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Chapter 3

Eutrophication enhances labile organic matter decomposition in mangrove ecosystems

between %Human land use and degradation of green tea which increased continuously with

human land use.

No clear correlation pattern was discernible between human land use and red tea, indicating
potential interaction with other variables to elevate its importance in the random forest.
Since green tea was the most susceptible to human-derived influences, we focussed our

attention on the relationships of environmental factors and k

en’

Mangrove foliar 8N and porewater NO_ concentrations were important variables in

predicting degradation of labile organic matter (green tea) in this study. Both variables
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have previously been shown to be positively correlated with %Human land use (Chapter
2). Here, 8N values above 4 %. were associated with higher rates of degradation while
NO, concentrations of 1 pmol N L' and higher also related to a faster rate of degradation
(Figure 3.4B, C). At NO, concentrations of about 5 umol N L™, this relationship seemed to
reach a plateau after which degradation did not increase with higher nitrate, however, a low
number of samples with high NO _concentrations may influence this relationship. Bi-variable
partial dependence plots were investigated to assess the effects of these two variables in
relationship with temperature, a major global change variable. Daily temperature (25%) was
the second most important marginal predictor of k . (Table 3.2) but only ranked tenth
in variable importance in the random forest model (Figure 3.3). This disconnect indicates
possible interaction effects of daily temperature (25") with other predictor variables. At lower

values of foliar 8N (<4.5 %.), temperature change seemed to effect |<gr _to a lesser extent

than at values above 4.5 %. (Figure 3.4D). This was similar for NO_concentrations, which did
not seem to influence the effects of higher temperatures on the decomposition rate of green
tea much. At concentrations above a level of ~1 pymol N L' however, high temperatures
seemed to affect k. more strongly (Figure 3.4E). We tested these bi-variable relationships
for k_, as well (between daily temperature (25%) and pH, Foliar 8"°N, and %Human land
use), however, temperature as a single predictor dominated each of these interactions

(Supplementary Figure A3.6).
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Figure 3.4 Human land use induced effects on degradation of labile organic matter (green tea) in mangrove
temperate forests. Partial dependence plots (pdp) of A %Human land use in catchments, B foliar §'°N, and
C nitrate/nitrite concentrations in the porewater show the non-linear relationship between each variable
and the degradation rate of green tea. The black line indicates the mean pdp estimate and the grey ribbon
shows the standard deviation of 150 bootstrap iterations. In brackets below each plot are the bootstrapped
average and standard deviation of the relative importance of each variable. Two variable pdp of D foliar §'°N
and daily temperature (25") and E natural logarithm of nitrate/nitrite concentrations (log(NO +1)) and daily
temperature (25%).

The results presented above provide clear evidence that drivers of organic matter degrada-
tion in temperate mangrove forests differ with varying molecular stability and integrity of the
degrading material. While the labile materials were strongly affected by varying sedimentary
conditions, degradation of the recalcitrant substrate was mainly influenced by fluctuations

in lower daily temperatures. Furthermore, our results establish a link between land-based
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stressors and the accelerated degradation of labile organic matter, suggesting anthropogen-
ic nutrient enrichment impacts an important ecosystem function of mangrove forests. These
relationships were reproduced across a wide range of estuaries giving confidence about the
wider applicability of our results.

Not unsurprisingly, degradation of the most labile substrate (ROMA) showed the weakest
relationship to the set of environmental variables (Table 3.2). The duration of this incubation
was very short, which is likely to have added to the uncertainty of the model. During a short
incubation, general patterns are less likely to persist over spurious instances. Nevertheless,

SOC, the most important factor determining k provides some indication of processes

ROMA/
that govern the early-stage decomposition of labile organic matter. SOC is tightly coupled
to sediment texture and water content (Supplementary Figure A3.2) which largely control ac-
cessibility of organic matter to microbial decomposers (Dungait et al., 2012; Thomson et al.,
2022a). At the same time, increased organic matter in the sediments is often associated with
more reducing, anoxic environments (ORP was among the five most important predictors) in
which degradation of organic matter is retarded (Kristensen, 2007). It is therefore reasonable
that the ROMA degradation rate decreases with increasing sediment carbon content (Figure
3.3D). Density of crab burrows increases oxygenation of the sediments as well as facilitating
water flow and dispersal (Needham et al., 2011; Booth et al., 2023), further increasing rates
of ROMA degradation.

