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Chapter 1

Introduction

1.1 The marine benthic food web
The marine environment is the largest ecosystem on earth, covering 71% of the earths 
surface. This vast ecosystem is predominantly supported by primary production of 
phytoplankton in the photic zone, where it sustains the pelagic food web (Fig. 1.1). A 
small part of the organic carbon produced in the photic zone is exported and ultimately 
reaches the sediment, where it fuels the benthic community.

The benthic community is biologically diverse and consists of prokaryotic bacteria, 
protozoan flagellates and ciliates, and different metazoans. A rough classification of this 
diversity is generally based on organism size (Table 1.1 and Fig. 1.2) and is practical from 
several perspectives. First, abundance data of benthic communities typically show distinct 
size classes (Schwinghamer, 1981). Second, weight-specific physiological processes scale 
with body size (Peters, 1983), which makes size a useful parameter in the process of 
constructing energy budgets. Third, the presence of sediment particles makes sieving a 
practical way of separating organisms from the sediment and sieving divides a sample in 
size classes by definition.

T ab le  1.1: Size-based classification of the benthic community with size range, typical abundance 
level in coastal and estuarine sediments and the main groups in each size class.

Size class Size range Abundance Main groups
Bacteria 0 .5 -4  /mi IO9 m r 1 aerobic and anaerobic respirers, 

chemo-autotrophs, fermenters
Microbenthos < 63 /mi IO3 m l-1 flagellates, ciliates
Meiobenthos 63 - 1000 /j,m IO6 m -2 nematodes, foraminifera, 

copepods, turbellaria, ostracods
Macrobenthos > 1000 ¡im IO3 m -2 polychaetes, bivalves, crustaceans 

gastropods, echinoderms

Benthic communities in continental shelf or deep-sea sediments rely predominantly on 
vertical sinking of phytodetritus or horizontal bed-load transport of detritus (Graf, 1992). 
In contrast, estuaries and coastal systems are much shallower and therefore benthic fauna 
have direct access to their food sources. Benthic suspension feeders have direct access to
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Figure 1.1: Major carbon flows in the marine ecosystem. Production of organic matter by 
phytoplankton supports the pelagic food web. Some organic matter escapes the surficial water layers 
and settles on the sediment, where it fuels the benthic food web. Remineralization of organic matter 
releases nutrients that are transported to the photic zone during upwelling events, where it in turn 
supports primary production (Chisholm. 2000).

phytoplankton and directly affect phytoplankton dynamics (Herman et al., 1999). Intertidal 
sediments are directly exposed to sunlight and are inhabited by microphytobenthos, 
unicellular eukaryotic algae and cyanobacteria, that have a high productivity (MacIntyre 
et al., 1996; Underwood and Kromkamp, 1999). Moreover, the close proximity of estuaries 
and coastal waters to other ecosystems results in additional carbon inputs. For example, 
salt marshes may be responsible for a large outwelling of organic carbon produced by salt 
marsh vegetation and river discharges bring in allochthonous organic matter derived from 
upstream terrestrial and freshwater ecosystems.

Our conceptual understanding of how these carbon inputs flow through the marine 
food web grew in complexity during the last decades. This discussion has focussed 
mainly on the pelagic food web, but is of equal relevance for the benthic food web. 
Initially, Steele (1974) developed marine food web theory on the herbivorous pathway in 
which phytoplankton is grazed by Zooplankton which in turn is food for fish (Fig. 1.3). 
Another pathway that has received considerable attention is the detrital pathway. The
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1.1. The marine benthic food web

Figure 1.2: Compilation of different members of the benthic community A) bacteria, B)
microphytobenthic diatoms, C) flagellates, D) ciliates, E) hard-shelled foraminifera, F) soft-bodied 
foraminifera, G) nematode, H) copepod, I) Polydora cornuta (polychaete), J) Hydrobia ulvae 
(gastropods), K) Arenicola marine (polychaete), L) Cerastoderma edule (bivalve), M) Corophium 
volutator (crustacean).

importance of detritus has been emphasized particularly for systems adjacent to salt 
marshes (Teal, 1962) (Fig. 1.3). Later discussion centered around the question whether 
assimilation of detrital carbon or attached bacteria is most important (Lopez and Levinton, 
1987). The last major addition to marine food web theory has been carbon transfer through 
the microbial loop (Pomeroy, 1974; Azam et al., 1983) (Fig. 1.3). Dissolved organic
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matter, produced by algae and bacteria, viral lysis and sloppy feeding Zooplankton (Jumars 
et al., 1989), is assimilated by bacteria and through several transfer steps may eventually 
feed higher trophic levels. In this way, dissolved organic carbon that is otherwise not 
readily available for higher trophic levels may still contribute to the traditional food chain.

bacteria

doc

protozoa

fish

nutrients

phytoplankton

Zooplankton

detritus / 
bacteria

Figure 1.3: The complexity of marine food webs. In the traditional herbivorous food chain (line 
arrows), algal growth support Zooplankton, which in turn support fish. In this view, bacteria are 
responsible for degradation of organic substances. The detrital pathway (long dashed arrows) is 
an additional carbon input to the traditional food chain by assimilation of detritus and associated 
bacteria. The microbial loop (dotted arrows) is assimilation of dissolved organic carbon by bacteria, 
subsequent grazing by protozoans and then transfer of carbon to the traditional food chain.

Our quantitative understanding of this complex ’spaghetti’ of interactions in natural 
food webs is still very limited (Cohen et al., 1993; Polis and Strong, 1996; Herman 
et al., 1999; Azam and Worden, 2004; Moore et al., 2004), which is partly due to the 
large number of possible pathways and the difficulty to distinguish among them. Another 
important reason is that methodological and logistical limitations prevent from making 
all the necessary measurements at the same time at the same place in the field. The 
sedimentary environment is particularly notorious in this respect, because of high spatial 
and temporal variability, difficult accessibility and sampling, adsorption - desorption
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1.1. The marine benthic food web

reactions and simply the presence of sediment particles that hinders the process of isolating 
benthic fauna. Because of these difficulties, our knowledge of benthic food webs is 
still limited (Herman et al., 1999). Hence, it remains a challenging task to decipher the 
element flows among the benthic community members and use this knowledge to come 
to a mechanistic and eventually predictive understanding of the structure of benthic food 
webs.

One way to study the structure of food webs is by means of mathematical modeling, 
which is taken up in this thesis by means of linear inverse modeling (LIM) and dynamic 
modeling. Both approaches are based on mass balances and aim to quantify the relations 
among the food web compartments (Fig. 1.4). In a LIM the flow values have a ’fixed’ value 
and are considered to be a long-time average. Data are added as a value that represents the 
value of a flow or a combination of the flows. In a dynamic model, flows are described 
by mechanistic relationships and are a function of time. Data are used to fit the model 
parameters of the dynamic model such that the data are optimally reproduced. In general, 
linear inverse models have fewer data requirements and do not require detailed knowledge 
of mechanistic relationships (Gaedke, 1995). In contrast, dynamic models may harbor 
mechanistic knowledge, but require large data sets to assess the validity of the model and its 
parameters (Gaedke, 1995). Irrespective of the differences, both approaches have proven 
to be valuable tools in the quantification of food webs (Vézina and Platt, 1988; Cole et al., 
2002; Van den Meersche et al., 2004). One basic requirement for effective use of these 
modeling approaches is the availability of data, that serve both as input for the model and 
as validation of the model output. Typically however, data availability is rather limited 
and adding new data resources that bring in additional pieces of information is a valuable 
strategy to increase the reliability of a food web model. In this thesis, we take advantage of 
developments in stable isotope techniques to increase the amount of data in our food web 
models. The next paragraph will briefly introduce some stable isotope techniques in food 
web research.

General linear inverse modeling equation

^ _ Z f l ° w j^k

General dynamic modeling equation

dx
- j t  = Z f (x» p 1’ *»•■•)- Z ƒ O'» p 2 ’ *»••■)

Figure 1.4: General equations for linear inverse modeling and dynamic modeling. On the left is a 
conceptual model of a food web. The connecting arrows define the incoming and outgoing flows for 
each compartment. In a linear inverse model these relationships are presumed to have a fixed value 
(f lowi^j).  In a dynamic model, the relationships are not fixed but expressed as a function of e.g. 
state variables (x). parameters (pi) and time (i). The resulting mass balance is a function of various 
different relationships with the other compartments in the food web.

5



Chapter 1. Introduction

1.2 Stable isotopes in food web research: Natural
abundance and tracer level

1.2.1 Stable isotopes at natural abundance level

Isotopes are forms of one element, which differ in numbers of neutrons and therefore 
have a different atomic weight. Many isotopes are unstable and the nucleus disintegrates, 
releasing energy and radiation along the way, until a stable form is reached. Stable isotopes, 
as their name suggests, have a stable nucleus that does not disintegrate nor emits radiation. 
Elements that are mostly used in ecological research (C, N and S), consist for > 95 % of 
the lightest isotope, i.e. the stable isotope with the least number of neutrons. The isotope 
composition of matter is usually denoted in the â notation; the deviation in the ratio of 
heavy to light isotope from a reference expressed in parts per thousand. For example the 
carbon d13C (%o) of a sample is

13c  13c
S 13C =  12 C  s a m p l e  12 C  r e f e r e n c e  1QQQ ( u )

12 C  r e f e r e n c e

The reference material for carbon is carbonate Vienna Pee Dee Belemnite which has a 
isotope ratio R  of of 0.0112372.

Biological processes may have different reaction rates for the heavy and the light 
isotope and reaction product tends to be depleted in heavy isotope with respect to its source. 
This process is called fractionation and resulting differences in isotope compositions may 
be used to trace the flow of elements through ecosystems (Peterson and Fry, 1987; Fajtha 
and Michener, 1994). For example, primary producers fractionate differently with respect 
to their inorganic carbon source and consequently have different d13C values (Fig. 1.5). 
Since there is limited fractionation associated with transfer up the food web, consumers 
have a d13C signature close to its resource according to the ’You are what you eat’ 
principle (Post, 2002) (Fig. 1.5). Transfer of nitrogen up the food web is associated 
with ~  3 %o enrichment per trophic level and may therefore be used to estimate trophic 
levels (Minagawa and Wada, 1984; Vander Zanden and Rasmussen, 1999; Post, 2002)).

Several estuarine food web studies have taken benefit from stable isotopes to link 
producers and consumers. Peterson and Howarth (1987) clearly showed that macrobenthos 
in a salt marsh depended on phytoplankton and Spartina detritus, whereas sulfur-oxidizing 
bacteria and terrestrial organic matter were much less utilized. Herman et al. (2000) use the 
(513C difference between phytoplankton and microphytobenthos (see Fig. 1.5) to estimate 
dependence on local microphytobenthic production or pelagic production of an intertidal 
flat community. Rossi et al. (2004) used d13C signatures to demonstrate the existence of an 
ontogenic shift in the life cycle of the bivalve Macoma balthica.

The main advantages of natural abundance stable isotope signatures are that they 
can be measured from comparatively small samples and isotope signatures integrate 
information on food sources that are assimilated in body tissues of field collected organisms 
over a longer period of time. However, in many cases there are more potential food sources 
than isotopes available to disentangle food web relationships (Phillips and Gregg, 2003). 
Also differences in 5 signatures may be small and fractionation factors are not accurately 
known and may be variable (Cannes et al., 1997). An alternative way in which stable 
isotopes may be used to study food web dynamics is by means of a deliberate isotope 
tracer addition. This topic will be detailed in the next paragraph.
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S13C (%o)

CO, atmosphere

DIC marine

C3-plants

C4-plants

Microphytobenthos

Phytoplankton
Consumers

-30 -

Inorganic carbon Primary producers Consumers

Figure 1.5: Relationship among b13C values of inorganic carbon sources, primary producers and 
consumers. The b13C value of the consumer depends on the importance of the different resources 
in its diet. e.g. a dominance of C4-plants will result in a b13C value close to -10 %o. Adapted 
from Boschker and Middelburg (2002).

1.2.2 Stable isotopes at tracer level

One way to advance the use of stable isotopes in food web research is to deliberately 
modify the isotope composition of an (in) organic resource and monitor the transfer of this 
modification to other food web components. As compared to radioactive isotopes, stable 
isotopes have the advantage that they can be used to measure transfer rates in situ without 
legal restrictions or negative environmental effects. A change in the isotope composition 
compared to the background composition is denoted in the A 5 notation: A 5 =  Smo<u fied ~  
Sbackground■ A modification of the isotope composition of an (in)organic resource will 
result in transfer of this modification to other food web components (see Fig. 1.6 for an 
example). The rate and magnitude of transfer depends on the importance of the resource 
for the consumer and turnover time of the consumer.

Stable isotope enrichment studies are basically done in two ways. One way is the 
introduction of inorganic nutrients or simple organic substrates in a food web. As such, 
inorganic nitrogen has been used as a tracer in rivers (Hamilton et al., 2001, 2004), 
estuaries (Holmes et al., 2000: Tobias et al., 2003) or sediments (Tobias et al., 2001) to 
quantify nitrogen transformation rates. 13C-bicarbonate was used to quantify transfer up 
the food web of microphytobenthos in intertidal sediments (Middelburg et al., 2000) and 
phytoplankton in lakes (Cole et al., 2002: Pace et al., 2004). 13C-acetate has been used 
in small streams to determine the importance of streamwater dissolved organic carbon and 
bacterial carbon for the invertebrate community (Haii et al., 2000). The other way is to 
culture algae in an isotopically enriched medium, harvesting the algae and feed them to 
retrieved sediment cores (Moodley et al., 2000) or in situ sediments (Blair et al., 1996: 
Levin et al., 1997: Moodley et al., 2002, 2005: Witte et al., 2003: Nomaki et al., 2005). 
In both cases, transfer of label to aquatic and benthic organisms is monitored in time and
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Figure 1.6: Transfer of label among a nutrient (N). producer (P) and consumer (C) compartment 
due to an pulse enrichment of the nutrient compartment (see Hamilton et al. (2004)): d ƒ dF = 
k.N,p • AdM — (kptc  +  kp^o) • A 6P and d =  kp^c • A 6P — kc,o • A 6C, with kN,p =  
kp,c +  kpfi =  0.15, kptc  =  0.05 and kc,o =  0.10. such that P obtains 100% of its nutrient 
requirements from N. but C obtains only 50% from P. An assumption of the model is a steady-state 
biomass of P and C.

used to quantify assimilation of the added substrate. These studies have revealed important 
insights in the structure of natural food webs through in a way that was previously not 
available.

1.3 Research questions and thesis lay-out
The material presented in this thesis is intended to expand our methodological capabilities 
to study the structure of marine benthic food webs and to apply these to answer some 
pressing ecological questions. The focus in this thesis is on the importance of the 
herbivorous, microbial and detrital pathways in an intertidal food web, with special 
attention for the microbial pathway. A large biological data set is required to accurately 
decipher the large number of carbon transfers in benthic food webs (Fig. 1.3). Therefore, 
we integrate a data set that consists of biomass data, process rates, natural abundance stable 
isotope signatures and isotope tracer data and quantify the carbon flows in the food web 
of the Molenplaat intertidal flat. Another important topic in benthic food web research has 
been the fate of bacterial carbon in marine sediments (Kemp, 1990). The main focus so far 
has been on transfer to grazers, but bacterivory has been found insufficient to account for 
measured bacterial production rates (Kemp, 1987; Epstein and Shiaris, 1992; Hondeveld 
et al., 1992; Hamels et al., 1998). Another possible fate is burial of bacterial carbon,
e.g. Grutters et al. (2002) report the preservation of refractory cell wall components in 
marine sediments. However, data that allow to disentangle the possible fates of bacterial

nutrient
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1.3. Research questions and thesis lay-out

carbon production simultaneously are currently lacking.
Specifically, the main research questions that motivated our work were:

1. How can biomass, process rates, natural abundance and tracer stable isotope data be 
integrated to quantify food web flows?

2. How are the carbon flows in a intertidal flat partitioned among the herbivorous, 
microbial and detrital pathways?

3. What is the fate of benthic bacterial carbon production?

4. What is the importance of bacterial carbon in diets of benthic fauna?

Chapter 2 gives a review of current approaches in linear inverse modeling. The aim of 
these approaches is similar: reconstructing element flows in food webs from incomplete 
data sets. However, the inverse problem is approached from different viewpoints. We 
present a framework that can be used to identify the origin of these differences. In 
addition, several methods are proposed that allow to analyze the properties of the food 
web reconstruction, a topic that has been overlooked in most previous LIM applications.

Chapter 3 builds on the previous chapter and provides a case study on how knowledge 
on carbon processing and carbon stocks, stable isotopes at natural abundance and tracer 
level can be integrated by means of linear inverse modeling. In addition, it is explicitly 
shown how the uncertainty in the food web reconstruction decreases when new data are 
added to the LIM. The ecological implications of the reconstructed benthic food web are 
discussed.

One conclusion in chapter 3 is that the majority of bacterial carbon production recycles 
back to detritus and/or dissolved organic carbon and only a limited amount of bacterial 
carbon production is grazed. This conclusion provided the starting point for chapter 4, in 
which the results from an in situ 13 C isotope tracer experiment that aimed to quantify the 
importance of different fates of benthic bacterial carbon production are presented.

The key question to be answered in chapter 5 is: How much of their carbon 
requirements do meiobenthos and macrobenthos derive from bacterial carbon? Data from 
an in situ 13 C labeling experiment are interpreted with a simple isotope model to estimate 
the dependence on bacterial carbon. The ecological implications of the bacteria-benthos 
interaction are discussed.

Chapter 6 compares the dynamics of different bacterial biomarkers: 
polar-lipid-derived fatty acids (PLFAs), D-alanine as a marker peptidoglycan and 
total hydrolyzable amino acids (THAA). These biomarkers represent different parts 
of bacterial biomass and are expected to show different degrees of degrad ability. The 
results are discussed with respect to the use of biomarkers to quantify total bacterial label 
uptake, the importance of carbon burial as a sink of bacterial production and differences 
in degradation rates of bacterial compounds.

9





Chapter 2

Reconstructing food web flows 
using linear inverse models

Dick van Oevelen, Karline Soetaert, Jack J. Middelburg. In preparation

2.1 Introduction
The food web is a pivotal concept in ecology. It is the formal expression of the exchanges of 
energy or matter among living and non-living compartments in an ecosystem. The structure 
of food webs has important implications for ecosystem stability (De Ruiter et al., 1995; 
McCann et al., 1998), biogeochemical cycling (Berg et al., 2001), fishery harvest (Ryther, 
1969) and exposure to toxic chemicals (Parmelee et al., 1993). The complex nature of food 
webs renders their study a challenge, which is taken up by means of field observations, 
experimental manipulation and modeling.

Food webs can be studied at various levels of abstraction. Topological studies 
analyze and generalize the patterns and statistics of the linkages within food webs (Pimm 
et al., 1991). Theoretical ecologists apply simple mechanistic models to study 
food web functioning. Classical food web paradigms, such as the paradox of 
enrichment (Rosenzweig, 1971) and competitive exclusion (Armstrong and McGehee, 
1980) arise from these Lotka-Volterra models. The realism of the model predictions is 
assessed by qualitative comparison to empirical data (e.g. Fox and Olsen (2000) and Diehl 
and Feissel (2001)) or statistical testing (e.g. Scheffer (2001) and Van de Koppei et al. 
(2001 )).

Such theoretical and experimental studies of simple food webs have provided the core 
of ecological theory. However, there is a strong need for a more quantitative approach 
of natural food webs (Cohen et al., 1993; Haii and Raffaelli, 1993; Johnson and Omland, 
2004). This trend is apparent in population modeling (Kendall et al., 1999; Persson et al., 
2004), stability analysis (De Ruiter et al., 1995), nutrient cycling studies (Vanni, 2002) and 
research on food limitation (Gaedke et al., 2002). In addition, ecological network analysis, 
in which descriptive indices are derived from food web matrices (Ulanowicz, 1986; Bersier 
et al., 2002), relies on accurate estimates of food web flows.

Advances in our knowledge through quantifying food webs relies on the crucial 
merge of observations and models; the area of inverse data assimilation techniques. Data 
assimilation refers to data incorporation within a model structure and inverse means that

11
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field observations (e.g. primary production) are used to reconstruct the underlying model 
parameters (e.g. food web flows). Inverse methods are highly valued in geophysical 
sciences (Menke, 1984; Sun, 1994; Wunsch, 1996; Kasibhatla et al., 1999; Lary, 1999; 
Wang et al., 2000), where data inferences can only be made indirectly. The essentials 
of inverse solutions are treated extensively in these texts. They comprise 1) solution 
existence, 2) solution identifiability, 3) solution uniqueness and 4) solution sensitivity. 
These properties reveal important information of the system at hand.

Advanced ecological applications of data assimilation in food web models are mainly 
found in the marine realm (e.g. Prunet et al. (1996), Vallino (2000) and Friedrichs (2002)) 
and rely on fitting model parameters to observed time series or spatial distribution patterns, 
after which the food web flows are recovered. Such non-linear inverse problems are 
solved with complex numerical techniques (e.g. simulated annealing, adjoint or genetic 
algorithms), which require significant computer time, are complicated to implement and 
do not always retrieve the optimal parameter set (Lawson et al., 1996; Athias et al., 2000; 
Vallino, 2000; Soetaert et al., 2002). Moreover, additional reasons limit the use of these 
mechanistic modeling approaches in ecology (Gaedke, 1995). First of all, environmental 
sciences typically deal with poorly or partly understood mechanisms, complicating 
appropriate process descriptions. Second, the model outcome can be sensitive to closure 
terms (Steele and Flenderson, 1992), i.e. terms that describe phenomena not explicitly 
accounted for. Third, parameter values are often not known accurately enough to determine 
a start range from which they can be fitted. Fourth, data sets are usually too sparse to 
constrain all parameters of a mechanistic model.

In contrast, simple linear inverse box models (LIM) have fewer data requirements and 
regard the food web as a linear system of flows that interconnect the compartments. The 
flows are quantified by solving a mass balance description supplemented with site-specific 
and literature data on biomass and flows. Their simplicity renders these LIM a widely 
applied inverse technique, also known as inverse analysis (e.g. Klepper and Van de 
Kamer, 1987; Vézina and Platt, 1988; De Ruiter et al., 1995). In addition, ECOPATF1 
models (Christensen and Pauly, 1992) are based on similar mass balance modeling. Even 
though data requirements are limited as compared to fully mechanistic models, LIM 
problems are initially under determined; the available measurements are insufficient to 
uniquely determine all flows. Dealing with this non-uniqueness and under determinacy 
poses the major challenge in quantitative food web studies. Moreover, the analysis of the 
food web solution has received comparatively limited attention in the ecological literature.

In this paper we first develop a framework of LIM by explicit distinction of its elements 
(1) ecological information sources, (2) equations and (3) minimization norms. This 
framework is used to show that inconsistency in ecological LIM approaches are rooted 
in the way these elements are combined when solving the non-uniqueness and under 
determinacy problem. Secondly, 5 published LIM of food webs will be analyzed in terms 
of solution existence, identifiability, uniqueness and sensitivity. This solution analysis 
shows the current limitations and pitfalls of the inverse method. Finally, we present some 
recommendations to develop further LIM in ecology.
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2.2. Linear inverse data assimilation in food web modeling

2.2 Linear inverse data assimilation in food web modeling
The crux of linear inverse data assimilation is to optimally merge ecological data within 
a food web model. This definition identifies three distinct elements of LIM: 1) ecological 
information, 2) linear model equations and 3) an optimization norm (Fig. 2.1). These 
elements will be discussed in the remainder of this section.

information types equations optimization norms

m lxn n m l

ncxn n

food web structure 
 (typel)____

physical restraints 
 (type 2)___

site-specific data 
 (type 3)____

cross-system data 
 (type 4)____

initial guesses 
 (type 5)___

m2xn n 'm2

L =  x - i

Figure 2.1: The three elements of linear inverse models in food web research: information types 
(see 2.2.1 Ecological information), equations (see 2.2.2 Model equations) and optimization norms 
(see 2.2.3 Optimization norms) and how they are combined in applications (connectors). The 
thickness of the connectors indicates the occurrence of a particular combination in the literature: 
dashed = few. solid = moderate and thick = many occurrences.

2.2.1 Ecological information

Ecological information sources relevant for food web modeling can be partitioned into 
5 types, of which the first two are universal and the latter three are optional in LIM 
applications.

1. Food web structure consists of flows interconnecting the compartments and thereby 
defines a mass balance in terms of input (e.g. consumption) and output (e.g. 
respiration) for each compartment (Fig. 2.2).

2. Physical reality is information of physical nature, e.g. flows must be non-negative.

3. Site-specific observations are data on biomass, flows or combination of flows from 
the system under consideration. Typical flow measurements are production rates 
and community respiration.
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Chapter 2. Reconstructing food web flows using linear inverse models

4. Cross-system or literature data is information taken from other similar systems or 
from expert judgment. Typical data in this category are assimilation and production 
efficiencies.

5. Initial guesses are inferences about the possible values of the flows. Researchers 
may use measurements, literature (rate) or expert information to impose the most 
likely value of a flow. Initial guesses are also frequently used to find the simplest 
or parsimonious solution by setting them to zero. The parsimonious solution then is 
the solution that is closest to the initial estimates of zero.

inverse food web model

ri -i -i -i -ft 
{io  0 0 0 J

Uptake '  
Faeces 

GrowthResp 
BasalResp 
Predation

f dZoo

0 0 0 0 1 
l - f  - 1 0  0 0 

-(!-ƒ„) 10 0 0

Uptake
Faeces

GrowthResp

Predation

food web

Growth respiration

Uptake

\
Faeces production Basal respiration

Figure 2.2: Example of a simple ’food web’, implemented as a linear inverse model. Zooplankton 
(Zoo) take up algae: uptake is either lost as faeces, used for growth or growth respiration; other 
loss terms are predation and basal respiration. Mass balance is assured by the term accounting 
for the increase of biomass X  is the measured uptake by Zooplankton. Y  is the lower
boundary imposed on the predation rate, fi and f u are the lower and upper bounds on the assimilation 
efficiency, respectively.

2.2.2 M odel equations

Linear inversion allows for three types of equations: (1) a set of equations that must be 
satisfied exactly, (2) one that must be satisfied as closely as possible and (3) one set of 
inequalities (Fig. 2.1).

I .n Z n  b m (2.1)

Um2, n ^ n  dm (2-2)

G rííi. r,x r-í 2  h„,_ (2.3)

where the vector x  holds the n  unknown flows, m l is the number of equalities that must be 
satisfied exactly, m 2 is the number of equalities that must be satisfied as closely as possible 
and i i i ,  is the number of constraints. Matrices A , C and G contain linear expressions of 
the flows and vectors b, d and h hold numerical data (Fig. 2.2). The number of equations 
(m l  +  m 2) compared to the number of unknowns (n) determines the three possible states 
of a LIM: over determined (m l +  m 2 > n), even determined (m l +  m 2 =  n) and under 
determined (m l  +  m 2  < n).
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2.2. Linear inverse data assimilation in food web modeling

2.2.3 Optimization norms

In inverse theory two norms are distinguished: the prediction (or residual) norm and the 
solution norm. The prediction norm (E) measures the error between model predictions and 
observations

E  = || C x  -  d  11̂  (2.4)

whereas the solution norm (L) is a length measure based on the model parameters (flows)

L = | | x - x | | Ar (2.5)

where x  are the initial guesses of the flows and HH  ̂ denotes some norm of power N , 
which generally takes the value of 1, 2 or oo (see below). The determinacy state principally 
determines which optimization norm is chosen to solve the LIM (see below); sometimes, 
the model solution is a compromise between both types of norms (Menke, 1984; Vézina 
and Platt, 1988). Vézina et al. (2004) have recently tested some optimization norms based 
on ecological theory (i.e. exergy and ascendency) in a twin modeling experiment, but the 
results were ambiguous as no single norm was optimal under all circumstances.

Over determined model

Inevitable measurement noise implies that over determined models can never be solved 
with zero prediction error. Minimizing the prediction norm assures that the solution 
optimally agrees with all observations. The power of the prediction norm is related to 
the statistical distribution of the residuals. The LÍ prediction norm (N  = 1) weighs 
all deviations equally and is most appropriate in data sets that have a high probability 
of extreme data, e.g. when data are exponentially distributed (Menke, 1984). The 
L2 prediction norm is most commonly selected and assumes Gaussian statistics: larger 
deviations weigh more heavily on the norm. Successively higher powers of the norm give 
increasingly larger weight to the largest deviation, with the Loo prediction norm as most 
extreme case, i.e. only the equation that deviates most is optimized (Menke, 1984).

Measurement uncertainty can be used to assure that deviations from more accurate 
observations weigh heavier on the prediction norm. This is achieved by so-called row 
scaling (Wunsch, 1978; Menke, 1984; McIntosh and Rintoul, 1997)

® m 2 x m 2 ^ n > 2 x n V  ~  ® m 2 x m 2 Cl m 2  ( 2 . 6 )

where ideally S is the error covariance matrix of the observations. As covariances are 
generally unknown, a diagonal matrix with the observation variance is used instead.

Even determined model

An even determined model has one unique solution that has zero prediction error.

Under determined model

An under determined model has infinite solutions with similar minimal prediction norm. 
Therefore, the model is solved by minimizing the prediction norm and the solution norm. 
When minimizing the solution norm, the power of the norm affects the weight that is given 
to the magnitude of the flow. Each flow weighs proportionally in the LÍ solution norm, 
whereas large flows weigh more heavily in the L2 solution norm and with the Loo solution
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norm only the largest flow is minimized. Following Vézina and Platt (1988), ecological 
applications typically solve parsimonious food webs (with initial guesses of unknown flows 
as zero, i.e. x„ =  0) with the L2 solution norm. The solution is interpreted as the simplest 
food web satisfying mass conservation and biological constraints (Vézina and Platt, 1988). 
When a mixture of currencies (e.g. C and N) is used, scaling of the flows may be necessary, 
assuring equal weight in the solution norm (see e.g. Jackson and Eldridge, 1992). For a 
LIM solved with the L2 solution norm, this is achieved by (Wunsch, 1978)

( c m2xm2W -y „2) «  b m2 (2.7)

which transforms to

C m2xnXn « b m2 (2.8)

from which the weighed x ' is solved. Subsequently, the unknowns flows are recovered 
with

x„ =  W - V 2x'n (2.9)

Formally, W  is the error covariance matrix of the model parameters (Wunsch, 1978), but 
is usually taken to be a diagonal matrix containing column weights, for example C:N ratios 
to transform N flows to C equivalents (Jackson and Eldridge, 1992) or biomass such as to 
weigh the flows with stock size (Vézina and Savenkoff, 1999).

2.2.4 Combining the elements o f LIM

The major challenge in LIM is the non-uniqueness and under determinacy of food webs. 
With 5 information types, 3 types of model equations and different optimization norms, 
there is great potential for variation in strategies to resolve these issues (Fig. 2.1). Based 
on this combination of LIM elements it is possible to categorize the various applications 
encountered in the literature.

Information type 1

Mass balances are based on the conservation of mass principle. Most applications assume 
that mass balances are in steady-state (i.e. input = output) over the investigated period 
and enforce this condition (Stone et al., 1993; Niquil et al., 1998; Diffendorfer et al., 
2001; Leguerrier et al., 2003; Breed et al., 2004; Leguerrier et al., 2004; Richardson et al., 
2004), whilst others allow small deviations from this condition, which are interpreted as 
changes in the stock over time (Vézina and Platt, 1988; Chardy et al., 1993; Vézina and 
Pace, 1994; Vézina and Savenkoff, 1999; Richardson et al., 2003). Other researchers start 
from non steady-state conditions, based on measured stock changes with time and require 
that the accumulation term in the mass balance is met exactly (Donali et al., 1999) or 
approximately (Vézina et al., 1997; Hart et al., 2000; Gaedke et al., 2002). Again others 
define the accumulation term as an additional unknown input or output flow to be solved 
in the LIM (Klepper and Van de Kamer, 1987, 1988; Jackson and Eldridge, 1992; Eldridge 
and Jackson, 1993; Lyche et al., 1996a,b; Vézina et al., 2000; Richardson et al., 2003).

Information type 2 :

Physical constraints are always implemented in equation 2.3.
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Information type 3

Site-specific observations are the most important data source for LIM as they allow 
discriminating the studied ecosystem from other systems. However, there is little 
consistency as into which equation this information is implemented. Niquil et al. 
(1998), Donali et al. (1999), Leguerrier et al. (2003), Breed et al. (2004), Leguerrier 
et al. (2004) and Richardson et al. (2004) impose that observations should be exactly 
reproduced in the final solution. This is in contrast with others who allow deviations from 
the observations (Klepper and Van de Kamer, 1987, 1988; Vézina and Platt, 1988; Jackson 
and Eldridge, 1992; Chardy et al., 1993; Eldridge and Jackson, 1993; Vézina and Pace, 
1994; Vézina et al., 1997; Vézina and Savenkoff, 1999; Hart et al., 2000; Vézina et al., 
2000; Diffendorfer et al., 2001; Gaedke et al., 2002; Richardson et al., 2003; Vézina and 
Pahlow, 2003). Lyche et al. (1996a,b) fitted data of a radioisotope study with a tracer model 
and implemented the 95 % confidence interval of each flow in the constraint equation 
(Eqs. 2.3). Leguerrier et al. (2003), Leguerrier et al. (2004) and Vézina et al. (2000) 
introduce field data also in the constraint equation (Eqs. 2.3).

