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a b s t r a c t

Assessment of ecosystem health is required in the ecosystem approach to fisheries management (EAFM).
Mitigation measures that address impacts exceeding the acceptable level also require assessment. The
various fishing m�etiers have different ecosystem impacts and this makes it difficult to assess them
jointly. Sensitivity of the ecosystem to individual fishing m�etiers has been assessed previously, but to our
knowledge, concurrent comparisons of different m�etiers on the same ecosystem have not been done. In
this study, we combined the main characteristics of established approaches to sensitivity assessment into
a single roadmap, called Sensitivity Assessment of Gear Effects (SAGE). SAGE is a widely applicable, three-
step process to assess the ecological concerns of EAFM. The methodology used in the SAGE roadmap is
built on a scoring system, which then results in a sensitivity index of the ecosystem components to the
fishing m�etiers. The scoring system is based on a combination of expert judgement and data, both
qualitative and quantitative. It allows for cross-evaluation of fishing m�etiers and ecosystem components.
Sensitivity maps are created using the spatial and temporal distribution patterns of the ecosystem
components in the index. The uncertainty of the sensitivity scores and maps are estimated through a
pedigree index. The index is based on proxy representation, empirical basis, methodological rigour,
theoretical understanding and degree of validation, all of which measure the strength of the research
results. The proposed methodology is illustrated using a case study that compares the ecosystem effects
of beam trawl and trammel net fisheries. The selected examples did not result in unexpected outcomes,
but were rather chosen to evaluate the applicability of our methodology. They illustrate how a semi-
quantitative framework, which includes the uncertainties associated with scientific assessments, can
deliver holistic advice to fisheries managers in a fully transparent manner.

© 2014 Elsevier Ltd. All rights reserved.
nd Fisheries Research (ILVO),
nde, Belgium.
.be (J. Depestele).
1. Introduction

Depending on their fishing characteristics, different types of
fishing gear may have divergent effects on the ecosystem and its
components (Cinner et al., 2009). Examples are excessive removals
of ecologically important species and physical disturbance of hab-
itats (Suuronen et al., 2012). Passive fisheries (e.g. pots, traps and
gill nets) are known for ghost fishing and by-catch of marine
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Fig. 1. The workflow of Sensitivity Assessment of Gear Effects (SAGE). The dotted ar-
rows indicate that spatial and temporal delineation in the scoping phase can depend
on intolerance variability along spatial or temporal gradients.
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mammals (Brown and Macfadyen, 2007) while bottom-trawling
gears mainly disturb benthic habitats (Kaiser et al., 2006). As gear
effects vary along spatial and temporal scales (e.g. Hunter et al.,
2006), fisheries should be managed to keep their impact on the
ecosystemwithin acceptable levels, while generating optimal social
and economic benefits (FAO, 2003). This is the principle of sus-
tainable development as envisaged in the ecosystem approach to
fisheries management (EAFM).

A range of concepts, policies and tools has been recommended
and developed to implement EAFM (Essington and Punt, 2011;
Katsanevakis et al., 2011; Stelzenmüller et al., 2013) but many
fisheries managers still find it difficult to apply EAFM. Therefore,
the FAO-Ecosystem Approach to Fisheries (EAF) toolbox was
developed (Fletcher and Bianchi, 2014 and www.fao.org/fishery/
eaf-net). It allows managers to select the tools best suited to their
objectives. One of the essential steps within this toolbox (step 2) is
to assess ecosystem and human health in the current management
system together with the ability of governance systems to achieve
pre-defined objectives. To assess the health of an ecosystem, mul-
tiple ecosystem components must be assessed within the same
region. This represents a major challenge (Micheli et al., 2014).
Equally challenging is the assessment of the potential mitigation
measures when fishing exceeds the acceptable level of ecological
impact. Assessment of mitigation measures is crucial for fishery
managers. Gear substitution for instance can be an effective miti-
gation measure to reduce impact levels (Chuenpagdee et al., 2003),
but only if reducing one impact does not lead to other unintended
impacts (Jenkins and Garrison, 2013; Shester and Micheli, 2011).
Managers thus need an all-inclusive and all-encompassing assess-
ment that addresses fishing effects in a consistent and equitable
way according to an analogous set of principles (Rice, 2011). Such
an assessment is particularly valuable when gears are modified or
alternative gears are developed to reduce ecosystem impacts (ICES,
2007a; Suuronen et al., 2012).

The Sensitivity of Gear Effects (SAGE) assessment tool builds on
a number of existing tools for the evaluation of impact on several
ecosystem components. One such tool is that of Tyler-Walters et al.
(2009), which evaluates the overall sensitivity of benthic commu-
nities to bottom trawling, but it does not evaluate the site-specific
effects of different fishing gears. Another tool, the ‘Ecological Risk
Assessment for the Effects of Fisheries’ (ERAEF) (Hobday et al.,
2011), applied to assess fisheries' effects in accordance with the
Australian ecological sustainability development guidelines, uses a
scoring system based on a relative level of productivity for a species
or habitat and its susceptibility to the fishery activity. We have
modified ERAEF to (1) specifically address the comparison of gear
effects, (2) incorporate a spatial component into the assessment
and (3) draw attention to associated uncertainties. The methodol-
ogies for this spatially-explicit assessment were adopted from tools
for aggregate extraction and other human activities (e.g.
Stelzenmüller et al., 2010), because spatial management is deemed
increasingly important when the full array of ecosystem in-
teractions is accounted for (Katsanevakis et al., 2011). Although
those tools are widely used, their definitions are not always fully
congruent. Key definitions are listed in Appendix A.

The first section of this paper details the development of our
assessment scheme. We have organised the key concepts into a
widely applicable roadmap for sensitivity assessment. The meth-
odological details of each step in the roadmap are based on former
methods that we have modified to enable comparison of fishing
m�etiers. Priorities were the completeness of the assessment and
integration of different data sources and their uncertainties. The
second section presents a case study illustrating methodological
aspects of the roadmap using non-exhaustive examples from two
fishing m�etiers in the Belgian Part of the North Sea (BPNS). Finally,
we discuss the SAGE methodology as a tool for a comprehensive
evaluation of the effects of fishing gears. SAGE addresses only the
ecological part of EAFM. To guarantee compliance with EAFM as a
whole, SAGE should be combined with socio-economic assess-
ments. We recommend how SAGE can inform fisheries managers
about where, when and how to allow fishing.

