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Abstract: Marine invasive species may modify their host environment by altering ecosystem
biogeochemistry. We hypothesized that the invasive polychaete Marenzelleria viridis in Baltic Sea
areas increases sulfate reduction (SR) in sediment micro-zones surrounding its burrow. Consequently,
higher free porewater sulfide (H2S) is expected in sediments dominated by M. viridis than in
corresponding sediments inhabited by the native polychaete Hediste diversicolor. In a thin-aquaria
experiment, we found high SR rates (220 to 539 nmol cm−3 d−1) around the burrow walls of M. viridis
as well as in surface and subsurface sediments with overall rates 2-fold higher than in defaunated
control sediment. Similarly, an in situ survey revealed subsurface porewater H2S peaks moving
upward towards the sediment surface in M. viridis inhabited areas. Accordingly, 50–85% higher
porewater H2S was found almost year-round in these areas compared with H. diversicolor inhabited
areas, suggesting that the invasion of M. viridis probably led to a substantial change in sediment
biogeochemistry. In conclusion, M. viridis stimulates SR in sediment micro-zones and increases H2S
in coastal sediments. Such change to more reducing conditions after the invasion may have critical
environmental implications on, e.g., the distribution of H2S intolerant flora and fauna species.

Keywords: Marenzelleria viridis; sulfate reduction; sediment biogeochemistry; estuarine sediments;
North Sea; Baltic Sea

1. Introduction

Major impacts of invasive species in host environments are often related to biodiversity loss,
predation and competition for space or food [1]. However, invasive species of benthic infauna living
within the bottom of marine ecosystems can alter the biogeochemistry of the habitat, and ultimately
affect carbon mineralization, nutrient regeneration, larval recruitment and distribution of flora and
fauna [2]. Three species of the invasive polychaete genus Marenzelleria are found in Europe along
the North Sea and Baltic Sea coasts [3]. M. viridis is the only Marenzelleria species found in high
salinity coastal areas of Denmark with current abundances ranging from 200 to 1200 ind m−2 in
sandy sediments [4]. The invasion of this species has shifted the dominance of benthic infauna
and introduced a new functional niche through the formation of narrow (3 mm), but deep (up to
40 cm) “J”-shaped and blind-ended burrows [4,5]. Bioturbation by M. viridis is known to increase
sulfate reduction (SR) in contrast to native species, such as Hediste diversicolor that increase aerobic
processes in the sediment [6]. This ability of M. viridis is explained by its burrow ventilation behavior.
Cilia covering the dorsal gills in the anterior part of the body are in constant movement creating a
head-tail inflow of water, while muscular body undulations sporadically pump anoxic water out
of the burrow [7]. The ventilation rate is not high, but the associated bioirrigation is sufficient to
stimulate SR by forcing DOC- and sulfate-rich water across the walls of the blind ended burrow [7].
Therefore, the production of free sulfide (henceforth referred as H2S = H2S + HS−), the end-product
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of SR, may reach levels in the sediment above those observed before the M. viridis invasion [8].
Additionally, redox oscillations may affect the sediment capacity to store H2S by precipitation with
Fe2+, which affects the pools and partitioning of AVS (acid volatile sulfur = H2S + FeS) and CRS
(Chromium Reducible Sulfur = S◦ + FeS2) in zones surrounding M. viridis burrows. Higher H2S levels
in sediment near the surface may influence the recruitment of H2S intolerant macrophytes and benthic
fauna species [9,10], and can potentially hamper management efforts to recover ecosystems from
eutrophication. However, there is limited knowledge on the exact spatial pattern of SR stimulation by
M. viridis in sediment micro-zones and to which extent high porewater H2S levels prevail in sediments
where this species occurs.

In this study, we hypothesized that Marenzelleria viridis increases SR in sediment surrounding its
burrow walls. Accordingly, we expected that H2S concentrations in sediment porewater is higher in
coastal areas dominated by M. viridis when compared with areas dominated by the native polychaete
Hediste diversicolor. To test this hypothesis, we performed a laboratory experiment with thin-aquaria
to assess two-dimensional depth patterns of SR in sandy sediments with and without M. viridis.
In addition, seasonal sediment cores were collected from a shallow coastal lagoon where M. viridis and
H. diversicolor dominates to follow the year-round in situ development of H2S.

