745

The good(ish), the bad, and the ugly: a tripartite classification
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Marine ecosystems have been exploited for a long time, growing increasingly vulnerable to collapse and irreversible change. How do we
know when an ecosystem may be in danger? A measure of the status of individual stocks is only a partial gauge of its status, and does
not include changes at the broader ecosystem level, to non-commercial species or to its structure or functioning. Six ecosystem indi-
cators measuring trends over time were collated for 19 ecosystems, corresponding to four ecological attributes: resource potential,
ecosystem structure and functioning, conservation of functional biodiversity, and ecosystem stability and resistance to perturbations.
We explored the use of a decision-tree approach, a definition of initial ecosystem state (impacted or non-impacted), and the trends in
the ecosystem indicators to classify the ecosystems into improving, stationary, and deteriorating. Ecosystem experts classified all eco-
systems as impacted at the time of their initial state. Of these, 15 were diagnosed as “ugly”, because they had deteriorated from an
already impacted state. Several also exhibited specific combinations of trends indicating “fishing down the foodweb”, reduction in size
structure, reduction in diversity and stability, and changed productivity. The classification provides an initial evaluation for scientists,
resource managers, stakeholders, and the general public of the concerning status of ecosystems globally.
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Introduction

Marine ecosystems have been subjected to anthropogenic forcing
since humans first learned how to fish many thousands of years
ago (Jackson et al., 2001; Lotze and Milewski, 2004; Lotze et al.,
2006). That pressure has grown to the extent where serious
concern is being expressed about the health of the world’s ecosys-
tems (Hollingworth, 2000; Jackson et al., 2001; Pauly et al., 2005;
Coll et al., 2008a). Indeed, a recent study has shown that there is
now barely any part of the world’s oceans that has not been
affected at some level by anthropogenic activity, be it fishing, pol-
lution, shipping, or eutrophication (Halpern et al., 2008). In
addition, we are living through a period of significant environ-
mental change, the effects of which we are only beginning to
explore (Hays et al., 2005; Bender, 2007; ICES, 2008a; Cheung
et al., 2009), and which are difficult to predict.

From a fisheries perspective, the traditional approach of single-
species stock assessment and management is being replaced by a
more holistic ecosystem approach to fisheries, EAF (or variations
on that theme; FAO, 2003; Garcia et al., 2003; Daan et al., 2005;

Pitcher et al., 2009). EAF still includes single-species stock assess-
ment, but is expanded to include the wider impacts of fishing on
the ecosystem, the role of the environment on species and ecosys-
tem dynamics, the impacts of other activities, and the engagement
of stakeholders in the processes leading to decision-making (Rice,
2008). The response of the fisheries scientific community has been
to develop tools to facilitate an EAF, a basic component of which is
the development of ecosystem indicators (Daan et al., 2005), to
evaluate the status and dynamics of ecosystems, or components
thereof.

One way to use ecosystem indicators in management is to link
them to (i) clear objectives, i.e. what is to be achieved, (ii) reference
points or reference trends, i.e. measures of management perform-
ance, and (iii) control rules, i.e. actions required when manage-
ment does not meet objectives (FAO, 2003; Cury et al., 2005a).
Ecosystem-based objectives, reference points, and control rules
are difficult to set because of a lack of theory or because of limit-
ations in the understanding of ecological complexity, uncertainties
in data quality and model behaviour, and difficulties in balancing

© 2010 International Council for the Exploration of the Sea. Published by Oxford Journals. All rights reserved.
For Permissions, please email: journals.permissions@oxfordjournals.org

0T0Z ‘6 dunC uo Y3NF Y| 1e Bio sfeuinolplojxo swilsaol//:dny wouy papeojumo


http://icesjms.oxfordjournals.org

746

multiple and conflicting stakeholder interests (Cury et al., 2005b).
However, methods are being developed to overcome these difficul-
ties, such as using historical or theoretical patterns to define refer-
ence points for indicators (e.g. Jennings and Blanchard, 2004).
Jennings and Dulvy (2005) and Trenkel et al. (2007) argue that
knowledge of the direction of trends in ecological indicators
(specifically in size-based indicators) can be sufficient to support
management decision-making. This means that there may be no
need to identify absolute reference points for such indicators
(Jennings and Dulvy, 2005); the more essential action is to stop
the trend and to reverse it.

It is generally agreed that there is no single indicator that can
provide management with all the information required for an
EAF (FAO, 2003; Rice, 2003; Jennings, 2005). Rather, a suite of
indicators that captures a range of impacts on the various attri-
butes of the ecosystem and their response is required, with the
results synthesized or integrated through means such as traffic-
light analysis (Koeller et al., 2000; Halliday et al., 2001; Caddy,
2002), multivariate methods (Link et al., 2002, 2010; DFO, 2003;
Coll et al., 2010), or a decision-tree approach (Rochet et al.,
2005; Jarre et al., 2006; Trenkel et al., 2007).

Multicriteria decision analysis (MCDA; Keeney and Raiffa, 1976;
Belton and Stewart, 2002) has a wide and varied application in fish-
eries and resource management (McDaniels, 1995; Mardle and
Pascoe, 1999; Paterson et al., 2007; Jarre et al., 2008). It is particularly
useful for integrating different types of information and reconciling
different objectives among stakeholders with diverse interests
(Keeney and Raiffa, 1976). Generally, it is used as an aid to decision-
makers, to analyse the components of a problem, and to compare the
choices that can be made to discuss trade-offs. MCDA methods
include decision trees, essentially models that portray the problem
as a tree, with the overall problem or objective at the top, and its
various subcomponents on the branches of the tree (FAO, 2003).
In a classic application of the decision tree, each branch would ter-
minate in a specific objective and related indicator (Keeney and
Raiffa, 1976; FAO, 2003). Different methods can be applied to
move back from the leaves (indicators) to the stem (overall objec-
tive), e.g. rule-based or fuzzy logic (see, e.g., Jarre et al., 2008, for a
comparison of these two popular methods). Rochet et al. (2005)
developed a rule-based decision-tree approach to classifying
marine ecosystems into improving, stationary, or deteriorating,
based on the trends of key population and community indicators.
That approach is adapted here to explore the use of a decision-tree
approach for the diagnosis of a broad range of ecosystems with
respect to their initial condition (unimpacted or impacted), using
a suite of ecosystem indicators derived from commercial catch
data and fisheries-independent survey data.

The suite of ecosystem indicators estimated for the 19 ecosys-
tems included in this analysis was selected and calculated by the
IndiSeas WG, which was established under the auspices of the
EurOceans European Network of Excellence, to look at “EAF indi-
cators: a comparative approach across ecosystems”. This paper is
one of a suite of papers published together that uses a comparative
approach to evaluate the effects of fishing on marine ecosystems
(Shin and Shannon, 2010; Shin et al., 2010; and other sister
papers in this suite). A comparative approach is particularly
useful in an ecosystem context because the multiple ecosystems
can be treated as pseudo-replicates. It therefore provides more
confidence in the observed patterns of response to fishing seen
across multiple ecosystems, rather than as observations in one eco-
system alone.
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Methods

The ingredients for the decision tree in this analysis are a definition
of the initial state of the ecosystem(s), the selection of a suite of
ecosystem indicators for one or more ecosystems, an analysis of
the trends of the ecosystem indicators, and the development of a
decision tree with decision rules.

The 19 ecosystems examined cover a broad geographic range,
including the eastern Pacific (north, central, and south); the
Northwest Atlantic; the eastern Atlantic (north, central, and
south), and the Mediterranean Sea (Table 1). They include high
latitude, temperate, tropical, and upwelling systems, are associated
with developing and developed nations, and have varied fishing
histories. Moreover, they include ecosystems that are not normally
included in such comparisons owing to a lack of data. The latter
constrains the choice of indicator (see below), but it expands the
scope of the comparison and the value of this study. Therefore,
they offer a varied group of ecosystems and span a range of exploi-
tation levels for classification purposes. A description of each eco-
system is provided in Shin et al. (2010).

Definition of initial state

To interpret the results of the decision tree, it was necessary first to
describe the state of the ecosystem at the beginning of the period
under consideration. Initial ecosystem state was simplified to a
binary state: unimpacted or impacted. This was determined by
asking the experts representing each of the 19 ecosystems to com-
plete a survey in which three criteria were used to assess its state.
An ecosystem was defined as impacted if two or more of the fol-
lowing criteria applied at the beginning of the time-series:
Criterion (1) the proportion of fully/overexploited stocks >0
(i.e. stocks were already fully or overexploited at the beginning
of the time-series), (2) industrialized or destructive fishing prac-
tices were already prevalent in the area (e.g. trawling over hard
substrata, dredging, dynamite, discarding, cyanide fishing, or
blast fishing), and (3) there were documented community or eco-
system impacts caused by fishing, such as habitat loss, impact on
bycatch species, disruption of the foodweb, or loss of top preda-
tors. Respondents were asked to provide references to support
their assessment (see Appendix A for more detail).

The suite of ecosystem indicators

The suite of ecosystem indicators developed by the IndiSeas WG
included the following: mean length of fish in the ecosystem,
mean lifespan of fish in the ecosystem, total biomass of surveyed
species in the ecosystem, proportion of predatory fish in the eco-
system, trophic level of landings, and inverse fishing pressure
(Table 2). These six trend indicators and the rationale associated
with their selection are fully described in Shin et al. (2010). Data
for the indicators were derived primarily from fisheries-
independent surveys and commercial catch data, with auxiliary
information used as indicated in Table Al of Shin et al. (2010).
Each indicator is specifically associated with one of the four eco-
system attributes; resource potential, ecosystem structure and
functioning, conservation of functional biodiversity, and ecosys-
tem stability and resistance to perturbations (Table 2; for further
detail, see Shin et al., 2010).

