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ABSTRACT: With the aim of studying the influence of pelagic front primary production on the benthic
system underneath, biomarkers of benthic organic matter constituents and macrofaunal abundance
and biomass were measured on stations in a grid extending through the area of the Skagerrak-Katte-
gat pelagic plume front. A time persistent pattern of chl @ and phaeopigments in the surface sediment
was observed, with chl a/ chl a + phaeopigments ratios exceeding 0.5, suggesting high input of phyto-
plankton to the bottom near the front. Of the sediment variables chl a, phaeopigments, particulate
organic nitrogen (PON), particulate organic carbon (POC) and biogenic silica (BSi), the pigments
showed the highest correlation with benthic biomass and abundance. Chl a and phaeopigments
together explained nearly half of the variation in benthic biomass and the non-polychaete fraction of
abundance. C/N ratio showed the expected negative relationship with biomass but was not statistically
significant. PON, BSi and POC were poor indicators of faunal variables. Results suggest that sediment
chlorophyll and its breakdown products may be useful biomarkers of labile organic matter. The organic
matter (OM) gradient significantly influenced faunal structure. Polychaete and echinoderm AFDW
were positively correlated with chl a and with phaeopigments. A major part of the positive faunal
response was due to the burrowing ophiuroid Amphiura filiformis and its commensal Mysella biden-
tata. While the host was best correlated with phaeopigments, the commensal correlated equally well
with both chl a and phaeopigments. Faunal changes in composition suggested increased importance of
subsurface feeding deep in the sediment in response to increased OM loading. Surface deposit-feeders
did not respond to the high levels of labile OM in the middle of the area. Results indicate strong
pelagic-benthic coupling near the front and in the area with a mixed water column and are consistent
with the hypotheses that pelagic-benthic energy coupling is stronger in mixed areas compared to those
which are stratified and that increased OM loading may increase subsurface dwelling and OM pro-
cessing through benthic burrowing biomass.
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INTRODUCTION
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An important task in system ecology is to identify
and quantify major pathways of energy between dif-
ferent compartments in ecosystems. In the marine en-
vironment the coupling between pelagic and benthic
systems is an issue subject to growing interest in recent
years (Graf 1992). Although it may be a consensus that
benthic activity in marine areas is dependent on phyto-
plankton production in the overlying water column
(e.g. Hargrave 1973, Grebmeier & McRoy 1989), little
is still known about the factors and scales involved in
coupling between pelagic and benthic productivity.
This is in particular true for open sea areas. One source
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of heterogeneity in pelagic productivity potentially in-
fluencing the benthic system is fronts, that is, areas
where water masses with different physico-chemical
properties such as salinity, temperature or nutrients
come into contact with each other. Previous studies
suggest increased chlorophyll concentrations and
pelagic primary production in such areas (Pingree et
al. 1978, Richardson 1985, Riegman et al. 1990, Heil-
mann et al. 1994) as well as changes in pelagic commu-
nity structure (Lindley & Williams 1994).

In the spatial dimension estuarine frontal systems
(plume fronts) may be analogous to the time period en-
compassing the spring phytoplankton bloom, where
temporarily a mixed situation is followed by a stratified
situation (Kierboe 1993). Similar to the spring bloom
chlorophyll maxima in fronts often are due to large
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phytoplankters, i.e. diatoms, which show high sinking
rates (Smetacek 1985, Kiegrboe 1993). Unlike the spring
bloom, which is considered to be a major channel be-
tween pelagic and benthic productivity (Smetacek
1980, 1985, Graf et al. 1982), frontal blooms are often
temporally more persistent. The persistence of diatom
blooms together with high primary production per unit
time are likely to result in greater inputs of labile or-
ganic matter (OM) to the bottom below. Along with the
fact that frontal areas often are spatially restricted
thereby creating steep gradients of OM, this makes
frontal areas particularily suitable for studies of
changed OM loading on benthic structure and pro-
cesses. It may be expected that benthic activity, such
as secondary production, is enhanced under fronts, but
little is known about coupling between fronts and the
benthic system underneath (Barry & Dayton 1991).
Some studies in the North Sea (Creutzberg et al. 1984,
Creutzberg 1985, Duineveld et al. 1987, Cramer 1990}
and the Bering Sea (Iverson et al. 1979) do indicate in-
creased benthic activity in such areas.

