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Abstract

Purpose Sediment organic matter (SOM) influences settling and thus the rheological behavior of suspended particles by enhanc-
ing flocculation or reducing surface charges by forming organo-mineral complexes that facilitate particle—particle interactions
in consolidating sediments. It was, therefore, assumed that the microbial degradation of SOM and its spatio-temporal variability
would affect sediment rheological properties and enhance port maintenance dredging and navigability of ports and waterways.
Methods To investigate this effect, samples were taken at six locations along a transect of 30 river kilometers through the
Port of Hamburg, Germany, during nine sampling campaigns within two years. The collected samples were divided into
different layers based on the differences in visual consistency and strength. For analysis of SOM degradability, the samples
were incubated in the laboratory for 250 days in glass bottles under aerobic and anaerobic conditions following the evolution
of gas composition (CH4, CO2) and pressure in the bottle headspace over time. Yield stress was analyzed before and after
the dissolved organic matter (DOM) decay using a rheometer with Couette geometry. Standard properties of solids and pore
water were also analyzed.

Results Shear strength decreased upon SOM decay under both anaerobic and aerobic conditions. Under anaerobic condi-
tions, organic matter decay reduced static and fluidic yield stresses to an average of 74% and 79% of the fresh sample values.
Consolidated layers at lower depths showed the highest absolute decrease in fluidic yield stress of up to —110 Pa due to a larger
absolute amount of degradable organic matter in these layers in connection to higher bulk density. Pronounced spatial trends
with higher changes in yield stress at upstream locations and lower yield stress changes at downstream locations coincided
with a decreasing gradient of SOM degradability from upstream to downstream. Seasonal trends indicated that the investiga-
tion area is impacted by temporally changing factors.

Conclusion The availability of easily degradable organic matter significantly affects sediment strength, especially under
the anaerobic conditions, even when the mass loss of organic matter mass loss is small. Seasonal variability in yield stress
changes upon SOM decay indicate that the site-specific responses were modulated by overarching seasonal effects impacting
the entire investigation area. It was assumed that during an anaerobic decay, the formation of gas bubbles added an additional
physical component to the effect of biological SOM decay.

Keywords River sediment - Organic matter degradation - Gas production Respiration - Yield stress

1 Introduction

Sediment organic matter (SOM) originates from both natural
(e.g., eroded terrestrial topsoils, plant litter, planktonic, and
benthic organisms) and anthropogenic (e.g., surface runoff,
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sewage waste) sources. The presence of organic matter can
expedite suspended particle settling by flocculation through
bridging between the mineral particles, creating larger diam-
eter particles or by surface charge neutralization, reducing
the repulsive forces between the charged particles (Lagaly
and Dékéany 2013). As a result, the sediment strength
increases with increasing amount of organic matter at the
same bulk density (Shakeel et al. 2019).

Phytoplankton can play a significant role in the settling
of fine-grained sediment by facilitating the bridging effect
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(Deng et al. 2019). Correspondingly, fine-grained sediment
is expected to behave differently in shallow areas, upstream
within the river continuum (Vannote et al. 1980) of high
net primary production compared to light-deficient areas
in deeper and/or more turbulent waters. The existence of
organic matter in sediments is known to significantly influ-
ence the rheological and cohesive properties of sediments
(Wurpts and Torn 2005; Shakeel et al. 2019).

As part of the natural carbon cycle, the labile part of SOM
is also subject to microbial degradation. Under aerobic condi-
tions, SOM degradation results in the production of carbon
dioxide (CO,), while under anaerobic conditions, frequently
prevailing in fine-grained sediments, methane (CH,) is also
produced. Particularly, CH, can remain entrapped in the sedi-
ment and affect its rheological properties and density due to
the poor solubility of methane in water. The non-degraded
part of SOM forms complexes with the mineral phase, lead-
ing to its stabilization and physical shielding and transfer of
SOM into the heavy density fraction (Baldock and Skjemstad
2000; Six and Paustian 2014; Gao et al. 2019; Zander et al.
2020). Given the role of organic matter for the sediment’s
rheological properties, it can be expected that, next to the
absolute SOM content, its degradability (inversely) influ-
ences these properties. In the investigated transect through
the Port of Hamburg in the tidal Elbe river, SOM decay has
been shown to follow trends in space, in time, and with depth
(Zander et al. 2020).

