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Foraminifera are an important faunal element of the benthos in oxygen-depleted settings

such as Oxygen Minimum Zones (OMZs) where they can play a relevant role in the

processing of phytodetritus. We investigated the uptake of phytodetritus (labeled with
13C and 15N) by calcareous foraminifera in the 0–1 cm sediment horizon under different

oxygen concentrations within the OMZ in the eastern Arabian Sea. The in situ tracer

experiments were carried out along a depth transect on the Indian margin over a period of

4 to 10 days. The uptake of phytodetrital carbon within 4 days by all investigated species

shows that phytodetritus is a relevant food source for foraminifera in OMZ sediments.

The decrease of total carbon uptake from 540 to 1100m suggests a higher demand for

carbon by species in the low-oxygen core region of the OMZ or less food competition with

macrofauna. Especially Uvigerinids showed high uptake of phytodetrital carbon at the

lowest oxygenated site. Variation in the ratio of phytodetrital carbon to nitrogen between

species and sites indicates that foraminiferal carbon and nitrogen use can be decoupled

and different nutritional demands are found between species. Lower ratio of phytodetrital

carbon and nitrogen at 540m could hint for greater demand or storage of food-based

nitrogen, ingestion, or hosting of bacteria under almost anoxic conditions. Shifts in the

foraminiferal assemblage structure (controlled by oxygen or food availability) and in the

presence of other benthic organisms are likely to account for observed changes in

the processing of phytodetritus in the different OMZ habitats. Foraminifera dominate the

short-term processing of phytodetritus in the OMZ core but are less important in the

lower OMZ boundary region of the Indian margin as biological interactions and species

distribution of foraminifera change with depth and oxygen levels.
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INTRODUCTION

Benthic foraminifera are unicellular protists found in marine
sediments and occur with global distribution. The structure
of benthic foraminiferal communities is controlled by
environmental parameters, with oxygen and food (organic
matter) availability being considered the most important factors
(e.g., Jorissen et al., 1995). The impact of changing food flux
and oxygen concentration on the abundance and distribution
of species of foraminifera has been demonstrated in various
studies from different regions (e.g., Heinz and Hemleben,
2006; Larkin and Gooday, 2009). The interplay between
these complex environmental factors (organic matter, oxygen
concentration) and the rank of influence of each factor on
foraminiferal behavior often remain unclear. Investigations in
oxygen-depleted ecosystems provide the opportunity to study
foraminiferal faunas and their response to food under low
oxygen (e.g., Woulds et al., 2007; Fontanier et al., 2014; Larkin
et al., 2014).

Mid-water masses of minimum oxygen concentrations
(<0.5ml l−1 dissolved oxygen) intercept with the sea floor of
continental margin at bathyal depths such as in the Arabian Sea
(Diaz and Rosenberg, 1995; Levin, 2003) and expose sediments
and organisms to severe and persistent oxygen depletion.
Currently these Oxygen Minimum Zones (OMZs) affect 6% of
the continental margin sea floor (Helly and Levin, 2004) but
are predicted to expand due to human-induced eutrophication
and global warming (e.g., Diaz and Rosenberg, 2008; Stramma
et al., 2008). The largest OMZ is currently found in the Arabian
Sea expanding from 120 to 1100m water depth (Helly and
Levin, 2004; Hunter et al., 2011) where foraminifera represent
an important faunal component of the benthos and sustain
dense populations (e.g., Levin, 2003; Gooday et al., 2009).
Foraminiferal assemblages in oxygen-depleted environments are
low in diversity and dominated by species with high stress
tolerance and/or that benefit from adaptations such as increased
pore density (e.g., Glock et al., 2011), denitrification (Risgaard-
Petersen et al., 2006; Pina-Ochoa et al., 2010), and bacterial
endobionts (e.g., Bernhard et al., 2012a,b; Nomaki et al., 2014).
Observed elevated densities of foraminifera in OMZs have been
also related to the absence of predators, and the high flux of
organic matter to the sea floor at these depths (Levin, 2003).

