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ARTICLE INFO ABSTRACT

Keywords: Coastal sediments are important sources of dissolved iron (dFe) that make the coastal ocean iron replete, and

Bioturbation contribute an important supply of dFe to the photic regions of the adjacent open ocean. The biogeochemical

:0" C’fdmg processes that dictate sedimentary dFe flux are a complex interplay of microbial activities related to reduction-
ypoxia

oxidation condition, Fe and S cycling, and sediment bio-mixing and bio-irrigation by benthic fauna. We inves-
tigated the effect of bottom water oxygen concentration on iron dynamics in laboratory mesocosms in the
presence and absence of the common polychaete Nereis diversicolor. Mesocosms were established using sediment
obtained from a local intertidal mudflat, maintained with varying levels of hypoxia (defined as <63 pM dissolved
02), and monitored for changes in iron biogeochemistry. At the end of the experiment, subcores were taken to
measure solid phase Fe species and microbial community analysis via 16S rDNA gene sequencing. Bioturbation
played an important role in increasing the quantity of poorly crystalline Fe(IlI)-oxides within the sediments, but
decreasing the flux of Fe(II) across the sediment-water interface. These results further demonstrate the impor-
tance of bioturbation for sedimentary Fe-cycling and show a complex response to hypoxia involving both animal

Intertidal sediments

behavior and microbial response.

1. Introduction

Iron is an essential element for life. Its scarcity in one-third of ocean
surface waters can result in limiting light-driven primary productivity
by phytoplankton (Martin et al., 1990; Tagliabue et al., 2017). Supply of
iron, primarily in the form of dissolved iron (dFe), to coastal areas is
sourced from coastal shelf sediments and riverine terreswrial inputs
(Laufer-Meiser et al., 2021; Raiswell and Canfield, 2012). Some fraction
of this dFe is carried offshore, in what is often referred to as the shelf to
basin iron shuttle, which provides iron to both deep water and the open
ocean photic zone (Elrod et al., 2004). In the photic zone, it helps alle-
viate iron limitation in phytoplankton (Lenstra et al., 2019; Severmann
et al., 2010). There is ongoing debate as to how much coastal sediment
derived dFe may contribute globally to iron inventories in the open
ocean (Birchill et al., 2019); therefore, it is important to determine and

quantify mechanisms of dFe release from nearshore sediments.

The majority of important biogeochemical transformations of iron
that impact both its abundance and availability in the water column
occur in shallow surficial marine sediments. Primary controls on sedi-
mentary iron cycling include the activity of resident Fe- and S-cycling
microorganisms, the amount of labile organic carbon in sediments,
bottom water oxygen concentration of the overlaying water, and the
activity of sediment dwelling macro- and meiofauna that actively bio-
irrigate and/or biomix the upper sediment layers in a process we will
refer to as bioturbation (Aller and Cochran, 2019; Beam et al., 2020;
Butterfield, 2018; Herbert et al., 2022; Meysman et al., 2006b; van de
Velde et al., 2020). A primary outcome from the activity of burrowing
benthic fauna is to increase the surface area of sediment-water interfaces
(Davey, 1994), thus providing a larger area for redox transitions of Fe
that ultimately control its fate (Gribsholt et al., 2003; Meysman et al.,
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2006a). Animal burrowing also stimulates a diverse group of litho-
trophic Fe- and S-cycling microorganisms that inhabit sediment redox
boundaries and drive sedimentary iron dynamics along with chemical
processes linked to the products of microbial metabolisms (Beam et al.,
2018; Buongiorno et al., 2019; Laufer et al., 2016; Michaud et al., 2020;
Otte et al., 2019). It is the combined activity of microbes and benthic
fauna that exert primary control on the flux of dFe from the sediment to
the ocean water column; yet there are few studies that have specifically
attempted to link benthic processing events with microbial populations
and degree of hypoxia.

