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As the world population grows, fisheries practitioners will be under increased pressure
to address global challenges in data-limited fisheries management. With a focus on
addressing localized and case-specific management needs, we provide a practical
guide to the design and development of multi-indicator frameworks for fishery
management. In a data-limited context, indicators are observations or estimates of the
state of the fishery resource that are typically proxies for variables of interest, rather
than quantities such as stock biomass estimated from data-rich stock assessments.
Indicator frameworks structure the integration and interpretation of indicators to guide
tactical fishery decision-making, often when the application of more formal analytical
assessments is not feasible, yet where indicators in combination provide insight into
stock status. With a focus on multi-indicator frameworks, we describe a pragmatic
approach for their development via a set of organizational steps, considering a wide
spectrum of types and severity of information limitations. We highlight where muilti-
indicator frameworks can be insightful and informative in relation to single indicator
approaches but also point to potential pitfalls, with emphasis on critical evaluation
and detection of performance flaws during the design phase using methods such as
management strategy evaluation.

Keywords: fishery management, indicator, management strategy, framework, stock assessment

INTRODUCTION

Fisheries provide food and jobs for hundreds of millions of people across the globe. Yet between one
third to one half of fisheries are likely to be unsustainably fished, limiting their potential to achieve
conservation and food provisioning objectives (Costello et al., 2012, 2016; FAO, 2020b). Fisheries
with well-developed management systems, including clearly defined procedures for data collection,
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stock assessment and regulation (i.e., harvest strategies) tend to
meet management objectives better than those fisheries without
such systems (Costello and Ovando, 2019; Hilborn et al., 2020).
As the world population grows to more than nine billion people
by 2050, there is a need to improve the capacity of wild
capture fisheries to provide food and nutrients to people (United
Nations, 2019). Bringing effective management to fisheries that
lack quality data (e.g., data gaps, bias, and imprecision) requires
a renewed focus on the process of designing data-limited
fishery management strategies (Dowling et al., 2015b, 2019;
McDonald et al., 2017). There is a need for practitioners to be
prepared to address global challenges in data-limited fisheries
management, recognizing that solutions to these challenges will
likely require focus on localized and case-specific issues (Caddy,
2004; Dowling et al., 2019).

In striving to improve data-limited fisheries management,
severity of information limitations is likely to differentiate the
structures of proposed solutions. A fishery must confront their
currently available information with respect to management
objectives, funding, capability to obtain alternate additional
information, and research capacity. For fisheries with fledgling
or even established monitoring programs, interim solutions
may be sought along the pathway to achieving conventional
stock assessment. Alternately, quality empirical indicators may
be sufficient to bypass integrated stock assessment models.
For fisheries with no pre-existing data or limited capacity
for conventional stock assessment approaches, initial emphasis
may be placed on introducing some form of “data-less”
management (e.g., Prince and Hordyk, 2019) and on trying
out simple monitoring schemes that can form the foundation
for management (Prince et al., 2018, 2020; Plaganyi et al,
2020). Fisheries management across this wide spectrum of
severity in information limitation shares a necessity for cost-
effective harvest strategies, built from the ground-up or from
existing monitoring programs, and based on indicators that
can effectively guide decision-making toward achieving fishery
management objectives. It is in this context that indicator-based
frameworks are helpful.

Indicators derived from observations of a fishery system
can provide information about prevailing conditions and can
form the basis of structured approaches to fishery decision-
making (Bentley, 2015; Miethe et al., 2016). Indicators tend
to be proxies for variables of interest, such as observations of
fishery catch per unit effort (CPUE), or carcasses washed up on
beaches, as proxies of abundance, or the observation of increasing
distance traveled offshore by fishers as a proxy for localized
depletion. While indicators can be obtained from a conventional
stock assessment (e.g., Hordyk et al, 2019), indicator-based
frameworks can provide suitable guidance for data-limited
fisheries where it is infeasible to conduct a conventional, fully
integrated stock assessment (e.g., stock assessments involving
age or length-structured models or biomass dynamic models).
Indicators can either be model-free (derived more-or-less directly
from raw data) or model-based (typically estimated from simpler
demographic models or analytical approaches). Indicators that
do not conform to typical model-based stock assessment
requirements include those that are qualitative (e.g., “good” or

“poor”), time series that are too short or lack adequate contrast
to inform conventional stock assessment, and those that do not
support model assumptions (e.g., catch rates from opportunistic
(non-targeting) multispecies fisheries often do not reflect the
underlying biomass of any of the individual species). Such
indicators, can, however, still support decision-making within
an indicator-based framework. Multi-indicator frameworks can
also be designed to complement local and customary practices,
typically because they can incorporate indicators based on
local expert knowledge, and are easily understood by fishers
(Plaganyi et al., 2020).

Indicators can be used within a pre-agreed decision rule for
adjusting harvest controls as a function of resource status known
as a harvest strategy. A harvest strategy consists of three parts:
a monitoring scheme for data collection, a method of analysis
yielding values of indicators (e.g., via data-limited assessment or
from direct empirical observation), and a decision rule or harvest
control rule (HCR; Sainsbury et al., 2000; Butterworth, 2007). An
HCR guides the adjustment to a management measure, such as
a total allowable catch (TAC), total allowable effort, or fishing
season length (e.g., Cadrin, 2016). Thus, an HCR determines the
degree of management responsiveness to measures of prevailing
conditions. Harvest strategies, especially those based on a
single indicator to drive adjustments in harvest controls, are
increasingly common, and their design and evaluation using
simulation tools is wide-spread, including entire scientific journal
issues devoted to these topics (Garcia and Staples, 2000; Cury
and Christensen, 2005; Carruthers et al., 2015; Geromont and
Butterworth, 2015).

