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Abstract

Vertical and lateral transports are of importance in continental shelf systems such as the North
Sea and play a major role in the processing of organic matter. We investigated the
biogeochemical consequences of these transports on particulate organic matter at the
molecular level in the southern North Sea. We analysed suspended particulate matter and
surface sediments for organic carbon, pigments and phospholipid derived fatty acids at 10
stations sampled in September 2011 along the particle transport route. The particulate organic
matter in both suspended particulate matter and surface sediment was mainly from marine
phytoplankton origin but of fresher quality in the water column. Particulate organic matter

quality did not change from south to north in the suspended particulate matter, whereas it
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clearly decreased towards the north in the surface sediments, reflecting a decreased intensity
of benthic-pelagic coupling. However, we also observed strong deposition of fresh organic
matter in the northern station denoting that occasionally, intense benthic-pelagic coupling can
occur. Finally, our study highlights the necessity to use a multiproxy approach covering
multiple characteristic time scales, when investigating both suspended particulate matter and

surface sediments.

Keywords: Particulate organic matter; biogeochemistry; biomarkers; transport processes;

benthic-pelagic coupling; North Sea.

1. Introduction

Continental shelves account for more than 20% of the total marine organic matter primary
production and are thus highly productive ecosystems (Gattuso et al., 2005). Part of this
produced carbon is respired on the continental shelf, a small part is buried and the remainder
is exported to the open ocean. Continental shelves also receive relatively large amounts of
terrestrially-derived organic matter from rivers and estuaries (Bianchi, 2011), such as in the
southeastern part of the North Sea (Rhine-Meuse-Scheldt rivers outflow) (e.g. Eleveld et al.,
2008). In addition, continental shelf systems in temperate areas, such as the North Sea,
account for a significant part of oceanic carbon dioxide uptake (e.g. Thomas et al., 2005;
Borges, 2005) and global denitrification (Codispoti et al., 2001). Moreover these ecosystems
are important with respect to harvestable resources but are also subject to major
anthropogenic disturbances, especially in the North Sea (Halpern et al., 2008).

Continental shelves are characterized by substantial vertical and horizontal transport vectors.
Due to their shallow depths, continental shelf systems are characterised by an intense benthic-

pelagic coupling, where the benthic compartment receives detritus and biological particles



settling out of the water column and returns, with some delay, dissolved material in the form
of dissolved inorganic carbon and nutrients, consuming significant quantities of oxygen in the
process (Soetaert et al., 2000). Another mode of benthic-pelagic coupling consists of the
temporary retention of pelagically produced organic matter particles in the sediments, by
successive deposition and erosion cycles, e.g. as induced by tidal currents.

In addition to vertical interactions, continental shelf systems such as the North Sea are also
characterized by across and along shelf exchange of water and material (De Haas, 1997). In
the North Sea, the residual currents are directed from the southern North Sea via the frontal
systems and the German Bight to the Skagerrak area (Otto et al., 1990). Particles are
transported along this residual current and most accumulation eventually occurs in the
Skagerrak, the depositional area of the North Sea (De Haas, 1997; Dauwe and Middelburg,
1998). The combination of the residual flow and the repeated cycles of deposition of particles
and resuspension of sediment is called organic matter spiralling, a concept that has been
extensively investigated in rivers and estuaries (Newbold et al., 1981; Newbold et al., 1982;
Newbold, 1992), but to date has not received focus in shelf areas. If important, then particle
transport is significantly delayed relative to residual current velocities because of temporary
deposition and retention in the sediments, and as a result extensive processing of organic
matter will occur, with major consequences for its molecular composition, its availability to
organisms and the functional biodiversity of its heterotrophic consumers.

In the present study, we investigated the composition of particulate organic matter (POM) in
surface seawater and surface sediments to assess the biogeochemical consequences of POM
transport (both vertical and lateral) in the southern North Sea. Degradation rates differ
consistently among organic compounds (Cowie and Hedges, 1994, Veuger and van Oevelen,
2011; Veuger et al., 2012), and the quality of POM can thus be studied over a wide spectrum

of organic matter degradation states, by analysing multiple levels of the ‘biomarkers pyramid’



(see Bianchi and Canuel, 2011), i.e. bulk organic carbon, elemental composition (CN-molar
ratio) and biomarker composition (pigments and phospholipid derived fatty acids). Linking
the biochemical composition to calculated indicators of organic matter quality, our results are

interpreted in terms of the intensity and predominant mode of benthic-pelagic coupling.

2. Material and methods

2.1. Study area and sampling strategy

Ten stations were sampled in the Southern North Sea in September 2011 with R.V. Pelagia
(Tab.1). The stations were chosen to study the gradient in POM quality along the general
transport route of sedimentary organic matter in the southern North Sea (Lohse et al., 1995;
Van Raaphorst and Malschaert, 1996; Dauwe and Middelburg, 1998; Fig.1). Stations (St.) 02
and 07 were located in the primary production area (sensu Dauwe and Middelburg, 1998),
whereas St. 20 in the German Bight, St. 30 in Oyster Grounds and St. 62 and 65 in the
Skagerrak, were located in deposition areas (Fig. 1).