The aforementioned studies establish the importance of coastal wa-
tersheds in dFe flux to the ocean. Ocean warming directly reduces the
solubility of O, in water, increases water column stratification which
restricts oxygen supply to deeper waters, and excessive nutrient inputs
from river run-off coupled with regional ocean basin topography leads to
bottom water hypoxia (Fennel and Testa, 2019). Today, continued
ocean warming coupled with further anthropogenic nutrient loading
will expand hypoxic and anoxic regions, and alter coastal sedimentary
iron biogeochemistry and iron fluxes (Bianchi et al., 2021). Our defi-
nition of hypoxia is equivalent to that used in other marine sediment
studies where hypoxia is < 63 pM and anoxia is less than the detection
limit of our method of ~0.1 mM dissolved O- in the water (Jessen et al.,
2017). In purely chemical terms, bottom water hypoxia and anoxia will
reduce the rate of O,-dependent Fe(II) oxidation leading to increased Fe
(ID) diffusing from sediments into the water column (Elrod et al., 2004).
However, hypoxic conditions may kill or alter the behavior of bio-
turbating macrofauna, thus decreasing sediment-water interface surface
area for iron cycling. It is well-established that bioturbation impacts
sedimentary Fe and S biogeochemistry, with most evidence suggesting
bioturbation increases mobilization of dFe (van de Velde and Meysman,
2016). However, interactions between hypoxia, bioturbation, and dFe
mobilization are further complicated by the adaptive response of marine
worms to increased rates of bioirrigation in response to hypoxia.
Increased rates of burrow flushing may facilitate the transport of more
Fe(II), and result in more dFe, moving from the sediments to the water
column (Elrod et al., 2004; Herbert et al., 2021; van de Velde et al.,
2021). Anthropogenic and/or climate change-caused declines in coastal
dissolved oxygen—hypoxia and anoxia—will potentially have a nega-
tive impact on dFe release by retaining and burying the majority of iron
in marine sediments as iron sulfides. Thus, it is important to understand
the impact lower oxygen conditions will have on the sedimentary Fe
cycle and dFe flux under controlled laboratory conditions.

The flux of dFe from coastal shelf sediments is estimated to be 72
Gmol Fe yr_l (Dale et al., 2015). The highest specific fluxes were
measured using benthic flux chambers in hypoxic regions with < 80
pmol Oy " m~2 - day_1 and significant bioturbation (Homoky et al.,
2012). Measurements with benthic chambers are important to under-
standing Fe fluxes under various bottom water O regimes; however,
laboratory mesocosms allow for greater control to understand faunal,
microbial, and biogeochemical responses to specific environmental
perturbation. We conducted mesocosm experiments with sieved sedi-
ment from an intertidal mudflat, and compared paired aquaria, with a
marine polychaete present or absent, under four different controlled
dissolved oxygen concentrations to simulate different bottom water oxic
conditions. In each experiment, we quantified dFe flux into the over-
lying water, solid-phase Fe and S in the sediments, and characterize
microbial community composition. The resulting data illustrate the role
of bioturbation on Fe dynamics and microbial community composition
under different oxygen regimes that simulate increasing hypoxia.

2. Material and methods
2.1. Mesocosm setup

The aquaria mesocosms used for these experiments were custom
fabricated from polycarbonate (0.31 cm wall thickness; dimensions of
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30cm x 15emx 25 ¢cm; V=1.125 x 1072 m3). Coastal sediments were
harvested on four separate occasions: October 2017 for Oz = 10 pmol
L1 (extreme hypoxia); May and November 2017, for Oz = 280 (fully
oxic) and 48 pmol L™} (high hypoxia), respectively, and June 2018 for
0, = 106 pmol L! (intermediate oxic). All sediments were collected
from approximately the same location in an intertidal mudflat (“The
Eddy”, Sheepscot River, Maine, USA, latitude 43.9948, longitude
—69.6486, salinity = 30-35%o) from the upper 20-25 cm of sediment.
Collected sediments were returned to the laboratory and, within 1 h,
were progressively sieved through 1 mm and 0.4 mm mesh screens to
remove large macrofauna and detrital material (e.g., sticks, leaves, and
stones). The sieved sediments were placed in the mesocosms to an
approximate depth of 15 cm and sand-filtered, autoclaved seawater was
added to make a 10 cm deep water column above the sediment. The
sediments were allowed to settle for ~24 h before starting the experi-
ment, which was initiated (day = 0) upon introduction of worms to the
experimental aquarium. Sets of two aquaria each, one with worms and
one without, were incubated for 10 days under continuous aeration. In
total, four experiments were set up as described above with their over-
lying dissolved O, concentrations manipulated to 10, 48, 106 and 280
pmol L~ to mimic hypoxia to saturated conditions. Nereis (Hediste)
diversicolor (25 individuals per tank, equivalent to 500 individuals m’z)
were collected from the same field site, and added back to the bio-
turbated aquaria, while the control aquaria contained no animals.
N. diversicolor was the most abundant polychaete in these sediments.
This worm number was at the lower end of natural population abun-
dances (Davey, 1994; Kristensen and Kostka, 2013). Worms were
collected as discovered in the field with no visual bias towards larger or
small individuals; N. diversicolor individuals that were greenish in color
were not selected, since this coloration indicates they are in the process
of sexual reproduction (Bartels-Hardege and Zeeck, 1990). Animals
were returned to the field after the experiments ended. Oxygen in the
mesocosms was continuously monitored with an Oy sensor spot and
optical flourometer (Pyro Science GmbH, Germany) every minute for 10
days with the temperature compensation probe placed in the overlying
water next to the sensor spot. The aquaria remained at ambient room
temperature (~19-20 °C) and were covered with a box, except for
sampling periods, to limit light exposure.

