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Summary Lignin oxidation products (vanillyl, syringil and cummaryl phenols), and δ13 C were 
measured in a variety of land and marine samples collected in Inner Puck Bay — dominated by 
marine vascular plants, small river run-off, and shallow bottom, and in Gda ńsk Bay — charac- 
terized by large river run-off, small marine vascular plants population, and the average depth 
exceeding euphotic zone. Both study areas are parts of the Gda ńsk Basin, Southern Baltic. 
Typical δ13 C values ( δ13 C = -28 ‰ ) and both composition and concentrations of lignin phenols 
were measured in samples originating from land. Small, yet easily measurable amounts of lignin 
phenols were found in marine vascular plants biomass ( �8 = 90 μg/100 mg organic matter). 
The biomass was characterized by exceptionally high δ13 C values (-12 ‰ ). No lignin phenols 
and typical δ13 C values (-22 ‰ ) were measured in marine phytoplankton biomass. δ13 C and both 
composition and content of lignin phenols in organic matter of surface sediments collected in 
the study area fall in the range marked by the end members. 
The proportion of land derived organic matter calculated using lignin phenols, or δ13 C in Gda ńsk 
Bay were comparable, while in Puck Bay they differed substantially. It was concluded that a) in 
areas with substantial bottom coverage with vascular plants the two end members approach, 
usually employed to establish the contribution of organic matter sources, is insufficient, b) 
organic matter originating from three sources: riverine, phytoplankton, and vascular plants 
contribute to sedimentary organic matter in Puck Bay with the respective proportion 30:40:30. 
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. Introduction 

rganic matter content in marine sediments most often is 
elow 15%. Despite this organic matter is regarded as an im-
ortant component of sediments. Both contribution to car- 
on cycling in the earth crust and the influence on physical,
iological and chemical properties of sediments are men- 
ioned in this respect ( Bianchi et al., 2018 ; Hedges, 1992 ). 
Amounts and properties of marine sedimentary or- 

anic matter depend on the proportion of allochthonous- 
and derived organic matter, since it differs greatly from 

utochthonous-marine biota produced organic matter ( Jex 
t al., 2014 ). The former enters the marine environment
ainly with the river run-off, although aerial transport may 
e of importance in case of specific substances ( Chester,
003 ; Cragg et al., 2020 ). Riverine organic matter load is
enerally composed of organic and organic-mineral, dis- 
olved and particulate matter, washed out from the soil 
nd, to a much smaller extent, from aquatic plants de-
ris. Therefore, it reflects the properties of soil organic 
atter that is strongly influenced by the regional vege- 
ation and climate ( Hedges, 1992 ; Sun et al., 2017 ). This
rganic matter fraction is also relatively biochemically 
table. 
It has been well documented that terrestrial organic mat- 

er makes up a large proportion of sedimentary organic 
atter in the marine shelf areas ( Gordon and Goni, 2003 ;
edges et al., 1982 ; Hedges and van Geen, 1982 ; Miltner
t al., 2005 ; Winogradow and et al., 2019 ). For example, in
he Baltic Sea it constitutes up to 70 per cent of sedimentary
rganic matter ( Miltner and Emeis, 2000 ; Pempkowiak and 
ocklington, 1983 ; Staniszewski et al., 2001 ; Winogradow 

nd Pempkowiak, 2014 ). This is because most of the terres-
rial organic matter transported into the sea is deposited 
ear the mouth of rivers and adjoining areas on the shelf
 Gough et al., 1993 ; Hedges et al., 1988 ; Ji et al., 2020 ).
hus, the proportion of terrestrial organic matter in ma- 
ine sediments decreases with increasing distance from land 
 Hedges et al., 1988 ). In the Baltic, most of the riverine
rganic matter load is transported to depositional basins 
 Miltner and Emeis, 2001 ; Pempkowiak and Pocklington, 
983 ; Staniszewski et al., 2001 ). 
Identifying organic matter origin in sediments of a par- 

icular basin is essential in constructing material fluxes and 
udgets and understanding sedimentary processes. Elemen- 
al composition, stable carbon and nitrogen isotopes and 
hemical markers (chemical compounds that are lacking in 
ither terrestrial or marine environments) have been used 
n determining the proportion of terrestrial organic mat- 
er in sediments ( Bordovsky, 1965 ; Gardner and Menzel, 
974 ; Hedges and Ertel, 1982 ; Jex et al., 2014 ; Pempkowiak,
983 ; Staniszewski et al., 2001 ). A typical component of
errestrial organic matter, believed to be lacking in ma- 
ine plants, and therefore frequently utilized as a marker, 
s lignin ( Hautala et al., 1997 ; Hedges et al., 1988 ; Miltner
nd Emais, 2001 ; Pradhan et al., 2014 ). 
Lignin bio-macromolecules are high molecular weight 

henolic polymers. They are major constituents of vascu- 
ar plant cell walls ( Merdy et al., 2002 ; Sederoff et al.,
999 ; Ye et al, 2001 ). The chemical structure of lignin is
roublesome for analysis, owing to difficulties in isolating 
nd de-polymerizing. We do know, however, that they are
olyphenols consisting of monomers with a characteristic 
sopropyl benzoic carbon structure ( Donaldson, 2001 ). Iso-
ropyl benzoic monomers, usually contain methoxy groups 
ound to aromatic rings ( Hedges and Ertel, 1982 ; Hedges
nd Mann,1979 ). 
Lignin polymers in plant tissues, soils, and sediments 