Rochet et al. (2005) used a combination of two population and
six community indicators for their diagnostic analysis, although
they explicitly used just community indicators for their decision
tree. In contrast, ecosystem indicators, representing invertebrates,
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Table 1. A list of the 19 ecosystems considered in the decision-tree classification of ecosystems.

Last year of

First year of

time-series

time-series

FAO fishing zones

MFA: 67

Adjacent countries
Alaska, USA

Canada
Chile

Geographical area

Coastal ecosystem

2005

1978
1980
1993
1983
1970
1963
1994
1983
1984
1973
1981

Northeast Pacific

Bering Sea, Aleutian Islands

West coast Canada

2005

East Central Pacific
Southeast Pacific

2004
2005

MFA: 87, Div: 2.2

Southern Humboldt

MFA: 87, Div: 1.1, 1.2

Peru

Southeast Pacific

Northern Humboldt
Eastern Scotian Shelf

2005
2005
2005
2005
2005
2005
2005
2005
2003
2005

MFA: 21, Div: 4V, 4W

Canada

Northwest Atlantic

United States
France

Northwest Atlantic
Northeast At

Northeast United States

Bay of Biscay
North Sea

MFA: 27, Div: Vllla, b

antic
antic
antic
antic
antic
antic

MFA: 27, Div: IVa,b,c, llla
MFA: 27, Div: |, IIb

UK, Norway, Denmark, Germany, Netherlands, Belgium

Norway

MFA: 27, Div: Vlla

Ireland, UK
Portugal

MFA: 27, Div: IXa

1974
1978
1976
1998
1986
1985
1982
1986

MFA: 27, Div: lild 25 to 29

MFA: 37, Div: 1.1

Germany, Estonia, Sweden, Poland, Russia, Lithuania, Latvia, Finland

Spain

Northeast At

Northeast At

Barents Sea
Irish Sea

Northeast At

Northeast At

Portuguese EEZ
Baltic Sea

Northeast At

Northwest Mediterranean
Central Mediterranean
East Central Atlantic

Southern Catalan Sea

MFA: 37, Div: 2.1

Italy, Slovenia, Croatia, Bosnia—Herzegovina, Montenegro

Morocco
Senegal
Guinea

North-central Adriatic Sea
Sahara coastal - Morocco

Senegalese EEZ
Guinean EEZ

2005
2005
2005
2005
2005

MFA: 34, Div: 1.3

MFA: 34, Div: 3.12

East Central Atlantic

MFA: 34, Div: 3.13

East Central Atlantic

MFA: 47, Div: 1.6, 2.1

Mauritania

East Central Atlantic
Southeast Atlantic

Mauritanian EEZ

South Africa
MFA, FAO Major Fishing Area; Div, FAO Division (adapted from Shin et al., 2010), including the years for which data are available to estimate the ecosystem indicators.

Southern Benguela

747

demersal fish, and pelagic fish, are used here (Table 2). The
IndiSeas WG uses the term ecosystem indicator, whereas others
such as Rochet et al. (2005) used the term community indicator.
We use the wider term for two reasons: (i) the indicators encom-
pass more than one community (minimally demersal and pelagic
fish), and (ii) each indicator is specifically associated with one of
the four ecosystem attributes listed above. Blanchard et al.
(2010) show that the six indicators provide complementary infor-
mation on the status of marine ecosystems (see below).

A comparative approach across diverse ecosystems requires that
data for the indicators are available and operationally equivalent
for all systems compared. This constrains the choice of indicators
(Shin et al., 2010), and in some cases, the length of the time-series.
The length of the time-series of indicators for each ecosystem
varies from a low of 8 years (Sahara coastal-Morocco) to a high
of 43 years (Northeast United States), with a mean of 24 years
(Table 1). For four of the ecosystems studied, one indicator was
missing from the suite of metrics: Sahara coastal-Morocco,
West coast Canada, and northern Humboldt lacked fish size,
and Bay of Biscay lacked mean lifespan.

Determination of indicator trends

The information used in the decision tree is the trend of the indi-
cators over the period being considered. For each indicator, we
assume that a negative trend indicates increasing impacts of
fishing (Table 2; see Shin et al., 2010), whereas a positive trend
indicates an improving situation. No trend indicates that there
are either stationary impacts, meaning that the system remained
in an unchanged impacted state, so the indicator did not
change, or there were no detectable impacts of fishing. The
initial state of the ecosystem determines the interpretation of
trends. An impacted state can improve or deteriorate further,
whereas an unimpacted ecosystem cannot be classified as improv-
ing because, by definition, there is no impacted state to improve
upon (in relation to fisheries impacts).

Trends in the indicators were examined following the method
described in Coll et al. (2008a) and used in Blanchard et al.
(2010), using a two-stage estimation procedure, correcting for
autocorrelation if present. To do this, a linear model was fitted
to each of the predicted time-series using a generalized
least-squares regression framework that models the temporal cor-
relations in the error. The significance of the trend was assessed
by testing the null hypothesis that the slope of the fitted line
equals zero, using a two-tailed test of significance. A two-tailed
test was used because, although we are interested primarily in
testing the effects of fishing, we were also testing for potential
recovery from the effects of fishing (positive trends in the
indicators).

The decision tree and indicator order

The indicators in the decision tree are assessed sequentially and
decision rules developed to integrate the information to classify
the ecosystem. For their community indices, Rochet et al. (2005)
used a conservative, precautionary decision rule where, as soon
as one indicator had a significant negative trend, the decision
tree was stopped and the ecosystem classified as deteriorating.
For an ecosystem to be classified as improving, two indicators
had to show a significant increase. The first rule took precedence
over the second. In the decision tree, therefore, the trend of each
indicator is sequentially assessed until either a negative trend is
encountered or the end of the decision tree is reached (see
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Table 2. Suite of six ecosystem indicators for diagnosing ecosystem status with corresponding ecosystem attribute.

Expected trend
under fishing

Indicator Headline label  Source Calculation, notations (units) pressure Ecosystem attribute

Mean length of fish in the  Fish size Fisheries-independent surveys L=>,L/3N; (cm) Decline Ecosystem structure and
community functioning

Total biomass of species Biomass Fisheries-independent surveys B, (t) Decline Resource potential
in the community

Mean lifespan of fish in Lifespan Fisheries-independent surveys Amax = ZS(AS_maX Bs)/ ZS B (years) Decline Ecosystem stability and
the community resistance to

perturbations

Proportion of predatory® % Predators Fisheries-independent surveys Proportion of predatory fish = biomass of Decline Conservation of functional
fish in the community predatory fish/biomass surveyed biodiversity

Trophic level of landings Trophic level Commercial landings and estimates of TL = > TLYs/ Yol Decline Ecosystem structure and

trophic level (empirical and fishbase) functioning
Survey biomass/landings Inverse fishing ~ Commercial landings and B,,/Y retained species® Decline Resource potential
pressure® fisheries-independent surveys

N, total abundance of sampled species estimated from the research survey (as opposed to species sampled in catches by fishing vessels), including species of demersal and pelagic fish (bony and cartilaginous, small
and large), as well as commercially important invertebrates (squids, crabs, shrimps, etc.). Intertidal and subtidal crustaceans and molluscs, such as abalones and mussels, mammalian and avian top predators, and
turtles, are excluded. Surveyed species are those that are considered by default in the calculation of all survey-based indicators. L, length (cm); i, individual; s, species; N, total abundance; B, total biomass; Y, landings
(t); Amax the mean lifespan of the community; A, ., species-specific maximum expected age; Y; and Y, landings of each species and total landings, respectively; TL;, trophic level of each species; TL, mean
trophic level of landings (adapted from Shin et al,, 2010); B, biomass of species sampled by researchers during routine surveys; B, biomass of surveyed species retained by the fishery.

?Predatory fish are considered to be all fish species surveyed that are not largely planktivorous (i.e. phytoplankton and zooplankton feeders excluded). A fish species is classified as predatory if it is piscivorous or if it
feeds on invertebrates that are larger than the macrozooplankton category (>2 cm). Detritivores are not classified as predatory fish.

PFishing pressure is inverted so that it will decrease under increasing fishing pressure, so theoretically varying in the same direction as the other indicators in the selected suite.

“Retained species are the species caught in fishing operations and landed. Retained species are those that are considered by default in the calculation of all catch-based indicators.

Te 30 dpung vy
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Figure 2 of Rochet et al., 2005). This is a precautionary approach
which insists that one negative trend in an ecosystem indicator
intimates that the ecosystem is deteriorating and that this should
invoke some type of remedial management response. The require-
ment that two indicators must increase to be classified as improv-
ing is again conservative. Both are somewhat ad hoc and would
require agreement between decision-makers and stakeholders.

This “one strike and you are out” rule was adopted here as
Decision Rule 1, but other decision rules were also explored in
the analysis. A second, less precautionary, but more conservative
rule “two strikes and you are out” was developed where a deterior-
ating state was reached when two indicators had a negative trend
and improving when there were no negative trends and three indi-
cators had a positive trend. As in the previous analysis, this still
meant that classification of an ecosystem as improving was conser-
vatively undertaken.

The initial order of the indicators was determined following
Rochet et al. (2005), who reasoned that the ecosystem indicators
estimated with the best precision and which were most clearly
associated with interpreting a trend entered the decision tree
first. A third criterion was added to this logic: each of the ecosys-
tem attributes outlined in Table 2 had to be represented in the first
four indicators. To this end, the order depicted in Table 2 was
used. However, owing to the precedence of negative trends in
the decision rules used here, the order of the indicators will not
influence the final classification.

