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S UMMARY

Estuaries draining densely populated watersheds experience significant
anthropogenic pressure and sustain large autotrophic and heterotrophic production
owing to an increased input of nutrients and organic matter. Polluted estuaries are
often net heterotrophic systems. Our objective was to study the relative contribution of
autotrophic and heterotrophic food webs in sustaining the high productivity of pelagic
estuarine ecosystems along the estuarine gradient of the Scheldt estuary. We
concentrated on the nature of the primary food sources of calanoid and cyclopoid
copepods and on the organic substrates supporting heterotrophic production.

An extensive study of the monthly variation of 815N and 8I3C of suspended
matter and copepods over a period of two year showed that variations in the relative
contribution and isotopic signature of phytoplankton were probably the main factors
controlling the seasonal and spatial variation in the 51N and 5I3C signature of
suspended organic matter. Comparisons between the seasonal 515N and 0I3C patterns
of suspended matter and copepods showed that the nature of the primary food sources
differed between calanoid and cyclopoid copepods and between freshwater and
oligohaline-mesohaline reaches. In the oligohaline and mesohaline reaches, calanoid
and cyclopoid copepods were mainly supported by autotrophic and heterotrophic
biomass, respectively, whereby the latter probably thrived on dissolved organic matter
derived from local phytoplankton. In the freshwater section, cyclopoid copepods
dominated the copepod community. The important discrepancy between 5I5N of
cyclopoid copepods and the modeled 6IsN of phytoplankton in the freshwater reaches
eliminated local phytopiankton or heterotrophs thriving on dissolved organic matter
derived from local phytopiankton as a possible food source. This situation was
explained via a scenario where bacteria thriving on phytopiankton detritus imported
from the tributaries formed the main food source of local cyclopoid copepods. Our
observations highlighted a very different ecosystem functioning for the freshwater part
compared to the oligo- and mesohaline waters of the estuary proper.

In this work, we constructed an isotopic baseline for future studies on the diet
and trophic level of planktivorous fish by calculating the annual mean SISN and SI3C of
copepods. However, the highly variable nature of the annual mean 5‘5N hampers the
use of stable N isotopes as a tool to study fish migration between freshwater and
marine reaches. Nevertheless, mesohaline stations showed sufficiently distinct S1SN
signatures to allow tracing of migration between this habitat and the freshwater

reaches.
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GENERAL INTRODUCTION

Estuaries draining highly urbanized watersheds typically experience significant
anthropogenic pressure owing to input of sewage-derived labile organic matter
rendering the system net heterotrophic because of enhanced bacterial production
(Hopkinson and Vallino, 1995; Abril et al., 2002). On the other hand, Increased Inputs
of nutrients from agricultural, industrial or domestic origin or via the bacterial
mineralization of organic matter increases the phytopiankton production, so that
polluted estuaries also support a high autotrophic biomass (Hopkinson and Vallino,
1995). The riverine productivity model of Thorp and Delong (2002) states that, despite
the net heterotrophy of a system, the primary energy source supporting higher trophic
levels is autochthonous primary production entering food webs via algal-grazer and
decomposer pathways. Decomposers would mainly process autochthonous organic
matter with allochthonous organic matter being relatively unimportant due to its
recalcitrant nature. However, if highly degradable sewage dominates allochthonous
organic matter, allochthonous organic matter sources may be an important substrate
for heterotrophic bacteria (Abril et al., 2002). Moreover, if net primary production
(NPP) is low compared to gross primary production (GPP) due to a high respiration rate
of phytopiankton, NPP may not be sufficient to sustain the large heterotrophic
respiration generally observed in these heterotrophic systems. Therefore,
allochthonous sources should contribute significantly to carbon metabolism of the
system (Howarth et al., 1996). Hence, for polluted estuaries, the primary energy

source may not necessarily be autochthonous organic matter.

The highly eutrophic Scheldt estuary is an ideal system to understand the
relative importance of primary energy sources in fuelling the secondary production for
polluted environments. Here, the NPP/GPP ratio is low because the high turbidity and
the fact that the mixing depth exceeds the euphotic depth result in considerable losses
of phytopiankton due to respiration (Soetaert et al,, 1994; Soetaert and Herman,
1995b). Sewage Input dominates the total carbon Input to the estuary (68% compared
to 12% phytopiankton and 20% soil organic matter) (Abril et ai., 2002), suggesting a
major importance for the heterotrophic food web in transferring energy to the higher

trophic levels.
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Current knowledge of the trophic structure of the Scheldt estuary

It is generally accepted that the Scheldt estuary supports two distinct food
chains: a detritus based, heterotrophic food chain in the freshwater reaches {Muylaert
et al. 2000b), and a photo-autotrophic one in the lower marine zone (Hummel et al.,
1988; Hamerlynck et al., 1993; Soetaert and Herman, 1994). Both food chains are
separated from each other by a stretch of 20 km In the upper marine zone where
phytopiankton biomass is high since no Zooplankton group Is present in sufficiently
high numbers to control phytopiankton growth (Hamerlynck et al., 1993).

In the freshwater section, the top-predators are cyclopoid copepods from spring
till autumn and carnivorous ciliates during winter, when cyclopoid density Is low
(Muylaert et al., 2000b). Here, the cyclopoid Acanthocyclops robustus is the dominant
species (Muylaert et al., 2000b; Tackx et al., 2004). Being top-predators, cyclopoid
copepods prey on rotifers, ciliates and heterotrophic nanoflagellates. Rotifers, which
are present from spring to autumn, are important predators of heterotrophic
nanoflagellates, ciliates (Muylaert et al, 2000b) and phytopiankton (Muylaert, pers.
comm.). Both ciliates and heterotrophic nanoflagellates are found to feed on bacteria.
The amoeboid protozoan Asterocaelum reaches its peak abundance in summer and
feeds on diatoms (genus Cyclotella). Since its biomass nearly equals the one of its prey
at maximum population densities, it is an important potential grazer of centric diatoms
(Muylaert et al., 2000b; 2001).

Before the early nineties, oxygen concentrations in the oligohallne zone were too
low to allow a Zooplankton community to develop (Hummel et al., 1988; Hamerlynck et
al., 1993; Soetaert and Van Rijswijk, 1993; Tackx et al., In press). The food chain was
probably very short, since rotifers, ciliates, protozoa, nematodes and oiigochaetes were
the only groups present in high quantities. During the nineties, the continuing
improvement of the 02 conditions following wastewater treatment resulted In an
increased abundance of the calanoid copepod Eurytemora affinis (Tackx et al., 2004,
Appeltans et al., 2003) which is replaced by the calanoid Acartia tonsa during summer
(Soetaert and Van Rijswijk, 1993; Muylaert et al., 2000b; Tackx et al., 2004). Both A.
tonsa and E. affinis are selective feeders on live phytopiankton (Tackx et al., 1995;
2003). E. affinis is able to feed very selectively on phytopiankton, since it is able to
obtain 80% of its maximal gut pigment content when phytopiankton concentrations
contribute only 5% of the total particulate organic carbon pool (Tackx et a!., 2003). A.
tonsa feeds also selectively on microzooplankton like tintinnids (ciliates) (Tackx et al.,
1995), which is the only group of heterotrophic protists present in this zone although in

relatively low numbers (Muylaert et al., 2000b).
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Potential effects of improving water quality following wastewater treatment

Since sewage is the dominant source of organic carbon to the estuary, enhanced
wastewater treatment may reduce the amount of highly degradable organic matter
available to heterotrophic bacteria {Abril et al., 2002). This could subsequently lead to
a decrease in the relative importance of heterotrophic food webs in the transfer of
energy to higher trophic levels. Tackx et ai. (2004) already mentioned that in the
future, the improved water conditions will probably change the trophic structure of the
ecosystem, by affecting the feeding conditions for Zooplankton because of an expected
increase in the phytoplankton/detritus ratio and an increase of the competition
between the present eutrofication tolerant Zooplankton species and some more
sensitive ones.

In order to assess the relative importance of heterotrophic and autotrophic food
webs in the Scheldt estuary, more information is needed about the relative importance
of allochthonous and autochthonous sources in sustaining the primary and secondary
production. To date, little research has been done on the origin of organic matter
fuelling primary and secondary production in the Scheldt estuary. Boschker et al,
(2005) showed that heterotrophic bacteria relied mainly on phytoplankton-derived
dissolved organic matter in the lower reaches of the estuary. In the upper oligohaline
reaches, however, bacterial growth was mainly supported by allochthonous carbon
sources. To our knowledge, information on the organic matter sources sustaining the

high production in the freshwater reaches is lacking.

Objectives

The Scheldt estuary offers an ideal opportunity to investigate the effect of
wastewater treatment on the relative importance of heterotrophic and autotrophic
pathways in the transfer of energy. Our objective was to investigate the relative
importance of heterotrophic and autotrophic primary food sources sustaining the
secondary production in the estuary for a situation where sewage-derived labile organic
matter still contributes significantly to the pollution of the system. Our results can then
serve as a reference situation for future studies conducted in less polluted conditions.
In particular, we concentrated on the nature of the primary food sources (bacteria and
phytopiankton) of copepods since copepods form an Important intermediate trophic
level for many fish and macrocrustaceans (e.g. Fujiwara and Highsmith, 1997; Coull,
1999; Hughes et al.,, 2000; Maes et al., 2003). We conducted this research at different
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salinity conditions along the estuarine gradient in order to investigate the longitudinal

variability in the relative importance of autotrophic and heterotrophic primary sources.

Chapter outline

The Scheldt estuary has been intensively studied for more than 30 years now.
One of the most prominent features of the Scheldt estuary is the high anthropogenic
disturbance. The continuous efforts to reduce the human pressure on the system have
resulted in a gradual improvement of the water quality, a process that has been well-
documented in the literature of the past 30 years. In Chapter 1. we provide an
extensive overview of the current knowledge about the hydrological characteristics and
the biogeochemical functioning of the Scheldt estuary.

In this study, we used the stable isotope technique to investigate nitrogen
cycling and the transfer of carbon and nitrogen to higher trophic levels in the Scheldt
system. In Chapter 2. we give a detailed overview of the stable isotope technique and
its application to ecological studies. In Chapter 3. we present an overview of the
sampling strategy and sample treatments, together with the analytical details of the
measurement of stable isotopes.

In Chapter 4 we investigate the spatial variation in the importance of
autotrophic and heterotrophic primary food sources of calanoid and cyclopoid copepods
by looking at the similarities between the seasonal pattern of their C and N isotopic
composition and the one of the suspended matter pool.

In Chapter 5 we concentrate on the 61N-signature of phytopiankton and
heterotrophic bacteria at a freshwater station. We report on the seasonal variation of
the S15N of NH/ and calculate the fractionation factor during NH/ consumption. We
reconstruct the 6‘5N signature of phytopiankton and investigate the relative importance
of different N-sources of heterotrophic microorganisms in setting the 5,5N signature of
heterotrophs decomposing organic matter.

Finally, in Chapter 6. we look at the factor controlling the spatial variation of the
813C and S1N signatures of suspended matter along the entire estuarine gradient, we
calculate an isotope baseline for future research on the diet of planktivorous fish and
discuss the use of stable isotopes as a tool to investigate fish migration in the Scheldt

estuary.
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Study area: The Scheldt Estuary

1.1. Geographical description

The Scheldt River has a drainage basin that covers an area of 21,863 km2
situated in the north-west of France, the west of Belgium and the south-west of
Netherlands (Fig. 1.1). Its catchment area is inhabited by more than 10 million people,
making it subject to high anthropogenic stress (Maeckelberghe, 1997). The Scheldt
River flows into the North Sea after a course of 320 km, of which half is subject to
tides (Claessens, 1988). The tidal section of the Scheldt River (160 km) is called the
Scheldt estuary.

Based on geographical characteristics and salinity, the Scheldt estuary can be
divided In two main zones: the Zeeschelde, on Belgian territory and the Westerschelde,
on Dutch territory (Table 1.1). The former corresponds roughly with the freshwater
(km 160 to km 90) and oligohaline zone (< * 10 psu, km 90 to 57) and the latter with
the mesohaline (* 10 to + 20 psu, km 57 to 40) and marine zone (> 20 psu, km 40 to
0). On the basis of geometrical and dynamical criteria, the Scheldt estuary is
frequently divided in three main zones. Zone 1 extends from km 0 (at the mouth of the
estuary) to km 40 and is characterized by a complicated system of ebb and flood
channels where tidal motion is large and mixing important. Zone 2 (km 40 to km 90)
has a single, well-defined channel in which mixing is partial, with longitudinal and
vertical salinity gradients. Zone 3 (km 150 to km 90) is the fluvial part of the Scheldt

and has a network of tributaries (Regnier et al., 1998).

The Netherlands

km 0 )
marine
North Sea 40
Belgium
Rupel
Upper Scheldt
i55 140

Dender 10km

Figure 1.1: Map of the Scheldt estuary and Its tributaries Upper Scheldt, Dender, Durme and
Rupel.
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Table 1.1: Geographical classification of the Scheldt estuary

Distance Salinity
Zone Country
(km) (psu)

Marine 0-40 +33 to 20 1 The Netherlands
Mesohaline 40 - 57 %20 to *10 2 The Netherlands
Oligohaline 57 - 90 +10 to 0 2 Belgium

Lower freshwater 90 - 140 0 3 Belgium

Upper freshwater 140-155 0 3 Belgium
Tributaries

Upper Scheldt 160 0 3 Belgium

Dender 128 0 3 Belgium

Durme 101 0 3 Belgium

Rupel 92 0 3 Belgium

Most studies mentioned in the following sections apply only to the 'real estuary’,
i.e. the section of the Scheldt estuary where freshwater mixes with seawater (< km
90), unless mentioned otherwise. Reported data in these papers roughly cover the

period from 1973 till 2004.

1.2. Physico-chemical characteristics of the estuary

1.2.1. Oxygen

The Scheldt estuary has characteristic low 02 concentrations with the most
depleted values found near the mouth of the Rupel (km 92); (Fig. 1.2); (Van Damme
et al., 1999). The 02 concentration increases again in the mixing zone of freshwater
and seawater downstream from the Dutch-Belgian border (Maeckelberghe, 1997, Van
Damme et al.,, 1999). The low 02 concentrations are the result of 02 consuming
biological processes of which heterotrophic respiration and nitrification by bacteria are
the main actors (Heip and Herman, 1995; Goosen et al., 1997). Comparison of the
activity of both heterotrophic and nitrifying bacteria showed that in the freshwater-
oligohaline section downstream of Rupelmonde, the 02 consumption by degradation of
organic matter is much lower than 02 uptake by nitrification making the nitrification
process the main 02 consumer (Regnier et al-, 1997). From this it is clear that the low

0 2 values are man-induced, since the high amounts of organic material and NH/
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discharged with wastewater support high activities of heterotrophic and nitrifying

bacteria.

120 iiii1r Figure 1,2: Spatial variation
of mean O; concentrations
during February (black) and
July (white) in the Scheidt
estuary for the period of study
(1999-2003).

mml It I » 1 t1 mli»al I 1T 11»1J] al«?*tl

160 140 120 100 80 60 40 20 0

Distance to the mouth of the estuary (km)

1.2.2. Tide

The Scheldt is a macro-tidal estuary with a tidal amplitude of 4 m at the mouth
of the estuary. Due to the funnel shape of the estuary, the tidal amplitude increases to
a maximum of 5.3 m at the inland station of Schelle (km 90). The tide is artificially
stopped by a set of weirs near Gent, where the tidal amplitude still reaches 2 m
(Claessens, 1988).

The modeled average discharge at the mouth of the estuary is approximately
50x103 nr*.s'1 for a mean freshwater discharge of 120x103 m is'1 (Wollast, 1973). For
an average freshwater discharge of 100 m*.s I, Regnier et al. (1998) calculated
discharge values at the mouth of the estuary ranging between 71.4x103 and
107.3X103 m~s'1 during flood and ranging between 56.7x103 and 83.6X103 m3.s™
during ebb. Due to the magnitude of the seawater mass entering the estuary and river
bed, the mixing zone of fresh and sait waters extends over a distance of 70-100 km
(Regnier et al., 1998), with the steepest salinity gradient found roughly between km 80
and 50 (Van Damme et al., 1999).

1.2.3. Discharge
Freshwater discharge is measured at Schelle (km 90), at the confluence of the

Scheldt River and its last main tributary, the Rupei River. The mean freshwater

discharge during the period of study (1999-2003) was 167 m3.s'\ with a maximum of

1-1
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591 m3.s*1and a minimum of 46 m3.s™ (Tavemiers, 1999; 2000; 2001; 2002; 2003).
However, in the Scheldt estuary, river discharge (advective flow) and net flow towards
the sea (residual flow) differ markedly because the input of seawater during flood
creates an important dispersive flow component {Wollast, 1973; Regnier et al., 1997;
1998). The effect of inland seawater transport on the deviation of the residual flow
from the discharge Is more pronounced during low discharge periods. The variability
and the departures of the residual flow from the discharge increase seaward due to
increasing importance of dispersion and are noticeable even for high freshwater

discharges (Wollast, 1973; Regnier et al., 1998).

1.2.4. Residence time

The residence time is defined as the average time needed for a parcel to leave
the estuary (Wollast, 1973; Soetaert and Herman, 1995a). Wollast (1973), Soetaert
and Herman (1995a) and Regnier et al. (1997) calculated the residence time of water
in the Scheldt estuary at the upper limit of the mixing zone (* km 90). Wollast (1973)
calculated a residence time of 74 days for a mean freshwater discharge of 80 m3.s"(
while the one calculated by Soetaert and Herman (1995a) varied from 50 to 70 days
for a freshwater flow between * 200 and *+ 50 m3.s'\ respectively. The residence time
calculated by Regnier et al. (1997) ranged from 2 to 3 months for a range of
freshwater discharge of 100 to 40 m3.s . Summer residence time values are generally
longer than winter values, since the characteristic winter river discharge is higher
(Soetaert and Herman, 1995a; Regnier et at. 1998). Differences in summer and winter
retention times are especially apparent in the most upstream compartments as these

are mainly dominated by advective processes (Soetaert and Herman, 1995a).

1.2.5. Suspended matter dynamics

The overall suspended matter ioad in the Scheldt estuary is high with maximum
concentrations of a few grams per liter near the bottom and up to 200 mg per liter at
the surface (Chen, 2003); (Fig. 1.3). There are two zones along the estuarine transect
where hydrodynamic forces and physical processes cause an increase in turbidity. The
first maximum turbidity zone (MTZ) is situated at the freshwater-seawater interface
and is caused by the combination of a flocculation process (small particles coagulate
into larger ones) due to increasing salinities, an increased resuspension of bottom
sediments due to high tidal energy and hydrodynamic trapping. Hydrodynamic trapping

of particles is caused by an increased residence time due to the annihilation of the
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upstream bottom current as a result of converging saline upstream directed bottom
currents and downstream directed riverine currents (Wollast, 1973; Baeyens et al.,
1998; Chen, 2003). The second MTZ is situated in the freshwater section of the
estuary. Here the turbidity maximum originates from the tidal asymmetry, i.e. the
dominance of flood tidal currents above ebb currents. The resulting enhanced
resuspension and transport (tidal pumping) causes the accumulation of particulate

matter (Muylaert et al.,, 2000a; Chen, 2003).

120 Figure 1.3: Spatial variation
of mean SPM concentrations in
100 ¢+ 1999-2001 the upper (white) and lower
O 2001-2002 (black) half of the Scheldt
80 estuary for the period 1999-
2002.
60
40
20

160 140 120 100 80 60 40 20 0

Distance to the mouth of the estuary (km)

The material processed by bacteria in the mixing zone is from marine and
riverine origin. The fraction of marine suspended matter in the mixing zone is always
higher than the seawater fraction so that their mixing curves have different shapes
(Verlaan et al., 1998). This is probably due to the higher concentration of marine
suspended matter compared to fluvial matter, the latter being strongly diluted by the
incoming seawater. The fraction of marine suspended matter at a given location in the
estuary varies strongly over the year as a result of varying discharge, i.e. a downward
shift of the turbidity maximum is observed when discharge is high. For instance, at the
Dutch-Belglan border, the marine fraction is 65% for a discharge of 100 m3.s‘‘ and
decreases linearly to a fraction of 30% for a discharge of £ 200 m3.s_1 after which the
decreasing pattern is less pronounced (Verlaan et al., 1998). Other factors influencing
the percentage of marine suspended matter in the mixing zone are the variable input
of riverine material to the mixing zone and the presence of resuspended matter. The
input of riverine material increases when discharge is higher and depositions in the
zone between Antwerp and Rupelmonde are resuspended and transported seaward
with the residual current to the area downstream of Antwerp (Verlaan, 2000).

However, the marine organic matter fraction at a given location is lower than the total

1-13
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marine suspended matter fraction, since the organic fraction in freshwater material is
higher than the one in marine material (Verlaan et al., 1998).
High discharge can also lead to the flushing out of Zooplankton and in extreme

cases also phytopiankton (Muylaert et al., 2001).

1.2.6. Biogeochemical processes

The nature and extent of the biogeochemical transformations which occur during
transport from land to sea Is governed by the residence time of the water within the
estuary (Regnier et al., 1997; 1998; Regnier and Steefel, 1999). As such, the
importance of the biogeochemical processes increases markedly in the mixing zone of
freshwater and seawater. Here, the residence time of the freshwater masses increases
quickly due to the dilution In a large body of sea water (Wollast, 1973; 1982; Herman
and Heip, 1999). Moreover, the increased turbidity in this zone also enhances
biogeochemical processes by the presence of large amount of suspended solids on

which the bacteria can attach (Goosen, 1995; 1999; Herman and Heip, 1999).

1.2.7. Solute concentration

River discharge affects the nature of the nutrients imported to the estuary.
Increasing discharge results in higher N03' and lower NH/ fluxes to the estuary, since
N H/ is mainly delivered by point sources such as inputs from domestic, industrial and
agricultural activities, which are diluted as the river discharge increases (Herman and
Heip, 1999; Regnier and Steefel, 1999, Vanderborght et al., 2002). On the other hand,
nitrate inputs are primarily from diffuse origin due to agricultural land wash-out
(fertilizers) (Wollast, 1982; Vanderborght et al., 2002) so that the flux increases during
periods of higher rainfall. Due to seasonality of the discharge, N03 is generally higher
and N H/ is generally lower during winter (Regnier and Steefel, 1999).

The tldally averaged horizontal and vertical salinity distribution is strongly
dependent on the freshwater flow, the maximum gradient being shifted seaward as the
river flow increases (Wollast, 1973; Ciaessens, 1988; Regnier et al., 1997; 1998). With
Increasing river discharge, the water column in the mixing zone changes from mostly
well mixed to slightly partially mixed while stratification effects remain small (Wollast,

1973; Verlaan, 2000).
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1.3. Important processes in the water column and the sediments

1.3.1. Heterotrophic - autotrophic balance

Most polluted north-west European estuaries are known as net heterotrophic
ecosystems (Heip et al., 1995), which is also the case for the Scheldt estuary (Borges
and Frankignoulle, 2002; Frankignoulle et al., 1996; 1998; Goosen et al., 1995; 1997;
1999; Hellings et al.,, 2001; Soetaert and Herman, 1995b). The extremely high
anthropogenic organic load to the estuary leads to bacterial production rates that are
among the highest reported in literature (Soetaert and Herman, 1995b; Goosen et al.,
1995; 1999). Indeed, the total organic carbon input (dissolved and particulate) from
the Scheldt tributaries is calculated to be around 83.103 t.y'1 for an average total
tributary discharge of 70 m3.s| (Abril et al., 2000). The relative contribution of
particulate organic carbon (POC) and dissolved organic carbon (DOC) to the total
carbon input from the boundaries Is roughly equal (Regnier and Steefel, 1999;
Muylaert et al., submitt.), but a large part of this DOC is refractory to bacterial
degradation (e.g. 90% of the DOC for a summer condition) (Vanderborght et al., 2002;
Muylaert et al.,, submltt.). The amount of carbon input by phytopiankton primary
production is only a fraction of the amount imported from the Scheldt River at the
inland border of the mixing zone and from waste discharges. Bacteria process more
carbon than Is produced by phytopiankton production (Soetaert and Herman, 1995b
(modeled data); Goosen et al., 1997; Hellings et al., 2001). Goosen et al. (1999)
report that the heterotrophic microbial biomass does not exceed the phytopiankton
biomass (maximum of 35% in the turbidity zone), while the bacterial production is
much larger than the primary production (Goosen et al., 1997; 1999). There is a
gradient in the degree of heterotrophy, with the lowest degree found near the sea and
the highest in the high turbidity region (Soetaert and Herman, 1995b; Goosen et al.,
1995; 1997; 1999). This is probably due to the high amount of particles to which the
micro-organisms can attach (Goosen et al., 1995; 1999) and the injection of fresh
organic material resulting from increased mortality of phytopiankton due to salinity
stress (Herman and Help, 1999). In the marine part of the estuary, highly degradable
marine matter is imported resulting in increased mineralization rates (Soetaert and
Herman, 1995b).

As a result of the intense bacterial respiration and the long residence time the
Scheldt estuary functions as a source of C02 to the atmosphere (Frankignoulle et al.,
1996; 1998; Borges and Frankignoulle, 2002). In the freshwater zone (between km 96
and km 155) a maximum pCO02 value of 12,900 patm (atmospheric pC02 = 366 patm)
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was found during late autumn, mainly as a result of the mineralization of organic waste
adverted by the Rupel (Hellings et al., 2001). Frankignoulle et al. (1996) calculated
that a partial pressure excess of 5,700 patm In the water column, Integrated over the
surface of the estuary between km 97 and km 0, resulted in an atmospheric flux of 600
t.d These values are high compared to other European estuaries (Frankignoulle et
al.,, 1996; 1998). Upstream of km 96 and downstream of km 78, Hellings et al. (2001)
calculated a net conversion of organic carbon to dissolved inorganic carbon (DIC) (i.e.
the difference between C02 production and consumption by uptake) as a result of the
predominance of heterotrophy over autotrophy. In the upper part of the estuary
(salinity <10 psu), the amount of C02 lost to the atmosphere exceeds the input by
bacterial respiration which results in a net loss of inorganic C (Frankignoulle et al.,
1998). The high efflux of C02 Is sustained by the steady decrease of the pH due to the
predominance of pH-deereaslng processes such as nitrification and bacterial
respiration, over pH-Increasing processes such as C02 efflux to the atmosphere
(Frankignoulle et al., 1996; 1998; Regnier et al., 1997). Also Hellings et al. (2001)
observed a net consumption of DIC in the 78 to 96 km stretch, where the Rupel joins
the Scheldt, which was probably due to dilution with DIC-depleted Rupel water and
precipitation of CaCOj.

1.3.2. N budgets

The Scheldt estuary receives high amounts of organic material and nutrients
from the tributaries. The two main inorganic nitrogen species imported are nitrate and
ammonium, nitrite loadings being at least one order of magnitude smaller (Regnier and
Steefel, 1999; Abril and Frankignoulle, 2001); (Fig. 1.4). The main sources of nitrate
are leaching of soils and surface run-off while ammonium has an anthropogenic source
and its presence is more directly related to domestic wastewater discharge (Wollast,
1982).

If the fluxes of total nitrogen are calculated, the estuary acts as a sink for
nitrogen (Table 1.2). Indeed, for the period 1973 to 1983 Billen et al. (1985) calculated
the annual import of N (organic + inorganic) to the estuary to be 61.103 t.y'1 for an
average annual discharge of 115 m3.s'1 while the export to the sea was only 27.103
t.y'1, resulting In a net removal of N of 34.103 t.y'1. For a period between 1980 and
1986, Soetaert and Herman (1995c) calculated that the total nitrogen import into the
estuary was around 71.103 t.y'1 and net export to the sea amounted to about 56.103
t.y'1 for an average discharge of 105 m3.s‘l. For the period 1990-1999, total nitrogen
import decreased to 31.103 t.y 1, while the export decreased to 25.103 t.y 1 (Brlon,

1-16



Study area: The Scheldt Estuary

ECSA 2002). Between 1973 and 1999, the amount of N removed during transport to
the sea had thus decreased from 34.103to 15 - 16.103 t.y"'1.
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Figure 1.4: Spatial distribution of mean total inorganic nitrogen (TDIN), NO03, NH<* and NO02
during February and July in the Scheldt estuary during the period of study (1999-2003).