Information remains scarce, however, on the role of
foraminifera in the carbon cycling in the OMZ of the Arabian
Sea with only few feeding experiments performed on the Indian
margin (Moodley et al., 2011; Enge et al., 2014) and Pakistan
Margin in the northern Arabian Sea (Woulds et al., 2007;
Andersson et al., 2008; Larkin and Gooday, 2009; Larkin et al.,
2014; Jeffreys et al., 2015). One approach of studying the feeding
behavior under natural conditions are in situ feeding experiments
where a food source (e.g., diatoms) is applied directly to the sea
floor and left for ingestion by the specific target organism. After
phytoplankton blooms, remains of microalgae (phytodetritus)
can be found on the sea floor in a low degraded state. Such
food source of high quality has been observed at 4000m depth
in the Arabian Sea (Pfannkuche et al., 2000). In the deep sea
phytodetritus is a relevant food source for benthic foraminifera

(e.g., Suhr et al., 2003; Nomaki et al., 2006) and its deposition
can lead to shifts in distribution patterns and reproduction of
foraminifera (Gooday, 1988, 1993). Phytodetritus “labeled” with
stable isotopes (e.g., 13C) can be used in feeding experiments to
directly track the food source to the consumer and to quantify
uptake and uptake rates. The approach is very suitable for in
situ feeding experiments and has been successfully performed
in previous experiments to study the feeding behavior of deep-
sea foraminifera (e.g., Levin et al., 1999; Moodley et al., 2002;
Witte et al., 2003; Nomaki et al., 2006, 2011; Enge et al.,
2011). In this study we used dual-labeled algae (13C and
15N) which allows us to simultaneously follow the uptake of
carbon and nitrogen (Evrard et al., 2010). Nitrogen is often
limited in marine environments and can restrict the growth of
organisms as it is needed for the synthesis of amino acids and
proteins.

The results presented here relate to the uptake by calcareous
foraminifera from the 0–1 cm sediment horizon at 800 and
1100m water depth. Calcareous species are the most important
foraminiferal group in OMZ sediments and the majority of living
foraminifera in OMZ sediments in the Arabian Sea is found in
the upper sediment layer (e.g., Jannink et al., 1998; Maas, 2000;
Schumacher et al., 2007). Data will be compared to results from
a feeding experiment run at 540m in the same geographic region
(Enge et al., 2014).

MATERIALS AND METHODS

Study Area
This study is based on a set of in situ feeding experiments
performed during the cruise “YK08-11” with the R/V Yokosuka
(JAMSTEC, Japan). The experiments were conducted in an area
located around 17◦N and 71◦E in the eastern Arabian Sea about
200 km off the coast of India (Figure 1). The area of interest
shows an average productivity of ∼0.5 g C m−2 d−1 with strong
seasonal variation (Babu et al., 1999). The intense biological
productivity in the Arabian Sea is driven by monsoon-induced
upwelling in summer (SW monsoon) and by deeper mixing
of water masses in winter (NE monsoon). The vertical flux of
particulate organic carbon (POC) to the sea floor hence also
shows seasonal variability. The annual POC flux in the eastern
Arabian Sea estimates for 3.3mg m−2 d−1 (Pfannkuche et al.,
2000). The cruise took place between September and November
2008 during the post-monsoonal period. Environmental data
for the experimental sites were obtained during the dives of
the submersible Shinkai 6500 (JAMSTEC, 2007), and derive
from CTD recordings and measurements with an optical oxygen
sensor. Calibrated oxygen concentrations, temperature, salinity,
and sediment characteristics of each station are given in Table 1.
The location of the experimental sites (540, 800, 1100 m) are
within the range of the OMZ on the Indian margin (Hunter et al.,
2011). The 540m site is located in the OMZ core region showing
the lowest bottom-water concentration of all investigated sites
(<0.01ml l−1 O2). The 800 and 1100m sites aremore oxygenated
and are representative for the lower OMZ region of the Indian
margin.
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Preparation of 13C and 15N-Labeled Algae
Thalassiosira weissflogii is a cosmopolitan marine diatom and
belongs to the genus Thalassiosira which is part of the
phytoplankton community in the Arabian Sea off the coast of
India (Sawant and Madhupratap, 1996). Prior to the cruise, an
axenic clone of T. weissflogii (CCMP, Bigelow Laboratories for
Ocean Science, USA) was cultured in artificial seawater and
L1 culture medium. The medium was enriched with 99%—
13C-bicarbonate (NaH13CO3, Cambridge Isotope Laboratories,
Inc., USA) and 50%—15N-sodium nitrate (Na15NO3, Cambridge
Isotope Laboratories, Inc., USA). Algae were cultured at 16◦C
for 28 days (light: dark = 16:8; 35 PSU), harvested by
centrifugation (500 G; 30min), sonicated (2000Hz; 5min), and
rinsed three times in ultrapure water to remove inorganic
salts and dissolved organic carbon. Finally harvested algae
were lyophilized (−60◦C; −0.0001 mbar; 24 h). The produced
phytodetritus contained 27.75 atom%13C and 33.70 atom%15N
and displayed a C/N ratio (C:N) of 4.06 (Hunter et al., 2012a).