It is therefore hypothesized that:

1. Sediment yield stresses are influenced by sediment
organic matter decay with seasonal and spatial trends.

2. The rheology is dependent on the sediment density and
the amount of decayed sediment organic matter.

3. Anaerobically decayed samples display greater changes
in rheological properties than aerobically decayed sam-
ples due to bubble formation.

2 Materials and methods

In this study, natural sediment samples were collected
from different locations along a transect of around 30 river
kilometers (P1=river km 616, P9 =river km 646, Fig. S1,
supporting information) through the Port of Hamburg (site
description found in Zander et al. 2020) using a 1 m core
sampler (“Frahmlot”) in the years 2019-2020. The collected
samples were divided into different stratigraphic layers (fluid
mud, pre-consolidated, and consolidated sediment) based on
the differences in their visual consistency and strength for
further analysis. The layers did not show constant thickness,
but always had the same stratigraphic order as the FM layer
that was not always present.
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2.1 Overview of material properties

Methods for standard properties of solids and pore water
are given in Zander et al. (2020). Some basic properties of
the sediments investigated in this study are summarized in
Table S1 (supporting information). Minimum and maxi-
mum values of selected parameters were total nitrogen
(TN, 0.3-0.9%, downstream location P9, and upstream
location P1), total organic carbon (TOC, 2.4-6.3%, P9 and
P1), clay (31-43%, P5 and P8), sand (5-27%, P1 and P5),
and extracellular polymeric substance (EPS, 2-32 g kgpy ',
P9 and P1), highlighting the pronounced spatial gradient
found along the transect. Negative redox potentials indicate
anaerobic conditions at all the investigated sites.

2.2 Impact of SOM decay on rheological properties

Degradation of sediment organic matter was performed by
using the methodology reported in Zander et al. (2020).
Sediment samples were incubated for 250 days in glass
bottles under aerobic and anaerobic conditions, measuring
the CO, and CH, concentrations with gas chromatographic
analyses and the pressure increase in the bottle headspace.
From these, the amounts of released CO,-C and CH,-C were
calculated and normalized to total organic carbon (TOC).
Before and after the 250 days of incubation, rheological
analyses were performed.

2.3 Rheological characterization

Static yield stress was obtained from the first decline in
viscosity as a function of shear stress, which is linked to
the breakage of the inter-connected network of flocs. On
the other hand, the second decline in viscosity (i.e., fluidic
yield stress) was associated to the breakage of reorganized
flocs into smaller flocs or individual particles upon further
shearing (Shakeel et al. 2022). The rheological analysis of
both fresh and degraded mud samples was performed using
a HAAKE MARS I rheometer (Thermo Scientific, Ger-
many) with concentric cylinder (Couette) geometry (gap
width=1 mm). The mud samples were gently homogenized
before each rheological experiment, and a waiting time of
3-5 min was adopted before the test to minimize the distur-
bances created by the cylinder. The rheological experiments
were performed at 20 °C, maintained by a Peltier controller
system. In order to check the repeatability, all the experi-
ments were performed in duplicate, and the repeatability
error was less than 2%. More details can be found in Shakeel
et al. (2019).

Density and water contents were measured directly
before analyzing the yield stress. The samples’ moisture
did, in principle, not change within the air tight incubation
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containers and were checked by weighing the containers. If
water was lost, for example, due to re-flushing of samples
with air during aerobic incubation, demineralized water was
added to compensate for this loss before yield stresses were
measured. If the water content changes (fresh sample com-
pared to degraded sample after the rheological analyses) still
was higher than 5%, the sample was discarded since density
strongly influence the yield stress.

All investigated samples showed a two-step yielding
behavior, with the two yield points defined as static 7, and
fluidic yield stress 7, (Shakeel et al. 2020a). The change in
yield stress is the difference between the initial yield stress
(fresh sample, 7,/ 4,,) and the yield stress of degraded sam-
ples (7, 4,) With 7, /= static and fluidic yield stress. In this
paper, this change is expressed as follows:

ATy = s deg ™ Tsfp (1

The percentage of the degraded sample’s yield stress
related to the fresh sample’s yield stress is given by:

Ts,f _deg

X 100(%) 2)

T
s _fresh

and the percentage of yield stress change in relation to the
original value (fresh sample) by:

Azl

x 100(%) (3)