Table 1.2: N (organic + inorganic) fluxes as calculated from mass balances for the period 1973-
1999

N import N export N removal Period

103ty*)  (lost.yd)  (io»t.yl)

Billen et al., (1985) 61 27 34 1973-1983
Soetaert and Herman (1995c) 7 56 15 1980-1986
Brion (ECSA, 2002) 31 25 16 1990-1999

Most of the N permanently removed from the water column can be attributed to
denitrification converting nitrate to N2 or N20 which escapes to the atmosphere. It
occurs, however, only in sections of estuaries that exhibit 02 depletion and in
sediments (Wollast, 1982; Billen et al., 1985; Soetaert and Herman, 1995c). Total
denitrification modelled by Soetaert and Herman (1995c) and Brion (ECSA, 2002) was
lower than reported by Billen et al. (1985) due to the fact that the oxygen deficient
zone had moved upstream by approximately 10 km in the eighties compared to the
seventies. This resulted in increased nitrogen discharge to the sea since only 20-21%
was removed permanently (Soetaert and Herman, 1995c; Brion, ECSA 2002),
compared to 40-50% in the 70-ies and early 80-ies (Billen et al., 1985). This was a
situation predicted by Billen et al. (1985) when oxygen conditions were to be restored

by wastewater treatment without reducing the nutrient load. Recently, another process
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removing N permanently from the water has been described {Van De Graaf et al.,
1995). This process, the anaerobic oxidation of ammonium (anammox) with nitrite,
has not been observed In the Scheldt estuary so far (Middelburg, pers. comm.). On the
other hand, nitrification can also release N to the atmosphere due the production of the
intermediate N20 (Wollast, 1982), which happens in 0 2 limited conditions (de Bie et al.,
2002b). The amount of N2 produced was 0.28.103 t.y'1 with nitrification as the main
source of N2 in the Scheldt estuary (de Wilde and de Ble, 2000).

However, comparing only inorganic nitrogen Input and output, the estuary Is a
large net nutrient exporter which is due to the fact that mineralization of organic
matter exceeds production in the estuary (Soetaert and Herman, 1995b). Thus, despite
the denitrification process that removes part of the nitrogen, the amount of dissolved
nitrogen that is flushed to the sea is higher than the amount that enters from the river

and from waste inputs (Soetaert and Herman, 1995b).

1.3.3. N spéciation

The spéciation and concentration of the various inorganic N compounds in the
estuary Is determined by the relative rates of the various pelagic processes within the
water column as well as by the M fluxes passing through the estuarine boundaries
(Regnier and Steefel, 1999). The three main processes described so far that modify the
nitrogen species in the Scheldt are nitrification, denitrification and biological uptake

(Wollast, 1982), nitrification being the most Important process (Regnier et al., 1997).

1.3.3.1. Denitrification

Soetaert and Herman (1995c) showed that denitrification is important in the
anaerobic freshwater part of the estuary. In the mixing zone, the higher 02
concentrations preclude or Inhibit the denitrification process. However, denitrification in
the water column continues till the sea is reached, be It at very low levels (Soetaert
and Herman, 1995c; Vanderborght et al., 2002). Soetaert and Herman (1995c)
suggested that denitrification in the water column happens in floes and aggregates in
which strong gradients of oxygen concentration persist. The modeled data also showed
that the largest amount of N is lost by pelagic rather than benthlc denitrification. The
latter was only important in the zone with large tidal flats (km 50) (Soetaert and

Herman, 1995c).
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1.3.3.2. Nitrification

Nitrification is the process having the largest effect on the N spéciation (Soetaert
and Herman, 1995c; Regnier and Steefel, 1999). Despite the high input of ammonium
from untreated wastewater, almost all DIN that enters the sea is in the form of NO3'
because of the efficiency of the nitrification process in the estuary (Regnier and
Steefel, 1999). Soetaert and Herman (1995c), de Wilde and de Bie (2000), de Bie et
al. (2002a) and Vanderborght et al. (2002) report highest nitrification rates In the
freshwater-oligohaline estuarine part. The peak activity reported by de Bie et al.
(2002a) Is lower and located more upstream in the estuary than values reported by
others due to the improved water quality in the Scheldt (de Bie et al., 2002a).

The nitrification rate depends on the temperature; it is low during winter and
reaches a maximum during June (de Bie et al., 2002a). The role of benthic nitrification

for the conversion of NH4* is probably limited (de Wilde and de Bie, 2000).

1.3.3.3. Biological uptake and mineralization

Nitrogen assimilation is affected both by algal and bacterial uptake (Middelburg
and Nieuwenhuize, 2000) of which nitrifying bacteria are the most important
consumers (Vanderborght et al., 2002). Uptake rates of NH4+ are maximal in the
oligohaiine zone (<5 psu). Ammonium uptake rates decrease downstream as a result
of decreasing ammonium concentrations. Maximum nitrate uptake rates occur in the
middle part (between 5 and 10 psu) as nitrate uptake becomes only important at NH/
concentrations < 2 /jmol.I'l, reflecting the fact that NH«* is preferentially taken up
above N03' (Middelburg and Nieuwenhuize, 2000). There is a net consumption of NH4+
along the estuary which is due to the fact that aerobic mineralization and other
ammonium generating processes are not able to meet the losses due to nitrification
(Soetaert and Herman, 1995c). Particularly, nutrient removal due to phytopiankton
uptake is considered insignificant in the overall estuarine cycle of the Scheldt (Soetaert
and Herman, 1995c, Regnier and Steefel, 1999).

The short NH4* and particulate nitrogen turnover times, compared to the water
residence time, show that NH4* is efficiently recycled within the estuary and that
particulate matter Is extensively modified. Production and consumption processes are

thus closely coupled (Middelburg and Nieuwenhuize, 2000).
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1.3.4. Primary production

1.3.4.1. Spatial distribution patterns

The presence and growth of phytopiankton generally depends on the
temperature of the water, the availability of ambient nutrients, light intensity and
mortality due to grazing and physiological stress (e.g. low light conditions or changing
salinity). Because of the high nutrient content in the Scheldt water, the primary
production by phytopiankton is never nutrient limited. On the other hand, the high
turbidity causes severe light limitation for phytopiankton growth (Van Spaendonk et
al.,, 1993; Kromkamp et al., 199S) so that it is limited to on average 2% of maximal
production (Soetaert et al., 1994). However, phytopiankton in the Scheldt is adapted
to low light conditions, leading to substantial primary production (Van Spaendonk et
al., 1993). Lemaire et al. (2002) even observed maximum algal biomass in the zone
between 0 and 5 psu, which corresponds to the maximum turbidity zone. Here, the
highest gross production values are measured as a result of this high standing stock of
algal biomass, while biomass-specific growth is relatively small (Soetaert et al., 1994).
Muylaert et al. (2000a) investigated the freshwater stretch up to km 155 (compared to
100 km by Soetaert et al., 1994 and Lemaire et al., 2002). They found highest Ch!-a
levels extend to the lower freshwater zone (Fig. 1.5). The increased phytopiankton
biomass observed in the freshwater-oligohaline zone results probably from a decrease
in grazing pressure due to oxygen stress (<15% saturation) (Soetaert and Van
Rijswijk, 1993; Muylaert and Sabbe, 1999). Also, Lemaire et al. (2002) concluded from
the increased abundance of pheophytin relative to pheophorbide pigments in the
maximum turbidity zone that bacterial degradation of phytopiankton plays a more
important role in phytopiankton degradation than grazing. Downstream from the MTZ
the essence °f pheophytins and pheophorbldes indicated that both heterotrophic
bacterial degradation and grazing are important pathways for phytopiankton
degradation in the estuary (Lemaire et al.,, 2002). Also Soetaert et al. (1994)
concluded from modeled data that grazing is important in controlling the phytopiankton
biomass in the marine and mesohaline stations.

Since the highest mortality of phytopiankton is observed in the zone between
salinity 5 and 8 psu (the oligo-mesohaline transition), salinity stress, and not turbidity,
seems to be a major factor inducing mortality (Muylaert and Sabbe, 1999). In this
transition zone, a characteristic low abundance and biomass are observed (Soetaert et

al., 1994; Muylaert and Sabbe, 1999; Muylaert et al., 2000a).
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Figure 1.5: Spatial variation
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1.3.4.2. Species distribution

In the Scheldt estuary, growth and decay rates of phytopiankton are related to
environmental variables, while the spatial distribution in species composition is more
related to the interaction of environmental variables with advective transport processes
(Muylaert et al., 2000a),

In the estuary, diatoms are persistent throughout the year and dominate the
phytopiankton assemblages both numerically and in biomass (Muylaert et al., 2000a;
Lemaire et al., 2002). Cyanobacteria are not abundant in the Scheldt estuary (Lemaire
et al.,, 2002), however, they can be an Important group In the oligohaline (Muylaert et
al., 2000a) and summer freshwater reaches (Muylaert et al., 1997). There are two
zones in the estuary where a sharp shift in species composition and abundance is
observed. A first shift occurs in the freshwater-oligohaline transition zone, while the
second one occurs in the oligohaline-mesohaline transition zone (Muylaert et al.,
2000a). The first shift is related to an increased mortality of allochthonous freshwater
phytopiankton not adapted to the low light conditions. These species are, however,
rapidly replaced by autochthonous populations adapted to low-light conditions
(Soetaert et al., 1994; Muylaert et al., 2000a) and no decrease in abundance of
biomass is observed (Muylaert et al., 2000a). The second shift is related to an
increased mortality of species not resistant to changes in salinity conditions and results
in a considerable decrease in species abundance and biomass (Soetaert et al., 1994;
Muylaert et al., 2000a).

In the freshwater reaches of the Scheldt, the phytopiankton community of the

upper and lower freshwater part differs in origin. As the short residence time severely

restricts primary production in the upper freshwater part (km 155 - km 140), by far
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the largest amount of phytoplankton Is adverted from the tributaries, while in the
lower freshwater part (km 133 - km 111) an autochthonous phytoplankton community
can develop when discharge Is sufficiently low. However, when discharge increases
after a period of high rainfall, the local community of the lower freshwater zone is also
replaced by allochthonous riverine communities (Muylaert et al., 2000a; 2001). The
local communities consist typically of diatoms of the genus Cyclotella, while riverine
communities import mainly the green algae Scenedesmus spp. to the estuary
(Muylaert et al., 2001). In the freshwater zone, only large diatoms are found, which is
probably the result of grazing pressure by rotifers on small species (Muylaert et al.,
2000a).

In the oligohaline stations, both typical freshwater and brackish water species
are present (Muylaert et al.,, 2000a). Here, the diatom Cyclotella sp. dominates the
phytoplankton community, but green algae, cyanobacteria and the flagellate Euglena
proxima are also important (Muylaert and Sabbe, 1999).

The zone between a salinity of 5 and 8 psu (the oligohaline-mesohaline
transition zone) is characterized by impoverished phytoplankton communities
consisting of both freshwater and brackish water species (Soetaert et al., 1994;
Muylaert and Sabbe, 1999).

In the most downstream mesohaline zone, the most abundant species both
numerical and in biomass, are large marine and brackish water diatoms such as
Rhaphoneisamphiceros, Skeletonema costatum and Thalassiosira sp. (Muylaert and

Sabbe, 1999).

1.3.4.3. Seasonal variation

During autumn and winter and early spring, the lower temperature and Incident
light, the higher turbidity and increased river discharge inhibit the primary production
almost entirely and respiration exceeds gross production (Soetaert et al.,, 1994;
Muylaert et al., 1997). Only in summer net phytoplankton growth Is possible except in
the MTZ (Kromkamp et al,, 1995), where the phytoplankton biomass is decaying all
year round (Soetaert et al., 1994). When conditions are suitable for net phytoplankton
growth, the phytoplankton blooms are local due to the relatively short turn-over time
of phytoplankton In comparison to residence time (Van Spaendonk et al., 1993).

In the upper freshwater part, a small spring bloom is observed (Muylaert et al.,
2000a). In the lower freshwater and oligohaline estuary, a phytoplankton bloom is
observed during the summer months July, August and September (Van Spaendonk et
al.,, 1993; Muylaert et al.,, 2000a); (Fig. 1,6). The spring bloom of the upper freshwater

part is mainly induced by phytoplankton adverted from the tributaries, while the
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summer bloom in the lower freshwater part is predominantly produced in situ, the
import from the tributaries being less important, but still present (Muylaert et al.,
2000a). Also the mesohaline to marine estuary has a spring and summer bloom period
(Van Spaendonk et al., 1993, Kromkamp et al., 1995). In the mesohaline zone, the
spring bloom consists of characteristic species of clear coastal and estuarine water and

the summer bloom consists of typical mesohaline species (Muylaert et al., 2000a).

300 Figure 1.6: Seasonal venation
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1.3.5. Bacterial production

On an annual scale, no strong coupling exists between bacterial and primary
production (Goosen et al.,, 1997) and bacterial metabolism is mainly fuelled by
allochthonous carbon sources (Soetaert and Herman, 1995b). The bacterial production
is mainly regulated by temperature since allochtonous POC and DOC substrates are
present in non-limiting amounts. Nevertheless a strong positive correlation exists
between bacterial production and DOC and POC concentration (Goosen et al., 1995;
1997). Billen et al. (1980) reported that bacterial density depended only on substrate
production rate, while Regnier et al. (1997) specified that the rate of organic mater
degradation is independent of the substrate concentration for high organic loads (>200
¢/mol.l'1 organic matter).

However, bacterial productivity and primary production may be temporarily and
locally coupled. For instance, bacterial productivity is coupled to phytoplankton blooms
in the lower estuary (averaged salinity concentration above 16-18 psu) due to the
uptake of labile algal exudates by bacteria (Goosen et al., 1997) and in the freshwater-
oligohaline transition zone, decaying phytoplankton populations produce organic matter

that is easily degraded by bacteria (Vanderborght et al., 2002).
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Introduction to stable isotopes in ecological studies

2.1. Introduction

During the last decades, there has been an increasing interest in the use of the
natural distribution of stable isotopes in the environment as a means to follow
elemental cycling in ecosystems. Stable isotopes are used as indicators of
biogeochemical processes and as a tool to detect the origin of samples in mixtures
(Peterson and Fry, 1987). The usefulness of stable isotopes to obtain process and
source information essentially results from the unequal partitioning of heavy and light
isotopes (fractionation) between source and product during chemical, physical and
biological processes (Farquhar et al., 1989; O'Leary et al., 1992; Fry, 2003). The
resulting variation in stable isotope composition of organic matter is then a tool to
identify the origin of samples in mixtures (Peterson and Fry, 1987). This makes stable
isotopes particularly useful for the study of food webs.

Generally, the stable isotopes of both C and N are used to study trophic
interactions in ecosystems, since the possibility that the organic matter sources have
different isotopic compositions increases with the use of a combination of stable
isotopes of different elements (Rounick and Winterboum, 1986; Owens, 1987;
Peterson and Fry, 1987). Essentially, C and N isotopes are used to track C and N flow
from the base of the food webs to the highest trophic levels providing as such
information about the diet preferences of organisms. However, this requires a thorough
understanding of the stable isotope composition of the organisms at the base of the
food web and of the change in C and N stable isotope compositions of organic matter
when it is transmitted to higher trophic levels. Here, we present an introduction to
stable isotope terminology and applications followed by an overview of the factors
setting, controlling and affecting the C and N stable isotoplc composition of primary

producers.

2.2. Natural abundance of stable C and N isotopes: definitions

In nature, there are two naturally occurring stable isotopes of carbon and
nitrogen. For carbon, about 98.9% of the carbon is I12C, while about 1.1% is I3C
(O'Leary, 1981). For nitrogen, the % abundance of HN and ISN is 99.64% and 0.36%,
respectively (Faure, 1986). Absolute abundances of stable isotopes cannot be
measured with very great precision, but the small differences in the heavy to light ratio
between two compounds can be accurately measured using a mass spectrometer. The
% abundance of C and N isotopes, being 13C/(I3C + 12C) and 1N/(15N + MN),

respectively, is commonly simplified to t3C/12C and I5N/14N since absolute abundances
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of 13C and I5N are very small compared to the ones of 12C and MN (Mariotti et al.,
1981).

The stable isotopic composition of a sample is measured relative to a common
standard. The international standard for 8 13C is PDB (PeeDee Belemnite) with a 13C/12C
ratio of 0.00112372 while the one for N2 is atmospheric air with a 15N/MN value of
0.0036765 (Fry, 2003).

The relative isotopic composition (8) of a sample is expressed as:

Eq. 1

Eq. 2

The isotopic composition of the standard should not be very different from the
measured samples, in order to minimize the systematic error, related to the use of the
simplified R-expression, which increases with isotopic distance between standard and
sample (Mariotti et al., 1981; Fry, 2003).

Samples depleted in 1C or ,5N, i.e. enriched in 12C or MN, compared to the
standard assume negative values while samples enriched in I3C or 1SN as compared to

the standard assume positive values.

2.3. The use of stable isotopes in process studies

The distribution of stable isotopes in the natural environment is frequently used
as an indicator of processes (Peterson and Fry, 1987). The way the stable isotopic
composition of natural material is altered by chemical, physical and biological
processes has been studied thoroughly so that observed isotope distributions can be
interpreted in function of the underlying reaction conditions (Rounick and Winterboum,
1986; Peterson and Fry, 1987). The process resulting in the re-distribution of isotopes
between source and product is called isotope effect or fractionation. Fractionation
occurs due to the mass differences between isotopes which makes the formation and
destruction of bounds between heavy atoms more difficult than for light ones or which
makes the heavy isotope to move slower than the light one in e.g. diffusion reactions
(Farquhar et al., 1989).
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2.3.1. Fractionation: terminology

The isotope effect, denoted by a. is defined as (Farquhar et al., 1989):

where Rs and R, are the 13C/UC or 1SN/MN molar ratios of the source and product,
respectively. Isotope effects are also expressed as the ratio of rate constants ki and k2,

for the light and heavy isotope, respectively:

a=— Eq. 4
ki
The extent of discrimination (e) against an isotope is the deviation of a from unity

(O'Leary et al., 1992, Hayes, 1993; Fry, 2003):

e= 1000 X(a- 1) Eq. 5

Substituting eq. 1 and eq. 3 in eq. 5 gives

Eq. 6
1+6Xp/1000

where 8XS and 8XP represent the S13C or S1N signature of the source and product,
respectively. The term SXp/1000 in the denominator is usually small and can thus be
ignored, so that:

£* 8X, - SX Eq. 7

This equation holds for samples with 8-values differing by <20%o0 and that are not too
different from zero otherwise the use of eq. 6 is recommended (Mariotti et al., 1981;
Hayes, 1993; Fry, 2003).

2.3.2. Thermodynamic and kinetic Isotope fractionation

Generally, there are two types of isotope effects that lead to fractionation:
kinetic and thermodynamic isotope effects. Kinetic fractionation occurs when different
isotopes species are transferred at different rates. Thermodynamic fractionation is the
balance of two kinetic effects at equilibrium (O'Leary, 1981; Farquhar et al., 1989;

O'Leary et al., 1992). Whether the conversion of material from one state to the other
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will result in thermodynamic as well in kinetic fractionation depends on the rate of
conversion. When the rate of transformation of two states is rapid compared to the
rates of steps preceding and following it, the transformation is in equilibrium and a
thermodynamic fractionation is expressed. If, however, the transformation rate is slow
compared to the other reactions a kinetic fractionation will be expressed (O'Leary,
1981).

A general rule for the partitioning of the heavy and light isotope between source
and product is that due to thermodynamic fractionation the heavier isotope will
concentrate in the more constraint environment (l.e. where the bonding of the atoms Is
more extensive); (O'Leary et al., 1992). Kinetic fractionation is a result of the heavier
atom reacting more slowly than the light one, whereby the fractionations in physical
processes are generally smaller than those in chemical processes. When chemical
processes are catalyzed by enzymes, the resulting isotope fractionation will be smaller

than when the chemical processes would occur without enzymes.

2.3.3. Fractionation in open and closed systems

The effect of isotope fractionation on the isotopic composition of the substrate
and product differs between open and closed systems. In open systems (i.e. internal
and external pools are connected) the pool of substrate is unlimited so that the isotopic
content of the substrate can be assumed to remain constant since the effect of
fractionation on the substrate isotopic composition will be negligible. In closed (l.e.
isolated poot) systems, the pool of substrate is limited and the isotopic content of both
substrate and product will change as the reaction proceeds. Here, the curvature of the
changes in isotopic composition over time of the substrate and product will also depend
on the reversibility of the reactions (see below). In all cases, the discrimination e for a
certain process is assumed to be constant, given that the prevailing conditions are

stable (Mariotti et al., 1981).

2.3.3.1. Closed systems

In closed systems, the isotopic composition of substrates will be affected by
processes discriminating against heavy or light isotopes. As a result, the isotopic
composition of the instantaneous product, which reflects the isotopic composition of
the substrate but with a constant offset e, will also change over time. The accumulated
product, however, will proceed to an isotopic composition similar to the original

substrate when all substrate is being converted to product (Zeebe et al., 1999).
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In closed systems, where the reaction causing fractionation is irreversible, the

isotope ratio of the substrate is given by

Rs ffg -1) Eq. 8
Rs,0
where R, and RsO are the isotope ratios of the substrate at time ¢t and t = 0,

respectively, f is the remaining fraction of the substrate, whereas a refers to the
fractionation characteristic for the process (Mariotti et al., 1981; Zeebe et al., 1999).
This equation is referred to as the Rayleigh equation. From this equation, the absolute
and relative isotopic composition of the substrate, the instantaneous and accumulated
product can be calculated. The inter-conversion between absolute and relative values
results from substituting equations 1 and 5 into equation 8 (Mariotti et al., 1981);

(Table 2.1).

Table 2.1: Absolute and relative isotope ratios of substrate, Instantaneous and
accumulated product In a dosed system where a process causing fractionation Is active.
Equations are compiled from Mariotti et al. (1981) and Zeebe et al. (1999).

Absolute abundance

Substrate

Instantaneous product R., =R,,.

Accumulated product E_ ,-,m,, % Y -|1

5-value
Substrate 5. = 8.0 - EXInf
Instantaneous product 8, =S ,-E

fx,nf %
Accumulated product §p= Ex x ’_q‘ + 8...

In a closed system where substantial back-reactlon occurs, the isotopic

composition of the substrate, instantaneous and accumulated product will show linear
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changes with increasing fractionation instead of Rayleigh type fractionation (Macko et
al.,, 1986). In that case, the isotopic composition of the product and the substrate can

be calculated using simplified equations (Table 2.2); (Macko et al., 1986).

Table 2.2: 6-values of substrate and product in a closed system where a process
characterized by considerable back-reactlon discriminates between Isotopes.

Qosed system: reversible reaction 6-value
Substrate S.=S.,. +(lI-f)xE
Instantaneous product 6P=6,, - f Xe

The effect of fractionation on the isotopic composition of substrate and product

during irreversible and reversible reactions in closed systems is illustrated in Fig. 2.1.

enrichment

depletion I

Figure 2.1: Change in isotopic composition of substrate and product with decreasing fraction f of

the substrate remaining in the pool for a situation where ¢ > 0 and 5,,0 = 0%o. The substrate
(solid) and accumulated (solid, bold) and instantaneous (dashed) products follow a Rayleigh
fractionation (A) in case reactions are Irreversible. In case considerable back-reaction occurs (B),
substrate and product increase linearly with decreasing substrate fraction remaining. Redrawn from
Owens et al. (1985) and Macko et al. (1986).

2.3.3.2. Open systems

In open systems, a substrate enters the system after which some fraction is
converted to product (Fry, 2003). If the substrate can be considered as an infinite

reservoir compared to the quantity of the product, Rs or 5, will not change and f is
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always close to 1. Then, the equations from Table 2.1 can be simplified (Table 2.3).

Note that both product and substrate isotopic compositions are stable over time.

Table 2.3: Isotope composition of substrate and product in open systems.

Open system Absolute Isotope ratio 5-value
Substrate R =R. s. =8,,
Accumulated product R. =R., 8P=8,- e

2.3.4. Fractionation in steady-state flow systems

If we consider a steady-state flow through a system, the isotopic composition of
the substrate pool (source) equals the one of the product pool (output) so that we can
write (Fry, 2003):

3input Aoutput
—el — Spool E2
where 5—,«. and Sp«* are the 6-values for the source and the internal pool,

respectively, and £i and e2 the discrimination values during uptake and loss,

respectively.

Ssoun El Spool c2 ‘output

The isotopic composition of the source and internal pool will change linearly with

decreasing fraction remaining if the substrate pool is limited (Table 2.4); (Fry, 2003).

Table 2.4: Change in Isotopic composition of source and pool In case the
source is limited and fractionation occurs both during uptake and release

processes.

Row system: limited resource 5-value
Substrate S™™ = f x(610 - £,) + £,
Pool Sp-=8S. - e, +
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2.4. The use of stable isotopes to reveal source information

The use of stable isotopes as source indicators is subject to following conditions:
(1) the isotopic composition of the sources must be known and sufficiently distinct from
each other, (2 ) all potential sources have to be included in the search for constituting
pools and (3) fractionation eventually occurring during transfer from one pool to the
other is guantified (Fry and Sherr, 1984; Owens, 1987; Vander Zanden and

Rasmussen, 2001).

2.4.1. Mixing of two sources

The isotopic composition of a mixture of two components is the weighted
average of the isotope ratios of the two constituents ("end-members'). The isotopic
composition of the mixture, 5Xm, can be described by the following equation (Gannes

et al.,, 1997):
sX_=fxSX, +(I-f)x X, Eq. 9
where f equals the fraction of source 1 from the mixture and s X1 and SX; are the

isotope signatures of the two sources. The OXmix varies linearly between s X, and s X2

when one source becomes gradually replaced by the other (Fig. 2.2).

1ft

f 09 Figure 2.2: Variation in the isotopic
0.8 N. composition of a mixture due to
o7 changing fractional contribution of
' source 1 and 2 to the mixture.
0.6 \ Redrawn from Fry (2003).
0.5 \
0,4 \
0,3
0.2 \

0,1 \

0

SX, 5Xmix 5X2

In case the amount of source 1 in the mixture is fixed while the amount of
source 2 can change, the relationship between f and s Xnik will turn into an asymptotic
one. Considered that M, represents the mass of the fixed source, the mass of the
second source can overwhelm the first, so that Mi/Mm(x becomes very small. In that
case, the mixing curve will show an asymptotic mixing relationship (Fry, 2003); (Fig.

2.3).
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Figure 2.3: Change in 5X,», as a result of
SX2 increasing weight of source 2 to the total

weight of the mixture in case the input of

source 1 Is fixed. Redrawn from Fry (2003).

i}

SXj
M i

Sometimes, additional fractionation occurs after mixing. In that case, this
fractionation value must first be subtracted from the mixing value before mixing
sources can be determined (Fig. 2.4B). If a third source, which exhibits a value
intermediate to source 1 and 2, is present, no unambiguous interpretation of
contributing sources can be made (Fig. 2.4C).

A_ 500/0 6 4 50°/o 82

8, =50 %st + 50 % 5j

30% 8, 70% s>
[ )

5m =30 % 6j +70 % s2 +

50% 8, 100% s3 50% s>

SH = 100 % 53 or em =50 % s, +50 % s2

Figure 2.4: Interpretation of isotope mixing models. In all three cases the same isotopic
composition Is observed, but the contribution of the sources is different. In case A, the mixture is
the average of two sources each contributing for 50% to the mixture. In case B, the isotopic
composition of the mixture has shifted with a value equal to the fractionabon occurring after
mixing. Finally, in case C, no unambiguous conclusion can be drawn from the 5-value of the
mixture if a third source Is present with a value equal to the average of source 1 and 2. Modified
from Fry and Sherr (1984),
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2.4.2. Use of multiple stable isotopes in source studies

In case the stable isotope signature of the mixture is a combination of only two
sources, Its isotopic signature is positioned somewhere on the line connecting both
sources. If, however, additional sources contribute to the final 6-value of the mixture,
the (615N, 8I3C) co-ordinate of the mixture is situated within the triangular space
enclosed by lines connecting the (815N, 6 13C)-coordinates of the sources. An illustration

for 2 and 3 sources is given in Figure 2.5.

Figure 2.5: Graphic presentation of the relationship between the isotopic composition of a mixture
and its contributing sources A, B and C. Left: The sample (black dot) is a mixture of only two
sources A and B. Right: Situation where a third source C contributes to the mixture.