In contrast, the degradation rates of green and red tea were well constrained by the recorded
environmental factors (Table 3.2), highlighting the importance of time in establishing clear
relationships between environmental variables and degradation. Moreover, integrated mea-
sures of environmental conditions over time (temperature, Foliar §"°N) stood out as important
predictors of green and red tea decomposition. This is likely due to the variance that single
measurements in time introduce and which makes then unsuited to confine a temporal pro-
cess. However, the drivers associated with each tea type were quite different (Figure 3.3B, C).
Green tea degradation was most strongly influenced by a set of variables that relate to en-
riched nutrient conditions ("N, NO , and the ratio of C:N (in leaves and sediments)). The
8N values in estuaries are considered good proxies for anthropogenic nutrient enrichment
as they can provide an integrated landscape-scale perspective of nitrogen cycling (reviewed
in Fry etal., 2003). In mangrove forests, 8'°N has been shown to correlate with anthropogenic
land use due to exposure to elevated nutrient concentrations (Gritcan et al., 2016; Tanu et
al., 2020; Thomson et al., 2024). The integrated nature of 8"°N as a proxy for high nutrient
loading may explain why it was a better predictor for k___ than porewater or sediment con-

centrations of nutrients, which capture but a snapshot of the conditions in time. The most
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important variables controlling k_ indicate that the more labile fraction of autochthonous
organic matter is vulnerable to the effects of catchment human land use on coastal ecosys-
tems. The threshold of about 4.5 %. of §"°N indicated by the partial dependence plot (Figure
3.3E) is just above the range reported to be the upper limit of natural values for a variety of
tree leaves (-8 to 3 %) (Peterson and Fry, 1987), and specifically mangrove leaves (-11 to 3.8
%o0) (Costanzo et al., 2001; Fogel et al., 2008; Reis et al., 2017). Moderate to elevated NO_

concentrations (>1 pmol N L) also accelerated k___, thereby supporting this thesis. Hence,

green’
the degradation rate of green tea was faster in mangrove forests that showed evidence of
exposure to increased nutrient loading by anthropogenic influences.

Increased concentrations of nitrogen in various forms have been linked to higher rates of
carbon efflux (CO, and CH,) from mangrove sediments (Barroso et al., 2022). This is a mea-
sure of microbial heterotrophic respiration and therefore linked to degradation processes,
however a direct relationship between nutrient concentrations and decomposition has not
yet been observed in mangrove forests (Jessen et al., 2021). Instead, the indirect effect of eu-
trophication on decomposition via increasing litter quality has been proposed as a pathway
in which nutrient concentrations affect decomposition (Keuskamp et al., 2015; Jessen et al.,
2021). Here, k. was positively correlated with mangrove foliar C:N ratio (Supplementary
Figure A3.4). This is contrary to our expectations; however, the sampled leaves were not
representative of the tea litter or of the senescent leaves of the forest. Increased nutrient con-
centrations in the porewater may be a result of organic matter decomposition through the
release and remineralization of nutrients from the litter (Keuskamp et al., 2015; Zhang et al.,
2018; Mamidala et al., 2023). However, the high concentrations of nutrients in the porewater
at some sites (in urban settings) likely point to an external pollution source as well. In the case
of coastal eutrophication, a combination of direct and indirect effects on decomposition may
create a positive feedback loop that leads to a permanently enriched system in which carbon
sequestration is substantially weakened (Branoff, 2017).

Degradation of the more recalcitrant red tea was mainly controlled by the daily temperature
fluctuation in the sediment (Figure 3.3C, F). Temperature is well known to be an important
driver of OM loss from soil and sedimentary carbon stocks (Kirschbaum, 1995; Fang et al.,
2005; Trumbore and Czimczik, 2008; Schuur et al., 2009; von Litzow and Kégel-Knabner,
2009; Garcia-Palacios et al., 2021). Microbial activity and enzymatic reactions are tempera-
ture-dependent, and a conventionally agreed doubling of SOM decomposition with every
10 °C rise in temperature (Q,,) has commonly been applied in the literature (Davidson and
Janssens, 2006). Therefore, the positive relationship between the decomposition rate of OM