As a form of harvest strategy, multi-indicator frameworks
have received less attention than single-indicator approaches,
potentially because indicator frameworks are less formally
and not prescriptively constructed, and their performance
is more challenging to formally evaluate. Multi-indicator
frameworks structure the integration and interpretation of
information from two or more disparate sources to guide
fishery decision-making. They can be structured to use
different indicators simultaneously (Caddy, 1999, 2002) or
sequentially (Wilson et al., 2010; Prince et al., 2011). Multiple
indicators are used to address limitations where a primary
indicator does not provide complete information about
resource state, where interpretation of a single indicator is
ambiguous, or both.

Here, our aim is to foster a more practical understanding of
the applicability and design of flexible indicator frameworks for
fishery management, with an emphasis on multi-indicator
frameworks. We provide guidance for the design and
development of multi-indicator frameworks by crafting a
set of organizational steps (Figure 1). Like related studies that
describe frameworks for harvest strategy design (Rice and
Rochet, 2005; Dowling et al., 2016; McDonald et al., 2017; Hill
et al., 2018), we recognize the need for a fluid approach that
in practice is unlikely to proceed in a strictly stepwise manner.
Supported by a synthesis of the literature, the guidance we
provide is motivated by a desire to encourage practitioners to
identify their own pathway to overcoming challenges in the
design of multi-indicator frameworks.
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STEPWISE PROCESS OF MULTI-INDICATOR
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FIGURE 1 | Stepwise process of multi-indicator framework design.

WHEN TO CONSIDER A
MULTI-INDICATOR FRAMEWORK?

Multi-indicator frameworks become a strong consideration when
multiple data sets cannot be statistically integrated but can
measure different aspects of stock status germane to management
objectives and can help inform management decisions. Multi-
indicator frameworks have the potential to enrich single indicator
approaches such that they are more insightful and informative.
For fisheries with established monitoring programs, the design
of a multi-indicator framework involves screening the strengths
and shortcomings of indicators and resolving the manner in
which available indicators can be combined to inform decision-
making (Caddy et al, 2005; Wilson et al, 2010; Harford
et al, 2016). The integration of data sources used in multi-
indicator frameworks is similar in concept to the use of multiple
data sources in conventional stock assessment, where both
approaches emphasize assimilation of information (e.g., Prince
et al., 2011). For example, a standardized catch per unit effort
(CPUE) time series may be the primary indicator, but secondary
indicators, such as size information, spatial distribution of fishing
effort, or species composition of the catch, may each provide
additional information that influences how the primary indicator
is interpreted. Likewise, multiple indicators are appealing when

interpretation of a single indicator is ambiguous. An increase
in CPUE, for example, may indicate increased abundance or an
unnoticed increase in fishing power. A decrease in the mean
length in the catch by itself may indicate an increase in fishing
mortality or a strong recruitment pulse. But CPUE and size
composition interpreted together could help to resolve such
ambiguity. Moving beyond a single indicator is often essential
to avoid inconclusive inferences about stock status that can arise
from use of a single, but weakly informative or limited in scope,
indicator. Coping with severe data limitations requires more
pragmatism, exemplified by the use of simple indicators that, for
example, track changes in a fishery through changes in species
composition of the catch or through changes in spatial patterns
of fishing (Dowling et al., 2008).

Multi-indicator frameworks are also fraught with challenges
and not intended to supplant conventional stock assessments.
Indicator-based approaches tend to rely on proxies for variables
of interest, which should be met with adequate scrutiny
about their representativeness and responsiveness in detecting
changes in resource state. Where feasible, conventional
stock assessments have the advantage of using a formal
statistical procedure to integrate and interpret information
from multiple data sources (e.g., Methot and Wetzel, 2013),
allowing the estimation of stock biomass and other important
management quantities instead of relying on proxies. These
estimates can be used directly in combination with an HCR
to drive decisions or, alternatively, assessments can inform
specification of operating models used for testing simpler
harvest strategies.

STEPS TO DESIGNING A
MULTI-INDICATOR FRAMEWORK

Step 1: Identifying Indicators

Getting Organized

Halliday et al. (2001) provide a useful construct for organizing
indicators according to elements of a fishery system such as
the fish stock, the fishery, and related socio-economic factors.
Ideally, estimates of biomass, fishing mortality or recruitment
would be available from model-based stock assessments, or from
direct surveys. However, in data-limited fisheries, such indicators
are by definition not available, so alternative proxies must be
sought. These can include species composition of the catch,
size compositions, spatial effort distributions, or local expert
knowledge. As almost any routinely observed information for
fishery management can be considered as an indicator, organizing
indicators according to variables of interest clarifies assumed
linkages and relation to management objectives. Importantly,
organization invites debate about the potential for errors in
indicator interpretation and promotes discussion about whether
some indicators are more directly related to a given variable
of interest — and, thereby, management objectives - than
others (Halliday et al., 2001; Caddy, 2004). Where additional
environment and ecosystem indicators have well-defined linkages
to fish populations, fishery-centric decision-making systems tend
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to be sufficiently flexible to integrate environment and ecosystem
indicators in order to consider potential climate effects (Kelly
et al,, 2015; Karnauskas et al., 2021). In developing a multi-
indicator framework, while acknowledging resource and capacity
limitations, a wide net should be cast to identify options for
indicators and to limit value judgments that may be associated
with over-emphasizing any particular type of indicator (Gilbert
et al, 2000; Seijo and Caddy, 2000; Dowling et al., 2019).
Assessing the representativeness and responsiveness of proxy
indicators may carry some subjectivity, and thus, it is important
to embrace judgments from a variety of experts in delineating
sets of indicators.