Information type 4

For most processes and flows in food webs there exist data in the literature. However, 
the idiosyncrasy of natural food webs implies that one cannot simply assume universal 
validity of flow or process data across systems and seasons. Authors rate this validity 
and uncertainty differently. Some put this type of information on equal footing as 
site-specific observations and introduce these cross-system data in the same equations as 
their site-specific observations (Klepper and Van de Kamer, 1987, 1988; Chardy et al., 
1993; Stone et al., 1993; Hart et al., 2000; Diffendorfer et al., 2001; Gaedke et al., 2002; 
Leguerrier et al., 2003, 2004). By doing so, the level of under determinacy decreases and 
the LIM may even become over determined. Others consider this type of data as rather 
uncertain and refer literature information to the inequality equation (Eqs. 2.3) (Vézina and 
Platt, 1988; Jackson and Eldridge, 1992; Eldridge and Jackson, 1993; Vézina and Pace, 
1994; Lyche et al., 1996b; Vézina et al., 1997; Niquil et al., 1998; Donali et al., 1999; 
Vézina and Savenkoff, 1999; Vézina et al., 2000; Leguerrier et al., 2003; Richardson et al., 
2003; Breed et al., 2004; Leguerrier et al., 2004; Richardson et al., 2004).

Information type 5

A suite of applications minimize the sum of squared flows (i.e. L2 solution norm) and 
thereby implicitly use initial guesses of zero in the solution norm (Vézina and Platt, 1988; 
Jackson and Eldridge, 1992; Eldridge and Jackson, 1993; Vézina and Pace, 1994; Lyche 
et al., 1996a,b; Vézina et al., 1997; Niquil et al., 1998; Donali et al., 1999; Vézina and 
Savenkoff, 1999; Vézina et al., 2000; Leguerrier et al., 2003; Richardson et al., 2003; 
Breed et al., 2004; Leguerrier et al., 2004; Richardson et al., 2004). Others derive initial 
guesses from the literature data and arrive at an over determined system, which is solved 
by minimizing the residual norm (Klepper and Van de Kamer, 1987, 1988; Chardy et al., 
1993; Stone et al., 1993; Hart et al., 2000; Diffendorfer et al., 2001; Gaedke et al., 2002).

Power and weighting of the minimization norms

There is also some leeway in which norm is used. The LÍ prediction norm has been 
applied by Stone et al. (1993), Hart et al. (2000), Diffendorfer et al. (2001) and Gaedke
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et al. (2002) and the weighted LÍ prediction norm is applied by Klepper and Van de Kamer
(1987) and Klepper and Van de Kamer (1988). The L2 solution norm is applied in many 
studies (Lyche et al., 1996a), Niquil et al. (1998) Donali et al. (1999) Leguerrier et al. 
(2003) Breed et al. (2004), Leguerrier et al. (2004) and Richardson et al. (2004). The 
weighted L2 solution norm is used by Jackson and Eldridge (1992) and Eldridge and 
Jackson (1993) and the weighted L2 prediction norm is used by Chardy et al. (1993). 
Finally, a combination of the L2 solution and residual norm is used by Vézina and Platt
(1988) and Lyche et al. (1996a) and a combination of the weighted L2 solution and 
prediction norm is used by Vézina and Pace (1994), Lyche et al. (1996b), Vézina et al.
(1997), Vézina and Savenkoff (1999), Vézina et al. (2000) and Richardson et al. (2003).

This systematic evaluation of LIM applications shows that there is little consistency in 
the way LIM elements are combined (Fig. 2.1), but most prominent differences exist in

1. the amount of cross-system data, prior information and initial guesses available and 
how these data enter the different equations, which relates to how one overcomes 
the under determinacy of the model and

2. the minimization norm that is chosen to solve the resulting equations, i.e. how one 
singles out one solution.

2.3 Analysis of the inverse solution
The quality of parsimonious food web reconstructions and the implications of the 
steady-state assumption have been tested through twinning experiments in which food web 
flows are reconstructed from data generated by mechanistic food web models (Vézina 
and Pahlow, 2003). However, a rigorous analysis of the inverse food web solution is 
usually lacking. In what follows, a review of the literature and a systematic analysis of 
five published LIM according to 4 criteria is presented: solution existence, identifiability, 
uniqueness and sensitivity and show that such an analysis is not only informative, but 
also essential if we are to increase our understanding of real food web functioning. Our 
objective is to show that solution analysis reveals informative features of food webs and 
that these may aid in the evaluation of the results and illumination of potential limitations 
and pitfalls of the inverse method.

2.3.1 Example food webs

Five studies that applied LIM to recover carbon flows in marine (Donali et al. 1999, 
Niquil et al. 1998, Leguerrier et al. 2003, Chapter 3) and freshwater (Diffendorfer 
et al., 2001) systems were selected for analysis. The systems differed in compartment 
and flow resolution, number of in situ and literature flow data, number of inequalities 
and minimization norm (Table 2.1). The marine examples considered the benthic or 
pelagic food web, consisting of autotrophs, bacteria, size-class based eucaryotes (i.e. 
flagellates and Zooplankton) and non-living compartments DOC (dissolved organic carbon) 
and detritus, whereas only Leguerrier et al. (2003) considered a coupled benthic-pelagic 
system. There were biomass estimates for most compartments and several site-specific 
flow measurements (e.g. primary production). Literature data were used either to 
increase the number of imposed flow measurements (Leguerrier et al., 2003) or to 
constrain respiration and production rates, assimilation and bacterial growth efficiencies 
and diet composition. Diffendorfer et al. (2001) restricted the analysis to a herpetological 
assemblage (9 groups, including salamanders, frogs and snakes), for which biomass
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and diet composition data were measured or estimated. There were no direct flow 
measurements, but consumption and respiration rates were estimated from the literature 
and used to set up constraints and initial guesses. All food webs were considered to be 
in steady-state, except for Donali et al. (1999) who estimated rates of change through 
successive sampling. Van Oevelen et al. (Chapter 3) used carbon and d13C mass 
balances to reconstruct carbon flows in an intertidal benthic food web and two cases are 
considered: one where only total carbon flows were considered, one with both carbon 
mass balances. All food webs are implemented, solved and analyzed in the modeling 
environment FEMME (Soetaert et al., 2002) (see http://www.nioo.knaw.nl/cemo/femme for 
downloads).

T ab le  2 .1: Characteristics of 5 food webs from the literature in terms of number of flows (F) and 
compartments (C), site-specific data, number of equations (E) and inequalities (I) and solution 
norm (N). References are 1) Donali et al. (1999), summer food web 2) Niquil et al. (1998), 
3) Leguerrier et al. (2003), 4) Diffendorfer et al. (2001), wet prairie food web and 5) Van Oevelen et 
al. (Chapter 3). Abbreviations are bm = biomass pp = primary production, bp = bacterial production, 
zp = Zooplankton production and respiration, op = oyster predation, cr = community respiration, sr = 
sedimentation rate, rc = rate of change, de = diet composition, ni = natural abundance isotope data, 
ti = tracer isotope data.

Site characteristicsReference F C Site-specific data E I N
Gulf of Riga, pelagic1 26 7 bm, pp, bp, cr, sr, rc 14 25 L2
Takapoto Atoll, pelagic2 32 7 bm, pp, bp, zp 15 26 L2
Marennes-Oléron Bay, tidal3 95 16 bm, pp, zp, op 33 62 L2
Everglades, wet prairie4 39 9 bm, de 39 36 El
Molenplaat, intertidal benthic5 39 8 bm, pp, bp, cr, ni, ti 20 33 E2

2.3.2 Solution existence

Solution existence boils down to a check of the internal consistency of the various data 
sources and model structure. When inconsistent, the specified LIM cannot be solved: 
this situation might arise for example when, under steady-state, primary production is 
insufficient to satisfy the minimal carbon demands by herbivores. Identifying conflicts 
in the data set may reveal the need for better, more or alternative data. Inconsistent 
data sets have been dealt with in various ways. Vézina and Savenkoff (1999), Vézina 
et al. (1997), Vézina et al. (2000) and Richardson et al. (2003) allowed deviations from 
a steady state mass balance and observations. Van Oevelen et al. (Chapter 3) detected 
inconsistencies between two observations and adapted one to agree with the one that was 
regarded a better long term integrator of food web processes. Other authors change the 
model structure (Vézina and Pace, 1994: Richardson et al., 2003) or modify or remove 
some constraints from the model (Eldridge and Jackson, 1993: Vézina and Pace, 1994: 
Vézina and Savenkoff, 1999) in order to obtain a solution.

2.3.3 Solution identifiability

Solution identifiability deals with the question whether an inverse model contains sufficient 
information to identify the unknown parameters (in this case the flows). Identifiability is 
a quality label that allows distinguishing between flows that are well determined from 
those that are more uncertain. The uncertainty that surrounds inverse solutions has spurred
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discussion in geophysical sciences (McIntosh and Rintoul, 1997), but is under appreciated 
in biological applications (but see Stone et al. (1993) and Vézina and Pahlow (2003)). 
There exist different measures of identifiability, here the discussion is limited to two 
measures that are easy to calculate and interpret: range estimation and flow resolution.

During range estimation an envelope around each flow is generated that depicts 
the feasible range that a flow can attain. The ranges are calculated by minimizing and 
maximizing each flow successively. Put more formally, the following is solved for each 
flow:

minimize x¿ and maximize x¿ (2.10)

subject to

A x =  b and G x < h (2.11)

Note that when a flow is minimized or maximized this eliminates the need for the 
optimization equation (Eqs. 2.2) and data this equation does therefore not influence 
the outcome of the range estimation. Range estimation reveals which flows are well 
constrained (small range) in the LIM and which are not (large range). Thereby it also 
indicates which additional data can better constrain the food web. Note that flow values 
are not independent of each other. The linear dependency amongst flows might imply that 
fixing the value of one flow may fix the value of another flow or of a combination of flows. 
Thus, the solution space is sparse and the uncertainty is exaggerated in this type of analysis.

Klepper and Van de Kamer (1987) introduced range estimation to show that a 
mass-balance approach may greatly reduce the span of the initial range estimate. Stone 
et al. (1993) estimated ranges while changing some input data by 10 %. The potential 
ranges were large and they concluded that small changes in the environment may produce 
large changes in individual flows.

It is clear that for each of the example food webs, some of the flows are highly 
uncertain whereas others are much better constrained (Fig. 2.3). The food web reported 
by Donali et al. (1999) has the largest number of in situ measurements relative to the 
number of flows that have to be estimated (Table 2.1) and it is one of the best constrained 
food webs (Fig. 2.3A). In contrast, with 95 flows to be estimated based on only 33 
equations, the food web of Feguerrier et al. (2003) is least well constrained (Fig. 2.3C). 
The inclusion of stable isotope data in the intertidal food web increased the number of mass 
balances and improved the quality of the inverse solution considerably (compare Fig. 2.3E 
and 2.3F, see also 2.4 Discussion).

In addition, the food web structure (the number of flows) is uncertain in all reported 
webs, because some flows have a lower boundary of 0 and may therefore be potentially 
absent from the food web. The proportion of flows with a lower boundary of 0 differed 
remarkably among the food webs (Table 2.2), > 30 % of the food web flows in Feguerrier 
et al. (2003) and Niquil et al. (1998) to < 5 % for Donali et al. (1999). In addition, the 
food web by Feguerrier et al. (2003) contained many flows with an infinite upper boundary 
(Table 2.2 en Fig. 2.3C).
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Table 2.2: Summary of the range estimation of the example food webs. ’0-flows’ are number of 
flows that are zeroed in the final solution. ’Lower bound 0’ is the number of flows with a lower 
boundary of 0 and ’Upper bound o c ’ is the number of flows with an infinite upper boundary.

Reference 0-flows Lower bound 0 Upper bound oo
Donali et al. (1999) 1 8 0
Niquil et al. (1998) 4 21 0
Leguerrier et al. (2003) 26 71 19
Diffendorfer et al. (2001) 6 6 0
Van Oevelen et al. (Chapter 3) 9 16 0
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Figure 2.3: Range estimation of the example food webs A) Donali et al. (1999), B) Niquil et al. 
(1998), C) Leguerrier et al. (2003), flows out of scale indicate unbounded flows. D) Diffendorfer 
et al. (2001), flows out of scale are >  40000 mg C nD 2 d- 1 , E) Van Oevelen et al. (Chapter 3) 
without natural abundance stable isotope data and F) Van Oevelen et al. (Chapter 3) with natural 
abundance stable isotope data. Markers show food web flows solved with the L2 solution norm with 
initial estimates as zero.

Flow resolution is a measure of how well each flow is determined by information 
contained in the equality equation (Eqs. 2.1). The flow resolution varies between 0 and 1,

21



Chapter 2. Reconstructing food web flows using linear inverse models

and indicates to what extent each flow is resolved independently of other flows (Menke, 
1984; Vézina and Platt, 1988): 1 implies that the flow is resolved uniquely and lower values 
imply increasing dependence on other flows. The resolutions depend solely on the model 
and data structure contained in matrix A  and not on the numerical data in vector b, hence 
they can be used for the optimization of sampling strategies (Menke, 1984).
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Figure 2.4: Flow resolutions of the example food webs. Flow resolutions for Van Oevelen et al. 
are calculated only without the stable isotope equations, because the use of stable isotope data 
complicates their calculation.

Reports on flow resolution are few, see Vézina and Platt (1988) and Niquil et al.
(1998). The flow resolutions for all the examples show that the majority of the flows 
are not uniquely determined but are strongly related with other flows (i.e. most flow 
resolutions < 0.50; see Fig. 2.4). The food webs by Donali et al. (1999), Niquil 
et al. (1998) and Diffendorfer et al. (2001) are approximately equally resolved, whereas 
interdependencies are strongest in the food web by Leguerrier et al. (2003) as shown by 
the low resolution values. All food webs show sharp transitions in resolution patterns and 
these are most pronounced in Diffendorfer et al. (2001) and Leguerrier et al. (2003). In 
the case of Leguerrier et al. (2003) the flows related to macrobenthos are well constrained, 
because the relative contributions in their diet were fixed by prey biomass proportionality. 
Hence, it is possible to link the resolution patterns to the imposed information.

2.3.4 Solution uniqueness

Some inverse problems may have more than one optimal solution. This raises the question 
as to how one judges different food webs (i.e. different solutions) that equally comply with
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the inverse model formulation. It appears that the question of non-uniqueness is related 
to the chosen norm. Quadratic minimization (L2 solution norm) should always lead to a 
unique solution (Lawson and Hanson, 1995), whereas linear minimization solutions are 
not always unique (Klepper and Van de Kamer, 1987). For example when two flows are 
possible, the L2 solution norm will equally divide among these possibilities, whereas when 
using the LÍ solution norm, one combination will be arbitrarily selected.

When the example food webs were solved with linear programming techniques to find 
the most parsimonious solution (Eqs. 2.5) they all had a very large (probably infinite) 
number of optimal solutions (results not shown). Linear optimization is normally not 
used to calculate the most parsimonious food web, however it is commonly applied to 
over determined systems where the deviation from observations and initial estimates is 
minimized (see 2.2.4 Combining the elements of LIM) (Stone et al., 1993; Hart et al., 
1997; Diffendorfer et al., 2001; Gaedke et al., 2002), and the question of non-uniqueness 
is usually not addressed (but see Klepper and Van de Kamer (1987)). To illustrate the issue, 
the example food web from Diffendorfer et al. (2001) was solved repeatedly using the LÍ 
prediction norm with the ordering of the equations altered. Twenty-three different optimal 
solutions were found. Most flows retained their values (54 %), but for some their value 
varied considerably (Fig. 2.5). Clearly non-uniqueness should be an aspect to consider 
when solving an inverse model.
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Figure 2.5: Twenty-three optimal solutions of the inverse problem by Diffendorfer et al. obtained 
by the LÍ prediction norm.
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2.3.5 Solution sensitivity

Solution sensitivity deals with the question of how (small) changes in the input propagate 
and change the inverse solution. A detailed ecological analysis of a food web that changes 
dramatically with small changes in the input data bears little relevance. Consequently, the 
sensitivity aspect of the solution has received considerable attention in the literature.

Systematic sensitivity analysis to test the robustness of inverse analysis range from 
small perturbations (10 - 20 %) of input data (Jackson and Eldridge, 1992; Niquil et al., 
1998; Donali et al., 1999; Vézina and Savenkoff, 1999; Gaedke et al., 2002; Leguerrier 
et al., 2003; Richardson et al., 2003; Breed et al., 2004; Richardson et al., 2004)) to rigorous 
changing or removing input values (Niquil et al., 1998; Donali et al., 1999; Vézina and 
Savenkoff, 1999; Hart et al., 2000; Vézina et al., 2000). Others have tested the sensitivity 
of the assumed food web structure (Vézina et al., 1997; Niquil et al., 1998; Richardson 
et al., 2003) or the imposed constraints (Leguerrier et al., 2004). The main conclusion for 
food webs solved with the L2 solution norm is that sensitivity to structure, input data and 
constraints is generally limited, although individual flows may change considerably.

Stone et al. (1993) and Diffendorfer et al. (2001) tested the sensitivity of an over 
determined model solved with the LÍ residual norm. Stone et al. (1993) identified large 
changes in some individual flows as obtained by range estimation. The L2 solution 
norm assessment studies did not use range estimation and these ranges may be large 
(see 2.3.3 Solution identifiability), which complicates a direct comparison with the results 
of Stone et al. (1993). Diffendorfer et al. (2001) tested how much a constraint was allowed 
to change before a structural change in the food web was detected. The sensitivity 
appeared to be highly dependent on which constraint was perturbed, some did not give 
significant structural changes whereas others did. The potential non-uniqueness of linear 
programming problems (see 2.3.3 Solution identifiability) was not explicitly addressed in 
these LÍ residual norm based sensitivity studies and this might have affected the analysis.

2.4 Discussion
There is a growing appreciation in the ecological literature for a more quantitative approach 
to natural food webs. Linear inverse modeling (LIM) is frequently used in food web 
research to quantify energy and elemental flows among ecological compartments. A 
systematic evaluation of inverse problems in ecology identified methodological aspects 
of LIM that have remained hidden or were under appreciated in the ecological literature. A 
general framework based on data sources, model equations and minimization norms was 
developed to distinguish different LIM approaches and reveal the essential choices that are 
to be made during the modeling process. In the literature there are major differences in the 
way these elements are used and combined to solve the food web model (Lig. 2.1). The 
alternatives imply a quality appraisal of the site-specific (type 3) and literature (type 4-5)  
data. The number of equations relative to the number of flows to be estimated is the major 
factor governing the quality of the inverse solutions. Researchers have therefore adopted 
strategies to include non-site specific, i.e. cross-system, literature (type 4) data in the 
equalities to increase the level of determination. Other applications select the parsimonious 
solution (e.g. Vézina and Platt, 1988) and in fact impose initial estimates as zero and the 
optimal solution is the one that meets these initial estimates as closely as possible.

An alternative approach is to include additional site-specific (type 3) data in the mass 
balance equalities, for instance, based on ecological stoichiometry (Sterner and Elser,
2002). Although the dynamic nature of unbalanced growth of autotrophs is not readily
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implemented in a linear mass balance representation, homeostasis of consumers (bacteria, 
heterotrophic eukaryotes) can be used to link carbon, nitrogen and phosphorus flows in 
the food web (e.g. Vézina and Savenkoff, 1999; Eldridge and Jackson, 1993; Gaedke 
et al., 2002). Another promising approach involves the use of biomarkers, such as fatty 
acids (Iverson et al., 2004) or stable isotopes to quantify the contribution of different 
food sources in an organisms diet (Post, 2002). As these data fix relative proportions 
of diet sources, they increase the equations without increasing the number of unknowns 
and thereby narrow the uncertainty of the food web flows. Van Oevelen et al. (Chapter 3) 
pioneered the use of stable isotopes (both natural abundance and tracer data) in an inverse 
analysis of a benthic food web and show that the uncertainty in the inverse solution 
decreased considerably (compare Fig. 2.3E and F). Stable isotope and fatty acid signatures 
are becoming standard tools in food web ecology and their incorporation in LIMs is 
straightforward (Van Oevelen et al. (Chapter 3)).

Although LIMs are now frequently used to reconstruct element flows in food webs, 
there is comparatively little attention for the quality and properties of the inverse 
solution. Vézina and Pahlow (2003) tested the accuracy of the commonly used L2 
solution norm reconstructed using twin-modeling experiments. Kones et al. (Accepted) 
uses factorial analysis on a large set of generated solutions of two under determined inverse 
models to reveal general patterns in these two sets of solutions. The factor analysis revealed 
that a few groups of flows, or sub-food webs, explain a large part of the variation in the set 
of different solutions. This means that different structures that may exist in these sub-food 
webs explain the uncertainty observed in the large complex food webs. This can be used to 
gain insight into the uncertainty of the complex food web and aid in developing a sampling 
strategy for further constraining the model.

In addition however, inverse theory has provided criteria such as identifiability and 
uniqueness to analyze inverse solutions, but these are not often applied in ecological 
applications. The systematic analysis of solutions of five previously quantified food webs 
revealed some important aspects. First of all, these inverse problems are strongly under 
determined and a large uncertainty surrounds most of the reconstructed food web flows 
(Fig. 2.3). These uncertainties should be considered when the solutions of the models are 
input to subsequent food web analysis, such as ecological network analysis (Ulanowicz, 
1986; Bersier et al., 2002). Secondly, in all the revisited examples, most of the flows were 
strongly related to other flows and were not uniquely determined. Fast but not least, when 
linear programming is used to single out an optimal solution, several alternative solutions 
may exist (Fig. 2.5).
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Chapter 3

Carbon flow through a benthic 
food web: Integrating biomass, 
isotope and tracer data

Dick van Oevelen, Karline Soetaert, Jack J. Middelburg, P. M. J. Herman, Leon Moodley, 
Ilse Hamels, Tom Moens and Carlo H. R. Heip. Submitted to Journal o f Marine Research

3.1 Introduction
The food web is a central concept in ecology and the herbivorous, detrital and microbial 
pathways are among its major carbon transfers. Much ecological theory is centered 
around the herbivorous food chain, in which primary producers sustain higher trophic 
levels (Ryther, 1969; Steele, 1974; Oksanen et al., 1981). The importance of the 
detrital pathway has been emphasized by Teal (1962) and Odum (1969) and is supported 
by empirical evidence (Polis and Hurd, 1996; Pace et al., 2004). More recently, the 
microbial loop was formalized as the transfer of dissolved organic matter, originating 
from phytoplankton exudation or sloppy feeding (Jumars et al., 1989), through bacterial 
assimilation and several grazing transfers to larger Zooplankton (Azam et al., 1983). In 
natural food webs these three pathways are linked in many ways (Polis and Strong, 1996) 
and elucidating these linkages poses a major challenge in community ecology (Legendre 
and Rassoulzadegan, 1995; Polis and Strong, 1996; Herman et al., 1999; Cebrian, 2004; 
Moore et al., 2004).

Temperate intertidal flat communities are heterotrophic systems (Heip et al., 1995) and 
receive carbon inputs from local primary production by microphytobenthos, deposition 
of high-quality phytodetritus and low-quality organic matter associated with suspended 
particles from the water column and active filtration by suspension feeders (Herman et al., 
1999). The high metabolic activity driven by this wide spectrum of organic matter sources 
renders intertidal flats excellent arenas to study the importance of the different pathways in 
natural food webs.

However, quantifying natural food webs is a notorious problem, as methodological and 
logistical limitations impede simultaneous measurement of all flows. Klepper and Van de 
Kamer (1987) and Vézina and Platt (1988) pioneered inverse analysis, a data assimilation 
technique that merges field observations and a priori literature information in a food web
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structure, to quantify the unmeasured flows. Inverse analysis has been developed in the 
geophysical sciences (Wunsch and Minster, 1982; Menke, 1984) and has proven to be 
a robust means to capture the main food web characteristics (Vézina and Pahlow, 2003; 
Vézina et al., 2004).

In this paper we first extend the inverse methodology, to resolve not only conventional 
standing stock and process measurements, but also natural abundance stable isotope 
signatures and transient tracer data. This extended methodology was applied to a large 
data set on the food web of the Molenplaat intertidal flat (The Netherlands) (Herman 
et al., 2001). The data set contained different types of data: biomass of the benthos, 
carbon production and processing (Herman et al., 2001), integrated diet information from 
stable isotope signatures (Herman et al., 2000; Moens et al., 2002) and tracer data on the 
fate of recently fixed carbon by local primary producers (Middelburg et al., 2000). The 
use of all these data resulted in a significantly better constrained food web, as shown by 
uncertainty analysis. The resulting food web characteristics are discussed with respect to 
the importance of and linkages among the herbivorous, detrital and microbial pathways.

3.2 Methods

3.2.1 Study area, food web structure and data

The Molenplaat intertidal flat is located in the saline part (salinity 20 25) of the turbid, 
nutrient-rich and heterotrophic Scheldt estuary (Belgium, The Netherlands). The study 
site (station MP2 in the ECOFLAT-project) has a silt content of 38 % and organic carbon 
content of 0.70 % wt/wt. Herman et al. (2001) provide detailed information on the study 
site.

The specification of food web compartments is based on the conventional distinction 
based on size classes (e.g. Schwinghamer (1981)) and we consider microphytobenthos, 
bacteria, microbenthos (i.e. flagellates and ciliates), nematodes and other meiobenthos 
(copepods, ostracods and foraminifera) and macrobenthos (deposit and suspension feeders) 
(Fig. 3.1). Nematodes are treated separately from the other meiobenthos, because data 
on feeding preferences and tracer incorporation were available only for nematodes. 
Additionally, two abiotic carbon compartments are defined: particulate detritus and 
dissolved organic carbon (DOC), the latter including extracellular polymeric substances 
(EPS).

Extensive sampling was conducted between 1996 and 1999. Carbon stocks of detritus 
and all biotic compartments were determined from sediment cores. Total carbon processing 
was measured with field and laboratory incubations, yielding data on benthic primary 
production, bacterial secondary production, bacterivory by microbenthos and community 
respiration (Table 3.1). Nematode mouth morphology was investigated to determine the 
feeding preferences of the nematode community (Steyaert et al., 2003).

Natural abundance d13C isotope signatures provide an integrated measure of the 
different diet contributions to an organism. The d13C of nematodes, meiobenthos and 
macrobenthos was determined from hand-picked specimens and the bacterial d13C was 
derived from the d13C of bacterial specific polar lipid derived fatty acids (PLFAs) 
(Table 3.1). The d13C of detritus was calculated from depth profiles of d13C of total 
particulate organic matter (Table 3.1).

The fate of microphytobenthic carbon was quantified by an in situ pulse-chase 
experiment (Middelburg et al., 2000). Intertidal microphytobenthos only fixes carbon 
during the sunlit period of emersion, because the high turbidity of the Scheldt
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estuaiy prevents light from reaching the sediment during submersion. During 
emersion, 13C-HCOg~ was sprayed on the surface of the tidal flat and was fixed by 
microphytobenthos. Subsequently, the 13C tracer was tracked in bacteria, nematodes 
and macrobenthos, providing quantitative data on the transfer of recently fixed 
microphytobenthic carbon through the food web.

In addition to site-specific data, an extensive literature review was conducted to obtain 
quantitative information on processes for which direct field observations were not available 
and these data were used to constrain unknown flows within biological realistic bounds. 
Constraints were placed on 1) respiration and EPS excretion by microphytobenthos, 
2) bacterial growth efficiency, 3) production rates, growth efficiency and assimilation 
efficiency of microbenthos, nematodes, meiobenthos and macrobenthos and 4) feeding 
preferences of nematodes and macrobenthos. Appendix A provides a complete listing, 
including references.

T ab le  3.1 : Field observations used in the inverse analysis. Depth is the depth of integration. Sources 
are 1) Middelburg et al. (2000), 2) Hamels et al. (1998), 3) Hamels et al. (2004), 4) Steyaert et al. 
(2003), 5) L Moodley (unpub data), 6) Herman et al. (2000), 7) Hamels et al. (1998), 8) Dauwe et al. 
(2001), 9) Moens et al. (2002) and 10) PMJ Herman (unpub data).

Stocks mg C m 2 Depth (cm) Value Source
Microphytobenthos“ 8.5 2090 1
Bacteria 4.0 4097 2
Microbenthos 4.0 140 2,3
Nematodes 6.0 156 4

Microvores 4.0
Ciliate feeders 59.2
Deposit feeders 27.6
Epistrate feeders 25.6
Facultative predators 32.8
Predators 7.2

meiobenthos 1.0 259 5
Copepods 59.8
Ostracods 38.5
Foraminifera 161.1

macrobenthos 20.0 12172 6
Suspension feeders 3639
Deposit feeders 6270
Surface deposit feeders 2264

detritus 5.0 130660 6
doc6 5.0 336
Rates mg C m 2 d 1 Depth (cm) Value Source
Gross primary production - 714 7
Community respiration - 2112 8
Bacterial production“ 0.3 598 2
Bacterial production 4.0 4121 2
Bacterivory microbenthos 4.0 13 2
(513C values Depth (cm) Value Source
Microphytobenthos - -15.0 6
Bacterial PLFA 3.0 -20.4 1
Nematodes 4.0 -17.4 9
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Meiobenthos 1.0 15.3 5
Macrobenthos 20.0 17.8 6
Detritus 30.0 -21.2 10
Phytoplankton - 21.0 6
Suspended particulate matter - -24.0 6

“ Taken from the depth integrated chlorophyll a and assuming a carbon to chlorophyll a 
ratio of 40
6 Assuming a DOC concentration of 800 yumol C I-1 for porewater and a porosity of 0.70 
c Bacterial production used in the model is integrated to 0.3 cm (see 3.3 Results and 3.4 
Discussion)

3.2.2 Inverse model formulation and uncertainty analysis

The goal of an inverse model is to quantify all flows that are present in a food web. 
The starting points is a topological food web. A topological web is a food web with 
flows being either present or absent and defines the mass balance for each food web 
compartment. Subsequently, quantitative information is added to the inverse model. For 
example, an equation can be added such that the sum of respiration flows equals the 
measured community respiration. Additionally, data from the literature are used to put 
biologically realistic bounds on the unmeasured flows, e.g. the assimilation efficiency can 
be constrained between a lower and upper boundary.

In this paper we develop the inverse model in three successive steps. First, the 
conventional methodology is applied, in which data on biomass and total carbon processing 
are used together with literature data to quantify the food web. Secondly, d13C stable 
isotope data are appended to the inverse model. Thirdly, data from an isotope tracer 
experiment are assimilated in the food web reconstruction. The inverse solutions will be 
referred to as: CS (Conventional Solution), CIS (Conventional and stable Isotope Solution) 
and CITS (Conventional, stable Isotope and Tracer Solution). The inverse models are 
implemented in the modeling environment FEMME (Soetaert et al., 2002) and can be freely 
downloaded from http://www.nioo.knaw.nl/ceme/femme.

Conventional inverse analysis (es)

An inverse analysis model is expressed as 1) a set of linear equality equations

A m,nx„ b m (3.1)

and 2) a set of linear constraint equations

Crmc,nXn bmc (3-2)

Each element in x  represents a food web flow and inverse analysis quantifies all n  flows 
in x. The equality equation (Eqs. 3.1) contains both the topological food web (i.e. the 
mass balances) and the field observations consisting of process data (Vézina and Platt
(1988)). Each mass balance or observation fills one row in A  and b, m is therefore total 
number of mass balances and observations. A mass balance is expressed on row * of A  
as a combination of the food web flows in x: the element ¿ is —1 when flow j  is an 
outflow, 0 when flow j  is not part of the mass balance or 1 when flow j  is an inflow. The
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increase or decrease of a compartment with time (i.e. enters 5¿. Here we assume 
steady-state, which means that the sum of inflows equals the sum of outflows and ^  is 
zero. Process data are added similarly as the mass balances: the elements in A  express the 
contribution of the different flows to the process, e.g. community respiration is the sum 
of all respiration flows and the numerical data enter b. The constraint equation is used to 
place upper or lower bounds on single flows or combinations of flows and these bounds 
will be respected in the inverse solution. The absolute values of the bounds are in vector 
h and the constraints coefficients, signifying whether and how much a flow contributes to 
the constraint, are in matrix G.

Inverse food web models have typically less equality equations than unknown flows 
(i.e. m  < n, Vézina and Platt (1988)), this means that an infinite number of solutions obey 
the equality and constraint equations. The conventional procedure is to select the solution 
(es) that is minimal in the sum of squared flows (i.e. Y^i=i XD- This solution is regarded 
as the simplest or most parsimonious food web (Vézina and Platt, 1988). Appendix A 
contains all inverse model equations and constraints.

Introducing stable isotope data (CIS)

Natural abundance stable isotope data are typically interpreted by means of a linear mixing 
model to estimate diet contributions of a consumer (Phillips, 2001; Post, 2002). The 
(513C signature of a consumer (S13C j) is expressed as a weighted average of the isotope 
signatures of its resources (S13Ci), fractionation (A¿) and the associated flow (/¿^¿)

s i3Cj = D  i (3.3)
Z_/¿ f i —>j

Fractionation of 13C with trophic level is very small ~  0.4 %o (Post, 2002) and is 
therefore neglected in our analysis. When all stable isotope signatures are known, they 
are easily implemented in the equality equation (Eqs. 3.1), but when isotope data for some 
compartments are missing a more complicated procedure is required (details in Appendix 
B). Briefly, an upper and lower boundary for each missing signature is assigned and the 
resulting parameter space is scanned with a grid search to locate the most parsimonious 
solution. Hence, the CIS is the parsimonious solution that satisfies the conventional and 
stable isotope data.

