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Anaerobic sediment organic matter decay generates methane, delays sediment consolidation, reduces sediment
density, viscosity and shear strength, all impacting the sediment rheological parameters and the navigable depth.
This study quantifies the share of anaerobically and aerobically degradable sediment organic matter (SOM) in a
depth profile and along a transect through the tidal river Elbe in the section of the Port of Hamburg. From
exponential organic matter decay functions, organic matter decay rates (mg C grdc d1) were derived and
clustered with a k-Means Cluster Analysis. The reactivity of different (kinetic) organic matter pools along the
river transect were characterized based on their biodegradation rates. A fast, medium, slowly and non-
degradable pool (pools 1-4) were identified based on the measured organic matter lability. SOM lability
decreased from upstream to downstream, evidenced by the decreasing amount of the easily degradable pool 1
material from upstream to downstream. The size of the slowly degradable pool 3, assumed to be associated with
SOM bound to the mineral particles, did not show any spatial gradient and is therefore suggested to represent a
baseline share of hardly accessible SOM in the investigation area (about 12%—16% of TOC). Total degradability
thus appears to be governed by the amount of SOM present in addition to this basis (pool 3), which in turn
follows a source gradient and an age gradient from upstream to downstream. The recalcitrant pool 4 was the
largest at any part of the harbour, for any depth, and for both, anaerobic and aerobic conditions (about 75%—
85% of TOC). This indicates that the sediment in the investigation area, including the uppermost fluidic and
freshly settled layers, mostly comprises stabilised organic matter and contributes largely to storage of organic
carbon. Differently sized anaerobic SOM pools with depth were observed as well as seasonal changes of the easily
degradable SOM pool 1. The degradability was larger in upper sediment layers, it was also larger under aerobic
conditions (by about 10% of TOC) but the differences between aerobic and anaerobic decay decreased from
upstream to downstream.

1. Introduction

Organic matter interacts with the sediment mineral phase through
Van der Waal’s or Coulombic forces. By bridging mineral particles and
thereby promoting floc formation (Deng et al., 2019), organic matter
can enhance settlement of suspended particulate matter (SPM). Shakeel
et al. (2019) showed that organic matter increased the yield points
(shear stresses) of freshwater Elbe sediments at a given density while
Wurpts and Torn (2005) contend that microbially formed extrapoly-
meric substances (EPS) decrease yield point and viscosity of saline fluid
mud layers in Emden seaport. EPS have been shown to profoundly in-
fluence bedform dynamics, increasing the time for development of

bedforms for small quantities of EPS (Malarkey et al., 2015; Parsons
et al., 2016). Sills and Gonzalez (2001) and Jommi et al. (2019) have
demonstrated strong reduction in shear stresses by gas originating from
organic matter decay. The (anaerobic) decay of organic matter leads to
the generation of methane gas, delays sediment consolidation, reduces
sediment density, viscosity and shear strength (Shakeel et al., 2022;
Zander et al., 2022), impacting flow properties and therefore the navi-
gable depth. Given the effects organic matter can exert on the physical
behaviour of fine-grained sediment (mud), it is of interest to assess its
lability, or, inversely, its stability or recalcitrance towards microbial
degradation.

Microbial degradation of sediment organic matter (SOM) is part of
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the natural aquatic carbon cycle. SOM degradation and, complemen-
tary, burial of non-degraded SOM, depends on the amount of organic
matter, its intrinsic lability, environmental conditions driving microbial
activity and the availability of terminal electron acceptors (for a review
see Arndt et al., 2013). Phyto- and zooplankton biomass is an important
source of labile organic matter in aquatic systems (van Duyl et al., 1999;
Tillmann et al., 2000; Wolfstein et al., 2000), providing autochtonous,
easily degradable organic matter (Grasset et al., 2018) to the system.
Boyd et al. (2013) showed this fraction to be readily degraded under
both, anoxic and oxic, conditions. Similarly, McKew et al. (2013) found
that in estuarine sediments, the anaerobic community could rapidly
utilise labile biofilm DOC and EPS at the same rates as the aerobic
community. For the investigated transect through the Port of Hamburg,
the source area for labile organic matter is the non-tidal shallow,
eutrophic upstream river section with enhanced net primary production,
whereas the significantly deeper waters of the Hamburg Port area are
characterized by light-deficiency induced decay of algal biomass and
zooplankton grazing (Schoel et al., 2014). For a section of about 200 km
upstream of the Port of Hamburg, Kamjunke et al. (2021) coupled
phytoplankton biomass to solar irradiation and low river discharge,
inducing less mixing within the water column. They showed that it was
hampered by nutrient dynamics only when biomass concentrations were
high. In downstream sections of the Elbe River, the share of particulate
organic material decreased, indicating decomposition in the upper es-
tuary and dilution with inorganic SPM from the lower estuary (Brock-
mann, 1994). Easily degradable organic matter of marine phytoplankton
origin hardly reaches the investigated section as it is already degraded
during its upstream-directed passage through the zone of maximum
turbidity (Wolfstein and Kies, 1999).

