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ABSTRACT: Organic matter input and processing was studied in 2 contrasting sediments (Stn 115
and Stn 330c,.ps:) in the southern North Sea. The sediments are subjected to similar hydrodynamic
conditions, but Stn 115, underlies a high turbidity zone, making it a fine, low-permeability sedi-
ment. Monthly data on chlorophyll a (chl a), §'*C and 8'°N of particulate organic matter in the water
column and sediment showed that the algal spring bloom deposition created a strong vertical gradi-
ent of sedimentary chl a at Stn 115,,,;. Macrobenthic biomass (78 + 60 g C m 2, mean + SD) was dom-
inated by suspension feeders, suggesting biological mediation of the organic matter input. In con-
trast, the offshore Stn 330, is @ coarse, high-permeability sediment in which chl a penetrated
centimeters deep due to physically mediated input. The macrobenthic community, low in biomass
(3.8 + 2.4 g C m2), was dominated by mobile polychaetes and epibenthic amphipods, which is char-
acteristic of physically disturbed sediments. Overall, sediment characteristics played an important
but indirect role in the organic matter input and processing. At Stn 115, a large macrobenthic com-
munity developed that mediated the input of organic matter to the sediment through herbivore and
predatory pathways. At Stn 330...ese iR contrast, organic matter input seemed to be dominated by
physical processes. Overall, the fraction of algal carbon degraded in the sediment was higher at Stn
115 than at Stn 330.4s indicating that the physical input at Stn 3305z Was less efficient than
the biological input at Stn 115q.

KEY WORDS: Food web - Carbon isotope - Nitrogen isotope - Coastal sediment - North sea - Perme-
able sediment - Benthic - Pelagic coupling
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INTRODUCTION

Coarse sediments typically have low organic matter
content and were therefore long considered to be un-
important in terms of organic matter mineralization as
compared to muddy sediments. This view has changed
drastically in the last decade. Coarse sediments underlie
dynamic shelf seas, in which hydrodynamic forces have
a sorting effect on the sediment particles during resus-
pension, and create ripples and other topographic bed
features. Recurrent resuspension and pressure differ-
ences from wave action and topographic bed features
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result in an advective 'injection’ of fresh organic matter
and oxygen into permeable coarse sediments (Huettel et
al. 1996). These advective inputs result in high rates of
organic matter turnover in permeable coarse sediments
(Huettel & Rusch 2000) that can be comparable to muddy
sediments (D'Andrea et al. 2002). In contrast, finer sedi-
ments typically accumulate in regions of lower hydrody-
namic stress, and organic matter settles passively on the
sediment surface and is then subjected to (bio)diffusive
mixing into the sediment.

In addition to the physically mediated inputs of
organic matter to sediments (advective injection and
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passive deposition), there is biologically mediated
input, in which benthic organisms actively filter and
deposit organic matter from the water column on and
into surface sediments (Kautsky & Evans 1987, Chi-
antore et al. 1998). The scope for biologically mediated
input of organic matter is, however, related to the
physical environment, because coarse sediments are
frequently subjected to resuspension and mobilization
events, which may prevent the establishment of an
infaunal benthic community (Ysebaert et al. 2000,
Aller & Aller 2004, Wlodarska-Kowalczuk et al. 2007).
As aresult of such sediment mobilizing events, organic
matter degradation in deltaic sediments is dominated
by bacteria due to the high disturbance regime of these
sediments (Aller & Aller 2004).

The input of organic matter depends strongly on the
physical setting and typical co-varying factors such as
sediment type and disturbance regime. We investi-
gated organic matter input at 2 contrasting sediments
on the Belgian Continental Shelf (BCS). The BCS is sit-
uated in the Southern Bight of the North Sea and is a
complex system of beaches, gullies and sandbanks
that are characterized by different sediment types ran-
ging from clays to coarse sands (Fettweis & Van den
Eynde 2003, Van Hoey et al. 2004). The BCS receives
high nutrient inputs from the rivers Rhine, Meuse and
Scheldt that give rise to pronounced spring blooms of
diatoms and Phaeocystis, reaching con-
centrations of 10 to 50 ug chl a I'! (van

ment (Stn 330.,.,s:) @nd assessed the input to and
degradation of particulate organic matter (POM)
through different variables. (1) The dynamics of
chlorophyll a (chl a) in the water column and sedi-
ment were taken as a direct measure of phytoplank-
ton deposition and subsequent degradation in the
sediment (Sun et al. 1991). (2) §3C and 8N isotope
values of water column POM (wPOM) and sedimen-
tary POM (sPOM) were measured, because substrate
depletion during an algal bloom may lead to elevated
isotope values of phytoplankton, which can be traced
in sPOM and can provide insight into the input of
wPOM to sediments (Nakatsuka et al. 1992, Lehmann
et al. 2004). (3) Biomass of macrobenthic taxa and
their 8°C and 8N values were determined during
pre-bloom, bloom and post-bloom conditions to gain
insight into the macrobenthic community and trophic
structure that developed at the different stations.

MATERIALS AND METHODS

Study site and cruises. Both stations are located on
the BCS in the southern North Sea (Fig. 1). Stn 330 sgse
is located offshore (51°26.0' N; 02°48.5" E) at a depth of
20 m and consists of medium sands with a silt content
of 0.2%, median grain size of 360 pm and 228 pm as

der Zee & Chou 2005) and an annual
net primary production of 134 to 213 g
C m™2 (Lancelot et al. 2005).

The sediments of the BCS are inter-
esting sites to follow the input and fate
of organic matter, because hydrody-
namic conditions such as current veloc-
ity (1 to 2 m s™') and bottom shear stress
(0.8 to 1.5 Pa) suggest comparable
hydrodynamic conditions on the BCS
(Fettweis & Van den Eynde 2003). An

51°38°-

51°27" 4

important factor governing differences %’
in sediment type is the presence of a k= .
high turbidity zone in front of the coast, 'Ié
resulting in coarser offshore sediments —
and finer coastal sediments (Fettweis & 51°16" 5

Van den Eynde 2003). Hence, whereas
coastal and offshore sediments are sub-
jected to similar physical forces, coastal
sediments are more stable and less per- 1
meable due to the input of fine particles
from the water column (see 'Study site
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and cruises’ in ‘Materials and meth-
ods').

