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Abstract — Ideas and considerations are put forward for managing fisheries and marine populations using primar-
ily trawl surveys to supply biological and spatial indicators of the state of stocks, and to permit catch per unit effort
(CPUE)-based assessments. Trawl surveys seldom allow absolute estimates of fish population sizes but, if appropriately
located, timed, and designed, can provide a broad range of information about catchable fish species and the ecosystem
that supports them. This information may be more conducive to sustainable management of fisheries than the tradi-
tional focus on the abundances of selected stocks. The paper first briefly proposes how survey-based methods might
supplement existing fishery-dependent stock assessments, as would be necessary during a transition phase to a more
ecosystem-orientated system of management. Full survey-based management is then considered in relation to manage-
ment objectives, the selection of indicators, survey design, reference periods, levels and directions, statistical aspects,
CPUE-based assessments, and management responses to good and bad signals from the ecosystem. We argue that ex-
isting fishery-dependent stock assessments cannot be claimed to produce absolute estimates of stock abundance and
fishing mortality because natural mortality (M) is seldom known accurately and, therefore, that they should not be
presumed superior to the relative information from surveys, and an agreeable form of adaptive management.

Key words: Fisheries management / Trawl survey / State indicator / Spatial indicator / Survey-based stock assessment /
Fisheries-independent assessment / Fishing effort indicator

1 Introduction

Official landings statistics have formed the primary basis of
fish stock assessments for many years even though, in Europe,
there are long-standing criticisms of their adequacy for the pur-
pose (Anonymous 1986). Problems arise because:

o fishing is a commercial operation, not a scientific sampling
survey;

o fishers are adept at finding fishable concentrations of fish
even when stocks are low (Rose and Kulka 1999);

o fishing efficiencies vary over time (Marchal et al. 2003;
Marchal et al. 2007);

e landings do not include fish discarded at sea; and

o there are considerable incentives for fishers to miss-declare
their landings.

»
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For these reasons, attention has been turning towards scientifi-
cally conducted trawl surveys as alternative, more dependable
sources of information about fish stocks (Cook 1997; Porch
et al. 2006; Trenkel 2008). In the Mediterranean, monitoring
of landings was sparse at least until 2002 (when the EC data
collection regulation was applied) and fish surveys have for
many years served as the primary assessment tool (Abella et al.
1999). More generally, trawl surveys can provide information
about many non-commercial species and therefore, potentially,
about the health of the overall marine ecosystem.

The need to move away from the management of single-
species and towards management of whole ecosystems, the
so-called “ecosystem approach to fisheries management”
(EAFM), also known as “ecosystem-based management”, is
now accepted by many scientists (Rice et al. 2005), non-
governmental (Ward et al. 2006), and governmental organi-
sations (EC 2001a; FAO 2003). Garcia and Cochrane (2005)
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summarise the international political development of EAFM.
Since so many fisheries are over-fished (EC 2001b; Jackson
et al. 2001; Pauly et al. 2002; Myers and Worm 2003; Mullon
et al. 2005), the hope is that EAFM can take us closer to sus-
tainable exploitation of commercial fisheries without undesir-
able environmental side effects, such as trophic cascades and
regime shifts (Daskalov et al. 2007; Daskalov 2008). Trawl
surveys, by providing data about a wide range of species, ap-
pear to offer a valuable scientific tool for implementing an
EAFM.

Trawl surveys can be carried out by research vessels, spe-
cially chartered fishing vessels, or commercial vessels oper-
ated in partnership with scientists (Armstrong et al. 2008). The
essential feature of a survey is that trawling be carried out in
a fully standardised way within a bounded region occupied by
the stocks of interest. A small mesh liner is often fitted within
the codend of a survey trawl to try to equalise the catching
rates for different sizes of fish. The relative catch rates of a
species from time to time and place to place are then intended
to indicate approximate relative abundances of that species.
The relative abundances of different species, on the other hand,
cannot be so estimated from a trawl survey unless their rela-
tive catch rates are known — which is seldom the case though
approximations may be assumed. The standardisation of trawl
surveys must be carried out with great care and may involve in-
tercalibrations of vessels or gear. See Anonymous (2004, 2005,
2006); for statistical aspects, see Kimura and Somerton (2006),
and for problems associated with the noise made by survey
vessels, see Mitson (1995) and Mitson and Knudsen (2003).