T,
51f_frmh

3 Results

3.1 Effect of organic matter decay on sediment
yield stress

Cumulative degradation of sediment organic matter fol-
lowed a multiphase exponential decay function (Zander et al.
2020). After 250 days of laboratory incubation, degradation
rates for most samples were extremely low, meaning that the
cumulative increase of released carbon reached a plateau.
The loss of organic carbon during this exhaustive labora-
tory incubation under anaerobic conditions ranged between
30 and 215 mg C groc ', i.e., between 3 and 21.5% of the
organic carbon was available for microbial degradation
(minimum and maximum, Fig. 1, top left). Under aerobic
conditions, the maximum release of organic carbon ranged
between 91 and 344 mg C gTOC_lv i.e., 9.1 and 34.4% (Fig. 1,
top right). In situ, anaerobic conditions are dominant, indi-
cated by negative redox potentials (see Table S1, supporting
information).

For the vast majority of samples, organic matter degrada-
tion under anaerobic conditions led to a decline in strength,

and therefore in static and fluidic yield stresses as charac-
teristic values for a two-step yielding behavior (Shakeel
et al. 2020a). On average, the yield stresses of anaerobically
decayed SOM decreased to 74% of the original value for
static yield stress (SYS) and to 79% in case of the fluidic
yield stress (FYS, both Fig. 1, bottom). For aerobically
decayed samples, a less strong effect was observed, i.e., on
average a decrease to 93% of the original value for SYS and
to 98% for FYS (note: 100% means that the decayed sample
had the same YS value than the initial sample). For some
samples, organic matter decay led to an increase in strength
(values > 100% in Fig. 1, bottom). The overall variability
of yield stress values was much larger for aerobic than for
anaerobic SOM decay.

3.2 Spatial and seasonal variation of yield stresses

Independent of sampling location or sampling depth (layer),
it was found that the higher the strength of the fresh sam-
ple, the larger the decrease in strength upon degradation of
organic matter, shown for the fluidic yield stress in Fig. 2.
As carbon content and degradability are subject to both a
seasonal variation and a spatial trend (Zander et al. 2020), it
was hypothesized that these patterns would also be reflected
in the effect of organic matter decay on the rheological
properties.

If the dataset is divided by date of sampling (Fig. 2, left),
with each sampling date including all sampled locations
and layers, it is seen that the ratio between the initial yield
stresses and the change of yield stresses are reversed for each
date with high Pearson’s coefficients (P >0.85) except for
the campaign in June 2020 (20-jun, P: —0.59). This suggests
that the sediment properties at all locations along the tran-
sect follow a similar principal temporal trend. If the dataset
is divided by location of sampling (Fig. 2, right), includ-
ing all sampling dates for each location, a similar inverse
relationship between initial yield stresses and the change of
yield stresses is seen, with even higher Pearson’s coefficients
(P>0.9), except for the location P8 (P: —0.75). For most of
the samples, the slopes of change in yield stress over initial
yield stress were more negative (steeper) in 2019 than in
2020 (Fig. 2, left) and more negative at upstream compared
to downstream locations (P1 and P2, Fig. 2, right). This sug-
gests that the sediment properties at each location differ dis-
tinctly from one another and also maintain these differences
over time. A similar pattern could be observed for the static
yield stress (not shown here). Trends were less pronounced
for aerobically decayed samples.

3.3 Depth-differentiation of yield stresses

If the data set is differentiated per depth, clear differences
for the change in yield stress can be observed between the

@ Springer
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Fig.1 Cumulative carbon release by organic matter decay over
250 days (top) and corresponding yield stress of degraded sample in
relation to fresh sample (in % of yield stress of fresh sample, Eq. (2),
bottom) for anaerobic decay (AN, bottom left, n=95) and aerobic

layers fluid mud (FM), pre-consolidated sediment (PS),
and consolidated sediment (CS). The largest absolute
change of yield stresses Az, (Fig. 3, top) was observed
for the denser, i.e., deeper and more consolidated sedi-
ments (CS) layers. FM layers showed a larger but more
scattered relative change of the static yield stresses upon
decay (Fig. 3, bottom). On average, the change in fluidic
yield stresses were about threefold larger than the change
in static yield stresses. Considering the relative change in
yield stress (Fig. 3, bottom), the change was about 60 to
90% for all layers. A few samples from FM layers showed
an increase in yield stress.