We selected a fine coastal sediment
(Stn 115.,:) and a coarse offshore sedi-
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Fig. 1. Location of fine coastal sediment (115;,:) and coarse offshore sediment
(330c0arse) Stations on the Belgian Continental Shelf
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the 10th percentile of the grain distribution (d,¢). Sedi-
ment permeability is estimated at 5.3 x 107! m?, based
on the empirical relation from Hazen:

ky = 1.019x103x dj’x v (1)

in which v is the kinematic viscosity (Rusch et al. 2001).
Oxygen penetration was >1 cm throughout the year
(author's unpubl. data).

Stn 115;,: is located close to the coast (51°09.2'N;
02°37.2'E) at 13 m water depth and has a silt content of
14 %, median grain size of 180 pm and dj, of 38 pm.
The estimated sediment permeability is 1.5 x 107! m?,
and oxygen penetration was <5 mm during the bloom
and post-bloom conditions.

Sampling at 2 levels of intensity was conducted
from October 2002 through October 2003. First, during
monthly monitoring campaigns, the water column was
sampled for concentrations of chl a, particulate organic
carbon (WPOC), particulate organic nitrogen (WPON),
313C-wPOC and §"N-wPON. The sediment was sam-
pled for concentrations of chl a, particulate organic
carbon (sPOC), particulate organic nitrogen (sPON),
313C-sPOC and 8!°N-sPON. In addition, the meioben-
thic community of both stations was characterized
monthly (Franco et al. 2008b).

Second, 3 intensive campaigns were held in Febru-
ary, April and October 2003, during which additional
variables were measured. The meiobenthic commu-
nity was sampled for §'°C and §'°N values at the taxon
level (Franco et al. 2008b) and the macrobenthic com-
munity was sampled for density, biomass, §'*C and
8'°N values at taxa level.

Sampling and analytical procedures. Water column
samples were taken from 3 m below the water surface
and approximately 1 m above the sediment-water
interface with a 10 1 Niskin bottle mounted on the CTD
wire. The sampled water was filtered on pre-
combusted GF/C filters for chl a, wPOM and stable iso-
tope values of wPOM (~500 ml filter'!). The filters for
chl a determination were frozen onboard (-20°C) and
stored at —80°C in the laboratory. Filters for wPOM
measurements were stored frozen onboard (-20°C)
and freeze dried in the laboratory.

Sediment was collected with a Reineck box core
(180 cm?) during the monthly campaigns and with a
large box core (804 cm?) during the intensive cam-
paigns. Box cores with a seemingly undisturbed sur-
face were sub-sampled by manually inserting smaller
Plexiglas or Perspex cores (10 cm ©) and kept in a tem-
perature-controlled water bath. Three sediment cores
were sliced at 1 cm depth intervals down to 10 cm for
determination of sedimentary chl a.

Chl a concentrations on filters and weighed sedi-
ment samples were determined using HPLC (Gilson)
following Wright & Jeffrey (1997). Chl a concentrations

in the water column were converted to volumetric
units of sampled water.

For sPOC/sPON and 8C-sPOC/8'’N-sPON analy-
ses, the top 0-1 cm interval (and 4-5 cm interval on
intensive campaigns) was sliced from the cores, dried
at 60°C and ground for homogenization before subse-
quent analysis.

The methodological description for the determina-
tion of meiobenthic stable isotope analysis is given in
Franco et al. (2008b). Briefly, cores were sliced and
stored onboard at —20°C. Slices were thawed in the
laboratory and sorted to taxon level, transferred into
silver cups and stored at —20°C for isotope analysis.
Typically, 60 nematodes were used for 8'°C analysis
and 160 for 5!°N.

The macrobenthic community was sampled with 2 or
3 large Plexiglas cores (14 cm &, 10 cm depth) from the
box core. The samples were sieved (500 pm) on board
prior to storage at —20°C. In the laboratory, the macro-
benthic samples were thawed and sorted under a
binocular to species level. Specimens were cleaned of
adhering debris and counted at species or genus level.
Specimens of shell-bearing species were physically
separated from their shell. Part of the flesh sample was
ground for thorough homogenization and a sub-
sample was transferred to a silver cup that was stored
for isotope analysis. Another part was used to deter-
mine ash-free dry weight (AFDW) of a known number
of specimens of a certain species. The AFDW per indi-
vidual was converted to C assuming a C:AFDW ratio of
0.4 and used to convert total density of a species to
biomass. Macrobenthic species were assigned to a
feeding group based on classifications in the special-
ized literature.

The trophic level (TL) of a macrobenthic consumer
was estimated as:

TLconsumer = 2 + (615Nc0nsumer - 815Nbase)/A15N (2)

(Post 2002), in which the 8Ny, is the §'°N value of
the primary consumer (i.e. TL 2) and A®N is the
trophic fractionation associated with each TL. The
generally accepted fractionation factor of 3.4%. was
adopted for AN (Minagawa & Wada 1984, Post
2002). The average 8N value of the suspension-
feeding bivalves Abra alba and Venerupis pullastra
defined the 8Ny ..

All stable isotope measurements were performed on
a Fisons CN elemental analyzer coupled online, via a
Finnigan ConFlo II interface, with an isotope ratio
mass spectrometer (Thermo Finnigan MAT DELTA
Plus). The stable isotope ratio of a sample is expressed
as per mille deviation (%.) from the isotope ratio of a
reference material and is calculated as:

SX (%0) = [(Rsample)/(Rreference) - 1] x 1000 (3)



22 Mar Ecol Prog Ser 380: 19-32, 2009

in which Xis *C or N, Rympie is the *C:'2C or *N:"N
ratio of the sample, and Rieference i the isotope ratio of
the reference material (Vienna Pee Dee Belemnite for
C, and atmospheric N, for N). All samples were acidi-
fied with 5% HCI to ensure carbonate removal. Repro-
ducibility of natural samples was 0.2 %o.