Water samples were taken at 5 m depth using the ship’s non-toxic pumping device
(Aquaflow) and filtered to collect Suspended Particulate Matter (SPM) on GF/6 filters (1-3
um pore size) for pigment analysis and 0.70 um GF/F filters for bulk and PLFA analyses. For
sediment samples, a multi-corer (Octopus type) with four cores of 100 mm diameter was
deployed. The sediment cores were directly sliced onboard, per cm down to 10 cm deep,
using a manual core slicer. In this study, we focused on the first layer (0-1 cm) of surface
sediment (SS) for the analyses. The SPM and SS samples were stored at -20°C prior analyses,

except SPM and SS pigment samples, which were stored at -80°C.
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Fig. 1. Map of the North Sea with sampling stations adapted from Dauwe and Middelburg
(1998)
2.2. Analyses

Analyses of total nitrogen, organic carbon (OC), pigments, and phospholipid derived fatty
acids (PLFAs) were performed. For nitrogen and OC analysis, SPM and SS samples were
acidified with 6 M HCI to remove inorganic carbon and analysed using a Carlo Elba

elemental analyser NA-1500 (Nieuwenhuize et al., 1994). For pigments, SPM and SS



samples were freeze-dried and extracted with 10 ml acetone/water (90/10; v/v). After
centrifugation, 50 ul of this extract was analyzed for pigments on a C18-column with use of
reversed phase chromatography (Jeffrey et al., 1997). The pigments were detected by a
Photodiode Array and Fluorescence detector and identified based on their retention times and
by comparison of their absorption spectra to a homemade library of absorption spectra of pure
pigments standards (DHI, Denmark). The PLFAs were extracted from SPM and SS samples
using the method described in Boschker et al. (1999) modified from Bligh and Dyer (1959).
Porosity was determined by weight loss after freeze-drying, accounting for salt precipitation
in the saline pore water. Grain size distribution was determined using a Malvern Mastersizer
2000 particle analyzer. The SPM values are reported as the mean of two samples collected in
the same area at the same time with standard deviation, for pigments and PLFAs at all stations
and for Particulate Organic Carbon (POC) and CN ratio (CN-r) at St. 20. The results for
surface sediments are for single samples. SS values for pigments and PLFAs are expressed in

ug.gdwt with gdw for gram dry weight.

2.3. PLFA nomenclature

Each identified individual PLFA compound is expressed using the notation CA:Bwx, where A
is the number of carbons, B is the number of double bonds, and x is the position of the first
double bond relative to the terminal methyl group. Saturated fatty acid (SFA) concentrations
were calculated as the sum of all individual compounds with no double bonds (notation
CA:B), mono-unsaturated fatty acids (MUFA) as the sum of all individual compounds with
one double bond (notation CA: Bw1) and poly-unsaturated fatty acids (PUFA) as the sum of
all individual compounds with two or more double bonds (notation CA: Bwx with x > 2)
(Budge et al., 2006). Branched fatty acid (Br-FA) concentration was calculated as the sum of

all individual PLFAs with the notation i- or ai-CA:Bwx, for iso- and anteiso-, respectively.



Finally the total PLFA concentration was calculated as the sum of all identified individual
PLFAs in both SPM and SS samples. SFA, MUFA, PUFA and Br-FA are expressed as the

percentage of total PLFAs (%-total PLFAS).

2.4. POM quality derived parameters

The North Sea is a complex system, where transport of water and matter varies spatially and
temporally (e.g. Eleveld et al., 2008; Dobrynin et al., 2010; Tiessen et al., 2014). Therefore
quantifying the timescales on which organic matter transport and degradation processes occur,
remains a challenge. Nevertheless based on the timescales of molecule degradation rates
(Cowie and Hedges, 1994, Veuger and van Oevelen, 2011; Veuger et al., 2012), we explore
POM quality in terms of OM degradation and microbial reworking by POM quality
parameters as follows (Fig. 2):

i. Short time scales — Pigments have higher degradation rates compared to lipids and
we used pigments derived parameters to assess the freshness of POM. Therefore
the chlorophyll a to phaeopigment ratio (CHLA/PHAEQOs), with the
phaeopigments defined as the sum of pheophytin and phaeophorbide, and the
intact to total pigments ratio (ITPIG) (Woulds and Cowie, 2009), where intact
pigments are the sum of chlorophyll a, alloxanthin, diatoxanthin, zeaxanthin and f3
carotene were calculated. High ratios indicate fresh OM.

ii. Intermediate time scales — Lipids have a lower degradation rate compared to
pigments, but a higher one compared to bulk organic matter and amino acids
(Veuger et al., 2012). Thus, the composition of the PLFA pool in terms of SFA,
MUFA, PUFA and Br-FA was used to investigate POM quality and to assess
bacterial biomass (Bechtel and Schubert, 2009; Christodoulou et al., 2009). Low

percentage of PUFA and high percentage of SFA indicate more extensive OM



degradation and high percentages of MUFA and Br-FA indicate higher bacterial
biomass.
iii. Long time scales — The CN-ratio was used to represent POM quality on the long
time scale. Indeed the CN-ratio increases from Redfield up to values as high as 10
with ongoing marine OM decomposition (Henrichs, 2005).
To investigate the degree of benthic-pelagic coupling, the difference between SPM and SS
values were calculated for each POM quality parameters as follows:
Difference of i = SPM value of i — SS value of i
where i represents the POM quality parameters. The closer to 0, the more intense is the

benthic-pelagic coupling.