re not a subject to direct chemical analysis without prior
solation and derivatisation. Samples containing lignin are 
rst subjected to chemical degradation, in order to release
mall molecules. Then the degradation products are ex- 
racted from the reaction mixture and quantified, following 
erivatization, by a variety of chromatographic techniques 
 Hedges and Ertel, 1982 ; Hedges et al., 1982 ; Staniszewski
t al., 2001 ). When cupric oxide is used as the oxidant the
redominant products of lignin oxidation are phenolic alde- 
ydes and phenolic acids. Most often 8 major lignin-derived
uO oxidation products are quantified ( Table 1 ). Chemical
tructure of the degradation products is presented in Figure
 . These belong to the following groups of phenols: syringil
S — 3 compounds), vanillin (V, 3), and cynammyl (C, 2)
 Farella et al., 2001 ; Hedges and Ertel, 1982 ; Hedges et al.,
982 ; Hu et al., 1999 ; Miltner and Emeis, 2001 ; Pempkowiak
nd Pocklington, 1983 ; Staniszewski et al., 2001 ; Wilson et
l., 1985 ). The sum of the 8 lignin oxidation products re-
alculated to 100 mg of organic material ( �8), or/and to
0 g of sample ( �) has been used to characterize yield of
ignin phenols ( Hedges and Mann, 1979 ). The lignin burden
n mineral sedimentary material may be characterized by 
 �’ — the sum of the 8 lignin phenols recalculated to 10 g
f organic matter free material ( Pempkowiak et al., 2006 ). 
Ratios of specific phenolic aldehydes and phenolic acids 

ay be used to characterize sources of lignin in sedimentary
rganic matter. The most often applied indexes include: the
atio of syringyl to vanillyl phenols (S/V) — an indicator of
ngiosperms plants, the ratio of cynammyl to vanillyl phe-
ols (C/V) — an indicator of nonwoody plant tissues, the
atio of vanillic acid to vanillyl aldehyde (Ad/Al)v — an in-
icator of digenetic changes in lignin ( Hedges at al., 1982 ;
iltner et al., 2005 ). The ratio of methoxyphenols to vanillin
henols (H/V), an indicator of aquatic plant contribution 
 Wilson et al., 1985 ), is seldom used. 
Lignin phenols are frequently used as markers of land

erived material in the aquatic environment in general 
 Bianchi et al., 1997 ; Cragg et al 2020 ; Farella et al.,
001 ; Hautala et al., 1997 ; Hedges et al., 1988 ), and in the
oastal marine environment in particular ( Gardner and Men-

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Table 1 Names and occurrence of lignin degradation products in various plant classes. 

No. Compound Name of group Plant sources ∗

G g A a 

1 m-hydroxybenzoic acid H + + + 

2 p-hydroxybenzaldehyde + + + 

3 p-hydroxybenzoic acid + + + 

4 vanillin V + + + + 

5 acetovanillone + + + + 

6 vanillic acid + + + + 

7 syringaldehyde S + + 

8 syringic acid + + 

9 acetosiringone + + 

10 p-cumaric acid C + + 

11 ferulic acid + + 

∗ Plant sources: G — gymnosperm woods, g — nonwoody gymnosperm tissues, A — angiosperm wood, a — nonwoody angiosperm 

tissues. 

Figure 1 The chemical structure of lignin phenols. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

zel, 1974 ; Gouth et al., 1993 ; Hedges et al., 1982 ; Miltner
and Emeis, 1999 ; Pradhan et al, 2014 ; Staniszewski et al.,
2001 ). The assumption is that aquatic plants do not com-
prise lignin units, and therefore organic matter derived from
them may dilute lignin phenols concentration (thus influenc-
ing both �8 and �) whereas the composition of lignin oxida-
tion products remains unaltered ( Gardner and Menzel, 1974 ;
Hedges and Mann, 1979 ; Merdy et al., 2002 ). To quantify the
proportion of allochthonous organic matter in marine sed-
iments the so-called ‘end members approach’ is adopted
( Hedges and Mann, 1979 ; Thorton and MsManus, 1994 ). Con-
centrations of lignin oxidation products (either � or �) in
land-derived (LL), ‘pure’ marine (MM), and actual marine
(ML) samples, are combined into a simple formula for the
purpose of calculating proportion of allochthonous organic
matter component — L (%), in a given sample: 

L ( % ) = 

LL − ML 
LL − MM 

· 100 . 

Since an assumption was adapted that no lignin phenols
are yielded from ‘pure’ marine samples the equation has
been abbreviated to: 

L ( % ) = 

LL − ML 
LL 

· 100 . 

Based on this approach land derived organic matter
was estimated to comprise a substantial proportion of ma-
rine sedimentary organic matter: 30—70% in the Baltic
Sea (Bianchi et al., 1997; Miltner and Emais, 1999 , 2001 ;
Pempkowiak and Pocklington, 1983 ; Staniszewski et al.,
2001 ; Winogradow and Pempkowiak 2018 ; Winogradow et
al., 2019 ), and 10—90% in the Columbia River estuary
( Hedges, 1992 ), Amazon River estuary ( Sun et al., 2017 ) and
off India ( Pradhan et al., 2014 ). However, the occurrence of
typical lignin derivatives was reported in oxidation products
of material originating from marine vascular plants ( Cragg
et al., 2020 ; Staniszewski, 2005 ). Therefore, the applicabil-
ity of such an approach should be thoroughly investigated. 

Estuarine ecosystems are composed of relatively het-
erogeneous biologically diverse subsystems: water column,
mud and sand flats, bivalve reefs and beds, seaweeds and
seagrass meadows that are connected by mobile animals
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nd currents. Together the systems form one of the most 
roductive natural systems in the biosphere. These systems 
unction as traps for all kinds of suspended and dissolved 
aterials, nursery grounds for organisms including many 
ommercially important species and recreational zones for 
umans. They are also complex systems that exchange mat- 
er and energy with terrestrial and marine ecosystems. 
nlike seaweeds, submerged hydrophytes (vascular plants, 
eagrasses) do actually root themselves in the sediments at 
he bottom of the ocean floor, and they have leaves and
owers, just like terrestrial plants. There are four different 
roups of seagrasses: Zosteraceae, Hydrocharitaceae, Posi- 
oniaceae and Cymodoceaceae, representing 72 different 
pecies. 
Seagrass is often characterized as the ‘lungs of the 

cean’ because of its capacity for absorbing carbon diox- 
de and generating oxygen. One square meter of seagrass 
an generate 10 liters of oxygen every day. Seagrasses tend
o live in shallow water about 1 to 3 meters deep, but
ome can grow at depths of 58 meters ( Jørgensen and
ath, 2008 ). The seafloor area covered by seagrass world-
ide is reported in the range of 0.3—0.6 10 6 km 