It is useful to classify indicators as “empirical” or “model-
based” indicators (Dowling et al., 2015a; Miethe et al., 2016).
Indicators derived more-or-less directly from raw data are known
as “empirical indicators” or “model-free indicators” (e.g., CPUE,
mean length in the catch; Rademeyer et al., 2007; Dowling et al.,
2015a), although models may be involved in standardization
of the indicators (e.g., for CPUE or aerial surveys). Indicators
derived from raw data and other parameters in combination with
data-limited stock assessment method are known as “estimated
indicators” or “model-based indicators” (e.g., spawning potential
ratio or fishing mortality rate estimated using simple population
dynamics models). Classifying indicators as empirical or model-
based connects indicator interpretation directly to the way
in which the indicator is obtained, including field sampling
protocols and method of analysis used in estimation. Such aspects
are central to validation of indicators because poor sampling
designs and poor modeling assumptions can result in indicators
that fail to reliably measure their intended component of the
fishery system (Caddy, 2004; Carruthers et al., 2014; Harford and
Carruthers, 2017).

Confronting Indicator Suitability

After identifying available indicators, their suitability should be
considered from two perspectives. First, practitioners should
identify the extent to which the indicators can be linked to fishery
management objectives. In general, indicators should, directly
or indirectly, reflect the condition or state of the fishery system
and be measurable and understandable (Caddy, 2004; Ye et al.,
2011; Miethe et al., 2016). Interpretation of indicators may be
based on theory, established usage that is connected to scientific
rationale, or customary or traditional practices (Halliday et al,,
2001). Measurable and understandable indicators enable key
information to be accessible to a variety of resource user groups
involved in policy and decision-making (Garcia and Staples,
2000). That is, can they be used to directly or indirectly inform
whether the fishery is in a state that is acceptable to stakeholders?
This may be determined according to whether stakeholders can
identify that an indicator value is desirable or undesirable relative
to a target value [see section “Step 2: Selecting Reference Points
and Operational Control Points ”, below].

Second, a process of validating indicator reliability and utility,
to the extent possible, should take place. Ideally, indicators should
be obtained from a reliable monitoring program, that should
conform to guidelines for biological sampling and fisheries
data collection (Cochran, 1977; Gulland and Rosenberg, 1992;
NRC, 1998; Stamatopoulos, 2002). That said, much valuable

information may be garnered from informal data gathering
programs, and local expert knowledge, and in a data-limited
context, it is important to be inclusive and creative when
eliciting available information. Generally, however, indicator
accuracy and precision should be sufficient to capture and
track signals in the variable it represents (Punt et al., 2001;
Apostolaki and Hillary, 2009; Mesnil et al., 2009; Trenkel and
Rochet, 2011; Harford and Babcock, 2016). Indicators should
be temporally and spatially representative of the distribution
of the resource (Pennington et al, 2002; Walters, 2003;
Prince et al, 2008). However, regardless of the indicators
that may be available, shortcomings are likely to persist,
and limitations and uncertainties need to be weighed against
other components of a harvest strategy, including the degree
of precaution in management measures. Being explicit about
indicator shortcomings is essential, as other aspects of the harvest
strategy (i.e, HCR and management measures) will need to
account for these limitations.

Model-based indicators typically rely on a mathematical
representation of population dynamics, which is used in
estimating quantities of interest (a variety of methods are
summarized in Carruthers et al, 2014; Huynh et al, 2018;
Pons et al.,, 2020). Thus, working with model-based indicators
requires an awareness of modeling assumptions to avoid pitfalls
and to provide context for when these methods can be
expected to deliver reliable results (Geromont and Butterworth,
2015; Sagarese et al., 2019). For example, while length-based
indicators can be used to guide decision-making toward fishery
sustainability through estimation of spawning potential ratio
and fishing mortality rate, an awareness of the limitations and
pitfalls of length-based indicators is essential (Cope and Punt,
2009; Hordyk et al., 2016; Huynh et al., 2018). Such guidance
is available based on simulation testing (Punt et al., 2001; Cope
and Punt, 2009; Klaer et al., 2012; Carruthers et al., 2014, 2015;
Jardim et al., 2014; Hordyk et al., 2015; Rudd and Thorson, 2017;
Sagarese et al., 2018).

In data-limited contexts, there is often little choice regarding
available indicators. However, a process for eliciting indicators,
and screening their suitability should be developed and
conducted interactively with stakeholders and decision-makers
(Dowling et al., 2016), which helps with achieving agreement
at this stage of designing a harvest strategy. At the same time,
practitioners will need to be pragmatic, both in terms of the extent
to which available data can inform management objectives, and
in terms of whether high-level policy objectives can be reconciled
against the available information.

Rice and Rochet (2005) provide concrete guidance for
validating indicator reliability and utility by translating general
considerations (e.g., high precision, ease of measurement, and
interpretation) into nine specific screening criteria along with
guidance for scoring and ranking of indicators. Inclusion of
diverse audiences in the screening process is key, as technical
experts may favor indicators that connect current conditions to
inferred historical states of the fishery or that are derived based
on ecological theory, while non-technical audiences may favor
indicators that are most clearly rooted in direct measurement of
physical and biological variables (avoiding abstract concepts) and
those connected to personal experiences (Rice and Rochet, 2005).

Frontiers in Marine Science | www.frontiersin.org

December 2021 | Volume 8 | Article 757877


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Harford et al.

Multi-Indicator Harvest Strategies

This balance of viewpoints is key to support both the technical
basis of a harvest strategy and its degree of acceptance among
user groups. Elicitation and decision-support tools can be used to
structure the process of indicator consideration and refinement
and support of transparent discussions about indicator suitability
(Dowling et al., 2016). For example, the FishPath Tool' uses
a software interface to align proposed management options,
including indicators, with sets of positive and negative attributes
that should be considered when evaluating indicators.

