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This thesis presents two related studies on the methodology for creating, and 

subsequently analyzing, an inverse food web model of an intertidal seagrass bed.  The first study 

(Chapter 2) describes, for the first time in the literature, a method for incorporating isotopic 

information gained from Bayesian mixing models into an inverse food web model.  The second 

study (Chapter 3) analyzes the results of this food web model from an ecological perspective, 

which includes the first complete description of the carbon budget of an intertidal seagrass food 

web incorporating isotopic information. 

Linear inverse modeling (LIM) is a technique that estimates a complete network of flows 

in an under-determined system (e.g., a food web) using a combination of site-specific data and 

previously published data.  This estimation of complete flow networks of food webs in marine 

ecosystems is becoming more recognized as a powerful tool for understanding ecosystem 

functioning.  However, diets and consumption rates of organisms are often difficult or impossible 

to accurately and reliably measure in the field, resulting in a large amount of uncertainty in the 

magnitude of consumption flows and resource partitioning in food web models.  In order to 

address this issue, Chapter 2 utilized stable isotope data to help aid in estimating these unknown 

flows.  δ
13

C and δ
15

N isotope data of consumers and producers in the Marennes-Oléron seagrass 

system were used in Bayesian mixing models; the output of which were then used to constrain 

consumption flows in an inverse analysis food web model of the seagrass ecosystem.  We 

hypothesized that incorporating the diet information gained from the stable isotope mixing 



 

models would result in a more constrained food web model.  In order to test this, two inverse food 

web models were built to track the flow of carbon through the seagrass food web on an annual 

basis, with units of mg C m
-2

 d
-1

.  The first model (Traditional LIM) included all available data, 

with the exception of the diet constraints formed from the stable isotope mixing models.  The 

second model (Isotope LIM) was identical to the Traditional LIM, but included the SIAR diet 

constraints.  Both models were identical in structure, and intended to model the same Marennes-

Oléron intertidal seagrass bed.  Each model consisted of 27 compartments (24 living, 3 detrital) 

and 175 flows.  Comparisons between the outputs of the models showed the addition of the 

SIAR-derived isotopic diet constraints further constrained the solution range of all food web 

flows on average by 26%.  Flows that were directly affected by an isotopic diet constraint were 

45% further constrained on average.  These results confirmed our hypothesis that incorporation of 

the isotope information would result in a more constrained food web model, and demonstrated the 

benefit of utilizing multi-tracer stable isotope information in ecosystem models.   

In Chapter 3, Ecological Network Analysis (ENA) was used to investigate the functional 

ecology of the system.  The majority of seagrass food web studies thus far have relied on trophic 

marker analyses (i.e. stable isotopes, fatty acids) to investigate food sources and trophic positions, 

and as a result, few studies have examined seagrass beds from a perspective of whole-ecosystem 

functioning.  By quantifying the Marennes- Oléron seagrass food web using linear inverse 

modeling coupled with results from isotopic mixing models, this study investigated the relative 

trophic importance of primary producers in the system, the trophic structure of the seagrass bed 

flora and fauna, the relative importance of allochthonous versus autochthonous carbon, and both 

the sequestration and export of organic carbon to the surrounding environment.  Additionally, 

results of these analyses were compared with other coastal systems, including a neighboring bare 

mudflat located in the Marennes-Oléron estuary.  Grazing rates indicated that microphytobenthos 

was directly consumed about 7 times more than Zostera, while a novel metric of total food web 

dependency derived from network analysis  showed the consumer compartments relied upon 

microphytobenthos 22 time more than on Z. noltii via direct and indirect pathways. Meiofauna 

was found to provide an important link between primary production and detritus with upper 

trophic levels (i.e. fish).  Autochthonous carbon was utilized over 4 times more than 

allochthonous carbon by the seagrass food web in total, and the system was shown to be a net 

carbon sink.  Our analysis supported the concept that seagrass meadows have a high metabolic 

capacity and the ability to accumulate large sedimentary carbon pools (e.g., carbon sequestration), 

which are important climate-regulating ecosystem services.  ENA revealed the Oléron seagrass 



 

bed to be a relatively mature, stable system internally, with strong connections via energy 

transport to and from surrounding environments.  To the best of the authors’ knowledge, this 

study was the first to fully characterize the carbon budget of an intertidal seagrass food web 

utilizing probabilistic methods. 
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Incorporation of diet information derived from Bayesian stable isotope mixing models into 

mass-balanced marine ecosystem models: A case study from the Marennes-Oléron Estuary, 

France  

 

1. Introduction 

This thesis presents two related studies on the methodology and analysis of creating an 

inverse food web model of an intertidal seagrass bed food web.  The first study describes, for the 

first time in the literature, the methods development of incorporating isotopic information gained 

from Bayesian mixing models into an inverse food web model.  The second study analyzes the 

results of this food web model from an ecological perspective, and is the first complete 

description of the carbon budget of an intertidal seagrass food web incorporating isotopic 

information. 

The motivation for this project came from previous research under the mentorship of Dr. 

Peter Eldridge on the incorporation of stable isotope information into inverse food web models.  

At this time, the incorporation of a single isotopic tracer into the food web model was the “state 

of the art.”  Additionally, models were solved for a single optimized solution using an objective 

function lacking any biological or ecological relevance.  I was invited by a colleague of Dr. 

Eldridge’s, Dr. Nathalie Niquil, as a visiting scientist at the University of La Rochelle, France in 

order to work on improving upon the utilization of stable isotope information in food web 

models.  My goals were to design a method by which multiple isotopic tracers could be 

incorporated into the food web model, as well as utilize recent advances in model solution 

techniques incorporating Markov Chain Monte Carlo methods.  I planned on applying these 

techniques in order to model the complete food web of an intertidal seagrass bed in the Marennes-

Oléron Bay, France, which would be the first of its kind.  This new technique would provide the 

first ever integration of multiple stable isotopes into a linear inverse food web model, as well as 

the first complete carbon budget of an intertidal seagrass food web. In addition, the Markov 

Chain Monte Carlo methods would allow for statistical analysis of model results, and better 

comparison with other systems.  The complete carbon budget would also allow me to address 

important outstanding questions and debates in the seagrass ecology literature that are best 

addressed from a holistic system perspective, such as that afforded by the food web model.  This 

includes the relative trophic importance of primary producers, the trophic structure of the seagrass 
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bed, the importance of allochthonous versus autochthonous carbon, carbon sequestration, and the 

importance of individual food web compartments to whole food web functioning. 

Chapter 2 investigates the use of output from Bayesian stable isotope mixing models as 

constraints for a linear inverse food web model of a temperate intertidal seagrass system in the 

Marennes-Oléron Bay, France.  Linear inverse modeling (LIM) is a technique that estimates a 

complete network of flows in an under-determined system using a combination of site-specific 

data and relevant literature data.  This estimation of complete flow networks of food webs in 

marine ecosystems is becoming more recognized for its utility in understanding ecosystem 

functioning.  However, diets and consumption rates of organisms are often difficult or impossible 

to accurately and reliably measure in the field, resulting in a large amount of uncertainty in the 

magnitude of consumption flows and resource partitioning in ecosystems.  In order to address this 

issue, this study utilized stable isotope data to help aid in estimating these unknown flows.  δ
13

C 

and δ
15

N isotope data of consumers and producers in the Marennes-Oléron seagrass system was 

used in Bayesian mixing models.  The output of these mixing models was then translated as 

inequality constraints (minimum and maximum of relative diet contributions) into an inverse 

analysis model of the seagrass ecosystem.  We hypothesized that incorporating the diet 

information gained from the stable isotope mixing models would result in a more constrained 

food web model.  In order to test this, two inverse food web models were built to track the flow of 

carbon through the seagrass food web on an annual basis, with units of mg C m
-2

 d
-1

.  The first 

model (Traditional LIM) included all available data, with the exception of the diet constraints 

formed from the stable isotope mixing models.  The second model (Isotope LIM) was identical to 

the Traditional LIM, but included the SIAR diet constraints.  Both models were identical in 

structure, and intended to model the same Marennes-Oléron intertidal seagrass bed.  Each model 

consisted of 27 compartments (24 living, 3 detrital) and 175 flows.   

Chapter 3 describes the inverse model of the annual carbon budget of an intertidal 

seagrass bed in the Marennes- Oléron estuary, France created in the second chapter. Ecological 

Network Analysis (ENA) was used to investigate the functional ecology of the system.  The 

majority of seagrass food web studies thus far have relied on trophic marker analyses (i.e. stable 

isotopes, fatty acids) to investigate food sources and trophic positions, and as a result, few studies 

have examined seagrass beds from a perspective of whole-ecosystem functioning.  By 

quantifying the Marennes- Oléron seagrass food web using linear inverse modeling coupled with 

results from isotopic mixing models, this study investigated the relative trophic importance of 
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primary producers in the system, the trophic structure of the seagrass bed flora and fauna, the 

relative importance of allochthonous versus autochthonous carbon, and both the sequestration and 

export of organic carbon to the surrounding environment.  Additionally, results of these analyses 

were compared with other coastal systems, including a neighboring bare mudflat located in the 

Marennes-Oléron estuary.  
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2.1 Abstract 

We investigated the use of output from Bayesian stable isotope mixing models as 

constraints for a linear inverse food web model of a temperate intertidal seagrass system in the 

Marennes-Oléron Bay, France.  Linear inverse modeling (LIM) is a technique that estimates a 

complete network of flows in an under-determined system using a combination of site-specific 

data and relevant literature data.  This estimation of complete flow networks of food webs in 

marine ecosystems is becoming more recognized for its utility in understanding ecosystem 

functioning.  However, diets and consumption rates of organisms are often difficult or impossible 

to accurately and reliably measure in the field, resulting in a large amount of uncertainty in the 

magnitude of consumption flows and resource partitioning in ecosystems.  In order to address this 

issue, this study utilized stable isotope data to help aid in estimating these unknown flows.  δ
13

C 

and δ
15

N isotope data of consumers and producers in the Marennes-Oléron seagrass system was 

used in Bayesian mixing models.  The output of these mixing models was then translated as 

inequality constraints (minimum and maximum of relative diet contributions) into an inverse 

analysis model of the seagrass ecosystem.  We hypothesized that incorporating the diet 

information gained from the stable isotope mixing models would result in a more constrained 

food web model.  In order to test this, two inverse food web models were built to track the flow of 

carbon through the seagrass food web on an annual basis, with units of mg C m
-2

 d
-1

.  The first 

model (Traditional LIM) included all available data, with the exception of the diet constraints 

formed from the stable isotope mixing models.  The second model (Isotope LIM) was identical to 

the Traditional LIM, but included the SIAR diet constraints.  Both models were identical in 

structure, and intended to model the same Marennes-Oléron intertidal seagrass bed.  Each model 

consisted of 27 compartments (24 living, 3 detrital) and 175 flows.  Comparisons between the 

outputs of the models showed the addition of the SIAR-derived isotopic diet constraints further 

constrained the solution range of all food web flows on average by 26%.  Flows that were directly 

affected by an isotopic diet constraint were 45% further constrained on average.  These results 

confirmed our hypothesis that incorporation of the isotope information would result in a more 

constrained food web model, and demonstrated the benefit of utilizing multi-tracer stable isotope 

information in ecosystem models.         
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2.2 Introduction 

  Current ecological questions are often complex in nature, requiring a holistic 

perspective in order to adequately address the multitude of variables and relationships.  There is 

thus an ever-increasing pressure on ecologists to address these questions at the ecosystem scale.  

Quantitative food web models, representing partial or whole ecosystem flux networks, are a 

promising methodology to address ecological questions (Christian et al., 2009; Leslie and 

McLeod, 2007).  These models are able to simultaneously explore effects of environmental 

changes on ecosystem structure and function, as well as emergent properties such as system 

dependencies, recycling, and efficiencies (Niquil et al., 2012).  Banašek-Richter et al. (2004) 

showed that ecosystem descriptors based on quantified systems models are more accurate than 

their qualitative counterparts.  Estimation of complete flux networks of food webs in marine 

ecosystems is recognized for its utility to understand ecosystem functioning (Niquil et al., 2012).   

However, many components of ecosystem models are understood conceptually, but difficult or 

impossible to measure in the field, and therefore must be estimated (Niquil et al., 1998; van 

Oevelen et al., 2010; Vezina and Platt, 1988).  

Inverse analysis is a powerful quantitative modeling method for estimating unmeasured 

components in ecosystem structures (Legendre and Niquil, 2012) and has been widely used for 

this reason in food web modeling (Breed et al., 2004; Daniels et al., 2006; Degré et al., 2006; 

Donali et al., 1999; Eldridge et al., 2005; Eldridge and Jackson, 1993; Grami et al., 2008; 2011; 

Jackson and Eldridge, 1992; Kones et al., 2009; Leguerrier et al., 2007; 2003; Niquil et al., 1998; 

2006).  It has become commonly referred to as Linear Inverse Modeling (LIM). Similarly to 

ECOPATH with ECOSIM (Christensen and Pauly, 1992; Pauly, 2000; Walters et al., 1997), LIM 

produces a static, mass-balanced, temporally integrated snapshot of the complete food web.  

Recent methodological advances have resulted in moving from models being solved with a single 

objective function (frequently a minimization function, (Vezina and Platt, 1988); Legendre and 

Niquil, 2012), to utilizing stochastic Markov Chain Monte Carlo methods to produce probability 

distributions of model results (LIM-MCMC) (Kones et al., 2009; 2006; Van den Meersche et al., 

2009; van Oevelen et al., 2010).  This technique avoids underestimates in both the size and 

complexity of the modeled food web as a result of the parsimony principle (Johnson et al., 2009; 

Kones et al., 2006).  A more thorough review on the subject is covered by Niquil et al. (2012). 

Few applied studies have made use of recent methodological advances in this field, despite the 
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relevance to informing conservation and environmental management decisions (Christian et al., 

2009;Jorgensen 2007). 

 Stable isotopes are commonly used to study trophodynamics in ecosystems.  Stable 

isotope analyses allow determination of food sources actually assimilated in the tissues of 

consumers over time, properly reflecting their trophodynamics depending on food source 

availability (Fry, 2006).  Consumption rates are often difficult or impossible to accurately 

measure in the field, especially for smaller organisms, resulting in a large uncertainty in the 

magnitude of consumption flows and trophic resource partitioning in ecosystem models.  Stable 

isotope data can be utilized to estimate these unmeasured flows (Navarro et al., 2011; van 

Oevelen et al., 2010).  While the use of stable isotopes in diet studies has become standard 

practice (Moore and Semmens, 2008; Post, 2002), the integration of stable isotope data with 

whole food web network models has not been utilized frequently (Baeta et al., 2011; Navarro et 

al., 2011).  The merits of this technique have been discussed recently in the literature (Navarro et 

al., 2011; van Oevelen et al., 2010).  

