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ABSTRACT: Phosphorus is an essential nutrient for life. The release of
phosphorus from sediments is critical in sustaining phytoplankton growth
in many aquatic systems and is pivotal to eutrophication and the
development of bottom water hypoxia. Conventionally, sediment
phosphorus release is thought to be controlled by changes in iron oxide
reduction driven by variations in external environmental factors, such as
organic matter input and bottom water oxygen. Here, we show that
internal shifts in microbial communities, and specifically the population
dynamics of cable bacteria, can also induce strong seasonality in
sedimentary iron−phosphorus dynamics. Field observations in a season-
ally hypoxic coastal basin demonstrate that the long-range electrogenic
metabolism of cable bacteria leads to a dissolution of iron sulfides in
winter and spring. Subsequent oxidation of the mobilized ferrous iron with
manganese oxides results in a large stock of iron-oxide-bound phosphorus
below the oxic zone. In summer, when bottom water hypoxia develops and cable bacteria are undetectable, the phosphorus
associated with these iron oxides is released, strongly increasing phosphorus availability in the water column. Future research
should elucidate whether formation of iron-oxide-bound phosphorus driven by cable bacteria, as observed in this study,
contributes to the seasonality in iron−phosphorus cycling in aquatic sediments worldwide.

■ INTRODUCTION

Phosphorus (P) is a necessary constituent of organic
biomolecules such as DNA and RNA, phospholipids, and
ATP1 and may limit phytoplankton growth in both freshwater
and marine ecosystems. In coastal waters, river input is typically
the primary P source, while burial in sediments is the major
sink. In systems subject to excessive nutrient input, which are
often characterized by hypoxic bottom waters (O2 <63 μM), P
is readily remobilized from sediments.2−4 This “internal” source
of P may fuel a high primary productivity in surface waters,
which then can sustain bottom water hypoxia, even when
riverine P inputs are reduced.5 Phosphorus recycling from
sediments has been shown to hamper recovery of coastal “dead
zones” that have developed worldwide over the past decades
due to anthropogenic eutrophication.6,7

The release of P from sediments during seasonal hypoxia is
typically assumed to be the combined result of the release of P
upon reductive dissolution of iron (Fe) (oxyhydr)oxides2,3

(henceforth referred to as iron oxides) and of P stored as
polyphosphate in microbial cells during oxic conditions8 and
from degrading organic matter (OM). Conventionally, changes
in sediment Fe and sulfur (S) redox chemistry are thought to
be driven by seasonal variation in factors external to the

sediment. In this model, increased inputs of OM, temperature-
dependent stratification of the water column, and a subsequent
decline in bottom water oxygen in summer induce high sulfate-
reduction rates and the conversion of sediment iron oxides to
iron sulfides, leaving fewer iron oxides to bind P.4,9 Upon
reoxygenation of the surface sediment in fall and winter, the
iron sulfides are thought to be oxidized mostly by oxygen,
creating iron oxides that can sequester P.1,10,11 Furthermore,
large sulfur-oxidizing bacteria, like Thiomargarita and Beggiatoa,
are known to accumulate considerable amounts of P as
polyphosphate inclusions.11 The release of such intracellular
reserves has been suggested to enhance benthic release of P
during summer in seasonally hypoxic sediments.10

Recently, a novel mode of electrogenic sedimentary sulfide
oxidation was described involving filamentous bacteria of the
Desulfobulbaceae family.12 These cable bacteria are able to link
the oxidation of free sulfide in deep anoxic sediment layers to
the reduction of oxygen12−15 or nitrate (NO3

−)16 in surface
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sediments, by shuttling electrons over centimeter-scale
distances. Electrogenic sulfur oxidation by cable bacteria occurs
in a wide range of marine sediments,17 where it has the
potential to strongly impact the sediment geochemistry.14,18

Laboratory experiments demonstrate that electrogenic sulfur
oxidation induces acidification of the pore water, resulting in

dissolution of iron monosulfide (FeS) and calcium carbonate
(CaCO3) in deeper sediment horizons.14 In these experiments,
the released Fe2+ partly diffused upward to the oxic zone where
it was oxidized as iron oxides [Fe(OH)3], and partly to deeper
sulfidic layers, where it reprecipitated as FeS. Cable bacteria
hence have the potential to substantially alter iron and sulfur

