


Heterotrophic consumers are considered to reflect the
carbon isotope signature of their diet, and it is therefore
pivotal to resolve the isotopic signature of the primary food
sources. For zooplankton this implies determining at least
the isotopic signature of phytoplankton, heterotrophic
bacteria, and detritus.

This poses a major challenge in turbid rivers and estuaries,
and most studies therefore compare the isotope signatures of
zooplankton with those of bulk particulate organic matter or
size classes (Kerner et al. 2004; Martineau et al. 2004).
Overlapping size classes and aggregated particles complicate
physical separation of algae from bacteria and detritus.
Estimation of phytoplankton end-member values from the
isotope composition of dissolved inorganic carbon (DIC)
and isotope fractionation factors is also associated with
uncertainty, because fractionation is variable and not well
known for natural communities (Pace et al. 2004; Cole et al.
2006). Compound-specific isotope analysis of biomarkers,
molecules specific for certain groups of organisms, now
makes it possible to resolve the isotopic composition of
bacteria and phytoplankton (Boschker and Middelburg
2002; Van den Meersche et al. 2004; Boschker et al. 2005). If
the difference in carbon isotope signatures of phytoplank-
ton, bacteria, and detritus is large enough, it is possible to
trace how much of zooplankton carbon comes from these
various sources.

However, stable carbon isotope analysis allows assess-
ment only of the origin of incorporated carbon, and it
usually does not resolve the pathway via which carbon ends
up in mesozooplankton: e.g., direct uptake of POC cannot
be distinguished from indirect uptake via bacteria or
microzooplankton. Such a distinction is necessary because
detritus enters aquatic ecosystems in the form of DOC and
POC. Allochthonous support of metazoans by DOC
involves uptake by bacteria and subsequent transfer up in
the food web (Cole et al. 2006). To distinguish between direct
and indirect dependence of zooplankton on detrital resourc-
es, one either has to combine deliberate tracer experiments

with models (Cole et al. 2006) or use additional techniques
that provide complementary information. Fatty acid com-
positions have been used extensively as trophic markers to
infer the diet of metazoans (Dalsgaard et al. 2003).

In this paper, we report on the carbon transfers among
algae, bacteria, detritus, and mesozooplankton in the turbid,
tidal Scheldt River and estuary. The carbon isotope
composition of DIC, DOC, POC, diatoms, green algae,
heterotrophic bacteria, and zooplankton will be used to
estimate the terrestrial subsidy of riverine and estuarine
plankton communities. Through the combination of stable
isotope analysis and fatty acid profiling of zooplankton, we
aim to characterize the importance of and interactions among
the herbivorous, bacterial, and detrital pathways. Moreover,
we report a full seasonal cycle at six stations, because
phytoplankton production and zooplankton communities
and diets may vary over the season and within the system.

Methods

Study site and sampling—The river Scheldt has a length
of 350 km and a catchment area of � 22,000 km2, which
consists mainly of alluvial plains and has more than 10
million inhabitants in Northern France, Belgium, and the
southwest Netherlands. The Scheldt can be divided into the
nontidal upper Scheldt and a tidal portion (170 km) that
extends from Vlissingen near the mouth to Ghent where
sluices stop the tidal influence. This study covers the tidal
river and upper part of the Scheldt estuary (Fig. 1). The
tidal Scheldt is shallow (7–14 m), generally well-mixed, but
turbid because of high suspended matter concentrations
maintained by tidal mixing. As a consequence the photic
zone is shallow and primary production is light-limited in
this nutrient-rich system. Nevertheless, algal biomass can
build up to high levels (Muylaert et al. 2000).

The Scheldt River and estuary receive nutrients and
organic matter from upper Scheldt and Rupel drainages as
well as from lateral sources (Soetaert et al. 2006). The

Fig. 1. The Scheldt estuary and tidal river with six sampling stations (H 5 Hansweert, Z 5 Zandvliet, A 5 Antwerpen, T 5 Temse,
D 5 Dendermonde, and W 5 Wetteren).
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Scheldt is a highly heterotrophic system characterized by
oxygen undersaturation and carbon dioxide supersaturation
(Frankignoulle et al. 1998) and high rates of respiration and
bacterial secondary production (Boschker et al. 2005).