2.2. Imaging

Photographs of each mesocosm were taken once during every 24-h
sampling period, starting at day 1, after the sediment was fully settled.
Images were cropped to include only the sediment and approximately 2
cm of overlaying water. The cropped images were edited with Apple
Photos (version 5.0) to adjust exposure, as well as improve contrast and
sharpness, to maximize visualization of worm burrows that were visible
through the walls of the mesocosm along with sediment color changes
associated with burrows. Worm burrow walls that had an orange layer of
iron oxides associated with them were hand traced using ImageJ soft-
ware (Schneider et al., 2012), and used to calculate an area of burrow
walls. From these same images, cross-section diameters of the visible,
hollow worm burrows were also measured.

2.3. Porewater ferrous iron analysis

Rhizon samplers (10 cm long filter with 0.12-0.18 pm pore size;
Rhizosphere Research Products, Wageningen, Netherlands) were glued
into the aquarium walls at 3 cm depth intervals and were used to remove
porewaters from sediments with a 10 mL syringe every 24 h to measure
aqueous dissolved Fe(Il) (dFe). The porewaters (~1.5 mL) were
dispensed into a 1.5- or 2-mL centrifuge tubes and 0.25 mL was imme-
diately pipetted into ferrozine solution to measure ferrous iron (Stookey,
1970). Absorbance was measured on a Thermo-Fisher spectrophoto-
metric plate reader at 540 nm from 0.5 mL samples via Ferrozine
method (Stookey, 1970). Timecourse figures were produced by linear
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interpolation between the sampled depths and dates. To better
approximate the ferrous iron concentration around the sediment-water
interface, we assumed a consistent diffusive boundary layer (DBL) of
500 pm thickness and a homogenous water column above the DBL. We
make these assumptions because the ferrous iron concentrations in the
water column above the sediments was always below detection limit and
mixed due to aeration (Fig. 4, Jergensen and Des Marais, 1990). The flux
of ferrous iron across the sediment-water interface was calculated using
the concentration gradient between the top of the DBL and the first
measured porewater ferrous iron concentration. The diffusion coeffi-
cient for ferrous iron at 18 °C is 5.43 x 103 em? s~! (Broecker and Peng,
1974) and the porosity was assumed to be 0.85.

2.4. Poorly-crystalline iron oxide analysis

Sediment sub-cores (n = 3) were sampled from both the bioturbated
and control aquaria after the 10-day incubation period using a cut-off 60
mL syringe, and immediately frozen in liquid nitrogen or frozen at
—80 °C. The sub-core samples were split in half with a sterile razor blade
and were sliced into 1 cm sections up to 10 cm depth in a glove bag
under a No/H, atmosphere. Sedimentary poorly-crystalline iron oxides
(i.e., ferrihydrite and lepidocrocite) were extracted using hydroxyl-
amine hydrochloride for 48 h under anoxic condition (Poulton and
Canfield, 2005). The poorly-crystalline iron oxide extractions were
diluted 1:100 and mixed with Ferrozine buffer and the absorbance
measured using the plate reader as described above. The amount of
poorly-crystalline iron oxides were integrated over the top 10 cm, in
1-cm intervals, across three replicate cores from each mesocosm and
treatment.

2.5. Acid volatile sulfide analysis

The other half of the split sub-cores from the aquaria were re-frozen
and shipped on dry ice for acid volatile sulfide (AVS) analysis at McGill
University (Montreal, Quebec). The sediment was placed in a sealed
reaction flask and 6 M HCl was added to the reaction flask through a side
port. The acid and sediment were allowed to react under N3 flow and the
released sulfide was passed through a 0.1 M citrate buffer, then trapped
in 5 mL of 5% Zinc Acetate solution (Fossing and Jgrgensen, 1989; Rgy
et al., 2014). The precipitated ZnS was quantified colorimetrically using
the Cline assay (Cline, 1969). AVS was integrated over the top 7 cm of
sediment depth across three replicate cores, as this was the deepest
depth analyzed across all mesocosms and experiments.