2 ( Duarte
nd Chiscano, 1999 ). On the average the seagrass biomass 
s equal to 460 g dry weight/m 

2 , while net production is
qual to 2.7 g DW/m 

2 day — more than boreal forest (2.4),
nd much more than phytoplankton (0.3) ( Duarte, 1991 ).
bout 25% of the net primary production is exported to
each ecosystems, while 55% is mineralized soon after the 
lants’ death ( Duarte, 2010 ; Duarte and Cebrián, 1996 ;
uarte et al., 2005 ; Haddad and Martens, 1987 ; Jørgensen
nd Fath, 2008 ). It is estimated that 83 g/m 

2 are buried in
ediments ( Duarte and Cebrián, 1996 ) — a subject to fur-
her mineralization as no accumulation of carbon in shal- 
ow, coarse-grained sediments takes place ( Winogradow and 
empkowiak, 2019 ). 
The motivation for the survey reported here was twofold. 

or one thing, it was investigating the occurrence of lignin 
henols in the oxidation products of ‘pure’ marine samples: 
ascular plants, algae, mussels soft tissue. Moreover, the as- 
essment was carried out to what extent this occurrence 
ay affect the land derived organic matter proportion, cal- 
ulated basing on lignin oxidation products, in actual marine 
ediments. Stable carbon isotopes ratio δ13 C was applied to 
erify the conclusion of the study. 
The results indicate that typical lignin phenols do occur 

t small concentrations in the oxidation products of marine 
ascular plants. Moreover, their contribution must be taken 
nto account in areas with large loads of organic matter orig-
nating from marine vascular plants and a small supply of
errestrial organic matter. A simple three-member approach 
as applied to establish a proportion of organic matter orig-
nating from three different sources in such a system. The 
ources considered were terrestrial, marine vascular plants, 
nd marine phytoplankton. 

. Study area 

he study was performed using samples collected from the 
da ńsk Basin, Southern Baltic ( Figure 2 ). Gda ńsk Deep,
da ńsk Bay and Puck Bay are parts of the basin ( Majewski,
990 ). 
Gda ńsk Bay is a southeastern bay of the Baltic Sea. The
estern part of Gda ńsk Bay, sheltered from the open sea by
he Hel Peninsula, is formed by waters of Puck Bay, while the
estern-most shallow part of the latter is called Inner Puck
ay or the Puck Lagoon. Gda ńsk Bay is enclosed by a large
urve of the shores of the Hel Peninsula and the Sambian
eninsula. The coast of the bay features two very long sand
pits, the Hel Peninsula and the Vistula Spit. The first one
efines Puck Bay, the latter one defines the Vistula Lagoon.
he maximum depth is 120 m, salinity ranges from 3 to 7 PSU
0.3—0.7%). The major ports and coastal cities are Gda ńsk,
aliningrad and Gdynia. 
The main river entering Gda ńsk Bay is the Vistula with

 yearly run-off of about 40 km 

3 . Gda ńsk Bay receives the
aters of the Vistula directly via the Przekop, whereas the
miała Wisła, and the Martwa Wisła are inactive. To the west
f the Vistula river, several streams discharge waters to the
ay with the yearly runoff equal to 0.09 km 

3 . The Pregola
ischarges waters to the bay indirectly, through the Vistula
agoon. Most of the suspended matter load is retained in
he lagoon, influencing the bay to a small extent. 
Inner Puck Bay receives waters of several streams. The

ajor ones are the Płutnica and the Zagórska Struga. Total
iver runoff to Puck Bay equals 0.03 km 

3 /annum. 
The surface water circulation in Gda ńsk Bay is anticlock-

ise, and from west to the east. Moreover, there is a sand-
ar marking the eastern border of the shallow Inner Puck
ay (2.1 m average depth). Since there are no tides in the
outhern Baltic the Vistula water is prevented from entering
uck Bay. Thus, two water bodies characterized by different
ydrology can be distinguished: Gda ńsk Bay and Inner Puck
ay. The former is characterized by large river discharge and
ubstantial depth. The latter is separated from Gda ńsk Bay
y a sandbar, and is characterized by limited river runoff
nd shallow bottom ( Majewski, 1990 ). 
Puck Bay is characterized by an extensive population of

quatic vascular plants ( Zostera, Potomageton ), and sub-
tantial phytoplankton primary production, while Gda ńsk 
ay has got comparable primary production, while the vas- 
ular plants population is of little importance there ( Kruk-
owgiałło, 2008 ; Majewski, 1990 ). 

. Material and methods 

.1. Sampling 

he surface sediment samples were collected by means of
 gravity corer from Gda ńsk Bay at locations presented in
igure 2 . The uppermost 0—2 cm layers were taken for
nalyses. Twice (May and October) samples of riverine sus- 
ended matter were recovered from about 600 liters of wa-
er which were collected from the Vistula river, about 2 km,
nd the Płutnica — about 0.3 km, upstream from the river
outh. The suspended matter was decanted, centrifuged 
nd freeze-dried to yield 1.8—2.5 g of dry material. Marine
uspended matter samples (some 0.3 g each) were collected
y filtering some 200 dm 

3 of water through GF/F glass fiber
lters. 
Wood, leaf and moss samples were collected in autumn,

rom typical terrestrial plants (pine, oak, birch, maple) 
rowing along Gda ńsk Bay coast. Tissue samples provide, at
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Figure 2 The study area (sampling stations: s — sediment, plankton and suspended matter samples, v — marine vascular plants, 
L — land vascular plants). Dashed arrow indicates direction of water circulation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

least, three examples from each of four categories of plant
tissue types: woody (branch) and non-woody (leaf) tissues
of gymnosperms and angiosperms. 

Samples of marine biota including vascular plants ( Pota-
mogeton sp., Charophyta, Zostera marina ), phytoplankton
( Chlorella vulgaris , Scenedesmus sp., Pilayella litoralis,
mixed plankton), mussels ( Mytilus trossulus , Mya arenaria )
were collected from the study area and stored dry till anal-
yses. 