Statistical tests were conducted in the freely avail-
able environment for statistical computing R v. 2.7.2
(R Development Core Team) and were based on a
linear model using general least squares (function gls
in R-package nlme) with station and sampling date
as factors, because this method is insensitive to omis-
sions in the dataset (Pinheiro & Bates 2000). Also,
Figs. 2—-4 were produced with the R software. Con-
tours in Fig. 2 were produced with the R software.
Contours in Fig. 2 were the least-squares surface

trend function surfls from the R-package spatial
(Venables & Ripley 2002). Data presented are mean
values = SD unless otherwise stated.

RESULTS
Water column and sediment data

The chl a dynamics in the water column were
comparable throughout the year at Stn 115. and
Stn 330c0.szs  but concentrations were higher at
Stn 1154 (Fig. 2). Concentrations in the period Octo-
ber 2002 to January 2003 were between 2.53 and
4.01 mg m™3 for Stn 115, and between 0.69 and
2.38 mg m™® for Stn 330 o and increased sharply
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Fig. 2. Chlorophyll a (chl a) concentrations (mean + SD) in the water column at (A) Stn 115;,: and (B) Stn 330 and in the
sediment (ng g‘1) at (C) Stn 115, and (D) Stn 330.ors: from September 2002 to October 2003
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during the spring bloom (maxima of 45.7 and 41.0 mg
m™3, respectively). The months following the spring
bloom (May to October 2003) were characterized by
chl a concentrations of 4.89 to 20.1 and 2.80 to 16.1 mg
m~ for Stn 115, and Stn 330, respectively. The
chl a inventory (i.e. concentration X water depth in mg
chl a m™?%) was not significantly different between sta-
tions (F; 77 = 0.35, p = 0.55), 175 + 179 at Stn 115, and
169 + 192 at Stn 330.,se Ut sampling events differed
significantly (Fi,77 = 134.7, p < 0.0001), and also the
interaction term was significant (Fijy7; = 22.2, p <
0.0001).

The dynamics of chl a in the water column are
reflected in the sediment at Stn 115, (Fig. 2A,C),
where low concentrations were measured during the
pre-bloom period (average for top 10 cm was 1794 +
1978 ng cm™®), and no clear vertical gradient was
apparent. Chl a deposition was evident during and
after the phytoplankton bloom, resulting in a vertical
profile with 5969 + 4106 ng cm™ in the top 0—1 cm and
2031+ 991 ng cm™? in the 6-7 cm layer (average from
March to June). This gradient vanished in the following
months, when chl a concentrations dropped to 1114 +
1022 ng cm™® (sediment column average in October).
The sedimentary chl a dynamics were different at
Stn 330¢4set 1O clear vertical gradient developed dur-
ing the bloom and post-bloom period (Fig. 2), but the
depth averages varied seasonally, from 320 + 271 ng
cm~2 in pre-bloom to 576 + 476 ng cm™ in bloom and
539 + 392 ng cm® in post-bloom conditions. A pairwise
comparison over all layers and sampling events indi-
cates that the sedimentary chl a concentration was 6.8
times lower at Stn 330oars: than at Stn 115;:.

Organic carbon and nitrogen contents were not very
variable in the top 0—1 cm layer at either station, although
at Stn 115, in April organic carbon and nitrogen content
peaked at 1.30 + 0.94 wt% and 0.20 + 0.14 wt%, respec-
tively. During the rest of the year, organic carbon and ni-
trogen content averaged 0.14 + 0.04 wt% and 0.024 +
0.009 wt%, respectively, at Stn 115;,;. At Stn 3300 arse:
the annual averaged organic carbon and nitrogen con-
tent was 0.064 +0.03 and 0.013 £ 0.010, respectively. Or-
ganic carbon content differed significantly between sta-
tions irrespective of the inclusion of the peak data in April
(F1,37=64.0,p<0.0001 versus F; 44 =13.0, p<0.001), but
sampling date and the interaction term were only signif-
icant when the April peak was included in the analysis
(Fo,37 = 1.04, p = 0.42 versus Fjj4; = 3.97, p < 0.001 for
sampling date and Fy 37 = 1.14, p = 0.36 versus Fj 4; =
4.42,p <0.001 for the interaction term). Also, organic ni-
trogen differed significantly between stations (F; 37 =
31.3,p <0.0001 versus F, 4, =11.6, p <0.01) and sampling
date (Fy 37 =6.08, p <0.0001 versus Fj 41 =3.79, p < 0.01)
irrespective of the April peak, whereas the interaction
term was only significant when the April peak was in-

cluded (Fy37 = 1.95, p = 0.07 versus Fjp4; = 4.58, p <
0.001). Molar C:N ratios averaged 6.7 + 1.4 at Stn 115.
and 7.1 + 4.4 at Stn 330.0,sx and were not significantly
different between stations (F; 5; = 0.21, p = 0.65).