From February to October 2005, six stations were
sampled monthly down the tidal river: from river stations
Wetteren (salinity [S] , 1) and Dendermonde (S , 1) via
upper estuary stations Temse (S 5 0.5–3) and Antwerpen
(S 5 1.5–7.5) to euhaline stations Zandvliet (S 5 5–15) and
Hansweert (S 5 15–20). Surface water (upper 1 m) in the
downstream stations was sampled with a 20-liter Niskin
bottle from the ship RV Luctor. Water from that same
depth was pumped up and mesozooplankton was collected
from it using mesh sizes of 200 mm (adults) and 50 mm
(juveniles). Mesozooplankton was defined as animals with
a size between 50 mm and 2 mm, and consisted almost
exclusively of small crustaceans from the groups of
Copepoda and Cladocera. In the riverine stations Wetteren
and Dendermonde, samples were taken from a dock and a
pontoon, respectively. Nets were deployed to collect
mesozooplankton directly from the water, using the same
mesh sizes used on board the ship.

Sample analysis—Suspended particulate matter (SPM)
was obtained by filtering � 1 liter over preweighed and
precombusted GF/F filters (nominal hole size approxi-
mately 0.7 mm), and dried at 60uC. These samples were
decarbonated within silver cups and then analyzed for d13C
using a Carlo Erba elemental analyzer (EA) coupled online
to a Finnigan Delta S isotope ratio mass spectrometer
(IRMS). Samples for DIC and d13C-DIC were collected in
50-mL-headspace vials using an overflow technique and
preserved with mercury chloride. In the laboratory, a He
headspace was created and the concentration and isotopic
composition of carbon dioxide in the headspace was
measured using an EA coupled to a Finnigan Delta XL
IRMS (Moodley et al. 2000). Samples for DOC (20 mL)
were filtered through precombusted GF/F filters and stored
frozen. DIC was removed by adding sulfuric acid in excess
and subsequently stripping with helium. DOC samples were
analyzed with a Skalar Formacs LT total organic carbon
analyzer coupled through a ConFlo II interface to a
Finnigan Delta S IRMS. The calibration standards were
prepared with potassium phthalate dissolved in purified
water (MilliQ). Chlorophyll a (Chl a) and additional
pigments were analyzed by high-performance liquid chro-
matography (Van den Meersche et al. 2004). Chl a and
SPM concentration data for tidal river and upper estuarine
stations were kindly provided by Tom Maris of the
University of Antwerpen.

About 2 liters of water was filtered through GF/F filters
for subsequent measurement of phospholipid fatty acid
(PLFA) concentration and isotopic composition. Briefly,
lipids were extracted in chloroform-methanol-water using a
modified Bligh and Dyer method, and part of the extract
was fractionated on silicic acid into different polarity
classes. The total fatty acid and PLFA fractions were
derivatized to fatty acid methyl esters, and concentrations
were determined by gas chromatograph-flame ionization
detection. The d13C of individual PLFAs was measured

using gas chromatography-combustion IRMS (Middelburg
et al. 2000; Van den Meersche et al. 2004).

Mesozooplankton samples were transferred to the
freezer immediately upon harvesting. They were subse-
quently rinsed twice in pure, deionized water, sorted per
species and per development stage, transferred to tin cups,
and dried at 60uC. Around five adult copepods were
combined per tin cup; more individuals were used for
smaller organisms. These mesozooplankton samples were
analyzed for d13C. For mesozooplankton-rich samples,
fractions were kept separately; a number of individuals (20
for Eurytemora and Eudiaptomus, 30–100 for Acartia and
Daphnia) were cleaned following the same procedure as for
isotope analysis, and subsequently analyzed for total fatty
acid content (as described above).

Conversions and estimates—Isotope ratios of algae and
bacteria were estimated by averaging group-specific PLFA
using the relative concentrations as weights. The use of
PLFA for microbial taxonomy has been well established in
the Scheldt estuary (Middelburg et al. 2000; Boschker et al.
2005; Dijkman and Kromkamp 2006). The branched PLFA
i14:0, i15:0, ai15:0, and i16:0 are specific for bacteria, and
their weighted average d13C, using PLFA concentrations as
weights, is used as a proxy for bacterial d13C (d13Cbact;
Boschker and Middelburg 2002). A fractionation of 3%
(Hayes 2001) was assumed between PLFA and whole-cell
signatures. The polyunsaturated PLFA 16:2v4, 16:3v4,
20:5v3, and 22:6v3 occur predominantly in diatoms,
dinophytes, and haptophytes, and are further referred to
as ‘‘diatoms,’’ whereas the 16:3v3, 16:4v3, and 18:3v3
occur primarily in chlorophytes and cryptophytes, and are
further referred to as ‘‘green algae’’ (Dijkman and
Kromkamp 2006). The isotopic composition of the total
algal pool (d13Calgae) was estimated by weighting the d13C
values of algal-specific fatty acids 16:2v7, 16:2v4, 16:3v4,
16:3v3, 16:4v3, 18:3v3, 20:0, 18:4v3, 18:5v3, 20:4v6,
20:5v3, 24:0, 22:5v3, and 22:6v3 with their respective
concentrations.