2. Materials and Methods

Sandy sediment and M. viridis individuals were collected during winter at shallow water in
Bregnør Bay, Odense Fjord, Denmark. The sediment had a median grain size of 170 µm and low organic
matter content (~0.5%). The sediment and worms were stored in a temperature-controlled room (15 ◦C)
for three days to acclimatize. A series of five thin-aquaria (20× 30× 1 cm) were filled with homogenized
sediment to 27 cm depth leaving 3 cm of water phase (electronic supplementary material, Figure S1A).
The aquaria were transferred to a 90 L tank with local seawater maintained at 15 ◦C, salinity 20 and 12 h
light/12 h dark cycles to assure microphytobenthos production as food source [5,6]. Water circulation
and aeration was maintained by air stones placed on the bottom of the tank. After one day of sediment
compaction, one M. viridis individual (216–228 mg wet weight) was introduced to each of four aquaria
leaving one without fauna as control. After two weeks for settling and burrow construction, we only
obtained two functional aquaria inhabited by M. viridis (Aq. 1 and Aq. 2), i.e., with visible established
burrows near one of the aquarium walls. We assumed that M. viridis individuals were inactive or died
in the other two aquaria without visible burrows. The rates of sulfate reduction (SR) and associated
sediment pools of AVS (Acid Volatile Sulfur = H2S+ FeS) and CRS (Chromium Reducible Sulfur = S◦

+ FeS2) were measured by the 35S-radiotracer and two-step distillation technique [11,12]. Five µL of
35S-SO4

2− (60 kBq) was injected into the sediment through silicon-filled ports distributed in a 2 cm
grid along one side of the aquaria (electronic supplementary material, Figure S1B). Three horizontal
profiles at 0, 2, 4, and 6 cm radial distance on both sides of the burrow were injected at 4, 10 and
16 cm depth (electronic supplementary material, Figure S1A). In addition, one full vertical profile
was injected from the upper 0.5 cm sediment and at 2 cm intervals down to 16 cm at a distance of
6 cm from the burrow in each M. viridis aquarium. Two full vertical profiles were injected 8 cm apart
in the control aquarium following the same procedure. Thus, total vertical and horizontal injected
intervals in all aquaria summed up to 87 samples (see Figure S1A for details). The 35S-SO4

2− labelled
aquaria were incubated in darkness at 15 ◦C for 5–7 h. After incubation, the aquaria were opened,
and 1 mL sediment samples from injected intervals were collected with cut-off syringes, transferred to
centrifugation tubes containing 5 mL of 20% zinc acetate for fixing and stored frozen until analysis.
The activity of 35S in the supernatant, as well as AVS and CRS distillates was measured on a Tri-Carb
2200 CA Liquid Scintillation Analyzer for the determination of SR. Concentrations of total AVS and CRS
were determined spectrophotometrically based on the H2S in the distillates [12,13]. No thin-aquarium
experiment was done with the native H. diversicolor, because it is well -documented that this species
increases rates of aerobic processes and lowers rates of sulfate reduction (SR) [6,14]. Instead, we used
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results from a previous laboratory experiment conducted in similar sediment and incubation conditions
for comparison [14].

Three sediment cores (5 cm i.d., 30 cm long) were sampled at each of two areas in Bregnør
Bay during spring, summer, autumn and late winter to examine in situ H2S profiles. One area was
dominated by M. viridis (220–310 ind m−2) at a water depth of 0.5–1.0 m and never exposed during low
tide. The other area was populated by H. diversicolor (1900–2200 ind m−2) at a water depth of 0.2–0.5 m
and exposed two times per day during low tide. Sediment cores were sliced immediately after return
to the laboratory into 0–0.5, 0.5–1, 1–2, 2–3, 3–4, 4–6, 6–8, 8–10, 12–14 and 16–18 cm while intervals
10–12 and 14–16 cm were discarded due to limited solute changes in deeper sediment zones and to
simplify analytical procedures [5]. Porewater was extracted from the sediment by centrifugation at
500× g for 15 min. The porewater was retrieved with a syringe and H2S samples were fixed in 20%
zinc acetate (9:1 volume ratio) and analyzed as described previously.

To compare M. viridis and H. diversicolor profiles, a bioturbation zone of 10 cm depth was used for
depth-integrating in situ porewater H2S, since this is the typical summer bioturbation depth limit for
the latter species [15]. The difference in depth-integrated in situ porewater H2S in seasonally sampled
M. viridis and H. diversicolor sediment cores and interactions between these factors were tested by
two-way ANOVA. All tests were performed after normality and homogeneity were verified and with
significance level of α = 0.05 using the software SigmaPlot 14.0.