In the water column, §'°C-wPOM dynamics were
similar at the stations, although the variability was
higher at Stn 330.0.s: than at Stn 115, (Fig. 3A,B).
3®C-wPOM was constant during the pre-bloom
period, between -22.4 + 0.14 and -21.5 + 0.14%. at
Stn 115, and between -24.4 + 0.20 and -21.6 =+
0.21 %o at Stn 330orser @and increased to peak values of
-19.7 £ 1.11%0 at Stn 115, and -19.5 = 1.00%. at
Stn 330coms: (Fig. 3A,B). Subsequently, §°C-wPOM
values dropped below —24 %o, at both stations and then
rose continuously in the late summer and autumn to
-20.5 = 0.25 at Stn 115y, and -20.6 = 0.21 at
Stn 3300 (Fig. 3A,B). The dynamics of §'*C-sPOM
in the 0-1 cm sediment layer mirrored those of §°C-
wPOM at Stn 1154, but with a time lag of approxi-
mately 1 to 2 mo (Fig. 3A). 8'3C-sPOM differed signifi-
cantly between the 0—1 and 4-5 cm layers (F, 1, = 5.34,
p < 0.05) and sampling dates (F;, 1, = 15.5, p < 0.001) at
Stn 1154, although on average the top layer was only
0.53%0 heavier. Similar to Stn 115, at Stn 330coagsz
813C-sPOM in the 0-1 cm sediment layer tracked §'3C-
wPOM during the pre-bloom and bloom conditions
(Fig. 3B). In the post-bloom period, however, §3C-
sPOM increased to —17.8 + 0.84 in October (Fig. 3B).
313C-sPOM at Stn 330, differed significantly
between sampling dates (F, 9 = 2.76, p = 0.11), but not
between sediment layers (F; 1o = 1.75, p = 0.21).

S31°N-wPOC and &"N-sPOM values at Stn 115,
showed less pronounced seasonal patterns, although
3°N-sPON was depleted in the months November
2002 to March 2003 (3.9 to 5.0%0), as compared to the
period April to October (6.8 to 8.5%o), except for July
(Fig. 3C). The 8'°N dynamics of wPOM and sPOM
were highly variable at Stn 330,z and did not show
a seasonal trend (Fig. 3B,D). 8"°N of sPOM, however,
increased over the sampled period from 4.9 to 15.9 %o.
S'N-wPOM was higher at Stn 115, than §'"*N-sPOM,
except for October 2003, and a pairwise comparison
reveals that on average 8N of wPOM is 3.4 + 3.2 %o
higher than sPOM at Stn 1154, (Fig. 3C). A pairwise
comparison at Stn 330, indicates that §'°N-wPOM
was on average 2.3 + 5.3%. higher than §'°N-sPOM,
but also that 8'°N-wPOM was higher on 7 samplings
and lower on 4 samplings (Fig. 3D). §"°N-sPOM dif-
fered significantly between the layers (F, 1, =7.11, p <
0.05) and sampling dates (F,;, = 51.5, p < 0.0001) at
Stn 1154z, with the top layer being on average —1.3 %o
depleted as compared to the deeper layer. At
Stn 330,oarse O significant differences between sedi-
ment layers (F; 1o = 0.002, p = 0.96) and sampling dates
(F>,10 = 2.76, p = 0.11) were found.
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Fig. 3. Annual dynamics (mean * SD) of §'3C in particulate organic carbon in the water column (§'*C-wPOC) and 0-1 cm sedi-
ment layer (§3C-sPOC) at (A) Stn 115, and (B) Stn 3300,xs and of §'°N in the water column (§°N-wPOC) and 0—1 cm sediment
layer (8'°N-sPOC) at (C) Stn 115, and (D) Stn 330, from September 2002 to October 2003

Macrobenthos community

Macrobenthic biomass was lowest in February at
Stn 115, (5.7 £ 3.9 g C m~2) and Stn 330 (0.39 g C
m~?), but increased toward April (62 + 43.7 g C m~2 at
Stn 115, and 2.3 + 3.9 g C m2 at Stn 330.,xe:) and
was highest in October at Stn 115, (78 + 60 g C m™2)
and Stn 330 (3.8 + 2.4 g C m™%; Tables 1 & 2). On
average, macrobenthic biomass was 20 times higher at
Stn 1154 than at Stn 330..,se- Despite the high vari-
ability (Tables 1 & 2), macrobenthic biomass was sig-
nificantly different between the 2 stations (F; ;o = 5.02,
p < 0.05), but not between sampling dates (F; 1o = 2.29,
p =0.15).

The macrobenthos at Stn 115, was dominated by
Bivalvia (36, 62 and 50 % in February, April and Octo-
ber, respectively) and Anthozoa (32% in April and
25 % in October) (Table 1). The class Bivalvia consisted
of the species Abra alba, Mysella bidentata, Venerupis
pullastra and the razor shell Ensis ensis. The anemone
Sagartia troglodytes was the only anthozoan species.
The class Polychaeta was not dominant in biomass (2.6,
3.7 and 12.1 g C m~2 in February, April and October,
respectively), but was the most species-rich with 19
species. Species that dominated the polychaete bio-
mass were Nephtys hombergii, Heteromastus filifor-
mis and Lanice conchilega. In terms of feeding type,
biomass was dominated by suspension feeders
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n

35N
15.0
11.5
8.2

October
3BC
-17.6
-16.0
-16.0

BIO
0.13+0.18
0.12+0.16
0.36+0.16
0.12+0.17
0.12+0.17
1.43+2.02
0.23+0.32

n
2

315N
14.4+0.3

April
siC
~17.7+0.5

BIO
0.02+0.04
2.25+3.85

predator, SDF = surface deposit feeder, SF = suspension feeder, sPOM = sedimentary organic
0.01+0.01

water column particulate organic matter

n

315N
12.6

matter, wPOM

February

(@
-13.6

BIO
0.05

deposit feeder, OMN = omnivore, P
0.34

FT
SDF
SDF

DF

OMN
OMN
OMN
P
P

Urothoe brevicornis
Pagurus bernhardus
Atylus swammerdami
Crangon

Bathyporeia
Pectinaria
Gammaridae
Nephtys
Copepoda
Crustacea

Table 2. Feeding type (FT), mean (+SD) biomass (BIO, in g C m2) and mean (+ SD) isotope values (measured on n specimens) for the macrobenthic taxa at Stn 3300z in
Species

February, April and October. DF

(91% and 70% in April and October, respectively),
© oo followed by surface deposit feeders (36, 8 and 9% in
© -« February, April and October, respectively) and preda-
399 tors (45 and 6 % in February and October, respectively;
RERCD: Table 1).