and temperature in mangrove sediments is not surprising. It has been theoretically and em-
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pirically reasoned that the temperature sensitivity increases with decreasing quality of the
substrate that is being degraded which can be explained by the difference in activation ener-
gy required to start decomposition processes on materials of varying complexity (Fierer et al.,
2005; Davidson and Janssens, 2006; Craine et al., 2010; Qin et al., 2019; Jia et al., 2020). This
is corroborated by our findings which show the strongest relationship of temperature with
the most recalcitrant substrate (k). It furthermore highlights the importance of considering
different pools of OM to accurately predict changes in degradation with climate or human
impacts (Davidson and Janssens, 2006). Interestingly, the lower daily temperature better ex-
plained degradation rates than the average or the upper daily temperature (fork _ andk_,,
Supplementary Figure A3.1). This suggests that changes in the lower temperature threshold
are more likely to be driving degradation processes in temperate mangrove sediments. The
degradation rate of red tea increases by about 13% (from ~0.00113 to 0.00128 g day') when
the daily temperature (25") surpasses 20.4°C indicating a potential vulnerability threshold
of sedimentary organic matter at that temperature. These thresholds are to be considered
with care however, as the temperature was only measured for three months in summer and
continuous seasonal records may affect this estimate. While %Human land use was a good
predictor for k__, its association with the response variable remains uncertain, as the partial
dependence plot did not show a clear directional relationship (Supplementary Figure A3.5).
This may be due to interactions of %Human land use with other predictors in the measured
variables, however, this relationship was not further explored. Furthermore, temperature was
such a dominant predictor and it's control on the degradation process seemed uninfluenced

by other (human land use related) variables (Supplementary Figure A3.6).

Several papers have discussed the potential to manage terrestrial forest soils and coastal
sediments for them to sequester more carbon and thereby contribute to the mitigation of
climate change effects on the planet (Prescott, 2010; Macreadie et al., 2017; Lehmann et
al., 2020). This discussion is particularly contemporary for mangrove and salt marsh systems
which are being increasingly included in private and governmental efforts towards blue car-
bon accreditation schemes (Wylie et al., 2016; Needelman et al., 2018; Dencer-Brown et
al., 2022; Lovelock et al., 2022). While there is a lot to be learnt from studies on terrestrial
systems, it is important to treat the results cautiously when aiming to transfer the knowledge
to marine systems. Vital characteristics of soil profiles, such as soil moisture content, oxygen
availability, redox stratification, and microbial dispersal limitations, to name only a few, funda-
mentally differ between these biome types creating contrasting settings for nutrient cycling

and carbon storage (Spivak et al., 2019). For example, the inhibitory effects of nutrient addi-
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tions in some forest soils may be dispelled by nutrient-induced microbial priming in coastal
systems where microbial primary producers are abundant (Janssens et al., 2010; Riekenberg
et al., 2018). Therefore, it is important to treat the management of coastal systems distinctly,
targeting processes with their local environmental setting in mind. This is particularly difficult
for coastal intertidal systems which exhibit a high diversity and dynamism of conditions on
temporal and spatial scales. Our study provides evidence of loss of labile organic carbon
due to coastal eutrophication as well as a weakening of the temperature related inhibition of
OM decomposition at sites exposed to high nitrate concentrations. Since our study was per-
formed on standardised allochthonous substrate, we cannot calculate representative rates of
carbon loss through this increased decomposition to compare them to carbon fixation rates
at the sites. Evidence suggests that increased eutrophication can lead to higher rates of car-
bon fixation by the primary producers, possibly offsetting the losses through decomposition
(Feller et al., 2009; Keuskamp et al., 2015; Hayes et al., 2017). It is unclear however, how
these interactions proceed over longer time scales. Nutrient rich systems tend to produce
more and higher quality litter, leading to self-fertilization with direct and indirect effects on
decomposition (Mamidala et al., 2023). The high carbon sequestration potential that man-
grove ecosystems provide may partly be due to their ability to protect a fraction of the labile
OM from decomposition, which is incorporated into the sediment matrix or the microbial
loop to last for centuries (von Litzow et al., 2006). This ecosystem property can be boosted
by managing terrestrial runoff to maximize ecosystem productivity while not losing the vul-

nerable and dynamic fraction of organic matter from the sediments.
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pneumatophore

[nyoo-mat-uh-fohr]

noun

“‘Botany. a specialized structure developed from the root in certain plants growing
in swamps and marshes, serving as a respiratory organ. (dictionary.com)”
These aerial roots of hydrophytic trees such as mangroves grow upwards from
the water surface to draw oxygen into the tree's submerged root system and
into the otherwise anoxic sediments below. One of nature’s great inventions that
besides supporting the tree's aeration also progresses their lateral expansion.