Due to the fact that the absolute change in yield stresses
was the largest and showed the largest range for CS layers
(Fig. 3, top), data from these layers were used to investigate
a possible spatial trend in more detail (Fig. 4). The change
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decay (AE, bottom right, n=66), all layers and locations samples in
2019 and 2020. 100% = decayed sample had the same YS value than
the initial sample. 1.51QR =factor 1.5 of the interquartile range (25—
75%)

of fluidic yield stress (and also of static yield stress, not
depicted) showed clear decrease from upstream to down-
stream locations for anaerobic SOM decay (Fig. 4, left) and
a partial increase for aerobic decay (Fig. 4, right); i.e., the
differences between initial yield stress and yield stress of
decayed sediments were smaller at downstream locations.
The higher the extent of anaerobic SOM decay, the
larger the change in fluidic yield stresses (Fig. 5). This pat-
tern remained similar for different incubation times (21 and
250 days), during which the magnitude of change in fluidic
yield stress did not change anymore. The largest spread in
yield stress response to SOM decay as well as its decline
appeared to result from cumulative decay of up to about
10 mg C groc ' (21 days) and 60 mg C groc ! (250 days)
and remained on a low level beyond these thresholds. The
yield stress decreased by 4 to 43% of the initial value (all
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Fig.2 Relationship between fluidic yield stress of fresh samples
s sresn and the change in yield stresses (Eq. 1) of anaerobically incu-
bated samples (250 days) from 2019 and 2020. Left: closed sym-

incubation times) with a cumulative SOM decay between 3
and 29 mg C gpoc ' (21 days) and 30 and 121 mg C groc ™"
(250 days). For FM and PS layers, these trends were less
pronounced; for aerobically decayed samples, these trends
were not seen.

4 Discussion

4.1 General effects of SOM decay on static
and fluidic yield stresses

Exhaustive decay of the degradable share of sediment
organic matter led to a significant reduction in yield stresses,
evidenced by a strong decrease in static and fluidic yield
stresses. The effect was more pronounced for decay under
anaerobic than under aerobic experimental conditions.
In situ, mainly anaerobic conditions prevailed, caused by
high oxygen consumption rates in the top few mm of the
sediment deposit (Spieckermann 2021) and evidenced by
negative redox potentials (Zander et al. 2020 and Table S1,
supporting information). Hence, SOM degradation in the
bulk sediment occurs under anaerobic conditions, leading
to the release of carbon as CH, and CO,. Both anaerobic
and aerobic SOM decay clearly led to a significant decrease
in yield stresses (Fig. 1); however, under aerobic condi-
tions, the effect was less pronounced and more scattered.
It is hypothesized that the decrease in yield stresses upon

bols=2019, open symbols=2020, Pearson’s coefficient r (P), and
slope (S) given per sampling date (all locations, n= 10, left) and per
location (all months, right) for chosen locations, all layers

SOM decay has a biological and a physical component, with
microbial breakdown of organic bridging between particles
reducing particle—particle interactions and presence of gas
resulting from anaerobic decay causing the physical effect of
decreasing bulk density, leading to further decline in yield
stress. The later was supported by Jommi et al. (2019) who
found that the presence of gas must be accounted for when
studying the reduction in shear stresses by organic matter
decay. It was found that the SOM decay caused a signifi-
cant decrease in the rheological properties including yield
stress, crossover amplitude, complex modulus, and thixo-
tropic hysteresis area (Shakeel et al. 2022). For the given
data set, the changes in density during the period of incuba-
tion observed in this study were only minor, which means
that the detected changes in the rheological behavior are not
caused by changes in the material’s density.

In literature, higher yield stress values of fine-grained
sediments were typically associated to either higher den-
sity or higher organic matter content (Van Kessel and Blom
1998; Soltanpour and Samsami 2011; Xu and Huhe 2016;
Shakeel et al. 2019, 2020a, 2022) with organic matter
assumed to result in a stronger structure, i.e., higher yield
stresses, of fine-grained sediment (Shakeel et al. 2019).
Shear stresses of long-term incubated (250 days) samples
correlated best with long-term SOM degradability, seen
in Fig. 5 (right), where anaerobic SOM decay led to larger
change in fluidic yield stresses. During the initial decay of
10 or 60 mg C groc "' (corresponding to 21 or 250 days of