Exploring changes in ecosystem status over time

The time window over which data are explored can affect
interpretation of the results. To explore whether the results
observed for these ecosystems are consistent over time, the data
were further explored in three time-blocks: (i) 1960s/1970s to
2005 (the seven ecosystems with the necessary data; Table 1), (ii)
1980—2005 (16 ecosystems with the necessary data; Table 1; also
see Coll et al, 2010), and (iii) 1996—2005 (all 19 ecosystems;
Table 1; see Blanchard e al., 2010). Only the order given in
Table 2 and Decision Rule 1 were used in the decision tree.
Initial state in periods (ii) and (iii) was determined by the
results of the decision tree for periods (i) and (ii), respectively,
for ecosystems whose original initial state was defined in earlier
years (Table 1).

Independence of indicators

One assumption of the decision-tree method is that the six indi-
cators are independent. Blanchard et al. (2010) conducted two
sets of tests to explore redundancy in the indicators using a pair-
wise correlation analysis and mutual information analysis, which
compares the rhythms of two time-series to quantify the extent
of their dynamic cohesion (Cazelles, 2004). Results indicated
that there were no clear redundancies across all indicators and
across all systems and that the classification of ecosystems into
groups according to pairwise correlations of indicators resulted
in fairly weak associations across the ecosystems. There is no uni-
versal pattern across ecosystems and indicators, so there is no basis
to exclude any one indicator from the analyses. Hence, the
assumption of independence between indicators is reasonable
for the periods used here when all 19 ecosystems are considered.
However, within-system indicator dependencies for individual
systems may affect the interpretation of the decision trees and
are discussed where relevant.
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Results

The initial state of one ecosystem began in the 1960s, six in the
1970s, nine in the 1980s, and three in the 1990s. All ecosystems
met Criterion 1, i.e. that the proportion of fully/overexploited
stocks >0, and, for at least 50% of the ecosystems, the proportion
was >0.5. All ecosystems had industrialized or destructive fishing
practices, and all but four (Guinea, Mauritania, Portugal, and
Senegal) had documented community or ecosystem impacts
caused by fishing (Appendix A). Therefore, all 19 ecosystems
were classified as impacted because they met two or more of the
three criteria outlined above.

Determination of indicator trends

The analysis of trends in ecosystem indicators over the entire
length of their time-series demonstrates that most of the systems
were undergoing change (Table 3). Only the Bay of Biscay
appeared to show no significant change in state; in that case,
three positive and two negative indicator trends were observed,
but none were statistically significant. West coast Canada had
two positive trends (biomass and trophic level of the landings),
and the Barents Sea and Bering Sea each had one positive trend
(inverse fishing pressure, and fish size, respectively). For the
Baltic Sea, Mauritania, Portugal, Senegalese EEZ, and the southern
Humboldst, all significant trends were negative. A mixture of posi-
tive and negative significant trends in ecosystem indicators was
found for the other ten ecosystems.

Decision-tree analysis

Using Decision Rule 1, one ecosystem was diagnosed as improving
(West coast Canada; Figure la), three as not improving (Barents
Sea, Bay of Biscay, and Bering Sea; Figure 1b), and the rest as dete-
riorating from their initial state (Figure 1c). West coast Canada
improved from its initial state because two indicators, biomass
and trophic level of landings, had positive trends, and no indicator
had negative trends. Of the three non-improving ecosystems, one
had no significant trends (Bay of Biscay), and the Barents Sea and
the Bering Sea each had one positive trend (inverse fishing
pressure and mean size, respectively). The ecosystems that were
diagnosed as deteriorating from their initial state fell into four
main groups: seven ecosystems were immediately classified as
deteriorating because the first indicator at the top of the decision
tree, mean length, decreased significantly (Figure 1c); three ecosys-
tems (Portugal, Senegal, and the southern Humboldt) passed the
first two levels of the decision tree, but showed significant
decreases in their biomass (Figure 1c); Mauritania, the southern
Benguela, and Sahara coastal-Morocco had significant decreases
in the mean trophic level of landings (although biomass increased
in the southern Benguela and Sahara coastal-Morocco; Figure 1c);
and in the Guinean EEZ (Figure 1c), three indicators increased,
but the last, inverse fishing pressure, decreased, eventually
placing Guinea in the deteriorating class.

Decision Rule 2 yielded similar results, with the main difference
that no ecosystem was classified as improving because none had
three significant increases and no negative trends (Table 3), and
four ecosystems were reclassified as not improving. Therefore,
West coast Canada, which had been improving under Decision
Rule 1, was classified as not improving because it only had two
positive trends. In addition, Guinea EEZ, the southern Benguela,
Portugal, and Sahara coastal-Morocco were reclassified as not
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improving because they had only one negative trend. However, 11
ecosystems remained classified as deteriorating.

Exploring changes in ecosystem status over time
Following Decision Rule 1, during the first period, six of the seven
ecosystems were classified as deteriorating, and one as not improv-
ing. In the second period, 12 of the 16 ecosystems were diagnosed
as deteriorating, 1 as not improving, and 3 as improving. In the last
period (1996—2005), 8 of the 19 ecosystems were classified as dete-
riorating, 10 as not improving, and 1 as improving (Table 4).

For ecosystems spanning the three periods, diagnoses for three
were consistent regardless of the period under consideration: the
Irish Sea, the Baltic Sea, and the north-central Adriatic Sea were
always diagnosed as deteriorating (Table 4, Appendix B). In
other cases, the diagnosis changed. The eastern Scotian Shelf and
the southern Catalan Sea were both defined as deteriorating
until the mid-1990s, after which (1996-2005) the eastern
Scotian Shelf reached some stability (no significant trends), and
the southern Catalan Sea was classified as improving (increase in
% predators and trophic level of landings; Appendix B). The
Bering Sea changed from a stationary diagnosis to improving
(positive trends in mean size and mean lifespan) to stationary
over the three periods. Finally, the Northeast United States was
diagnosed as deteriorating over the whole time-series, improving
since the 1980s, and stationary since the mid-1990s.

A. Bundy et al.

The time-series of nine ecosystems began during the 1980s, and
again, some diagnoses were consistent over time: Senegal, the
southern Benguela, and the northern Humboldt were classified
as deteriorating over both the 1980s to 2005, and 1996—2005
periods, whereas the Barents Sea was classified as not improving
for both periods (Table 4). Four ecosystems, Guinea,
Mauritania, North Sea, and Portugal, were diagnosed as deterior-
ating from the 1980s to 2005, but as not improving from 1996 to
2005, because there were no significant trends in any indicator,
suggesting that, as with the eastern Scotian Shelf, they had
reached stability. Lastly, west coast Canada was first diagnosed as
improving (positive trends in biomass and trophic level of land-
ings), but then as not improving for the most recent period.

The time-series of three ecosystems began in the early 1990s:
two were diagnosed as deteriorating (Sahara coastal-Morocco,
and the southern Humboldt), and the Bay of Biscay was classified
as not improving (Table 4).

Discussion

One of the strengths of a comparative approach is that replication
of observed patterns across ecosystems provides more confidence
that such patterns are real than if they were observed in just one
ecosystem. Two concerning patterns were replicated across the
19 ecosystems analysed here using a decision-tree approach: (i)
all 19 ecosystems were considered impacted at the beginning of
their time-series; (ii) since the initial state, 15 ecosystems

Table 3. Trends in ecosystem indicators (and in parenthesis their attributes) over the entire length of their time-series (to 2005) for the 19
ecosystems evaluated, using generalized least-squares and autoregressive error.

Fish % Trophic Inverse fishing Length of time-series
size Lifespan Biomass  Predators level pressure (years)

Coastal ecosystem (EF) (SR) (RP) (CB) (EF) (RP)
Baltic Sea —0.084 —0.057 —0.078 —0.043 —0.047 —0.047 32
Barents Sea 0.072 0.053 0.087 —0.020 0.081 0.070 22
Bay of Biscay 0.063 - —0.129 0.052 0.018 —0.027 12
Bering Sea, Aleutian Islands 0.089 0.001 0.022 0.023 0.038 —0.024 28°
Eastern Scotian Shelf —0.071 —0.050 —0.041 —0.021 —0.045 0.078 36
Guinea EEZ 0.106 0.039 —0.010 0.101 0.093 —0.124 21
Irish Sea —0.118 0.110 0.043 0.046 —0.091 0.079 33
Mauritanian EEZ 0.075 0.044 0.045 0.010 —0.144 —0.157 24
North-central Adriatic Sea —-0.111 0.090 —0.069 0.061 —0.033 —0.070 30¢
Northeast United States —0.044 0.058 0.056 —0.050 0.012 —0.051 43
North Sea —0.130 0.010 0.082 0.038 —0.065 0.145 23
Northern Humboldt - —0.119 0.075 0.085 0.133 —0.079 23
Portuguese EEZ 0.000 0.033 —0.068 0.032 0.065 0.040 25
Sahara coastal - Morocco - 0.003 0.366 —0.230 —0.310 0.321 8
Senegalese EEZ —0.054 0.039 —0.132 0.041 —0.082 —0.141 20
Southern Benguela 0.020 —0.078 0.167 —0.043 —0.080 0.158 20
Southern Catalan Sea —0.122 —0.089 0.051 —0.046 0.025 0.059 26
Southern Humboldt —0.055 0.066 —0.193 0.058 —0.196 0.063 12
West coast Canada - 0.024 0.064 0.038 0.102 0.020 26
Number of significant negative 7 3 5 1 7 6

trends
Number of significant positive 2 2 7 3 3 7

trends

Significance levels (o = 0.05) are shown emboldened; -, no data.

