 2 of the AFAM toolkit — determine fisheries management controls

Table 6 summarizes existing fisheries management controls. Some
of these controls apply to all species, while several apply only to specific
species. Additionally, some controls only apply in certain villages —
these are denoted in parentheses. Qualitative compliance levels based
on stakeholder knowledge are provided for each control, as well as the
regulatory mechanism where the control is codified. The current focus
of management in KNP is to strengthen these existing controls, although
the AFAM Toolkit generated new fisheries management control options
for each species later in Step 4 through 6 — these suggested new controls
are also included in this table. In addition to the management responses
outlined in this table, an overarching management response for all
species should be continued enforcement and increased community
awareness of KNP's TURF-reserve system, which can be used to manage
entry and effort for all species.

3.3. Step 3 of the AFAM toolkit - select performance indicators, assessment
methods, TRPs, and LRPs

Because KNP falls into Tier 3, all AFAM performance indicators
from Table 2 can be used. For each performance indicator, TRPs and
LRPs were selected based on best practices from the literature and as
recommended in the AFAM Toolkit (Table 2). To inform the indicators,
life history information was gathered for KNP's nine key target species
through a comprehensive literature review (Table Al). Unfortunately,
no local KNP life history studies exist for these species. For example, the
growth parameters used to assess the status of Plectropomus areolatus in
KNP came from an otolith study in the Torres Strait, about 2000 miles
away (Williams et al., 2008). These parameters may in fact vary sig-
nificantly from the growth parameters of coral groupers in
Karimunjawa. Length-based indicators are therefore used with caution,
and compared with indicators from other data sources and validated
with LEK.

3.4. Step 4 of the AFAM toolkit — define harvest control rules

The current focus of KNP management is to strengthen existing
fisheries management controls (Table 6). Therefore, formal harvest
control rules have not yet been created that define how management
should change given a certain interpretation of the fisheries assess-
ments. HCRs may eventually be defined in the future. For now, stake-
holders simply used the default HCR guidance included in the toolkit as
a starting point to consider possible interpretations and suggested
management actions for each species.

3.5. Step 5 of the AFAM toolkit - perform assessment methods

For this step, the AFAM Toolkit dashboard was used to calculate
all performance indicators. Trends in catch and CPUE, as well as the
ecosystem level Fished:Unfished Biomass Ratio, were calculated for
all species. Only four species had sufficient underwater visual survey
data for calculating species-level Fished:Unfished Density Ratio.
Length-data from 2014 were used to calculate all three Froese in-
dicators for all species. However, only two species (Caesio cuning and
Lutjanus gibbus) had more than 500 length measurements in 2014; and
of these, only one had a unimodal normal distribution indicative of
equilibrium conditions (Caesio cuning, Fig. Al). Therefore, fishing
mortality and spawning potential ratio were only calculated for Caesio
cuning. Once each performance indicator was calculated, it was
compared against its associated TRPs and LRPs to determine its per-
formance measure.

Table 7 shows the raw numerical assessment results for all
performance indicators and priority species. The numerical value for
the performance indicator is given, and each cell is color-coded using
a traffic light system which represents each indicator's performance
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;:sbelses;ent results for each species and performance indicator including the numeric value and traffic light color coding representing the performance measure for
each.
Catch CPUE . . F/m
Species Trend Trend Blom.ass Dens.lty (Catch F/M Percent Percent Pert.:ent SPR
(%) (%) Ratio Ratio Curve) (LBAR) Mature Mega Optimal
Bolbometopon 97.2 26.92 1.24 0.43 23.33 1.67 10
muricatum | (Green) | (Green) | (Green) | (Yellow) ) ) (Red) | (Red) | (Red) ]
Caesio cuning -20.79 -4.76 1.24 1.3 1.63 2.29 99.29 5.51 7.07 0.24
(Yellow) | (Yellow) | (Green) | (Green) | (Yellow) (Red) | (Yellow) | (Red) (Red) | (Yellow)
Caranx -22 -31.03 1.24 5.26 0 0
ignobilis (Yellow) | (Yellow) | (Green) i i i (Red) (Red) (Red) )
Lutjanus 87.68 60.53 1.24 75.15 87.43 11.08
gibbus (Green) | (Green) | (Green) i i i (Yellow) | (Green) | (Red) i
Lutjanus 74.4 -38.1 1.24 100 78.05 21.95
malabaricus | (Green) | (Yellow) | (Green) i i i (Green) | (Green) (Red) ]
Plectropomus -55.3 -52 1.24 1 38.1 23.8 41.6
areolatus (Red) | (Red) | (Green) | (Green) ) i (Red) | (Yellow) | (Red) i
Plectropomus -13.25 -37.69 1.24 65.79 34.21 23.68
leopardus | (Yellow) | (Yellow) | (Green) ) ) ) (Yellow) | (Green) | (Red) i
Plectropomus 5.89 -34.43 1.24 15.96 2.13 4.26
oligacanthus | (Green) | (Yellow) | (Green) i i i (Red) (Red) (Red) i
Scarus 38.93 -16.34 1.24 0.61 90.48 19.05 33.33
ghobban (Green) | (Yellow) | (Green) | (Green) ) i (Yellow) | (Red) (Red) i