~t
9
~
QU
S
~=
9]

Legacy of nutrient enrichment on subsurface bacterial community in temperate mangrove sediments

Legacy of nutrient enrichment on
subsurface bacterial community
in temperate mangrove sediments

Timothy Thomson, Marco Fusi, Natalie Prinz, S. Craig Cary, Conrad A. Pilditch, Joanne I. Ellis

4.1 Introduction

Mangrove forests are among the most productive ecosystems on the planet and have been
recognised for their potential to mitigate climate change (Donato et al., 2011; Duarte et
al., 2013; Alongi, 2020b). The unique combination of high productivity coupled with slow
decomposition, attributed to reducing and anoxic sediments, results in the accumulation of
carbon-rich organic matter within mangrove sediments (Duarte and Cebrian, 1996; Kristensen
et al., 2008). The various degradation processes that affect this accumulation are controlled
by diverse microbial metabolisms that are highly adapted to the constraining and dynamic
conditions present in intertidal sediments (Holguin et al., 2001; Alongi, 2005; Kristensen,
2007). It is therefore of high importance for the health and functioning of these ecosystems
to understand the factors that influence the microbial communities in mangrove sediments

and their reactions to perturbations to the system.

It is widely understood that the environmental conditions, climate, and plant-microbe
interactions shape bacterial communities in sedimentary environments (Bahram et al., 2018;
Islam et al., 2020; Vasar et al., 2022; Dai et al., 2023; Philippot et al., 2023). In mangrove
forets, factors such as tidal influence (Marcos et al., 2018; Thomson et al., 2022a), levels of
organic enrichment (Chen et al., 2016; Zhang et al., 201%a), availability of resources (Bai et
al., 2013; Tong et al., 2019), pH (Ceccon et al., 2019), bioturbation (Booth et al., 2023), and
tree species (Zhuang et al., 2020; Mai et al., 2021) have been identified as drivers of microbial
community composition. Steep physicochemical gradients along the vertical sediment
profile create contrasting environments that shape resident microbial communities of the
surface and the subsurface layers (Probandt et al., 2017, Luis et al., 2019). This variability of
site-specific factors greatly compromises the transferability of observed relationships across
studies. Furthermore, it is still unclear how disturbances influence the microbial communities
spatially and temporally (Allison and Martiny, 2008; Langenheder and Lindstrom, 2019).
Coastal intertidal habitats are fairly resilient to changing environmental conditions due to

their dynamic nature, however, they can show sensitive responses to anthropogenic stressors
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(Bernhardt and Leslie, 2013; O'Leary et al., 2017; Bernhardt et al., 2020). Given the transient
and adaptable nature of microbial communities, it can be expected that they may function as

sensitive indicators of change (Clark et al., 2020; Lalzar et al., 2023).

Coastal ecosystems are under enormous pressure from land-derived stressors due to ever
increasing anthropogenic land use intensities and coastal modifications (Lotze et al., 2006;
Thomson et al., 2024). Particularly, the exposure of aquatic ecosystems to over-enrichment of
nutrients often leads to eutrophication with associated detrimental effects on present species
and sometimes even the collapse of the entire ecosystem (Rabalais et al., 2009; Doney,
2010). Notably, the sediments of mangrove ecosystems, rich in organic carbon but generally
low in nutrients (Lin et al., 2019), play a critical role in mediating the impacts of nutrient
enrichment on ecosystem functioning, and microbial communities emerge as key regulators
of nutrient cycling in these sediments (Reef et al., 2010; Dai et al., 2021). Despite their pivotal
role, limited knowledge exists regarding the specific changes of microbial communities in
response to nutrient enrichment (Trevathan-Tackett et al., 2019; Allard et al., 2020). Soil
microorganisms, with their short generation times, are expected to react swiftly to changes
induced by nutrient input (Oakes et al., 2020), influencing gas exchange and overall carbon
sequestration rates (Alongi, 2020a; Shiau and Chiu, 2020). Nutrient enrichment in aquatic
ecosystems, fosters the growth of opportunistic autotrophs, leading to the rapid production
of labile organic carbon and subsequent proliferation of heterotrophic microorganisms
and exoenzymes (Keuskamp et al., 2015; Riekenberg et al., 2020). This cascade of events
accelerates nutrient remineralisation, and the eventual release of carbon back into the

atmosphere as greenhouse gas.

