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ABSTRACT: Trophic level (TL)-based indicators have been widely used to examine fishing impacts
in aquatic ecosystems and the induced biodiversity changes. However, much debate has ensued
regarding discrepancies and challenges arising from the use of landings data from commercial
fisheries to calculate TL indicators. Subsequent studies have started to examine survey-based and
model-based indicators. In this paper, we undertake an extensive evaluation of a variety of TL
indicators across 9 well-studied marine ecosystems by making use of model- as well as survey-
and catch-based TL indicators. Using detailed regional information and data on fishing history,
fishing intensity, and environmental conditions, we evaluate how well TL indicators are capturing
fishing effects at the community level of marine ecosystems. Our results highlight that the differ-
ences observed between TL indicator values and trends is dependent on the data source and the
TL cut-off point used in the calculations and is not attributable to an intrinsic problem with TL-
based indicators. All 3 data sources provide useful information about the structural changes in the
ecosystem as a result of fishing, but our results indicate that only model-based indicators repre-
sent fishing impacts at the whole ecosystem level.
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INTRODUCTION by identifying the source of energy for each organ-

ism. TL was first defined as an integer value (Linde-

The trophic level (TL) identifies the position of man 1942), providing an average number of steps in
organisms (or groups of organisms) within food webs food webs, placing species or functional groups into a
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Fig. 1. Schematic representations of historical overfishing
and fisheries expansion used to discuss results. (a) Exploita-
tion through the food web (trophic level given on y-axis).
Graph modified from original graph design by Daniel Pauly;
Artist: Rachel Atanacio. (b) Exploitation histories (main fish-
ing scenarios) in time and space. FD: ‘fishing down' the food
web (Pauly et al. 1998); FT: 'fishing through' the food web
(Essington et al. 2006); FE: 'fisheries expansion’ (Morato et
al. 2006, Swartz et al. 2010) towards further and deeper
areas, or to alternative species, leading to ecosystem over-
fishing

simple scheme, and quantifying the efficiencies with
which energy is transferred from one level to the
next. The concept was later modified to be fractional
(Odum & Heald 1975), which better accounts for
omnivory, a feature prevalent in marine food webs.
Following an established convention, fractional tro-
phic levels are calculated by assigning producers
(and often also detritus) to TL 1 (e.g. phytoplankton),
and consumers to a TL of 1 plus the average TL of
their prey, weighted by their proportion in weight in
the predator's diet (Pauly et al. 2000).

As fishing selectively removes organisms from the
food web, the trophic and size structure of the eco-
system may be altered (e.g. Pauly et al. 1998, Shin et
al. 2005). Consequently, size-based indicators have
been widely and successfully used to measure fish-
ing impacts and ecosystem changes (Jennings et al.
1999, Bianchi et al. 2000, Shin et al. 2005, Blanchard
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et al. 2010). TL-based indicators may also be used to
capture this effect. A simple change in trophic struc-
ture due to the fisheries-induced decrease in abun-
dance of higher TL species, followed by fishing at
lower trophic levels, is termed 'fishing down' the
food web (Pauly et al. 1998) (Fig. 1). This pattern is
documented in numerous ecosystems around the
globe as a decrease in the mean TL (MTL) of the
landings (e.g. east and west coasts of Canada, Pauly
et al. 2001; Chile, Arancibia & Neira 2005; China,
Pang & Pauly 2001; North Sea, Heath 2005; Thailand,
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Christensen 1998; Caribbean, Wing & Wing 2001;
West Africa, Laurans et al. 2004, Gascuel et al. 2007;
Gulf of Maine, USA, Steneck et al. 2004; India,
Bhathal & Pauly 2008; Adriatic Sea, Coll et al. 2010a;
and see www.fishingdown.org). The concept of ‘fish-
ing down' the food web has attracted much interest
and debate (e.g. Caddy et al. 1998) and has subse-
quently been refined to exclude abundant species at
low TLs in the calculation of TL of the landings (Pauly
& Palomares 2000, Pauly & Watson 2005, Stergiou &
Christensen 2011) so as to better reflect changes in
the upper TLs of individual ecosystems. In particular,
the Marine Trophic Index (MTI) is defined by using a
minimum threshold TL value, conventionally of 3.25
(Pauly & Watson 2005). The Conference of the Parties
to the Convention on Biological Diversity (CBD)
identified TL-based indicators as key indicators for
measuring biodiversity changes, and listed the MTI
(CBD 2004) as one of its headline indicators (Butchart
et al. 2010).

Since then, the concept of MTL of landings has
been further explored and additional hypotheses
suggested to explain observed patterns. In a global
comparison, Essington et al. (2006) show that ‘fishing
down' the food web, as defined above, can be
detected in the North Atlantic, whereas they show
that a more typical scenario termed ‘fishing through’
the food web seems to have occurred elsewhere,
characterised by sequential addition of lower TLs
that are fished, as opposed to sequential removal of
TLs by fishing (i.e. ‘fishing down'). That is, they high-
light the fact that in some systems, catches of apex
predators have increased or have been maintained,
while fisheries have expanded to also catch species
at lower TLs (Fig. 1). In contrast, Morato et al. (2006)
suggest that the expansion of fisheries (‘fisheries
expansion') into deeper waters (fishing deeper in the
food web) and further offshore is masking the ‘fish-
ing down' effect through the inclusion of new fishing
grounds and new, higher TL species caught (Swartz
et al. 2010). 'Fishing up' the food web is defined as
the addition of new, high-TL species to catches over
time (see Stergiou & Tsikliras 2011). The latter authors
maintain that 'fishing through' and ‘fishing up' the
food web are related to technical issues (data avail-
ability and fishing behaviour or extent of fishing).

These different processes and the recent debate
around the usefulness of TL-based indicators high-
light the fact that, when based on commercial land-
ings data, TL-based indicators can be difficult to
interpret as their behaviour is strongly linked to
the multispecies fishing strategy in time, in space
and across trophic levels, such that ecosystem-based

indicators that rely on survey data diverge from the
catch-based MTL (Branch et al. 2010). These con-
cepts and discussions (in particular ‘fishing down' the
food web) have been at the core of increasing con-
cern regarding the impact of fishing on marine eco-
systems.

There are additional concerns about TL-based
indicators that add fuel to the debate, such as the
difficulties associated with obtaining accurate catch
data (i.e. a complete accounting of removals from a
system) as opposed to nominal landings, and the fact
that non-commercial or unexploited species are not
reflected in landings data (e.g. Zeller & Pauly 2007).
Beyond the issues concerning catch-based TL indica-
tors, there is also the uncertainty involved in the esti-
mation of a single TL for species with variable onto-
geny. The TL of species varies with size and can vary
in time and space (Jennings et al. 2002, Vinagre et al.
2012), necessitating some caution in TL-based indi-
cator assessments (Caddy et al. 1998). However, the
effect of ontogenetic changes in the TL of species
was found to be negligible within-species in compar-
ison with between-species effects (i.e. changes in the
relative abundance of species) (Pauly et al. 2000).
Nevertheless, although ontogenetic effects are likely
to be small in catch-based indicators that only ac-
count for recruited stages, they may be important to
consider in community indicators such as those based
on survey data. Model-based TL indicators that cap-
ture ontogenetic change are better equipped to han-
dle ontogenetic changes in TL, since these changes
are defined within the model.

Below, we describe a suite of TL-based indicators,
often used to quantify fishing effects on the trophic
structure of food webs, and summarise the processes
leading to change in the indicators. We then interpret
trends in indicators using catch, survey and modelled
data for multiple ecosystems in relation to fishing
pressure and fisheries management. From this struc-
tured comparative analysis, we draw guidelines for
the use and interpretation of TL indicators in ecosys-
tem level assessments as required by the Convention
on Biological Diversity (CBD 2004) and the European
Marine Strategy Framework Directive (2008/56/EC).

Data used to calculate trophic level-based
indicators

Three sources of data are available from which TL-
based indicators can be calculated, each having ad-
vantages and constraints (Table 1). Landings data
are the most readily available fisheries-related data,
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Table 1. Advantages and constraints pertaining to trophic level (TL)-based indicators calculated from 3 sources of data:
landings, surveys and models

Data source Advantages

Constraints

Landings Readily available
Include all gears

Long time series

Includes species that may not be effectively
sampled by trawl surveys (e.g. small pelagics,
invertebrates)

Surveys Reflect actual changes in communities

(not influenced by market forces etc.)
Include non-targeted species

Models Aim to cover the full community

Provide simulation platforms for exploring
multiple drivers of TL changes in communities

Often also include young stages and pre-recruits

Can account for changes in species’ TL over time

Restricted to the exploited community
Not always representative of all catches taken (IUU)

Fishers' behaviour, management strategies and market
forces affect changes in landings

Pre-recruit stages and non-commercial species poorly
sampled

Species sampled dependent on survey design and
coverage

Time series often short
Often restricted to the demersal community

Dependent on data available to parameterize poorly
known groups

Dependent on understanding of predation process

Dependent on reliable diet data or surrogates being
available

Uncertainty linked to model structure, parameterization,
and assumptions

since some attempt is usually made to monitor cat-
ches in any given marine exploited area (Garibaldi
2012). Therefore, they are the basis for most fisheries
assessments, including single stock assessments and
models (Hilborn & Walters 1992). Since the assump-
tion made when using catch-based indicators as indi-
cators of ecosystem state is that landings are repre-
sentative of the biomass of species present in the
ecosystem, catch-based TL indicators are intended to
represent changes in trophic structure of the ex-
ploited system due to fishing. However, and despite
important efforts to collect and harmonize catch data
by country (Garibaldi 2012), landings do not neces-
sarily represent the actual catches taken—which
encompass illegal, unregulated and unreported
(IUU) catches, as well as discards and catches from
the recreational and subsistence sectors (Zeller &
Pauly 2007). In addition, and maybe more impor-
tantly, a change in landings is rarely representative
solely of a change in the state of the fish community
since landings are also dependent on fishers' behav-
ioural responses to fisheries management and mar-
ket forces. As such, catch-based indicators are best
considered as indicators of pressure rather than state
(Degnbol & Jarre 2004).