Much general and technical advice on the practical im-
plementation of an EAFM is now available (FAO 2003;
Lack 2004; Link 2005; Ward et al. 2006; Grieve and Short
2007; McShane et al. 2007). The present paper offers ad-
vice on how trawl surveys might be used for EAFM when
they form the primary source of information. It summarises
the research findings of a recent European project, entitled
“Fishery-independent, survey-based, operational assessment
techniques” (FISBOAT) in the context of other published re-
sults. The intention is to draw attention to some of the many
benefits and complications of using trawl surveys to support
an EAFM. The paper does not attempt a wide-ranging litera-
ture review because of others already available (Jennings and
Kaiser 1998; Rochet and Trenkel 2003; Jennings 2005; Rochet
and Trenkel 2009). It also does not review specific fisheries
or ecosystems because each is likely to be different and to
need specialist knowledge, judging from case studies carried
out under this European project and, in the global context, by
world wide fund (WWF) (Grieve and Short 2007). Our ap-
proach is strongly influenced by our familiarity with European
marine fisheries where trawl surveys already contribute im-
portant information to stock assessments, most of which use
fishery-dependent data (e.g. from market sampling, observer
surveys) as well. Lastly, our emphasis on trawl surveys is not
intended to imply that fishery-dependent data are necessarily
inferior (Cotter and Pilling 2007), or that other types of sci-
entific survey, e.g. acoustic surveys, are not useful for EAFM
purposes.

Our paper is structured according to the likely ordering of
practical tasks for designing an EAFM for a particular fishery.

Because single-species, abundance-related, fishery-dependent
stock assessments form the main scientific support for the
management system prevailing in Europe and elsewhere at the
time of writing, we first briefly discuss aspects of the crucial
transition phase to an EAFM (Sect. 2). Then consider EAFM
and trawl surveys with little further reference to existing as-
sessment practices (3). Each sub-section deals with a neces-
sary stage of implementation. The preliminary planning stage
(3.1) involves consideration of the management and decision-
making structures, the choice of state and pressure indicators
to use, and whether or not the available trawl survey(s) will
be adequate for the job of monitoring state indicators. The
next stage (3.2) concerns data analysis, CPUE modelling, and
comparisons with reference levels or trends, as will be needed
to convert survey results into management guidance. The last,
decision-making stage (3.3) concerns the options for manage-
rial responses to good and bad stock indications. We conclude
the article with a short discussion of some of the issues raised.

2 Transition from abundance-based stock
assessments to a survey-based EAFM

The abundance of fish, as conventionally estimated with
many existing methods of stock assessment, is only one aspect
of the viability of the population. Poor viability may be indi-
cated by poor growth, weak or delayed gonad development or
atresia, or by low numbers of mature fish. Biological indica-
tors for assessing size, growth, and reproduction from trawl
surveys are shown in Table 1 (see also Cotter et al. 2009).
Poor viability may also be indicated by atypical spatial distri-
butions attributable to unfavourable environmental factors or
competition with other species. Spatial indicators of distribu-
tional characteristics applicable to station-by-station data from
trawl surveys can be found in Table 2 (see also Woillez et al.
2007). For these reasons, augmentation of existing abundance-
based stock assessments with the results of monitoring bio-
logical and spatial indicators is recommended when a suitable
trawl survey is available. It must, however, be done with care
to minimise the spurious statistical relationships that can arise
if data are used twice (Cotter et al. 2004), for example if indi-
cators use CPUE data that are also used to tune an assessment
model such as exploratory extended survivors analysis (XSA).
If such traps are avoided, parallel use of biological and spatial
indicators alongside stock abundance assessments should aid
a smooth and secure transition between existing single-species
assessments and a future EAFM that relies more heavily on
indicators.

The opportunity also exists to fit one or more of the CPUE-
based models listed in Table 4 to survey data (Mesnil et al.
2009) as support for current, landings- and catch-based meth-
ods of stock assessment. As with indicators, the validity of a
separate analysis with the chosen surveys depends on whether
or not they were also used to tune the main assessment model.
Given that they were not, or that the dependence is known to
be weak, the obvious application of CPUE modelling is for a
comparison of estimates of parameters made by both methods
such as the coefficient of total mortality, Z, and the relative
sizes of recruiting year classes. Alternatively, if the surveys
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Table 1. Biological population indicators considered under the FISBOAT project (Cotter et al. 2009).

Description and properties

r is slope of log N (all ages) over time. Useful when length and age compositions
are not available. r decreases with fishing particularly if recruitment is also af-
fected. Other factors could also cause a decline. Log N and r must be interpreted

I ndicator Abbreviation
Abundance-based
Log abundance & Intrinsic log(N), r
population growth rate

together.
Total mortality z

Z measures decline of log abundance in a year class. Increases with fishing, or
net migration out of the survey area.

Size- and age-based

Numbers-at-length, numbers-
at-age, length statistics

NalL, NaA, Lbar, L50

Length- or age-frequency distributions. Lack of large or old fish may indicate
over-fishing, low productivity economically, and vulnerability to high fishing
pressures. Also affected by recruitment.

Weight-based

Catch weight per station WPUE Total weight per unit effort of one (or more) species. Relates to stock biomass and
size composition. Affected by seasonal growth and spawning. Less influenced by
recruitments than length statistics.

Condition C Average body weight for a given body size. Reflects nutritional status and repro-
ductive fitness. Affected by season and gender.

Reproductive

Spawning stock in number SN Number of mature fish per unit effort. Low SSN implies vulnerability to interfer-
ence with reproductive processes, and high fishing pressures. Requires accurate
maturity staging, and surveys in the pre-spawning season.