Assimilating deliberate tracer data (CITS)

Jackson and Eldridge (1992) simulated the fate of a tracer introduced in a pelagic food 
web inferred by inverse analysis. This approach inspired us to further increase the amount 
of data used in the food web reconstruction by adding data from a pulse-chase labeling 
of microphytobenthic carbon (see Appendix B for a detailed methodological description). 
Briefly, we generated a large set of inverse food webs and each food web was different in its 
flow values, but all satisfied the conventional and stable isotope data. Subsequently, each 
food web was fed to a tracer model that simulates tracer dynamics in each compartment. 
The modeled tracer dynamics were evaluated against the experimental data and the food 
web solution that optimally reproduced the tracer data was accepted as CITS.

Whereas in the tracer model of Jackson and Eldridge (1992) all incoming tracer 
instantly and homogeneously mixes in the receiving compartment, it is commonly found 
that metabolic processes are paid from a small pool with a comparatively fast turnover, 
e.g. respiration (Kooijman, 2000). Similarly, it is recently fixed carbon that is excreted as
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extracellular polymeric substances (EPS) by microphytobenthos (Wolfstein et al., 2002). 
Therefore we assumed that respiration, excretion and faeces production have a tracer 
concentration equal to that of the incoming flows. Other outgoing flows, i.e. grazing, 
predation or export have the tracer concentration of the biotic compartment. Appendix B 
contains all model equations.

Uncertainty analysis

In accordance with the three step inverse analysis approach, we calculated the uncertainty 
for each food web. The uncertainty is expressed as flow ranges of the conventional solution 
(CSrange), ranges of conventional and stable isotope solution (CISrange) and ranges of 
conventional, stable isotope and tracer solution (ciTSrange). The uncertainty analysis of 
CSrange and CISrange is based on subsequently minimizing and maximizing each flow 
(see Klepper and Van de Kamer (1987) and Stone et al. (1993))

minimize ay and maximize ay

under the conditions

A x =  b, G x > h

This analysis produces an envelope around each flow, which is interpreted as the potential 
range that a flow can attain given the data specified in the equality (either without (CSrange) 
or with (CISrange) the stable isotope signatures) and constraint equation. From all food 
webs that were ran in the tracer model, the best 10 % were used to determine CiTSrange. 
The CiTSrange was defined as the minimum and maximum of each flow found within the 
set of best solutions.

The effect of the uncertainty of the food webs on the tracer dynamics is presented 
in two ways: 1) as the lower and upper extremes in tracer dynamics found for each 
compartment when evaluating the large set of generated inverse solutions, therefore this 
represents the uncertainty in the tracer simulation of CIS and 2) after assimilating the tracer 
data as the lower and upper extremes in tracer dynamics for each compartment from the 
set of 10 % best food webs (CiTSrange).

3.3 Results

3.3.1 Inverse solutions and uncertainty analysis

An initial attempt to solve the inverse model failed as a result of inconsistencies between 
field and literature data. Reconciliation of the depth-integrated bacterial production and 
community respiration required a bacterial growth efficiency of > 0.66, far above the 
imposed limit of 0.32. The bacterial production measured in the top 3 mm was consistent 
with community respiration and was therefore used to solve the inverse model. This is 
extensively treated in the discussion.

The increasing use of available data resulted in differences among the CS, CIS and CITS 
and a large decrease in the uncertainty associated with these food webs. Main differences 
were found between the CS on the one hand and CIS and CITS on the other hand: 62 % of 
the flows in CIS and CITS differed more than ±50 % from the CS (see 3.7 Appendix C). 
The large and small flows of the CIS and CITS agree well and differences mainly occur in 
flows of intermediate magnitude. The sum of carbon flows increased from 7670 (es) to 
8322 (CIS) to 8398 (CITS) mg C m~2 d-1 .
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Figure 3.1: The inverse solution for the intertidal food web with flows based on assimilating 
biomass, stable isotope and tracer experiment data (CITS). Abbreviations: mpb is
microphytobenthos, bac is bacteria, mic is microbenthos, nem is nematodes, mei is meiobenthos, 
mac is macrobenthos, doc is dissolved organic carbon, det is detritus, phy is phytoplankton, spm 
is suspended particulate matter, dic is dissolved inorganic carbon and exp is export from the 
system. Carbon inputs are primary production by microphytobenthos, macrobenthic suspension 
feeding on phytoplankton, phytoplankton and suspended particulate matter deposition. DOC is 
produced through EPS excretion by microphytobenthos and bacteria and consumed by bacteria 
and microbenthos. Detritus is consumed and produced (death and faeces production) by all 
heterotrophic compartments. Microphytobenthos and bacteria are grazed by microbenthos, 
nematodes, meiobenthos and macrobenthos. Microbenthos is grazed by nematodes, meiobenthos and 
macrobenthos, nematodes are grazed by predatory nematodes and macrobenthos, and meiobenthos 
is grazed by macrobenthos. Carbon outflows are respiration (diamond head arrows), macrobenthic 
export (e.g. consumption by fish or birds) and bacterial burial. Only non-zero flows are pictured. 
The arrows with indicated values are not scaled, because their dominance would otheiwise mask the 
thickness differences among the other arrows. The lower panel shows nematodes, meiobenthos and 
macrobenthos on a different scale to better indicate the flow structure.
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The uncertainty in CS is large: 51 % of the flows has a range of >  500 mg C m~2 
d and 29 % a range of >  1000 mg C m~2 d (Table 3.2). The stable isotope data
constrained the uncertainty significantly (Fig. 3.2): the ranges decreased >  50 % for 60
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% of the flows and > 75 % for 34 % of the flows. In the CISrange, 25 % of the unknown 
flows still have a range larger than 200 mg C m~2 d_1, but the range for > 50 % of the 
flows is < 70 mg C m~2 d_1. The inclusion of the tracer data constrained some flows 
more than others (Fig. 3.2). The range of 37 % of the flows decreased > 50 % as compared 
to the CISrange, in particular carbon flows related to microphytobenthos, nematodes and 
macrobenthos were better constrained in the CiTSrange. The largest ranges in CiTSrange 
are associated with phytoplankton deposition (between 799 and 1640 mg C m~2 d_1), 
detritus uptake by bacteria (between 1314 and 1913 mg C m~2 d_1) and the fate of 
ungrazed bacterial production (detritus, DOC or burial range between 0 and 570 mg C 
m~2 d_1) (Table 3.2). In addition, flows associated with microbenthos have fairly large 
ranges: detritus and DOC ingestion by microbenthos have ranges of 555 and 495 mg C 
m~2 d_1, respectively. Detritivorous flows are very well constrained for nematodes (< 
1 mg C m~2 d_1), meiobenthos (< 5 mg C m~2 d_1) and macrobenthos (< 40 mg C 
m~2 d_1). Respiration fluxes are well constrained for nematodes ( 3 - 8  mg C m~2 d_1), 
meiobenthos (13 - 60 mg C m~2 d_1) and macrobenthos (226 - 323 mg C m~2 d_1), but 
less for bacteria (993 - 1466 mg C m~2 d_1) and microbenthos (290 - 763 mg C m~2 d_1). 
Finally, EPS excretion by microphytobenthos is well constrained and is between 300 and 
398 mg C m - 2 d“ 1.

The uncertainty in the tracer simulation based on the CISrange was large for 
microphytobenthos and bacteria, but particularly large for nematodes and macrobenthos 
(Fig. 3.3). The uncertainty in the tracer simulation based on CiTSrange was smaller for all 
compartments, clearly demonstrating that the addition of tracer data further increased the 
reliability of the reconstructed food web. The optimal tracer simulation (CITS) describes 
the entire set of observations quite reasonably. The tracer dynamics of microphytobenthos 
fit the observations well, which means that the turnover time in our inverse solution is 
similar to that in the field. The food web model reproduces the quick tracer incorporation 
by bacteria and the peak labeling at 1-2 days. The modeled magnitude of nematode 
tracer incorporation is very similar to that observed in the field. However, the rapid initial 
enrichment is not reproduced and the modeled incorporation rate seems slightly higher than 
in the field. Macrobenthos tracer incorporation is somewhat overestimated as compared to 
the one field observation available.

T ab le  3 .2: The intertidal benthic food web (CITS) and the associated uncertainty (CiTSrange) (mg 
C m-2 d-1 ). Flows in italics are field measurements and are therefore fixed in the solution. 
Abbreviations as in Fig. 3.1.

Flow CITS CiTSrange
min max

doc —» bac 253 120 322
doc —» mic 601 171 666
det —>bac 1391 1314 1913
det —>mic 210 0 555
det —>nem 0 0 1
det —>mei 0 0 5
det —>mac 0 0 40
p h y -■» det 1077 799 1640
p h y -■» mac 139 139 218
spm - det 304 264 537
dic —>mpb 714 714 714
mpb --> dic 114 114 172
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mpb --> doc 348 300 398
mpb --> det 0 0 52
mpb --> mic 0 0 71
mpb --> nem 17 17 64
mpb --> mei 25 23 99
mpb --> mac 210 155 258
bac —» dic 1047 993 1466
bac —» doc 506 0 571
bac —» det 37 0 571
bac —» mic 13 13 13
bac —» nem 14 14 48
bac —» mei 0 0 6
bac —» mac 28 0 59
bac —» bur 0 0 566
mic - ■» dic 710 290 763
mic - ■» det 38 0 86
mic - ■» nem 0.4 0.4 5
mic - ■» mei 2 0 8
mic - ■» mac 75 62 156
nem --> dic 3 3 8
nem --> det 24 24 112
nem --> nem 3 2 8
nem --> mac 4 0 7
mei - ■» dic 13 13 60
mei - ■» det 6 6 43
mei - ■» mac 8 8 23
mac - dic 226 226 323
mac - det 116 116 229
mac - exp 122 122 141

3.3.2 Carbon flows in the benthic food web

Bacteria dominate carbon flows at the Molenplaat and obtain 85 % of their carbon 
from detritus and the remainder from DOC (Fig. 3.1 and Table 3.2). DOC originates 
from microphytobenthic and bacterial EPS production and bacterial mortality. Bacteria 
assimilated 2122 mg C m~2 d_1 and their growth efficiencies on detritus and DOC were 
0.32 and 0.63, respectively. Only 9 % of the total bacterial production is grazed and the 
majority of the production is recycled between DOC and bacteria. Microbenthos ingestion 
(825 mg C m~2 d_1) is mostly DOC (73 %), supplemented with detritus (26 %) and 
bacteria (2 %). Nematode ingestion (35 mg C m~2 d 1), comprises a small fraction of total 
heterotrophic ingestion (1 %). The main nematode food sources are microphytobenthos 
(50 %) and bacteria (39 %). Nematode predation forms 10 % of total nematode ingestion. 
The other meiobenthos (i.e. ostracods, copepods and foraminifera) play a marginal role 
in carbon cycling; the ingestion rate is restricted to 27 mg C m~2 d_1 (1 % of total 
heterotrophic ingestion), with dominant carbon sources being microphytobenthos (93 %) 
followed by microbenthos (7 %). As they have a high biomass, macrobenthos play an 
important role in carbon cycling and their ingestion is around 15 % of total heterotrophic 
ingestion. Important macrobenthic carbon sources are microphytobenthos (45 %) and
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Figure 3.2: Absolute CSrange for each flow (upper panel) and the relative reduction of this CSrange 
(light grey) to CISrange (dark grey) to CiTSrange (black) (lower panel). Abbreviations as in Fig. 3.1

phytoplankton (30 %). Ingestion of bacteria (6 %), microbenthos (16 %), nematodes (1 %) 
and meiobenthos (2 %) completes their diet. Surprisingly, the results show no ingestion of 
detritus by nematodes, meiobenthos nor macrobenthos.
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The Molenplaat is heterotrophic and is supported by suspended particulate matter 
deposition (14 %), local primary production by microphytobenthos (32 %), suspension 
feeding by macrobenthos (6 %) and phytoplankton deposition (48 %) (Table 3.2). 
Respiration is dominated by bacterial respiration (50 %) with microbenthos as second 
contributor (34 %). The contribution of other compartments is smaller with 11 % for 
macrobenthos, 5 % for microphytobenthos and < 1 % for nematodes and meiobenthos 
(Table 3.2). Total secondary production amounts to 826 mg C m~2 d_1 and is again 
dominated by bacteria (74 %), followed by macrobenthos (15 %), microbenthos (10 %), 
nematodes (1 %) and other meiobenthos (1 %).
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Figure 3.3: Tracer dynamics in the Molenplaat as measured in the top 5 mm (open circles), top 
20 mm (filled circles) and top 20 cm (filled squares) and simulated based on the CITS (dark line). 
Also indicated are the range of tracer dynamics based on CISrange (dotted lines) and CiTSrange 
(dashed dotted lines). The upper tracer dynamics ranges for CISrange and CiTSrange overlap for 
microphytobenthos, while the lower ranges overlap for bacteria. When present, error bars denote 
standard deviations.

3.4 Discussion
The Molenplaat is one of the best-studied intertidal flats with comprehensive data on 
its physical, chemical and biological characteristics (Herman et al., 2001). Despite this 
extensive data set, producing a ’coherent and well-constrained’ food web was ambiguous.
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This ambiguity relates to data quality and availability and the inverse methodology. Hence, 
these will be discussed first, followed by a discussion on the importance of the herbivorous, 
detrital and microbial pathways in the benthic food web.

3.4.1 Field data

Spatial and temporal data acquisition

There is considerable heterogeneity in temporal and spatial sampling in the data set. The 
data have been collected in the period 1996 - 1999, some measurements were performed 
only once (e.g. d13C signatures and meiobenthic biomass), others are season-averaged 
(e.g. bacterial production, bacteria and microbenthos stock) and sampling depth ranged 
from 0-1 cm (meiobenthos) to 0-20 cm (macrobenthos). These temporal and spatial 
differences in data acquisition may partly explain some of the encountered discrepancies. 
However, several studies indicate no changes in microphytobenthic (Hamels et al., 1998), 
meiobenthic (M Steyaert, pers. com.) and macrobenthic (Herman et al., 2000) biomass 
and composition during the study period.

Bacterial production and community respiration

The inverse methodology identified the inconsistency between depth-integrated bacterial 
production (BP) and sediment community oxygen consumption (SCOC). Even when 
assuming that all respiration is bacterial, anomalously high growth efficiencies are needed. 
This inconsistency has frequently been reported in studies measuring both BP and 
SCOC (Van Duyl and Kop, 1990; Cammen, 1991; Alongi, 1995; Boon et al., 1998). Some 
potential problems with BP measurements are unbalanced growth and non-specificity or 
catabolism of the radioactive substrate that is added to measure BP (Kemp, 1990; Dixon 
and Turley, 2001). Moreover, BP is based on comparatively short incubations (~ 30 
minutes). Compared to these uncertainties, SCOC measurements are more robust (Dauwe 
et al., 2001). SCOC integrates aerobic (direct oxygen consumption) and anaerobic 
(re-oxidation of reduced compounds) mineralization pathways over time scales in the 
order of days to weeks. The SCOC based on intact contact core incubations ranged 
from 1806 to 2406 mg C m~2 d_1 and compares well with independent community 
respiration measurements based on CO2 production in slurry incubations (~ 2400 mg C 
m~2 d_1) (Dauwe et al., 2001). As two different SCOC measures gave similar results and 
SCOC integrates heterotrophic activity over a longer time scale than BP measurements, 
it is therefore taken as the most appropriate measure to constrain total benthic activity 
at the expense of the depth integrated BP. In addition, a long-term 13C-glucose labeling 
experiment yielded a BP of 798 mg C m~2 d_1 in the top 10 cm of the sediment 
(Chapter 4), which compares favorably to the BP adopted here (598 mg C m~2 d_1).

Bacterial ö13 C signature

Measuring the bacterial d13C poses difficulties as this can only be assessed using bacterial 
specific biomarkers as proxy (Boschker and Middelburg, 2002). A critical assumption 
is that the isotope signature of such specific fatty acids (PLFAs) reflects that of bacterial 
biomass. Hayes (2001) reviews the results of Escherichia coli culture studies and finds a 
depletion of PLFAs as compared to total biomass of 3 to 8 %o. A similar depletion has been 
found in culture studies using an inoculate of a natural bacterial community (Boschker 
et al., 1999). Whether these results may be translated to the field is unclear (Bouillon et al.,
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2004), as fractionation depends amongst others on the relative abundance of lipids (Hayes, 
2001), substrate utilization (DeNiro and Epstein, 1977) and oxygen concentration (Teece 
et al., 1999). For microbial substrate use in soils, it has been suggested that their is no 
depletion of PLFAs with respect to the substrate and that therefore the average <513C of 
different PLFAs is a good indicator of the <513C of the microbial substrate (Burke et al.,
2003). Here, we choose for the latter approach for two reasons. First, assuming a typical 
depletion of 5 %o would lead to a bacterial <513C of -14.5 %o, which could not be resolved 
with respect to the other observations. Second, such heavy bacterial <513C values would 
point to microphytobenthos as the dominant carbon source for bacteria. This is unlikely 
as (1) bacterial respiration outbalances microphytobenthos production and (2) the d13C of 
bacterial biomarkers did not show a depth gradient.

3.4.2 Extended inverse methodology, stable isotopes and tracer data

Food web studies taking a quantitative ecosystem perspective have revealed important 
insights in the structure of natural food webs (Lindeman, 1942; De Ruiter et al., 1995; 
Pauly et al., 1998; Gaedke et al., 2002) and inverse models are increasingly used to 
quantify food webs. However, a major problem is that a unique solution is selected 
by a parsimonious criterium (Vézina and Platt, 1988) or by upgrading site-specific data 
with literature data (Chapter 2). The methodology presented here, aims to increase the 
amount of site-specific data by additionally incorporating stable isotope and tracer data. 
The incorporation of the tracer data made the parsimonious criterium redundant, since 
the inverse solution with an optimal fit to the tracer data was chosen rather than the 
parsimonious solution.

Mixing models have become standards in ecology to estimate trophic 
position (Minagawa and Wada, 1984; Vander Zanden and Rasmussen, 1999) or diet 
contribution of x  + 1 resources from x  different isotopes (Peterson et al., 1986; Fry, 
1991; Herman et al., 2000; Phillips, 2001; Post, 2002). When more than x + 1 resources 
are available to a consumer, it is impossible to uniquely estimate the resource diet 
contributions based on x  different isotopes. For such situations, Phillips and Gregg (2003) 
propose a grid search technique to estimate a feasible range and frequency distribution for 
the contributions of different resources, rather than calculating a unique solution. In our 
study we similarly take advantage of a grid search technique (Appendix B), but use data 
on total carbon processing as additional constraints. This serves two purposes. First, while 
previous isotope applications have been very fruitful in quantifying the relative trophic 
position or relative contribution of a resource, we also quantify the absolute magnitude 
of all food web flows. Two, combining stable isotope and total carbon processing data 
increases the data resolution such that the uncertainty in the food web reconstruction 
decreases.

The integration of tracer experiments and modeling has proven to provide quantitative 
insight in food web interactions (Cole et al., 2002; Van den Meersche et al., 2004). 
Although the data from the tracer experiment provided quantitative information on 
the transfer of recently fixed carbon (Middelburg et al., 2000), sampling in itself was 
insufficient to quantify all food web flows. Instead, a tracer model was used to 
identify the inverse solution that optimally reproduced these tracer data. In general, the 
correspondence between model and data is acceptable (Fig. 3.3). The correspondence 
for microphytobenthos suggests that its turnover time and the fraction of the primary 
production excreted as EPS are accurately modeled. The general data - model agreement 
for bacteria gives credit to our previously discussed assumptions regarding bacterial
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production and bacterial <513C. Although the magnitude of nematode labeling is reproduced 
by the model, the initial incorporation lags slightly behind the observations. This may 
be explained by ingestion of DOC (not modeled) or selective ingestion of active, highly 
labeled microphytobenthos cells.

Modeled macrobenthic label incorporation was overestimated by a factor 1.5, as 
compared to the one observation. Several explanations for this discrepancy may apply. 
First, due to the limited spatial scale of the experiment, 30 % of the deposit feeders (e.g. 
Arenicola marina) were not present in the samples from the tracer experiment and their 
label incorporation could not be assessed. Second, only 19 % of the deposit feeders 
classify as surface deposit feeders and had access to the highly labeled microphytobenthos 
in the top layer of the sediment. An implicit assumption in the tracer model is that 
the total deposit feeding community has direct access to the labeled microphytobenthos 
and therefore the model likely overestimates label incorporation. As there is only one
observation and several plausible explanations for an overestimation of modeled label
incorporation, we feei that the discrepancy is not strong enough to question the results.

The addition of stable isotope and tracer data changed the solutions, 62 % of the flows 
in CIS and CITS differed more than ±  50 % from the CS. The sum of carbon flows 
increased from 7670 (es) to 8322 (CIS) to 8398 (CITS) mg C m~2 d_1, corroborating 
the results from twin-modeling that show underestimation of flows in the parsimonious 
solution in recycling webs (Vézina and Pahlow, 2003). Moreover, inclusion of tracer 
data in the inverse solution made the parsimonious criterium redundant. The CITS food 
web is therefore free from the bias known to be introduced by such a criterium (Niquil 
et al., 1998). Finally, the integration of biomass, process, stable isotope and tracer data 
significantly reduced the uncertainty in the food web.

3.4.3 Pathways in the benthic food web

The biomass of bacteria, microbenthos, meiobenthos and macrobenthos for the Molenplaat 
can be considered representative for temperate estuarine tidal flats (Epstein and Shiaris, 
1992; Heip et al., 1995; Soetaert et al., 1995; Herman et al., 1999). This also holds for 
bacterial production (Van Duyl and Kop, 1990), primary production and sediment oxygen 
consumption (Heip et al., 1995). Accordingly, the food web structure and functioning can 
be generalized and in this last section we discuss the importance of the herbivorous, detrital 
and microbial pathways.

Herbivorous pathway. The primary producers microphytobenthos and phytoplankton 
supported nematodes, other meiobenthos and macrobenthos in this heterotrophic benthic 
food web. Recent studies of food webs in estuaries (Thompson and Schaffner, 2001; 
Sobczak et al., 2002; Chantan and Lewis, 2002), streams (Tank et al., 2000) and lakes (Cole 
et al., 2002) report a similar dominant contribution of autochthonous production in diets 
of metazoan grazers. These results suggest that the algal-grazer link is the most important 
food web interaction to consider for higher trophic levels.

Microphytobenthos excrete 49 % of their carbon production as EPS, which enters the 
microbial pathway as dissolved organic carbon.

Microbial pathway. Bacteria dominate carbon flows and account for 74 % of 
secondary production and 50 % of respiration. This agrees with earlier reports on the 
bacterial dominance of production (Schwinghamer et al., 1986; Chardy and Dauvin, 1992) 
and respiration (Smith, 1973; Schwinghamer et al., 1986; Moodley et al., 2002). Grazing 
by higher trophic levels on bacteria is restricted and therefore bacterial production is 
a sink rather than a link of carbon in the benthic food web. Short-term bacterivory
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studies of micro-, meio- or macrobenthos report similar limited transfer of bacterial carbon 
production (Kemp, 1987; Epstein and Shiaris, 1992; Hondeveld et al., 1995; Epstein, 
1997a). The fate of bacterial production, other than grazing, was poorly constrained in 
this food web. Bacterial carbon might be recycled back to DOC or detritus or buried 
in the sediment. Several papers indicate that bacterial biomass and production rates are 
closely coupled to the distribution of viruses (e.g. Paul et al., 1993; Fischer et al., 2003) and 
viral lysis of bacterial cells might explain the recycling fluxes to the abiotic compartments. 
Although burial of recalcitrant bacterial cell-wall remnants is observed in ocean margin 
sediments (Parkes et al., 1993; Grutters et al., 2002), it is unknown whether this is a 
quantitatively important sink of bacterial production.

Microbenthos has a comparatively high carbon demand due to their high specific 
production and low growth efficiency. Their low rate of bacterivory implies that bacteria 
constitute 2 to 3 % of their diet. This is surprisingly low, given that microbenthos biomass 
at this study site is dominated by flagellates, which are typically seen as bacterivores. 
Consequently, either other carbon sources form their main food source or reported 
production rates are overestimates for field situations. The contribution of other resources 
(microphytobenthos, detritus and DOC) are poorly constrained, but DOC seems to form an 
important resource for microbenthos. Although flagellates are known for their capability to 
use dissolved organic substances (Sherr, 1988), its significance in sediments remains to be 
established. In the Molenplaat food web, microbenthos carbon production was transferred 
higher up the food web (Fig. 3.1). Hamels et al. (2001a) found evidence for such a transfer 
in laboratory incubations, in which nematodes heavily grazed ciliates. Hence, the microbial 
loop seems to have a dead end in bacteria, but there is potential transfer of DOC through 
microbenthos to higher trophic levels.

Detrital pathway. Semi-labile detritus supported the majority of bacterial carbon 
production and some of the microbenthos production. The rapid transfer of tracer to 
bacteria observed in the labeling experiment is fully explained by labile EPS excretion 
by microphytobenthos and subsequent assimilation by bacteria. However, DOC represents 
only 15 % of the total bacterial carbon demand. The importance of semi-labile detritus 
for bacterial production found in this intertidal flat food web can be explained from a 
biogeochemical viewpoint. Oxygen is rapidly consumed in the top millimeters of coastal 
sediments. Detritus is therefore predominantly degraded in the bacterial domain of suboxic 
and anoxic metabolic pathways (e.g. Canfield et al., 1993). Moreover, the labile part of 
detritus is degraded in the top layer of the sediment and therefore the most likely bacterial 
resource under suboxic/anoxic is semi-labile detritus.

Although the intertidal flat food web supports a large population of deposit feeding 
nematodes, meiobenthos and macrobenthos, these organisms appear to selectively 
assimilate high quality resources such as microphytobenthos, phytoplankton and to a 
lesser extent bacteria. Selective assimilation of high quality carbon has been demonstrated 
directly using d13C labeled phytodetritus (Blair et al., 1996; Levin et al., 1999; Herman 
et al., 2000; Moodley et al., 2002; Witte et al., 2003). This high selectivity suggests 
that bulk organic matter is a poor indicator of resource availability for deposit feeding 
organisms and refined descriptions, based on organic matter quality, are required for 
estimates of food availability.

The conceptual model of Mayer et al. (2001) is especially interesting when trying 
to explain the observed resource partitioning between bacteria and higher organisms. 
They relate digestive differences between deposit feeders (digestive tract) and bacteria 
(extra-cellular enzymes) to resource quality and suggest that deposit feeders benefit from 
high quality resources and that bacteria can better handle low quality resources. Their
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predictions match the general picture that emerges for this intertidal food web. Whether 
their concept is indeed the mechanism that explains our results is an intriguing, yet open, 
question.

In summary, we find two major food web pathways in our intertidal flat with 
comparatively limited interaction. The semi-labile detrital pathway dominates carbon 
flows in the food web and supports the majority of the bacterial secondary production. 
Transfer of bacterial carbon to higher trophic levels is very restricted and instead recycles 
back to detritus and DOC. The herbivorous pathway is the second dominant pathway, 
in which microphytobenthos and phytoplankton supply labile carbon to the food web. 
Nematodes, meiobenthos and macrobenthos feed selectively on this particulate carbon 
production. Although many species in these benthos groups classify as deposit feeder, this 
selectivity results in a virtual absence of detritivory. The observed separation of carbon 
pathways suggests that they function rather autonomously.
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3.5 Appendix A: Inverse model equality and constraint 
equations

This appendix contains all inverse model equations (Table 3.3) and constraints (Table 3.4) 
with references. Some equations and constraints require additional explanation, which is 
given below.

Bacterial growth efficiency (BGE) varies considerably among carbon sources (del 
Giorgio and Cole, 1998). Therefore different BGE for growth on detritus (B G E det) and 
DOC (BGEdoc) are assumed, however, with the restriction that BG Edoc  is two times 
BG Edet. The BGE ranges for growth on DOC and detritus in a comprehensive literature 
review indeed show such a pattern (del Giorgio and Cole, 1998). This pattern is consistent 
with the notion that detritus uptake is a two-step process: 1) detritus dissolution and 2 ) 
subsequent assimilation, whereas DOC uptake only involves the second step. The ratio 
BG Edoc  to B G E det is fixed to two in order to reduce the number of free parameters 
in the grid search from 4 to 3 (see Appendix B). This saves considerably on the required 
calculations in the grid search, while still being a good approximation of reality.

The respiration flows for microbenthos, nematodes, meiobenthos and macrobenthos 
are described as the sum of two processes: maintenance and growth respiration.
Maintenance costs are taken proportional to biomass (Table 3.3). It is often found that 
respiration rates in starved heterotrophic organisms drop to less than a few percent of their 
biomass per day (Fenchel, 1982: Kristensen, 1989: Nielsen et al., 1995), hence the specific 
maintenance respiration is fixed to 1 % of the biomass per day. Respiration costs related 
to growth processes can be considerably higher and are modeled as a fixed fraction of 
assimilated carbon. This fraction equals 1 — N G E , with N G E  being the net growth 
efficiency.

T ab le  3.3: Inverse model equations. Abbreviations: mpb is microphytobenthos, bac is bacteria, mic 
is microbenthos, nem  is nematodes, mei is meiobenthos, mac  is macrobenthos, doc is dissolved 
organic carbon, det is detritus, dic is dissolved inorganic carbon, phy  is phytoplankton, spm  is 
suspended particulate matter, exp is export and bur is burial. All mass balances are assumed to be 
in steady state. Flows are designated as source —»■ sink.
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+  ™ c^ mac .b13C -m ic  +  -b ^ C -n e m
y  i n f l o w  y  i n f l o w

+  " c .6 13 c-m ei
> i n f l o w

with in f lo w  = det —>■ m a c  +  phy  —>■ m a c  +  m p6 —>■ m ac 
+ 6 a c  —>■ m a c  +  m ic  —>■ m a c  +  n e m  —>■ m a c  +  me* —>■ m ac

Equations
Gross primary production 
Bacterivory by microbenthos 
Sediment respiration

Bacterial growth efficiency 
Bacterial production

Maintenance respiration

dic —>■ mpb =  714
bac —>■ m ic  =  12.8
mpb —>■ d ic +  bac —>■ dic +  m ic  —>■
+ n e m  —>■ d ic +  m e i —>■ d ic +  m ac
BG Edoc = 2 • B G Edet
B G E det ■ det —>■ 6 ac+
BG Edoc ■ doc —>■ bac = 598 
0 . 0 1  • biomass

dic
dic = 2 1 1 2
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3.5. Appendix A: Inverse model equality and constraint equations

T ab le  3.4: Constraints imposed on the benthic food web. Sources are 1) Langdon (1993), 2) Goto 
et al. (1999), 3) del Giorgio and Cole (1998), 4) Toolan (2001), 5) Verity (1985), 6) Zubkov and 
Sleigh (1999), 7) Wieltschnig et al. (2001), 8) Capriulo (1990), 9) Fenchel (1982), 10) Straile (1997), 
11) Sleigh and Zubkov (1998), 12) Anderson (1992), 13) Herman and Vranken (1988), 14) Heip 
et al. (1985), 15) Woombs and Laybourn-Parry (1985), 16) Woombs and Laybourn-Parry (1984), 
17) Gerlach (1971), 18) Schiemer (1982), 19) Schiemer etal. (1980), 20) Vranken and Heip (1986), 
21) Vranken etal. (1986), 22) Heip etal. (1982), 23) Schiemer (1983), 24) Moens and Vincx (1997), 
25) Landry et al. (1983), 26) Conover (1966), 27) Cowie and Hedges (1996), 28) Fleeger and Palmer 
(1982), 29) Feller (1982), 30) Ceccherelli and Mistri (1991), 31) Herman and Heip (1985), 32) Banse 
and Mosher (1980), 33) Herman et al. (1983), 34) Ikeda et al. (2001), 35) Vidal (1980), 36) Herman 
et al. (1984), 37) Nielsen et al. (1995), 38) Kristensen (1989), 39) Arifin and Bendell-Young (2001), 
40) Hummel et al. (2000), 41) Loo and Rosenberg (1996), 42) Lopez and Cheng (1983), 43) Arifin 
and Bendell-Young (1997), 44) Lopez and Levinton (1987), 45) Jordana et al. (2001), 46) Sprung 
(1993), 47) Heip et al. (1995), 48) Thompson and Schaffner (2001), 49) Robertson (1979), 50) Vedel 
and Riisgárd (1993), 51) Calow (1977).