Fisheries independent (scientific) survey-based in-
dicators may better reflect changes in the actual com-
munity, because unlike catch-based TL indicators
they are not subject to confounding factors such as

market forces, fleet dynamics or under-reporting.
Furthermore, consideration of the survey community
enables tracking of non-target species caught as by-
catch, and species indirectly affected by altered food
web interactions (including cascading effects and
predator release processes). However, survey-based
TL is subjected to the constraints of the sampling
design of the survey, selectivity of the survey gear,
species catchability and availability, and selective
recording of species (Jouffre et al. 2010). One type of
survey (or one gear type) is unlikely to be represen-
tative of the whole community, and ways of combin-
ing different kinds of surveys should be sought. For
example, demersal trawl surveys mainly capture
benthic and demersal species, but can also include
some pelagic species if they are available and vulner-
able to the survey gear. Conversely, pelagic surveys
typically have low catchability of non-pelagic species
and do not capture transitions between demersal-
and pelagic-dominated communities in response to
exploitation (e.g. Shannon et al. 2009). In contrast,
indicators from landings consider all gears used in a
given ecosystem and have the potential to take into
account all species caught, including crustaceans,
small pelagics and cephalopods, if properly reported.
Moreover, and even if surveys and landings encom-
passed the same range of species, 2 important dif-
ferences in the data would remain. First, in many
ecosystems, surveys started only recently and thus
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provide only short time series. Landings data cover a
longer period, often starting in the 1950s according to
FAO statistics, or sometimes earlier in national data-
bases. The second difference is due to the demo-
graphic characteristics of the assemblages sampled.
Surveys often target small, young fish in order to
inform recruitment indices for stock assessments,
whereas pre-recruit stages are poorly sampled com-
mercially. In contrast, more valuable larger (older)
fish usually dominate the commercial landings, and
the size range is often limited by an enforced ‘mini-
mum landing size'.

Ecosystem models can also be used to calculate the
TL of the modelled community, and provide a simula-
tion platform for further examination of the potential
usefulness of the TL of the community as an indicator
of fishing effects under multiple drivers, such as envi-
ronmental changes and ecosystem effects (e.g. Coll
et al. 2008, 2009, Aratjo & Bundy 2012). The advan-
tage of TL-based indicators from models is that they
capture the dynamics of the whole community rather
than just the landed or surveyed community, span-
ning both pelagic and demersal organisms, from low
TL species to top predators. Further, model-based TL
indicators are also able to take into account changes
in the TL of each species over time as their food
changes due to changes in modelled prey species,
whereas in the other indices the TL usually stays con-
stant over time. However, TLs based on modelled
communities are dependent on a well understood
predation process, grounded in reliable diet data.
Further, these models should be fitted to data and
validated with external observations and knowledge
(e.g. Shannon et al. 2004, Coll et al. 2008, Travers-
Trolet et al. 2014), thus minimising the uncertainty
associated with these tools.

TL-based indicators (TLp) are calculated as the
mean trophic position of all species, weighted by the
relative biomass of each species in the landings, in
the surveys or in the modelled community:

TLIND:in'TLi/XL (1)
i=1
where TL; is the trophic level of species i, X is total
landings (for TL of the landings) or total biomass
(for TL of surveyed or modelled ecosystems) and X;
is the landings or biomass of species i. See Table 2 for
further details.

These TL-based indicators can be complemented
by trophic spectra, which represent the distribution
of biomass (based on model or survey) or landings by
TL (Gascuel et al. 2005), similar to a trophic pyramid
but using fractional TLs. Trophic spectra have been

proposed as indicators of the trophic structure and
functioning of aquatic ecosystems in a fisheries con-
text, and will be used here to analyse changes that
have occurred in both the ecosystem fishing strategy
and the underlying ecosystem. Trophic spectra have
been used to test the impact of management meas-
ures on ecosystems (e.g. Colléter et al. 2012, Valls et
al. 2012), and to quantify the effects of exploitation
on trophic structure both in theoretical studies (Gas-
cuel & Pauly 2009) and for specific case studies
(Guinea, Gascuel et al. 2011; Benguela, Gasche et al.
2012; Bay of Biscay, Lassalle et al. 2012).

Processes underlying TL-based indicator
trajectories

Ecosystem changes due to fishing are frequently
complex, reflecting change in processes at multiple
levels. High-TL species are usually more sensitive to
fishing due to their lower rates of turnover (Pauly et
al. 1998, Gascuel et al. 2008). Even if not specifically
targeted, they are often the first and most atfected by
fisheries. Their decrease in abundance has produced
‘trophic cascades’, or increased abundance of smaller
organisms (e.g. intermediate predators, forage fish
and invertebrates) due to predation release both in
coastal areas and the open ocean (Bundy & Fanning
2005, Frank et al. 2005, Scheffer et al. 2005, Ward &
Myers 2005, Baum & Worm 2009). These low TL
organisms may become abundant in highly exploited
ecosystems, and later may themselves become im-
portant fishing resources (e.g. Anderson et al. 2011a,b).
This typical chain reaction to fishing is generally well
captured by TL-based indicators, which would de-
crease under fishing pressure. But the magnitude of
the fishing impact, illustrated by the subsequent
and sequential depletion of small pelagic fish and
invertebrates documented in many ecosystems (e.g.
Anderson et al. 2011a,b, Pikitch et al. 2012), can com-
plicate the signals that indicators are meant to cap-
ture. These processes of 'fishing further down' the
marine food web following depletions and prolifera-
tions are likely to have unprecedented implications
for the structure and functioning of marine food
webs, and thus for the signals that ecosystem indica-
tors represent.

In fact, some puzzling trends have already been
detected using TL-based indicators: in upwelling
ecosystems and other subtropical systems, TL-based
indicators calculated from landings tend to increase
when small pelagic fish have been targeted and sub-
sequently depleted (Cury et al. 2005). The increase in
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Table 2. Trophic level (TL)-based indicators examined in this paper

Landings at TL 3.5 and 4.5

Survey-based

Trophic level of the surveyed community TLsc
Trophic level of the surveyed community TLsc3.05
with cut-off TL of 3.25

Trophic level of the surveyed community TLscao

with cut-off TL of 4.0

TL of the modelled community (whole eco-  TLyc
system excluding zooplankton organisms

and primary producers)

Trophic level of the modelled community TLycs25
with cut-off TL of 3.25

Trophic level of the modelled community TLyicao

with cut-off TL of 4.0

TL Indicator Symbol Calculation
Landings-based n
Trophic level of the landed catch TLp TL, = ZYi “TL; /Y,
i=1
where Y] is total landings, Y;is the landing of species i,
and TL; is the trophic level of species i
Marine trophic index with cut-off at TL 3.25 MTI; 5 MTIy05= 3 Yrpisa0s  TL; /YirLisass)
i=1
1
Marine trophic index with cut-off at TL 4.0 MTI, MTI,, = 2YTLi24_0 ‘TLj/YL(TL,‘M_O)

Landings; 5s4.5

Model-based (from Ecopath with Ecosim [EwWE] models fitted to catch and abundance time series)

i=1
Trends in landings at TL = 3.5 and TL = 4.5 plotted separa-
tely to inform interpretation of other indicators (trophic spectra)

TLsc = 3. B;-TL;/B;
i=1
where By is total biomass of the survey, B;is the biomass
(or biomass index) of each species iin the survey,
and TL;is the trophic level of species 1

n
TLSC3.25 = ZBTLiZ3.25 : TL1 /BT(TLiZS.ZS)
i=1

n
TLscyo = ZBTLizw 'TLi/BT(TL1'24.O)

i=1

n
TLye = ZBMi 'TLi/BMT

i=1
where Byt is total biomass of the modeled ecosystem,
By; is the biomass of each species iin the model, and TL;
is the trophic level of species i as an output of the model

n
TLMC3.25 = ZBMi23,25 : TLi/BMT(TLiZS.ZS)

i=1

n
TLycso = ZBM124.0 ‘TLi/BMT(TszéLO]

i=1

the TL of the landings in this case is a sign of over-
exploitation of the once abundant lower TL species,
rather than recovery of high-TL organisms (Shannon
et al. 2010). This is also the case when invertebrates
are targeted and heavily exploited, as highlighted in
global trends reported by Anderson et al. (2011a). In
highly exploited ecosystems, such as the North West-
ern Mediterranean Sea, small pelagic fish currently
represent the bulk of commercial catches and have
been heavily fished or overfished for many years
(Palomera et al. 2007, FAO-GFCM 2013, STECF
2013). Since large organisms in the Mediterranean
Sea were depleted decades ago (e.g. notably post
World War II in the Adriatic Sea; Lotze et al. 2011),

the increase in the TL of the Mediterranean catch
reflects the ultimate depletion of small organisms in
the ecosystem (Coll et al. 2008, 2010a,b).

Therefore, it is essential to understand the fishing
history in a given ecosystem and processes under-
lying observed trajectories in TL-based indicators.
While ‘fishing down' and ‘fishing through' processes
may lead to a decline in TL-based indicators (both
can be considered as patterns characterising ‘histori-
cal overfishing'), the 'expansion of fisheries' (Fig. 1)
may lead to alternative trajectories, including what
may be described as ‘fishing further down' and ‘eco-
system overfishing’, where all trophic levels of an
ecosystem are subjected to overexploitation due to
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different fishing strategies overlapping, and where
ecosystem impacts (such as trophic cascades and
depletions) intersect. During a recovery phase, TL-
based indicators could initially decline, for example if
fishing pressure by all fleets were reduced concur-
rently, allowing short-lived, low-TL pelagic species
to recover rapidly. Long-lived, high-TL piscivores
and benthivores would need a longer time to recover,
leading to a decline in overall TL prior to an increase
in the longer term.

Global fishing intensity has been increasing since
1950 (Watson et al. 2013). In this study, we argue that
historical evolution of the ecosystem state (trophic
structure) and of the fishing strategy (species tar-
geted, gear used, fishing effort), and the environment
(productivity level) are 3 important factors determin-
ing how fishing impacts the trophic structure of the
ecosystem, and thus how TL-based indicators should
be interpreted. Therefore, our hypothesis is that (1)
the message conveyed by TL-based indicators may
change with time as fisheries develop, management
measures are implemented, and/or small pelagic and
invertebrate biomass changes due to environmental
drivers and/or trophic cascades, and (2) TL-based in-
dicators may provide information on different phases
of ecosystem degradation. In particular, the ‘phase’ of
exploitation and productivity (either characterised by
known historical overfishing patterns directed to-
wards specific fractions of the ecosystem, or recent
expansion of fisheries across the ecosystem, with re-
spect to productivity; Fig. 1), is likely to play an im-
portant role in the observed trajectories of TL-based
indicators that describe the overall effects of fishing
on the ecosystems in question.