measure. Any cells marked with a hyphen (“-“) had insufficient
data.

3.6. Step 6 of the AFAM toolkit - interpret assessment results

Stakeholders worked through assessment interpretations one spe-
cies at a time. For each species, stakeholders discussed the history of the
fishery and their general impression of its conditions. Stakeholders
talked through several likely interpretations using the AFAM Toolkit as
a guide. While Step 4 of the Toolkit has not yet been used to create
formal harvest control rules for KNP, the toolkit guidance documenta-
tion provides many possible interpretations and suggested management
responses for all included performance indicators. In this way, the
AFAM Toolkit spurred conversation and provided a structured way to
think about this process, rather than providing prescriptive re-
commendations. Once the group had agreed upon an interpretation for
each fishery, suggested management responses were generated and the
feasibility of each management response was discussed in the context of
KNP. Using the assessment results from Table 7 and the list of current
and proposed fisheries management controls from Table 6, Table 8
shows the stakeholder-derived interpretations, suggested management
responses, and feasibility of management response implementation for
each target species.

While it may have been possible for stakeholders to arrive at some
of these interpretations without looking at the data and simply relying
on LEK, the use of quantitative data-limited methods did reveal patterns
that may not have otherwise been observed, such as the beginnings of
stock recovery for Caesio cuning and Lutjanus gibbus, as well as the
danger of hyperstability for Bolbometopon muricatum, Lutjanus mala-
baricus, and Plectropomus oligacanthus.

3.7. Step 7 - adjust fisheries management controls using defined harvest
control; and step 8 - complete your fishery management plan

Steps 7 and 8 have not yet been completed by KNP, and the

suggestions contained in this paper have not yet been formally in-
tegrated into a FMP. Recent effort and capacity in KNP has been focused
on implementing rights-based managed access through the creation of a
TURF-reserve. However, it is hoped that results from Steps 1-6 above
will eventually be used to inform the management regulations and an
adaptive FMP within this TURF-reserve.

4. Discussion

One of the most important features of the AFAM toolkit is that it
guides fishing communities through a participatory process of de-
veloping fisheries management rules based on ecological and socio-
economic goals. While the toolkit does not automatically prescribe
specific fisheries management controls, performance indicators, re-
ference points, or harvest control rules, it provides a structured ap-
proach for communities to compile the necessary information and
make these decisions themselves. A key feature of the AFAM Toolkit is
the flexibility to use the toolkit with any amount of data, different
types of data, and varying levels of technical capacity. Another key
feature is that the collaborative nature of the toolkit provides op-
portunities to incorporate LEK into management decisions.
Stakeholder LEK can provide important insight into local conditions,
stock statuses, and patterns in landings that may otherwise not surface
in the performance indicators themselves (Aswani and Hamilton,
2004). Participatory adaptive management also provides an oppor-
tunity to build technical, scientific, and leadership capacity in local
communities which may help to sustain co-management in fisheries in
the long term and may improve the ecological and socioeconomic
outcomes of management interventions and reduce non-compliance
(Evans et al., 2011; McCay et al., 2014; Wamukota et al., 2012). The
toolkit was built on the foundation of adaptive management so that
assessments, interpretation, and management decisions can be re-
visited over time as more information and data become available and
as environmental, social, and economic conditions change.