Gonadosomatic index GS The ratio of gonad weight to body weight. Affected by nutritional status, maturity
stage, and reproductive fitness. Requires weighings but not maturity stages unlike
other reproductive indicators. Requires seasonally timed surveys.

Length and age at maturity LaM50, AaM50 Length or age at which 50% of the individuals in a fish stock are reproductively

mature. Can decrease slowly with fishing. Also varies widely with latitude. Re-

quires accurate maturity staging and seasonally timed surveys.

were fully utilised to tune the assessment, a comparison of es-
timates might still be useful for finding and diagnosing any
modelling problems in the assessment. Other possibilities for
CPUE modelling with survey results may be opened up by the
relative simplicity of some methods, making them easier to
illustrate and explain to non-specialists on the stock manage-
ment committee. They might also be applied to screen CPUE
data before use in the assessment, or to examine surveys re-
jected for tuning purposes or that are giving contrary results.

Simulation tools can also be useful for checking the valid-
ity of assessments and management methods. The ALADYM
(Lembo et al. 2009) and FLR (fisheries library in the R sta-
tistical language) simulation systems (Kell et al. 2007; Hillary
2009) are both based on simulating an underlying biological
population (using the “operating model”) which can be sub-
jected to different harvest control rules (HCRs) (Apostolaki
and Hillary 2009) to try to find a way to manage the fishery
sustainably. Variants of the HCRs can be formulated and tested
using the responses of abundance indices obtained from trawl
surveys. For example, last year’s total allowable catches (TAC)
might be increased if preceding abundance indices showed a
trend upwards. FLR also allows the robustness of HCRs to

be tested when errors and biases are present in the indices
or in other information about the stock, when the underlying
population dynamics are mis-specified, or when the HCR is
not complied with. Testing of different types of HCRs, e.g.
protecting juveniles, area closures, etc., might also be possi-
ble though neither FLR nor ALADYM currently permit geo-
graphic variability. Other, more elaborate simulators may be
useful for such tasks, e.g. ATLANTIS at http://atlantis.cmar.
csiro.au/ (Fulton et al. 2003).

3 Towards EAFM using trawl survey data only
3.1 Planning stage

Management and objectives

We assume that a committee of some sort exists for man-
aging the fishery. Political and organisational options for this
body are discussed fully in the collection of papers result-
ing from the EC EFIMAS project (Motos and Wilson 2006).
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Table 2. Spatial population indicators considered under the FISBOAT project (Woillez et al. 2009a).

Mean location of the individuals of a population. CG is sensitive to high densities of fish.
Variance of the location of the individuals of a population. Indicates dispersal but is sen-

Anisotropy measures the elongation of the spatial distribution of the population. Isotropy
is the inverse. Can be affected by the appearance or disappearance of patches of fish.

The geographic distinctness or overlap of two populations of fish.

The geographic patchiness of fish populations. NoP depends on the threshold distance
separating two patches and is sensitive to the locations of high densities of fish.

The area where fish of a species occur. PA is greatly increased when fish occur at low

A measure of the area occupied by the stock that takes into account variation in fish
density. SA equals PA when the population is evenly spread with a constant density.

The area that would be covered by the population if all individuals occupied the same
area. Independent of the absolute abundance and sensitive to the highest density values.

Indicator Abbreviation  Description and properties
Centre of gravity CG
Inertia |
sitive to high densities of fish.
Anisotropy, Isotropy An, Is
Global index of collocation GIC
Number of spatial patches NoP
Positive area PA
densities over a large area.
Spreading area A
Equivalent area EA
Microstructure index Ml

The fine-scale variability of the fish density surface. It measures the relative importance
of structural components having a scale smaller than the sample lag. 0 corresponds to a
very regular, well-structured density surface, and 1 to a highly irregular, poorly structured,

density surface.

There are many possibilities ranging from the present Euro-
pean “command and control” system, through regional coun-
cils and co-management, to rights-based management (MRAG
et al. 2009). It is envisaged that the management body includes
members of the fishing industry, politicians, non-governmental
organisations, scientists, and other interested professionals
such as economists and sociologists. This is in conformity
with recommendations concerning an EAFM (EC 2001b; FAO
2003). A consequence of envisaging a body drawn from such
a wide range of skills is that scientific results about the fishery
should be expressible simply and, preferably, visually.

The top tier of objectives for managing a fishery are prob-
ably best decided by political processes outside the manage-
ment body so that its time is not taken up with arguments
among competing interests, e.g. for more fish to be harvested,
or for more conservation. FAO (2003) offers suggestions for
top-level objectives:

e keep harvested species within ecologically viable stock
levels by avoiding overfishing and maintaining and opti-
mizing long-term yields;

e maintain habitats and populations of non-retained (by-
catch) species within ecologically viable levels;

e keep impact on the structure, processes and functions of
the ecosystem at an acceptable level,

e maximize net revenues; and

e support regional employment.

Another possibility would be to achieve a significant reduction
in the rate of biodiversity loss (Jennings 2005).

