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a  b  s  t  r  a  c  t

The  Marine  Strategy  Framework  Directive  (MSFD)  requires  that  European  Union  Member  States  achieve
“Good  Environmental  Status”  (GES)  in  respect  of 11 Descriptors  of the  marine  environment  by 2020.  Of
those,  Descriptor  4, which  focuses  on marine  food  webs, is perhaps  the most  challenging  to  implement
since  the  identification  of simple  indicators  able  to assess  the  health  of  highly  dynamic  and  complex
interactions  is difficult.  Here,  we  present  the  proposed  food  web  criteria/indicators  and  analyse  their
eywords:
escriptor 4
ynamics
ood Environmental Status
anagement
arine

theoretical  background  and  applicability  in  order  to highlight  both  the  current  knowledge  gaps  and  the
difficulties  associated  with  the assessment  of  GES.  We  conclude  that  the  existing  suite  of indicators  gives
variable focus  to  the  three  important  food  web  properties:  structure,  functioning  and  dynamics,  and  more
emphasis  should  be given  to  the  latter  two and  the  general  principles  that relate  these  three  properties.
The development  of  food  web  indicators  should  be  directed  towards  more  integrative  and  process-based
indicators  with  an  emphasis  on their  responsiveness  to  multiple  anthropogenic  pressures.
SFD

. Introduction
Food webs describe biological communities in terms of their
onsumer–resource relationships, and are often referred to in terms
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of their structure (e.g. diversity, trophic levels) and dynamics (e.g.
robustness, resilience). These two  types of characteristics are often
interrelated (Rooney and McCann, 2012; Thébault and Loreau,
2005), and both influence ecosystem functioning (e.g. Cardinale
et al., 2006; Pfisterer and Schmid, 2002). Marine food webs
are becoming increasingly important as a factor in conservation
management, with particular focus on assessing and minimising
ecological risk from human activities (de Ruiter et al., 2005; Sala
and Sugihara, 2005). In contrast to single-species approaches, a
system-level approach is attractive because both the direct and
indirect effects of disturbance can be considered in a single inter-
action network (Raffaelli, 2005). However, considering the high
functional diversity in marine ecosystems and, consequently, of the

high food-web complexity, practical application remains a chal-
lenge.

Human activities cause direct, indirect, diffuse and emergent
changes in food webs (Layman et al., 2005; Raffaelli, 2005). In fact,
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Table  1
Criteria and associated indicators for the MSFD Descriptor 4 (food webs).

Attribute Criterion Indicator Operational indicators

Energy flow in the food web Productivity of key species or
trophic groups (4.1)

Performance of key predator species using
their production per unit biomass (4.1.1)

E.g. Pup recruitment of grey seals
(OSPAR, 2005)

Structure of the food web (size) Proportion of selected species at
the top of food webs (4.2)

Large fish (by weight) (4.2.1) Large Fish Indicator (OSPAR, 2008;
Greenstreet et al., 2011)

Structure of the food web (abundance) Abundance/distribution of key Abundance trends of functionally
imp
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trophic groups/species (4.3)

vents such as overexploitation (Pauly et al., 1998), pollution (Boon
t al., 2002), eutrophication (Cloern, 2001), habitat fragmentation
nd destruction (Layman et al., 2007; Melian and Bascompte, 2002),
nvasions of species (Vander Zanden et al., 1999) and anthropogenic
limate change (Kirby and Beaugrand, 2009; Muren et al., 2005) all
ose potential threats to the structure and dynamics of food webs,
cting at variable spatial scales and affecting food webs in differ-
nt ways (Moloney et al., 2010). Nutrient enrichment, for example,
an drive bottom-up effects, propagated up food webs from lower
rophic levels (Davis et al., 2010; Rosenzweig, 1971), whereas the
emoval of top-predators can initiate top-down cascade effects
hrough to basal trophic levels (e.g. Cury et al., 2003). Successfully
dentifying and then monitoring all these processes presents major
bstacles, making the setting of management objectives and the
rovision of scientific advice as to how these objectives might be
chieved, difficult prospects.

The use of appropriate ecological indicators is an effective
ethod of conveying complex information to a range of differ-

nt stakeholders (Jørgensen et al., 2010; Rice, 2003). In Europe,
he immediate need for such indicators, particularly in the marine
nvironment, has emerged as a consequence of recent leg-
slative commitments, such as the Water Framework Directive
2000/60/EC), Habitat Directive (92/43/EC), and Marine Strategy
ramework Directive (MSFD; 2008/56/EC). The MSFD, for example,
equires that European Union Member States achieve “Good Envi-
onmental Status” (GES) in respect of 11 Descriptors of the marine
nvironment by 2020. Descriptor 4 (D4) addresses the marine food
ebs: “All elements of the marine food webs, to the extent that they are

nown, occur at normal abundance and diversity and levels capable of
nsuring the long-term abundance of the species and the retention of
heir full reproductive capacity”. The D4 indicators stipulated in the
ommission Decision (European Commission, 2010; 2010/477/EU),

ollowing extensive review by the JRC/ICES Task Group (TG4) on
ood webs (Rogers et al., 2010), address three criteria related to food
eb structure and energy transfer between different components

Table 1). The TG4 report and the Commission Decision (European
ommission, 2010; 2010/477/EU) both acknowledge that “Addi-
ional scientific and technical support is required, at this stage, for
he further development of criteria and potentially useful indicators
o address the relationships within the food web”. Nevertheless, each

ember State is supposed to implement the indicators currently
roposed and set environmental targets for these by 2012. Here,
e undertake a conceptual assessment of the food web indicators

tipulated in the Commission Decision: firstly to evaluate their use-
ulness in determining GES in respect of marine food webs; and
econdly to identify current gaps in our knowledge in order to high-
ight the sort of research needed to underpin future development
f both the criteria and indicators used in support of the MSFD food
ebs Descriptor.

Even though progress in scientific understanding of food webs
s expanding, few tools and methods are currently in use to derive

ood web indicators (Rogers et al., 2010). Since different schools
f thought in food web ecology have led to a variable focus on
he structure, functioning and dynamics of food webs, differ-
nt approaches are currently being used to investigate food web
ortant selected groups/species (4.3.1)

properties. For example, whilst data-based approaches can be
applied to reveal natural processes, modelling techniques can
advance our knowledge of food web theory to provide a more
integrative image of the structure, functioning and dynamics of
systems. Whilst an ecosystem perspective is increasingly used in
fisheries management to study ecosystem responses to different
stressors and to assure sustainable use of resources (Coll et al.,
2008), similar holistic approaches to evaluate the combined influ-
ences of other anthropogenic stressors on food webs has received
less attention to date. Unfortunately, the application of food web
models to derive indicators, in general, is often constrained by
the extensive data requirements for specifying parameters (Latour
et al., 2003).

2. Analysis of food web indicators under the MSFD

Descriptor 4 (D4) “concerns important functional aspects such as
energy flows and the structure of food webs (size and abundance)”
(European Commission, 2010; 2010/477/EU). Whereas criterion 4.1
and its associated indicator 4.1.1 is proposed mainly as a proxy
measure of energy flow within marine food webs, structural prop-
erties of food webs are covered by criteria 4.2 and 4.3 (Table 1).
Since many food webs components are also relevant to other
MSFD descriptors, notably Descriptor 1 (D1; biodiversity), Descrip-
tor 3 (D3; commercial fish species) and Descriptor 6 (D6; seafloor
integrity), it is likely that indicators used for D4 may  also overlap
those used for the other Descriptors.

In the following sections, each D4 indicator is scrutinised in
terms of its theoretical background, its practicality in terms of the
food web attributes the indicator purports to measure, the biologi-
cal groups for which the indicator can be derived, and its specificity
to a manageable anthropogenic pressure, as required by the MSFD.
The setting of reference levels and quantitative target values for
evaluating GES will not be discussed here, since to do so would be
premature as most indicators are still under development and thus
not yet operational.