Inherent in any data-limited assessment initiative is the need to
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Table 8
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Stakeholder-derived interpretations, suggested management responses, and feasibility of management response implementation for each species.

Species Interpretation Suggested Management Response Feasibility of Implementation
Bolbometopon High fishing pressure and increasing gear efficiency Consider speargun regulation, such as ban of Could be coordinated with the Provincial
muricatum with the use of spearguns has led to depleted compressor fishing or minimum size limit Fisheries Agency, KNPA and Karimunjawa

Caesio cuning

Caranx ignobilis

Lutjanus gibbus

Lutjanus
malabaricus

Plectropomus
areolatus

Plectropomus
leopardus

Plectropomus
oligacanthus

Scarus ghobban

population while temporarily maintaining catch and
CPUE,; this could be a case of hyperstability.

The stock is likely experiencing fishing pressure that
is too high. However, due to its fast-growing nature,
it is likely on a positive trajectory and has recovered
somewhat since the ban of muro-ami nets in 2011
and the transition to spearguns and handlines.

High fishing pressure has led to depleted population

Stock is doing fairly well, but may be experiencing
slight overfishing

Increasing export demand has led to increased
targeting and decrease in size structure as fishery has
become more depleted. Serial depletion or
hyperstability could be causing increases in catch and
CPUE.

Increasing export demand has led to increased
targeting and a depleted fishery.

Increasing export demand has led to increased
targeting and a depleted fishery. Ban on nets since
2011 may have helped, but gears are getting more
efficient with transition to speargun

Increasing export demand has led to increased
targeting and a depleted fishery. Serial depletion or
hyperstability could be causing increases in catch and
CPUE. Ban in net since 2011 may have helped, but
gears are getting more efficient with transition to
speargun

This species is mostly caught for local consumption
and is likely experiencing fairly low fishing pressure

Consider banning the trade and sale of this species
to protect its ecological function

Consider precautionary speargun regulation, such
as ban of compressor fishing or minimum size limit

Consider hook size regulation to prevent capture of
juveniles with handline

Consider hook size regulation to prevent capture of
juveniles with handline

Consider bans on net fishing

Consider a minimum length at capture limit

Larger NTZs with better compliance, focusing on
tourism zones, and surveillance from tourism
operators

Consider trap modifications to allow juveniles to
escape

Consider effort restrictions, such as limiting
numbers of traps

Consider regulation of hook size to prevent capture
of juveniles with handline

Consider effort restrictions, such limiting numbers
of traps

Consider trap modifications to allow juveniles to
escape

Consider a Fishery Improvement Plan, certification
scheme, or other supply chain interventions that
may increase price while also incentivizing
sustainable fishing practices

Consider extending species ban to other villages
within KNP

Consider extending spearfishing ban to other
villages within KNP

Consider effort restrictions, such as limiting trap
numbers Consider trap modifications to allow
juveniles to escape

Consider trap modifications to allow juveniles to
escape

Consider hook size regulation to prevent capture of
juveniles with handline

Consider speargun regulation, such as ban of
compressor fishing or minimum length at capture
limit

Consider speargun regulation, such as ban of
compressor fishing or minimum length at capture
limit

Consider speargun regulation, such as ban of
compressor diving or minimum length at capture
limit

Village governments.

Would be difficult since there are currently
no regulatory mechanisms in place; KNPA
could play role in socializing this idea
Could be coordinated with the Provincial
Fisheries Agency, KNPA and Karimunjawa
Village governments.

Could be coordinated with the Provincial
Fisheries Agency, KNPA and Karimunjawa
Village governments.