The above mentioned mixing model assumes that the proportional contribution
of a source to a mixture is the same for both elements C and N. Since the contribution
of elements to the mixture is proportional to their concentration in the source, this
assumption will not hold for sources displaying rather distinct elemental
concentrations. In that case, a concentration-weighted linear mixing model (Fig. 2.6)
needs to be applied to determine the fractional contribution of a particular source to

the mixture (Philips and Koch, 2002).

Figure 2.6: Graphic representation of the
concentration-weighted linear mixing model (solid
line) for a situation where the 3 sources have
distinct C/N rabos. The isotope signature of the

© first sample (black dot) is a combination of the

8 three sources A, B and C. The isotopic
composldon of the second sample (grey dot)

6 could erroneously be interpreted as being a
mixture of source A, B and C if no correction is

4 made for the proportional distribution of elements
in the sources, since it is postponed in the

2 triangle connecting the three sources (dashed
lines).

0

-»0 35 -30 -20

*ﬂ*c
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2.5. §13C and 515N in food web research

The study of trophic relations between organisms by means of C and N stable
isotopes can essentially be seen as the tracking of C and N flow between trophic levels.
Organic matter transferred between trophic levels affects the 513 and s 15N
compositions of the consumer In a predictive way so that its isotopic signature can be
related to Its food source(s). If consumers have multiple food sources, the proportional
contribution of the different components can be calculated by means of mixing
equations. Similarly, the isotopic signature of primary producers thriving on multiple
food substrates will reflect the different food substrates of which the proportional
contribution can be determined via mixing equations. As mentioned before, the isotopic
compositions of the prey and feeding substrates have to be known and sufficiently
distinct from each other, fractionation during the transfer of C and N isotopes needs to
be quantified and all potential prey and food substrates have to be considered before
mixing equations can be applied (Fry and Sherr, 1984; Owens, 1987; Vander Zanden
and Rasmussen, 2001).

In estuarine aquatic systems, the organisms forming the base of the food web
are often closely intermingled with the other components of the suspended matter
pool. Suspended matter pools generally contain organic matter from both terrestrial as
aquatic origin and organisms can be alive or in different stages of decomposition
ranging from fresh till fully refractory detritus. The sI3C and s 1N signature of
terrestrial and aquatic components differ due to the mechanisms through which C and
N are incorporated into plant or algal tissue and due to additional changes in the
isotopic composition occurring during degradation processes.

In the following we present an overview of the mechanisms setting the s 13C and
s 1N of organisms at the base of the food web by reviewing the underlying mechanisms
for the observed differences in s 13C and s 1N of the different organic matter sources in
the suspended matter pools. Then, an overview is given of the fractionation processes
occurring during degrading processes and during the transfer of C and N containing

compounds between two trophic levels.

2.5.1. Factors affecting S13C of photosynthetic organisms

There are three main factors that affect the s 13C of photosynthetic organisms,
being the s I3C of the external carbon pool (C0:(«t)), the fractionation during C uptake
and the s 13C of respired C02. In the following we discuss how these three factors affect

the S13C composition of primary producers and how environmental conditions influence
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the magnitude of the effects. An overview of factors setting the final S,3C value of

primary producers is given In Figure 2.7.

813C of primary producers

- 8 1I3C of the ambient C02 pool
- fractionation during C uptake
- CO: assimilation to supply ratio
- CO0:2 supply p cell membrane leakiness

I- CO2 flux toward organism
* ambient C02 concentration
* water flow
¢ CO0:2 concentrating mechanisms

- C assimilation - growth rate

- metabolic pathway
- C3 plants

- Cs plants
- CAM plants
- Phytoplankton

- fractionation during respiration

Figure 2.7: Schematic overview of factors affecting the 8 13C composition of prtmary producers

2.5.1.1. S13C of ambient C-sources (C02 versus HC03)

A first factor setting the s I13C of primary producers is the s ,3C signature of the
source carbon. Primary producers exposed to air use atmospheric C0: as a carbon
source. In aquatic environments, carbon is mainly present in the form of HCO0s but
dissolved molecular C02 (C02(M)) remains the preferred inorganic C substrate (Degens
et al., 1968, Maberiy and Spence, 1983; Keeley and Sandquist, 1992). However, HCO0s
uptake by phytoplankton has been reported for situations where a C0: concentrating
mechanism is activated to complete cellular C demand (see below).

The variability of s 13C of primary producers In aquatic environments is higher
than for species using atmospheric C0: (Osmond et al.,, 1981; Descolas-Gros and
Fontugne, 1990) a feature that can be linked to the s 13C of the C-source. Indeed, s 13C
of atmospheric C0: is usually -7.9% o (Farquhar et al., 1989) while s I3C values of C0:
dissolved in water range between +1% o for HCOs derived from limestone, over -7%o

for a situation where dissolved C02 (= C02(,q + HCOs3) is in equilibrium with
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to -27%o0 when most of the dissolved CO0: is respired C0: from Cs plants (Keeley and
Sandquist, 1992; Osmond et al., 1981). Moreover, the s I3C signature of C02a, may
temporarily shift to higher values as a result of physico-chemical or biological
processes draining the C02ag pool so that more 13C0:2 enters the C02«o pool (Degens
et al., 1968; Descolas-Gros and Fontugne, 1990; Keeley and Sandquist, 1992; Maberly
et al.,, 1992). Another factor contributing to the higher variability of s 13C in aquatic
environments is the fact that the equilibrium isotope fractionation value for CO:
dissolved in water decreases with increasing temperatures (between 7-11% o in natural
environments); (O'Leary, 1981; Keeley and Sandquist, 1992; Rau et al., 1997). The
s 13C composition of aquatic primary producers will thus increase with increasing water
temperature.

Generally, species restricted to C0: as the only C-source will have more
negative s 13C values than species using HCO03 as an additional C source (Osmond et
al., 1981; Maberly and Spence, 1983; Turpin et al., 1991; Maberly et al., 1992;
Burkhardt et al.,, 1999a), since SI3C values of HCO0s: are enriched in 13C compared to
C02,| due to the preferential retention of 13C in the water phase (O'Leary, 1981;
Keeley and Sandquist, 1992).

2.5.1.2. Fractionation during C uptake

The second important factor affecting the SI3C of primary producers is the
magnitude of the overall fractionation associated with the different steps involved in
the uptake and assimilation of C02. The magnitude of this apparent fractionation is the
resultant of fractionation associated with the processing transporting C0: to the site of
uptake and with the enzymatic assimilation of C02 (O'Leary, 1981). Since the latter is
largely independent of C0:> or 0: concentrations, pH and temperature for a specific
enzyme (Roeske and O'Leary, 1984; Berry, 1989), variations in the isotopic
composition of plants are related to differences in the 6-value of the internal C0:z-pool.
The internal & I3C pool may vary due to variations in the assimilation to supply ratio and
the metabolic pathway used to incorporate C02. The contribution of these factors to C

fractionation is discussed below.

Factors affecting the assimilation to supply ratio

The extent to which the internal C pool will be enriched in I3C as a result of C
consuming processes depends on the rate to which 1sC02 can be removed and
substituted by 1.C02 from the ambient pool. The supply of +JC02 to the internal pool

depends on the CO0: flux toward the cell and the cell membrane permeability (or
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leakiness) which regulates flux across the cell wall {Rau et al., 1996; Riebesell et al.,
2000). The contribution of C02 flux toward the cell to the overall fractionation during
CO: uptake is especially important in aquatic environments and depends on the
ambient CO0s concentration, the water flow and the presence of a C02 concentrating

mechanism.

a) CO: supply rate

i. Leakiness

The leakiness of a cell membrane is defined as the magnitude of the efflux to
influx ratio (Sharkey and Berry, 1985) and depends on the permeability of the cell
membrane in case of phytoplankton (Sharkey and Berry, 1985) and on the stomatal
resistance in case of plants (O'Leary, 1981; Farquhar et al., 1989). An increase in the
diffusive resistance of C0: in Cs plants and phytoplankton results in increasing S13C
values, while for C< plants s 13C values decrease with increasing resistance. For Cs
plants and phytoplankton, this can be explained by the fact that a decreasing
permeability for COz (1) decreases the extent of fractionation against 13C due to the
accumulation of 13COj in the cell (O'Leary, 1981; Farquhar et al., 1989) and (2)
decreases the Internal C0: concentrations or partial pressure since CO2 removed by the
assimilation process cannot be replenished at time (Maberly et al., 1992; Rau et al.,
1996). For C: plants, which use HCOs as a C-substrate, increasing stomatal resistance
results in increasing fractionation against 13C since the drain of HC03 causes a shift
toward more 12C-rich HCOs' in the HCOs' pool (O'Leary, 1981).

The magnitude of the influx to efflux ratio is also affected by the rate of carbon
assimilation (O'Leary, 1981; Riebesell et al.,, 2000). At low assimilation rates, the rate
of Influx is lower than the rate of efflux and a large discrimination against 13C will be
observed (O'Leary, 1981) but at high assimilation rates, the rate of efflux will be lower
than the rate of Influx and internal isotope enrichment will occur (O’Leary, 1981; Berry,
1989; Riebesell et al., 2000).

ii. CO:2 flux

ambient C02 concentrations

In air, a constant supply of 12C is assured during the CO0: fixation in plants since

the COiftrt) pool is sufficiently large so that no change in its concentration or isotopic
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composition occurs as a result of photosynthetic activity (O'Leary, 1981). In the
aquatic environment, COJ(,a) concentrations may be low as a result of increasing
temperature (Degens et al., 1968; Descolas-Gros and Fontugne, 1990; Rau et al,,
1996) and pH (Degens et al., 1968). Additionally, also photosynthesis can rapidly
reduce the total C concentration in the water, thereby raising the pH of the water and
shifting the positions of the carbonate equilibria so that free dissolved CO: is virtually
zero (Maberly and Spence, 1983; Hinga et al., 1994). Lowered ambient COj
concentrations result in a decrease of the CO* flux toward the cell (Burkhardt et al.,
1999a) and increase the percentage of cellular CO: leaking back to the environment
(Burkhardt et al., 1999a). As a result, the possibility to discriminate against 13C
decreases which results in increasing 8t3C values of primary producers (Rau et al.,
1996; Rau et al., 1997; Burkhardt et al., 1999a; Burkhardt et al., 1999b; Riebesell et
al., 2000).

water flow

The diffusive resistance to C02is 10,000 times larger in water than in air which
limits the CO02 flow to the cell so that almost all C02(Bj available is consumed and
overall C fractionation expressed is minimized (Osmond et al.,, 1981; Maberly and
Spence, 1983; Keeley and Sandquist, 1992). However, increasing temperatures may
increase the diffusivity of CO2 in water (Hinga et al., 1994; Rau et al., 1996). The
mixing of the carbon pool in the boundary layer of a photosynthesizing cell with that of
bulk solution is much smaller in water compared to air due the greater viscosity of
water. This permits the development of relatively unstirred boundary layers around
objects in water (Maberly and Spence, 1983; Descolas-Gros and Fontugne, 1990) of
which the thickness is strongly increased by reduced water current velocity (Osmond et

al., 1981; Keeley and Sandquist, 1992).

CO: concentrating mechanisms

In some phytoplankton species a C02 concentrating mechanism is induced at
low CO: concentrations (Sharkey and Berry, 1985; Berry, 1989) or under high growth
conditions (Laws et al.,, 1997), Here, C02 and/or HC03 are actively transported across
the cell membrane. The mechanism of this active transport is not yet fully understood
and the magnitude of inferred isotope fractionation differs between the mechanisms
proposed.

A first possible mechanism is that an external enzyme, carbonic anhydrase,
converts HCO3' to CO2 at the cell surface after which It is transported into the cell
either by active transport or by diffusion (Laws et al., 1997). In this case no net

fractionation should be observed since carbonic anhydrase discriminates against 13C so
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that CO: enzymatically converted from HCO03 has similar s 13C values as Co2(.Q
(Riebesell and Wolf-Gladrow, 1995).

Another possible mechanism is that HC03' is converted to CO0: by carbonic
anhydrase in the cell, so that the s 13C of intracellular C0: equals that of HCOs' which is
relatively enriched compared to Coz2(») (Sharkey and Berry, 1985). Thus, the presence
of a C02 concentrating mechanism makes the effects of CO2 concentrations on e less

prominent (Burkhardt et al., 1999a).

b) Carbon assimilation rate

The rate to which carbon is assimilated depends on the carbon demand. High
carbon demands compared to C supply will decrease the intracellular Co:2l«) available
and thus the degree to which the cell may preferentially fix 12C02 (Descolas-Gros and
Fontugne, 1990; Hinga et al., 1994; Rau et al., 1996; Rau et al., 1997; Burkhardt et
al.,, 1999a; 1999b) which results in an increase in the s I3C of primary producers. The
carbon demand is positively correlated to growth rate (or metabolic activity) (Rau et
al., 1996) and the magnitude of isotope fractionation will be related to factors
controlling growth rate (Rau et al., 1996; Rau et al,, 1997; Burkhardt et al., 1999a;
1999b; Riebesell et al., 2000). Several factors such as Increasing temperature, Coz(,q),
nutrients and light intensity (MacLeod and Barton, 1998) can increase growth rate and
thus decrease fractionation values. Larger species have higher C demands and will
show lower discrimination values (Rau et al., 1996; Rau et al., 1997; Burkhardt et al.,
1999a; 1999b). Also day length and salinity have been reported to affect isotope
discrimination but the direction and the magnitude of the effect is largely species-

dependent (Leboulanger et al., 1995; Burkhardt et al., 1999a; 1999b).

Metabolic pathways of C assimilation

The metabolic pathway of C0: assimilation Is a second important factor that
influences the extent of C fractionation during CO0: uptake. The carbon fixation in
primary producers is mediated through the Cs, C+ or CAM metabolic pathway, each
characterized by a specific fractionation factor. The difference in the magnitude of C
fractionation during these fixation pathways results from different enzymes catalyzing
the CO: fixation and the amount of steps Involved in it and from the preferential uptake
of CO2 or HC03 of which the s ‘3C is determined by their relative concentration in the

cell (see above).
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a) C3 plants

In C3 plants ribulose-1,5-biphosphate carboxylase-oxygenase (Rubisco) Is
responsible for the carboxylation of ribulose-1,5-biphosphate (RuBP) {O'Leary, 1981).
The fractionation associated with C02 assimilation by Rubisco is 29%o0 (Roeske and
O'Leary, 1984), but the overall observed fractionation during C assimilation can
decrease depending on the extent of stomatal resistance against diffusion (O'Leary,
1981). In general, plants following the C3 pathway will have S13C values ranging
between -22 and -33%o0 (Bender, 1971).

b) C« plants

G plants use phosphoenolpyruvate carboxylase (PEPC) to convert
phosphoenolpyruvate (PEP) into a G acid, which is transported from the outer layer of
photosynthetic cells (mesophyll cells) to the inner layer (bundle sheath cells) where it
is decarboxylated. The released C02 is subsequently fixed by Rubisco and is further
processed in the Calvin cycle. Since the substrate for PEPC is HC03" rather than C02
(Rubisco), an additional fractionation step is present in G plants compared to C3 plants
(O'Leary, 1981). The fractionation related to the incorporation of HC03 into C, acids by
PEP carboxylase is relatively small (2 to 2.5%0; O'Leary, 1981). Since some CO02
released during the decarboxylation of PEP escapes, RuBP carboxylase contributes
slightly to fractionation but is much smaller than in C3 plants (O'Leary, 1981). As a
result, plants that follow the Ci metabolic pathway have relatively enriched SI3C values

ranging between -10 and -20% o (Bender, 1971; O'Leary, 1981).

c) CAM plants

Crassulacean acid metabolism (CAM) plants fix C02 through the C* pathway at
night in the form of malate. They switch to C3 metabolism during the light period where
C02 is released by decarboxylating malate and subsequently refixed through the C3
pathway (O'Leary, 1981). CAM plants are able to switch their major flow of C02via the
PEP or RuBP carboxylase in response to environmental changes (Wong and Sackett,
1978). Variation in 8LiC in CAM plants then reflects the partitioning of these
carboxylation pathways (O'Leary, 1981; Berry, 1989). The isotopic composition of CAM
plants will show values intermediate to C3 and G plants depending on the relative

importance of the C3 versus G metabolism (Bender, 1971; Maberly et al., 1992).
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d) phytoplankton

Carbon fixation in phytoplankton cells follows the C3 metabolism (Sharkey and
Berry, 1985; Desgolas-Gros and Fontugne, 1990) and is catalyzed by Rubisco on which
A.carboxylation is superimposed (Descolas-Gros and Fontugne, 1990). Recently,
Reinfelder et al. (2000) reported the presence of a G metabolic pathway in diatoms as
a means of C02 storage in the cells. Such storage system could be activated in
communities exhibiting light stress where the stored C02 could be released and fixed
by Rubisco when light is available. Activation of the G metabolic pathways will then
lead to increased 813C signatures since PEP uses HCO03 instead of C02 as a C-source
(Riebesell, 2000).

Also nutrient conditions can change the relative Importance of C02 and HCO03
demand (Turpin et al., 1991; Riebesell et al., 2000). Indeed, the production of the
whole range of amino acids requires three distinct C fixation reactions for the supply of
carbon skeletons, being the C02 fixation by Rubisco, the HC03 fixation by PEPC and
the HCO03' fixation by carbamoyl phosphate synthetase (CPS). In NH/ replete
conditions and in case metabolizable exogenous resources are lacking, assimilation of
NH/ depends on recent products of C02 fixation by Rubisco. In nutrient deplete
conditions, increased endogenous carbohydrate reserves supply the carbon skeletons
for amino acid synthesis (Turpin et al., 1991). As such, NH/ assimilation not longer
depends on photosynthetic C02 fixation and /i-carboxylation pathways Increase in
importance. The decreasing dependence of amino acid C derived from Rubisco
metabolism with decreasing nutrient concentrations thus results in an increase in the

813C composition of phytoplankton (Turpin et al., 1991; FouHland et al., 2002).

2.5.1.3. Fractionation during respiration

The fractionation during respiration is the third main factor affecting the 813C of
primary producers. Photorespiration can both increase or decrease SI3C of primary
producers since both 1302 as 12C02 is observed to be preferentially released during
respiration (O'Leary, 1981). Indeed, lvlev et al. (1996) and Igamberdlev et al. (2001)
measured considerable and species dependent in vitro isotope fractionation by the
glycine decarboxylase complex during respiration with values ranging between -8 and

+16%o0.
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2.51.4. Factors influencing SI3C of phytoplankton In the Scheldt estuary

In the Scheldt estuary, variation in the 813C signature of DIC is the most
important factor accounting for the variation in the 8*3 composition of phytoplankton
(Boschker et al., 2005). 5I3Coic signatures are low during winter due to a continuous
input of respiratory light C02and increase during the growth season due to preferential
removal of 102 during algal uptake. Moreover, S,3COc values increase gradually in
downstream direction due to the mixing with seawater which has enriched 813Coie
values compared to freshwater (Hellings et al., 1999; 2001).

Residual variation in S,3C of phytoplankton results from a combination of
variations in growth rate, cell size, species composition and ambient C02 concentration.
In general, overall fractionation during C02 uptake is smaller in the marine reaches
compared to the oligohaline reaches (Boschker et al., 2005). The downstream decrease
in fractionation results from an increase in phytoplankton growth rate, since growth
rates in the oligohaline reaches are suppressed by light limitation, and from the
downstream decrease in C02») concentrations (Boschker et al., 2005). Moreover, the
phytoplankton community in the oligohaline reaches consists of small green algae and
diatoms (Muylaert and Sabbe, 1999) while the relative contribution and the size of
diatoms increases in downstream direction (Muylaert and Sabbe, 1999; Boschker et
al., 2005). Since the silica containing cell wall of the diatoms might hamper the C02
flux through the cell wall, the enrichment of the internal C-pool may be larger for
diatoms than for non-diatom species, which would result in a decrease in the overall
fractionation in diatoms. In addition, fractionation is reported to decrease with
increasing cell size (Rau et al.,, 1996; 1997; Burkhardt et al., 1999a; 1999b), so that
an overall increase in the size of phytopiankton species will further decrease the overall
fractionation. In the freshwater reaches, both large diatom and small non-diatom
species dominate the phytopiankton community (Muylaert, 1999). Variation in 813C of
phytopiankton might thus result from varying contributions of both phytopiankton
groups to the phytopiankton community; when large diatoms dominate, the overall
8,3C signature of phytopiankton may be higher than when small, non-diatom species
dominate. In the high turbidity reaches of the estuary, light limitation might decrease
the overall fractionation during C02 uptake in diatoms exhibiting light stress via the

activation of the G metabolic pathway (Riebesell, 2000).
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2.5.2. N fractionation in primary producers

Generally, knowledge about the fractionation during assimilation of N for the
different N species is scarce compared to knowledge about fractionation associated
with carbon assimilation. Moreover, many studies measured the asslmilatory
fractionation of N for cultured species, but culture fractionation values often differ
substantially from the ones in the natural environment (Fogel and Clfuentes, 1993),
especially for NH/ uptake (Waser et al., 1998). Part of this discrepancy between
fractionation values found in cultures and in the natural environment can be related to
the fact that culture conditions rarely resemble these In the environment (Fogel and
Cifuentes, 1993).

The 81N signature of primary producers is mainly set by the SI5N signature of
the N sources, the fractionation during N-uptake (Hoch et al., 1994) and fractionation
during N-excretion (Yoneyama et al., 2001). Below, we present an overview of factors

influencing N isotopic signatures in primary producers.

2.5.2.1. 81N of N sources

The three main N sources for primary producers are atmospheric N2, N03 and
NH«+ (Yoneyama et al., 1993; 2001; Werner and Schmidt, 2002). The S1SN composition
of N2 is 0%c since It represents the standard for 81N (Mariotti, 1983) while the 8!SN
composition of N03 and N H/ is highly variable and is set by biogeochemical processes
such as denitrification, nitrification and biological uptake (Cifuentes et al., 1988).

During denitrification, anaerobic bacteria oxidize organic matter whereby NO3J
serves as the electron acceptor while N2-gas is produced (Cline and Kaplan, 1975). The
denitrification process discriminates against 19N so that N2 produced is depleted in 1SN.
Isotope fractionation values measured for denitrification vary considerably and appear
to be affected by environmental conditions. Generally, the magnitude of isotope
fractionation decreases with decreasing NOj' availability, increasing light levels or
growth rate of denitrifying bacteria and by increasing availability of C-sources relative
to the N-source (Wada, 1980). Isotope fractionations reported are 30-40% o (Cline and
Kaplan, 1975) and 28%o (Yoshida et al., 1989) for in situ ocean denitrification, 29.4 =
2.4%o0 at 20°C decreasing to 24.6 + 0.9%o at 30°C (Mariotti et al., 1981), 13.9%c
(Smith et al., 1991) and 22.5 + 0.6% o (Dhondt et al., 2003) for soil denitrification and
2 to 12%o0 for a culture of denitrifying bacteria (Wada, 1980).

The isotope fractionation value reported for a culture of nitrifying bacteria was

35%0 and did not change at varying N H/ concentrations (Mariotti et al., 1981). The
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range of fractionation values reported by Horrigan et al. (1990) for a coastal bay
system (12.7 - 16.0%0) was yet much lower.
N uptake processes discriminate against 15N (see below), so that the residual

pool of N will increase with increasing biological uptake (Cifuentes et al., 1988).

2.5.2.2. Fractionation during uptake

Uptake of NfV

a) Expression of fractionation during NH4* uptake

The extent of isotope fractionation expressed during uptake of NH4* varies
considerable between studies and both negative and positive fractionation values have

been reported (Table 2.5).

Table 2.5: Isotope fractionation associated with NH4* uptake

e System Reference

-9.7 to -5.3%o0 Batch culture Wada and Hattori, 1978
3.2 to 7%o0 Batch culture Wada, 1980

5 to 15%o0 Natural system Velinsky et al., 1991

20 to 30%0
3.6 to 12.6%0
10%o0

7.8 to 27.2%0

Natural system
Plants
Batch culture

Batch culture

Velinsky et al., 1991
Yoneyama et al., 1991
Hoch et al., 1994
Pennock et al., 1996

20%o0 Batch culture Waser et al., 1998

b) NH4+ uptake pathways

The magnitude of isotopic fractionation during NH/ uptake depends on the
mechanism of NH4* uptake through the cell membrane. There are two pathways for
NH4* uptake of which the Induction depends on the ambient NH4+ concentration. The
first pathway is responsible for the uptake of NH4* at concentrations >1000 A/mol.I"1
and consists of membrane diffusion (passive) of NH3 and Its subsequent assimilation
catalyzed by glutamate dehydrogenase (GDH). The second pathway consists of active

NH4* transport followed by glutamine synthetase (GS) catalyzed assimilation and is
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responsible for the major part of NH4+ uptake at concentration levels below 100 pmol.T
I. At ambient NH4+ concentrations between 100 and 1000 pmol.lI1, both pathways
contribute to uptake (Hoch et al., 1992).

c) Fractionation associated with the different steps during N H/ uptake

The different processes contributing to NH4t or NH3 uptake each have their
specific fractionation values. The fractionation due to deprotonation of NH4+ into NH3
and diffusion of NH3 is 19.2% 0 (pH 7) and 20%o0, respectively. Fractionation due to
active NH/ transport is not known (Hoch et al., 1992). The enzymatic fractionation of
GS and GDH Is strongly dependent on pH. Fractionation for GS changes from -10.8% o
to -2.8% o between pH 7.1 and 8.6 (Hoch et al., 1992), while the one for GDH changes
from -2%o to -19.2% o0 between pH 5.8 and 9.2, The negative fractionation of the
enzymes is a result of the reversible character of their activity so that 1N gets
concentrated In the molecule with the strongest bound (glutamate); (Fogei and

Cifuentes, 1993).

d) Factors affecting fractionation during NH4+ uptake

Finally, it is the fractionation associated with the rate limiting reaction during
NH,,* uptake that will ultimately be expressed (Hoch et al., 1992). The nature of the
rate limiting reaction is determined by the ratio of the NH4* demand to the ambient
NH4* concentration (Hoch et al., 1994), Moreover, if the N-demand is high compared to
the ambient NH4+ concentration, for instance for high growth rates (Wada, 1980;
Yoneyama et al.,, 2001), the opportunity of ISNH4* efflux will decrease and the
fractionation expressed will decrease (Yoneyama et al., 2001).

At high NH4+ concentration (>1000 pmol.I'l), GDH is the rate limiting step since
diffusion will be rapid compared to NH4+ demand so that isotopic equilibrium for
diffusion is attained and diffusion does not contribute to fractionation. The lower the
ambient NH4* concentration, the lower the flux toward the cell and the more the
diffusion will contribute to fractionation and the higher e. When diffusion does not
satisfy cellular N demand, the active NH4 transport systems is activated and NH4*
uptake by GS become the dominant enzymatic NH4* uptake mechanism. Between 1000
and 100 pmol.T1, when both uptake pathways are active, the expression of
fractionation reaches a maximal value of 27%o (Hoch et al., 1992; Pennock et al.,
1996). At concentrations below 100 pmol.I"1, fractionation decreases again and the
fractionation associated with both active transport and assimilation by GS will

contribute to the overall fractionation expressed. The importance of the active NH4+
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transport increases with decreasing ambient NH«* concentration. Under very low NH«*
conditions, part of the 15N depleted NH3that diffuses out of the cell into the boundary
layer is protonated and re-assimilated, which result in an additional decrease in the
fractionation expressed during NH«+ assimilation. As a result, fractionation during NH/
uptake can reach values as low as 4%o for NH/ concentrations of 20 pmol.I'1 (Hoch et
al., 1992). A similar phenomenon has been reported for plants, where 15N-depleted

NH4* released during photorespiration is re-assimilated (Yoneyama et al., 1993).

Uptake of NOv

Fractionation associated with N03‘ is smaller than for NH«\ This is probably due
to the smaller size of NH4+ molecules that provide a greater opportunity for
discrimination than the large NO03 molecules (Yoneyama et al.,, 1993). Overall

fractionation values calculated for N03 uptake vary between studies (Table 2.6).