2.1. Performance of key predator species determined from their
production per unit biomass (productivity) (indicator 4.1.1)

2.1.1. Theoretical background
Performance can be expressed by several metrics including

productivity (production per unit biomass, as suggested in the
Directive), reproductive success (e.g. number of chicks fledged per
pair, pup recruitment) and mortality rates. Simple theoretical pic-
tures suggest that predator productivity reflects the assimilated
energy from prey intake, and so, assuming conversion efficiency
to be fixed, might be used as an indirect measure of energy flux
between trophic levels. However, conversion efficiencies vary nat-
urally depending on the quantity and quality of prey resources
available to predators (Cury et al., 2011) but also their daily

food ingestion rates, energy requirements and dietary plasticity
(Charmantier et al., 2008; Rosen et al., 2012). Furthermore, preda-
tor productivity can vary naturally over time, displaying annual and
seasonal cycles, as well as being subject to environmental influence
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Cury et al., 2008; Frederiksen et al., 2007). A key point that under-
ines the limits of this indicator is that unless predators are actually
ood limited, then variation in predator performance will infer lit-
le about food web processes in lower trophic levels, and as such
ould not be appropriate for use as indicators of food web  function-

ng. In relation to other descriptors of the MSFD, a similar metric of
eproductive success, namely fecundity rate, is proposed in the D1
ndicator 1.3.1. “population demographic characteristics”.

Top predators, such as seabirds and mammals, can be highly sen-
itive to changes in the abundance and diversity of their primary
rey, whether driven by climate, exploitation, or both (Cury et al.,
011; Montevecchi, 2007; Frederiksen et al., 2007). Abrupt declines

n prey abundance may  result in reduced seabird breeding perfor-
ance, potentially leading to declines in population size. However,

uch responses may  be slow and non-linear (Croxall et al., 1999;
urness and Tasker, 2000; Piatt et al., 2007). Many seabird species
re able to switch to alternative prey, and breeding success can
ecover after a few years (Asseburg et al., 2006; Chiaradia et al.,
010). So, ideally, if an indicator species was to be used, it should
e a specialist, central place forager and with little alternative prey
vailable in the environment (Danhärdt et al., 2011; Furness and
asker, 2000).

In fisheries science, productivity can be assessed in terms of
sh growth and reproductive potential (Dutil and Brander, 2003;
organ, 2008). The practical applicability of these two  variables

or fisheries management has however, been questioned since
oth fish growth and reproductive potential can show large vari-
bility and can be influenced by several factors that are often
ifficult to determine; these factors include temperature, growth
eriod, food availability, and greater metabolic scope for growth
nd activity, etc. (Dutil and Brander, 2003). Fish are characterised
y non-deterministic reproduction and the fate of their eggs

argely dependent on environmental conditions (Laprise and Pepin,
995), hence fish reproductive success is a less useful measure of
op-predator performance. Alternatively, indices based on growth
ate for fish communities, which utilise survey-derived species
bundance-at-length data, could be more promising (Greenstreet
t al., 2012).

.1.2. Applications
In its aim to protect and conserve marine ecosystems, the OSPAR

ommission has coordinated the development of Ecological Quality
bjectives (EcoQO; OSPAR, 2005; Heslenfeld and Enserink, 2008).
wo North Sea EcoQOs are related to the concept of indicator 4.1
predator performance), namely “Seal population size and pup pro-
uction” (OSPAR, 2005) and “Seabird survival/breeding success and
he availability of key prey species” (ICES, 2008). The initial objec-
ive of these indicators was to monitor the impact of anthropogenic
ctivity on the health of the ecosystem rather than to portray varia-
ion in the functioning of the food web. Consequently, the existing
coQO’s may  need to be redefined if they are to be used as food
eb indicators. Reassessment of the targets may  also be necessary

o ensure that these reflect the MSFD context of sustainable use,
ather than the aims of the EcoQO pilot project. Moreover, to region-
lise these EcoQOs, they will need to be further tested and validated
cross each sub-region in order to become fully operational.

So as to evaluate fish predator performance, Borja et al.
2011) recently assessed hake productivity in the Bay of Biscay
recruits/standing stock biomass) as a potential indicator to sup-
ort D4 of the MSFD. Over a 30 year period, 1970–2008, increased
roductivity was suggested, but this result is difficult to interpret

n a food web context since it could be related to variation in com-

etitor pressure and/or change in the physical environment (Borja
t al., 2011). Other large predators in the region are often long dis-
ance migratory species and therefore even more difficult to relate
o local resource availability.
icators 29 (2013) 246–254

2.1.3. Future directions
In order to certify that variation in predator performance

provides a measure of food web functioning, the predator–prey
relationships involved need to be adequately understood. The
potential influences of external factors on predator performance
in particular need to be identified. Species differ in their sensitiv-
ity, robustness or resilience to particular changes in circumstances,
their ability to resist to, respond to, or cope with changing envi-
ronmental conditions varies as a consequence of their time/energy
budget, dietary preferences and plasticity, and specific life-history
traits, so these factors need to be taken into account when identi-
fying the most suitable indicator species or set of species (Einoder,
2009). To calibrate the predator performance–prey intake rela-
tionship, for example, it is important to understand the way that
prey consumption is affected by changes in the abundances of all
potential prey species and therefore, some information on prey
abundance will be required (Asseburg et al., 2006). In turn, the vari-
ability in prey consumption can be assessed from stomach flushing
and stable isotope analyses to provide indirect information on the
trophic structure of the food web  (Chiaradia et al., 2010).

The use of additional measures associated with the predator’s
physiology, such as body condition and growth, could indicate
if changes in performance are either food-related or the result
of other confounding factors. For example, increased predation
of chicks by predators would certainly reduce the reproductive
success of any selected indicator species (Bonnaud et al., 2012).
Reproductive success could even be directly influenced by the
management of human activity, such as measures taken to reduce
discarding (Garthe et al., 1996; Votier et al., 2008). In these circum-
stances, changes in predator reproductive success would infer little
regarding any changes occurring in lower trophic level processes.

Since climate can modify predator–prey interactions (e.g. Kirby
and Beaugrand, 2009; Winder and Schindler, 2004), it is impor-
tant to consider the relationship between predator performance
and their prey in a changing environment to appreciate effects
within the food web  (Aebischer et al., 1990; Beaugrand et al., 2003).
Scott et al. (2006) have suggested that linking seabird breeding
success to the availability of sandeels, via the timing of stratifi-
cation and the spring bloom, can provide insights into some of
the mechanisms responsible for the variability in seabird perfor-
mance, for example. However, the way  in which oceanographic
features will affect seabird breeding success does not seem generic
but is likely to be geographically and species’ specific. To separate
the internal food web  variability from influences of environmen-
tal changes, variations in the indicator signals can be related to
the dynamics of hydrological factors and/or other non-food related
pressures, such as pollution and eutrophication. For this purpose,
concurrent assessment using MSFD Descriptor 5 (eutrophication)
and Descriptor 8 (concentrations of contaminants) indicators will
provide complementary information on potential sources of pres-
sure.

The most efficient approach to reining the complexity of factors
that can influence productivity at higher trophic levels might be
statistical methods that average over many species located high in
the food web, rather than attempting to identify the ideal “indica-
tor species”. Theory for such averaged descriptions is much better
developed (Rossberg, 2012), providing guidance towards disentan-
gling those aspects of the population responses of top predators
that do reflect the energy flux to higher trophic levels from those
that do not.

2.2. Large fish (by weight; indicator 4.2.1)
2.2.1. Theoretical background
In a size-based food web, predators are larger than the prey

they consume (e.g. Barnes, 2008; Brose et al., 2006) and thus larger
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ndividuals tend to occupy higher trophic levels. However, the body
ize-trophic level relationships in marine systems are often tran-
ient, resulting from the exceptional scope for growth within most
arine species and the variability in growth within and amongst

pecies (Brey, 1999; Jennings et al., 2002a,b). Fish species, for
xample, are characterised by non-deterministic growth and often
xhibit life-history omnivory, i.e. they prey on different trophic
evels as they grow (Pimm and Rice, 1987). In other words, similar-
ized individuals of different species may  have similar trophic levels
uring their lifecycle. Hence, for fish communities, body size has
ften been suggested to describe trophic position in addition to
pecies identity (Jennings, 2010).

Considering the size-based structure of aquatic food webs, an
nderstanding of the interactions between body size and exploita-
ion provides the basis for managing the effects of fishing (Jennings
nd Reynolds, 2007). Fishing leads to selective removal of large,
igh-trophic levels fish species thereby decreasing the average
ize of fish (Greenstreet et al., 2011; Shin et al., 2005; Shephard
t al., 2012), reducing the proportional contribution of piscivorous
redatory fish (e.g. Myers and Worm,  2003; Frank et al., 2011) and

ncreasing the relative abundance of smaller species in the com-
unity, following a release from predation pressure (Shin et al.,

005; Blanchard et al., 2009). These direct and indirect effects of
shing thus alter the population and community size structure,
redator–prey relationships and consequently, affect the flow of
nergy and dynamics within the system (Dickie et al., 1987; Barnes,
008).