In this paper, we address the question of whether or
not the presence of a specific pelagic front has conse-
quences for the benthic system underneath. We exam-
ined spatial patterns of OM in the sediment and of ben-
thic macrofaunal abundance and biomass, the latter
being a good predictor of secondary production (Tum-
biolo & Downing 1994), on transects going through the
area of the Skagerrak-Kattegat pelagic front. We have
chosen OM constituents with different labilities to dis-
tinguish between recent vertical sedimentation events
and more refractory OM inputs, which are more related
to horizontal redistribution of OM. Specifically, we
(1) investigate if the pelagic gradient in chlorophyll was
reflected in OM levels in the bottom using different OM
biomarkers in the sediment and animal chlorophyll
contents, (2) examine possible consequences of front
production for benthic standing stock (biomass and
abundance), and (3) examine possible consequences
for macrobenthic structure, which relates to function.
Our null hypotheses were that no systematic patterns of
sediment OM and fauna that could be attributed to
other factors than water depth and sediment texture
were present in the area. To our knowledge, this study
is the first attempt to systematically correlate both sedi-
ment OM variables and benthic biomass and structure
in a frontal area. Our results are also pertinent to the
problem of using sedimentary N and C bulk measures
as predictors of benthic production.

INVESTIGATED AREA

The Skagerrak-Kattegat is a transition area between
the Baltic Sea and the North Sea, and may be viewed

as a large estuary, with fresh water input from the
Baltic Sea as well as from the surrounding land areas
(Fig. 1). The Kattegat is stratified during large parts of
the year with a halocline occurring at an average 15 m
depth. At the northern border of the Kattegat, where
the low saline (ca 25 PSU on the surface) Baltic water
meets higher saline (>33 PSU) water from the North
Sea and the Atlantic, a front is formed. On the western
side this contact occurs close to Cape Skagen, the
northern tip of Denmark (Fig. 1). The exact positions of
the front are partly determined by the balance be-
tween the currents from the Skagerrak/North Sea and
from the Baltic, which are determined by e.g. wind
conditions and the magnitude of the fresher Baltic
outflow (Richardson 1985, Poulsen 1991). However,
during the biologically active period, April-October/
November, this front is a predictable feature and is
approximately positioned in the northern Kattegat
between 57°20' and 58° 00’ N latitude (Heilmann et al.
1994, Lindley & Williams 1994). The mean position of
the 29 PSU isohaline, based on data from the entire
20th century (Rodhe 1996), indicates the approximate
mean position of the front (Fig. 1). The orientation of
the front in this period is generally SW to NE starting
off Cape Skagen at approximately 57°45' N latitude
(Poulsen 1991, Jakobsen et al. 1994, Rodhe 1996).
Heilmann et al. (1994, their Fig. 3) showed water col-
umn stability estimates (to 30 m water depth) from 10
SE to NW oriented transects close to our investigation
area. Data were taken in the period March to Novem-
ber in various years in the 1980s and 1990s. During 8
out of 10 cruises, stability was clearly lower north of
57°45'N latitude. To the south the water is stratified
and to the north the water is more often mixed down to
the bottom (down to >30 m). Increased chlorophyll
concentrations in the water column have been
reported from the area where the front occurs (Heil-
mann et al. 1994), and in contrast to adjacent areas, the
front production in the summer period accounts for a
major part of phytoplankton production during the
year (Jakobsen et al. 1994). The bottom in the investi-
gation area consists mostly of soft sediments, with a
surface water content ranging from 30 to 70 %, and the
water depth varies between 25 and 150 m with the
greatest depths in the northern part (Fig. 1).

MATERIAL AND METHODS

Quantitative sediment samples were taken at 35 sta-
tions situated on 3 north to south oriented, parallel
transects bisecting the area where the Skagerrak-
Kattegat pelagic front is positioned during April-
October/November (Fig. 1). Samples for sediment vari-
ables, 1 per station, were taken during 3 cruises: in
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Fig. 1. Investigated area with positions of the 3 benthic transects {vertical solid straight lines}, bathymetry, and a simplified pic-

ture of surface currents (modified from Svansson 1975). Shaded arrows indicate circulation in the Skagerrak, and solid arrows the

Baltic outflow. Line A-B in enlarged figure shows average position of the 29 PSU surface isohaline (Rodhe 1996), indicating the
approximate position of the Skagerrak-Kattegat Front in the period May-August

June and October 1993 and in June 1994. In 1993 a
Haps-corer (0.0125 m?) was used and in June 1994 a
0.1 m® USNEL box-corer was used. In June 1994 the
macrofauna from the 0 to 20 cm stratum, retained on a
1 mm mesh, was collected from the same sample as
sediment variables.

Macrofaunal samples were immediately deep
frozen. In the laboratory the samples were sorted and
identified at least to the major taxa Polychaeta, Mol-
lusca, Echinodermata and Crustacea. Individuals of
the 3 latter groups were counted and in most cases
identified to species. Ash free dry weight (AFDW) was
determined after drying to constant weight at 60 to
80°C and ashing in a muffle furnace at 500°C for at
least 4 h.

