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ABSTRACT: Trophic interactions at the basis of food webs, for instance between meiofauna, primary producers and bacteria, are key drivers of benthic energy fluxes. Yet both qualitative and
quantitative information about meiofaunal resource utilization under in situ conditions is scant. By
means of natural stable isotope ratios of carbon and nitrogen and of fatty acid (FA) profiles, we
examined the variability of in situ resource utilization of a range of harpacticoid copepod species
from 5 stations in an estuarine intertidal area. These stations, located in different habitats, differed
in sediment granulometry, resource availability, presence/absence of vegetation and other environmental variables, as well as in copepod species composition. Our goal was to describe interspecific differences among harpacticoid species, as well as spatio-temporal variability within
species. Despite differences in resource availability between habitats, δ13C data clearly point at
microphytobenthos (MPB) as the major carbon source to the harpacticoid assemblages at all 5 stations. Small differences in carbon isotopic ratios between co-occurring species indicate some
degree of resource differentiation, whereas both the δ15N and FA composition suggest that several
harpacticoid species obtain MPB carbon indirectly, perhaps through feeding on bacteria or
ciliates. For a limited number of species, such as Paraleptastacus spinicauda, clear dietary contributions of suspended particulate matter and bacteria were found, and MPB appeared to have only
a small or no contribution. Even in vegetated salt-marsh stations, Spartina anglica detritus did not
appear to contribute to copepod diets. The δ13C of Cletodidae were highly depleted, reflecting a
contribution of methane-derived carbon.
KEY WORDS: Harpacticoid copepods · Intertidal · Fatty acids · Stable isotopes · Feeding ecology
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Meiofauna in marine sediments often includes an
important number of harpacticoid copepods, usually
only surpassed in abundance by nematodes (Hicks &
Coull 1983). Harpacticoids transfer primary production to higher trophic levels, mainly to larval and
juvenile demersal fish (Gee 1989, Schückel et al.
2013). Their main food sources, in turn, probably

consist of microalgae such as diatoms (Montagna et
al. 1995, Buffan-Dubau & Carman 2000), but cyanobacteria, phytoflagellates, bacteria, detritus and exopolymeric mucus have also been reported as food
(e.g. Hicks & Coull 1983, Dahms et al. 2007, Caramujo et al. 2008). Despite this broad dietary spectrum, there is little evidence to suggest that harpacticoids are indiscriminate feeders, and rather little is
known about resource partitioning (Lee et al. 1976,
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Pace & Carman 1996, Buffan-Dubau & Carman 2000).
diversity of Harpacticoida in a spatially and tempoFurthermore, when feeding conditions are unfavorrally heterogeneous ecosystem. The second aim was
able, harpacticoids can adjust their feeding rate
to examine dietary variability of species in space and
(Montagna et al. 1995), may shift to alternative food
time, which is an indication of their potential trophic
sources as observed for planktonic copepods (Ger et
plasticity.
al. 2011), or survive on their lipid reserves (Weiss et
al. 1996). The copepod’s fatty acid (FA) profile, and in
particular their high levels of the highly unsaturated
MATERIALS AND METHODS
FAs (PUFA) 20:5ω3 (eicosapentaenoic acid; EPA) and
22:6ω3 (docosahexaenoic acid; DHA) contribute to
Study area
the nutritional value of copepods for fish (Nanton &
Castell 1998, Bell et al. 2003). Therefore, variability
Harpacticoids were collected from 5 stations in the
in copepod FA content as a result of diet flexibility in
intertidal of the Paulina tidal flat and salt marsh,
response to spatial and temporal environmental varilocated along the southern shore of the polyhaline
ability may have consequences for the copepod’s
zone of the Westerschelde Estuary (SW Netherlands,
value as food for higher trophic levels (St. John et al.
51° 20’ 55.4’’ N, 3° 43’ 20.4’’ E). The 5 stations differed
2001). Much of the information on harpacticoid feedin terms of intertidal position (tidal height), granuing selectivity and flexibility is derived from laboralometry and vegetation and, therefore, also in retory experiments, whereas studies revealing the in
source availability and diversity. The 5 stations were
situ contribution of different food sources to the diet
located over an east−west distance of approximately
of harpacticoids are few and have used natural stable
670 m and a north−south distance of approximately
isotope approaches (Carman & Fry 2002, Rzeznik550 m. The first 2 stations (H1 and H2) were situated
Orignac et al. 2008). Natural stable isotope abunon the bare tidal flat. Stn H1 was located in the lower
dances and FA profiles can provide complementary
intertidal and exhibited a temporally variable granuinformation on trophic interactions. Consumer FA
lometry in the upper centimeters of the sediment,
composition may clarify ambiguities on resource
while Stn H2 was located in the mid-intertidal and
consumption that remain as a consequence of overwas characterized by fine sandy sediment with a
lap of isotopic signatures between food sources (Elnegligible silt fraction throughout the year (Table 1).
Sabaawi et al. 2009, Leduc et al. 2009).
The Stns H3, H4 and H5 were situated in or at the
In intertidal zones, small-scale habitat heterogeneedge of the marsh area. H3 was a small bare sediity and temporal variability in environmental factors
ment patch in the mid- to high intertidal surrounded
result in high spatio-temporal variability of harpactiby Spartina anglica. Samples were collected within
coid assemblages (Azovsky et al. 2004, Cnudde et
10 cm of the Spartina vegetation, in sediments domial. unpubl. data). Whether and how these
structural shifts are accompanied by shifts
Table 1. Sediment characteristics of sampling stations H1 to H5 for the top
in resource utilization and partitioning
1 cm and 1 to 3 cm. Tidal height and mean values of the median grain size
has not been properly investigated yet,
and silt fraction are given. The range (Min.−Max.) represents temporal
variation (n = 4, measurements from June, August, November and February)
although this is crucial to understand the
role of harpacticoids in benthic energy
fluxes. Using both natural isotopic signaStn Elevationa Depth Median grain size (µm)
Silt fraction (%)
(cm)
(cm)
Mean Min.–Max.
Mean Min.–Max.
tures and the FA composition of harpacticoid copepods, this study focuses on the
H1
–24
0−1
124
78−187
27
13−42
spatial and temporal diet variability of
1−3
75
62−86
45
37−53
harpacticoid species in a temperate interH2
120
0−1
227
221−230
0
0
tidal zone with a high habitat hetero1−3
226
222−228
0
0−1
geneity. Harpacticoids were collected seaH3
241
0−1
202
189−211
13
7−19
1−3
217
212−234
10
6−14
sonally from 5 intertidal stations differing
H4
152
0−1
47
44−49
66
66−67
in tidal height, granulometry and vege1−3
43
42−45
70
68−72
tation (salt marsh vs. bare tidal flat).
H5
239
0−1
85
60−126
44
30−53
The first aim of this study was to investi1−3
90
73−111
43
36−50
gate variation in resource utilization by
a
Tidal height with reference to Normal Amsterdam Level, 2010 to 2011;
harpacticoids throughout the year. This
source Rijkswaterstaat
can give an indication of the trophic
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nated by fine sand with a variable mud fraction (0 to
25%). Stn H4 was located in the high intertidal, near
Spartina vegetation, as well as a small area with
stones covered with Fucus vesiculosus. Samples were
collected at about 1 m from the Fucus vegetation. Stn
H5 was positioned in a major drainage gully of the
marsh, surrounded by dense vegetation, dominated
by a combination of S. anglica, Aster tripolium and
Atriplex portulacoides. Sediment grain composition at
this station varied considerably over time (Table 1).
Samples were collected from the bed of the gully.
Since Stns H3, H4 and H5 were in close proximity of
salt-marsh vegetation, we refer to these as salt-marsh
stations.