2. Development of the assessment scheme

2.1. A roadmap for Sensitivity Assessment of Gear Effects (SAGE)

SAGE combines existing tools (Hobday et al., 2011; Tyler-Walters
et al., 2009) into three phases: (1) scoping, (2) assessment and (3)
mapping as well as evaluating their associated uncertainties (Fig.1).
The first (scoping) phase prepares for the actual assessment by
delineating the rationale and formulating the assumptions (Hobday
et al., 2011). Uncertainty implications of the scoping phase are
discussed in Section 4 below. In the second phase (assessment
phase), the ecosystem's intolerance to disturbance by each type of
fishing gear is combined with the recovery capacity of each
component of the ecosystem to create a sensitivity index (Tyler-
Walters et al., 2009; Eno et al., 2013). Intolerance is defined as
the susceptibility of an ecosystem component to damage from a
pressure; it is assessed relative to changes in the impact (Appendix
A). The recovery capacity refers to the ability to return to a state
close to the one that existed before the investigated fishing m�etier
caused change. Ecosystem components are biological entities, e.g.
species and populations, which constitute an ecosystem within a
defined spatio-temporal frame (Zacharias and Gregr, 2005).
Because uncertainty is often overlooked in the assessment phase,
we have included it and made it explicit. The last step is the
mapping phase, inwhich sensitivity maps are created by combining
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each ecosystem component's sensitivity with its spatial and tem-
poral distribution pattern. For more information on the uncertainty
of mapping, see Stelzenmüller et al. (2010).

2.2. The scoping phase

Identification of the target of the analysis should be addressed
prior to the assessment through the following key questions:

1 What constitutes the studied ecosystem?

In our methodology, an ecosystem is evaluated by the biotic
structures that constitute the ecosystem or a subset of indicative
components (Derous et al., 2007a, 2007b; Tyler-Walters et al.,
2009). The components can be organised in different levels, ranging
from the genetic to the community level, with the maximum
number of organizational levels included in the evaluation (Derous
et al., 2007a). A predefined level of structural diversity of the
ecosystem (e.g. species, communities) may be chosen if required by
time or financial constraints. SAGE requires that this limitation is
explicitly communicated to the end-users, for example by illus-
trating how the subset of taxa was selected for the assessment (see
case study below).

2 How is the disturbance of fishing m�etiers measured?

Fishing m�etiers are the management unit. A m�etier is defined as
a combination of the species targeted, the area visited and the
fishing gear used (Marchal, 2008). The standardised measure of
disturbance of a fishing m�etier is a ‘fishing event’, defined as ‘a
measure of fishing effort needed to land an equal weight of the
target species’. Standardisation by landed weight enables compar-
ison of different gear types. This includes active and passive fish-
eries, whose effort is measured in different units (ICES, 2007b).
Fishing effort must give information on the frequency and duration
of disturbance. In cases where fishing effort cannot be determined,
one fishing event is defined as the process of setting and hauling
the gear, e.g. one beam trawl passage (Kaiser et al., 2006). It allows
for a standardised comparison of intolerance and implies that re-
covery occurs once fishing has ceased (Tyler-Walters et al., 2009).

3 How are spatial and temporal dynamics addressed?

The spatial and temporal scale must be specified prior to the
assessment phase. The spatial and temporal delineation is based on
the distribution of the ecosystem components and the envisaged
spatial or temporal differences in impact. The temporal scale is
based on the reference time frame (historic or recent) and time
interval (e.g. per quarter or per year), while the spatial scale is
defined by extent (surface) and resolution (degree of detail). The
time frame must be equal for all selected ecosystem components,
but the time interval, spatial resolution and extent may differ. The
spatial extent might range from local to regional. This inherently
determines the outcome, as large-scale assessments tend to ignore
small-scale patterns (Halpern et al., 2008). Theoretical and practical
criteria for spatially referencingmarine ecosystem components to a
geographic location at the spatial and temporal scale of interest are
discussed in detail in Zacharias and Gregr (2005) and Robinson
et al. (2011). These criteria determine the minimal time and space
intervals based on the variability in the abundance of the ecosystem
component under study. The spatial resolution for distribution
maps of benthic organisms is generally higher than for taxa with a
higher mobility such as seabirds and marine mammals; in contrast,
the spatial extent is larger for the latter (Fock, 2011a; Reid et al.,
2003; Thrush et al., 1999). The highest possible resolution of the
time and space intervals is based on the smallest areawithinwhich
a fishing activity is randomly distributed, e.g.1.9� 1.9 km2 for beam
trawling in the North Sea (Dinmore et al., 2003). Additional spatial
and temporal delineation can be needed if intolerance due to a
fishing m�etier varies along a spatial or temporal gradient (Fig. 1,
dotted arrows) (Piet and Quirijns, 2009), e.g. the intolerance
parameter ‘survival of discarded fish’ decreases with increasing
depth (Depestele et al., 2014). The spatial units that are defined by
the distribution of an ecosystem component can be further divided
into smaller spatial units if the intolerance within this unit differs
by depth. Equally, if the impact of a certain gear is only seasonal
(e.g. by-catch of harbour porpoise during spring), then the appro-
priate time intervals have to be included in the assessment (e.g.
quarterly).
2.3. Assessment phase: intolerance assessment

2.3.1. Pressure identification and selection
For intolerance assessment, pressures caused by fishing m�etiers

must be selected for the ecosystem components under investiga-
tion. One fishing event of each m�etier typically causes multiples
pressures. The effects of the pressures are either direct or indirect,
and aremeasured as an impact. A pressure is selected if its impact is
significant, i.e. if the impact falls below the threshold of natural
variability (Diesing et al., 2013).

The choice to include a pressure also depends on its relevance to
the interaction of at least one of the gears and the investigated
ecosystem components. For example, the pressure ‘visual distur-
bance’, e.g. artificial light during nighttime, is relevant for seabirds,
but not for benthic organisms (Glass and Ryan, 2013). If at least one
of the fishing gears included in SAGE causes this pressure, it is thus
included in the assessment for seabirds. For instance, two fishing
m�etiers target the squid Ommastrephes bartramii (Lesueur): Japa-
nese jigging fishery and driftnet fishery. The former may cause
‘visual disturbance’ by artificial light whilst the latter does not
(Bower and Ichii, 2005).

Impacts can result from the gear causing either a chemical,
physical or biological effects (or combinations thereof). Each type of
effect must be considered when selecting pressures, because all
three types can cause significant impacts. The biological pressure
‘extraction of a species’ is obvious, but mortality can also be
induced by the physical pressure ‘smothering’ (Robinson et al.,
2008). If one of the gears causes smothering to a greater extent
than another (e.g. fishing with dredges versus pots), then this
pressure must be included. SAGE requires investigation of all po-
tential interactions between the gears and the ecosystem compo-
nents under study.