In situations where little to no useable data are available,
stakeholders will need to buy in to a process of cost-effective
data collection. This could include the provision of size data, or
catch and effort reporting, or the formalization of local expert
knowledge. The nature of the data collection will depend on the
extent of buy-in from stakeholders. “Snapshot” collection of size
data is often a good starting point as this is relatively simple to
collect, easily understood, places little onus on fishers, and can
readily be used to inform stock status (Hordyk et al., 2016; Rudd
and Thorson, 2017).

Step 2: Selecting Reference Points and

Operational Control Points

Reference points are commonly used to judge the status of the
exploited population relative to management objectives. They
are values of indicators that are chosen to represent important
targets (the most desirable state), thresholds (values heralding
changes that may warrant management attention), and limits (the
least desirable state) in the fishery system (Mace, 1994; Caddy
and McGarvey, 1996). Operational control points (OCPs; Cox
et al., 2013), on the other hand, are values of the indicators
that are used to invoke, or determine the extent of, adjustments
to management measures via decision rules. For example, an
imprecise indicator might provide justification for specifying an
OCP that is well above a biological limit reference point to ensure
that this limit is avoided with a high probability in the presence
of errors in interpretation of an indicator (Cox et al., 2013). As
such, the values of OCPs should be selected in such a way that the
decision rule guides the fishery toward achieving management
objectives (Australian Government, 2007; PFMC, 2020).

For stocks where estimates of abundance can be obtained
directly or from an integrated assessment, target and limit
reference points may be readily defined, for example, in terms of
the traditional biomass corresponding to maximum sustainable,
or maximum economic yield. For proxy indicators, the definition
of such reference points becomes less theoretically defensible,
with targets often being set to correspond to indicator values
observed at times perceived by stakeholders to have been optimal
for the fishery (Hilborn, 2002; Apostolaki and Hillary, 2009). If
we consider the use of CPUE as an indicator, in the absence of
additional information, simply picking a recent stable period of
CPUE as our target runs the risk of trapping the fishery in a stable,
but potentially overfished or under-exploited state. Conversely,
aiming for high CPUE values achieved in the earliest days of
the fishery, and thus assuming CPUE values below this level
equate to overfishing, may lead to overly cautious management

Uhttps://www.fishpath.org/

that reduces the economic potential of the stock. One would
prefer to identify a period when the stock was believed to be in
a productive and sustainable state, which can be identified with
input from fishers and/or by considering additional indicators.
Interpretation of historical fishery profitability, landings trends,
snapshots of length frequency distributions, and patterns in shifts
in the spatial distribution of the fishery could collectively support
selection of target and limit reference points (Hilborn, 2002,
2010; ASMFEC, 2020).

Step 3: Understanding Key Uncertainties
The theoretical simplicity of indicator frameworks can make it
easy to overlook the critical step of identifying and addressing
uncertainties in the design of a multi-indicator framework.
However, these uncertainties are likely to be significant
given the data limitations. Thus, knowing the sources of
uncertainty and understanding their potential consequences on
the performance of a multi-indicator framework is a prominent
step in development and application. The following points
provide guidance in examining uncertainties that lie within each
framework component.

Point 1: Identify sources of uncertainty and imprecision. Some
indicators are direct measures of one metric (e.g., mean length);
others may include multiple metrics (e.g., CPUE indices have
both catch and effort information) and thus the potential for
measurement error in multiple components of the indicator
(Maunder and Punt, 2004). While using the mean CPUE (for
example) is a straightforward option, the variability around
the central tendency is usually an important consideration in
specifying how an indicator and the harvest control rule will
work together in application. Incorporating uncertainty in the
indicator comes in several forms, such as using a different, and
possibly more precautionary, quantile instead of the median
or mean value of the indicator (Jardim et al., 2015). Whatever
the chosen treatment of each indicator, considering all aspects
of indicator uncertainty (to the extent possible) is of primary
concern when constructing how the components of a multi-
indicator framework functions collectively. This can mean that
uncertainty is addressed through the addition of secondary
indicators that provide a safety-check and/or precautionary OCPs
or reductions in the harvest (buffers) as a function of uncertainty
estimates (Fulton et al, 2016; Dichmont et al., 2017; Dowling
et al., 2019).

Point 2: Evaluate indicator assumptions and possible sources
of bias. The capacity of each indicator to meaningfully measure
the state or condition of a process of interest (e.g., stock status,
sustainable catch levels, environmental conditions, etc.) rests
on assumptions about both the sampling design and indicator
representativeness of underlying processes. The violation of those
assumptions (e.g., sampling bias or hyperstability of fishery-
dependent CPUE) may have a large influence on the ability of
an indicator-based framework to meet management objectives
(Carruthers et al, 2014; Wilson et al., 2014). Assessing the
assumptions of an indicator and understanding the sensitivity
of different indicators to their critical assumptions is a key
component in the design of an indicator-based framework.
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Point 3: Choosing reference points that can be related to
management objectives. Reference points relate the value of
an indicator to some value that is meaningful in terms of
management objectives. An entrée to developing reference points
can be discussion of core goals of conservation, sustainability, and
fishery priorities (Keeney, 1992; Costanza et al., 1998; Ye et al.,
2013; Anderson et al., 2015; Asche et al., 2018; United Nations,
2018). Another common starting point for developing reference
point options is to explore their biological basis (Clark, 1991;
Caddy, 2004; Zhou et al., 2012, 2020; Prince et al., 2015; Thorson
et al., 2017; Harford et al., 2019). Depending on the indicator,
some generic reference points may be calculated based on life-
history parameters or may borrowed from similar species or from
meta-analyses (Thorson et al., 2012; Zhou et al., 2012). Other
indicators, for example those that reflect biomass trends, are more
difficult to pair with generic reference points (e.g., biomass for
maximum yields) in data-limited situations. For example, what
level of the historical CPUE would correspond to a desirable
state according to management objectives to compare the current
CPUE? What would constitute desirable and undesirable species
compositions, or average offshore distance fished, or proportions
of large-sized fish in the catch? Caddy (2004) points out that
specifying reference points may require some expert judgment in
relating reference points to historical, current, or plausible future
events occurring in the fishery.