How the microbial communities of mangrove sediments react to external nutrient input is
poorly understood, partly due to the difficulties of studying these systems in a controlled
environment. Few studies report on reduced bacterial diversity following enrichment and
changes to the abundances of specific taxa (i. e. decreased sulphate reducers, increased
nitrogen cyclers) (Craig et al., 2021; Dai et al., 2021; Erazo and Bowman, 2021; Palacios et al.,
2021), whereas others observed diversity increases at affected sites (Xie et al., 2022). To date,
only one manipulative fertilisation study was conducted in the field accounting for realistic
levels of ecosystem variability (Palacios et al., 2021). It is important to note here, that a
number of studies have investigated enrichment through runoff from anthropogenic sources,
however, the added variability induced by the mode of delivery complicates the interpretation
of the observed effects (organic enrichment, introduced microbial communities, etc).

Microbial communities are shaped by assembly processes that are governed by ecological
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interactions of stochastic and deterministic nature (Vellend, 2010). Recognising which
process dominates in mangrove sediments and how it may change in response to shifting
environmental conditions is important to understand and predict microbial community change
to anthropogenic stressors (Nemergut et al., 2013). Moreover, a link between the present
microbial communities and relevant ecosystem functions such as carbon remineralisation
rate have not yet been conclusively established. While several works observed increases in
carbon metabolism in eutrophied and experimentally enriched systems, the high variability
in these measurements and the dynamic nature of the intertidal mangrove habitat makes
reproduction of these results extremely difficult (Bernhardt and Leslie, 2013; Shiau and Chiu,
2020).

This study aims to investigate shifts in the microbial community composition in sediments of
temperate mangrove forests in response to experimental nutrient inputs and its consequent
impact on carbon dynamics. We particularly aim to understand some of the spatial variability
induced by differences between the surface and the subsurface communities. The research
seeks to address the following two questions: 1) How does the composition and abundance
of microbial communities in the surface (0-2 cm) and subsurface (5-7 cm) of bulk mangrove
sediments change in response to external nutrient input? 2) Does the addition of nutrients
alter the emission of greenhouse gases and the exchange of dissolved carbon from mangrove
sediments? Two sampling depths were chosen to account for community differences relating
to light and oxygen availability, as well as the exposure to the water column. We tested the
hypothesis that microbial diversity is reduced in response to nutrient enrichment, and that
changes in the community are characterised by prominent nitrogen cycling taxa. Moreover,
we assumed to identify an association between nutrient levels in the sediments/porewater and
community composition patterns. Lastly, we expected an overall increase of carbon export
from the system in response to increased microbial metabolism, and that the majority of this
export was going to be in dissolved form (porewater carbon rather than gasses). Through a
comprehensive exploration of these questions, we seek to enhance our understanding of the
intricate interactions within mangrove sediments, particularly shedding light on the microbial

dynamics crucial for carbon cycling and climate regulation.

83



~t
9
~
QU
S
=
9]

Legacy of nutrient enrichment on subsurface bacterial community in temperate mangrove sediments

4.2 Methods

4.2.1 Study Site

The study site was located in the northern arm of the Whangamata estuary
(37°10.63" S,175°51.68" E) on the east coast of the North Island of Aotearoa New Zealand
(Figure 4.1A-C). The estuary is characterised as a barrier enclosed, drowned river valley that
receives low freshwater inputs, with a tidally driven hydrology over extensive areas of low
gradient intertidal flats (Hume and Herdendorf, 1988). The estuary is subject to a semi-diurnal
tidal cycle with a mean spring-tide amplitude of 1.8 m (LINZ, Tide stations data base on the
Web, 2024). Mean air temperature is 15.2°C with annual average rainfall of approximately
1360 mm (CliFlo: NIWA's National Climate Database on the Web, 2024). Mangrove stands of
Avicennia marina subsp. australasica cover approximately 100 ha (~20% of the estuary) and

are located on the shoreline of the western side of the estuary (Singleton, 2007).

4.2.2 Experimental design

A fully randomised sampling design was set up in the interior of the forest (about 15-20 m
back from the fringe). Care was taken to account for a homogeneous level of bioturbation
across the whole sampling area as this has been shown to be a strong driver of sediment
processes and microbial community assembly (Fusi et al., 2022; Kristensen et al., 2022).
Plots were randomly placed under the canopy with a minimum of 10 m separating each plot.
Treatment and control plots were assigned randomly using the ‘sample()’ function in base R
(RStudio) and subsequently checked for a homogeneous distribution. Each treatment was

replicated 9 times with two depths sampled, resulting in 18 plots and 36 unique samples
(Figure 4.1D).