Aims of the paper

In this study, using 9 well-documented ecosystems
as case studies, the concerns about TL-based indica-
tors discussed above are explored with respect to
their use in interpreting the ecosystem effects of
fishing.

The key question examined in this paper is how
well do TL-based indicators capture fishing impacts
at the community level of marine ecosystems? The
aim is to systematically evaluate patterns in TLs, ac-
counting for the mechanisms behind the changes in
TL-based indicators. In doing so, we explore how to
use these indicators correctly (e.g. at appropriate
geographic scales and with an understanding of the
developmental level of the fishery and productivity
regimes) to avoid misinterpretations and misunder-

standings. To this end, landings-based, survey-based
and model-based TL indicators are compared across
9 ecosystems using different thresholds for minimum
TLs to be included in the indicators, and are comple-
mented with trophic spectra analyses. Ecosystems
were selected in order to cover various configura-
tions of latitude, size, depth and fishing intensity. For
each of the ecosystems, an Ecosim model fitted to
time series data was available from previous studies.
We also examine global correlations (combining data
from all ecosystem case studies), and correlations
within each individual ecosystem to explore whether
generalities can be determined.

METHODS
TL indicator series: catch, surveys and models

As previously mentioned, minimum thresholds for
TLs are often used to exclude lower TL species from
TL indicators, which tend to be present at higher bio-
mass than high-TL species, and are more sensitive to
environmental variability. The most popular thresh-
old is that proposed by Pauly & Watson (2005): TL
> 3.25 (referred to as the MTI;,5; Table 2), which
excludes forage fish and smaller organisms. Thus,
MTI; 25 was proposed as a more suitable indicator to
monitor the ocean's health (e.g. Pauly & Watson 2005,
Butchart et al. 2010) than mean trophic level of land-
ings (TL.), which may also capture environmental
dynamics rather than only fishing impacts on marine
ecosystems.

Other minimum thresholds of the TL; values have
been used since the proposition of the MTI; 5
(Branch et al. 2010). In our study, we consider an ad-
ditional threshold of 4.0 in MTI, o, which is simply the
TLy with the lower limit (cut-off) TL changed from
3.25 to 4.0, following Stergiou (2005) and Essington
et al. (2006). The aim of a cut-off of TL at 4.0 is to ex-
amine changes within the apex predator community
while excluding small and medium pelagic fish,
some of which have TLs above 3.25 and which are
still subject to large natural fluctuations in abun-
dance. Some examples of these sorts of fishes are the
Peruvian anchoveta Engraulis ringens (TL = 3.3 to
3.6; Hiickstadt et al. 2007, Marzloff et al. 2009), her-
ring Clupea harengus on the Western Scotian Shelf,
Canada (TL = 3.85; Aratjo & Bundy 2012) and an-
chovy Engraulis capensis off South Africa (TL = 3.00
to 3.50; Shannon et al. 2003, Watermeyer et al. 2008,
Osman 2010, Van der Lingen & Miller 2011). Further,
under instances of expansion of fisheries, 'fishing
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down' trajectories may be masked by increases in the
catches of higher TL species, which becomes evident
when MTI,  is considered and/or when the Fishing-
in-Balance index, which indicates periods of expan-
sion and contraction in the fishery (Pauly & Palo-
mares 20095), is monitored (Stergiou 2005).

Using fisheries-independent survey data, the
MTL of the surveyed community (TLgc) is estimated
(Table 2), which provides the trophic position of
organisms sampled in research surveys (Rochet &
Trenkel 2003). This indicator can be calculated from
survey biomass indices. Ideally, biomass estimates
should be adjusted to reflect differential species catch-
ability of the fishing gear, although this is notoriously
difficult due to the dependence of catchability on fish
size, behaviour and habitat type (Harley & Myers
2001, Thorson et al. 2013). TLgc which excludes fish
with TL < 3.25 and 4.0 (TLgc325 and TLgcys o, Tespec-
tively), can also be calculated from the same survey
data (Table 2). Similarly, model results can be modi-
fied to exclude components of the modelled commu-
nity using different cut-offs as mentioned above, i.e.
TL > 3.25 and 4.0 (TLyc3.25 and TLycs0, Tespectively,
using notation MC for modelled community; Table 2).

Analyses across ecosystems

For 9 case studies (see Supplement 1, Fig. S1 and
Table S1 at www.int-res.com/articles/suppl/m512p115
_supp.pdf) included in the IndiSeas project (Shin et
al. 2012), trajectories of TL-based indicators were
calculated from 1980 to 2010 (or shorter time series
due to data availability) using landings data, survey
data and modelled data. Nine TL-based indicators
were calculated: (1) TL;, (2) MTI3,5, (3) MTl,,, (4)
TLsc, (5) TLscaas (6) TLscaor (7) TLuc, (8) TLuicaas
and (9) TLyicso (Table 2). For ease of comparison
between ecosystems, all indicators were normalized
following Blanchard et al. (2010).

Data from catches and surveys were obtained by
experts from the 9 ecosystems, and indicators were
calculated using local datasets, as explained in Shin
et al. (2010). To calculate TL-based indicators with
different cut-offs, TLs by species or groups were
obtained from local studies, modelling activities or,
when unavailable (e.g. for specific species that were
aggregated into a single model group), from Fish-
Base (http://fishbase.org) and SealifeBase (http://
sealifebase.org). TLs adopted per species or species
group per ecosystem are provided in Tables S2 & S3
in Supplement 2 at www.int-res.com/articles/suppl/
m512p115_supp.pdf.

Ecosystem models used to calculate indicators
were parameterized using the Ecopath with Ecosim
(EwE) software and approach (Christensen & Walters
2004). The 9 EwE models used in the study had been
fitted to time series, previously validated, and were
already well documented (see Supplement 1 and
Table S1). The trophic models did not necessarily
need to be fit to the most recent years, but selection
was constrained to models for which the fitted time-
series overlapped well with the catch-based and sur-
vey-based TL indicator series.

All 9 of the above-mentioned TL-based indicators
were compared using correlation analysis in each of
the ecosystems analysed in an effort to establish
whether important signals of change at the commu-
nity level were consistently represented in all TL-
based indicators or, on the contrary, were being
masked by considering solely the TL; (i.e. by relying
on commercial data and considering only exploited
species). For each case study, an interpretation of the
9 TL-based indicators is provided.

In meta-analysis studies, data are generally pooled
in order to provide a global picture. However, when
large amounts of data are aggregated in this way, eco-
system signals may be masked. This was explored by
comparing global patterns (combining data from all
ecosystem case studies) with patterns within each in-
dividual ecosystem. Across all ecosystems, we exam-
ined how the TL-based indicators were correlated us-
ing all available data for these ecosystems spanning
the period 1980 to 2010. This analysis was done
assuming the same weight for all ecosystems after
TL-based indicators per system had been calculated.

The relationship between the TL-based indicators
and an indicator of fishing pressure (the ratio of land-
ings to survey biomass) was also investigated using
correlation analysis. This indicator of fishing pres-
sure was selected because it is the simplest and most
readily available indicator across the ecosystems
examined (Shin et al. 2010). Relationships were also
evaluated between TL-based indicators and model-
led fishing effort and/or fishing mortality (when
available, from the models fit to data), and with total
landings.

In addition, we used correlation analysis to explore
whether the set of 9 TL-based indicators may be
influenced by environmental drivers such as sea sur-
face temperature (SST) and productivity (i.e. chloro-
phyll a; chl a) for each of the 9 ecosystems. These
environmental data were extracted for ecosystem
study areas (H. Demarq pers. comm.); SST indicators
were extracted from AVHRR/Pathfinder and MODIS,
and chl a from SeaWiFS and MODIS.
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All correlations were evaluated using Spearman'’s
non-parametric rank order correlation coefficient
(Spearman 1904), which is a measure of statistical
dependence between 2 variables, ranging between
-1 and 1 (perfect negative and positive correlation,
respectively). The test assesses how well the relation-
ship between 2 variables can be described using a
non-linear monotonic function.

Trophic spectra

For the 9 ecosystems considered, trophic spectra
representing the current distribution across TLs of
surveyed biomass, landings and modelled biomass
were built following a widely used methodology
detailed in Gascuel et al. (2009a) and Gasche et al.
(2012). Thus, the biomass of each species or func-
tional group was distributed over a range of TLs
according to a density probability log-normal func-
tion centred on the group MTL, where standard de-
viation measured within-group variability in TLs.
The trophic spectrum is the single curve correspon-
ding to the sum of surveyed biomass (or landings or
modelled biomass) for all groups.

The evolution of these spectra over time was inves-
tigated by comparing average 5 yr periods when data
were available: 1981-85, 1986-90, 1991-95, 1996-00,
2001-05 and 2006-10. In order to synthesize results,
whole trophic spectra were not presented here. In-
stead, biomass, landings and modelled biomass of TLs
2.5, 3.5 and 4.5 were considered over time, as repre-
sentative of forage organisms, intermediate organisms
and apex predators. Furthermore, the TL correspon-
ding to the 95" percentile of the distribution of bio-
mass (TLgsy), landings and modelled biomass were
tracked over time. TLgsy, provided information about
the trophic level of the apex predators accounting for
the top 5% of landings or biomass (surveyed or mod-
elled). Decreases in the TLgsy, can reflect a depletion
of apex predators, which would be expected in the
case of historical overfishing. Similarly to the pattern
observed with TL;, 'fishing further down' the food
web would result in an increase of TLgysy;, as the rela-
tive contribution of low TL species decreases. Finally,
the width of the trophic spectra was also estimated by
the differences between TLs corresponding to the 5%
and 95" percentiles of the TL distribution. In addition
to the number of TLs present in the system, the width
of the trophic spectra gave some insight into the part
of the food web exploited by fisheries. Truncation of
the trophic spectra, indicated by a decreasing width,
could provide information about a change in trophic

functioning if the signal is detected both in landings
and survey indicators. On the other hand, an increase
in the width of trophic spectra detected only in the
landings might be evidence of fisheries expansion
(i.e. 'fishing through’).