Step 4: Assembling a Multi-Indicator

Framework

The next step is to assimilate the various identified indicators
into a framework that enables greater insight into the status
of the stock than would any of the indicators in isolation (for
example, changes in mean size data might be interpreted quite
differently if fishers are also suddenly fishing further offshore,
or if the target species have changed) (see Box 1). This step
also involves determining the type of management measure(s)
that could be used, along with the magnitudes of adjustments
to management measures under various states of the resource.
Below, we summarize approaches used to integrate indicators
into decision rules, which range from simple aggregation of
indicators to achieve an overall performance (e.g., traffic light
approaches), to those that have unique interpretations based on
combinations of indicator values (e.g., trigger systems), to those
that use certain primary indicators to inform a control rule, and
supplementary indicators to augment their interpretation and
further adjust the management measure (hierarchical decision
trees; Table 1). There is a wider variety of multi-indicator decision
rules than we can outline herein (reviewed in Dowling et al,
2015a). Additional examples from the data-rich realm are also
worth exploring as they provide useful insights into the collective
use of indicators for delineating stock status and for supporting
fishery decision-making (e.g., CCSBT, 2020).

Types of Multi-Indicator Decision Rules

The Traffic Light Approach

The traffic light approach utilizes multiple indicators, each
being scored using color categories of red, yellow, or green,
with red reflecting a dangerous condition and green reflecting

satisfactory conditions, and each indicator contributing to an
overall description of the condition of the fish stock (Caddy, 1999,
2002). In its most straight forward formulation, the proportion of
indicators in the red category could determine the management
response (Caddy, 2004). For each indicator, two OCPs are used
to score it as red or green if it occurs on one side or the other
of the OCP bookends (Caddy, 2004, 2015). When the indicator
falls between the OCP end points, it is scored as yellow to reflect
unsatisfactory conditions, occurring during transition from red
to green or vice versa (Halliday et al, 2001; Caddy, 2004).
The traffic light approach presents each indicator in relation to
its OCPs in an understandable form and embraces uncertainty
through the use of multiple indicators (Mangel and Levin, 2005;
Caddy, 2015). Caddy et al. (2005) examines a comprehensive
set of challenges faced in proposing a traffic light approach for
the Gulf of St. Lawrence snow crab (Chionoecetes opilio) fishery.
Challenges that will need to be confronted in developing traffic
light approaches will likely include selecting a weighting method
for combining multiple indicators that are proxies for the same
variable and determining how to combine multiple indicators
across disparate fishery elements into an effective HCR. These
challenges are discussed in detail within Halliday et al. (2001) and
Caddy (2004, 2015).

Trigger Systems

A trigger system invokes management responses that are
determined by comparing current values of indicators against
associated OCP(s). Multi-indicator trigger systems represent a
diverse suite of HCRs, including those structured as conditional
statements, visualized as decision trees, stated as decision
matrices, or written as equations determining the strength of
management response (Trenkel et al., 2007; Prince et al., 2008;
Brandao and Butterworth, 2009; Harford et al., 2016; Harford,
2020). A trigger system embraces not only target and limit
reference points, but also the need to capture states of a fishery
system that require attention. For example, a developing fishery
may start to expand, or activate latent effort, which may not
correspond to a target or limit value of an effort-based indicator
but may nonetheless trigger a review to determine the drivers
of the fleet behavior. As such trigger systems are especially
useful in fisheries that experience shifts in fisher behavior that
may be unrelated to the status of the stock - e.g., new and
expanding fisheries, opportunistic fisheries that switch targeting
behaviors, and multispecies fisheries. A wide variety of single-
indicator trigger systems have been proposed and evaluated, with
guidance that is also germane to multi-indicator alternatives
(Hilborn et al., 2002; De Oliveira and Butterworth, 2004;
Pomarede et al., 2010; Babcock and MacCall, 2011; Little et al,,
2011; McGilliard et al., 2011; Cook, 2013; Carruthers et al.,
2014; Geromont and Butterworth, 2015). Dowling et al. (2008)
provide examples of multi-indicator frameworks for Australian
Commonwealth fisheries.

Hierarchical Decision Trees

Hierarchical decision trees contain elements of trigger systems,
but have an added hierarchy that allows a management response
to be reached through a sequence of intermediate decisions
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BOX 1 | A thought exercise for combining multiple indicators.

A hypothetical fishery

For an artisanal single-species fishery, catch-per-unit-effort (CPUE), mean length of fish in the catch, distance traveled by the fleet, and sea surface temperature
serve as primary indicators. For CPUE to be used as a proportional indicator of vulnerable fish biomass, a regression technique was employed to standardize CPUE
because gear characteristics and fishing power have changed through technological advances. Mean length in the catch reveals changes in size of specimens in the
fish population. Distance traveled and sea surface temperature are thought to be reliably recorded in vessel logbooks. Distance traveled by the fleet provides
information about vessels having to travel further to new areas to catch fish, possibly due to local depletion. Ecological research suggests that higher temperature
could be linked to reduced recruitment success, although this purported relationship remains a point of contention as thresholds for an effect are unclear, as is the
form of mechanistic linkage to recruitment variability. Thus, for some combinations of indicator states, a secondary evaluation of length-frequency distributions is
introduced to determine if a recruitment pulse is evident, through consideration of whether abrupt year-to-year changes have occurred in the smaller size classes of
the length-frequency and whether strong cohorts can be tracked through time in length-frequencies. The presence of a recruitment pulse is determined subjectively
as a qualitative indicator. See N/A in table for combinations of primary indicators that do not trigger use of secondary indicators.