Until now, only one stable isotopic marker (δ
13

C or δ
15

N) at a time has been incorporated 

into inverse analysis models (Eldridge et al., 2005; Jackson and Eldridge, 1992; Oevelen et al., 

2010; van Oevelen et al., 2006).  Using two or more isotopic markers significantly increases 

model structure complexity and greatly increases model run time.  This problem is compounded 

in situations where Monte Carlo methods are used to run the inverse analysis thousands of times 

(Kones et al., 2009; Niquil et al., 2012; van Oevelen et al., 2010).  This has significant 

implications when attempting to add stable isotope information into food web models solved 

using the new Linear Inverse Model-Markov Chain Monte Carlo techniques (Kones et al., 2009; 

Niquil et al., 2012). 

  Therefore, the goal of this study was to find a way to incorporate information from 

multiple stable isotope elements (i.e., 
13

C, 
15

N, etc.) into food web models using the LIM-MCMC 

technique, with minimum added complexity.  In order to do this, we used the R package SIAR 

(Parnell et al., 2010) to analyze Bayesian mixing models using δ
13

C and δ
15

N data to estimate 

food source distributions of the compartments in an inverse food web model of an intertidal 

seagrass bed.  This information was then integrated into the LIM-MCMC food web model.  

Results of this model were compared with a corresponding model of the same system that 

excluded the isotope information obtained with the SIAR mixing models.  We hypothesized that 

incorporating the food source information gained from the stable isotope information into the 
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LIM-MCMC model would result in a significantly more constrained food web model, with 

reduced uncertainty associated with each flow. 

 

2.3. Methods 

2.3.1 Marennes-Oléron Bay study site and model data 

The seagrass system studied was an intertidal Zostera noltii meadow located in 

Marennes-Oléron Bay, on the Atlantic coast of France (45°54’N, 1°12’W) (Figure 1).  This is a 

semi-enclosed, macrotidal bay, which receives freshwater inputs from the Charente River (15-500 

m
3
 s

-1
) (Ravail-Legrand et al., 1988).  The seagrass bed studied extends for 15km along the 

eastern shore of Oléron Island, and is 1.5km at its widest.   

Primary producer biomass, benthic consumer biomass, and stable isotope data used in 

this model were obtained from (Lebreton et al., 2012; 2009).  Sampling was conducted at two 

stations (a high flat station and a low flat station) in 2006 and 2007 (Figure 1) and the results 

were averaged (Table 1). Each station was a homogeneous area of 100 m
2
 parallel to the 

coastline, about 250 m from the upper and lower limits of the seagrass bed, respectively.  The 

stations were each broken up into 100 plots of 1 m
2
 for sampling.  Both sampling sites were 

exposed at every low tide, with the higher in elevation of the two sites being exposed for 5 hours 

longer on average (Lebreton et al., 2009).  Average emersion times on the seagrass bed were 

computed for this study using bathymetric data and tidal measurements, and those processes (i.e., 

phytoplankton production, bird grazing, zooplankton grazing, etc.) affected by the tidal cycle 

were scaled accordingly in the food web model.  

 

2.3.2 Linear Inverse Model (LIM-MCMC) formulation 

Two inverse food web models were built to track the flow of carbon through the seagrass 

food web on an annual basis, with units of mgC m
-2

 d
-1

.  The first model (Traditional LIM) 

included all available data, with the exception of the diet constraints formed from the stable 

isotope mixing models.  The second LIM (Isotope LIM) was identical to the Traditional LIM, but 

included the SIAR diet constraints.  Both models were identical in structure, and intended to 

model the same Marennes-Oleron intertidal seagrass bed. 

First, an a priori topological model was formulated of the food web based on local expert 

knowledge and previous studies (Leguerrier et al., 2003; 2004), defining the compartments and 

all probable connections between them.  All macrofaunal species sampled in the system were 
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included which had a biomass of at least 0.05 g ash-free dry weight m
-2

.  This biomass threshold 

value resulted in 96.5% of the total measured biomass during sampling being included in the 

inverse food web model.  The benthic and pelagic fauna of the system were parsed into 

compartments based on similarity of species-specific characteristics such as taxonomy, habitat, 

known feeding habits, known predators, and stable isotope (δ
13

C and δ
15

N) values.  Priority was 

placed on aggregating species into the compartments in such a way so as to balance between 

maintaining the true trophic complexity of the ecosystem versus the need to keep the model 

simple enough that solutions could be produced in a timely manner.  As the complexity of the 

model scales exponentially with the number of compartments, some aggregation was necessary.  

However, loss in precision of stable isotope data due to aggregation of species with dissimilar 

signatures was considered to be undesirable for the mixing models, and was therefore avoided. 

Previous studies found that a priori model aggregation at low trophic levels has a greater effect 

on inverse model results than does aggregation of higher trophic levels (Johnson et al., 2009).  In 

light of these results, primary producers, bacteria, and non-living carbon pools (e.g., dissolved 

organic carbon) were each given their own compartment.  The resulting a priori food web model 

consisted of 26 compartments (23 living, 3 detrital) (Table 1) and 175 flows among 

compartments (Table 2). 

The Traditional LIM and Isotope LIM were run using a Matlab routine that was a 

translation of  the R packages limSolve and xsample (Kones et al., 2009; Van den Meersche et 

al., 2009; van Oevelen et al., 2010).  The routine uses a Markov Chain Monte Carlo (MCMC) 

algorithm to sample the LIM solution space using random jumps of a user-defined length.  A 

“mirror” algorithm within the Matlab program creates a set of hyperplanes that form a convex 

solution space based on the equality and inequality constraints, out of which the sampling 

procedure cannot exit (Van den Meersche et al., 2009).  These hyperplanes act as mirrors, which 

the random jumps are reflected by, and that ensure the samples are always taken from within the 

LIM feasible solution space.  This procedure reduces the number of iterations required to fully 

characterize the solution space when compared with a solution procedure whose searching is not 

constrained to within the feasible solution space, as all samples of the mirror algorithm procedure 

are feasible solutions.  Adequate sampling of the solution space and convergence was ensured 

through visual inspection of the sampling and results for each flow of the food web model.  Note 

that the models were solved using the LIM-MCMC technique as described above, but will be 

referred to as the Traditional LIM and Isotope LIM for simplicity. 
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2.3.3 Stable isotope mixing models 

The analytical precision of the stable isotope measurements was <0.15‰ and <0.2‰ for 

δ13C and δ15N values, respectively (Lebreton et al., 2012). Trophic enrichment factors used 

were 0.5‰ +/- 0.5 for δ13C and 2.5‰ +/- 1.0 for δ15N (Vander Zanden and Rasmussen, 

2001)(Vander Zanden and Rasmussen, 2001).   

The SIAR isotopic mixing model (Parnell et al., 2010) was used to characterize the 

proportions of food sources used by the consumers in the seagrass bed.  SIAR is an open-source 

R package that uses Bayesian inference to address natural variation and uncertainty of stable 

isotope data in order to generate probability distributions of food source contributions as 

percentages of the total diet. SIAR allows for multiple dietary sources, incorporates variability in 

source, consumer and trophic enrichment factors. As a result, output probability estimates reflect 

uncertainties in the data better than previous mixing models (Parnell et al., 2010; Phillips and 

Gregg, 2003; 2001; Phillips et al., 2005).   A critical assumption of isotope mixing models is that 

all food sources are included in the analysis.  Excluding a food source will bias the apparent 

proportions of the other sources that were included in the analysis, and may yield a diet with 

apparent food source proportions inconsistent with the observed isotopic composition of the 

consumer (Parnell et al., 2012; Phillips, 2012).  In order to meet this assumption, SIAR mixing 

models were only run for those LIM compartments whose food sources all had both δ
13

C and 

δ
15

N values. Models were not run for those LIM compartments whose food sources were not all 

described by both δ
13

C and δ
15

N data.  For example, because the fish in the seagrass bed are 

known to be transitory, it cannot be assumed that all of their food sources are described by 

isotope data only collected from the within the seagrass bed.  SIAR mixing models were therefore 

not run for this compartment.  Of the 20 heterotrophic compartments in the LIM for which 

mixing models could potentially be used, 12 compartments met the assumptions required for a 

SIAR model to be run (Table 2).  The 5% and 95% credible bounds of the generated probability 

density functions (PDF), expressed as percent contribution to the mixture for each food source, 

were recorded and used as input to the inverse model, as explained below. Credible intervals are 

used in Bayesian statistics to define the domain of a posteriori probability distribution used for 

interval estimation (e.g., if the 0.90 CI of a contribution value ranges from A to B, it means that 

there is a 90 % chance that the contribution value lies between A and B) (Lebreton et al., 2012). 
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2.3.4 Incorporation of mixing model data into the food web model 

 The 5% and 95% credible bounds of the PDF for each food source were used as lower 

and upper bounds, respectively, to constrain the relative contributions of each food source to the 

12 consumer compartments modeled using SIAR.  In order to be incorporated into the food web 

model, these lower and upper bounds were transformed into linear inequalities of the form: 

 

lower bound:  Ci,j  - l *∑C.,j ≥ 0 

upper bound:  h*∑C.,j - Ci,j   ≥ 0 

 

where, Ci,j  is the flow of carbon from source i to consumer j, ∑C.,j is the sum of all source flows 

to consumer j, l is the 5% credible bound for % mixture contribution, and h is the 95% credible 

bound for % mixture contribution.  Using this methodology, if consumer j had three potential 

food sources, six inequalities were entered into the food web model to describe consumer j’s diet.  

Note that while the food web model used carbon as the currency for mass flow, and these isotopic 

inequalities were written following this form, the values were informed by both δ
13

C and δ
15

N 

data via the SIAR modeling process.   

 

2.3.5 Investigating effects of isotopic constraints on the food web model 

 Two versions of the food web model were created to investigate the effects of using 

isotopic constraints on the estimated mass flows among compartments within the food web.  A 

first model (Traditional LIM) was built using all available data except the isotopic constraints.  

The second model (Isotope LIM) was identical to the first model, but included the SIAR-derived 

isotopic constraints. Each model was run for 50,000 solutions using the LIM-MCMC technique, 

and convergence to the marginal probability density function (mPDF) for individual flows was 

verified for both models.  Non-convergence manifests itself as a drift in the mPDF with increased 

iterations (Kones et al., 2009).   

Network indices were calculated for both food web models following the techniques of 

ecological network analysis (ENA) (Baird et al., 2009; Christian et al., 2009; Ulanowicz, 2004).  

These indices describe ecosystem network properties, interactions, and emergent properties of the 

system that are not otherwise directly observable (Fath et al., 2007).  Indices computed were total 

system throughput, average path length, internal ascendency, internal development capacity, 
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ascendency, development capacity, Finn cycling index and the comprehensive cycling index 

(Baird et al., 2004; Ulanowicz, 2004).  

 

2.4 Results 

2.4.1 SIAR mixing models 

 SIAR mixing models for the 12 consumer compartments whose food sources were fully 

described with δ
13

C and δ
15

N data resulted in probability distributions of food source proportions 

for each compartment.  The 5% and 95% credible bounds for each potential food source were 

used as lower and upper bounds of relative contribution to the consumer diet.  These resulting 

90% credible intervals used in the LIM-MCMC are shown in Table 2.   

 

2.4.2 Effects of isotopic constraints on the food web model 

  Sixty-four of the 175 flows in the Isotope LIM were constrained using SIAR-derived 

dietary constraints. The mean value for each flow and the corresponding 90% interquantile range 

(95% credible interval value – 5% credible interval value) are presented in Table 3.  Seventy-nine 

(45%) and 43 (24%) of the means for the 175 flows were different between the Isotope and the 

Traditional LIMs by at least 10% and 25%, respectively (Table 3).  Of the 64 flows which were 

constrained with SIAR-derived dietary constraints, 50 had their means change by at least 10%, 

and 31 had their means change by at least 25%.  On average, all flows had a 23% absolute mean 

difference for the Isotope LIM in comparison with the Traditional; similarly the 90% 

interquantile ranges of the flows were reduced by 26% for the Isotope LIM in comparison with 

the Traditional LIM (Table 4).   Flows constrained in the Isotope LIM using SIAR-derived diet 

constraints had, on average, a 42% absolute mean difference in comparison with the 

corresponding Traditional LIM flows, and their 90% interquantile ranges were reduced 45%.  

Additionally, the remaining 111 flows (those that were not directly constrained with SIAR-

derived diet constraints in the Isotope LIM) had, on average, a 12% absolute mean difference, and 

90% interquantile ranges were reduced by 15% on average. 

 All network indices (total system throughput, average path length, internal ascendency, 

internal development capacity, ascendency, development capacity, Finn cycling index and 

comprehensive cycling index) calculated from the Traditional and Isotope LIMs had small 
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differences in their means (Table 5). Changes in the 90% interquantile ranges with the addition of 

the SIAR-derived isotope constraints in the Isotope LIM were small when compared with the 

Traditional LIM (Table 5).  

 

 

2.5 Discussion and Conclusions 

2.5.1 Comparison of single flows and integrative indices between LIMs  

Both individual flows and integrative indices as calculated from ENA parameters were 

changed as a result of the addition of the SIAR-derived dietary constraints in the Isotope LIM.  

However, the comparison of the ENA indices showed smaller differences in the means, 

uncertainty (90% interquantile ranges), and marginal probability distributions between the 

Traditional and Isotope LIMs when compared to those differences between individual flows.  

This agrees with the findings of Kones et al. (2009), who found that whole network indices are 

better constrained and more robust than the food webs from which they are calculated.  

Differences between the two models were more apparent when looking at the individual flow 

level as compared to a more aggregate, whole system measure (i.e., ENA indices).  This suggests 

that the integration of the stable isotope data has the largest effect when looking at specific flows 

within the food web.  Linear inverse models are most often utilized to quantify systems with a 

large number of unknown flows and data deficiencies.  The fact that the integrative indices 

calculated from the Traditional and Isotope LIMs show small differences suggests that the LIM-

MCMC technique is a robust method for assessing whole-ecosystem properties, even in the 

absence of site-specific stable isotope data.   Generally, the largest differences seen between 

the Traditional and Isotope LIMs were in those flows which were directly constrained by SIAR-

derived diet constraints (Table 4).  However, flows not directly constrained with isotope data 

were still affected, as evidenced by the reduced uncertainty and changes in means.  This 

demonstrates the interconnected nature of the food web, as well as how constraining some flows 

with isotope data can have widespread effects on reducing uncertainty in LIM-MCMC models. 
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2.5.2 Integration of stable isotope data in food web models 

The goal of this study was to find a way to incorporate information from multiple stable 

isotope elements (i.e., 
13

C, 
15

N, etc.) into food web models using the LIM-MCMC technique, with 

minimum added complexity.  The technique of using SIAR-derived food source contribution 

constraints successfully integrated δ
13

C and δ
15

N information into the LIM-MCMC models.  