Sediment variables were determined from 3 syringe
sized (30 mm diameter) sub-samples of the 0 to 1 cm
stratum which were pooled and deep frozen (below
-20°C) until analyzed. Particulate organic carbon and
nitrogen (POC and PON) were determined in June
1994 on dried samples corrected for carbonate C (sep-
arated by ignition). Measurements were made on a
Perkin-Elmer elemental analyzer model 240C. The
plant pigments, chlorophyll a (chl a) and phaeopig-
ments were determined spectrophotometrically with
the acid method (Lorenzen 1967). Extraction of thawed

samples were made in the dark for 6 h in 96 % ethanol.
Lorenzen (1967) used acetone as extraction fluid, but
Jespersen & Christoffersen (1987) found complete ex-
traction of chl a from phytoplankton samples after 6 h
in 96% ethanol. The constant, determined by the
absorption coefficient for chl a in ethanol (83.4 1 g™
cm™') and the acid factor (1.7), used in Lorenzen's for-
mula was 29.1. Spectrophotometric determination with
the acid method is likely to give less accurate estimates
of chl a compared to HPLC-methods (e.g. Mantoura &
Llewellyn 1983). This is probably in particular true for
sediment samples where chlorophyll breakdown prod-
ucts are abundant. Consequently chl a is likely to be
overestimated in our samples. Daemen (1986) reported
an overestimation of 3 to 20% from Dutch sediments.
However, since we only are interested in relative esti-
mates, and we have used the same method for all sam-
ples, we do not consider this inaccurracy as a problem
for our conclusions.

Water content and dry weight were estimated on
one-half of the sample. Since sediment dry matter
varies between stations (Fig. 2), the sediment variables
are expressed per volume wet sediment using the
water content and a sediment specific density of 2.5.
Biogenic silica (BSi) was used as an indicator of
diatoms. BSi is a chemical estimate of siliceous micro-
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fossil abundance in the sediments (Conley 1988). BSi
was measured using a wet alkaline extraction (DeMas-
ter 1981). Briefly, ca 30 mg of dry sediment was
leached in 1% Na,CO, for a period of 5 h at 85°C.
Aliquots were withdrawn at 3, 4, and 5 h and analyzed
for dissolved silicate (DSi). The amount of BSi was esti-
mated from the intercept of the line of the time course
extraction (DeMaster 1981). Water content was used as
a measure of sediment texture.

From each macrofaunal sample 10 individuals of the
ophiuroid Amphiura filiformis were placed in ethanol
for extraction of plant pigments. Estimations of the
chl a and phaeopigment content were made using the
same methods as for the sediment. The content of
chlorophyll and chlorophyll breakdown products was
expressed per g AFDW which was obtained by mea-
suring the oral width on the extracted individuals and
using the relationship between oral width and AFDW
given in Josefson & Jensen (1992). It should be noted,
however, that the correct value of the constant a in the
size-AFDW relation given therein is 0.000928. The cal-
culated weights of these individuals were added to
weights of remaining macrofauna.

Spearman’'s rank correlation analysis, least square
linear regression analyses, and the nonlinear regres-
sion LOWESS (Cleveland 1979) were used to infer
relationships between variables. The statistical pack-
age SYSTAT (Systat Inc.) was used for all calculations.

RESULTS
Sediment variables

Chl a and phaeopigments measured in June 1993
and 1994 and in October 1993 showed clear spatial
patterns with high values mostly in the northern part of
the area (Fig. 2). Peak values occur from 57° 45’ N lati-
tude northward and, at least for chl a from the 2 June

cruises, there is a tendency toward a SW to NE orien-
tation of the high values (Fig. 2). In October 1993 the
highest values on the middle and eastern transects
occurred more to the south compared to the June data.
Chl a and phaeopigment concentrations varied mostly
by a factor of 3 or 4 within the area. Correlation analy-
sis between individual chl a and phaeopigments on the
3 occasions showed mostly positive correlations be-
tween the dates, and the sum of chl a and phaeopig-
ments showed highly significant positive correlations
between all dates (p < 0.01) (Table 1}. These results
suggest some temporal persistence of the pigment pat-
tern. The 2 chl a June data sets showed the highest cor-
relation, and concentrations were higher in June than
in October. Concentrations of chl a and phaeopigments
were clearly higher in the northern half of the area
(north of 57°45' N latitude). In this area the relative
amount of phaeopigments increased with water depth,
indicated by a significant negative correlation be-
tween the mean chl a / chl a + phaeopigments ratio for
all 3 dates and water depth (p < 0.01, n = 13, Spear-
man's r = -0.687).

The ratio between chl a and chl a + phaeopigments
from all 3 cruises showed a unimodal pattern along the
3 transects with highest values mid-way along the
transects (Fig. 3). The ratios varied generally between
0.15 and 0.60, suggesting that chl a constituted up to
more than half of these sediment pigments.

Results of correlation analysis between sediment
OM variables, biogenic silica, water content of the sed-
iment and water depth are shown in Table 2. High pos-
itive correlations occurred between chl a and phaeo-
pigments, between PON, POC and water content, and
between phaeopigments and depth. Significant nega-
tive correlations occurred between chl a and C/N ratio,
and between PON and depth. BSi was not significantly
correlated with any other variable, but showed positive
Spearman’s r with all OM measures, the highest one
with POC (Table 2).