In addition to autochtonous, labile organic matter the investigation
area also receives allochtonous organic matter bound to mineral parti-
cles originating from the North Sea with (Kappenberg and Fanger, 2007;
Zander et al., 2020), due to its location in the tidal section of the Elbe
river. This share is stabilized in organo-mineral complexes in which
organic matter is less accessible to microbial decay (Baldock and
Skjemstad, 2000; Six and Paustian, 2014; Gao et al., 2019). Although
significantly lower carbon release rates can therefore be expected from
the microbial decay of this organic matter fraction, its high mass as part
of the mineral sediment inventory makes it an important pool in the
overall sediment carbon budget. For many estuaries, fundamental data
gaps hamper the understanding of the connectivity of terrestial, aquatic
and marine carbon budgets (Ward et al., 2015).

When organic matter is degraded under aerobic conditions in the
water column or close to the sediment-water interface and the aerobic
microbial activity exceeds the rate of oxygen supply, oxygen depleted
zones can form in the water column (Rabalais et al., 2010). Die-off of
upstream riverine phytoplankton in downstream areas led to oxygen
depleted zones in the Elbe river (Geerts et al., 2017). Grasset et al.
(2021) found that the methane production, resulting from anaerobic
sediment organic matter decay, increased linearly with the quantity of
phytoplankton-derived and terrestrially-derived organic matter. The
methane production correlated strongly and positively with the amount
of organic matter supply and negatively with the C/N ratio. Technical
problems arising from methane-enriched sediment include impeded
nautical depth finding due to reflection of sonic waves and risks of ex-
plosion in the suction head and on board of trailing suction hopper
dredgers. From various perspectives it is therefore of interest to under-
stand the drivers and mechanisms of organic matter decay in river
sediments as well as the size of degradable organic matter pools.

Earlier investigations, using sediment data from the Port of Hamburg
from 2018, revealed spatial gradients of SOM decay in the tidal Elbe
river around the Port of Hamburg, with a gradient of decreasing SOM
decay from upstream to downstream and with depth/age (Zander et al.,
2020). SOM decay kinetics in all layers mostly showed an asymptotic
behaviour with rates decreasing exponentially over time. For many
samples, the data were best described by applying multiphase (mostly
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two phase) exponential decay models. This suggested that also in these
freshwater sediments discrete organic matter pools with specific decay
rate constants exist, proposed earlier by Boudreau and Ruddick (1991),
which decrease over time, as shown by Westrich and Berner and refer-
ences therein) (1984) for freshwater phytoplankton, and by Jgrgensen
(1979, 1982) and Middelburg (1989) for marine sediments. As a result,
more recalcitrant organic matter components progressively accumulate
(Burdige, 2007; Middelburg and Meysman, 2007).

This study quantifies the share of anaerobically and aerobically
degradable organic matter along a transect through the Port of
Hamburg, part of the tidal Elbe river (Fig. 1), and thereby provides a
novel basis for future carbon budgeting studies within the investigation
area. This study identifies the reactivity and size of different (kinetic)
organic matter pools along the river transect based on their biodegra-
dation rates using a three year observation period. SOM decay or SOM
mineralization is defined as the amount of sediment organic carbon
released by microbial decay, occurring under different environmental
boundary conditions such as temperature and redox state. The latter was
investigated by measuring the carbon release by microbial SOM decay
under anaerobic and aerobic conditions in the laboratory. It was hy-
pothesized that.

1. A recalcitrant (non-degradable) carbon pool can be found in the
harbour sediments. This pool is larger under anaerobic conditions
and smaller under aerobic conditions.