Sampling
Four sampling campaigns were performed in 2010
to 2011, covering the 4 calendar seasons: 2 to 3 June
2010, 31 August to 1 September 2010, 29 to 30
November 2010 and 7 to 8 February 2011. Sediments
were sampled for analysis of harpacticoid and sediment FAs and stable isotopes. Additionally, samples
were taken for the analysis of harpacticoid assemblages, and of biotic and abiotic sediment characteristics, including sediment granulometry, dissolved
nutrients, total organic matter, phytopigment concentrations, lipid and protein concentrations, and
bacterial abundances and diversity (C. Cnudde & M.
De Troch, unpubl. data).
Harpacticoid copepods for isotopic and FA analyses were sampled non-quantitatively by scraping
surface sediment (top 1 cm) with a spoon during low
tide. Copepods were extracted by rinsing the sediment over a 250 µm sieve. The sieve residue was
divided into 2 equal halves. Copepods from one half
were collected alive for FA analysis, while the other
half was stored at −20°C for stable isotope analyses.
We also collected triplicate sediment samples for isotope and FA analysis of bulk sediment particulate
organic matter (sediment OM) by means of 3.5 cm
diameter Plexiglas cores. These sediment cores were
sliced into 0−0.5 and 0.5−1 cm layers. Suspended
particulate material (SPOM) was obtained through
filtration of surface water collected near the low
water level on a precombusted GF/F Whatman glass
fibre filter. Fresh and decaying leaves or thalli of
cordgrass, Spartina anglica, and of the macroalga
Fucus vesiculosus were collected, rinsed with MQ
water to remove adhering sediment particles, and
their epigrowth was scraped off using a glass slide
cover slip. This ‘biofilm’ material was collected in
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MQ water and then concentrated through centrifugation. Epiphytic biofilm samples and (epiphyte-free)
cordgrass/macrophyte material were stored at −20°C
prior to isotopic analysis, and so were sediment OM
and SPOM samples for isotope analysis. Copepod
and sediment samples for FA analysis were stored at
−80°C.