2.6. DNA extraction, 16S rDNA gene sequencing, and analysis

A sub-sample of the same sediment sub-cores, described above, was
used for DNA extraction, except that DNA samples were only taken at 1,
3, 5, and 10 cm depth intervals. To reiterate, for each bioturbated
mesocosm, triplicate DNA samples were obtained, while a single set was
obtained for each control; the rationale being that bioturbated meso-
cosms would likely exhibit more variability than the unperturbed con-
trols, and sequencing costs were resource limited. DNA was extracted
using a Qiagen DNA Power Soil Extraction kit following the manufac-
turers protocol with a modification in Step 1 that involved the removal
of 200 pL of extraction buffer from the bead-beating tubes and replacing
it with 200 pL of molecular grade 25:24:1 phenol:chloroform:isoamyl
alcohol (Millipore Sigma). Our previous work had shown this improved
DNA yields, especially from Fe(Ill)-oxides in sediments (Scott et al.,
2017). The DNA at the final elution step was eluted with 100 pL of
molecular grade DNase-free water. The samples were frozen at —20 °C
until further processing.

The 16S rDNA gene was amplified using V4-V5 primers 515F/926R
at the Integrated Microbiome Resource (Dalhousie University, Halifax,
Nova Scotia, Canada). Paired end reads were assembled and classified
using a mothur (Schloss et al., 2009) pipeline from the mothur MiSeq
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standard operating procedure (Kozich et al., 2013). Assembled se-
quences that contained ambiguous bases, homopolymers greater than 8
nucleotides, or were 5 nucleotides shorter or longer than the sequence
length predicted based on these primers were removed from the anal-
ysis. Reads were subsampled so each sample had the same number of
reads for OTU clustering and classification. For our primary analysis,
operational taxonomic units (OTUs) were clustered at 85%, which cor-
responds roughly to the class-order taxonomic level (Yarza et al., 2014)
and was chosen for comparative analysis to limit the number of clusters
generated for comparisons and lend clarity to data representations. It
also allowed direct comparison with our previous seasonal analysis of
sediments collected from the same site (Beam et al., 2020). This process
yielded a total of 12,437 unique OTUs from all the experiments. Relative
abundances, based on OTU counts, were utilized to build a heatmap in
RStudio (R Core Team, 2020) of the top OTUs that were greater than
0.5% abundance in any one sample.

2.7. Ecostates

An ecostate clustering model (Record et al., 2017) was used to
compare the overall microbial communities from different mesocosm
treatments to one another, and to a set of sediment samples from the
Eddy, the site of initial intertidal mud for experiments. Each ecostate
represents a consortium of taxa that clusters together consistently
throughout the sampling program, as well as the respective relative
abundances of taxa (O’'Brien et al., 2016). For this analysis, samples
were clustered at 85% identity level using average linkage hierarchical
clustering of the Bray-Curtis dissimilarity as implemented in the R
package vegan (Oksanen et al., 2013). Ecostates were then numbered
and color coded and mapped back to the OTU-based heatmap (R Core
Team, 2020).

2.8. Data availability

All 16S rDNA gene sequencing reads can be found under the NCBI
Bioproject PRJEB37656. All mesocosm geochemical data is located in
Supplemental Data File 1. The code used to process sequence data and
geochemical data is accessible on a github repository (https://github.
com/abmichaud/eddy).

3. Results and discussion
3.1. Mesocosm performance

A total of four mesocosm experiments were set up with O concen-
trations in the overlaying water set at 10, 48, 106, and 280 pM to
simulate bottom water oxic conditions ranging from extreme hypoxia to
100% oxygen saturation. In each case the overlaying water equilibrated
at the appropriate O, concentration for 24h, before Nereis diversicolor
worms were added back to the bioturbated tank, while the other tank
served as a nonbioturbated control. All tanks maintained nearly constant
03 levels during the course of an experiment (Supplemental Fig. 1). The
extreme hypoxic experiment (10 pM O3) resulted in all the worms
remaining on the sediment surface with significant mortality, and the
experiment was ended within 48 h. Experimental studies have indicated
N. diversicolor tolerated up to 72 h of complete anaerobiosis under purely
aqueous conditions (Schottler, 1979); however, in our mesocosms, these
worms exhibited minimal tolerance to this level of hypoxia. It is possible
the additional respiration required for burrowing caused a reduced
tolerance to anaerobiosis for N. diversicolor in the mesocosms; alterna-
tively, the transition from oxic to extreme hypoxic conditions may have
been too great a shock for these animals to acclimate.

