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Abstract:

Estuarine areas are sites of human pressures and degradation. In order to maintain and/or restore the
quality of estuarine ecosystems, it is necessary to describe their structure and functioning. For that
reason, many recent scientific works focus on food webs, which are depicted as being good indicators
of the functioning of aquatic ecosystems. Hence it is necessary to question how estuarine food webs
can be described. This paper proposes a pragmatic and practical review of the most widely used
techniques (stomach/gut content analysis, stable isotope ratios and biochemical markers) with
emphasis on their main advantages, drawbacks and bias according to possible ecological goals
(ecological quality objectives). These approaches, although quite different, provide complementary
information about the trophic relationships in the system, that is to say the sources of organic matter
and the description of energy flows between the different compartments of the food web. In trophic
models, all these results can be integrated to a global picture of the estuarine trophic structure. This is
considered to be an essential step towards the understanding of the functioning of these ecosystems.
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Introduction

Because managers are focussing more and more on a regional environment scale, the
need for ecosystem-level research has never been more important than now (Livingston,
2002). For fisheries science for instance, Petitgas (2002) commented, in a recent review, that
“scientific focus shifted from the management of resources to that of ecosystems, as
politicians decided that fisheries and environment issues should be integrated”. This situation
is probably exacerbated in coastal and estuarine areas where the potential conflicts of interests
between users are multiple and where the relations between human activities and biological
systems and the conflicts of use between ecological sustainability and economic valuation are
acute. The high heritage value of these systems combined with the fact that they are amongst
the most productive systems at various levels (Costanza et al., 1997; Day et al., 1981)
explains that they constitute a major ecological stake in the way to a sustainable management
of aquatic environments.

An important example of this tendency towards ecosystem-level research is the recent
European Union Water Framework Directive (EU, 2000), which requires a very well
structured approach in protecting aquatic ecosystems and which, because of the lack in
required knowledge, implicitly stimulates high integrated aquatic ecological research. Hence,
whatever the biological group the aquatic ecologist can be interested in, he must consider it as
a part of the entire ecosystem.

Odum (1953) formulated the most widely used definition of an ecosystem as “any
entity or natural unit that includes living and nonliving parts interacting to produce a stable
system in which the exchange of materials between the living and the nonliving parts follows
circular paths is an ecological system or ecosystem”. Estuarine ecosystems are particular ones
in which the habitat (abiotic environment) is especially characterized by rapid and intense
fluctuations of the physicochemical factors and the biotic communities are characterised by a
strong spatial and seasonal heterogeneity and variability (McLusky & Elliott 2004).
Moreover, as these ecosystems are often subjected to important anthropogenic pressures such
as fishing, harbour activities, dredging or industrial discharges (Mouny, 1998), their structure
and their functioning are the result of natural variations and anthropogenic effects. Describing
and understanding these connections is an essential step in order to maintain and to restore the
quality of estuarine areas, hence there is the need to consider and review the methods
available for describing an estuarine ecosystem.

Assuming like Platt & Denman (1978) that “the structure of a community of species
resulted from trophic interactions”, several recent scientific works at the ecosystem level now
emphasize food web ecology as central to an understanding of how aquatic systems function
(e.g. Ulanowicz, 1986; de Jonge, 1990; Baird et al., 1991; Baird & Ulanowicz, 1993,
Livingston, 2002). These authors put interactions between the different living parts of the
system at the heart of ecosystem considerations. This trophodynamic view of the functioning
of an ecosystem is mainly inherited from Lindeman’s thermodynamical theory of the
exchange of materials in an ecological system (Lindeman, 1942).

The above considerations dictate the need to describe the estuarine food web. This can
be by characterising trophic relationships between species or groups of species (feeding
guilds, functional groups, species which can be separated by sex and size...) i.e. by
characterising sources of organic matter and energy flows between the components of the
system (West et al. 2003). Whipple et al. (2000) put forward that “Construction, validation
and application of models is a useful method to evaluate predation and fisheries mortality and
the impacts of these processes on population dynamics”. Most of the models tackled by this
author, and especially process-based models require qualitative or quantitative data about
species interactions in the system and diet compositions of the species included in the



analysis. So, very local and very relevant studies are often necessary, in particular to describe
the trophic regimes of species.