Process Flow/units Lower boundary Upper boundary Sources
Microphytobenthos

Respiration mpb -—>■ dic 0.16 • dic - ■» mpb i
Excretion mpb -->■ doc 0.42 • dic - ■» mpb 0.73 • dic —>■ mpb 2

Bacteria
B G E deta - 0.06 0.32 3,4

Microbenthos
A E b - 0.91 1 .0 5

P B C d- 1 0.50 5.0 6 - 9

N G E d’e - 0 . 1 0 0.50 6 ,1 0 -1 2

Nematodes
A E b - 0.06 0.30 1 3 -1 6

P B C d- 1 0.05 0.40 1 3 ,1 5 ,1 7 -2 2

N G E d - 0.60 0.90 1 3 -1 5 ,2 3

Bacterivoiyl’ bac » nem bac nem^yi^Q 
bac-\-rnic n e m G n e m

24

Microbenthosl’ mic > nem m ic  nem^Yizc 
bac-\-m ic  n e m G n e m

24

Herbivory^ mpb > nem nemepi
nem G nem

24

Predation^’ nem > nem nempre
nem

Ĉnem
nempre-\-nem fac ^  .

nem °nem
24

Meiobenthos
A E b - 0.57 0.77 2 5 - 2 7

P B C d- 1 0.03 0.09 2 8 - 3 3

N G E d - 0.30 0.50 3 1 - 3 6

Macrobenthos
A E b - 0.40 0.75 4 1 - 4 5

P B C d- 1 0 . 0 1 0.05 3 7 ,4 1 ,4 6 -5 0

N G E d - 0.50 0.70 37,51

Phytoplankton3 phy —» mac macsus
m.ae G mac

“ The range of B G E det is determined from the range of values for seaweeds (del Giorgio 
and Cole, 1998), this range covers the range in B G E  for phytoplankton and faeces as well.
t. « -m—. o£, n  \  i n f  low  —lo ss  to  d e t r i tu sA L  is assimilation efficiency and is denned as —------ ^ ------------------ •

y  i n f l o w

c P B  is production to biomass ratio.
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Chapter 3. Carbon flow through a benthic food web

j  n  n  \  i n f  low  —lo ss  to  d e t r i t u s —r e s p ir a t io n1\G L  is net growth efficiency and is denned as —---- ^ ------------------------------------•
y  i n f  low  —lo ss  to  d e tr i tu s

e data on gross growth efficiency (GG E ) are the quartiles of the box-whisker plot for 
flagellates and ciliates in Straile (1997), i.e. 10 % and 45 %. Subsequently net growth 
efficiency is calculated as N G E  = GG®.
f  bac is bacterial biomass, m ic  is microbenthos biomass, n e m m¿c is the biomass of the 
nematode feeding groups microvores and ciliate feeders, n e m epi is the biomass of the 
nematode epistrate feeding group, n e m pre is the biomass of the nematode predator feeding 
group, n e m f ac is the biomass of the nematode facultative predator feeding group, n e m  is 
nematode biomass and Cnem is the total consumption by nematodes.
9 m acsus is the biomass of the macrobenthos suspension feeding group, m ac  is the

is the total consumption by macrobenthos.
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3.6 Appendix B: Introducing stable isotope and tracer 
data in an inverse model

3.6.1 Stable isotope data

First it is detailed how isotope mass balances are set up in the inverse model. Mixing 
models require that isotope data of all components are available, which is generally not the 
case in complex food webs. Second, we therefore explain how a grid search can be used 
in case some isotope signatures are lacking. Finally, we describe the method to assimilate 
tracer data in the food web reconstruction.

Isotope mass balances

Isotope signatures are commonly expressed in the delta notation, which is a %o deviation 
from a reference material

A ) “ Or)f i h j  _  V /  s a m p le  V /  r e f e r e n c e  ^ q q q  ("ß ¿O

V /  r e f e r e n c e

where j j  is ratio of the heavy isotope (hI , e.g. 13C, 15 N  or 34 S') to the more common and 
lighter isotope (lI, e.g. 12C, 14 N  or 3 2 S) in the sample and reference material.

The common formulation of an isotope mixing model for a consumer that feeds on n  
resources is

n

sh! j  = +  A¿) • ai (3-5)

where ShI j  is the isotope signature of consumer j ,  ShIi  is the isotope signature of resource 
i, A í is the fractionation factor and a ¿ is the relative contribution of resource i in the diet 
of consumer j .  Necessarily, the relative diet contributions sum to 1, i.e. X)r=i =  1- 

This mixing model is easily extended to a form that includes the flows as unknowns. 
For this, the relative contribution resource is defined as

floW i—tj ■ £i _ ^  0-j
X—\n  r j
2 — i i =  1 J l O W i ^ j  ■ £ j

where f l o w ^ j  is the flow of resource i to consumer j  and e¿ is the incorporation efficiency 
of resource i into the biomass of consumer j .  With this definition, the linear mixing model 
becomes a function of the food web flows as

n  n

sh! j  ■ Y ,  -£í ) = Y  ( ( ^ + A¿) • f lowi ^ j  ■ £i) (3-7)
i =  1 i =  1

Note that when the growth efficiency (e¿) is taken equal for the different resources, it drops 
from the equation. As this equation is a linear expression of the food web flows, it is easily 
appended to the equality equations of the inverse model (see Table 3.3).
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Chapter 3. Carbon flow through a benthic food web

Dealing with unknown isotope values

From the isotope mass balance description it is clear that the isotope composition of all 
resources are required and the growth efficiencies for each food source should either be 
the same or known. For the Molenplaat case study there were four unknown parameters: 
(513C-microbenthos, (513C-DOC, B G E det and BGEdoc. This number was reduced to 
three by assuming BG Edoc = 2 • B G E det (see Appendix A for justification). To 
overcome these data deficiencies we developed approach based on a grid search. This 
method resembles the approach proposed by Phillips and Gregg (2003), who used a grid 
search to estimate the importance of different resources for a consumer, in case no unique 
solution could be found.

First, the potential range of each parameter was determined. The range on bacterial 
growth efficiency on detritus was taken from the literature (0.06 - 0.32, see Appendix 
A). The isotope signatures ranges were taken from the available isotope signatures 
of other compartments. From the food web structure, all the potential resource 
compartments were identified and the minimal and maximal isotope signatures from the 
resources were selected. The possible sources for DOC are bacteria (ó13C of -20.4) and 
microphytobenthos (ó13C o f -15.0). Flence, the (513C-DOC should lie between -20.4 and 
-15.0. The end members for microbenthos in terms of their isotope signature are detritus 
(<513C o f -21.2) and microphytobenthos (ó13C o f -15.0).

The ranges of these three parameters span a 3 dimensional space of all possible 
combinations. These initial ranges are not yet affected by the information implemented in 
the inverse model. To delineate the combinations of isotope signatures that are compatible 
with the other inverse model equations and constraints, we performed a grid search. Each 
parameter range was discretized (step size for isotopes 0.10 and for BGE 0.05) on a grid 
and the inverse model solved for every parameter combination. When the other data in 
the inverse model are not compatible with a certain parameter combination, the model 
residuals are not zero (i.e. the model cannot be solved without deviation from the imposed 
data). The model residual was calculated as the deviation from the linear equality and 
inequality equations

r  is a diagonal matrix whose diagonal elements are unity when the argument is negative, 
and zero when the argument is positive

This ensures that only the inequalities that are violated add to the residual norm. By 
performing this evaluation for each possible parameter combination, one can delineate the 
possible parameter combinations that are compatible with the other data. The parameter 
combination that has a zero residual norm and is minimal in 5 ^ = 1  x ï > is the simplest or 
parsimonious food web (sensu Vézina and Platt (1988)).

The output of an inverse model is a food web in which all flows are quantified. These 
flow values, in combination with the stock size of the compartments, determine how a 
tracer flows through the food web. The inverse food web model with conventional and 
stable isotope data is an under determined system. This implies that, within the limits set

Residual norm  = (A x — b)T(A x — b) +  (G x — h)Tr(G x  — h) (3.8)

(G x — h)j > 0 
(G x — h)j < 0 (3.9)

3.6.2 Tracer data
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by these data, there is an infinite amount of different food webs that all satisfy these data 
equally well. Put otherwise, there is no one unique solution that optimally reproduces the 
data in the inverse model, but an infinite amount. However, each food web has different 
flow values and will therefore differ in the way a tracer flows through it. In the final step 
of quantifying the intertidal food web, we aim to find the food web whose tracer dynamics 
optimally resemble the observations from the tracer experiment.

First, the inverse model, with conventional and isotope data, was repeatedly solved and 
during each run the minimization function that weighted the different flows was varied

where w  contains n  weighting factors (Lawson and Hanson, 1995). The elements of w  
were randomly varied between 1 and 1 0 0  for each run (when w  =  1 this corresponds 
to finding the parsimonious solution). As the contribution of a flow in the minimization 
function differed with each run, numerous different inverse solutions were generated 
(618393 in this case for practical reasons). These generated inverse solutions covered 
> 91 % of the CISrange of all flows, except for the flows microbenthos to nematodes (84 % 
covered) and microbenthos to meiobenthos (73 % covered) (data not shown). This means 
that each flow range (CISrange) was sufficiently covered in our attempt to find the food web 
that optimally reproduces the tracer data.

Second, a tracer model was set up to simulate tracer flow through each food web. A 
specific rate constant (tí_>¿, d-1 ) was calculated for each flow

in which f lo w i^ j  is the flow from compartment i to j  and stocki is the stock size of 
compartment i. These rate constants were used to set up the tracer model (Table 3.5). 
In the tracer model the processes respiration, excretion and faeces production have a 
tracer concentration equal to that of the incoming flows. Other outgoing flows, i.e. 
grazing, predation or export have the tracer concentration of the biotic compartment 
(Table 3.5). To initialize the tracer simulation, the incorporation rate of 13C-HCOg~ into 
microphytobenthos was set to the observed fixation rate of 32 mg 13C m~ 2 h_ 1  during a 
period of 4.5 hours. The model was solved in the modeling environment FEMME (Soetaert 
et al., 2 0 0 2 ) and can be downloaded from http://www.nioo.knaw.nl/ceme/femme.

T ab le  3 .5: Model equations of the dynamic tracer model. FixRate is the observed fixation rate 
of microphytobenthos (32 mg 13C m~ 2 h_ 1  during 4.5 hours). The tracer concentration in a 
compartment is denoted as stocktr. Abbreviations as in Fig. 3.1

n

(3.10)

s to c k i

— =  r  • F ixR a te  • (1 
mpbtr • (rmp d e t  +  7"mpb-

f o  t  > ^
i t h r =  1

I  1 — 24

m p b —>doc-\-mpb—>dic
d ic —>mpb '

-m ic  H~~ 7~mpb—>nem  H~~ 7~mpb—>mei H~~ 7~mpb—>mac

d bd ct = BG Edoc ■ doctr • rdoĉ bac + B G E det ■ dettr • Tdet^ bac
,c—>mic

http://www.nioo.knaw.nl/ceme/femme
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+ m ic-\~dettr • Tdet—yrriic +  doCtr * Tdoc
'y \  stocki j  ! ^

7J ' \J~m ic—>dic \ 7~mic—>det)
i  floWi,rnic

7Tiic • (^Tm i c—>nem 7~mic—>mei 7~n1 m i c —>mac }

=  mpb • Tm^5_̂ nem -|- bac • Tbac^nem 
-\~T)tic • Tmic^-nem ~\~ det • Tdet^nem

/ J  . Stocki / \ tr
Ti ' \J~nem —>dic H-  7 ~ n e m ^ d e t )  TlCVCt2_̂ i flowi,nern

=  mpb • Trnpt¡̂ rnei ~\~ bac • Tbac^mei 
-\~Tflic • T m i c—>rriei djCt • T d e t—>mei

'^ 2 i s to c k l r \  -tr

1 n e m —>mac

{j~mei^dic 7~mei^det) 771 e i * T5m e i—>mac

d m a c^  mpb • Tm^5_̂ mac -|- bac • ^bac^-mac 
-\~7Tlic • TnpYiic^ryiac ~\~ 71CÎJI • Tnem _^mac 
-\~77iei • Tmei ^ >.rnac ~\~ d e t  • Tfdet^mac

^̂—Ji Stockii ’"Ti¿—t-mac , v j-r
E i t  ' \d~mac—>dic ~~r 7~mac—>det) 17177C • Tm a c —>e x pi fl0Wi,maC F

i f f  = r ■ F ,M  ■ s« = $  + ^ £ 7 . 7 7  ' ’W-*.
—doctr • ( r doc^ bac +  Tdoc—>mic)

-ij-j. =  mpb • Trnpb^fdet +  bac • Tbac^det 
+ ZiC stock? ■ n ^ mic) ■

+ j : t (stockr • t ™ ,   ̂ ietY . J 1 OWi—fn̂ni,
J 2 i ( s t o c k r  • r ^ m e i )  ■ ^ f p d e tOWi >mt

m a c —>det
- ^ 2 ¿ ( s t o c k i 7, ’ T i ^ r n a c )  ’ ^  j io w .

det ( r d e t ^  bac d~ 7~det—>mic d~ 7~det—>nem d~ 7~det—>mei T~ 7~det-

Finally, the output of each tracer model was evaluated against the experimental data 
by means of a weighted cost function

^ t t i p t o S r f  (3-121i = l j = l  v J 7

where nv  is the number of variables, no is the number of observations, M odij is the 
modeled value of the observed counterpart Obsij and of is the relative weighting factor. 
Relative errors could not be assessed from the observations but were assigned based on 
conversion protocols: 0.15 for microphytobenthos and bacteria, 0.10 for nematodes and 
0.05 for macrobenthos. Different weighting scenarios were tested but this did not alter the 
results significantly. The run with the lowest cost function was accepted as CITS.
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3.7 Appendix C: Comparison of the inverse solutions CS, 
CIS and CITS

The inverse solutions, CS, CIS and CITS, are obtained using different data sets and therefore 
the solutions differ from each other (Table 3.6). The sum of all flows increases with 
increasing data resolution from 7670 (es), 8322 (CIS) to 8398 (CITS). The main differences 
are found between CS and both CIS and CITS (Fig. 3.4). Differences are found over the 
whole range of flows, the correlation coefficients for CS versus CIS are 0.82 and 0.79 for 
CS versus CITS. The correlation coefficient for CIS versus CITS amounts 0.99 (Fig. 3.5). 
While the flows at the lower and higher end agree reasonably, there are still differences 
between the CIS and the CITS for intermediate sized flows (Fig. 3.5).

T a b le  3.6: Flow values (mg C m ~2 c P 1) of the inverse solutions CS, CIS and CITS.

Flow CS CIS CITS
doc — bac 586 253 249
doc — mic 129 601 487
det —>bac 695 1391 1370
det —>mic 515 2 1 0 275
det —>nem 1 0 0

det —>mei 24 0 0

det —>mac 2 0 0 0

p h y -» det 500 1077 987
p h y -» mac 520 139 198
spm - det 500 304 334
dic —>■mpb 714 714 714
mpb --> dic 406 114 114
mpb --> doc 300 348 300
mpb --> det 0 0 0

mpb --> mic 0 0 0

mpb --> nem 9 17 18
mpb --> mei 0 25 25
mpb --> mac 0 2 1 0 257
bac — dic 683 1047 1 0 2 1

bac — doc 416 506 436
bac — det 31 37 135
bac — mic 13 13 13
bac — nem 32 14 14
bac — mei 55 0 0

bac — mac 51 28 0

bac — bur 0 0 0

mic —■» dic 587 710 678
mic —■» det 0 38 2 2

mic —■» nem 9 0 1

mic —■» mei 33 2 2

mic —■» mac 29 75 71
nem - dic 8 3 3
nem - det 36 24 24
nem - nem 2 3 2
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nem --»■ mac 5 4 6

mei —+ dic 63 13 13
mei —+ det 26 6 6

mei —+ mac 23 8 8

mac --S' dic 365 226 283
mac --S' det 162 116 135
mac --S' exp 1 2 2 1 2 2 1 2 2
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Figure 3.4: Comparison of CIS and CITS with CS on A) a scale from 0 - 1500 mg C m 2 d 1 and 
B) a scale from 0 - 500 mg C m~ 2 d_1.
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Figure 3.5: Comparison of the CIS with the CITS on A) a scale from 0 - 1500 mg C m 2 d 1 and B) 
a scale from 0 - 500 mg C m~ 2 d_1.
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Chapter 4

The fate of bacterial carbon in 
sediments: Modeling an in situ 
isotope tracer experiment

Dick van Oevelen, Jack J. Middelburg, Karline Soetaert and Leon Moodley. Accepted by 
Limnology and Oceanography

4.1 Introduction
Biogeochemical cycling in marine soft sediments is dominated by heterotrophic bacterial 
communities (Smith, 1973). Although being highly diverse in terms of species (Torsvik 
et al., 1996; Li et al., 1999) and metabolic strategies (Fenchel et al., 1998), total bacterial 
numbers are comparatively constant at around IO9 bacteria ml- 1  porewater (Schmidt 
et al., 1998). Irrespective of this constancy, specific growth rates vary by four orders 
of magnitude (Sander and Kalff, 1993). The importance of bacteria in early diagenetic 
processes and their potential as food source has generated ample interest in the processes 
affecting bacterial carbon in sediments, a topic that is basically approached from at least 
three directions: 1) bottom-up control, 2) biogeochemical approach and 3) top-down 
control.

The bottom-up approach has focussed on finding linear relationships between 
particulate organic matter and bacterial biomass or production. These relationships may 
be spurious for various reasons (Bird and Duarte, 1989; Flemming and Delafontaine, 
2000), but when standardized to volumetric units, significant relationships explain 25 
- 60 % of the observed variation in bacterial biomass (Schallenberg and Kalff, 1993) 
and production (Sander and Kalff, 1993), suggesting that substrate availability impacts 
bacterial dynamics.

Biogeochemists usually focus on hydrolysis rates of standardized 
substrates (Meyer-Reil, 1986; Sawyer and King, 1993; Arnosti and Holmer, 1999) 
or sediment dissolved organic matter (Alperin et al., 1994; Burdige et al., 1999), 
production of bacterial biomass (Dixon and Turley (2001) and references therein), 
respiration and growth efficiency (Jahnke and Craven, 1995; del Giorgio and Cole, 
1998). Hence, the biogeochemical approach resolves rates of oxic, suboxic and anoxic 
mineralization pathways, but the fate of bacterial production is not explicitly studied.
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In the top-down approach, bacterial carbon is assumed to be regulated by higher 
trophic levels of the benthic food web, a topic which has a long-standing interest 
dating back to the 1930’s (MacGinitie, 1932; ZoBell, 1938). In a seminal review on 
bacterivory, Kemp (1990) asserted that bacteria do not form an important constituent of the 
macrobenthic diet and concluded that reports for meiobenthos (mostly nematodes) were 
conflicting. It was however noted that quantitative bacterivory data of meiobenthos and 
protozoans were either sparse or lacking. Methodological advances have been made such 
as the use of fluorescent stained sediment (Starink et al., 1994) and radioactively labeled 
substrates (Montagna, 1995). Using these methods, quantitative data on bacterivory by 
small-sized grazers have been gathered (Epstein et al., 1992; Sundbacket al., 1996; Hamels 
et al., 2001b). In general, only 1 - 20 % of the bacterial production is grazed, although 
grazing intensity may fluctuate seasonally (Hondeveld et al., 1995; Epstein, 1997b; Hamels 
et al., 2001b). Grazing studies are generally focussed on the top cm of the sediment and 
are based on comparatively short time incubations (minutes to hours) in retrieved and/or 
slurried sediments, rendering translation to the field and longer periods cumbersome. In 
addition, bacterial production is measured by other methods than bacterivory and therefore 
do not form an integral part of the grazing studies.

Another top down agent that has received interest is viral infection (Maranger and 
Bird, 1996; Fischer et al., 2003; Hewson and Fuhrman, 2003), which potentially exerts 
control on bacteria through infection and subsequent cell lysis (Weinbauer, 2004). This 
mechanism may set upper limits on bacterial biomass or production, but leaves unexplained 
the subsequent fate of the bacterially derived carbon. Studies carried out in continental 
margin sediments show burial of recalcitrant bacterial cell wall remnants (Grutters et al., 
2002). However, Novitsky (1986) reported rapid mineralization of dead microbial biomass 
in a tropical marine beach sediment.

It is clear that several regulating factors act upon sedimentary bacteria and a 
comprehensive understanding calls for the integration of bottom-up, biogeochemical 
and top-down approaches. Boudreau (1999) provided such an integration by developing 
spatial and temporal mass balance equations of bacterial carbon in sediments and used 
these in a theoretical investigation to explain the observed linear relationships between 
bacterial biomass and sediment particulate organic carbon (POC). The parameters of this 
linear relationship are non-linear composites of parameters describing exchange processes, 
bacterial growth efficiency and biological processes including growth, mortality and 
grazing.

We report the results of a 13C-glucose labeling experiment and use these data in a 
tracer model to quantify the fate of sedimentary bacterial carbon. 13C-glucose was injected 
in intertidal sediments and traced into bacterial specific polar-lipid-derived fatty acids 
(PLFAs), total organic carbon, meiobenthos, macrobenthos and respired carbon during 
a period of 4.5 months. The modeled processes were selected based on the comprehensive 
analysis by Boudreau (1999). The combined modeling -  13C tracer study allowed us 
to quantify bacterial production, bacterial growth efficiency, mortality, resuspension and 
bacterial grazing by meiobenthos and macrobenthos.
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4.2 Material and methods

4.2.1 Experimental approach

The Molenplaat intertidal flat was chosen as the study site since detailed physical and 
biological background data are available (Herman et al., 2001). The intertidal flat is located 
in the saline part (salinity 20-25) of the turbid, heterotrophic and nutrient-rich Scheldt 
estuary. The sampling site is located in the muddy center of the flat (51°26.25’ N, 3°57.11 ’ 
E), has a median grain size of 77 yum, organic carbon content of ~  0.5 wt % and exposure 
time of about 7 hours per tidal cycle.

Prior to labeling, two 0.25 m~ 2 metal frames (0.5x0.5x0.08 m) were inserted in the 
sediment. On 21 May 2003, the upper 10 cm was labeled in two hours with 13C by injecting 
0.4 ml glucose solution (23.5 mmol 13C I-1 ) into four hundred 6.25 cm~ 2 squares plot 1, 
which resulted in a flux of 15.3 mmol 13C m~ 2 per labeling day. Labeling was performed 
daily for 5 consecutive days to ensure sufficient label incorporation by bacteria, but labeling 
on day 2 had to be canceled due to bad weather. S

ampling frequency was high initially (day 0, 0.2, 2, 3, 4, 5, 6 , 8 , 12, 18) and lower 
thereafter (day 36, 71, 136). On each sampling day, one sampling core was taken per 
plot. Sampling positions within the plots were determined a priori by a randomization 
procedure. A sampling core (0 5 cm) was inserted 10 cm deep, filled with filtered sea 
water and closed with a gas impermeable rubber stopper. A metal core (0 9 cm) was 
inserted around the sampling core to prevent disturbance of the plot and remained in 
place during the experiment. The sampling core was transported in a dark cool container 
to the laboratory. The 1 3C-DIC flux was estimated from the difference in 13C-DIC 
in the overlying water in the field and the laboratory. Sediment was sliced into three 
depth intervals (0-2, 2-5 and 5-10 cm), homogenized and sampled for POC, 13C-POC, 
PLFAs and 13C-PLFAs (5-10 ml wet sediment), porewater DIC and 13C-DIC (15-20 ml 
wet sediment), meiobenthic biomass and label incorporation (10 ml wet sediment). The 
remaining sediment (~ 15 ml for 0-2 cm, ~  35 ml for 2-5 cm and ~  75 ml for 5-10 cm) 
was used to measure label incorporation by macrobenthos. Meiobenthic and macrobenthic 
samples were fixed with formalin (final concentration 4 %). In this paper we wifi present 
total uptake by meiobenthos and macrobenthos, while uptake rates of meiobenthic taxa 
and macrobenthic species wifi be presented in a paper that focusses on the importance of 
bacteria in individual diets (Chapter 5).

4.2.2 Analytical procedures

Sediment samples were weighed, freeze-dried, weighed again and converted to porosity 
assuming a dry sediment density of 2.55 g cm~3. Organic carbon content and stable isotope 
ratios of sediment POC, meiobenthos and macrobenthos were measured by elemental 
analyzer - isotope ratio mass spectrometry (EA-IRMS) (Middelburg et al., 2000). Label 
incorporation into bacteria was calculated from incorporation in specific bacterial PLFA 
biomarkers (il4:0, i l 5:0, al5:0, il6:0 and 18:lu;7c). Lipids were extracted from 3 g 
dry sediment using a Bligh and Dyer extraction, from which the PLFA fraction was 
isolated by sequentially rinsing the lipid extract on a silicic acid column with chloroform, 
acetone and methanol. The PLFA extract was derivatized to volatile fatty acid methyl 
esters (FAME) and measured by gas chromatography-isotope ratio mass spectroscopy 
(GC-IRMS) for PLFA concentration and d13C-PLFA. Full methodological details can be 
found in Boschker et al. (1999) and Middelburg et al. (2000). Porewater was extracted 
by centrifugation (Saager et al., 1990) and transferred to a helium flushed headspace vial,
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acidified (0.1 ml H3 PO4 ml- 1  porewater) and stored upside down. A 3 ml headspace 
was created in the DIC/13C-DIC bottom water samples by replacing water with He and 
acidified as described above. DIC and 13C-DIC were determined by EA-IRMS (Moodley 
et al., 2 0 0 0 ).

Meiobenthic samples were sieved (38 yum) and sub-sampled. Specimens of each 
meiobenthic group were handpicked, typically 15-30 per group, for stable isotope 
measurements, cleaned of adhering detritus, rinsed (0 . 2  yum filtered water), transferred to 
silver boats and stored frozen. Prior to isotope analysis the samples were thawed, acidified 
for carbonate removal with 20 ¡A 2.5 % HC1, oven-dried (50 °C) and pinched closed. 
Meiobenthic biomass was estimated as in Moodley et al. (2002): the carbon content of 
individual specimens of each meiobenthic group was determined from the carbon signal 
from the EA-IRMS (calibrated with CS2 CO3 standards) and multiplied by the number of 
organisms in the whole sample. Processing the meiobenthic samples proved to be very 
time consuming and some sacrifices were made: stable isotope data are based on samples 
from one plot only and the biomass is estimated from the samples taken at day 0, 0.2, 2, 4 
and 6 .

All macrobenthos specimens were handpicked from the sample and stored in filtered 
water and preserved with formalin. The sorted sample was transferred to a petri dish, from 
which a species sample was taken, rinsed, transferred to a silver boat and stored frozen. 
Bivalves were placed in an acidified bath (1 mmol HC1) to dissolve the carbonate shell, 
cleaned of debris, rinsed thoroughly and either whole specimens (small specimens) or 
flesh samples (large specimens) were transferred to silver boats and stored frozen. Sample 
treatment prior to isotope analysis was similar to that for meiobenthos. Macrobenthos 
biomass could not be accurately determined from the small sampling cores and was 
therefore determined by a dedicated sampling on 27th of May 2003: 12 cores (0 10 cm) 
were taken close to the experimental plots, sliced into 0-2, 2-5, 5-10, 10-20 and > 20 cm 
intervals, fixed with formalin (4 % final concentration), sieved (1 mm), sorted, weighed 
for wet weight and finally converted to C units using species specific conversion factors 
available from a large database at the Netherlands Institute of Ecology.

Delta values are expressed relative to the carbon isotope ratio (R: 13C/12C) of Vienna 
Pee Dee Belemnite (VPDB): d13C = (Rsam p iJ^v p d b  -  1) x 1000, Rv p d b  is 0.0112372. 
Label incorporation is presented as total label content in mmol 13C m~ 2 in the top 10 cm 
(I), where I is calculated as (Fsamp;e - Fbackground) x S, where F is the 13C fraction (13C 
/(13C + 12C) = R/(R+1)) and S is the total carbon stock (mmol C m~2) of the respective 
compartment.

All C and 13 C data reported are integrated over the top 10 cm of the sediment and 
are the mean of the two plots, except for meiobenthos. Errors are reported as standard 
deviation.

4.2.3 Model description

A mechanistic model was used to simulate the transfer of label among the biotic and abiotic 
compartments. The model structure was inspired by the bacterial mass balance description 
of Boudreau (1999), but was assumed to be zero-dimensional as the incorporated processes 
did not require more complexity. Particulate organic carbon (POC), dissolved organic 
carbon (DOC) and bacterial carbon dynamics are implemented as C and excess 13C 
balances, whereas meiobenthos and macrobenthos are modeled only as excess 13C under 
the assumption that their total biomass is at steady-state (Fig. 4.1). All model variables 
are listed in Table 4.1, model parameters are in Table 4.2, parameter values are in 4.4 and
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Figure 4.1: Schematic of the model showing the pathways among particulate organic carbon (POC). 
dissolved organic carbon (DOC), bacteria and benthos. Meiobenthos and macrobenthos are modeled 
separately but pictured together as benthos for simplicity.

model equations of state variables (s#) and variables (v#) are in Table 4.3.

Table 4.1: Model state variables, variables and forcing functions. The symbol A' has a variable 
interpretation which is detailed in the description.

State variables Unit Description
P mmol C m-2 particulate organic carbon (POC)
D mmol C m-2 dissolved organic carbon (DOC)
B mmol C m-2 bacterial biomass
Pl3C mmol 13C -2 excess 13C in POC
D isc mmol 13C m~-2 excess 13C in DOC

c mmol 13c m~-2 excess 13C in bacterial biomass
M xE iac mmol 13c m~-2 excess 13C in metabolic fraction

of meio- or macrobenthos
M x S izc mmol 13c m~-2 excess 13C in structural fraction of

mass of meio- or macrobenthos
D IC isc mmol 13c -2 Accumulated respired excess 13 C
Variables Unit Description
Fx T3"C/C fraction 13 C of total C
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in compartment x
f ( T) - temperature effect
M e 13C mmol 13C m~ 2 excess 13 C in meiobenthos
M a isc mmol 13C m~ 2 excess 13 C in macrobenthos
Org mmol C m~ 2 sum of P, D, B, M e, and M a
O rgisc mmol 13C m~ 2 sum of P i3 c , D isc, B isc,

M êm e, and M a 13C
disPp £> mmol C m~ 2 d_ 1 dissolution of POC
adsGluQiu p mmol 13C m~ 2 d_ 1 injected glucose adsorbed to POC
disGluGiu,D mmol 13C m~ 2 d_ 1 injected glucose dissolved as DOC
uptD pip mmol C m~ 2 d_ 1 uptake of DOC by bacteria
m o rB ß tD mmol C m~ 2 d_ 1 bacterial mortality
graM BM mmol C m~ 2 d_ 1 bacterial grazing by meio-

and macrobenthos
sorM DtM mmol C m~ 2 d_ 1 DOC uptake by meio-

and macrobenthos
proM x mmol C m~ 2 d_ 1 production by meio- (Me)

or macrobenthos (Ma)
excX mmol 13C m~ 2 d_ 1 exchanges of 13C-POC,

13C-DOC or 13C-bacteria
Forcings Unit Description
Tem p °C temperature
G lu ln j mmol 13C m~ 2 d_ 1 flux of injected 13C labeled glucose
P O C  input mmol C m~ 2 d_ 1 POC input

The biological processes are influenced by temperature using the Qio formulation 
(vl). Carbon input to POC is constant (v2), but 13C-glucose injection occurs in a 
period of 2 hours (v4). POC dissolution (v5) and uptake of DOC by bacteria (v8 ) are 
first order processes, which is conceptually equivalent to the common formulation in 
diagenetic models (Boudreau, 1999). Adsorption of a part of the injected glucose (v3) 
occurs immediately after amendment (Henrichs and Sugai, 1993). A fixed fraction of 
the DOC uptake by bacteria is respired and the remainder is incorporated into bacterial 
biomass (s3, s9). Bacterial mortality is a first order process (v6 ) and the bacterially 
derived organic carbon flows to DOC (s2). Exchange processes are a dilution term acting 
on 1 3C-POC (e.g., advection, resuspension), 13C-DOC (e.g., diffusion, bioirrigation) and 
13C-bacteria (e.g., advection, resuspension) (vll), under the assumption that exchanged 
labeled carbon is replaced by unlabeled carbon. Most organic matter and bacteria are 
attached to sediment grains, therefore the exchange rate for POC and bacteria is taken as 
equal (vll). Meiobenthic and macrobenthic biomass are assumed to be in steady-state. 
Their biomass, PB ratio and growth efficiency generate a carbon demand (vl2), which is 
fulfilled partly by DOC (v9) and bacteria (vlO). The steady-state assumption implies that 
secondary production by meiobenthos and macrobenthos is balanced by loss processes 
such as mortality or grazing by higher trophic levels (e.g., fish and birds). In the model, 
meiobenthos and macrobenthos consist of two compartments: a metabolic and a structural 
compartment. All assimilated carbon enters the metabolic compartment, turnover of this 
compartment is due to respiration and production (s7). A continuous flow feeds the 
structural compartment, of which the turnover is solely due to production (s8 ).

The model was implemented in the modeling environment FEMME (Soetaert
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et al., 2 0 0 2 ), the environment and model code can be downloaded from 
http://www.nioo.knaw.nl/ceme/femme. The model was solved with a Ath order 
Runge-Kutta integration method with a fixed time step of 0.01 d. A spin-up period 
of 300 days successfully damped the effect of initial conditions.

T ab le  4 .2: Model parameters.

Symbol Unit Description
F giu mmol 13C m~ 2 d_ 1 Glucose injection rate
Q io - Temperature dependence
£-GIu - Injection efficiency
F poc mmol C m~ 2 d_ 1 Input of POC
eM - Growth efficiency benthos
M e mmol C m~ 2 Meiobenthic biomass
M a mmol C m~ 2 Macrobenthic biomass
K giu - Glucose adsorption
dp,d d- 1 POC dissolution
A p d- 1 POC exchange
Ad d- 1 DOC exchange
r  D ,B d- 1 Bacterial DOC uptake
£b - Bacterial growth efficiency
m B d- 1 Mortality rate
a - Metabolic part of biomass
P  B m  e d- 1 Production rate meiobenthos
ßMe - Bacteria in meiobenthos diet
PMe - DOC in meiobenthos diet
P B mo, d- 1 Production rate macrobenthos
ßMa - Bacteria in macrobenthos diet
PMa - DOC in macrobenthos diet

T ab le  4 .3: Model equations. The miscellaneous symbol X  is specified for every state variable or 
variable. The symbol M x  stands for both Me and Ma.