Table 2.6: Isotope fractionation (e) associated with nitrate assimilation

o} System Reference

3 to 4%o

0.7 to 23%o0
5%o

0.4 to 14,8%o0
7%0

2.5%0

7 to 10%o0

0.9 to 12.1%o0
9.0%e

5.2%«

-3.2 to 5.1%o0
4 to 5%o0

7 to 10%«

5 to 7%«

2.2 to 6.2%«

Natural system
Batch culture
Natural system
Batch culture
Natural system
Natural system

Natural system

Continuous culture

Batch culture
Batch culture
Plants

Natural system
Natural system
Natural system

Batch culture

Cline and Kaplan, 197S
Wada and Hatton, 1978
Wada, 1980

Wada, 1980

Homgan et al., 1990
Altabet and Francois, 1994
Aitabet and Francois, 1994
Montoya and McCarthy, 1995
Pennock et al., 1996
Waser et al., 1998
Yoneyama et al., 2001
Karsh et al., 2003

Karsh et al., 2003

Lourey et al., 2003
Needoba et al., 2003
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a) Nitrate assimilation pathway

Uptake of NO03‘ through the cell membrane in plants and micro-organisms is
catalyzed by a special carrier system (Werner and Schmidt, 2002). In the cell, N03 is
transformed to NH/ by the nitrate and nitrite reductase reaction after which NH4* is
incorporated into organic compounds (e.g. amino acids) (Wada and Hattori, 1978;
Wada, 1980; Yoneyama et al., 1993).

b) Fractionation associated with the different steps during N03 uptake

Nitrate reductase discriminates against 1N (a maximum of 23%o was
calculated) while fractionation in the nitrite reductase reaction is negligible (Wada and
Hattori, 1978). The isotope effect associated with NO3 uptake through the cell
membrane is probably small (Wada and Hattori, 1978; Yoneyama et al., 2001). As a
result, the produced NH/ and consequently also amino acids are depleted in I5N while
ISN-rich NO3 1s accumulated and/or transported out of the cell (Yoneyama and Tanaka,

1999; Werner and Schmidt, 2002),

c) Factors affecting isotope fractionation during N03 uptake

When NO03 uptake through the plasmalemma is the rate limiting step, NO03
reduction reactions will not contribute to isotope discrimination because they are
unidirectional with total consumption of the substrate (Montoya and McCarty, 1995;
Schmidt, 1999). The high isotope fractionation associated with nitrate reduction will
only contribute to the overall fractionation if there is leakage of N03' out of the cell
(Needoba et al., 2003). On the other hand, if active transport of N03 Is sufficient to
maintain high intracellular N03 concentrations, nitrate reductase will be the major
contributor to isotope fractionation and 8 will be independent of the ambient N03
concentration (Pennock et al., 1996). If NO03 uptake through the plasmalemma
contributes largely to Isotope fractionation, diffusion toward the cell surface may make
a significant additive contribution to isotope fractionation so that cell motility of micro-
organisms may reduce the Isotope fractionation (Montoya and McCarthy, 1995;
Needoba et al., 2003).

Fractionation during N03 assimilation is reported to be inversely correlated to
growth rate (Wada and Hattori, 1978; Wada, 1980; Montoya and McCarthy, 1995)
although Needoba et al. (2003) did not find any relationship with growth rate. Factors
affecting growth rate such as light (Wada and Hattori, 1978; Wada, 1980; Needoba et

al., 2003) and Iron (Karsh et al,, 2003) limitation would increase the isotope
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fractionation expressed and thus decrease the 519N composition of primary producers.
The effect of light limitation on the fractionation expressed during NOT uptake results
from the fact that NO03 is an active process requiring light energy (Montoya and
McCarthy, 1995; Needoba et al., 2003), The effect of iron limitation can be explained
by the fact that nitrate reduction is catalyzed by two iron-containing enzymes (Karsh et
al., 2003). However, there are large inter- and intraspedfic variations in isotope
fractionation with changes in growth rate (Montoya and McCarthy, 1995; Needoba et
al. 2003). Nutrient limited growth rate would not affect fractionation (Montoyaand
McCarthy, 1995). When growth rate is not nutrient limited, increasing NOT
concentrations have been reported to result in increasing fractionation values (Wada

and Hattori, 1978; Yoneyama et al., 2001).

Uptake of NOT, urea and N2 fixation

Isotope fractionation values reported for the incorporation of NOT are 0.9%o
(Waser et al.,, 1998) and 0.7%o0 (Wada and Hattori, 1978). For the Incorporation of
urea, an isotope fractionation of 0.8%o0 has been reported (Waser et at., 1998). For Nj,
the enzyme nitrogenase catalyses the assimilation of N2 (Fogel and Cifuentes, 1993).
There is only a small fractionation involved in N2 fixation which is probably due to a

lack of backward reaction in certain steps of N2 fixation (Wada, 1980).

2.5.2.3. Effect of N release on the 515N of primary producers

The release of N-compounds by plants and micro-organisms can result in a
significant enrichment of the residual organic matter (Yoneyama et al., 2001). For
instance, the release of I4N-rich NH/ may cause 18N enrichment in the remaining
ureides of plants (Yoneyama and Tanaka, 1999). Isotope fractionation associated with
the release of NH/ by bacteria or protists has not been directly measured, but the
released NH/ is probably depleted In 15N by 3%o0 (Hoch et al., 1994). Also the release
of DON with low I5N content through excretion or cell lysis may increase the S1N of the
residual organic matter, which may be more important for slow growing phytoplankton

(Montoya and McCarthy, 1995).

2.5.3. Fractionation during C and N metabolism

Once CO: and NH/ are assimilated, additional fractionation may occur during

the metabolism of organic compounds when reactions implying kinetic isotope effects
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occur at metabolic branching points (O'Leary, 1981; Schmidt, 1999). The resulting
metabolites then have Isotopic compositions that differ from the ones of the overall cell
(O'Leary, 1981) whereby the final isotopic signatures of the metabolic groups are
determined by the pathway through which they are synthesized (Werner and Schmidt,
2002) and the relative yield of the end-products. Here, the end-product with the
highest yield will be depleted relative to the original source while the one with the
lowest yield will be enriched compared to the original source (Schmidt, 1999). The 8-
value of the overall cell will, however, remain equal to the original isotoplc signature of
the COj and NH/ assimilated (O'Leary, 1981; Hayes, 1993).

Generally, lipids are highly depleted in I3C compared to other organic
compounds, while the carboxyl group of amino-acids roughly equals the original 8 13C
(Abelson and Hoering, 1961). Also lignin is depleted in 13C compared to bulk material,
while proteins and carbohydrates (e.g. cellulose) are generally enriched in I3C
compared to total plants tissue (Fernandez et al., 2003).

Proteins are generally enriched in 15N, while chlorophyll, lipids, amino sugars
and alkaloids are generally depleted in IsN. All N containing organic compounds are
synthesized ultimately from glutamine. Fractionation during amino-acids metabolism
depends on the enzyme catalyzing the transfer of the NH2-group from glutamine
(Macko et al., 1986; Wemer and Schmidt, 2002). Moreover, fractionation involved in
transamination reactions differs according to the direction of the reaction (Macko et al.,

1986).

2.5.4. Fractionation during decay processes

Decomposition is a complex process involving dissolution of soluble substances
from cells, autolysis, deamination, ammonification, coagulation of dissolved substances
and bacterial growth (Wada, 1980). Potential mechanisms leading to changes in the
isotopic signal of degrading organic matter Involve preferential loss of isotopically
distinct fractions, kinetic isotopic fractionation during release processes (Lehmann et
al.,, 2002) and the addition of organic matter with different 8-values from bacterial
growth (Caraco et al., 1998; Lehmann et al.,, 2002). The fractionation reported for
mineralization of particulate organic nitrogen is 3-6%o0 (Montoya et al., 1992).

The difference in isotopic signatures of metabolic groups can be important in
case of preferential decomposition of molecules (Hayes, 1993). If one specific protein is
degraded relative to another, then overall isotopic composition of the bulk material can
shift in response to preferential decay or preservation of particular molecules (Harvey
et al., 1995; Fogel and Tuross, 1999). For instance, proteins and carbohydrates are

utilized more rapidly than lipids during degradation (Harvey et al., 1995). Also
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hydrolysis of peptides can aiso markedly increase the S!SN and SI3C composition of the
remaining organic matter (Bada et al., 1989). Isotope fractionations during hydrolysis
of peptides of 2.5 to 4%o (Silfer et al.,, 1992) and 10%o0 (Bada et al., 1989) have been

reported.

2.8.5. Cand N fractionation during transfer to higher trophic levels

Fractionation has been reported to occur both during the assimilation of C and N
compounds. The increase in 513C and 01N relative to the food source and per trophic
level averages 0.8 * 1.1% o (DeNiro and Epstein, 1978; Fry and Sherr, 1984; Vander
Zanden and Rasmussen, 2001) and 3.4 * 1,1°/» (MIlnagawa and Wada, 1984; Vander
Zanden and Rasmussen, 2001), respectively. The relative constancy of these values for
different habitats and for organisms with distinct metabolism makes that 013C and 615N
can be used both for food source as trophic level indicators (Fry and Sherr, 1984,
Minagawa and Wada, 1984). As a result, combining 8t3C and 615N measurements offers
the opportunity to clearly distinguish between consumer and producer groups and their
respective food sources.

The enrichment in 13C with trophic level results from the release of respiratory
CO: depleted in 13C (DeNiro and Epstein, 1978; Rau et al., 1983). However, large
deviations from the 0.8%o0 enrichment are reported in cases where animals have high
body-lipid content (Focken and Becker, 1998), which is known to be highly depleted in
13C (Abelson and Hoering, 1961).

The overall enrichment in 515N in organisms results from the higher fractionation
associated with the release of N-compounds during metabolism compared to the one
associated with N-asslmilation. Amino acids taken up from the food have been
deaminated during assimilation, a process discriminating against I5N, so that the amino
acids taken up are lighter than the bulk food (Macko et al., 1986; 1987). Then,
additional fractionation occurs during the catabolism of body-proteins for the excretion
of NH/. The net result is that organisms get enriched compared to their food source
(Ponsard and Averburch, 1999). However, it must be noted that enrichments higher
than 3.4%o0 can occur when organisms experience stress situations like fasting or
nutrient deficiency. In that case, nitrogenous compounds used for protein synthesis are
derived from catabolism of available proteins already enriched in 19N compared to the
food source which result in additional enrichment (Hobson and Clark, 1992; Hobson et
al., 1993).
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Material and Methods

3.1. Field sampling

Field samplings performed in the studies described in the following chapters fall
into three categories. First, between May 1999 and April 2001 a monthly sampling
campaign was conducted in the freshwater to mesohaline section of the estuary to
cover both spatial and temporal variation of the parameters under study. Second,
between February 2001 and July 2001 some additional sampling was done to extend
the study area to the polyhaline to marine part of the estuary. Samplings for these
campaigns were done on board of the vessels MS Veremans, Scaldis Il or Luctor.
Environmental data such as 02, pH, salinity, conductivity, temperature and ammonium,
nitrate, nitrite, and chlorophyll a concentrations were monitored on board in the frame
of the OMES project and provided by S. Van Damme and T. Maris (University of
Antwerp) or J. Middelburg (Centre for Estuarine and Marine Ecology, The Netherlands).
Third, between October 2001 and April 2003 an in situ experiment was carried out at a
freshwater station to study the seasonal patterns of some specific parameters into
more detail. Here, sampling and monitoring of physico-chemical parameters was

conducted from a floating pontoon attached to the river bank.

3.1.1. Suspended particulate organic matter

Suspended particulate organic matter (SPOM) for 013C, 815N, C/N analyses and
suspended particulate matter load (SPM) measurements was collected by sampling
surface water with a clean polyethylene bucket or a niskin bottle. The water sample
was thoroughly homogenized before a subsample was taken. Depending on suspended
matter load, 80 to 300 ml of water was immediately filtered in triplicate through pre-
weighted Whatman GF/C glassfiber filters (0 = 47 mm, nominal pore size 1 pm). After
filtration, samples were immediately frozen in liquid nitrogen or transported to the
laboratory in a cooling box. In the laboratory, samples were thawed and dried at 50°C
till constant weight. Concentrations of SPM were calculated based on the dry weight of
the suspended material collected on the filter and the volume of water filtered.
Particulate organic nitrogen and carbon (PON and POC) concentrations were calculated
based on the amount of organic N and C trapped on the filter and the volume of water

filtered.
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3.1.2. Zooplankton

Zooplankton was sampled by towing a 300 pm net below the water surface for
10 to 15 minutes and kept in filtered (GF/C, nominal pore size 1 pm) Scheldt water for
2 hours to empty their gut contents. A period of 2 hours largely exceeds the time
needed to clear the gut content of copepods since estimates of the gut clearance time
based on the linear regressions provided by Dam and Peterson (1988) range between
90 and 20 min for temperature ranging between 0 and 20°C. The Zooplankton sample
was then strained over a small 300 pm net cut-out (0 = * 7 cm) and frozen In liquid
nitrogen. In the laboratory, samples were stored at -80°C until analysis. Prior to
analysis, Zooplankton were thawed in distilled water, Copepods were hand-picked from
the detritus-rich sample whereby calanoid and cyclopoid copepods were grouped
together and dried at 50°C. An average of 300 to 800 copepods had to be pooled to

ensure reliable C and N Isotopic measurements.

3.1.3. Total alkalinity and s13coic

For the analysis of OliCmc, a penicillin flask of 25 ml (613Coic) was filled with
water collected in a clean polyethylene bottle while care was taken to avoid trapping air
bubbles. Bottles were rinsed 3 times with Scheldt water before the actual sample was
taken. 20 pi of a saturated HgCI3 solution was added to stop all biologic activity after

which the bottles were closed airtight and stored in a refrigerator until analysis.

3.1.4. Nutrients

Surface water samples for the analysis of NH/, NO]' and N02 were taken using
a polyethylene bucket. Samples were filtered through GF/C Whatman filters (0 = 47
cm, nomina! pore size 1 pm), and stored In 50 ml polypropylene bottles at -20°C until
analysis. NH/ was analyzed using the indophenol blue method. NO]' and N02 were

analyzed with the cadmium reduction method using a Technicon auto-analyzer.

3.1.5. Chlorophyll-a

Suspended matter for determination of chlorophyll a concentrations was
collected by sampling surface water with a dean polyethylene bucket. Depending on
suspended matter load, 120 to 250 ml of water was filtered in triplicate on Whatman

GF/C glassflber filters (0 = 47 mm, nominal pore size 1 pm). The filters were
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immediately transferred to a cooling box for storage at -80°C at arrival in the home
laboratory. Chlorophyll a concentrations were analyzed using the spectrophotometric

method of Lorenzen (1967) and calculated using following equation:

Chi a (pg/l) =k XF X(A°max - Aamax ) x

Where k = 11, the absorption coefficient of Chl-a
F = 2.43, the factor to equate the reduction in absorbancy to initial
concentration of Chl-a

A max ~ Amax “ A/SOnm,

Bmax = B nax - AT 600m
Amax = maximum absorbance of the sample at a wavelength X between 663
and 669 nm

A7soom = absorbance at 750 nm before acidification

Ax<omax = maximum absorbance at a wavelength X between 663 and 669 nm
after acidification of the sample with IN HCI

A*/sonm = absorbance at 750 nm after acidification

V = volume of the extract (ml)

\'

filtration volume (l)

3.1.6. 02 pH and temperature

During the in situ experiments, dissolved oxygen concentration, pH and
temperature were measured in situ using an Oi-meter (Thermo Orion 810A plus) and a

pH-meter (Thermo Orion 230A plus).

3.2. Pre-treatment of samples for §13C, S1SN and C/N
measurements

For 513C and C/N analyses of sediment or plant material, dry and homogenized
samples were transferred into silver cups to which a drop of HCI 1M was added to
remove all inorganic carbon. The samples were dried at 50°C for 24 hours before
closing the cups. Filter samples for c/Nspom and 6 13cSpom were sub-sampled using a
circle cutter of 14 mm and 10 mm diameter, respectively. Cut-outs were left In a HCI
acid vapor environment for 2 hours to remove carbonates and subsequently dried at

50°C for 24 hours, before being packed in tin cups.
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For the analysis of 5ISN of plants and sediment material and for 813C and 8 1N
analyses of animal tissue, dry and homogenized material was transferred into Sn cups.
Filter samples for 815N and PON contents were subsampled using a circle cutter (0 =
14 mm) before being packed in Sn cups.

In case of Zooplankton, the amount of samples obtained by handpicking was
usually small so that both 513C and 515N measurements had to be performed on the
same sample. Animal tissue did not require acid treatment since animal tissue does not
contain inorganic carbon. Moreover, addition of acid can affect the StSN composition

(Bunn et al., 1995).

3.3. Laboratory analyses

3.3.1. CJ/N ratio, PON and POC content

Measurements of C/N ratios and organic contents of nitrogen and carbon were
conducted using a Carlo Erba NA 1500 elemental analyzer (Nieuwenhuize et al., 1994).
This instrument converts all particulate C and N to a purified stream of C02and N2 gas
through combustion.

Samples, packed in Sn or Ag cups, are introduced in a combustion column at
1010°C, containing chromium trioxide (Cr20j) and silver-coated cobaltic oxide
(AgCoso0<) as oxidation catalysts. Under excess of ultra-pure 02 samples are flash
combusted (temperature rises to 1700°C) to €02, NO*, HD, sulphur and halogenated
gaseous compounds. A constant flow of ultra pure helium flushes the gasses through a
combustion and reduction column, a water trap and a chromatographic column.
Halogenated gasses are retained by the silver coating on the cobaltous oxide in the
combustion column. The reduction column contains Cu which retains all excess 02 and
reduces NO« to N2 forming CuO. The remaining C02, N2 and H20 gasses are swept over
a magnesium perchlorate filter to remove the water vapor. C02 and N2 are separated
by the gas chromatographic column while a signal proportional to their concentration is
generated by a thermal conductivity detector (TCD). The C02 and N2 peaks on the gas
chromatogram are subsequently integrated using the Eager200 software. The
conversion of the sample peak area to POC and PON concentrations is obtained by a
conversion factor K, which is determined based on the peak area of the reference
material acetanilide (CsH9ON), its C and N composition (C: 71.09%, N: 10.36%) and

the amount of reference material analyzed. In case filters were analyzed, PON and POC
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concentrations are back-calculated using the ratio filter cut-out/whole filter and the

filtered volume.

3.1.1. 5i3C and 81SN measurements

815N and 513C measurements were performed using both a manual and an
automated procedure. The manual method consists of the off-line cryogenic purification
of C02 and N2 gasses produced by combustion in the NA1500 elemental analyzer and
subsequent measurement on a Delta E isotope ratio mass spectrometer (IRMS). A
complete description of the manual method can be found in Marguillier (1998), Hellings
(2000) and Bouillon (2002). Automated 813C and SI5N were performed using a Thermo
Finnigan DeltapusXL IRMS connected to an elemental analyzer (EA) (Flash series 1112)
by a continuous flow interface (Finnigan Confio Ill). Here, isotope ratios of samples
and standards were calculated relative to a reference working gas (C02 or N2) with a
fixed O-value being S13C = 29.2%® for C02 and 5ISN = 0.0%o0 for N2. The 8-values of
these gasses were chosen arbitrarily, but close to the real value. The isotopic
composition of a sample, measured relative to the working reference gas, varies
linearly with Increasing deviation between the pressure of reference working gas and
sample. Therefore, in order to accurately correct for this linear variation, reference
material with accurately known isotopic composition was analyzed in replicate (* 5)
whereby the amplitudes of the N2and C02 peaks of the reference material spanned the
range of sample amplitudes. Measured values of samples and reference material were
first blank-corrected, taking into account isotopic values and relative masses of sample
or reference and blank cup, after which a correction for deviations due to linear
variation was performed. Finally, a last correction corrected for the deviation between
the real value of a sample and the one that was measured relative to the arbitrarily
chosen 8-value of the reference gas by using the known isotopic signature of the
reference material.

For the measurements of S1N, reference materials used were IAEA-N1: 815N =
+0.43 * 0.7%o0 and IEAE-N2: S1SN = +20.41 * 0.12%o0. For SI3C measurements IAEA-
C6 (sucrose): 813C * -10.4 £ 0.1%o0 was used as reference material.

The repeatability of repeated measurements of the reference material (n = 5 to
8) was <0.1%o0 for S13C and S1SN of plant material, sediments and animal tissue. For
glassfiber filters, which are difficult to combust, precision decreased to <0,3%o0 and

<0.2%o for 8ISN and S13C measurements, respectively.
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3.1.2. 8§ 13C pic

For the 8 13c Dc measurements, two procedures were used. The first procedure is
a manual method modified from Kroopnick (1974) and is described in detail in Hellings
(2000) and Bouillon (2002). In the second procedure DIC measurements are
automated by injecting C02 sample and standard gas directly in the elemental
analyzer. Samples are prepared following a modified method of Miyajima et al. (1995):
5 ml of helium is injected in the penicillin bottle to create a head-space in the bottle
while the same amount of water is simultaneously removed with a syringe. All DIC is
converted to C02 by injecting 250 p\ of pure ortho-phosphoric acid in the bottle. Bottles
are shaken and kept on their side to prevent accidental C02 exchange with the air
through the injection hole and kept overnight at room temperature to allow the
conversion to C02to complete. Prior to injection of C02into the EA, a syringe is flushed
with helium to prevent air C02 to be trapped in the syringe. Sample gas from the
headspace, consisting of a mixture of He, C02 and H20, is subsequently injected in an
injection tube located between the reduction column and the water trap of the EA. The
carrier gas (He) flushing the EA sweeps the gasses over the magnesium perchlorate
filter to remove the H20 vapor while C02 is transferred to the IRMS. Injections of
standard C02 gas, of which the exact 813C composition is measured relative to MAR 1
(CaC03 laboratory standard, calibrated against the certified carbonate standard NBS
19), are used to correct for deviations relating to the use of reference working gas with
an arbitrarily chosen 8‘3C composition, The repeatability of repeated measurements of

reference material was <0.2%o.
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Autotrophic versus heterotrophic food sources of copepods

4.1 Introduction

Estuaries are aquatic systems typically carrying large amounts of organic matter
from allochthonous and autochthonous origin. The presence of large amounts of
organic matter leads to high bacterial production supporting heterotrophic food chains
(Azam et al.,, 1983; Findlay et al.,, 1991). In aquatic systems showing a gradient of
decreasing suspended matter load, the relative importance of heterotrophic feeding
decreases favoring autotrophic grazing (Koski et al., 1999). The autotrophic food web
is then characterized by a phytoplankton-copepod link, while in the microbial loop
bacteria, ciliates and flagellates are the dominant food items (Azam et al., 1983; Koski
et al., 1999).

The Scheldt estuary is characterized by high suspended matter loadings, with
maxima up to a few 100 mg per liter In the maximum turbidity zone situated in the
mixing zone of freshwater and seawater (Chen, 2003). The suspended matter load
declines towards the mouth of the estuary (Chen, 2003), which suggests that there
should be a gradual increase in the importance of the photo-autotrophic food chain in
downstream direction. Indeed, Hummel et al. (1988) and Hamerlynck et al. (1993)
reported on the existence of two distinct food chains in the Scheldt estuary: a detritus-
based food chain in the mesohaline reaches, situated roughly between 40 to 60 km
from the mouth of the estuary, and a photo-autotrophic food chain in the lower marine
reaches (between km 20 and km 0). Reports on food webs are lacking for the zone
between km 40 and 20 (Hamerlynck et al., 1993) and the oligohaline zone upstream
from km 60 (Soetaert and Herman, 1994) since the copepod community was nearly or
completely absent in these sections of the estuary. The absence of the copepod
community in the oligohaline zone upstream of km 60 was merely due to the prevailing
anoxic conditions (Soetaert and Herman, 1994). During the nineties, the 02
concentrations in the Scheldt system improved due to enhanced wastewater treatment
(Van Damme et al., in press). As a result, the copepod biomass increased drastically in
the zone upstream of km 60 (Appeltans et al.,, 2003) and has increased by two orders
of magnitude compared to the sixties (Tackx et al., in press). Nowadays both calanoid
(Eurytemora affinis and Acartia tonsa) and cyclopold copepod (mainly Acanthocyclops
sp.) species reside in this section (Azemar, unpubl. res.). The calanoid E. affinis has
even penetrated the freshwater reaches (Appeltans et al., 2003). In the mid-nineties, a
heterotrophic food web has been described for the freshwater and oligohaline reaches
in which cyclopoid copepods were assumed top-predators. However, their role as
grazers of phytoplankton is not exactly known (Muylaert, 1999).

The high loads of detritus in the Scheldt estuary led Hummel et al. (1988)

assume that the calanoid copepods Eurytemora affinis and Acartia tonsa fed mainly on
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detritus. Acartia species are mainly omnivorous, although with an increasing
preference for motile prey like ciliates and flagellates as turbulence Increases
(Rollwagen Bollens and Penry, 2003). Also E. affinis switches to a more carnivorous
feeding mode when suspended matter concentrations increase (Gasparini and Castel,
1997). However, a more recent study of the food selection of E. affinis in the Scheldt
estuary has shown that E. affinis can feed very selectively on phytoplankton, even in
extreme turbid conditions (Tackx et al., 2003). Thus, the presence in the freshwater
and oligohaline reaches of calanoid copepods would imply that there is an adequate
pelagic food web operating there, with autotrophic and heterotrophic components.

Stable C and N isotopes offer an interesting tool to investigate heterotrophic and
autotrophic feeding patterns since consumers reflect the isotoplc composition of their
prey within the range of a few units. Because of the constant fractionation between
animals and their prey, comparisons between isotopic signatures of animal and prey
reveal both diet and trophic level Information {Chapter 2). However, the isotopic
signatures of small organisms such as copepods and their prey may vary considerably
since short-living organisms with high tissue-tumover rates have the potential to
rapidly reflect variation in C and N isotopic signatures of their food substrates (Goering
et al., 1990; Montoya et al., 1990; Leggett et al., 1999; Grey et al., 2001; Vizzini and
Mazzola, 2003).

Earlier studies on the isotopic signature of SPOM in the Scheldt estuary already
reported on the highly variable nature of the o 1sNspon and 8 13cspom signatures, induced
by the presence of phytoplankton thriving on inorganic substrates with highly variable
isotopic composition (Mariotti et al., 1984; Hellings et al., 1999). We may thus expect
Zooplankton isotopic signatures to show considerable spatio-temporal variation in the
Scheldt estuary.

Our main objective is to investigate spatial and seasonal variation in the
Importance of heterotrophic and autotrophic food sources of calanoid and cyclopoid
copepods. Therefore, we Investigated the monthly variation of C and N isotopic
signatures of copepods at different stations along the salinity gradient and related their
isotopic signatures to the ones of SPOM to check if changes observed in isotopic
signatures do originate from natural changes in the isotopic composition of the food
sources or from changes in the autotrophic and heterotrophic sources at the base of

the food web.
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4.2 Material and Methods

Samples for the determination of 813C, S1N of Zooplankton and S13C, S1N of C/N
of SPOM were collected at 4 stations along the Scheldt estuary during longitudinal
transects in the frame of the OMES project (Figure 4.1). Stations S| (freshwater
section) and S4 (mesohaline zone) were sampled monthly between May 1999 and
March 2001 (S4) or April 2001 (S1); stations S2 and S3 (oligohaline zone) were
sampled monthly between October 1999 and March 2001. Detailed descriptions of the
sampling procedure for suspended matter and Zooplankton and the analysis of 8,3C,
81N and C/N are provided In Chapter 3.

Environmental parameters (ammonium, nitrate, nitrite, 02 temperature,
conductivity, suspended matter load, particulate organic carbon and nitrogen load and
Chi a) were monitored during the same cruises used for SPOM sampling. Data of
nutrients, 02, temperature and conductivity and data of Chl-a, suspended matter load
and particulate organic carbon (POC) and nitrogen (PON) load were kindly provided by
S. Van Damme (University of Antwerp) and J. Middelburg (NIOO-CEME, Yerseke),
respectively. Discharge data, measured at Schelle (km 90), were obtained from
Taverniers (1999; 2000; 2001).

Correlations between 813C and 8ISN of SPOM, copepods and environmental

parameters were investigated using Spearman Rank correlation statistics.

The Netherlands

North Sea

S4
Jon 57

km 78
Belgium

Durme
Rupel

km 97

10 luti

Figure 4.1: Map of the Scheldt estuary showing the sampling stations S| to S4 and their
respective distance to the mouth of the estuary.
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4.3 Results

4.3.1 Environmental parameters

Ambient O: concentrations were highest during winter and decreased
considerably during summer (Fig. 4.2; Table 4.1). Nutrient loads were high with NO]
as the dominant N-species. NH/ concentrations were lowest and NCV concentrations
highest during summer, while NOs' concentrations showed a minimum during autumn.
At station S4, O: conditions improved and NH,+ and NO:' concentrations lowered due to
the mixing of Scheldt water with 02-rich and nutrient poor seawater.