The enrichment was performed in October 2020 with a slow-release fertiliser complex
(Osmocote® Exact Standard 5-6M; 15:9:12 N:P:K). The fertiliser complex was chosen over
a single nutrient fertiliser to avoid inhibiting effects of limiting nutrients, as well as to mimic
eutrophication events which are seldom based on a single nutrient. The duration of fertiliser
release from the pellets was specified by the manufacturer to be between five to six months.
An application rate of 200 g N m (which corresponds to 120 g P m? and 160 g K m) was
chosen to represent medium to high levels of enrichment that would represent concentrations

found in eutrophic estuaries (Douglas et al., 2016). A series of 20 evenly spaced fertiliser
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doses of equal volume were applied to each plot using corers to inject the pellets 10-15
cm into the sediment (Douglas et al. 2016). The corers used an outer sleeve to prevent the
holes from collapsing and the sediment plug was replaced immediately after fertilisation to
minimise physical disturbance. The experimental period was chosen to be 4.5 months, which
was within the release time of the Osmocote® fertiliser, to reflect the effects of a long-term
elevated nutrient regime in mangrove sediments. Several studies have used this method to
successfully enrich intertidal areas for scientific purposes (Douglas et al., 2016; Gladstone-
Gallagher et al., 2020).
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Figure 4.1 Map of the study area on the east coast of the North Island of Aotearoa New Zealand, in the north-
ern arm of the Whangamata estuary (A-C). D Visualisation of the sampling strategy. Nine control plots and
nine nutrient plots were sampled at the surface and the subsurface. Three samples per plot were pooled into
one composite sample to account for small scale variability. Flux samples (submerged and emerged) were
taken from benthic incubation chambers and analysed in the laboratory, except for CO, fluxes, which were
measured in situ. Sediment samples for genetic marker analysis were collected in triplicate.
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4.2.3 Sampling

Sampling was conducted in February 2021. Samples for sediment parameters were collected
using a 60 mL polyethylene syringe (@ 3 cm) with cut-off tip that extended approximately
10 cm into the sediment. All cores were immediately separated into surface (0 - 2 cm) and
subsurface (5 — 7 cm) partitions. Three cores were taken from a random location in the plot
and the respective surface and subsurface partitions were combined into one composite
sample to account for small-scale local variability. The composite sample was subsequently
separated into sampling containers for distinct measurements (1) Total organic matter
(TOM) + density, 2) sediment grain size, 3) Microbial Biomass Carbon, 4) Chlorophyll a +
phaeopigments). Samples for sediment density and water content were collected similarly
but not split to retain the mass to volume ratio of the samples. Porewater samples were
collected using Rhizon samplers (MacroRhizon, SoilMoisture Equipment Corp., CA, USA).
For logistical reasons only ten Rhizon samplers were available. To avoid cross contamination
these were split into designated treatment and control samplers. As an additional precaution,
sampler and syringe were rinsed twice with deionised water and twice with sample water
before each sample was taken. Subsurface samples were taken by vertically submersing the
Rhizon in the sediment until only the connector and the syringe remained. Surface samples
were taken by horizontally sliding the Rhizon under the surface as shallow as possible while
ensuring complete coverage of the sampler by sediment. To allow for a reasonable amount
of porewater to be collected, the samplers were left in position for up to 20 minutes or until
a total of about 90 mL was collected. The sample was then split into 2x 12 mL for nutrient
analysis and 2x >30 mL for dissolved organic carbon (DOC) and total alkalinity (TA). The DOC
samples were wrapped in aluminium foil to minimise light exposure. All samples were kept in
the dark and on ice and until sampling was completed (max. 3 hours after collection). Sediment,
porewater nutrient, and TA samples were frozen at -20°C while DOC samples were cooled at
4°C until analysis. Samples for microbial communities were collected as individual replicates
using coring devices as described above (60 mL syringe, @ 3 cm). Each core was separated
into surface and subsurface fraction and the fractions were immediately homogenised on
a clean tray with a sterile spatula before being sampled into their respective tubes. Tubes
were sealed with parafilm and stored on salt ice in the dark before being transferred to -80°C

freezer after the sampling was completed.
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