2. The input of biogenic organic matter from primary production up-
stream of the harbour reflects in higher SOM degradability, hence a
larger pool of organic matter with high degradation rates, in up-
stream parts of the investigation area.

3. Downstream, a greater share of carbon is found in both, the slowly
degradable and the recalcitrant organic matter pool.

4. Upper sediment layers contain more easily degradable carbon. Hence
a larger share of the total carbon can be found in this labile pool.

2. Investigation area and sampling approach

Eleven locations within the tidal Elbe River around the Port of
Hamburg (Fig. 1) were sampled on average every two months in the
period 2018-2020, with locations P1 to P9 presenting sedimentation
hotspots requiring enhanced maintenance activity by the port. At each
location, between three and five sediment cores per sampling event were
retrieved using a core sampler (‘Frahmlot’; Shakeel et al., 2020). For
each core, up to four (if present) different layers were distinguished from
top to bottom: suspended particulate matter (SPM), fluid mud (FM),
pre-consolidated sediment (PS), and consolidated sediment (CS). These
layers were separated and a mixed sample per layer prepared from the
respective material of the multiple cores. In this study, data on organic
matter decay rates and organic matter pool sizes are presented for all
samples from 2018 and 2019, amounting to a total of n = 268,
extending the data set presented by Zander et al. (2020) considerably.
Samples were transported to the laboratory under cool conditions in
air-tight containers and processed swiftly upon arrival in the laboratory.

3. Methods

Standard sediment properties (see Table 1) were analysed according
to the methods listed in Zander et al. (2020).

3.1. Anaerobic and aerobic decay of sediment organic matter

The sediment samples collected from the different layers (Section 2)
were stored in their gas-tight containers the fridge at 4 °C in dark until
analyses commenced, typically within a few days of sample collection.
SOM decay was assessed by measuring carbon release into the gas phase
(bottle headspace) over time upon incubation of the samples in the
laboratory in closed glass bottles sealed with butyl rubber stoppers
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Fig. 1. Investigation area around the Port of Hamburg (adapted from Hamburg Port Authority) with sampling locations between river km 598 (PO, upstream) and
646 (P10, downstream). Further information on sampling sites and sampling strategy in Zander et al. (2020).

under anaerobic and aerobic conditions for more than 250 days (see also
Zander et al., 2020). All samples were analysed in triplicate at their in
situ water content.

3.1.1. Anaerobic degradation of organic matter

Depending on the water content and the expected gas production
rate, about 150-300 g of fresh sample were placed into 500 ml glass
bottles. The bottle headspace was flushed with 100% N to establish
anaerobic conditions and incubated at 36 °C in dark. The elevated
experimental temperature was chosen to warrant exhaustive decay of
organic matter within the time frame of the experiment (see Fig. 2) in
order to assess degradability of sediment organic matter as accurately as
possible.

For some samples, measurements were carried out for at least 500
days until cumulative carbon release approximated a plateau (i.e.,
decreased to very low rates). The total amount of generated gas was
expressed as mass unit of carbon released per mass unit of organic car-
bon as present in the original sample. Gas chromatographic analyses did
not detect any other gases besides Ny, CH4, and CO». The total number of
original samples analysed for anaerobic SOM degradability equalled
n = 268.

3.1.2. Aerobic degradation of organic matter

Aerobic SOM decay was quantified at an incubation temperature of
20 °C. To determine the degradation of organic matter under aerobic (i.
e., oxic) conditions, 15 g of homogenised fresh sample was incubated in
1 1 glass bottles at 20 °C in the dark with a headspace of atmospheric air.
The sample was distributed at the bottom of the bottles in a layer of only
a few millimetres thickness in order to minimise limitations to the
diffusion of oxygen into the sample.

The bottle headspace was flushed with atmospheric air in the
beginning of the measurements. The generation of CO5 was calculated
from the increase in headspace CO, concentration, measured with gas
chromatographic analyses (GC-TCD, Da Vinci Laboratory Solutions). As
soon as a concentration of 2.5% CO in the bottle headspace was
reached, the bottle was flushed anew with atmospheric air, then mea-
surements were resumed. Besides Oz, N3 and CO,, no other gases were
detected. The total number of original samples analysed for aerobic SOM

degradability equalled n = 243 for aerobic samples.