The visual results of the other three experiments are shown in Fig. 1
and Supplementary Figs. 2 and 3. In these trials, all the worms began
burrowing within 24 h of addition to the sediment, and there was no
observed mortality during the 10 d experiment. The visual appearance
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without worms

Fig. 1. Comparison of mesocosms at different O, levels, with (A, C, E) and without (B, D, F) Nereis diversicolor. Each image pair was taken on day 10 of the given
experiment. Note the increase in FeOOH associated with burrow walls with increasing O, concentration. The white streaking is due to reflectance of light off the

polycarbonate walls of the mesocosms.

of worm burrows against the transparent tank wall was used as a proxy
for worm burrowing behavior for each experiment (Fig. 1, Supplemental
Figs. 2 and 3). Previous studies suggest that worms burrowing against a
glass aquaria wall may reduce ‘burrowing effort’ by 10% (Dorgan et al.,
2005), thus there may be some bias towards burrows being associated
with the polycarbonate aquaria walls. However, top-down visualization
of burrow holes in the aquaria at the end of each experiment revealed an
apparent random distribution of holes across the sediment surface (data
not shown), suggesting there was not a strong bias toward burrowing
behavior along the mesocosm walls. It is apparent that N. diversicolor
burrows were coated with progressively more Fe(Ill)-oxides with
increasing O, concentration in the overlaying water (Figs. 1 and 2 and
Supplemental Fig. 2). N. diversicolor burrowing activity was followed
during each experiment, and showed increased burrow number and
depth at 280 uM Og at day 1 or day 2 compared to the lower O; treat-
ments, with progressively less activity at 106 pM and 48 pM O treat-
ments (Supplemental Fig. 2 and Table 1). Somewhat counter-intuitively,
by day 5, burrows were observed at the deepest depths (15 cm) in the
two lower Oz aquaria, but burrows were not observed below approxi-
mately 10 cm in the fully oxygenated aquaria (Supplemental Fig. 2). An
image-based analysis of the Fe(Ill)-oxide coatings surrounding clearly
visible burrows showed that these coatings initiated sooner, and were
thicker under more oxic conditions, Fig. 2 and Table 1. For the 280 pM
O, treatment, it appeared burrows closer to the surface had increased
areas of oxidation compared to the deeper burrow walls (Fig. 2);
whereas under the more hypoxic conditions, the oxidation zones were
more consistent with depth, but the total area of oxidation was less,
especially for the 48 uM O, treatment.

We are not aware of other sediment mesocosm studies that have
purposefully exposed N. diversicolor to varying levels of hypoxia.
Detailed measurements around N. diversicolor burrow walls have shown
that under fully oxic conditions, the Oy concentration around burrow
walls ranges from 25 to 50% of that of the overlaying water, and that Oz
penetrates 2-3 mm perpendicular to the burrow wall (Pischedda et al.,
2012). This is consistent with our observed results with visible Fe
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~ R=0.32, p=0.013 .
@ . .
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Fig. 2. Bar graph showing increase in total area of Fe(Ill)-oxides surrounding
worm burrow walls in the mesocosms incubated under 48, 106, and 280 pM
dissolved oxygen levels over time (See methods). On Day 2, oxides were only
visible in mesocosm with 280 pM O,. These data were produced by outlining
the visible burrow walls through the clear mesocosm walls with apparent rust-
colored oxides as depicted in Fig. 1 and Supplementary Fig. 2.

(IlN)-oxide presence at approximately 2 mm from the burrow wall into
the sediment (Table 1). An analysis of bioturbated North Sea sediments
showed that when the O2 concentration of overlaying seawater was
reduced to 25% of saturation, advective water flux increased at least 3
times compared to fluxes in animal burrows under fully oxygenated
conditions (Forster et al., 1995). From these studies, it is reasonable to
assume that reduction of O3 concentrations in the overlaying water led
to higher ventilation rates by N. diversicolor in our microcosms. Despite
these presumed higher burrow ventilation rates in waters with lower
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Measurements of the burrow diameters, including the surrounding rust-colored layers on day 5 and 9 for the three dissolved oxygen treatments. Each value is the
average of 12 separate measurements of representative burrows from each mesocosm and the standard deviation is shown in parentheses. The burrow alone value is
the average of 12 measurements of burrow wall diameters without any surrounding Fe(III)-oxides.

O3 concentration (pM) 48 106 280 Burrow alone

Time (d) 5 9 5 9 5 9

Burrow Width (mm) 1.41 (0.62) 1.61 (0.55) 1.71 (0.48) 3.25 (0.6) 3.17 (1.01) 5.55 (1.58) 1.32 (0.30)
(Std. Dev.)

dissolved oxygen concentrations, the accumulation of Fe(III)-oxides
surrounding burrow walls was still greatest in the highest Oy treat-
ment aquaria (Fig. 2 and Table 1). This indicates there was a greater
potential for Fe(Il) to be transported via ventilation from the sediment
under hypoxic conditions, rather than being oxidized within the bur-
rows, which would support the hypothesis that hypoxic water columns
foster conditions for more dFe to be released from burrows.