Irrespective of whether the aim is to describe trophic relationships in the system or to
“feed” trophic models, stomach/gut content analysis, stable isotopes ratios and biochemical
markers such as fatty acids and sterols are amongst the most widely used techniques in food
web ecology (Elliott & Hemingway 2002). The present paper aims at proposing a pragmatic
and practical review of these approaches with emphasis on their main advantages,
disadvantages and bias according to possible goals being reached by the estuarine ecologist.

Stomach/gut content analysis

In order to improve the knowledge about the functioning of the fish community in the
Tagus estuary (Portugal), Costa (1982; 1988) studied the estuarine food web and she
described the diet composition and the feeding ecology of the most abundant fish species
using stomach/gut content analysis.

This method is considered as a “standard practice” in fish and marine vertebrates
ecology (Hyslop, 1980; Cortés, 1997) and is also used for the study of crustacean ecology
(e.g. Sorbe, 1983; David, 2001). It consists in the direct observation of the stomach contents
providing information on what and how much an animal has recently eaten (Costa, 1982; Elie
& Marchand, 1983; Marshall, 1995; David, 2001; Elliott & Hemingway, 2002). For some
species, such as the gobies, all the gut content is analysed (e.g. Pasquaud et al., 2004) because
they do not have a functional sphincter between the stomach and the intestine (Bertin, 1958).
Typically, such method involves catching, killing and dissecting many organisms (Elliott &
Hemingway, 2002). But it is sometimes possible to capture and anaesthetise the animal and
then to flush out the stomach contents without causing any harm (e.g. stomach-flushing
technique; Strange & Kennedy, 1981). This provides valuable data especially when applied to
endangered and rare species (e.g. European sturgeon; Brosse et al., 2000).

In the laboratory, all food items are identified to the highest possible taxonomic
separation (providing a qualitative description), counted and weighted (giving quantitative
information). In some cases, a volumetric approach can be preferred to the gravimetric
technique (e.g. West et al., 2003). The calculation of simple indexes such as frequency of
occurrence, percent composition by number, by weight or by volume allows for the precise
characterisation of diet (Marshall & Elliott 1997). The validity, reliability and practicability of
different methods for the investigation of stomach contents, especially for fish, have been
discussed to a large extent by several authors (Swynnerton & Worthington, 1940; Hynes,
1950; Pillay, 1950; Windell & Bowen, 1968; Hellawell & Abel, 1970; Hureau, 1970; Berg,
1979; Hyslop, 1980; Wootton, 1990; Cortés, 1997; Hansson, 1998).

Standard statistical tests and univariate/multivariate numerical and/or graphical
techniques (Clarke, 1993; Marshall & Elliott, 1997; Elliott & Hemingway, 2002) are often
used in order to go from a simple knowledge of trophic ecology to a valuable understanding
of the dynamic feeding relationships.

These approaches provide pictures of the intra- and interspecific relationships (Costa,
1982; Elie & Marchand, 1983; Henderson et al., 1992; Marshall, 1995; David, 2001) and
allow us to characterise the trophic guilds (e.g., Baldo & Drake, 2002, Hajisamae et al.; 2003;
Fig. 1) and the major trophic levels (e.g., Henderson et al., 1992; West et al., 2003; Fig. 2).

Among its main advantages, the technique seems to be an interesting way to study the
spatial and seasonal variability of parts of food webs (Costa, 1982; Henderson et al., 1992;
Marshall, 1995; Hajisamae et al., 2003; West et al., 2003), which is a major problem in
understanding the functioning of estuaries. Moreover, this method allows us to look for



changes in the diet of species related to size and ontogeny (Baldo & Drake, 2002; Marshall,
1995; Elie & Marchand, 1983).