Location of sampling stations is presented in Figure 2 ,
while the characteristics of the collected samples are given
in Table 2 . 

3.2. Analytical methods 

The following properties of the collected samples were an-
alyzed in the laboratory: moisture, organic matter, lignin
oxidation products (C, V, S, H — phenols), and δ13 C. 

Moisture (60 °C, 24 h) and loss on ignition (450 °C, 4 h)
were measured in each sample. Loss on ignition was used
as a measure of organic matter (OM) concentration. It was
recalculated to organic carbon (C org ) using the following for-
mula: C org = 0.45 x OM ( Jonsson and Carman, 1994 ). 

The analysis of lignin-derived phenols was performed af-
ter CuO oxidation according to a procedure developed by
Hedges et al. (1982) and modified by Staniszewski et al.
(2001) . In short, steel bombs were loaded with various sam-
ples comprising about 50 mg organic matter (0.1 mg accu-
racy), 400 mg of powdered CuO, 100 mg of Fe(NH 4 ) 2 (SO 4 ) 2 ·
6(H 2 O) and 3 ml of NaOH (2 mol/dm 

3 ). After 5 h at 180 °C,
the contents were centrifuged at G = 2400 and rinsed with
water several times. The combined supernatants were acid-
ified to pH 1.5 with 6M HCl and centrifuged again. The
precipitate was rinsed with acidified water. The combined
acidified supernatants were extracted three times with
ethyl acetate. The ethyl acetate was then evaporated off
and the dry residues were stored in a desiccator at 4 °C
for derivatization and GC analysis. The dried products were
dissolved in pyridine (250 μl) before the addition of 150
μl of the silylating reagent [BSTFA — bis(trimethylsilyl) -
trifluoroacetamide] and derivatized for l h at room temper-
ature. The derivatised products were analyzed in a gas chro-
matograph (Shimadzu 17A) on fused silica capillary columns
(Phenomenex ZB-5, 30 m x 0.25 mm x 0.50 mm) with flame
ionization detection. The GC-FID analyses were performed
under the following conditions: initial oven temperature
120 °C min, rate of oven temperature increase 3 °C/min, fi-
nal oven temperature 270 °C; the temperature of injector
and detector: 300 °C; carrier gas: helium with a flow rate of
1.5 ml/min. 

Degradation products were quantified with commercial
type phenolic acids and phenolic aldehydes (Fluka AG). Cal-
ibration curves and recovery rates based on internal stan-
dards (3-etoxy,4-hydroxy-benzaldehyde) and standard addi-
tion of the analyzed compounds were used for quantitative
analyses. The average recovery was 78 ± 3% (n = 5). Blanks
ran parallel to the samples proved the lack of signal at re-
tention times characteristic of the analyzed samples. The
limit of detection ranged from 0.1 to 0.8 μg/g depending
on the measured analyte, and never exceeded 2% of the an-
alyte. 

Stable carbon isotopes were analyzed according to a pro-
cedure described by J ędrysek et al. (2003) . In short, a sam-
ple comprising some 3 mg of organic matter was combusted
with CuO at 900 °C in a glass ampoule. The evolving car-
bon dioxide was cryogenically purified and transferred to a
model Finningan Mat CH7 mass spectrometer equipped with
a model Finnigan Mat Delta E detector. The PDB interna-
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Table 2 List and short characteristics of collected samples. 

Sampling date 
Place of 
sampling ∗ Type of sampling Description 

04.04. Vistula River 
Płutnica River 

suspended matter About 600 dm 

3 of water was processed 
07.09. 

20.10. Landscape Park maple — branch Branches of trees with leaves still 
attached to them were collected maple — leaf 

oak — branch 
oak — leaf 
birch — branch 
birch — leaf 
pine — branch 

13.10. Gda ńsk Basin Pilayella litoralis Vascular plants were collected by a 
scuba diver. Phytoplankton samples 
were collected with a net towed with 
a speed 1.5 knot, mussels were 
collected with a dredge towed with a 
speed of 2.5 knots 

Potamogeton sp. 
06.06. Charophyta 

Zostara marina 
Chlorella vulgaris 
Scenedesmus sp. 

04.06. Plankton, mixed 
Tissues of mussels: 
Mytilus trossulus 
Mya arenaria 

04.06. Gda ńsk Basin Suspended matter About 200 dm 

3 were filtered through 
GF/F glass fiber filters 

∗ see map in Figure 2 for location of sampling grounds. 
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ional standard was used for calculating the stable carbon 
sotope ratio ( δ13 C) according to the formula: 

13 C = 

[ 
13 C 
12 C 

] 
sample −

[ 
13 C 
12 C 

] 
standard 

[ 
13 C 
12 C 

] 
standard 

. 

Stable carbon isotopes ratio was measured with the 
.05 ‰ accuracy. 

.3. Modeling contribution to sedimentary organic 

atter from various sources 

he contributions of organic matter originating from various 
ources in the Bay of Puck sediments were established by 
eans of nonlinear estimation ( Kulinski and Pempkowiak, 
008 ; Pempkowiak et al., 2006 a). The modelled contribu-
ions ( a — riverine: R , b — marine vascular plants: V , g —
hytoplankton: P ) were calculated from linear regression 
quations independently for values of δ13 C and �8 in sed- 
mentary organic matter (OC M ), measured in actual sam- 
les. 

 C M δ
13 C = a ∗ δ13 C ( R ) + b ∗ δ13 C ( V ) + g ∗ δ13 C ( P ) 

 C M �8 = a ∗ �8 (R ) + b ∗ �8 (V ) + g ∗ �8 (P) 

This is based on the following assumption: the total con- 
entration of a given property (either �8 or δ13 C) consists 
f three portions contributed by each of the members in 
roportion to the mass contribution of organic matter origi- 
ating from the sources. 
The unknown contributions are calculated applying non- 
inear estimation. Statistica 5 software package was used to
erform calculations. 