.2.2. Applications
Size-based indicators have been widely used to demonstrate the

ffects of fishing on fish community structure, and the Large Fish
ndicator (LFI) has been specifically developed to support the OSPAR
coQO ecosystem approach to marine management (Greenstreet
t al., 2011; Shephard et al., 2012). The LFI describes the proportion
f fish biomass contributed by large individuals in the demersal
sh community and is defined as the ratio between the biomass of
emersal fish above a length threshold over the total fish biomass.
s the name implies, the LFI is an indicator of fish community size
omposition and was not intended to be an indicator of fish com-
unity trophic structure. In proposing the LFI as an indicator of the

roportion of high trophic level fish in the community, one sus-
ects that some form of linear, or at least monotonic, relationship
as assumed.

The threshold lengths used to define “large fish”, 40 cm in the
orth Sea (Greenstreet et al., 2011), where the development of the

ndex is most advanced, and 50 cm in the Celtic Sea (Shephard et al.,
012) were set with the single intent of deriving an indicator that
as as sensitive to fishing pressure, and as insensitive to other
rivers, as possible (Greenstreet et al., 2011; Shephard et al., 2012;
oule et al., 2012). For the characterisation of trophic structure,
ther length thresholds or even entirely different characterisations
f population size structure may  be more appropriate. Besides, the
FIs in both the North Sea and the Celtic Sea currently only consider
he suite of primarily demersal fish species likely to be relatively
ell sampled by the survey trawl gear (Greenstreet et al., 2011;

hephard et al., 2012). Many demersal piscivorous fish consume
arge quantities of pelagic fish species, such as juvenile herring,
prats and sandeels (Greenstreet et al., 1997). As the LFI is currently
efined, these pelagic fish prey are not included in the denomina-
or part of the LFI calculation. Consequently, any variation in the
FI would not reflect real variation in the relative abundance of
emersal fish top predators and all of their fish prey.
.2.3. Future directions
Fishing alters community size structure resulting from potential

hanges in species diversity and/or trophic structure of food webs
icators 29 (2013) 246–254 249

(Hiddink and ter Hofstede, 2008). Currently, the LFI does not dis-
tinguish between the relative importance of demographic changes,
i.e. large, mature individuals, or changes in species composition,
i.e. relative abundance of different-sized species. Whilst initially it
was thought that the LFI reflects changes in the size distribution
of individuals within populations (Greenstreet et al., 2011), it later
became clear that this metric largely reflects changes in the relative
biomasses of small and large fish species (Shephard et al., 2012).
Because population-dynamical relaxation times can be consider-
ably larger than generation times (Rossberg, 2012), this explains
the absence of notable recovery of the LFI in both North Sea (Fung
et al., 2012) and Celtic Sea (Shephard et al., 2012).

As currently defined, the LFI acts as an indicator of the “health”
of the demersal fish community in response to variation in fishing
pressure and might therefore not appear to be particularly suited
as a food web indicator. To better fulfil its food web role, the LFI
clearly needs critical examination and validation. Firstly, the suite
of species to which it is applied could be expanded to include some
of the pelagic fish species which constitute such a high proportion
of the diet of demersal piscivores. Secondly, the length threshold
might need adjustment to better reflect trophic structure. In its
current form, the LFI is nevertheless suited to fulfil the indicator
role 1.7.1 “Composition and relative proportions of ecosystem compo-
nents (habitats and species)” of Descriptor 1 “Biological diversity is
maintained” since it portrays variation in the relative proportions
of “large” and “small” fish in the community.

Even though the development of the LFI is well advanced,
its interpretation can nevertheless be difficult since the rela-
tionship between fishing pressure and community response is
currently not sufficiently known (Greenstreet et al., 2011). In
this respect, the development of theoretical size-structured and
species-resolved fish community models can help our understand-
ing of the pressure-state dynamics and our ability to assess the
relationship between specific structural, functional and dynami-
cal food web  indicators (ICES, 2012; Houle et al., 2012; Rossberg,
2012). Moreover, the evolution of community size structure should
be evaluated in relation to environmental factors since climate-
induced temperature warming has already led to smaller-sized
community assemblages across several pelagic trophic levels, for
example in plankton (Beaugrand et al., 2010) and fish (Daufresne
et al., 2009).

2.3. Abundance trends of functionally important selected
groups/species (indicator 4.3.1)

2.3.1. Theoretical background
Indicator 4.3.1 is based on the rationale that changes in popu-

lation status of functionally important species or groups will affect
food web  structure and functioning. Total biomass within one or
more trophic levels, for example, is often correlated with the rate
or level of ecosystem function, such as primary and secondary pro-
ductivity (Naeem et al., 1994; Fox, 2005). Similar structural metrics
are considered under the MSFD D1 criteria 1.1 “Species distribu-
tion” and 1.2 “Population size”, but in the case of the food web
indicators, attention should focus on the functional importance
of abundance. In order to capture aspects of food web  dynam-
ics from these purely structural indicators, integrative approaches
taking account multiple trophic levels, such as trophic biomass
spectra, production:biomass ratios and predator/prey abundance
ratios, could all be considered (see Rogers et al., 2010).

In practice, the use of functional groups is often favoured over
indicator species since indices of species abundance are frequently

subject to large inter-annual variation, often due to natural physi-
cal dynamics rather than anthropogenic stressors (de Jonge, 2007).
Functional group abundance is often less variable because variabil-
ity in the abundances of the group’s constituent species averages



250 I. Rombouts et al. / Ecological Indicators 29 (2013) 246–254

Table 2
List of criteria for selecting key species/groups for indicator 4.3.1 “Abundance/distribution of key trophic groups/species” as proposed by the Commission Decision (2010/477/EU).

Criterion Indicator Selection criteria for key trophic groups/species

Abundance/distribution of key
trophic groups/species (4.3)

Abundance trends of
functionally important
selected groups/species
(4.3.1)

(i) Groups with fast turnover rates
(ii) Groups/species that are targeted by human activities or that are indirectly affected by them
(iii) Habitat-defining groups/species
(iv) Groups/species at the top of the food web
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ut. In this respect, indicators based on functional traits of key
roups combined with information of species distributions in com-
unities are increasingly common (Bremner, 2008; Vandewalle

t al., 2010; de Bello et al., 2010), for example in assessing commu-
ity response to sewage pollution (Charvet et al., 1998; Tett et al.,
008), anoxia (Rakocinski, 2012), fishing (Bremner et al., 2004)
nd climate change (Beaugrand, 2005). In contrast to taxonomi-
al indicators, trait-based indicators can be easily extrapolated and
herefore applied across regions (e.g. Vandewalle et al., 2010).

Whereas the indicators 4.1.1 and 4.2.1 are mainly con-
erned with the top of food webs, the criteria for selecting key
pecies/groups to calculate indicator 4.3.1 stated in the Commission
ecision relate to many possible food web components (Table 2).

n deriving metrics to support indicator 4.3.1, greater emphasis
ight be directed towards the lower trophic levels of pelagic and

enthic components of marine food webs so that, in combination
ith indicators 4.1.1 and 4.2.1, a better whole-system view might

e obtained. Due to the influence of benthic processes on energy
ows and nutrient cycling within food webs (Covich et al., 1999),

ndicators based on the structure (abundance and diversity) and
rocesses (production and metabolism) of benthic groups can help
o describe trophic functioning (Borja et al., 2008; Frid et al., 2008;
ombouts et al., 2013). Organisms located at the lower levels play
n important role in the production of organic matter (primary
roducers) and the transfer of this energy by primary consumers
hrough to organisms in higher trophic levels. In many coastal sys-
ems, such as in the Bay of Biscay for example, phytoplankton and
ooplankton are responsible for strong bottom-up processes that
ontrol the structure and dynamics of upper trophic levels (Lassalle
t al., 2011). Moreover, since these low-trophic groups have high
urn-over rates, they respond rapidly to changes in environmen-
al conditions (Beaugrand et al., 2008; Hatun et al., 2009) and the
vailability of organic matter (Livingston et al., 1997).

.3.2. Applications
Despite the utility of functional traits as reliable indicator tools,

hey are not yet widely applied in current monitoring schemes of
iodiversity, especially with respect to animal groups (Vandewalle
t al., 2010). An exception are phytoplankton traits that have been
roposed for defining water quality in coastal and marine systems
s referred to in the European Union Water Framework Directive
WFD, 2000/60/EC) and in the MSFD (Ferreira et al., 2011). The
hytoplankton Community Index (PCI) is an example of an oper-
tional indicator based on the abundance of “life-forms” such as
pelagic diatoms” or “medium-sized autotrophic dinoflagellates”
sing a state-space approach (Tett et al., 2008). Using the same
oncept but now from a food web perspective, life-form pairs can
e selected to provide an indication of changes in: (1) the transfer
f energy from primary to secondary producers, e.g. phytoplank-
on and copepods ratio; (2) the pathway of energy flow and top
redators, e.g. gelatinous zooplankton and fish larvae ratio; and

3) benthic/pelagic coupling, e.g. holoplankton and meroplankton
atio (Gowen et al., 2011).