Implications of estimating TLs using different methods

It is recognised that there is often uncertainty asso-
ciated with allocating a single TL to a species. It is
possible that TL changes seasonally or spatially de-
pending on distributions of the prey and predator, de-
mographic dynamics, climatic factors etc. (for example
see Vinagre et al. 2012). Alternatively, different meth-
ods of estimating TLs may suggest different values for
a species, thereby potentially influencing overall TL.
For this reason, 2 methods were tested to derive MTL:
(1) allowing TLs to vary annually (South Catalan Sea),
and (2) using different TLs per species versus
applying aggregated TLs per feeding guild (Southern
Benguela). Overall, we found little difference between
pairs of trends in each case (see Figs. S2 & S3 in Sup-
plement 3 at www.int-res.com/articles/suppl/m512
p115_supp.pdf). Nevertheless, model-derived TLs de-
pend on how functional groups are aggregated and
defined in trophic models. Models with more groups
will often have higher TLs because they often define
their higher TLs in greater detail, thereby imparting a
compounding effect. Alternatively, TLs for species de-
rived from isotope studies can differ from those esti-
mated using trophic models that are based on weight
of prey items in predators’' stomachs (e.g. divergence
of TL-related descriptors at high trophic levels; Van
der Lingen & Miller 2011) although they also may be
well correlated (e.g. Coll et al. 2014). These discrep-
ancies or similarities in TL estimations warrant further
examination and refinement of both isotope studies
(e.g. in base species used and factoring in detrital
feeders) and model studies relying on limited or out-
dated dietary information. The discrepancies between
stable isotopes and food web models have been tested
by Ramsvatn (2013), who found that uncertainty in
models can be reduced when using both stable
isotope and diet studies, but both depend on previous
knowledge of the diets of the species.

RESULTS AND DISCUSSION
Trophic level indicator series

Trends in TL-based indicators across the 9 case
studies are shown in Fig. 2. Of the significant correla-
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Fig. 2. Comparing trajectories of 9 trophic level (TL)-based indicators across the 9 ecosystem case studies. See Table 2 for

definitions of the indicators. (Figure continued on next page)

tions (p < 0.09) of these indicators with time (yr), 57 %
were negative (decline in TL with time, Table 3).
Overall, some consistency was found within eco-
systems between the 9 different TL-based indicators:
the majority of significant correlations (p < 0.05) be-
tween pairs of TL-based indicators were positive
(91 significantly positive correlations versus 31 sig-
nificantly negative correlations; Table 3). Case study
details (ecosystem description, model description,
TL-based indicator interpretation) and correlation re-
sults are provided in Supplements 1 and 4, respec-
tively, at www.int-res.com/articles/suppl/m512p115_

supp.pdf.

Comparison of TL; results with other indicators

In most ecosystems, TL; was positively related to
various other TL-based indicators—although in one
ecosystem, the North Central Adriatic, none of these
were significant (Table 4a). Positive correlations were
especially observed with MTI;,5 in 5 ecosystems (Ta-
bles 3 & 4a), mainly due to the fact that species with
TLs higher than 3.25 constitute a large fraction of the
total landings. Catch-based and survey-based indica-
tors were positively correlated in some ecosystems.
TLsc was significantly positively correlated with TL
in 3 of the 9 ecosystems considered (Southern Benguela,
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Fig. 2 (continued)

South Catalan Sea, Inner Ionian Sea; Tables 3 & 4a).
Similarly, MTI;,5 and TLgc3,5 were positively corre-
lated in these same ecosystems as well as on the West
Coast of Scotland (Table 4b).

However, despite general global agreement be-
tween TL; and other TL-based indicators (top row,
Table 4a), survey-based TL indicators captured dif-
ferent effects to those captured by catch-based TL
indicators in other ecosystems (Fig. 2), suggesting
that both catch-based and survey-based indicators
appear to be necessary to disentangle changes in
community structure in several ecosystems. For
example, in 2 ecosystems (Northern Humboldt and
Western Scotian Shelf), TL; and TLgc were signifi-

cantly negatively correlated (Table 4a). In the North-
ern Humboldt, landings were dominated by sardine
Sardinops sagax and anchovy Engraulis ringens,
whereas higher TL species such as Jack mackerel
Trachurus murphyi (TL = 3.9) and chub mackerel
Scomber japonicas (TL = 3.7), which constituted an
important part of fish biomass in the ecosystem
before the El Nino in 1997-98, were included in the
surveyed community. On the other hand, fished
predators such as hake Merluccius gayi and jumbo
squid Dosidicus gigas accounted for the increase in
MTI, o and TLgc, g over the last decade.

On the Western Scotian Shelf, TL; has declined
since the mid-1980s (Fig. 2) due to large declines in
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Table 3. Comparison of correlations between pairs of trophic level (TL)-based indicators across the 9 ecosystem case studies.
Numbers indicate significant negative and positive correlations, separated by semi-colons. See Table 2 for definitions of
TL-based indicators

Year TL, MTI; 25 MTIy TLsc TLscs.25 TLscao TLyvc TLmces2s  TLacao
Year
TL. 3;2
MTI;3 95 4;3 0;5
MTI,, 3;3 1;4 1;2
TLsc 4; 2 2; 3 1;3 1;6
TLsc3.25 3; 1 0; 1 0; 4 0; 1 0; 6
TLsca.0 2; 4 1; 2 31 0;5 2;4 2;3
TLyc 4;2 0; 3 4;1 1;3 0;3 2;0 1;2
TLymcsos 2; 2 0;1 2;1 1;2 0; 1 0; 0 0;2 0; 5
TLyicao 3;3 1;2 2;1 1;2 1;1 1;1 0; 1 0; 5 0;4

Table 4. Comparison of correlations of (a) TLy, (b) MTI; 55 and (c) TLgcs.25 with the other TL-based indicators across the 9 case

studies, and when all pairs of data are combined assuming equal weighting per pair (global). Values are correlation coeffi-

cients. Bold values in shaded cells indicate significant (p < 0.05) correlations: dark grey = positive, light grey = negative. See
Table 2 for definitions of TL-based indicators

(a) TLy MTI; 25 MTly TLsc TLscs.2s TLscao TLmc TLmcs.2s TLmcao
Global 0.06

NC Adriatic Sea 0.21 0.16 0.25 0.20 0.24 -0.04 0.10 -0.08
S Benguela 0.08 -0.37 0.27 0.37
S Catalan Sea 0.25 0.04 0.20 -0.11 -0.15 -0.13
Guinean EEZ 0.04 -0.06 0.04 -0.02 -0.02 0.22
Inner Ionian Sea 0.33 0.34 026 = 053
Northern Humboldt -0.63 -0.29 -0.28 0.37 0.45
N Sea 0.11 -0.14 -0.15 -0.42 -0.15 -0.17 -0.48
W Coast Scotland 0.13 0.18 0.14 -0.14 -0.25 -0.28 -0.24
W Scotian Shelf -0.79 -0.37 -0.29 -0.04

(b) MTIS.ZS TLL MTI4.0 TLSC TLSC3425 TLSCALO TLMC TLMC3.25 TLMC4.0
Global 006 (040 030 065 039 = -030 | 020 = -006
NC Adriatic Sea 0.21 0.23 _ 0.26 0.37 _ 0.06 -0.23
S Benguela 0.08 -0.17 0.35 -0.47 -0.43 0.11 0.04
S Catalan Sea -0.10 -0.09 -0.48 0.18 0.01
Guinean EEZ 0.15 0.10 0.03 -0.17 -0.17 0.18
Inner Ionian Sea -0.22 -0.16 -0.24 -0.46 -0.57 -0.18
Northern Humboldt -0.64 -0.29 -0.28 0.37 0.45
N Sea -0.20 -0.21 -0.46 -0.18 -0.18 -0.53
W Coast Scotland -0.43 -0.64 -0.61 -0.52
W Scotian Shelf -0.62 -0.06 0.02 -0.17 0.25

(c) TLsca.25 TLy MTI; 25 MTly TLsc TLscao TLme TLcsas TLycao
Global 046 065 063 059 059  -017 040 0.07
NC Adriatic Sea 0.20 0.26 -0.30 0.25 -0.03 -0.22 0.09 -0.31
S Benguela 0.25 0.33 0.32 -0.03
S Catalan Sea 0.20 -0.13 -0.48 0.09 0.04
Guinean EEZ -0.06 0.10 0.41 0.27 0.27 0.19
Inner Ionian Sea 0.33 -0.18 0.03 0.13 -0.35 -0.31 0.01
Northern Humboldt -0.29 -0.29 0.17 -0.03 -0.65
N Sea -0.15 -0.21 0.39 0.27

W Coast Scotland 0.14 -0.51 -0.23 -0.32
W Scotian Shelf -0.29 0.02 -0.30 -0.03 -0.45
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the catches of traditional groundfish species such as
cod Gadus morhua, pollock Pollachius virens and
haddock Melanogrammus aeglefinus, and herring
Clupea harengus (TL = 3.87). At the same time, there
has been an increase in invertebrates, mostly scallop
Placopecten magellanicus (TL = 2.05) and lobster
Homarus americanus (TL = 3.1) in the catch, from
around 5% of the total catch in the mid-1980s to
around 25 % of the catch in the late 2000s. In contrast,
MTI,, has increased despite the declining total
catch, since catches of non-traditional species such as
spiny dogfish Squalus acanthias and large pelagics
have increased, and the relative catches of other pre-
dators such as Atlantic halibut Hippoglossus hippo-
glossus and the demersal piscivores have also in-
creased. Despite the decline in groundfish stocks on
the Western Scotian Shelf, there is an increasing
trend in TLgc. The decline in groundfish abundance
was masked by the decline in herring and the in-
crease in dogfish, both contributing to an increasing
TLsc. Although dogfish are caught commercially,
catches are relatively low and not a good indicator of
abundance since there has been a quota of 2500 t
since 2004 (DFO 2007%).