The top-level objectives have to be translated into opera-
tional objectives for the work of the fishery management body.
The operational objectives are likely to have to deal with a
wide range of fisheries impacts and, under an EAFM, should
be directed towards achieving sustainability. Prioritisation of
objectives is necessary to prevent an impractical proliferation

of them (Jennings 2005). An example of an operational objec-
tive designed to meet the first political objective in the bul-
leted list above might be ‘To maintain 10% of the stock at
age 3 or older”. Each operational objective should be directly
addressable by scientific means. The trawl survey indicators
(Tables 1 and 2) have obvious value for this although they are
not intended to serve all possible operational objectives, such
as those related to species other than fish in the ecosystem.
Suggestions for this aspect are given below under ’Suitability
of the trawl survey’.

Selection of biological and spatial indicators

Guidance on the selection of indicators for managing a
fishery is provided by Jennings (2005), Rice and Rochet
(2005), Rochet and Rice (2005), and other papers in the con-
ference proceedings edited by Daan et al. (2005). Published
studies of the performance of selected indicators in fished sit-
uations are also available (Piet and Jennings 2006). Spatial in-
dices (Woillez et al. 2007; Woillez et al. 2009a) provide an-
other way of looking at a fish stock and, since they depend on
station-by-station catch rates, they are valuable for exposing
information not used by composite indicators, as many bio-
logical indicators are.

The biological indicators listed in Table 1 relate to most
key biological processes of a population including growth,
condition, maturity, reproduction, abundance, and mortality.
There are of course hundreds more indicators to choose from
(Rochet and Trenkel 2003; Methratta and Link 2006). The first
step in selecting indicators is the identification of fishing im-
pacts most likely to compromise attainment of the operational
objectives. The impacts are then prioritised according to sever-
ity and likelihood of occurrence, e.g. using the risk assessment
methodology developed in Australia (Fletcher 2005). Next,
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state indicators relevant to impacted components of the ecosys-
tem are selected, depending on resources (Jennings 2005) and
the seasonal timing of the survey relative to seasonal biological
processes. Several simulation studies concerned with the per-
formance of ecological state indicators have been reported re-
cently (Fulton et al. 2005; Hall et al. 2006; Methratta and Link
2006; Travers et al. 2006). Evaluation of possible management
strategies (De Oliveira et al. 2008) based on indicators could
be undertaken with further simulations using the ALADYM
age-length-based model (Lembo et al. 2009), or the FLR sys-
tem (Kell et al. 2007; Hillary 2009).

There are further technical considerations to apply when
selecting biological indicators for fish stocks and ecosystems.
In the context of trawl surveys, the suitability of the avail-
able surveys must be carefully considered for each indicator.
Species that are poorly caught by the survey gear will occur
infrequently in survey catches and are therefore likely to create
a very noisy indicator series, see Trenkel and Cotter (2009) for
more discussion. The season of the survey is especially impor-
tant for indicators related to reproduction and growth (Cotter
et al. 2009). Rice and Rochet (2005) argue that the number
of indicators chosen should be minimal to prevent conflicting
signals and arguments. Cotter et al. (2009) make a similar case
based on the statistical dependence among many indicators.
A high degree implies redundancy, possibly leading to over-
interpretation of the various time series as well as unnecessary
expense for collecting them. An example would be growth in
length and bodily condition which both depend strongly on
one factor, food supply. Dependence can also result from cor-
related sampling errors that mask or distort functional relation-
ships among indicators. When this occurs, as it typically does
when indicators are estimated using fish from the same hauls
on a survey, there may be a case for cutting back on the number
of indicators monitored.

Selection of indicators of fishing pressure

Commercial fishing pressure is not monitored by trawl sur-
veys but is relevant to any EAFM (Jennings 2005). Less re-
search attention has been given to indicators of fishing effort
than to those of ecological state (Seijo and Caddy 2000; Link
et al. 2002) but recent papers by Piet et al. (2007) and Hiddink
et al. (2006) provide different perspectives on the pressures
of commercial trawling effort. Ideally, the links between in-
dicators of fishing pressure and ecological state will be well
understood so that fishing can be managed in relation to prop-
erties of the ecosystem (Jennings 2005). Another good reason
for having both types of indicator is to identify biological pro-
cesses that can mimic the effects of high fishing effort. For
example, short-lived species caught early in their life, such
as red mullet in the Mediterranean and anchovy, can experi-
ence density-dependent changes of growth and natural mortal-
ity rates similar to that caused by increased fishing effort. Pres-
sure indicators can be studied with similar statistical methods
as state indicators, for example, those listed in Table 3. Also,
canonical correlation analysis has been applied to try to iden-
tify the most important links between suites of pressure and
state indicators, see Link et al. (2002) and Choi et al. (2005)
for examples of such studies.