Analysis of LIM-MCMC output showed the Isotope LIM to be significantly different, as well as 

significantly more precise, than the Traditional LIM.  Thus, the integration of δ
13

C and δ
15

N data 

into the food web model through isotope mixing model diet constraints succeeded in reducing the 

uncertainty of the food web model solution.  Van Oevelen et al. (2006) found, similarly, that 

inclusion of δ
13

C data significantly constrained a conventional LIM of a benthic intertidal flat 

food web.  This study builds on this finding by simultaneously including stable isotope 

information from two markers (δ
13

C and δ
15

N), as well as using stochastic techniques to fully 

describe the food web model solution space and associated uncertainty.   

 The use of the SIAR mixing models allowed for incorporation of uncertainty in both the 

measured stable isotope values, as well as the fractionation factors.  Incorporating the 90% 

credible intervals from the mixing models into the LIM-MCMC in the form of inequalities agrees 

well with conventional practices for building linear inverse models and is relatively simple to do,  

but comes at the cost of losing information regarding the tails of the marginal posterior 

distributions.  Future models may choose to incorporate this information in a similar fashion to 

Hosack and Eldridge (2009), though this would add significant complexity.  This methodology 

allows for data from multiple isotopic markers to be used in order to estimate contributions from 

all likely food sources to each consumer.  It is well established that a multiple marker approach 

(δ
13

C and δ
15

N) is significantly more informative when estimating diet contributions when 

compared to a single marker (δ
13

C or δ
15

N) (Parnell et al., 2012; Phillips, 2012).  Due to this, use 

of stable isotope mixing models in ecosystem-level food web studies can be advantageous for 

quantifying consumption flows.  These same food web flows are often the most difficult to 

directly observe and measure as well, making isotopic mixing models a powerful tool for 

coupling with ecosystem-level food web models.     This study used only two isotopic markers 

(δ
13

C and δ
15

N), as this was the only data available at the time, although the SIAR mixing models 

allow for incorporation of more than two (Parnell et al., 2010).  However, use of isotopic mixing 

models utilizing more than three markers becomes problematic, as it is difficult to determine the 
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model fit and visualize the mixing space (this would require > three dimensions) (Parnell et al., 

2012). 

 Additionally, the use of the stable isotope mixing models helped validate the a priori 

food web model by verifying that the consumer diet networks were possible, and not missing a 

potential food source as indicated by the isotope data.  While no statistical test exists for missing 

food sources (Parnell et al., 2012), visualization of the iso-space for food web compartments is a 

tool that ecologists can use to identify probable predator-prey relationships.  As mentioned, 

multiple isotopic markers help to better elucidate these relationships.   Perhaps most importantly, 

though, is the fact that the stable isotope data specifically constrain consumption flows, which are 

often the most difficult to obtain reliable data on.  This difficulty in obtaining reliable data leads 

to many ecosystem network models using diet data not specific to the study site of interest, such 

as from databases like FishBase (www.fishbase.org) (Coll et al., 2011).  This can be a dangerous 

practice, as it has been shown that there can be considerable inter-site variability in the diet of 

members of the same species.  We recommend the use of local diet information in the 

construction of food web models, as can be provided by mixing models utilizing site-specific 

stable isotope markers.  It is important to note that stable isotope data obtained from the literature 

or other sites is not useful when building a food web model, as values are site-specific and only 

comparable within the site and appropriate temporal period from which the stable isotope samples 

were gathered.   

 

2.5.3 Effects of SIAR-derived food source constraints on the modeled food web 

Integration of mixing model constraints into LIM-MCMC models address an obvious 

weakness of stable isotope mixing models: current commonly used mixing models do not take 

into account the availability of food sources (Parnell et al., 2010; Phillips and Gregg, 2003; 

Semmens et al., 2009).  Mixture partitioning is dictated purely by the stable isotope signatures of 

the consumer and food sources, regardless of whether or not there are enough of those food 

sources in the system to support the level of consumption suggested by the mixing model.  The 

LIM-MCMC model deals with this issue through mass balance of each compartment, and 

incorporating field-measured biomass estimates for each compartment into the model.  This 

constrains the biomass of each compartment in the model, and therefore the amount available for 

consumption. While a simple concept, this is nonetheless an important attribute of ecosystem 
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models, and an example of how the combination of isotope mixing models with inverse food web 

models is quite beneficial.   

The use of the Markov-Chain Monte Carlo method (van Oevelen et al., 2010) to solve the 

models enabled the statistical comparison to be done between the Traditional and Isotope models.  

Previous techniques, which relied on minimization of an objective function to choose one answer 

for a model, did not allow for statistically rigorous comparisons between models (Vezina and 

Platt, 1988).  Comparison of the mPDFs of each flow allowed for utilization of all solution data 

from the models, as well as taking into account the uncertainty associated with each flow.  The 

same concept applied to the comparisons of the ENA indices.  The LIM-MCMC technique also 

allows for the repeatability of model solutions, which is imperative for future comparative 

ecosystem studies.   
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2.7 Figures 

 

 

 

Figure 1. Overview of Marennes-Oléron Estuary study site, including the intertidal seagrass bed 

that was modeled.  Sampling locations indicated as HFS (High Flat Site) and LFS (Low Flat 

Site).   
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Figure 2. Overview of Marennes-Oléron Estuary study site, including the intertidal seagrass bed 

that was modeled.  Sampling locations indicated as HFS (High Flat Site) and LFS (Low Flat 

Site).   
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2.8 Tables 

 

Table 1. Food web compartments, along with their biomasses and stable isotope values used in 

the Traditional and Isotope LIMs. 

Compartment 
Compartment 

abbreviation 
Biomass (mgC m

-2
) 

δ
13

C 

mean 

δ
13

C 

SD 

δ
15

N 

mean 

δ
15

N 

SD 

AUTOTROPHS            

Microphytobenthos mpb 9,250 -14.00 1.07 5.68 1.29 

Zostera noltii zos 6,133 -10.98 1.06 8.46 1.53 

Phytoplankton phy 254.5 -23.70 2.37 4.90 0.49 

DETRITUS            

Dissolved Organic 

Carbon 
doc 

1,850 - - - - 

Sediment Organic Matter som 27,560 -19.00 0.92 5.80 1.08 

Particulate Organic 

Matter 
pom 

1,044 -21.09 2.84 5.80 1.08 

HETEROTROPHS            

Benthic Bacteria bba 4,718 - - - - 

Pelagic Bacteria pba 157.3 - - - - 

Zooplankton zoo 160.0 -24.35 2.43 7.39 0.74 

Hydrobia ulvae hyd 3,752 -12.02 1.03 9.73 0.64 

Nematodes nem 2,748 -12.83 0.61 9.80 0.73 

Tapes spp. tap 844.1 -16.94 1.79 9.15 0.79 

Cerastoderma edule cer 352.5 -16.99 1.19 9.83 0.97 

Copepods cop 359.0 -15.45 1.10 7.80 0.42 

Gastropod grazers gas 325.0 -11.50 1.11 10.18 1.29 

Scrobicularia plana scr 258.3 -14.28 0.71 9.98 1.06 
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Mytilus galoprovincialis myt 127.1 -18.14 1.86 9.47 0.75 

Abra spp. abr 69.59 -13.52 1.07 11.47 1.91 

Macoma balthica mac 48.31 -13.38 0.53 11.07 2.23 

Cerebratulus marginatus ceb 14.22 -14.67 2.24 10.00 0.42 

Carcinus maenas car 25.96 -12.58 0.82 11.44 0.46 

Crangon crangon cra 10.66 -12.99 1.02 12.92 0.59 

Notomastus latericeus not 18.10 -13.87 1.16 13.10 2.18 

Arenicola marina are 11.15 -13.68 0.58 11.31 0.14 

Fish fsh 195.0 -15.11 3.29 13.08 2.14 

Birds brd 7.00 - - - - 
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Table 2. SIAR-derived dietary contribution matrix.  Lower and upper bounds of the 90% credible intervals are given, with consumers by row 

and prey items by column. Values are in units of percent contribution to total diet. 
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2-55 

 

Hydrobia ulvae 
12-

53 

34-

70 
 

0-24 

                     

0-16 

Gastropod 

21-

34 

59-

83 
 

0-14 

                     

0-11 
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grazers 

Arenicola 

marina 
0-41 

21-

60 
 

21-

56 
                      

Copepods 
38-

98 
  

2-62 
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3.1 Abstract 

An inverse model of the annual carbon budget of an intertidal seagrass bed in the 

Marennes- Oléron estuary, France was analyzed using Ecological Network Analysis (ENA) to 

investigate the functional ecology of the system.  The majority of seagrass food web studies thus 

far have relied on trophic marker analyses (i.e. stable isotopes, fatty acids) to investigate food 

sources and trophic positions, and as a result, few studies have examined seagrass beds from a 

perspective of whole-ecosystem functioning.  By quantifying the Marennes- Oléron seagrass food 

web using linear inverse modeling coupled with results from isotopic mixing models, this study 

investigated the relative trophic importance of primary producers in the system, the trophic 

structure of the seagrass bed flora and fauna, the relative importance of allochthonous versus 

autochthonous carbon, and both the sequestration and export of organic carbon to the surrounding 

environment.  Additionally, results of these analyses were compared with other coastal systems, 

including a neighboring bare mudflat located in the Marennes-Oléron estuary. Grazing rates 

indicated that microphytobenthos was directly consumed about 7 times more than Zostera, while 

a novel metric of total food web dependency derived from network analysis  showed the 

consumer compartments relied upon microphytobenthos 22 time more than on Z. noltii via direct 

and indirect pathways. Meiofauna was found to provide an important link between primary 

production and detritus with upper trophic levels (i.e. fish).  Autochthonous carbon was utilized 

over 4 times more than allochthonous carbon by the seagrass food web in total, and the system 

was shown to be a net carbon sink.  Our analysis supported the concept that seagrass meadows 

have a high metabolic capacity and the ability to accumulate large sedimentary carbon pools (e.g., 

carbon sequestration), which are important climate-regulating ecosystem services.  ENA revealed 

the Oléron seagrass bed to be a relatively mature, stable system internally, with strong 

connections via energy transport to and from surrounding environments.  To the best of the 

authors’ knowledge, this study was the first to fully characterize the carbon budget of an intertidal 

seagrass food web utilizing probabilistic methods. 

 

3.2  Introduction 

Seagrass beds are important components of coastal ecosystems, supporting high 

production, while at the same time affecting sedimentary and biogeochemical processes (McRoy 

and Helfferich, 1977; Duarte and Chiscano, 1999). They are estimated to contribute 12% of the 

net ecosystem production of the ocean as well as 10% of the annual organic carbon burial in the 
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ocean (Fourqurean et al., 2012), while only covering 0.15% of the ocean surface (Charpy-

Roubaud and Sournia, 1990; Duarte and Cebrián, 1996).  Additionally, studies have shown 

seagrass beds to support biodiversity internally and of their surroundings by providing habitat and 

food sources for many species (Heck et al., 1995).  Due to the importance of these ecosystem 

services, seagrass beds are considered to be among the most valuable ecosystems in terms of the 

value-added benefits of the ecosystem services they provide (Costanza et al., 1997).   

A historic paradigm of seagrass ecology holds that seagrasses are ultimately the dominant 

food source in seagrass beds (Kaldy et al., 2002; Mateo et al., 2006).  Peterson and Fry (1987) 

noted that the quantitative role of algal epiphytes, macroalgae, benthic microalgae, and 

phytoplankton had been neglected in the study of seagrass food webs.  More recent trophic 

studies utilizing multiple stable isotopes and fatty acids have begun to show the importance of 

epiphytic and benthic microalgae as food sources in seagrass beds (Moncreiff et al., 1992; 

Moncreiff and Sullivan, 2001; Vizzini et al., 2002; Borowitzka et al., 2006; Baeta et al., 2009; 

Lebreton, 2011; Lebreton et al., 2012;), as well as the trophic importance of the detrital pathway 

(Ouisse et al., 2011).   Moreover, other primary producers (e.g. benthic macroalgae) may be the 

dominant primary producers in seagrass meadows depending on the season (Jensen and Gibson, 

1986).  These studies show that seagrasses should not be assumed a priori to be the dominant 

contributors to primary production and the main food resource in seagrass ecosystems.  Instead, 

they suggest that all autotrophic components should be quantified in order to accurately estimate 

each producer’s relative contribution to its system (Jenson and Gibson 1986).  The extent to 

which these food webs depend on autochthonous versus allochthonous food sources also needs to 

be quantified, as well as the export of materials from seagrass beds to surrounding communities 

(Mateo et al., 2006). 

A question of recent and intense interest is that of the effectiveness of seagrass beds as 

carbon sinks (Chiu et al., 2013).  This is important on the global scale, as it has been hypothesized 

that the “missing carbon sink” from the global carbon budget may be accounted for by numerous 

smaller sinks (Schindler, 1999, Duarte et al., 2006).  Increasing our understanding of the 

ecosystem processes responsible for carbon sequestration in seagrass beds could help inform their 

relative contribution to the global carbon budget, as well as how perturbations might be expected 

to change these same processes.   

The majority of seagrass food web studies carried out thus far have relied exclusively on 

either trophic marker analyses (i.e. stable isotopes, fatty acids) (Moncreiff and Sullivan, 2001; 
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Alfaro et al., 2006; Lebreton et al., 2009; 2012; Mittermayr et al., 2014), or network models (i.e. 

EcoPath software (Christensen and Pauly 1992)) (e.g. Baeta et al., 2009; Baird et al., 1998; 2007; 

Christian and Luczkovich, 1999; Luczkovich et al., 2002) to investigate food sources and trophic 

positions.  Few studies have utilized information from trophic markers incorporated into network 

models in order to examine seagrass beds from a perspective of whole-ecosystem functioning 

(Baeta et al., 2011).  Considering the difficulties in developing quantitative descriptions of food 

webs due to the complexity of the systems and sparse data, it is imperative to incorporate as much 

information as possible to help constrain these underdetermined systems.  The failure to take into 

account certain food web components (and flows) may lead to a skewed view of critical 

interactions within systems, and a misunderstanding of how these complex food webs function 

(Niquil et al., 2012). 

By quantifying the Marennes-Oléron seagrass food web using linear inverse modeling 

(LIM) coupled with results from isotopic mixing models (SIAR) according to the method 

developed in Pacella et al (2013), and by characterizing it with the indices of ecological network 

analysis (ENA), this study investigated the relative trophic importance of primary producers in 

the system, the trophic structure of the seagrass bed flora and fauna, the relative importance of 

allochthonous versus autochthonous carbon, and both the sequestration and export to the 

surrounding environment of organic carbon. LIM is designed to be able to estimate the 

probability distribution of fluxes in underdetermined systems using a combination of field and 

relevant literature data (Vezina and Platt, 1988).  Recent advances in the methodology of LIM 

and their applications in marine ecology are summarized in Niquil et al. (2011).  Ecological 

network analysis ( Ulanowicz and Kay, 1991; Fath et al., 2007; Ulanowicz, 2004; 2009; 

Ulanowicz and Scharler, 2008; ) is a holistic technique used to analyze interactions within 

ecosystem networks, such as those created through LIM.   