Comparison of model-based TL results
with other indicators

No significant negative correlations were found
between TLgc and TLyc, TLsczgs and TLyiczoes Or
TLscs0 and TLycq o but strong positive correlations in
these 3 pairs were also few (Table 3). In 3 of the 9
ecosystems, TLgc and TLyc were significantly posi-
tively correlated (Southern Benguela, Catalan Sea
and Northern Humboldt), whereas in the West Coast
of Scotland TLgcyso and TLycso were significantly
positively correlated (see Table S4 in Supplement 4
at www.int-res.com/articles/suppl/m512p115_supp.
pdf). TLsc3.25 and TLysc3.25 were not significantly cor-
related in any of the ecosystems (Tables 3 & 4¢, and
Table S4). The sparsity of significant positive cor-
relations between survey-based and model-based
indicator pairs indicates that there is no clear com-
monality between the representation of community
structure by the survey-based and model-based
indicators.

In the North Sea, TLycso differed from TLycs25
due to the high abundance of sandeels Ammodytes
marinus in TLyicz25 (Fig. 2, Table S4).When this spe-
cies was removed from TLyc325 the correlation
between indicators was high (R = 0.89, data not
shown). The model-based indicators also differed

from the survey-based indicators due to the different
species that were accounted for in each indicator,
and differing proportions of species that were com-
mon to both indicators. Relative proportions can dif-
fer due to unknown survey catchabilities. The dem-
ersal survey (International Bottom Trawl Survey
during quarter 1) does not record many sandeel (TL =
3.1) or sole Solea solea (TL = 4.2) due to a very low
catchability in the survey gear but does catch numer-
ous dab Limanda limanda (TL = 4.2) and herring C.
harengus (TL = 3.8), albeit with unknown catchability.
The difference between TLyic325 and TLgcso.s was
due to a high abundance of sandeels in the model:
removing sandeels from the dataset increased the
correlation between indicators from 0.27 (p = 0.29)
to 0.62 (p < 0.01). A non-significant correlation was
found between TLyjc4 0 and TLgcy . Much of the dif-
ference here was due to whiting Merlangius merlan-
gus (TL > 4), since they were the dominant group by
catch-rate in the survey but not in the model: for
example, the catch-rate of whiting in the survey was
4 times that of cod despite similar average biomasses
for these species in the model. Despite a good corre-
lation between the model biomass and the survey
catch rate for this species (R = 0.69, df = 15, p < 0.01),
simply by removing whiting from the dataset, the cor-
relation between the indicators increased from 0.34
(p = 0.19) to 0.60 (p = 0.01). Hence, differences be-
tween indicators could merely have been a result of
different data treatment, and thus relative weighting
of species within the dataset, rather than differences
in underlying state.

In the case of the West Coast of Scotland, surveys
suggested a degraded ecosystem whereas models
were reflecting increases in other species (e.g.
Nephrops norvegicus and top predators) and pos-
sibly even that there has been a regime shift in
this ecosystem, specifically in the Clyde Sea (a sub-
section of the West Coast; Thurstan & Roberts 2010,
Howarth et al. 2013). Despite non-significant correla-
tions between TL; and survey- and model-based TL
indicators on the West Coast of Scotland (Table 4),
survey-based TL indicators declined over time for
TLgc and TLgcs o5, as did catch-based TL indicators
for this ecosystem (Fig. 2). The increase in the TLgcy4
since 2000 reflects the decline in abundance of cod
G. morhua (TL = 3.96 for adults) and haddock M.
aeglefinus (TL = 3.7) (Heath & Speirs 2012) and an
increase in large demersal species (TL = 4.3) and
sharks (TL = 4.1). The decline in other survey-based
indicators reflects the large increases in mackerel
(TL = 3.3) and haddock (TL = 3.7) biomass in surveys
(see also Fig. 3). However, biomass of large predators
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Fig. 3. Trophic spectra of evolution over time for TL 2.5, 3.5 and 4.5 in the survey, catch and model data. (Figure continued on
next page)
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Fig. 3 (continued)

such as grey and harbour seals, and other species
such as monkfish (Lophius piscatorius and L. Bude-
gassa), flatfish (Pleuronectes platessa, Lepidorhom-
bus whiffiagonis, Psetta maxima, halibut Hippoglossus
hippoglossus, Scophthalmus rhombus, Hippoglosso-
ides platessoides, Limanda limanda, Glyptocephalus
cynoglossus, Platichthys flesus), rays (Dipturus batis,
Raja clavata, R. brachyura, R. montagui, R. naevus,
Rostroraja alba, Leucoraja circularis, L. fullonica,
Amblyraja radiate), blue whiting (Micromesistius
poutassou), small and large demersals have all in-
creased both in catch per unit effort (CPUE) and in
modelled biomass (Alexander 2012). Thus, although
the main commercial species have declined off west
Scotland, fishing drivers have decreased over time
(Fig. 4) and the biomass (and therefore TLy,¢; Fig. 2)
of non-commercially important species have shown
increasing trends, reflecting changes in the commu-
nity structure of the ecosystem from a mainly gadoid-
dominated ecosystem to one that is now mostly dom-
inated by invertebrates. Thus, the cod recovery plan
(instituted in 2002) had the effect of increasing the
biomass of predators and competitors of cod, but not
necessarily the biomass of cod itself.

In Guinea, the fishing pressure strongly increased
over the studied period (Fig. 4) with a 7-fold increase
in fishing pressure between 1985 and 2005, leading
to the overexploitation of many fish stocks, especially
demersal coastal species (Gascuel et al. 2009b). Dur-
ing that time, landings tripled and were dominated
by ethmalosa Ethmalosa fimbriata, followed by small
pelagics (Sardinella aurita and horse mackerel Tra-
churus spp.), fish from the demersal sciaenid com-
munity (bobo croaker Pseudotolithus pseudotolithus,
sea catfishes Arius sp.), and cephalopods (Octopus
vulgaris). An increase in landings was observed for
almost all species. Thus, landing-based TL indicators
remained almost stable over the period, slightly
decreasing during the first decade (due to a stronger
increase in catch of low-TL species such as ethma-
losa, sardinella or mullets) and increasing over the
last years (notably due to an increase in landings of
large pelagics). Surveyed biomass, referring to de-
mersal finfish, decreased sharply over the whole
period, from 500000 to 200000 t. The decline affected
most groups but was especially strong for high
TLs such as various species of croakers (TL = 3.92)
and giant African threadfin Polydactylus quadrifilis
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Fig. 4. Time series of fishing drivers across the 9 case studies: normalized fishing effort (relative summed fishing effort across

model fisheries, used to drive the Ecopath with Ecosim [EwE] models), fishing mortality rate (summed across all fished model

groups; output from EwWE models), landings/biomass (from commercial and survey data), and landings. Trajectories of fishing
drivers in the most recent decade are highlighted within the grey frames

(TL = 4.11), and reached a 10-fold decrease for bobo
croakers (TL = 3.91). Survey-based TL indicators
decreased accordingly. The same declining trend
was observed with respect to the biomass of the
entire Guinean ecosystem. Trophic spectral analysis
showed that the decrease in biomass was more
accentuated for high-TL groups (-25% for TL = 3.0
and -50% for TL >3.5), leading to a decrease in
model-based indicators (Figs. 2 & 3).

Our results highlight that ecosystems are complex,
and landings or survey-based indicators only provide
information on the parts of the ecosystem that they
sample. We need additional information on non-
surveyed species, fishing drivers and environmental
influences (see sections below) to interpret TL-based
indicators. The absence of clear global patterns in

correlation results for model- and survey-based TL
indicators suggest that changes in non-surveyed
species are important contributors to understanding
what is happening at the ecosystem level. Models
can often be useful in providing some of these neces-
sary insights, as evidenced in the case study exam-
ples above.

Relating trophic level-based indicators to fishing

Modelled fishing effort increased significantly over
time in 5 of the 7 ecosystems with available data
(fishing effort was not provided for the West Coast of
Scotland or Western Scotian Shelf), whereas a signif-
icant negative trend over time was found for the
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Table 5. Correlations of fishing drivers with time (year): fish-
ing mortality (FM) output from Ecopath with Ecosim (EwE)
models fitted to catch and abundance time series data; over-
all fishing effort (FE, relative summed fishing effort across
model fisheries) based on inputs used to drive ecosystem dy-
namics in EwWE models; actual landings (data) divided by
biomass (survey data) (LtBs). Values are correlation coeffi-
cients. Bold values in shaded cells indicate significant (p <
0.05) correlations: dark grey = positive, light grey = negative

FE FM LtBs Landings
Global 0.15 0.02 0.11  -0.02
NC Adriatic Sea 0.84 0.98 0.81 -0.88
S Benguela 0.86 -0.77 -0.81 0.04
S Catalan Sea 0.62 0.68 -0.49 -0.64
Guinean EEZ 0.99 0.99 0.86 0.79
Inner Ionian Sea 0.39 036 -0.08 0.01
Northern Humboldt 0.02 -0.43 0.58 0.45
N Sea -0.99 -0.96 -0.69 -0.72
W Coast Scotland NA -0.59 -0.86 -0.67
W Scotian Shelf NA 0.21 0.11 -0.73

North Sea, and no significant trend occurred in the
Northern Humboldt (Table 5). Mixed trends emer-
ged for fishing mortality. Fisheries drivers used in or
derived from models (fishing effort, fishing mortality,
landings/biomass) and landings followed similar tra-
jectories over time in the North Sea, Guinean exclu-
sive economic zone (EEZ), West Coast of Scotland,
Western Scotian Shelf, Inner Ionian Sea and Nor-
thern Humboldt ecosystems, whereas diverse tra-
jectories were observed in the other 3 ecosystems
(Table 5, Fig. 4).