Fatty acids
FA samples were prepared from living copepod
specimens within 2 d after field sampling to minimize
FA losses. Copepods were manually sorted at the
species level, or at the family level when their abundance was low (Harpacticidae, Ectinosomatidae and
Cletodidae). Copepod species were washed 3 times
in 0.2 µm filtered and autoclaved artificial seawater
(Instant Ocean, salinity of 28) (ASW) to remove cuticle-attached particles, and were stored overnight at
15°C to allow defecation. The following day, copepods were washed a last time by transferring them
through sterile ASW, and collected on a precombusted GF/F Whatman filter (diameter: 25 mm).
Filters were stored in Eppendorf tubes at −80°C until
FA extraction. The target sample size was 100 specimens per filter, but actual sample size and number of
replicates depended on the abundance and biomass
of the copepod taxa: down to 60 specimens per sample for the largest taxa (e.g. Platychelipus littoralis
and Harpacticidae), and up to 500 specimens for
Paraleptastacus spinicauda; 10 specimens of each
copepod taxon were preserved in ethanol for species
identification. For fatty acid methyl ester (FAME)
analysis of sediments, 1 to 1.5 g of lyophilized and
homogenized sediment was used.
Lipid extraction, FA methylation and analysis of
FAMEs were performed according to De Troch et al.
(2012a). FAMEs were separated using a gas chromatograph (HP 6890N) with a mass spectrometer (HP
5973) based on a splitless injection (i.e. 1 µl and 5 µl
of extract for sediment and copepods, respectively) at
a temperature of 250°C on an HP88 column (Agilent
J&W). FAMEs were identified based on comparison
of relative retention time and on mass spectral
libraries by means of the software MSD ChemStation
(Agilent). FAME concentrations (µg FA g−1 sediment
dry weight) were calculated based on the internal
standard 19:0. The FA shorthand notation A:BωX
was used, where A represents the number of carbon
atoms, B gives the number of double bonds and X is
the position of the double bond closest to the terminal
methyl group (Guckert et al. 1985). Since copepods
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from the 2 depth layers (0−0.5 cm and 0.5−1 cm) from
a sediment core were eventually pooled, sediment
FAs from the same 2 layers were combined by
summing their raw FA data (i.e. surface areas of
chromatogram peaks) and converting these to FA
concentrations (µg FA g–1 sediment dry weight). Absolute FA concentrations of sediment and copepods
were converted to proportions (%) of total sample
FA content.
Several potential food sources of harpacticoid
copepods have unique marker FAs or are characterized by a specific combination of FA (indicator FA).
Diatoms and dinoflagellates contain high levels of
16:1ω7 and 20:5ω3 (EPA) and of 22:6ω3 (DHA),
respectively (Volkman et al. 1980, Viso & Marty 1993,
Scholz & Liebezeit 2013). High ratios of DHA/EPA
and 16:1ω7/16:0 are commonly used as indicators of
preferential feeding on dinoflagellates or diatoms,
respectively (Dunstan et al. 1993, Kharlamenko et al.
2001). Because diatoms often lack C18 polyunsaturated FA (C18-PUFA), the presence of these FAs in
consumers indicates other food sources, such as vascular plants for which 18:2ω6, 18:3ω3 and 24:0 are
considered indicator FAs (Bergamino et al. 2014,
Wang et al. 2014). Here, these FAs could, for
instance, relate to the detritus of salt-marsh vegetation or to allochtonous terrestrial matter. Marker FAs
of bacteria are odd-chained FAs (15:0, 15:1ω1, 17:0
and 17:1ω1) and also 18:1ω7c (Volkman et al. 1980,
Kaneda 1991, Van Gaever et al. 2009). Carnivory
is often deduced from the ratio of PUFA/saturated
FA (PUFA/SFA) and from the FA 20:1ω9 (Cripps &
Atkinson 2000).

Stable isotopes
Harpacticoids for isotope analysis were obtained
by handpicking and washing specimens thoroughly
in ASW using an eyed needle. The copepod samples
were processed within 2 to 3 d and kept cool during
handling. Less copepod biomass is needed for carbon isotope than for FA analysis, and we prepared
triplicate samples of each harpacticoid taxon. Generally, each sample was composed of at least 20
specimens in a precombusted (450°C, 3 h) aluminium capsule (2.5 × 6 mm; Elemental Microanalysis). For smaller species (e.g. Paraleptastacus
spinicauda), considerably more individuals (typically 100) were collected. For the most abundant
harpacticoid taxa, we prepared 1 or more sample(s)
for dual (i.e. carbon and nitrogen) isotope analysis.
Such samples usually contained 60 to 150 speci-

mens, but up to 500 for P. spinicauda. Samples of
plant material, epiphytes, SPOM and sediment OM
were dried at 60°C and ground with mortar and
pestle for homogenisation. Samples of 5 to 6 mg
of plant material were prepared in tin capsules.
Epiphyte (4−6 mg), SPOM (4−6 mg) and sediment
samples (40−80 mg) were prepared in silver capsules and acidified in situ with dilute HCl (1% v/v)
to remove carbonates (Nieuwenhuize et al. 1994).
Capsules were dried overnight at 60°C, closed and
stored dry until analysis. Stable carbon and nitrogen
isotope ratios were analyzed using a C-N-S elemental analyzer coupled to an isotope ratio mass
spectrometer (Sercon). Isotopic ratios were expressed
as δ values (‰) with respect to Vienna PeeDee
Belemnite and atmospheric N2 standards: δX =
[(Rsample/Rstandard) − 1] × 103, where X is 13C or 15N
and R is the isotope ratio (Post 2002). Sediment isotopic data represent the top 1 cm, and have been
obtained by averaging the signatures of the 0−0.5
and 0.5−1 cm layers from a sediment core.