The starting point for the selection of pressures is based on non-
exhaustive lists available in scientific literature (e.g. Robinson et al.,
2008). Such lists are not included in fisheries management rules,
thus we recommend supplementary expert judgement and/or
stakeholder input (Garthe and Hüppop, 2004; R€ockmann et al.,
2012).
2.3.2. Pressure evaluation scheme
To evaluate pressures, their effect (impact) is scored on a four-

point interval scale. The aim of scoring is to maximise the
discriminative power for species and fishing m�etiers. In this way,
the fishing gear with the least impact in a certain area during a
certain period of time can be identified. Pressure scores increase
with growing adverse impact (from 0 to 3), whereas negative
values indicate benefits, such as food subsidies. The scoring process
follows one of the two following pathways: (1) unpartitioned or (2)
partitioned scoring (Fig. 2).



Fig. 2. Scoring according to the pressure evaluation scheme. Fishing gears create a pressure X on an ecosystem component. The pressure is scored by categorizing its effect (impact).
If this process is studied unambiguously, then unpartitioned scoring can give the resultant impact score. Unpartitioned scoring is based on quantitative, qualitative data or expert
judgment. When our understanding of the pressure effect is fragmented, thenwe partition the scoring process. Partitioning is needed when the process of creating a pressure from a
gear is studied separately from the effect of the pressure on the ecosystem component (Process Partitioning, PP). Partitioning is also needed when the impact is studied in partitions
(Impact Partitioning, IP, see text or case study for an example). Each individual partition of the process or the impact is scored individually as if it was unpartitioned (PPS: Process
Partition Score, IPS: Impact Partition Score). The arithmetic or geometric mean of the partition scores are calculated depending on their mutual exclusivity to give the resultant
impact score of pressure X.
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2.3.2.1. Unpartitioned scoring (pathway 1). Unpartitioned scoring of
a pressure is applied when the investigated gears unambiguously
create an effect (impact) on the studied ecosystem component.
Unambiguously implies that two processes are studied jointly, i.e.
the process of gears causing a pressure, and the process of the
resulting pressure causing an impact on an ecosystem component.
It also implies that these processes are studied for the investigated
gears and investigated ecosystem component. The incidental cap-
ture of diving seabirds in gill net fisheries (Cardoso et al., 2011) is a
clear example: the pressure ‘collision with the studied gill nets’
unambiguously leads to death of the magellanic penguin Sphe-
niscus magellanicus. The scoring guidelines for unpartitioned
scoring are based on data availability: quantification, qualitative
inferences or expert judgement. If quantitative impact data are
available for the fishing m�etiers and the investigated ecosystem
components, they are standardised (e.g. by landed weight of
marketable target species), and subsequently categorised into four
equal groups resulting in scores from 0 to 3 (scoring guideline B1 in
Appendix B). In the example of the incidental capture of seabirds,
we used the maximum capture rate of about 550 penguins/km2 to
categorise the impact scores in four classes from low (0e137.5
penguins/km2), medium (137.5e275), high (275e412.5) to very
high (412.5e550). When an impact category is not quantified, in-
ferences are made from qualitative information (scoring guideline
B2 in Appendix B) or expert judgement. We suggest using a
structured process for scoring guidelines B1 and B2. Qualitative
inferences are guided by Structured Decision Trees (SDTs). SDTs are
a series of sequential questions that guide the assessors in deter-
mining the impact score (see case study for an example). Expert
judgement is structured using the Delphi Technique (for an
example, see Garthe and Hüppop (2004)).
2.3.2.2. Partitioned scoring (pathway 2). If the effect of a pressure
by the studied gears on the ecosystem component is investigated in
a fragmented way, then partitioned scoring is needed. Partitioned
scoring can be done in one of two ways, i.e. process or impact
partitioning (Fig. 2).

(i) Process partitioning implies that the process of causing an
impact is not studied nor scored jointly for the combination
of the pressure X, the studied gear and the investigated
ecosystem component, but rather separately for the pressure
effect on the ecosystem component, and for the relationship
between the gear and the pressure. For instance, the effect of
the pressure ‘smothering’ is quantified for certain species,
but how much smothering a fishing m�etier causes, may not
be quantified (Bolam et al., 2006; Callaway et al., 2009).
Conversely, the mechanistic effects of fishing may be quan-
tified (e.g. Ivanovi�c et al., 2011), but the species' responses to
these pressures may not be quantified. The investigations are
thus partitioned into two processes, i.e. (a) the relationship
between the gear and the pressure, and (b) the effect of the
pressure on the ecosystem component.

(ii) Impact partitioning occurs when the impact resulting from a
pressure is assessed in different attributes or partitions that
may have different levels of detail of the available knowl-
edge. For instance, the impact ‘mortality’ of beam trawls on
swimming crabs can be based on ‘ghost fishing mortality’
and ‘discard mortality’, with discard mortality being based
on ‘catch rate’ and ‘survival probability’. The resultant impact
score for ‘mortality’ is thus based on the scores of the par-
titions ‘ghost fishing mortality’, ‘catch rate’ and ‘survival
probability’.



Table 1
Life history traits for the characterisation of ecosystem components in a r/K strategy.

Ecosystem
component

Selected traits References

Benthic
invertebrates

- Maximum
body size/
length

e.g. Borja et al. (2000), Webb et al. (2009)

- Age at repro-
ductive
maturity

- Life span
- Fecundity
- Larval
development

Fish - Maximum
body size/
length

e.g. Cheung et al. (2007), Le Quesne and
Jennings (2011)

- Age at repro-
ductive
maturity

- Life span
- Growth rate

Seabirds and
marine
mammals

- Clutch size e.g. Williams et al. (1995), Garthe and
Hüppop (2004), Learmonth (2006)- Age at maturity

- Adult survival
rate
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In partitioned scoring, the process of causing an impact from a
specific gear on an ecosystem component is split into different
partitions, each with a different level of available knowledge. Those
individual parts are assessed in the same way as unpartitioned
scoring (i.e. based on quantification, qualitative inferences or
expert judgement) (see pathway 1). This results in partition scores.
The combination of individual partition scores depends on their
mutual exclusivity. If two parts are indispensable in causing an
impact, then their effect is multiplicative (not mutually exclusive).
The resultant impact score is given by the geometric mean. If two
parts contribute separately to the resultant impact score, their ef-
fect is additive and given by the arithmetic mean (mutually
exclusive). The estimation of discard mortality, for instance, re-
quires estimation of both catch rate and survival probability. Both
impact partitions (catch rate and survival probability) operate
multiplicatively to generate the resultant impact score of discard
mortality; this requires calculation of the geometric mean. For
instance, the score for discard mortality of the swimming crab
(Liocarcinus holsatus) in beam trawling, for instance, is given by the
geometric mean√(3*1.5), because the catch rate was >2 individual
per kg marketable sole (score 3, Fonteyne and Polet, 2002) and
survival probability varied between 75% and 95% (score 1.5,
Depestele et al., 2014; Kaiser and Spencer, 1995) (see case study
below and Appendix B for more examples). In contrast, discard
mortality and ghost fishing mortality operate additively when
estimating unaccounted mortality, because the absence of one of
them does not imply that the other does not contribute to the
overall unaccounted mortality (Broadhurst et al., 2006). They are
hence combined by the arithmetic mean.