3.2. Iron biogeochemistry

The porewater profiles of Fe(II) in all three bioturbated and control
aquaria follow similar trends regardless of the oxygen concentration. In
the aquaria containing N. diversicolor, porewater Fe(II) concentrations
were more variable over time, and overall lower in near-surface sedi-
ment compared to equivalent depths in the paired, nonbioturbated
aquaria (Fig. 4). These observations imply that bioturbation pushes the
peak pore water Fe(II) concentration deeper into the sediments (Fig. 4).
Thus, bioturbated mesocosms had fluxes of below detection, 13 + 2.7,
and 18 + 1.8 pmol Fe?™ em™2 d~! across the sediment-water interface
for the 280, 106, and 48 pM Oz mesocosms, respectively. These diffusive
fluxes are always lower than those calculated for the nonbioturbated
mesocosms (Fig. 3C). In all the control aquaria, Fe(II) concentrations
increase rapidly and remain elevated with depth. We cannot directly
compare between aquaria run under different levels of dissolved oxygen
because the sediment was collected at different times of the year for each
of the oxygen treatment aquaria pairs, and the basal levels of dissolved
and solid phase iron differed between each experiment. Nonetheless, our
calculations show that the bioturbated aquaria have a much lower po-
tential for supplying Fe(Il) to the overlying water column through
diffusive flux compared to nonbioturbated aquaria.

Bioturbation and bioirrigation actively introduce oxygenated bottom
water into reduced sediments, causing the biological and chemical
oxidation of iron (Beam et al., 2018; Canfield, 1989). The surface sedi-
ment porewater Fe(Il) is kept low in the bioturbated aquaria, which
translates to the higher accumulation of poorly crystalline Fe(III)-oxides
(Fig. 3). The accumulation of poorly crystalline Fe(Ill)-oxides was
different between bioturbated and nonbioturbated aquaria with 108 and
48 uM oxygen, but not at 280 pM oxygen (Fig. 3). While the hydroxyl-
amine hydrochloride extraction does not preserve the redox speciation
of extracted iron minerals, it was shown to target ferrihydrite and lep-
idocrocite (Poulton and Canfield, 2005). Given that the hypoxic and
suboxic bioturbated aquaria had greater amounts of poorly crystalline

Fe than the non-bioturbated controls, but low diffusive fluxes suggest
that there is another mechanism that brings the reduced fluid or Fe into
contact with the oxygen. This is likely due to advective transport caused
by N. diversicolor while it is irrigating its burrow. Finally, Fe(II) in the
overlaying water was below the detection limit of the ferrozine assay
(approximately 1 pM) under all conditions, indicating there was not a
significant build-up of Fe(Il), even under hypoxic conditions. While Fe
(II) concentrations were below detection, we did observe that aquaria
walls in the bioturbated mesocosms exhibited visible accumulation of Fe
(II1)-oxide-like precipitates compared to the controls (Supplementary
Fig. 3). Visually it appeared the increasingly oxic mesocosms had greater
accumulations. This indicates bioturbated mesocosms likely had
increased amounts of dFe exported from the sediments to the water
column, concurrent with other studies of benthic Fe flux (Elrod et al.,
2004; Herbert et al., 2021). Some of this dFe may be in the form of
chelated Fe(II) or Fe(Ill), and some may exist as very fine grained, hy-
drous Fe(IlI)-oxides as are known to be produced by Fe(Il)-oxidizing
Zetaproteobacteria that inhabit worm burrow walls (Beam et al.,
2018; Toner et al., 2012).

Acid volatile sulfides are one pool of solid phase reduced iron and
sulfur minerals, typically presenting in surface sediment as FeS, and
result from the reaction between the reduced end products from sulfate
and iron reduction (Liu et al., 2020). The profiles of AVS from paired
bioturbated and control aquaria are similar and imply that the burial of
reduced Fe and S was similar with and without N. diversicolor. FeS is
oxidized abiotically by oxygen or biologically by microorganisms, thus
bioturbation was expected to decrease the FeS content of bioturbated
aquaria. This was not seen in the integrated AVS contents of the sedi-
ment, Fig. 3B. Thus, the net rate of FeS formation during the experi-
mental time frame for all experiments was similar, with a lack of
evidence for net loss or gain of FeS with or without worms. The ability of
N. diversicolor to influence solid phase geochemistry appears to be
limited to what intersects the burrow wall. The reoxidation of solid
phase FeS, reintroduced to the oxic sediment through bioturbation is one
mechanism that produces poorly-crystalline Fe(III)-oxides in marine
sediments. There are no clear differences between bioturbated and
non-bioturbated aquaria in FeS content at the end of the experiment, but
there are increases in poorly-crystalline Fe(IlI)-oxides within the bio-
turbated aquaria at reduced oxygen concentration (Fig. 3A). This sug-
gests that the diffusion of dissolved Fe(lI), from either sulfide-mediated
Fe(IlI)-oxide reduction or dissimilatory iron reduction (Michaud et al.,
2020), across the oxic-anoxic boundaries created by worm burrows was