Isotopic fractionation during primary production
(eCO2-algae 5 d13CCO2 2 d13Calgae) was calculated with
dCO2 5 dDIC + 0.1141 3 T 2 10.78 (Zhang et al. 1995),
implicitly assuming that algae take up dissolved CO2 and
not bicarbonate, the bulk compound of DIC. Fractionation
during mesozooplankton food assimilation was assumed to
be 0% 6 1% (Vander Zanden and Rasmussen 2001),
meaning that the isotopic signature of the diet equals the
isotopic signature of the mesozooplankton plus or minus
an error of 1%: d13Cdiet 5 d13Cmesozooplankton 6 1%.

The fraction of autochthonous carbon (algae) in
mesozooplankton diet was estimated assuming that the
zooplankton isotopic signature is a weighted average of its
food sources, plus a fractionation factor. We distinguished
two sources: autochthonous carbon (algae, with signature
d13Calgae) and allochthonous carbon (with signature
d13Callochthonous estimated in various ways: either equal to
the signature of bacteria or detritus or at a fixed value; see
Results). This results in the following formula for the
autochthonous fraction in the mesozooplankton diet:
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fautochthonous~
d13Callochthonous{d13Cmesozooplankton{w

d13Callochthonous{d13Cautochthonous

ð1Þ

where w accounts for fractionation during zooplankton
carbon uptake.

Standard deviations of the fractions were estimated by
taking random samples from normal distributions with the
appropriate means and standard deviations for each d13C
value, and subsequently taking means and standard
deviations from the set of resulting fractions.

From mesozooplankton fatty acid profiles, we estimated
the relative contribution of algae and bacteria to mesozoo-
plankton diets using the Bayesian Compositional Estimator
(Van den Meersche et al. 2008). The fatty acid composi-
tions of six phytoplankton groups and bacteria were used
as input (Dijkman and Kromkamp 2006).

Results

General estuarine features—Particulate organic matter
(not shown) and SPM (Fig. 2) were highest in the upper
estuary and tidal river, with maximum concentrations at
Temse. Chl a concentrations showed clear seasonality and
longitudinal gradients. The lowest concentrations were found
at Zandvliet, with higher concentrations downstream and in

particular upstream (Fig. 2). Maximum Chl a concentrations
occurred in May to June in the euhaline stations (Hansweert
and Zandvliet) and June to July in the upper estuary
(Antwerpen and Temse). The tidal river stations (Dender-
monde and Wetteren) were characterized by two phytoplank-
ton blooms, one in early summer and one in late summer.

DIC and algal isotope signatures—The isotopic compo-
sition of DIC varied from 212.4% at station Temse to
23.3% at station Hansweert (Fig. 3) and clearly reflected
mixing between a heavy marine and a depleted freshwater
DIC pool. This gradual shift in d13C-DIC was reflected in
the d13C values of diatoms and green algae that also
became about 7% heavier downstream (Fig. 3). The
apparent isotopic fractionation (eCO2-algae) was consequent-
ly rather uniform over the different stations and over time.
The d13C values of diatom-specific and green PLFA and
thus their fractionation factors differed significantly (F 5
572.23, p , 2.2e216): eCO2-algae 5 15.6% 6 3.3% for
diatoms and eCO2-algae 5 23.0% 6 3.7% for green algae
(Table 1). Pigment analyses and PLFA composition
analysis revealed phytoplankton communities dominated
by diatoms, with green algae contributing minor fractions
to the total phytoplankton carbon biomass (on average
,23%, and ,10% in 85% of the samples). Consequently,

Fig. 2. Chl a (mg L21) and suspended particulate matter (SPM) (mg L21) concentrations in
the estuary from February until October 2005. Data for Dendermonde and Wetteren were
obtained from the OMES database (Tom Maris, Universiteit Antwerpen).
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the total algal isotopic signature was close to that of
diatoms and we will therefore use the total algal isotopic
signature for further analysis.