Data analysis
Sediment resource availability and composition
were analyzed based on the univariate data, including sediment δ13C, sediment δ15N and total FA content, as well as on the multivariate relative FA composition data. After log-transformation, total FA
content matched the assumptions of normality and
homogeneity of variances (Shapiro-Wilk and Levene
test, respectively). Two-way ANOVA was performed
using stations (Stn) and months (Mo) as fixed factors.
Tukey’s HSD (honestly significant difference)-test
was used for a posteriori pairwise comparisons. As
isotopic data did not match the requirements for
parametric ANOVA, and in some cases also suffered
from low replication, 2-way permutational ANOVA
(PERMANOVA, main test and pairwise test) with Stn
and Mo as fixed factors was applied. Variability in FA
composition, as well as in the proportions of individual FAs or in FA ratios, was also inspected using
multivariate or univariate PERMANOVA based on a
Euclidian distance or Bray-Curtis resemblance matrix,
respectively. Homogeneity of dispersions was checked
via the PERMDISP routine. When this homogeneity
is not met, interpretation of significant factor effects
should be done with caution. For pairwise tests with
<10 unique permutations, Monte Carlo p-values
were interpreted (Anderson & Robinson 2003).
Variation in copepod δ13C signatures was also
tested with 2-way PERMANOVA. Since PERMDISP
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often indicated heterogeneity of dispersions, any significant differences between these copepod isotope
data need to be interpreted with caution.
Variability in the relative FA composition of sediment and copepods was visualized by non-metric
multidimensional scaling (nMDS) based on a BrayCurtis resemblance matrix of untransformed relative
FA profiles. Differences in the most abundant FAs
in sediments, as well as the FAs contributing to
the unique character of stations (% contribution to
group similarity) or to differences among stations
or sampling dates (% contribution to dissimilarity),
were determined using a 2-way similarity percentages (SIMPER) analysis. Additionally, a 1-way SIMPER (factor Mo) was performed for each station to
denote temporal FA patterns. Variability in the proportions of individual FAs was inspected using univariate PERMANOVAs.
Parametric analyses were performed in R. All other
analyses were conducted in Primer V6 (Clarke &
Gorley 2006), using the PERMANOVA + add-on
package (Anderson et al. 2008).

RESULTS
Resources and sediment
Stable isotopes
Fresh Spartina and Spartina litter were enriched
in 13C compared to other sources; Spartina litter
was slightly more depleted in 13C than fresh leaves,
and its δ13C value overlapped with that of microphytobenthos (MPB; Fig. 1a, Table S1 in the supplement at www.int-res.com/articles/suppl/m524p225_
supp.pdf). MPB isotopic data were obtained from
the study by Moens et al. (2005). Epiphytic biofilms had intermediate δ13C, whereas Fucus litter
and SPOM were more depleted in 13C. δ15N values
increased from SPOM and MPB to epiphytes, Spartina and Fucus, spanning a total range of 10 ‰.
δ15N of Fucus even exceeded that of most copepods
(Fig. 1a).
Sediment OM showed spatial variability in δ13C
(Fig. 1a) spanning a range of > 4 ‰ (Table S1). δ13C
of sediment OM did not differ between sampling
dates (main test: Stn: p < 0.001, Mo and Stn × Mo:
p > 0.1) (Fig. 1b). In addition, nitrogen isotopic composition also differed between stations (main test:
Stn: p < 0.001, Mo: p > 0.8, Stn × Mo: p < 0.01), particularly between Stns H4 and H5 and the other
stations (p < 0.01).
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Fatty acids
Total FA content of sediment OM varied considerably among replicates (main test: Stn: p < 0.01, Mo:
p < 0.05, Stn × Mo: p < 0.001). As a result of smallscale patchiness, significant spatial differences were
limited and time specific (Fig. S1 in the supplement at
www.int-res.com/articles/suppl/m524p225_supp.pdf).
Temporal changes were only significant for Stn H1
(p < 0.05 for June to August, June to November and
November to February), and the exact timing of maximum and minimum FA content was station specific
(Fig. S1).
The FA composition of sediments also varied (main
test: Stn, Mo and Stn × Mo: all p < 0.001; PERMDISP
of Stn × Mo: p = 0.009), mainly between sediments of
Stn H2 and of salt-marsh stations (most p < 0.05).
Higher contributions of diatom FAs were found in
sediments of Stn H2 compared to the salt-marsh sediments, which in turn were characterized by higher
levels of bacterial and vascular plant FAs. However,
diatom FAs were prominently present in all sediments, while the contribution of vascular plant FAs to
sediment FAs was generally low (C24:0; Table 2).
Station differentiation over time was not consistent.
For instance, the sediment of Stn H1 had a very characteristic FA pattern in June (H1 vs. all other stations:
all p < 0.05), and the usually quite similar salt-marsh
stations exhibited significant differences in November (Stns H3, H4 and H5, all p < 0.05). Vice versa,
seasonal fluctuations in FA composition were station
specific (main test: Stn × Mo: p < 0.001). Sediment of
Stn H2 had the lowest temporal variability in FA
composition, and there was a general trend of shifting FA composition between warmer and colder periods (Fig. 2, for data see Table S2 in the Supplement at
www.int-res.com/articles/suppl/m524p225_supp.pdf),
except for Stn H1.
Overall, the most characteristic sediment FAs
were 16:1ω7 (diatom specific), 16:0 and EPA
(20:5ω3) (≥10% contribution to similarity within
stations and within months; 2-way and 1-way SIMPER, respectively). These together constituted up
to 78.0% of the FAs in Stn H2, considerably more
than in Stns H4 and H5 (ca. 57.0%). The latter 2
stations had higher contributions of the bacteriumspecific FAs 15:0, 15:1ω5, and, for Stn H5, also
18:1ω7c. Spatial and temporal variability in sediment FA composition were often accounted for by
the same characteristic FAs. EPA and DHA generally increased in relative abundance in winter.
Bacterium-specific FAs showed a reverse trend
(e.g. Stns H3, H5).
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Fig. 1. (a) δ13C and δ15N values (averaged over the 4
sampling moments, mean ± SD, n = 2–5, see Table
S1 in the Supplement) of sediment particulate
organic matter (OM), candidate food sources and
copepods (cop) in the Paulina study area. (b) OM isotopic composition of the top 1 cm of the sediment
(mean ± SD, n = 2) (detail of Panel a). Note that SD of
food sources represent primarily temporal variation
(>1 ‰; Table S1) rather than variation among replicates (mostly <1 ‰; Table S1). In contrast, for sediments, considerable variation among replicates was
present (Panel b). SPOM: suspended particulate
organic matter; Epiphytes: epiphytes from Fucus
vesiculosus and Spartina anglica, associated with
fresh and decaying tissue; MPB: microphytobenthos.
*Data from Moens et al. (2005). Copepod data points
represent individual taxa from a particular month
and station (H1 to H5, with variable number of replicates, n = 1 to 3; see Table S4 in the Supplement)