Knowledge of the exploitation history and fisheries
management strategies adopted in an ecosystem is
vital for interpreting TL-based indicator trajectories.
For example, fishing drivers and landings declined
over time in the North Sea and West Coast of Scot-
land, reflecting active fisheries management in these
ecosystems, whereas they strongly increased off Gui-
nea, capturing expansion of fisheries there (Table 5,
Fig. 4). After the 1990s, fishing effort, pressure and
landings declined off the Western Scotian Shelf, due
to fisheries management measures in response to
large declines in cod and other groundfish stocks. In
the Mediterranean ecosystems (North Central Adri-
atic, South Catalan Sea and Inner Ionian Sea), at
least 2 fishing drivers increased over time whereas
landings declined, suggesting depletion of these eco-
systems (Coll et al. 2008, 2009, 2010a, Piroddi et al.
2010). In the Northern Humboldt, fishing pressure
and landings increased, whereas the shorter fishing
effort and mortality trajectories had no overall trend,
but were comparable for common years. The South-
ern Benguela system was more complicated. Fishing

effort increased whereas fishing mortality and pres-
sure declined, and landings fluctuated. Thus for the
Southern Benguela, TL-based indicator trajectories
may not be easy to interpret with respect to fisheries
trajectories. This is further confounded by the impor-
tant role of environmental drivers in upwelling sys-
tems (Shannon et al. 2008); environmental perturba-
tions and related large fluctuations in low TLs in
upwelling systems should be borne in mind when
assessing fishing effects. The Southern Benguela
(see Supplement 1 for details) could be viewed as
showing some of the signs of a system that has been
‘fished down' (TLy and MTI,, and catch of species
with TL > 4.0 have all declined over time). However,
the situation has been complicated by the unusual
upsurge in small pelagic fish in the early 2000s. Pool-
ing data from all 9 case studies showed that several
TL-based indicators were negatively correlated with
fishing mortality, landings/biomass, and landings
(Table 6). However, this pattern is not consistent for
the individual ecosystems. For example, on the
global scale, TLy,c was not significantly related to
fishing effort, but individual ecosystems exhibited
positive and negative correlations between TLy,c and
fishing effort. Again, at the global scale, TLy,c was
negatively correlated with model fishing mortality
and positively correlated with fishing pressure (Table
6), but at the ecosystem level, TLy,c and fishing pres-
sure were positively correlated in 3 ecosystems and
negatively correlated in 2 ecosystems. Significant
negative correlations were found between TLyc3.25
and fishing pressure as well as fishing mortality
when all ecosystems were combined. The wide range
of response of TL-based indicators to fishing drivers
highlights the complexity of ecosystems and the im-
portance of additional information and a deep under-
standing of an ecosystem's dynamics to interpret
TL-based indicators. Notably, by pooling data (as is
done in meta-analyses), this individual variation in
response was masked, suggesting a more consistent
response across ecosystems than actually exists.
There were no consistent changes in fishing pres-
sure and effort across ecosystems (Table 5, Fig. 4).
However, some interesting patterns emerged at the
ecosystem scale. MTI; 55 declined in the North Cen-
tral Adriatic, Inner Ionian Sea, North Sea, West Coast
of Scotland and the Western Scotian Shelf (Fig. 2,
Table S4 in Supplement 4: negative correlations with
year are all significant apart from the weaker trend
for the North Sea). In all of these ecosystems, land-
ings of species at TL 4.5 also decreased (Fig. 3). On
the West Coast of Scotland, TLgcso and TLycso
increased over the full time period examined, and
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Table 6. Correlations between trophic level (TL) indicators and fishing drivers: (a) model fishing effort, (b) model fishing mor-

tality, (c) fishing pressure (landings/biomass), and (d) landings. Values are correlation coefficients. Bold values in shaded cells

indicate significant (p < 0.05) correlations: dark grey = positive, light grey = negative. See Table 2 for definitions of the
TL-based indicators. Fishing effort data was not provided for the West Coast of Scotland and Western Scotian Shelf

W Coast Scotland
W Scotian Shelf

(a) FlShlng effort TLL MT13.25 MTI4‘0 TLSC TLscg.25 TLSC‘LO TLMC TLMC3.25 TLMC‘LO
Global -0.32 0.23 0.00 -0.12 -0.18 0.03 0.10 0.08 0.24
NC Adriatic Sea 0.02 —-0.37 0.10 -0.14 —0.42 -0.46 -0.14 -0.01 —-0.02
S Benguela -0.29 0.72 -0.25 0.22 0.59 -0.16 -0.69 -0.14 -0.19
S Catalan Sea -0.12 0.62 -0.09 0.11 0.27 -0.20 -0.69 0.25 0.19
Guinean EEZ 0.01 0.14 -0.58 -0.40 -0.07 —-0.43 -0.99 -0.99 -0.87
Inner Ionian Sea 0.51 -0.03 0.34 -0.09 0.17 0.26 0.47 0.27 0.86
Northern Humboldt -0.03 -0.03 0.27 0.05 -0.15 0.19 -0.38 -0.23 0.32
N Sea -0.39 —-0.46 0.95 0.84 0.86 0.80 0.50 0.14 0.66

(c) Landings/biomass  TLp MTI3 95 MTI, TLsc

(b) Fishing mortality TLy MTI;3 55 MTl, 0 TLsc TLsc32s TLscao0 TLyc TLyics.2s TLycso0
Global -0.79 0.14 -0.69 -0.56 —0.26 -0.39 -0.61 -0.24 -0.49
NC Adriatic Sea -0.14 -0.48 0.09 -0.36 -0.44 -0.53 -0.22 0.07 0.01
S Benguela 0.45 -0.47 0.64 0.37 -0.05 0.03 0.77 0.26 0.02
S Catalan Sea -0.21 0.61 -0.14 0.08 0.37 -0.15 -0.74 0.19 0.12
Guinean EEZ -0.01 0.15 -0.56 -0.41 -0.08 -0.42 -0.99 -0.99 -0.87
Inner Ionian Sea 0.48 -0.07 0.36 -0.13 0.05 0.21 0.48 0.24 0.84
Northern Humboldt -0.08 -0.08 —-0.43 0.47 0.20 -0.47 0.58 -0.63 -0.15
N Sea -0.30 -0.36 0.96 0.89 0.91 0.84 0.44 0.23 0.63
W Coast Scotland 0.27 0.60 0.35 0.11 0.37 -0.17 -0.50 -0.33 -0.19
W Scotian Shelf -0.22 0.02 -0.03 0.23 0.22 0.27 -0.26 -0.19 -0.18

TLSCS.ZS TLSCALO TLMC TLMC3.25 TI—'MC4.0

Global 0.26 -0.30 0.22 0.18 0.01 0.20 0.54 -0.31 -0.13
NC Adriatic Sea -0.31 -0.24 -0.03 -0.44 -0.49 -0.43 -0.02 0.09 0.14
S Benguela 0.60 0.07 0.55 0.67 0.54 -0.26 0.76 0.02 -0.18
S Catalan Sea -0.05 -0.32 0.05 -0.03 -0.69 -0.23 0.37 0.05 -0.09
Guinean EEZ -0.41 -0.39 -0.65 -0.33 -0.10 -0.61 -0.86 -0.86 -0.59
Inner Ionian Sea -0.43 -0.40 0.20 0.11 -0.57 -0.28 0.18 0.20 -0.09
Northern Humboldt 0.65 0.65 0.53 -0.35 -0.09 0.36 0.12 -0.45 -0.33
N Sea 0.02 -0.01 0.55 0.41 0.39 0.18 0.64 -0.13 0.74
W Coast Scotland 0.27 0.69 0.32 0.70 0.57 -0.61 -0.78 -0.71 -0.69
W Scotian Shelf -0.35 -0.13 0.11 0.15 0.08 0.25 -0.27 -0.35 -0.34
(d) Landings TLy MTI; 55 MTl, 0 TLsc TLsc32s TLscao0 TLmc TLmcsas  TLmcao
Global 0.30 -0.25 0.06 0.03 -0.30 -0.36 0.45 -0.09 0.48
NC Adriatic Sea 0.36 0.69 0.21 0.66 0.37 0.62 0.27 0.02 0.02
S Benguela -0.53 -0.59 0.00 -0.59 -0.68 0.31 -0.14 -0.35 -0.18
S Catalan Sea -0.06 -0.37 0.27 0.13 -0.69 -0.35 0.53 -0.12 0.16
Guinean EEZ -0.15 -0.04 -0.58 -0.38 -0.17 -0.27 -0.79 -0.79 -0.52
Inner Ionian Sea 0.04 0.08 0.27 0.05 -0.13 -0.13 0.22 -0.03 -0.20
Northern Humboldt 0.44 0.44 0.48 -0.15 -0.12 0.22 0.03 -0.57 -0.13
N Sea -0.11 -0.17 0.78 0.59 0.57 0.65 0.28 0.25 0.57
W Coast Scotland 0.32 0.75 0.04 0.68 0.56 -0.35 -0.58 -0.50 -0.41
W Scotian Shelf 0.55 0.63 -0.79 -0.20 -0.15 -0.21 0.19 0.33 0.65

since 1995, TLgc4 increased in the South Catalan
Sea, lonian Sea, and Northern Humboldt, all sug-
gesting improvement in the populations of top pred-
ators in these ecosystems (as demonstrated by
increases in survey and model biomass at TL 4.5 and

declines in landings for species at TL 4.5; Fig. 3).
These trends appear to correspond to the overall
decline in several fishing drivers in the West Coast of
Scotland over the full time period, and since the
mid- to late-1990s in the other 3 ecosystems (Table 5,
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Fig. 4). However, increases in TLs > 4 may not corre-
spond to the recovery of previously fished higher TL
species, but may instead reflect a shift in the food
web whereby other top-level predators are now
abundant (e.g. spiny dogfish in the Western Scotian
Shelf; Aratjo & Bundy 2012), or the expansion of fish-
eries to deeper areas. The latter may be the case in
the Mediterranean ecosystems (Coll et al. 2014).

In an attempt to classify the 9 ecosystem case stud-
ies according to observed trends in TL-based indica-
tors while bearing in mind the exploitation histories
(Table 7, Figs. 1-3, Supplement 4), a preliminary
conceptual classification emerged:

(1) 'Fishing down' combined with reductions in
fishing impacts and landings seems to have occurred
in the North Sea (significant declines in TL, MTI,,
TLsc, TLsc325. TLscso and Landingssses.s) and West
Coast of Scotland (significant declines in MTI; 55,
MTI, o, TLsc, TLgcs05 and Landingss sgss), and may
also have occurred in the Southern Benguela (sig-
nificant declines in TL;, TLsc and TLyyc, non-signifi-
cant decline in TLgc3,5 decreasing trends in Land-
ingss sg4.5). However, in the case of the North Sea for
example, although high-TL species like tuna and

sturgeon have been fished out, there are not clear
indications of sequential addition of low-TL species.
Guinea has shown some signs of ‘fishing down' (sig-
nificant declines in MTI,,, and in all 3 model-based
TL indicators, and non-significant declines in the 3
survey-based TL indicators, decline in biomass at TL
3.5 and 4.5) but Landings;3ss45 have increased and
there has been an expansion of the fishery in this
ecosystem.