. Results and discussion 

.1. Lignin phenols in marine vascular plants 

n Table 3 yields of phenolic aldehydes and acids from ter-
estrial and marine plants, from riverine and marine sus- 
ended matter, and from marine sediments are presented. 
As for terrestrial plants, the yield of lignin phenols is in

he range from 5000 μg/g (maple leaf) to 21000 μg/g (oak
eaf), and from 8000 μg/g (pine wood) to 11000 μg/g (birch
ood), respectively for soft and hard parts of the inves-
igated plants. Moss was characterized by the exception- 
lly high yield of phenolic aldehydes and acids (22000 ±350
g/g). Yields of the sum of vanillin, syringil, and cynammyl
henols recalculated to 100 mg organic carbon ( �8) are in
he same range as reported earlier for plant tissues ( Hautala
t al., 1997 ; Hedges and Mann, 1979 ). 
Marine planktonic material yielded none of lignin phe- 

ols, and neither did soft tissue of mussels collected in the
da ńsk Basin. It is interesting to see that �8 phenols are
ractically lacking in the coastal surface suspended mat- 
er. This may be attributed to the lack of lignin phenols
 �8 = 0) in the planktonic material, dilution of riverine sus-
ended matter by biomass originating from planktonic pri- 
ary production and transport to the sedimentation basin 
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Table 3 Yields of lignin phenols and δ13 C in the analyzed samples. 

Sample Lignin phenols/ ±standard deviation Lignin indexes δ13 C ( ‰ ) 

V C S H �8 C/V S/V 

μg/g μg/100 mgC 

Gimnosperms 1 

- wood 2741 ±87 3576 ±93 899 ±39 4911 ±112 1935 ±108 0.49 ±0.03 2.3 ±0.4 -28.7 ±0.4 
- soft parts 3576 ±118 899 ±27 807 ±27 11365 ±317 1450 ±36 0.06 ±0.01 2.8 ±0.6 -28.5 ±0.3 
Angiosperms 2 

- wood 6616 694 842 442 1630 0.16 0.13 -26.0 
- soft parts 3215 1921 652 892 893 0.59 0.20 -27.2 
Suspended matter 
- Vistula River 3 2871 2207 5536 4138 2120 0.77 1.9 -26.4 
- Płutnica River 3 2530 2230 6320 1890 2350 0.90 2.5 -27.1 
- Puck Bay 3 14 8 BLD BLD 4.0 0.57 - -20.5 
- Gda ńsk Bay 3 25 14 15 8 8.1 0.56 0.60 -23.7 
- Southern Baltic 14 12 BLD BLD 5.2 0.86 - -22.2 
Marine biota 
- vascular plants 4a 176 83 177 1529 89.8 0.52 1.05 -11.7 
- phytoplankton 4b BLD BLD BLD BLD BLD - - -22.0 
- mussels 4c BLD BLD BLD BLD BLD - - - 
Marine sediments 
- Puck Bay 5a 1800 ±65 790 ±41 2150 ±76 1512 ±65 823 ±37 0.44 ±0.08 1.2 ±0.1 -23.0 ±0.2 
- Gda ńsk Bay 5b 1363 ±64 870 ±26 2760 ±82 1458 ±51 861 ±31 0.64 ±0.07 1.6 ±0.2 -24.8 ±0.2 

BLD — below detection limit. 
1 maple, oak, birch. 
2 pine. 
3 average of 2 samples. 
4a Potamogeton sp., Charophyta, Zostara marina. 
4b Scenedesmus sp., Chlorella vulgaris , mixed phytoplankton. 
4c Mytilus trossulus , Mya arenaria. 
5a average of 3 samples. 
5b average of 5 samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

of, lignin-rich, riverine suspended matter in the above bot-
tom, nepheloid layer ( Pempkowiak et al., 2002 ; Winogradow
and Pempkowiak, 2018 ). Organic matter derived from uni-
cellular algae (phytoplankton) constitutes almost 100% of
primary production in the marine environment at a global
scale, although in the coastal, shallow regions marine vas-
cular plants can contribute substantially to the primary pro-
duction ( Chester, 2003 ; Cragg et al., 2020 ; Kruk-Dowgiałło,
2008 ). 

Exceptionally large concentrations of hydroxyl phenols
(H) in organic material derived from aquatic plants draw
attention. It seems to be a specific feature of aquatic
plants biomass. This was reported earlier by Hautala et al.
(1997) , and Hedges and Mann (1979) who concluded that
hydroxyphenols must have yet another source but lignin
polymer. In another study the hydroxyphenols were asso-
ciated with high chlorophyll α concentrations, indicating
a possible autochthonous source ( Cotrim da Cunha et al.,
2001 ). 

It follows from the presented data that marine vascular
plants yielded, on average, 435 μg/g compounds in question
(V + S + C). The range was from 300 to 500 μg/g ( �8 = 120
μg/100 mgCorg). Of the three species studied the highest
yield resulted from Zostera marina , although the differ-
ences between species are small. No reports on the occur-
rence of lignin phenols in the oxidation products of biomass
produced by marine biota have appeared so far. 

Terrestrial suspended organic matter is delivered to the
sea, mainly, with river runoff. Composition of suspended
matter isolated from river water provides indications on the
amount and quality of such material. On average concen-
trations of particulate lignin phenols in the Vistula water
fall in the range from 8000 to 10000 μg/g dry matter. The
yield and composition of the phenols derived from the Płut-
nica suspended matter are similar to these of the Vistula
River suspended matter. The riverine suspended matter �8
index measured in this study is equal to 2223 ±250 μg/100
mg organic carbon, close to other reported values ( Farella,
2001 ; Staniszewski, 2001 ). Seasonal variations of both the
yield and composition can be observed, possibly, due to the
river water flow variations ( Cortim da Cunha et al., 2001 ;
Staniszewski et al., 2001 ; Sun et al., 2017 ). 