In absolute terms, these data analyses enable a relatively good description of the fish
and some crustaceans diet, qualitatively and quantitatively (Bowen, 1996). But this approach
is less used because of the required intensity sampling and the bias of the method, which
reduces the representativeness of the results (Elliott & Hemingway, 2002). Indeed, bias and
difficulties must be taken into account. In addition to the classical problem with sampling
design in space and time depending on the questions at that level, it is important to note that,
for instance, care should be taken with sampling to minimize regurgitation, feeding under
abnormal conditions (due to the use of trawl or trap), digestion after capture (variable
according to species) and daily or tidal bias between samples (Potts & Reay, 1987).
Furthermore, it is of note that the calculation of diet indices is dependent on the ease of
identification of the food organisms (Marshall & Elliott, 1997). “However, proportions of
food found in the stomach are unlikely to reflect exact proportions ingested due to differential
rates of digestion of different types of prey taxa” (Elliott & Hemingway, 2002). Indeed, the
importance of rapidly digested prey items may be underestimated and the importance of less
digestable prey is overestimated (Hyslop, 1980), resulting in a bias in prey analysis. Hence,
these aspects require to be quantified during the analysis. Moreover, the identification of prey
Is sometimes difficult, because of their level of degradation due to digestion again, which is
certainly the major bias of the method.

This approach is difficult to apply on small organisms (David, 2001) and some
compartments such as zooplankton cannot be investigated using this technique. Conversely, it
is mainly used and well adapted for fish (Hynes, 1950; Berg, 1979; Hyslop, 1980; Elliott &
Hemingway, 2002). Consequently, stomach content analyses are unlikely to provide a
complete understanding of the estuarine food web (e.g., Henderson et al., 1992; Hajisamae et
al., 2003; Fig. 1) and so other complementary methods, such as isotopic analysis, considering
mainly the first components of the estuarine trophic webs must be employed (e.g. West et al.,
2003).

Stable isotopes: 8N, §°C, §*s

In a study designed to identify organic matter sources that support consumers and to
seek trophic linkages in different wetlands, Kwak & Zedler (1997) used carbon, nitrogen and
sulfur stable isotopes to characterize the food web in Tijuana estuary (Southern California).
This method appears to be a good tool to improve our understanding of the basis of the
estuarine food web, especially regarding which sources of organic matter in general provide
energy and nutrient resources to heterotrophs and through which organisms this energy is
transferred (DeNiro & Epstein, 1978; Fry & Sherr, 1984; Cloern et al., 2002). This method is
based on the spectrophotometric measurment of the isotopic ratios of light elements (carbon,
nitrogen and sulfur).

The analysis of stable carbon isotopes (5'°C) in suspended particulate organic matter
and sediments can indicate the origins of plant source materials (e.g., Fry & Sherr, 1984). In
an estuarine ecosystem, there are several potential sources of carbon with different §°C
signatures. These characteristic isotopic ratios are preserved in the consumers and are
propagated along the food chain. So, the composition of stable carbon isotopes in an organism
corresponds to the integration of the different food resource(s) consumed during a certain
time in a given area (DeNiro & Epstein, 1978, 1981; Wada et al., 1991; Dufour & Gerdeaux,
2001) and provides the relative contributions of some groups of primary producers (Maberly
et al., 1992). Because of this, §"°C is a good indicator of the diet composition in the primary
consumers; however, because of the weak difference in 8**C between an animal and its food,



813C is not very indicative of the trophic level (Davenport & Bax, 2002). Consequently,
analyses of stable nitrogen isotopes (5'°N) are also used to provide information on source
materials (e.g., France, 1994) but are especially used to determine trophic levels and to
deduce relationships between the primary producers and the primary consumers in an
ecosystem. Indeed, the relatively large difference in N between an animal and its prey
allows trophic relationships and levels within an ecosystem to be estimated by characterising
the diet composition of the animal (Minagawa & Wada, 1984; Wada et al., 1987; Fry, 1988;
Kwak & Zedler, 1997; Wada et al., 1991; Lesage et al., 2001). Finally, the sulfur isotopic
ratio may also be measured and even if the use of this element is less precise than the carbon,
it provides a good marker for tracing the origins of organic matter (Deegan & Garritt, 1997).

Multiple stable isotope comparisons (dual isotope plots of §°N, §'°C and §S; Jassby
et al., 1993; Deegan & Garritt, 1997; Jassby & Cloern, 2000) provide significantly more
power to resolve food web structure than does a single isotope approach (Fry & Scherr, 1984;
Peterson et al., 1985; e.g., Lesage et al., 2001; Fig. 3). They constitute a valuable approach to
evaluate the complexity of the food web (Kwak & Zedler, 1997).