(2) 'Fishing up' the food web appears to have oc-
curred in the Northern Humboldt (significant in-
creases in TL;, MTI3.5, MTI,, although also in
TLscs.0 and TLyjc4.0, and a significant decline in TLgc).

However, caution should prevail in interpreting sit-
uations when fisheries over-exploit low-TL species, or
low-TL species collapse due to fishing and detrimen-
tal environmental forcing, or a combination thereof.
In such cases, TL of the survey and catch may in-
crease despite an underlying collapse of the lower
part of the food web. This situation has been recorded
for the Northern Benguela (e.g. Cury et al. 2005).

(3) Thus, rather than ‘fishing up’, 'fisheries expan-
sion' towards ‘ecosystem overfishing' may have oc-
curred in the Inner Ionian Sea (significant decline in

Table 7. Expected characteristics associated with trophic level (TL)-based indicators under 3 of the main fishing scenarios con-
sidered. *Caution is required when interpreting situations where low-TL species have been overfished or have collapsed due
to environmental effects, in which case TL of the survey and catch may increase despite an underlying collapse of the lower
part of the food web; this is considered ‘ecosystem overfishing’ (see ‘Results and Discussion: Relating trophic level-based

indicators to fishing' for details). See Table 2 for definitions of the TL-based indicators

'Fishing down'

‘Fishing through'’
(one case of general
expansion)

‘Fishing up' (another
case of general expansion)*

Summary in words

Expected trend in TL
or MTI; 55

Expected trend in MTI,

Expected trend in TLgc
or TLgc3.25

Expected trend in TLgcy

Expected trend in catch
of species at TL 3.5 and
4.5 (Landings; sg4.0)

Sequential removal of high-
TL fish combined with
sequential addition of low-
TL species in catches
(Pauly et al. 1998)

Decline

Decline

Decline but will depend on
what species are surveyed
and extent of surveys

Possible decline or stay
same

Decline

Sequential addition of low
TLs to catches over time
while maintaining catches
of high-TL species
(Essington et al. 2006)

Initial decline but then may
level off

Likely to stay same or even
increase as higher TL species
are added

Decline or stay same but
will depend on what species
are surveyed and extent

of surveys

Possible decline cf. catches,
or stay same

Increase or stay same

Addition of new high-TL
species to catches over time
(see Stergiou & Tsikliras 2011)

Increase

Increase or stay same

May decline but will depend
on what species are surveyed
and extent of surveys

Possible decline, cf. catches,
or stay same

Increase
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MTI; »5, significant increases in TLy, MTI, 3, TLgc and
TLscs0 and also all 3 model-based TL indicators, in-
creases in Landingsssgso until the 1990s) and the
South Catalan Sea (no significant trends in TL; and
TLsc, significant increases in MTI; 55, TLgczps and
TLscs0, significant decline in TLy,c, Landingsssgas.s
declined from the 1990s but are now increasing).
This pattern of increases in some TL indicators was
not due to an absolute increase of higher TL organ-
isms in the catch, but due to a decline of small pelagic
fish species as a result of their depletion (Coll et al.
2008, 2009, 20104, Piroddi et al. 2010). Recent trends
of some TL indicators in the North Central Adriatic
and the Southern Benguela may also be early warn-
ings of trajectories towards ecosystem overfishing
(Coll et al. 2010b, Shannon et al. 2010) and these sys-
tems should be carefully monitored in the future and
viewed in the light of what can be deduced also from
other ecological indicators.

(4) 'Fishing through' the food web may have occur-
red in the North Central Adriatic (significant declines
in MTI5 95, TLgcs25 and TLgcy o, no trend in other TL-
based indicators, and decline in Landings; sg4.5 until
2000) and possibly also the Western Scotian Shelf
ecosystems, although see discussion directly below.

These categories are not mutually exclusive, as il-
lustrated by the results for the Western Scotian Shelf
ecosystem (which exhibited significant declines in
TL; and MTI; 55 and all 3 model-based TL indicators,
significant increases in MTI,, and TLgc, decline in
Landingsssg4.0). Here, these results could be inter-
preted as 3 of the 4 categories above: ‘fishing down',
‘fishing through', or ‘fisheries expansion’ towards
‘ecosystem overfishing'. Catches of traditional top
predators have decreased, and since then, catches
and abundance of dogfish and halibut have increased
and there has been some re-direction of effort
towards these species, traditional catches have not
been maintained, and forage fish (herring) biomass
has decreased. There is another alternative, which is
that these results may be interpreted as examples of
‘balanced harvesting' (Bundy et al. 2005, Garcia et al.
2012, Law et al. 2013), a strategy that balances fishing
pressure across trophic levels to maintain trophic
structure. There was no trend in TLgc395 OF TLgcy 0 in
the Western Scotian Shelf (average TLgc305= 3.9, av-
erage TLgcy o= 4.4), suggesting that the trophic struc-
tures of the systems are not necessarily changing as a
result of fishing in these ecosystems. However, in this
case, much of the change is masked by changes in the
relative abundance of herring and spiny dogfish,
which effectively cancel each other out (see Supple-
ment 1 for further details).

This type of ecosystem classification needs to be
fully explored and developed in the near future, for
example by means of decision trees, noting that eco-
system type, fishing history and the impact of envi-
ronmental variability especially at low TLs need to be
carefully considered. In summary, information on
fishing histories is necessary for interpreting trajecto-
ries of TL-based indicators aimed at measuring fish-
ing effects. However, other factors and complexities
come in to play as well. We may expect lags in detec-
tion of ecosystem response to fishing pressure or fish-
ing strategy (e.g. Fung et al. 2013), confounded by
the influence of environmental drivers, which are
dealt with in the following section.

TL-based indicators in the context of
environmental variability

Trends in chl a over time varied across ecosystems
and no clear pattern emerged between chl a and
TL-based indicators (Table 8a). Chl a patterns were
only significantly correlated with TL-based indica-
tors in 16% of the cases; in 62% of the cases this
interaction was negative and significant, while 38 %
of the significant cases were positive. However,
Guinea was an exception: chl a correlated signifi-
cantly with all catch-based and survey-based TL
indicators, suggesting that in this ecosystem alone,
productivity could have been a strong explanatory
factor in TL trends observed in landings and survey
data. A notable increase in chl a was observed only
in the North Central Adriatic Sea (Table 8a). On the
West Coast of Scotland, chl a and TLgc3,5; were pos-
itively related, whereas when non-surveyed species
and all TLs were also taken into account (by TLysc),
a negative relationship was found with chl a, possi-
bly highlighting food web effects such as bottom-up
forcing of lower TL groups such as Nephrops
norvegicus. This illustrates the problem with using
survey communities only, as the pelagic food web
and invertebrates of the West Coast of Scotland
were under-surveyed. These communities were to
some extent included in the TLy,c, which was signif-
icantly correlated with chl a. In the North Central
Adriatic and Ionian seas, a strong and negative rela-
tionship emerged between chl a and TL;, which
may indicate processes of higher recruitment and
an increase of juveniles in the catch due to the low
selectivity of main commercial fleets, such as bottom
trawling in the Mediterranean Sea (and in general
in European seas) (Colloca et al. 2013, Sarda et al.
2013).
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Table 8. Correlation coefficients for (a) chl a and (b) sea surface temperature (SST) against year and trophic level (TL)-based indicators.
Bold values in shaded cells indicate significant (p < 0.05) correlations: dark grey = positive, light grey = negative. See Table 2 for definitions
of the TL-based indicators

(a) Chla SST  Year Landings TL, MTlL, MTL, TLse TLscsas TLscao  TLuwe  TLacsss TLaicao
NC Adriatic Sea -0.07 0.74 -0.40 -1.00 NA 0.40 0.50 0.50 0.50 NA NA NA

S Benguela -0.43 0.05 -0.07 -0.24 0.24 0.40 0.00 -0.55 0.26 NA NA NA

S Catalan Sea -0.05 -0.69 -0.21 -0.02 -0.19 0.10 0.17 0.17 -0.26 0.40 -0.40 0.29
Guinean EEZ 0.24 0.29 0.09 -1.00 1.00 1.00 -1.00 -1.00 -1.00 -0.29 -0.29 0.29
Inner Ionian Sea -0.45 0.40 0.09 -1.00 0.80 0.30 0.70 -0.70 0.30 0.30 0.50 0.90
Northern Humboldt -0.33 0.44 0.36 0.33 0.37 0.24 -0.16 0.25 0.47 -0.75 0.14 0.67
N Sea 0.14 0.48 -0.69 -0.55 -0.43 0.60 0.10 0.10 -0.19 0.60 -0.60 0.90
W Coast Scotland 0.69 -0.19 0.14 -0.54 -0.09 -0.83 -0.10 0.90 -0.60 -0.94 0.20 0.03
W Scotian Shelf 0.50 0.67 -0.64 0.60 -0.45 -0.12 -0.52 —-0.52 -0.62 0.09 -0.43 -0.20
(b) SST chl a Year Landings TLL MTI3‘25 MTI4.O TLSC TLscg‘25 TLSC4.0 TLMC TLMC3,25 TLMC4.0
NC Adriatic Sea -0.07 0.67 -0.53 -0.07 -0.04 0.10 -0.29 -0.40 -0.14 -0.17 0.03 -0.05
S Benguela -0.43 0.62 0.22 -0.57 0.11 -0.21 -0.55 -0.32 0.15 -0.51 -0.32 -0.37
S Catalan Sea -0.05 0.67 -0.48 -0.27 0.34 -0.03 -0.39 0.31 0.35 -0.75 0.35 -0.20
Guinean EEZ 0.24 0.74 0.59 -0.02 -0.23 -0.52 -0.50 -0.22 -0.54 -0.72 -0.72 -0.41
Inner Ionian Sea -0.45 0.65 -0.25 0.53 -0.44 0.26 0.41 -0.04 0.70 0.35 0.53 0.25
Northern Humboldt -0.33 -0.08 -0.14 -0.01 0.00 -0.09 0.32 0.22 -0.15 0.28 0.27 -0.17
N Sea 0.14 0.75 -0.53 -0.20 -0.15 -0.64 -0.49 -0.48 -0.37 -0.60 -0.12 -0.61
W Coast Scotland 0.69 0.85 -0.63 -0.30 -0.70 -0.41 -0.57 -0.56 0.65 0.81 0.76 0.82
W Scotian Shelf 0.50 0.33 -0.38 -0.40 -0.23 0.39 -0.03 -0.04 0.11 0.01 -0.20 -0.24