Copepods
Stable isotopes
Harpacticoid δ13C values ranged from −40.3 to
−12.1 ‰, with Cletodidae (a mixture of 3 species:
Enhydrosoma gariene, Enhydrosoma sp. and Cletocamptus sp.) having by far the most depleted values.
Copepod carbon isotopic data differed among stations and months (Stn, Mo: p < 0.001, Stn × Mo: p >
0.3, PERMDISP for Stn and Mo: p = 0.018, p = 0.0001).
Highest δ13C values were found at Stn H2 (all p <

0.001), and lowest values, in Stns H3, H4 and especially H5 (with H1 and H2, all p < 0.05; between
H3−H4−H5, all p ≥ 0.05) (Fig. 3). The majority of harpacticoid copepod species had average δ13C values
between −14 and −18 ‰ (Fig. 4). Aside from Cletodidae, the copepod taxa with lowest δ13C values were
Paronychocamptus nanus, Amphiascus sp. 1 and
Microarthridion littorale. However, the δ13C of these
species was not consistently low over time and stations. For instance, M. littorale, which was present at
most stations and during most of the year, exhibited
significant temporal variability in δ13C (Stn: p > 0.7,
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Table 2. Presence of candidate food sources in sediments as indicated
by proportions of food source marker fatty acids (FA; %). C18-PUFA
includes FAs 18:2ω6 and 18:3ω3; Σ C15, C17 includes FAs 15:0, 15:1 and
17:0. EPA: eicosapentaenoic acid; DHA: docosahexaenoic acid; PUFA:
polyunsaturated fatty acid
Dinoflagellate/
Vascular
Bacteria
diatom
plants
EPA + 16:1ω7 DHA/EPA C18-PUFA 24:0 Σ C15, C17
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δ15N values of copepods covered a range
of ca. 5.5 ‰, but note that this dataset is
much more limited than the one on stable
carbon isotopes (Fig. 1a, Table S4 in the
Supplement).

Stn Month Diatom

H1

Jun
Aug
Nov
Feb

44.7
42.1
41.1
60.9

0.1
0.2
0.1
0.3

1.2
0.7
0.6
0.6

H2

Jun
Aug
Nov
Feb

56.6
51.4
58.8
59.3

0.1
0.1
0.1
0.1

0.9
1.8
1.1
0.6

Jun
Aug
Nov
Feb

40.4
35.7
42.0
57.4

0.1
0.1
0.1
0.1

1.8
4.7
3.1
1.8

H4

Jun
Aug
Nov
Feb

35.4
37.3
39.6
36.4

0.1
0.1
0.1
0.3

1.9
2.5
1.7
1.5

1.2
0.6
0.7
0.7

H5

Jun
Aug
Nov
Feb

35.1
29.5
36.8
39.0

0.2
0.2
0.1
0.1

3.5
2.7
3.5
2.7

1.2
1.3
0.9
1.2

H3

0.1
1.2
0.2

0.2

0.2
0.2

Mo: p < 0.001 and Stn × Mo: p < 0.05), but only at Stns
H4 (between June−August and August−November,
both p < 0.05) and H5 (between August−November
and February−November, both p < 0.05).
The copepod taxa with highest δ13C values were
Asellopsis intermedia and Paraleptastacus spinicauda. The latter species did not exhibit significant
spatial or temporal variation in δ13C (Stn: p > 0.4, Mo:
p > 0.2, Stn × Mo: not tested due to limited dataset),
while the former did (Stn, Mo: both p < 0.01, Stn ×
Mo: p > 0.2). In fact, a majority of copepod taxa
showed significant spatial and/or temporal variation
in δ13C values. The maximal temporal range of δ13C
values was up to 7.8 ‰ for P. nanus at Stn H5
(between November and February), identical to the
maximal spatial range of δ13C (between Stns H1 and
H5 in November). Copepod taxa with no significant
spatio-temporal variability were P. spinicauda and
unidentified Harpacticidae. An overview of δ13C values per copepod taxon over all stations and sampling
months is given in Table S3 in the Supplement. The
carbon isotopic ratios of most copepod taxa closely
resembled those of MPB and of Spartina anglica
detritus (Fig. 1a).