Experimental Setup
The same experimental work method was conducted at all depths
(540, 800, 1100 m). The in situ feeding experiments were carried

FIGURE 1 | Location of the experimental sites on the Indian Margin in

the Arabian Sea. Isobaths in meters.

out using Oceanlab spreader systems. These are transparent
polycarbonate tubes (25 cm inner diameter) with removable lids.
A container inside the lid holds the suspension of T. weissflogii
and can be opened by pushing the trigger with the arm of the
submersible. For more detailed description of the spreaders see
Hunter et al. (2012a).

At the beginning of each experiment, a spreader was
deployed on undisturbed sea floor by the submersible. The algae
suspension (650mg C m−2, 160mg N m−2) was then released
from the spreader lid and left to settle on the sediment surface.
The offered dose simulates an event of high organic matter
influx. Several hours later the lid was removed in order to avoid
artificial anoxia. The applied food amount and the open system
guaranteed optimal simulation of an arriving pulse of fresh food
to the sea floor under natural conditions. Incubation of the
sediment area within the spreader with labeled phytodetritus
lasted 4, 7, and 10 days. Not all periods of incubation were
feasible at all three water depths. The following experiments on
foraminifera were successful conducted and are part of this study:
4 days incubation (540, 800, 1100 m), 7 days incubation (800 m),
10 days incubation (800, 1100 m; Table 1).

After the incubation period, three sediment cores (70mm
inner diameter) were taken from inside each spreader of which
one was available for foraminiferal analysis and the others were
used for further analyses (see e.g., Hunter et al., 2012a,b). In
total, six sediment cores (no replication) were available for
foraminiferal analysis: one for each treatment, including the
540m which has been already studied (Enge et al., 2014).
On board of the vessel sediment in the retrieved cores was
immediately cut horizontally in 1 cm thick slices and frozen
−80◦C. Transport and storage of samples until further processing
took place at−25◦C.

Sample Preparation
In the laboratory, samples were washed with artificial seawater
over a 125µm mesh and residues were frozen at −25◦C until
further processing. Foraminifera were wet-picked from the
residue in a petri dish on a cooling plate. The identification
of “living” and “dead” specimens and their separation was
based on the color of the cytoplasm, and on the presence of
cohesive cytoplasmatic filling of, at least the oldest, chambers
(e.g., Moodley et al., 2002; Nomaki et al., 2005). We scanned the
entire 0–1 cm sediment sample (38.5 cm3) for foraminifera and

TABLE 1 | Environmental conditions at the experimental sites.

Depth (m) Duration (days) Oxygen Temperature (◦C) Salinity (PSU) Sedimentary organic matter

(ml l−1) (µmol l−1) % POC % TN C:N

540/4 552 4 <0.01 0.35 12.1 35.2 3.16 0.33 9.56

800/4 813 4 0.05 2.36 9.9 35.1 3.27 0.38 8.70

800/7 814 7 3.36 0.38 8.91

800/10 814 10 3.08 0.35 8.71

1100/4 1155 4 0.33 15.00 7.2 34.9 3.60 0.39 9.14

1100/10 1147 10 3.99 0.42 9.43

Values for oxygen, temperature, and salinity derive from Hunter et al. (2012a). Values POC and TN derive from the same spreader as sediment samples for foraminiferal analysis (except

site 540/4) and represent the 0–1 cm sediment horizon. For the 540/4 site, sediment parameters represent the mean of two samples from different spreaders of the same location.
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picked all “living” specimens. All “living” calcareous specimens
(miliolids not included) were later analyzed for their isotopic
composition for this study. To perform isotope analysis on
foraminiferal cytoplasm, a minimum biomass (0.7mg dry weight
after decalcification) was required per sample. Some species were
represented in insufficient numbers or were too small in size or
volume. Pooling of species at lower taxonomic level was therefore
necessary, especially for samples from 1100m where abundances
were lowest.