Would be difficult since there are currently
no regulatory mechanisms in place; KNPA
could play role in socializing this idea
Would be difficult since there are currently
no regulatory mechanisms in place; KNPA
could play role in socializing this idea
Would be difficult since there are currently
no regulatory mechanisms in place; KNPA
could play role in socializing this idea
Would be straightforward to implement as
part of the re-zoning process that happens
every 5 years

Could be coordinated with the Provincial
Fisheries Agency (Act No.1/2014), although
this act is not yet fully enacted

Would be difficult since there are currently
no regulatory mechanisms in place; KNPA
could play role in socializing this idea
Would be difficult since there are currently
no regulatory mechanisms in place; KNP
Authority could play role in socializing this
idea

Would be difficult since there are currently
no regulatory mechanisms in place; KNPA
could play role in socializing this idea
Could be coordinated with the Provincial
Fisheries Agency, KNPA and Karimunjawa
Village governments

Could be coordinated with the Provincial
Fisheries Agency, KNPA and Karimunjawa
Village governments

Would be difficult since there are currently
no regulatory mechanisms in place; KNPA
could play role in socializing this idea
Could be coordinated with the Provincial
Fisheries Agency (Act No.1/2014), although
this act is not yet fully enacted

Would be difficult since there are currently
no regulatory mechanisms in place; KNPA
could play role in socializing this idea
Could be coordinated with the Provincial
Fisheries Agency (Act No.1/2014), although
this act is not yet fully enacted

Would be difficult since there are currently
no regulatory mechanisms in place; KNPA
could play role in socializing this idea
Could be coordinated with the Provincial
Fisheries Agency, KNPA and Karimunjawa
Village governments

Could be coordinated with the Provincial
Fisheries Agency, KNPA and Karimunjawa
Village governments

Could be coordinated with the Provincial
Fisheries Agency, KNPA and Karimunjawa
Village governments
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ensure that assumptions associated with each assessment approach
are not violated and that sensitivities to life history parameters are
considered. Methods used to calculate fishing mortality and SPR as-
sume constant natural mortality across size classes and are extremely
sensitive to the natural mortality life history parameter which can be
difficult to estimate in practice (Hordyk et al., 2014; Hoenig et al.,
2016). These methods also assume equilibrium conditions, which may
not be appropriate if recent management changes, environmental
regime changes, or changes in gear selectivity or catchability have
taken place. They also assume length data reliably track population
size structure changes, and thus may be less accurate for small, fast-
growing species. The Froese indicators are sensitive to life history
parameters and selectivity, and may not always indicate the sustain-
ability of the stock when used alone (Cope and Punt, 2009). The
density ratio and coral reef threshold methods assume that a fully-
functioning and well-enforced NTZ has been sited appropriately with
representative habitat inside and outside of the NTZ, and has been in
place long enough for the population living inside the NTZ to be a
proxy for an un-fished population (Fujita et al., 2014; McGilliard
et al., 2010; Babcock and MacCall, 2011). Biases can also occur with
fishery-independent performance indicators due to survey design, site
selection, number of transects within a survey, transect size, and
observer biases (Floeter et al., 2005; Sale and Sharp, 1983; Holt et al.,
2013; St John et al., 1990; Thresher and Gunn, 1986). Underwater
visual surveys may also be unreliable for schooling or highly mobile
species (Floeter et al., 2005). Simpler indicators can also be used, such
as empirical trends in catch and/or CPUE that are observed directly
from the data. However, CPUE may not be proportional to abundance
over a whole exploitation history and an entire geographic range,
because numerous factors affect catchability such as changes in gear
type and efficiency. Catch trends can also be misleading if recent
management or gear changes have taken place. The AFAM Toolkit
therefore outlines the assumptions and challenges with each perfor-
mance indicator and assessment technique within the toolkit. By
systematically reviewing this information, stakeholders can better
understand strengths and weakness with each approach and choose
the most appropriate methodology for their fishery.

It is also necessary to use the best-available life history information
in each assessment method and understand the implications of bor-
rowing life history information from other regions or fisheries. Life
history parameters can vary across geographic regions and environ-
mental gradients, such that different populations of the same species
may have different life history parameters (Gust et al., 2002). This
spatial variation in the parameters can lead to uncertainty in what
value is most appropriate for a specific fishery. While the current AFAM
Toolkit does not incorporate uncertainty in life history parameters into
calculations of performance indicators, this feature could be an area of
future work.