Phytoplankton blooms occurred in spring and early summer (downstream area)
or In spring and mid-summer, early-autumn (upstream reaches) with maximum Chl-a
concentrations up to 10 pg.l1and 140 pg.l'1 in the downstream and upstream area,
respectively. Suspended matter load was high, ranging between 20 and 345 mg.I"1 with
highest values observed at S2. C/N ratios ranged between 5.1 and 13.7 and showed no
specific seasonal pattern at any station. Overall POC and PON concentrations were
highest at station S2. During the course of the sampling period, discharge varied

between 53 and 315 m*.s'1, with highest values observed during winter.

Table 4.1: Range of values (min-max) of ambient parameters at stations S| to S4 of the Scheldt
estuary (1999-2001).

Sl S2 S3 S4
Temperature (°C)J 6.1 - 23.6 6.4 - 23.S 5.8 -224 6.3 - 223
Conductivity (pS.cm1)* 710- 1156 694 - 1791 669 - 14390 2160 - 22100
0O, (mg.I')* 0.3-7.6 0.5-7.7 0.2-7.0 3.6-35.6
NH« (pmol.l1)* <6-407.1 <6 - 335.7 <6 - 235.7 <6-114.3
NOj (pmol.r1)* 100.0 - 464.3  200.0 - 471.4  228.6 - 392.9 221.4 - 4143
NO0Z (pmol.I1)* 8.6 - 90.7 8.6-45.7 <6 - 34.3 21 - 13.6
SPM load (mg.r1)® 20,0 - 344.5 16.8 - 129.1 16.0 - 177.6
Chl-a (pg.r)* 3.2 - 139.6 1.1-69.1 1.0 - 9.5
POC (mg.I'1) 4 1.7- 15.0 1.2-73 0.5-7.6
PON (mg.I*1)“ — 0.1- 1.6 0.1- 0.7 0.1-0.7
C/N*«, 6.6 -10.8 5.1 - 10.0 6.0 - 11.7 7.5-13.7
Discharge (ms.s'‘) ¢ S3 - 315

— :no data

*: data source: T. Marts, University of Antwerp, Belgium, pers. comm.

6: data source: J. Middelburg, NIOO-CEME, The Netherlands, pers. comm.
c: data source: Tavemiers (1999; 2000; 2001)



Autotrophic versus heterotrophic food sources of copepods

26 25
Temperature1 51 Conductivity*
52 E 20

S4

JJASO NOJooFMAMJ JA SON DJoif MA J JASONDJoOFMAMJ JASON DJoif MA
10 350
Discharge'
300
250
— 200
150

in 100

JJASONDJOFMAMJ JASON DJoiF MA J JASONDJooF MAMJ JASON DJOIFMA
400
SPM load'
300
250
200
150

100

J JASONDJOOFMAM J J ASONDJOIFMA

Figure 4.2: Monthly variation of environmental parameters at stations S| (grey diamond), S2
(triangle), S3 (circle) and S4 (black diamond) of the Scheldt estuary (1999-2001).

*: data source: T. Maris, University of Antwerp, Belgium, pers. comm.

*: data source: J. Middelburg, NIOO-CEME, The Netherlands, pers. comm.
c: data source: Tavemlers (1999; 2000; 2001)
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4.3.2 Seasonal variation in copepod 513C and 515N signatures

4.3.2.1 515N patterns of cydopoid copepods

Cyclopoid copepod 5,5N signatures showed large seasonal variability at all
stations (Fig. 4.3). A comparison between the general seasonal patterns of 515N of
cyclopoid copepods (5 15Ncyc) showed that station S| differed from other stations. At S|,
we observed a gradual increase in 815Ncrc between early summer and winter with
5IsNevc values remaining relatively stable in winter (January-March 2000) and summer
(June-September 2000). At stations S2, S3 and S4, 815N signatures of copepods were
highest during summer and lowest during winter-early spring, but the summer increase

was less pronounced at S2.

M3 3 As o NpiooF MAM3 jAsoO 28 MJJ ASONDJooFMAM J J ASON DJoiFM
[ R B O T T R B B B
26
Cydopokls Sl 2% s2
A - Calanolds 22
20
18
16
14
12
m 10
8
6
4
2
o
-2
++++ -4
24
14 14 2
12"2
10
MJ J ASONDJOOFMAM J J A SON DJoiFM MJJ ASONDJooFMAM JJ A SON DJoiFM

Figure 4.3: Seasonal variation in 513N of cydopoid and calanoid copepods at stations S| to S4 of
the Scheldt estuary (1999-2001).

4.3.2.2 8 15N patterns calanoid copepods

At S| and S2, the SI5N signatures of calanoid copepods (81SNM|) were similar to
the ones of the cyclopoid copepods (Fig. 4.3). At S3 and S4, 81Nai signatures were
generally enriched in ISN compared to 8ISNcwc. The general 815N pattern of calanoid

copepods was quite similar to the one of cyclopoid copepods, but the increase in 81N
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started slightly earlier in the season; at S3 and S4, s 15NMi increased sharply during
spring while 815Ncye values increased only during summer. 815Ncai showed an overall

decrease in autumn with minimum values reached in winter.

4.3.2.3 813C patterns of cyclopoid and calanoid copepods

813C values of copepods were highly variable at all stations (Fig. 4.4). The 8 13C
signature of cyclopoid copepods (813Ccyc) did not show a consistent seasonal pattern,
except at S4 where 813Ciyc and 8I13Cai were dearly lowest during late-spring, early-
summer. 8 13C signatures of calanoid copepods (8 ,3Ccoi) were highest during winter and
lowest during the growth season, which extends from spring to late summer at S1, S2
and 83 and from spring to early summer at S4 (Van Spaendonk et al.,, 1993;
Kromkamp et al., 1995; Muylaert et al., 2000a).

At S1, 813Cc« values were slightly depleted compared to 8I13Ccyc values. At S3,
813Ccai values were highly enriched relative to 813Cc,c during the winter of the second
year. During the summer of the second year at S4, the opposite was observed; here,

OI3Cc'c values were enriched relative to the ones of 8'3Cai.

MJJ ASONDIMFMAM ) JASON DJciFM A
[T R R O A VA R R A VIR B A |
-7 - Cyclopoida S

-*m* Calanoids

-

ITHTTH TU LITTTH TH LT
ii s<

Figure 4.4: Seasonal variation in 813C of cyclopoid and calanoid copepods at stations S| to S4 of
the Scheldt estuary (1999-2001).
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4.3.3 Seasonal patterns of s i:xsrov and s 13c srow signatures

4.3.3.1 8 I5Nspom

The S19N composition of SPOM showed considerable seasonal variation at all
stations but the seasonal pattern differed between stations (Fig. 4.5; Table 4.2).

During the first year, 818N values at stations S|, S2 and S3 were initially low
(June 1999) but increased to a maximum in September (S1), July (S2) or August-
September (S3). At SI and S3, 813NSpam values dropped sharply during October and
remained low during winter. At S2, however, 01s5nsPov values decreased gradually
between July and October. Station S4 differed from the other stations as 8 15N spom
values were initially high (June 1999), decreased slightly during July and remained
relatively stable till November 1999.

During the second year, 8 15N srom values at S| first decreased to a minimum in
April after which they gradually increased till September. At S2 and S3, s 15nspom values
also decreased during late winter and reached a minimum in March, i.e. one month
before the 8 ‘S5Nspc’t minimum at S|. At stations S2 and S3, however, S'SN values did
not increase gradually, but increased to a first maximum in April-May, decreased
shortly during June and reached a second, higher maximum in September (S2) or
August (S3). s1snspon subsequently decreased at all three stations to a second
minimum in October, after which values started to increase again. 8 ISNspon at stations
82 and S3 showed a winter maximum in January. At S1, this maximum was observed
2 months later in March. At station S4, s 1snsrom values showed a different seasonal
pattern: s snsrom values increased gradually between January and June 2000, while the
spring minimum was lacking. During July and August 8 15N srom shortly decreased and a
second, lower maximum was observed during September-October. On from November,

values started to decrease again and remained stable till early spring of the next year.

4.3.3.2 S 13C sPoM

s13cspom values at stations SI, S2 and S3 were low during summer and
increased between summer and winter (Fig. 4.5). At station S4, however, overall
8 13c spom were higher and less variable. Here, only two clear 8 13c spom maxima (January

2000 and March 2001) and one minimum (June 2000) were observed.
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Table 4.2: Average and range of 515NSIOm and 613Cspo» signatures at stations S1, S2,
S3 and S4 of the Scheldt estuary (1999-2001).

515Ns*0*i CM») (%)
average range average range
Sl +4.8 -0.7 to +13.8 -29.1 -31.1 to-27.1
52 +6.2 +0.5 to +14.6 -28.9 -30.8 to -27.1
S3 +6.0 +1.3 to +11.9 -28.3 -30.5 to -26.7
54 +8.9 +2.3 to +15.1 -27.0 -29.3 to -23.7
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Figure 4.5: Seasonal variation in the 5 15N spom (left)
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4.4 Discussion

In the following discussion, calanoid and cyclopoid copepod isotopic signatures are
compared with the ones of bulk SPOM. In case isotopic signatures of copepods and
SPOM show similar seasonal patterns, this reflects either that copepods select for a
food source that also accounts for the seasonal variation in SPOM, or that copepods are
omnivorous and have no selective feeding behavior. The latter possibility is, however,
unlikely, since it has been shown that Eurytemora affinis, Acartia tonsa and
Acanthocyclops sp., the dominant calanoid and cyclopoid copepods in the Scheldt
estuary, respectively, display selective feeding patterns (e.g. Gasparini and Castel,
1997; Rollwagen Bollens and Penry, 2003; Tackx et al., 2003).

Thus, for each station, we will first determine which component of the SPOM
pool accounts for the major part of the seasonal variation in 8 13cspom and o 15N SpoH.
Then, we will compare the seasonal patterns of the N and C isotopic signatures of
SPOM, cyclopoid and calanoid copepods. Finally, we will investigate if copepod feeding

preferences change along an estuarine gradient.

4.4.1 Sources of variation in 51SN and 513C of SPOM

4411 8 15N sPoH

The seasonal patterns of 8 'sns«<wm at S1, S2 and S3 differed from the one at 54
and were mainly related to the variation in NH<* (Spearman Rank, SI: -0.63; S2: -
0.70; S3: -0.82; Table 4.3). At station S4 the variations in 81N of SPOM were
significantly correlated with variations in the Chl-a concentration (Spearman Rank; Chl-
a, 0.79; Table 4.3). Variations in phytoplankton biomass (Chl-a) explained only 54%o0

of the variation in 8 15N spom at S3 (Table 4.3) and did not correlate with 8 15nspom at S2.
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Table 4.3: Overview of the significant correlations (bold) between, S15Nsrom and S13CspoH as revealed by a

Spearman Rank correlation test.

S 1SN » oH

NH«*

NO,"
Temperature
02
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C /N spoM
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Temperature

o *
Chl-a

Discharge

C /N spom

NO2- T
NOu-

NH«*

Sl
n
18
18
19
19

19
18

19

Sl

19
19

19
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18
18
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A detailed investigation of the variation of Ch!-a and 5isNspom at S2 shows that
the lack of correlation between Chl-a and ¢,5N spom resuits from the fact that high Chl-a
concentrations coincide with low 51sNSrom values In spring and with high S‘5NSrom In
summer. Cifuentes et al. (1988) found that phytoplankton can decrease or increase the
815N composition of SPOM, depending on the history of processes acting on the NH4+
pool. Since NH4+ Is the preferred N-source for phytoplankton in the Scheldt estuary
(Mariotti et al., 1984; Middelburg and Nieuwenhuize, 2000; De Brabandere et al.,
2002) and since 8 1sNs(>om correlates with NH4+ at all stations, processes acting on NH4*
will probably also determine the s5isnspom of the Scheldt estuary. IMIV consuming
processes such as microbial uptake and nitrification affect the 519N signature of NH4+
due to the large fractionation involved during NH4* assimilation. Fractionation during
phytoplankton uptake ranges between 5 and 30%o in natural systems (Velinsky et al.,
1991), tending towards the higher values when NH4* concentrations are >20 /umol.lI"1
(Cifuentes et al., 1989; Pennock et al., 1996), as is mostly the case for the Scheldt
estuary. During the spring bloom, NH4+ concentrations are high (Fig. 4.2) with 8 ‘5NH4*
signatures averaging +10%o (Mariotti et al., 1984; Chapter 5). Under such conditions,
fractionation is fully expressed and phytoplankton assimilating NH4+ would have 51N
values as low as -20%o0. The presence of phytoplankton in the suspended matter pool
will consequently lower the 6I5N composition of SPOM, which has a value of
approximately +3%o in case allochthonous matter is the only component (Middelburg
and Nieuwenhuize, 1998, Fisseha, 2000). However, 6 1NH4i can increase rapidly in
closed or semi-closed systems due to the large fractionation related to wuptake
(Velinsky et al., 1991) and nitrification (Horrigan et al., 1990; Chapter 5). Such
Increase will be most pronounced during the growth season when the increasing N
demand will exhaust the NH4+-pool. Phytoplankton assimilating this IsN-rich NH4+ may
then increase the 615N of SPOM.

At S3 and 54, where Chi a correlated significantly with 51sN5pom NH4* also
correlated negatively but weakly with Chi a (Spearman Rank, R=-0.57; p<0.01 for
both S3 and S4), indicating that phytoplankton blooms in most cases coincide with low
ambient NH4* concentrations. Phytoplankton will thus consistently draw from a reduced
NH4* pool so that the bloom periods at these stations will always be characterized by
enriched 81INSXM signatures. The highest enrichments are found at S4 which is
situated downstream from the main nitrification zone (de Bie et al.,, 2002a;
Vanderborght et al., 2002) so that the NH/ will be strongly reduced compared to the
upstream stations (Fig. 4.2) and remnant NH4+ will be more enriched in ,SN. The low
NH4+ concentrations at 54 also enhances the uptake of N-forms other than NH4* as

reflected in the correlation between 8ISNSMand NO03 (rank -0.53, p<0.05; Table 4.3).
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The importance of NO03 as an N-source for phytoptankton at S4 probably contributes to
the fact that s 1sNnspom is only to a lesser degree correlated with NH4+.

Thus, the 815N signature of SPOM at stations S2, S3 and S4 may be mainly set
by seasonal variations In the abundance and isotopic composition of phytoplankton. For
completeness, it must be noted that 8ISNS\Mwas also positively correlated to the C/N
ratio of SPOM at S2 and S3 (Spearman Rank; 0.49, p<0.05 for both stations. Table
4,3), Thornton and McManus (1994) and Owens (1985) reported an increase of
8 ‘INSIM coinciding with an Increase in C/NSMas a result of microbial mineralization of
organic nitrogen (Owens, 1985). Thus, microbial mineralization could be an additional
source of variation of § NS at stations S2 and S3.

4.4.1.2 8n CspoM

At S2 and s3, 81Xsro« was mainly related to temperature and Chl-a with
overall decreasing 8 13cspom values as temperature and Chl-a increased (Table 4.3). At
S4, 8,3cspom was mainly related to Chl-a, although Chl-a explained as much of the
variance of SISNS0Omat S4 as it did at S2 and S3 (rank values are -0.59; -0.58 and -
0.60, respectively; Table 4.3). The decrease in 813cspom during the growth season
resulted from the increasing importance of phytoplankton biomass, since
phytoplankton has strongly depleted S13C signatures due to the continuous input of
isotopically light C02 (Hellings et al.,, 2001) produced during heterotrophic processing
of plant and phytoplankton detritus (813C = -28.4%o; Hellings, 2000) and domestic
sewage (813C = -25.3%o0; Fisseha, 2000) and due to the large isotope fractionation
associated with COj uptake. Indeed, the fractionation during phytoplanktonic CO?
uptake has been reported to range between 10.9 - 11.7%o0 (Boschker et al.,, 2005) and

23.0 + 1.4%o0 (Hellings, 2000) for the Scheldt estuary.

4.4.2 Evidence of selective feeding by calanoid and cyclopoid copepods

Trophic fractionation between copepods and their food sources averages 4*1% o
and I1*1% o during N (eu) and C (£c) assimilation, respectively (Checkley and
Entzeroth, 1985; Checkley and Miller, 1989; Goering et al., 1990; Montoya et al.,
1991; 1992; del Giorgio and France, 1996; Wu et al., 1997 and Breteler et al., 2002).
Correcting 815N and 813C of copepods for this trophic fractionation should give 818N and
8,3C values that approximate the ones of SPOM if copepods feed unselectively on bulk
SPOM. However, after correction, 810N and 513C signatures of copepods still differed
strongly from the ones of SPOM while strong seasonal variations were observed at all

stations (Figs. 4.6 and 4.7). At S| during summer, corrected 8I5N values of calanoid
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and cyclopoid copepods were lower than s8isnsepom after correction for trophic
fractionation, while in spring S1SN values of copepods were higher than O1Nsk>m At S2,
corrected S1N values of calanoid and cyclopoid copepods were higher than S15NSpom
during winter and lower than 8 15sNspom during the other seasons. At S3, corrected S15N
values of calanoid and cyclopoid copepods mostly exceeded Si5NSom, a pattern that
was most pronounced for calanoid copepods. At S4, corrected 815N values of calanoid
copepods largely exceeded 8 15Nspom. The increase in SI5N signatures of calanoids
relative to 8 1NSwo« reached its maximum during the summer months with 515N values
of calanoids that were up to 4+ x en higher than o 15Nspo» (July 1999). The deviation
between corrected s 5N values of cyclopoid copepods and 8 1sNnspom was less pronounced
than for calanoid copepods and both positive and negative deviations were observed.
Corrected SnC values were much lower than SnCSoM a pattern almost consistently
observed at the four stations.

Thus, the difference between the 015N and 5nC signatures of copepods and
SPOM differed significantly from what could be expected if bulk SPOM was the food
source of copepods. This indicates that bulk SPOM as such, is not the food source of

calanoid and cyclopoid copepods.
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Figure 4.6: Upper half of each graph: Seasonal variation in 815N of SPOM, cyclopoid and calanoid
copepods at stations S| to S4 of the Scheldt estuary (1999-2001). Lower half: Difference between
815N of cyclopoid and calanoid copepods and 815N of SPOM at stations S| to S4, after correction for

trophic fractionation (4*1% o); i.e. A6IsN =

- e*) - 515\spom
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Figure 4.7: Upper half of each graph: Seasonal variation in S13C of SPOM, cydopoid and calanoid
copepods at stations S| to S4 of the Scheldt estuary (1999-2001). Lower half: Difference between
515C of cyclopoid and calanoid copepods and 015C of SPOM at stations S| to S4, after correction for

trophic fractionation (I1£1% o0); l.e.A51)C = - Ec) - 613Csroi.
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4.4.3 Primary food sources of calanoid and cyclopoid copepods

Similarities between the seasonal patterns of the 518N signatures of SPOM and
copepods may indicate that the ultimate food source of copepods is also the primary
source of variation in 615N of the SPOM pool. Since we suggested that phytoplankton
might be the main factor affecting the S1SN signature of SPOM, parallelisms between
S1N of SPOM and copepods would thus suggest that phytoplankton is the primary food
source of copepods. However, heterotrophic bacteria will show a similar seasonal 615N
pattern as phytoplankton when growing on phytoplankton-derived dissolved organic
nitrogen (DON). These heterotrophic bacteria will probably be depleted in 1N
compared to phytoplankton since DON is depleted In 1SN relative to its substrate and
bacteria preferentially assimilate 14N-DON (Hoch et al., 1996). DON is mainly produced
via sloppy feeding and passive release by Zooplankton (Hoch et al., 1996; Van den
Meersche et al., 2004), via bacteria processing detritus and via the passive release by
living phytoplankton (Van den Meersche et al.,, 2004). DON concentrations can be high,
especially at the end of a bloom period (Bronk and Glibert, 1993). The IsN-depletion of
bacteria will be even more pronounced if bacteria obtain DON from the processing of
phytodetritus instead of via the passive release by phytoplankton. Indeed, successive
generations of phytoplankton are increasingly enriched in ,5N due to a gradual
exhaustion of the NH4* pool and the enrichment of the NH«+ due to fractionating
consumption processes.

Phytoplankton is strongly depleted in 13C relative to SPOM (Hellings et al.,
1999; Boschker et al., 2005) and heterotrophic bacteria growing on phytoplankton-
derived dissolved organic carbon (DOC) will mimic this low S13C composition with an
offset ranging between -2 and +2%o (Coffin et al., 1989). Copepods depending on
phytoplankton or heterotrophs as a primary food source will thus also have 513C
signatures depleted in I3C compared to SPOM since copepods reflect the 813C of their
food source within a range of 1x1% o (Checkley and Miller, 1989; Goering et al., 1990;
del Giorgio and France, 1996; Breteier et al., 2002).

4.4.3.1 Oligohaline (S2, S3) and mesohaline (S4) stations

At stations S2, S3 and S4, 51N signatures of copepods roughly paralleled the
ones of SPOM, although 8 15N spom was only significantly correlated to s*5Ncal and S,5Ncvc
at S4 and S3, respectively (Table 4.4). In addition, S1N values of calanoids were
highly enriched compared to the ones of the cyclopoid copepods at stations S3 and S4.
At S3, this relative enrichment was restricted to late spring and summer while at S4,
calanoid copepods were strongly enriched all year round, except in March 2000 and
March 2001.
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Tackx et al. (2003) showed that the calanoid E. affinis is mainly herbivorous and
we may expect that the high selectivity for phytoplankton also holds for the period of
our study (1999-2001). Tackx et al. (2003) calculated that E. affinis is able to obtain
>80%o0 of its diet from phytoplankton when phytoplankton-C/POC values exceed 0.05.
When using a phytoplankton-C/Chl-a conversion factor of 50 (Tackx et al. 2003) we
calculated that the phytoplankton-C/POC values almost always exceed 0.05, except
during winter at S3 and during winter-early spring and August 2000 at 54 (Fig. 4.8),
implying that E. affinis had the potential to feed selectively on phytoplankton. The
selective feeding behavior of E. affinis is, however, negatively influenced when SPM
concentrations increase to levels in the order of hunderds mg.I'1l, and in particular
when the inorganic fraction in SPM increases (Gasparini et al., 1999). Gasparini et al.
(1999) observed, however, no major impact of SPM concentrations on the selective
feeding behavior of E. affinis in the Scheldt estuary since SPM concentrations rarely
exceed 150 mg.l'1 (Fig. 4.2) and the organic matter fraction in SPM of the Scheldt

estuary is relatively high.

1,2 Figure 4.8: Seasonal variation
1,1 %a . in the phytopiankton-C/POC
1,0 ’ ratio at stations S3 and S4 of
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Although we did not measure phytoplankton S15N values directly, we may
expect that 8 1N of phytoplankton increases toward the mesohaline station. Indeed, the
low NH/ concentrations at this station (Fig. 4.2) suggest that NH/ consuming
processes will have exhausted the NH,* pool while the fractionation associated with
NH*+ consumption will have enriched it in 18N (see discussion above). The SISN of
calanoid copepods showed an overall increase in downstream direction (Fig. 4.3) which

would be in agreement with a herbivorous feeding behavior.
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We expect the cyclopoid Acanthocyclops robustus to show the highest
enrichment in 15N since this species has a carnivorous feeding behavior (Brandi, 1998).
However, cyclopoid copepods have lower 61N signatures than the herbivorous calanoid
copepods which might imply that phytoplankton, as such, is less Important as a food
source for the cyclopoid copepods. Since the seasonal pattern of 6lsNcyc resembles the
one of SPOM, heterotrophic bacteria utilizing phytoplankton-derived DON might be the
primary food source of cyclopoid copepods.

The distinct 515N signatures of cyclopoid and calanoid copepods could thus
Indicate that calanoid copepods rely more on autotrophic organisms as a primary food
source, while bacteria using DON derived from phytoplankton are the ultimate food
source of cyclopoid copepods. The strong deviation between 613C of copepods and
SPOM (Fig. 4.7) supports the jdea that phytoplankton or phytoplankton-derived
dissolved organic matter are the primary food sources of copepods, although the
typical summer decrease In 813Cspom was only reflected In the 813Cc signatures of
calanoid copepods at S2, S3 and S4 and in the one of cyclopoid copepods at station
S4.

Table 4.4: Overview of significant correlations (bold) between copepod and SPOM
isotopic signatures as revealed by Spearman Rank correlation statistics.

8"N 8l,c

station n Rank P station n Rank P
Calanoids Calanoids

Sl 4 0.40 0.60 Sl 4 -0.20 0.80
S2 9 0.63 0.07 S2 9 0.08 0.83
S3 9 0.35 0.36 S3 9 0.37 0.33
54 20 0.60 0.005 S4 20 0.34 0.14
Cydopoids Cydopoids

Sl 18 0.09 0.74 Sl 18 -0.21 0.41
S2 16 0.34 0.20 S2 16 0.03 0.92
53 13 0.58 0.04 S3 13 -0.60 0.03
S4 13 0.43 0.14 S4 13 0.23 0.46

4.4.3.2 Freshwater reaches (S1)

At S, the discussion of the diet of copepods is restricted to the one of cyclopoid

copepods since calanoid copepods were less abundant there and occurred only
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occasionally In sufficiently high numbers for reliable analysis. This makes it difficult to
draw hard conclusions about their diet.

In contrast to the oligohaline and mesohaline stations, the seasonal pattern of
the 8 19N composition of cyclopoid copepods at S| did not reflect the one of SPOM (Fig.
4.6). 8IsN of copepods gradually increased between spring and autumn, while 815N Soan
clearly peaked during summer. If the 819N composition of SPOM at S| also reflects the
815N composition of phytoplankton as is the case for the other stations (see discussion
above), the lack of correlation between 6+ncyc and s 1snsrom at S1 (Table 4.4) would
suggests that in the freshwater reaches autochthonous phytoplankton or bacteria
thriving on DON derived from this phytoplankton are not Important as primary food
sources of cyclopoid copepods. However, our results showed that cyclopoid copepods
have strongly depleted 813C signatures compared to SPOM (Fig. 4.7), what points to
phytoplankton or to heterotrophic bacteria using phytoplankton-derived organic matter
as the ultimate food source of cyclopoid copepods. This apparent contradiction thus
suggests that (1) s 15nspom does not reflect the 8 15N composition of phytoplankton or (2)
if 8 1snspom indeed reflects the 815N composition of phytoplankton, allochthonous
phytoplankton sources with distinct 8 15N seasonal patterns, e.g. phytoplankton detritus
advected from the tributaries (allochthonous phytodetritus), or heterotrophic bacteria
processing this phytodetritus are the primary food source of cyclopoid copepods.
Cyclopoid copepods would then be top-predators of the microbial loop, as has been

suggested by Muylaert et al. (2000b).

4.5 Conclusions

The comparison between the seasonal evolution of 8i5N and 813C of SPOM and
copepods at the oligohaline and mesohaline stations allowed us to propose possible
pathways of matter transfer between the base of the food web and calanoid and
cyclopoid copepods. The similarity between the seasonal patterns of 815N of cyclopoid
and calanoid copepods at the oligohaline and mesohaline stations suggested that
secondary production depended on phytoplankton for their C and N requirements,
either directly (calanoid copepods) or Indirectly via heterotrophic bacteria relying on
phytoplankton (cyclopoid copepods).