s00/A - Initial B &3 nitial . 150lC ) Fig. 3. Comparison of areal integrated poorly crys-
T & ; +“::Z:z Tao|l 3 +mere§5 l f“gg:g talline Fe over the top 10 cm (deepest sampled depth
o B 5 hereis - of all cores for poorly crystalline Fe analysis) of
%‘ o % w:"-‘ triplicate cores collected at the end of the experiment
5 400 S e I _LE> 100 (A), and integrated acid volatile sulfide over the top
£ . bl E‘;lr et El 7 cm (deepest sampled depth of all cores for AVS
% . @ :5' analysis) of the triplicate cores collected at the end of
2 300 éﬂ %20 WL 3 'é 50 the experiment (B). Poorly crystalline Fe was also
3 - E ﬁf] £ L quantified after sieving and before the experiment
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from the sampling over depth at the end of the
experiment.
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Fig. 4. Porewater Fe?* concentrations in mesocosms that contained Nereis diversicolor (A, C, E) and did not contain Nereis diversicolor (B, D, F), with water column
oxygen concentrations maintained at 280 pM (A, B), 106 uM (C, D), and 48 uM (E, F). The concentrations plotted are linear interpolations through the measured data
points (black dots) and assuming a linear diffusive boundary layer that was equal in thickness (500 pm) across all the aquaria.

the source of iron responsible for producing the elevated levels of
poorly-crystalline Fe(IlI)-oxides. While the diffusive flux across the 0 cm
sediment-water interface is higher in nonbioturbated aquaria, this bulk
measurement of flux does not take into account the more abundant
redox interfaces created by burrowing worms that can increase the
effective sediment-water surface area.

In comparison to another study, Thibault de Chanvalon et al. con-
ducted fine scale 2-dimensional mapping of Fe(Il) dynamics associated
with N. diversicolor burrows that coupled mathematical modeling to a
unique in situ device for visualizing Fe porewater gradients associated
with worm burrows (Thibault de Chanvalon et al., 2017). Predictions
from that work done under fully oxic conditons indicated reoxidation of
Fe(II) associated with burrow walls consumed nearly 90% of the Fe flux,
and that these oxides would be recycled 7-8 times before the Fe would
either diffuse or be advected from the sediment. The fact we observed
substantial Fe(III)-oxide accumulation associated with burrow walls at
280 pM O is consistent with the work of Thibault de Chanvalon et al.,
and shows that under hypoxic conditions bioturbation still enhances the
production of oxidized Fe over sediment without worms. Based on the
greater accumulation of Fe(Ill)-oxides around burrow walls under fully
oxic conditions compared to hypoxia, it is reasonable to assume the
potential for Fe recycling decreases with increasing hypoxia. This, in
turn, may affect the carbon cycle by limiting the capacity for organic
carbon to be mineralized via dissimilatory Fe-reduction within sedi-
ments experiencing hypoxia, as Fe-reducing microorganisms preferen-
tially use the less crystalline forms of Fe(II)-oxides (Laufer et al., 2020).

3.3. Microbial community analysis

Depth resolved microbial community analysis was conducted at 1, 3,
5, and 10 cm from both bioturbated and control aquaria for each O3
condition at the termination of each experiment. With this intensity of
sampling, we were unable to see notable differences between bio-
turbated and control aquaria within any of the experiments (Fig. 5); nor
was there any depth stratification with respect to total community
composition within the mesoscosms. The ecostates analysis indicated
that the communities in the 48 and 106 pM O, treatments were a
different ecostate (green bar in Fig. 5), than the community in the 280

pPM treatment (blue bar in Fig. 5). This indicated the higher O con-
centration in the overlaying water may have some impact on the mi-
crobial community in the sediment, although we cannot rule out the
possibility that fundamental differences in the communities at the start
of each experiment could have contributed to this difference in ecostate.
A representative depth profile of the microbial community from this
same mudflat site (Beam et al., 2020) had different ecostates from
mesocosms presented here. Overall, these results indicate that meso-
cosm set up had a greater influence on microbial community composi-
tion than 10d of incubation at differing oxygen contents and worm
presence.