3.1.3. Analytical details

Headspace pressure was measured manually with a pressure gauge
(LEX1, Keller) using a needle pierced through the stopper. The genera-
tion of CH4 and CO5 (anaerobic) or only CO, (aerobic) was calculated
from the (increase in) headspace pressure in combination with gas
chromatographic analyses (GC-TCD, Da Vinci Laboratory Solutions) of
headspace composition (CHg, CO2, Oz, N2) using the ideal gas law.
Extraction of headspace volume for GC sampling was corrected for in the
calculation of gas generation and respiratory CO3 release by measuring
the headspace pressure before and after sampling. All values are re-
ported as the sum of (CH4-C and) CO»-C measured in the gas phase and
the share of CO,-C dissolved in the aqueous phase. The latter was
calculated using the CO, concentration, the volume of water, the pres-
sure in the bottle headspace and the temperature-corrected solubility of
CO4 in water as given by Henry’s constant (given in Sander, 2015). The
frequency of measurements was adapted to the gas production and the
respiration rates and decreased from daily intervals at the beginning of
the incubation to monthly intervals at the end.

3.1.4. Incubation temperature

As decay rates are lower under anaerobic than under aerobic con-
ditions, an elevated temperature was chosen for anaerobic incubation
(36 °C versus 20 °C during aerobic incubation) to enable similar incu-
bation time scales. The response of aerobic and anaerobic SOM decay to
temperature was analysed by measuring SOM decay for > 250 days on
aliquot samples incubated at 5, 10, 20, 28, 36 and 42 °C. In order to
directly compare SOM decay under anaerobic and aerobic conditions,
anaerobic SOM decay rates were normalised to a temperature of 20 °C
based on data from this separate temperature experiment (Li, 2018).
Hereby, the temperature coefficient function Q16 = Ro/R; was used,
with R; and Ry as the released carbon at the given temperature (i.e., Ry
at 20 °C and R, at 36 °C).
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Fig. 2. Example of a dual phase cumulative function of organic matter decay with fitting functions per individual pool for upstream location P1 (left) and down-
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4.2. Decay rates and sizes of organic matter pools

A k-means cluster analysis (see method section) was used to differ-
entiate the data set on decay rates for anaerobic (Fig. 3, left) and aerobic
SOM decay (Fig. 3, right) and to quantify the size of the according
organic matter pools. It was chosen to separate three clusters with cor-
responding decay rates (B1, B2, B3) based on the overall range of the
decay rates. The decay rates for anaerobically degrading SOM varied
between 0.1 mg C grdc d~! and 29 mg C grdc d ! (Fig. 3, left) with cut-
offs between pool 1 and pool 2 at 5.2 mg C gféc d!, and between pool 2
and pool 3 at 2.2 mg C grdc d L. For aerobic decay (Fig. 3, right), the
range of decay rates was between 0.1 mg C grdc d~! and 26 mg C g7éc
d™! and the cut-off values yielded between pool 1 and pool 2 at
5.5 mg C grdc d ), and between pool 2 and pool 3 at 2.4 mg C grdc d .
Hence, both, the decay rates as well as the cut-off values to separate
individual pools were very similar for anaerobic and aerobic decay. The
average half-lives were between 1.7 days (B1l) to 61 days (B3) for
anaerobic decay (Fig. 3, left) and between 1.3 days (B1) and 96 days
(B3) for aerobic decay (Fig. 3, right).

The following analyses aimed at quantifying the share of degradable

SOM under aerobic and anaerobic conditions and differentiating this
share into pools characterized by different degradation kinetics. How-
ever, it is not suggested that the identified aerobically and anaerobically
degradable SOM pools represent different physical entities.

Under aerobic conditions, SOM pool 1 was found mainly at upstream
locations P1 and P2 (Fig. 4, top left). The size of pool 2 strongly
decreased from upstream to downstream locations from around
250-50 mg C g1dc whereas pool 3 was mostly similar along the transect,
only location P1 showing slightly higher values (bottom left). For up-
stream locations, the total share of degradable SOM (sum of pool 1, pool
2 and pool 3) was higher than at downstream locations, as seen from the
increase of the mean share of the stable pool 4 from 680 to
850 mg C gféc from upstream (P1) to downstream locations (P9, Fig. 4,
bottom right).