Table 1. Correlation matrix using Spearman's r between sediment pigments from 3 different sampling dates: June 1993 (J3),
October 1993 (O3) and June 1994 (J4). CP = Chl a + phaeopigments, Chl a = chl a, Phae = phaeopigments. "ryg5 = 0.335, **1g0; =

0.430,n =33

CP J3 CP O3 CP J4 Chl aJ3 Chl a O3 Chl a J4 Phae J3 Phae O3 Phae J4
CPJ3 1.000 0.549"* 0.606"°* - - - - - -
CP O3 1.000 0.598"* - - - - ~ -
CP J4 1.000 - - - - - -
Chl aJ3 1.000 0.354" 0.600"" 0.484 0.367° 0.338
Chl a O3 1.000 0.213 0.304 -0.086 -0.169
Chl a J4 1.000 0.437 0.426° 0.648""
Phae J3 1.000 0.284 0.470""
Phae O3 1.000 0.635°"
Phae J4 1.000
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Macrofaunal abundance and biomass

Total biomass (AFDW) was significantly positively
correlated with chl a + phaeopigments (p<0.01), phaeo-
pigments (p < 0.01), chl a (p < 0.05) and depth (p <
0.01), but was not correlated with remaining sediment
variables (Table 3). Linear regression between total
biomass and mean chl a + phaeopigments for 1993 and
1994 showed that pigments explained ca 50 % of bio-
mass variation in the area (Fig. 4). Abundance of the
non-polychaete fraction was positively correlated to all
3 pigment measures (p < 0.01) but not with any other of
the variables (Table 4}. Total biomass varied by a factor
of more than 10 within the area, and abundance
excluding polychaetes by a factor of more than 50, with
lowest values in the south and the highest ones in the
sediment chlorophyll maximum and the northern part
of the area (Figs. 5 & 6). Similar to chl a, biomass and
abundance showed a tendency toward SW-NE ori-
ented peak values (Figs. 5 & 6).

Macrofaunal structure

Changes in macrofaunal structure were assessed by
examining the distribution of abundance and biomass
of higher taxonomic groups, as well as individual dom-
inating species and feeding categories. Biomasses of
echinoderms and polychaetes, which constituted a
major part of total biomass (Fig. 5), were positively cor-
related with chl a and with phaeopigments (Table 3).
Abundances of echinoderms and bivalves showed sim-
ilar relations with these 2 pigments (Table 4). Other
significant positive correlations between taxonomical
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Table 2. Correlation matrix using Spearman’s r between sediment organic matter (OM) variables, sediment water content and wa-
ter depth in June 1994. Chl a = chl a, Phae = phaeopigments, CP = Chl a + phaeopigments, PON = particulate organic nitrogen, POC
= particulate organic carbon, CN = POC/PON ratio, BSi = biogenic silica, WC = water content. "1y o5 = 0.335, "*1r50, =0.430, n =33

Chl a Phae CP PON
Chl a 1.000 0.625°" - 0.244
Phae 1.000 - -0.082
CP 1.000 0.117
PON 1.000
POC
CN
BSi
wC
Depth

POC CN BSi WwC Depth
-0.097 -0.440"" 0.216 -0.088 0.252
-0.152 -0.099 0.200 -0.211 0.694"°"
-0.136 -0.324 0.230 -0.189 0.531°"

0.602"" - 0.207 0.529" -0.358"

1.000 - 0.270 0.706"" -0.159

1.000 0.125 0.232 0.156
1.000 0.037 0.059

1.000 -0.219

1.000

Table 3. Correlation matrix using Spearman'’s r between sediment OM variables, sediment water content and water depth and
benthic macrofaunal biomass (AFDW) in June 1994. "rqq; = 0.335, ""r,,,; = 0.430, n = 33. For abbreviations see Table 2

Chl a Phae CP

Total 0.346" 0.499"" 0.501°"
Polychaeta 0377 0.497"" 0.499°"
Echinodermata 0.450"" 0.609°" 0.619°"
Crustacea -0.119 -0.195 -0.217
Bivalvia -0.031 0.088 -0.032
Gastropoda 0.100 -0.130 -0.015
Amphiura filiformis  0.268 0.480"" 0.436""
Echinodermata 0.423" 0.552"" 0.558""
excl. A. filiformis

PON

0.012
0.022
0.046
-0.158
-0.166
0.054
0.020
-0.031

POC CN BSi e Depth
~0.233  -0.262  -0.289  -0.228 0451
0270 -0.295  -0.120  -0.357°  0.366°
~0.063  -0.083  -0.043  -0.191 0.601""
-0.248 0013  -0.189  -0.168  -0.129