EF, ecosystem structure and functioning; SR, ecosystem stability and resistance to perturbations; RP, resource potential; CB, conservation of functional

biodiversity.
*Time-series for fish size was 24 years long.
P Time-series for fish size and lifespan was 16 years long.

“Time-series for fish size was 20 years long, and trophic level and inverse fishing pressure series were 16 years long.

“Time-series for fish size, lifespan, and % predators was 24 years long.
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West coast Canada Bay of Biscay Barents Sea  Bering Sea Baltic Sea  Nonhem Sencgal Mauritania  Southern Benguela Guinea EEZ
Irish Sea  Humboldt  Southern Humboldt Suhara coastal-Morocco
Eastern Scotian Shelf Portugal

North-central Adriatic, Sea

North Sea

Northeast United States
Southern Catalan Sea

Figure 1. Decision-tree diagnoses for the 19 ecosystems evaluated: (a) improving, (b) not improving, and (c) deteriorating. The first node of
the decision tree is fish size. If that is decreasing, Decision Rule 1 is invoked and the decision tree is terminated (c). If it is increasing or there is
no trend, then the decision tree moves down to the next node (indicator), and the same process is followed until either Decision Rule 1
terminates the decision tree or the last node, inverse fishing pressure, is reached. The three arrows at each node indicate the three possible
directions of the indicator trend, decreasing (red), increasing (green), or no trend (striped); the heavy black arrow indicates the observed trend.
In (a), white nodes indicates missing data, where it is assumed that there is no change. See text for further detail.

deteriorated further under Decision Rule 1, and 11 under Decision
Rule 2. This is not entirely unexpected because many of these eco-
systems have exploitation histories extending over several hun-
dreds of vyears, particularly in the North Atlantic and
Mediterranean, and fishing does impact the ecosystem (see the
contributions in Hollingworth, 2000). However, the consistency
of the diagnosis provided here is worrisome. Given that all ecosys-
tems departed from a state that was already impacted, we have
relabelled our diagnoses for this study as ugly (deteriorating),
bad (not improving, because the ecosystem is remaining in its
impacted state), and good(ish) (improving, because the direction
is good, but the ecosystems are still likely to be highly impacted).

Essentially, our results indicate that most of the ecosystems
studied are in a more impacted state now than they were at the
beginning of their time-series, i.e. that they are in an ugly state.
Moreover, eight of the ecosystems were still deteriorating when
examined over the past 10 years (1996—2005), and five were
stationary, having deteriorated, and therefore still in a bad state.
Few of the ecosystems studied, therefore, can be considered in a
good state during any of the periods analysed, regardless of
whether they are temperate, tropical, upwelling, or high latitude
(Shin er al., 2010; Table 1). Exceptions are the two systems from
the North Pacific (Bering Sea and West coast Canada), which
were diagnosed as improving from 1980 to 2005, and stationary
since then. In comparison, ecosystems in the North Atlantic and
Mediterranean have an exploitation history extending over
several hundred years and were generally diagnosed as deteriorat-
ing or not improving from a previously deteriorated state,

excluding the Bay of Biscay and the Barents Sea. By any
measure, therefore, the results of this analysis are deeply
disturbing.

Assessment of initial state

The method for assessing the initial state of the ecosystems was
conservative and demanded that a system could only be described
as unimpacted if it failed to meet two or more criteria at the start
of the time-series. The criteria were selected to include the effects
of fishing on species and the ecosystem, and were intended to
maximize comparability. Assessing the initial state of ecosystems
20+ years ago can be challenging, because there was less interest
in the ecosystem effects of fishing at that time, and less documen-
tation. For some ecosystems, there was also simply less infor-
mation available. Information for the first and second criteria
was available for most ecosystems, but the third criterion, docu-
mented community or ecosystem impacts caused by fishing,
leaves room for error. In several cases, there was no documentation
for the earlier period, so rendering this criterion impossible to
assess: absence of documentation does not equate to lack of
impact. This did not affect the assessment of initial state of any
single ecosystem, given the binary classification used here.
However, if a less conservative method was used, such as degree
of impact, Criterion 3 would be more important.

Time-frames
The results of the analysis were sensitive to the time frame used
and, for some systems, revealed an evolutionary process. The
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Table 4. Comparison of decision-tree diagnoses for three
time-windows, pre-1980s to 2005, 1980-2005, and 1996 —2005,
under Decision Rule 1.

1980-2005 19962005
Pre-1980s-2005
Start of Not Not Not

Pre-1980s | Baltic Sea

Bering Sea, Aleutian Islands
Eastern Scotian shelf

Irish Sea

North-central Adriatic Sea
Northeast US

Southern Catalan Sea
19305 Barents Sea

Guinea ZEE

Mauritania

North Sea

Northern Humboldt
Portuguese ZEE
Senegalese ZEE

Southern Bengucla

West coast Canada

19905 Bay of Biscay

Sahara coastal Morocco
Southern Humboldt

Dark grey cells indicated diagnosis. Light grey cells reflect no data for the
periods indicated. |, improving; Not |, not improving D, deteriorating.

Northeast United States, for example, was originally diagnosed as
deteriorating (1963—-2005), then improving (1980-2005), and
finally (1996-2005) as not improving. Overall, the shortest
time-frame of 10 years, 1996—2005, produced the least number
of significant trends (20), whereas the longer periods produced
more than twice this number (see also Blanchard et al., 2010).
This result was expected because it has been suggested that at
least 10—15 years of data are required to detect trends
(Nicholson and Jennings, 2004), and Trenkel et al. (2007) even
suggested 20+ years.

However, we believe that there is a second, process-orientated
explanation for the lack of trends in the recent 10-year time-
frame for some ecosystems. Many of the ecosystems were diag-
nosed as deteriorating over the longer period and by the
mid-1990s had reached a new more impacted state, after which
they remained relatively stable. This was certainly the case for
the eastern Scotian Shelf (Bundy, 2005), and likely the case for
the Northeast United States (Link ef al., 2002) and the North
Sea (Mackinson and Daskalov, 2007) too.

Of greater concern is the result that 6 of the 12 ecosystems diag-
nosed as deteriorating during the period 1980-2005 were still
diagnosed as deteriorating over the period 1995-2005. The
Baltic Sea, the Irish Sea, and the North-central Adriatic Sea have
a long history of fishing, but notably have fewer negative trends
in the recent periods than during the period 1980-2005
(Appendix B), suggesting a decline in the rate of deterioration.
Senegal also had fewer trends in the recent period. The southern
Benguela and the northern Humboldt are upwelling systems in
which environmental drivers can influence ecosystem dynamics,
productivity, and the distribution of marine organisms
(Shannon et al., 2008, 2010). The ecosystem indicators must there-
fore be interpreted in that context: for the southern Benguela and
the northern Humboldt, the diagnosed deterioration for the
period 1995-2005 is more apparent than real (see below).

Detecting ecosystem effects through a combination of
trends

A key component of decision-tree methodology is the interpret-
ation of the trends in ecosystem indicators. Always, the expected

A. Bundy et al.

impact of fishing is a decrease in the indicator. However, fishing
does not take place in isolation, and other factors such as
changes in environmental conditions, regime shifts, increased pro-
ductivity, or increased resource recruitment may also effect a
change in indicator trend. A list of factors that may influence
the direction of the six ecosystem indicators are suggested in
Table 5. Moreover, certain combinations of indicators, as pro-
posed below, may be indicative of the specific effects of fishing
or environmental forcing: (i) fishing down the foodweb
(FDFW); (ii) reduction in diversity and stability; (iii) reduction
in size structure; (iv) changes in productivity or recruitment. We
explored the combinations of trends in the 19 ecosystems to deter-
mine whether particular processes could be hypothesized using
these trend combinations, and to determine whether other
factors were known that could contribute to the results.

(i) FDFW takes place when the average trophic level of the catch
declines over time with a concurrent decrease in the total
catch (Pauly et al., 1998a, 2001). Total catch is not included
as an indicator here, but we suggest that a combination of a
significant negative trend in the trophic level of the landings
along with a significant negative trend in biomass would
indicate FDFW (a decrease or no change in the other ecosys-
tem indicators would also be consistent with FDFW). This
combination of indicators was only observed for the
eastern Scotian Shelf (Table 6), which has a history of
FDFW (Bundy, 2005).

(ii) Reduction of diversity and stability could be indicated by a
decrease in % predators, indicating a loss in functional diver-
sity (Hooper et al., 2005), and mean lifespan, indicating a loss
in stability. Stability would be reduced because longer-lived
fish are generally larger and hence more resistant to pertur-
bation, because they are more fecund than smaller fish and
have more-viable eggs (Longhurst, 2002). A decrease or no
change in the trophic level of the landings, fish size, or
inverse fishing pressure would be consistent with this
effect; no specific trend is expected for biomass. This effect
was only observed in two ecosystems (Table 6): the Baltic
Sea (significant decrease in lifespan and % predators,
accompanied by a significant decrease in mean length and
trophic level of the landings) and the southern Benguela (sig-
nificant decrease in lifespan and % predators, accompanied
by a significant decrease in the trophic level of the landings).