Comparing aerobic and anaerobic decay conditions, aerobic decay
showed a larger share of degradable organic matter (Figs. 4 and 5, sum
of pool 1, pool 2 and pool 3). The aerobic decay exceeding the anaero-
bically degradable share by around 100 mg C grdc at location P1. At
downstream location P9, the anaerobically and aerobically degradable
share was about equal.
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sample n is valid for pool 4, because not all pools appeared for each sample.

Under anaerobic conditions, samples with the most rapidly degrading
SOM pool 1, corresponding to decay rate B1, were found mainly at
upstream locations P1 and P2 (Fig. 5, top left). The largest size of pool 2
was at P5 and P9 (Fig. 5, top right). The size of pool 3 was mostly similar
along the transect, slightly decreasing from upstream to downstream
(bottom left). At upstream location P1, the total share of degradable
SOM (sum of carbon in pools 1-3) was higher than at intermediate and
downstream locations. This was indicated by the significantly (non-
paired t-test: 0.0003) lower amount of carbon in the non-degradable
(stable) pool 4 (Fig. 5, bottom right). At upstream location P1,
240 mg C g74c were anaerobically degradable (760 mg C grdc non-
degradable) whereas at downstream location P9, only 160 mg C g1dc
were anaerobically degradable (840 mg C grdc non-degradable).

In terms of depth profiles, fluid mud (FM) on average had a share of
around 39% (anaerobic conditions, Fig. 6, left) and 34% (aerobic con-
ditions, Fig. 6, right) of degradable carbon (i.e., the sum of pool 1, pool 2
and pool 3), whereas consolidated sediment (CS) harboured 28% of
anaerobically and 30% of aerobically degradable carbon (Fig. 6). For
anaerobic decay (Fig. 6, left), the share of pool 1 and pool 2 was largest
for FM layers, pool 4 increased with depth (FM to CS) from 61% to 72%.
For aerobically degradable SOM pools (Fig. 6, right), no pool 1 was
observed for CS layers, depth related trends were less pronounced than
for anaerobic SOM pools. The initial average TOC content was 3.9% for
FM and pre-consolidated sediment (PS) layers and 3.7% for CS layers.

Location P1 is the least disturbed location in the Port of Hamburg in
terms of dredging and was therefore considered the best choice to
investigate time and depth-related trends. Redox potentials revealed
mostly anaerobic conditions in the sediment package. Hence, Fig. 7
focusses on the time- and depth-related trends for anaerobic SOM decay
at location P1. A clear seasonal trend was observed for the size of the
easily degradable pool 1. The size of pool 1 increased from 45 mg C gtdc

in March to 220 mg C gf(l)c in June, followed by a decrease towards the
end of the year (Fig. 7, left). This trend was less pronounced at other
locations and not detectable in other pools. The average pool sizes
decreased with depth (SPM to CS layer) for pool 1 and pool 2 (Fig. 7,
right). For pool 1 and pool 2, the degradable SOM was mainly found in
SPM and PS layers (Fig. 7, right) whereas pool 3 showed similar pool
sizes for all layers.

5. Discussion
5.1. Spatial trends of sediment organic matter (SOM) degradable pools

Organic matter can be viewed as a continuum of successively
degrading compounds (Lehman and Kleber, 2015), each with their in-
dividual decay constant (Boudreau and Ruddick, 1991). This study at-
tempts to cluster this succession of degradability in freshwater
sediments of the Elbe river by separating a fast (P1), medium (P2) and
slowly (P3) degradable organic matter pool. The degradability was
characterised by discrete first order rate constants, with half-lives of
hours to days, days to weeks and weeks to months (Fig. 3). This attempt
was similar to the work of Westrich and Berner (1984), also reviewed by
Arndt et al. (2013). It was assumed that the decay rates of easily
degradable (i.e., freshly settled riverine organic matter) are high and
decay rates of older (i.e., more mineral-bound, physically protected
organic matter) are low (Rothman and Forney, 2007). The decay rates
derived from the rate constants k were used to define and quantify the
differently degradable organic matter pools. A recalcitrant pool 4, which
was considered not biologically available, was calculated from the dif-
ference between the total TOC concentration and the sum of pools 1-3.