-0.407°  -0.108  -0.383"  -0.107 0.104

-0.077 -0.268 -0.502*" -0.079 -0.407"
~0.190 0071  -0.130  -0.189 0.417°
0.036  -0.047 0.004  -0.070 0.629°"

Table 4. Correlation matrix using Spearman’s r between sediment OM variables and benthic macrofaunal abundance in June
1994. "1595 = 0.335, "*154; = 0.430, n = 33. For further information see Table 2

Chl a Phae CP
Total excl. Polychaeta 0.453"" 0.541"" 0.560""
Echinodermata 0.358° 0.423° 0.471""
Crustacea -0.054 0.264 0.130
Bivalvia 0.501"" 0.573"" 0.589""
Gastropoda 0.165 ~-0.124 -0.004
Remaining taxa 0.281 0.291 0.349°
Amphiura filiformis 0.347" 0.418" 0.462""
Mysella bidentata 0.522** 0.479"" 0.546""
Onoba vitrea 0.136 -0.166 -0.056
M. bidentata/A. filiformis 0.442"* 0.316 0.355°
Deep feed. Mollusca 0.536"°" 0.392° 0.500""
Surface feed. Mollusca -0.001 0.316 0.173

PON

0.296
0.188
-0.146
0.299
0371
0.111
0.172

0.315

POC CN BSi wC Depth
-0.028 -0.260 0.055 -0.139 0.240
-0.221 -0.253 -0.003 -0.205 0.262
-0.003 0.316 0.345" -0.028 0.468""
-0.043 -0.339" 0.004 -0.153 0.288
0.176 -0.102 0.006 0.331 -0.585""
-0.092 -0.103 0.249 -0.049 0.298
-0.224 -0.236 -0.029 -0.209 0.245
0.378" 0.036 -0.367* -0.028 -0.061 0.190
0373 0.198 -0.196 -0.008 0.378° -0.527°"
0.233 -0.296 -0.052 0.128 0.089
0.460""° 0.149 -0.382°  -0.054 0.041 0.072
-0.277 0.187 0.045 -0.400" 0.119

-0.288

faunal groups and independent OM variables were the
ones between gastropod abundance and PON (p <
0.05) and between crustacean abundance and BSi (p <
0.05). Bivalve abundance correlated negatively with
C/N ratio (p < 0.05).

A significant fraction (Figs. 5 & 6) of increased echin-
oderm abundance and biomass was due to the burrow-

ing ophiuroid Amphiura filiformis, a passive suspen-
sion feeder, which reached a maximum density of
>3000 ind. m~? in the northern part of the area (Fig. 6)
Biomass of this species correlated significantly posi-
tively with phaeopigments and chl a + phaeopigments
(p < 0.01) and abundance showed a similar correlation
with all 3 pigment measures (p < 0.05 at least; Tables 3
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& 4). A major part of non-polychaete abundance,
>50%, In the enriched area was due to the bivalve
Moysella bidentata, which also correlated positively
with chl a and with phaeopigments. This species lives
as a commensal in the burrows of A. filiformis (Ockel-
mann & Muus 1978) and this fact is supported by the
present data in that high density of M. bidentata never
occurs when A. filiformis density is low (Fig. 6). The
highest density, up to 10000 ind. m~? of M. bidentata,
occurred in a restricted, SW-NE oriented zone in the
middle of the area (Fig. 6). A. filiformis burrows in the
enriched area contained on average 5 M. bidentata per
burrow whereas the lowest number, <1 ind. per bur-
row, occurred in the southern and northern ends of the
area. The number of M. bidentata per A. filiformis bur-
row correlated highly and positively with chl a in the
sediment (Table 4). A similar distribution as A. fili-
formis was shown by the echinoids which contribute
significantly to biomass. These species also harbor
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commensalistic bivalves in their burrows, Montacuta
tenella together with Brissopsis lyrifera (Ockelmann
1965) and Montacuta ferruginosa together with
Echinocardium cordatum (Gage 1966), but numbers of
these species were low. In addition, the deep-dwelling
gastropod species Onoba vitrea (Josefson unpubl.) was
also abundant in the enriched zone (Fig. 6).
Categorizing the numerically dominating group, Mol-
lusca, into subsurface dwellers/feeders and those which
dwell close to, or in, the sediment-water interface reveals
a clear difference in spatial distribution (Fig. 7). While
surface dwellers do not show any clear trend, the sub-
surface dwellers show a distinct unimodal pattern with a
peak in the northern half of the area that progressively
moves northward with increasing longitude. Correlation
analysis shows significant positive correlation with chl a
and with phaeopigments as well as PON for subsurface
dwellers, whereas surface dwellers did not correlate sig-
nificantly with these sediment variables (Table 4).
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Chlorophyll content in Amphiura filiformis DISCUSSION