@ Springer
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Fig. 3 Relationship between initial yield stresses of fresh samples and
the change of the yield stresses upon organic matter degradation for
250 days for FM, PS, and CS layers, given in Pa (degraded—fresh,

incubation), the yield stresses decreased with an increasing
amount of SOM degraded. The variability is assumed to be
due to the variable amount of (easily) degradable SOM in the
sample. When SOM decay progressed beyond this thresh-
old, the yield stress did no longer decrease but remained on
a low level. It is therefore concluded that the initial SOM
decay is most relevant for the yield stress change, breaking
up the organic bridging between particles (for a conceptual
model see Shakeel et al. 2020b). In a parallel study investi-
gating the structural recovery of sheared samples, it could
be shown that after breakdown of SOM the samples exhibit
a better recovery after shearing (Shakeel et al. 2022). This
is due to the fact if the SOM bridges are broken, the elastic
properties of the samples are greatly reduced and, in line
with what is observed for sediment samples without organic
matter, these samples can fully recover their pre-shearing
state. This corroborates the findings of this study that the
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FYS-fresh (Pa)

Eq. 1, top) and in % of fresh sample (Eq. 3, bottom). Left, static yield
stress (SYS); right, fluidic yield stress (FYS), samples from all loca-
tions and all layers

decline in yield stresses is an effect of the initial phase of
SOM breakdown, weakening or destroying organic bridging
between mineral particles.

While the top fluidic sediment layers (FM) show the low-
est absolute yield stress change, their average relative change
upon SOM degradation was slightly larger than for the other
layers but also scattered the most (Fig. 3). Reasons for the
large scatter of the more liquid (FM) layers could be the vari-
able degree of aging (in situ SOM decay) of FM layers and
therefore changing properties during the year, or dredging
interventions such as water injection dredging (WID) that
lead to the formation of WID-induced FM with a differ-
ent behavior than undisturbed, naturally formed FM layers.
Moreover, FM layers are highly affected by the water move-
ment (tide, large vessels, etc.). These FM layers also con-
tain the highest share of organic carbon in the light density
fraction, SOM degradability and SOM pools (Zander et al.
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2022a), corroborating the relevance of easily degrada-
ble organic matter for the effects of SOM decay on the
rheological behavior of sediments. This is also supported
by the absolute decrease in yield stresses as a response to
SOM degradation from upstream (P1) to downstream (P9)
locations (shown for consolidated layers in Fig. 5), coincid-
ing with decreasing patterns of SOM degradability, micro-
bial biomass, and an increase of carbon bound in the hardly
degradable heavy density fraction (Zander et al. 2022b). The
more-dense layers (i.e., CS layers) showed the largest change
between the initial and the decayed yield stress (Fig. 3). This
appears plausible as more consolidated sediments have more
mass, and hence more degradable carbon per unit volume
than less consolidated or fluidic sediments, leading to a
higher absolute reduction of yield stresses. Jommi et al.

(2019) described that gas in peat layers led to a dramatic
reduction of the mobilized (load below maximum) shear
strength, although the ultimate (maximum) shear strength
was hardly affected.

Although the average mass removed by anaerobic
SOM decay after 250 days was only 0.6% DM (15% SOM
decay with 4% TOC per DM, Zander et al. 2022a), a
strong decrease in yield stresses was observed. Interestingly,
under aerobic conditions (0.8% DM), the influence of the
SOM decay on rheological properties was less, despite the
absolute mass of SOM removed being higher (0.8%), sup-
porting the assumption that the effect of gas bubbles formed
under anaerobic conditions being responsible for an added
physical effect, causing a further decline in yield stresses.
Under aerobic conditions, precipitation of iron and

Fig.5 Relationship between § 100 : : : : : :
cumulative anaerobic SOM ~ - .
decay of CS layers from 2019 a 21 days 250 days
after 21 and 250 days and the ‘g 1
relative change in fluidic yield n
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(250 days) S L .

é [ ] u [ ] u

p L] s " = L] =" =

; 60 - n s ! 4 n s T i

o u ] u

S

5 T T T T T T T

0 10 20 30 0 40 80 120 160

Cumulative SOM decay (mg C goc™")

@ Springer



Journal of Soils and Sediments

manganese oxides support cementation processes and
therefore the physical stabilization of particles. This was assumed
to lead to larger shear stresses of the aerobically incubated
sediments.