Suitability of the trawl survey(s) for monitoring indicators

For economic reasons, existing trawl surveys tend to serve
many purposes (Ehrich et al. 2007) even though many were
primarily intended to support or “tune” fish stock assessments
based on models of the numbers of fish landed by commercial
fleets. Special problems arise when trawl surveys are used to
monitor indicators for species that were not of much interest
before an EAFM was required. There can then be a mis-match
of the survey area with the area occupied by the species, se-
lective catching of different size classes, and other undesirable
variations of survey catchability geographically or temporally,
leading to biased estimation (Trenkel and Cotter 2009). Nu-
merous other technical issues (Anonymous 2004, 2005) should
also be considered before placing heavy reliance on the re-
sults of a survey, e.g. if a species is not consistently caught
from year to year, or if availability of fish at several survey sta-
tions is likely to be affected by abundance of the stock due to
contraction around favoured locations when numbers are low
(Hutchings 1996). Generally, the precision of survey-based in-
dicators for a stock declines significantly with declining abun-
dance.

For these reasons, EAFM using survey-based models and
indicator series might benefit from different emphases in the
designs of pre-existing trawl surveys. Radical changes are un-
likely to be acceptable because of the general wish in fisheries
science communities to retain temporal continuity in survey
results but deployment of additional fishing or sampling de-
vices may well be feasible. Examples of supplementary sam-
pling equipment successfully used on trawl surveys include a
standardised 2-m beam trawl towed for 5 min at each station
fished with the main gear (Callaway et al. 2002a,b), benthic
grabs (Rees et al. 2006; Rees et al. 2008), acoustic systems
(Everson et al. 1996; Greenstreet et al. 1997; Mackinson et al.
2004; Mackinson and van der Kooij 2006), and plankton col-
lectors (Beaugrand 2005). Trawl surveys have also been used
as wide-ranging platforms for observations of sea birds (Tasker
et al. 1984) and marine mammals (Northridge and Mackay
2006). Special “distance sampling” statistical methods have
been developed for these purposes (Buckland et al. 2004).

A survey might also be unsuitable for monitoring an in-
dicator if its expected ability to distinguish a trend over
time from measurement noise is low (Nicholson and Jennings
2004). Several methods for doing this are discussed below un-
der “Statistical methods . . .” Increasing the frequency of sur-
veys from annual to, say, twice-yearly, possibly with reduced
numbers of stations being fished on each occasion to minimise
extra costs, might be a helpful strategy for picking up and act-
ing upon signals available from priority indicators earlier de-
pending, of course, on whether radically rearranging survey
schedules is feasible and on whether the cut-back surveys can
provide sufficient precision for all the important tasks. Another
significant consideration is whether valid results can be ob-
tained in both seasons (Trenkel et al. 2004; Cotter et al. 2009).

Rotherham et al. (2007) provide guidance for those finding
themselves with the challenge of designing a survey specif-
ically to manage a fishery without relying on other data.
Geographic variation may be important. In the Mediterranean,
fishing fleets mostly work along the narrow continental shelves
near the ports and, hence, a stock may show different levels
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Table 3. Methods used or developed during the FISBOAT project for integrating and interpreting indicator series.

Task/Category Method Description and properties Reference
Simulating population ALADYM An age-length based simulation model for predicting Lembo et al. 2009
dynamics the effects of different fishing pressures on a single
population of fish.

Estimating indicators and refer- A Monte Carlo approach using ALADYM Lembo et al. 2009

ence points
Indicator  time-series Intersection union test Estimates the direction of recent changes -up or Trenkel and Rochet 2008
methods down- using the first and second derivatives of the

Assessing the power to detect
future trends

smoothed time-series.
Estimates the power to detect future, linear trends.

Bogaards et al. (in Cotter
2007)

Statistical ~ process  control Industrial quality control schemes, e.g. CUSUM, ap- Mesnil and Petitgas
(SPC) schemes plied to monitor fishery and environmental qualities 2009)
derived from time series of indicators.
Nonparametric statistical meth-  Statistical methods for assessing trends in fishery and Cotter 2009
ods for assessing trends environmental indicators with minimal assumptions.
Construction of multi- Principal components analysis Represents the evolution of a stock, characterised by Petitgas 2007

variate indices

(PCA) and biological indicators

Multi-factorial analysis (MFA)
and spatial indicators

Min/Max autocorrelation fac-
tors (MAFs) and time continuity

many biological indicators, as a multivariate distance
from a reference centre of gravity.

Extends the PCA method to cases where the same
variables (spatial indicators) are measured for the
same individuals (e.g. stations) at different times.
Can summarise the spatial organisation of a species
through different age classes.

MAFs are linear combinations of indicator time se-
ries that are continuous in time. Can be used with
spatial indices to follow distribution of a fish popula-
tion over time.

Petitgas and Poulard
2009

Woillez et al. 2009b

Diagnosing stock status
from indicator series

Combining trend signals using a
cause-effects table

A “traffic light” procedure

A multi-variate statistical proce-
dure

A simple, approach for causal interpretation of time
trends in different types of biological and fishery in-
dicators.

Simple, visual traffic light table from the results of
CUSUM procedures applied to various indicator se-
ries.