2.3.3. Towards one intolerance score?
The scores for different pressures are combined into pressure

category scores if they are measured by a standardised unit of
impact such as mortality, and if their importance can be weighed.
Adverse and beneficiary effects are thus presented separately
without cancelling each other out, e.g. that the impact scores of
displacement are not jointly presented with impact scores of
mortality. Alternatively, if the mutual influence of the pressures is
clear, they can be presented together by one pressure category
score. For example, the pressures ‘extraction of a species’ and ‘death
or injury by collision or the catching process’ could be grouped into
one pressure category for cod (Gadus morhua) as impacted by beam
trawling. This is possible, because the abovementioned pressure
effects are measured by landings and discard mortality, respec-
tively. Those pressure effects can be standardised by landed weight
of sole for instance. Another example is combining the impact
scores of discard and tow path mortality of epibenthic fauna in
beam trawling. Here both mortalities are weighed proportionally
by the catch efficiency of beam trawling for epibenthic in-
vertebrates (see case study below).

2.4. Assessment phase: recoverability assessment

The aim of recoverability assessment is to estimate the ability of
an ecosystem component to withstand the impact of fishing by
returning to a state prior to fishing disturbance. One example could
be the potential of a species population to recover to its biomass
prior to fishing. The ability to recover is estimated by two essential
attributes for recovery: (1) the state of the ecosystem component
after fishing and (2) its productivity. Both attributes are scored on a
four-point scale (0e3) and operate multiplicatively. Recoverability
attributes for populations, for instance, are site-specific population
size (state) and species-specific demographic aspects such as
fecundity (productivity). The scores for site-specific population size
are based on the subdivision into four categories of the probability
of presence and absence (e.g. Stelzenmüller et al., 2010) or of
population densities (e.g. Garthe and Hüppop, 2004). Small popu-
lation sizes have low recoverability (high score). The demographic
aspect is scored from traits that reflect the species' position in a
continuum between extreme life history strategies (r/K strategy),
such as maximum size, longevity, and so on (Winemiller, 2005).
Each trait is scored separately from 0 to 3, with the highest score
representing the lowest recoverability. The r-selected species
typically have a higher growth rate (lower score) and tend to be
more adapted to fishing disturbance than K-selected species. Note
that the life history traits differ substantially among different
ecosystem components (Table 1). The resulting trait scores are
averaged to obtain the final score for the demographic aspect. The
geometric mean of the demographic aspect and the state of the
ecosystem component results in the final recoverability score
ranging from 0 to 3.
2.5. Assessment phase: uncertainty assessment

The uncertainty assessment determines whether the quality of
the intolerance and recoverability assessment is sufficient to sup-
port management decisions. This is applicable to the assessment
phase of SAGE (Fig. 1). Uncertainty assessment is based on the
pedigree index, which is a score for our understanding of the
recoverability attributes and of the pressures that constitute
intolerance. It is calculated from the mean score of the pedigree
criteria, which measure the strength of the research results. They
consist of proxy representation, empirical basis, methodological
rigour, theoretical understanding and degree of validation
(Wardekker et al., 2008). Each pedigree criterion is scored from
0 (weak) to 4 (strong) and accompanied by a clear description of its
purpose (see Table 2). A high score for empirical basis for instance is
given for assessments based on in situ experimental data with a
large sample size, while inferences from expert judgement result in
a low score. The mean score of the pedigree criteria is the pedigree
index of recoverability attributes and individual pressures. The
subsequent calculation of the uncertainty of recoverability or
intolerance is based on the same calculation as recoverability and
intolerance, respectively. For instance, recoverability is estimated
by the geometric mean scores of state and productivity (see



Table 2
Pedigree criteria for uncertainty assessment.

Score Quality of proxy Examples

4 Exact measure Seabird or mammal bycatch
3 Good fit for measure Short-term discard survival
2 Well correlated Established relationships between

traits and pressures
1 Weak correlation Living position as proxy for tow

path mortality
0 No clear relationship

Empirical basis
4 Local, in situ experimental data with

large sample size
Discard observer data from the
southern North Sea

3 In situ experimental data, but not
local or small sample size

Meta-analysis on tow path
mortality

2 Inferences from modelled data or
indirect inferences

Modelling food availability

1 Inferences from ex situ (lab)
experiments

Effects of smothering on key species
with certain traits

0 Estimate
Theoretical understanding

4 Well-established theory (e.g. on the
investigated fishing m�etier)

Fish discard data of beam trawling
in the North Sea

3 Accepted theory partial in nature
(e.g. on analogous fishing m�etier)

Turbidity changes in bottom
trawling

2 Accepted theory with partial nature
and limited consensus on reliability

Displacement follows from the
relation with Vessel Monitoring
System

1 Preliminary theory Effect of vessel disturbance
0 Estimate

Methodological rigour
4 Best available practice in well-

established discipline
Before-After-Control-Impact
experiments for sessile species

3 Best available practice in immature
discipline

Predicting survival from reflex
impairment

2 Acceptable method but limited
consensus on reliability

Discard estimation from selectivity

1 Preliminary method, unknown
reliability

Changes in sediment profile

0 No discernible rigour
Validation

4 �2 peer reviewed papers
3 1 peer reviewed paper Ghost fishing of trammel nets for

sole
2 Data published in grey literature Discard observer data from the

Belgian Part of the North Sea (BPNS)
1 Unpublished data
0 Anecdotal information
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recoverability assessment), which implies that also the pedigree
index of recoverability is calculated by the geometric mean of the
pedigree indexes of the recoverability attributes (state and
productivity).

2.6. Assessment phase: sensitivity index

Sensitivity is calculated as the product of intolerance and
recoverability. Scores range from 0 to 9. The sensitivity scores are
grouped in four classes by hyperbolic functions of intolerance (I)
and recoverability (R):

I ¼ a
R

[1]

where a is the parameter to discriminate sensitivity classes.
As such, the sensitivity index is low when parameter a <0.61,

intermediate if <1.68, high if <3.44, and very high if �3.44.