2.5. Principal Component Analysis (PCA)

To examine whether POM quality was influenced and/or controlled by the same factors in
SPM and SS samples, a Principal Component Analysis was carried out using the software R
(R Development Core Team, 2008). The PCA was performed based on POM quality
parameters calculated for SPM and SS samples, i.e. chlorophyll a to phaeopigments ratio and
intact to total pigments ratio for the short time scale; saturated fatty acid, mono-unsaturated
fatty acid, poly-unsaturated fatty acid and branched fatty acid for the intermediate time scale;

and the CN-ratio for the long time scale.



POM QUALITY MEASURE WINDOW

In literature:

« Fresh »I
OM

Short time: Intermediate time: Long time:
* CHLA/PHAEOS * PLFAS composition * ON-r
* ITPIG

« Fresh .»[ Degraded
OM OM
[Pigmems Higher rate Lipids Higherrate s mino Acids
6 4 CN-ratio » 10
Degraded
OM

Fig. 2. Schematic picture of POM quality measure window. The degradation rate scale is

based on results found by Cowie and Hedges (1994), Veuger and van Oevelen (2011) and

Veuger et al. (2012). The variation of the CN-ratio (CN-r) has been reported by Henrichs

(2005). CHLA/PHAEQOs = Chlorophyll a to phaeopigments ratio, ITPIG = Intact to total

pigments, PLFAs = Phospholipid derived Fatty Acids.




3. Results

3.1. Station main characteristics

The characteristics of the stations are listed in Tab. 1. From St. 02 to 42, the water depth was
relatively shallow (< 60 m) whereas St. 52, 62 and 65 were > 200 m deep. The surface water
temperature and salinity varied between stations. The highest temperature (18°C) and salinity
(35) were found at the southernmost St. 02. The northern stations St. 52 and 65 had the lowest
temperature (14°C). Station 20 had the lowest salinity (29), probably due to its location close
to the Elbe estuary. The organic carbon in SPM ranged from 0.11 mg-C.I"t at St. 30 and 52 to
0.58 + 0.16 mg-C.I"t at St. 20. In SS samples, total organic carbon increased from St. 02
(0.02%) to St. 65 (2.28%). Porosity was relatively constant in the shallowest stations (from St.
02 to 42), averaging 0.3 £ 0.1 and was higher in the deepest stations (St. 52, 62 and 65),
averaging 0.7 £ 0.1. At St. 02, coarse (50%) and medium sand (44%) particles dominated the
composition of the sediment. From St. 07 to 42, the sediment consisted predominantly of
medium and fine sand (around 30-70%), except for St. 30, where the grain size was
dominated by fine and very fine sand (68% and 24%, respectively). At St. 52, 62 and 65, the

silt content was the highest (> 50%).

3.2. Particulate Organic Matter composition

In SPM samples, the pigment composition was dominated by chlorophyll a (1.10 pg.1™+ 0.27
on average) (Tab. 2). Other chlorophylls (sum of Chlorophyll b, ¢ and c¢3), fucoxanthin and
peridinin were found in lower concentration (0.35 pg.l™? + 0.14, 0.27 pg.l? + 0.14 and 0.04
ug.It £ 0.03, on average, respectively). Chlorophyll cs was not detected (below detection
limit) at St. 20, and neither was peridinin at St. 07. The degradation products of chlorophyill.
a, i.e. phaeophytin a and phaeophorbide a, showed high concentrations at St. 20 (0.15 pg.1™t +

0.03 and 0.27 pglt + 0.04, respectively). The PLFAs were dominated at all stations by
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C22:603 and C20:503 (0.67 pg-C.I' + 0.38 and 0.34 pg-C.I't + 0.13, on average
respectively). The PLFAs Cl6:107¢ and C18:1w7c were also present at concentrations of
0.18 pg-C.I"" £ 0.07 and 0.11 pg-C.I"t + 0.04, on average respectively. The PLFA C16:401
was only detected at St. 02, 11, 17 and 42 at low concentrations (< 0.05 pg-C.I"Y). The
branched fatty acids, such as i-C14:0, i-C15:0, ai-C15:0, i-C17:0 and ai-C17:0 were also
found in low concentrations (< 0.05 pg-C.I"Y) and not at all stations.

In SS samples, both pigments and PLFA concentrations increased from St. 02 to 65 (Tab.3).
The pigment composition was dominated by chlorophyll a in the southernmost stations (St.
02, 07 and 11), while the phaeopigments dominated the pigment composition from St. 20 to
65. At St. 17, the concentrations of chlorophyll a and phaeopigments were similar (0.16
ug.gdw?). The concentration of fucoxanthin was also relatively high in the SS samples,
ranging from 0.03 pug.gdw™ at St. 02 to 0.81 pg.gdw™ at St. 65. Chlorophyll ¢z and peridinin
were not detected in the SS samples and chlorophyll b was only detected at St. 30, 52 and 65
in relatively low concentrations (< 0.2 pg.gdw?). The PLFAs showed relatively high
concentrations of C16:1w7c and C18:1w7c at all stations, followed by ai-C15:0, C22:603 and
C20:5w3. The branched fatty acids, such as i-C14:0, i-C15:0, ai-C15:0, i-C17:0 and ai-C17:0
were also found in high concentrations, even if some, like i-C17:0, were not detected at all

stations.
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Tab. 1. Main characteristics of the stations.