 

3.3  Methods 

3.3.1  Marennes- Oléron Estuary study site and model formulation 

The seagrass system studied was a Zostera noltii meadow located in Marennes-Oléron 

Bay, on the Atlantic coast of France (45°54’N, 1°12’W) (Figure 1).  This is a semi-enclosed, 

mactrotidal bay (tidal range 0.9-6.5m), which receives freshwater inputs from the Charente River 

(15-500 m
3
 s

-1
) (Ravail et al., 1993).  The seagrass bed studied extends for 15km along the 

northern shore of Oléron Island, and is 1.5km at its widest.  The food web model analyzed in this 
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study was developed by Pacella et al. (2013), a summary of which follows. The model was 

originally built to investigate the advantages of integrating isotopic constraints from SIAR mixing 

models into LIM methodology, and has not yet been analyzed with a functional ecology point of 

view. 

Primary producer biomass, benthic consumer biomass, and stable isotope data used in the 

LIM model were generated by Lebreton et al. (2009; 2011; 2012).  Sampling was conducted at 

two intertidal stations within the seagrass bed in 2006 and 2007.  Average emersion times on the 

seagrass bed were computed for this study using bathymetric data and tidal measurements, and 

those processes (i.e. phytoplankton production, bird grazing, zooplankton grazing, etc.) affected 

by the tidal cycle were scaled accordingly in the food web model.  Sampling and sample analyses 

are described in Lebreton et al. (2009; 2012).  

The LIM model was built to track the flow of carbon through the seagrass food web on 

an annual basis, with units of mgC m
-2

 d
-1

, following the technique described in Pacella et al. 

(2013).  All macrofaunal species that had a biomass of at least 0.05 g AFDW m
-2 

in the seagrass 

system were included in the model.  This biomass threshold value resulted in 96.5% of the total 

measured biomass during sampling  (Lebreton et al., 2009; 2011;2012) being included in the 

inverse food web model.  Primary producers included in the model were microphytobenthos, 

Zostera noltii, and phytoplankton.  Green macroalgae was absent, and seagrass epiphyte biomass 

was low enough (less than 0.001% of seagrass leaves, Lebreton et al. (2009)) to be considered 

unimportant for a model of this scope.  The benthic and pelagic species in the system meeting the 

0.05g AFDW m
-2

 threshold were parsed into compartments based on similarity of species-specific 

characteristics such as taxonomy, habitat, known feeding habits, known predators, and stable 

isotope (δ
13

C and δ
15

N) values.  Priority was placed on aggregating species into the compartments 

in such a way so as to balance maintaining the true trophic complexity of the ecosystem with the 

need to keep the model simple enough that solutions could be produced in a timely manner.  The 

resulting food web model consisted of 26 compartments (23 living, 3 detrital) and 175 flows 

among compartments (Tables 1 & 2).  The LIM model was run for 50,000 solutions in order to 

characterize the marginal probability distribution (mPDF) and choose the best estimate of each 

flow (Table 2, Figure 2) (Pacella et al., 2013; Saint-Béat et al., 2013) using a Matlab© code 

written by Alain Vézina and derived from the LIMSOLVE R-package (Van der Meersche et al. 

2009).   
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3.3.2  Food web model analysis 

 Each flow between food web compartments as computed by the seagrass food web LIM 

was summarized (e.g. mean, standard deviation, 5% and 95% interquantile values), combined 

into a network representing the food web, and analyzed using ENA (Netwrk 4.2, (Ulanowicz and 

Kay, 1991) or Matlab© codes written by Carole Lebreton and Markus Schartau from GKSS in 

Germany and Aurélie Chaalali from CNRS in France) in order to assess the structure and function 

of the seagrass ecosystem.  Unless otherwise noted, model results reported in this manuscript 

refer to the mean of the LIM; often followed by the standard deviation (s.d.).  A Lindeman 

trophic analysis was applied to the means of each flow from the LIM output to investigate trophic 

aggregation of the food web, as well as the relative importance of the grazing and detrital loop 

pathways (Netwrk 4.2 program).  Effective trophic levels were also calculated for each food web 

compartment using this analysis.   

In order to investigate possible indirect flows and dependencies amongst the food web, 

ENA was used to generate a matrix of dependencies (Ulanowicz, 2004), which indicates the 

fraction of the total input to each recipient compartment (e.g. consumer compartment) that has 

passed through each of the source compartments (e.g. Zostera noltii) over all pathways of all 

lengths (Ulanowicz, 2011).  This method accounts for both direct and indirect relationships 

between compartments, and therefore is appropriate to account for the passage of primary 

production to higher trophic levels through the detrital pool.  The dependency matrix has been 

said to answer the question “What fraction of the total diet of j passes through i along its way to 

j.” (Ulanowicz, 2011).   

The matrix of dependencies was used to calculate a novel network metric, which we are 

terming the “food web dependency,” for each compartment of the food web.  The food web 

dependency for each compartment was calculated as: 

 

 

where, FWDi is the food web dependency of compartment i, j is the vector of 26 food 

web recipient compartments, Di,j is the dependency as calculated by ENA of recipient 

compartment j on source compartment i, and f.,j is the sum of all carbon flows to recipient 

compartment j as calculated by the LIM-MCMC food web model.  In this way, the dependency 

matrix is weighted by the total carbon flow input to each recipient compartment to account for the 
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differences in food web compartment size and throughput, and then each row of the matrix is 

summed to calculate the food web dependency for each of the 26 compartments.  This metric 

gives an indication of how much the entire food web relies on carbon flow through each of the 26 

individual compartments. 

Additional ENA metrics commonly reported in coastal food web models were also 

calculated, including total system throughput, net system productivity, number of trophic levels, 

detritivory: herbivory ratio, average path length, Finn Cycling Index, ascendency, development 

capacity, relative ascendency, relative redundancy, and internal relative ascendency.  Methods for 

calculating and interpreting these metrics within network analysis are described in Ulanowicz 

(2004, 2011) and summarized in Johnson et al. (2009) and Tomczak et al. (2013). 

 

3.3.3 Comparison of the Marennes Oléron seagrass food web with other systems 

In order to contextualize the seagrass food web model analysis, we compared the results 

with a neighboring mudflat food web also in the Marennes-Oléron estuary (the Brouage mudflat) 

as well as a mean of 23 coastal systems compiled by Leguerrier et al. (2007).  Data and analyses 

of the mudflat and other coastal systems were obtained from previously published research 

utilizing similar methods (e.g. linear inverse modeling and ecological network analysis; 

Leguerrier et al., 2003; 2007). The only difference was that the linear inverse modeling method 

used by Leguerrier et al. did not give probability distributions as the model used for this study 

did: it was a deterministic LIM with a unique solution selected on a least-squares criterion. 

Dimensionless metrics and whole-system indices, such as those obtained through ENA, minimize 

the confounding factors of comparing systems with different model structure (Johnson et al., 

2009); our comparison therefore concentrated on these network metrics. This comparison 

provided context to determine whether major trophic pathways, network structure, and 

magnitudes of carbon burial in the seagrass bed were quantitatively different than those in other 

coastal habitats.  

 

3.4  Results 

3.4.1 Consumption of primary producers and detritus in the food web 

 The Marennes- Oléron seagrass bed had a mean total system throughput of 

11,801 (s.d.=416) mgC m
-2

 d
-1

.  Total gross primary production of the system was 1,468 (s.d. = 

102) mgC m
-2

 d
-1

and total system respiration was 1,553 (s.d.=108) mgC m
-2

 d
-1

, resulting in a net 
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system metabolism (gross primary production – total respiration of the whole community) of -

84.8 (s.d.=93.6) mgC m
-2

 d
-1

, indicative of a heterotrophic system.  However, the associated 

uncertainty reveals a close balance between autotrophy and heterotrophy. 

Net primary production rates (flow of gross primary production  minus the respiration of 

this compartment) within the seagrass community were highest for the microphytobenthos (mean 

= 1,030 mgC m
-2

 d
-1

, s.d. = 55.7), followed by Z. noltii (mean = 47.9 mgC m
-2

 d
-1

, s.d. = 0.08) and 

phytoplankton (mean = 46.5 mgC m
-2

 d
-1

, s.d. = 10.1).  Grazing rates were calculated for each 

primary producer and detritus compartment as the sum of all consumption flows from these food 

web compartments (Figure 3).  Due to the large biomass of benthic and pelagic bacteria, and to 

facilitate comparisons with other studies that focused predominantly on macrofauna, grazing rates 

were calculated both with and without bacteria included together with consumers.  

Microphytobenthos was the most heavily grazed of the primary producer and detritus 

compartments, both with and without bacteria included.  Decomposition by bacteria did not 

significantly change grazing rates of Zostera and phytoplankton, but did show relatively large 

consumption rates of microphytobenthos, POM, and SOM.  Bacterial decomposition accounts for 

the vast majority of consumption of POM and SOM (72% and 93%, respectively), along with 

43% of microphytobenthos consumption. 

 The relative contribution of each primary producer, detritus (sum of doc, som, and pom), 

and other food sources to total diet were partitioned for each consumer in the food web (Figure 4) 

using LIM results of direct consumption rates.  Microphytobenthos was the dominant food source 

for most of the benthic primary consumers (hyd, tap, cer, cop, scr, myt, abr, not), but was not as 

important to higher trophic levels and predators in the system (zoo, nem, ceb, car, cra, fsh, brd).  

Zostera noltii was utilized by the hyd, gas, abr, ceb, are, and brd compartments, and was the 

dominant food source (>50%) for the gas and brd compartments.  Particulate detritus (sum of 

POM and SOM) contributed an average of 19% to the diets of the consumers, and was most 

important for not, mac, cer, myt, tap, and abr.  As might be expected, these detritivore 

compartments showed no predation on higher trophic levels; the rest of their diet was composed 

of the primary producers.  Dissolved organic carbon (doc) was the dominant food source for 

bacteria (Table 2; not shown in Figure 4). 
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3.4.2 Net carbon transport through the system and carbon sequestration 

 Autochthonous carbon was utilized over 4 times more than allochthonous carbon by the 

seagrass food web in total (mean=1,125 mgC m
-2

 d
-1

, s.d.=56.5; mean=257 mgC m
-2

 d
-1

, s.d.=139, 

respectively).  The mass balance requirement of the linear inverse model meant that the total 

imports to the system were equal to the total exports plus burial.  The net difference between 

import and export of carbon for the system yielded an average carbon burial rate of the seagrass 

bed to be 172 (s.d. = 126) mgC m
-2

 d-
1
, with the system therefore being a net carbon sink (Figure 

5).  Burial efficiency, defined here as the proportion of the total carbon flux to the sediment 

organic matter pool (som) that is buried, was 29.9% (s.d. = 20.2%).   

 

3.4.3 Ecological Network Analysis 

Effective trophic levels ranged from 1 (primary producers and detritus compartments) to 

3.56 (fish) (Table 3).  Microphytobenthos, Zostera noltii, phytoplankton, dissolved organic 

carbon, sediment organic matter, and suspended particulate organic matter collectively compose 

the basal compartments of the food web, with trophic levels of 1.  Benthic bacteria, pelagic 

bacteria, Abra spp., C. edule, M. balthica, M. galoprovincialis, N. latericeus, S. plana, and Tapes 

spp. were identified as primary consumers with trophic levels of 2.  Gastropod grazers, H. ulvae, 

birds, copepods, A. marina, zooplankton, C. marginatus, and nematodes had intermediate trophic 

levels between 2 and 3, indicating a mixed diet of primary production and detritus, as well as 

carnivory and bacterivory.  C. maenas, C. crangon, and fishes were identified as predators (with 

an effective trophic level ). 

 Lindeman trophic analysis for the mean flows of the food web identified 4 primary 

trophic levels, with extremely small (<<0.1 mgC m
-2

 d
-1

) flows of carbon for trophic levels 5-7.  

Levels 5-7 were excluded from the analysis due to their negligible size.  Using the results from 

the Lindeman trophic analysis, diagrams were made to show the flow of carbon through the food 

web aggregated by trophic level (Figure 6).  The detrital pool was also broken out of the trophic 

levels to illustrate the importance of the detrital loop (Figure 6b).  This gave a mean value of 404 

mgC m
-2

 d
-1 

for herbivory, and a value of 1,360 mgC m
-2

 d
-1

 for detritivory, resulting in a mean 

detritivory to herbivory ratio of 3.37.  The detritivory value was heavily influenced by uptake of 

DOC by bacteria, which represented 74% of the detritivory in the seagrass system (Table 2). 

 Average path length of the system was 2.26 (s.d.=0.08).  System ascendency was 18,473 

mgC m
-2

 d
-1

, i.e. 32 % of its maximal value, termed the development capacity (57,652 mgC m
-2

 d
-
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1
).  The Finn Cycling Index (FCI), quantifying the percentage of flows included in cycling 

pathways (recycling flows), was 16.4%. 

 The total food web dependency analysis results (Figure 7) showed the seagrass food web 

to rely on microphytobenthos more than any other single compartment (mean = 2005 mgC m
-2

 d
-

1
, s.d. = 121 mgC m

-2
 d

-1
).  DOC and detritus (som and pom) also had relatively high total food 

web dependency values.  Benthic bacteria had the second highest value (mean = 1,485 mgC m
-2

 

d
-1

, s.d. = 142 mgC m
-2

 d
-1

) of the living compartments.  Nematodes were by far the most 

important of the benthic meiofauna and macrofauna, with a mean value of 758 mgC m
-2

 d
-1

 (s.d. = 

112 mgC m
-2

 d
-1

).  Fish had a surprisingly high value, given their total throughput, of 262 mgC m
-

2
 d

-1 
(s.d. = 65.1 mgC m

-2
 d

-1
). 

 

3.5 Discussion  

To the best of the authors’ knowledge, this study is the first to create a network model 

and fully characterize the carbon budget of an intertidal seagrass food web utilizing probabilistic 

methods.  The relative importance of food resources in seagrass beds has been the focus of many 

studies using either trophic markers or network models to describe seagrass bed food web 

structure and faunal diet compositions (e.g. Moncreiff and Sullivan, 2001; Lebreton et al., 2009; 

2012; Ouisse et al., 2011; Vafeiadou et al., 2013; Mittermayr et al 2014).  The combination of 

stable isotope mixing models with the linear inverse analysis food web model in this study 

allowed for the first complete elucidation of the carbon budget (reservoirs and fluxes, from 

microbial items to birds) of an intertidal seagrass food web incorporating trophic marker data.  