2.7. Mapping phase: spatial and temporal explicit sensitivity maps

Distribution maps of the ecosystem components are produced
following the spatial and temporal delineation that was specified in
the scoping phase. Sensitivity maps are constructed for each fishing
m�etier by weighting the distribution map with its sensitivity index.
The individual maps of each ecosystem component are aggregated
to an appropriate level. For example, sensitivity maps of indicative
invertebrate species are summed to represent the sensitivity of
benthic communities. The formula for each map unit was modified
from Stelzenmüller et al. (2010):

S1:::n ¼
X

EC

DEC*SIEC
max SI

[2]

where S1…n ¼ Sensitivity for each spatio-temporal unit

SIEC ¼ Sensitivity index of the ecosystem component (EC)
DEC ¼ Distribution measure per spatio-temporal unit, e.g.
probability of occurrence
max SI¼Maximum sensitivity index of all included components
and gears

SAGE finally produces sensitivity maps for each pressure cate-
gory and ecosystem component, accompanied by the appropriate
uncertainty assessment.

3. Case study

3.1. Material and methods

3.1.1. The scoping phase
The aim of the case study was to evaluate the applicability of

SAGE and obtain initial insights into its feasibility and transparency.
The ecosystem effects of two fishing m�etiers were compared, i.e.
beam trawls and trammel nets, targeting sole (Solea solea Linnaeus)
in the Belgian Part of the North Sea (BPNS). Four ecosystem com-
ponents were included: (1) macrofaunal communities, (2)
epifaunal communities, (3) seabird communities and (4) marine
mammal populations. A subset of taxa (only adults) was selected if
they had a structural role in the community (macrofauna and
epifauna) or were ‘common’ (seabirds and marine mammals)
during the last 20 years (Haelters et al., 2011; Komdeur et al., 1992;
Tyler-Walters et al., 2009). Selection was based mainly on abun-
dance criteria, as was the spatial and temporal delineation. Both are
detailed in Appendix C.

3.1.2. Assessment phase: intolerance and uncertainty

3.1.2.1. Pressure selection. Pressure selection was based on expert
judgement gathered during an international workshop held in
October 2010 (Depestele et al., 2012). The selected pressures were
grouped into four pressure categories: (1) ‘direct biological’: the
extraction of organisms, death or injury by collision or the catching
process and genetic changes, (2) ‘indirect biological’: changes in
food availability, (3) ‘indirect chemical’: CO2-emissions, and (4)
‘indirect physical’: smothering, localised substratum loss, sediment
resuspension, changes in turbidity, abrasion, organism displace-
ment, noise, visual disturbance and litter. This selection is based on
the assumption that other impacts are negligible, which is not
necessarily the case, especially for higher-order ecosystem effects
(e.g. reduced community diversity due to increased resilience of
opportunistic species) (Oro et al., 2013). These impacts were not
included, because the primary aim of SAGE is a comparison of gear
effects. Higher-order effects cannot be evaluated easily at the level
of fishing gears.

3.1.2.2. Pressure evaluation scheme. One pressure, namely ‘death or
injury by collision or the catching process’ is given here as an



Table 3
Intolerance, recoverability and sensitivity scores for the pressure ‘death or injury by collision or the catching process’. Pressure scoring resulted from theweighed summing and
rescaling of discard (DM), tow path (TPM) and ghost fishing mortality (GFM). DM is the geometric mean score of catch and survival. GFM for seabirds and marine mammals is
the geometric mean score of the relationships ‘GFM-species’ and ‘activity-GFM’. Recoverability scoring was based on the multiplicative score of site-specific population sizes
and demographic attributes. The latter were calculated from the mean life-history trait scores. The sensitivity index (SI) resulted from the multiplicative score of pressure and
recoverability. The uncertainty scores are given between brackets (low score equals high uncertainty).

Abra
alba

Lanice
conchilega

Notomastus
latericeus

Buccinum
undatum

Liocarcinus
holsatus

Ophiura
ophiura

Larus
fuscus

Melanitta
nigra

Uria
aalge

Phocoena
phocoena

Intolerance (beam
trawling)

Catch n.a. n.a. n.a. 3 (3.5) 3 (3.5) 3 (3.5) 0 (3.2) 0 (3.2) 0 (0.2) 0 (3.5)
Survival n.a. n.a. n.a. 1.5 (2.8) 1.5 (2.5) 1 (2.5) 3 (4) 3 (4) 3 (4) 3 (4)
TPM 2 (3.4) 2 (1.6) 2 (0.4) 2 (0.4) 2 (0.4) 3 (3.4) n.a. n.a. n.a. n.a.
GFM-species n.a. n.a. n.a. n.a. n.a. n.a. 2 (2.8) 0 (2.8) 1 (2.8) 3 (2.8)
Activity-GFM n.a. n.a. n.a. n.a. n.a. n.a. 1 (4) 1 (4) 1 (4) 1 (4)
GFM n.a. n.a. n.a. 0 0 0 1.41

(3.4)
0 (3.4) 1 (3.4) 1.73 (3.4)

Pressure score 2 (3.4) 2 (1.6) 2 (0.4) 1.75 (1.1) 1.75 (1.1) 2.50 (3.4) 0.18
(3.6)

0 (3.6) 0.13
(3.6)

0.13 (3.7)

Intolerance (trammel
netting)

Catch n.a. n.a. n.a. 1 (3.4) 2 (3.4) 1 (3.4) 0 (2.2) 2.5 (2.2) 3 (2.2) 2 (3.5)
Survival n.a. n.a. n.a. 0 (0) 3 (0) 1 (0) 3 (4) 3 (4) 3 (4) 3 (4)
TPM 0 (4)* 0 (4)* 0 (4)* n.a. n.a. n.a. n.a. n.a. n.a. n.a.
GFM-species n.a. n.a. n.a. n.a. n.a. n.a. 2 (2.8) 0 (2.8) 1 (2.8) 3 (2.8)
Activity-GFM n.a. n.a. n.a. n.a. n.a. n.a. 3 (3.8) 3 (3.8) 3 (3.8) 3 (3.8)
GFM n.a. n.a. n.a. 0 (2.6) 3 (2.6) 1 (2.6) 2.45

(3.3)
0 (3.3) 1.73

(3.3)
3 (3.3)

Pressure score 0 (4) 0 (4) 0 (4) 0 (3.5) 0.6 (3.5) 0.22 (3.5) 0.32
(3.0)

2.38 (3.0) 2.83
(3.0)

1.45 (3.7)

Recover-ability Demographic
attributes

0.2
(3.6)