In recent years, the interest in the use of stable isotopes of the organic matter in order
to study the architecture of the aquatic food webs has increased (Deegan & Garritt, 1997).
Their application has become a powerful tool for identifying food web linkages (Wada et al.,
1991) in rivers (Finlay, 2001), flood plains (Lewis et al., 2001), salt marshes (Currin et al.,
1995), lakes (Kling et al., 1992; Vander Zander & Rasmussen, 1999) and marine systems
(Michener & Schell, 1994).

In estuaries, Kwak & Zelder (1997) used stable isotope studies to determine the
sources of organic matter in suspended particulate organic matter and sediments and to follow
them in primary consumers (see also Paterson & Whitfield, 1997; Wada et al., 1991). The
seasonal and/or spatial variabilities of these sources can be evaluated (Deegan & Garritt,
1997; Ruesink et al., 2003; Kwak & Zedler, 1997; Riera et al., 2000; Cloern et al., 2002).
Thus, this approach is a complementary technique to stomach content analysis, by defining
the basis of food webs (Kwak & Zedler, 1997; West et al., 2003). In particular, the feeding
ecology of organisms which are too small to be investigated by the observation of their diet,
can be determinated. Thus the planktonic (Perissinotto et al., 2003) and meiobenthic food
webs (Carman & Fry, 2002) can be obtained. Furthermore, this technique offers a unique way
to study detrital food webs which are fundamental to the functioning of estuaries (Peterson &
Fry, 1987; McLusky & Elliott 2004). Moreover, this approach provides a more representative
description of relative trophic levels of each species than that provided by stomach content
analyses (e.g., Kwak & Zedler, 1997; West et al., 2003; Fig. 3). Hence the isotopic ratios can
characterise the basis of food webs and determine the trophic levels but, for example, they
also can describe the variability of the fish and marine mammals’ diet with age and sex (e.g.,
Lesage et al., 2001).

It may be difficult, using the above method, to describe the whole estuarine food web
and the space-time variability of the trophic network because of the strong space-time
heterogeneity of the ecosystem, in particular fish/mammal communities, which leads to the
integration of a signal during a certain temporal scale (Hesslein et al., 1991; Hessein et al.,
1993; Dufour & Gerdeaux, 2001; Perga, 2004) including periods when individuals are not in
the estuary (e.g. Bardonnet & Riera, 2004). Furthermore, the method may have the problem in
that the isotopic signatures of the various sources of organic matter (the contribution of the
river basin area, of the resident source or of littoral marine origin) are often superimposed in
these so complex and fluctuating systems (Kwak & Zedler, 1997; Cloern et al., 2002) making
it difficult to identify the diet. However, the isotopic composition of consumers is useful to
complement other biomarkers, such as fatty acids and sterols (e.g. Canuel et al., 1997; Shi et
al., 2001).



Biochemical markers: fatty acids, sterols

Kwak & Zedler (1997) highlighted the difficulty of categorizing food webs using
stable isotope techniques in fluctuant systems. Thus, in order to investigate trophic
relationships between phytoplankton blooms and the major local primary consumers in the
Bahia Blanca estuary (Argentina), Napolitano et al. (1997) used lipids as biochemical makers.

Lipids are a heterogeneous group of molecules involved in many vital functions in
aquatic organisms (Sargent, 1976). Among them, fatty acids and sterols are synthesized in a
specific way by certain groups of organisms (e.g., Canuel et al., 1995; Napolitano et al., 1997)
and they are transferred unchanged (or in a recognizable form) to the upper levels of food
webs (Napolitano et al., 1997). Hence,these constituents have proved to be important tools
firstly in the detection of the origin of the organic matter (Saliot et al., 1991; Canuel et al.,
1995) in suspended material (Currie & Johns, 1988), in sediment (Volkman et al., 1980;
Fichez et al., 1993; Rajendran et al., 1993; Meziane et al., 1997) and in macrozoobenthos
(Nichols et al., 1982; Kharlamento et al., 1995) but also in clarifying the trophic relationships
(Sargent & Whittle, 1981; Kharlamenko et al., 1995).