A comparison of all the mesocosm OTUs, to all the OTUs previously
analyzed from this same mudflat (Beam et al., 2020), revealed that 22 of
the 25 most abundant OTUs were shared between these in situ collected
samples and those collected at the end of the 10 d experiment (results
not shown). Previous work has shown the abundance of Zetaproteo-
bacteria, that catalyze lithotrophic Fe(Il)-oxidation, are enriched in the
Fe(II)-oxide encrustations on burrow walls where we assume they play
an important role in microbially mediated Fe(II)-oxidation (Beam et al.,
2020; McAllister et al., 2015). The relative abundance of Zetaproteo-
bacteria tended to decrease with decreasing O, concentration in the
mesocosms; however, differences between bioturbated and
non-bioturbated conditions were not observed (Fig. 6A). The Desulfo-
bulbaceae belong to a family of Deltaproteobacteria that includes a
number of genera capable of diverse sulfur metabolisms, including sul-
fur disproportionation and sulfate reduction. Desulfobulbaceae also
include the cable bacteria that can carry out long range electron transfer
that link the oxidation of H3S in sediments to the reduction of O5 near
the sediment-water interface (Kjeldsen et al., 2019; Nielsen et al., 2010;
Ward et al., 2021). In each of the mesocosms, there was a general
decrease in their relative abundance compared to the homogenized mud
that was used to start the experiment (Fig. 6B). It is possible the physical
disruption of the sediments for preparing the mesocosms may have
interfered with metabolisms associated with the Desulfobulbaceae in
undisturbed, natural sediments, for example the long-distance electron
transfer of cable bacteria (Hermans et al., 2019; Malkin et al., 2014).
One of the most abundant taxa in these sediments was the family
Desulfobacteraceae that contains a number of known sulfate-reducing



J.P. Beam et al.

Estuarine, Coastal and Shelf Science 276 (2022) 108032

Fig. 5. Heatmap of OTU abundances for different
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bacteria. Again, bioturbation did not seem to impact the relative
abundances of this abundant functional group within mudflat sediments
(Fig. 6C). The overall lack of discrimination in microbial populations
between bioturbated and non-bioturbated mesocosms shows it was not
possible to resolve differences in microbial community structure,
although the presence of N. diversicolor clearly had an impact on sedi-
ment structure, and biogeochemical cycling of Fe. Our experimental
design (10 d incubation) was not sufficient to observe growth of taxa

that would respond to declines in oxygen saturation and redox interfaces
caused by bioturbation. This is consistent with the findings of a recent
study by Wyness et al. (2021) that found microbial community structure
in another type of sediment mesocosm only showed significant changes
after 70 weeks. There may have been changes in microbial communities
associated with the burrow wall microenvironments, but that would
only make up a small percentage of the bulk sediment, limiting the ca-
pacity to detect specific microbial responses to bioturbation.
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4, Conclusions

The work presented here demonstrates that bioturbation and hyp-
oxia have the potential to impact Fe-cycling in intertidal sediments.
Non-bioturbated mesocosms had increased diffusive flux of Fe(II) across
the sediment-water interface; however the bioturbated mesocosms
accumulated greater amounts of reactive Fe(Ill)-oxides in association
with burrow walls, indicating a greater potential for Fe-cycling, dFe flux,
and Fe-mediated carbon cycling within the sediments. Implications from
this work are that extreme hypoxia, defined here as < 10 pM O3 satu-
ration of overlaying waters was not tolerated by N. diversicolor; however,
high (40-50 pM O3) and intermediate levels (~100 uM O3) of hypoxia
did not seem to impair the activity of these benthic invertebrates, but
hypoxia did decrease the amount of reactive Fe(III)-oxides associated
with burrow walls in the sediment. While microorganisms are important
to Fe cycling, due to the short duration of these experiments, it was not
possible to identify statistically significant changes in the present, but
not active, benthic microbial community. This suggests measuring the
biogeochemical response of sediments due to changes in bioturbation
may be the most effective means of assessing the short-term impacts of
changes in rates of bio-irrigation and bio-mixing on sediments. This
study adds to the body of knowledge that bioturbation does play an
important role in the Fe cycle of coastal marine sediments. Bioturbation
enhances the iron cycle by producing more poorly crystalline Fe(III)-
oxides in the sediment and an obvious, but unquantified source of dFe
to the water column. As hypoxic conditions continue to expand in
coastal sediments due to anthropogenic activities, our results indicate
the production of poorly crystalline Fe(Ill)-oxides produced within
surficial sediments due to bioturbation will decline, and impact sedi-
ment biogeochemical processes and Fe exchange with the water column.
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