Before further processing of foraminifera for isotope analysis,
material, and foraminifera were cleansed from adhering organic
contaminants. For this, glassware was combusted at 450◦C (5 h),
picking tools and tin cups were cleaned in a mix of CH2Cl2 and
CH3OH (1:1, v:v), and foraminifera were carefully brushed and
washed twice in filtered artificial seawater and once in distilled
water. Foraminifera were then transferred into tin cups. Excess
water in the cups was removed before drying foraminifera at
50◦C. Subsequently, 10µl HCl (4%) were added to foraminifera
for decalcification. Afterwards, samples were kept at 50◦C for two
days to allow complete drying.

Sample Analysis and Data Treatment
The contents of total organic carbon (TOC) and nitrogen
(TN) as well as 13C/12C and 15N/14N ratios of foraminiferal
cytoplasm were measured at the Stable Isotope Laboratory at
the University of Vienna for Environmental Research (SILVER).
An isotope ratio mass spectrometer (DeltaPLUS, Thermo
Finnigan) with interface (ConFlo II, Thermo Finnigan) was
used in combination with an elemental analyzer (EA 1110, CE
Instruments). The minimum amount of carbon and nitrogen
to be reliably determined is 5µg C and 1µg N for not labeled
samples. At the double amount of carbon and nitrogen, relative
standard deviations RSDs of 0.05% and 0.02% for atom%13C
and atom%15N, and RSDs of 7.5%, 3.3%, and 4.3% for carbon
content, nitrogen content and C:N ratio are achieved. The
atomic composition of carbon and nitrogen isotopes of the
sample (atom%Xsample) were calculated against an international
reference material (Rstandard): the Vienna Pee Dee Belemnite for
carbon (RVPDB = 0.0112372) and atmospheric nitrogen for
nitrogen (RatmN = 0.0036765):

atom%Xsample =

100×
(

δX
1000 + 1

)

× Rstandard

1 + (
(

δX
1000 + 1

)

× Rstandard)
(1)

with X being 13C or 15N, respectively. Excess of 13C and 15N in
samples above background reflects uptake of 13C or 15N. Excess
(Esample) is the isotopic label content and was calculated as the

difference between the fraction of 13C (15N) in the background
and the sample (after Middelburg et al., 2000):

Esample = (atom%Xsample − atom%Xbackground)/100 (2)

Background (natural) isotope signatures of foraminifera
(δ13C=−20.5, δ15N= 10.7) derive from calcareous foraminifera
in OMZ influenced sediments of the Pakistan and Oman margin
(Jeffreys et al., 2015). Uptake of the isotopes 13C and 15N (Iiso)

was determined as the product of excess (Esample) and the total
content of organic carbon (TOC) or nitrogen (TN) of the sample,
respectively. Uptake of total phytodetrital carbon (pC, 12C +
13C) and nitrogen (pN, 14N+ 15N) was determined by:

Iphyto = Iiso/(atom%Xalga/100) (3)

with Iphyto as the content of pC (pN), and atom%Xalga as the

fractional content of 13C (15N) in the labeled phytodetritus
(Moodley et al., 2000; Hunter et al., 2012a).

The sum of pC (pN) of all samples analyzed from one
site (e.g., 800/4) represents the total uptake of pC (pN) by all
calcareous foraminifera >125µm (excluding miliolids) found at
the particular site because all “living” calcareous foraminifera
found were analyzed. Except for the site 540/4 where results
demonstrate not the entire assemblage response due to failed
analyses (see Enge et al., 2014).