In the context of the Helsinki Commission, similar plankton
ndicators have recently been proposed, also in relation to higher
e anadromous and catadromous migrating species
ies that are tightly linked to specific groups/species at another trophic level

trophic levels. In the Baltic Sea, for example, fish body condition and
weight-at-age of sprat and young herring correlate positively with
copepod abundance/biomass (Cardinale et al., 2002; Ronkkonen
et al., 2004). Consequently, indicators based on biomass of zoo-
plankton and zooplankton/phytoplankton ratios are being used to
assess environmentally driven changes in the food web, and the
possible impact of eutrophication (HELCOM, 2012). The underly-
ing principle of the zooplankton/phytoplankton ratio is that higher
grazing efficiency implies fewer losses in the food web, less energy
and nutrients passing through the microbial loop, and, conse-
quently, more energy transferred to the higher trophic levels such
as fish. An important advantage of these plankton indicators is
that the proposed concepts are relatively easy transferable to other
European waters. Before these indicators can be used across ecosys-
tems, however, the fish species or feeding groups for which the
zooplankton-as-food indicator is relevant will need to be identified
and further research will be necessary to understand the responses
of zooplankton to water quality (HELCOM, 2012).

Size-based approaches, however, may  be inappropriate for
assessing processes in benthic communities, since both size-
dependent (e.g. predation) and size independent interactions (e.g.
consumption of amorphous detritus) can co-occur, suggesting that
the energy available to species of a particular size is not solely
derived from smaller species in the food web  (Dossena et al.,
2012 and references therein). The theoretically expected even dis-
tributions of biomass over logarithmic body size can therefore
arise only when top-down control of size structure dominates
over bottom-up control (Rossberg et al., 2008). Rakocinski (2012)
recently proposed macrofaunal process indicators for estuarine
ecosystem functioning that are based on the hypothesis that body
size is linked to trophic transfer (Díaz and Rosenberg, 2008) and bio-
geochemical processes (Lohrer et al., 2004). Before these indicators
can be used for management purposes however, several practical
challenges, such as the determination of operational thresholds,
must be resolved (Rakocinski, 2012).

2.3.3. Future directions
Whereas the currently proposed indicator 4.3.1 is suggested to

relate to a single group/species, biomass can be considered over
several trophic levels simultaneously, and can therefore become
an ecosystem-based indicator; for example, biomass trophic spec-
tra, defined as the biomass distribution by trophic class (from
herbivores and detritivores to top predators), have been used to
assess trophic structure and functioning in relation to fishing pres-
sure (Gascuel et al., 2005, 2011). The biomass trophic spectrum of
total consumers by trophic class can be considered as the result
of three processes: (i) input of biomass at lower trophic levels,
i.e. production of primary consumers through grazing and recruit-
ment of early-stage larvae feeding on phytoplankton; (ii) transfer
of biomass from one trophic level (TL) to the next, i.e. predation and
ontogenetic changes in TL during the life history of organisms; (iii)

loss of biomass at all TLs as a consequence of fishing mortality, all
natural mortality other than predation, and respiration and diges-
tive inefficiencies (Gascuel et al., 2005). Model simulations based
on this concept illustrate that exploitation can affect biomass flow
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nd flow kinetics in different ways according to the ecosystem con-
rol (Gascuel et al., 2011). In an ecosystem under bottom-up control
i.e. by the lowest trophic levels), for example, exploitation has a
arge impact on total ecosystem biomass, and may  lead to strong
iomass depletion, especially when the mean trophic level at first
apture is low. Since community body size and trophic level are
orrelated in the pelagic environment (Jennings et al., 2001), size-
ased analysis could complement the outcomes of trophic biomass
pectra analyses.

. Discussion

A major challenge in the implementation of the MSFD is to
cquire the necessary scientific knowledge of the various ele-
ents that define the state of the marine environment. In the case

f food webs, where predator–prey interactions are transient in
pace and time (Kingsford, 1992; Kirby and Beaugrand, 2009), the
tudy of trophic relationships requires extensive datasets (Jennings
t al., 2002a,b). Currently, comprehensive datasets on the feed-
ng ecology of many of the key species in marine food webs are
nsufficient, and this is especially true for species at lower trophic
evels. The first requirement therefore is further extensive data
ollection to fill these gaps in our knowledge of food web struc-
ure and connectivity (Carafa et al., 2007, Moloney et al., 2010;
ossberg et al., 2011). The same condition holds for current indica-
ors that are locally operational, for example the North Sea OSPAR
coQO’s, but where the trans-regional applicability still needs to
e demonstrated. In any case, the practical utility of informa-
ion derived from certain biological components should not be
gnored because of low data availability and/or insufficient knowl-
dge; so ideally, management bodies should adjust monitoring
rogrammes to fill in data gaps based on scientific advice con-
erning the theoretical advances in food web ecology (de Jonge,
007).

Whilst the current criteria and indicators of Descriptor 4 (D4)
nder the MSFD can be informative on trophic functioning, they
re, at their current state of development, possibly insufficient to
ssess whether marine food webs in European waters really are at,
hat the MSFD defines as, “Good Environmental Status” (GES). The
roposed indicators, in particular those based on abundance and
iomass, can inform on the structural properties of food webs but
hey may  provide only partial information about its functioning.
urrent trophic criteria/indicators mostly focus on a single trophic

evel (i.e. a key component of the food web), thereby failing to
onsider complex trophic interactions and whole-system energy
ow; indicator 4.1.1 for example, assumes that attributes of key
redators integrate transfer efficiencies of underlying trophic lev-
ls and thus are used to infer the functioning of the whole system.
n reality, dynamics of key predators are often influenced by other
ntrinsic and extrinsic factors than food availability alone, the main
ssumption underlying this indicator.

The assessment of food webs, therefore, should move beyond
he use of species and population indicators since they are unlikely
o reflect the inherent complex dynamics of the system. More-
ver, by focusing on only one or a subset of food web properties,
ey information on the human impacts may  be missed (O’Gorman
t al., 2012) and the interpretation of GES for food webs may  be
isleading. An awareness of principles relating dynamics to the

tructure of food webs is necessary to inform conservation and
anagement, emphasising the need for an ecosystem perspective

Sala and Sugihara, 2005). Hence, the development of criteria for D4

hould be directed towards more integrative and functional indi-
ators that consider (1) multiple trophic levels or whole-system
pproach (i.e. ecosystem-based indicators), (2) processes and link-
ges, e.g. trophic transfer efficiencies, connectance and material
icators 29 (2013) 246–254 251

cycling, and (3) the dynamics of food webs in relation to specific
anthropogenic pressures.

In relation to food web dynamics, the resistance and resilience of
a system to external pressures can suitably assess the state and/or
health of an ecosystem (Costanza, 1992), as was  also suggested
in criterion 1.7 “Ecosystem structure” of the Commission Decision
(European Commission, 2010; 2010/477/EU). In this context, theo-
retical models can be used to measure the resistance and resilience
of food webs to multiple pressures whilst maintaining its ‘normal’
functioning, cfr. GES (Fig. 1). Sala and Sugihara (2005) further sug-
gest integrating ecological succession in marine conservation but
this approach can be complex since there is currently little known
about the rates of recovery after disturbances. Other useful sugges-
tions for criteria/indicators related to the functioning of food webs
were evoked by the TG4 (Rogers et al., 2010), but, probably because
of their currently low state of development, not retained in the
Commission Decision (European Commission, 2010; 2010/477/EU).