The highest values of chl a in Amphiura filiformis
individuals occurred in the northern part of the area
and showed a SW-NE orientation (Fig. 8). The content
of phaeopigments showed a similar pattern as chl a,
and the ratio between chl a and chl a + phaeopigments
varied mostly between 0.10 and 0.20 . The ratios in A.
filiformis are considerably lower than the ones in the
ambient surface sediment (Fig. 4) and are comparable
to ratios in copepod faeces (Shuman & Lorenzen 1975,
Welschmeyer & Lorenzen 1985) and in sediment trap
material (0.023 to 0.155), at similar depths, from vari-
ous marine environments (Welschmeyer & Lorenzen
1985).
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Fig. 8. Bubble plot showing spatial distribution of chl a con-
tent in Amphiura filiformis (ng g AFDW™!}. For further infor-
mation see Fig. 2

Influence of the pelagic front

Our results show that there are distinct spatial pat-
terns of benthic biomass, abundance, chl a and phaeo-
pigment concentrations in the area. An enriched ben-
thic zone with high values of these variables occurs
within the northern part of this area. The concentra-
tions of chl a and phaeopigments in the sediment
are elevated, and so are chl a/chl a + phaeopigments
ratios, despite the presence of a very high benthos
standing stock, which is likely to contribute to mineral-
ization of the organic matter. This is a strong indication
of increased input of labile OM to the bottom in that
area. Furthermore, the orientation of high values of
chl ain the sediment (Fig. 2) and in Amphiura filiformis
(Fig. 8) , and of abundance (Fig. 6), in particular of sub-
surface feeding molluscs (Fig. 7), is approximately the
same as the average orientation of the pelagic front
(Fig. 1), which would be expected if there was a direct
causal relation between them.

A highly conservative estimate of the strength of
pelagic-benthic coupling in the enriched benthic zone
may be assessed indirectly by combining the density
estimates of Amphiura filiformis and literature data on
production and metabolic demand. Using a produc-
tion/biomass ratio of 0.46 yr! (Skold et al. 1994) mea-
sured on a population with similar growth characteris-
tics as populations in the investigation area (Josefson
1995) and assuming a growth efficiency of 7% (Loo et
al. 1996), the metabolic demand of Amphiura filiformis
alone in the high input area (3000 ind. m™?) is of the
same order of magnitude (140 g C m~? yr-!) as primary
production in the area (190 g C m™2 yr*!; Heilmann et
al. 1994).

These results are in accordance with the view of
strong pelagic-benthic coupling in parts of the actual
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area, which is most easily explained by high sedimen-
tation of primary production in the frontal area.
Although the coupling in the northernmost part is
probably weakened by water depth, indicated by the
increased proportion of phaeopigments, there are
positive correlations with depth for both chl a +
phaeopigments (Table 2) and biomass (Table 3). From
considerations of degradation during sedimentation
through the water column one would expect a nega-
tive relation with depth (e.g. Suess 1980), and there-
fore these results suggest substantial input of algal
matter also to the deeper bottoms in the northern part
of the study area. High input of OM to the bottom in
the northern part of the area is also supported by a
study on mineralization by Jergensen et al. (1990) who
found indications of a 2- to 4-fold higher input of car-
bon to the sediments at 1 site situated in the high bio-
mass area described here in comparison with 4 sites in
the southern Kattegat.

Generally, strong benthic-pelagic coupling may be
expected in frontal areas because they are often char-
acterized by high levels of 'new primary production’.
New production is often attributed to large phyto-
plankters, especially diatoms (Cushing 1989, Kisrboe
1993), which have high sinking rates (Smetacek 1985).
In the present case there are at least 2 possible reasons
why benthic-pelagic coupling should be strong in the
northern half of the investigation area. One is that pro-
duction is increased in the front, which often occurs on
the immediate stratified side of the front. The other is
that the water mass north of the front is likely to pro-
vide favorable conditions for new production because
it is often a mixed or deep mixed layer. The proportion
of new primary production is thought to be greater in
mixed areas, compared to stratified areas where more
of the production is derived from regenerated nutrients
within the photic zone (Cushing 1989, Kigrboe et al.
1990, Kigrboe 1993). In fact, it is known that along the
periphery of the Skagerrak, on the southern side,
which includes the northern part of the investigation
area, nutrient rich bottom water is mixed with surface
water thereby creating favorable conditions for new
production (Kierboe et al. 1990, Poulsen 1991), and
dominance of large phytoplankters has been reported
from the actual area (Kiorboe et al. 1990). Both these
factors, water-mass characteristics and front produc-
tion, will act to increase the input of primary produc-
tion to the bottom in the northern half of the area. It is,
however, at present not possible to distinguish
between, or determine the contribution of, these 2 fac-
tors on the benthos. This is because the front changes
position in the productive season. The 2 major cur-
rents, one going eastwards from the North Sea and the
other the northward flowing Baltic current, generally
meet close to Cape Skagen on the western side of the