Integrating multiple performance indicators into a single inter-
pretation of fishery performance remains one of the greatest chal-
lenges of a multi-indicator framework like AFAM. This challenge is
exacerbated when the indicators yield conflicting messages, as was
the case with target species in KNP. There are generally two methods
of reconciling these conflicts: 1) qualitative integration relying on
LEK, as is outlined in this toolkit, and 2) quantitative integration re-
lying on statistical methods or weighted scoring. With qualitative
integration, stakeholders' LEK can verify if the relationship between
the various performance indicators and their reference points is
consistent with their knowledge of the fishery. In the case of in-
dicators with conflicting messages, this knowledge is leveraged to
resolve contradictions with a unique interpretation of fishery perfor-
mance (McDonald et al., 2017; Prince et al., 2015). Local knowledge
about management and gear history can inform which interpretation
is more likely. LEK was critical during the interpretation process of
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the KNP case study in helping to explain why several species are ex-
periencing increasing CPUE but showing poor performance across the
length-based indicators (i.e., Caesio cuning, Plectropomus leopardus,
and Plectropomus oligacanthus). For several of these species, stake-
holders believe that continued high fishing pressure has led to de-
pleted populations but a transition to efficient spearguns is driving
increased CPUE, a situation that warrants precautionary manage-
ment. A number of quantitative methods also exist for statistically
integrating multiple indicators (Petitgas, 2009; Pitcher and Preikshot,
2001). An additional middle-ground approach could be to weight
each performance measure and combine the measures into a single
score indicative of fisheries performance (Harford et al., 2016).
However, this toolkit purposefully avoids this approach for several
reasons. Given the uncertainties in each of the data-limited assess-
ments included in the toolkit, simply averaging or weighting perfor-
mance measures into a single value might give toolkit users false
certainty that this single value is absolutely correct, which could lead
to less precautionary management recommendations. Additionally,
providing this sort of single value could mask problems in the fishery
that could otherwise be elucidated through stakeholder discussion
and local ecological knowledge, which could lead to sub-optimal or
even detrimental management recommendations. For example, if a
two-indicator framework shows that average length is increasing and
catch is increasing, these two generally positive measures would in-
dicate positive fisheries performance if they were simply quantita-
tively weighted and combined into a single score. This would be an
accurate representation if the fishery were actually recovering, but
increasing average length and increasing catch could also be the result
of increasing effort and expansion into deep water fishing grounds
where larger fish are present, a situation that would in fact warrant
concern and very different management recommendations, but would
only be elucidated by a group of stakeholders familiar with the
fishery. Finally, while formal Management Strategy Evaluation can be
used to evaluate if an averaging or weighting approach could perform
well for a particular fishery (e.g., the Harford et al., 2016 case study),
this highly technical modeling approach is beyond the technical ca-
pacity of most small-scale fisheries for which the toolkit is designed.
For these reasons, the toolkit purposefully does not include a quan-
titative approach for averaging or weighting of performance mea-
sures, but rather relies on LEK for interpretation of multiple measures
and recommends precautionary management in situations of un-
certainty or ambiguity.

Another area of future research could include simulations or ana-
lyzing empirical evidence to demonstrate the efficacy of the framework.
Simulations using a management strategy evaluation (MSE) for parti-
cular fisheries could highlight biases and input sensitivities, identify the
circumstances when one or several data-limited assessment methods
could be consistently wrong and lead to misguided interpretations, and
determine how well synthesizing certain combinations of indicators
works in providing an objectively accurate interpretation of fishery
performance. Previous MSE work has demonstrated that this type of
adaptive management framework is expected to maintain stable catches
and prevent stock collapse when equally weighting a suite of empirical
indicators from independent data sources such as trends in catch, CPUE,
and fishery-independent survey of abundance (Harford et al., 2016).
Another area of future work could include evaluating empirical data
from a fishery where the AFAM Toolkit framework is employed, such as
KNP, to track how well the fishery performs over time and whether
management goals are achieved.