(iii) Reduction of size structure is the first potential indicator of
size-selective effects of fishing where large fish are targeted
(Stokes et al., 1993; Sinclair et al., 2002), and it was the
most common effect observed. Here, it is represented by a
decrease in mean size coupled with a negative trend in
mean lifespan and/or trophic level of the landings and/or
% predators. Alternatively, if fishing selectively targeted
small fish, the opposite trends would be expected. There is
no expected trend in biomass or inverse fishing pressure.
Reduction in size structure was evident in the Baltic Sea, the
Bering Sea, the eastern Scotian Shelf, the North Sea, and
Guinea. The combination of indicators on the eastern
Scotian Shelf and southern Catalan Sea (significant negative
trends in fish size and lifespan) and on the eastern Scotian
Shelf and the North Sea (significant negative trends in fish
size and trophic level) suggest that large fish have been tar-
geted and selectively removed from those ecosystems.
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Table 5. Summary of reasons why the six ecosystem indicators may increase or decrease.

Indicator and basis

Reasons for increase

Reasons for decrease

Source

Mean fish size
This indicator is based on individual length data at the
community level

Mean lifespan
This indicator is not based on individual data, but on
life-history traits weighted by species biomass: the
variations are meant to capture changes in species
composition

Biomass
Biomass is the total amount of surveyed fish species in
the ecosystem, expressed either as a unit per time or
area or as an absolute value for the ecosystem

Increase in abundance of large fish in
dominant populations

Decrease in recruitment in dominant
populations

Increase in mean growth rates as a result
of favourable environmental conditions

Decrease in abundance of stocks of small
fish

Increase in abundance of stocks of large
fish

Regime shift towards a condition
favouring large fish species

Increase in the biomass of species with
high longevity
Decrease in the biomass of species with
short lifespan

Regime shift towards a condition
favouring large fish species

Reduced mortality caused by a decrease in
fishing pressure

Good reproductive success leading to
good recruitment as a result of a large
spawning-stock biomass, favourable
climatic conditions, etc.

Reduced predation or increased food
supply, i.e. favourable trophic interactions

Shin et al. (2005); Rochet
and Trenkel (2005); Chavez
et al. (2003, 2008)

Loss of larger fish from dominant populations
Strong recruitment success in dominant populations

Decrease in mean growth rates attributable to
unfavourable environmental conditions

Increase in abundance of stocks of small fish
Decrease in abundance of stocks of large fish

Regime shift towards a condition favouring small pelagic
fish

Decrease in the biomass of species with high longevity -
Increase in the biomass of species with short lifespan

Demographic explosions of invertebrates (e.g.
cephalopods, crustaceans)

Regime shift towards a condition favouring small pelagic
fish

Duplisea et al. (1997); Rice
(2005); Rochet and Trenkel
(2005); Rogers and
Greenaway (2005)

Increased mortality—both fishing and natural (through
predation, pollution, unfavourable environmental
conditions, etc.). Fishing mortality can be of two types,
direct and indirect. The first is the catch of target species
and includes the unintended mortality of non-target
species, bycatch species, and discarding. The second
includes increased predation or competition propagated
through the foodweb as a result of species changes
caused by fishing

Poor reproductive success attributable to unfavourable
environmental conditions, leading to poor recruitment

Increased predation, increased competition, or depleted
food supply, i.e. unfavourable trophic interactions

Continued
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Table 5. Continued

YSL

Indicator and basis

Reasons for increase

Reasons for decrease Source

% Predators
Predators are defined as all surveyed species that are

not planktivorous and feed on fish or invertebrates
larger than 2 cm. Variations in this indicator capture
changes in the trophic structure of the ecosystem. If
predatory fish merely increase in proportion to
overall fish biomass, then no proportional change is
seen

Trophic level of landings
This indicator is a measure of the average trophic level
of the species exploited by the fishery

Inverse fishing pressure

This indicator is a proportion, and change will be a result
of change in landed catch, biomass, or both. Moreover,
if both catch and biomass change in the same direction,
exploitation rate may not change

e Reduced fishing on predatory fish

e Distributional changes of predators or
prey

e Increased availability of prey for predators

e Competitive release

e Regime shift towards a condition
favouring large fish species

e Early stage of exploitation of fishery

e Shift in fishing effort from lower to higher
trophic level species

e Decrease in productivity at lower trophic
levels

e Targeting of larger individuals at higher
trophic levels within a species.

e Regime shift towards a condition
favouring large fish species

May be due to a decrease in catch, an
increase in biomass, or both

Decrease in landed catch through:
e decrease in catch of one or more species

e change in management regulations (more
restrictive)

e decreased productivity
e one or more stocks fully or overexploited

o Jloss of larger fish from the population(s)
being exploited

® species or stocks becoming less aggregated

e socio-economic disincentives (e.g. loss of
market, increased fuel costs)

Increase in biomass (see biomass row above)

o Increased fishing pressure on predatory fish or their prey ~ Rochet and Trenkel (2005)
o Distributional changes of predators and/or prey

e Reduced availability of prey

e Competitive exclusion

e Regime shift towards a condition favouring small pelagic

fish
o Fishing effort shifted to lower trophic levels through: Pauly et al. (1998a, b); Caddy
o decrease in biomass of higher trophic levels (fishing g(fo,.égw%); Essington et al.

down the foodweb)

o preferential shift to more productive lower trophic
levels (fishing through the foodweb)

e decrease in size composition of commercial species
and consequent decrease in trophic feeding level

e increase in availability or market value of
commercially valuable invertebrates

e regime shift towards a condition favouring small
pelagic fish

May be due to an increase in catch, a decrease in biomass,
or both

Increase in landed catch through:

e increase in catch of one or more species

e change in management regulations (less restrictive)

e increased productivity, few or no restrictions on catch
e increase in fishing efficiency or effort

e expansion of fishing into new areas

e newly exploited stock(s)

e species/stocks becoming more aggregated

e improved fish-finding equipment

e socio-economic incentives (e.g. new markets, lower fuel
costs, subsidies)

Decrease in biomass (see biomass row above)

Te 30 dpung vy
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Table 6. Comparison of potential effects on the ecosystem during three time-windows, pre-1980s—2005, 1980 - 2005,

and 1996 -2005, under Decision Rule 1.

Start of

Pre-1980s-2005

1980-2005 1996-2005

time-series | Ecosystem FDFW DS

S8

PR | FDFW DS SS PR |[FDFW DS SS PR

Pre-1980s Baltic Sea

Bering Sea, Aleutian Islands

Eastern Scotian shelf
Irish Sea

Northeast US

Southern Catalan Sea

1980s Southern Benguela
North Sea
Guinean EEZ

Portuguese EEZ

1990s Southern Humboldt

FDFW, fishing down the foodweb; DS, reduction in diversity and stability; SS, reduction in size structure; PR, increased productivity or recruitment. Only
ecosystems with the effects observed are shown. Dark grey cells indicate an effect, and light grey cells no data for the periods indicated.

Guinea and the Bering Sea exhibited the opposite effect, with
an increase in fish size, coupled with an increase in the trophic
level of the landings and % predators (Guinea) and mean life-
span (Bering Sea). This indicates that either small fish were
being targeted or are less abundant for reasons such as a
regime shift to conditions favouring large fish or a decrease
in recruitment (Table 5). In the Bering Sea, for example, sig-
nificant positive trends in fish size and lifespan were attribu-
table in part to longer-lived flatfish, which experienced strong
recruitment in the 1980s possibly as a consequence of ben-
eficial climate conditions (NRC, 1996).

(iv) Increased productivity and increased recruitment are diffi-
cult to separate with this set of indicators: a combination
of a decrease in fish size (increased productivity at lower
trophic levels, increased recruitment, or both) with an
increase in biomass could be symptomatic of increased pro-
ductivity, recruitment, or both. As a working model, it is
suggested that an increase in productivity or recruitment
would be propagated up the foodweb through bottom-up
processes, leading to increased productivity at all trophic
levels or size groups. It would likely have transient impacts,
with potential time-lags, on mean lifespan, % predators,
trophic level of the landings, and inverse fishing pressure.
The Northeast United States, the Irish Sea, and the North
Sea all showed evidence of increased productivity or recruit-
ment, which may be due to removal of larger predators
(Table 5, and see below). However, environmentally
induced ecosystem changes or regime shifts may drive
changes in the productivity of ecosystems, reflected in
non-fishery-related changes in some of our indicators. For
example, for the southern Benguela, significant declines in
the trophic level of the landed catch, % predatory fish, and
in mean lifespan, and biomass increase reflected the environ-
mentally induced, temporary upsurge of small pelagic fish in
the early 2000s rather than fishing effects (Shannon et al.,
2010).

These four proposed ecosystem effects were observed in 11 of
the 19 ecosystems, but not consistently over time: most striking
is the lack of observed effects in the latest period, 1996—2005, con-
sistent with fewer significant ecosystem trends (see above). These
observed ecosystem effects support the diagnosis of the decision

tree: of the 15 ecosystems diagnosed as deteriorating during the
longer periods considered (pre-1980s to 2005 and 1980-2005),
6 exhibited size-selective effects of fishing, 1 experienced FDFW,
2 experienced reduction in diversity and stability, and 4 showed
evidence of increased productivity. Some of these ecosystem
trends were consistent over time: the Irish Sea exhibited increased
productivity over the whole time-series and since 1980, whereas
the eastern Scotian Shelf exhibited signs of size-selective fishing
of large fish over these two periods and FDFW over the period
1980-2005. During the latter period, the Baltic Sea exhibited
reduction in diversity and stability and size structure, and the
North Sea exhibited a decrease in size structure and increased pro-
ductivity or recruitment. Increased productivity or recruitment
was observed in the Irish Sea, the Northeast United States, and
the North Sea. These ecosystems have been heavily exploited for
more than a century and are not showing any signs of improve-
ment, other than reduced exploitation and an increase in
biomass, because there seem to be more small fish (decrease in
fish size). For the Irish Sea, the diagnosis indicates that it has con-
tinued to deteriorate.