10.3
9.9
13.0
5.4

Fatty acids

FA content of copepods varied over species and months (PERMANOVA; Species,
Mo: both p < 0.001, Species × Mo: p < 0.01),
being 2 to 10 times lower in spring than in
4.7
winter (for each Species, p < 0.05). The rela7.8
6.1
tive FA profiles showed no clear grouping of
5.0
copepod samples by station or sampling
12.0
date (Fig. 5a, Table S5 in the Supplement),
12.0
although there was a tendency for samples
10.9
from June to August to be separated from
6.0
November to February samples (Fig. 5a), in
16.3
line with the results of a 2-way PERM18.7
ANOVA (Stn: not significant, Mo: p < 0.001,
23.3
19.4
Stn × Mo: p < 0.01, PERMDISP: p = 0.0003).
14.0
Levels of the highly abundant PUFA, DHA
18.5
and EPA groups strongly differed over time
15.2
(factor Mo: p < 0.001 for both PUFAs). Cope13.7
pods sampled in November and February
generally showed higher amounts of DHA
(Table 2). Furthermore, copepods did not
group by taxon, exceptions being Paraleptastacus
spinicauda and Nannopus palustris (Fig. 5b).
The FA composition of P. spinicauda was characterized by (1) the near absence of conventional diatom markers (16:1ω7, EPA and DHA), (2) the high
abundance of bacterial FAs (Σ C15, C17) and (3)
considerable proportions of 14:0, an unspecific FA
(Tables S5 & S6 in the Supplement). FA profiles of N.
palustris were dominated by PUFAs (> 50% of total
FA), with a predominance of EPA, and intermediate
levels of 16:1ω7. C18-PUFAs were present in low proportion (≤2.3%) in nearly all species and absent in P.
spinicauda, Cletodidae and Ectinosomatidae. The FA
16:1ω7 was present in nearly all copepod taxa, except
Cletodidae, P. spinicauda and Ectinosomatidae, albeit
with high spatio-temporal variability for most species.
The 16:1ω7/16:0 ratios generally did not exceed 1. P.
spinicauda, Delavalia palustris and Amphiascus sp. 1
contained considerably higher proportions of bacterial
FAs [Σ (C15, C17), Table S6] than other copepods. The
one sample of Cletodidae did not contain substantial
levels of these bacterial FAs or of 18:1ω7c (Table S6).
Dinoflagellate FA levels in copepods were lower than
those of diatom markers, as shown by DHA/EPA ratios

232

Mar Ecol Prog Ser 524: 225–239, 2015

Fig. 2. Top left: sediment fatty acid composition — non-metric multidimensional scaling (nMDS) of all stations (H1 to H5) and
all months. Small panels: detail for each station (5 small nMDS panels). The dotted lines separate November−February
samples from June−August samples, but note 1 outlier November sample for Stn H3

Fig. 3. δ13C values of copepod communities as the weighted average of δ13C values of the copepod taxa (weighted by total
taxon biomass) (mean ± SD, n = 3). Data are plotted with inclusion of all copepods (full circles) and after exclusion of
Cletodidae (present in Stns H3, H4 and H5 only) (open circles)
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Fig. 4. Stable carbon isotope composition of harpacticoid taxa per station (mean ± SD averaged over 4 sampling dates)

<1. Exceptions were Tachidius discipes (DHA/EPA ratios frequently >1) and sporadically also M. littorale
and A. intermedia.

DISCUSSION
Spatio-temporal variability in resource availability
The greatest contrasts were found between the
sandy station H2 and the muddy salt-marsh stations
H4 and H5. Lack of other significant differences
between stations was at least in part caused by substantial small-scale patchiness of both resources and

their consumers. Stn H2 is subject to higher hydrodynamic disturbance, which minimizes accumulation
of silt and retention of 13C-depleted SPOM. Hence,
the δ13C signature of the surface sediment mainly
reflects autochthonous primary production by MPB.
At most other stations, sediment OM δ13C closely
resembled that of SPOM. δ13C values of MPB partly
overlapped with decomposed Spartina anglica; its
δ13C values and those of the other sources were all in
the range of published values from salt marshes and
tidal flats (Currin et al. 1995, Riera et al. 1996, Deegan & Garritt 1997), and with earlier measurements
from this part of the Schelde Estuary (Middelburg &
Nieuwenhuize 1998, Moens et al. 2002). More than
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Fig. 5. Non-metric multidimensional scaling of copepods based on relative fatty
acid profiles with (a) indication of copepod origin (Stns
H1 to H5 indicated by colors,
sampling dates indicated by
symbol) and (b) copepod taxa

other stations, H4 and H5 experience net sedimentation. In such sediments, there is a positive feedback
between MPB biofilms and silt deposition (Herman et
al. 2001). Due to the low physical disturbance, and
because the trapped silt lowers the availability of
MPB to grazers due to the mixing of edible with inedible particles, stable MPB biofilms can develop. MPB
is consistently dominated by diatoms, in line with the
high proportions of diatom FAs in this study. Sandy
sediments such as those at Stn H2 can also show
episodic blooms of flagellates (Hamels et al. 1998)
and chlorophytes (Moens unpubl. data), but our phytopigment data suggest little difference in the abundance of these groups among stations.
The comparatively high δ15N and high bacterial FA
levels of sediment particulate OM at Stns H4 and H5
suggest intense microbial nitrification−denitrification
processes (Lehmann et al. 2002). S. anglica was the
dominant vegetation in the immediate vicinity of
Stns H3, H4 and H5, but our δ13C demonstrate that
its detritus input at these stations is limited.