This facilitated comparisons of seagrass bed carbon production and fate with food webs of other 

coastal habitats that had been analyzed using network methods.  The output of the inverse 

analysis provided the opportunity to calculate emergent properties of the food web, such as the 

recycling within the system, using ecological network analysis.  These emergent properties were 

likewise compared to network metrics calculated for other food webs. 

 

3.5.1 Coupling of the linear inverse food web model with stable isotope mixing models 

The coupling of diet information from stable isotope mixing models with linear inverse 

food web models has been shown to reduce uncertainties associated with the carbon flow in the 

modeled system (Pacella et al., 2013).  A key advantage of this method is highlighted by a 

discussion in Vafeiadou et al. (2013), in which they note the uncertainty of mixing model results 
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showing seagrass epiphytes to be important resources for the macrofauna, in spite of the 

relatively low biomass of epiphytes present in the system, especially in winter.  This demonstrates 

a shortcoming of nearly all isotope mixing models in the literature: biomass and availability of 

the resources do not drive the models at all, as they only rely on mixing of isotopic values.  

Therefore, it is possible that results may be misleading in suggesting a resource is quite 

important, when in fact it is not present in abundances necessary to support the consumption rates 

predicted by the mixing model.  Our methodology, by which mixing model output was 

incorporated into the linear inverse food web model (Pacella et al., 2013), enforces mass balance 

of food resources and avoids this pitfall.  This results in a more realistic picture of the relative 

importance of food resources in the food web, as results are constrained by biomass-specific 

constraints (e.g., respiration and production rates) as well as isotope mixing model output.  

 

3.5.2 Relative importance of primary producers and the detrital loop 

 Microphytobenthos was utilized more than Zostera noltii and phytoplankton as a food 

source for the food web, in agreement with the findings of Lebreton et al. (2011).  Whereas 

cropping rates indicated that microphytobenthos was directly used about 7 times more than 

Zostera, network analysis of total food web dependency showed the consumer compartments 

actually relied upon microphytobenthos 22 time more than on Z. noltii when accounting for both 

direct and indirect flows.  Recently, Vafeiadou et al. (2013) used Bayesian stable isotope mixing 

models to investigate diets of macrofauna in a Zostera noltii bed; they found that 

microphytobenthos and sedimented phytoplankton were the main food sources of epibenthic 

consumers, along with detritus.  This agrees with the findings of our model, which showed the 

food web relying largely on microphytobenthos and detritus.  This high utilization of benthic 

microalgae in the Marennes-Oléron seagrass bed is very likely related to the high quantity (i.e. 

high biomass and high production rates all year long (Guarini et al., 1998; Guarini et al., 2006; 

Lebreton et al., 2009)) and the high quality and availability of this organic matter for consumers 

(Cebrián J., 1999 ; 2002 ; Mateo et al, 2006). 

Our model also supports the concept of a largely detritus-based food web.  The 

importance of the detrital loop in the Marennes-Oléron seagrass system is highlighted in Figures 

4 and 6b, the latter showing each trophic level contributing to the detrital pool, as well as the 

relatively higher detritivory rate than herbivory.  The Lindeman analysis shows the largest 

autochthonous contribution to the detrital pool originating from the first trophic level, i.e. the 



38 

 

 

microphytobenthos, Zostera, and phytoplankton.  The food web dependency analysis also 

highlighted the importance of the detrital compartments (doc, som, and pom) and the benthic 

bacteria to carbon flow through the food web.  This shows the importance of bacteria in 

processing detritus (Figure 3) and the link they form between the detrital pool and the higher 

trophic levels (Anesio et al., 2003; Holmer et al., 2002; 2004), and agrees with the conclusions of 

earlier studies on the importance of detritus in seagrass beds (e.g. Mateo et al., 2006; Ouisse et 

al., 2011).   

While most of the Zostera production (76%) was grazed by the gastropod Hydrobia 

ulvae, the relatively low production rates meant that seagrass was not an important food source 

overall in the seagrass food web (Fig. 3 & 4).  The H. ulvae result was likely an artifact of the 

model, related to the close stable isotope signatures of carbon observed between Z. noltii and H. 

ulvae.  The use of fatty acids has previously demonstrated that Z. noltii is not used by H. ulvae as 

a food resource (Coelho et al., 2011; Lebreton et al., 2011).  This highlights the limit of the use of 

stable isotopes as a single trophic marker in the study of complex ecosystems and suggests that 

models should also take other trophic markers, such as fatty acids, into account when possible.  

This low use of Z. noltii is not surprising, as it is known that fresh seagrasses are difficult to 

digest due to the presence of high lignin contents and herbivory-deterring phenolic compounds 

(Harrison 1982).  Zostera production may also be utilized indirectly after it has died off and been 

broken down, becoming more bioavailable to the food web fauna (Mateo et al., 2006).  The 

Zostera in this seagrass bed are known to have a seasonal growth cycle, whereby above-ground 

biomass is maximal during the summer and minimal during the winter (Lebreton et al., 2009), 

which likely influences the flux of fresh seagrass blades to the sediment and resultant 

degradation. This indirect utilization of seagrass carbon is accounted for by analysis of the ENA 

contribution coefficients. 

 

3.5.3 Seagrass carbon storage and export 

 Previous studies of seagrass beds have focused primarily on the transformation and fate 

of seagrass primary production (i.e. leaves and rhizomes) to quantify net carbon storage and 

export from the seagrass beds (e.g., Duarte and Cebrián, 1996; Fourqurean et al., 2012; Chiu et 

al., 2013).  While this seems intuitive given the visible high biomass of the seagrass plants 

themselves, the standing stock and productivity of microphytobenthos exceeded that of Z. noltii 

(Table 1) in the Marennes-Oléron seagrass bed.  The high standing-stock and low primary 
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production rate of Zostera suggests a high turnover time and associated slow cycling of Zostera 

carbon within the seagrass system.  In contrast, the high standing-stock and high primary 

production rate of microphytobenthos in the seagrass system suggests a faster cycling of 

microphytobenthos carbon with a short turnover time.  This highlights the importance of 

accounting for carbon fixation and sequestration pathways aside from seagrass-derived carbon in 

these systems.   

 A synthesis study of seagrass communities by Duarte et al. (2011) indicated most of these 

systems to be net autotrophic, with an average net community production of +27.2 (s.d. = 5.8) 

mmol O2 m
-2

 d
-1

.  Assuming a simple 1:1 ratio of carbon to oxygen (CO2 + H2O → (CH2O) + O2), 

this would be equal to +327 mgC m
-2

 d
-1

, compared to this study’s finding of -84.8 (s.d.=93.6) 

mgC m-
2
 d

-1
 for the Marennes-Oléron seagrass bed (i.e., it was relatively balanced between 

autotrophy and heterotrophy, as indicated by the associated uncertainty of the calculated net 

community production value).  Our model was built to represent an annual average carbon 

budget, encompassing both the productive summer growing season and the winter when Z. noltii 

leaves detach and are transported out of the seagrass bed.  It is likely that the seagrass bed was net 

autotrophic during the growing season (i.e. spring-early fall), and net heterotrophic during the 

winter.  Nonetheless, the food web analysis indicates that the seagrass bed was a net carbon sink 

as evidenced by the high burial efficiency (~30% of carbon flux to the surface sediments) and 

carbon burial rate (172 mgC m
-2

-d
-1

).  Our analysis supports the concept that seagrass meadows 

have a high metabolic capacity and the ability to accumulate large sedimentary carbon pools (e.g., 

carbon sequestration), which are important climate-regulating ecosystem services (Duarte et al., 

2011).   

 

3.5.4 Seagrass bed trophic structure 

 Lindeman trophic analysis of the food web revealed detritivory and herbivory to be the 

dominant feeding strategies in the seagrass bed, with detritivory accounting for three times the 

direct consumption rates as herbivory .  It is important to note, however, that the majority of the 

detritivory in the system is accounted for by consumption of DOC by benthic and pelagic bacteria 

(Table 2 and Figure 6b).  An important trophic pathway of the food web is the carbon flow from 

microphytobenthos to bacteria to nematodes to fish.  Investigation of the flow network shows that 

nematodes are a primary consumer of benthic bacteria and microphytobenthos, and provide a link 

between these two compartments and the detrital pool.  This agrees with Boschker et al. (2000), 
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who found microphytobenthos to be a major carbon source for bacteria in Zostera seagrass beds.  

Additionally, Oakes and Eyre (2014) have recently demonstrated the rapid flux of carbon from 

intertidal microphytobenthos to bacteria through a 
13

C labeling study.  Nematodes were found to 

be very important for carbon cycling within the food web, as demonstrated by the high total food 

web dependency metric (the highest of all non-bacteria consumer compartments).   Nematodes 

have been shown to be an important prey item for fish and other upper trophic levels (Coull, 

1999; Hyndes and Lavery, 2005), as well as having significantly higher biomass in the seagrass 

bed when compared with surrounding unvegetated areas (Lebreton et al., 2012), as was seen in 

the Marennes-Oléron system.  In this way, meiofauna provide an important link between primary 

production and other basal trophic levels with upper trophic levels (i.e. fish).  This highlights the 

role of meiofauna in the functioning of coastal food webs, which have been demonstrated to be an 

important link between microphytobenthos and/or detritus and the higher trophic levels in other 

ecosystems (Giere, 1993).   

Birds had a relatively low effective trophic level of 2.24, in agreement with their 

documented herbivorous grazing behavior in Zostera beds (Ganter, 2000; Nacken and Reise, 

2000).   

 

3.5.5 Comparison of the Marennes-Oléron seagrass system with the Brouage mudflat and 

other coastal systems  

Food web structure and aggregation was similar between the seagrass bed modeled in this 

study and the Brouage mudflat modeled by Leguerrier et al. (2003), facilitating comparisons 

between the two systems.   Total gross primary production was slightly higher in the seagrass bed 

(1,468 mgC m
-2

 d
-1

) than in the mudflat (1,276 mgC m
-2

 d
-1

) as a result of higher production by 

microphytobenthos, as well as production by seagrass absent on the mudflat.  Biomass of benthic 

meiofauna (including nematodes and benthic copepods) in the seagrass bed (mean = 3,107 mgC 

m
-2

) was found to be an order of magnitude higher than the biomass on the Brouage mudflat (370 

mgC m
-2

).  Meiofauna was dominated by nematodes in both systems (Leguerrier et al., 2003; 

Rzeznik-Orignac et al., 2008; Lebreton et al., 2012; this study). 

 We compared mean network indices as calculated by Leguerrier et al. (2007) from the 

compilation of coastal systems, as well as those indices from the Brouage mudflat, with indices 

calculated by this study for the Marennes- Oléron seagrass bed (Table 4).  Both systems in the 

Marennes- Oléron bay were found to have negative net system productivity (NSP), with the 
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mudflat being more negative, and therefore more heterotrophic. Again, the uncertainty associated 

with the NSP value for the Marennes-Oléron seagrass system, however, keeps us from having 

strong confidence in the system being net heterotrophic.  This is in contrast to the average of the 

23 coastal systems, whose NSP was positive.  No clear pattern for net autotrophic versus net 

heterotrophic NSP was seen in the 23 coastal systems, however.  Using an arbitrary definition of 

neutral NSP systems falling within 274 mgC  m
-2

 d
-1

 (equivalent to 100 gC m
-2

 y
-1

) of a zero 

balance,  11 of the systems were found to be net autotrophic, 9 systems were found to be neutral, 

and 7 systems were found to be net heterotrophic.   

The average path length (APL) measures the mean number of steps a unit of carbon will 

take before exiting the system.  APL was higher in the seagrass bed than the mudflat, although 

the coastal average was higher than both.  The mudflat and seagrass bed both had four trophic 

levels, lower than the coastal average of six.  This, however, is due to differences in how trophic 

levels were defined between studies, as well how the system structures were defined.  For 

example, amongst the compilation of coastal systems from Leguerrier et al. (2007), Baird et al. 

(1991) reported the Peruvian upwelling system to contain eight trophic levels.  This conclusion is 

based on the Lindeman Spine analysis of the system, with flows of only 0.63, 0.03, and 0.0002 

mgC m
-2

 d
-1

 to trophic levels VI, VII, and VIII, respectively (all of which were less than 0.001% 

of TST).  This inclusion of extremely small flows, which are presumably well within the error 

and uncertainty of the system models from which they are derived, is common for other coastal 

system trophic analyses (Baird et al., 1991; Leguerrier et al., 2003).  Our Lindeman analysis of 

the Oléron seagrass bed system also showed small flows up to a trophic level of VII.  The 

negligibly small values of these flows, as discussed previously, led us to omit these from the 

analysis, as the magnitudes were well within the uncertainty of the LIM-MCMC model.   

Additionally, the stable isotope mixing model results did not support the presence of such high 

trophic levels, instead agreeing with the four trophic levels with significant carbon flow as shown 

in the Lindeman Spine analysis (Figure 6).  Caution should be used in the comparison of trophic 

levels between systems to avoid misleading results, due to the different methods by which 

compartments are aggregated (e.g., Johnson et al., 2009) and trophic levels are determined.   

 The Finn Cycling Index (FCI) gives the proportion of a system that is devoted to the 

recycling of currency within the system (Finn 1976).  A higher value reflects enhanced recycling, 

which has been hypothesized to be indicative of a more mature and less stressed system (Odum 

1969).  The Marennes-Oléron seagrass bed has an FCI of 16.4%, lower than that of the Brouage 
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bare mudflat and the coastal system average.  This may be due to the intertidal and transient 

nature of the processes within the seagrass bed, likely increased in the Marennes-Oléron bay due 

to the high tidal ranges.  Seagrass beds are known to enhance settling and trapping of suspended 

material in the water column (Hendriks et al., 2008), and many organisms are known to migrate 

in and out of the seagrass bed (e.g. fish, crabs, birds), transporting material into and out of the 

seagrass bed (Heck et al., 2008).  These processes are supported by the large import and export 

flows of the Marennes- Oléron seagrass bed model.  This reflects lower retention of in situ 

production within the seagrass bed, and higher exchange of material with surrounding 

environments.  Additionally, the combination of the higher APL (i.e., longer trophic chains) and 

smaller FCI (i.e., lower probability of a unit of carbon revisiting a compartment more than once) 

in the seagrass bed when compared with the mudflat is supportive of recycling activity being less 

important to the structure and function of the seagrass bed.  This is supportive of the concept of 

seagrass beds being systems strongly connected to surrounding environments, both reliant on 

allochthonous inputs, as well as providing energy to external systems. 