Figure 1. (A) FISH image of filamentous cable bacteria (probe DSB706). (B) Beggiatoaceae filament stained with DAPI as viewed with a fluorescent
light microscope (Leica DM4500). (C) Temporal changes in oxygen concentrations in the bottom water and bacterial succession at the sediment
surface in 2012. The abundance of cable bacteria (pink dots) was determined in March, May, August, and November only, whereas for Beggiatoaceae
(green dots), data were obtained for each sampling month. Microsensor profiles of oxygen, hydrogen sulfide, and pH in sediment pore water in
March (D) and November (E). Cable bacteria fingerprints are characterized by a broad subsurface pH minimum while Beggiatoaceae create a broad
pH maximum in the suboxic zone, reflecting the effect of bacterial succession on sediment pore water chemistry, as both bacteria induce the
formation of oxygen- and sulfide-free suboxic zones.
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cycling in natural sediments. However, the extent to which this
occurs in the field and the possible impact on sediment P
dynamics are still completely unknown.
Here we present field data from a coastal marine basin, which

demonstrate a direct link between seasonal changes in cable
bacteria abundance, the formation and dissolution of FeS, and
sedimentary P dynamics.

■ MATERIALS AND METHODS
Location. Our study site is a 34 m deep basin in a marine

lake (salinity ∼32) in The Netherlands, with rapidly
accumulating organic-rich sediments (∼2 cm/year).17 The
water column in Lake Grevelingen is seasonally stratified,19

which induces bottom water O2 depletion in summer. In 2012,
oxygenated bottom waters prevailed from January to May,
followed by hypoxia from June to July, anoxia in August, and
the return of oxygen from September onward (Figure 1).
Sediment and Pore Water Sampling. Sediment cores

were collected monthly on the RV Luctor in 2012 with a gravity
corer (UWITEC, Austria), using transparent PVC core liners
with 60 mm inner diameters. Each month, one core was sliced
at high resolution (0.5 cm slices over 10 cm) in a N2-purged
glovebag. Bottom water samples were collected from the
overlying water in each core. The pore water was extracted
from the sediment using centrifugation (15 min at 4500g).
Bottom water and pore water samples were filtered (0.45 μm)
and subsampled under N2. Subsamples for total dissolved P, Fe,
Mn, and Ca were acidified (37% HCl, 10 μL/mL) and analyzed
with inductively coupled plasma optical emission spectrometry
(ICP-OES) (PerkinElmer Optima 3000). Pore water analyses
of P with ICP-OES and colorimetrically with a nutrient
autoanalyzer (Bran and Luebbe)20 were compared for one
sampling outing and found to be nearly identical, indicating
most pore water P is present as dissolved inorganic P. Sulfate
was measured using a Dionex ion chromatograph. The relative
accuracy and precision of the analyses above, as established
from standards and duplicates, was always <5%.
Centrifuged sediment samples were freeze-dried, then

ground in a N2-purged glovebox. Total sediment Mn was
determined by ICP-OES, following acid destruction with HF−
HNO3.

21 Sediment P was fractionated into exchangeable P,
iron-bound P, authigenic Ca−P, detrital P, and organic P using
a modified sequential extraction method (SEDEX) extraction
procedure.21,22 The relative error in the P speciation, based on
duplicate analyses, was generally <5% with the exception of the
detrital P and iron-bound P, which had an error <15%.
Sediment sulfur fractions were separated using the extraction
method by Burton et al.23 and modified as described in Kraal et
al.24 Acid-volatile sulfur (AVS) and chromium-reducible sulfur
(CRS) fractions were quantified using iodometric titrations,
where duplicate samples varied less than 10% for AVS and less
than 8% for CRS.
Pore water microprofile measurements were conducted on

intact sediment cores (n = 3) within a few hours of retrieval.
Profiling was conducted using commercial microsensors
operated with a motorized micromanipulator (Unisense A.S.,
Denmark). Depth profiles of O2 (25 or 50 μm tip diameter;
detection limit <1 μM), H2S (50 μm tip diameter; detection
limit <1 μM), and pH (100 or 200 μm tip diameter electrode)
were recorded following standard calibration procedures [for
O2 a two-point calibration in air-saturated seawater (100%
saturation) and at depth in anoxic sediment (0% saturation);
for H2S, a five-point standard curve using freshly prepared Na2S

standards; for pH, 3 NBS standards and Tris buffer to correct
for salinity, where pH values were reported on a total scale].
Total H2S (∑H2S = H2S + HS−) was calculated as in Malkin et
al.17