T í  f { T)  =  Q Í T ^
(si) dE. = P O C  input +  adsCluGiu,P ~  disPp,p>
(v2 ) P O C input = F lux p o c
(v3) adsGluaiu,p = £aiu ■ K g i,u  ■ G lu ln j
(v4) G lu ln j = Fluxaiu  • H(t )

TT,^  Í 1, 0 < / <  0.08,2 < / <  2.08, 3 < / <  3.08,4 < / <  4.08 with H{t) =
0, otherwise

(v5) disPp^p, = dptD ■ f ( T )  ■ P
(s2) dll = disPp^p  +  m o r B p D  +  disGluoiu,D — u p tD B ,B — sorMp>, M

(v6 ) m o r B B,D = m B ■ f ( T )  ■ B
(v7) disGluaiu,D = e Giu ■ (1 — K g i u ) ■ G lu ln j
(v8 ) uptDp)}B = r B}B ■ f { T)  ■ D
(v9) sorMpiM  =  ƒ (T) • £m _ 1  • {PMe ■ P B  Me ■ M e  + pMa ■ P  B  Ma ■ Ma,)
(s3) MP = eB • uptD jj b -  mor Be,D ~ graM B M
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(vlO) g r a M B,M = f ( T )  ■ £m _ 1  • ( /? M e  • f^ M e  • M e  + ß Ma ■ PBm u ■ Ma)
(s4) dPdt° = adsGluGiu,P ~  (disPB¡p  +  excP) ■ Fp
(vl 1) excX  = Ax ■ X  with Ax for Ap and Ap, and X  for P, D, and B
(s5) dDdt° = disGluaiu,D + disPBtp ■ Fp +  m orB B}p ■ FB

— (uptD ptB +  sorMp^M  +  excD ) • Fp 
(s6 ) dBd tC =  £B • uptD D}B ■ Fp -  (m o rB ß tp  + graM B¡M + excB) ■ FB
(s7) dMxE13C = graM x BtMx • Fb +  sorMxp^Mx ■ Fp  -  eM _ 1  • proM x ■ FMxe
(vl2) p roM x = f ( T )  ■ P B mx  • M x
(s8 ) dMf t 13C = (1 -  a) ■ proM x ■ (FMxe  ~  FMxs)
(vl3) M x  13C =  M x E isc  + M x S 13C
(s9) dDIdt13C =  ( !  -  £ b ) ■ uptDp 'B  ■ Fp +  • proM x ■ FMxe
(vl4) Org = P  +  D  +  B  +  M e  +  Ma,
(vl5) O rgisc = Pi3C + D isc  +  ß i 3 C +  M e \3c  +  M a \3c

4.2.4 Calibration and uncertainty analysis

Initial ranges of parameter values were taken from the literature (Table 4.4). The optimal 
parameter set was subsequently selected from these ranges by minimization of a weighted 
cost function

in which all (NO bs) model (M¿j) versus observation (0 ¿j) deviations are squared and 
weighed by the standard deviation ai for all variables (N V a r ). The ai is the average 
standard deviation for each variable. The parameter set which had the lowest cost function 
produces the best fit to the data.

Pools of bacterial carbon and POC show significant variation over the season and 
when the model is fitted to these data, this variation dominates the cost function. The 
first order model described here is suitable to track exponential-like tracer kinetics, but is 
inappropriate to model short-term temporal and spatial variation. To alleviate the impact 
of varying bacterial and POC pools on the cost function, the season-averaged pool size and 
standard deviation have been evaluated in the cost function instead of the original data (see 
also 4.4 Discussion). This ensures a correct order of magnitude pool size, but moderates 
the impact on the cost function. A pseudo random calibration method (25000 runs and 
population size 500) was chosen because of its ability to locate the global minimum 
in a large parameter space (Price, 1979). The calibration ended with 250 runs of the 
Levenberg-Marquardt gradient method (Press et al., 1992), because of its ability to quickly 
converge to the minimum, once in a valley.

Parameter uncertainty, induced by fitting a model to uncertain data, was estimated 
by Bayesian inference (Gelman et al., 2003), using a Markov Chain Monte Carlo 
technique (Gilks et al., 1998). The Markov chain was initiated with the best-fit solution 
resulting from the calibration; it was terminated when 2000 draws were selected. The mean 
and standard deviation of the model parameters were then calculated from the selected 
draws.

N V a r  N O b s

(4.1)
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Table 4.4: The initial ranges of the model parameters taken from the literature sources 1) Widdows 
et al. (2004), 2) review in Van Oevelen et al. (Chapter 3), 3) Henrichs and Sugai (1993), 4) Westrich 
and Berner (1984), 5) Henrichs and Doyle (1986), 6) Dauwe et al. (2001), 7) Widdows et al. (2000), 
8) Martin and Banta (1992), 9) Schluter et al. (2000), 10) Meile etal. (2001), 11) Arnosti and Holmer 
(1999), 12) del Giorgio and Cole (1998), 13) Anderson and Williams (1999), 14) Fischer etal. (2003), 
15) Mei and Danovaro (2004) and 16) Van Oevelen et al. (Chapter 5). Bayesian analysis (see 4.2 
Material and methods) produces a set of accepted parameter values, which are presented as mean ±  
standard deviation. Parameters with no initial range were fixed in the simulations.

Symbol Initial range Value Source
F g Iu 183
Q io 2

£-GIu 0.74 a

F poc 52 l
eM 0.50 2

M e 188 sampled
M a 1624 sampled
Kaiu 0.29-0.39 0.34±0.025 3
d p ,  d 0.0005-0.003 0.0024±0.00024 4,5,6
A p 0.0-0.093 0.0085±0.0024 7
Ad 0.05-1.00 0.58±0.14 8,9,10
t d ,b 0.08-2.67 0.46±0.12 11

£ b 0.40-0.75 0.50±0.03 12

m B 0.0-0.14 0.07±0.02 13,14,15
a 0.0-0.50 0.3Ü0.11 assumed
P B  M e 0.03-0.09 0.065±0.014 2

pMe 0.05-0.15 0.097±0.024 16
PMe 0.0-0.15 0.036±0.012 assumed
P B mo, 0.01-0.05 0.028±0.009 2

Pm  a 0.08-0.30 0.20±0.05 16
PMa 0.0-0.15 0.094±0.032 assumed

“ defined as the amount of label recoverable after the first 4 hours

4.3 Results

4.3.1 Organic carbon pools

Sediment POC content averaged 0.48 % wt/wt and porosity was 0.50, corresponding 
to a POC pool of 46.6 mol C m~ 2 in the upper 10 cm of the sediment. The benthic 
community was dominated by macrobenthos (1624 mmol C m~2), followed by bacteria 
(781 mmol C m~2) and meiobenthos (188 mmol C m~2) (Table 4.5). Meiobenthic biomass 
was dominated by nematodes and foraminifera. Macrobenthic was dominated by large 
specimens of the bivalve Macoma balthica and the polychaetes, Heteromastus ßliformis 
and Pygospio elegans.
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Table 4.5: Biomass of bacteria, meiobenthos and macrobenthos (mmol Cm 2).

Compartment Biomass
Bacteria 781
Meiobenthos 188

Nematodes 67
Hard-shelled foraminifera 62
Juveniles Heteromastus ßliformis 34
Unknown 9
Soft-bodied foraminifera 6

Turbellaria 4
Polychaetes 4
Copepods 3

Macrobenthos 1624
Macoma balthica (> 7 mm) 671
Heteromastus ßliformis 597
Pygospio elegans 215
Polydora cornuta 34
Macoma balthica (< 7 mm) 28
Hydrobia ulvae 24
Nereis (Hediste) spp. 21

Eteone sp. 16
Corophium spp. 16
Streblospio benedicti 1

4.3.2 Labeling trajectories and model fits

Excess 13C in the total organic carbon pool, comprising excess 13C in DOC, POC and 
benthos, increased steadily during the labeling period (except for the dip at day 2 caused 
by the canceled injection) and peaked at 26.5 mmol 13C m~ 2 on day 5 at the end of 
the labeling period (Fig. 4.2A). At day 5, about 50 % of the total injected 61.1 mmol 
13C m~ 2 was recovered as excess organic (44 %) and respired (8  %) carbon. The initial 
13C-POC decrease was high, but slowed after day 20, reflecting turnover differences of the 
organic carbon pools. After 4.5 months, almost no excess 13C was detected in the organic 
carbon pool. Bacterial label incorporation was linear over the first 8  days and reached a 
maximum of 5.1 mmol 13C m~ 2 corresponding to 0.62 mmol 13C m~ 2 d_1, after which it 
decreased in an exponential fashion (Fig. 4.2B). Meiobenthic label incorporation was swift 
and peaked around day 10 at 0.07 mmol 13C m~ 2 (Fig. 4.2C), representing 0.02 % of the 
label in the organic carbon pool. The excess 13C in meiobenthos decreased exponentially 
and returned to background levels at the end of the experiment. Macrobenthic labeling 
was rapid within the first 10 days and reached 0.78 mmol 13C m~ 2 at day 5. The labeling 
variability was mainly caused by variable labeling of the biomass dominating large M. 
balthica (species data not shown). Fabel decreased exponentially with time and after 4.5 
months, 0.1 mmol 13C m~ 2 resided in macrobenthos (Fig. 4.2D). The injected 13C-glucose 
was rapidly respired to 13C-DIC, as evidenced by the 0.46 mmol 13C m~ 2 respiration in 
the first 6  hours of the experiment (Fig. 4.2E). The respiration rate of 13C label was highest 
during the injection period, in which 4.7 mmol 13C m~ 2 was respired. The respiration rate 
slowed down after the 13C-glucose injection and decreased further after day 36, when a
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total of 7 mmol 13C m 2 had been respired. In the whole experimental period a total of 
8.9 mmol 13C m~ 2 was respired, which corresponds to 15 % of the total 13C addition.
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Figure 4.2: Excess 13C in the compartments total organic carbon, bacteria, meiobenthos.
macrobenthos and dissolved inorganic carbon with model-derived lines. Plotted data are averages 
from the two plots and error bars in the plot are the average standard deviations used in the calibration 
routine (see 4.2 Material and methods). Note the scale break in the time axis. The insets detail the 
temporal evolution in the first 20 days.

The 13 C dynamics of the organic carbon pool were accurately reproduced by the 
model in the first two months, but excess 13C is overestimated by the model at day 136 
(Fig. 4.2A). Modeled bacterial label incorporation tracks the observations during the first 
6  days of the experiment, but the observations show a continued incorporation until day 
8 , which is not well reproduced by the model (Fig. 4.2B). This initial underestimation 
of label incorporation has repercussions for the prediction during the remainder of the
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experiment. The rate at which label disappears from the bacterial compartment also seems 
higher than observed in the field. Bacterial secondary production averaged 66.5 mmol C 
m~ 2 d_ 1  and bacterial growth efficiency (BGE) was estimated at 0.50±0.03 (Table 4.4). 
The label trajectories of meiobenthos and macrobenthos are accurately described, as 
the magnitude of labeling and their dynamics correspond well to the field observations 
(Fig. 4.2C and 4.2D). Secondary production by meiobenthos and macrobenthos averaged 
11.5 mmol C m~ 2 d_ 1  and 42.5 mmol C m~ 2 d-1 , respectively. Respiration of 13C label is 
very well described during the first 3 months, but the model underestimates the respiration 
slightly thereafter (Fig. 4.2E). Overall, a plot of model predictions versus field observations 
reveals a highly significant linear relation that covers data over 4 orders of magnitude, with 
a slope not significantly different from 1 (Fig. 4.3).
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Figure 4.3: Observed versus modeled values of excess mmol 13C m 2 in the various model 
compartments. The line represents the linear regression of all data points (y = 0.97x, r 2 = 
0.95,p < 0.0001, n = 58).

Some model parameters are more constrained by the observations than others 
(Table 4.4). The standard deviation relative to the mean is <  10 % for the parameters 
bacterial growth efficiency (s b ), glucose adsorption (K oiu) and POC dissolution rate 
(dp,i)) and between 24 - 37 % for the other parameters, which is similar to the relative error 
of the observations. Although many parameters have a high relative standard deviation, 
they are well constrained with regard to their initial range. The parameters POC dissolution 
rate (dp u), POC exchange rate (A/-), bacterial DOC uptake rate (r/.i./;), bacterial mortality 
(/7 iß),  fraction DOC in meiobenthic diet (pMe) and macrobenthos production rate {PB m  a) 
are well constrained as compared to their initial range. However, for the parameters 
a  (metabolic fraction of benthos), (3m  e (bacterial fraction in meiobenthic diet), P B  Me 
(production rate meiobenthos), pMa (DOC fraction in macrobenthos diet) and Koiu  
(glucose adsorption constant) the standard deviation is still high as compared to the initial 
range and these parameters are less constrained by the observations.
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4.4 Discussion

This is the first in situ study on the short and long-term fate of benthic bacterial carbon 
production (BP). Tracking BP was achieved by injecting 13C-glucose into the sediment 
as a stable isotope tracer and subsequently following this tracer in bacteria, meiobenthos, 
macrobenthos, total organic carbon and inorganic carbon. Labeling was conducted on 
several consecutive days to follow uptake kinetics and to ensure sufficient labeling of 
the bacteria. Subsequently, label appearance and retention was monitored over a period 
of 4.5 months to provide information on transfer among and turnover of the different 
compartments. We interpret this extensive data set by means of a mechanistic model 
that resolves most bacterial gain and loss processes. A mechanistic model requires an 
explicit description of its structure, underlying assumptions and contains interpretable 
parameters. Simpler models can be used, but these only use a subset of the available data. 
For example, label disappearance can be fitted with an exponential decay model to obtain 
the compartments turnover rate. In this simpler analysis however, data on uptake kinetics 
are ignored, rate constants represent net turnover as uptake of label continues after label 
injection, and the model fit is not constrained by any of the other observations. Moreover, 
the use of a mechanistic model allows us to derive information on unmeasured processes. 
For instance, bacterial mortality was not measured explicitly, but was derived from the 
model.

Inherent in benthic microbial ecology are methodological shortcomings and our 
experimental approach is no exception. These are partly caused by our intention to conduct 
this experiment over a long time scale in situ, which precludes core incubations. Label was 
introduced to the sediment in injection wells at a high resolution, but heterogeneous label 
distribution is inevitable. However, injection is the preferred method to introduce label, 
while minimizing sediment disturbance (Dobbs et al., 1989). Label uptake by non-grazing 
processes has been reported by Carman (1990) and therefore poisoned controls have 
been recommended to distinguish among the uptake pathways (Montagna, 1995), but 
such controls are not possible on the scale of this experiment. However, turnover time 
of glucose (~ hours) is much shorter than that of bacteria (~ weeks), which allows 
to distinguish direct uptake of glucose from bacterial grazing at the time scale of the 
experiment. Another concern was the potential use of respired 13 C by microphytobenthos. 
Fixation of 13C-DIC enriches microphytobenthos into an alternative 13C resource, thus 
complicating the interpretation of carbon transfer from bacteria to meiobenthos and 
macrobenthos. Microphytobenthos labeling was assessed through the PLFA biomarkers 
C20:5u;3 (Middelburg et al., 2000), which increased in d13C from -22.8 to 19.8 %o (day 
8 ) and remained above 5.0 %o till day 23. This labeling is lower than the d13C of most 
grazers (Van Oevelen et al., (Chapter 5)) and much lower than the d13C of bacterial 
biomarkers (between 100 - 500 %o during the first month). Hence, recycling of 13C 
via microphytobenthos does not seriously complicate the interpretation. Finally, glucose 
addition was truly at tracer level, as the rate of label incorporation (0.62 mmol 13C m~ 2 

d_1) represented 0.9 % of total bacterial production (66.5 mmol C m~ 2 d_1).

4.4.1 Model complexity and performance

Model complexity was a compromise between biological realism and data availability. 
The 0-D representation was one way to minimize model complexity. Among the depth 
intervals there were minor and quasi-random differences in bacterial and organic carbon 
(513C. Therefore, the information gain in a 1-D representation would not outweigh the
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necessary additional model parameters. Moreover, a 1-D model description in terms of 
biomass, feeding and mixing of meiobenthos and macrobenthos is not straightforward.

Sediment organic carbon is characterized by large differences in reactivity (Westrich 
and Berner, 1984; Middelburg, 1989). Two pools with different lability were distinguished: 
labile DOC and less reactive POC. This distinction is required as glucose is very labile 
compared to bulk sediment organic carbon. The fitted rate constant for the DOC pool 
(0.46 d_1, Table 4.4) is somewhere between the high rate constant of injected glucose 
and lower rate of DOC that is derived from bacteria or POC. However, data on 13C were 
only available for total organic carbon and more complexity than two organic carbon pools 
could therefore not be justified.

Bacterial biomass varied considerably and was generally between 500 - 1300 mmol 
C m~2. The bacterial biomass in the model was fitted to a constant overall average (781 
mmol C m~2) and the model output therefore showed little variation (600 - 800 mmol 
C m~2). There were several reasons for this approach. There was hourly/daily variation 
and a more seasonal-like trend on the scale of weeks/months. Short-term variation of a 
factor 2-3 is inherent in many bacterial biomass estimates and likely contains an important 
spatial component. This variation cannot be reproduced using the first-order 0-D model 
that is designed to reproduce excess 13 C patterns. The long-term variation shows a general 
increase in biomass during the first 2-3 weeks of the experiment and then a decrease. 
Temperature dependence alone cannot explain the biomass evolution because temperature 
increased during the initial 3 months. We ran simulations with higher bacterial carbon 
(1000 mmol C m~2) than the season-average, which clearly improved the fit of excess 13C 
in bacteria, but did not change the general conclusions as presented here. Therefore it is 
likely that the model fit of the excess bacterial 13C would improve, if the bacterial biomass 
evolution were better reproduced.

The faunal biomass was modeled as two compartments: a metabolic and a structural 
compartment (s7 and s8  in Table 4.3). Turnover is faster in the metabolic pool as this 
pool fuels respiration. This formulation was chosen for its higher realism (Conover, 1961), 
success in earlier applications (Lehman et al., 2001; Pace et al., 2004), better resemblance 
to the dynamic energy budget theory (Kooijman, 2000) and improved capability of 
reproducing the observations.

Finally, it should be stressed that different data weighting schemes and model scenarios 
were thoroughly tested to assess the robustness of the model results. Model scenarios with 
no DOC sorption by the benthos typically show a lag in labeling, delayed peak labeling and 
higher loss rate as compared to the observations. In general, the model results are robust 
and accurately describe the general trends in the labeling patterns.

4.4.2 Bacterial growth efficiency and production

The bacterial dominance of benthic secondary production has been reported earlier 
(e.g. Schwinghamer et al. (1986)) and is confirmed in this study with bacteria accounting 
for 55 % of the secondary production. The parameter BCE was calibrated at 0.50, but as 
the calibration is based on the respiration of relatively labile compounds (13C-glucose and 
bacterially derived DOC), the derived BCE is likely an overestimate of the overall BCE.

The regression models presented by Sander and Kalff (1993) predict bacterial 
production (66.5 mmol C m~ 2 d_1) reasonably when based on bacterial carbon (91 mmol 
C m~ 2 d_1) or POC (42 mmol C m~ 2 d_1), but their temperature model (15 mmol C m~ 2 

d_1) underestimates our bacterial production.
Boudreau (1999) presented detailed mass balances of bacterial carbon in sediments
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and scaled the mass balance terms to arrive at a linear relation between bacteria and 
POC. The parameters of this linear relation are composed of parameters for irrigation, 
advection, bacterial production, mortality, grazing and bacterial growth efficiency. When 
the parameters obtained in our study are implemented in Boudreau’s scaled linear model, 
the predicted ratio between bacterial biomass and POC is 0.005, consistent with, but at 
the lower end of the observed ratios, ranging from 0.005 to 0.024. The predicted bacterial 
biomass to POC ratio is based on interpretative and measurable parameters, rather than 
regression parameters. The general agreement is certainly encouraging, but additional data 
sets are required to test the general predictive power.

4.4.3 Label pathways

The use of a mechanistic model not only allow to reproduce the observations and 
derive useful model parameters, but also provided detailed information on the relative 
contributions of the different 13C pathways (Fig. 4.4). The importance of the 13C loss 
pathways from the sediment changed considerably with time. Initially, label loss occurs 
mainly through exchange of DOC (75 %) and respiration (20 %) but after a few days POC 
resuspension dominates (Fig. 4.4A). Meiobenthos and macrobenthos turnover account for 
maximal 10 % of the label loss. The importance of the pathways differed with time, 
indicating that extrapolation from short-term experiments should be done with caution. 
The fate of bacterial carbon production was rather invariant during the experiment and was 
partitioned among resuspension (8  %), meiobenthos grazing (3 %), macrobenthos grazing 
(24 %) and mortality (65 %) (Fig. 4.4B). The label sources for macrobenthos (very similar 
for meiobenthos) reflect the different turnover rates of DOC and bacteria. During the first 
5 day period of label addition, 75 % of label incorporation was related to sorption of DOC, 
but within 2 days of ending the label injections bacterivoiy dominated label incorporation 
(90 %) and remained high thereafter (Fig. 4.4C).

4.4.4 Fate o f bacterial carbon production

The microbial loop has been formalized as bacterial assimilation of dissolved organic 
matter and subsequent transfer up the food web by bacterivory and predation on 
bacterivores (Azam et al., 1983). The significance and efficiency of this loop has focussed 
on a link or sink debate: is bacterial production a carbon link or sink in the food web? 
The intractable benthic environment has made experimental studies difficult and studies 
therefore have tended to focus on a subset of potential grazers, such as heterotrophic 
flagellates (Hondeveld et al., 1995; Hamels et al., 2001b), meiobenthos (Montagna, 1995) 
or macrobenthos species (Kemp, 1987; Grossmann and Reichardt, 1991). These studies 
dealing with a subset of the grazers revealed that 1 - 2 0  % of the bacterial production is 
grazed. For the present study site, bacterial grazing by the total benthic community in 
the top 10 cm of the sediment was quantified. We estimate that ~  30 % of the bacterial 
production was grazed: 1 - 2 % by microbenthos (1.1 mmol C m~ 2 d_ 1  from Hamels 
et al. (1998)), 3 % by meiobenthos (this study) and 24 % by macrobenthos (this study). As 
meiobenthos and macrobenthos biomass at our study sites are high as compared to other 
sediments (Heip et al., 1995), we assert that bacterivory is comparatively intense. Given 
the accumulated evidence, grazing can be regarded as a minor to moderate fate of bacterial 
production in sediments.

Our combined experimental and modeling approach allowed us to distinguish among 
the bacterial loss pathways grazing, resuspension and mortality. Bacterial mortality
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appeared to dominate and represented a sink of 65 % of the bacterial production. However, 
the cause of bacterial mortality remains unexplained. Several mortality causes are known. 
Bacterial cell lysis resulting from a lytic infection by viruses is a major cause of bacterial
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mortality in pelagic systems (Weinbauer, 2004), and was thought to be similarly important 
in sediments, because of higher viral and bacterial abundances (Paul et al., 1993; Maranger 
and Bird, 1996; Mei and Danovaro, 2004). Recent estimates on the contribution of viral 
lysis to bacterial mortality show a large range of 0 - 40 % (Ricciardi-Rigault et al., 2000; 
Hewson and Fuhrman, 2003; Glud and Middelboe, 2004). Therefore, viral lysis may be 
an important cause of bacterial mortality but large differences in reported contributions 
do not warrant generalization of the importance of this process. Programmed cell death, 
mortality caused by triggering an intracellular genetic code, has been found in bacterial 
cultures (Yarmolinsky, 1995; Engelberg-Kulka and Glaser, 1999), but remains to be 
quantified for natural bacterial populations. Similarly, environmental factors such as the 
presence of toxic compounds and thermal or salinity stress may cause mortality, but their 
quantitative importance remains unknown. Several factors causing bacterial mortality, 
other than grazing, are not yet or only recently being explored and their importance remains 
to be established. Irrespective of the cause of death, non-grazing mortality results in the 
release of bacterially derived carbon that is potentially available for recycling back to DOC.

Recycling in the DOC - bacteria loop was evaluated by a recycling efficiency, defined 
as E  = Ba ^ i a i  Do'cuptake and t*le average number of cycles in the loop of a carbon 
molecule as R  = ..—Bactenal dj ’̂ th -----  on season-averaged flow

F O C  d i s s o l u t i o n  +  V U  C e x c h a n g e  °
values. The recycling efficiency may vary between 0 (no recycling) and 1 (full recycling) 
and R  between 0 (molecule cycles zero times) and oo (molecule cycles infinitely). The 
recycling efficiency for the DOC - bacterial loop was moderate (0.36). Note that respiration 
losses cap E  to a maximum of 0.50 (i.e. eb = 0.50, Table 4.4), which implies that 72 % 
(i.e. 0.36/0.50) of the bacterial production is recycled back to the DOC pool. Despite 
moderate recycling, R  was comparatively low (0.17) due to the high exchange rate of 
DOC that dominates over the flux from bacteria to DOC. Recycling of bacterially derived 
carbon is consistent with observations that bacterial lysate is readily degraded by natural 
communities (Novitsky, 1986; Middelboe et al., 2003). However, several studies document 
the accumulation of the bacterial cell wall derived D-Alanine in oceans (McCarthy et al., 
1998) and continental margin sediments (Grutters et al., 2002). In a companion paper 
(Veuger et al. (Chapter 6 )), the 13C in D-Alanine is compared with that in labile PLFAs 
and the results suggest that burial of bacterial remnants is not a major sink for bacterial 
carbon, but instead is recycled back to the DOC pool.

Alongi (1994) speculated on the role of bacterial cycling in tropical benthic systems 
and asserted that the majority of bacterial production remains ungrazed but instead lyses 
and the lysate is recycled within the bacterial community. Such a bacterial-viral loop was 
recently also proposed for pelagic food webs (Fuhrman, 2000). Our comprehensive study 
on the fate of benthic bacterial carbon production agrees with this concept, although the 
cause of death may not necessarily be viral lysis. The observed recycling is also consistent 
with the well documented efficient recycling of ammonium in sediments with net rates of 
regeneration being a fraction of gross ammonification (Blackburn and Henriksen, 1983).

Finally, the advent of diagenetic models that explicitly include bacterial biomass (Talin 
et al., 2003) requires an appropriate parametrization of benthic bacterial dynamics. The 
correspondence between the mass balance model developed by Boudreau (1999) and our 
results suggests a promising avenue for further exploration.
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Chapter 5

The trophic significance of 
bacterial carbon in a marine 
intertidal sediment: Results of an 
in situ stable isotope labeling 
study

Dick van Oevelen, Leon Moodley, Karline Soetaert and Jack J. Middelburg. In revision for 
Limnology and Oceanography

5.1 Introduction
Deposit feeding organisms face the formidable task of gathering digestible resources that 
are diluted with minerals and refractory organic matter (Lopez and Levinton, 1987). 
Bacteria are ubiquitous in marine sediments and because of their high abundance, 
production and nutritional value they are considered an important resource for sediment 
dwelling fauna (ZoBell and Feltham, 1937; Gerlach, 1978; Tsuchiya and Kurihara, 1979).

Transfer of bacterial carbon to benthos is often discussed from the bacterial side: is 
bacterial carbon production a link or sink in the benthic food web (Kemp, 1990)? This bias 
in favor of the fate of bacterial carbon is also reflected in the methods in use: incubations 
with 14C organic substrates (Montagna, 1995) or fluorescently labeled bacteria (Starink 
et al., 1994) measure the amount of bacterial carbon that is grazed per unit of time. These 
studies show that grazing losses are generally restricted to < 2 0  % of total bacterial 
production (Epstein and Shiaris, 1992; Hondeveld et al., 1995; Sundback et al., 1996; 
Hamels et al., 2001b).

Although bacterial grazing represents a minor fate of bacterial production, one may 
pose the complementary question whether bacterially derived carbon fulfills a significant 
part of the total carbon requirements of benthic fauna. However, estimates for the relative 
importance of bacterial carbon for meiobenthos are scant or are based on qualitative gut 
content analysis (e.g. for nematodes, Moens and Vincx (1997)). Quantitative data are 
available for some macrobenthic deposit feeders, based on laboratory measurements of
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sediment ingestion rate, bacterial abundance and bacterial digestion efficiency on the one 
and physiological data on carbon requirements on the other hand (Cammen, 1980; Kemp, 
1987; Andresen and Kristensen, 2002). Most of these studies show that bacterial carbon 
contributes < 10 % of the total requirements. However, deposit feeders are known for 
their selective uptake of high quality and organic rich particles (Lopez and Levinton, 1987; 
Neira and Höpner, 1993), which may contain elevated levels of bacteria and therefore the 
bacterial contribution in their diets may have been underestimated. For example, Haii 
and Meyer (1998) showed with an in situ 13C-acetate tracer experiment that many stream 
invertebrates derived more than 50 % of their carbon from bacteria, which is much more 
than previously anticipated (Baker and Bradnam, 1976). Moreover, the contribution of 
bacterially derived carbon may differ among the different taxa, for example subsurface 
deposit feeders that ingest relatively refractory organic matter may be more dependant 
on bacteria for labile carbon and essential nutrients. Therefore, quantitative data on the 
bacteria - benthos links are essential for understanding the extent to which this trophic link 
may structure sediment communities.

In situ stable isotope labeling experiments have proven to be an excellent tool to study 
element transfer (Blair et al., 1996; Haii and Meyer, 1998; Middelburg et al., 2000). Here 
we employ stable isotope labeling in a marine intertidal sediment to estimate the amount of 
carbon that meiobenthic taxa and macrobenthic species derive from bacteria. 13C-glucose 
was injected into the sediment to tag the bacterial community, incorporation of 13C-glucose 
by bacteria was traced through 13Cenrichment of bacterial specific phospholipids derived 
fatty acids (PLFAs). Subsequent transfer of bacterial-derived 13C to benthic fauna was 
followed through 13C enrichment of hand-picked specimens. A simple isotope model was 
used to recover the dependency on bacterial carbon from the observed tracer dynamics. 
Specifically, we will focus on the following questions: (1) How much does bacterial carbon 
contribute to the carbon requirements of meiobenthic and macrobenthic species? (2) Is the 
contribution of bacteria derived carbon related to feeding/living depth in the sediment? (3) 
Are there indications for selective feeding by the benthic fauna?

5.2 Materials and methods

5.2.1 Study site and experimental approach

The Molenplaat intertidal flat was chosen as study site and is located in the saline part 
(salinity 20-25) of the turbid, heterotrophic and nutrient-rich Scheldt estuary. The sampling 
site is located in the silty center of the flat (51°26.25’ N, 3° 57.11’ E), which has a median 
grain size of 77 yum, organic carbon content of ~  0.5 % wt/wt and exposure time of about 
7 hours per tidal cycle (see Herman et al. (2001) for detailed information).

The data presented here have been collected in the frame of an experiment on the fate 
of bacterial carbon production and two companion papers deal with the fate of bacterial 
carbon production (Chapter 4) and the fate of bacterial phospholipids, peptidoglycan and 
proteins (Chapter 6 ). Methodological details are provided in chapter 4. In short, two 0.25 
m2 square metal frames were inserted in the sediment. On 21 May 2003, the upper 10 
cm was labeled with 13C by injecting a glucose solution with a syringe (one injection 
per 6.25 cm2), resulting in a flux of 15.3 mmol 13C m~ 2 per labeling day. Labeling was 
performed daily for 5 consecutive days to ensure sufficient label incorporation by bacteria, 
but labeling on day 2 had to be canceled due to bad weather. Ten samples (day 0.3, 2, 
3, 4, 5, 6 , 8 , 12, 18 and 36 after the first injection) were collected from each plot in the 
first weeks from a priori randomly assigned positions. A sampling core (0 5 cm) was
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inserted 10 cm deep, filled with filtered sea water and closed with a stopper. A metal core 
(0 9 cm) was inserted around the sampling core, which successfully prevented disturbance 
of the rest of the plot and remained in place during the experiment. The sampling core 
was carefully withdrawn and transported in a dark cool container to the laboratory. In 
the laboratory, sediment cores were sliced (0-2, 2-5 and 5-10 cm), homogenized and 
sampled for d13C-PLFA, meiobenthic biomass and label incorporation and macrobenthos 
label incorporation. Samples for d 13C-PLFA were frozen, freeze-dried and stored frozen. 
Meiobenthic and macrobenthic samples were fixed with formalin (final concentration 4 
%). Background d13C for PLFA, meiobenthos and macrobenthos were taken from the t 
= 0 sampling core. Some macrobenthos species were not present in the t = 0 samples, in 
which case background d13C was taken from Flerman et al. (2000). Macrobenthic biomass 
could not be accurately determined from the small cores taken from the experimental plots 
and was therefore based on 1 2  separate cores ( 0  1 0  cm) taken in close proximity of the 
experimental plot.

5.2.2 Analytical procedures

Lipids were extracted from 3 g dry sediment using a Bligh and Dyer extraction, from 
which the PLFA fraction was isolated. The PLFA extract was derivatized to volatile fatty 
acid methyl esters and measured by gas chromatography-isotope ratio mass spectroscopy 
(GC-IRMS) for PLFA isotope values (details in Boschker et al. (1999)). The bacterial 
isotope signature was determined from the weighted average of the specific bacterial PLFA 
biomarkers il4:0, i l 5:0, al5:0, il6:0 and 18:lw7c (Middelburg et al., 2000). PLFAs are 
present in the membrane and comprise roughly 6  % of the total carbon in a bacterial 
cell, the bacterial-specific PLFAs together account for 28 % of the carbon in all bacterial 
PLFAs (Middelburg et al., 2000). These conversion factors are used to convert PLFA 
concentration to bacterial biomass and label incorporation in PLFAs to total bacterial label 
incorporation (Middelburg et al., 2000).

Meiobenthic samples were sieved (38 ym) and sub-sampled. Specimens for stable 
isotope measurements, typically 15-30, were handpicked, cleaned of adhering detritus, 
rinsed (0.2 ym  filtered water), transferred to silver boats and stored frozen. Processing 
meiobenthic samples proved to be very time consuming and only one of the two plots was 
therefore processed for stable isotope and biomass data, as described in Moodley et al. 
(2000 ).