What do combinations of indicator states reveal?

The fishery is carried out using fish traps, with a pre-agreed total number of traps—per-fisher. Total traps-per-fisher will be modified based on prevailing indicator
values using a two-tiered decision process. Primary indicators are calculated as three-year moving averages to minimize the effect of inter-annual variability on
management responsiveness and the state of the fishery is determined by comparison with indicator states from the previous year. The simple objective of this
harvest strategy is to maintain stable fish biomass into the foreseeable future. Consider the following for interpreting combinations of indicator states and
corresponding directionality of adjustment to fishing effort. For example, where fishing is occurring close to the port and CPUE and mean length are high, the stock
could be increasing in abundance. However, if water temperature is also increasing, future recruitment success could be of concern, and a wait and see approach
could be taken with no change made to fishing effort. Alternatively, warmer water conditions could also be responsible for spatially shifting the local fish population
further from the port. Despite increases in CPUE and mean length, fishing farther from shore and increased water temperature trigger a precautionary management
decision to decrease fishing effort This multi-indicator framework is not without its flaws. What improvements could be made?

Primary indicators Secondary indicator

CPUE Mean Distance Sea Recruit Effort change Rationale

length traveled temp pulse
High High Near High N/A Watch and wait Indicators encouraging, but warm water which could result in poor recruitment.
High High Near Low N/A Increase All indicators are encouraging.
High High Far High N/A Decrease Increase in CPUE and size could be from new fishing areas, concern about local depletion.
High High Far Low N/A Decrease Increase in CPUE and size could be from new fishing areas, concern about local depletion.
High Low Near High ﬁ Yes  Watch and wait Maintain status quo because of warmer temperatures.
No Decrease Decrease because of loss of larger fish and warmer temperatures.
High Low Near Low c< Yes Increase Increase because of encouraging indicator states and recruitment pulse.
No Decrease Decrease because of loss of larger fish.
High Low Far High ﬁ Yes  Watch and wait Temperatures and distance traveled by the fleet concerning, but recruitment pulse.
No Decrease Decrease because of loss of larger fish, warmer water and distance fleet is traveling.
High Low Far Low OQ Yes  Watch and wait Maintain status quo because of distance traveled, despite recruitment pulse.
No Decrease Decrease because of loss of larger fish, and distance traveled.
Low Low Near High N/A Decrease Decrease because of low CPUE and warmer waters.
Low Low Near Low C: Yes  Watch and wait Watch and wait, potential for large cohort entering fishery.
No Decrease Decrease because of low CPUE, loss of larger fish.
Low Low Far High N/A Decrease Decrease because of drop in CPUE, mean length, warmer water and distance traveled.
Low Low Far Low N/A Decrease Decrease because of drop in CPUE and mean length, and distance fleet traveled.
Low High Near High N/A Watch and wait Maintain status quo because CPUE is low and warmer waters, while larger fish available.
Low High Near Low N/A Watch and wait Maintain status quo because of increase in fish size even with the decline in CPUE, also fishing on
their normal fishing grounds.
Low High Far High N/A Decrease Decrease because CPUE is low, distance traveled, and warmer waters.
Low High Far Low N/A Decrease Reduce fishing because CPUE is down, and fleet is fishing outside of typical fishing grounds.

(Dowling et al., 2015a). Using a hierarchy of indicators allows
for different responses to follow in different circumstances, as
with trigger systems, but allows critical (the most reliable, or
broadest-scale) indicators to be applied first, and to invoke the
strongest adjustment to a management measure, supplemented
with additional indicators as appropriate (Dowling et al., 2015a).
Plaganyi et al. (2020) applied such an approach to a multi-
species sea cucumber fishery (family: Holothuriidae), imposing
a precautionary initial tier with a fishery open/close trigger
that functions under severe data limitations. As new data are

collected, decision-making proceeds to additional tiers that offer
the possibility of increasing TACs where indicators support
this response. This hierarchy incentivizes data collection to the
benefit of the fishery (Plaganyi et al., 2020). Davies et al. (2007)
and Prince et al. (2011) use indicators of relative abundance
and the impact of fishing on the size composition of a stock
within a hierarchical framework. These authors assimilate and
interpret multiple data streams in a manner that is akin to
the analytical integration that takes place in a conventional
stock assessment. Wilson et al. (2010) extended the approach
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TABLE 1 | Examples of multi-indicator frameworks.

Fishery Indicators Type References
Australia abalone Qualitative Trigger system Prince et al.
(Haliotis spp.) morphology (2008)
Australia western Catch Trigger system Dowling et al.
deepwater trawl (2008)
fishery (finfish >50

species)

Australian Coral Species Trigger system Dowling et al.
Sea fishery, line, composition of the (2008)

trawl and trap
sub-fishery (finfish,

catch, changes in
spatial fishing

multispecies) pattern, CPUE,
catch
Belize spiny lobster Catch, CPUE, Trigger system Harford et al.