St.02 St.07 St.11 St.17 St.20 St30  St42 St52  St62  St.65
Latitude °N 51.56 52.60 53.19 53.80 54.40 55.00 56.00 5750 58.00 58.50
Longitude °E 2.01 3.50 251 5.26 8.10 5.00 7.50 7.50 9.50 9.50
Depth m 55 33 32 35 21 41 24 213 304 546
Temperature  °C 18 17 16 17 17 15 17 14 15 14
Salinity 35 35 34 34 29 35 34 32 32 31
SPM
POC mg-C.I* 0.15 0.13 0.14 0.22 0.58+0.16 0.11 0.15 0.11 0.14 0.14
SS
TOC Yowt 0.02 0.03 0.06 0.10 0.11 0.12 0.07 1.17 1.42 2.28
Porosity 0.2 0.3 0.3 0.3 0.3 0.4 0.3 0.6 0.6 0.7
Coarse sand % 500-1000 um 50 3 3 1 0 0 1 0 0 0
Mediumsand % 250-500 um 44 68 64 43 31 4 36 0 1 0
Fine sand % 125-250 pm 2 30 33 49 62 68 55 14 5 6
Very finesand % 63-125 um 1 0 0 3 7 24 7 36 21 18
Silt % < 63 um 4 0 0 4 0 4 0 50 73 75
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Tab. 2. Pigments and PLFAs in SPM samples. Results are presented as mean + standard deviation. ND = not detected

St.02 St.07 St.11 St.17 St.20 St.30 St.42 St.52 St.62 St.65

Pigments  ugl?
Chl.a 1.16 £0.02 0.59 £0.01 1.09 £0.00 1.35£0.05 1.22 £0.12 1.09 £0.01 1.51 £0.05 0.90 £0.03 1.28 +0.03 0.82 £0.00
Chl.b 0.14+0.00 0.09 +0.00 0.09 £0.00 0.05 £0.00 0.20 £0.01 0.12 +0.00 0.14 +0.00 0.10+£0.00 0.11+0.01 0.15 +0.00
Chl.c 0.13+0.00 0.06 £0.00 0.14 +0.00 0.25 +£0.01 0.14 £0.01 0.14 +0.00 0.20 +0.00 0.11+0.00 0.16 £0.01 0.09 +£0.00
Chl.c3 0.04 £0.00 0.03 +£0.00 0.05 +£0.00 0.05 £0.00 ND 0.10 £0.01 0.07 £0.01 0.05+0.00 0.08 +0.01 0.05 £0.00
Feo 0.04 £0.00  0.02 £0.00 0.03 £0.00 0.03 +£0.00 0.15 +0.03 0.02 £0.00 0.04 +£0.00 0.01 £0.00 0.02 +0.00 0.02 £0.00
Fuco 0.33+0.00 0.13+0.01 0.35+0.00 0.34 £0.02 0.33+£0.04 0.20 £0.01 0.55 +0.01 0.15+0.00 0.23+0.01 0.10 £0.00
Peri 0.02 £0.00 ND 0.03 +£0.00 0.36 £0.01 0.04 £0.01 0.04 +£0.00 0.04 +£0.00 0.06 £0.00 0.10 +0.00 0.06 +£0.00
Pheo 0.04 £0.01 0.01 +0.00 0.02 £0.00 0.02 £0.02 0.27 £0.04 0.01 £0.00 0.09 £0.08 0.01£0.00 0.01+0.00 0.01 £0.00

PLFAs pg-C.I*t
i-C14:0 ND ND ND ND ND ND ND ND ND ND
i-C15:0 0.03 £0.00 0.02 0.02 0.04 £0.02 0.03 +£0.00 ND 0.01 ND 0.02 0.02 £0.01
ai-C15:0 0.02 ND ND 0.02 0.03 +£0.00 ND ND ND 0.02 0.02
Cl6:1w7

c 0.26 £0.05 0.14 +£0.06 0.15+0.14 0.25+0.11 0.21 £0.01 0.08 +£0.00 0.14 +0.05 0.11+0.01 0.21+0.13 0.26 +0.09
Cl6:4m1 0.02 £0.01 ND 0.02 0.05 ND ND 0.03 ND ND ND
i-C17:0 0.01 ND ND 0.02 0.02 +£0.00 ND ND ND 0.02 0.02
ai-C17:0 ND ND ND ND ND ND ND ND ND ND
Cl8:1w7c 0.15+0.02 0.08 £0.02 0.08 +0.07 0.19 +0.08 0.15 +0.01 0.06 £0.01 0.09 +£0.04 0.07£0.01 0.130.07 0.14 +0.05
C20:5mw3 0.41+0.11 0.27 +0.02 0.25 +0.20 0.59 +0.26 0.33 £0.05 0.39 £0.24 0.46 +0.11 0.14 £0.00 0.26 +0.12 0.28 £0.12
C22:6m3 0.64 £0.18 0.52 +0.12 0.38 £0.29 1.60 £0.77 0.25 +0.00 0.51 +0.03 0.77 £0.34 0.40 £0.06  0.76 +0.28 0.84 £0.24

13



Tab. 3. Pigments and PLFAs in SS samples. Results are from single value. ND = not detected.