4.2. δ13 C in the analysed samples 

In Table 3 the δ13 C values of the analyzed samples are
presented. Except for pine wood ( δ13 C = —26 ‰ ) terres-
trial plants material, and riverine suspended matter falls
in the range from -28 ‰ to -30 ‰ , typical of terrestrial
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lants ( Maksymowska et al., 2000 ; Opsahl and Benner,
995 ). Organic material derived from marine vascular plants 
ostera marina , and Potamogeton sp. is characterized by 
uch higher δ13 C values (-12 ‰ ) than marine phytoplankton
-22 ‰ ), while marine suspended matter and marine sedi- 
ents are characterized by δ13 C values falling in the range
etween marine phytoplankton and riverine suspended mat- 
er, except the Bay of Puck, where it is marginally higher
-21.5 ‰ ). The exceptionally high values for the marine
ascular plants biomass were already reported earlier 
 Hamminga and Mateo, 1996 ; Hu and Burdige, 2007 ), and at-
ributed to the ability of seagrasses to use bicarbonate as an
norganic carbon source ( Raven et al., 2002 ). Sedimentary
rganic matter δ13 C signatures in both bays are typical of the
da ńsk Basin ( Maksymowska et al., 2000 ; Winogradow and
empkowiak, 2018 ), the Baltic ( Miltner et al., 2005 ; Voss et
l.,2000 ; Winogradow et al., 2019 ), and worldwide ( Gordon
nd Goni, 2003 ; Pradhan et al., 2014 ; Requejo et al., 1986 ,
003 ; Thorton and McManus, 1994 ). 
The occurrence of lignin phenols and abundance of heavy 

arbon isotope in marine vascular plants biomass may be 
ue to biased estimations of sedimentary organic matter 
rovenience evaluated by means of the end member ap- 
roach based on lignin resides and/or stable carbon iso- 
opes. 

.3. The influence of marine vascular plants 
iomass on the sedimentary organic matter 
roperties 

lthough the yield of �8 phenols derived from marine vas- 
ular plants biomass is 10 to 50 times smaller than that from
errestrial plants biomass, the ‘marine’ biomass lignin phe- 
ols may influence the overall yield ( �8) in sediments com-
rising organic matter originating from both sources, if a 
oad of marine plants biomass is substantial as compared to
rganic matter discharged to the sea from land. Therefore, 
he marine plants contribution cannot be entirely omit- 
ed when quantitative relations between marine and land 
riginated organic matter pools are considered. This con- 
erns especially coastal, shallow waters, characterized by 
estricted water exchange with the open sea, where organic 
atter derived from vascular marine plants can constitute 
ot only a substantial proportion of primary production, but 
an overwhelm organic matter load discharged to the sea 
ith river runoff ( Kruk-Dowgiałło, 2008 ). Therefore, a pos- 
ible influence of the marine vascular plants on the con- 
entration and composition of lignin phenols in the coastal 
ediments was investigated in some detail in this study. 
Not only are lignin phenols used to quantify the propor-

ion of land derived organic matter in marine sediments. 
atios of specific lignin phenols or their groups are used to
iscriminate between taxonomic plant classes (gymnosperm 

s. angiosperm) and tissue types (straw vs. woody tissue) 
nd to diagnose the diagenetic state of lignin material ( Jex
t al., 2014 ; Pempkowiak et al., 2006 ; Reeves, 1995 ). 
In the investigated samples the ratio of syringil to vanillin 

henols (S/V) range from 2.8 (gymnosperms, soft parts) to 
.13 (pine wood). The S/V ratio in riverine suspended mat-
er equals 1.9 and 2.5 respectively in the Vistula and the
łutnica suspended matter, indicating gymnosperms woody 
aterial as a source of suspended organic matter, while the
/V ratio in sediments ranges from 1.2 (Puck Bay) to 1.6
Gda ńsk Bay) — values smaller than the ratio in the river-
ne suspended matter. One explanation for the S/V values 
ould arise from the fact that in the surface sediments, the
ore degraded organic matter might be contained. It has 
een shown by several authors ( Farella et al., 2001 ; Hedges
t al., 1988 ; Jex et al., 2014 ; You et al., 2018 ) that in the
ourse of degradation, lignin derivatives lose syringil units 
uch faster than vanillil ones. This is unlikely in the pre-
ented case, however, considering that based on sedimen- 
ation rates in the area ( Pempkowiak, 1991 ; Winogradow
nd Pempkowiak, 2014 ), surface sediments not older than
0 years were analysed. 
In material derived from marine vascular plants, the S/V

atio equals 1.05 ( Table 3 ), which means that the S/V ra-
io values in sedimentary organic matter may be influenced
ubstantially in sediments rich with organic matter derived 
rom vascular plants. 
The C/V ratios of lignin phenols in the analysed samples

re in the range from 0.49 (gymnosperms, wood) to 0.06
gymnosperms, soft parts). In the riverine suspended mat- 
er the C/V ratio equals 0.77 and 0.90, while in the Gda ńsk
asin sediments it ranges between 0.29 and 0.44.This indi-
ates that the contribution of nonwoody plant fragments is 
mall ( Hedges and Mann, 1979 ; Opsahl and Benner, 1995 ).
ince the ratio in the marine vascular plants biomass equals
.55, the contribution of marine vascular plants is likely, al-
hough not as obvious an explanation as in the case of the
/V index. Modern pollen yielding high amounts of cynam-
yl phenols ( Hu et al., 1999 ) may be another factor influ-
ncing C/V ratio values. 
The dependence of S/V vs C/V for both marine and ter-

estrial plants is presented in Figure 3 . Terrestrial plants are
haracterized by large S/V values and small C/V values. Ma-
ine plants have small S/V values and both small and large
/V values. S/V ratios in the range from 0.1 to 1.0 are at-
ributed to angiosperm plants material, while C/V ratios in
he range from 0.1 to 0.4 are attributed to gymnosperm
lants ( Cragg et al., 2020 ; Hedges and Mann, 1979 ) Since
/V values are used to differentiate between angiosperm 

s angiosperm plants, lowering S/V values due to contri-
ution of marine vascular plants phenols may lead to mis-
udgment in this respect. It must be kept in mind, however,
hat the yield of lignin phenols from marine plants is smaller
han that from terrestrial plants by an order of magnitude.
herefore, the influence will be manifested only in samples 
omprising a large fraction of V + S + C phenols derived from
arine plants biomass. 
The distribution of both the S/V and C/V indexes is

et another indication that contribution of marine vascular 
lants biomass to marine sedimentary organic matter should 
e taken into account when investigating provenience bas- 
ng on lignin resides and/or stable carbon isotopes. 