- The macrobenthic community at Stn 330¢oxe: Was
3= 2 dominated by polychaetes, which represented 87,
HHH 96 and 19% of the total macrobenthic biomass in
Pl February, April and October, respectively (Table 2).
b Nephtys spp. dominated the polychaete biomass, but

~ 3 in October Pectinaria spp. and some unidentified
b isl species also contributed. Crustacea was an important
3 3 fraction of the biomass only in October (563 %), when
— o it was composed of Atylus swammerdami, Crangon
crangon, Pagurus bernhardus, Gammaridae spp. and

Copepoda spp. (Table 2). Omnivores were important
©w©m in all samples (87, 96 and 16% in February, April

and October, respectively) and predators were
e : : important in October (40%; Table 2). Nephtys spp.
Ha rtl were the sole omnivores in February and April, but
®©© 3 in October the hermit crab P. bernhardus and Gam-
N maridae spp. were present as well. Predators in
jl T ﬁ October consisted of A. swammerdami and the
€ o % shrimp C. crangon. Surface deposit feeders and
aaq deposit feeders together constituted only a very small

- fraction of the macrobenthic biomass (12, 1, and 3%
g in February, April and October, respectively).
+
8
(=]
313C and 6'°N of macrobenthos
© oo The isotope values of the macrobenthic species at

Stn 115, ranged from -24.2 to —16.4%. for §°C
© and from 7.0 to 15.2% for 8N (Table 1, Fig. 4),
E‘f, T respectively. In February, most §3C values were
S S e between -18.7 and -16.4%., except for Magelona
- papillicornis, and were thereby 4 to 6%. heavier
g:g than what would be expected from feeding on
H é_' g wPOM or sPOM (Fig. 4A). The omnivore Nephtys
QI &I' 8| spp. and predators Nephtys hombergii, Sigalion

spp. and Nemertea had §'°N values that were 3 to

5% heavier than those of the suspension feeder

Mysella bidendata and the surface deposit feeders

Tellina fibula and Abra alba (Fig. 4A). Conse-

quently, the calculated TLs of the omnivore and

predatory species were >2.8 (Table 1).

In April, the 83C values of most species, except for

Venerupis pullastra and Anaitides mucosa, were

between -18.0 and -16.9%. (Table 1). Similar to the

T February values, the §!3C values of the organisms were

. ce heavier than would be expected from feeding on
§ T S = wPOM or sPOM. The difference was around 2.5 to
‘g i% Ss 4.5%0, depending on the species (Fig. 4B). Most surface
2 E n§ % % deposit feeders and suspension feeders had 8'°N val-
ues between 9.4 and 10.7%., indicating a TL of ~2
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February

16

14

12

10

8N

< wPOM
® sPOM

I
-24 22 -20 -18 -16

October

16

14—

12

10

8N

85N

B April
16
14 —
[r]
12 ] o
lrg—
10 By
8 -
6 —
4 |
I I I I I I
—26 24 22 -20 -18 -16
813C
a Abra alba O Nereis longissima
b Anaitides mucosa P Pectinaria spp.
C Ensis spp. 4 Pholoe minuta
d Gammaridae r Polychaeta
e Glycera spp. S Pontocrates spp.
f Heteromastus filiformis t Sagartia troglodytes
9 Lanice conchilega U Scoloplos armiger
h Magelona papillicornis Vv Sigalion spp.
i Mysella bidentata W Sthenelais boa
i Nematoda X Tellina fabula
k Nemertea Y Tharyx marioni
| Nephtys spp. z Venerupis pullastra
m Nephtys hombergii A Nematoda, Franco et al. 2008b
n  Nereis spp.

Fig. 4. Isotope values for macrobenthic taxa, water column particu-
late organic matter (WPOM) and sedimentary POM (sPOM) at
Stn 115 in (A) February, (B) April and (C) October. Values for
wPOM and sPOM are averages from data from the sampling month
and the preceding month. The gray arrows indicate the expected
isotope value of a consumer that depends completely on wPOM or
sPOM using trophic fractionation factors for §*C and 8'°N (‘Materi-

als and methods’). Standard deviations are given only 1-sided for

(Table 1). The polychaete Tharyx marioni and the
Polychaeta had elevated 8'°N values, indicating a TL
of 2.5 and 2.7, respectively. Also, the suspension feeder
Sagartia troglodytes, a burrowing anemone, had a
85N value of 13.4 %o, equivalent to an estimated TL of
3.0 (Table 1).

In October, §°C values ranged from -24.2 to
—17.0%o (Table 1, Fig. 4C). The §'3C values of benthic
organisms overlapped with or differed by 1 to 3 %o
from expected §°C values when feeding on wPOM
or sPOM (Fig. 4C & 5). Most surface deposit feeders
and suspension feeders had 8°N values between 9
and 10.3%. and were estimated to be at a TL >2.2
(Table 1). However, the deposit-feeding polychaetes
Nereis spp. and Nereis longissima had elevated §°N
values of 12.4 and 12.8%0 with corresponding TLs of
3.0 and 2.9, respectively (Table 1). The anemone

clarity of the figure. See Table 1 for source data. Note that u’ is

positioned below 'y’, see Table 1 for raw values

Sagartia troglodytes had an estimated TL of 3.0
(Table 1), similar to the value in April. All predatory
species had elevated 8'°N values and were assigned
TLs of >2.6 (Table 1). The omnivores Gammaridae
had a comparatively low 8°N value of 7.0 + 2.1%o
(Table 1).