Copepod species-specific resource utilization
Considering the substantial habitat and temporal
coverage in this study, the variation in natural stable
carbon isotope composition of harpacticoid copepods
was relatively small. With most copepod δ13C values
within the range of −18 to −12.5 ‰ and a high prominence of diatom-specific FAs, we conclude that the
majority of copepod species rely to a significant
extent on MPB. We have avoided the application of
Bayesian mixing models to estimate the magnitudes
of the dietary contributions of different food sources,
mainly because of the large uncertainty (very large
confidence intervals) on the estimated contributions,
and because of potentially misleading conclusions
when consumers have isotopic ratios which are intermediate between those of several candidate resources (Galván et al. 2011). In our study, a strong
reliance on MPB rather than on Spartina detritus,
which has partly overlapping δ13C, is supported by
complementary FA results. Their often high 16:1ω7
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and PUFA content and only trace C18-PUFA levels
are both consistent with a prominent role of diatoms
and an absence of Spartina in the diets of a majority
of harpacticoid species (Caramujo et al. 2008). The
observed variability in δ13C among copepod species
could result from selective feeding on different
microbenthic algal species, or from complementary
feeding on other food sources. Harpacticoid species
can select among diatoms by their size, age, or
species (De Troch et al. 2006, 2012b, Wyckmans et
al. 2007), and can consume a range of food sources
including bacteria and flagellates (see ‘Introduction’). Moreover, size-specific differences in stable
isotope composition of intertidal diatoms have been
demonstrated (Rzeznik-Orignac et al. 2008).
Our stable nitrogen isotope data showed a spread
of 5.5 ‰ among different harpacticoid species, and a
mean nitrogen isotopic fractionation of 6 ‰ between
copepods and diatoms, which is twice or more the
expected value for a single trophic step (Post 2002,
McCutchan et al. 2003), particularly given the fact
that trophic fractionation tends to be smaller at lower
trophic levels (Vander Zanden & Rasmussen 2001,
Galván et al. 2008). The offset in nitrogen isotopic
ratios between copepods and MPB has to be interpreted with due caution, because MPB isotopic data
were not collected in the same sampling periods as
the copepod data, and δ15N signatures of marine
sources can exhibit substantial spatio-temporal variation (Riera et al. 1996, De Brabandere et al. 2002).
Similarly, spatial variation may account for much of
the spread among copepod species. Per location and
time, the maximal spread between harpacticoid species was ca. 2 ‰, equivalent to the fractionation
between 2 adjacent trophic levels (Galván et al.
2008). Hence, it is possible that some species obtain
MPB carbon indirectly rather than by direct grazing
on MPB. Therefore, in addition to spatio-temporal
variation in producer nitrogen isotope ratios, the following alternative scenarios may help to explain the
spread in δ15N in harpacticoid copepods and the difference between copepod and MPB δ15N in our
study. First, some harpacticoid copepods may feed on
bacteria (Rieper 1982), which in turn derive a considerable portion of their carbon from MPB (Middelburg
et al. 2000). The low proportion of bacterium-specific
FA, as well as low rates of bacterivory observed for
Microarthridion littorale, Platychelipus littoralis and
Nannopus palustris from the same location (Cnudde
et al. 2013), invalidate this hypothesis for some
harpacticoid taxa, but not for Delavalia palustris and
Paraleptastacus spinicauda. Interstitial copepods like
Paraleptastacus sp. have reduced mouthparts poorly
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adapted to diatom feeding; these harpacticoids have
been considered browsers on sediment grains, scraping off epipsammic bacteria (Feller 1980, Joint et al.
1982). D. palustris is a tube-dwelling species (Chandler & Fleeger 1984) and may feed on bacteria growing on the mucus-covered inner walls of tubes. Second, some harpacticoid copepods may feed on
heterotrophic ciliates and/or flagellates, which in
turn consume primary production, bacteria associated with primary producers, and/or their exopolymer secretions (Rieper 1985). DHA levels exceeding
EPA levels, and the presence of only moderate
16:1ω7 proportions compared to other species, suggest that dinoflagellate feeding by M. littorale (H5 —
November) and Tachidius discipes (H2 — June) is
plausible (Volkman et al. 1980, Falk-Petersen et al.
2009). Third, some harpacticoids may be predators of
other herbivores like nematodes or harpacticoid nauplii (Lazzaretto & Salvato 1992, Kennedy 1994,
Seifried & Dürbaum 2000). However, this is contradicted by the low PUFA/SFA ratios and a low relative
abundance of 20:1ω9 in the copepods in our study.
Fourth, harpacticoids may re-utilize their own fecal pellets and associated microbes (e.g. De Troch et al. 2009).
Although MPB was the predominant carbon source
for harpacticoid assemblages, a substantial contribution of SPOM was manifest in Paronychocamptus
nanus (particularly at Stn H5—February), Amphiascus sp. 1 (Stn H5—November) and, to a lesser
degree, M. littorale (Stn H4—August). P. nanus and
Amphiascus were previously considered detritus and
diatom feeders, respectively (Hicks 1971, Heip 1979).
M. littorale was nearly omnipresent at the Paulina
intertidal area (exception being Stn H2). It can feed
on benthic and planktonic microalgae (Decho 1986,
Santos et al. 1995) and potentially on bacteria (De
Troch et al. 2012a), although the latter is not supported by our FA data.
Cletodidae had strongly depleted δ13C values
indicative of methane-derived carbon (Alperin &
Hoehler 2009). One possibility is that the δ13C of Cletodidae in our study reflects feeding on methanotrophs, even though this would typically yield even
more depleted δ13C. Alternatively, sulphur-oxidizing
bacteria may utilize the 13C-depleted CO2 resulting
from methane oxidation (for instance by sulphate
reducers), and may be grazed upon by cletodid copepods. Considering the ecological importance of sulfur
cycling in salt-marsh sediments (Howarth 1984), this
is a plausible explanation. In any case, our data
strongly suggest that Cletodidae consume chemoautotrophic bacteria, in line with a recent report on
Cletodidae from seagrass-vegetated stations in the
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Mira estuary, Portugal (Vafeiadou et al. 2014), and
from unidentified harpacticoid copepods from estuarine and coastal North Sea sediments (Franco et al.
2008, Moens et al. 2011). It is interesting to note that
Cletodidae survive well in hypoxic conditions (Grego
et al. 2014), an unusual feature for harpacticoids
(Modig & Olafsson 1998). In addition, Van Gaever et
al. (2006) found δ13C values of −51 ‰ for a harpacticoid species at a cold seep in the Barents Sea,
demonstrating reliance on methanotrophic bacteria.
These few published results on harpacticoid copepods are in accordance with similar records on particular nematode species from the deep sea (e.g. Van
Gaever et al. 2006, 2009, Pape et al. 2011) and coastal
habitats (e.g. Bouillon et al. 2008, Vafeiadou et al.
2014), confirming that chemoautotrophic carbon may
be an important energy source for several meiofaunal taxa. Whether in Cletodidae this reflects a symbiotic relationship or direct and selective grazing
remains to be established. Unfortunately, we could
only obtain a single FA profile of Cletodidae, yielding
somewhat equivocal results: the lack of essential
PUFAs such as EPA and DHA is in accordance with
their independence of MPB. But at the same time, the
abundances of bacterium-specific odd-chained FAs
and of FAs specific for chemoautotrophic bacteria
(Van Gaever et al. 2009) were comparable to those
of other copepod species and lower than those in
D. palustris and P. spinicauda.