For example, as some lipidic constituents (in particular essential fatty acids), which are
produced by plants, cannot be synthesized de novo by primary consumers, they constitute
particularly useful trophic markers because they are synthesized by plants and selected
bacteria and are then assimilated and retained by animals (Napolitano et al., 1997). In an
estuarine ecosystem, there are many fatty acids and sterols found in the organic matter and
they have different origins (estuarine, marine or riverine continental phytoplankton, terrestrial
plants) (Thoumelin et al., 1997; Bodineau et al., 1998). Because of their structure, these
different lipidic constituents are easily recognizable and so they provide an effective means to
detect and identify the different sources of organic matter. This method can complement
isotopic analysis as it gives more precise qualitative information about the source of organic
matter (Fichez et al., 1993; Canuel et al., 1995; Shi et al., 2001) but no quantitative values.
Conversely, these fatty acids and sterols are also quite well detected in the primary
consumers. Thus, this technique allows the identification of the primary producers - primary
consumers trophic relationships (Napolitano et al., 1997) and the evaluation of their seasonal
and spatial variability (Canuel et al., 1995; Shi et al., 2001). Despite this, these biomarkers are
more or less transformed/metabolized in a way that is not very clear in the higher trophic
levels thus making it difficult to characterize food webs using these biomarkers.

Discussion
Trophic models and their data requirements

With the necessity to synthesize and to improve our knowledge about the trophic
structure of estuarine ecosystems, new techniques to describe and quantify organic matter
flows have appeared with the development of data-processing and interpretative tools such as
trophic models (e.g., Wolff et al., 2000; Fig. 4). Among the spectrum of representative models
(see for instance Shin, 2000 or Whipple et al., 2000 for a literature review), steady-state and
dynamic process-based models (fig. 5) provide for the most explicit representation of trophic
interactions between species. In particular, in inverse analysis (Vézina & Platt, 1988; Vézina,
1989; Vézina & Pace, 1994) and Ecopath models (Polivina, 1984; Christensen & Pauly, 1992;
Ulanowicz, 1993), two of the main static approaches in modelling trophic flows, the
ecosystem is generally divided in different compartments, or “functional groups”, connected
by a trophic relationship or a biomass flow. Modelling can be achieved after the



determination of the space-time limits of the studied system. More details about the energy
flows in the system (distribution, circulation) and the thermodynamic state of the system can
be obtained by using the principles of network analysis as defined by Ulanowicz (1986).
Ecopath analysis accounts for predator-prey relationships and fishery harvest and provides a
quantitative assessment of the trophic flows and the trophic structure of the ecosystem. The
main assumption (but also the main limitation) of the technique is that the system is mass-
balanced which allows only for static representation of the food web. Moreover, the model
needs a large amount of data to solve the set of linear equations on which the model is
constructed. Quantitative diet compositions of the different compartment are typically among
the least well-known and the most uncertain parameters needed to balance the model
(Kavanagh et al., 2004). Data at various levels can be used because explicit quantitative data
describing how much one compartment feeds on the others are not as easy to obtain for all the
compartments. That is especially true for estuarine and coastal ecosystems where recent
modelling approach have shown that food web ecology is complex, variable and trophic
spectrum are quite wide (see for instance Baird et al., 1991; Baird & Ulanowicz, 1993;
Baretta & Ruardij, 1988; Monaco & Ulanowicz, 1997; Rybarczyk & Elkaim, 2003 and Lobry,
2004).

The main advantages and limitations of the methods

As indicated here, the stomach/gut content analyses, the stable isotopes ratios (5N,
81C, & **S) and the biochemical markers such as fatty acids and sterols are the three main
techniques used in food web ecology. The main limitations and difficulties with the above
techniques in estuaries come from the fact that estuaries are transitory habitats for many
species and especially for fish species (Elliott & Dewailly, 1995; Elliott & Hemingway, 2002;
Lobry et al., 2003). That supposes there are multiple sources of organic matter and that preys
can have riverine and/or marine signals. Thus, this underlines the great importance of a
relevant sampling design in space and time.