(Panulirus argus)

and queen conch
(Strombus gigas)
California red

average length in
catch, pre-season
abundance survey

Density survey,

Trigger system

(2016)

Harford (2020)

abalone (Haliotis SPR
rufescens)
South Africa CPUE, mean length Trigger system Brandao and
toothfish of catches Butterworth
(Dissostichus (2009)
eleginoides)
Australian eastern Size-based catch Hierarchical Davies et al.
tuna and billfish rates and decision tree (2007); Prince
(Xiphias gladius, proportion of old etal. (2011)
Thunnus obesus, fish in the catch
Thunnus albacares)
Australia sea Catch, CPUE, area, Custom approach;  Plaganyi et al.
cucumber fishery average length in hierarchical (2020)
(Family: catch, catch decision tree
Holothuriidae) composition,
abundance survey
California rockfish CPUE, length Hierarchical Wilson et al.
(family: Sebastidae) composition, decision tree (2010)
recruitment index
Gulf of St. Multiple Traffic light Caddy et al.
Lawrence snow approach (2005)

crab (Chionoecetes
opilio)

of Davies et al. (2007) to incorporate comparisons of fished and
non-fished areas into the decision-making hierarchy as a means

to account for environmental variability in indicators.

Confronting Challenges in Specifying a Decision Rule
A major component of establishing an indicator-based
framework is the often-challenging process of identifying
and interpreting each combination of indicators states [i.e.,
values relative to their OCP(s)] and specifying the corresponding
adjustment to a management measure. In considering where
to begin in assimilating indicators into a framework, it can be
valuable to specify all combinations of indicators states. This
could mean specifying the factorial combinations of states of
each indicator (where chosen indicators have discrete states).
For each combination, practitioners should determine what
conclusions would be drawn about the status of the stock and
the directionality and magnitude of adjustment to a management

measure that would accordingly be made, if any. This exercise
can be directly informed by stakeholders and visualized using a
decision tree or table (Box 1). For example, an increase in mean
length of the catch could be interpreted as a systematic decrease
in fishing mortality over several years but might be interpreted
differently if fishers have exhausted shallow-water components
and have shifted further offshore where larger specimens can
be found. In considering the magnitude of adjustment to a
management measure, strength of response could be specified
in relation to the condition of the resource. For instance, falling
below a lower limit of fish abundance may trigger a cessation
of fishing or substantial reduction in fishing effort, while closer
proximity to an acceptable range of fish abundance may trigger
small, gradual adjustments.

In conducting this exercise, instances will be encountered
where combinations of indicator states will provide a clear
signal about stock status, but in other instances, combinations
of states will appear (or be) implausible or result in ambiguity
about stock status. The latter may reflect the inability of the
indicators to characterize stock status, perhaps reflecting an
incorrect assumption about an underlying biological variable that
the indicator represents or an indicator having low precision. The
results of this exercise may help to highlight or identify indicators
that work best at disentangling ambiguous or conflicting
information or may help to identify alternative indicators that
could create a more robust indicator framework. This exercise
is also useful for exploring the relative strength of adjustment
between indicator combinations, especially as it pertains to
increases or decreases that are recommended by opposite signals
about stock status. Such contrasts prompt consideration about
the rationale for balance or disparity in strength of adjustment
in response to opposite signals about stock status.

Step 5: Evaluation and Refinement

Due to the uncertainties associated with the indicators, reference
points, and form of the indicator-based framework, alternative
configurations (e.g., alternative indicators, alternative weightings
of indicators, OCPs, and HCRs) are encouraged in designing a
multi-indicator framework. The process known as Management
Strategy Evaluation (MSE), facilitates rigorous examination of the
effect of uncertainties on the performance of a multi-indicator
framework. MSE can also be used to compare the relative degree
of robustness to uncertainty among alternative configurations
of a multi-indicator framework. Additional uncertainties are
likely to arise in the status and dynamics of the harvested
fish population, as are unpredictable ecological events (e.g., a
recruitment failure or a persistent change in productivity), as
well as inconsistency in implementation of management controls
(e.g., due to weak enforcement).

Management Strategy Evaluation is used to simulate the
interactions between data collection, data analysis, and an
HCR in a way that highlights how well these interacting parts
can be expected to result in the achievement of management
objectives (Punt et al., 2016). MSE can also support the
development of a monitoring scheme where none existed before,
including considerations related to data gathering capacity and
precision, cost effectiveness, and immediacy of impact on fishery
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management. The results of an MSE are used to determine
whether application of any harvest strategy can be expected to
have satisfactory performance over a time horizon of interest
(De la Mare, 1986; Cooke, 1999; Peterman, 2004; Punt et al.,
2016). The technical steps required to conduct MSE are provided
elsewhere (Sainsbury et al., 2000; Butterworth, 2007; Butterworth
etal., 2010; Punt et al., 2016).

Here, we consider ways in which MSE can complement
the process of designing a multi-indicator framework. First,
MSE can be used to guide the specification of OCPs. Because
simulation includes a representation of fish stock dynamics, at
any point in simulating the performance of a multi-indicator
framework the underlying state of the fish stock is “known.”
This allows performance of an indicator-based framework to
be reconciled against biological reference points (sensu Mace,
1994; Caddy and Mahon, 1995) that are retrieved from the
“known” state of the fish population. Second, MSE can be used to
evaluate whether a multi-indicator framework is likely to provide
satisfactory performance against plausible levels of indicator
measurement or estimation errors, violation in assumptions, as
well as error in implementation of management measures (see
Principles 1 and 2 in the Uncertainty section). Because MSE
simulates data collection and data analysis, these processes can
be specified to occur with varying degrees of imprecision and
bias to evaluate how they affect performance. Third, MSE can be
used to support a scientific and transparent process of stakeholder
engagement. Not all multi-indicator frameworks will achieve the
same balance between performance metrics, and thus, trade-offs
between achievement of management objectives are inevitable.
MSE provides a platform for discovering whether management
options are palatable to stakeholders and can also promote
dialogue collaboration between scientists, decision-makers, and
stakeholder in designing and iteratively refining the details of
multi-indicator framework (Cooke, 1999; Cox et al., 2013; Pilling
et al,, 2016; Punt, 2017).