Due to the limited biomass at Stn 330cosse 0°C and
85N values could be obtained for only a few species
(Table 2). Similar to the values at Stn 115, the §*C
values of the organisms were >3%. heavier than
would be expected from feeding on wPOM or sPOM
(Table 2). Since no stable isotope values were collected
from primary consumers at Stn 330, We did not cal-
culate TL. However, it was surprising that the hermit
crab Pagurus bernhardus, typically regarded as a scav-
enger, had 8'°N values that were lower than wPOM or
sPOM in October (Table 2).
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DISCUSSION
Sediment characteristics

The sediments at Stn 115.,: and Stn 330coars: dif-
fered in composition (silt content 14 % versus 0.2 % and
medium grain size 180 pm versus 360 pm, respec-
tively), organic carbon content (0.14 + 0.15 versus
0.066 + 0.098 wt%), organic nitrogen content (0.024 =
0.024 versus 0.014 + 0.023 wt%), oxygen penetration
(<5 mm versus >10 mm) and estimated permeability
(1.5 x10™'* m? versus 5.3 x 107'° m?). Results from a
study on a coarse modeling grid of 5 X 5 km indicated
that hydrodynamic conditions were comparable at
both stations (Fettweis & Van den Eynde 2003). We did
not quantify in situ hydrodynamic conditions in our
study, but the model results indicate that the observed
differences in sediment composition were mostly due
to a coastal high turbidity field rather than hydrody-
namic conditions (Fettweis & Van den Eynde 2003).
We regard water column turbidity as the prime cause
driving station differences and discuss how the input to
and processing of organic matter from the water differs
from this viewpoint in the remainder of this section.
However, other factors that may co-vary with this tur-
bidity field or small differences in hydrodynamics may
also contribute to these differences.

Chl a in the water column and sediment

The water column was strongly mixed vertically at
both stations as evidenced by similar chl a concentra-
tions in surface and bottom water (Fig. 2). This vertical
mixing may indicate that hydrodynamic conditions are
indeed similar at both stations. The spring algal bloom,
with a dominance of Phaeocystis colonies (D. van
Oevelen pers. obs.), in April to May is typical for the
North Sea (Lancelot et al. 2005) and resulted in ele-
vated sedimentary chl a concentrations (Fig. 2).

The chl a inventory of the water column (i.e. mg
m~2) was similar at both stations (175 + 179 mg chl a
m2 at Stn 115,,; and 169 + 192 at Stn 330ouks:). Sedi-
ment oxygen consumption, determined on a monthly
basis, was 2.3 to 3.2 times higher at Stn 115, than at
Stn 330couse (P. Provoost & K. Soetaert pers. comm.).
This indicates that a higher fraction of algal biomass
was degraded in the sediment at Stn 115, than at
Stn 3300arse @and that algal carbon mineralization was
lower in the permeable sandy sediments than in the
finer sediments. This is supported by the sedimentary
chl a inventory, which was 6.8 times higher at
Stn 115, despite similar water column chl a invento-
ries. Huettel & Rusch (2000) experimentally investi-
gated advective transport of chl a into defaunated

sediments of different permeability in flume and
chamber incubations. The chl a concentration was
1.4 times higher and the influx was ~2.5 times higher
in sediments with a permeability comparable to
Stn 330 0. than in sediments with a permeability
similar to Stn 115.,;. Our results seem to be in con-
trast with these experimental studies, but the latter
experiments focused on advective injection of algae
and did not include biologically mediated input.

The passive deposition of algae and detritus may be
expected to be of similar magnitude at both stations,
because of the similarity in hydrodynamic conditions.
The higher carbon input and mineralization at
Stn 115, is reflected in a 20 times higher macroben-
thic biomass that was dominated by filter-feeding bi-
valves in April and October (Fig. 2A,C). Bivalves filter
large amounts of water and produce (pseudo)feces that
increase the flux of organic carbon, chl a and phaeo-
pigments into the sediment (Kautsky & Evans 1987,
Smaal & Zurburg 1997, Chiantore et al. 1998, Frechette
& Bacher 1998). The straight profile and deep penetra-
tion of chl a at Stn 3304 1S indicative of adjective in-
jection of algal-derived material and strong sediment
mixing (Huettel et al. 1996, Huettel & Rusch 2000,
D'Andrea et al. 2002). However, disturbance and sedi-
ment mobility at Stn 330,z may prevent the develop-
ment of a macrobenthic community (Ysebaert et al.
2000, Aller & Aller 2004, Wlodarska-Kowalczuk et al.
2007). As a result, the low macrobenthic biomass and
absence of suspension feeders implies that biologically
mediated input is virtually lacking at Stn 330coapse-

813C and §'°N dynamics in the water column
and sediment

313C-wPOC had a pronounced seasonal signal at
both stations (Fig. 3A,B), although the variability and
scatter were higher at Stn 330, AN increase in
313C-wPOC is frequently observed during the spring
bloom (Nakatsuka et al. 1992, Sato et al. 2006) and can
be attributed to a reduced isotope fractionation with
respect to the inorganic carbon source at higher spe-
cific growth rates (Laws et al. 1995). The subsequent
reduction and dip in §'*C-wPOC can be caused by (1) a
decrease in specific growth rate of phytoplankton due
to nutrient limitation, leading to increased isotope frac-
tionation (Laws et al. 1995) or (2) a change in phyto-
plankton composition that fixes relatively more of the
depleted CO, (aq) than of HCOj3 or has a different frac-
tionation factor. Species-specific differences are likely
to contribute to the &C-wPOC dynamics, since
the phytoplankton community changes seasonally be-
tween different diatom assemblages and Phaeocystis
(Rousseau et al. 2002).
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S'N-wPON at Stn 115, changed between months
(Fig. 3C), although standard deviations of the monthly
values are small. Overall, §"°N-wPON was higher in
late spring, summer and early autumn than in winter
and early spring. This can be explained by phytoplank-
ton growth under nutrient-replete conditions in winter
and depleted conditions in spring and summer (van der
Zee & Chou 2005). Phytoplankton fractionates against
heavy °N during assimilation of nitrate and ammonium
(Waser et al. 1998), thereby enriching the §*°N of the re-
maining substrate. N uptake from the enriched nutrient
results in elevated 8!°N values of phytoplankton under
nutrient depletion (Waser et al. 1998). Given the vari-
ability in the data, however, other factors also probably
play a role in 8!°N-wPON dynamics, such as switching
between N sources with different §'°N values and
changes in the phytoplankton community.