The extent of the influence depends both on the actual
alues of indexes ( �8, C/V, S/V), and on the proportion of
rganic matter derived from the marine vascular plants in
he total sedimentary organic matter. This depends on the
ottom coverage by marine vascular plants, biomass pro- 
uction by the plants and hydrology of a given water body.
he resistance to biochemical degradation of V, S, and C
henols precursors is also an important factor here. These,
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Figure 3 The plot of S/V vs. C/V indexes of the investigated samples. 

Table 4 Characteristics of lignin phenols in a two member system (riverine suspended organic matter and marine vascular 
plants biomass). 

Organic carbon composition 
RPC 1 : MVPC 2 

Expected 3 �8 Actual 4 �8 Expected/Actual 

μg/100 mgC % Terrestrial 
organic matter 

S/V C/V 

100 : 0 2100 2100 100/100 1.93/1.93 0.77/0.77 
99 : 1 2079 2080 99/99 1.93/1.92 0.77/0.77 
95 : 5 1995 1999.5 95/95 1.93/1.89 0.77/0.76 
90 : 10 1895 1899 90/90 1.93/1.84 0.77/0.76 
75 : 25 1575 1597.5 75/76 1.93/1.71 0.77/0.70 
50 : 50 1050 1095 50/52 1.93/1.49 0.77/0.64 
25 : 75 525 592.5 25/28 1.93/1.27 0.77/0.57 
10 : 90 210 291 10/14 1.93/1.14 0.77/0.53 
5 : 95 105 190.5 5/9 1.93/1.09 0.77/0.51 
1 : 99 21 110.1 1/5 1.93/1.06 0.77/0.50 
0 : 100 0 90 0/4 1.93/1.05 0.77/0.50 
1 Riverine Particulate Organic Carbon. 
2 Marine Vascular Plants Organic Carbon. 
3 assuming the lack of lignin phenols in marine vascular plants ( �8 = 0). 
4 assuming �8 of lignin phenols as in Table 3 ( �8 = 90). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

of course, depend on local environmental factors. Assuming
just the two organic matter sources, theoretically, compo-
sition of sedimentary organic matter may range from 100%
land- 0% marine vascular plants derived, to 0% land- 100%
marine vascular plants derived. In Table 4 , �8, S/V and C/V
indexes are presented of hypothetical sedimentary organic
matter consisting, in varying proportions, of land derived
and marine vascular plants derived components. Character-
istics of the two end members ( �8, C/V, S/V) were taken
from Table 3 . It follows from the results of calculations pre-
sented in Table 4 that, as expected, the extent of the in-
fluence depends on the marine vascular plants contribution
to sedimentary organic matter. Up to some 50% contribu-
tion, the influence on �8 is weak. It raises when contribu-
tion reaches some 60%. Actual values of both S/V and C/V
indexes differ substantially from calculated already when
the terrestrial contribution decreases to 75%. It can be con-
cluded that both the calculated proportion of terrestrial or-
ganic matter in sedimentary organic matter and origin of
lignin, judged by S/V and C/V indexes, can be seriously mis-
judged based on lignin derivatives alone ( Table 4 ). It has
been already pointed out that δ13 C cannot be trusted in ar-
eas with strong vascular marine plants biomass production,
either. Therefore, a different approach is necessary for ar-
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Table 5 The inflow of lignin phenols to the study area. 

Water body Input V + S + C (kg/year) 

Riverine Marine Vascular Plants 

Gda ńsk Bay 24750 1 231.2 3 

Puck Bay 825 2 462.4 4 

1 Assuming: river runoff 1060 m 

3 /s, suspended matter concentration 8 mg/dm 

3 , organic matter in suspension 20%, yield of �8 as in 
Table 3 . 
2 Assuming: river runoff 2.8 m 

3 /s, suspended matter concentration 7 mg/dm 

3 , organic matter in suspension 14%, yield of �8 as in 
Table 3 . 
3 Assuming: bottom covered by Potamogeton + Zostera marina + Zanichella — 6.1 km 

2 , biomass yield g/(m 

2 year) Potamogeton —
32, Zostera marina — 26, Zanichella — 7.5, �8 yield as in Table 3 . 
4 Assuming: bottom covered by Potamogeton + Zostera marina + Zanichella — 13.2 km 

2 , biomass yield as, in footnote no 3, above, 
�8 yield as in Table 3 . 

Table 6 Average values of sedimentary organic matter origin indicators and proportion of land derived organic matter in 
Gda ńsk Bay and Inner Puck Bay sedimentary organic matter ( ML% ), based on different indicators. 

Indicator Unit Gda ńsk Bay 1 Puck Bay 2 

δ13 C ‰ —24.8 ±0.2 —23.2 ±0.1 
�8 mg V + S + C / 100 mgC org 861 ±45 823 ±37 
S/V — 1.60 ±0.15 1.20 ±0.10 
C/V — 0.64 ±0.03 0.40 ±0.02 
Proportion of terrestrial organic matter 
- based on δ13 C % 47 20 
- based on �8 % 41 39 
- based on loads of lignin phenols % — 35 
- based on the ‘three end members’ % 44 30 

1 average of 5 samples. 
2 average of 3 samples. 
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as where a strong contribution from marine vascular plants 
s suspected. 