While MSE has become a standard evaluation approach,
there are other qualitative approaches, such as retrospective
analysis, or a Delphic approach. The latter is a polling technique
employed for the systematic solicitation of expert opinion
(Bernstein and Cetron, 1969). Retrospective analysis involves
determining what decisions would have been made in the
past when applying a proposed harvest strategy given the
data and assessments available at the time. While unable to
consider longer-term outcomes, retrospective analysis allows
practitioners to consider whether the decisions arising from
the retrospective application are sensible with regard to the
subsequent history of the fishery (Dowling et al., 2015b). In
the absence of research funding or capacity, or for frameworks
where the indicators are largely qualitative, such alternatives may
be utilized to evaluate the likely performance of the indicator-
based framework.

Post-implementation review of any harvest strategy should
be conducted at reasonable intervals (e.g., 5-10 years, though
dependent of species life history) to ensure that the appropriate
indicators are in use and that the strategy is producing useful
management advice in line with the objectives of the fishery.
Expedited review of the harvest strategy may be necessary when

simulated performance (via MSE) does not align with post-
implementation reality (Carruthers and Hordyk, 2018). Review
could also provide opportunities to mitigate additional threats to
fishery resilience, including climate change (Cheung et al., 2010;
FAO, 2018). While management measures that regulate location,
timing, and quantity of harvest are fundamental in fishery
management, additional management planning to mitigate
anticipated effects of climate change may be advantageous (Pecl
et al., 2014; Pinsky and Mantua, 2014; Johnson et al., 2016;
Bell et al., 2020).

POSSIBLE PITFALLS OF
MULTI-INDICATOR FRAMEWORKS

When initiating development of a multi-indicator framework,
it is crucial to acknowledge that this is a challenging process,
not least because of the lack of a prescription for the design
process, the common use of indirect proxy indicators, and,
possibly, a lack of understanding as to how multiple indicators
interact. As such, it is also crucial to develop an awareness
of the potential for complications (Davies et al., 2007; Fulton
et al., 2016; Harford, 2020), that can contribute to the failure
of a well-intended design to perform as expected. The reasons
for unexpected performance are many and nuanced (Sagarese
et al, 2019). Firstly, indicator-based frameworks typically
classify discrete resource states as triggers for adjustments to
management measures. When the indicators are borderline
between states, stakeholder disputes as to the “true” state, and
indicator oscillation around (above and below) thresholds can
occur, resulting in too frequent and unnecessary adjustments to
management measures. This problem can be exacerbated by the
imprecision of indicators, consequently affecting the frequency
and magnitude of adjustments to management measures, raising
concerns about whether management responses are tracking
signals or chasing noise. At its worst, this oscillation behavior
can result in decision-making that bounces between extremes
of resource states, such as overfished (low biomass) or under-
utilized (high biomass), rather than gently adjusting fishing
effort or catches to achieve long-term stability. Problematic
choices of reference points for indicators can sometimes lead
to continual increases or decreases of catches, regardless of
resource state, known as a ratchet effect (Klaer et al., 2012).
Likewise, time lags between changes to resource states and their
subsequent detection by a “lag” indicator (one that detects a
change long after it has taken place) can result in indicator
frameworks that incorrectly delay necessary adjustments. Thus,
while the pre-specification of a harvest strategy is intended to
avoid ad hoc negotiation of management measures (Butterworth,
2007), a malfunctioning strategy is unlikely to meet management
objectives. Again, this is where MSE can help to illuminate pitfalls
in multi-indicator framework design (Table 1).

Confronting such issues requires the indicator-based
framework to be responsive to changes in resources states,
while avoiding unnecessary disruptions to the fishery. Careful
examination of the results of MSE is particularly instructive to
finding the correct balance. It is advisable to not only examine
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the long-term simulated outcomes of a harvest strategy, but to
examine the temporal variability in management measures (e.g.,
when a TAC is undesirably variable from year-to-year, MSE
can help to fine-tune the procedures to improve performance).
Further, examining whether management responses (based on
simulation of imperfect observation of indicators) are correctly
triggered when they are truly needed can help to reveal whether
achievable levels of indicator precision will lead to a sufficiently
responsive harvest strategy. It is also useful to be cognizant
of the interwoven nature of components of a harvest strategy.
When considered as a cohesive framework, short-comings in data
precision or analysis assumptions can sometimes be remediated
through adjustments of other components of the harvest strategy,
specifically those that specify the form and magnitude of the HCR
(Dowling et al., 2019).

CONCLUSION

Multi-indicator frameworks provide a vehicle for empirical or
simple model-based indicators to be used in combination to
infer stock status, where conventional stock assessments may be
infeasible. Multi-indicator frameworks provide a means to obtain
maximum insight utilizing all available sources of information,
and improve the management of unassessed fisheries (Hilborn
and Ovando, 2014; Berkson and Thorson, 2015; Flood et al.,
2016; FAO, 2020a), while addressing the urgency for solutions
that embrace social, economic, and political contexts at a local
level (Gutiérrez et al., 2011; Purcell and Pomeroy, 2015). As
they involve a pre-agreed procedure for adjusting management
measures, all parties need to commit to their design, as attempts
to modify decision-making in an ad hoc manner will undermine
the process (Butterworth, 2007).

That stated, pragmatism must play an overarching role in
managing expectations and in reconciling the severity of data
limitations with the capacity for achievement of objectives
(Cadrin and Pastoors, 2008; Dowling et al., 2015b). Achieving
management objectives via multi-indicator frameworks will often
require tempering expectations, introducing precautionary HCRs
that are robust in the face of considerable uncertainty, and
embracing evaluation and modification or refinement of harvest
strategies as possible shortcomings become apparent prior to or
after implementation.

In designing a multi-indicator framework, challenges will need
to be confronted. It can be helpful to engage with specialists
with diverse knowledge of local fishing practices, local ecological
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