0.80 (2.9) 1.30 (1.2) 2.27 (3.6) 1.20 (2.0) 1.00 (2.5) 1.67
(3.9)

0.33 (3.9) 2.33
(3.9)

1.83 (3.8)

Population size 2.5
(3.8)

2 (3.8) 1 (3.6) 3 (2.8) 1 (3.4) 1 (3.4) 2 (3.5) 0 (3.5) 0 (3.5) 2 (3.5)

Recoverability
score

1.35
(3.7)

1.40 (3.3) 1.15 (2.4) 2.63 (3.2) 1.10 (2.7) 1.00 (3.0) 1.83
(3.7)

0.17 (3.7) 1.17
(3.7)

1.91 (3.4)

SI (beam trawling) 2.7
(12.6)

2.8 (5.3) 2.3 (1.0) 4.61 (3.6) 1.9 (3.0) 2.5 (10.2) 0.34
(13.1)

0 (13.1) 0.15
(13.1)

0.25 (13.2)

SI (trammel netting) 0 (14.8) 0 (13.3) 0 (9.6) 0 (11.2) 0.66 (9.4) 0.22 (10.3) 0.59
(11.1)

0.40 (11.1) 3.31
(11.1)

2.78 (13.2)

* indicates that TPM from trammel netting is non-existing for infauna (hence zero).

J. Depestele et al. / Ocean & Coastal Management 102 (2014) 149e160 155
example for beam trawls and trammel nets. This pressure differs
from the ‘extraction of organisms’ in that the organism remains in
the marine ecosystem, although both result in the impact ‘mor-
tality’. The example is shown for three example taxa per ecosystem
component, with the exception that only one marine mammal
species, harbour porpoise (Phocoena phocoena Linnaeus) was
included. The pressure effect is partitioned (pathway 2, Fig. 2) and
comprises three mortality partitions (Appendix B):

1. Discard mortality (DM), estimated from geometric mean of the
number of individuals discarded and the proportion surviving
(multiplicative effect, i.e. not mutually exclusive),

2. Tow path mortality (TPM), i.e. mortality induced by gear contact
without catching the organism,

3. Ghost fishing mortality (GFM), i.e. mortality from lost gear.

DM and GFM did not apply to macrofauna and TPM did not
apply to seabirds andmarinemammals. The arithmetic mean of the
partition scores was taken, as they operate additively. Weighting
coefficients were 0.1 for DM and 0.9 for TPM for epifauna, because
the catch efficiency of beam trawls for invertebrates is about 10% or
Table 4
Scoring guidelines for demographic aspects of macro- and epifaunal benthic invertebrat

Score zero

In- and epifaunal invertebrates Body size (cm) <1
Age at maturity (yr) <1
Life span (yr) <2
Fecundity (oocytes) �10 000
Larval stage Planktonic (�10 days)

Birds and mammals Clutch size >3
Adult survival rate >0.95
Age at first breeding <2
less (Lindeboom and de Groot, 1998). Epifaunal GFM was weighed
at 0.15 of normal fishing rates (Brown and Macfadyen, 2007). Each
individual partition is scored using the scoring guidelines outlined
under unpartitioned scoring above. For instance, the number of
epifaunal individuals discarded was scored by subdividing North
Sea discard numbers per kg marketable sole into four equal classes.
For seabirds, diving characteristics were used to score the likeli-
hood of being caught in fishing gear. The data andmethods used for
scoring are based on scoring guidelines B1 and B2 (full quantifi-
cation and qualitative inferences: SDTs) (Appendix B and Appendix
D). Uncertainty was calculated accordingly by averaging the scores
for each of the pedigree criteria (Table 2).
3.1.3. Assessment phase: recoverability, uncertainty and sensitivity
index

Scores of population size were based on Garthe and Hüppop
(2004) for seabirds, and on Hammond et al. (2013) for harbour
porpoise. Population size was scored ‘3’ for seabirds and marine
mammals if the population size was less than 100 000 individuals,
‘2’ if �105 and <5*105, ‘1’ if �5*105 and <106 individuals and score
0 if �106. Macro- and epifaunal population sizes were
es, seabirds and marine mammals.

Score ‘1’ Score ‘2’ Score ‘3’

�1e<3 �3e<10 �10
�1e<2 �2e<3 �3
�2e<5 �5e<10 �10
�1000e<10000 �100e<1000 <100
Planktonic (<10 days) Lecithotrophic Brooded larvae or laid eggs
>2 - �3 >1 - �2 �1 or life-bearing
>0.90e�0.95 >0.80e�0.90 �0.80
�2e<3 �3e<5 �5
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approximated by the percentage of the BPNSwhere the species was
present. Species with a restricted distributionwere scored ‘3’ if they
covered �25% of the BPNS, ‘2’ if >25 and �50%, ‘1’ if >50% and
�75%, and ‘0’ if >75% (based on abundance data in Appendix C).
Scoring guidelines for demographic aspects are specified by the
ecosystem component (Table 4). Recoverability was determined by
the multiplicative score of site-specific population size and de-
mographic aspects. Uncertainty of the scores for population size
and demographic aspects was calculated by averaging pedigree
criteria scores. Multiplication of these scores equalled the uncer-
tainty score of recoverability. The sensitivity index and its uncer-
tainty were determined following the guidelines above.
3.1.4. Mapping phase: spatial and temporal explicit sensitivity maps
Sensitivity maps were illustrated for three example species of

the seabird community in the BPNS in winter (DecembereFeb-
ruary) and summer (JuneeAugust). The distribution measure for
each 9 km2 grid cell was based on data described in Appendix C and
equalled the natural logarithm of its density (þ1, to avoid unde-
fined values) (Garthe and Hüppop, 2004).
3.2. Results

A full list of species describing the four ecosystem components
is provided (Table A1, Appendix A), but the case study examples
were restricted to Abra alba (Wood), Lanice conchilega (Pallas),
Notomastus latericeus Sars, Buccinum undatum (Linnaeus), L. hol-
satus (Fabricius), Ophiura ophiura (Linnaeus), Larus fuscus (Lin-
naeus), Melanitta nigra (Linnaeus), Uria aalge (Pontoppidan), and P.
phocoena. Their scores and uncertainties for intolerance to the
pressure ‘death or injury by collision or the catching process’, and
for the recoverability of the species and the corresponding sensi-
tivities, are presented in Table 3 (see Table A2e7 (Appendix A) for
details). Scores were categorised by hyperbolic functions (Fig. 3).