St.02 St.07 St.11 St.17 St.20 St.30 St.42 St.52 St.62 St.65
Pigments pg.gdwt
Chl.a 0.04 0.12 0.28 0.16 0.16 0.17 0.09 0.64 1.16 1.44
Chl.b ND ND ND ND ND 0.01 ND 0.01 ND 0.02
Chl.c 0.01 0.02 0.03 0.02 0.02 0.02 0.01 0.07 0.10 0.14
Chl.c3 ND ND ND ND ND ND ND ND ND ND
Feo 0.01 0.01 0.04 0.05 0.04 0.09 0.04 0.40 0.94 0.93
Fuco 0.03 0.07 0.18 0.09 0.09 0.07 0.05 0.30 0.44 0.81
Peri ND ND ND ND ND ND ND ND ND ND
Pheo 0.01 0.01 0.07 0.11 0.19 0.18 0.11 1.42 144 2.07
PLFAs pg-C.gdw?

i-C14:0 ND 0.01 0.01 0.03 0.03 0.03 0.03 0.07 0.09 0.13
i-C15:0 0.01 0.03 0.06 0.13 0.17 0.13 0.12 0.26 0.29 0.58
ai-C15:0 ND 0.04 0.10 0.20 0.31 0.29 0.27 0.40 0.49 0.72
Cl6:1w7c 0.01 0.10 0.20 0.38 0.54 0.52 0.64 1.02 1.09 1.82
Cl6:4ml ND 0.01 0.01 0.03 0.04 0.03 0.03 0.09 0.04 0.16
i-C17:0 0.02 0.02 0.01 ND 0.01 ND ND ND ND ND
ai-C17:0 0.02 0.03 0.01 0.01 0.02 0.02 0.02 0.09 0.08 0.10
Cl18:1w7c 0.01 0.09 0.22 0.36 0.47 0.43 0.56 1.18 0.98 181
C20:5w3 ND 0.08 0.17 0.11 0.07 0.10 0.25 0.47 0.46 0.43
C22:603 0.02 0.01 0.01 0.10 0.04 0.07 0.18 0.41 0.35 0.28
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3.3. Particulate Organic Matter quality

Pigment-derived parameters, CHLA/PHAEOs and ITPIG are presented in Fig. 3, the PLFA
composition in Fig. 4 and the CN-ratio in Fig. 5.

In SPM samples, the chlorophyll a to phaeopigments ratio (CHLA/PHAEQOSs) was quite
variable, the highest value was found at St. 30 (44.2 £ 2.5) and the lowest at St. 20 (2.9 + 0.3).
At St. 02, 11 and 17, this ratio was around 18.4 £+ 1.0 on average, while at St. 52, 62 and 65, it
was around 32.0 £ 1.2. Contrary to CHLA/PHAEOs, the intact to total pigments ratio (ITPIG)
was relatively constant over the stations, with an average value of 0.59 + 0.05.

The PLFA composition was relatively constant between stations and characterised by a high
percentage of PUFA (58% on average). SFA and MUFA contributed 26 and 15% to total
PLFAs on average, while Br-FA contributed less than 1%, except at St. 20 where it accounted
for 4% to total PLFAs. The CN-ratio was relatively constant, averaging 6.1 + 0.4. The highest
value was found at St. 20 (6.9).

In SS samples, the chlorophyll a to phaeopigments and the intact to total pigments ratio
showed low values, especially the former (Fig. 3). Both pigment-derived parameters
decreased from St. 02 to St. 65 (Fig. 3). The composition of the PLFA pool was dominated by
MUFA (40% on average) at all stations, except St. 02, where it was characterised by PUFA
and SFA (44% and 41% of the total PLFA pool, respectively) (Fig. 4b). At the other stations,
the percentages of SFA were relatively constant (25% on average). The percentages of MUFA
and Br-FA were the highest at St. 20 (43% and 24%, respectively) and St. 30 (43% and 22%
respectively) and the percentages of PUFA, the lowest (10% and 11%, respectively). The
CN-ratio increased from St. 02 (6.2) to St. 65 (9.8) (Fig. 5).

The difference between SPM and SS samples varied between stations and between parameters
(Fig. 6). For the pigment derived parameters (CHLA/PHAEQOs and ITPIG), the difference

between SPM and SS samples was positive and higher in the northernmost stations (St. 30,
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52, 62 and 65) compared to the southernmost stations (from St. 02 to 20) and St. 42. A similar
trend was observed for the CN-ratio but the difference between SPM and SS was negative.
The difference of PUFA was positive and increased from St. 02 to St. 30, followed by a
decrease to St.52 and a slight increase to St. 65. The difference of MUFA was positive at St.
02 and negative at the other stations, and decreased from St. 02 to St. 30 before it slightly
increased to St. 52 and decreased again to St. 65 as did the difference of Br-FA. The
difference of SFA between SPM and SS samples varied between stations and was positive at
St. 07, 11, 17, 52 and 65, and negative at the other stations (< -5% at St. 20, 30, 42 and 62,

and about -15% at St. 02).

3.4. Principal Component Analysis

The PCA results on POM quality parameters are presented in Fig. 7. The first PCA axis
explains 81% of total variation. This axis separates the SPM samples on the left, scoring
negatively on this axis and the SS samples on the right, scoring positively on this axis except
for SS of St. 02 and 07. The SPM samples are characterised by higher values of chlorophyll a
to phaeopigments and intact to total pigments ratios (A and B), whereas the SS samples are
characterised by higher values of SFA (C), MUFA (D), PUFA (E), Br-FA (F) and CN-molar
ratio (G). The second axis of the PCA explains another 10% of the variation. The chlorophyll
a to phaeopigments ratio (A) and the PUFAs (E) scored positively for SPM of St. 30, 62, 65,

17 and 52 and for SS of St. 52, 62 and 65.
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Fig. 3. (a) Chlorophyll a to phaeopigments (CHLA/PHAEOQSs) and (b) intact to total pigments