Sustainable ecosystem-based management calls for a thorough
understanding of cause and effect relationships between human
pressures and ecosystem states (Jennings, 2005; Probst et al., 2012).
Ultimately, the choice of the “best” indicator to support the achieve-
ment of GES will depend on several selection criteria and evaluation
processes, and conceptual frameworks to facilitate decision mak-
ing have been discussed in the literature (e.g. Borja and Dauer,
2008; Kershner et al., 2011; ICES, 2012 and references therein).
Key amongst these selection criteria is the responsiveness of the
indicator to a particular disturbance so that appropriate and effec-
tive management action can be taken. Since overexploitation of
large fish is a top-down pressure, the direct impacts will be most
efficiently assessed by indicators 4.1.1 (predator performance) and
4.2.1 (proportion of large fish), which are calculated using high
trophic level groups. In addition, indirect effects of fishing on
lower trophic levels, e.g. trophic cascades, could be evaluated by
indicator 4.3.1. In contrast to top-down pressures, direct impacts
from bottom-up, caused by pollution and eutrophication, will be
expressed by rapid changes of abundances and distribution of lower
trophic levels (indicator 4.3.1). However, the impacts of species
invasions, another important pressure on food webs, will be more
difficult to predict, detect or measure (Vander Zanden et al., 1999)
since they can affect all trophic levels. Moreover, when multiple
pressures act simultaneously, as is often the case in natural sys-
tems, the direct and indirect effects on food webs can be even more
difficult to identify (Moloney et al., 2010).

The multitude of links and processes that make up a real ecosys-
tem mean that the ultimate effects of anthropogenic actions will
probably be much wider than expected and through non-linearities
in the system may  even lead to counterintuitive outcomes (Fulton
et al., 2003; Rogers et al., 2010). For example, nutrient enrichment
can lead to non-linear responses in macro-invertebrate production
and diversity, where production peaks at moderate levels of enrich-
ment but will subsequently decrease with further enrichment, a
phenomenon termed the enrichment paradox (Rosenzweig, 1971).
Moreover, climate and hydrodynamics can further influence food
web components, often with divergent responses (e.g. Link et al.,
2010; Woodward et al., 2010). Climate warming, for example, has
already altered trophic structures and dynamics and consequently,
the rates of key ecosystem processes, such as nutrient and carbon
cycling (e.g. Dossena et al., 2012 and references therein).

As the rates of anthropogenic climate change and exploita-
tion accelerate, additive and synergistic interactions between them
are becoming increasingly important to the dynamics of marine
ecosystems and the sustainability of marine fisheries (Harley and

Rogers-Bennett, 2005; Kirby et al., 2009). As an example, fish
exploitation can trigger a switch from internally generated to exter-
nally forced population fluctuations, and so, the population dynam-
ics will become more responsive to environmental variability
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Resilience is defined here as the capacity of an ecosystem to return to the pre-con
axonomic composition, structures, ecosystem functions, and process rates (sensu H

Hidalgo et al., 2011). Other synergistic consequences of climate
hange and overfishing, such as changes in the productivity and
tructure of marine ecosystems, have already taken place. In the
orth Sea, for example, it may  be that marine ecosystem resources
annot be managed to reverse current climate and human-induced
hanges and it has been suggested that rather than attempting
ecovery, management goals reflecting current ecological regimes
hould instead be set (Kirby et al., 2009).

Before responses of food webs to change can be anticipated, they
eed to be both unravelled, i.e. to identify appropriate levels of
etail, and rewoven, i.e. to capture the essential elements for sim-
lification and generalisation (Moloney et al., 2010). Theoretical
nd empirical models may  then help to identify potential impacts
nd elucidate key properties that should be monitored, thereby
romoting the development of more effective and comprehensive
perational food web indicators (Fig. 1). The combination of the-
retical modelling with empirical analysis offers the potential for
esting theoretical considerations whose findings may  then be used
or practical ecological and management applications, and policy
trategies (de Jonge, 2007). The complementary use of empirical
nd modelling approaches to derive population, community and
cosystem indicators is key to the development operational food
eb indicators for ecosystem-based management in the marine

nvironment (Rombouts et al., 2013). To accommodate the diffi-
ulty of integrating across so many levels of organisation, however,
equires new information as well as new methods (Moloney et al.,
010).

. Conclusion

By considering the theoretical background and applicability of
he proposed criteria/indicators of D4 under the MSFD, we  tried to
ighlight the current knowledge gaps and difficulties in defining

ES for food webs. The existing suite of indicators in the Commis-
ion Decision gives variable focus to the three important properties
f food webs: structure, functioning and dynamics, and we suggest
hat more emphasis should be given to the latter two. In any case,
 and anthropogenic stressors as a framework for developing food web  indicators.
 state following a perturbation, including maintaining its essential characteristics
).

the sheer complexity of marine food webs makes them difficult to
predict and this creates a key challenge for conservation manage-
ment (Link et al., 2010). Hopefully, this paper will stimulate the
further development of existing food web  indicators and advances
in food web  theory for its application in a management context.
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jections of abrupt climate-driven ecosystem shifts in the North Atlantic. Ecol.
Lett. 11, 1157–1168.

Beaugrand, G., Edwards, M.,  Legendre, L., 2010. Marine biodiversity, ecosystem func-
tioning and carbon cycles. Proc. Natl. Acad. Sci. U.S.A. 107, 10120–10124.

Blanchard, J.L., Jennings, S., Law, R., Castle, M.D., McCloghrie, P., Rochet, M.-J., Benoît,
E.,  2009. How does abundance scale with body size in coupled size-structured
food webs? J. Anim. Ecol. 78 (1), 1365–2656.

Bonnaud, E., Berger, G., Bourgeois, K., Legrand, J., Vidal, E., 2012. Predation by cats
could lead to the extinction of the Mediterranean endemic Yelkouan Shearwater

Puffinus yelkouan at a major breeding site. Ibis 154, 566–577.

Boon, J.P., Lewis, W.E., Tjoen-A-Choy, M.R., Allchin, C.R., Law, R.J., De Boer, J., Ten
Hallers-Tjabbes, C.C., Zegers, B.N., 2002. Levels of polybrominated diphenyl ether
(PBDE) flame retardants in animals representing different trophic levels of the
North Sea food web. Environ. Sci. Technol. 36, 4025–4032.



al Ind

B

B

B

B

B

B

B

C

C

C

C

C

C

C

C

C

C

C

C

C

C

D

D

D

d

d

d

D

D

D

I. Rombouts et al. / Ecologic

orja,  A., Dauer, D.M., Diaz, R., Llanso, R.J., Muxika, I., Rodriguez, J.G., Schaffner,
L., 2008. Assessing estuarine benthic quality conditions in Chesapeake Bay: a
comparison of three indices. Ecol. Indic. 8, 395–403.

orja, A., Dauer, D.M., 2008. Assessing the environmental quality status in estua-
rine  and coastal systems: comparing methodologies and indices. Ecol. Indic. 8,
331–337.

orja, A., Galparsoro, I., Irigoien, X., Iriondo, A., Menchaca, I., Muxika, I., Pascual, M.,
Quincoces, I., Revilla, M.,  Rodríguez, J.G., Santurtún, M., Solaun, O., Uriarte, A.,
Valencia, V., Zorita, I., 2011. Implementation of the European Marine Strategy
Framework Directive: a methodological approach for the assessment of envi-
ronmental status, from the Basque Country (Bay of Biscay). Mar. Pollut. Bull. 62,
889–904.

remner, J., 2008. Species’ traits and ecological functioning in marine conservation
and  management. J. Exp. Mar. Biol. Ecol. 366, 37–47.

remner, J., Frid, C.L.J., Rogers, S.I., 2004. Biological traits of the North Sea
benthos—does fishing affect benthic ecosystem function? Benthic habitats and
the  effects of fishing. In: Barnes, P., Thomas, J. (Eds.), Symposium 41. American
Fisheries Society, Bethesda, MD.

rey, T., 1999. Growth performance and mortality in aquatic macrobenthic
invertebrates. Adv. Mar. Biol. 35, 153–223.

rose, U., Jonsson, T., Berlow, E.L., Warren, P., Banasek-Richter, C., Bersier, L.F., et al.,
2006. Consumer–resource body-size relationships in natural food webs. Ecology
87,  2411–2417.

arafa, R., Dueri, S., Zaldívar, J.M., 2007. Linking terrestrial and aquatic ecosystems:
complexity, persistence and biodiversity in European food webs. In: EUR 22914
EN,  Joint Research Centre.

ardinale, B.J., Srivastava, D.S., Duffy, J.E., Wright, J.P., Downing, A.L., Sankaran, M.,
Jouseau, C., 2006. Effects of biodiversity on the functioning of trophic groups and
ecosystems. Nature 443, 989–992.

ardinale, M.,  Casini, M.,  Arrhenius, F., 2002. The influence of biotic and abiotic fac-
tors on the growth of sprat (Sprattus sprattus) in the Baltic Sea. Aquat. Living Res.
15 (5), 273–281.

harvet, S., Roger, M.C., Faessel, B., Lafont, M.,  1998. Biomonitoring of freshwater
ecosystems by the use of biological traits. Ann. Limnol. Int. J. Limnol. 34, 455–464.