At the freshwater station, however, it is clear that the interpretation of the
relationship between the seasonal patterns of the SI5N and 813C isotopic signature of
cydopoids and SPOM requires a better understanding of the relationship between 8 '#
of SPOM and phytoplankton and on the seasonal 8I5N pattern of less abundant organic

N compounds in the SPOM pool. Therefore, in the next chapter, we will (1) estimate
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the SISN composition of phytoplankton at S| and compare it with the 615N signature of
SPOM and cyclopoid copepods in order to investigate the dependency of cyclopoid
copepods on autochthonous phytoplankton sources and (2) try to reconstruct the 6IsN

signature of non-algal nitrogen components of SPOM.
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Trophic dependencies in the freshwater reaches

5.1 Introduction

In chapter 4 we showed that a comparison between the seasonal patterns of the
isotopic signatures of suspended particulate organic matter (SPOM) and copepods can
provide indirect evidence of the primary food sources of copepods if the 815N and 813C
signature of SPOM reflects the ones of these food sources. In the freshwater section of
the estuary, the seasonal pattern of the 8IsN signature of cyclopoid copepods differed
strongly from the one of SPOM, suggesting that the amount of nitrogen represented by
the food source of cyclopoid copepods is negligible compared to the amount of nitrogen
accounting for the seasonal 81N variation in SPOM. In the Scheldt estuary, the
temporal and spatial variation in the 8 15nspom signature largely reflects variation in the
biomass and isotoplc signature of phytoplankton (Mariotti et al., 1984; De Brabandere
et al., 2002; Chapter 4), but the 81N signature of heterotrophic microorganisms
(bacteria and fungi) colonizing detritus may also vary considerably if they take up
ambient dissolved nitrogen (DN) to fulfill their N-demand (Zieman et al.,, 1984; Caraco
et al., 1998). However, in the Scheldt estuary, the bacterial biomass Is much lower
than the one of phytoplankton (Goosen et al., 1999), so that their 815N signatures will
be masked by the ones of phytoplankton. The difference between the seasonal 8 ‘5N
patterns of cyclopoid copepods and SPOM could thus indicate that microheterotrophs
represent the major primary food source of cyclopoid copepods.

There are, to our knowledge, no existing seasonal records of phytoplankton or
microbial 815N signatures for the freshwater estuary with which the ones of cyclopoid
copepods can be compared. Since the analysis of algal and bacterial 818N signatures in
SPOM is hampered by the presence of large amounts of terrestrial or sewage-derived
nitrogen, group-specific biochemical compounds such as amino acids (Pelz et al., 1998)
and nucleid acids (Coffin et al., 1990) are often used as an alternative tool to study
algal and bacterial 8 1SN signatures. In this study, however, we tried to reconstruct the
seasonal variation of algal and microheterotrophic 8I5N by looking at the seasonal 815N
variation of their potential N-substrates.

For phytoplankton, we hypothesized that the 815N of NH4+ would be the main
factor setting 815N of phytoplankton since NH4+ is the preferred nutrient in the Scheldt
estuary (Mariotti et al., 1984; Middelburg and Nieuwenhuize, 2000, De Brabandere et
al.,, 2002). Therefore, our first objective was to investigate the seasonal 5,SN signature
of NH/ to reconstruct the 81N signature of autochthonous phytoplankton biomass in
the Scheldt estuary (section 1). We investigated the pattern and the origin of the
seasonal variation of 81SNH4+ and its relation to microbial NH/ production and
consumption. In addition, we investigated to which extent 815N of phytoplankton is
reflected in the 815N of SPOM.
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For bacteria, we distinguish two major potential N substrates: dissolved organic
nitrogen (DON) derived from autochthonous phytoplankton and DON derived from
organic matter present in floes suspended in the water column. If DON derived from
autochthonous phytoplankton would be the main bacterial N-substrate, bacterial SI5N
signatures would parallel the 8I5N signature of autochthonous phytoplankton
(calculated in section 1). However, if bacteria derive their DON from organic matter
associated with floes, they may reflect the 815N of organic matter caught in the floe or
the 815N of ambient dissolved nitrogen if the bioavallabie N in floes is low. Indeed,
microheterotrophs are known to assimilate dissolved nitrogen from the ambient
solution if the N-content of the organic substrate is not sufficient to meet the N
requirements of microbial decomposers (Zieman et al., 1984; Caraco et al., 1998).
Therefore, our second objective was to reconstruct the seasonal S1SN signature of
microheterotrophs associated with floes by means of a decomposition experiment
(section 2). We hypothesized that the seasonal 815N of microheterotrophs would (1)
show only minor changes If organic substrate-N would be their main N-source and (2)
reflect the seasonal 8I5N of ambient ON if DN assimilation would be Important. Since
floes cannot be sampled without definitively changing their structure (Chen, 2003), we
used submerged leaves as a proxy of organic matter in floes in order to reconstruct the

seasonal variation of S19N of microheterotrophs processing detritus.

5.2 Material and methods

5.2.1 Sampling and analytical protocols

The study was carried out at the freshwater station S|, situated below the
confluence of the Scheldt River and the Dender tributary, at 121 km from the river
mouth (Fig. 5.1) and lasted from 31 October 2001 till 24 April 2003 (18 months).
Environmental parameters were monitored fortnightly between 31 October 2001 and
29 July 2002 and monthly between 23 August 2002 and 24 April 2003. The physico-
chemical and biological parameters monitored included dissolved O:, temperature,
NH«\ NOj‘ NO:', Chlorophyll a (Chl-a) and suspended matter (SPM)
concentration, 8ISN of suspended particulate organic matter (SPOM) and particulate
organic carbon (POC) and particulate nitrogen (PN) concentrations of SPOM. Dissolved
oxygen contents and temperature were measured in situ. Detailed descriptions of the
sampling protocol and the analysis of nutrients, s 158 srom, POC and PN concentrations In

SPOM and Chl-a concentrations are presented in Chapter 3. Longitudinal profiles of
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ammonium, nitrate and Chl-a concentrations for the km 155 to km 110 stretch were

kindly provided by T. Maris (University of Antwerp).
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Figure S.I: Map of the Scheldt estuary and its major tributaries showing the sampling station SI
located In the freshwater section at km 121 from the mouth of the estuary.

5.2.2 51SNH4+ analyses

81N H/ signatures were determined using an original facilitated diffusion
method (Brion et al., in prep). The sample was first diluted to reach an approximate
concentration of 10 pmol.I"1. A glass gas-washing bottle (Schott™) was filled with 250
ml of the diluted sample. The bottle holds an external gas inlet tube connected to a
large gas diffusion disc located at the bottom. The gas outlet of the bottle is connected
to an in-line INOX filter holder (Pali Life Sciences™), holding a 25 mm diameter GF/D
glass-fiber membrane (Whatman™) impregnated with 50 pi KHS04 2.5 mol.I'l. After
adding 1.5 ml KOH 80% to the sample, the bottle is immediately closed and respirable
air is bubbled with controlled flow through the sample in order to strip the formed NH3
out of the solution. When passing through the acidified filter, the NH3 in the air flow is
trapped. After extraction, the filter is removed and dried for 12 hours at 50°C. Trapped
N and §1SN are measured using IRMS as described in Chapter 3. Filters resulting from
the extraction of Milli-Q water using the same protocol served as blank. Testing out this

method showed that after 15 hours, more than 80% of the initial ammonium present in
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the solution was trapped on the filter. Extractions made with a 1N-NH4* standard
solution showed that fractionation occurred with 8 15NH4+ertraaci = 515NH4+Mutilh - 2.4 *
1.6%0. Measurements were thus corrected for this fractionation. The standard

deviation of SINH4* on triplicate sample extraction was 2.3%o0.

5.2.3 Willow leaf decomposition: experimental setup

In autumn, at the onset of leaf fall, leaves were picked from willow trees
growing on the riverbanks in the vicinity of the experimental site. In the laboratory,
leaves were rinsed with distilled water to remove dust and attached organisms and
dried at 50°C. Since the main focus lies on the study of the seasonal variation of the
51N composition of microbia! decomposers, a litterbag with a small mesh size (300
pm) was chosen to exclude larger invertebrates. Fifty-seven nylon bags (size 10 x 10
cm) were filled with approximately 1 gram of willow leaves and hung in a stainless
steel cage (120 x 80 x 80 cm; 4 cm mesh size). A sub-sample from the leaves of all
bags was taken to have a reference value for the S1N signature, POC and PN
concentration of the original leaf. The cage was attached to a floating pontoon at SI
station and positioned at approximately 1 m under the low tide water surface where
the absence of light inhibited the growth of photo-autotrophs. Each month, three
litterbags were recovered, transported to the laboratory in a cooling box and stored at

-20°C until analysis.

5.2.4 Sample preparation

The litterbags were thawed in distiled water and opened carefully not to
damage the content. Willow leaves were picked out manually or collected on a 300 pm
net in case shredders had fragmented them. Willow leaves were sometimes covered
with a considerable amount of gelatinous matrix or biofilm. The biofilm itself was not
studied for its constituting components, but biofilms generally contain microorganisms,
exoenzymes and detritus particles (Golladay and Sinsabaugh, 1991). Care was taken
not to remove the biofilm while handling. In several cases, however, small amounts of
leaf biofllm detached during thawing and had to be collected separately. On from May
2002, any biofilm covering the litterbag (referred to as Bag BioFilm 'BBF') was scraped,
while detached fragments of leaf biofilm (referred to as Leaf BioFilm 'LBF') were
collected separately on from August 2002. The leaf-biofilm complex (referred to as
’LBC') and the LBF and BBF samples were dried at 50°C and analyzed for their SISN

composition. LBC samples were also analyzed for PN and POC concentrations (PNLBC
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and POCLBC)- These were expressed on an ash-free dry weight basis (550°C, 12h),
since inorganic material (e.g. silt) trapped in the microbial mucilage may lead to

underestimates of the PN and POC concentrations if expressed per gram dry weight.

5.2.5 Aluminium concentration

Aluminium concentrations of LBC and SPM were measured by digesting
approximately 100 mg of LBC or one SPM filter with Aqua Regia (4ml HCI and 1ml
HNOs) in a microwave oven (CEM Mars 5) under controlled conditions of temperature
and pressure: ramp to 160°C during 15 minutes (maximum pressure 200psi) and hold
at 160°C during 15 minutes (maximum pressure 200psi). After digestion the samples
were diluted to 50 ml with deionized water. Analysis of aluminium was performed by
inductively coupled plasma atomic emission spectrometry ICP- AES (Thermo Optek,

Iris).

5.2.6 Statistical analyses

Causal relationships between variables were tested by means of ordinary linear
regressions (OLS), while bivariate least square regressions (BLS) were applied when
errors on both independent and dependent variables were known (Riu and Rius, 1996).
Correlations between variables were tested by means of a Spearman Rank correlation
test. The standard deviation and percentile ranges associated with 01N of accumulated

phytoplankton (section 5.5.5) were calculated using a Monte Carlo simulation.

5.3 Results: Water column characteristics

Water temperatures ranged between 5°C (late-December 2001) and 23°C (late-
July 2002) and correlated inversely with O: concentrations (Fig. S.2A). Generally,
lowest O: concentrations were observed during summer-autumn with nearly anoxic
conditions in September 2002 (02 concentrations as low as 0.9 mg.I'l). During late
autumn, winter and spring, Oz concentrations were much higher with a maximum value
of 9.1 mg.I'"1 observed in December 2001. Discharge at station S| was calculated as
the sum of the discharge of the Scheldt River measured at the head of the estuary (km
155) and the one of the Dender tributary. Discharge values ranged between 5

(September 2002) and 521 m3.s_1 (December 2002) and were generally higher during
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winter-early spring (Fig. 5.2B). SPM concentrations generally fluctuated between 33
(February 2003) and 133 mg.I'1 (October 2002); (Fig. 5.2C). However, during late
winter-early spring 2002 and late summer 2002, SPM concentrations were markedly
higher with maximum values as high as 230 mg.I'1 (March 2002) and 201 (August
2002).

The Chl-a evolution marked a brief spring phytoplankton bloom and a longer
lasting bloom during summer-early autumn (Fig. 5.3C). Spring Chl-a values of 137 £ 4
pg.riand 70 £ 2 pg.I'"1were recorded in April 2002 and March 2003, respectively, while
the summer bloom, lasting from June till October 2002, reached a maximum of 192 *
11 pg.I"™* in September. 81N signatures of SPOM fluctuated around +3%o during winter
2001-2002 and decreased to a value of -2.6%o0 during the first spring bloom (Fig.
5.3D). 81iNsPom subsequently increased to a maximum of +12.5%o0 in July 2002 when
high Chl-a levels coincided with lowest NH4+ concentrations (1 pmot.I*'). In August,
S15Nspom shortly decreased to +7.8%o0 after which 8 SNSRH increased to a second
maximum of +11.5%o0 in September 2002. On from September, 61N of SPOM
gradually decreased to reach a second minimum of -0.9%o0 in March 2003. The
summer increase in 01NSPom coincided with a steep increase in N02 concentration
which reached values up to 51 pmol.T1 in June 2002 (Fig. 5.3A). NOj' concentrations
were an order of magnitude higher than N02 concentrations with a maximum of 535
pmol.I'1 observed In April 2002 and a minimum of 114 pmoi.l'1 observed in December
2002 (Fig. 5.3A). NH4* concentrations were approximately 3 times lower than NCV
concentrations (Fig. 5.38). Largest NH/ depletions were met in July and August 2002
(<1 pmol.T1in August 2002), while a maximum of 185 pmol.I'1 was observed in May
2002.
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Figure 5.2: Seasonal variation of (A) temperature (diamonds) and 02 concentrations (circles), (B)
discharge (Tavemiers, 2001; 2002; 2003), (C) SPM (* 1SD) and (D) PN (triangles) and POC
concentrations (squares) at the freshwater station S| of the Scheldt estuary (2001-2003).
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Figure 5.3: Seasonal variation of (A) N03 (black) and NOi' (white), (B) NH*\ (C) Chl-a and (D)
OBNspom at the freshwater station S| of the Scheldt estuary (2001-2003). Error bars m 1 standard
deviation.
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SECTION 1

5.4 Results: 8,5NH4+

The 81N signature of NH<+ varied considerably over the course of the study
period (Fig. 5.4). 8I1*NH4* averaged +10%o (SD=1%o0) during winter (30 November
2001 till 19 February 2002). On from March 2002 819NH4* values increased
exponentially to a first maximum of +70% o in mid-July. In August, 815NH4* sharply
decreased to +31%o after which a second maximum of +66%o was reached in
September. In October and November 2002, 8I5NH4+ values decreased again but were
higher than the average winter value of the previous year (i.e. +10%0). Generally,
8IsNH4t values were highly variable, sometimes changing dramatically within 2 weeks.

For example, between June, 11th and June, 27th 8,5NH4* Increased as much as 46%o.

1 v Figure S.4: Seasonal
variation in the 51N
signature of NH/ at the
freshwater station S| of
the Scheldt estuary

o (2001-2003). Error bars
s 1 standard deviation.
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5.5 Discussion: 0lsNH4+

5.5.1 Comparison of 81SNH«4 with literature data

8 BNH«4 values reported in literature range between +10%o0 and +42%o (Table
5.1). Aquatic systems characterized by low microbial activity or by high NH«
concentrations typically have low 8I5\H« values becausefractionating processes will
have little or no effect on the 815N composition of the NH« pool. Aquatic systems
where high microbial NH« demands exhaust the NH«* pool are characterized by high
815VH «4 values.

8M1NH«4 values observed for the Scheldt estuary are much higher than reported
for the Delaware estuary, which had similar initial S®NH«4 values (Cifuentes et al.,
1989; Velinsky et al., 1989; Table 5.1). The higher 815\H« values observed during our
study may result from a higher fractionation associated with processes draining the
NH« pool in the Scheldt estuary compared to the Delaware estuary. Indeed, Cifuentes
et al. (1989) modeled the fractionation during NH« consumption for open systems
where isotopic signatures are not in steady-state (Delaware estuary, USA). They
showed that a fractionation of 9% o for phytoplanktonic NH<* uptake can increase the
8I5NHW from +11% o till +40% o, while a fractionation of 20% 0 would increase their
8tNH« values to +63%o0, a value only slightly lower than the one observed in the
Scheldt estuary. In addition, the fraction of NH«4 remaining in the NH«4 pool was larger
in the Delaware estuary so that the 815N of NH«4 was still below its maximum. Indeed,
813\ H«4 values increase exponentially with decreasing fraction of NH«4 remaining in the

NH«4 pool (equation 5.1, see below).

Table 5.1: Overview of S,SN values of NH«4 reported In literature for polluted estuarine systems.
8,SNH«4 marked as 'low' refer to aquatic systems were the NH«4 pool was not affected by microbial

NH«4 consumption while 815NH«4 marked as ’high' refer to systems where NH«4 consumption had
reduced the NH«4 pool.

Estuary 8 ,SNH«4 815N H «4 Authors
(low) (high)
Delaware estuary, USA +11.2%o0 +40%o0 Cifuentes et al., 1989
Delaware estuary, USA + 12%» +42%o0 Velinsky et al., 1989
Chesapeake Bay, USA +20%0 Horrigan et al., 1990
Thames estuary, UK + 14%o0 Middelburg and Nieuwenhuize, 2001
Loire estuary, France +17%o0 Middelburg and Nieuwenhuize, 2001
Scheldt estuary, Belgium + 10%0 +29%0 Mariotti et al., 1984
Scheldt estuary, Belgium +10%o0 +70%o0 This study
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Our winter-spring average 815NH«* value (+10% o0, SD=1%0) is equal to the one
reported by Mariotti et al. (1984) for the upstream part of the Scheldt estuary during
June-July 1982. Summer SIsNH«* values measured in this study for the upstream
reaches of the Scheldt estuary are up to 60% 0o more enriched than the ones reported
by Mariotti et al. (1984), which is probably a result of increased nitrification in this part
of the Scheldt due to an improved water quality (de Bie et al., 2002a). However, the
maximum value for 815NH«*, reported for the downstream reaches of the Scheldt River
where the intensity of the nitrification process increased due to improving 0j
conditions, was only +29% o (Mariotti et al., 1984), which is still considerably lower
than the +70% o reported in this study. A value of +29% o is, however, close to the
value of +32% o calculated by means of equation 5.1 (see below) for a situation where
the fraction f equals 0.3, which is roughly the fraction of NH«* remaining in the NH«*

pool during the summer of 1982 (Fig. 4 in Mariotti et al., 1984).

5.5.2 NH«* consuming processes affecting 8 1SNH«*

In order to identify the nature of the NH«* consuming processes (nitrification or
uptake by phytoplankton) responsible for the seasonal variation in 8 19NH«*, we
compared the temporal pattern of SISNH«* with longitudinal profiles of NH«*, N03 and
Chl-a (Fig. 5.5). In general, a concomitant downstream decrease in NH«* and increase
in NOs" points to the presence of nitrification in the water column while increasing Chl-a
concentrations reflect the presence of a growing phytoplankton community.

During winter, biological activity is suppressed by low water temperatures,
which results in relatively constant NH«+, NOs:' and Chl-a concentrations (winter
longitudinal profiles resemble the profile of 2 April 2002; Fig. 5.5). The lack of
biological activity is reflected in the S1NH«* signatures, which are relatively constant,
averaging +10%o0 (SD=1%o0) (Fig. 5.4).

NH«*, NO3 and Chl-a concentrations were also relatively constant during the
spring bloom (March and April 2002); (Fig. 5.5). Although NH«* and NO03 did not
change during early April, there is evidence that on from April, nitrification contributed
to NH«* consumption, since nitrification rates were relatively high at S| in early April
2002 (0,3 ymol.I'th'1; Veriinden, 2002), The longitudinal profile of Cht-a for the second
half of April is lacking, but the sharp increase in Chl-a between March, 29H and April,
15th (Fig. 5.3C) suggested the presence of a developing phytoplankton community
whereby NH«* may have served as the preferential N-substrate (Cohen and Fong,
2004). However, despite the contribution of both nitrification and phytoplankton uptake

to total NH«* consumption during the spring bloom, S1SNH«* signatures increased only
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slightly to a value of +13%o0 (Fig. 5.4) which was probably because of the buffering
capacity of the large NH/ pool.
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Figure 5.5: Longitudinal profiles of Chl-a (diamonds), NH/ (squares) and NOs' (triangles) for the
km 155 to km 110 stretch of the Scheldt estuary between April and November 2002 (T. Maris,
University of Antwerp, pers. comm.). The white symbol indicates the location of station SI.
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During the summer btoom (June to late September; Fig. 5.3C) 8 1NH«* values
varied between +18%o0 and +70%o and were inversely correlated to the fraction of
N H/ remaining in the NH/ pool at S| (eq. S.2; see below); (Fig. 5.6). Highest S1SNH/
signatures (> +60%o0) were observed during late June, July and September 2002 (Fig.
5.4) and coincided with periods of increased NH«* consumption as shown by strongly
reduced NH«* pools (< 5% NH«* remaining; Fig. 5.6). Indeed, during July 2002 Chl-a
concentrations increased exponentially, while NH«* decreases coincided with increases
in NO3¥ (Fig. 5.5), indicating that both phytoplankton uptake and nitrification
contributed to NH«* consumption. The longitudinal profile of Chl-a for late June is
lacking, but the sharp increase between June, 11th and June 27°' (Fig. 5.3C), suggests
that phytoplankton biomass increased during this period. During September, the
decrease in NO3 (km 134 to km 118) and the low 02 concentrations (0.9 mg.)"1); (Fig
5.2A) suggested that denitrification dominated in the water column downstream from
km 134. NH,* concentrations decreased gradually, which was probably mainly due to
phytoplankton uptake since Chl-a increased exponentially (Fig. 5.5) and the low 02
concentrations would have suppressed nitrification activity (de Bie et al., 2002b).

815NH«* values were significantly lower during May, early June and August 2002
(+27%«; +18%o0 and +31%o, respectively) while the fractions of NH«* remaining in the
NH«* pool were considerably higher (33 to 53%; Fig. 5.6). The elevated fractions of
NH«* remaining in the NH«* pool during May and early June probably reflected a
reduced NH«* consumption compared to the other summer months. NH«* and NO03
profiles reflected the presence of nitrification in the water column but phytoplanktonic
NH«* uptake was probably less important, given the lack of increase in Chl-a during
these months. In August, on the contrary, the longitudinal profiles of NH«* NO03 and
Chl-a showed that phytoplankton uptake and nitrification both contributed to NH«*
removal, a situation similar to the one observed in July (815NH,* = +70%o0).
Consequently, we expected NH«* to be highly enriched in 15N. The decrease in 6 1SNH«*
might have resulted from the mixing of NH«* highly enriched in ,SN due to NH«*
consumption processes with NH«* depleted in 1N. The sharp increase in the PN and
POC concentrations (Fig. 5.2D) and the decrease in the Chl-a/PN and Chl-a/POC ratios
between July and August (data not shown) reflect the presence of a large amount of
organic matter depleted in Chl-a. Potential sources of organic matter depleted in ,5N
and Chl-a are phytoplankton detritus (see discussion below), terrestrial organic matter
(+3%o0, Middelburg and Nieuwenhuize, 1998) and sewage (+2%o, Fisseha, 2000).
Heterotrophic bacteria processing this organic matter could subsequently have added
NH,* depleted in 15N to the existing NH,* pool.

After the summer bloom (October-November 2002), S15NH«* signatures were

still relatively high (+17%o0 and +29%o0, respectively; Fig. 5.4). During this period,

5* 103



CHAPTER 5

phytoplanktonic NH/ uptake (October) and nitrification (October and November)
probably still accounted for NH/ consumption (Fig. 5.5), although we may not exclude
that the increased input a terrestrial organic matter during autumn introduced

considerable amounts of ““NH/ to the existing NH/ pool.

Figure 5.6: Seasonal
variation between O15N H/
(circles) and the fraction
of NH/ remaining in the
NH,* pool (f) (diamonds)
at the freshwater station
S| of the Scheldt estuary
f (2002).

5.5.3 Fractionation during N H/ consumption

In the following sections we aim at reconstructing the S,SN signature of
phytoplankton. We will calculate the fractionation factor involved with NH/
consumption followed by the calculation of the 519N signature of the accumulated

phytoplankton pool (phytoplankton and phytodetritus).

For the calculation of the fractionation associated with NH/ consumption, we
assumed that a water body transported between the head of the estuary (km 155) and
the sampling station SI (km 121) operates in dosed-system mode. Indeed, NH/
concentrations between the head of the estuary and S| are relatively constant during
periods of low biological activity as shown by the longitudinal profile of NH,* for April
2002, which represents a typical winter NH,* profile, suggesting that in- and output of
NH,* are minimal over this transect. This allows us to use the Rayleigh fractionation
equation to calculate the fractionation associated with NH,* consumption.

The Rayleigh fractionation curve is described by the following equation (Mariotti,

1981; Fry, 2003; Chapter 2):



Trophic dependencies in the freshwater reaches

S,!NH,* = 5“NH/m - exIn f Eq. 5.1

615NH4*(i) is the initial S15N signature of the NH4* pool, e is the fractionation associated
with NH4* consumption (nitrification and uptake) and fis the fraction of NH4* remaining
in the NH4* pool, fis calculated as the ratio of NH4* measured at S| (NH/”*) and the
input NH4+ concentration (NH4+(0) at the head of the estuary:

f_ NH4+(f) Eq. 5.2
" NH4+0

However, NH,* concentrations at the head of the estuary will only reflect input
concentrations during winter months. Indeed, elevated water temperatures during non-
winter months will increase the intensity of NH4* consuming and producing processes
so that NH4* concentrations at the head of the estuary may under- or overestimate the
input NH4+concentration. However, since input NH4+ concentrationsdepend on the
freshwater flow (Q) during periods of low biological activity (Fig. 5.7), we can use this
relationship to calculate the theoretical input NH4+ concentration for the whole study
period. We excluded months where the calculated fraction f was higher than 1 (NHxV)
> NH4*(p), as was the case for November 2001, because values >1 suggest that NH4*
production was important. Under such circumstances the evolution of 8, 5N H/ cannot

be described by the Rayleigh fractionation equation.

6.5 Figure 5.7: Linear relationship

y =0.70 (£0.10) X + 8.05 (1 0.45) between the natural logarithm of
discharge and NH4* (r* = 0.69,
p<0.001). NH,* concentrations
and discharge data are measured

+ 55 at the head of the estuary (km

- o oo 155) during the winter period

(December - April) of 1999,
5,0 2000, 2001 and 2002. [Source
c NH4*: S. Van Damme and T.
Maris, (University of Antwerp),
pers. comm.; source Q:
Tavemiers (1999; 2000; 2001;
2002)].
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Conform to Rayleigh equation theory, O,5NH4* values increased linearly with

increasing values of In f (Fig. 5.8), confirming that a water body transported between
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the head of the estuary and S| behaves as a closed system. The slope of this
relationship, 18.4%0 (SE=1.2%o0), represents the value of the fractionation factor (e)
associated with NH/ consumption (= uptake and/or nitrification) in the Scheldt
estuary. This value falls well within the ranges reported in literature: discrimination due
to nitrification calculated for natural systems ranges between +13 and +16%o
(Horrigan et al,, 1990) while fractionation due to phytoplankton uptake in natural
systems has been reported to range between 5 and 30%o (Cifuentes et al., 1989;
Pennock et al., 1996).

The intercept of the Rayleigh equation graph (+9.6% o, SE=2.6%0) denotes the
value for the input 515N H/ (eq. 5.1). This value includes our measured average value

for the winter-early spring period (+ 10%0, SD=1% o).

90 Figure 5.8: Scatter plot showing
18.4 (£ 1.2)%. Inf + 9.6 ( 2.6)%. the linear relationship between In f

and 81N of NH* (> - 0.97,
70 p<0.001).

00 -05 -10 15 20 -2,5 -3,0 -3,5

In f

5.5.4 Relationship between §1SN H/ and 51sNSPom

Winter 8 15Nspom values averaged +3% o, suggesting that SPom consisted mainly
of terrestrial detritus during winter (Middelburg and Nieuwenhuize, 1998).

During the spring and summer bloom (April to October; Fig. 5.3C), the S1N
composition of SPOM first decreased (spring) and than increased (summer) relative to
winter 815N values (Fig. 5.3D). In the following we will calculate the S15N of
phytoplankton and compare it with the 615N of SPOM in order to investigate if changes
in the 515N of SPOM can be related to the presence of phytoplankton. If we assume
that NH/ is the only N-source of phytoplankton, the 81N of accumulated
phytoplankton can be calculated with the following equation (Mariotti et al., 1981; Fry,

2003):
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815Nacc = e X + 815N H 4 +(i) Eq. 5.4

S~Nkc is the 615N composition of the accumulated phytoplankton in the water column,
e is the fractionation associated with NH.* uptake (18.4%o0), f is the fraction NH,*
remaining in the water column (eq. 5.2) and 815NH,*(i) is the initial SISN signature of
NH,* (+9.6% o). We may assume that the input 815NH,* signature is constant over the
year since the summer 8I5NH,* reported by Mariotti et al. (1984) for a situation where
NH,* concentrations were not affected by NH,* consumption, was similar to the one
measured in winter during this study (i.e. +10%o0).