.4. Origin of sedimentary organic matter in the 

tudy area 

ne such area is Puck Bay, a shallow-bottom and well shel-
ered, north-west corner of the Gda ńsk Basin. In Table 5
stimated inflow of autochthonous and allochthonous sus- 
ended organic matter is presented for Puck Bay, and 
da ńsk Bay. The load of lignin residues discharged to the sea
ith the riverine suspended matter is comparable to a load 
f precursors derived from marine plants in Puck Bay, while 
n Gda ńsk Bay a load of lignin phenols precursors derived
rom marine plants is two orders of magnitude smaller than
he one brought to the bay with the Vistula runoff. Since
oth bays constitute two separate water bodies, sedimen- 
ary organic matter may reflect the mixed origin of lignin 
henols precursors in Puck Bay as opposed to practically sin- 
ular source in Gda ńsk Bay. 
In Table 6 terrestrial organic matter proportions (ML%) in 

he sedimentary organic matter, based on lignin phenols and 
13 C, are listed. Values for Gda ńsk Bay are close to one an-
ther independently of the applied indicator. However, Puck 
ay land derived organic matter proportions differ by a fac-
or of 2 (20% — based on lignin vs. 39% — based on δ13 C). The
8 index suggests a substantial contribution of land derived 
rganic matter to the bay. Since the lignin phenols in the
iverine organic matter originate from woody gymnosperm 

lants, the S/V and C/V indexes should be equal to 2.6 and
.49, respectively. However, the actual values are different 
 Table 3 ), confirming the substantial contribution of mate-
ial comprising lignin phenols from a source differing with
he quality of phenols from that in river runoff. Biomass of
arine vascular plants is an obvious contributor of such ma-
erial. 
It is difficult to quantify the contributions, still there

re several approaches to do it. One way of evaluating the
ontribution is comparing the V + S + C phenols loads derived
rom the inflow of terrestrial organic matter, and that de-
ived from biomass production of marine vascular plants 
n the study area. The respective figures are presented in
able 5 . The load of the V + S + C phenols originating from
arine vascular plants is smaller than the riverine one in
oth the bays ( Table 5 ). In Gda ńsk Bay, the contribution is
elow 1%. Therefore, as explained earlier, on the regional
asis no real threat of misusing lignins as biomarkers of ter-
estrial organic matter exist. However, in Puck Bay, the con-
ribution is 35%. It may be concluded therefore that locally,
n areas with substantial bottom coverage by the underwa-
er meadows, and at the end of the growing season such
 possibility exists, as the example of Puck Bay proves. In
uch an area substantial deviations from results of the two
nd-members approach based on lignin phenols could be ex-
ected and actually take place. Interestingly enough, also 
table carbon isotopes ratio measured in samples collected 
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in the Bay of Puck shows high values. This may be well at-
tributed to the exceptionally low values of δ13 C in organic
material originating from marine vascular plants. 

The gathered evidence suggests that in the Bay of Puck
a three-member system would better reflect geochemistry
of organic matter. The end members are: the riverine or-
ganic matter — R ( �8 = 2500, δ13 C = -28.5 ‰ ), marine vascu-
lar plants — V ( �8 = 90, δ13 C = -12.0 ‰ ), and marine phyto-
plankton — M ( �8 = 0, δ13 C = -22.0 ‰ ). Basing on these char-
acteristics the riverine — a, marine vascular plants — b,
and marine phytoplankton — g, contributions to the sedi-
mentary organic matter were calculated. The nonlinear es-
timation used for this purpose ( Pempkowiak et al., 2006 ;
Kulinski and Pempkowiak, 2008 ), proved the contributions
to be, on average, 30% — a, 40% — b and 30% — c, for three
samples of sediments collected in the bay. A need for in-
troducing a three member approach was suggested earlier.
Bianchi et al. (2002) and Gorgon and Goni (2003) , noticed
that distributions of sedimentary organic matter properties
in the northern Gulf of Mexico can be explained by the sep-
aration of terrestrial organic matter into two fractions dif-
fering with the properties and distribution in sediments;
while Requejo et al. (2003) suggested diversified terres-
trial lignin sources at the Washington coast. The features
may be attributed to fractionation of lignin residues due
to specific surface area of sediment particles ( Bergamasi
et al., 1997 ), hydrodynamic factors ( Ji et al., 2020 ) and
bacterial activity ( Yu et al., 2018 ). The phenomenon de-
scribed here is based on entirely different mechanism,
however. 

5. Conclusions 

Oxidative degradation of marine vascular plants biomass
yields vanillin, cynammyl, and syringil phenols. The aver-
age yield of eight analyzed phenols ( �8) is 90 μg/100 mg
organic carbon. In areas characterized by a large supply of
marine vascular plants biomass and a small load of river-
ine organic matter, lignin concentration ( �8) and lignin in-
dexes are strongly modified by phenols derived from marine
vascular plants biomass. Since the marine vascular plants
biomass is characterized not only by the specific compo-
sition of phenols, but by exceptionally high δ13 C values as
well, a three members approach is better suited for evalua-
tion of the sedimentary organic matter provenience in such
areas. Using a nonlinear analysis of the sedimentary organic
matter �8 and δ13 C in Puck Bay, Southern Baltic, the contri-
butions from the three sources in question were calculated
to be 40%, 30% and 30% respectively in riverine POM, marine
vascular plants, and phytoplankton. 
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Air-pollution effect and paleotemperature scale versus δ13 C 
records in tree rings and in a peat core (Southern Poland). Water
Air Soil Pollut. 145, 359—373 . 

ex, C.N. , Pate, G.H. , Blyth, A.B. , Spencer, R. , Hernes, P.J. ,
Khan, S.J. , Baker, A. , 2014. Lignin biogeochemistry: From mod-
ern processes to Quaternary archives. Quaternary Sci. Rev. 87, 
46—59 . 

ørgensen, S.E. , Fath, B.D. , 2008. Encyclopedia of Ecology. Elsevier,
1407—1413 . 

i, Y., Feng, L., Zhang, D., Wang, Q., Pan, G., Li, X., 2020. Hy-
drodynamic sorting controls the transport and hampers source 
identification of terrigenous organic matter: A case study in East
China Sea inner shelf and its implication. Sci. Total Environ. 706,
135699, https://doi.org/10.1016/j.scitotenv.2019.135699 . 

onsson, P. , Carman, R. , 1994. Changes in deposition of organic
matter and nutrients in the Baltic Sea during the twentieth cen-
tury. Mar. Pollut. Bull. 28, 417—426 . 

ruk-Dowgiałło, L. , 2008. Przyczyny i skutki wieloletnich zmian fi-
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