harmantier, R.H., McCleery, L.R., Cole, C., Perrins, L.E.B., Kruuk Sheldon, B.C., 2008.
Adaptive phenotypic plasticity in response to climate change in a wild bird
population. Science 320, 800–803.

hiaradia, A., Forero, M.G., Hobson, K.A., Cullen, J.M., 2010. Changes in diet and
trophic position of a top predator 10 years after a mass mortality of a key prey.
ICES J. Mar. Sci. 67, 1710–1720.

loern, J.E., 2001. Our evolving conceptual model of the coastal eutrophication prob-
lem. Mar. Ecol. Prog. Ser. 210, 223–253.

oll, M., Libralato, S., Tudela, S., Palomera, I., Pranovi, F., 2008. Ecosystem overfishing
in  the Ocean. PLoS ONE 3 (12), e3881.

ostanza, R., 1992. Toward an operational definition of ecosystem health.
In: Costanza, R., Norton, B.G., Haskell, B.D. (Eds.), Ecosystem Health:
New Goals for Environmental Management. Island Press, Washington, DC,
pp. 239–252.

ovich, A.P., Palmer, M.A., Crowl, T.A., 1999. The role of benthic invertebrate zooben-
thic species influence energy flows and nutrient cycling. Bioscience 49, 119–127.

roxall, J.P., Reid, D.G., Prince, P., 1999. Diet, provisioning and productivity responses
of marine predators to differences in availability of Antarctic krill. Mar. Ecol.
Prog. Ser. 177, 115–131.

ury, P.M., Boyd, I.L., Bonhommeau, S., Anker-Nilssen, T., Crawford, R.J.M., Furness,
R.W., et al., 2011. Global seabird response to forage fish depletion—one-third for
the  birds. Science 334, 1703–1706.

ury, P., Shannon, L.J., Shin, Y.J., 2003. The functioning of marine ecosystems: a fish-
eries perspective. In: Sinclair, M.,  Valdimarsson, G. (Eds.), Responsible Fisheries
in  the Marine Ecosystem. CAB International, Wallingford, pp. 103–123.

ury, P.M., Shin, Y.-J., Planque, B., Durant, J.M., Fromentin, J.-M., Kramer-Schadt, S.,
Stenseth, N.C., Travers, M.,  Grimm,  V., 2008. Ecosystem oceanography for global
change in fisheries. Trends Ecol. Evol. 23 (6), 338–346.

anhärdt, A., Fresemann, T., Becker, P.H., 2011. To eat or to feed? Prey utilization of
Common Terns Sterna hirundo in the Wadden Sea. J. Ornithol. 152, 347–357.

aufresne, M.,  Lengfellner, K., Sommer, U., 2009. Global warming benefits the small
in aquatic ecosystems. Proc. Natl. Acad. Sci. U.S.A. 13, 2467–2478.

avis, J.M., Rosemond, A.D., Eggert, S.L., Cross, W.F., Wallace, J.B., 2010. Long-term
nutrient enrichment decouples predator and prey production. Proc. Natl. Acad.
Sci. 107, 121–126.

e Bello, F., Lavorel, S., Díaz, S., Harrington, R., Cornelissen, J., Bardgett, R., Berg, M.,
Cipriotti, P., Feld, C., Hering, D., Martins da Silva, P., Potts, S., Sandin, L., Sousa,
J.,  Storkey, J., Wardle, D., Harrison, P., 2010. Towards an assessment of multiple
ecosystem processes and services via functional traits. Biodivers. Conserv. 19,
2873–2893.

e  Jonge, V.N., 2007. Toward the application of ecological concepts in EU coastal
water management. Mar. Pollut. Bull. 55, 407–414.

e Ruiter, P.C., Wolters, V., Moore, J.C., 2005. Dynamic food webs. In: de Ruiter, P.C.,
Wolters, V., Moore, J.C. (Eds.), Dynamic Food Webs: Multispecies Assemblages,
Ecosystem Development and Environmental Change. Academic Press, Boston.

íaz, R.J., Rosenberg, R., 2008. Spreading dead zones and consequences for marine
ecosystems. Science 321, 926–928.
ickie, L.M., Kerr, S.R., Boudreau, P.R., 1987. Size-dependent processes underlying
regularities in ecosystem structure. Ecol. Monogr. 57, 233–250.

ossena, M.,  Yvon-Durocher, G., Grey, J., Montoya, J.M., Perkins, D.M., Trimmer, M.,
Woodward, G., 2012. Warming alters community size structure and ecosystem
functioning. Proc. Roy. Soc. B: Biol. Sci. 279, 3011–3019.
icators 29 (2013) 246–254 253

Dutil, J.D., Brander, K., 2003. Comparing productivity of North Atlantic cod (Gadus
morhua)  stocks and limits to growth production. Fish. Oceanogr. 12, 502–512.

European Commission, 2010. Commission Decision of 1 September 2010 on criteria
and methodological standards on good environmental status of marine waters
(2010/477/EU). Off. J. Eur. Union L232, 14–24.

Einoder, L.D., 2009. A review of the use of seabirds as indicators in fisheries and
ecosystem management. Fish. Res. 95, 6–13.

Ferreira, J.G., Andersen, J.H., Borja, A., Bricker, S.B., Camp, J., Cardoso da Silva, M.,  Gar-
cés, E., Heiskanen, A.-S., Humborg, C., Ignatiades, L., Lancelot, C., Menesguen, A.,
Tett, P., Hoepffner, N., Claussen, U., 2011. Overview of eutrophication indicators
to  assess environmental status within the European Marine Strategy Framework
Directive. Est. Coast. Shelf Sci. 93, 117–131.

Fox, J.W., 2005. Biodiversity, food web structure, and the partitioning of biomass
within and among trophic levels. In: De Ruiter, P.C., Wolters, V., Moore, J.C. (Eds.),
Dynamic Food Webs: Multispecies Assemblages, Ecosystem Development and
Environmental Change. Academic Press, Boston.

Frank, K.T., Petrie, B., Fisher, J.A.D., Leggett, W.C., 2011. Transient dynamics of an
altered large marine ecosystem. Nature 477, 86–89.

Frederiksen, M.,  Edwards, M.,  Mavor, R.A., Wanless, S., 2007. Regional and annual
variation in black-legged kittiwake breeding productivity is related to sea sur-
face temperature. Mar. Ecol. Prog. Ser. 350, 137–143.

Frid, C.L.J., Paramor, O.A.L., Brockington, S., Bremner, J., Davenport, J., Burnell, G.M.,
Cross, T., Emmerson, M.,  McAllen, R., Ramsay, R., Rogan, E., 2008. Incorporating
ecological functioning into the designation and management of marine pro-
tected areas. In: Dumont, H.J. (Ed.), Challenges to Marine Ecosystems. Springer,
Netherlands, pp. 69–79.

Fulton, E.S., Smith, A.D.M., Johnson, C.R., 2003. Effect of complexity on marine ecosys-
tem models. Mar. Ecol. Prog. Ser. 253, 1–16.

Fung, T., Farnsworth, K.D., Reid, D.G., Rossberg, A.G., 2012. Recent data suggest no
further recovery in North Sea Large Fish Indicator. ICES J. Mar. Sci. 69, 235–239.

Furness, R.W., Tasker, M.,  2000. Seabird-fishery interactions: quantifying the sen-
sitivity of seabirds to reductions in sandeel abundance and identification of
key  areas for sensitive seabirds in the North Sea. Mar. Ecol. Prog. Ser. 202,
253–264.

Garthe, S., Camphuysen, C.J.K., Furness, R.W., 1996. Amounts of discards by commer-
cial fisheries and their significance as food for seabirds in the North Sea. Mar.
Ecol. Prog. Ser. 136, 1–11.

Gascuel, D., Bozec, Y.M., Chassot, E., Colomb, A., Laurans, M., 2005. The trophic spec-
trum: theory and application as an ecosystem indicator. ICES J. Mar. Sci. 62,
443–452.

Gascuel, D., Guénette, S., Pauly, D., 2011. The trophic-level-based ecosystem mod-
elling approach: theoretical overview and practical uses. ICES J. Mar. Sci. 68,
1403–1416.

Gowen, R.J., McQuatters-Gollop, A., Tett, P., Best, M.,  Eileen Bresnan, E., Castellani,
C., Cook, K., Forster, R., Scherer, C., Mckinney, A., 2011. The development of
UK  pelagic (Plankton) indicators and targets for the MSFD. Workshop Report,
Belfast.

Greenstreet, S.P.R., Rogers, S.I., Rice, J.C., Piet, G.J., Guirey, E.J., Fraser, H.M., Fryer, R.J.,
2011. Development of the EcoQO for the North Sea fish community. ICES J. Mar.
Sci.  68, 1–11.