investigation area. After contact, both currents are
deflected eastwards by the Coriolis force towards the
Swedish west coast, and since the strengths of the cur-
rents vary, the variability in front position should be
lowest to the west and higher to the east. The different
chl a distributions in the sediment on the 3 dates (Fig.
2), as well as chl a in Amphiura filiformis (Fig. 8), may
reflect this difference in front position variability. The
pattern on the western transect, closest to Cape Ska-
gen, is more or less the same on the 3 dates, whereas
the easternmost transect shows a more variable distri-
bution between dates. If this interpretation is correct,
the effect of front sedimentation is spread over a larger
area to the east than to the west, and is to a greater
extent confounded by the possible effect of water-mass
characteristics of the northern water mass. If so, we
expect front sedimentation effects on benthos to be
more spatially restricted on the western transect than
on the eastern transect. The biomass pattern in Fig. 5
gives some support to this expectation in that the nar-
rowest (leptokurtic) distribution occurs on the western
transect.

An additional factor contributing to the formation of
the enriched zone may be advective input. It is likely
that the northern part of the area receives organic mat-
ter from other areas to a higher degree than the south-
ern area, such as the southern part of the central and
western Skagerrak and possibly also the eastern North
Sea (Weering et al. 1993). The Skagerrak has been
suggested to be one of the major sinks for organic car-
bon from large parts of the North Sea (Weering et al.
1987), and high sedimentation rates have been
reported in the northern Kattegat which may be
regarded as a delta formation (Félt 1982). A great part,
however, of the bed load transported OM is likely to be
refractory (Anton et al. 1993) and is therefore of low
value as food for the benthos.

Determinants of benthic biomass

Results show that, out of several environmental vari-
ables, the 2 types of plant pigments in the sediment
explained much of the variation in benthic biomass in
the area. This is consistent with the idea that this
macrofaunal system is fueled to a large extent by labile
organic matter from the pelagic system. Biomass was
significantly correlated with both chl a, phaeopig-
ments and chl a + phaeopigments. Since chl a is trans-
formed to phaeopigments when passing through the
guts of grazers (Welschmeyer & Lorenzen 1985,
Hawkins et al. 1986) it cannot be excluded that high
phaeopigment concentrations in sediments with abun-
dant filter feeders, such as Amphiura filiformis, may
result from biodeposition by the filter feeders (Cohen
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et al. 1984). However, the presence of high concentra-
tions of chl a in the top cm of the sediment is less likely
to be explained by biodeposition, and would rather
indicate high vertical input of fresh algal matter.

The concentrations of the various measures used to
trace OM in the sediment are the net result of several
processes, such as productivity and vertical input from
the overlying water column, degradation with or with-
out organisms, physical and/or biological mixing in the
sediment, resuspension and horizontal transport. The
biogeochemistry of these biomarkers and the time
periods in which these processes are effective are
likely to differ considerably, and it is therefore not sur-
prising to find only weak or no correlations between
the different measures. Chl a is likely to have the
shortest history, with half-lives ranging from 13 to 25 d
in sediments devoid of macrofauna (Sun et al. 1991) to
less than a few hours in the guts of grazers (Hawkins et
al. 1986), and thereby may be the best biomarker to
reflect the production and vertical sedimentation of
phytoplankton. The half-life of phaeopigments may be
in the order of 40 d (Furlong & Carpenter 1988) and for
BSi from months (Gehlen & Raaphorst 1995) to cen-
turies (Treguer et al. 1995). The bulk measures of POC
and PON in sediments more often than not reflect
refractory, or more or less humified, material which
may be of little value as food for macroconsumers (e.g.
Rice 1982). Consistent with other studies (Levinton &
Stewart 1988, Burford et al. 1994), POC is a particu-
larly poor indicator of macrofaunal abundance and
biomass. PON was shown to be a useful predictor of
benthic biomass in Bering Sea sediments (Lomstein et
al. 1989}, but present results did not show the same
clear relationship, although relationships with C/N
ratio had the expected slope. This illustrates the prob-
lem of using bulk measures where the composition and
quality of the material is unknown. The fact that mea-
surements of OM compounds with different degrees of
lability do not correlate well with each other illustrates
that factors other than sedimentation are important for
the distribution of OM in the area. Horizontal transport
and/or differential degradation are likely examples of
such factors.

Whether or not the input of diatoms to the bottom of
Is increased in the frontal area is not directly shown by
our data. BSi concentrations were uncorrelated with
most variables. However, similar to measures of labile
OM, the input of BSi to the bottom is likely to be much
higher in the high biomass zone than indicated by sed-
iment concentrations. Dissolved silicate flux from the
sediment is strongly and positively regulated by the
activities of burrowing animals (Aller 1988). It has
been shown that the efflux of dissolved silicate from a
bottom populated with a similar Amphiura filiformis-
Mysella bidentata community, but with lower density

than here, was up to an order of magnitude higher as
compared to sediment without macrofauna (Rutgers
van der Loeff et al. 1984). Despite the very high ben-
thos density in the enriched zone, BSi concentrations
are not significantly lower than elsewhere in the inves-
tigation area, and relative to the nearby North Sea sed-
iments (Gehlen & Raaphorst 1993) BSi concentrations
are 5 to 25 times higher in the Kattegat. This suggests
a generally high input of material of diatom origin.