Spatio-temporal variability in copepod resource
utilization
Based on our stable isotope data, the dependence
of harpacticoids on diatom carbon was more pronounced at the sandy station H2 than at other, more
accretory stations. However, the FA data of the most
abundant sandy-sediment species, P. spinicauda,
and also of T. discipes did not fully support this conclusion: their low contributions of MPB-characteristic
FAs and high DHA/EPA ratios pointed to at least a
partial reliance on dinoflagellates (Kelly & Scheibling 2012).
For some species, δ13C variation in combination
with changes in relative FA composition illustrated
shifts in diet. Spatial variation in δ13C values of Asellopsis intermedia suggest a higher reliance on
benthic diatoms at bare tidal flat stations than at the
salt-marsh station H5. For Amphiascus sp. 1, a lower
abundance of diatom FAs at Stns H4 and H5 and a
slightly elevated C18-PUFA level at H5 support the
idea of some contribution of SPOM or Spartina at the

muddy salt-marsh stations. Spatial variation in resource use may also relate to species composition and
interactions such as competition for food, but studying the effect of species interactions on resource partitioning remains a challenge, especially since harpacticoid assemblages exhibit pronounced dynamics
even over a tidal cycle due to both passive and active
redistribution (Armonies 1990, Sedlacek & Thistle
2006).
A temporal change in diet was observed for M. littorale at Stn H5, where the δ13C difference between
November and February indicates a shift from consumption of flagellates (DHA > EPA), perhaps in
combination with some assimilation of vascular plant
detritus (C18-PUFA), to higher diatom grazing (EPA >
DHA, 16:1ω7, no C18-PUFA). Similarly, for P. nanus,
the strongly depleted δ13C was not consistent over
time and suggested a closer link with MPB in February than in other months. Dietary shifts may be a consequence of variability in food availability, but also of
seasonal variation in resource quality (Lee et al.
1976). Our biomarker data also indicated dietary
shifts for several other harpacticoids, such as N.
palustris, P. littoralis and Robertsonia diademata.
However, their occurrences were too limited in space
and time to allow firm conclusions on their trophodynamics.
In general, copepods showed a higher FA diversity
in February, accompanied by the highest proportions
and absolute concentrations of the PUFAs EPA and
DHA. This may point at an early MPB bloom at the
end of February, in accordance with the peak of relative sediment OM PUFA content at this moment. At
Stns H2 and H3, but not at the other stations, it is also
consistent with peak chl a concentrations. For some
copepods, essential FAs like EPA and DHA were not
detected, while they should be present in living
copepods. We suggest that PUFA levels below the
detection limit may be the result of a temporal depletion in copepod PUFA reserves, e.g. after a reproduction cycle (Falk-Petersen et al. 2009, Gonçalves et al.
2012) combined with a PUFA-poor diet.

Conclusions
MPB, composed mainly of diatoms, was of high
dietary importance for the majority of intertidal
harpacticoid taxa over the entire tidal flat−salt-marsh
area. There was little evidence for a role of Spartina
detritus as a resource for copepods. SPOM contributed significantly to the diets of only a limited
number of species. Despite the general importance of
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MPB as a carbon source for a majority of our copepod
taxa, resource utilization patterns were diverse and
species specific.
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