Greenstreet, S.P.R., Bryant, A.D., Broekhuizen, N., Hall, S.J., Heath, M.R., 1997. Sea-
sonal variation in the consumption of food by fish in the North Sea and
implications for food web  dynamics. ICES J. Mar. Sci. 54 (2), 243–266.

Greenstreet, S.P.R., Fraser, H.M.,  Rogers, S.I., Trenkel, V.M., Simpson, S.D., Pinnegar,
J.K.,  2012. Redundancy in metrics describing the composition, structure and
functioning of the North Sea’s demersal fish community. ICES J. Mar. Sci. 69,
8–22.

Harley, C.D.G., Rogers-Bennett, L., 2005. Effects of climate change and fishing pres-
sure on exploited invertebrates. In: CalCOFI Rep., vol. 45.

Hatun, H., Payne, M.R., Beaugrand, G., Reid, P.C., Sando, A.B., Drange, H.,  Hansen, B.,
Jacobsen, J.A., Bloch, D., 2009. Large bio-geographical shifts in the north-eastern
Atlantic Ocean: from the subpolar gyre, via plankton, to blue whiting and pilot
whales. Progr. Oceanogr. 80, 149–162.

HELCOM, 2012. Development of the HELCOM Core-set Indicators Part B. GES
8/2012/7b, Brussels.

Heslenfeld, P., Enserink, E.L., 2008. OSPAR Ecological Quality Objectives: the utility
of  health indicators for the North Sea. ICES J. Mar. Sci. 65, 1392–1397.

Hidalgo, M.,  Rouyer, T., Molinero, J.C., Massuti, E., Moranta, J., Guijarro, B., et al.,
2011. Synergistic effects of fishing-induced demographic changes and climate
variation on fish population dynamics. Mar. Ecol. Prog. Ser. 426, 1–12.

Hiddink, J.G., ter Hofstede, R., 2008. Climate induced increases in species richness of
marine fishes. Glob. Change Biol. 14, 453–460.

Houle, J.E., Farnsworth, K.D., Rossberg, A.G., Reid, D.G., 2012. Assessing the sensitivity
and  specificity of fish community indicators to management action. Can. J. Fish.
Aquat. Sci. 69, 1065–1079.

ICES, 2008. Report of the ICES Workshop on Seabird Ecological Quality Indicators,
2008. ICES CM 2008/LRC:06.

ICES, 2012. Report of the Working Group on the Ecosystem Effects of Fishing Activ-
ities (WGECO). ICES CM 2012/ACOM, Copenhagen, Denmark.

Jennings, S., 2005. Indicators to support an ecosystem approach to fisheries. Fish
Fish. 6, 212–232.
Jennings, S., 2010. Size-based analyses of aquatic food webs. In: Belgrano, A.,
Scharler, U.M., Dunne, J.A., Ulanowicz, R.E. (Eds.), Aquatic Food Webs: An Ecosys-
tem  Approach. Oxford University Press, Oxford.

Jennings, S., Greenstreet, S.P.R., Hill, L., Piet, G.J., Pinnegar, J.K., Warr, K.J., 2002a. Long-
term trends in the trophic structure of the North Sea fish community: evidence



2 al Ind

J

J

J

J

K

K

K

K

L

L

L

L

L

L

L

L

M

M

M

M

M

M

N

O

O

O

P

P

54 I. Rombouts et al. / Ecologic

from  stable-isotope analysis, size-spectra and community metrics. Mar. Biol.
141,  1085–1097.

ennings, S., Pinnegar, J.K., Polunin, N.V.C., Boon, T.W., 2001. Weak cross-species
relationships between body-size and trophic level belie powerful size-based
trophic structuring in fish communities. J. Anim. Ecol. 70, 934–944.

ennings, S., Pinnegar, J.K., Polunin, N.V.C., Warr, K.J., 2002b. Linking size-based
and trophic analyses of benthic community structure. Mar. Ecol. Prog. Ser. 226,
77–85.

ennings, S., Reynolds, J.D., 2007. Body size, exploitation and conservation of marine
organisms. In: Hildrew, A., Raffaelli, D., Edmonds-Brown, R. (Eds.), Body Size:
The Structure and Function of Aquatic Ecosystems. Cambridge University Press,
Cambridge, pp. 266–285.

ørgensen, S.E., Xu, F.L., Costanza, R., 2010. Handbook of Ecological Indicators for
Assessment of Ecosystem Health, 2nd ed. CRC Press/Taylor and Francis, Boca
Raton.

ershner, J., Samhouri, J.F., James, C.A., Levin, P.S., 2011. Selecting indicator portfolios
for marine species and food webs: a Puget sound case study. PLoS ONE 6 (10),
e25248.

ingsford, M.J., 1992. Spatial and temporal variation in predation on reef fishes by
coral trout (Plectropomus leopardus, Serranidae). Coral Reefs 11, 193–198.

irby, R.R., Beaugrand, G., 2009. Trophic amplification of climate warming. Proc. Roy.
Soc. Lond. B: Biol. 276, 4095–4103.

irby, R.R., Beaugrand, G., Lindley, A., 2009. Synergistic effects of climate and fishing
in  a marine ecosystem. Ecosystems 12, 548–561.

assalle, G., Lobry, J., Le Loc’h, F., Bustamante, P., Certain, G., Delmas, D., Dupuy, C.,
Hily,  C., Labry, C., Le Pape, O., Marquis, E., Petitgas, P., Pusineri, C., Ridoux, V., Spitz,
J.,  Niquil, N., 2011. Lower trophic levels and detrital biomass control the Bay
of  Biscay continental shelf food web: implications for ecosystem management.
Prog. Oceanogr. 91 (4), 561–575.

aprise, R., Pepin, P., 1995. Factors influencing the spatio-temporal occurrence of
fish eggs and larvae in a northern, physically dynamic coastal environment. Mar.
Ecol. Prog. Ser. 122, 73–92.

atour, R., Brush, M.J., Bonzek, C.F., 2003. Toward ecosystem-based fisheries manage-
ment: strategies for multispecies modeling and associated data requirements.
Fisheries 28 (9), 10–22.

ayman, C.A., Winemiller, K.O., Arrington, D.A., 2005. Describing a species-rich river
food web using stable isotopes, stomach contents, and functional experiments.
In:  de Ruiter, P.C., Wolters, V., Moore, J.C. (Eds.), Dynamic Food Webs: Mul-
tispecies Assemblages, Ecosystem Development and Environmental Change.
Academic Press, Boston.

ayman, C.A., Quattrochi, J.P., Peyer, C.M., Allgeier, J.E., 2007. Niche width collapse
in  a resilient top predator following ecosystem fragmentation. Ecol. Lett. 10,
937–944.

ink, J.S., Yemane, D., Shannon, L.J., Coll, M.,  Shin, Y.J., Hill, L., Borges, M.D.F., 2010.
Relating marine ecosystem indicators to fishing and environmental drivers: An
elucidation of contrasting responses. ICES J. Mar. Sci. 67, 787–795.

ivingston, R.J., Niu, X.F., Lewis, F.G., Woodsum, G.C., 1997. Freshwater input to a
gulf estuary: long-term control of trophic organization. Ecol. Appl. 7, 277–299.

ohrer, A.M., Thrush, S.F., Gibbs, M.M.,  2004. Bioturbators enhance ecosystem func-
tion through complex biogeochemical interactions. Nature 43, 1092–1095.

elian, C.J., Bascompte, J., 2002. Food web structure and habitat loss. Ecol. Lett. 5,
37–46.

yers, R.A., Worm,  B., 2003. Rapid worldwide depletion of predatory fish commu-
nities. Nature 423, 280–283.

oloney, C.L., St John, M.A., Denman, K.L., Karl, D.M., Koster, F.W., Sundby, S., Wilson,
R.P., 2010. Weaving marine food webs from end to end under global change. J.
Mar. Syst. 84, 106–116.

ontevecchi, W.A., 2007. Binary dietary responses of northern gannets Sula bassana
indicate changing food web  and oceanographic conditions. Mar. Ecol. Prog. Ser.
352, 213–220.

organ, M.J., 2008. Integrating reproductive biology into scientific advice for fish-
eries management. J. Northwest Atl. Fish. Sci. 41, 37–51.

uren, U., Berglund, J., Samuelsson, K., Andersson, A., 2005. Potential effects of
elevated sea-water temperature on pelagic food webs. Hydrobiologia 545,
153–166.

aeem, S., Thompson, L.J., Lawler, S.P., Lawton, J.H., Woodfin, R.M., 1994. Declining
biodiversity can alter the performance of ecosystems. Nature 368, 734–737.