The recalcitrant average share ranged mostly between 65 % and 85
% (aerobic conditions, Fig. 4, bottom right) and 75-85 % of TOC
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(anaerobic conditions, Fig. 5, bottom right). This indicated that in most
samples the greatest part of SOM was stable and not available to mi-
crobial decay. On average, about 10% more SOM was degradable when
oxygen was available as terminal electron acceptor. This could be
explained by the more favourable thermodynamics with the larger

energy gain of the aerobic degradation pathway and the fact that under
anaerobic conditions hydrolysis and fermentation of structurally com-
plex organic matter are rate-limiting (Kristensen, 1995). Complete
mineralization as well as degradation of larger molecules (i.e., lignin) is
only accomplished under aerobic conditions. Further, estrogens,



F. Zander et al.

250 T T T T T T

200 - B

150 + B

100 4 B

50 + H

Anaerobic pool 1 sizes (mg C goc™)

T T
July August November

Month in 2019

T T T
March May June

Limnologica 96 (2022) 125997

"_o 250 SPM B
o l:l
> I Ps
O 200- Il cs -
(<]
é | -
$ 1504 | .
N
v =y
S 100 .
4 _
L
S 50- |
£
Q
©
<
0 T T T
Pool 1 Pool 2 Pool 3
Layer

Fig. 7. The anaerobically degradable pool 1 from March to November 2019 (left) and average (n = 12, 2018 and 2019) anaerobic pool sizes for SPM, PS and CS

layers for pool 1, pool 2 and pool 3 (right), both at location P1.

phthalates and surfactants are rapidly decomposed under aerobic con-
ditions (Blume et al., 2016) but not under anaerobic conditions. Corre-
spondingly, the recalcitrant pool 4 was larger under anaerobic
conditions. At upstream location P1, largest differences between aerobic
and anaerobic decay was found for pool 1 and pool 2. From upstream to
downstream, the differences between aerobic and anaerobic pool sizes
decreased. In an earlier study on dewatered and recently landfilled
dredged sediment from the Port of Hamburg, the anaerobically
degradable share amounted to only 3-11 % of the organic carbon
(Gebert et al., 2019). Hence a higher share of up to 89-97 % of TOC to be
present in the recalcitrant pool. It is plausible that for the dewatered and
landfilled sediment the degradable SOM fraction is smaller than for the
freshly sampled sediment analysed in this study. Pre-treatment and
several years of landfilling will have led to further depletion of
degradable SOM under first aerobic (during dewatering) and subse-
quently under anaerobic (landfilling) conditions.

The apparent lack of an aerobically and aerobically degradable pool
1 at downstream locations (Fig. 4, top left) was interpreted as a suc-
cessive depletion of easily degradable organic matter as the sediment
passes through the harbour area. This could be explained by the corre-
spondingly larger share of easily degradable organic matter at location
P1. A strong decrease in the aerobically available pool 2 was observed
along the transect (Fig. 4, top right), mirrored by an increase in the
recalcitrant pool 4 (Fig. 4, bottom right). Both under aerobic and under
anaerobic conditions, the size of the slowly degradable pool 3 did not
show a spatial gradient (Figs. 4 and 5, bottom left). It is hypothesised
that this pool constitutes a basis of about 150-200 mg C gf(l)c (aerobic
conditions, 15-20% of TOC) and 100-150 mg C gfcl)c (anaerobic con-
ditions, 10-15 % of TOC) of mineral-bound slowly degradable SOM of
predominantly downstream origin at all sampling locations. This pool
does not contribute significantly to carbon release in the short or in-
termediate time scales when sediment is naturally transported from
upstream to downstream.

About half of the high anaerobic and aerobic decay rates (B1, Fig. 3,
left and right) were found at location P1, reflecting the dominance of the
easily degradable organic matter (pool 1) at upstream locations (Fig. 5,
top left), resulting from the upstream input of biomass. Correspondingly,
the recalcitrant pool 4 was smaller by approximately 100 mg C grdc at
upstream location P1 compared to location P9 (Fig. 5 and Fig. 4, bottom
right). The largest share of the mineral bound organic matter reaches the
harbour from downstream with the tide. This was indicated by the
concentration of Zn in the particle size fraction < 20 pm (Kappenberg
and Fanger, 2007), showing elevated concentrations and therefore an
upstream signature only at locations PO and P1 (Table 1). Reese et al.