PCA and related techniques for the results of
CUSUM procedures applied to the various indicator
series.

Trenkel et al. 2007a

Petitgas 2009

Petitgas 2007; Petitgas
and Poulard 2009

of abundance and demographic structure over relatively short
distances along these narrow stripes. As already mentioned,
seasonal variation is very important for indicators of repro-
ductive capacity, e.g. SSN, GS, LaM50, AaM50 (Table 1), and
of growth and condition, e.g. C, L25 (Table 1). Spatial indi-
cators (Table 2) may also vary strongly with season and/or
life stage depending on migrations, as observed for red mul-
let (Spedicato et al. 2007), and perhaps with mortality. If the
season of a survey cannot be altered, the choice of indicators
should be restricted to those that are compatible with the time
of year.

3.2 Data analysis

The reference period and reference values or trend
directions for indicators

Having planned and carried out surveys as part of an
EAFM, criteria are needed for comparison with the resulting

time series of indicators to decide whether the ecosystem is
being adequately protected from the effects of fishing or not.
Reference points are values chosen on best available informa-
tion to help a management body to decide whether the level
of an indicator signifies that a stock or an ecosystem is in a
good state, or in a bad state needing corrective action. The
points may be chosen to signal for example, “no impact”, a
precautionary “need for corrective action”, or a limiting “need
for extreme action” such as closure of the fishery. Deciding
these values in advance of any problems and possibly without
extensive experience of monitoring the ecosystem may prove
difficult and subjective. Simulating the fishery under known
conditions representing low and high fishing pressures com-
bined with different levels of observation error could assist;
the ALADYM model, possibly with a Monte Carlo approach
(Table 3), and the FLR system (Kell et al. 2007) are two pos-
sible methods for doing this. Expert decision based on expe-
rience in other systems is another one (e.g. Link 2005) but
simulation modelling may still be advisable to see whether
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unrealistic values are being considered. Reference points and
directions are certainly matters to be negotiated with all in-
terests represented on the fishery management body. Jennings
(2005) discusses reference points in more detail, pointing out
that hitting targets may be better policy than avoiding lim-
its, and that reference directions (e.g. “towards improvement™)
may be easier to find and agree than absolute values or slopes.

Finding reference points or directions is often greatly as-
sisted by knowledge of a period when fish stocks or the ecosys-
tem were in an acceptable condition, probably at a time of
low fishing effort, or before the fishery matured and yields per
unit of effort started to decline substantially. Values or trends
for each indicator may then be interpreted relative to this so-
called “reference period” taking into account elementary facts
about the biology and behaviour of the species (Table 3, cause-
effects). In some cases, research results already permit con-
vincing explanations of what is happening in the ecosystem,
as for some groups of size-based (Shin et al. 2005) and popu-
lation (Trenkel et al. 2007b) indicators.

Statistical methods for evaluating changes in indicators

Indicator series derived from fish surveys are likely to be
affected by considerable sampling and measurement variance
S0 a statistical approach to assessing compliance with pre-set
reference points or directions is important. Several methods
have been documented to assist comparisons:

e Recent trends are likely to be of most interest; they can be
assessed from first and second derivatives of the smoothed
series (Table 3, intersection-union test).

e The CUSUM method offers a sensitive method for check-
ing whether fishery and environmental quality indicators
are behaving as expected (Table 3, SPC method). A refer-
ence period is essential.

e Nonparametric statistical methods can be used to assess
prevailing levels and overall trends without using mod-
els and with minimal assumptions, making them rela-
tively objective and easy to explain (Table 3, nonparamet-
ric methods).

o Least squares linear models are often used but the assump-
tion of linearity is likely to be unrealistic because environ-
mental variables generally do not vary in straight lines. If
not, serially correlated residuals and over-estimated preci-
sion and confidence result.

Methods for combining indicator results

Management of a fishery will probably need many indica-
tors. Two problems ensue. One is how to understand collec-
tively the many, possibly different signals about the stock and
the ecosystem; the other is to recognise that results of some in-
dicators are linked with results for others, either through func-
tional or sampling dependences.

One approach is to form new composite indices from
groups of individual indices. Principal components analysis
(PCA) weights the different indices so that the weighted av-
erages can be used as composites that are statistically inde-
pendent (Link et al. 2002). The first two or three principal

components — orthogonal axes through the data cloud — usu-
ally explain most of the variability and can be very helpful for
understanding the signal from groups of correlated indicators.
Indicators are composited into a multivariate distance from a
central reference point so allowing a new perspective on evo-
lution of the stock (Table 3 PCA method). Multi-factorial anal-
ysis (MFA) allows PCAs applied to each of several fishing sta-
tions to be combined. This can be useful for following changes
in the prevailing spatial location of a species as individuals get
older. Min/max autocorrelation factors (Table 3, MAF method)
(Erzini et al. 2005; Woillez et al. 2009b) are used to combine
a set of indices thought to be representative of a fish stock
into components (factors) that present maximal continuity in
time. The trends extracted do not allow reference periods to
be defined because of their continuity. On the other hand, the
continuity allows the status of the stock to be monitored in
time (Woillez et al. 2007). Erzini et al. (2005) describe another
multivariate technique, dynamic factor analysis, for modelling
suites of indicator time series in terms of possible explanatory
variables.