Significant correlations of SST and TL-based indi-
cators were more numerous (36 % of total pairs corre-
lated) than in the case of chl a patterns (Table 8b). In
7 of the 9 case studies, SST increased significantly
with time, and this had a general negative impact on
69 % of the TL-based indicators that were signifi-
cantly correlated with SST (Table 8b), suggesting an
overall negative impact of sea surface warming on
landings and the trophic level of marine communi-
ties. However, 31% of the significant correlations
between SST and TL-based indicators were positive.
Interestingly, in 5 ecosystems, SST and landings were
negatively and significantly correlated (Table 8b).
However, a significant positive correlation was found
between SST and landings in Guinea, where SST
increased over the studied period. At the same time,
the biomass of high-TL species off Guinea decreased
(Fig. 3), although this is likely a result of the strong
increase in fishing effort rather than from any envi-
ronmental effect. Even if a shift to lower TL species
might be reinforced by an increase in SST, this corre-
lation mainly appeared as an artefact.

Survey- and model-based TL indicators showed a
greater number of significant correlations with SST
than catch-based TL indicators (Table 8b), which
would be expected given that the surveyed commu-
nity is likely to better capture effects of both fishing
and environmental variability. SST was significantly
correlated with TLgc and TLy;c in 5 of the 9 ecosys-

tems examined in each case, suggesting that rela-
tionships of TL-based indicators to SST may be better
captured by looking at the full community (excluding
plankton) that includes non-surveyed groups, which
are often located at either low or high TLs. Neverthe-
less, in the case of model-based TL indicators, corre-
lations with SST may also reflect the fact that most
of these models are either forced by, or fit to, some
form of environmental data series (e.g. Mackinson et
al. 2009), although not necessarily the temperature
series used here.

Further insights from trophic spectra

Analysing indicators derived from size spectra may
help interpretation of TL indicator trajectories. For
instance, the North Sea and West Coast of Scotland
seem to have experienced a ‘fishing down' the food
web history. However, looking more precisely at par-
ticular trophic levels (Fig. 3), it appears that landings
of all TLs have declined in the former ecosystem,
whereas in the latter, TL 4.5 has decreased when TL
3.5 remains stable and landings of TL 2.5 has in-
creased —illustrating a shift from landing species
with high TLs towards targeting species with low
TLs. In the North Sea, landings of low, intermediate
and high TLs showed similar trajectories. Similarly,
there was agreement amongst TL 2.5, 3.5 and 4.5 tra-
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jectories in the North Central Adriatic, Guinea and
Inner Ionian Sea, reflecting homogeneous changes
across the trophic spectrum in those ecosystems.

Comparing patterns of TLgsy and patterns of the
width of the trophic spectrum (Fig. S4 in Supple-
ment 5 at www.int-res.com/articles/suppl/m512p115_
supp.pdf) allows us to determine the causes of varia-
tions: if both patterns are similar, variations of the
width are only due to variation of TLgs;, and patterns
are due to changes at the upper end of the trophic
spectrum; conversely, if patterns are different, varia-
tions of the width of the trophic spectrum involve
variations at the base of the food web. Results
showed high similarity between the trajectories of
both TLgsy, and trophic spectrum width, which indi-
cated that patterns of these indicators were generally
due to changes in the upper part of the trophic spec-
trum and not at the base. This was coherent with the
previous results of poor correlations between envi-
ronment and TL indicators, as it is likely that the
environment would have impacted the base of the
trophic spectrum.

CONCLUDING REMARKS

Are TL-based indicators useful? Branch et al. (2010)
concluded that catch-based TL indicators are not use-
ful indicators of fishing impacts and changes in
marine biodiversity since they do not reliably predict
changes in marine ecosystems. However, for some
ecosystems in that study, the area from which catch
data were readily available did not match the delin-
eated ecosystems under investigation. Correcting for
this through access to local data, and using more ex-
tensive survey-based indicators (Shin et al. 2010,
2012) improves on those results presented for some
ecosystems. There are many potential explanations
for the apparent discrepancies in results obtained by
Branch et al. (2010) compared to those from Pauly et
al. (1998) and to regional case studies (see www.fish-
ingdown.org), including misreporting of, and/or bi-
ases in catch statistics, mismatch of catch and survey
areas, and that surveys in many of the ecosystems ex-
amined do not measure abundance of low-TL species
that are often caught in large quantities (but dis-
carded), and which are subject to fluctuations of large
amplitudes. The expansion in fishing area over time
(Swartz et al. 2010) is another possible explanation for
the increase in MTI;,5 observed in many areas from
the 1980s which should be accounted for (Kleisner et
al. 2014, this Theme Section). An increase in MTI; 55
may mask the fact that near-shore fisheries have been

fished down, with fisheries consequently moving fur-
ther offshore. Moreover, surveys in different ecosys-
tems capture different species of benthic, demersal
and pelagic components in different ways and to dif-
ferent extents. Thus, comparisons across ecosystems,
large marine ecosystems or regions must be carefully
drawn when different datasets are combined.

In this study, we have explored the use of different
data sources to calculate TL-based indicators with 3
cut-off points, and contrary to Branch et al. (2010), we
conclude that TL-based indicators are useful —espe-
cially when all 3 data sources and cut-off points are
used, which together can shape a more complete
understanding of the effects of fishing on the trophic
structure of ecosystems. However, TL-based indica-
tors, as with any indicator, need to be interpreted
within regional or local information. This study has
provided new information about the utility of TL-
based indicators, and specifically recommends that
TL-based indicators should not be used without con-
textual information about the history of exploitation
in the fishery and fundamental knowledge of ecolog-
ical changes and environmental drivers. Stergiou &
Tsikliras (2011) suggest that TL-based indicators may
be helpful as a means of assessing changes in species
at higher TLs only, although the authors cautioned
that such indicators must be interpreted with care as
confounding effects need disentangling. Our results
confirm this caution, but augment it with the re-
commendation that all types of TL-based indicators
should be used. The difference between TL-based
indicator values and trends is dependent on the data
source and cut-off point, not to an intrinsic problem
with TL-based indicators. Here, we have shown that
survey-based data augmented by trophic model data
was illuminating in terms of improving our under-
standing of observed changes in fished ecosystems.

Technicalities related to fishing behaviour often
underlie trends in TL-based indicators of landed
catch, leading Stergiou & Tsikliras (2011) to push for
inclusion of ecosystem experts in interpretation of
such indicators. Based on fishing history, knowledge
about the environmental drivers, ecology of the sys-
tems and the information from the 9 TL-based indi-
cators, we used a conceptual typology to classify the
9 ecosystems into 4 types: 'fishing down', ‘fishing
through', ‘fishing up’, and general expansion of fish-
eries leading to ‘ecosystem overfishing'. TL-based
indicators may respond differently under these typo-
logies, which can be sequenced in time. Importantly,
our study indicates that the inclusion of ecosystem
experts is essential. Without this knowledge, this
type of comparative classification would not be pos-
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sible. The current study relied on local expertise,
local survey and catch data (a strength of the IndiS-
eas project, www.indiseas.org; Shin & Shannon 2010,
Shin et al. 2012), as opposed to the more easily acces-
sible yet aggregated data used in global meta-analy-
ses. The latter may result in individual differences
being masked as a result of the aggregation of data
from different ecosystems which may exhibit differ-
ent dynamics.

Comparing TL-based indicators across the 9 case
studies using catch, survey and model data, the fol-
lowing general statements can be made:

(1) Catch-based TL indicators do not necessarily
reflect what is happening at the community and eco-
system level since non-targeted and discarded or
unreported species may not be considered;

(2) Catch-based indicators are indicators of pres-
sure and respond sensitively to management action
but are not specific indicators of change in state.
Importantly, they often cover a longer period of time
and provide a measure of the spread of pressure
across TLs;

(3) Survey-based TL indicators may be more en-
compassing than catch-based TL indicators, but
survey-based are nonetheless also a limited informa-
tion source given that they are based on a subset of
those species present, especially where only part of
the ecosystem is surveyed. Where possible, combin-
ing data from different surveys (e.g. pelagic and
demersal surveys) in the same ecosystem should be
explored;

(4) Model-based TL indicators may facilitate the
inclusion of non-sampled or poorly sampled species
in ecosystem assessments (although there is uncer-
tainty in parameterization of models depending on
data availability and quality, similar to data issues in
catch and surveys);

(5) The exploitation history (in time and space) and
the implementation of fisheries management meas-
ures in an ecosystem can influence what we can
readily deduce from TL-based indicators, and should
be taken into account when interpreting these indi-
cators;

(6) Expert knowledge of an ecosystem, including
environmental and fishing drivers (and including
implementation of management measures) operating
in the system, are essential in global comparisons of
fishing effects in marine ecosystems;

(7) In global comparisons, in order to accommodate
ecosystems in which low-TL species dominate cat-
ches or catch variability (e.g. upwelling systems),
comparing trends in TL; is recommended in addition
to MTI; 5. Further, TLgc provides a fuller picture of

what is happening at the community level and may
capture combined effects of fishing and the environ-
ment more clearly (and possibly with less of a time
lag) than TL or MTI;55. In addition and when avail-
able, TLyic indicators should be included in the
analysis to verify the inclusion of essential ecosystem
processes in TL; and TLgc indicators;

(8) All 3 types of TL indicators (catch-, survey- and
model-based) provide information that is useful for
ecosystem-based fisheries management.
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