The input of wPOM to the sediment is apparent at
Stn 115, in the 8'*C-sPOM and 8'°N-sPOM values in
the top layer of the sediment that track water column
313C and 8'°N (Fig. 3A,C). The apparent time lag of 1 to
2 mo was probably due to the sedimentary carbon stock
that dilutes newly deposited POC. Surprisingly, how-
ever, this time lag is not apparent in §'°N (Fig. 3C). The
isotope dynamics at Stn 330,z Show some coupling
between the water column and the top layer of the sed-
iment (Fig. 3B,D), but the scatter is much higher, which
might be due to low levels of C and N in the sediment
and high heterogeneity. The coupling between the wa-
ter column and sediment at Stn 330, dO€s not show
a time lag, which is expected, since the POC content of
the sediment was low (0.064 wt%). It is, however, un-
clear why 8"”N-sPOM at Stn 330, increased over
the sampling period, whereas the 8N of wPOM was
comparatively constant (Fig. 3D).

The isotope composition of organic matter may un-
dergo diagenetic alterations when isotopically distinct
pools have a different reactivity (Aller & Blair 2004).
Data on A™C and 8'3C values of bulk and isolated frac-
tions of wPOM suggest that the contribution of terres-
trial organic matter to wPOM is too low to explain iso-
topic diagenetic alterations (Megens et al. 2001).
813C-sPOM closely tracked §3C-wPOM at Stn 115,
(Fig. 3A) and the 0-1 cm layer was significantly, but on
average only 0.53 %o, heavier than at 4-5 cm sediment
depth, indicating that minor isotopic alterations
occurred. The high variability at Stn 330co.:s: masks
any change in §'°C after its deposition and will there-
fore not be discussed. The §'°N of organic matter typi-
cally increases during decomposition due to selective
uptake or degradation (Altabet & Francois 1994). This
generality conflicts with our observed depletion of
3.4 x 3.2% of 3N-sPON versus 8"N-wPON at
Stn 115 (Fig. 3C). Some oceanic sediment trap stud-
ies also show decreases of §'°’N-POM during down-

ward transport, but a feasible explanation is still to be
found (Thunell et al. 2004 and references therein). The
8N isotope shift between wPOM and sPOM is consis-
tent throughout the year, and we speculate that the
isotopic shift might be induced by biological selection
before or after deposition.

Macrobenthic isotope values and community structure

The isotope values of wPOM and sPOM (Fig. 4) did
not differ sufficiently to distinguish between feeding
on benthic and feeding on pelagic organic matter by
the benthos. Instead, we used stable isotopes to inves-
tigate selective feeding, identify seasonal changes in
the difference between 8'3C of macrobenthic species
and wPOM/sPOM, and validate presumed feeding
strategies using §8'°N-based TLs.

The macrobenthic §°C values show 2 interesting
features (Fig. 4): (1) the 8'°C of macrobenthic taxa was
heavier than what would be expected from feeding on
wPOM and sPOM,; and (2) this difference decreased
from February to October.

The isotope values for wPOM and sPOM (Fig. 4 &
Table 1) are averages of data from the month of sam-
pling and the preceding month to account for the time
that organisms require to equilibrate with their food
source. The adopted period of 2 to 2.5 mo is sufficient,
since laboratory studies of polychaetes show isotope
equilibration after 40 to 60 d (Hentschel 1998).
Although isotope equilibration can take ~4 mo for
large bivalves (Fukumori et al. 2008), their tissue §'°C
and 8N strongly resembled the isotope composition
of the gut contents and thus the current diet during
sampling. Moreover, oysters and scallops turned over
25 % of their carbon in most organs within 15 d (Paulet
et al. 2006). The isotope differences between wPOM/
sPOM and fauna can therefore not be explained by a
lack of equilibration. The isotope difference between
fauna and wPOM/ sPOM can also not be explained by
another, isotopically heavy, carbon source such as
microphytobenthos. The light extinction coefficient of
0.36 m! (Lancelot et al. 2005) is too high to allow light
penetration to the sediments of both stations.

Details of a similar §'3C difference between benthic
consumers and POM was reported in a recent litera-
ture review on data of a nearshore-offshore gradient
(Nadon & Himmelman 2006), where §'°C values of
benthic consumers in offshore sediments were 3 to 6 %o
heavier than 8"*C-POM. Such an isotope difference
can be interpreted as selective feeding and/or assimi-
lation of carbon from wPOM and/or sPOM. Selective
assimilation was shown in an '®N-enrichment study on
bivalve diets in streams (Raikow & Hamilton 2001).
Selective feeding reinforces earlier conclusions that
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bulk organic matter content is a poor predictor of
food availability for deposit-feeding and suspension-
feeding macrobenthos (Dauwe et al. 1999 and refer-
ences therein). The similarity in §'*C (20 to —17 %)
among feeding types (Fig. 4) indicates that similar food
sources or food sources with a similar isotope signature
are selected. Alternatively, the trophic fractionation for
8'3C is higher than the standard assumption of 1 %o.
Post (2002) finds the average trophic fractionation for
313C to be small, but highly variable (0.4 + 1.3%.). We
therefore support the call from Nadon & Himmelman
(2006) for additional experiments to explain the
observed isotope shift.