Another approach, to the problems of multiple indicators,
is simpler and amounts to a preparation of a systematic di-
agnosis of changes in a stock from different individual sig-
nals. The cause-effects table (Table 3) attempts an interpreta-
tion of joint time trends in terms of underlying driving causes,
which can be environmental or due to fishing (Trenkel et al.
2007b; Dambacher et al. 2009). A simple visual tabulation of
results for groups of variables, possibly after transformation to
CUSUMS, using red, orange, and green colouring to indicate
perceived harm, insignificance, or benefit, respectively, to the
stock and ecosystem is also available (Table 3), “traffic light”
table (Halliday et al. 2001; Caddy 2002; DFO 2003; Petitgas
2009). It can reveal at a glance whether a stock might be in dif-
ficulty or not, though care is needed to recognise that strongly
correlated indicators do not add to the weight of evidence just
because they are all showing the same signal. A third diagnos-
tic method again uses PCA but, in this approach, to summarise
independent groups of indicators so as to assist understanding
of the signals underlying them. See “multi-variate statistical”
method (Table 3).

Selection of a survey-based assessment method

The CPUE-based models shown in Table 4 estimate rela-
tive abundances (rather than absolute numbers) of recruits and
adults, total mortality Z, and other variables. These standard
outputs are likely to be valued by fisheries biologists used to
interpreting fish stock models and wishing to use them to com-
plement indicator-based methods. The models could also esti-
mate some indicators directly, e.g. Z and age compositions.
The estimates, if based on a model fitted to several years of re-
sults, would often vary more smoothly than estimates made
directly from current results only, though this apparent ad-
vantage is of course dependent on the truth of the assump-
tions underlying the model. The modelling options for survey
CPUEs include LENSUR for length-structured assessments,
BREM for modelling biomass, and TSA, SURBA, or YCC for
age-structured assessments (Table 4). There is the potential,
therefore, for looking at stocks from the perspectives of length,
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Table 4. Fishery-independent assessment models employed in the FISBOAT project (Mesnil et al. 2009).

References

Trenkel 2008

Skagen (in Cotter
2007)

Needle (in Mesnil
et al. 2009)

Fryer (in Mesnil
et al. 2009)

Method Abbrev-  Description and properties
iation

Biomass random BREM Relative biomass is modelled as a function of last year’s biomass, a net growth co-

effects model efficient incorporating growth and mortality, and annual recruitments. The growth
coefficient and recruitments are treated as random walks on the log scale.

Length structured LENSUR  Generates an artificial population in numbers by length class and time step, as

model specified by a set of parameters. Model observations are derived from the operating
model in an observation model, and parameters are estimated by minimising the
deviation of the model observations from real observations.

Survey-based, age SURBA Abundance at each age and year of a cohort is given by the recruiting abundance

structured model of the relevant cohort modified by the cumulative effect of (separable) mortality
during its lifetime. Parameters are estimated by minimising the weighted sum-of-
squares of observed and estimated abundance indices.

Time-series TSA A state-space, random walk framework for modelling abundance-at-age indices

analysis from a single survey. Fitting of parameters by Kalman filter.

Year-class curve YCC Estimates annual recruitments and total mortality, Z, by regressing log abundance

regression indices on age by year class. Also estimates relative catchabilities and residual

Cotter et al. 2007

variances for different surveys.

biomass, abundance, and by age group. A comparison of the
methods (except LENSUR) for simulated data is presented by
Mesnil et al. (2009) and all were found to perform satisfacto-
rily except when changes of catchability were introduced into
the simulations. This weakness is to be expected for any trawl-
related assessment method. In addition to the models listed,
Bayesian methods have also been applied (Porch et al. 2006).

3.3 Management based on survey results

Few fish surveys directly provide absolute estimates of
numbers or weight of fish in a stock; they only provide rel-
ative estimates from year to year or place to place. This is
because the catchability coefficient relating CPUE and pop-
ulation abundance locally is not known even approximately
for trawl surveys, except in a few special situations (Tuck
et al. 1997; Gjgsaeter et al. 2002). Indirect estimates of ab-
solute quantities made in conjunction with commercial fishing
data have been described (Korsbrekke et al. 2001) but are not
widely in use. Relative estimates of quantity cannot be used to
recommend absolute total allowable catches (TACs) that corre-
spond to proposed levels of fishing mortality, F, as carried out
annually to manage many stocks under the present European
common fisheries policy (CFP). Many would feel that this is
a fundamental flaw for survey-based management of fisheries.
Counter arguments are presented in the discussion below. Fur-
thermore, in the Mediterranean, fisheries have been regulated
for many years already by control of effort and technical mea-
sures in relation to survey results.