Our findings of chl a and phaeopigments as major
determinants of benthic macrofaunal biomass may be
expected from some previous work. It has been postu-
lated that there should be a strong evolutionary link-
age between macrofaunal organisms and diatoms (Slo-
bodkin & Richman 1961}). Since macrofauna have the
ability to store energy, it should be well suited to utilize
the unpredictable diatom pulses to the bottom. Some
recent studies do indicate a coupling between diatoms
and macrofaunal density (Johnson & Wiederholm
1992), growth (Beukema & Cadee 1991, Johnson &
Wiederholm 1992) and respiration (Fitzgerald & Gard-
ner 1993). Increased macrofaunal growth has been
demonstrated immediately following the spring bloom
sedimentation (Graf et al. 1982, Christensen & Kan-
neworff 1985), which consists mainly of diatoms. Bur-
ford et al. (1994) showed significant positive relations
between sediment algal pigments and macrofaunal
abundance in an Australian bay, and Heip et al. (1992)
showed a similar relation for biomass in the North Sea.
The results add to the view that sediment bulk carbon
i1s of little value in predicting macrofaunal standing
stock.

Macrofaunal structure

Macrofaunal composition shows a differential
response to the OM gradient. A major feature is the
dramatic increase of the ophiuroid Amphiura fili-
formis and its commensal Mysella bidentata in the
area with high chlorophyll concentrations in the sedi-
ment. The combination of high input of labile OM and
availability of secondary bottoms in the form of irri-
gated burrows provide possibilities for extensive sub-
surface dwelling of macrofauna in the enriched zone.
One factor that may contribute to faunal structural dif-
ferences within the investigation area is the presence
of relatively strong near-bottom currents in the north-
ern part of the area which may provide suitable feed-
ing conditions for passive filter feeders like A. fili-
formis. We further hypothesize that the evolution of
such a system as has been observed here may be
mediated by space limitation at the sediment-water
interface of the primary bottom. A fact that may sup-
port this is that the number of coinhabitants (M.
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bidentata) per burrow is increased in the chlorophyll
maximum zone and is in fact highly correlated with
chl a, whereas the number of A. filiformis burrows
seems to have reached an upper limit. Space limita-
tion of A. filiformis at the high densities encountered
in the investigation area here (>3000 ind. m™2) has
been suggested previously (Josefson 1995, Rosenberg
1995). At least the differential distribution of A. fili-
formis and M. bidentata suggest that different factors
limit the numbers of both species. In accordance with
this hypothesis is also the fact that surface deposit
feeding molluscs, and most crustaceans (amphipods
and cumaceans), most of which may be dependent on
sediment surface for feeding, do not respond to the
increased OM input, while subsurface feeding mol-
luscs increase dramatically in the high pigment area.
If this interpretation is correct, the benthic response in
terms of structure is not only a matter of differences in
feeding preferences, but also related to differential
utilisation of limited space at the sediment-water
interface.

A functional implication of the echinoderm-bivalve
'system' is that a substantial part of OM is trans-
ported and processed deep, typically 3 to 7 cm, into
the sediment. In amphiurids as well as echinoids the
OM is trapped and transported externally on the
body down to the mouth which is situated in the
deepest part of the burrow. This means that fresh OM
may be available for co-inhabiting organisms in the
burrow. It is known that Mysella bidentata may
ingest diatoms in the field (Ockelmann & Muus 1978).
The results on chlorophyll content in Amphiura fili-
formis clearly indicate that this species does ingest
algal material and most likely that transformation/
digestion of this material takes place within them.
Thus, subsurface processing of fresh OM, at least by
macrofauna, should be greater in the enriched area.

Another implication is that mineralization of OM is
likely to be considerably increased in the high input
area because of the increase in the bottom surface area
due to the irrigated burrows created by Amphiura fili-
formis. Using the data given by Ockelmann & Muus
(1978) on burrow characteristics and combined with
our density estimates of adult A. filiformis (disc diame-
ter > 5 mm), the increase in bottom area where at least
oxic processes occur is up to an order of magnitude (10
times) higher in the high input area as compared to the
southern part of the area. The consequences of this
tremendous change in the 3-dimensional mosaic of the
bottom for the flux of nutrients back to the pelagic sys-
tem is difficult to predict (Aller 1988), but it seems safe
to assume that the overall rates of mineralization are
significantly increased (Jorgensen et al 1990). Whether
such areas are sources or sinks for nutrients would be
an important topic for future research.
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