(2019) clustered sediment of the Elbe River as fluvial (to river km 615)
and as a mixture of marine and fluvial (between river km 615 and 700).
They based their clusters on element fingerprinting and isotopic tracer
approaches. These findings are corroborated by higher upstream oxygen
consumption rates (Spieckermann et al., 2021) and higher upstream
shares of organic carbon bound in the low density fraction and lower
8'3C values (Zander et al., 2020). Further it was indicated by increased
values of parameters representing phytoplankton biomass such as
chlorophyll a and silicic acid (Table 1). Also, increased concentrations of
solid phase nutrients (phosphorus, sulphur, nitrogen) and carbon were
found at upstream location P1. Hence, the spatial patterns of SOM de-
gradability found in this study are directly linked to source gradients of
labile autochtonous planktonic biomass, adding a small, but very reac-
tive organic matter fraction of upstream origin to the larger part of
recalcitrant organic matter from downstream.

5.2. Organic matter decay rates and degradable shares in soils and
sediments

In this section, comparisons of decay rates and SOM pool sizes with
literature will be made, including data from terrestrial soils. It is evident
that organic matter decay in soils is governed by different environmental
conditions (i.e., degree of saturation, redox potential, temperature) and
different sources of organic matter input. However, both, terrestrial soils
and sediments, comprise older, mature organic matter stabilized in
organo-mineral complexes as well as fresh, immature and easily
degradable organic matter originating from microbial, plant or animal
biomass. Moreover, sediment organic matter also comprises eroded
topsoil organic matter, while terrestrial soils in the river catchment
originate from river deposits during flooding.

For various terrestrial soils, Haynes (2005) listed values of poten-
tially degradable carbon for soils between 0.8 % and 12 % of TOC,
mostly between 5 % and 15 % of TOC. The sediments of this study
showed, compared to Haynes (2005), higher values of degradable
organic matter under anaerobic conditions, namely, on average between
13 % and 23 % of TOC (compare values for the recalcitrant pool 4,
Fig. 5). A higher share of degradable organic matter can be explained by
the continuous input of young, biogenic (phytoplankton), and less
degraded sediment-bound organic matter, reaching the investigation
area from the upstream parts of the river (Schoel et al., 2014). The input
of phytoplankton adds an organic matter pool with an elevated
degradable share of up to 50 % (e.g. Westrich and Berner, 1984). In soils,
high decay rates are associated with microbial biomass and are typically
found in the lighter density fraction Von Liitzow et al. (2007). In
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agreement with findings from McKew et al. (2013), the rates of carbon
release by microbial decay of sediment organic matter were similar
under aerobic and anaerobic conditions (Fig. 3).

In this study, the mean residence times (MRT) for degradable sedi-
ment organic matter (not shown) varied between three to five years if
decay rates were normalised to 20 °C and between 30 and 40 years if
decay rates were normalized to 10 °C. In comparison, MRT are given
with 30-87 years for soils under corn cultivation (Schiedung et al.,
2017) and with 10-30 years for forest soils (temperatures between 7 °C
and 13 °C, Garten and Hanson, 2006). Oades (1988) mentioned MRT
between 4 and 200 years for various soils. The higher MRT found for
sediment organic matter in this study plausibly indicates the presence of
younger, more easily degradable organic matter (i.e., phytoplankton
with low MRT) when compared to the MRT of the already partly
mineralized older organic matter of terrestrial soils mentioned above.
Further, the MRT of this study (3-5 years, 20 °C) grouped within order
of magnitude of the half-life (2.5 + 4.7 years) of organic matter previ-
ously measured for inland waters (Catalan et al., 2016, 20 °C). Similarly,
the values for the decay rate constants k1 and k2 for aerobic SOM decay
(data not shown), derived from the multi-phase first order exponential
fitting of the carbon release over time (Fig. 2) and used to calculate SOM
degradation rates (Eq. 4, Fig. 3), are very similar to those previously
reported for several studies on oxic phytoplankton composition by
Westrich and Berner (1984). This corroborates the assumption that the
degradability of organic matter is driven by the concentration of
phytoplankton-derived labile organic matter present in the composite
sediment in addition to the slowly degradable pool 3, comprising the
organic matter fraction stabilized in organo-mineral complexes.