Although the AFAM Toolkit has not yet been fully implemented
into KNP's FMP, it has been a valuable tool in illuminating challenges
in the fisheries and generating potential new directions for manage-
ment. Length-based indicators for many species suggest that the size
structures of the populations have been truncated by historical
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overfishing. However, seven of nine species show an increasing trend
in catch and six of nine species show an increasing trend in CPUE.
While there is no counterfactual or control site, this is encouraging
evidence that broadly suggests recent conservation intervention
management changes may be working to gradually improve fishery
conditions. These interventions included bans on muroami (a type of
destructive net which is driven into the reef) in 2010, a rezoning of
the park in 2012 which established more no-take areas, and new
village regulations designed to promote sustainable fishing practices
that were implemented from 2012 onwards. In 2015, based on in-
terpretations of the data collected up until 2014, the Karimunjawa
National Park Authority, village communities, and NGOs facilitated
development of a uniform set of regulations for adoption throughout
the park. This included improved community compliance with no-
take areas and bans on blast fishing, cyanide use, and the use of large
nets such as muroami and purse seine.

Despite this encouraging evidence from KNP, precaution should still
be exercised due to a number of challenges. For example, while most
life history parameters came from the coral triangle region, some did
not, and none came from KNP. Additionally, all fishery-dependent data
come from landing sites in Karimunjawa village, just one of four fishing
villages within KNP. These challenges may bias any single indicator,
necessitating the use of multiple indicators to corroborate performance,
and also precautionary management responses in the face of un-
certainty. Finally, while the toolkit successfully helped a group of sta-
keholders assess the KNP fishery and provide management re-
commendations, this information still needs to be incorporated into a
formal FMP, a practical challenge of translating science into action. A
formal FMP could help the fishery status of KNP by reducing effort
through the TURF-reserve system and also increasing selectivity and
size of first capture of certain species through gear restrictions or size
limits, allowing size structures to rebuild and populations to further
rebound.

The toolkit was also piloted at sites in Brazil and the Philippines
which had much less data than KNP, revealing the toolkit's value in
contexts that are even more data-limited. In the case of six sites in
Brazil, about one year of length data were available, meaning these
sites were Tier 2 and that a number of length-based performance in-
dicators could be calculated for each site. These indicators showed that
in general, overfishing and catch of immature individuals was likely a
problem at some sites, informing the need for more effective protection
of population size structures through the use of increased mesh sizes,
minimum size limits, and protection of nursery grounds. In the case of
four sites in the Philippines, less than one year of length or catch data
were available, meaning these sites were only Tier 1. Even without
much data, using the toolkit facilitated the selection of precautionary
management recommendations including better enforcement of ex-
isting regulations (e.g., ban on dynamite fishing) and protection of
seasonal spawning aggregations based on LEK. Despite the lack of sig-
nificant amounts of data for both the Brazil and Philippines study sites,
the toolkit was still valuable by providing preliminary management
recommendations, as well as helping site managers and stakeholders
better understand the importance of setting up a more comprehensive
data collection program and how these data could be used to directly
inform more refined management decisions in the future.

5. Conclusion

The Adaptive Fisheries Assessment and Management Toolkit
packages tools and methodologies into a guided process that allows
managers to readily assess and manage their fishery. An open-source
dashboard and step-by-step user guide provides stakeholders with re-
sources to design their own adaptive management framework and
calculate appropriate performance indicators for use in the framework.
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When using the toolkit, certain challenges persist that are relevant to
many data-limited assessment applications, including imperfect sam-
pling, uncertainty in life history parameters, and key assumptions in
data-limited models. However, the AFAM Toolkit mitigates some of
these challenges by including multiple performance indicators that can
be used to triangulate an interpretation of fishery performance when
informed by local ecological knowledge. It also provides an adaptive
framework that improves over time and can be used to monitor trends,
even in the face of biases and uncertainties. While the AFAM Toolkit is
not meant to replace traditional stock assessment and management
approaches, it can provide a way forward for places where those ap-
proaches are currently infeasible. The dashboard can be found online
(https://sfg-ucsb.shinyapps.io/afam-dashboard/), or downloaded as an
R package for local use (https://github.com/SFG-UCSB/
afamAppPackage). The authors hope that the dashboard can con-
tribute to the open-science movement for the benefit of data-limited
small-scale fisheries.