The evaluation indicates that some species are highly sensitive
to death or injury by either collision or the catching process of both
fishing gears. This pressure is clearly aligned with the ecosystem
components. The benthic species are highly or very highly sensitive
to beam trawling, whereas the pressure from trammel netting is
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Fig. 3. Species sensitivity assessment, based on recoverability and intolerance to death or
trammel netting (open circles). Sensitivity is low if <0.61, intermediate if <1.68, high if <3.4
sensitivity estimates (small circles ¼ high uncertainty). Selected species are Aa (Abra alba), L
holsatus), Oo (Ophiura ophiura), Lf (Larus fuscus), Mn (Melanitta nigra), Ua (Uria aalge), Pp (
relevant for marine mammals and seabirds. Pressure evaluation
generally has a low degree of uncertainty, except for some benthic
species, mainly because of the lack of information on TPM, DM and/
or recoverability attributes (Table A2e4, Appendix). Low un-
certainties indicate that the available scientific information serves
as a solid basis for management advice. For seabirds, sensitivity
maps were illustrated for the three example species in winter and
summer (Fig. 4). The sensitivity to the seabird community is high
for trammel netting in winter across nearly the entire BPNS,
whereas sensitivity is lowered in summer and is situated close to
the coast. The pattern largely reflects the seabird distribution; it
indicates that potential management measurements should be
prioritised for trammel netting at sea in winter and in coastal areas
during summer. The sensitivity of seabirds to beam trawling is very
low, except for isolated locations with very high densities of the
lesser black-backed gull (L. fuscus).
4. Discussion

4.1. Lessons from the case study

This case study demonstrates that SAGE can differentiate be-
tween the sensitivities of ecosystem components and the fishing
m�etiers affecting the components. Although the assessment re-
quires a scoring mechanism, the overall framework is considered to
be transparent and repeatable (Stelzenmüller et al., 2010) and
therefore complies with essential requirements of sensitivity as-
sessments (Hiddink et al., 2007).

In scientific literature, sensitivity has been calculated in several
different ways because its value strongly depends on the selected
factors and how they are combined (Garthe and Hüppop, 2004).
Here, we propose combining two factors, namely intolerance and
recoverability. In turn, these factors consist of different partitions or
attributes, such as susceptibility to being smothered (e.g. Tyler-
Walters et al., 2009). This is in contrast to other approaches,
where all attributes are positioned at the same level (Stelzenmüller
et al., 2010). The intolerance-recoverability approachwas preferred,
because recoverability attributes are intrinsic to the ecosystem
component, and intolerance clearly relates to the fishing m�etier.
Bu

Lf Pp
Bu

Lf

Pp

I = 1.68 R-1

I = 0.61 R-1

I = 3.44 R-1

1.5 2 2.5 3

Rytilibarevoce

injury caused by collision or the catching process of beam trawling (grey circles) or
4 and very high if� 3.44. The magnitude of the circles indicates the uncertainty of the
c (Lanice conchilega), Nl (Notomastus latericeus), Bu (Buccinum undatum), Lh (Liocarcinus
Phocoena phocoena).



Fig. 4. Density distribution maps (n/km2) of three seabird species (Larus fuscus, Melanitta nigra, Uria aalge) in winter (a) and summer (d); sensitivity maps for beam trawling in
winter (b) and summer (e); and sensitivity map for trammel netting in winter (c) and summer (f). Maximum values of maps (b) and (c) indicate the sensitivity differences between
both gears at one glance. Beam trawling has maximum values <0.5, while the map is much darker for trammel netting, indicating a higher influence of the evaluated species. The
differences between (e) and (f) indicate that trammel netting in summer has a high impact in a broader extent of the coastal zone. While the pattern is obviously similar due to the
distribution of the evaluated species, the sensitivity to fishing is not.
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Separating intolerance and recoverability allows the user to
disentangle the associated uncertainties. This separate treatment is
similar to stock assessments, where intolerance is the fishing
mortality of a stock and recoverability is the capacity of the stock to
recover from depletion (Patrick et al., 2010). The combination of
intolerance and recoverability also strongly affects the sensitivity
score. Expert-based combinations embrace the difficulty of pre-
cisely capturing the relative importance of intolerance and recov-
erability (e.g. Tyler-Walters et al., 2009), but are not as transparent
as mathematical judgements. The latter are a priori not opaque and
thus preferred (Wilson, 2009), at least if they account for the non-
linear nature of sensitivity (Hiddink et al., 2007). SAGE therefore
combines intolerance and recoverability in a multiplicative way.

Compiling the pressures into one intolerance score poses some
difficulties. When calculating one intolerance score, a weighting
scheme is needed to balance the importance of each pressure, as
weights are implicitly induced by the number of selected pressures
(Villa and MacLeod, 2002). Weighting of pressures can be antici-
pated for well-known, generally direct pressures (see case study),
but imposing weights to balance direct and indirect pressures is not
a straightforward choice. How should one weight fishing mortality,
for example, against a resulting increase in food availability? SAGE
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proposes categorizing the pressures up to a manageable level, and
presents the sensitivity separately for pressure categories which
cannot be combined. However, this might result in more than one
sensitivity assessment. Besides the sensitivity assessment for
mortality, the case study could have been complemented with
another application, e.g. for ‘changes in food availability’. This
wouldmake it possible to avoid obscure sensitivity scores as well as
ignoring less-studied pressures.

Certain key aspects of the case study require further nuancing.
The first is representing the ecosystem by only a limited number of
taxa. One example from the case study is the quantitative meth-
odology based on Tyler-Walters et al. (2009) for selecting taxa
within the benthic ecosystem component. While this methodology
largely increases repeatability, it requires abundance data. This
might conceal a misrepresentation of the reference conditions,
because it is unlikely that quantitative abundance data can be ob-
tained from a pre-impacted state (Pinnegar and Engelhard, 2008). If
SAGE is based on recent data, the selected taxa might have already
adapted to one of the investigated m�etiers. Some of the selected
taxa in the case study inhabit a sandy gravel environment that is
most likely already degraded by trawling activities, compared to
the diverse biogenic reefs found in this area in 1900 (Houziaux
et al., 2011). If historic reference levels are chosen, difficulties
arise due to the non-static nature of the reference levels them-
selves. Reference points may change when the environment or the
ecosystem component itself changes (Heino et al., 2013; Luczak
et al., 2012; Neubauer et al., 2013). Second, SAGE stresses the
explicit referral to a standardised fishing unit based on target
species, area and fishing gear. It is only possible to compare and
eventually rank fishing gear effects by specifying the context to this
level of detail (Suuronen et al., 2012). Additionally, specifying the
context to m�etier level is needed for fisheries management appli-
cations (Fock, 2011b). Third, the spatial and temporal scale limita-
tions of the case study were not modified by variability of
intolerance by spatial or temporal criteria. The variability of intol-
erance was apparent for TPM for instance, because TPM differs by
substratum (Kaiser et al., 2006). However, there was no need for
any additional spatial delineation by substratum, as the spatial
units of the benthic communities already coincided with substra-
tum differences. If intolerance variability is known but not included
in SAGE applications, it should be indicated why, as this type of
uncertainty is generally not communicated nor accounted for in
most assessments (Hulme, 2012).