Bacterial Characterization. Microscopic identification of
cable bacteria filaments (March, May, August, and November
2012) was performed by fluorescence in situ hybridization
(FISH), using a Desulfobulbaceae-specific oligonucleotide
probe25 (DSB706; 5′-ACC CGT ATT CCT CCC GAT-3′),
after staining with DAPI (1 mg/mL), as described in Schauer et
al.,15 and references therein.
To determine the biovolume of Beggiatoaceae filaments,

intact sediment cores were sectioned within 24 h of retrieval, at
5 mm depth for the first 4 cm and subsampled (20−30 mg) as
described by Seitaj et al.26 The biovolume was determined from
the length (×10) and width (×40) of all filaments found in the
sample.27 Cable bacteria biovolumes (mm3 cm−3) were
calculated from measured filament lengths and diameters and
integrated over all eight sediment layers. Polyphosphate
inclusions in DAPI-stained cable bacteria and Beggiatoaceae
filaments were visualized with a fluorescent light microscope
(Leica DM4500) and identified based on visual appearance.27

Water Column Sampling. Discrete bottom water samples
were collected with a 12 L Niskin bottle at 32 m water depth
and transferred from the bottle using Tygon tubing. Bottom
water O2 concentrations were measured by an automated
Winkler titration procedure with potentiometric end point
detection (Mettler Toledo DL50 titrator and a platinum redox
electrode) as described in Knap et al.28

Water column subsamples were analyzed for dissolved
inorganic phosphate (PO4) on a nutrient autoanalyzer (Seal
QuAAtro). Additional discrete water samples (2.5 L) were
filtered (0.7 μm Whatman glass microfiber GF/F filters) for
suspended particulate matter (SPM) using a setup that was
adjusted (vacuum-sealed) when the bottom water became
anoxic. SPM samples were then freeze-dried and fractionated
for P phases according to the modified SEDEX procedure
discussed above.

Flux Measurements and Calculations. Benthic fluxes of
PO4 from the sediment into the overlying water were measured
in intact cores (triplicates) in shipboard closed-chamber
incubations. The depth of the overlying water in each core
was adjusted immediately upon retrieval to 18−20 cm above
the sediment, and the water was subsequently replaced with
ambient bottom water. Replacement was conducted with
minimal disturbance to the sediment, via a gastight tube, to
prevent gas exchange with the atmosphere. Cores were
promptly sealed with gastight lids, transferred to a temper-
ature-controlled container, and incubated at in situ temper-
ature. Lids contained two sampling ports and a central stirrer to
homogenize the water. Six hour and 18 h incubation periods
were applied during summer and winter, respectively. Water
samples were collected from each core at regular intervals (5
times), and fluxes were calculated as the change in [PO4]
during the incubation, accounting for the enclosed sediment
area and overlying water volume. Diffusive PO4 fluxes were
calculated using Fick’s first law, using the dissolved [PO4] in
the first 0.5 cm sediment depth interval and bottom water
[PO4] (Figure S8).

Polyphosphate Quantification. Intracellular P content of
individual cable bacteria cells was estimated using nanometer-
scale secondary ion mass spectrometry (NanoSIMS). The
analysis was performed as described by Vasquez-Cardenas et
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al.,29 using a NanoSIMS 50L instrument (Cameca, France).
Filaments, hand-picked from sediment cores treated with 13C-
labeled bicarbonate and propionate, were analyzed for counts of
secondary ions and subsequently used to calculate the P/C
ratio and the intracellular P content of the cells. Overall, 3−8
different filaments were analyzed from each treatment and zone
(Supporting Information, 1.8; Figure S9).