Evidence of other trends and non-fisheries effects

In addition to the proposed trends associated with specific ecosys-
tem effects, several other trends were apparent in the data. Some
ecosystems exhibited contradictory trends. For example, four eco-
systems (Irish Sea, North Sea, Sahara coastal Morocco, and
southern Benguela) exhibited a significant negative trend in the
trophic level coupled with an increase in biomass (Appendix B).
Biomass may have increased (rather than decreased) as a conse-
quence of, for example, release from predation pressure attribu-
table to fishery removals of large fish or by environmentally
driven good recruitment (Table 5, and see below). In the
Northeast United States and North-central Adriatic Sea, mean life-
span increased, whereas fish size decreased. In the former, this may
be because fisheries have, for some time, been catching larger
organisms and many of the remaining organisms, not primarily
targeted by fisheries, such as skates and some scorpionids, have
longer lifespans (Link, 2007). In the north-central Adriatic Sea,
fishing mainly targeted and depleted small pelagic fish, leaving
longer-lived fish in the population. Recruitment of long-lived
fish will result in a higher mean lifespan, but because their recruits
are small, average size in the community will decline. Using data
for 1995-2005, Blanchard et al. (2010, Table 5) found that there
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was redundancy between lifespan and fish size in only four ecosys-
tems that did not include either Northeast United States or north-
central Adriatic Sea. In the southern Humboldt, mean fish size
increased, but the trophic level of landings decreased over the
past decade. Arancibia and Neira (2005) found a significant
decline in the mean trophic level of landings from the southern
Humboldt for the period 1978-2002, but Neira (2008) sub-
sequently determined that this decline was first caused by fishing
through the foodweb, sensu Essington et al. (2006), and that real
FDFW had been taking place in that system only since the
mid-1990s.

Environmental drivers can have a strong influence on indicator
trends and need to be taken into consideration when interpreting
indicator trends and decision trees. Several of the ecosystems ana-
lysed here are upwelling ecosystems, subject to strong environ-
mental drivers (Ryther, 1969; Chavez et al., 2003; Shannon et al.,
2008), and they are discussed in detail by Shannon et al. (2010).
In the northern Humboldt, for example, strong climatic,
bottom-up forcing affects fish productivity on a large range of
scales (Pauly and Tsukayama, 1987; Pauly et al., 1989; Chavez
et al., 2008; Gutiérrez et al., 2008), and the environment rather
than fishing pressure appears to be the main driver of ecosystem
change (Bertrand et al., 2004, 2008; Shannon et al., 2008; Taylor
et al., 2008). Of the indicators explored here, mean lifespan and
inverse fishing pressure significantly decreased, whereas % preda-
tors and trophic level of the catch increased over the period 1980—
2005, and over the period 19962005, mean lifespan decreased but
biomass increased (there was no mean length indicator for the
northern Humboldt). Mean lifespan likely decreased, and
biomass increased as a result of factors associated with a change
from a warmer period in the 1980s (EI Viejo, sensu Chavez et al.,
2003) to cooler, more-productive conditions in the 1990s (La
Vieja, sensu Chavez et al., 2003). The short-lived anchoveta
(Engraulis ringens) increased (full anchovy era, sensu Gutiérrez
et al., 2008), larger pelagic predators such as hake (Merluccius
gayi) declined through overfishing and adverse climate conditions
(Ballon et al., 2008; Guevara-Carrasco and Lleonart, 2008), and
the biomass of the jumbo squid (Dosidicus gigas), a short-lived
predator, increased dramatically (Argiielles et al, 2008), so
increasing % predators. For further detail, see Shannon et al.
(2010). In this case, the classification of the northern Humboldt
as deteriorating for the recent period, 1996—2005, should be ques-
tioned recognizing the influence of environmental change on the
indicators as a consequence of a regime shift (Table 5). This
emphasizes the need for the incorporation of environmental indi-
cators into the decision-tree model.

The selection of ecosystem indicators

One objective of IndiSeas was to apply a suite of indicators to
assess the status of ecosystems. The suite of ecosystem indicators
used here measures mostly the species sampled by demersal
trawl surveys (Jouffre et al., 2010) and found in commercial
catch data, but the longer-term objective of IndiSeas is to
expand this to encompass the whole ecosystem, within the con-
straints noted above.

Link et al. (2002), Caddy (2004), and others have rec-
ommended using a broad range of indicators to assess the status
of ecosystems. Several groups working towards an implementation
of an EAF have also noted the need to select indicators using a
set of criteria that are germane for the management issues at
hand in a given ecosystem (Degnbol and Jarre, 2004; Degnbol,
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2005; Link, 2005; Rochet and Rice, 2005; Methratta and Link,
2006). However, when making comparative evaluations of
marine ecosystems globally, a more limited set of indicators has
to be accepted because the data need to be available for all ecosys-
tems. The implication of this is a compromise between an ideal
and a realistic set of indicators. Although it is not suggested that
the set of indicators selected here is complete, it is proposed as a
minimum set which we do consider meaningful. The rationale
for the choice of indicators is discussed further in Shin et al.
(2010).

A second class of indicators that monitor the state of the
environment, especially for ecosystems with large environmental
fluctuations such as upwelling systems, is required to incorporate
an important additional ecosystem driver. This exploratory analy-
sis clearly showed that for some upwelling systems, the effect of the
environment, with its associated regime shifts, had strong impacts
on the ecosystem indicators, which could be mistaken for effects of
fishing. Minimally, therefore, environmental indicators with
associated decision rules should be incorporated into the decision
tree to indicate when the environment may be impacting other
indicators.

Of the six indicators used in this exploratory study, fewer sig-
nificant trends were found for mean lifespan and % predators,
both of which were derived from fisheries survey information,
suggesting that they are less sensitive to change than the other indi-
cators which were catch-derived. Although we assumed that
biomass would decrease in response to fishing, it increased in
three systems for other reasons, demonstrating that it is a
complex indicator and may not be ideal for the purposes of a
decision tree. An increase in biomass may represent a transient
phase of high productivity attributable to high growth and recruit-
ment of small fish as a result of the removal of predators by fishing
(e.g. in the North Sea) or environmental change (e.g. northern
Humboldt and Portugal; Shannon et al., 2010). This emphasizes
the need for a suite of ecological indicators to be derived that
impart information about different properties of the ecosystem.

Perhaps the most problematic indicator is inverse fishing
pressure, which resulted in significant trends in more than half
the ecosystems. However, the estimation of both catch and
biomass has challenges, ranging from bias and misreporting of
catch data (Patterson, 1998; Watson and Pauly, 2001) to inconsist-
ent survey protocols between years or across different fisheries
within an ecosystem. It was assumed here that surveys were con-
sistent through time and that catch was accurately reported, with
no illegal, unreported, and unregulated (IUU) catches, although
in some jurisdictions, this component may be considerable
(Agnew et al., 2009). In addition, catch may be influenced by
market pressures or management measures. Moreover,
Blanchard et al. (2010) showed that inverse fishing pressure was
significantly related to biomass in 10 of the 19 ecosystems. For
these reasons, inverse fishing pressure was placed at the bottom
of the decision tree. Auxiliary information in the form of
additional indicators, such as total landings, total landings at a
given trophic level, or information about management actions
and policy could help elucidate the meaning of inverse fishing
pressure.

For the 19 ecosystems examined here, inverse fishing pressure
only determined the outcome of the decision tree for one ecosys-
tem, Guinea (Decision Rule 1), despite three positive trends.
Inverse fishing pressure decreased during the first 10 years of the
dataseries, then remained relatively flat. This was reflected in the
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diagnosis for the period 1996—2005, which classified Guinea as not
improving rather than deteriorating. Changes in the trophic level
of landings and inverse fishing pressure suggest that, since 1985,
the Guinean fishery was targeting higher trophic level species at
a higher level of fishing mortality. This reflects the fishing
history of this ecosystem: it has undergone rapid escalation of
fishing effort and focused on coastal demersal species over the
past two decades, accounting for the increase in the trophic level
of the catch and the decrease in inverse fishing pressure (Lobry
et al., 2003; Gascuel et al., 2009). However, exploitation in the off-
shore area has been more intense over a longer period (Laurans
et al., 2004), and, as with other west African countries, IUU
catches may be considerable (MRAG, 2005). Historically, exploita-
tion in Guinea has been less intense than in Senegal or Mauritania
(Lobry et al., 2003; Domalain et al., 2004).

Model structure

The decision-tree approach to classifying ecosystems into three
states, improving, stationary (not improving), or deteriorating,
is attractive for its simplicity and hence more likely to be accepta-
ble to stakeholders. However, there are several methodological
issues involved in this approach that are subjective, including
the assessment of initial state (see above), the selection of ecosys-
tem indicators, and the decision model itself, including the order
of the indicators and the choice of decision rule.