(ITPIG) ratios for SPM (white bars) and SS (black bars) samples. Note the different scale

between SPM (left axis) and SS samples (right axis) for CHLA/PHAEOs.
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Fig. 4. Cumulative contribution of saturated fatty acid (SFA), mono-unsaturated fatty acid
(MUFA), branched fatty acid (Br-FA) and poly-unsaturated fatty acid (PUFA) to total

phospholipid derived fatty acid (PLFAS) in SPM (a) and SS (b) samples.
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Fig. 7. Plot of the Principal Component Analysis (PCA) for SPM (white squares) and SS
(black squares) samples. Arrows represent the different POM quality derived parameters
calculated for SPM and SS samples over various time scales: A = chlorophyll a to
phaeopigments ratio and B = intact to total pigments ratio (‘short time scale’, dashed line); C
= saturated fatty acid, D = mono-unsaturated fatty acid, E = poly-unsaturated fatty acid and F
= branched fatty acid (‘intermediate time sale’, dotted line); and G = carbon to nitrogen ratio

(‘long time scale’, solid line).

4. Discussion

Although the North Sea is a well-studied area, previous investigations usually focused either
on OM transport at specific sites (e.g. Kattegat and Skagerrak — De Haas and Van Weering,
1999; Oyster Grounds — Van Raaphorst et al., 1998) or OM degradation in the sediment using
one or two classes of specific biomarkers (e.g. amino acids and hexosamines — Dauwe and
Middelburg, 1998; phytopigments — Boon et al., 1998; phospholipid fatty acids — Stoeck et

al., 2002). To our best knowledge, this is the first time that several molecular biomarkers in
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both SPM and SS samples are analysed at 10 stations located along the transport route of OM
in the North Sea. Our results are discussed in terms of POM composition, POM quality, and

the factors controlling POM quality both in the water column and the surface sediment.

4.1. Particulate Organic Matter composition.

4.1.1. In the surficial seawater

Our SPM samples, taken at 5 m depth, showed a mean organic carbon concentration of 0.19
mg.I"t + 0.14, which was consistent with data found by Kuerten (2010) during the same period
(Tab. 2). At St. 20, the POC concentration was relatively high (0.58 mg.I"t + 0.16) due to its
location close to the Elbe estuary (Middelburg and Herman, 2007). The individual pigment
and PLFA concentrations indicated the presence of diatoms in our SPM samples. At all
stations, chlorophyll a and fucoxanthin, biomarkers for diatoms (Wright and Jeffrey, 1987,
Wright et al., 1991) were found in high concentrations as well as C20:5w03, a known diatom
biomarker (Volkman et al., 1989; Ahlgren et al., 1992; Dunstan et al., 1993) (Tab. 2). The
PLFA Cl16:4wl, also a diatom biomarker (Dunstan et al., 1993; Viso and Marty, 1993)
supported this at St. 02, 11, 17 and 42. Furthermore, peridinin in pigments and C22:6®3 in
PLFAs indicated the presence of dinoflagellates (Jeffrey, 1974; Dalsgaard et al., 2003) while
the chlorophylls b, ¢ and cs were attributed to the presence of chlorophytes (Jeffrey, 1976).
These results, reinforced by a CN-molar ratio of on average 6.1 + 0.4 (Fig. 5) were consistent
with the typical organic matter composition in marine phytoplankton (Henrichs, 2005) and a
clear reflection of basin-wide primary production. Our SPM samples also contained the PLFA
Cl18:1®w7c¢ and in lower concentrations at some stations the PLFAs i-C15:0, ai-C15:0 and i-
C17:0. These PLFAs are known biomarkers for bacteria: the first denoting the presence of
Gram-negative Proteobacteria (Braeckman et al., 2012), the latter indicative for Cytophaga-

Flavobacteria and Gram-positive bacteria (Dalsgaard et al., 2003). The PLFA C16:1w7c was
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also found in our SPM samples in relatively high concentrations (0.18 pug-C.I"t + 0.07). This
PLFA can be attributed either to diatoms or bacteria (Dalsgaard et al., 2003). Compound
specific carbon isotope analysis of C16:1w7c¢ indicated that this PLFA was dominantly from

bacterial origin (data not shown).

4.1.2. Surface sediment

Pigment and PLFA composition in SS samples reflected findings in the SPM samples. Here
also, chlorophyll a and fucoxanthin exhibited relatively large concentrations at all stations,
indicating a diatom-source, which was corroborated by PLFAs (C20:5w3 and C16:4w1; Tab.
3). The absence of peridinin and the other chlorophylls (chlorophylls b and c3) however,
suggested either that dinoflagellates and chlorophytes did not reach the seafloor or degraded
faster than diatom-derived material. Pigment composition in SS samples was also
characterised by increasing concentrations of chlorophyll a degradation products, i.e.
pheophytin a and phaeophorbide a, from St. 02 to St. 65 (Tab. 3). Moreover, SS samples
contained high concentrations of C16:1w7c. Like in SPM, §3C-C16:1w7c¢ indicated that this
PLFA was from bacterial origin (data not shown). This was reinforced by the relatively high
concentrations of individual PLFA biomarkers typical for bacteria, such as C18:1w7¢ (Tab. 3)
and by the increase of MUFA in SS samples compared to SPM samples (Fig. 4). Bechtel and
Schubert (2009) attributed high percentages of MUFA to enhanced contributions from
bacterial lipids. Summarising, the POM composition in SS was a mixture of OM of
phytoplankton and bacterial origin.