 The Ascendency/Development Capacity (A/C) ratio is a function of the organization of 

the flows within the system, and is therefore commonly used as an indicator of system maturity 

(e.g., Leguerrier et al., 2007; Ulanowicz 2011).  The seagrass bed shows a lower A/C than both 

the mudflat and coastal system mean.  The internal relative Ascendency (Ai/Ci) is similar to the 

A/C ratio, but is a function of internal exchanges alone, ignoring imports and exports of the 

system.  This is also an indicator of system maturity, and arguably better than the A/C for inter-

system comparisons as the variability in defining imports and exports between models is 

accounted for.  It has been used in other studies as the most representative index of a system’s 

maturity (Baird et al., 1991; Field et al., 1989; Ulanowicz, 2011).  Systems with a high Ai/Ci are 

generally well organized and resistant to internal change from perturbations.  However, a ratio 

approaching 1 has been theorized to indicate systems that a vulnerable to collapse, due to their 

lack of flexibility to adapt and restructure in the face of perturbations (Ulanowicz, 2011).  The 

Ai/Ci for the Oléron seagrass bed (36%) is much higher than that for the Brouage bare mudflat 

(16%), and also higher than the coastal system average (31%), indicating a relatively mature and 

stable system.   The difference between the A/C and the Ai/Ci ratios gives a measure of the 

dependency of the system on external forcings and connections.  The Ai/Ci ratios decrease by 

16% and 53% when compared to the A/C for the average coastal systems and the Brouage 

mudflat, respectively.  This indicates strong dependencies on external connections (Baird et al., 
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1991), especially for the Brouage bare mudflat.  In contrast, the Marennes- Oléron seagrass bed’s 

internal relative Ascendency increased when compared with the A/C ratio, indicating a strong 

internal system organization that is relatively resistant to external forcings.  This is an interesting 

result when combined with the FCI results, as the seagrass bed seems to be a mature and well 

organized system internally (based on the Ai/Ci), yet also communicates strongly with 

surrounding environments. 

 The primary production efficiency (PPeff) is a relative measure of how much production 

is grazed within the system.  The Oléron seagrass bed shows a lower value (36%) when compared 

to the mudflat (63%) and the coastal system average (55%), indicating relatively more primary 

production is recycled through the detrital loop, exported, and buried.  The NPP/B ratio indicates 

that the seagrass bed has relatively higher biomass within the system relative to the net primary 

production, when compared to the other systems.  This supports the paradigm of seagrass beds 

being productive systems with high levels of biomass.  This high biomass relative to primary 

production is also reflected in the negative GPP/R ratio (0.95) of the seagrass bed, indicative of a 

net heterotrophic system that partially relies on external imports of energy.   

 

3.6 Conclusion 

An inverse analysis of an intertidal seagrass bed food web in the Marennes- Oléron 

estuary demonstrated that microphytobenthos and detrital production were the dominant drivers 

of carbon flow to secondary consumers, rather than direct consumption of the seagrasses 

themselves.  This was consistent with recent studies of other seagrass beds (Coelho et al., 2011; 

Ouisse et al., 2011; Vafeiadou et al., 2013).  Our study highlights the importance of the 

processing of primary production through the detrital pool by bacteria and meiofauna (e.g., 

nematodes) to higher trophic levels.  The utilization of stable isotope mixing models as part of a 

linear inverse food web model allowed for the elucidation and validation of this pathway, which 

has been discussed previously but not quantified (Ouisse et al., 2011; Vafeiadou et al., 2013).  

Additionally, our analysis revealed that the seagrass bed was a net carbon sink, consistent with 

findings for tropical seagrass beds.  Network analysis revealed the Oléron seagrass bed to be a 

relatively mature, stable system internally, with strong connections via energy transport to and 

from surrounding environments.   
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3.8 Figures 

 

 
Figure 1. Overview of the Marennes-Oléron Estuary study site, including the intertidal 

seagrass bed that was modeled.  Sampling locations indicated as HFS (High Flat Site) and 

LFS (Low Flat Site). Figure reproduced from Pacella et al. (2013). 
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Figure 2. Marennes-Oléron intertidal seagrass bed food web diagram. Compartments are 

labeled with their three letter abbreviations.  Flows of carbon amongst food web 

compartments are represented by arrows, with arrow thickness proportional to the magnitude 

of the flow.  Exports (e.g. respiration) are shown as arrows pointing away from the web. 

Figure reproduced from Pacella et al. (2013).  
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Figure 3.  Mean cropping rates of primary producers and detritus compartments, both including (consumers + bacteria) and excluding 

(consumers only) consumption by bacteria.   POM = suspended particulate organic matter; SOM = sediment particulate organic matter.  

Error bars represent +/- 1 standard deviation.  
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Figure 4.   Relative mean contribution of primary producers, detritus, and other food items to consumers in the seagrass  bed.
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Figure 5.  Total system import, export, and carbon burial fluxes for the Marennes-Oleron seagrass bed.  Shown are means +/- 1 standard 

deviation.  Due to the mass balance of the inverse model, the total import is equal to the sum of the exports and burial.  Burial is defined as the 

carbon flux sequestered from the sediment organic matter pool.
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Figure 6.  Lindeman spine trophic aggregation diagrams of the Marennes-Oléron food web a). with detritus included in the first trophic level, 

and b). with detritus broken out separately to show the detrital loop.  Numerals indicate effective trophic level as given by the Lindeman 

trophic analysis (Netwrk 4.2).  Numbers indicate flows of carbon in units of mgC m
-2

 d
-1

.  Angled arrows above the trophic compartments 

indicate imports and exports, and respiration exports are indicated below the compartments. The rates of herbivory (404 mgC m
-2

 d
-1

) and 

detritivory (1,360 mgC m
-2

 d
-1

) are shown in b).  Values shown are the mean of the 50,000 solutions.
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Figure 7.  Total food web dependencies for each food web compartment.  Shown are means +/- 1 standard deviation.  By definition, these 

include both direct and indirect flows, and so therefore do not sum to the same value as total throughput for the compartment or the system due 

to recycling. 
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3.9 Tables 

 

Table 1. Compartments of the Marennes-Oléron seagrass bed food web model.  Included are 

measured biomasses used for calculations in the model formulation, as well as stable isotope 

values. 

 

Compartment 

Compartme

nt 

abbreviation 

Biomass 

(mgC m
-2

) 

δ
13

C (‰) 

mean 

δ
13

C 

(‰) SD 

δ
15

N (‰) 

mean 

δ
15

N (‰) 

SD 

AUTOTROPHS            

Microphytobenthos mpb 9,250 -14.0 1.1 5.7 1.3 

Zostera noltii zos 6,133 -10.9 1.1 8.5 1.5 

Phytoplankton phy 255 -23.7 2.4 4.9 0.5 

DETRITUS            

Dissolved Organic Carbon doc 1,850 - - - - 

Sediment Organic Matter som 27,560 -19.0 0.9 5.8 1.1 

Particulate Organic 

Matter 
pom 

1,044 -21.1 2.8 5.8 1.1 

HETEROTROPHS            

Benthic Bacteria bba 4,718 - - - - 

Pelagic Bacteria pba 157 - - - - 

Zooplankton zoo 160 -24.4 2.4 7.4 0.7 

Hydrobia ulvae hyd 3,752 -12.0 1.0 9.7 0.6 

Nematodes nem 2,748 -12.8 0.6 9.8 0.7 

Tapes spp. tap 844 -16.9 1.8 9.2 0.8 

Cerastoderma edule cer 353 -17.0 1.2 9.8 1.0 

Copepods cop 359 -15.5 1.1 7.8 0.4 

Gastropod grazers gas 325 -11.5 1.1 10.2 1.3 

Scrobicularia plana scr 258 -14.3 0.7 10.0 1.1 
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Mytilus galoprovincialis myt 127 -18.4 1.9 9.5 0.8 

Abra spp. abr 69.6 -13.5 1.1 11.5 1.9 

Macoma balthica mac 48.3 -13.4 0.5 11.1 2.2 

Cerebratulus marginatus ceb 14.2 -14.7 2.2 10.0 0.4 

Carcinus maenas car 26.0 -12.6 0.8 11.4 0.5 

Crangon crangon cra 10.7 -13.0 1.0 12.9 0.6 

Notomastus latericeus not 18.1 -13.9 1.2 13.1 2.2 

Arenicola marina are 11.2 -13.7 0.6 11.3 0.1 

Fish fsh 195 -15.1 3.3 13.1 2.1 

Birds brd 7.00 - - - - 
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Table 2. LIM-MCMC model results for the Marennes-Oléron seagrass bed.  Food web flows are 

denoted sourceTOsink using the abbreviations for compartments as given in Table 1.  Shown are 

the mean, standard deviation,  and 5% and 95% interquantile values of the 50,000 iterations for 

each of the 175 modeled flows.  Units are mgC m
-2

 d
-1

.   

 

Flow 

# 

Food web 

flow 
Mean 

Standard 

deviation 

5% interquantile 

value 

95% interquantile 

value 

1 gppTOmpb 1355 101 1185 1523 

2 gppTOzos 55.3 4.17 50.7 64.0 

3 gppTOphy 57.6 13.6 32.1 77.6 

4 impTOpba 88.4 5.07 81.1 97.1 

5 impTOphy 150 6.76 137 158 

6 impTOzoo 94.0 4.31 85.9 99.6 

7 impTOfsh 159 30.1 115 212 

8 impTObrd 4.74 0.78 3.41 5.91 

9 impTOpom 598 34.1 542 648 

10 impTOdoc 1064 58.9 963 1149 

11 mpbTOres 324 72.1 210 438 

12 mpbTOdoc 695 64.7 590 805 

13 mpbTObba 146 62.8 42 251 

14 mpbTOabr 1.01 0.24 0.64 1.41 

15 mpbTOare 0.11 0.05 0.02 0.19 

16 mpbTObrd 0.15 0.12 0.01 0.39 

17 mpbTOcer 4.46 1.01 2.94 6.22 

18 mpbTOceb 0.03 0.02 0.01 0.06 

19 mpbTOcop 30.9 8.76 18.3 46.3 

20 mpbTOfsh 40.0 2.31 36.4 43.6 

21 mpbTOgas 1.48 0.27 1.02 1.89 

22 mpbTOhyd 52.2 7.88 38.4 64.0 

23 mpbTOmac 0.23 0.18 0.02 0.58 

24 mpbTOmyt 1.52 0.39 0.93 2.18 

25 mpbTOnem 41.7 32.0 3.04 104 

26 mpbTOnot 0.43 0.25 0.04 0.83 

27 mpbTOscr 5.32 0.60 4.34 6.28 

28 mpbTOtap 10.6 1.88 7.71 13.9 

29 zosTOres 7.45 4.16 2.80 16.2 

30 zosTOdoc 0.91 0.10 0.79 1.10 

31 zosTOexp 0.08 0.08 0.00 0.25 

32 zosTOsom 0.08 0.08 0.00 0.24 
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33 zosTOabr 0.56 0.10 0.44 0.75 

34 zosTOare 0.16 0.05 0.10 0.25 

35 zosTObrd 0.41 0.15 0.18 0.68 

36 zosTOceb 0.02 0.01 0.00 0.05 

37 zosTOgas 3.45 0.15 3.24 3.71 

38 zosTOhyd 42.2 0.15 42.0 42.4 

39 phyTOres 11.2 5.72 3.09 21.3 

40 phyTOdoc 6.04 1.35 3.40 7.80 

41 phyTOexp 140 6.77 131 152 

42 phyTOpom 29.5 14.8 4.91 53.5 

43 phyTOcer 1.17 0.69 0.12 2.31 

44 phyTOmac 0.23 0.18 0.02 0.58 

45 phyTOmyt 0.76 0.44 0.08 1.49 

46 phyTOscr 0.32 0.19 0.04 0.64 

47 phyTOtap 2.22 1.32 0.21 4.37 

48 phyTOzoo 16.3 12.2 1.17 39.7 

49 docTOexp 1038 58.5 955 1140 

50 docTOpba 72.8 50.7 6.14 168 

51 docTObba 937 129 721 1144 

52 pomTOexp 367 138 132 588 

53 pomTOsom 433 125 194 601 

54 pomTOcer 2.02 1.16 0.23 3.98 

55 pomTOmac 0.23 0.18 0.02 0.58 

56 pomTOmyt 1.46 0.56 0.55 2.42 

57 pomTOpba 86.2 53.7 9.32 183 

58 pomTOscr 0.47 0.26 0.06 0.92 

59 pomTOtap 7.68 2.11 4.33 11.3 

60 pomTOzoo 21.2 17.0 1.46 55.0 

61 somTOexp 172 126 13.7 412 

62 somTOpom 169 125 12.7 414 

63 somTOabr 0.68 0.21 0.34 1.03 

64 somTObba 218 121 39.1 436 

65 somTOcar 0.07 0.04 0.01 0.14 

66 somTOceb 0.04 0.02 0.01 0.07 

67 somTOcer 2.70 1.39 0.53 5.08 

68 somTOcra 0.06 0.04 0.01 0.12 

69 somTOgas 0.34 0.18 0.04 0.60 
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70 somTOhyd 10.9 5.55 1.47 19.0 

71 somTOmac 0.23 0.18 0.02 0.58 

72 somTOnot 0.43 0.25 0.04 0.84 

73 bbaTOres 623 69.1 527 746 

74 bbaTOdoc 103 15.4 77.8 129 

75 bbaTOare 0.19 0.05 0.11 0.26 

76 bbaTOcop 16.2 8.35 2.76 29.3 

77 bbaTOgas 0.43 0.22 0.06 0.76 

78 bbaTOhyd 18.5 7.41 4.92 28.8 

79 bbaTOnem 541 32.8 494 601 

80 pbaTOres 38.7 29.1 2.83 95.4 

81 pbaTOdoc 43.4 31.0 3.66 103 

82 pbaTOexp 90.3 5.10 81.7 97.7 

83 pbaTOzoo 75.1 19.1 41.1 104 

84 zooTOres 51.8 5.16 41.9 58.4 

85 zooTOdoc 35.6 10.2 19.4 52.2 

86 zooTOexp 88.0 4.29 82.3 96.0 

87 zooTOpom 10.4 6.62 1.00 22.4 

88 zooTOcar 0.04 0.02 0.00 0.07 

89 zooTOcra 0.04 0.02 0.00 0.07 

90 zooTOfsh 20.5 8.04 6.89 33.6 

91 abrTOres 1.27 0.07 1.16 1.39 

92 abrTOsom 0.73 0.23 0.44 1.16 

93 abrTOcar 0.06 0.03 0.01 0.12 

94 abrTOcra 0.06 0.03 0.01 0.11 

95 abrTOfsh 0.13 0.05 0.05 0.22 

96 areTOres 0.23 0.01 0.21 0.25 

97 areTOsom 0.16 0.04 0.09 0.22 

98 areTObrd 0.02 0.01 0.00 0.04 

99 areTOcar 0.02 0.01 0.00 0.05 

100 areTOcra 0.02 0.01 0.00 0.05 

101 areTOfsh 0.02 0.01 0.00 0.05 

102 brdTOres 0.73 0.42 0.21 1.56 

103 brdTOsom 0.38 0.19 0.12 0.74 

104 brdTOexp 4.32 0.78 3.16 5.65 

105 carTOres 0.43 0.03 0.37 0.46 

106 carTOsom 0.36 0.06 0.23 0.44 
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107 carTOcra 0.06 0.04 0.01 0.12 