3. Results

M. viridis individuals were recovered intact from the two functional thin-aquaria at the end of the
experiment. The burrows were “J”- shaped, had one opening with a diameter of 2–3 mm and depth
between 17 and 25 cm. Beggiatoa spp. mats were observed around the burrow openings and at the
sediment surface of the two M. viridis aquaria. Hotspots of SR ranging from 220 to 539 nmol cm−3 d−1

were identified in the center along the burrow walls of the two aquaria with M. viridis down to 16 cm
depth (Figure 1A,B). A SR plume of similar magnitude was found from 4–8 cm depth at 2–6 cm distance
to the right of the burrow walls while SR in surrounding sediment was low (39 to 141 nmol cm−3 d−1,
Figure 1A,B). The overall rates of SR in M. viridis aquaria was about 2-fold higher than the control
aquarium (Figure 1C). The concentrations of AVS (0.05–1.1 µmol cm−3) were generally much lower
than those of CRS (2.0–52.3 µmol cm−3) in the aquaria (Figure 1D–I). The AVS pool showed in Aq. 1 a
pattern that was inverse of SR with lowest concentrations immediately around the burrow followed
by 2–4-fold increased levels in zones 2–6 cm away from the burrow walls, while Aq. 2 had highest
concentrations on the left side of M. viridis burrow (Figure 1D,E). AVS concentrations were lower in
the control, with highest levels near the outer left perimeter. The CRS pool, on the other hand, was
in Aq. 1 enriched far from the burrow walls (i.e., 6 cm), but otherwise not different from the more
homogeneous concentrations in Aq. 2 and higher than the control. The averaged vertical pattern of SR
in the thin-aquaria showed higher rates at almost all depths in M. viridis treatments compared with the
control and with the H. diversicolor (previous published data) (Figure 2). Accordingly, depth integrated
SR from these vertical profiles was 42–114% higher in M. viridis aquaria (13.1–19.8 mmol m−2 d−1) than
in the control (9.2–10.0 mmol m−2 d−1) and both of them were 2- to 5-fold higher than the H. diversicolor
(3.6 ± 1.0 mmol m−2 d−1).

The bottom water temperature at Bregnør Bay was 2–3-fold higher during summer than the
other seasons in both the M. viridis and H. diversicolor areas (Table 1). However, temperature levels
were generally higher in the H. diversicolor area where the water was shallower and exposed twice
every day. The temperature difference was particularly large during summer as the average water
depth was only 10 cm in the H. diversicolor area. In situ profiles in the area dominated by M. viridis
showed subsurface porewater H2S peaks (2.0–5.0 nmol cm−3) at sediment depths of 4–10 cm in all
seasons. High levels of in situ H2S were observed at shallow depths (0.4–1.0 nmol cm−3 at 0–2 cm)
in M. viridis sediment from spring to autumn. Porewater H2S in H. diversicolor sediment increased
gradually with depth from 0.0–0.1 nmol cm−3 near the surface to 0.2–1.3 nmol cm−3 at 3–10 cm depth,
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except during the warm summer where H2S reached very high levels below the bioturbation zone
(Figure 3). The depth-integrated in situ H2S levels were 2–6 times higher in M. viridis than H. diversicolor
sediment within the bioturbation zone (p = 0.019) in all seasons, except for summer where the generally
high levels were more than two times higher in H. diversicolor than M. viridis sediment (p = 0.001).
No interaction was detected between the factors seasons and depth-integrated H2S levels in the
bioturbation zone of M. viridis and H. diversicolor.J. Mar. Sci. Eng. 2020, 8, x FOR PEER REVIEW 4 of 9 
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Figure 3. Vertical porewater profiles of H2S in M. viridis and H. diversicolor dominated coastal sediment
in spring, summer, autumn and late winter at Bregnør Bay. Values represent mean ± standard error
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J. Mar. Sci. Eng. 2020, 8, 940 6 of 8

Table 1. Bottom water temperature and average depth-integrated porewater H2S (upper 10 cm) over
the seasons in M. viridis and H. diversicolor dominated coastal sediments in Bregnør Bay. Porewater
H2S values represent mean ± standard error (n = 3). Porewater H2S ranges are indicated for the two
sediment core replicates sampled in Spring in M. viridis coastal sediments.