’Gorman, E.J., Fitch, J.E., Crowe, T.P., 2012. Multiple anthropogenic stressors and
the  structural properties of food webs. Ecology 93, 441–448.

SPAR, 2005. North Sea Pilot Project on Ecological Quality Objectives—Background
Document on the Ecological Quality Objective for Seal Population Trends in the
North Sea. OSPAR 245/2005.

SPAR, 2008. OSPAR Background Document on the EcoQO on Changes in the Propor-

tion of Large Fish and Evaluation of the Size-based Indicators. OSPAR 356/2008.

auly, D., Christensen, V., Dalsgaard, J., Fröese, R., Torres, J.F., 1998. Fishing down
marine food webs. Science 279, 860–863.

fisterer, A.B., Schmid, B., 2002. Diversity-dependent production can decrease the
stability of ecosystem functioning. Nature 416, 84–86.
icators 29 (2013) 246–254

Piatt, J.F., Sydeman, W.J., Wiese, F., 2007. A modern role for seabirds as indicators.
Mar. Ecol. Prog. Ser. 352, 199–204.

Pimm,  S.L., Rice, J.C., 1987. The dynamics of multispecies, multi-life-stage models of
aquatic food webs. Theor. Popul. Biol. 32, 303–325.

Probst, W.N., Stelzenmuller, V., Fock, H.O., 2012. Using cross-correlations to assess
the relationship between time-lagged pressure and state indicators: an exem-
plary analysis of North Sea fish population indicators. ICES J. Mar. Sci. 69,
670–681.

Raffaelli, D., 2005. Tracing perturbation effects in food webs: the potential and limi-
tation in experimental approaches. In: de Ruiter, P.C., Moore, J.C., Wolters, V.
(Eds.), Dynamic Food Webs: Multispecies Assemblages, Ecosystem Develop-
ment and Environmental Change. Academic Press, Boston.

Rakocinski, C.F., 2012. Evaluating macrobenthic process indicators in relation to
organic enrichment and hypoxia. Ecol. Indic. 13, 1–12.

Rice, J.C., 2003. Environmental health indicators. Ocean Coast. Manage. 46, 235–259.
Rogers, S., Casini, M.,  Cury, P., Heath, M.,  Irigoien, X., Kuosa, H., Scheidat, M.,  Skov,

H.,  Stergiou, K., Trenkel, V., Wikner, J., Yunev, O., Piha, H., 2010. Marine Strategy
Framework Directive Task Group 4 Report, Food Webs. European Commission
Joint Research Centre, ICES.

Rombouts, I., Beaugrand, G., Artigas, L.F., Dauvin, J.-C., Gevaert, F., Goberville, E.,
Kopp, D., Lefebvre, S., Luczak, C., Spilmont, N., Travers-Trolet, M.,  Villanueva,
M.C., Kirby, R.R., 2013. Evaluating marine ecosystem health: case studies of indi-
cators using direct observations and modeling methods. Ecol. Indic. 24, 353–365.

Ronkkonen, S., Ojaveer, E., Raid, T., Viitasalo, M., 2004. Long-term changes in Baltic
herring (Clupea harengus membras) growth in the Gulf of Finland. Can. J. Fish.
Aquat. Sci. 61, 219–229.

Rooney, N., McCann, K.S., 2012. Integrating food web diversity, structure and stabil-
ity.  Trends Ecol. Evol. 27, 40–45.

Rosen, D.A.S., Young, B.L., Trites, A.W., 2012. Rates of maximum food intake in young
northern fur seals (Callorhinus ursinus) and the seasonal effects of food intake
on  body growth. Can. J. Zool. 90, 61–69.

Rosenzweig, M.L., 1971. Paradox of enrichment: destabilization of exploitation
ecosystems in ecological time. Science 29, 385–387.

Rossberg, A.G., Ishii, R., Amemiya, T., Itoh, K., 2008. The top-down mechanism for
body-mass—abundance scaling. Ecology 89 (2), 567–580.

Rossberg, A.G., Farnsworth, K.D., Satoh, K., Pinnegar, J.K., 2011. Universal power-law
diet partitioning by marine fish and squid with surprising stability–diversity
implications. Proc. Roy. Soc. B 278 (1712), 1617–1625.

Rossberg, A.G., 2012. A complete analytic theory for structure and dynamics of popu-
lations and communities spanning wide ranges in body size. Adv. Ecol. Res. 46,
429–522.

Sala, E., Sugihara, G., 2005. Food-web theory provides guidelines for marine conser-
vation. In: Belgrano, A., Scharler, U.M., Dunne, J., Ulanowicz, R.E. (Eds.), Aquatic
Food Webs: An Ecosystem Approach. Oxford University Press, Oxford.

Scott, B.E., Sharples, J., Wanless, S., Ross, O.N., Frederiksen, M.,  Daunt, F., 2006. The
use  of biologically meaningful oceanographic indices to separate the effects of
climate and fisheries on seabird breeding success. In: Top Predators in Marine
Ecosystems: Their Role in Monitoring and Management. Cambridge University
Press, Cambridge.

Shephard, S., Fung, T., Houle, J.E., Farnsworth, K.D., Reid, D.G., Rossberg, A.G., 2012.
Size-selective fishing drives species composition in the Celtic Sea. ICES J. Mar.
Sci.  69, 223–234.

Shin, Y.-J., Rochet, M.-J., Jennings, S., Field, J.G., Gislason, H., 2005. Using size-based
indicators to evaluate the ecosystem effects of fishing. ICES J. Mar. Sci. 62,
384–396.

Tett, P., Carreira, C., Mills, D.K., van Leeuwen, S., Foden, J., Bresnan, E., Gowen, R.J.,
2008. Use of a phytoplankton community index to assess the health of coastal
waters. ICES J. Mar. Sci. 65 (8), 1475–1482.

Thébault, E., Loreau, M.,  2005. Trophic interactions and the relationship between
species diversity and ecosystem stability. Am.  Nat. 166, 95–114.

Vander Zanden, M.J., Casselman, J.M., Rasmussen, J.B., 1999. Stable isotope evi-
dence for the food web consequences of species invasions in lakes. Nature 401,
464–467.

Vandewalle, M.,  de Bello, F., Berg, M.P., Bolger, T., Dolédec, S., Dubs, F., Feld, C.K., Har-
rington, R., Harrison, P.A., Lavorel, S., Martins da Silva, P., Moretti, M.,  Niemelä,
J.,  Santos, P., Sattler, T., Paulo Sousa, J., Sykes, M.T., Vanbergen, A.J., Woodcock,
B.A., 2010. Functional traits as indicators of biodiversity response to land use
changes across ecosystems and organisms. Biodivers. Conserv. 19, 2921–2947.

Votier, S.C., Bearhop, S., Fyfe, R., Furness, R.W., 2008. Temporal and spatial variation
in  the diet of a marine top predator—links with commercial fisheries. Mar. Ecol.
Prog. Ser. 367, 223–232.

Winder, M.,  Schindler, D.E., 2004. Climate change uncouples trophic interactions in
an  aquatic ecosystem. Ecology 85, 2100–2106.
Woodward, G., Benstead, J.P., Beveridge, O.S., Blanchard, J., Brey, T., Brown, L.E., Cross,
W.F., Friberg, N., Ings, T.C., Jacob, U., Jennings, S., Ledger, M.E., Milner, A.M., Mon-
toya, J.M., O’Gorman, E., Olesen, J.M., Petchey, O.L., Pichler, D.E., Reuman, D.C.,
Thompson, M.S.A., Van Veen, F.J.F., Yvon-Durocher, G., 2010. Ecological networks
in  a changing climate. Adv. Ecol. Res. 42, 72–138.


	Food web indicators under the Marine Strategy Framework Directive: From complexity to simplicity?
	1 Introduction
	2 Analysis of food web indicators under the MSFD
	2.1 Performance of key predator species determined from their production per unit biomass (productivity) (indicator 4.1.1)
	2.1.1 Theoretical background
	2.1.2 Applications
	2.1.3 Future directions

	2.2 Large fish (by weight; indicator 4.2.1)
	2.2.1 Theoretical background
	2.2.2 Applications
	2.2.3 Future directions

	2.3 Abundance trends of functionally important selected groups/species (indicator 4.3.1)
	2.3.1 Theoretical background
	2.3.2 Applications
	2.3.3 Future directions


	3 Discussion
	4 Conclusion
	Acknowledgements
	References