108 carTOfsh 0.08 0.04 0.02 0.14 

109 cerTOres 5.30 0.19 4.98 5.57 

110 cerTOsom 3.83 1.00 2.07 5.23 

111 cerTOcar 0.05 0.03 0.00 0.09 

112 cerTOcra 0.05 0.03 0.01 0.10 

113 cerTOfsh 1.13 0.10 0.97 1.28 

114 cebTOres 0.08 0.01 0.05 0.09 

115 cebTOsom 0.06 0.02 0.03 0.08 

116 cebTOcar 0.01 0.00 0.00 0.03 

117 cebTOcra 0.01 0.00 0.00 0.03 

118 cebTOfsh 0.01 0.00 0.00 0.03 

119 copTOres 26.7 1.09 24.9 28.3 

120 copTOdoc 12.5 5.31 5.22 22.2 

121 copTOsom 7.72 5.10 0.70 17.0 

122 copTOcar 0.07 0.04 0.01 0.14 

123 copTOceb 0.04 0.02 0.01 0.07 

124 copTOcra 0.08 0.04 0.01 0.15 

125 craTOres 0.44 0.03 0.37 0.47 

126 craTOsom 0.37 0.06 0.24 0.45 

127 craTOcar 0.04 0.02 0.00 0.07 

128 craTOfsh 0.03 0.02 0.00 0.07 

129 fshTOres 164 23.3 120 195 

130 fshTOpom 113 28.6 67.7 161 

131 fshTOexp 174 29.8 122 217 

132 fshTOcar 0.05 0.03 0.00 0.09 

133 gasTOres 2.98 0.11 2.87 3.20 

134 gasTOsom 1.31 0.14 1.15 1.60 

135 gasTOcar 0.10 0.06 0.01 0.19 

136 gasTOcra 0.09 0.05 0.01 0.16 

137 gasTOfsh 1.22 0.12 1.05 1.44 

138 hydTOres 71.9 0.19 71.7 72.3 

139 hydTOsom 26.2 0.24 25.9 26.7 

140 hydTObrd 0.12 0.10 0.01 0.33 

141 hydTOcar 0.10 0.05 0.01 0.18 

142 hydTOcra 0.08 0.05 0.01 0.15 

143 hydTOfsh 25.4 0.23 25.1 25.8 
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144 macTOres 0.47 0.01 0.45 0.49 

145 macTOsom 0.34 0.09 0.18 0.46 

146 macTOcar 0.03 0.02 0.00 0.08 

147 macTOcra 0.03 0.02 0.00 0.08 

148 macTOfsh 0.03 0.02 0.00 0.08 

149 mytTOres 1.93 0.07 1.81 2.04 

150 mytTOsom 1.36 0.37 0.73 1.90 

151 mytTOcar 0.05 0.03 0.01 0.09 

152 mytTOcra 0.05 0.03 0.01 0.09 

153 mytTOfsh 0.35 0.05 0.26 0.43 

154 nemTOres 207 15.8 176 225 

155 nemTOdoc 87.4 52.0 8.78 175 

156 nemTOsom 88.5 52.2 9.19 176 

157 nemTOcar 0.09 0.05 0.01 0.16 

158 nemTOceb 0.03 0.02 0.00 0.06 

159 nemTOcra 0.08 0.04 0.01 0.15 

160 nemTOfsh 199 26.6 152 237 

161 notTOres 0.43 0.02 0.39 0.46 

162 notTOsom 0.30 0.08 0.16 0.42 

163 notTOcar 0.04 0.03 0.00 0.09 

164 notTOcra 0.04 0.03 0.00 0.09 

165 notTOfsh 0.05 0.03 0.01 0.10 

166 scrTOres 3.17 0.07 3.06 3.27 

167 scrTOsom 2.23 0.60 1.20 3.09 

168 scrTOcar 0.06 0.04 0.01 0.12 

169 scrTOcra 0.06 0.04 0.01 0.12 

170 scrTOfsh 0.58 0.07 0.46 0.70 

171 tapTOres 10.8 0.22 10.4 11.1 

172 tapTOsom 7.58 2.05 4.06 10.5 

173 tapTOcar 0.05 0.03 0.01 0.09 

174 tapTOcra 0.05 0.03 0.01 0.10 

175 tapTOfsh 2.10 0.16 1.85 2.35 
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Table 3. Results of Lindeman trophic level analysis.  Shown are the percentages of 

apportionment of each compartment among the integer trophic levels (I – V).  The effective 

trophic level is a weighted average of these apportionments.  For example, the cop compartment 

is feeding 66% at a trophic level of II (herbivory and detritivory) and 34% at a trophic level of III, 

resulting in an effective trophic level of 2.34.  Analysis was done with the mean values from the 

LIM-MCMC model results. 

 

  Trophic level (%)   

Compartment I II III IV V Effective Trophic Level 

mpb 100 0 0 0 0 1.00 

zos 100 0 0 0 0 1.00 

phy 100 0 0 0 0 1.00 

bba 0 100 0 0 0 2.00 

pba 0 100 0 0 0 2.00 

abr 0 100 0 0 0 2.00 

cer 0 100 0 0 0 2.00 

mac 0 100 0 0 0 2.00 

myt 0 100 0 0 0 2.00 

not 0 100 0 0 0 2.00 

scr 0 100 0 0 0 2.00 

tap 0 100 0 0 0 2.00 

gas 0 93 8 0 0 2.08 

hyd 0 85 15 0 0 2.15 

brd 0 80 16 4 0 2.24 

cop 0 66 34 0 0 2.34 

are 0 59 41 0 0 2.41 

zoo 0 33 67 0 0 2.67 

ceb 0 56 18 26 0 2.70 

nem 0 7 93 0 0 2.93 

car 0 8 71 21 1 3.13 

cra 0 8 73 20 0 3.13 

fsh 0 14 17 70 0 3.56 
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Table 4. Comparison of network indices calculated for the Marennes-Oléron seagrass bed (this 

study), the Brouage bare mudflat, France (Leguerrier et al., 2003), and a global average of 23 

coastal systems compiled by Leguerrier et al. (2007).  All indices are dimensionless, unless 

otherwise noted.  The ENA indices compared are: Net System Production (NSP, mgC m-2 d-1), 

Average Path Length (APL), number of trophic levels (N(TL)), Finn Cycling Index (FCI), 

Detritivory/Herbivory (D/H), Ascendency/Development Capacity (A/C), 

Redundancy/Development Capacity (R/C), internal relative Ascendency (Ai/Ci), Primary 

Production Efficiency (PPeff: Herbivory/net primary production), net primary production/total 

biomass (excluding detritus and dissolved organic carbon) (NPP/B), gross primary 

production/total system respiration (GPP/R), Carbon burial rate (mgC m
-2

 d
-1

). 

 

ENA metric 
Coastal system 

average 

Brouage 

mudflat 

Marennes-Oléron 

seagrass 

NSP (mgC m
-2

 d
-1

) 279 -721 -84.8 

APL 2.8 1.73 2.26 

N(TL) 6 4 4 

FCI (%) 18 19.2 16.4 

D/H 6.5 6.6 3.37 

A/C (%) 37 34 32 

Ai/Ci (%) 31 16 36.3 

PPeff (%) 55 63 36 

NPP/B 19.2 20.8 13.8 

GPP/R 1.4 1.4 0.95 

Carbon burial - 71.5 172 
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4 General Conclusion 

 The goals of this project were to develop new methodologies for incorporation of 

stable isotope information into a linear inverse food web model solved with Markov Chain Monte 

Carlo methods, and apply these methods to model an intertidal seagrass bed in the Marennes-

Oléron Estuary, France.  The first study of this thesis focused on the methods development for 

incorporation of multiple stable isotopes into a novel linear inverse food web model, while the 

second study focused on ecological analysis of the resulting model.    

 In Chapter 2, comparisons between the outputs of the models showed the addition of 

the SIAR-derived isotopic diet constraints further constrained the solution range of all food web 

flows on average by 26%.  Flows that were directly affected by an isotopic diet constraint were 

45% further constrained on average.  These results confirmed our hypothesis that incorporation of 

the isotope information would result in a more constrained food web model, and demonstrated the 

benefit of utilizing multi-tracer stable isotope information in ecosystem models.  More research is 

necessary to understand how much more “correct” these models are than their predecessors.  A 

strength of the Markov Chain Monte Carlo solution technique is the ability to identify areas of the 

model that are most uncertain, and help guide future studies.      

 In Chapter 3, Grazing rates indicated that microphytobenthos was directly consumed 

about 7 times more than Zostera, while a novel metric of total food web dependency derived from 

network analysis  showed the consumer compartments relied upon microphytobenthos 22 time 

more than on Z. noltii via direct and indirect pathways. Meiofauna was found to provide an 

important link between primary production and detritus with upper trophic levels (i.e. fish).  

Autochthonous carbon was utilized over 4 times more than allochthonous carbon by the seagrass 

food web in total, and the system was shown to be a net carbon sink.  Our analysis supported the 

concept that seagrass meadows have a high metabolic capacity and the ability to accumulate large 

sedimentary carbon pools (e.g., carbon sequestration), which are important climate-regulating 

ecosystem services.  ENA revealed the Oléron seagrass bed to be a relatively mature, stable 

system internally, with strong connections via energy transport to and from surrounding 

environments.  To the best of the authors’ knowledge, this study was the first to fully characterize 

the carbon budget of an intertidal seagrass food web utilizing probabilistic methods. 
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Appendix: Food web model equations 

 Name  Equation/Inequality Source(s) 

1.  Microphytobenthos 

mass balance 

 

  

This study 

2.  Zostera noltii mass 

balance 

 

  

This study 

3.  Phytoplankton mass 

balance 

 

  

This study 

4.  Dissolved organic 

carbon mass balance 

 

  

This study 

5.  Particulate organic 

matter mass balance 

 

  

This study 

6.  Sediment organic 

matter mass balance 

 

  

This study 

7.  Benthic bacteria 

mass balance 

 

  

This study 

8.  Pelagic bacteria 

mass balance 

 

  

This study 
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9.  Zooplankton mass 

balance 

 

  

This study 

10.  Abra spp. Mass 

balance 

 

  

This study 

11.  Arenicola marina 

mass balance 

 

  

This study 

12.  Birds mass balance  

  

This study 

13.  Carcinus maenas 

mass balance 

 

  

This study 

14.  Cerastoderma edule 

mass balance 

 

  

This study 

15.  Cerebratulus 

marginalus mass 

balance 

 

  

This study 

16.  Copepod mass 

balance 

 

  

This study 

17.  Crangon crangon 

mass balance 

 

  

This study 

18.  Fish mass balance  

  

This study 

19.  Gastropod grazers 

mass balance 

 This study 
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20.  Hydrobia ulvae 

mass balance 

 

  

This study 

21.  Macoma balthica 

mass balance 

 

  

This study 

22.  Mytilus 

galoprovincialis 

mass balance 

 

  

This study 

23.  Nematode mass 

balance 

 

  

This study 

24.  Notomastus 

latericeus mass 

balance 

 

  

This study 

25.  Scrobicularia plana 

mass balance 

 

  

This study 

26.  Tapes spp. Mass 

balance 

 

  

This study 

27.  Microphytobenthos 

net primary 

production 

Min  This study 

28.  Microphytobenthos 

net primary 

production 

Max  This study 

29.  Zostera noltii net 

primary production 

Min  This study 

30.  Zostera noltii net 

primary production 

Max  This study 

31.  Phytoplankton net 

primary production 

Min  This study 

32.  Phytoplankton net 

primary production 

Max  This study 

33.  Microphytobenthos 

autotrophic 

respiration 

Min  Vezina & 

Platt 1988 

34.  Microphytobenthos 

autotrophic 

respiration 

Max  Vezina & 

Platt 1988 

35.  Zostera noltii Min  Vezina & 
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autotrophic 

respiration 

Platt 1988 

36.  Zostera noltii 

autotrophic 

respiration 

Max  Vezina & 

Platt 1988 

37.  Phytoplankton 

autotrophic 

respiration 

Min  Vezina & 

Platt 1988 

38.  Phytoplankton 

autotrophic 

respiration 

Max  Vezina & 

Platt 1988 

39.  Microphytobenthos 

autotrophic 

excretion 

Min  Gato et al., 

1999 

40.  Microphytobenthos 

autotrophic 

excretion 

Max  Gato et al., 

1999 

41.  Zostera noltii 

autotrophic 

excretion 

Min  Vezina & 

Platt 1988 

42.  Zostera noltii 

autotrophic 

excretion 

Max  Vezina & 

Platt 1988 

43.  Phytoplankton 

autotrophic 

excretion 

Min  Vezina & 

Platt 1988 

44.  Phytoplankton 

autotrophic 

excretion 

Max  Vezina & 

Platt 1988 

45.  Zooplankton 

heterotrophic 

excretion 

Min  Vezina & 

Platt 1988 

46.  Zooplankton 

heterotrophic 

excretion 

Max  Vezina & 

Platt 1988 

47.  Abra spp. 

heterotrophic 

excretion 

Min  Vezina & 

Platt 1988 

48.  Abra spp.  

heterotrophic 

excretion 

Max  Vezina & 

Platt 1988 

49.  Arenicola marina 

heterotrophic 

excretion 

Min  Vezina & 

Platt 1988 

50.  Arenicola marina 

heterotrophic 

excretion 

Max  Vezina & 

Platt 1988 
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51.  Bird heterotrophic 

excretion 

Min  Vezina & 

Platt 1988 

52.  Bird heterotrophic 

excretion 

Max  Vezina & 

Platt 1988 

53.  Carcinus maenas 

heterotrophic 

excretion 

Min  Vezina & 

Platt 1988 

54.  Carcinus maenas 

heterotrophic 

excretion 

Max  Vezina & 

Platt 1988 

55.  Cerastoderma edule 

heterotrophic 

excretion 

Min  Vezina & 

Platt 1988 

56.  Cerastoderma edule 

heterotrophic 

excretion 

Max  Vezina & 

Platt 1988 

57.  Cerebratulus 

marginatus 

heterotrophic 

excretion 

Min  Vezina & 

Platt 1988 

58.  Cerebratulus 

marginatus 

heterotrophic 

excretion 

Max  Vezina & 

Platt 1988 

59.  Copepod 

heterotrophic 

excretion 

Min  Vezina & 

Platt 1988 

60.  Copepod 

heterotrophic 

excretion 

Max  Vezina & 

Platt 1988 

61.  Crangon crangon 

heterotrophic 

excretion 

Min  Vezina & 

Platt 1988 

62.  Crangon crangon 

heterotrophic 

excretion 

Max  Vezina & 

Platt 1988 

63.  Fish heterotrophic 

excretion 

Min  Vezina & 

Platt 1988 

64.  Fish heterotrophic 

excretion 

Max  Vezina & 

Platt 1988 

65.  Gastropod grazer 

heterotrophic 

excretion 

Min  Vezina & 

Platt 1988 

66.  Gastropod grazer 

heterotrophic 

excretion 

Max  Vezina & 

Platt 1988 

67.  Hydrobia ulvae Min  Vezina & 
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heterotrophic 

excretion 

Platt 1988 

68.  Hydrobia ulvae 

heterotrophic 

excretion 

Max  Vezina & 

Platt 1988 

69.  Mytilus  

galoprovincialis 

heterotrophic 

excretion 

Min  Vezina & 

Platt 1988 

70.  Mytilus  

galoprovincialis 

heterotrophic 

excretion 

Max  Vezina & 

Platt 1988 

71.  Nematode 

heterotrophic 

excretion 

Min 

 