■ RESULTS AND DISCUSSION

Biogeochemical Signals of Bacteria. In both spring and
fall, a suboxic zone devoid of oxygen and free sulfide developed
in the surface sediment. The suboxic zone extended from 1.5 to
ca. 18 mm and 0.4 to ca. 10 mm in March and November,
respectively. Microscopic examination of the sediment using
FISH revealed the presence of cable bacteria in spring, down to
40 mm depth.26 Microsensor depth profiles of O2, ∑H2S, and
pH showed the characteristic geochemical signature of
electrogenic sulfur oxidation14,18 with a high pH near the
sediment surface due to proton consumption via the reduction
of oxygen (O2 + 4e− + 4H+ → 2H2O), and a low pH in deeper,
suboxic sediment due to proton production by the oxidation of
sulfide (0.5H2S + 2H2O → 0.5SO4

2− + 4e− + 5H+). The
absence of a distinct pH peak is consistent with high
electrogenic activity in sediments characterized by a shallow
oxygen-penetration depth.26 The abundance of active cable
bacteria, as reflected by pore water sulfate (SO4

2−) profiles
(Figure S1) and biovolumes (Figure 1C), declined from June
onward with the onset of hypoxia. The geochemical response to
shallow cutting of the sediment confirmed that cable bacteria
were metabolically active and the dominant sulfur oxidizers in
spring.29 After summer hypoxia, tufts of large motile sulfur-
accumulating sulfur-oxidizing bacteria (Beggiatoaceae) were
present at the sediment surface from September to December,
with extensive mat formation from October onward (Figure 1).
Beggiatoaceae filaments were detected down to a depth of ca.
20 mm in the sediment.26 Microsensor profiles in fall were
consistent with the metabolic activity of Beggiatoaceae, with a

suboxic zone that is characterized by a broad pH maximum,
which is most likely the result of H2S oxidation with nitrate
(4HS− + NO3

− + 6H+ → 4S0 + NH4
+ + 3H2O).

12,30 Seasonal
surveys over the period 2011−2015 show that cable bacteria are
replaced by Beggiatoaceae in fall nearly every year. The reasons
for this population shift, however, are not yet fully under-
stood.26

Whether cable bacteria or Beggiatoaceae are the dominant
sulfur-oxidizing micro-organisms has major implications for
sediment Fe, S, and P dynamics at the field site. In March,
profiles of pore water Fe2+, Ca2+, and SO4

2− (Figure 2A) and
sediment FeS (Figure 2B) are in line with strong dissolution of
FeS and CaCO3 by cable bacteria.14,18 In contrast to previous
laboratory experiments,14 the dissolved Fe2+, which is
remobilized and diffuses upward, does not reach the oxic
sediment surface (Figure 2A), and so, iron oxidation cannot
proceed aerobically. Although there is NO3

− in the bottom
water (30 μM),19 iron oxidation coupled to nitrate reduction31

is unlikely, given that the potential downward-diffusive flux of
nitrate can only explain ∼27% of the iron removal (Supporting
Information, 1.4). Instead, we propose that upward-diffusing
Fe2+ is largely oxidized by manganese oxides (MnO2), which
are abundant in the surface sediment in March (ca. 40 μmol/g,
Figure 2B; Fe2+ + 0.5MnO2 + H2O + H+ → Fe(OH)3 +
0.5Mn2+). Consequently, Mn2+ accumulates in the pore water
(Figure 2A) and MnO2 is lost from the sediment (Figure S2).
Upward-diffusing PO4, produced deeper in the sediment, is
removed from the pore water through the association of P with
the newly formed iron oxides in the suboxic zone (Figure 2B;
Figures S3, S4, and S5). In November, the dominance of
Beggiatoaceae results in pore water profiles typical for anoxic,
sulfidic sediments, with a gradually increasing phosphate (PO4)
concentration. Profiles of dissolved Fe2+, Mn2+, and Ca2+ show
little change with depth in the sediment. Sulfate concentrations
decrease gradually with depth, indicating sulfate reduction. Iron
sulfides are present throughout the sediment profile.