Macrobenthic specimens were handpicked, stored in filtered water and preserved with 
formalin. The sorted sample was transferred to a petri-dish, a species sample was taken, 
cleaned from debris, rinsed, transferred to a silver boat and stored frozen. Bivalves and 
Gastropods were placed in an acidified bath (1 mmol HC1) to dissolve their carbonate shell 
and either whole specimens (Macoma balthica (< 7 mm) and Hydrobia ulvae) or flesh 
samples (M. balthica (> 7 mm)) were taken. Meiobenthic and macrobenthic samples were 
thawed, acidified for carbonate removal with 20 ¡A 2.5 % HC1 and oven-dried (50 °C) prior 
to isotope analysis. Stable isotope ratios were measured by elemental analyzer - isotope 
ratio mass spectrometry (EA-IRMS) (Middelburg et al., 2000).

Delta values are expressed relative to the carbon isotope ratio (R: of Vienna Pee
Dee Belemnite (VPDB): S13C = — 1) • 1 0 0 0 , with R vpd b  =  0.0112372. Label
uptake by organisms is reflected as enrichment in 13C and is presented as Ad13C, which 
indicates the increase in d13C of the sample as compared to its natural background value 
and is calculated as: A S 13C = S13Csampie — S13Ci,ackground- Hence, positive A d13C 
values indicate that the organism has acquired some of the introduced 13C label.
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5.2.3 Tracer model and calibration

The relative contribution of bacteria derived carbon was estimated from comparing the 
A(513C of a consumer (AS13Ccon) with that of bacteria (A S 13Cbac). If the A S 13Cbac 
and A S13Ccon have reached steady-state, the ratio indicates the fraction of total carbon 
in the consumer that is derived from bacteria. However, this steady-state assumption 
is not valid for all organisms within an experimental time frame of several weeks (Haii 
and Meyer, 1998) and an isotope model that simulates tracer dynamics in a consumer is 
then a better option (Hamilton et al., 2004). The isotope model can however, only be 
applied for frequently sampled species due to its higher data requirements. Therefore, 
dependence on bacterial carbon for species that were encountered repeatedly in the time 
series samples was estimated by means of the isotope model. For species that were only 
occasionally encountered, contribution of bacteria derived carbon was estimated from the 
ratio ^¿ i3p°ort, because they were not sampled frequent enough to justify fitting the data 
with the isotope model. The isotope model reads (Hamilton et al., 2004)

= kb . A S 13Cbac -  kc ■ A S 13Ccon (5.1)
a t

The first term in the right hand side of the equation denotes label uptake by grazing on 
bacteria and the second label loss through turnover of the consumer. The dynamics of the 
PLFA bacterial biomarkers are used as a proxy for A 5 13Cf,ac data and are imposed as a 
forcing function. The turnover rate constant (kc) determines the total carbon requirements 
of the consumer and the ratio denotes the relative contribution of bacterial carbon toKc
total carbon requirements. If bacteria fulfill all carbon requirements, i.e. ^  =  1 , the 
A S13Ccon approaches the A 5 13Cf,ac with time and when bacteria do not contribute (i.e. 
Ip =  0), there is no label uptake by the consumer (see Hamilton et al. (2004) for detailed 
model demonstrations).

Plausible parameter ranges were large to assure a complete coverage of potential 
growth rates and were 0.05 - 0.50 d_ 1  (kc) and 0.0 - 0.50 (kb) for meiobenthos and 0.025 
- 0.25 (kc) and 0.0 - 0.25 d_ 1  (kb) for macrobenthos. The parameters were calibrated 
by minimizing the sum of squared differences between the data points and the model 
prediction.

It proved impossible to calibrate the model parameters kb and kc individually, 
as different combinations gave similar optimal fits, indicating that the parameters are 
correlated. To resolve this issue we employed Bayesian analysis. Bayesian analysis 
is a statistical technique that updates a prior probability distribution of a parameter 
with observations to arrive at a posterior probability distribution (Gelman et al., 2003). 
The update makes the posterior better constrained than the prior. The prior probability 
distributions are the initial parameter ranges for which we assume equal probability for 
each value within this range. The Bayesian analysis starts with a model run with a certain 
parameter combination, a Markov Chain Monte Carlo technique (Gilks et al., 1998) then 
takes random steps in parameter space and the model is solved with each parameters 
set. If a parameter combination gives a better fit to the data than the previous parameter 
combination, the run is accepted and used as new starting point for a following random 
step. If the new parameter combination fits worse, it can be accepted with a probability 
equal to the ratio of probabilities of the tested versus the existing parameter combination. 
The distribution of parameter values in the set of accepted runs is the posterior probability 
distribution of each parameter. We ran the model for each species 10000 times, which 
typically gave ~  1000 accepted runs. The mean and standard deviation of the ratio
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for a species was then calculated from the accepted model runs. The model was 
implemented in the freely available simulation environment FEMME (Soetaert et al. (2002), 
http://www.nioo.knaw.nl/ceme/femme).

To test whether dependence on bacterial carbon for meiobenthos increases with depth 
in the sediment, the data of a meiobenthic group of a respective depth interval was fitted 
with the bacterial Ad13C from the respective interval. For macrobenthos it is difficult to 
directly link their presence in a certain depth interval with their feeding depth because the 
size of these species (~ cm) is comparable to that of the depth intervals. Therefore we used 
the feeding classification for macrobenthos species (Fauchald and Jumars, 1979; Pearson,
2001) and compared surface deposit and subsurface deposit feeders. When appropriate, 
data from all depth layers were pooled and used to calculate dependence on bacterial 
carbon.

5.3 Results

5.3.1 Label incorporation by bacteria

The A(513C of different bacterial PLFAs were weighted with their respective concentration 
to obtain a proxy for bacterial Ad13C. Dynamics of bacterial A d13C were very consistent 
between plots and intervals for the upper two depth intervals (0-2, 2-5 cm) but the deepest 
interval (5-10 cm) showed differences between the plots and was somewhat higher labeled 
than the upper two intervals (Fig. 5.1A). Due to the lower concentration of PLFAs in the 
deepest interval (374, 181, 227 mmol C m~ 2 in the depth intervals 0-2, 2-5 and 5-10 
cm, respectively), its influence on the average bacterial Ad13C is limited (Fig. 5.1 A). 
The average forcing function, weighted with concentration and thickness of the depth 
interval, for bacterial Ad13C was used in the isotope model or ratio calculations, because 
the results did not depend critically on whether distinctions were made among intervals 
or plots (see 5.4 Discussion). The bacterial A d13C increased during and shortly after the 
13C-glucose injection period, peaked at 519 %o on day 5 and decreased to 173 %o at day 
36.

5.3.2 M eiobenthic and macrobenthic biomass

Meiobenthic biomass was 188 mmol C m~ 2 and was dominated by nematodes (35 %), 
hard-shelled foraminifera (33 %) and juvenile Heteromastus ßliformis (18 %) (Table 5.1). 
Copepods, soft-bodied foraminifera, small polychaetes and turbellaria each comprised 
< 5 % of the meiobenthic biomass. The meiobenthic biomass was highest in the top 
interval (0 - 2  cm, 72 % of total meiobenthic biomass) and all meiobenthic groups 
were present here (Table 5.1). The number of meiobenthic groups decreased with 
depth, with only nematodes, hard-shelled and soft-bodied foraminifera present in the 
deepest layer. Nematodes dominated biomass in the top two intervals (37 % and 58 
%, respectively), whereas hard-shelled foraminifera clearly dominated in the deepest 
interval (91 %) (Table 5.1). H. ßliformis juveniles represented a significant amount of 
the meiobenthic-sized biomass in the top layer (24 %), but they vanished in the middle 
depth interval.

Macrobenthic biomass was 1684 mmol C m~2, label uptake was measured in species 
representing 96 % of the biomass, albeit with different frequencies. The remaining 4 % of 
the biomass was made up of species that were not sampled with the experimental cores. 
Large specimens of the bivalve Macoma balthica (> 7 mm, 41 %) and the polychaetes
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Heteromastus ßliformis (37 %) and Pygospio elegans (13 %) dominated the macrobenthic 
biomass (Table 5.1). Macrobenthic biomass did not show a pronounced trend with depth 
in the sediment, because the biomass important species M. balthica (> 7 mm) and H. 
ßliformis have their biomass maxima in the middle and deepest depth interval, respectively. 
This compensates the strong decrease in biomass with depth for other species, such as P. 
elegans, Polydora cornuta, M. balthica (< 7 mm), Hydrobia ulvae and Corophium spp., 
which all had more than 80 % of their biomass in the top layer. The species Arenicola 
marina, Eteone spp. and Cyatura carinata and M. balthica (> 7 mm) had their highest 
biomass in the middle depth interval.

5.3.3 M eiobenthic and macrobenthic label incorporation

All sampled species acquired 13C label, but Ad13C dynamics differed among groups 
and species (Fig. 5.1). Among the meiobenthos, polychaetes (Fig. 5.IN) and copepods 
(Fig. 5.11) only marginally increased in Ad13C and remained below 20 %o during the 
experiment. Juvenile Heteromastus ßliformis, soft-bodied and hard-shelled foraminifera 
(Fig. 5.1L, K, J) showed similar label dynamics with a steady increase to 60 %o followed 
by an exponential-like decrease to almost background levels at day 36. Among the 
macrobenthos, Macoma balthica (< 7 mm, Fig. 5. IE) attained highest A d13C values (217 
%o at day 7), but returned to almost background values at day 18 (22 %o). In contrast, 
H. ßliformis incorporated label slowly and its Ad13C remained constant at ~  50 %o over 
a month (Fig. 5.ID). Labeling of large M. balthica (> 7 mm, Fig. 5.IF) specimens was 
highly variable, but overall lower than labeling of small specimens (Fig. 5.IE). Label 
incorporation by Corophium spp. was very rapid and peaked at 82 %o, but its A d13C signal 
rapidly decreased in an exponential fashion when the 13C-glucose injection had ended 
(Fig. 5.IB). The Ad13C dynamics of Polydora cornuta and Pygospio elegans resemble 
each other with a steady increase during the first 1 0  days, followed by a slow decrease 
(Fig. 5.1G, H).

5.3.4 Dependence on bacterial carbon

As pointed out earlier, fitting the individual parameters kf, and kc of the isotope model 
proved impossible due to the strong correlation between both parameters. For example, 
many combinations give an acceptable fit of the observed Ad13C values for Heteromastus 
ßliformis (Fig. 5. ID, 5.2A). However, the relative contribution of bacterial carbon to the 
consumers total carbon requirements, i.e. jr ,  is our prime interest and this ratio is much 
better constrained than the individual parameters (Fig. 5.2). The distribution of the ratios 
in the accepted set of Bayesian runs approximates a normal distribution, from which the 
average and standard deviation can be derived (Fig. 5.2B). The histograms for the other 
species/groups are not shown, but all give a similar picture. The Ad13C dynamics of most 
consumers could be readily fitted with the simple isotope turnover model (Fig. 5.1). Good 
visual fits were however not obtained for Macoma balthica, in particular the small (< 7 
mm) specimens (Fig. 5.IE), and Corophium spp. (Fig. 5.IB), for which peak labeling and 
label loss rate were underestimated by the model.

Both the results from the isotope model (Eqs. 5.1) and ratio estimates ( ¿ j i 3g(°") 
show that dependence on bacterial carbon was limited (Table 5.1). The dependencies for 
meiobenthos were < 0 .14  and averaged at 0.08. The estimates for macrobenthos were 
more variable, ranging from 0.00 to 0.23, but averaged at 0.11 (Table 5.1). The dependence 
for small M. balthica (< 7 mm) was higher (0.36), but we consider this estimate unreliable
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Figure 5.1: A) Observed data and forcing function of A<513C of bacteria. B-N) Obseivations and 
best-fit for the macrobenthos species (B) Corophium spp. (n = 12). (C) Eteone spp. (n = 15). (D) 
Heteromastus ßliformis (n = 58). (E) Macoma balthica (< 7 mm) (n = 23). (F) M. balthica (> 7 mm) 
(n = 18). (G) Polydora cornuta (n = 19). (H) Pygospio elegans (n = 41) and meiobenthic groups (I) 
copepods (n = 5). (J) hard-shelled foraminifera (n = 20). (K) soft-bodied foraminifera (n= 8). (L) 
juvenile H. ßliformis (n = 9). (M) nematodes (n = 22) and (N) small polychaetes (n = 8). Shown are 
data pooled from both plots in the three depth intervals. Shaded area indicates period of 13C-glucose 
injection.

because of the poor fit to the data (see 5.4 Discussion). Despite the variability in the Ad'13C 
data, bacterial carbon contributions to diets could be readily estimated for most species, as 
most standard deviations are between 25 and 30 % of the mean.

79



Chapter 5. The trophic significance of bacterial carbon

0.25 - 

0 .20  -  

0.15 - 

0 .10  -  

0.05 - 

0 .00  -

0.00 0.05 0.10 0.15 0.20 0.25

160

140 -

120  -

100  -

33oO

0.0 0.1 0.2 0.3 0.4 0.5

Figure 5.2: A) Scatter plot of the accepted Bayesian runs of the model parameters kb and kc for 
Heteromastus ßliformis, the linear relationship among both parameters shows that the ratio of the 
parameters is better constrained than the individual parameter values. B) histogram of the ratio ^  
from the data in Fig. 5.2A and the fitted normal distribution. Fiistograms for the other organisms fit 
the normal distribution equally or better.

Nematodes and hard-shelled foraminifera were encountered frequendy enough in 
all depth interval samples to use the isotope model to examine whether dependence on 
bacterial carbon changed with depth in the sediment. Nematodes did not show differences 
with regard to living depth (0.08 ±  0.02, 0.08 ±  0.02 and 0.06 ±  0.04 for 0-2, 2-5 and 
5-10 cm, respectively). Hard-shelled foraminifera dependence on bacteria was similar for 
the upper two sediment layers (0.13 ±  0.03 and 0.15 ±  0.05), but was much lower in the 
deepest sediment layer (0.03 ±  0.02), where they dominated meiobenthic biomass. Other 
meiobenthic groups had < 3 observations in the middle or deepest depth layer, which does

no dependence on bacterial carbon
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not allow reliable fitting with the isotope model. However, the ratio ^¿ i3g°ort of all samples 
was smaller or similar to estimated dependence on bacterial carbon estimated for the top 
sediment layer for each group (data not shown), indicating no increase in dependence with 
depth for these meiobenthic groups.

There were also no clear differences in dependence on bacterial carbon among 
macrobenthic feeding modes (Table 5.1), although the subsurface feeders Heteromastus 
ßliformis (0.21) and Arenicola marina (0.23) seem to have a slightly higher dependence 
on bacterial carbon as compared to surface feeders (typically between 0.10 and 0.15, 
table 5.1). As an additional check, the ratio ^¿ i3 g°ort of all macrobenthic species was 
evaluated in each depth layer and this confirmed that there was no trend in dependence on 
bacterial carbon with respect to depth (data not shown).

T ab le  5 .1: Dependence on bacterial carbon by the benthic community. Biomass (mmol C m ~2) is 
shown as depth integrated (B) and partitioned over the three depth intervals (dl: 0-2 cm, d2: 2-5 cm, 
d3: 5 -10  cm). Feeding modes (FM) for macrobenthos are surface deposit feeder (SDF), predator 
(P), subsurface deposit feeder (SSDF), suspension feeder (SF) or omnivore (O). The ratio jA is the 
contribution of bacterial carbon to total carbon demands as average ±  standard deviation derived 
from Bayesian analysis (see 5.2.3 Tracer model and calibration). Numbers in italic indicate a poor 
model fit (see section 5.4). The ratio ^ ¿ 13^°°” . with bracketed day number, is shown for all sampled 
meiobenthos and macrobenthos.

Species/group B dl d2 d3 FM fct
k c

A<S13
A<S13

O r.„n
c baa

c o p e p o d s 3 2 0 .1 - 0.06±0.02 0.03 (36)
f o r a m in i f e r a  (h a rd ) 62 31 6 25 0.09±0.03 0 .0 2 (36)
f o r a m in i f e r a  (so ft) 5 4 0.5 0 .6 0.14±0.04 0.03 (36)
j u v  H. ßliformis 34 32 2 - 0.14±0.03 0.05 (36)
n e m a to d e s 67 50 15 2 0.06±0.02 0.09 (36)
s m a l l  p o ly c h a e te s 4 4 0 .2 - 0.03±0.01 0 .0 2 (36)
tu r b e l la r i a 4 4 - - 0.14 (18)
u n k n o w n  s p e c ie s 9 7 2 - 0 .0 2 (36)

Corophium sp p . 4 3 1 0 .2 SDF 0.12±0.05 0 .0 0 (36)
Eteone s p p . 15 2 13 0.3 P 0.15±0.04 0 .1 1 (36)
Heteromastus ßliformis 597 1 0 194 393 SSDF 0.2Ü 0.05 0.30 (36)
M. balthica (< 7 mm) 28 28 0 .2 - SDF 0.36±0.09 0.05 (36)
M. balthica (> 7 mm) 671 - 612 59 SDF 0.1Ü 0.04 0.16 (36)
Polydora cornuta 34 33 0.5 - SF/SDF 0.20±0.04 0 .1 0 (36)
Pygospio elegans 215 185 30 0 .1 SDF 0.15±0.03 0.14 (36)
Arenicola marina 0 .2 0.09 0 .1 - SSDF 0.23 (8 )
Cyatura carinata 7 3 4 0 .2 P 0 .0 0 (6 )
Hydrobia ulvae 24 24 - 0 .2 SDF 0 .0 1 (18)
Nereis (Hediste) s p p . 2 1 0.3 - 21 O 0.05 (36)
Streblospio benedicti 1 0 .2 0 .8 - SDF 0 .0 1 (18)
Tharyx marioni 3 0.3 2 - SDF 0.06 (36)
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5.4 Discussion

Sediment organic matter is a complex mixture of pools that differ in lability, nutritional 
value and origin and it is very difficult to link carbon sources to the sediment dwelling 
community in situ. We have successfully employed a long-term stable isotope labeling 
approach to quantify the importance of bacteria as a carbon source for the benthic 
community.

One of the assumptions of the isotope turnover model is that bacteria are the only 13C 
source for the benthic fauna. However, benthic organisms might have acquired label by 
direct utilization of the added 13C-glucose, which would complicate the interpretation of 
the label dynamics. In this respect it is relevant to compare the time scale of the experiment 

weeks) with turnover times of 13C-glucose (~ minutes, Sawyer and King (1993)) and 
bacteria (~ weeks, Schallenberg and Kalff (1993)). These time scale differences imply that 
direct 13C-glucose uptake would be characterized by immediate labeling that stops shortly 
after the glucose injection period, whereas 13C-bacteria uptake would be characterized by 
a somewhat delayed but longer lasting label uptake.

Small Macoma balthica (< 7 mm)and Corophium spp. showed rapid labeling with 
peak labeling shortly after the end of the 13C-glucose injection and a very rapid loss of 
label which cannot be explained by bacterial grazing. These are indications of direct 
13C-glucose uptake. Indeed, the fact that the data could not be fitted with the bacterial 
A(513C dynamics as forcing function (Fig. 5.IB and E), suggest alternative routes of label 
uptake. For these reasons we regard the estimates for M. balthica (< 7 mm) and Corophium 
spp. as unreliable. However, these results do also suggest that only these two species may 
utilize dissolved organic matter (DOC), whereas this was not evident for other species. 
Data on Ad13C of DOC are not available, so that the relative importance of this carbon 
source for M. balthica (< 7 mm) and Corophium spp. cannot be evaluated.

Most species continued to take up label after completion of label injection and some 
A(513C trajectories approached a rather constant level (Fig. 5.1). These are both indications 
of transfer of bacterial 13C rather than direct 13C-glucose uptake and suggest that our

| A ^ 1 3  s-1

estimates of dependence on bacterial carbon are reliable. The ratio ^¿ i3g°ort was used to 
quantify dependence on bacterial carbon for infrequently sampled groups/species, which 
is valid approach only at or close to steady-state. Data availability limited quantitative 
evaluation of the A S13Ccon dynamics to assess possible inference of 13C-glucose uptake 
or whether or not steady-state has been reached and these estimates should therefore be 
viewed with more caution as compared to estimates derived from the isotope model.

Another potential problem is uptake of 13C-glucose by epicuticular bacteria (i.e. 
bacteria attached to the body surface), a potential artifact that was reported for 14C-acetate 
in copepods bacterivory experiments (Carman, 1990). However, to explain a A d13C of 
50 %o (a typical value for benthos, Fig. 5.1) and assuming that epicuticular bacteria have 
a A(513C similar to sedimentary bacteria (280 - 519 %o), thoroughly cleaned meiobenthic 
and macrobenthic specimens would have consisted of 11  to 2 2  % of epicuticular bacteria. 
Therefore, although epicuticular bacteria might elevate the A d13C signal of consumers, it 
is unlikely that this would explain the dominant part of the signal. Moreover, arguments 
with regard to the short turnover time of 13C-glucose as given above, also apply here.

Although not considered a major artifact here, direct uptake of 13C-glucose and 
via epicuticular bacteria uptake would result in an overestimation of the dependence on 
bacterial carbon. As a final remark, model simulations taking possible DOC uptake into 
account, indicate that the total meiobenthic and total macrobenthic derive 1 0  % and 2 0  %, 
respectively, of their total carbon demands from bacteria (Chapter 4), consistent with the
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results presented here for the individual groups/species.
A d13 C labeling patterns of bacteria were very consistent between the two plots for 

the upper two depths, but were more variable for the deepest depth layer (Fig. 5.1A). The 
average bacterial Ad13C captures the overall dynamics well, particularly for the upper 
two depths where most of the grazing has taken place. Nevertheless, labeling of some 
grazers was rather variable (Fig. 5.1), though at a level which is typical for in situ labeling 
experiments (Haii and Meyer, 1998; Middelburg et al., 2000). To examine the effect of 
this variability on our results, the observations of the frequently sampled Heteromastus 
ßliformis were fitted separately for each plot with the bacterial A d13C for the respective 
plot as forcing function. The derived dependencies were similar for both plots (0.21 ±  0.04 
versus 0.21 ±  0.06). Because other species have a similar level of variability, we assert that 
our results are robust, despite the high variability inherent in this type of experiments.

5.4.1 Bacteria as a carbon source

Due to methodological difficulties in measuring bacterivory and total carbon demand 
requirements simultaneously, there are few studies that have quantified the importance of 
bacterial carbon for the benthic community. Sundback et al. (1996) measured grazing rates 
on microphytobenthos and bacteria by the meiobenthic groups nematodes, harpacticoids 
and ’others’ in a microtidal sandy sediment. Grazing on microphytobenthos exceeded 
that on bacteria to the extent that the contribution of bacterial carbon was generally 
restricted to < 10 %. Our results agree very well with these estimates, especially for 
nematodes and other meiobenthic groups. The nematode community at our study site 
was dominated by Tripyloides gracilis, Viscosia viscosa, Ptycholaimellus ponticus and 
Daptonema tenuispiculum (Steyaert et al., 2003). Moens and Vincx (1997) used gut 
contents analysis to identify particulate food sources of nematodes and report no or only 
a limited importance of bacteria for these species. We find a contribution of bacterial 
carbon of 0.06 ±  0.02 and thus corroborate the results from gut content analysis. It will 
be interesting to see whether this type of labeling approaches confirm the importance of 
bacterial carbon for nematodes that have been classified as bacterivores. Moens and Vincx 
(1997) suggested that DOC uptake may potentially be important for some nematodes, this 
was however not evident in our study (Fig. 5.1M).

Among meiobenthic groups, highest dependence on bacterial carbon was found for 
hard-shelled and soft-bodied foraminifera (9 and 14 %, respectively, Table 5.1). These 
protozoans gather food particles through a network of pseudopodia and actively select 
particles before they are ingested (Moodley et al. (2000) and references therein). The 
selected nutritious particles might be highly populated by bacteria, which might explain 
their relatively high dependence on bacterial carbon.

Most estimates of importance of bacteria as carbon source exist for macrobenthic 
deposit feeders and are based on measured sediment ingestion rate and bacterial abundance 
in relation to carbon requirements assessed from physiological measurements or literature 
data (Cammen, 1980; Kemp, 1987; Plante et al., 1989; Cheng and Lopez, 1991; Andresen 
and Kristensen, 2002). Cammen (1980) found that bacteria supply between 7 and 10 % of 
the carbon requirements of the deposit feeder Nereis succinea. Due to fragmentation of the 
specimens we were not able to distinguish between N. diversicolor and N. succinea, but 
the ratio ^ ¿ i3g°ort of 0.05 (day 36) confirms the limited dependence of Nereis (Hediste) 
spp. on bacterial carbon (Table 5.1).

Arenicola marina exhibits strong bacteriolytic activity in its midgut section (Plante 
and Mayer, 1994), reducing the ambient bacterial density up to 70 % during transition of
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the digestive tract (Aller and Yingst, 1985; Grossmann and Reichardi, 1991). However, 
gut contents analysis and subsequent carbon budget calculations show that bacteria fulfill 
only 3 - 8  % of the total carbon requirements of A. marina (Andresen and Kristensen, 
2002). Due to the low density of A. marina at our study site we obtained only one Ad13C 
observation (day 8 ), from which we estimate a contribution on bacterial carbon of 0.23 
(Table 5.1). This figure should be taken with extreme caution due to limited sampling, 
but suggests that bacteria might sometimes be a more important carbon source. It will be 
interesting to apply the labeling approach in areas densely populated with A. marina to 
examine in situ the importance of bacterial carbon.

Clough and Lopez (1993) investigated the importance of potential carbon sources for 
Heteromastus ßliformis. Bacterial carbon was not considered important, because only 
26 % of the ingested bacteria were assimilated during gut passage. This figure alone is 
not sufficient to quantify dependence on bacterial carbon, because the ingestion rate of 
bacterial carbon is also required. Following their budget calculations for organic matter 
and assuming that bacterial carbon is 1 % of sedimentary organic carbon one arrives at 
a contribution of ~  3 % in the budget of H. ßliformis. This is much lower than our 
estimate of 21 % (Table 5.1). Fecal casts of H. ßliformis are several times enriched 
in organic carbon, nitrogen and protein content relative to sediments at feeding depth, 
which clearly shows selective feeding capabilities of H. ßliformis (Neira and Höpner, 
1994; Wild et al., 2005). If these worms select preferentially reactive organic matter 
with associated bacteria, this could explain why we find higher dependence on bacterial 
carbon as compared to the dependencies based on indiscriminate feeding in the budget 
calculations. Moreover, Aller and Yingst (1985) reported that bacterial densities are greatly 
reduced in fecal pellets as compared to the surrounding sediment, implying efficient use 
of bacterial carbon. Because uptake of several potential carbon sources was insufficient to 
account for the carbon requirements of H. ßliformis, Clough and Lopez (1993) and Neira 
and Höpner (1994) suggested that dissolved organic carbon (DOC) might be an important 
additional carbon source. There were however no signs of direct 13C-glucose uptake in 
our experiment (Fig. 5.ID). In fact, H. ßliformis was sampled very frequently (n = 58) 
and these observations could be accurately fitted with bacterial A(513C as forcing function 
(Fig. 5.ID). Therefore we surmise that it is unlikely that DOC is an important carbon 
source of H. ßliformis.

Another way to follow the carbon sources utilized by organisms is to examine 
their fatty acid composition in which specific biomarker fatty acid of different sources 
such as algal, bacterial or vascular plants can be traced (e.g. Meziane et al., 1997)). 
Bacterial specific fatty acids have consistently been found in fatty acids of macrobenthos 
from mangroves (Meziane and Tsuchiya, 2000; Bachok et al., 2003) and intertidal 
sediments (Meziane et al., 1997), comprising roughly 5 to 15 % of the total macrobenthic 
fatty acids. Similarly, bacterial specific fatty acids were encountered in all foraminifera 
at our study site (Moodley et al. in prep). However, converting specific fatty acids to 
a contribution of bacterial carbon in diets is not straightforward. Conversion factors are 
needed to upscale specific fatty acids to total carbon contribution, assimilation efficiencies 
may differ among fatty acids and assimilated fatty acids can be metabolized or stored in 
adipose tissue by the consumer (Iverson et al., 2004). Therefore a direct comparison with 
our data is cumbersome, but the presence of bacterial specific fatty acids in benthic fauna 
evidently confirms transfer of organic compounds from bacteria to benthos.

The amount of labile carbon usually decreases with sediment depth and therefore we 
hypothesized that subsurface feeders would have a higher dependence on labile bacterial 
carbon as compared to surface feeders. Nematodes did not show important differences
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with regard to living depth (0.08 ±  0.02, 0.08 ±  0.02 and 0.06 ±  0.04 for 0 - 2, 2 - 
5 and 5 - 10 cm, respectively). Hard-shelled foraminifera dependence on bacteria was 
similar for the upper two sediment layers (0.13 ±  0.03 and 0.15 ±  0.05), but contrary 
to our expectations was lower for the deepest sediment layer (0.03 ±  0.02). There 
were also no clear differences in dependence on bacterial carbon among macrobenthic 
feeding modes (Table 5.1). Although the subsurface feeders Heteromastus ßliformis (0.21) 
and Arenicola marina (0.23) seem to have a somewhat higher dependence on bacterial 
carbon as compared to surface feeders (0.10 to 0.15 on average), it remains to be seen 
whether these small differences are ecological relevant. We conclude that there are no 
clear differences in the dependence on bacterial carbon with respect to depth for metazoan 
meiobenthos nor macrobenthos.

Although our results show that the contribution of bacterial carbon to total carbon 
requirements of intertidal meiobenthos and macrobenthos is limited to < 10 15
%, bacteria might be a source of essential compounds (Lopez and Levinton, 1987). 
For example, some foraminifera only reproduce when bacteria are present as food 
source (Muller and Lee, 1969). Advances in the analysis of stable isotopes in 
lipids (Boschker and Middelburg, 2002) and amino acids (Veuger et al., 2005) may be 
used to address this issue. For example, when applying an isotope tracer approach, 
compounds that are predominantly derived from bacteria are expected to have an elevated 
A(513C as compared to the A d13C of compounds that are assimilated from other resources. 
Furthermore, it remains to be established whether our results also apply in sediments that 
receive more refractory organic matter (e.g. deep-sea sediments). From the information 
available, we found on the one hand, no effect of living/feeding depth, which suggests that 
more refractory organic carbon does not increase dependence on bacterial carbon. On the 
other hand, many invertebrates of a small leaf litter dominated stream food web relied for 
> 50 % on bacterial carbon, as shown by a stream water 13C-acetate enrichment (Haii 
and Meyer, 1998). Their estimates are consistently higher than ours, which does suggest 
that dependence on bacteria is more important in systems that are dominated by refractory 
organic matter with a high C:N ratio. This comparison is admittedly crude and more data 
sets are required to single out the factors that control dependence on bacterial carbon in 
other benthic systems.

5.4.2 Selective feeding

The marginal dependence on bacterial carbon was surprisingly general among the benthic 
fauna encountered in the intertidal sediment (Table 5.1). This generality hints at 
a mechanism that prevents a greater exploitation of bacterial carbon. One possible 
explanation may be the dilution of bacterial carbon due to its attachment to inedible 
sediment grains. As suggested by Cammen (1980), a greater bacterial carbon exploitation 
may be limited by the processing rate of sediment particles by the benthos. For our study 
site, we estimated fauna processing rates as follows: total meiobenthic and macrobenthic 
biomass in the upper 10 cm of the sediment was 1872 mmol C m~2, which translates to a 
volume of ~  300 cm3 m~ 2 (0.5 g C = 1 g DW, 0.15 g DW = 1 g WW and 1 g WW = 1 cm3). 
If we assume a relative gut volume of 0.10 (Kooijman, 2000) and a gut residence time of 
2 hour (Bock and Miller, 1999), 0.36 % of the sediment passes a digestive tract on a daily 
basis. If we further assume a homogeneous bacteria - sediment mixture, indiscriminate 
feeding by benthos results in a grazing rate of 0.0036 d_ 1  of the bacterial stock. With 
the average bacteria biomass of 781 mmol C m~ 2 (Chapter 4), the expected grazing rate 
from indiscriminate feeding is 2.8 mmol C m~ 2 d_1. Assuming maintenance carbon
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requirements of 19 mmol C m~ 2 d_ 1  (0.01 of benthic biomass d- 1 , Nielsen et al. (e.g. 
1995)), bacterial grazing of 2.8 mmol C m~ 2 d_ 1  is far below maintenance requirements 
alone and shows that processing rates by indiscriminate feeding by benthos may indeed 
limit a greater exploitation of bacterial carbon.

However, benthic fauna do not feed indiscriminately (Lopez and Levinton, 1987) and 
we therefore examined our data for evidence of selective feeding. From quantitative 
modeling the experimental data, we derived a grazing rate of 18 mmol C m~ 2 d_ 1  on 
bacteria by the benthic community (Chapter 4), which is about 6 x the expectation of 
indiscriminate feeding (2.8 mmol C m~ 2 d_1), clearly showing selective ingestion by 
benthic fauna. However, since bacteria comprise only a small part of the total carbon 
requirements of benthos, it is likely that selection occurs for food patches that have a higher 
organic matter content or quality rather than selection for bacteria as such. The contribution 
of bacterial carbon to organic matter increases with increasing quality (Findlay et al., 2002; 
Fischer et al., 2002), therefore one may use dependence on bacteria as proxy for the quality 
of the organic matter that is selected. As a result, feeding on high quality organic matter 
would result in a concomitant increase in dependence on bacterial carbon.