SAGE was originally tested for data-rich fisheries. This approach
can in theory also be applied to limited data situations. Minimum
requirements are information on the spatial and temporal distri-
bution of the ecosystem components, and data which can assist in
assessing pressures and recoverability. Traits can also help, but
these are often only known for a relatively limited number of taxa.
Other techniques such as interviews with fishermen might help in
providing sufficient data for SAGE (e.g. Jenkins and Garrison, 2013;
Shester andMicheli, 2011). Applying SAGE with minimum datawas
not formally tested in our study; such testing would increase the
applicability of this approach.

4.2. Potential for SAGE in fisheries management

Fisheries worldwide are confronted with new challenges related
to ecosystem health and the Ecosystem Approach to Fisheries
Management (EAFM). In Europe, this implies compliance with Eu-
ropean maritime policies, such as the Directive on the conservation
of natural habitats and of wild flora and fauna (92/43/EEC) (known
as the Habitats Directive) and the EU Marine Strategy Framework
Directive (2008/56/EC) (Fock et al., 2010; Jennings and Rice, 2011).
SAGE could provide advice to help managers reach the objectives
stated in these Directives. SAGE indicates which fishing gears have
adverse impacts on species in the Natura 2000 network. The
principal objective of this network is to achieve a ‘favourable’
conservation status of habitats and species named in the Habitats
Directive (Pedersen et al., 2009). The application of SAGE to a list of
typical species characteristic for these habitats, e.g. infaunal com-
munities of the Dogger Bank (Sell and Kr€oncke, 2013), allows
managers to assess the sensitivity of the designated sites for several
fishing m�etiers and their (potential) alternatives. The above case
study assesses trammel nets targeting sole versus flatfish beam
trawling. Another example is the assessment of pulse trawling as an
alternative to tickler-chain beam trawling in Natura 2000 areas
(Van Marlen et al., 2014). Pulse trawling has been advocated as
alternative to the conventional tickler-chain beam trawl in Natura
2000 sites (Van Marlen et al., 2014) but an assessment scheme
capable of evaluating all possible ecosystem effects in one frame-
work was not available up till now. It is needed however (ICES,
2007a), but so far relative assessments of gear effects have either
been based on expert judgement (Chuenpagdee et al., 2003; ICES,
2007a) or have focused exclusively on one type of impact such as
discards (Catchpole et al., 2008). The process of deciding to take
management measures favouring one gear or another has thus
mainly been limited to stakeholder discussions (ICES, 2012). Com-
plementing the existing decision-making process with SAGE adds a
framework for direct comparison of gear effects and facilitates a
scientifically sound assessment of gear alternatives.

SAGE is a powerful tool to compare different fishing m�etiers in
one assessment, focussing both on the comparison of existing
fishingm�etiers as well as newly developed gears. Such comparisons
create incentives for fishermen tomodify their gear andmake them
more environmentally friendly. Innovative fishing gear may permit
them to gain access to otherwise closed areas, at least if a SAGE
assessment indicates that the new gear effectively reduces the
species sensitivities and does not create other unintended effects.

The scientific advice provided by SAGE must be transparent as
well as perceived as legitimate by the stakeholders (€Osterblom
et al., 2011). Maps are powerful tools to achieve both of these
goals. Sensitivity maps indicate where, when, and which fishing
gear pose a potential threat to the attainment of the conservation
objectives under the Habitats Directive.

When used well, they stimulate stakeholder interactions and
discussions, and hold great potential in the process of arriving at
governance solutions (Smith and Brennan, 2012). This was illus-
trated in the FIMPAS project (Fock, 2011b) where distribution maps
of fishing m�etiers and protected species were used as a starting
point for discussions on the need of fisheries measures in Natura
2000 sites (ICES, 2010, 2012). SAGE is used to create maps of the
interactions between the fishingm�etiers and protected species. The
scientific assessment of gear effects is then presented to the
stakeholders as sensitivity maps. Such sensitivity maps form the
basis for a scientifically sound discussion between stakeholders,
scientists and managers. Achieving transparency and communi-
cating reliability of the maps is crucial throughout this process, as
maps can produce reality as much as represent it (Smith and
Brennan, 2012; Vanden Eede et al., 2014). SAGE accounts for this
by an uncertainty assessment, which evaluates the data availability
for producing sensitivity scores as well as their spatial distribution.
When the sensitivity maps of SAGE are embedded in a sound
decision-support system (e.g. ICES, 2010, 2012) together with their
concurrent uncertainty assessments, the scientific contribution
concerning management measures can be put into context with
stakeholders' opinions. Stakeholder participation is further
increased by involving stakeholders either in (1) the co-selection of
the pressures, (2) the inclusion of their data for uncertain elements
or (3) their involvement in the evaluation of what a ‘sufficient’
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amount of spatial and temporal variability would be for intolerance.
This participatory approach creates feedback loops between sci-
entific advice, stakeholder inclusion, and decision-making. Such an
approach would increase the defensibility of decisions made and
would result in higher compliance (Tuler et al., 2013).

SAGE compares the relative sensitivity of the ecosystem effects
of fishing m�etiers, and provides a basis for spatial and temporal re-
distributing of fisheries to reduce overall ecosystem impacts. The
effectiveness and efficiency of fisheries management measures
such as exclusion of fishing gears in certain zones are not included
in this approach in contrast to studies like that of Fletcher (2005).
SAGE is a tool that must be embedded in an overall process that
balances its outcomes with socio-economic assessments and
stakeholder involvement before it can lead to measures relevant to
fisheries management. SAGE as a tool should therefore be seen as
an integral part of an overall framework of fisheries management
such as provided in the FAO-EAF toolbox or in frameworks devel-
oped for fisheries management measures in Natura 2000 areas (see
Fock, 2011b; ICES, 2012 for details). The transparency of the
assessment scheme (e.g. pressure evaluation) and the inclusion of
an explicit methodology for uncertainty assessment provide a
platform for discussion of scientific statements on fishing impacts.
Using SAGE thus increases scientific credibility amongst stake-
holders as well as potentially increasing compliance with new
management measures (Nielsen and Mathiesen, 2003).
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