Figure 2. (A) Pore water [PO4], [Fe
2+], [Mn2+], [Ca2+], and [SO4

2−] for March 2012, when cable bacteria are present, and November 2012, when
Beggiatoaceae are abundant in the sediment. Dashed lines indicate the depths below which hydrogen sulfide is detectable. (B) Solid-phase iron-
bound P, total Mn (Mntot), and FeS for March and November 2012.
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Impact of Cable Bacteria on Fe−P Cycling. Our results
demonstrate that cable bacteria have a major impact on P
dynamics in Lake Grevelingen by promoting the formation of

iron oxides and removal of pore water P over a much broader
zone than expected based on the penetration of oxygen in such
organic-rich sediments. In spring, all P released to the pore

Figure 3. (A) Seasonal change in water column phosphate (in μM) as a function of water depth. (B) Change in phosphate in the water column in
2012 (integrated with depth; μmol cm−2 day−1). (C) Flux of phosphate from the sediment to the water column as measured in incubations (also see
Table S2) and calculated from pore water profiles (in μmol cm−2 day−1). (D) Change in sediment Fe−P inventory (in μmol cm−2 day−1) in the
surface sediment (0−4 cm) during 4 periods in 2012 (N.B., y-axis is inverted).
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water at depth is sequestered in the sediment as iron-oxide-
bound P (Figure 2). As a consequence, there is little sediment-
water exchange of phosphate (Figure 3). From late spring
onward, bottom-water deoxygenation during seasonal strat-
ification coincides with increased release of phosphate from the
sediment and an increase in water-column phosphate (Figure
3A−C). A significant proportion of the phosphate efflux (∼20%
for the measured flux, 40% for the calculated flux) in late spring
and summer (May−August) can be explained by changes in the
sedimentary pool of iron-oxide-bound P (Figure 3, parts C and
D). In fall, when stratification ceases, oxic conditions in the
bottom water are re-established and the surface sediment is
colonized by Beggiatoaceae. However, little buildup of iron-
oxide-bound P is observed, and critically, the efflux of
phosphate from the sediment remains significant (Figure 3C).
A similar link between cable bacteria and P sequestration was
observed at a second site in the basin (Figures S6 and S7).
Release of P from intracellular polyphosphates in bacteria can

also modulate sedimentary P dynamics,10,11 yet our data
suggest that this does not play a major role at the field site.
Microscopic analysis of individual filaments of cable bacteria
with nanoSIMS indicates the presence of intracellular
polyphosphate accumulations (Figure 4), but the amount of
accumulated P is negligible compared to that associated with
Fe(OH)3 (0.3 mmol P m−2 vs 47.9 mmol P m−2; Supporting
Information, 1.8). Although Beggiatoaceae also contain intra-
cellular polyphosphates (Figure 1), there is no evidence for a
major impact on either the pore water or solid-phase P profiles
(Supporting Information, 1.9).
Biogeochemical Implication. Traditionally, the seasonal

buildup of iron-oxide-P observed in aquatic sediments (e.g., refs
3, 4, 32, and 33) is assumed to be controlled by changes in the
input of reactive OM and bottom water oxygenation. Our data
show that cable bacteria are additional key drivers of sediment
iron-oxide-bound P formation, allowing for the conversion of
FeS to iron oxides over a broad sediment horizon (affecting the
upper 20−40 mm). In the absence of cable bacteria, this same
Fe conversion process would be primarily governed by seasonal
changes in the oxygen penetration depth, which only affects the
top 1−2 mm of the sediment. Therefore, at our field site, we
observe at least a 10-fold increase in conversion of FeS to iron
oxides when compared to a situation without cable bacteria
(Supporting Information, 1.4). As a consequence, in sediments
where cable bacteria are abundant, P retention is highly
efficient. Equally, when their activity ceases, for example due to

the establishment of anoxia in the water column, the release of
P from the sediment to the overlying water is amplified. Recent
work shows that cable bacteria are present in a wide range of
sediments, both in marine17 and freshwater environments.34

This suggests a potential role for cable bacteria in seasonal
changes in sediment Fe−P biogeochemistry in such environ-
ments and highlights the necessity for further detailed studies
on the impact of cable bacteria, especially within the context of
the continued worldwide expansion of areas suffering from
eutrophication and bottom water hypoxia.6
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