4.2 Seasonal and spatial trends

The ratio between the initial yield stresses and the change in
yield stresses of anaerobically incubated samples showed a
linear trend for each sampling date (see Fig. 2, left), assum-
ing that yield stresses were influenced by the seasonally
changing boundary conditions affecting content and qual-
ity of organic matter, such as input of fresh SOM, SOM
degradability, sedimentation rates, or dredging. Schoel
et al. (2014) found seasonally changing (easily degradable)
algae biomass concentrations in the Elbe River, and it were
observed seasonal changes in easily degradable SOM pools
(Zander et al. 2022b). The more negative slopes of changes
in yield stress upon SOM decay over yield stress of the
freshly sampled sediments in 2019 compared to 2020
(Fig. 2, left) suggest that in 2019, the sediments in the inves-
tigation area contained a larger share of easily degradable
organic matter. Although locations P2 and P8 showed simi-
lar TOC and clay content (Table S1), they showed different
behavior in yield stresses due to their different amount of
easily degradable organic matter available at these locations.
At upstream location P2, a larger share of upstream driven
SOM reached this location compared to the more down-
stream-input driven location P8 (also explained in Zander
et al. 2020). At upstream locations, a higher concentration
of algae in the water column, represented by the chloro-
phyll a concentration (Zander et al. 2020), was detected, the
measured degradability of SOM was higher, and a larger
share of the light density fraction was found. Therefore, it
is assumed that a larger share of easily degradable SOM,
i.e., low molecular weight substances like cellulose, and a
smaller share of slowly degradable SOM, i.e., high molecu-
lar substances like lignin, are present at upstream locations.

The spatial trends of the yield stress change (Fig. 4)
coincide with the known stratification of organic matter
degradability, with higher degradability in upstream loca-
tions and lower degradability in downstream samples. For
all locations, the slopes for the ratio between the initial
yield stresses and the change in yield stresses of anaero-
bically incubated samples were negative (Fig. 2, right),
meaning that the SOM decay led to a decrease in yield
stresses. Upstream locations (P1 and P2) had the most
negative slopes and showed the greatest absolute changes
in yield stress for consolidated layers (Fig. 4, left), reflect-
ing the higher share of easily available organic matter and
the largest amount of degradable carbon at these sites
(Zander et al. 2022b). Per location, the slopes of the lines,
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correlating the change in fluidic yield stress (degraded—
initial) and the initial fluidic yield stress, varied within
the range of —0.12 and —-0.41 (Fig. 2, right). This shows
that the influence of organic matter degradation on sedi-
ment strength differs per sampling location, too. At the
upstream locations (P1 and P2), more easily degradable
SOM was available (Zander et al. 2020), and therefore,
the differences of the fluidic yield stress between fresh and
degraded samples were larger (Fig. 4).

5 Conclusions and outlook

This study showed that under anaerobic conditions, shear
strengths were decreased strongly after microbial SOM
decay, whereas the effect under aerobic conditions was
lower, in spite of the fact that the absolute amount of organic
matter decayed under aerobic conditions was higher. It is
concluded that this effect reflects the combination of the
biological effect of SOM degradation and the physical effect
of entrapment of gas bubbles in the sediment, furthering
the reduction of strength. Degradation of organic matter
significantly affects sediment strength, especially under the
anaerobic conditions prevailing in situ, even when the mass
of organic matter removed is only little, here around 0.6%
of dry matter. The effect sets in predominantly in the initial
phases of degradation, which are assumed to be responsi-
ble for the break-down of organic bridging between mineral
particles, thereby reducing the particle—particle interactions.
A larger absolute change in yield stresses was seen with
increasing depth, with gassy consolidated (CS) layers show-
ing the largest decrease in yield stresses, owing to the fact
that more consolidated sediments contain more mass, and
hence degradable carbon per unit volume. The CS layers
showed the most distinct spatial trend, i.e., the decreasing
change in static and fluidic yield stresses from upstream to
downstream, coinciding with a gradient of decreasing SOM
degradability. Hence, larger changes in yield stresses were
seen at locations with high SOM decay, highlighting site-
specific response of the rheological behavior due to site-
specific availability of degradable organic matter. Seasonal
trends with all sites along the transect following similar
trends were also found, indicating that the investigation area
as a whole is impacted by temporally changing factors such
as the availability of easily degradable organic matter.
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