No evidence of terrestrial-derived POM was found, even in the stations receiving freshwater
input (lower salinity at St. 20, 52, 62 and 65). This may partly be due to the choice of

biomarkers analysed, but our unpublished stable carbon and nitrogen isotope analysis of bulk
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organic matter, and compound specific isotope analyses of PLFAs indicate that the POM in

this study was primarily from marine origin.

4.2. Particulate Organic Matter transport processes

4.2.1. Vertical transport of POM

The similarity in POM composition of surface waters and underlying sediments clearly
indicate that POM from the surface seawater was deposited on the sediments. The organic
compounds analysed have different rates of degradation (Cowie and Hedges, 1994; Dauwe
and Middelburg, 1998; Woulds and Cowie, 2009, Veuger et al., 2012) and this allows to
assess the degradation state of POM in the water column and in surface sediments over
several time scales.

The results indicate that POM was fresher in SPM than in SS samples at all stations. In short,
CHLA/PHAEOs and ITPIG were higher in SPM than SS samples (Fig. 3), while also the
PLFA composition changed, with lower concentrations of PUFA and higher concentrations of
MUFA and SFA in SS samples (Fig. 4). Since PUFA are less resistant to diagenetic
degradation than MUFA and SFA (Farrington et al., 1988; Wakeham and Canuel, 1990), this
indicates more degraded POM on the top of the sediments. In addition, Br-FA in sediments
increased at all stations suggesting a higher contribution of bacterial OM (Bechtel and
Schubert, 2009) (Tab. 3, Fig. 4b). Moreover, during initial stages of OM degradation, the CN-
molar ratio of POM from marine origin usually increases due to the preferential degradation
of N-rich components (Middelburg and Herman, 2007); and higher CN ratios were observed
at all stations in SS compared to SPM samples (Fig. 5).

However, the difference between SPM and SS samples varied between stations and between
POM quality parameters (Fig. 6). On average, the highest differences between SPM and SS

samples were found at St. 30, 62 and 65, where organic matter was in a more advanced
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degraded state compared to the suspended organic matter. Such results were expected as St.
30 is located in the Oyster Grounds, a semi-depositional area (Otto et al., 1990) and St. 62
and 65, the deepest stations are at the end of the sedimentary OM transport route (Lohse et al.,
1995; Van Raaphorst and Malschaert, 1996; Dauwe and Middelburg, 1998; Fig.1). The large
difference between SPM and SS samples for the CN-molar ratio at St. 62 and 65 can be
explained by the importance of an older fraction in the SS samples (Fig. 5 and 6). Indeed it
has been reported that the major fraction (53 to 63%) of the total suspended matter of the
North Sea is deposited in the Skagerrak (Eisma, 1990; Dauwe and Middelburg, 1998) and this
is highly degraded. Particulate organic matter undergoes remineralisation while settling
vertically through the water column, therefore the deeper is the water column, the more
degraded the POM reaching the seafloor. Furthermore these stations (St. 62 and 65) seemed
to receive a larger share of freshwater inputs (lower salinity, Tab. 1), although no evidence of
substantial quantities of terrestrial-derived OM was observed.

For the other parameters, except SFA and ITPIG, the highest difference between SPM and SS
samples were found at St. 30. Rapid remineralisation of recently-deposited organic matter
(Van Raaphorst et al., 1998) and the deposition of POM from the upstream stations might
explain this. In addition, St. 30 may also receive POM from the East Anglian Plume,
transporting matter from river discharge and seafloor erosion, thus with an advanced
degradation state (Dyer and Moffat, 1998).

The small difference of CHLA/PHAEOs between SPM and SS samples at St. 20 might be
explained by the stormy weather the day of the sampling. Indeed stormy weather promotes
the resuspension of the sediment especially at shallow depths (Tab. 1) (Gerritsen et al., 2001),
and the water sampled at this station was turbid. This result might also be explained by river
input as St. 20 is located in the German Bight, a region receiving freshwater from the Rhine,

the Meuse and the Scheldt rivers (Eleveld et al., 2008).
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4.2.2. Lateral transport of POC

The decreasing OM quality in the sediments from the primary productive area (St. 02 and St.
07) to the main deposition area (St. 65) was already demonstrated by Dauwe and Middelburg
(1998) based on samples taken in 1994 and 1996. These authors investigated the sediment
OM degradation state using amino acids and hexosamines and developed the Degradation
Index (DI), an amino acid based index used as OM quality indicator. Our samples, taken more
than 10 years later show similar trends. All our POM quality parameters, i.e. the decrease in
pigments derived parameters (Fig. 3), the decrease of PUFA and SFA and the increase MUFA
and Br-FAs (Fig. 4b) and the increase in CN-molar ratio (Fig. 5) from St. 02 to 65
corroborated Dauwe and Middelburg (1998) results. All our parameters indicate increasingly
higher relative contributions of degraded material from the primary production (St. 02 and 07)
to the main deposition area at St. 65, and thus confirmed the degradation gradient in OM
quality along the general transport route of sedimentary organic matter in the southern North
Sea (Lohse et al., 1995; Van Raaphorst and Malschaert, 1996; Dauwe and Middelburg, 1998).
In contrast, it appears that there is no degradation gradient in the sea surface water from St. 02
to 65. Most of the POM quality parameters, such as ITPIG (Fig. 3b), the composition of the
PLFA pool (Fig. 4a) and the CN-molar ratio (Fig. 5), were relatively constant in SPM and
indicative of relatively fresh POM, i.e. a consistently lack of evidence for a substantial
resuspended organic matter contribution. This was not true at St. 20, where evidence of
resuspension was observed as mentioned above. The variation of CHLA/PHAEOs between
stations (Fig. 3a) and especially its high values at St. 30, 52 and 62 can be attributed either to
a rapid lateral transport from the primary production area (St. 02 and 07) to the main
deposition area (St. 65) or to local primary production, which is more important than the

possible advection of older material.
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4.3. Factors controlling POM quality in the southern North Sea