If we assume that the organic matter fraction of the suspended matter consists
entirely of in situ produced phytoplankton, the 515N composition of suspended matter
will be similar to the SI5N of accumulated phytoplankton. However, 8‘5N signatures of
accumulated phytoplankton for the spring and summer bloom period (April 15th till
October 21“, Fig. 5.3C) were always lower than 8,5N signatures of bulk suspended
matter (Fig. 5.9). Nevertheless, 81Nac and 815NStom were significantly correlated
(Bivariate least square regression: r2 = 0.62, pc0.Ol) indicating that phytoplankton

biomass is largely responsible for the observed variation in S15Ns*om

N

Jun lui Aug Sep Oct

Figure 5.9: Comparison between 81N signatures of SPOM (dashed line) and calculated
accumulated phytoplankton material (solid line) during the spring and summer phytoplankton
bloom (April 2002 till October 2002). The grey area indicates the 25-75%o0 interval range of the
calculated S15N of accumulated phytoplankton, while the vertical dashed lines represent the 5-95%
data range. The +3%o line indicates the average 8isN signature of terrestrial and sewage inputs.
Uncertainty calculations were made using Monte Carlo simulations. During these simulations, only f-
values < 1 (NH,*(f) < NH,*(ij) were taken into account because 51NH,* does not longer behave
according to the Rayleigh fractionation theory In case of NH,* production (NH,*(0 > NH,*<,).
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Several processes may contribute to the increase of SISN of bulk suspended
matter compared to s 1SN of the accumulated phytoplankton pool. First, the presence of
non-phytoplanktonic, isN-rich organic matter in the suspended matter pool could
increase the overall s 19N signature of SPOM. For instance, between mid-April and mid-
June, the accumulated phytoplankton (range -6.9 to -0.5%0) could have mixed with
terrestrial matter and sewage (averaging +2%o; Mariotti et al., 1984; Middelburg and
Nieuwenhuize, 1998; Fisseha, 2000) resulting In a slightly higher value for bulk SPOM
(range: -2.6 to +2.0%o0). Second, the overall S1N signature of suspended matter can
increase due to the assimilation of IsN-rich dissolved N from the surrounding water by
microbial decomposers (Caraco et al., 1998). Third, the actual standing stock of
phytoplankton might not represent the real accumulated phytoplankton biomass if
considerable loss of phytoplankton occurs. The calculated s’sN,« could then
underestimate the actual s I5N signature of phytoplankton since phytoplankton lost
through sedimentation or through grazing is depleted in 15N relative to new
phytoplankton generations. Indeed, the 51N signature of the remnant NH,* pool
increases exponentially with decreasing fraction of NH,* remaining in the NH,* pool
(Rayleigh equation 5.1, Chapter 2: Fig. 2.1) so that successive phytoplankton
generations become increasingly enriched in 1SN. Fourth, the fractionation during NH/
uptake decreases with decreasing NH,* concentration (Hoch et al., 1992). The
expression of fractionation is maximal (27%o0) at NH,* concentrations ranging between
100 and 1000 ;/mol.l1 (Hoch et al.,, 1992; Pennock et al., 1996). For NH,*
concentrations below 100 ;/mol.!'1, fractionation can reach values as low as 4%o0 (Hoch
et al.,, 1992), especially when NH,* demand is high due to high growth rates (Hoch et
al., 1994). Thus, the relative enrichment in 1N of the suspended matter pool during
periods of reduced NH,* (summer) may result from a increase In the s 1SN of
phytoplankton due to a decrease in the fractionation against 1SNH,*. The fractionation
value of 18.4%0 (SE=1.2%o0) calculated in this study could be considered as the
intermediate value of a period of full expression of fractionation (spring bloom) when
NH,* concentrations are high (Fig. 5.3B) and a period of decreased fractionation
(summer). Finally, the sI5N signature of phytoplankton may Increase due to the
assimilation of other N-sources. NOs', which is far more abundant than NH,* (Fig. 5.3A,
5.3B), may represent an additional N-source for phytoplankton (Middelburg and
Nieuwenhuize, 2000; Cohen and Fong, 2004). The s 1N signature of N03‘ in the Scheldt
estuary averages +9%o under oxic conditions (%Oj > 20%; Middelburg and
Nieuwenhuize, 2001) and increases to +20%o when denitrification Is important
(Mariotti et al., 1984) while fractionation during NOj' uptake ranges between 3 and
10%o0 in natural systems (Cline and Kaplan, 1975; Wada, 1980; Altabet and Francois,
1994; Karsh et al., 2003). Thus, phytoplankton assimilating NOs will have isotopic
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signatures ranging between -1 and +6%o under oxic conditions and between +10 and
+17%o0 under denitrifying conditions. The uptake of NOs' will thus mainly increase the

515N of phytoplankton under low oxygen conditions favoring denitrification.
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SECTION 2

5.6 Results: Decomposition experiment

S.6.1 General decay patterns

Despite the small mesh size (300 ¢rm) of the litterbags, presence of
invertebrates (Oligochaeta and Hirudinea) inside the bags was noticed after 4 months
(February 2002). After 5 months (March 2002) the first invertebrate shredders
(Isopoda) turned up inside the litterbags, but effects of shredder activity on the leaf
litter became only apparent after another 2 months (May 2002). Later, litterbags
contained leaf litter in difference stages of decomposition, ranging from leaf skeletons
to barely attacked leaves (Fig. 5.10). After 18 months, some bags contained litter of

which the whole leaf structure was still recognizable although the leaf tissue was very

fragile.

Figure 5.10: Willow leaves after 11 months (A) and 16 months (B) of decomposition at station S|
of the Scheldt River. (A) Shredders consuming leaf tissue have left only leaf skeletons in the litter
bag. (B) Without shredder attack, leaf structure remained recognizable till the end of the Incubation

experiment.

5.6.2 Evolution of PN and POC concentrations of decomposing willow leaves

The PN and POC concentration of the LBC, expressed per ash-free dry weight
(AFDW), increased gradually during the first four months of incubation. On from the 5lh

month (March 2002), PNL8c and POCLK concentrations varied without dear seasonal
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pattern (Fig. 5.11). The leaf-biofilm complex was consistently enriched in N compared
to the original leaf. POCIBC concentrations, on the contrary, were generally lower than

the one of the original leaf, except during winter 2001 and early-summer 2002.

Figure 5.11: Seasonal
80 800 variation in the PN (cirde) and
POC (diamond) concentrations

70 700 5 of the Ileaf-biofilm complex,
E’ o expressed per AFDW. The
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?)I P concentrations of the original
a 5 S00 & |eaf, while the solid line
E E represents the original PN
. concentration of the leaf. Error
/ 40 400 > bars represent standard
E O  deviations of two or three

30 300 2 replicates.
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5.6.3 8,sN variation of degrading leaves and associated biofilm

During the decomposition process, 81N of the LBC increased significantly
compared to the original value of willow leaves (+7,1% o, SD=0.8%0) (t-test, p < 0.05)
and showed a consistent temporal variation (Fig. 5.12). 81N values increased during
the first three months of incubation (maximum of +10.5% 0, SD=0.4%0, December
2001), but decreased sharply during February 2002 (+8.4% o0, SD=0.8%0). Then,
values increased steadily to a second maximum of +12.2% o0 (SD=0.1%0) in October
2002 and decreased gradually to a second minimum in February 2003 (+10.4%o,
SD=0.4%o0), after which values started to increase again.

The S15N values of the LBF and BBF varied considerably over the season and
between litterbags (Fig. 5.12). 81N values of BBF largely exceeded those of LBF, both
showing lowest S15N values in winter-early spring and increasing SI5N values towards

autumn.
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Figure 5.12: Seasonal
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5.7 Discussion: Decomposition experiment

5.7.1 Contamination of the leaf-biofilm complex with suspended matter

Submerged organic surfaces are rapidly covered by a gelatinous biofilm secreted
by microheterotrophic decomposers (Golladay and Sinsabaugh, 1991). These
microorganisms thrive on nitrogen and carbon regenerated form the organic substrate,
eventually complemented with nitrogen from the ambient solution if the bio-availability
of the substrate-nitrogen is too low to cover their N-requirements (Suberkropp and
Chauvet, 1995; Suberkropp, 1998; Grattan and Suberkropp, 2001). Microbial
decomposers can considerably modify the POC and PN concentration of the leaf-biofilm
complex through N-uptake, release of dissolved N- and C-compounds (Fogel and
Tuross, 1999; Lehmann et al., 2002) and production of C02 (Findlay and Arsuffi, 1989;
Baldy and Gessner, 1997). However, microbial modifications of the PNLBC and POCLE:
concentration can be masked by the presence of suspended organic matter in the
biofilm. Indeed, settled in the bags, decomposing leaves can become rapidly
contaminated with suspended matter from the surrounding water trapped in the
gelatinous matrix of the biofilm (Golladay and Sinsabaugh, 1991), a process even
enhanced by the use of litter bags with fine mesh size, mainly because of reduced
currents inside the bags (Hieber and Gessner, 2002). Thus, in order to investigate the
changes in the PN and POC concentrations in the LBC induced by microbial activity, we
had to correct for organic N and C from suspended origin trapped in the biofilm. We
determined the degree of contamination by measuring the aluminium concentration in

the LBC. The rationale behind this approach is as follows. First, Al can be considered a
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good proxy of lithogenic material (Al = 8% of the aluminosilicate composition, taken to
reflect clay material in the system; Bowen, 1979). Second, it is assumed that all Al
comes from settled suspended matter consisting both of lithogenic material and
particulate organic matter. Since the concentration of suspended solids in the
suspended matter will alter seasonally (Van Damme et al.,, 1999), we measured the
monthly variation in the aluminium concentration in the suspended matter and
calculated the corresponding PN/AlI and POC/AI ratios of SPM to correct for PN and POC
of suspended matter origin trapped in the biofilm:

PN
- t5' 1)C Al Eq. 5.5
suce)

5PO* (LBC)

POC - Pgicwvyﬂrve) Eq. 5.6

PNspom(lbc) and POCSpom<ibc) denote the amount of PN and POC from suspended matter
origin trapped in the leaf-biofilm complex. PN(sW A I(Spv) afld POC(Sp*)/Al(sm) denote the
amount of PN and POC per unit of aluminium in the suspended matter (SPM) pool.
Al(eC) refers to the amount of aluminium trapped in the leaf-biofilm complex.

PNwec and POCLec concentrations decreased considerably after correction for the
contamination with SPOM (Fig. 5.13). The decrease was most pronounced for PNIbc
values because SPOM is enriched in N (C/N: 6 to 11; data not shown) compared to
willow leaves (C/N: 24), After correction, PN concentrations (PNiec, orr) fluctuated
around the original PN concentration whereas POCLsc, cor concentrations were initially
similar to the original value after which they slightly decreased. As a result, the C/N
ratios of submerged willow leaves were slightly lower than the one of the original leaf
(Fig. 5.14).

The decrease in the C/N ratio of the decomposing leaves suggested that C-
containing compounds were removed preferentially during decomposition. However,
literature data do not provide consistent information on the compound (C or N)
preferentially released during plant litter decomposition. Caraco et al. (1998) and
Lehmann et al. (2002), for instance, reported a preferential loss of N compounds
during decomposition, while Fogel and Tuross (1999) concluded towards a preferential
loss of C compounds. Alternatively, the colonization of the leaf by microbial organisms
(low C/N) could have decreased the overall C/N ratio of the LBC (Lehmann et al,,
2002). Furthermore, the microbial assimilation of dissolved N from the ambient
(Suberkropp and Chauvet 1995; Grattan and Suberkropp, 1998; Suberkropp, 1998;

Sanzone et al. 2001) could mask the loss of N-compounds. If the microorganisms
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would assimilate dissolved N from the surrounding water, their 8 ‘5N signature would
reflect the one of NH/ {Zleman et al., 1984; Caraco et al,, 1998), since leaf-colonjzing
micro-organisms preferentially assimilate NH/ if substrate-N becomes limiting
(Sanzone et al.,, 2001). However, if the PNSomdbc) provides the necessary N to the
microbial community to compensate for the lack of bio-available N in the leaf,
microorganisms would no longer assimilate dissolved N from the surrounding water
and the S1SN signature of the LBC would only be set by the S,5N signatures of willow
leaf and PNstom- An investigation of the S19N signature of the LBC should thus give

more information on the occurrence of microbial N-assimilation in the LBC.
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5.7.2 Microbial modification of the leaf-biofilm 51SN signature

During the decomposition experiment, we measured the s 1N composition of the
leaf-biofilm complex and the biofilm on the willow leaves (LBF) and on the litter bags
(BBF) (Fig. 5.12). The BBF was considerable enriched in 15N compared to the LBF and
LBC. This enrichment suggests that microorganisms in the LBC and LBF have access to
an additional and IsN-depl!eted N-source compared to microorganisms colonizing the
BBF. This additional N-source is probably leaf-N (s ISN = +7%o0), because, in contrast to
microorganisms colonizing the leaves, microorganisms in the BBF have no access to
leaf-N but may only thrive on PN trapped in the biofilm and on dissolved N from the
surrounding water.

The s 1SN signature of the BBF was significantly correlated with both the LBF and
the LBC (Spearman Rank correlation, LBF: Rank 0.78, p<0.05; LBC: Rank 0.79,
pcO.0l) suggesting that the ¢ 19N pattern of the LBC is mainly set by variations in the
s ‘N of the biofilm. Thus, other sources of variation of the 51N of the leaf substrate,
such as hydrolysis of organic compounds (Lehmann et al.,, 2002) and the preferential
loss of organic compounds with distinct isotopic signatures (Harvey et al., 1995; Fogel
and Tuross, 1999; Lehmann et al., 2002) will probably have only a lesser impact on
the overall SI5N signature of the LBC.

If the microorganisms in the biofilms would thrive on nitrogen originating from
SPOM trapped in the biofilm or on NH/ from the ambient solution, the 513N signature
of the LBC should correlate with the one of SPOM or NH/, respectively. A Spearman
Rank correlation test revealed, however, no significant correlation between s1sNLsc and
s,5Nspom or between 6~Ni*c and SisN H/. Thus, neither the presence of PNSrom nor the
assimilation of N H/ affects the 619N composition of the LBC. We therefore suggest that
the SISN signature of the biofilm is affected by the activity of the microbial organisms
constituting it. The seasonal pattern of SANIbc could then be explained as follows. The
initial increase in S1N of the LBC (Fig. 5.15) could result from a combination of
leaching and microbial assimilation of 1sN-depleted N-compounds from the leaf tissue
(Lehmann et al., 2002). Loss of microbial organisms could subsequently contribute to a
net removal of IsN-depleted organic. On from the third month, the development of a
biofilm and the increasing amount of PNspmtrapped in it may have counteracted the
increase in 8 1sNwsc since PNErom is depleted in 1N during winter compared to willow
leaves (Fig.5.3D). Between March 2002 and October 2002, microbial processing of the
nitrogen in the biofilm would again increase the 515N of the LBC. Uptake processes
fractionating against 1SN could enrich the remnant N-substrates (DON, NH/, NOs') in
15N, which in turn could increase the 518N of successive generations of microorganisms.
These fractionating processes could occur all over the biofilm. Indeed, biofilms typically

constitute of an oxic top layer while the underlying layers become gradually more
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anoxic (Golladay and Sinsabaugh, 1991; Simon et al., 2002). The oxic layer could
support a community of nitrifiers enriching the available NH4+ through the preferential
assimilation of 1«sNH4+. Similarly, a community of denitrifiers could increase the 51N of
the NO: in the anaerobic subsurface layers through the preferential assimilation of
14aN03. s 1sNLB values decreased gradually on from November 2002, probably as a
result of the continuous trapping of isN-depleted PN from the water column and a
suppressed microbial activity due to decreasing water temperatures. In February 2003,
the minimum O01SN value coincided with a maximum PNSoM trapped in the biofilm.
Finally, on from March 2003, SisNlbc started to increase again. Here, the same

processes as the ones described for the spring of the previous year may apply.
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The results of this incubation experiment do not allow us to draw conclusions
about the relative importance of organic substrate-N or ambient DN in setting the s ISN
of microbial organisms. The relatively N-rich suspended matter trapped in the biofilm
may have provided the necessary additional nitrogen for the microbial decomposers in
case substrate-N would have become limiting. We were thus not able to reconstruct
the 5,5N signature of heterotrophs assimilating dissolved N from the ambient. Instead,
our results suggest that the s 19N signature of microbial heterotrophs in the biofilm of

decomposing leaves reflects the microbia! activity in the biofilm.
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5.8 General discussion

The main objective of this study was to investigate the 8I5N signature of the
microbial (phytoplankton + bacteria) community in the freshwater section of the
Scheldt estuary to verify if the local cydopoid copepod community relies ultimately on
autotrophic or heterotrophic food sources. Based on the calculated fractionation factor
for NfV uptake and the calculated input 81NH4* we can now calculate the 815N
signature of phytoplankton at S| for the period 1999-2001, during which also copepod
sampling was undertaken. Heterotrophs assimilating phytoplankton-derived DOM
should then parallel the 815N signal of phytoplankton (Benner et al., 1997). The results
of a Spearman Rank correlation test showed, however, that 815N of the accumulated
phytoplankton and 815N of cydopoid copepods were not significantly correlated
(p<0.05). This excluded in situ produced phytoplankton or heterotrophs thriving on
DOM derived from this phytoplankton as a food source for cydopoid copepods. The
strongly depleted 813C signatures of cydopoid copepods relative to 8 13c spom (Fig. 5.16)
suggest, however, that the heterotrophic primary producers obtain at least part of their
C-sources from phytoplankton organic matter. Indeed, phytoplankton is the only
component of the SPOM pool with highly depleted 813C signatures (813C green algae: *
-45%o0, 813C diatoms * -35%o0; Boschker et al., 2005 compared to terrestrial and
sewage mater: 813C approximately -27%o; Hellings, 2000; Fisseha, 2002). As a
consequence, it is likely that bacteria also obtain part of their N-sources from

phytoplankton.
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Figure 5.16: Seasonal variation In the 01N and s UC signature of SPOM and cydopoid copepods at
station S| for the period 1999-2001.
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Unfortunately, our data do not provide enough information to solve this
apparent contradiction. However, we can propose three scenarios where cydopoid
copepods could simultaneously reflect the 813C of phytoplankton and still have a 8I5N
signature that differs from the calculated SISN signature of phytoplankton.

First, green algae could act as a substrate for bacteria at the base of the food
web. Indeed, the phytoplankton community in the freshwater section under study
consists mainly of active diatoms and decaying green algae imported from tributaries
(Muylaert et al., 2001; Boschker et al., 2005). Since green algae are not growing in the
estuary proper, their S19N signature may differ from the one of diatoms if they grow
under N-conditlons that differ from the ones in the Scheldt estuary.

Second, variations in the 815N of cydopoid copepods due to variations in their
trophic position could interfere with the seasonal variations imposed by the food
sources. Indeed, cydopoid copepods can have trophic positions ranging between 2 and
5 (bacteria » ciliates - carnivorous ciliates - rotifers - copepods) due to the complexity
of the heterotrophic food web in the freshwater section of the Scheldt estuary
(Muylaert et al,, 2000b). Moreover, if cydopoid copepods occupy a high trophic
position, the time-lag between the incorporation of N at the basis of the food web and
the incorporation of this N in the tissue of the cydopoid copepods may cause this
cyclopoids to be 'out of phase' compared to the seasonal 8IsN pattern of the primary
food sources.

Third, cyclopoids may be grazing on microorganisms associated with floes in the
water column. Concentrations of bacteria and microzooplankton in the floes can be 10
(microzooplankton) to 100 (bacteria) times higher than in the water column (Muylaert,
1999) and may thus attract cydopoid copepods (Simon et al., 2002). Floes also contain
substantial amounts of phytoplankton (Muylaert, 1999; Chen, 2003) that may serve as
a food substrate for bacteria which may explain the depleted 8UC signature of
cydopoid copepods. Floes consist of organic and inorganic particles sticking together by
the polysaccharide-rich secretion of microorganisms (Chen, 2003) and may thus have
a similar layered structure with an oxlc-anoxic gradient as the biofilm on the leaves. If
similar microbial processes occur in the floc-biofilm as in the leaf-biofilm, 51SN
signature of bacteria may be strongly modified and thus no longer reflect the 8t5N of

phytoplankton.
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5.9 Conclusion

This study aimed at reconstructing the S1N signature of the potential primary
food sources of cydopoid copepods in the freshwater section of the Scheldt estuary. In
particular, we aimed at understanding how the 8I3C signatures of cydopoid copepods
could point to a phytoplankton-derived food substrate, while this was not the case for
815N signatures.

81SNH4* measurements allowed us to calculated the fractionation value
associated with NH,* uptake (18.4% 0, SE=1.2%0) and the value of the initial 8 1SNH«*
(+9.6% 0, SE=2.6%0). These values were subsequently used to reconstruct the 8 15N of
phytoplankton for the period 1999 - 2001, during which also cydopoid copepods were
sampled. The lack of correlation between these values and the 8IsNcyc showed that
cydopoid copepods do not graze on locally produced phytoplankton and thus probably
rely on heterotrophic bacteria as a primary food source.

We tried to reconstruct the seasonal pattern of the 818N signature of
heterotrophic microorganisms in the suspended matter pool for a situation where they
have access to both substrate-N and dissolved nitrogen from the ambient solution. We
used submerged leaves as a proxy of organic matter substrates in floes, assuming that
the factors setting the S15N pattern of heterotrophic decomposers in the biofilm of
submerged leaves would be similar to microheterotrophs in the suspended matter pool.
The results suggested, however, that the 815N signature of submerged leaves mainly
reflected microbial activity in the biofilm covering the leaf, while external additions of
nitrogen were only of minor importance in setting the seasonal pattern of 815N.
Therefore, we were not able to reconstruct the 8I5N of heterotrophs colonizing organic
matter, and thus no direct comparisons with 8 IsNc»c could be made.

Finally, we proposed three scenarios to explain the 813C and 81SN pattem of
cydopoid copepods. In the first two scenarios we assumed that the 8I5N signature of
the food source does not reflect the actual 81NH4* at the study site. Scenario 1
assumed a preference for detritus of green algae grown in the tributaries rather than in
the estuary proper, while scenario 2 assumed that the 813N pattern of cyclopoids
reflects other variations than the one of the primary food sources. The third scenario
assumed that cydopoid copepods feed on floes and their associated microorganisms
whereby the 815N signature of bacteria is modified by the microbial processes in the

biofilm of the floes.

Acknowledgments

We thank Natacha Brion for the analysis of 8 'sNH4*, Mare Elskens for statistical support and Martine
Leermakers for the analysis of Al concentrations.

5- 119



CHAPTER 5

5 - 120



Variation in 615N and 613C of suspended
particulate matter and copepods along the
estuarine gradient

Chapter 6



CHAPTER 6

6 - 122



Spatial patterns in SPOM and copepod & SN and <93C

6.1. Introduction

In chapter 4 we looked at the monthly variation of S‘&N and 613C of SPOM in
order to examine the organic matter sources controlling the seasonal variation in SPOM
at the freshwater to mesohaline reaches of the Scheldt estuary. From that study, we
concluded that phytoplankton biomass was most likely the main factor setting the
isotopic composition of SPOM. In this chapter, we concentrate on the general spatial
trends in the isotopic signatures of SPOM and extend our study area to the marine
reaches of the estuary in order to have a full picture of the spatial variation In the
isotopic signature along the estuary.

Several studies show that the spatial pattem in SPOM C and N isotopic
signatures cannot be explained by the mixing of freshwater, terrestrial and marine
organic matter, but that autochthonous sources (Mariottl et al., 1984; Owens, 1985;
Cai et al., 1988; Coffin and Cifuentes, 1999; Fichez et al., 1993), diagenetic alteration
of organic matter (Thornton and McManus, 1994) and the resuspension of sediment
organic matter (Fichez et al., 1993) contribute significantly to the variation in 81N and
813C. In general, biogeochemical processes are considered to influence the isotopic
distribution along the estuary to a greater extent than physical mixing (Cifuentes et al.,
1988). Deviations from the mixing relationship between freshwater and marine
particulate organic matter (POM) are generally more pronounced for nitrogen than for
carbon isotopes (Thornton and McManus, 1994) and are most apparent in macrotidal
estuaries with long residence times (Mariotti et al., 1984; Owens, 1985; Cifuentes et
al., 1988; Thornton and McManus, 1994). Indeed, variations in the 81N and 813C
signature of SPOM were only minor in the non-tidal Po estuary (Martinotti et al., 1997).

Our objective was to investigate the main factors accounting for the spatial
variation in 815NseM and 813Csco« over the whole estuarine gradient. In addition, we
looked at the general spatial 81N and 8L3C patterns of cyclopoid and calanoid copepods
and discuss them in the light of two major applications of stable isotopes: the study of

the diet of planktivorous fish and the tracing of migration in the estuary.
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6.2. Material and methods

Freshwater, oligohaline and upper mesohaline reaches have been sampled
between May 1999 and April 2001 (Chapter 4). During February, May and July 2001,
we collected SPOM and Zooplankton at 3 additional stations in the mesohaline to
marine reaches of the Scheldt estuary: stations S5 (mesohaline), S6 and S7 (marine);
(Fig. 6.1). Descriptions of the sampling protocol and the analysis of SPOM and
copepods can be found in Chapters 3 and 4.

Annual mean 815N and 813C signatures of SPOM and cyclopoid and calanoid
copepods were calculated for the periods May 1999 - April 2000 and May 2000 - April
2001 for the stations SI, S2, S3 and S4 and for February to July 2001 for stations S5,
S6 and S7. In the text below, the abbreviations SPOM, CYC, CAL refer to suspended
particulate organic matter, cyclopoid and calanoid copepods, respectively, while the
suffixes I, Il and Il refer to the period May 1999 - April 2000 (l), May 2000 - April
2001 (I1) and February-July 2001 (l11).

The Netherlands
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Figure 6.1: Map of the Scheldt estuary showing the sampling stations and their respective distance
to the mouth of the estuary.
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6.3. Results and Discussion

6.3.1. Factors controlling spatial variation in 5158 spoh and 5 13C Spom

6.3.1.1. $,3C SPOM

Annual mean 813Csrom values increased in downstream direction (Fig. 6.2), a
pattern frequently observed In temperate estuaries (Cai et al.,, 1988; Fichez et al.,

1993; Thornton and McManus, 1994; Savoye et al.,, 2003; Martineau et al., 2004).
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Figure 6.2: Dual isotope plot and longitudinal profiles of annual mean SI3C and 515N values of
SPOM | (May 1999 - April 2000), SPOM Il (May 2000 - April 2001), and SPOM Il (2001). Error

bars - 1 SD.

A comparison between the Ot3C of SPOM and dissolved inorganic carbon (DIC)
should provide more information on the organic carbon source controlling the SI3C of
SPOM (Chanton and Lewis, 1999; Coffin and Cifuentes, 1999). No O13Coic data are
available for the period covered by the present study (1999-2001) but a comparison

between 6 13Coic data for the period 1996-1998 (Hellings et al., 2001) and 2002-2003
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(OMES, unpublished results) for stations S| to S4 revealed no significant long term
changes (Mann-Whitney LI, p>0,05). This justifies that average 8 13CD|C values obtained
for different years can be considered to apply also for 1999-2001 when the present
study was undertaken. For stations S5, S6 and S7, 8 13Coic data were too scarce (only
February 1997 and April 2002) to allow reliable statistical significance testing. We
assumed that the lack of long-term changes observed for the S| to 54 stretch also
apply for the S5 to S7 section and used the average 813C0ic of February 1997 and April
2002 as a proxy of the s 13cdic for the present period of study (1999-2001). 8 13cojc and
s13cspom were positively and highly significantly linearly correlated (bivariate least
square regression; ri* = 0.98, pc0O.0O0Il; Fig, 6.3). Since phytoplankton is the only
SPOM compound of which the 613C signature is set by the 813 of DIC (Chanton and
Lewis, 1999; Hellings et al., 2001), the correlation between S13Coic and 5 13Cspom rnay
indirectly result from the presence of phytoplankton in the SPOM pool. We may thus
conclude that phytoplankton biomass is the main factor controlling the longitudinal
variation in 8 ,3C Spom.