Temperature (◦C) Spring Summer Autumn Winter

M. viridis 11.0 18.0 11.7 5.0

H. diversicolor 11.5 30.0 14.2 6.5

H2S (µmol m−2)

M. viridis 29.6 and 44.3 53.7 ± 10.9 24.8 ± 7.4 17.1 ± 6.5

H. diversicolor 12.0 ± 3.9 130.1 ± 45.6 12.4 ± 1.6 2.6 ± 0.4

4. Discussion

Two-dimensional spatial analysis showed that M. viridis bioturbation creates micro-zones of
elevated SR along the burrow walls at 4–14 cm sediment depth. The tendency for slightly higher SR
at the right side of the burrows in our aquaria may be due to porewater percolation generated in
that direction forced by the J-shaped blind-ended burrow morphology (Figure S1A). The micro-zones
of accumulated AVS observed 2–6 cm away from the burrow walls were displaced from the zones
of high SR, while CRS was deposited even further away in Aq. 1 indicating radial transport of SR
end-products. Similar radial redox transport has been observed recently around burrows of the
polychaete Chaetopterus variopedatus [16]. The levels of AVS and CRS pools in our Fe-poor sediment
(0.04 µmol cm−3) were lower compared with sediments richer in Fe, suggesting a low H2S buffer
capacity in Bregnør Bay sediment [8]. The vertical SR profiles revealed that high SR levels may occur
near the sediment surface in M. viridis sediments, as observed at 0–4 cm depth zone. The high SR in
micro-zones around M. viridis burrows were 2-fold higher than the calculated average rates (Figure 2)
and average rates previously found in sediment cores with M. viridis [6]. The higher resolution of the
two-dimensional spatial analysis therefore provides a reliable tool to identify the location of stimulated
SR in sediment inhabited by M. viridis. The depth integrated SR calculated here in the presence
of M. viridis is 6 to 7-fold higher„ respectively, than the average rates previously found in similar
sandy-sediments inhabited by H. diversicolor (Figure 3) and mud-shrimps [14,17]. Although M. viridis
is tolerant to hypoxia and H2S and can colonize hypoxic sediments [18], there is no current consensus
on ecophysiological advantages by its SR stimulating behavior. M. viridis may benefit by grazing on
chemoautotrophic sulfur oxidizing bacteria growing along the burrow walls and surface sediment [19].
However, chemoautotrophic bacteria are probably not a major food source for M. viridis in shallow
coastal areas when abundant microphytobenthos is available [20].

The high in situ levels of H2S found in sediment dominated by M. viridis were consistent with
the sulfur dynamics observed in the thin-aquaria. The high H2S levels recorded in deep sediment at
the H. diversicolor area during summer was probably caused by the excessive stimulation of SR due to
the very high temperatures in the shallow water (10 cm depth). Otherwise, the depth-integrated H2S
levels in the upper 10 cm bioturbation zone of M. viridis sediment was always consistently higher than
the same zone in H. diversicolor sediment. This is somewhat surprising since ventilation by M. viridis
in its blind-ended burrows forces porewater to percolate faster to the surface than diffusion-driven
bioirrigation in open-ended burrows ventilated by H. diversicolor [7,21]. Accordingly, the introduction
of a new functional trait by the M. viridis invasion, i.e., deep burrows and upward percolation of
sulfidic porewater [7], may change the sediment biogeochemistry with consequences on recruitment
and settlement of benthic flora and fauna. The shape of in situ H2S profiles in M. viridis sediment was
similar to that observed for SR in the thin-aquaria experiment. Subsurface peaks of H2S within the
bioturbation zone therefore suggests upward transport of this solute. This upward H2S percolation
may ultimately result in high concentrations at the sediment surface where sulfide-oxidizing sulfur
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bacteria typically proliferate at H2S and O2 interfaces [22]. The presence of Beggiatoa spp. mats at the
sediment surface of M. viridis aquaria supports this contention. The low redox conditions and presence
of H2S at the sediment-water interface may prevent larval settlement of benthic fauna intolerant to
H2S and hypoxia, i.e., lugworms, bivalves and many crustaceans, while species such as opportunistic
capitellid polychaetes can be attracted [9,23,24]. The presence of H2S near the sediment surface may
also decrease the fitness of eelgrass seedlings if they are exposed to H2S levels above their growth
and survival threshold (0.06–1.6 µmol cm−3) [10,25]. The environmental effects of the biogeochemical
changes induced by M. viridis may, together with other coastal ecosystem stressors such as nutrient
loading and climate change, be detrimental to the ecological status of sandy coastal areas.

We conclude that M. viridis stimulates the development of sediment micro-zones with high SR
alongside their burrow walls. These high SR zones deliver H2S to the porewater in iron-poor sandy
sediments, which confirms our hypothesis. We are confident that the data collected support our
conclusions, but the study would have been strengthened if all planned thin-aquaria replicates had
been successful. Future studies should focus on investigating how changes in redox conditions at
the sediment-water interface promoted by M. viridis affect recruitment success of other fauna and
flora. More importantly, the SR patterns and H2S levels found in this study should be integrated into
ecological models used for planning of management actions in coastal ecosystems along the Baltic Sea.
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