Foraging theory predicts that feeding niches are defined by body size: small organisms 
rely on small but high quality patches and larger organisms on larger but lower quality 
patches (Ritchie, 1998; Ritchie and Olff, 1999). From this prediction a decreasing 
dependence on bacterial carbon with increasing body size is expected. The expected 
relationship was not evident in our data (Fig. 5.3). Although this exercise is speculative, it 
suggests that benthic fauna collectively select for high quality resources.
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Figure 5.3: Relative dependence on bacterial carbon as a function of body size.
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5.4.3 Implications o f the weak bacteria - benthos interaction

In accordance with earlier observations, our results show that bacteria are a limited carbon 
source benthic fauna. The limited transfer of bacterial carbon to the benthos implies that 
there is no important direct influence of bacterial abundance or production on the dynamics 
of benthic fauna. Bacteria are found to be dominant processors of labile microphytobenthic 
carbon (Middelburg et al., 2000) and phytodetritus (Moodley et al., 2002, 2005), but also 
of refractory lignocellulosic detritus from vascular plants (Benner et al., 1986). On the one 
hand, this suggests a competitive interaction between bacteria and benthic fauna for labile 
carbon resources, given that also the latter rapidly assimilate labile phytodetritus (Blair 
et al., 1996; Herman et al., 2000; Moens et al., 2002; Witte et al., 2003). The limited 
transfer of bacterial carbon implies that labile carbon assimilated by bacteria, is effectively 
lost for the metazoan food web. On the other hand, transfer of bacterial carbon might 
provide a means through which refractory and otherwise indigestible detritus may enter the 
traditional metazoan food web (Haii and Meyer, 1998). The characteristics of the benthic 
system, in particular the lability of the detritus pool, will eventually determine whether the 
bacteria - benthos interaction will be a net gain or loss for the benthic fauna.

In terms of food web relations in intertidal sediments, the observed weak bacteria 
- benthos interaction should not be viewed as a predatory relation, but is more likely 
to be of competitive nature with respect to labile carbon sources. As described 
earlier, benthic fauna fed selectively, but the lack of a relationship between body 
size and dependence on bacterial carbon suggests that benthic organisms compete for 
organic matter of similar quality. Therefore, intertidal benthic food webs seem to be 
regulated predominantly by competitive interactions for labile resources among bacteria, 
meiobenthos and macrobenthos.
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Chapter 6

Fate of 13C labeled bacterial 
proteins and peptidoglycan in an 
intertidal sediment

Bart Veuger, Dick van Oevelen, Jack J. Middelburg and Henricus T. S. Boschker. In 
revision for Limnology and Oceanography

6.1 Introduction
Bacteria constitute a major pool of biomass in marine sediments and play a central 
role in ecological and biogeochemical processes. Although rates of bacterial secondary 
production and respiration in sediments vary over orders of magnitude, bacterial abundance 
is relatively constant at ~  IO9 cells ml- 1  (Schmidt et al., 1998). This suggests that bacterial 
production is balanced by various loss processes. Such losses include bacterial grazing by 
benthic fauna (Kemp, 1990), mortality due to viral lysis (Fischer et al., 2003; Hewson 
and Fuhrman, 2003), programmed cell death (Yarmolinsky, 1995) and other unidentified 
causes. Generally, < 20 % of bacterial production is removed by grazing (Epstein and 
Shiaris, 1992; Hondeveld et al., 1995; Sundback et al., 1996). Consequently, after cell 
death most bacterial C stays in the sediment organic carbon (OC) pool as bacterial cell 
remnants, where it can be subject to degradation and recycling. Bacterial cells contain 
a variety of components, some of which will be readily degraded, while others are more 
resistant to degradation (’refractory’). The refractory nature of peptidoglycan makes it 
a potentially important contributor to total sediment OM just like it is thought to be an 
important contributor to total DOM in seawater (McCarthy et al. 1998, Amon et al. 
2001, Dittmar et al. 2001). Increasing D/L-AA ratios with sediment depth reflect the 
selective preservation of peptidoglycan relative to protein at longer time scales ( 1 0  1 0 .0 0 0  

years), but do not provide direct information on the degradability of peptidoglycan or its 
significance as a potential long term sink for bacterial C and N.

An alternative approach that does provide a direct indication of the degradability of 
peptidoglycan is to study degradation of peptidoglycan in bacterial cultures (Jorgensen 
et al., 2003) or marine waters (Nagata et al., 2003). This approach showed that 
peptidoglycan is degraded slower than proteins and can be characterized as ’semi-labile’. 
However, these studies used peptidoglycan and proteins extracted from cultures and were
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performed in vitro. This does not provide a direct indication of the degradability of 
peptidoglycan and proteins from sediment bacteria in situ, since this is also dependent on 
their presence in macromolecules and by interactions with particles (Borch and Kirchman, 
1999; Arnarson and Keil, 2005).

In this study, we combine the two approaches mentioned above by 13 C labeling 
bacterial biomass in a tidal flat sediment and subsequent analysis of the in situ fate of 
the 13C in three different bacterial cell components: 1) D-Ala, an amino acid unique to 
peptidoglycan that has only recently been used as a bacterial biomarker in combination 
with stable isotope labeling (Veuger et al., 2005). In this study, 13C-D-Ala is used as an 
indicator for 1 3C-peptidoglycan. 2) Total hydrolyzable amino acids (THAAs) comprises 
a pool of 14 HAAs (including D-Ala). Except for D-Ala, these HAAs are common 
protein amino acids that have very limited biomarker potential, as they are present in 
all organisms (Cowie and Hedges, 1992). However, as the 13C-glucose labeling in this 
study specifically tagged bacteria, 13C-THAAs could be used as an indicator for bacterial 
13C-proteins. 3) Bacteria-specific phospholipid-derived fatty acids (PLFAs) are a more 
established group of biomarkers that have been used in various 13C-labeling studies 
to estimate total bacterial 13C incorporation (Boschker et al., 1998; Middelburg et al., 
2000; Pelz et al., 2001). Since PLFAs are rapidly degraded after cell death (Parkes, 
1987; Moodley et al., 2000), they are restricted to living organisms, which makes them 
true ’ecological biomarkers’ as opposed to D-Ala, which is more of a ’biogeochemical 
biomarker’ as it is also present in bacterial cell remnants (Boschker and Middelburg,
2002). In this study, bacteria-specific PLFAs are used as an indicator for living bacteria 
and thereby serve as a reference to determine the fate of bacterial cell remnants (proteins 
and peptidoglycan).

The unique comparison of 13C in the different bacterial components allowed us to 
compare the in situ fate of bacterial proteins (THAA) and peptidoglycan (D-Ala) derived 
from sediment bacteria and to link this with the accumulation of D-Ala in sediments. In 
addition to analysis of their long term fate, this study also allows direct comparison of 13C 
incorporation into the different bacterial components. Comparison of estimates of total 
bacterial 13 C incorporation from bacteria-specific PLFAs and D-Ala provides a validation 
of the use of these bacterial biomarkers and their accompanying conversion factors in stable 
isotope labeling studies.

6.2 Materials and methods

6.2.1 Experimental setup

The material presented in this publication is part of a larger 13 C labeling study (see also 
chapter 4 and 5). In May 2003, two 0.25 m2 sediment plots were selected at a silty part 
of the Molenplaat intertidal mudflat in the turbid, nutrient rich and heterotrophic Scheldt 
estuary (The Netherlands). Plots were confined by steel frames and the upper 10 cm 
was injected with 13C glucose (1 injection per 6.25 cm2, 0.4 ml of 24 mmol I- 1  13C 
per injection) at days 0, 2, 3 and 4, resulting in a 13C flux of 15.3 mmol 13C m~ 2 per 
injection event. During the label addition period and in the days, weeks and months after 
label addition (up to 136 days), plots were sampled regularly by taking sediment cores 
(0 50 mm). Before removing sample cores from the plots, larger cores (0 90 mm) were 
placed around the sample cores to prevent disturbance of surrounding sediment. Sample 
cores were transported to the laboratory and sliced into three layers (0-2 cm, 2-5 cm and 
5-10 cm) that were analyzed for total C and 13C in POC (by EA-IRMS after removal
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of carbonates by acidification), pore water DIC and PLFAs as well as 13C in meio- and 
macrobennthos. Further details on the experimental setup and analytical procedures can 
be found in chapter 4. Samples from the 2-5 cm layer from one plot were also analyzed 
for 13C in FlAAs, including D-Ala. Since this paper focuses on comparison of 13C in 
bacteria-specific PLFAs, D-Ala and TFlAAs, it only deals with results for the 2-5 cm layer.

6.2.2 PLFA analysis

Lipids were extracted from 3 g of dry sediment in chloroform-methanol-water using 
a modified Bligh and Dyer method and fractionated on silicic acid into different 
polarity classes. The most polar fraction, containing the PLFAs, was derivatized by 
mild methanolysis yielding fatty acid methyl esters (FAMEs) that were analyzed by 
gas-chromatography-combustion-isotope ratio mass spectrometry (GC-c-IRMS). Further 
details on PLFA extractions and analysis can be found in Boschker (2004). Data were 
processed as in Middelburg et al. (2000). Although analysis included a wide range of 
PLFAs, we only present results for bacteria-specific PLFAs il4:0, i l 5:0, al5:0, i l 6 :0 and 
18:lw7c.

6.2.3 Amino acid analysis

Samples for GC-c-IRMS analysis of 13C in HAAs (including D-Ala) were processed 
following the protocol presented in Veuger et al. (2005). Briefly, samples (1 g) of 
freeze-dried sediment were washed with HC1 (2 mol I-1 ) and Milli-Q water, followed 
by hydrolysis in HC1 (6  mol I-1 ) at 110 °C for 20 h. After purification by cation 
exchange chromatography, amino acids were derivatized with isopropanol (IP) and 
pentafluoropropionic anhydride (PFA) and further purified by solvent extraction. Amino 
acid D- and L-enantiomers were separated by gas chromatography using a Chirasil-L-Val 
column. Flame ionization detection (GC-FID) was used for concentration measurements, 
while a selection of samples was also analyzed with a quadrupole mass spectrometer 
(GC-MS) to verify peak identity and purity. 13C abundance was measured by GC-c-IRMS
and expressed as <513C (%o): 513C = ^ ^ v 'pdb ~  where R  = and
R v p d b  =  0.0112372.

During derivatization, extra (unlabeled) C atoms are added to the original amino 
acids, which changes their d13C (Silfer et al., 1991; Pelz et al., 1998). It is possible 
to correct for the effect of the added C (Silfer et al., 1991; Pelz et al., 1998) using 
the following mass-balance equation: S13Ca a  = S13Cd a a  • {Ca a  +  Cip  +  Cp f a ) —
S 13C I P + P F A . ( C IP  +  C P F A ) ' w h e r e  C a a  =  n u m b e r  o f  C  a t o m s  i n  t h e  o r i g i n a l  a m i n o  a c i d ;

D aa  = derivatized amino acid, C¡p = number of C atoms added by estérification with 
IP and CppA = number of C atoms added by acylation with PFA. However, the change 
in (513C during derivatization is also influenced by additional kinetic fractionation during 
acylation (addition of C from PFA). The effect of this fractionation depends on the %C 
derived from PFA (i.e. the number of added C atoms from PFA relative to the number of 
C atoms in the original amino acid). As this effect is not included in the mass balance 
equation, it requires empirical correction. This was done by measuring the d13C of 
three amino acid standards (D-Ala, D-Glu and D-Ser) before and after derivatization by 
EATRMS, which allowed us to determine empirical S13C c ip + p fa  values for these three 
amino acids. These values showed a strong linear correlation with the %C from PFA, 
which is similar to results by Silfer et al. (1991). Subsequently, this relation was used 
to determine empirical 6 13C c i p + p f a  values for the other amino acids which were then
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used to calculate their original <513C values using the mass balance equation. Our empirical 
S 13C c i p + p f a  values ranged between -52 and -45 %o, which is lighter than those in Silfer 
et al. (1991), because we used PFA for acylation, which contains more C than the TFA 
used by Silfer et al. (1991) and because the used PFA was very depleted in 13C (S13C: -55 
%o, measured by EA-IRMS).

After correction, d13C values were used to calculate A d13C: A S 13Csampie (%o) = 
<513Csample - ö13Cuniabeied sample and the atom percentage of 13C: at%13C = [100 •
Rstandard ’ ((S13csample / 1 0 0 0 ) + 1)] / [1 + Rstandard’ ((S13csample / 1 0 0 0 ) +1)].
Subsequently, at%13C was used to calculate the absolute amount of incorporated excess 
13C : excess 13C = (at%13Csampie - at%13Cconíro¡)• AA-C concentrationsom:pie. Amino 
acid concentrations and excess 13C are expressed in nmol carbon per gram dry sediment 
(nmol C gdw-1).

6.3 Results and discussion
The aim of the whole 13C labeling experiment was to investigate production and fate of 
bacterial C in the sediment of the Molenplaat tidal flat. While two companion papers 
discuss and model the overall turnover and fate of total bacterial 13C (Chapter 4) and 
bacterial grazing by meio- and macrobenthos (Chapter 5), this paper focuses on the fate 
of 13C-labeled bacterial proteins and peptidoglycan during the 4.5 months after labeling, 
using bacteria-specific PLFAs as an indicator for living bacteria.

Below, we first discuss 13C incorporation into the different bacterial components 
and validate their use to estimate total excess 13C incorporated by bacteria, including 
their respective conversion factors. Thereafter, we discuss the fate of bacterial proteins 
(1 3C_THAAs) versus peptidoglycan (13C-D-Ala) to clarify the role of peptidoglycan as a 
potential long term sink for bacterial C and its contribution to total sediment OC.

6.3.1 13C incorporation into PLFAs, D-Ala and THAAs

Injection of 13C glucose into the sediment resulted in rapid and steady 13C enrichment of 
bacteria-specific PLFAs, D-Ala and TFlAAs (represented by L-Ala) with the same general 
trends for these different bacterial components (Fig. 6.1, 6.2 and 6.3). Enrichment was 
well above natural abundance for D-Ala (ó13C - 8  %o), other amino acids (Leu, Ile, Tyr and 
Thr+Val: -35 to -30 %o, L-Ala, Lys, Glu+Phe and Pro: -25 to -20 %o, Asp, Ser and Gly: 
~  -10 %o), bacteria-specific PLFAs (-19.6 ±  1.3 %o) and bulk OC (-24 %o). The measured 
range of natural abundance <513C values for the different FlAAs is comparable with that 
reported by Keil and Fogel (2001).

Trends for 13C incorporation into the five bacteria-specific PLFAs were the same and 
absolute differences in excess 13C in these PLFAs were proportional to their concentrations 
(Fig. 6.3). Therefore, 18:lu;7c was used as a representative for the five bacteria-specific 
PLFAs for comparison with D-Ala and L-Ala/THAAs (Fig. 6.1). Although 18:lw7c can 
also be present in certain algae (Moodley et al., 2000), this did not affect results in this 
study since 13C uptake by algae was negligible (see below).

The strong increase in A(513C during the labeling period (day 0 to 4) shows that 13C 
from 13C glucose was readily incorporated into bacterial biomass (Fig. 6.1) and that 13C 
incorporation rates were the same for cell membranes (PLFAs), proteins (TFlAAs) and cell 
walls (D-Ala). This indicates that the experimental time scale (days) exceeded the time 
required for bacteria to produce complete cells, meaning that results were not biased by 
differences in synthesis rates for different cellular components.
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Figure 6.1: A<513C values for D-Ala, L-Ala and bacteria-specific PLFA 18:lu;7c. Grey area 
indicates labeling period.

Trends for A d13C values in D-Ala, L-Ala and bacteria-specific PLFAs were very 
similar (Fig. 6.1). The close correlation between PLFAs and D-Ala indicates that these 
two different bacterial biomarkers represented the same active bacterial community. 
Furthermore, these results confirm that uptake of 13C glucose was dominated by bacteria 
(i.e. additional uptake by other organisms was negligible), because: 1) Trends for Ad13C 
values for D-Ala and PLFAs (bacterial biomarkers) were closely correlated with L-Ala 
(Fig. 6.1). Since L-Ala is a common amino acid that is present in bacteria as well as other 
organisms and given that bacteria normally show highest turnover rates, additional 13C 
incorporation by non-bacteria likely would have resulted in a different trend in Ad13C for 
L-Ala than for the bacterial biomarkers. 2) Excess 13C in D- versus L-Ala (Fig. 6.2B) 
showed a D/L-Ala ratio of ■ - 5 7b (until day 71), which is a typical D/L-Ala ratio for a 
mixed marine bacterial community (Veuger et al., 2005). Substantial 13C incorporation 
by other organisms would have resulted in a higher excess 13 C in L-Ala and thus in a 
lower excess 13C D/L-Ala ratio. 3) Aó13C values for biomarker PLFAs from other groups 
of organisms, mainly microphytobenthos (20:5cv3) and benthic fauna (20:4cv6), were an 
order of magnitude lower than those for the bacteria-specific PLFAs, which confirms that 
13C incorporation by organisms other than bacteria was negligible (data not shown).

6.3.2 Estimates o f total bacterial 13C uptake

The excess 13C incorporated into bacteria-specific PLFAs, D-Ala and THAAs can be used 
to estimate total bacterial 13C incorporation, which requires conversion from these specific 
components to total bacterial biomass. This study provides the opportunity to compare 
estimates derived from the three different bacterial components and thereby serve as a 
validation of the use of these components and their respective conversion factors (Fig. 6.4).
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Figure 6.2: A) D-Ala concentrations and ratio between concentrations of D-Ala and L-Ala. B) 
excess 13C in D-Ala and ratio between excess 13C in D-Ala and L-Ala. Grey area indicates labeling 
period.

For this comparison, average values for day 6-18 were used (i.e. freshly labeled bacteria) 
to avoid bias from potential selective removal and/or degradation. Below, we discuss the 
conversion factors used in Fig. 6.4.

Conversion from excess 13C in bacteria-specific PLFAs to total bacterial excess 
13 C is the product of two separate conversion steps. The first step is conversion from 
bacteria-specific PLFA-C to total bacterial PLFA-C. The used value of x3.6 (28 %) 
is relatively robust (E Boschker, unpub data), has been used in various studies (e.g. 
Middelburg et al., 2000; Moodley et al., 2000) and was confirmed by the contribution 
of excess 13C in bacteria-specific PLFAs to excess 13C in total PLFAs in this study (31 
±  2 %). The second step is conversion from total bacterial PLFA-C to total bacterial-C. 
Assuming that bacteria in the 2-5 cm layer were predominantly anaerobic, a conversion
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of x26 (3.8 %) was used, which is based on the PLFA content of a mixed bacterial 
culture grown under anaerobic conditions (Brinch-Iversen and King, 1990). Similar 
values from Brinch-Iversen and King (1990) have successfully been used in various other 
studies (e.g. Middelburg et al., 2000; Van den Meersche et al., 2004). For this study, the 
first and second step together yield a total conversion of x94 (Fig. 6.4).

In contrast to estimates from the bacterial biomarkers, estimates of total bacterial 
excess 13C from 13C-TFIAAs require only a small conversion since TFlAAs are ~  50 % of 
total bacterial-C (Cowie and Fledges, 1992; Madigan et al., 2000), resulting in a conversion 
of x2. Conversion from D-Ala to total bacterial-C can be derived from measured D-Ala 
contents of bacterial cultures as presented in Veuger et al. (2005). Fiowever, these cultures 
showed rather variable D-Ala contents, while conversion based on the average D-Ala 
content for these cultures (1.9 mg D-Ala gdw-1 ) yielded an estimate of total bacterial
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Figure 6.4: Excess 13C in bacteria-specific PLFAs. THAAs. D-Ala and bulk sediment (black bars) 
and resulting estimates of total bacterial excess 13C (grey bars) for day 6-18 (average ±  stdev). 
Numbers are used conversion factors (see text).

excess 13 C of ~  8 6  nmol 13 C gdw- 1 , which is considerably higher than estimates from 
bacteria-specific PLFAs and THAAs (Fig. 6.4). Therefore, a new conversion factor for 
D-Ala was derived from three separate steps that involve relatively consistent values. 
The first step is from D-Ala to L-Ala. Since bacteria appear to have a relatively stable 
D/L-Ala ratio of ~  5 % (Fig. 6.2B and Veuger et al. (2005) + references therein), we used 
a conversion of x20. The second step is from L-Ala to THAA. Cowie and Hedges (1992) 
found Ala to be 9-15 mole % of the THAA pool of three bacterial cultures (5-9 % C-based). 
We used a somewhat higher value of 12.6 % (C-based), which was the average contribution 
of 13C-L-Ala to the 13C-THAA pool for day 6-18 in this study (Fig. 6.5A). Resulting 
conversion for step 2 is x 8 . The third step is from THAA to total bacterial-C, which 
requires a conversion of x 2, as already discussed above. The three steps together result in 
a total conversion of x320, yielding an estimate of total bacterial excess 13C very similar 
to those from bacteria-specific PLFAs and THAAs (Fig. 6.4). This internal consistency 
between the different estimates is excellent given the underlying assumptions (as discussed 
above) and the general uncertainties typically associated with this kind of conversions (e.g. 
dependence on bacterial cell size, community composition and environmental conditions).

Comparison of estimates of total bacterial excess 13C from excess 13C in 
bacteria-specific PLFAs, THAAs and D-Ala (Fig. 6.4) served as a useful validation of the 
use of bacteria-specific PLFAs and D-Ala as bacterial biomarkers and their accompanying 
conversion factors in 13C labeling studies. Furthermore, it also supports the feasibility of 
using D-Ala as a bacterial biomarker in 15N labeling studies, although results indicate that 
the N-based conversion factor of x400 presented in Veuger et al. (2005) may be somewhat 
too large.

The average estimate of total excess 13C incorporated by bacteria (39 nmol 13C
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gdw-1) was considerably lower than the measured excess 13 C for the whole sediment (110 
nmol 13C gdw-1 ), indicating that a considerable pool of 13C was present in the sediment 
next to the 13 C incorporated in bacterial biomass. Since the presence of a substantial 
pool of 13C labeled cell remnants is not likely for days 6  18 (as discussed in following 
paragraphs) this pool probably comprised 13C-glucose adsorbed to the sediment, which is 
supported by modeling results (Chapter 4). In addition, 13C labeled compounds excreted 
by bacteria may also have contributed to this extracellular 13C pool.

6.3.3 Fate o f bacterial 13C: General trends

After the positive validation of using excess 13 C incorporated in the different bacterial 
components to estimate total bacterial excess 13 C, we now focus on the fate of the bacterial 
13C, especially 13C-labeled proteins (13C-THAAs) and peptidoglycan (13C-D-Ala), in the 
4.5 months after labeling.

In general, excess 13C in the bacterial components remained high until day 18. After 
day 18, excess 13C in PLFAs decreased gradually while excess 13C in D-Ala (Fig. 6.2B) 
and A(513C values (Fig. 6.1) showed a less rapid and less consistent decrease. For all 
components, a considerable fraction of the initial excess 13C remained present until day 71. 
Excess 13C at day 136 was very low for all bacterial components (Fig. 6.1, 6.2 and 6.3), 
indicating that the bulk of the 13C labeled bacterial biomass had disappeared after 136 
days. Loss processes for bacterial 13C in this experiment included cell death, grazing and 
resuspension. Modeling results for the whole 0-10 cm layer showed that resuspension and 
grazing only contributed 10 % and 30 % to total loss respectively (Chapter 4). Although 
the 2-5 cm layer was not in direct contact with the overlying water, resuspension may still 
have contributed to the removal of bacterial biomass from this layer since the sediment was 
thoroughly mixed by bioturbating animals (Chapter 5). As these loss processes contributed 
only ~  40 % to total loss, this implies that most bacterial 13C was not removed as whole 
cells but instead remained in the sediment after cell death. These dead bacteria likely 
provided a pool of fresh organic matter readily available for degradation. In the following 
paragraphs, we further discuss the fate of the different 13C-labeled bacterial components, 
especially after 136 days, in more detail.

6.3.4 Fate o f bacterial 13C: 13C-THAAs

A first indication as to whether the 13C labeled bacterial biomass had been subject to 
degradation is provided by the composition of the 13C-THAA pool (Fig. 6.5). Various 
studies (e.g. Cowie and Hedges, 1992; Keil et al., 2000; Pantoja and Lee, 2003) found 
that the THAA pool composition of organic matter shows consistent changes during 
degradation. Therefore, the composition of the THAA pool can be used as an indicator 
for the extent of organic matter degradation (’diagenetic state’) (Dauwe et al., 1999).

The composition of the total sediment THAA pool (i.e. concentrations) remained 
stable throughout the entire sampling period (data not shown), indicating that the 
diagenetic state of total sediment organic matter did not change during the experiment. This 
is consistent with observations that changes in composition of the total sediment THAA 
pool typically occur at longer time scales since this pool is a mixture of different pools 
of fresh and degraded organic matter (e.g. Dauwe and Middelburg, 1998). However, the 
13C-glucose labeling in this study only tagged a specific pool (bacteria active at the time 
of labeling) within the total sediment organic matter pool (i.e. no bias from other pools). 
Therefore, changes in composition of the 13C-THAA pool appeared at a much shorter time
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scale (months) than for the total sediment THAA pool: The relative composition of the 
13C-THAA pool remained stable until day 71 (except for some variation during the first 
few days), indicating that no substantial degradation occurred before day 71 (Fig. 6.5). 
Conversely, a clear change did occur between days 71 and 136 (Fig. 6.5): the relative 
abundance of Glu+Phe, D-Ala, Ser, Pro and Gly increased while L-Ala, Asp, Leu and 
Ile decreased in abundance and Tyr and Thr+Val disappeared completely. This decrease 
for amino acids like Leu and Ile and the increased relative abundance of Gly and Ser 
are typical for organic matter degradation (Dauwe and Middelburg, 1998: Dauwe et al., 
1999: Keil et al., 2000). Therefore, these changes show that the 13C-THAA pool (i.e. 
bacterial proteins) had been subject to substantial degradation between days 71 and 136. 
The relatively sudden shift from predominantly living bacteria at day 71 to clearly degraded 
bacterial remnants at day 136 is striking. However, available data do not allow further 
clarification.

When considering the differences in relative abundance at day 136 versus day 6-18 
(Fig. 6.5B) in more detail, Gly, and to a lesser extent Ser and Pro, actually showed a 
considerably stronger increase than D-Ala. The refractory behavior of Gly is generally 
attributed to its presence in diatom cell walls and/or bacterial peptidoglycan (Dauwe and 
Middelburg, 1998: Keil et al., 2000). The first can be excluded in this study as we 
specifically labeled bacterial biomass. If Gly would have accumulated only because of 
its presence in (refractory) peptidoglycan, one would expect it to show a similar refractory 
behavior as D-Ala since the latter is unique to peptidoglycan. The fact that the increase 
for Gly (as well as Ser and Pro) was considerably stronger than for D-Ala (Fig. 6.5B) 
indicates that another mechanism was involved in the preservation of Gly. Potential 
mechanisms include the presence of Gly in another bacterial component (more refractory 
than peptidoglycan) and/or accumulation of Gly as a degradation product (Dauwe and 
Middelburg, 1998). The latter would involve a similar principle as the one underlying the 
production of non-protein amino acids (y-ABA en /3-Ala) as degradation products (Lee 
and Cronin, 1982: Cowie and Hedges, 1994: Keil et al., 2000). This is supported by results 
of Keil and Fogel (2001) who compared natural abundance d13C values for various HAAs 
in different pools of marine organic matter and found that d13C values for Gly showed a 
different behavior than other HAAs and bulk d13C. This different behavior was attributed 
to relatively intensive microbial reworking of Gly. Results from Ziegler and Fogel (2003) 
suggest that similar mechanisms may apply for Ser, which is consistent with the refractory 
behavior of Ser in this study (Fig. 6.5B) .

In addition, Pro showed a refractory behavior similar to Gly and Ser. Although Pro is 
usually not included in other studies (since it cannot be measured with typically used HPLC 
methods), results from a previous (15N labeling) experiment also indicated a refractory 
behavior of Pro (Veuger et al., 2005). While Gly and Ser are relatively simple amino acids 
(2 and 3 C atoms, respectively), Pro is a larger (5 C atoms), more complex, secondary 
amino acid that therefore seems less likely to accumulate as a degradation product like Gly 
and Ser. This is supported by results from Keil and Fogel (2001) where Ad13C values 
for Pro did not indicate relatively intensive microbial reworking, while values for Gly did. 
Therefore, it seems most likely that Pro accumulated because it was relatively resistant to 
degradation (rather than due to accumulation as a degradation product), which might be 
related to the molecular structure (including a cyclic side group) of this secondary amino 
acid.
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Figure 6.5: A) Relative composition of 13C-THAA pool. B: Comparison of relative abundance 
of individual 13C-HAAs in 13C-THAA pool for days 6-18 versus day 136. Dashed line at 100 % 
indicates same abundance at days 6-18 and 136. All amino acids are L-enantiomers, except D-Ala. 
Glu+Phe and Thr+Val are combined since their GC-c-IRMS peaks overlapped.

6.3.5 Degradation o f bacterial proteins versus peptidoglycan

After finding that bacterial 13C-proteins had been subject to substantial degradation, 
we now discuss how degradation affected 13C-peptidoglycan. A direct comparison of 
degradation of 1 3C-labeled proteins versus peptidoglycan is provided by the 13C D/L-Ala
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ratio (Fig. 6.2B) where D- and L-Ala represent peptidoglycan and proteins respectively: 
Until day 71, the excess 13C D/L-Ala ratio remained stable at ~  5 %, which is typical for 
living marine bacteria (Veuger et al., 2005). This indicates that 13C-D-Ala and 13C-L-Ala 
(i.e. proteins and peptidoglycan) were mainly present in living (active and dormant) 
bacteria or intact dead bacteria until day 71. Between day 71 and 136, the excess 13C 
D/L-Ala ratio increased to 22 %, which means that 13C-L-Ala disappeared faster than 
13C-D-Ala. This relative accumulation of D-Ala is consistent with results from various 
other studies that found increasing D/L-Ala ratios with increasing degradation (McCarthy 
et al., 1998; Amon et al., 2001; Dittmar et al., 2001) and sediment depth (Pedersen et al., 
2001; Grutters et al., 2002). Although preferential degradation of free L-AAs relative to 
D-AAs has been shown in soils (O’Dowd et al., 1999), our results concern hydrolyzable 
(i.e. bound) amino acids, meaning that results reflect differences in degradability of the 
components containing these HAAs. Therefore, the increased 13C D/L-Ala ratio shows 
that bacterial proteins (L-Ala) were degraded more rapidly than peptidoglycan (D-Ala). 
Precise quantification of the difference in degradability of peptidoglycan versus total 
protein is difficult, since the individual protein HAAs showed a range in degradability 
(Fig. 6.5B). However, the use of L-Ala as a representative for the whole THAA seems 
justified by its ’average’ behavior during degradation (Fig. 6.5). Given the range from 
Fig. 6.5B, results indicate that the degradability of peptidoglycan was 1.6 to 23 times 
lower than that of the bacterial proteins (based on Lys and Ile, respectively). This range 
is consistent with results by Nagata et al. (2003), who found degradation of peptidoglycan 
in marine waters to be 2 to 21 times lower than that of proteins. Our results confirm the 
semi-labile character of peptidoglycan (Jorgensen et al., 2003; Nagata et al., 2003), which 
is thought to be due to the strong bonds in the polysaccharide matrix and the presence of 
D-Ala and other D-AAs in the peptide cross links, since peptides containing D-AAs cannot 
be cut with ’common’ enzymes that are used to cut ’common’ peptides and proteins (Koch, 
1990; McCarthy et al., 1998; Nagata et al., 2003).

6.3.6 Importance o f peptidoglycan as a long term sink for bacterial
13C

In order to investigate whether the relatively refractory peptidoglycan served as an 
important long term sink for the bacterial 13 C, we compared excess 13 C in different 
bacterial components for freshly labeled bacterial biomass (average for day 6-18) versus 
the leftovers at day 136 (Fig. 6 .6 ). Total 13C incorporation in living bacteria for day 6-18 
is the average estimate from bacteria-specific PLFAs, D-Ala and THAA (see Fig. 6.4). 
For day 136, this value was estimated from excess 13C in bacteria-specific PLFAs (being 
an indicator for living bacteria). Subsequently, fractions of 13C-THAA and 13C-D-Ala 
present in living bacteria were estimated from excess 13C in living bacteria, using the 
reversed conversion factors from Fig. 6.4. Excess 13C in peptidoglycan was estimated 
from excess 13C in D-Ala using a conversion factor of x l2  (i.e. C in D-Ala = 8  % 
of total peptidoglycan-C), which was based on the typical composition of peptidoglycan 
(containing equal amounts of D-Ala, L-Ala, D-Glu, DAP and the two sugar derivatives 
NAG and NAM, De Leeuw and Largeau (1993) and Madigan et al. (2000)).

Comparison of excess 13C remaining in the different bacterial components at day 136 
with the original excess 13C in freshly labeled bacteria (Fig. 6 .6 ) shows that, at day 136, 
only ~  1 % (0.44/39) of the originally labeled bacterial biomass was still present as living 
bacteria while most of the 13C-THAA and 13C-D-Ala were present in bacterial remnants 
(87 % and 92 %, respectively). Furthermore, excess 13C in peptidoglycan at day 136
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Figure 6.6: Overview of excess 13C (nmol 13C gdw-1 ) in different bacterial components at day 
6-18 (freshly labeled bacteria) versus day 136 (after degradation). Excess 13C in D-Ala, THAAs and 
bacteria-specific PLFAs were measured. Excess 13C in active/living bacteria, total bacterial PLFAs 
and peptidoglycan were estimated using conversion factors from Fig. 6.4.

was only 0.6 % (0.22/39) of the original total bacterial 13C at day 6-18. Even if these 
estimates are corrected for a 3 times lower degradability of the polysaccharide component 
of peptidoglycan relative to the peptide component (Nagata et al., 2003), excess 13C in 
peptidoglycan at day 136 still represented only a very small (< 2 %) fraction of the original 
bacterial 13 C.