Table | that summarises the advantages and disadvantages of each technique and
shows that these methods present different and complementary information in order to
describe estuarine ecosystems. Indeed, firstly, the stomach/gut content analysis appears like
the most reliable method of studying the fish estuarine food webs. Secondly, the study of
stable isotopes ratios allows us to determine the trophic levels and, thirdly, coupled with the
investigation of biochemical markers, it provides a good representation of the basic structure
of food webs. Hence, as would be expected, the method chosen depends on the aims,
objectives and hypotheses generated by a study. However, in most estuaries, the food webs
are based on the “detritus” component from both allochthonous and autochthonous complex
and variable sources (Lobry, 2004; McLusky & Elliott 2004). In those cases, the use of stable
isotope ratios and biochemical markers has limitations because of such processes as physical,
chemical and biological degradation. The isotopic signals are always superimposed and the
lipids constituents are often in an unrecognisable form. This makes the characterization of the
origin of the organic matter and thus, the basis of the food webs a difficult task.

It is concluded here that even if the stomach contents analyses do not provide
information about the origin of the detritic organic matter and even if the analysis is
sometimes very constrained, for example with the identification of the phytoplankton and the
very digested and unidentifiable items, this method appears to be the most reliable in order to
improve the knowledge of the estuarine food webs. Hence the conclusion by Elliott &
Hemingway (2002) that the information derived from stomach contents analysis can be used
primarily to create and quantify food webs, to investigate the feeding behaviour and resource
partitioning and to estimate energy budgets. Thus, an adequate picture of the food webs is



obtained and the data can be employed for trophic models, which allow us to predict space-
time variations of the predator-prey relationships, to simulate contaminations by pollutants
through food webs and to compare the different estuarine trophic structures.

Although the characterization of the trophic webs remains both challenging and with
inherent errors dictated by the methods used, it represents an essential step in the
determination of the functioning of an ecosystem. For example, knowing the food web
structures allows us to start to explain succession patterns, to detect the possible anomalies in
the evolution of certain components of the populations and to understand bioavailaibility and
biomagnification xenobiotic and other polluting substances. In addition, they will contribute
to provide a tool in defining Good Ecological Status, determining indicators and comparing
deterioration against reference sites as required by the recently adopted European Union
Water Framework Directive.
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Table 1. Advantages and disadvantages of each method to the characterization of estuarine

food webs.
Method Advantages Disadvantages
Stomach/gut content ~ Give a qualitative and quantitative description of the Numerous biases linked to the method (regurgitation,
analysis trophic relationships digestion...)

Stable isotopes
615N 613(: 6348

Biochemical markers
Fatty acids, sterols

Allow the study of the variability (intra- and interspecific,
spatial, temporal, linked to the size)

Well adapted for fish food web

Give information for the calculation of energy flows

Can be applied on all type of estuaries

Determinate the origin of the organic matter
Determinate the food web base
Allow to calculate trophic levels

Determinate the different sources of organic matter
Determinate the food web base

No information on the origin of the detritic organic matter

Need to begin with the separation of the different sources
of organic matter

Difficulty to apply on detritus-based estuarine food web
Not very efficient on fish

No quantitative values

Difficulty to apply on detritus-based estuarine food web
Not efficient on fish because of the metabolization of these
biomakers
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Figure 1. The overall trophic guilds of fishes in the Johor Strait (Singapor) from Hajisamae et

al. (2003: 94, fig.2).



17

- Vertical
Sagitta position
elegans A
Phytoplankton Copepods Clupeids
Aphia
minuta
Musid Pleurobrachia Planktonic
3 ysids pileus /Pelagic
Pasiphaea
sivado
Mullet \
— -
rachyuran Juvenile
Praws d d doid )
ecapods gadolas Proximo-
- benthic
Diatoms & Small Crangon < Bass Large
Macrophytes crustaceans crangon fish
Sand goby |~ Sea snail
Molluscs Flatfish Rockling Epibenthic
Detritus Annelids .
Benthic
| I 1A 1B v \%

TROPHIC LEVEL

Figure 2. Generalised food web with the major trophic levels in the lower Severn estuary

(UK) from Henderson et al. (1992: 680, fig.2).
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Figure 3. Trophic structure of the St Lawrence Estuary (Canada) as determined from nitrogen

isotope ratios converted to trophic position and carbon isotope ratios of their different

components from Lesage et al. (2001: 213, fig.4).
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Figure 5. Diagram of the model classification by Whipple et al., 2000