All model outputs are sensitive to the design of the underlying
model (Hilborn and Walters, 1992). Here, we explore the robust-
ness of the final classification of the ecosystems to modifications in
the order of indicators, and changes in the decision rules. Under
the decision rules we used, the order of the indicators does not
affect the final classification. However, if the decision rules were
to be changed, the order of the indicators could have a larger
impact on the outcome. For example, if an improving state was
redefined as occurring when two positive trends were encountered,
at which point the procedure was stopped, then Guinea would be
classified as improving. If the order of the indicators were also
changed, the Irish Sea, the North Sea, the Northeast United
States, the northern Humboldt, and the southern Benguela
could all be classified as improving, depending on the order.
Clearly, it is important to have a decision rule that is robust to
the order of the indicators and to have a clear rationale for the
order in which the indicators are used. In practice, there needs
to be buy-in to this reasoning and ordering by scientists and
other stakeholders alike, if ecosystem classifications are to be
accepted widely and acted upon by fishery managers. A logical
next step would be to develop the decision-tree approach into
an expert systems or computer-based decision-support systems
approach. The latter has been shown to aid in the communication
process with stakeholders and to integrate effectively the different
types of data (Jarre et al., 2008).

The criteria for establishing decision rules

Decision rules remove many of the confounding issues that can
occur when interpreting more than one indicator to assess the
status of an ecosystem. However, care has to be taken in the devel-
opment of decision rules, a process which should be undertaken in
an interactive manner with scientists, managers, and stakeholders
participating in setting the rules (FAO, 2003; Degnbol and Jarre,
2004). Explicit consideration of risk is an essential component of
this process. Here, two risk-averse decision rules were explored,
where a negative decrease in one or two ecosystem indicators
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was sufficient to classify an ecosystem as deteriorating. These
were unbalanced rules because the criteria to classify an ecosystem
as improving were more stringent. Relaxing these rules, or making
them less risk-averse, would alter the classification of some of the
ecosystems in Figure 1. At best, more ecosystems would be classi-
fied as not improving. For example, if a deteriorating ecosystem
was defined by three negative trends, then of the 14 ecosystems
classified as deteriorating under Decision Rule 1, only the
North-central Adriatic Sea and the Northeast United States
would remain in the category. The rest would be classified as
not improving, which overall is not informative. A conservative
decision rule is in accordance with the precautionary approach
(FAO, 1995), where the risk of error is placed on the side of
caution to avoid unacceptable or undesirable situations.

Conclusions

The strong take-home message from this exploratory decision-tree
analysis is that many of the ecosystems examined here have been
negatively impacted by fishing, as measured by the suite of ecosys-
tem indicators, and are in the danger zone. They have been diag-
nosed to be in an ugly, deteriorating condition, having already
been defined as impacted by the effects of fishing at the start of
the time-series. Although it is likely that these ecosystems are
being managed with a long-term goal of sustainability, the ecosys-
tem attributes defined in Table 2 are endangered, as demonstrated
by negative trends in the indicators. Here, only ecological indi-
cators of the pressure and impacts of fishing were explored, but
managing for sustainability requires consideration of biology,
ecology, environment, economics, social aspects, and governance
issues beyond simple stock dynamics (FAO, 2003; Bundy et al.,
2008; Rice, 2008). Moreover, the potential effects of the environ-
ment, particularly in upwelling ecosystems (Shannon et al,
2010), need to be considered when interpreting such ecosystem
indicators, and the decision model would need to be revised
with improved knowledge. Our findings are supported by
related studies: Link et al. (2010) explored drivers of ecosystem
change, and Coll et al. (2010) used biotic factors to rank ecosys-
tems and biotic, abiotic, and socio-economic factors to explain
these rankings. The results of all these studies point to the same
conclusion: for most of these ecosystems, we are not succeeding
in managing, on an ecosystem basis, for long-term sustainability.
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Appendix A

Results of the assessment of initial state of the 19 ecosystems evaluated. An ecosystem was defined as impacted where two of the following criteria applied at the beginning of the time-
series: (i) the proportion of fully/overexploited stocks >1, (ii) industrialized or destructive fishing practices were in place, and (iii) there were documented community or ecosystem
impacts caused by fishing. See text for further detail.

Initial  Criterion Criterion Criterion Initial
Ecosystem year 1 Explanation Source 2 Explanation Source 3 Explanation Source state
Baltic Sea 1974 0.67 - H. Ojaveer (pers. Y First attempts to Bagge et al. (1994); Y Several studies have been performed in  Krost (1990); Krost Impacted
comm.); IndiSeas WG; introduce otter Bager et al. (2007); relation to this topic, but most of et al. (1990);
ICES (200843, b) trawling in the Eero et al. (2007) them originated after the 1990s. As Rumohr and
early 1900s, rapid similar fishing practices (netting and Krost (1991, and
development and trawling) were in operation also in references
increase in 1974, we assume that broadly therein);
numbers in the similar impacts might have Stempniewicz
1910s and 1920s. occurred too in 1974. Bottom (1994)
Breakthrough in trawling impacted demersal
the 1930s, when communities (including damage to
catch increased several thin-shelled bivalve species
and this increase and starfish) in the western Baltic.
was attributed to Bottom trawling has caused
bottom trawling resuspension of sediments and

dislocation of mainly epibenthic
organisms, increase in predatory
and scavenging species. Bottom
trawling has especially impacted
endofauna (than epifauna) and
caused greater community evenness
and diversity. Bottom trawling has
caused remobilization of nutrients
leading to the increase in nutrient
concentrations and oxygen
consumption. The flatfish and cod
net fishery has caused mortality of
long-tailed ducks and velvet scoters
in the Gulf of Gdansk, which
amounts to 10-20% of the total
wintering population of these
species in the area

Barents Sea 1984 0.83 E. Johannesen and AB Y Trawling for demersal ~Matishov et al. (2004) Y Herring stock collapsed in 1960s Hamre (1994) Impacted
(pers. comm.); species since 1931 through overfishing and the
IndiSeas WG; with diesel side environment. Since the early 1970s,
Gjosater (1995); trawl, with large the herring stock has been grossly
Matishov et al. (2004) stern trawlers overexploited, which could have led
since 1950, and to an imbalance in the state of the
with medium predator —prey relationships

tonnage freezer
trawlers since the
1990s

Continued
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Continued N
N
N
Initial  Criterion Criterion Criterion Initial
Ecosystem year 1 Explanation Source 2 Explanation Source 3 Explanation Source state
Bay of Biscay 1992 0.48 M-JR (pers. comm.); Y Discarding was high  Anon. (1991); Y Large chondrichthyan species were lost  Quéro and Cendrero  Impacted
IndiSeas WG; Anon. in the Nephrops Dardignac (1988) in the first half of 20th century (1996)
(1991); Forest (2001) fishery on the
Grande Vasiere
and in other
bottom-trawl
fisheries. Mesh
sizes were too
small, and small
fish were caught
Bering Sea, 1978 >0 Evidence suggests that KA (pers. comm.), Y Heavy industrial KA (pers. comm.); Stellar sea cow was hunted to Bakkala (1993); NRC  Impacted
Aleutian yellowfin sole, Pacific IndiSeas WG; Bakkala fishing by foreign IndiSeas WG; extinction, and the right whale was (1996)
Islands ocean perch, and (1993); NRC (1996) fisheries since the Bakkala (1993); hunted almost to extinction. Many
sablefish were “fully mid-1950s, with NRC (1996) species of marine mammals were
exploited to overfished” associated harvested for commercial purposes,
in the 1960s and 1970s discarding of the abundance of some was severely
bycatch reduced
Eastern 1970 >0 Haddock, cod, silver hake, ~ AB (pers. comm.); Y Industrial fishing by Breeze (2002); Extirpation of the walrus (Odobenus Halliday and Pinhorn  Impacted
Scotian and other groundfish IndiSeas WG; Halliday foreign fisheries Halliday and rosmarus rosmarus), the Atlantic (1996); Waring
Shelf were fully to and Pinhorn (1996) since the 1930s, Pinhorn (1996) grey whale (Eschrichtius robustus), et al. (2004);
overexploited; catch with associated severe reduction in grey seals, cod, Rosenberg et al.
controls introduced by discarding of and other groundfish (2005)
ICNAF in early 1970s bycatch
Guinean EEZ 1985 02 The coastal fish D. Jouffre (pers. comm.); Y Distant-water fleets Chavance et al. No documented community or D. Jouffre (pers. Impacted
community, settling in IndiSeas WG; Domain operated in the (2004) ecosystem impacts caused by fishing comm.); IndiSeas
the extended shallow (1999); Guénette and EEZs of many seem to be available in the WG
area of the Guinean Diallo (2004) West African literature concerning the period
shelf, was considered as ecosystems before 1985
little exploited until considered here,
1985 (Domain, 1999). and Senegal and
Guénette and Diallo Mauritania are
(2004) note, however, known to have
that even if artisanal been subjected to
fishing developed only industrial
since 1984, there was exploitation for
formerly a foreign >50 years
industrial fishing (by
USSR fleets) operating
on this shelf from 1971
and having access to
the deeper part of the
distribution area of
these coastal species
Irish Sea 1973 >0 J. L. Blanchard (pers. Y Trawling, dredging, Hill et al. (1999); Long-term changes in benthic Brander (1980, 1981); Impacted
comm.); IndiSeas WG; discarding Kaiser et al. communities. Disappearance of Bradshaw et al.
Brander (1980) (1996); common skate Raia batis (2002)
Lindeboom and
de Groot (1998); LS
Ball et al. (2000) N
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=
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Mauritanian 05 K. 0. Mohamed Y Most fishing is by Gascuel et al. (2004); Weak evidence of overexploitation of FAO (2006); Gascuel  Impacted
EEZ Abdallahi (pers. trawls. No IMROP (2007) Octopus vulgaris and some sparids et al. (2007)
comm.); IndiSeas WG; dredging, no from 1982, and a decline in the
FAO (2006); Gascuel dynamite, no overall abundance was reported
et al. (2009); IMROP cyanide fishing, shortly thereafter
(2007) and no blast
fishing
North-central >0 M. Coll (pers. comm.); Y Intense bottom Arneri (1996); Ecosystem assessed as highly impacted  Coll et al. (2007, Impacted
Adriatic IndiSeas WG; Arneri trawling and beam Jukic-Peladica by fishing in 1975 compared with 2009)
Sea (1996); Jukic-Peladica trawling have et al. (2001); 1990s and 2000s, by analysing the
et al. (2001); Vrgoc developed in the Vrgoc et al. (2004) outputs of mass-balance models
et al. (2004) area at least since
1975. Discarding is
intense (mean of
30%) and a
bycatch of
seabirds,
mammals, and
reptiles is taken
Northeast 0.64 J. S. Link (pers. comm.); Y It has been estimated  Auster and Langton There have been notable community Link and Brodziak Impacted
United IndiSeas WG; http that Georges Bank (1999) shifts from gadid and pleuronectid (2002); Link et al.
States ://www.nefsc.noaa is trawled ~2-3 groundfish to elasmobranchs to (2006); Link
.gov/sos/; ICNAF times per year; small pelagics (2007); Ecosystem
(NAFO precursor) mobile bottom Assessment
reports tending gear can Program (2009)
come into contact
with sensitive hard
substrata
throughout
North Sea 091 J. L. Blanchard (pers. Y Beam trawling, Kaiser and De Groot The Northeast Atlantic was being “fully Grainger and Garcia ~ Impacted
comm.); IndiSeas WG; dredging, (2000) fished” by 1983 (1996)
ICES working group discarding,
data from 2007 industrial fishing
for sandeels
Northern 025 Although proportion of E. Diaz (pers. comm.); Y Discards of fish by Castillo and Mendo Since the 1960s, the collapse of bird Tovar et al. (1987) Impacted
Humboldt under-/moderately IndiSeas WG; Pauly hold capacity (1987) populations and a large change in
exploited stocks is close et al. (1987); Pauly limitations have the relative abundance of the main
to 1, in the 1980s, the and Palomares (1989) been recognized species of guano birds were related
Peruvian sector of the as an inherent to both combined environmental
Humboldt Current part of the (successive El Nifo events) and
ecosystem was highly anchovy fishery. It fishery effects
impacted by the fishery. was estimated in
The main species was 9% of annual
depleted (anchoveta), landings
whereas the second
most important
(sardine) was being
scarcely exploited
Continued
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Continued