6.3.7 Substantial contribution o f peptidoglycan to total sediment OC?

Although peptidoglycan did not serve as an important long-term sink for bacterial 13 C, it 
might still have been a relatively important contributor to the total sediment OC pool, since 
this pool consists of a mixture of fresh organic matter (living bacteria and other organisms) 
and accumulated leftovers that escaped degradation (enriched in D-Ala/peptidoglycan like 
the 13C pool at day 136). In addition, further recycling of sediment organic matter by 
bacteria may further increase the contribution of peptidoglycan to the total sediment OC 
pool. To test this, we compared different (bacterial) C pools in the sediment using measured 
concentrations of D-Ala, THAA, bacteria-specific PLFAs and total OC (Fig. 6.7). Carbon 
in living bacteria and peptidoglycan was estimated from bacteria-specific PLFAs and 
D-Ala respectively using the same conversion factors as in Fig. 6.4. Estimates were tested 
for potential bias from 18:lu;7c in algae (as discussed before), which was found to be 
negligible. Unlike for the 13C-THAA pool in Fig. 6 .6 , the total sediment THAA pool can 
be derived from various organisms and was therefore not treated as a bacterial-C pool in 
Fig. 6.7.
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Figure 6.7: Overview of (bacterial) C pools in the whole sediment (averages for day 6-18 in /L/.mol 
C gdw-1 ). Concentrations of D-Ala, THAAs. bacteria-specific PLFAs and total OC were measured. 
Total C in living bacteria, total bacterial PLFAs and peptidoglycan as well as the fraction of D-Ala 
(and peptidoglycan) in living bacteria were estimated using conversion factors from Fig. 6.4.

The oveiview in Fig. 6.7 shows that living bacteria were only 3.3 % (9,900/300,000) of 
the total OC in the sediment and that most D-Ala (72 %) was present in cell remnants. The 
latter is confirmed by the difference between Ad13C values for the bacteria-specific PLFAs 
versus D-Ala (Fig. 6 .1), where the 3.5 x lower values for D-Ala were the result of dilution 
of 13C-D-Ala in living bacteria by an (unlabeled) background pool of D-Ala from cell 
remnants (while no such background pool exists for PLFAs given their rapid turnover). 
The 3.5 X difference indicates that the background D-Ala pool was 2.5 x larger than the 
D-Ala pool in living bacteria. This means that D-Ala in living bacteria was 29 % of total 
D-Ala, which is veiy similar to the calculated 28 % in Fig. 6.7. This fraction of D-Ala 
in living bacteria is larger than the fraction 1 3C-D-Ala in living bacteria at day 136 (8  %, 
Fig. 6 .6 ), which is consistent with the total sediment D-Ala pool being a mixture of D-Ala 
in living bacteria (like 13C-D-Ala at days 6-18) and bacterial remnants (like 13C-D-Ala at 
day 136).

Figure 6.7 also shows that D-Ala was only -- 0.4 % (110/29,000) of the THAA 
pool while THAAs were only ~  10 % (29,000/300,000) of the total sediment OC pool. 
The latter is consistent with values for shallow marine sediments reported by Dauwe and 
Middelburg (1998) and Keil et al. (2000). Together, this means that D-Ala was only -- 0.04 
% of the total sediment OC pool, suggesting that the contribution of peptidoglycan was 
only ~  0.5 % (0.04 x 12). Although these values might be underestimates given the higher 
degradability for the peptide fraction of peptidoglycan compared to the polysaccharide 
fraction (Nagata et al., 2003), these results clearly show that peptidoglycan-C was only a 
minor fraction (< 2 %) of the total sediment OC pool. This low contribution is consistent
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with other HAA-based estimates by Keil et al. (2000), Pedersen et al. (2001) and Grutters 
et al. (2 0 0 2 ), who also found peptidoglycan to be only a minor fraction of total sediment 
organic matter. Moreover, a similar conclusion was drawn by Sinninghe Damsté and 
Schouten (1997) who used a number of alternative approaches to show that there is no 
evidence for a substantial contribution of bacterial biomass to sediment OC.

6.4 In summary
1. 13C from 13C-glucose was readily incorporated into the different cellular 

components of the sediment bacteria, while uptake by other organisms was 
negligible.

2. Estimates of total bacterial 13C incorporation from excess 13C in bacteria-specific 
PLFAs, D-Ala and THAAs yielded very similar results, which served as a positive 
validation of the use of bacteria-specific PLFAs and D-Ala as bacterial biomarkers, 
and their accompanying conversion factors, to estimate total bacterial incorporation 
of 13C- and 15N-labeled substrates.

3. 13C-labeled bacterial biomass could be traced up to 136 days and changes in 
composition of the 13C-THAA pool showed that 13C-bacterial biomass was 
degraded substantially.

4. Degradation resulted in an increased relative abundance of 13C-D-Ala compared 
to 1 3C-L-Ala and 13C-THAAs, indicating that 13C-peptidoglycan was more 
resistant to degradation than 13C-proteins. However, in spite of the relatively low 
degradability of peptidoglycan, it did neither serve as an important long term sink 
for bacterial 13C nor as an important contributor to total sediment OC.
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Summary

The rich benthic community of estuarine and coastal sediments thrives in an environment 
where organic carbon inputs of different origins are diluted with inedible sediment 
particles. Our knowledge on how the different carbon inputs are partitioned within the 
benthic community is limited, because of the intractability of the benthic environment, in 
particular due to difficulties with accessibility and sampling, and high heterogeneity. In 
this thesis, we combine stable isotope techniques with quantitative modeling approaches 
to gain additional insight in the structure of marine benthic food webs.

Chapter 2 is a review of applications of linear inverse modeling (LIM); a data 
assimilation technique that is used to reconstruct food web flows from incomplete data 
sets. The review discusses three aspects.

First, we make explicit account of the different elements that form a LIM: 1) five 
types of ecological information, 2) three linear equations and 3) two optimization norms. 
Differences among LIM applications can be explained by differences in the way these 
elements are combined, which can be translated to 1) a different appraisal of the quality of 
different information types and 2) differences in the chosen optimization norm.

Second, common practice in ecological modeling is to solve the LIM and discuss the 
results in terms of the food web flows. Typically, no or only limited attention is paid to the 
properties of the LIM solution. Five LIMs of food webs that differ in number of food web 
compartments, flows and available data were investigated with especial emphasis on the 
properties of their solutions. Strikingly, it appeared that the uncertainty surrounding the 
recovered flows was high. However, the uncertainty clearly differed among the LIMs and 
were directly related to the ratio of data to number of food web flows, the lower this ratio 
the higher the uncertainty. Moreover, it appeared that the linear optimization criteria did 
not always lead to one unique solution, but several alternative solutions may exist. Since 
the quadratic optimization criterium should always lead to a unique optimal solution, we 
recommend the use of this criterium in future studies. The gained insights in LIM problems 
showed that the analysis of the LIM solution is valuable and should be routinely included 
in LIM food web studies.

Finally, the large uncertainty in the reconstructed food webs pinpoints to the need for 
additional data resources that may reduce this uncertainty. We demonstrate that stable 
isotope signatures were very successful in reducing the uncertainty of the food web flows 
of a benthic food web (Chapter 3). Other data types, such as ecological stoichiometry and 
quantitative fatty acid signature data, are expected to be similarly effective and we suggest 
that LIM offers a ideal platform to integrate traditional data types (e.g. biomass data) with 
these modern data types to reduce the uncertainty in food web reconstructions.

Chapter 3 is a case-study of LIM to recover the carbon flows in an intertidal 
sediment. Conventional LIM methodology accommodates data on biomass and total 
carbon processing (e.g. primary production, community respiration). In this chapter we
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extended the existing methodology such that natural abundance and tracer stable isotope 
data can also be added. Dedicated uncertainty analysis clearly demonstrated that these data 
additions decreased the uncertainty in the recovered food web: the uncertainty range for 
60% of the flows decreased with > 50%. Moreover, the conventional methodology uses 
a minimization criterium to solve the inverse model, this criterium has been questioned 
because it lacks a biological justification and introduces a bias in the reconstruction. In 
the extended methodology, the model is solved by assimilating tracer isotope data and 
therefore makes the arbitrary minimization criterium redundant.

Carbon flows in the intertidal food web were dominated by bacteria, both in terms 
of secondary production and respiration. Bacteria acquired carbon predominantly (85 %) 
from semi-labile detritus and the remainder from dissolved organic carbon. Only a limited 
fraction (9 %) of the bacterial carbon production was grazed by the benthos, the remainder 
was recycled back to detritus and dissolved organic carbon. Microbenthos was the second 
contributor to total secondary production. Its dominant carbon sources were detritus or 
dissolved organic carbon, the results from the inverse model did however not allow to 
quantify the importance of the sources individually. Surprisingly, bacteria contributed only 
a few percent to the total carbon requirements of microbenthos. Larger benthos, consisting 
of nematodes, meiobenthos and macrobenthos, fed selectively and relied primarily on 
microphytobenthos and phytoplankton. Surprisingly, detritivory was negligible for these 
larger benthic fauna. These observations suggest that the microbial community (i.e. 
bacteria and possibly microbenthos) is supported by semi-labile detritus with limited 
transfer to higher trophic levels, whereas local primary production by microphytobenthos 
and phytoplankton supported the meiobenthic and macrobenthic communities. This 
separation suggested that the detrital-microbial and algal-grazer pathways function rather 
autonomously.

Chapter 4 builds on the conclusion from chapter 3 that only a limited fraction of 
bacterial carbon production is grazed by the benthic community, but instead recycles back 
to detritus or dissolved organic carbon. This chapter reports on a dedicated in situ isotope 
labeling study that was conducted to quantify the fate of bacterial carbon in sediments on 
a time scale ranging from days to months. 13C-glucose was injected in the surface 10 
cm of an intertidal sediment and traced into specific bacterial polar-lipid-derived fatty acid 
(PLFA) biomarkers, particulate organic carbon (POC), dissolved inorganic carbon (DIC), 
meiobenthos and macrobenthos. A dynamic model describing the C and 13 C transfers 
in the sediment was successfully fitted to the C and 13 C observations of the different 
compartments. The model output was subsequently used to recover total bacterial carbon 
production and the importance of its potential fates: grazing, resuspension or recycling to 
dissolved organic carbon.

The model contained parameters describing bacterial growth, bacterial grazing, 
resuspension and growth efficiency. The values of these parameters were used in a 
published mechanistic relation that predicts the ratio —  bacterial carbon — ratior r particulate organiccarbon
prediction based on the model parameter was 0.005, and compared reasonably, although at 
the lower end, with the observed ratios (0.005 - 0.24). This correspondence suggests that 
mechanistic modeling may be used to model bacterial carbon dynamics, rather than the 
statistical regression models that are more commonly employed.

Total bacterial production was 67 mmol C m~2 d_1. The primary fate of bacterial 
production was mortality, accounting for 65 % of the bacterial production, thus forming a 
recycling carbon in the bacteria - dissolved organic carbon loop. The major loss from this 
loop is bacterial respiration. Grazing of bacteria by meiobenthos (3 %) and macrobenthos 
(24 %) accounted for 27 % of the bacterial production. Due to the high meiobenthic and
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macrobenthic biomass at the study site, we surmise that grazing pressure is high when 
compared to other systems. Therefore grazing on bacteria by benthos is not expected to be 
a major controlling factor of bacterial biomass in marine sediments.

The results from this experiment were also used in chapters 5 and 6.
Chapter 5 aims to answer the question: How much of their carbon requirements 

do intertidal meiobenthos and macrobenthos derive from bacterial carbon? To answer 
this question, the bacterial community in an intertidal sediment was labeled with 13 C, 
following the injection of 13C-glucose. The appearance of label in bacteria (based on 
label incorporation in bacterial-specific phospholipid-derived fatty acids) and subsequent 
transfer to meiobenthos (group level) and macrobenthos (species level) was followed over 
a period of 36 days. The label dynamics of the benthos were either fitted with a simple 
isotope model or evaluated against enrichment of bacteria, to derive the importance of 
bacteria in the carbon budget of the meiobenthic and macrobenthic community. Bacteria 
constituted a maximum of 20 % and generally < 10 % of total carbon demands of the 
different members of the meiobenthic and macrobenthic community. Therefore the trophic 
significance of bacterial carbon for intertidal meiobenthos and macrobenthos is limited.

The amount of labile carbon usually decreases with sediment depth. We therefore 
hypothesized that deeper dwelling benthos relies more on labile bacterial carbon than 
surface dwelling benthos that have direct access to other labile carbon sources. Contrary to 
this hypothesis, meiobenthos and macrobenthos living deeper in the sediment did not show 
a comparatively higher dependence on bacterial carbon. Possibly, benthic fauna cannot 
process sediment particles, with attached bacterial community, quickly enough to exploit 
the present bacterial carbon to a greater extent. If one assumes indiscriminate feeding on 
a homogeneous mix of sediment and bacteria, the expected removal of bacterial carbon at 
our study site is 0.36 % d_1. The resulting carbon flows is well below the maintenance 
requirements of benthic fauna, and therefore we expect that bacterivory is limited by the 
processing rates of sediment particles. However, our observations do show that 6 x more 
bacterial carbon is removed than expected from indiscriminate feeding, which clearly 
demonstrates selective feeding by benthic fauna.

Bacteria assimilate and respire both fresh and semi-labile organic carbon. The low 
dependence on bacterial carbon suggests that benthic fauna competes with bacteria for 
labile organic carbon, as labile carbon assimilated by bacteria is effectively lost for the 
faunal food web. Alternatively however, ingestion of bacteria might provide a means 
through which otherwise indigestible semi-labile detrital organic matter might enter the 
metazoan food web. Local circumstances, in particular the availability of labile organic 
carbon, will determine whether competition or subsidy dominates. The weak interaction 
between bacteria and benthic fauna implies that this interaction should not be viewed as 
a predatory, but as a competitive interaction for labile organic matter in the benthic food 
web.

In chapter 4 the most important fate of benthic bacterial carbon production was found 
to be mortality (65 %). Bacteria are made up of different compounds that different degrees 
of degradability, which may results in a build up of refractory compounds in the sediment. 
In chapter 6 we evaluate the results from a 13C-glucose labeling experiment and compared 
13C of different bacterial biomarkers. Polar-lipid-derived fatty acids (PLFAs) rapidly 
degrade in sediments and were therefore used as a marker for living bacteria. D-alanine 
(D-Ala) is a compound unique to peptidoglycan, a constituent of bacterial cell walls, which 
is known for its refractory nature. Therefore, D-Alanine is used as a marker for both living 
bacteria and bacterial remnants. Finally, since label uptake was dominated by bacteria, the 
label dynamics of individual amino acids (AAs) were assumed to be derived from bacteria
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and were compared with amino acids that have been used as markers to quantify organic 
matter quality.

Dynamics in A d13C were very similar for PLFAs, D-Alanine and AA in the first weeks 
after labeling, indicating simultaneous production of the different biomarkers, which is 
expected when new bacterial cells are produced. Levels of Ad13C were however lower for 
D-Ala and THAAs as compared to PLFAs, presumably due to the presence of an inactive 
background pool for D-ala and THAA that dilutes the A S 13C signal of the living bacteria.

Surprisingly however, the Ad13C dynamics were similar during the 4.5 months after 
labeling. If burial would have been an important sink of bacterial carbon, A d13C values of 
D-Ala and some AAs are expected to be relatively higher when compared to PLFAs. The 
correspondence in A d13C values between D-Ala and PLFAs therefore implies that burial 
of comparatively recalcitrant bacterially derived compounds is not a major sink of bacterial 
carbon. This is further indicated by the low contribution (< 1 %) of D-Ala carbon to total 
sediment organic carbon.

Absolute incorporation rates of 13C for bacteria, inferred from conversion from the 
different biomarkers, are in good agreement and therefore provide an important validation 
for the use of biomarkers as a tool to quantify bacterial tracer incorporation.

Notable differences in the dynamics of A d13C and 13C among the HAAs were only 
found 4.5 months after labeling. These differences confirmed the refractory nature of 
peptidoglycan, as more 13C-D-Ala persisted when compared to the 13C-L-Ala. Moreover 
the HAAs glycine (Gly), serine (Ser) and proline (Pro) behaved relatively refractory. 
Interestingly, these AAs have previously been linked to progressive states of organic matter 
degradation.
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De diverse bodemgemeenschap van estuariene- en kustsedimenten floreert in een 
omgeving waar organisch koolstof van verschillende herkomst wordt verdund met 
sedimentpartikels op het moment dat het organisch koolstof het sediment bereikt. 
Onze kennis van de manier waarop het organisch koolstof wordt ’verdeeld’ binnen de 
bodemgemeenschap is zeer beperkt. Dit komt doordat mariene sedimenten moeilijk te 
bereiken en bemonsteren zijn en doordat ze gekenmerkt worden door een grote ruimtelijke 
variabiliteit. In dit proefschrift combineren we het gebruik van stabiele isotopen methoden 
en kwantitatieve modellen om nieuwe inzichten te verkrijgen in de structuur van mariene 
benthische voedselwebben.

Hoofdstuk 2 is een overzicht van gepubliceerde lineaire inverse modellen (LIM) ; een 
modelleertechniek waarin data worden samengevoegd in een voedselweb model om vanuit 
incomplete datasets alle relaties in een voedselweb te reconstrueren. Dit overzicht bestaat 
uit drie delen.

Allereerst ontleden we een LIM in verschillende onderdelen, te weten: 1)
vijf soorten ecologische informatie, 2) drie lineaire vergelijkingen, 3) twee soorten 
optimalisatiecriteria. Verschillen tussen LIM toepassingen kunnen worden teruggevoerd 
op de wijze waarop deze onderdelen worden gecombineerd. De belangrijkste keuzes die 
moeten worden gemaakt in het combineren van de onderdelen, blijken terug te brengen 
tot 1) waardering van de kwaliteit van de diverse informatietypen en 2) de keuze van het 
optimalisatiecriterium.

Ten tweede, in de meeste gevallen wordt in de ecologie een LIM gebruikt om 
een voedselweb te reconstrueren en gaat de discussie vooral over de structuur van het 
voedselweb. Echter, over het algemeen wordt geen, of slechts in beperkte mate, aandacht 
geschonken aan de eigenschappen van de LIM oplossing. Vijf LIMs van voedselwebben 
die verschillen in het aantal compartimenten, voedselwebrelaties en beschikbare data 
werden onderzocht en de meeste aandacht ging hierbij uit naar de eigenschappen van 
de LIM oplossing. Opvallend genoeg bleek dat de onzekerheid van de gereconstrueerde 
voedselwebrelaties in alle voedselwebben hoog was. De onzekerheid bleek gerelateerd aan 
de verhouding van het aantal observaties tot het aantal voedselwebrelaties. Hoe lager deze 
ratio, hoe hoger de onzekerheid. Bovendien bleek dat lineaire minimalisatiecriteria niet 
altijd tot één unieke oplossing leiden, maar dat deze criteria ruimte over laten voor andere 
gelijkwaardige oplossingen. Omdat kwadratische minimalisatiecriteria wel altijd tot een 
unieke oplossing leiden, wordt aangeraden deze te gebruiken in toekomstige studies. Op 
grond van de analyse van de LIM oplossingen adviseren we een dergelijke analyse voortaan 
routinematig uit te voeren.

Ten derde, de grote onzekerheid binnen gereconstrueerde voedselwebben maakt 
duidelijk dat extra databronnen nodig zijn om deze onzekerheid te verkleinen. Uit een 
studie naar een benthisch voedselweb bleek dat het toevoegen van stabiele isotopen
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data leidde tot een aanmerkelijke reductie van de onzekerheid (Hoofdstuk 3). Andere 
databronnen, zoals stochiometrie en kwantitatieve vetzuur analyse, zouden vergelijkbaar 
effectief kunnen zijn. We stellen dat LIM een ideale manier is om traditionele gegevens 
(bijvoorbeeld biomassa data) te integreren met meer moderne gegevens en zodoende de 
onzekerheid in voedselwebreconstructies kan verkleinen.

Hoofdstuk 3 beschrijft een casus waarin LIM w ordt toegepast om de koolstofstromen 
in een intergetijdesedim ent te kwantificeren. In de conventionele LIM-methode bestaat de 
m ogelijkheid om biom assa’s en data van procesm etingen (bijvoorbeeld primaire productie, 
respiratie door de hele gemeenschap) te integreren. In dit hoofdstuk breiden we de 
bestaande methodologie uit, zodat ook stabiele isotopen data, op natuurlijk en tracer 
niveau, kunnen worden ingebracht. De onzekerheidsanalyse laat duidelijk zien dat deze 
toegevoegde data de onzekerheid in het gereconstrueerde voedselweb sterk verminderen: 
de onzekerheidsmarge in 60 % van de relaties nam af met meer dan 50 %. De conventionele 
methode maakt bovendien gebruik van een m inim alisatiecriterium  om het LIM op te lossen. 
Het gebruik hiervan is bekritiseerd in de literatuur, omdat een duidelijke verantwoording 
voor het gebruik ervan ontbreekt. In de hier uitgebreide methodologie wordt het model 
opgelost door tracer isotopen data toe te voegen w at het gebruik van het arbitraire 
minimalisatiecriterium overbodig maakt.

De koolstofstromen in het intergetijde voedselweb, in termen van secundaire productie 
en respiratie, werden gedomineerd door bacteriën. Bacteriën haalden hun koolstof 
voornamelijk van het semi-labiele detritus (85 %), aangevuld met opgelost organisch 
koolstof. Maar een beperkte fractie (9 %) van de bacteriële productie wordt begraasd 
door het benthos, het grootste gedeelte werd gerecycleerd naar detritus en opgelost 
organisch koolstof. Microbenthos had de op een na hoogste secundaire productie. De 
dominante koolstofbronnen waren detritus en opgelost organisch koolstof. De resultaten 
maakten het echter niet mogelijk om het belang van de afzonderlijke bronnen vast te 
stellen. Opmerkelijk echter was het feit dat bacteriën voor slechts enkele procenten in 
de koolstofbehoefte van het microbenthos voorzien. Het grotere benthos, bestaande uit 
nematoden, ander meiobenthos en macrobenthos, bleek zich zeer selectief te voeden en is 
primair afhankelijk van de primaire productie van microphytobenthos en phytoplankton. 
Verrassend genoeg bleek dat het grotere benthos geen of nauwelijks koolstof opneemt van 
het semi-labiel detritus. Deze bevindingen suggereren dat de microbiële gemeenschap 
(bacteriën en wellicht microbenthos) afhankelijk is van semi-labiel detritus en dat maar 
weinig koolstof wordt doorgegeven aan hogere trofische niveaus, terwijl lokale primaire 
productie door microphytobenthos en phytoplankton van groot belang is ais voedsel 
voor de meiobenthische en macrobenthische gemeenschappen. Dit suggereert dat de 
koolstofstromen tussen detritus-microben en algen-grazers gescheiden zijn en dat deze 
stromen onafhankelijk van elkaar functioneren.

Hoofdstuk 4 bouwt voort op de conclusie uit hoofdstuk 3 dat slechts een beperkte 
hoeveelheid van de bacteriële koolstofproductie wordt begraasd door de benthische 
gemeenschap en dat het grootste deel wordt gerecycleerd naar detritus of opgelost 
organisch koolstof. In dit hoofdstuk wordt een labelingsexperiment met stabiele
isotopen beschreven dat is uitgevoerd om het lot van bacterieel koolstof in het 
sediment te kwantificeren. 13C-glucose werd geïnjecteerd in de bovenste 10 cm van 
een intergetijdesediment en gevolgd in specifieke bacteriële polaire vetzuren (PLFAs), 
particulair organisch koolstof (POC), opgelost anorganisch koolstof (DIC), meiobenthos 
en macrobenthos. Een dynamisch model, met daarin de koolstof (C) en 13C stromen 
in het sediment, werd gebruikt om de observaties van C en 13C in de verschillende 
compartimenten te beschrijven. Dit model werd vervolgens gebruikt om de bacteriële
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productie te bepalen en om te kwantificeren wat het belang was van de verliesprocessen 
begrazing, resuspensie en recycling naar detritus en opgelost organisch koolstof.

Het model bevat parameters voor resuspensie, bacteriële groei en begrazing en 
bacteriële groei efficiëntie. De parameterwaarden werden ingevoerd in een mechanistische 
vergelijking die op basis hiervan de ratio —  bacterieel koolstof voorspelt. De

o j o  r  p a r t i c u l a i r  o r g a n i s c h  k o o l s t o f  r
voorspelling op basis van de parameterwaarden uit het model was 0.005 en ligt in dezelfde 
orde ais de geobserveerde ratio’s (0.005 - 0.24). Het feit dat de voorspelling redelijk 
goed overeenkomt met de metingen suggereert dat mechanistische vergelijkingen kunnen 
worden gebruikt om de dynamiek van bacterieel koolstof te modelleren, in plaats van de 
empirische statistische modellen die over het algemeen worden gebruikt.

De bacteriële productie bedroeg 67 mmol C m~2 d_1. Het belangrijkste lot van 
bacteriële productie bleek mortaliteit te zijn (65 %). Hieruit blijkt dat er een lus tussen 
bacteriën en opgelost organisch koolstof bestaat, waarin koolstof wordt gerecycleerd. 
Het belangrijkste verliesproces van deze lus is bacteriële respiratie. Meiobenthos (3 
%) en macrobenthos (24 %) begraasden 27 % van de bacteriële productie. Aangezien 
de meiobenthische en macrobenthische biomassa’s hoog zijn in dit intergetijdesediment, 
verwachten we dat de graasdruk relatief hoog is ten opzichte van andere benthische 
systemen. Deze resultaten suggereren dat begrazing onbelangrijk is ais controlerende 
factor van de bacteriële biomassa in mariene sedimenten.

De resultaten van dit experiment vormen eveneens de basis voor de hoofdstukken 5 
en 6.

In Hoofdstuk 5 staat de volgende vraag centraal: Hoeveel van hun koolstofbehoefte 
halen meiobenthos en macrobenthos uit bacteriën? Om deze vraag te beantwoorden werd 
de bacteriële gemeenschap van een intergetijdesediment gemerkt met een 13C isotopen 
label, door 13C-glucose in het sediment te injecteren. Het label werd gevolgd in bacteriën 
(via metingen aan labelopname in vetzuren specifiek voor bacteriën (PLFAs)) en in 
het meiobenthos (op groep niveau) en macrobenthos (op soort niveau) gedurende een 
periode van 36 dagen. Om het belang van bacterieel koolstof in het koolstofbudget van 
benthische organismen te kunnen vaststellen, werd de 13C label opname in het benthos 
gemodelleerd met een simpel isotoop model en vergeleken met de verrijking aan 13C 
in bacteriën. Bacterieel koolstof levert maximaal 20 % en over het algemeen < 10 % 
van de totale koolstofbehoefte van de verschillende meiobenthische en macrobenthische 
organismen. Het trofische belang van bacteriën voor meiobenthos en macrobenthos in 
intergetijdesedimenten is daarom beperkt.

De hoeveelheid labiel koolstof neemt over het algemeen af met toenemende diepte 
in het sediment. Vandaar dat we de hypothese stelden dat benthische organismen die 
dieper in het sediment leven, in hogere mate afhankelijk zijn van labiel bacterieel koolstof 
dan organismen die aan het sedimentoppervlak leven en direct toegang hebben tot andere 
bronnen van labiel koolstof. In tegenstelling tot onze hypothese, bleek dat meiobenthische 
en macrobenthische soorten die dieper in het sediment leven niet voor een relatief groter 
deel afhankelijk zijn van bacterieel koolstof. Mogelijk kunnen benthische organismen 
niet meer van het beschikbare bacterieel koolstof opnemen, omdat sedimentkorrels, met 
daarop de bacteriën, niet snel genoeg kunnen worden verwerkt in het maag-darmstelsel. 
Onder de aanname dat benthische organismen willekeurig een homogeen mengsel van 
sedimentkorrels en bacteriën eten, zou de hele benthische gemeenschap ongeveer 0.36 
% van de beschikbare hoeveelheid bacterieel koolstof per dag eten. Dit ligt beneden de 
basisbehoefte aan koolstof van de benthische organismen en daarom lijkt het er inderdaad 
op dat een hogere opname van bacteriën simpelweg beperkt wordt door de snelheid 
waarmee sedimentkorrels kunnen worden verwerkt. Toch laten de gegevens ook zien
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dat de opgenomen hoeveelheid bacterieel koolstof 6 maal hoger is dan mag worden 
verwacht wanneer willekeurig gegeten zou worden. Dit toont duidelijk aan dat benthische 
organismen hun voedsel selectief opnemen.

Bacteriën assimileren en respireren labiel en semi-labiel organisch koolstof, terwijl uit 
eerder onderzoek (zie onder andere hoofdstuk 3) blijkt dat benthische fauna voornamelijk 
labiel organisch koolstof prefereert. De lage afhankelijkheid van bacterieel koolstof van 
benthische organismen suggereert dat competitie plaatsvindt voor het labiele koolstof 
en dat wanneer labiel koolstof eenmaal is geassimileerd door bacteriën dit in feite 
verloren is voor de fauna. Echter, de opname van bacterieel koolstof maakt het 
mogelijk dat semi-labiel koolstof, dat normaliter niet eetbaar is, alsnog voor de benthische 
fauna beschikbaar komt. Waarschijnlijk bepalen lokale omstandigheden, met name de 
beschikbaarheid van labiel koolstof, welk scenario zal domineren. De zwakke interactie 
tussen bacteriën, meiobenthos and macrobenthos betekent dat deze relatie niet ais een 
predator-prooi relatie, maar ais een competitie relatie voor labiel organisch koolstof moet 
worden gezien in het benthische voedselweb.

In hoofdstuk 4 bleek mortaliteit het belangrijkste lot van bacteriële koolstof productie. 
Aangezien bacteriën bestaan uit componenten met een verschillende afbreekbaarheid, zou 
tengevolge van de mortaliteit een opbouw kunnen plaatsvinden van de slecht afbreekbare 
componenten. In hoofdstuk 6 bekijken we het lot van verschillende bacteriële biomarkers 
in het eerder beschreven 13C-glucose labelingsexperiment. Vetzuren (PLFAs) worden 
relatief snel afgebroken in het sediment en staan daarom model voor levende bacteriën. 
D-Ala komt alleen voor in bacterieel peptidoglycaan, een bestanddeel van de celwand, wat 
bekend staat om zijn slechte afbreekbaarheid. Daarom gebruiken we D-Ala ais een marker 
voor levende bacteriën en voor overblijfselen van dode bacteriën. Ais laatste wordt de 
13 C dynamiek in individuele aminozuren (AAs) vergeleken met AAs die in eerdere studies 
gerelateerd bleken te zijn aan de kwaliteit van het organisch materiaal.

De dynamiek van Ad13C in PLFAs, D-Ala en AAs bleek zeer vergelijkbaar in de eerste 
weken na labeling, wat betekent dat de verschillende biomarkers in gelijke hoeveelheden 
werden geproduceerd. Dit valt te verwachten wanneer nieuwe bacteriële cellen worden 
geproduceerd. De Ad13C was echter lager voor D-Ala en THAAs in vergelijking met 
PLFAs, dit komt waarschijnlijk doordat een grote inactieve achtergrond pool van D-Ala en 
THAAs de A d13C van de levende bacteriën verlaagt.

Verrassend genoeg bleek echter dat de A d13C dynamiek van PLFAs, D-Ala en AAs 
vergelijkbaar bleef gedurende de gehele experimentele periode van 4.5 maand. Indien de 
opbouw van slecht afbreekbare stoffen een belangrijk lot zou zijn na bacteriële mortaliteit, 
dan zou een relatieve verhoging van de Ad13C van D-Ala ten opzichte van de Ad13C 
van PLFAs met de tijd te verwachten zijn. Het gelijk blijven van de Ad13C dynamiek 
van PLFAs en D-Ala betekent daarom dat de opbouw van slecht afbreekbare stoffen geen 
belangrijk lot is van bacteriële koolstof productie. Het feit dat het organisch koolstof in het 
sediment maar voor < 1 % uit koolstof van D-Ala bestaat, vormt aanvullend bewijs voor 
deze stelling.

Schattingen voor de absolute hoeveelheid 13 C opgenomen door bacteriën op basis van 
PLFAs, D-Ala en THAAs komen goed met elkaar overeen. Dit betekent een validatie van 
de methode om vanuit bacteriële biomarkers de totale opname van een stabiele isotopen 
tracer door bacteriën te kwantificeren.

Duidelijke verschillen in de dynamiek van Ad13C en 13C tussen de verschillende 
THAAs werden pas 4.5 maand na de 13C-glucose injectie gevonden. De verschillen 
bevestigen dat peptidoglycaan (bepaald via D-Ala) slecht afbreekbaar is, omdat meer 
13C-D-Ala aanwezig was dan 13C-L-Ala. Bovendien leken de HAAs glycine (Gly), serine
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(Ser) en proline (Pro) slecht afbreekbaar. Juist deze AAs zijn in eerdere studies goede 
indicatoren gebleken voor gevorderde stadia van afbraak van organisch materiaal.
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