The difference in §'*C between macrobenthic organ-
isms and sPOM/wPOM was highest in February and
progressively declined toward October (Fig. 4). These
seasonal differences may be due to compositional
changes of the organisms throughout the year. Lipids
have depleted 83C values (DeNiro & Epstein 1977),
and higher lipid concentrations give rise to lower §'3C
values (Lorrain et al. 2002). Lipids were not extracted
from our samples before analysis and thus influenced
313C values. Low lipid reserves in winter and early
spring because of reserve utilization and spawning
could explain the heavy faunal §°C values (Fig. 4).
The subsequent decrease in §°C toward October is
then explained by a replenishment of lipid reserves.
Lorrain et al. (2002) detected similar seasonal dynam-
ics in the 8'3C difference between §'*C-sPOM and tis-
sue-specific 8°C values of scallops, but also during
periods of constant lipid concentrations, and reserve
dynamics alone were insufficient to explain the sea-
sonal differences. Studies with a diet-controlled setup,
such that C and ®*C balances can be constructed for
different compounds, are needed to shed more light on
the seasonal variation in the §'*C difference between
organisms and their food.

The 8N values were used to determine trophic
positions and verify suspected feeding modes
(Table 1). All taxa with a predatory feeding type had
high TLs of 22.6, which validates their assigned feed-
ing type. The high 8'°N values of the surface deposit-
feeding Magelona papillicornis and deposit-feeding
polychaetes Nereis spp. and Nephtys spp. indicated
predatory feeding. In particular, all polychaetes from
suborder Phyllodocida (subclass Palpata, ordo Acicu-
lata) had a TL of >2.6. Other deposit, surface deposit
and suspension feeders were primary consumers with
estimated TLs of ~2 (Table 1). TLs were consistent
among seasons (Table 1), indicating comparative
invariance of feeding habits.

Noteworthy is the anemone Sagartia troglodytes,
which is a predator with a TL of 3 (Table 1). S. troglo-
dytes is a passive suspension feeder that lives partly
buried in the sediment. Sea anemones have been

observed to actively select crustaceans during feeding
(Sebens & Koehl 1984), and gut content analysis of a
burrowing sea anemone indicated that copepods are
their primary prey (Holohan et al. 1998). S. troglodytes
therefore probably preys on zooplankton. Anemones
of similar size to those found at Stn 115;,; captured a
minimum of 15 nauplii min~! in an experimental setup
(Anthony 1997). Assuming that the summer population
of S. troglodytes (~250 specimens m™2, this study)
preys on a similar amount of nauplii and assuming
0.00025 mg C nauplius™!, anemone feeding would give
a carbon flux of ~2 g C m2 d°!, which is 7 times the
community mineralization in summer (300 mg C m™2
d™%; P. Provoost & K. Soetaert pers. comm.). The inges-
tion rate from laboratory conditions may overestimate
in situ ingestion, because of fluctuating prey concen-
trations, interference with non-prey particles and dis-
continuous feeding. However, anemone respiration is
estimated to be 250 mg C m~2d~! (biomass is 25 g C m™2
and a conservative biomass-specific respiration rate of
0.01 d°'; Coma et al. 2002), which is 83 % of the com-
munity respiration. Both conservative rough calcula-
tions suggest an important role of predatory anemones
in the transfer of pelagic carbon to the benthic commu-
nity. Hence, predator—prey interactions can be impor-
tant for the carbon influx at this station.

Franco et al. (2008b) determined nematode 83C and
815N values (specimens from the genera Richtersia and
Sabatieria and others) at Stn 115;,; (Fig. 4), which
allows for a unique nematode—macrobenthos compari-
son. The nematode community (retained on a 38 pm
sieve) had similar isotope values to the large Nema-
toda (retained on a 500 pm sieve) investigated here
(Fig. 4). Interestingly, the 8!3C of nematodes is closer to
the 83C-wPOM and &'*C-sPOM than macrobenthic
taxa are. Nematodes feed on a fraction of organic mat-
ter that is different from the fraction that macrobenthic
taxa feed on. Isotope tracer experiments on cores col-
lected from Stn 115,,; have shown that uptake of *C-
labeled algae and Phaeocystis was insufficient to meet
the metabolic demands of nematodes (Franco et al.
2008a), which indeed may indicate non-selective feed-
ing.

The macrobenthic community at Stn 330 s 1S typi-
cal for a mobile and permeable sediment with a domi-
nance of Nephtys spp. and the presence of several
epibenthic amphipods such as Bathyporeia spp. and
Urothoe brevicornis (Van Hoey et al. 2004). Aller &
Aller (2004) found a similar community dominated by
tubiculous amphipods and small polychaetes in physi-
cally disturbed and mobile sediments. They suggest
that physical disturbance inhibits the build-up of a
large macrobenthic community, increasing the contri-
bution of bacterial respiration as compared to less dis-
turbed sediments. Similarly, M. A. Franco & J.
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Vanaverbeke (unpubl. data) found a higher contribu-
tion of bacterial respiration to the community respira-
tion at Stn 330oars: than at Stn 115, suggesting that
physical disturbance shapes the macrobenthic commu-
nity.

In conclusion, the input to and processing of organic
matter in the sediment differed between the 2 stations,
which experienced comparatively similar hydrody-
namic conditions. The higher silt content at the coastal
Stn 115, was primarily caused by a coastal high tur-
bidity field. Sediment characteristics at the fine-
sediment Stn 115,,; indicated a stable and less perme-
able sediment. The deposition of the algal bloom in
spring was comparatively high and resulted in a strong
vertical gradient of chl a. The 8'3C and 8N values of
sPOM followed those of wPOM, further indicating the
high pelagic input at Stn 115;,:. The high suspension-
feeding biomass suggests that an important fraction
of the carbon input was biologically mediated, with
contributions from both the herbivore and predatory
pathways. In contrast, sediment characteristics at
Stn 330¢oapse indicated a permeable and mobile sedi-
ment. Chl a penetration during and after the spring
bloom was centimeters deep and showed no vertical
gradient, indicating physically mediated input of algal
carbon. The macrobenthic community, low in abun-
dance, was characteristic of a physically disturbed sed-
iment, with a dominance of mobile polychaetes and
epibenthic amphipods. Overall, the fraction of algal
carbon degraded in the sediment was higher at
Stn 1154 than at Stn 3300 indicating that the
physical input at Stn 330, Was less efficient than
the biological input at Stn 115;.
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