99,

Initial

Ecosystem year

Criterion

1

Explanation

Criterion

Source 2

Explanation

Criterion
Source 3

Explanation

Source

Initial
state

Portuguese 1981
EEZ

Sahara 1993
coastal -
Morocco

Senegalese EEZ 1981

Southern 1980

Benguela

0.5

>0

0.6

043

Several species were
already considered to
have been fully
exploited by 1980. We
estimate about half
(57% of FAO species)
were under- or
moderately exploited in
1980 (cf. 28-35%
moderately/
underexploited in 2007)

M. F. Borges and LH Y

(pers. comm.);
IndiSeas WG; ICES
(1981, 2007); http
://www.ices.dk/
datacentre/
StdGraphDB.asp

AB (pers. comm.); Y

IndiSeas WG; Kifani
et al. (2008)

D. Jouffre (pers. comm.); Y

IndiSeas WG; Fontana
and Weber (1982)

LJS (pers. comm.); Y

IndiSeas WG; local
experts’ knowledge (L.
Hutchings, pers.
comm.)

Portuguese
industrialized
trawl fleets since
the 1970s (the
initial state). In
addition, Spanish
trawlers operated
off Portugal in the
1970s, and a
Russian
distant-water fleet
operated offshore
during the 1960s
and 1970s

Distant-water fleets
were already
operating in
Sahara coastal -
Morocco waters
by 1993

Distant-water fleets
operated in the
EEZs of many
West African
ecosystems
considered here,
and Senegal and
Mauritania have
been subjected to
industrial
exploitation for
>50 years.
However, it is
difficult to find
documentation
concerning really
destructive fishing
practice before
1981

Bottom trawls,
discards (poorly
quantified),
dredging for oil,
diamond mining.
Trawling for
Pterogymnus
laniarius damaged
deep-sea corals
and other benthos

M. F. Borges (pers. N
comm.); IndiSeas
WG

Kifani et al. (2008) Y

Domain (1980); N
Chavance et al.
(2004)

Cochrane et al. Y
(2004)

Corals were probably already damaged

during the 1970/1980s, but there
are no documents and only
sporadic information on pieces of
coral being taken by trawls

Decrease in the trophic level of the

catch and removal of large
predators

No documented community or
ecosystem impacts caused by fishing

seem to be available in the

literature for the period before 1981

Documented changes in size structure

of linefish and demersally trawled
fish. Seabirds—more opportunistic
species (benefiting from offal

discards); competition with fisheries

for prey
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M. F. Borges (pers.
comm.); IndiSeas
WG

Kifani et al. (2008)

Crawford and Dyer

(1995); Best et al.

(1997); Crawford
(1999); Crawford
and Jahncke
(1999); Crawford
and Dyer (1995);
Griffiths (2000);
Yemane et al.
(2004, 2010)

Impacted

Impacted

Impacted

Impacted
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Southern 1978 >0 This is not certain because
Catalan Sea evaluations of the
stocks were not fully
available. However, a
trawling ban was
declared in the area to
recover overexploited
species from 1961 to
1966 (Plan Castello).
Anchovy was also
heavily exploited
Southern 1993 >05 -
Humboldt
West coast 1980 0.43 -
Canada

M. Coll (pers. comm.);
IndiSeas WG; Lostado

et al. (1999); Farrugio
et al. (1993); Sarda
(1998);
Papaconstantinou
and Farrugio (2000);

Palomera et al. (2007)

SN (pers. comm.);

IndiSeas WG

I. Perry (pers. comm.);

IndiSeas WG

Y

Intense bottom

trawling and
purse-seining have
been developing
in the area since
the 1940s and
1950s. Discarding
is intense (mean
of 30%), and
bycatches of
seabirds,
mammals, and
reptiles are taken

Discarding in the

trawl fisheries for
Chilean hake
(industrial fleet)
and squat lobsters
(small-scale fleet)

Hard-bottom

trawling.
Particularly large
biomasses of
demersal species
were removed by
foreign fleets
during the late
1960s and the
1970s. Time-series
of fish catches

from the 1920s for

this region show
catches of bottom
species

Bas et al. (1955);
Farrugio et al.
(1993);
Papaconstantinou
and Farrugio
(2000)

SN (pers. comm.);
IndiSeas WG

Waddell and Ware
(1995)

The Plan Castello of 1961-1966 was a
ban on trawling owing to a
reduction in the yield of
commercial species in the whole
area as a consequence of overfishing

A significant decline in the mean
trophic level of the landings from
the late 1970s to the late 1990s has
been reported. Top predators such
as sea lions are at low levels
compared with the years before the
onset of industrialized fishing

An impact of trawling on (non-target)
halibut stocks, dating from the early
1970s, and an impacts of shrimp
trawling on bycatch species,
especially eulachon. Reports of
impacts documented during the
1990s, but similar effects were
prevalent during shrimp trawling in
the 1970s

Lostado et al. (1999);
Coll et al. 2008b

Arancibia and Neira
(2005)

Hoag (1971); Olsen
et al. (2000)

Impacted

Impacted

Impacted
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Appendix B

A. Bundy et al.

Comparison of trends in ecosystem indicators and attributes, and decision-tree diagnosis for three time-windows, pre-1980s to 2005,

1980—-2005, and 1996—2005, under Decision Rule 1.

EF (fish RP CB (% EF (trophic RP (inverse fishing
Ecosystem size) (biomass) predators) level) pressure) Diagnosis*
Pre-1980s to 2005
Baltic Sea - - D
Bering Sea, Aleutian + Not |
Islands
Eastern Scotian Shelf - - + D
Irish Sea - + + - + D
North-central Adriatic - - - D
Sea
Northeast United States - + - - D
Southern Catalan Sea - + D
1980-2005
Baltic Sea - - - D
Barents Sea + Not |
Bering Sea, Aleutian + |
Islands
Eastern Scotian Shelf - - - + D
Guinean EEZ + + + - D
Irish Sea + + - + D
Mauritanian EEZ - - D
North-central Adriatic - - - D
Sea
Northeast United States + |
North Sea — + - + D
Northern Humboldt + + - D
Portuguese EEZ - D
Senegalese EEZ - — D
Southern Benguela + - + D
Southern Catalan Sea — D
West coast Canada + + |
1996 - 2005
Baltic Sea - D
Barents Sea Not |
Bay of Biscay Not |
Bering Sea, Aleutian Not |
Islands
Eastern Scotian Shelf Not |
Guinean EEZ Not |
Irish Sea - D
Mauritanian EEZ Not |
North-central Adriatic - D
Sea
Northeast United States Not |
North Sea + Not |
Northern Humboldt + D
Portuguese EEZ + Not |
Sahara coastal - + - + D
Morocco
Senegalese EEZ - D
Southern Benguela + - - D
Southern Catalan Sea + + |
Southern Humboldt + - D
West coast Canada + Not |

+, significant positive trend; —, significant negative trend; blank, no trend; grey cells, no data. Note that it was assumed that missing indicators did not

contribute to the diagnosis.

EF, ecosystem structure and functioning; SR, ecosystem stability and resistance to perturbations; RP, resource potential; CB, conservation of functional

biodiversity.

*1, improving; Not |, not improving; D, deteriorating.

doi:10.1093 /icesjms /fsp283
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