The above discussed results are summarised in the principal component analysis (PCA)
presented in Fig. 7. Results clearly show a distinction between SPM and SS samples,
indicating that OM quality in SPM and SS are not controlled by the same factors. The 1% axis
of the PCA separates OM with a fresh signature, mainly SPM samples, from those that
harbour more degraded material, mainly SS. The SS samples from St. 02 and St. 07 are
positioned near to the SPM samples, indicating their relatively fresh signature. The PCA
confirms that POM quality was relatively constant in the surface seawater, or did not provide
consistent results from the productive area (St. 02 and 07) to the main deposition area (St. 62)
(Fig. 1). The 2" axis of the PCA, which explains another 10% of the variance in the data,
relates to increasing CHLA/PHAEOQOs and PUFA for SPM at St. 17 and 30, and for both SPM
and SS at St. 52, 62 and 65, indicating fresher OM in these samples compared to the others.
Therefore the PCA also confirms (i) either a rapid lateral transport from the primary
production area (St. 02 and 07) to the main deposition area (St. 65) or local primary
production, which is more important than the possible advection of older material in SPM at
St. 17, 30, 52, 62 and 65 and (ii) the deposition of relatively fresh OM on the surface
sediments at St. 52, 62 and 65. Nevertheless, the first and second axes together position the
SS according to the sedimentary OM transport route, from relative labile OM in the South
(lower-left part of PCA) to more refractory in the North (upper-right PCA corner). The PCA
clearly reveals the degradation gradient of POM quality in the sediments along the
sedimentary OM transport route, where stations can be arranged in three groups: (i) the main
primary productive area, i.e. St. 02 and 07, (ii) the conduit zone, comprising St. 11, 17, 20, 30
and 42, and (iii) the deposition area at the end of the transport route (St. 52, 62 and 65) with
more degraded OM. It is remarkable that the indices that represents the shortest time-scales,

CHLA/PHAEOSs and ITPIG, are designated to be most distinguishing between water-column
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and sedimentary POM, while the composition of the PLFA pool (SFA, MUFA, PUFA and
Br-FA) and the CN-molar ratio, which averages over intermediate and longer time scales sets

apart the sedimentary samples.

5. Conclusion

We investigated the biogeochemical signatures of POM in the waters and surface sediments
in the southern North Sea via a multiproxy approach. Our study showed that POM quality is
not controlled by the same factors in the water column and in the sediments. There is
consistent ageing of OM both from the water towards the sediment, and in the sediment,
along the sedimentary OM transport route (Fig. 8).

Our findings also show that exchange of material between the water column and the
underlying sediment is important especially in the productive area. The divergence in quality
of OM in water and sediment from the southwest to the northeast of the North Sea seem to
indicate a lower degree of benthic-pelagic coupling along the transport axis (Fig. 8).
However, occasionally, intense benthic-pelagic coupling can be observed, as is the case for
the Skagerrak stations where strong deposition of diatoms was observed, and for a station in
the German Bight where storm-induced resuspension significantly diluted the pelagic POM
with sedimentary material (Fig.8). If lateral transport rather than in situ production would be
of increasing importance along the transport route, we would expect to see a difference
between the POM quality from the primary production to the main deposition area for both
SPM and SS samples. Our results for the water column are not in line with this, as the quality

does not display a clear spatial signal (Fig. 8).
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Fig. 8. Conceptual pictures of the main conclusions of this study. The arrows represent the
quality of POM. The light gray means fresh, dark means degraded POM. The triangle shows
the intensity of benthic-pelagic coupling, the dashed line rectangle represents the occasional
event of intense benthic-pelagic coupling, which can occur along the sedimentary OM
transport route, such as the deposition of fresh POM in the depositional area. SW = Sea

Water, SED = Sediment.

6. Acknowledgement

We thank the officers, crew and scientific party of the R.V. Pelagia for their support during
the cruise and the analytical laboratory of NIOZ-YE for their advices and for performing the
analyses. We are also grateful to Thomas Bianchi and two anonymous reviewers for their
constructive comments on this manuscript. This project is part of the FOKUZ program and is

a contribution of the Netherlands Center for Earth System Sciences.

7. Terms and acronyms
Br-FA — Branched fatty acid
CHLA/PHAEOs — Chlorophyll a to phaeopigments ratio

CN-r — Carbon to nitrogen ratio
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ITPIG — Intact to total pigments ratio
MUFA - Monounsaturated fatty acid
OM - Organic matter

PCA — Principal component analysis
PLFA — Phospholipid derived fatty acid
POC - Particulate organic carbon
POM - Particulate organic matter
PUFA — Polyunsaturated fatty acid
SFA — Saturated fatty acids

SPM — Suspended particulate matter
SS — Surface sediment

St. — Station
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