Particulate and dissolved organic matter and bacterial
isotope signatures—The isotope signatures of POC gradu-
ally increased downstream from values of 232% in
Wetteren to 226% in Hansweert (Fig. 4) and were distinct
from those of algae (Fig. 3). The POC comprises terrestrial
organic matter and detritus from algae as well as living
algae and bacteria. The more than 5% difference in d13C
values between bulk POC and algae in the tidal river and
upper estuarine stations suggests that algal material
contributed little to the overall POC pool. The d13C of
POC was somewhat more depleted in summer, indicating a
larger contribution of phytoplankton to the POC pool
during the growing season. POC and Chl a were positively
correlated along the S gradient; average POC values were
1 mg L21 in Hansweert, 1.5 mg L21 in Zandvliet, 3.6 mg
L21 in Antwerpen, and 7 mg L21 in the upstream stations,
reaching values as high as 12 mg C L21. Based on a Chl a
to C ratio of 30 mg g21 (Muylaert et al. 2001), the
contribution of algae to the total POC pool in the upstream
stations was generally between 5% and 40%, although it
reached up to 70% during phytoplankton blooms. In the

downstream stations of Hansweert and Zandvliet, phyto-
plankton contributions remained under 25% and 10%,
respectively, using the same conversion factors. These
numbers should be considered rough estimates because
the conversion of Chl a concentrations to phytoplankton
carbon biomass depends on the community structure and
environmental conditions (e.g., light; Cloern et al. 1995).
Despite this uncertainty and accumulated errors, these
estimated small contributions of living algae to total POC
are consistent with the differences in d13C between algae
and POC and confirm the dominance of terrestrial
subsidies to POC in the upper estuary and tidal river.

The d13C of DOC closely followed that of the POC pool
(Fig. 4). This means that the DOC pool was also
dominated by allochthonous input. As bacterial signatures
were similar to those of POC and differed from the algal
signatures, this indicates that bacteria were mainly growing
on allochthonous organic matter. This similarity of POC,
DOC, and bacteria and their distinct enrichment relative to
algal d13C suggests that the isotopic signatures of bacteria
and algae can be used as reliable proxies for allochthonous
and autochthonous organic matter sources, respectively. It
also implies that it will not be possible to distinguish
whether bacteria or other heterotrophic consumers depend
on DOC or POC as their main external subsidy agent.

Fig. 4. Carbon stable isotope signatures of dissolved organic carbon (open square),
particulate organic carbon (solid square), and heterotrophic bacteria (solid triangle); d13C data
are expressed in %.
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Mesozooplankton—The mesozooplankton in the euha-
line and upper estuary was dominated by the calanoid
copepod Eurytemora affinis. At the most downstream
station, Hansweert, Acartia species were also abundant.
The tidal river stations were dominated by Cladocera
(genera Daphnia and Bosmina sp.), but also contained
significant numbers of the calanoid copepod Eudiaptomus
and harpacticoid copepod species.

Carbon isotope signatures of all mesozooplankton groups
were in between those of algae and of bacteria, suggesting
that mesozooplankton obtained carbon not only via grazing
on phytoplankton, but also from allochthonous food
sources (Fig. 5). Although the isotope ratio of phytoplank-
ton can be estimated directly from algae-specific PLFA, the
isotope ratio of terrestrial organic carbon is not measurable
directly, because the POC and DOC pools represent
mixtures of allochthonous and autochthonous contribu-
tions. We have therefore explored two approaches. First, the
d13C of bacteria can be used as proxy for the d13C of
terrestrial organic matter. This is based on the assumption
that bacterial growth on algal exudates or algal detritus can
be neglected. Bacterial d13C was estimated from bacteria-
specific PLFA. Table 2 shows the results of an isotopic
mixing model for different mesozooplankton groups with

bacterial and algal PLFA as proxies for allochthonous and
autochthonous carbon. All mesozooplankton groups
showed mixed feeding behavior, with an overall mean of
41% dependence on autochthonous resources. No signifi-
cant differences were found between Copepoda and
Cladocera, between adults and juveniles, or among stations
(ANOVA, p . 0.05). There was also no clear relation with
Chl a concentrations or with fractions of algae in SPM.

An averaged 41% may seem low, and the results were
therefore compared using different assumptions. The
bacterial and algal carbon isotope signatures were derived
from PLFA isotope values assuming a 3% fractionation
between fatty acids and total cell. Without such a
correction for intracellular isotope fractionation, we would
arrive at an average algal contribution of 23% to
mesozooplankton diets. Alternatively, we used d13C values
for wastewater and littoral vegetation in the Scheldt that
range from 225% to 227% (Middelburg and Nieuwen-
huize 1998) as proxies for terrestrial organic matter and
estimated average algal contributions between 56% and
51%, respectively. Clearly, all approaches indicate that
autochthonous and allochthonous organic carbon contrib-
uted similarly to mesozooplankton diet in the Scheldt River
and estuary and that uncertainties in allochthonous end-

Fig. 5. Carbon stable isotope signatures of total phytoplankton (solid circles), heterotrophic
bacteria (solid triangles), and mesozooplankton (z). These mesozooplankton signatures are
average values combining different taxonomical groups; see Table 2 for mixing model results
per group.
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