Vezina & 

Platt 1988 

72.  Nematode 

heterotrophic 

excretion 

Max  Vezina & 

Platt 1988 

73.  Notomastus 

latericeus 

heterotrophic 

excretion 

Min  Vezina & 

Platt 1988 

74.  Notomastus 

latericeus 

heterotrophic 

excretion 

Max  Vezina & 

Platt 1988 

75.  Scrobicularia plana 

heterotrophic 

excretion 

Min  Vezina & 

Platt 1988 

76.  Scrobicularia plana 

heterotrophic 

excretion 

Max  Vezina & 

Platt 1988 

77.  Tapes spp.  

heterotrophic 

excretion 

Min  Vezina & 

Platt 1988 

78.  Tapes spp.  

heterotrophic 

excretion 

Max  Vezina & 

Platt 1988 

79.  Macoma balthica  

heterotrophic 

excretion 

Min  Vezina & 

Platt 1988 

80.  Macoma balthica  

heterotrophic 

excretion 

Max  Vezina & 

Platt 1988 

81.  Zooplankton 

assimilation 

Min 

  

Vezina & 

Platt 1988 
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efficiency 

82.  Zooplankton 

assimilation 

efficiency 

Max 

  

Vezina & 

Platt 1988 

83.  Abra spp. 

assimilation 

efficiency 

Min 

  

Vezina & 

Platt 1988 

84.  Abra spp. 

assimilation 

efficiency 

Max 

  

Vezina & 

Platt 1988 

85.  Arenicola marina 

assimilation 

efficiency 

Min 

  

Vezina & 

Platt 1988 

86.  Arenicola marina 

assimilation 

efficiency 

Max 

  

Vezina & 

Platt 1988 

87.  Bird assimilation 

efficiency 

Min 

  

Vezina & 

Platt 1988 

88.  Bird assimilation 

efficiency 

Max 

  

Vezina & 

Platt 1988 

89.  Carcinus maenas 

assimilation 

efficiency 

Min 

  

Vezina & 

Platt 1988 

90.  Carcinus maenas 

assimilation 

efficiency 

Max 

  

Vezina & 

Platt 1988 

91.  Cerastoderma edule 

assimilation 

efficiency 

Min 

  

Vezina & 

Platt 1988 

92.  Cerastoderma edule 

assimilation 

efficiency 

Max 

  

Vezina & 

Platt 1988 

93.  Cerebratulus Min Vezina & 



84 

 

 

marginatus 

assimilation 

efficiency 
  

Platt 1988 

94.  Cerebratulus 

marginatus 

assimilation 

efficiency 

Max 

  

Vezina & 

Platt 1988 

95.  Crangon crangon 

assimilation 

efficiency 

Min 

  

Vezina & 

Platt 1988 

96.  Crangon crangon 

assimilation 

efficiency 

Max 

  

Vezina & 

Platt 1988 

97.  Fish assimilation 

efficiency 

Min 

  

Vezina & 

Platt 1988 

98.  Fish assimilation 

efficiency 

Max 

  

Vezina & 

Platt 1988 
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99.  Gastropod grazers 

assimilation 

efficiency 

Min 

  

Vezina & 

Platt 1988 

100.  Gastropod grazers 

assimilation 

efficiency 

Max 

  

Vezina & 

Platt 1988 

101.  Mytilus 

galoprovincialis 

assimilation 

efficiency 

Min 

  

Vezina & 

Platt 1988 

102.  Mytilus 

galoprovincialis 

assimilation 

efficiency 

Max 

  

Vezina & 

Platt 1988 

103.  Nematodes 

assimilation 

efficiency 

Min 

  

Vezina & 

Platt 1988 

104.  Nematodes 

assimilation 

efficiency 

Max 

  

Vezina & 

Platt 1988 

105.  Notomastus 

latericeus 

assimilation 

efficiency 

Min 

  

Vezina & 

Platt 1988 

106.  Notomastus 

latericeus 

assimilation 

efficiency 

Max 

 

Vezina & 

Platt 1988 

107.  Scrobicularia plana 

assimilation 

efficiency 

Min 

  

Vezina & 

Platt 1988 

108.  Scrobicularia plana 

assimilation 

efficiency 

Max 

  

Vezina & 

Platt 1988 

109.  Tapes spp. 

assimilation 

efficiency 

Min 

  

Vezina & 

Platt 1988 

110.  Tapes spp. 

assimilation 

efficiency 

Max 

  

Vezina & 

Platt 1988 

111.  Copepod 

assimilation 

efficiency 

Min 

  

Vezina & 

Platt 1988 

112.  Copepod 

assimilation 

efficiency 

Max 

 

Vezina & 

Platt 1988 
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113.  Hydrobia ulvae 

assimilation 

efficiency 

Min 

  

Vezina & 

Platt 1988 

114.  Hydrobia ulvae 

assimilation 

efficiency 

Max 

  

Vezina & 

Platt 1988 

115.  Macoma balthica 

assimilation 

efficiency 

Min 

  

Vezina & 

Platt 1988 

116.  Macoma balthica 

assimilation 

efficiency 

Max 

  

Vezina & 

Platt 1988 

117.  Pelagic bacteria 

production 

efficiency 

Min 

  

Vezina & 

Platt 1988 

118.  Pelagic bacteria 

production 

efficiency 

Max 

  

Vezina & 

Platt 1988 

119.  Benthic bacteria 

production 

efficiency 

Min 

  

Vezina & 

Platt 1988 

120.  Benthic bacteria 

production 

efficiency 

Max 

  

Vezina & 

Platt 1988 

121.  Benthic bacteria 

respiration 

Min  Brey 

Database; 

This study 

122.  Benthic bacteria 

respiration 

Max  Brey 

Database; 

This study 

123.  Zooplankton 

respiration 

Min  Brey 

Database; 

This study 

124.  Zooplankton 

respiration 

Max  Brey 

Database; 

This study 

125.  Abra spp. respiration Min  Brey 

Database; 

This study 

126.  Abra spp. respiration Max  Brey 

Database; 

This study 

127.  Arenicola marina 

respiration 

Min  Brey 

Database; 

This study 
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128.  Arenicola marina 

respiration 

Max  Brey 

Database; 

This study 

129.  Carcinus maenas 

respiration 

Min  Brey 

Database; 

This study 

130.  Carcinus maenas 

respiration 

Max  Brey 

Database; 

This study 

131.  Cerastoderma edule 

respiration 

Min  Brey 

Database; 

This study 

132.  Cerastoderma edule 

respiration 

Max  Brey 

Database; 

This study 

133.  Cerebratulus 

marginatus 

respiration 

Min  Brey 

Database; 

This study 

134.  Cerebratulus 

marginatus 

respiration 

Max  Brey 

Database; 

This study 

135.  Crangon crangon 

respiration 

Min  Brey 

Database; 

This study 

136.  Crangon crangon 

respiration 

Max  Brey 

Database; 

This study 

137.  Gastropod grazers 

respiration 

Min  Brey 

Database; 

This study 

138.  Gastropod grazers 

respiration 

Max  Brey 

Database; 

This study 

139.  Hydrobia ulvae 

respiration 

Min  Brey 

Database; 

This study 

140.  Hydrobia ulvae 

respiration 

Max  Brey 

Database; 

This study 

141.  Macoma balthica 

respiration 

Min  Brey 

Database; 

This study 

142.  Macoma balticha 

respiration 

Max  Brey 

Database; 

This study 

143.  Mytilus 

galoprovincialis 

Min  Brey 

Database; 
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respiration This study 

144.  Mytilus 

galoprovincialis 

respiration 

Max  Brey 

Database; 

This study 

145.  Nematodes 

respiration 

Min  Brey 

Database; 

This study 

146.  Nematodes 

respiration 

Max  Brey 

Database; 

This study 

147.  Notomastus 

latericeus 

respiration 

Min  Brey 

Database; 

This study 

148.  Notomastus 

latericeus 

respiration 

Max  Brey 

Database; 

This study 

149.  Scrobicularia plana 

respiration 

Min  Brey 

Database; 

This study 

150.  Scrobicularia plana 

respiration 

Max  Brey 

Database; 

This study 

151.  Copepod respiration Min  Brey 

Database; 

This study 

152.  Copepod respiration Max  Brey 

Database; 

This study 

153.  Tapes spp. 

respiration 

Min  Brey 

Database; 

This study 

154.  Tapes spp. 

respiration 

Max  Brey 

Database; 

This study 

155.  Fish respiration Min  Brey 

Database; 

This study 

156.  Fish respiration Max  Brey 

Database; 

This study 

157.  Pelagic bacteria 

production 

Min 

  

Brey 

Database; 

This study 

158.  Pelagic bacteria 

production 

Max 

 

Brey 

Database; 

This study 

159.  Benthic bacteria Min Brey 
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production   Database; 

This study 

160.  Benthic bacteria 

production 

Max 

 

Brey 

Database; 

This study 

161.  Zooplankton 

production 

Min 

 

Brey 

Database; 

This study 

162.  Zooplankton 

production 

Max 

 

Brey 

Database; 

This study 

163.  Abra spp. 

production 

Min 

  

Brey 

Database; 

This study 

164.  Abra spp. 

production 

Max 

 

Brey 

Database; 

This study 

165.  Arenicola marina 

production 

Min 

  

Brey 

Database; 

This study 

166.  Arenicola marina 

production 

Max 

 

Brey 

Database; 

This study 

167.  Carcinus maenas 

production 

Min 

  

Brey 

Database; 

This study 

168.  Carcinus maenas 

production 

Max 

  

Brey 

Database; 

This study 

169.  Cerastoderma edule 

production 

Min 

 

Brey 

Database; 

This study 

170.  Cerastoderma edule 

production 

Max 

 

Brey 

Database; 

This study 

171.  Cerebratulus 

marginatus 

production 

Min 

  

Brey 

Database; 

This study 
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172.  Cerebratulus 

marginatus 

production 

Max 

  

Brey 

Database; 

This study 

173.  Crangon crangon 

production 

Min 

  

Brey 

Database; 

This study 

174.  Crangon crangon 

production 

Max 

  

Brey 

Database; 

This study 

175.  Gastropod grazers 

production 

Min 

  

Brey 

Database; 

This study 

176.  Gastropod grazers 

production 

Max 

  

Brey 

Database; 

This study 

177.  Hydrobia ulvae 

production 

Min 

  

Brey 

Database; 

This study 

178.  Hydrobia ulvae 

production 

Max 

  

Brey 

Database; 

This study 

179.  Macoma balthica 

production 

Min 

  

Brey 

Database; 

This study 

180.  Macoma balthica 

production 

Max 

  

Brey 

Database; 

This study 

181.  Mytilus 

galoprovincialis 

production 

Min 

.39  

Brey 

Database; 

This study 

182.  Mytilus 

galoprovincialis 

production 

Max 

  

Brey 

Database; 

This study 

183.  Notomastus 

latericeus 

production 

Min 

  

Brey 

Database; 

This study 

184.  Notomastus 

latericeus 

production 

Max 

  

Brey 

Database; 

This study 
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185.  Scrobicularia plana 

production 

Min 

  

Brey 

Database; 

This study 

186.  Scrobicularia plana 

production 

Max 

  

Brey 

Database; 

This study 

187.  Tapes spp. 

production 

Min 

  

Brey 

Database; 

This study 

188.  Tapes spp. 

production 

Max 

  

Brey 

Database; 

This study 

189.  Nematode 

production 

Min 

  

Brey 

Database; 

This study 

190.  Nematode 

production 

Max 

  

Brey 

Database; 

This study 

191.  Fish import/export Min  This study 

192.  Fish import/export Max  This study 

193.  Bird grazing Max 

  

This study 

194.  Phytoplankton 

import/export 

  This study 

195.  Zooplankton 

import/export 

  This study 

196.  Fish grazing of mpb Min  Richard et 

al., 2006 

197.  Fish grazing of mpb Max   

198.  Benthic bacterial 

production 

 

  

Vezina & 

Platt 1988 

199.  Pelagic bacteria 

import 

Min  This study 

200.  Pelagic bacteria 

import 

Max  This study 

201.  Phytoplankton 

import 

Min  This study 

202.  Phytoplankton 

import 

Max  This study 

203.  Zooplankton import Min  This study 

204.  Zooplankton import Max  This study 

205.  Fish import Min  This study 

206.  Fish import Max  This study 
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207.  Bird import Min  This study 

208.  Bird import Max  This study 

209.  POM import Min  This study 

210.  POM import Max  This study 

211.  Pelagic bacteria 

export 

Min  This study 

212.  Pelagic bacteria 

export 

Max  This study 

213.  Phytoplankton 

export 

Min  This study 

214.  Phytoplankton 

export 

Max  This study 

215.  Fish export Min  This study 

216.  Fish export Max  This study 

217.  Bird export Min  This study 

218.  Bird export Max  This study 

219.  Zooplankton export Min  This study 

220.  Zooplankton export Max  This study 

221.  POM export Max  This study 

222.  POM import/settling 

balance 

  This study 

223.  POM/SOM 

resuspension 

balance 

  This study 

224.  Benthic bacteria 

DOC excretion 

Min  Vezina & 

Platt 1988 

225.  Benthic bacteria 

DOC excretion 

Max  Vezina & 

Platt 1988 

226.  DOC import Min  This study 

227.  DOC import Max  This study 

228.  DOC export Min  This study 

229.  DOC export Max  This study 

230.  Burial balance  

  

This study 

231.  Burial Min This study 
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232.  Burial Max 

  

This study 

 

 