5.3. Trends in time and with depth

In the investigated harbour area, sedimentation dynamics are influ-
enced by maintenance dredging, disturbing the natural development of
sediment depth profiles. Therefore, depth-related assumptions are made
with reservation. Examples of depth-related patterns for various sedi-
ment parameters (i.e., SOM decay, carbon stable isotopes, DNA in
extrapolymeric substances, pore water NHJ concentration) were given
in Zander et al. (2020). It was assumed that decreasing trends of
observed SOM decay (rates) with depth are due to decreasing degrad-
ability of in situ SOM in older (deeper) sediment layers. This assumption
was supported by the share of organic matter in differently degradable
pools (Fig. 6, left). Under anaerobic conditions, the largest share of
degradable carbon was found in the fluid mud samples, decreasing with
depth and hence age of the sediment. Therefore it was assumed that due
to carbon decay, occurring in situ before sediment sampling, the share of
degradable carbon is lower at depth. The depth gradient clearly showed
larger shares of easily degradable SOM in upper layers (SPM and PS) and
more decayed SOM in deeper layers (CS). This was true for the more
easily degradable pools 1 and 2 (Fig. 7, right). Increased pool 1 sizes
(Fig. 7, left) between spring and summer indicated an upstream growth
of phytoplankton (Deng et al., 2019; Schoel et al., 2014). Similarly,
Grossart et al. (2004) found seasonal patterns in a tidal flat ecosystem,
namely, high sediment resuspension in November and
phytoplankton-related processes influencing bacterial dynamics in May.
Subsequent input of fresh organic matter at upstream locations (P1) was
also indicated by increased chlorophyll a and silicic acid concentrations
at location P1 (Table 1). This was supported by a diminishing share of
easily degradable SOM between summer and autumn, in other words, a
decreasing pool 1 in the second part of the year. It was assumed that the
input of fresh SOM in March from upstream was still low due to high
winter discharge, in combination with still low irradiation (Kamjunke
et al., 2021), low water and sediment temperatures. A similar seasonal
pattern was also described for the sediment oxygen consumption po-
tential in the investigation area (Spieckermann et al., 2021) with highest
oxygen consumption values for the summer months due to a larger of
easily degradable biomass. Independent of this seasonally varying input
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of phytoplankton-derived, easily degradable organic matter, SOM
mineralization rates are strongly controlled by in situ temperature, as
also shown by Gudasz et al. (2010) for sediments of boreal lakes.

6. Conclusions and outlook

This paper provides quantitative data on the total mass of carbon that
can be released from microbial mineralization of organic matter in
freshwater tidal sediments, quantifies pools of different organic matter
lability and provides the corresponding degradation rates. SOM lability
along a transect of 30 river kilometres though the Elbe around the Port
of Hamburg decreased from upstream to downstream, evidenced by the
decreasing amount of the easily degradable pool 1 material from up-
stream to downstream. The slowly degradable pool 3 is assumed to be
associated with SOM bound in organo-mineral complexes. Pool 3 is
spread more or less equally along the investigated transect, constituting
a simlar share of predominantly marine origin at all locations. Total
degradability thus appears to be governed by the amount of reactive
SOM present in addition to this basis (pool 1, 10-15% and pool 2,
5-10%), which in turn follows a source gradient and an age gradient
from upstream to downstream. The recalcitrant pool 4 comprised by far
the larest part of TOC in any part of the harbour, indicating that for both,
anaerobic and aerobic conditions, the sediment organic matter for the
largest part is stable. The sediments therefore contribute significantly to
organic carbon storage in the investigation area. The size of the anaer-
obically degradable SOM pools decreased with depth and hence age of
organic matter and varied seasonally in relation to the variability of
upstream net primary production. Total SOM degradability was larger
under aerobic than under anaerobic conditions by about 10% of TOC but
the differences between aerobic and anaerobic decay decreased from
upstream to downstream. The upper sediment layers, characterised by
the highest amount of young organic matter, still showed a large share of
poorly degradable and recalcitrant SOM (pools 3 and 4). This suggests
that in the investigated system organic matter, even in the suspended
and fluidic particle phases, is already significantly degraded or stabi-
lized in organo-mineral associations. The size of the differently
degradable organic matter pools and the degradation rates can be used
to quantify carbon fluxes from microbial decay of sediment organic
matter in the tidal Elbe river, using data on in situ temperatures and the
known temperature dependency of anaerobic and aerobic decay.
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