The toolkit was used to assess the current performance of nine of the
most important fisheries within Karimunjawa National Park, Indonesia.
Even with challenges around data sources and performance indicators,
the multi-indicator framework was used in tandem with stakeholder
LEK to determine the most probable interpretations of fishery perfor-
mance. For most species, the calculated performance indicators and
interpretations show signs that high fishing pressure has likely led to
depleted populations and truncated size structures, although some
stocks are showing signs of recovery since recently applied manage-
ment interventions. Moreover, these interpretations were used within
the toolkit's framework to determine suggested management responses,
which include regulation of the speargun and trap fisheries to be more
selective, minimum size limits and the use of larger hook sizes to pre-
vent capture of juveniles, and decreased fishing effort through spatial
property rights and the established TURF-reserve system. The authors
are hopeful that these recommendations will be considered when de-
veloping a KNP FMP. Given the toolkit's ability to translate small-scale
fisheries data directly into management responses, it has broad ap-
plicability to other fisheries within Indonesia as well as small-scale
fisheries more broadly.
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Appendix
Bolbometopon muricatum Caesio cuning Caranx ignobilis
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Fig. Al. Fishery-dependent length-frequency histograms for each species in 2014 in KNP, bin size of 1 cm. Data are aggregated across all management zones within KNP and across all
gear types. Length at 50% maturity is shown for each species as a vertical dashed line.
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Fig. A2. Normalized catch (in terms of kg per sampling day) over time for each species. Data are aggregated across all management zones within KNP and across all gear types. Solid black

lines are linearly interpolated between points to help observe trends.
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Bolbometopon muricatum Caesio cuning Caranx ignobilis
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Fig. A3. Median catch-per-unit-effort (CPUE) (in terms of kg per fisher-day) over time for each species. Data are aggregated across all management zones within KNP and across all gear
types. Solid black lines are linearly interpolated between points to help observe trends.

1.75-

0.75-

Fig. A4. Multi-species fished:unfished biomass ratio over time (aggregated across all observed species). A horizontal dashed line is shown at the TRP of 0.5. Solid black lines are linearly
interpolated between points to help observe trends.
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Fig. A5. Target species fished:unfished density ratio over time. A horizontal dashed line is shown at the TRP of 0.6. Solid black lines are linearly interpolated between points. Solid black
lines are linearly interpolated between points to help observe trends.

Table Al

Target species life history information for KNP. Parameters included are von Bertalanffy growth parameters (V.B Ly, V.B k, and V.B. to), in-
stantaneous natural mortality (M), length-weight relationship parameters (a and b), lengths at 50% and 95% maturity (mso and mgs), and maximum
age (Max Age).

Scientific V.B. Lins V.B. k V.B. to M a b msg mso Max Age

name

Units cm - years - g and cm g and cm cm cm years

Bolbometopon 157.8 0.063 —0.470 0.236 0.0131 3.050 (Froese 53.5 61.0 40.0
muricatum (Couture and (Couture and (Couture and (Randall (Froese et al., et al., 2014) (Hamilton (Hamilton (Hamilton

Chauvet, Chauvet, Chauvet, etal., 1990) 2014) et al.,, 2007) et al., 2007; et al., 2007)
1994) 1994) 1994) Stern-Pirlot,
2006)
Caesio cuning 62.2 0.320 -0.420 0.892 0.0208 3.0322 13.95 15.9 9.0
(Carpenter, (Carpenter, (Carpenter, (Carpenter, (Longenecker (Longenecker (Longenecker (Longenecker (Carpenter,
1987) 1987) 1987) 1987) etal, 2014)  etal, 2014) etal, 2014) etal, 2014; 1987)
Stern-Pirlot,
2006)

Caranx 184.0 0.690 —0.024 0.223 0.0202 (Pauly 3.000 (Pauly 54 (Williams, 61.56 26.3

ignobilis (Abdussamad (Abdussamad (Abdussamad (Paxton et al., 1996) et al., 1996) 1965) (Williams, (Paxton
et al.,, 2008) et al., 2008) et al., 2008) et al., 1989) 1965; Stern- et al., 1989)
Pirlot, 2006)
Lutjanus 44.9 0.32 -0.526 0.82 0.0210 2.996 25.4 28.96 10.8
gibbus (Martinez- (Martinez- (Martinez- (Martinez-  (Kulbicki (Kulbicki (Martinez- (Martinez- (Martinez-
Andrade, Andrade, Andrade, Andrade, et al., 1993) et al., 1993)  Andrade, Andrade, Andrade,
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