If DIC is the only factor controlling the phytoplankton composition, the slope of
a regression between S13CDic and 813 of phytoplankton should be 1 (Chanton and
Lewis, 1999). Thus, if we assume that phytoplankton Is the only component in the
SPOM pool, the slope between 813Cwc and 8 13csrom should also be 1 (Coffin and
Cifuentes, 1999). The slope of the linear regression between S$13Coic and si3csrom was
0.72 (SE=0.04), which implies that other carbon sources than phytoplankton also
contribute to the variation in s 13csrom (Coffin and Cifuentes, 1999). In the Scheidt
estuary, these carbon sources are most likely sewage and terrestrial matter. The
dashed line in Fig. 6.3 represents the SI3C value of SPOM if SPOM would consist purely
of phytoplankton (i.e. 8,3Cspon = 8 I13Cphytop(anwon). The 813C of phytoplankton is calculated
assuming a marine end-point 813C value for phytoplankton of -20% o0 (Boschker et al.,
2005) and a fractionation value between phytoplankton and DIC of 19.2%o0. The latter
Is the sum of the average fractionation value relative to dissolved C02 for C02 uptake
by phytoplankton for the Scheldt estuary (11.2%o0; Boschker et al., 2005) and the
fractionation factor for the conversion of C02 to DIC (8%o0); (O'Leary, 1981). The
increasing deviation between the 813C of phytoplankton and the observed s 13cspom
toward to upper reaches (Fig. 6.3) points to an increasing importance of non-algal
carbon sources.

However, the slope of the regression between 813Coic and 8 13Cphyiopiki>kton may
vary due to systematic variations in the degree of fractionation during C02 uptake
(Chanton and Lewis, 1999). Chanton and Lewis (1999) reported a decrease in the
slope from 1 to 0.6 for a situation where the fractionation during C02 uptake increased

with increasing salinities. They attributed this decrease to a gradual shift in the species
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composition (Chanton and Lewis, 1999). Recently, Boschker et al. (2005) have shown
that the opposite is true for the Scheldt estuary. They reported that the magnitude of
the fractionation during C02 uptake decreases in downstream direction, probably
resulting from a combination of a downstream increase in the growth rate of
phytoplankton and a downstream decrease of the dissolved C02 concentration.
Consequently, for the Scheldt estuary, the slope of the regression between 8 13Coic and
SACphytoennkion would be higher than 1. The arrow in Fig. 6.3 shows the direction in
which the 813C of phytoplankton would shift if the fractionation during C02 uptake
would decrease in downstream direction. Such decrease would only increase the
deviation between S13CGutytopisnkton and the observed s 13c siom, which would further stress

the increasing importance of non-algal C sources in the SPOM pool In upstream

direction.
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Figure 6.3: Regression between SI3Co,c averaged over the periods 1996-1998 and 2002-2003 and

613Cspom signatures (this study). Error bars * 1 SD. The slope of the equation for the obtained
regression is 0.72 (SE=0.04) and the intercept is -19.60 (SE=0.44)%o0. The dashed line denotes
the theoretical value of 5’3Cspo« If SPOM would consist only of phytoplankton and If fractionation
during CO, uptake remains constant. The arrow indicates the direction in which the dashed line
would shift if the fractionation associated with C02 uptake would increase in upstream direction.
The dotted line shows the theoretical value of 613Csk>h if SPOM would consist only of phytoplankton
and if fractionation in the upper reaches would increase with e.g. 5%0 compared to the lower
reaches.
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6.3.1.2. O15NSPO,

Mean 815Nspom signatures first increased in downstream direction, peaked in
the mesohaline reaches of the estuary and declined again In seaward direction (Fig.
6.2). Earlier studies have shown that mid-estuarine maxima in the 8 15Nspom signature
can result from two processes. First, an increase in the heterotrophlc microbial activity,
favored by the enhanced residence time of suspended matter in the maximum turbidity
zone (MTZ) (Owens, 1985) can enrich organic matter in 1N (Owens, 1985; Thornton
and McManus, 1994). Second, the presence of phytoplankton grown on an N-source
previously enriched in 1N following uptake and/or nitrification processes may enrich
the overall SPOM 8,5N (Mariotti et al., 1984; Cifuentes et al., 1988).

In the Scheldt estuary, maximum values were recorded downstream of the
MTZ, which stretches roughly between km 58 and km 100 (i.e. between S2 and S4;
Chen, 2003). If microbial activity would have dominated the Increase in 8,sSNSrowm,
highest 8 15NSPom values should have been found in the MTZ. Since this is not the case,
the strong enrichment of the 8,sNSrom values might have resulted from the presence of
15N-rich phytoplankton following uptake of N fV enriched in I5N due to the preferential
consumption of ‘“NH/ in the upstream regions. Alternatively, the overall S1N
signature of SPOM could be relatively enriched in the mid-estuary compared to the
upper and lower reaches if the 13N-rich phytoplankton represents a larger part of the
bulk SPOM pool in the mid-estuary.

S15NSrom decreased again in the lower marine reaches of the estuary, probably
as a result of the mixing of estuarine organic matter with marine organic matter with a

8 1N value of +9%o (Middelburg and Nieuwenhuize, 1998).

6.3.2. The use of copepod 818N and S13C signatures to study the diet of fish

Stable C and N isotopes are increasingly used to identify food sources and
trophic positions in aquatic ecosystems because they offer advantages over more
conventional methods such as the analyses of stomach contents. Gut content analyses
may be misleading if the gut contents are not assimilated (Kling et al., 1992) and if
food sources, in particular planktonic organisms, are not detectable by inspection of
ingested material (Grey et al., 2001). The strength of the stable Isotope technique is
that they reflect the actual assimilated as opposed to ingested food (Kling et al., 1992).

The use of stable isotopes to identify food sources and trophic positions is based
on the assumption that consumers and their prey differ by #3%o0 and %1% o In their
81N and 813C signatures, respectively (DeNiro and Epstein, 1978; Fry and Sherr, 1984;

Minagawa and Wada, 1984; Vander Zanden and Rasmussen, 2001). If stable isotopes
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are to be used as indicators of the trophic position of large aquatic consumers we need
to know the isotopic signatures at the base of the food web to compare consumer
isotopic signatures with. However, phytoplankton or primary consumers are generally
not considered as useful baseline indicators because of their high sensitivity to changes
in the isotopic signature of their food substrates. Large consumers, in contrast, are less
sensitive to variations in isotopic signatures than their prey because of the slower
turnover rate of their tissue, and integrate the isotopic signatures of their food sources
over a certain time period (Cabana and Rasmussen, 1996; Post, 2002). This may result
in a considerable time lag between changes in the isotopic signature of large
consumers and their prey. Thus, in case isotopic signatures of prey are highly variable,
variations in the difference between isotopic signatures of consumer and prey could
erroneously be interpreted as variations in the trophic position of consumers.
Therefore, longer-living prey are preferred as an indicator of baseline isotopic
signatures of the system (Cabana and Rasmussen, 1996; Post, 2002).

Since both phytoplankton and copepods have highly variable isotopic signatures
in the Scheldt estuary (Hellings et al., 1999; De Brabandere et al., 2002; Chapter 4
and 5), they may not be adequate Isotopic baseline indicators. However, copepods are
a direct food source for many fish species in the Scheldt estuary (Maes et al.,, 2003),
which makes direct comparisons between fish tissue and copepods inevitable. To
circumvent the problem of the different response time of fish and copepods to
changing isotopic signature of their food substrate, annual mean isotopic signatures
were calculated (Cabana and Rasmussen, 1996; Post, 2002). As such, we can provide
a baseline isotopic signature with which future studies on the diet of fish can be

compared.

The longitudinal patterns of the annual mean 5I3C and 015N signatures of
copepods (619Nap and S13Ca,p) resembled the ones of SPOM (Figs. 6.4 and 6.5; Table
6.1); SISNnp signatures were highest in the mesohaline zone of the estuary (stations
54 and 55) and decreased toward the upper and lower reaches, while S*Co*
signatures increased downstream. However, 813CcuP signatures were generally shifted
toward more negative values compared to 8!3CSom, while 8IsNop were shifted toward
more positive values, although the shift in 519N was less pronounced for cyclopoid
copepods. The shifts in the isotopic signatures of the copepods relative to SPOM are in
agreement with the preference of copepods for phytoplankton or heterotrophs thriving
on phytoplankton derived dissolved organic matter, which are generally depleted in 13C

and mostly enriched In 15N compared to SPOM (Chapter 4 and 5).
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Table 6.1: Annual mean and standard deviation (SO) of 51 and 513N signatures of SPOM,
calanoid and cyclopoid copepods.
i n ui
(May 1999- April 2000) (May 2000 - April 2001) (February - July 2001)
513C (%o0) 51N (%o0) SI3C (%o0) 51N (%0) 613C (%o0) 51N (%o0)
mean (SD) mean (SD) mean (SD) mean (SO) mean (SD) mean (SD)

SPOM

51 293 (1) +4.0 (4.0) -28.9 (1.4) +5.6 (4.0)
52 -28.6 (0.7) +4.5 (2.9) -29.1 (1.4) +7.9 (2.9)
53 .28.1 (0.7) +5.6 (3.4) -28.3 (1.3) +6.4 (3.3)
54 .26.8 (1) +s.s6 (3.3) -26.8 (0.8) +8.5 (2.1)

55 -25.4 (0.2) +10.7 (2.3)
56 252 (1.3) +9.8 (1.8)
57 211 (2.1)  +8.9 (1.0)
CALANOIDS

S| -34.0 (1.0) +7.3 (3.9) -34.6 (0.1) +10.3 (4.7)
S2  -31.5 (3.6) +7.4 (2.4) -32.8 (1.9) +9.2 (3.2)
S3  -30.3 (2.4) +9.4 (0.s) -30.3 (1-8) +12.0 (6.0)
S4 295 (12) +19.8 (5.0) -30.2 (1.4) +16.7 (s.2)

55 -28.0 +16.0
56 .25.4 (0.8) +17.0 (1.6)
57 22.2 (2.4)  +12.6 (1.1)
CYCLOPOIDS

SI  -31.8 (2.2) +6.9 (2-3) -33.1 (0.9) +6.3 (3.4)
s2  -31.4 (1.5) +7.7 (1.6) -33.6 (1.6) +8.1 (3.2)
S$3  -31.8 (19) +9.5 (1) -33.2 (1s) +9.5 (3.3)
S4  -29.2 (13) +11s (1.9) -29.4 (2.9) +11.9 (4.9)
S5 -29.1 +11.4

The shifts between SPOM and consumer isotopic signatures are also in
agreement with a study of Martineau et al. (2004), who compared data of 81N and
813C of SPOM and consumers between different estuaries (Table 6.2). They found that
consumers tend to be enriched in 8I5N relative to SPOM. However, the enrichment
between SPOM and consumer 815N observed in the Scheldt system is much higher than
the one observed in other estuaries (maximum of 11.2%o0 for calanoids at station S4).
Martineau et al. (2004) observed a maximum enrichment between Eurytemora affinis
and SPOM of 8.5%o0. They attributed this high enrichment to a high trophic position of
E. affinis owing to its selectivity for microzooplankton. In the Scheldt system, where E
affinis is assumed to have a herbivorous feeding behavior (Tackx et al., 2003), the
high enrichment between calanoids and SPOM 8I5N is probably mainly due to the
strong 1N enrichment of phytoplankton following uptake of IsN-enriched NH4+ (Chapter
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5). A comparative study of SI3C signatures, on the contrary, showed that primary
consumers can be both enriched and depleted relative to S13Cspom (Table 6.2). Large
offsets between 813C of primary consumers and SPOM were related to selective feeding
behaviour of consumers (Martineau et al., 2004). In the Scheldt estuary, copepods
were consistently depleted in 13C relative to SPOM, resulting from the selectivity for
phytoplankton or for heterotrophic organisms thriving on phytoplankton-derived

dissolved organic matter.
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Figure 6.4: Dual isotope plot and longitudinal profiles of 513C and 815N signatures of calanoid

copepods: CAL | (May 1999 - April 2000), CAL Il (May 2000 - April 2001) and CAL Il (2001).
Error bars - 1 SD. Grey-scaled symbols represent the data for SPOM (see Fig. 6.2 for symbol
legend of SPOM).
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Figure 6.5: Dual isotope plot and longitudinal profiles of S13C and 5IsN signatures of cyclopoid
copepods: CYC | (May 1999 - April 2000), CYC Il (May 2000 - April 2001) and CYC IIl (2001).
Error bars = 1 SD. Grey-scaled symbols represent the data for SPOM (see Fig. 6.2 for symbol
legend of SPOM).
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Table 6.2: Intersystem comparison between the S1N and 8I3C signatures of SPOM and

primary consumers and the difference between primary producers and SPOM isotopic
signatures (A81N = S”Npom*, producer ” 51Ns»m; A813C 0-"Cp™,«, producer — S 13CSPOH).
(Modified from Martineau et al., 2004).
Site Environment SPOM Primary delta
consumers

5N (Wx>) 8"N (Afeo) AS51N (% o)
Tijuana Estuary* Estuary +10.9 +14.1 3.2
Plum Island Soundb Upper estuary +6.7 +7.6 0.9
Plum Island Sound6 Middle estuary +5.6 +7.7 21
Plum Island Soundé Lower estuary +6.7 +7.6 0.9
Ria de Arosa’ Estuary +7.0 +9.8 2.8
St.Lawrence River6 Estuarine MTZ +5.9 +7.3 14
Site Environment SPOM Primary delta

consumers

S13C («Vi») 513C («W») A5,3C (<Vw)
Avon-Heathcote' Estuary -24.4 -20.0 4.4
Tijuana Estuary* Estuary -20.8 -21.8 -1.0
Plum Island Soundé Upper estuary -27.9 -26.5 1.4
Plum Island Soundé Middle estuary -21.6 -24.3 -2.7
Plum Island Sound6 Lower estuary -21.9 -22.4 -0.5
Marennes-Oléron Bay' Estuary plume -23.5 -20.3 3.2
Rla de Arosa1 Estuary -24.2 -14.5 9.7
St. Lawrence River6 Estuarine MTZ -27.0 -21.0 6.0

‘Kwak and Zedier (1997), bDeegan and Garritt (1997), ‘Page and Lastra (2003), "Martineau
et al. (2004),'Stephenson and Lyon (1982),'Riera and Richard (1997)

6.3.3.
estuary

The use of stable

isotopes to study fish migration

in the

Scheldt

Earlier studies have shown that many marine fish species use the Scheldt
estuary as a nursery area or as a refuge for predators and that diadromous species use
the Scheldt as a route to migrate between freshwater and marine environments {Maes
et al., 1998a). Several studies have show that geographic isotope differences can be
used to trace migration (e.g. Hesslein et al., 1991; Hansson at al., 1997; Doucett et
al., 1999; McCarthy and Waldron, 2000). Marine 513C and 8I5N signatures are enriched
compared to the ones of freshwater ecosystems (e.g. France, 1994; Peterson and Fry,

1987). Estuarine habitats display intermediate values for 813C (Cal et al., 1988; Fichez
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et al.,, 1993; Thornton and McManus, 1994; Savoye et al.,, 2003), while 81N signatures
are depleted, enriched or Intermediate, depending on the biogeochemical processes
acting on the substrates of primary producers (Mariotti et al., 1984; Owens, 1985;
Cifuentes et al., 1988; Thornton and McManus, 1994). Adult fish migrating between
habitats need some time to equilibrate their tissue isotope composition with that of the
local food because of their slow tissue turnover rates. Migration can thus be traced
when fish tissue is not in equilibrium with the isotopic signatures of the local food
sources (Hansson et al.,, 1997).

In the Scheldt estuary, SIsN and 813C signatures of copepods are highly variable
and show considerable overlap at the different stations along the Scheldt estuary
(Chapter 4). Therefore, we will investigate If the annual mean isotopic signatures of the
food sources at the endpoints are sufficiently distinct to allow migration studies based
on N and C isotopes. We used Mann-Whitney U statistics to test for significant
differences between average S1N or 813 signatures of calanoid and cyclopoid
copepods at the different stations. The results of the Mann-Whitney U test are
presented in Figs. 6.6 and 6.7. Stations sharing grey-scaled blocks may sustain
zooplanktivorous fish with significantly different 819N and/or 013C signatures. As a
result, stable isotopes can only be used to trace migration between stations sharing

grey-scaled blocks.

The S13C signatures of calanoid copepods at S4 differed significantly from the
ones at the freshwater station S| and the marine stations S6 and S7 (Fig. 6.6). During
the second year, the oligohaline and marine stations also differed significantly In 813Cc,i
signatures. During the first year, 815N of calanoid copepods differed significantly
between stations S4 and the freshwater and oligohaline stations. During the second
year, however, 8isN»i at S4 differed only from 8 15Nm1 at S2. It must be noted, however,
that the results of the Mann-Whitney U test for the stations S5, S6 and S7 have to be
interpreted with care, given the low number of data (£ 3). The 81N and 813C
signatures of cyclopoid copepods at S4 differed significantly from the ones at the
upstream stations (Fig. 6.7). This suggests that 613C and Si5N can mostly be used to
trace migration of zooplanktivorous fish between mid-estuarine and upstream stations.
8UC of calanoid copepods also allow tracing migration between mid-estuarine and
lower reaches. In the Scheldt estuary, migratory behavior of fish is largely restricted to
the marine and mesohaline reaches of the estuary because of the severe oxygen
depletion in the upstream reaches (Maes et al., 1998b). Thus, since the mesohaline
and marine reaches differ only in their 813Cc.i signature, fish migration between marine
and mesohaline reaches can only by traced based on their 813C signatures and only if

calanoid copepods comprise an important part of the diet of fish. These results are in
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contrast to other studies which successfully applied 51N and/or 513C as a tracer of
migration (Hesslein et al., 1991; Hansson at al., 1997; Doucett et al., 1999; McCarthy
and Waldron, 2000). These studies were, however, carried out in systems which
display only minor seasonal 615N and 513C variation at the base of the food web. We
hypothesize that in eutrophic systems where enhanced microbial activity results in
highly variable 818N and 6 13C signatures of the substrates of primary producers

(Chapter 5), 515N and 0,3C will be less useful to study migration.

not significant
p < 0.05

p < 0.01

p < 0.001

Figure 6.6: Schematic representation of the significant differences between the 5I5Nca or S13Cd
signatures of the different stations along the estuarine gradient. The grey-scale of the boxes
indicates the significance level based on which stations can be distinguished. In each row, SisNou. or
0613Com values of one particular station are compared to the ones of the other stations. Mean 51N
and S13C values of CAL | and Il (S| to S4) are each compared with CAL Il (S5 to S7) to cover the
full estuarine gradient, despite the fact that they cover different years. Significant differences

between stations are tested by means of a Mann-Whitney U test. Calanoid copepods were only once
recorded at station S5. As a result, no significance tests could be performed.
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Figure 6.7: Schematic representation of the significant differences between the 51NW or 6~Ce,,
signatures of the different stations along the estuarine gradient. The grey-scale of the boxes

indicates the significance level based on which stations can be distinguished. In each row, 6I15Nw or

51%evc values of one particular station are compared to the ones of the other stations. Significant
differences between stations are tested by means of a Mann-Whitney U test. Cyclopoid copepods
were only present at stations S| to SS, although cyclopoid copepods were only recorded once
recorded at station S5 so that no significance tests could be performed.

6.4. Conclusions

The longitudinal patterns of513CSpoM and s 15Nspom were mainly related to the
variation in the ¢ and N sources of phytoplankton. 8 13csrom increased in downstream
direction due to the presence of phytoplankton with gradually increasing s 13c
signatures. The relative importance of non-algal carbon sources increased in upstream
direction. 8 15Nspon peaked in the mid-estuary due to the presence of phytoplankton
assimilating NH/ enriched in 15N due to the fractionation associated with NH/
consumption in the upper reaches. The spatial patterns of 8 15N srom and 8 13csrom were
reflected in the SI5N and 813C composition of the calanoid and cyclopoid copepods, with
8 1SN values of copepods being enriched and 8I3C values being depleted relative to the
ones of SPOM as a result of selective feeding of copepods on phytoplankton or
phytoplankton-derived dissolved organic matter.

Marine and mid-estuarine stations displayed significantly different 813Con
signatures, suggesting that stable C isotopes can be used to trace fish migration
between the mid-estuary and the North Sea. Stable N isotopes, on the contrary, were
not considered a useful tool to investigate fish migration between the mid-estuary and
the North Sea since they did not discriminate between mesohaline and marine stations.
Both 8I5N and 813C signatures can, however, be used to trace migration between the
mesohaline station S4 and the upper reaches, but neither 815N nor 813C can be used to

trace fish migrations over the full estuarine gradient.
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The main objective of this study was to investigate the relative importance of
heterotrophic and autotrophic primary food sources sustaining the secondary
production at different salinity conditions in the highly eutrophic Scheldt estuary. In
particular, we investigated the primary food sources of calanoid and cyclopoid
copepods since these represent an important intermediate for the transfer of energy
and matter to the higher trophic levels. First, we studied the factors accounting for the
monthly variation (April 1999 - April 2001) of the 818N and S13C signature of suspended
particulate organic matter (SPOM) in the fresh to mesohaline reaches. Second, we
investigated the nature of the primary food sources (bacteria or phytoplankton) of
calanoid and cyclopoid copepods, with particular emphasis on the organic substrate of
heterotrophic microorganisms. Finally, we extended our study area to the marine
reaches of the estuary to investigate the factors controlling the spatial variation in
SPOM isotopic signatures and to provide baseline isotope values for future food web

research.

Seasonal variations in the 8ISN and 813C signatures of SPOM were linked to
variations in the relative contribution of phytoplankton to the total SPOM pool and to
variations in the isotopic signature of phytoplankton. Increased contribution of
phytoplankton to SPOM was marked by a decrease in the overall 0I3C signature of
SPOM. The presence of phytoplankton either decreased or increased the 818N of SPOM,
depending on the ambient NH«* concentration. Highest enrichments were typically
found under low N H/ concentrations.

At the oligohaline and mesohaline stations, the seasonal variation of the SI5N
and S13C signatures of calanoid copepods paralleled the one of SPOM, but with an
offset mostly exceeding the one commonly accepted for trophic fractionation. The
seasonal variation of the 815N and 813C signatures of cyclopoid copepods of the
oligohaline and mesohaline reaches also paralleled the one of SPOM, but their summer
S15N signatures showed strong 15N depletion relative to the ones of calanoid copepods.
It is thought that these patterns reflect a dependency of calanoid copepods on
phytoplankton while cyclopoid copepods ultimately depend on heterotrophic bacteria
using phytoplankton derived dissolved organic matter (DOM) as a food substrate.

In contrast, the seasonal patterns of the 5IsN and 813C signatures of the
cyclopoid copepods at the freshwater station were very different from the ones of
SPOM suggesting no dependency of cyclopoid copepods on in situ produced
phytoplankton or on heterotrophs thriving on DOM derived from this phytoplankton.
This was confirmed by the discrepancy between the seasonal S1SN pattern of cyclopoids
and the modeled 81N pattern of In situ produced phytoplankton. It was therefore

suggested that allochthonous phytoplankton advected from the tributaries represents
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the food substrate of heterotrophs on which cyclopoid copepods feed. We tried to
reconstruct the seasonal 8!SN signature of heterotrophs thriving on detritus to compare
the 815N of cyclopoid copepods with. We Investigated if heterotrophic microorganisms
associated with floes reflect the 8 19N composition of organic matter trapped in floes or
the dissolved nitrogen from the ambient solution. This was tested by means of a
decomposition experiment where the 51N pattem of decomposing willow leaves and
associated decomposers was used as a proxy for the S1SN of heterotrophs associated
with floes. However, due to significant contamination of the biofilm by trapped
suspended matter, incorporation of dissolved nitrogen was insignificant and the 51N of
the submerged willow leaf-biofilm complex probably reflected mainly microbial activity

in the blofilm, rather than the S1N of the N-source.

8I5NH4+ signatures observed in the Scheldt estuary were very high (up to
+70%o0) and highly variable. Such high S,5NH4+ signatures were related to the combined
effect of fractionation during algal NH/ uptake and nitrification. SISNH4+ was used to
model the seasonal 819N variation of phytoplankton. The strong correlation between
modeled S1N of phytoplankton and the S1SN of SPOM confirmed that phytoplankton
was the main factor setting the seasonal variation in 8 1NS«>,. Finally, we showed that
phytoplankton biomass is also a major factor controlling the spatial variation In SPOM
isotopic signatures. We calculated an isotope baseline with which future studies on the
diet of zooplanktivorous fish can be compared and we questioned the use of stable N
isotopes to study fish migration in the Scheldt estuary since endpoint habitats mostly

do not differ sufficiently in their 8 15N signature.

To conclude, calanoid and cyclopoid copepod communities were shown to
represent different food webs. Calanoid copepods depended ultimately on
phytoplankton for their C and N requirements, while cyclopoid copepods relied
ultimately on heterotrophic bacteria. The organic substrate for the heterotrophs in the
oligohaline and mesohaline reaches differed from the one in the freshwater reaches.
Heterotrophic bacteria from the oligohaline and mesohaline reaches probably utilized
dissolved organic matter derived from autochthonous phytoplankton, while freshwater
bacteria probably depended on allochthonous phytoplankton sources. Although
previous studies already suggested that nowadays, heterotrophic and autotrophic food
webs are both present in the oligo-and mesohaline reaches, our study is the first to
show that both food webs are actually linked. The fate of phytoplankton In the

freshwater reaches is, however, still unclear.
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Our observations highlight a very different ecosystem functioning for the
freshwater part compared to the oligo- and mesohaline waters of the estuary proper. A
conceptual model of the energy transfer from primary food sources to the higher

trophic levels in the freshwater versus oligo-and mesohaline reaches is presented in

Downstream export

Figure 1.
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Figure 1: Conceptual model of the (simplified) food web in the oligohaline to mesohaline reaches
(left) and the freshwater reaches (right) of the Scheldt estuary. Both the algal-grazer and the
decomposer pathway are presented. In the freshwater reaches, calanoid copepods were only
occasionally observed and were therefore not studied for their primary food sources. In the meso-
and oligohaline reaches, calanoid and cyclopoid copepods represent autotrophic and heterotrophic
food webs, respectively. The heterotrophic food web is linked to the autotrophic food web via the
microbial processing of locally produced algal-derived organic matter. In the freshwater reaches,
the heterotrophic food web is probably mainly fuelled by allochthonous phytoplankton Inputs. Solid
arrows indicate trophic linkages between groups, while dotted arrows indicated potential linkages
between groups.

Our results show that the secondary production in oligohaline to mesohaline
estuaries may be fuelled by autotrophic organic matter sources. A large part of this

autotrophic organic matter reaches the higher trophic levels via the decomposer
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pathway. In the freshwater reaches, however, allochthonous autotrophic organic
matter sources may be more important in fuelling secondary production. Although
organic matter inputs from wastewater constitute an important fraction of the labile
organic matter pool in the Scheldt estuary, autotrophic organic matter represented the

major energy source for heterotrophs.

Recommendations for future research

Although our results were helpful in delineating the major energy pathways to
secondary production in the Scheldt estuary, it also raised some questions about the
fate of autochthonous phytoplankton in the freshwater reaches and the fate of
allochthonous organic matter in the oligo- to mesohaline reaches. Therefore, we give

some recommendations for future research to solve above-mentioned questions.

. The C- and N-sources at the base of the heterotrophic food web are still poorly
understood. Therefore, future research should focus on the seasonal S15N and
6,3C pattern of bacterial organisms. To date, bacterial isotopic signatures can be
accurately measured by compound-specific analysis of bacterial biomarkers such
as nucteid acids (Coffin et al., 1990; Créach et al., 1999), amino acids (Pelz et
al., 1998; McClelland et al., 2003) and polar lipid-derived fatty acids (Boschker
et al., 1998; 2005).

. Some potential N- and C-sources for heterotrophs and primary producers were
not addressed in this study, being dissolved organic nitrogen en carbon, N03
and allochthonous phytoplankton. The study of the 519N and SI3C of these
sources could provide additional insight in the processes driving the S,5N and
S1C of heterotrophs and autotrophs in the Scheldt estuary.

. The study of the seasonal 515N and 013C pattern of size-fractionated suspended
matter components may help to investigate the 51N and 813C of minor SPOM
components. Indeed, recent studies combining flow-cytometric cell sorting and
isotope-ratio mass spectrometry to measure the 813C of fatty acids of specific
plankton groups (Pel et al.,, 2003), have shown that bulk SPOM is a
heterogeneous mixture of different size-fractions with their specific isotopic
signature.

. Finally, this study focused on the pelagic food web, but benthic food webs may
also contribute significantly to secondary production in the estuary. Therefore,
more research is needed to study the coupling between benthic and pelagic

production along the estuary.
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