Given only relative estimates, some sort of organised trial
and error procedure, generally known as adaptive management
(Walters 1986), becomes necessary for controlling fishing. All
controls would have to be reviewed and re-negotiated on a reg-
ular basis in the light of monitoring results, the socio-economic
factors relevant to the EAFM, and the high-level objectives
of the management body. Jennings (2005) proposed that man-
agement should focus on fishing activities that are most likely

to cause unsustainable impacts in the ecosystem; the relation-
ships of current values of priority indicators to reference lev-
els or trajectories provides guidance on the actions to take.
Trenkel et al. (2007b) report just such an exercise. Survey-
based assessments with abundance indices could also assist.
Having decided whether there is a problem or not, the man-
agement body has to decide on appropriate harvest or effort
control rules (HCR or ECR). HCRs and simulation testing of
them have already been mentioned. Technical measures, e.g.
mesh regulations, closed areas, by-catch rules, etc., are likely
to form another important part of the management strategy.
They may be particularly suited for controlling specific dam-
age to the ecosystem, e.g. to reefs, or nursery areas. Trawl sur-
veys, unfortunately, tend not to be helpful for this aspect of
management; the areas may be untrawlable or there may be
insufficient resources to focus fishing in the special regions.

4 Discussion

TACs intended to achieve target levels of fishing mortality
(F) became important for managing many international fish-
eries partly because they are easy to divide up by political
agreement among nations, and partly because F is a readily
estimated parameter in virtual population analysis (VPA) and
other stock assessment methods based on fishery-dependent
data (Pope 1979). However, whether or not such TACs actu-
ally achieve control of the absolute numbers of fish in a stock,
even if accurately implemented according to the recommenda-
tions of scientists, is now debatable. Only the total mortality
(2), is directly estimable — from the decline in log numbers
in each year class over time. F must be estimated indirectly,
usually by subtracting natural mortality, M, from Z, and, since
M is one of the hardest fishery parameters to estimate (\etter
1988; Hewitt and Hoenig 2005; Gislason et al. 2008), signif-
icant bias in estimates of F, stock numbers, and thus, most
importantly, the TACs would not be surprising (Rivard 1989;
Lapointe and Peterman 1991; Mertz and Myers 1997), even if
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bias in the market sampling data and stock assessment models
(Cotter et al. 2004) is somehow successfully avoided. Further-
more, TACs can fail to maintain a stock even if implemented
perfectly (Kell et al. 2005). The TAC-F system is now widely
acknowledged to have a variety of disadvantages (Beverton
1998; Demaré 2006) and reform of the European common fish-
eries policy (CFP) has been actively discussed for some time
(EC 2001b). It follows therefore that superiority of the suppos-
edly absolute TAC management system over relative, survey-
based methods cannot be safely presumed.

Most of the indicators and methods, listed in Tables 1 to 4,
were applied to a variety of case studies considered under the
FISBOAT project, ranging from cod in the Barents Sea to red
mullet in the Mediterranean. The (unpublished) results varied
with the stock and the survey. The pattern of variability and
its time scale along the indicator series strongly influenced the
detectability of trends and steps in the time series. Short series
and missing values created additional problems. There were
also difficulties in choosing reference periods as baselines for
detecting change when stocks were heavily impacted by fish-
ing throughout the survey series. For the same reason, some
stocks showed no major changes in biological or spatial vari-
ables when tested with these methods. In conclusion, scientific
judgements remain essential for the selection and interpreta-
tion of survey-based indicators and assessments, depending on
the biology of the stocks, the ecosystem, and the history of
fishing. Nevertheless, one clear advantage of applying a suite
of methods, compared to the traditional focus on fish numbers-
at-age, is that a much broader understanding of the ecosystem
can be gained. It is also an understanding to which fishers can
usefully contribute as a result of their long experience at sea
(Rochet et al. 2008), suggesting that unity within a manage-
ment committee would be easier to attain. Another advantage
of using an assortment of methods is that management is likely
to be less affected by the weaknesses of any one, though this
depends on the degree of independence between the data and
models used.

Since so many fish stocks are now at low levels, the prob-
lem of choosing reference levels and directions for many in-
dicators can, in many cases, safely be left as background re-
search for the time-being. What is needed currently is not fine
tuning of managerial measures but reversal of the trajectories
of several important indicators, a process that is unlikely to be
achieved within a year or two and which, it should be said, may
not be detectable with confidence for even longer (Nicholson
and Jennings 2004). In the meantime, reductions of fishing
effort, reductions of discarding, and more stringent technical
measures controlling mesh sizes and gear design are the sim-
ple tools that offer the best hope of higher, sustainable yields
of fish under the present European common fisheries policy
command-and-control management system. Possibly, political
and economic changes to that system so as to give fishers more
long-term investment in the resources they exploit would lead
to a readier acceptance of the medicine by the fishing indus-
try (Costello et al. 2008). The need for monitoring indicators
and abundances would remain, though the customer for the
work might change (in Europe, at least) from governments to
industry.
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