RESULTS

Foraminiferal Assemblages
Total abundances of living foraminifera (not including tubular
agglutinated) were highest at 540m with 3914 ind. 10 cm−3

(Enge et al., 2014). Abundances were lower at 800m (249 ±

40 ind. 10 cm−3) and lowest at 1100m (99 ± 3 ind. 10 cm−3).
Calcareous foraminifera were the main assemblage element at
all three water depths. The numerical dominance of calcareous
foraminifera decreased with increasing water depth from 99.5%
at 540m to 60% at 1100m, while agglutinated foraminifera
become more abundant with greater water depth (0.5% at 540m
to 34.5% at 1100m). Miliolid and organic-walled foraminifera
each represented less than 5% of the total foraminiferal
abundance at all investigated depths. The species composition
of calcareous foraminifera varied strongly between depths. At
540m the assemblage was dominated by Bolivina aff. Bolivina
dilatata, Cassidulina sp., and seven other species. Together
these nine species represent 95% of all living specimens in the
uppermost cm (Enge et al., 2014). At 800m Epistominella rugosa,
Bulimina cf. gibba, Bulimina aculeata, B. aff. B. dilatata, and
the Uvigerinids are the most abundant taxa. The assemblages
at 1100m were dominated by Globobulimina sp. (1100/4) and
Bulimina mexicana (1100/10). The following investigations and
results (carbon and nitrogen isotopic composition and uptake)
refer to calcareous foraminifera.

Uptake of Phytodetrital Carbon
Total content of pC in foraminifera in the upper 1 cm sediment
horizon after 4 days was 34.35µg 10 cm−3 at 540 m, 0.83µg
cm−3 at 800 m, and 0.04µg 10 cm−3 at 1100m (Figure 2). The
average fraction of pC (% pC) in foraminifera was highest at
1100m after 10 days with great interspecific variation and lowest
after 4 days at 1100m (Figure 3).

At 800 m, total pC was largest after 4 days and similar between
7 and 10 days (Figure 2). Content of pC varied largely between
foraminiferal taxa (Table 2, Figure 4). Uvigerinids demonstrated
the largest pC content of all groups at all three durations at
800m (Figure 4). “Gyroidina spp., and Hoeglundina elegans”
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FIGURE 2 | Total content of phytodetritical carbon (pC) and nitrogen (pN) of calcareous foraminifera per 10cm3 after 4–10 days of incubation with

phytodetritus.

FIGURE 3 | The mean carbon and nitrogen stoichiometries of foraminifera for each treatment: the ratio of TOC and TN after feeding (TOC:TN), the

ratio of pC and pN content in the cytoplasm (pC:pN), and the fraction of pC in TOC (% pC) and pN of TN (% pN). Box plots show the 25/75 percentile

(box), mean (filled square), median (straight line), maximum and minimum (crosses), and the standard deviation (whiskers).

showed also high pC content after 4 days but with increasing
time pC contents became lower (Figure 4). Epistominella species
and the group of remaining calcareous foraminifera showed
an increase in pC content over time while “Buliminidae and
Chilostomellidae” showed largest pC content after 7 days
(Figure 4). Highest fractions of pC at 800m were present in
“Uvigerina schwageri and U. bifurcata” (11.3–24.5%), in B. aff.
B. dilatata (9.1% after 7 days), and in “Gyroidina spp. and H.
elegans” (26.8% after 4 days).

In contrast, at 1100m the total content of pC in foraminifera
had increased with time and it was almost 15 times the
concentration after 10 days than after 4 days (Figure 2).
Specific pC values of “Buliminidae and Chilostomellidae” slightly
decreased between day 4 and 10 (Figure 4) while pC content of

the “spiral shaped and one-chambered forms” group (including
G. bradyi, Pullenia sp., Epistominella spp., H. elegans) had
increased strongly from day 4 to day 10 (Figure 4). The “spiral
shaped and one-chambered” group of 1100/10 demonstrated the
highest fraction of pC of all investigated samples with 35.6%.

Uptake of Phytodetrital Nitrogen
Total content of pN in foraminifera after 4 days was highest at
540m (Figure 2) with only three species being measured and not
the entire community such as at 800 and 1100m. The average
fraction of pN in foraminifera was also greatest at 540m after 4
days, and lowest at 1100m after 10 days (Figure 3). As observed
for the carbon, contents of pN in foraminifera differed strongly
between depths, incubation times, and species.
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TABLE 2 | Content of phytodetrital carbon (pC), nitrogen (pN), and the ratio of both in foraminifera species and groups after incubation with phytodetritus.

4 days 7 days 10 days

pC (ng) pN (ng) pC:pN pC (ng) pN (ng) pC:pN pC (ng) pN (ng) pC:pN

540 m

Bolivina dilatata 1399.4 853.4 1.6 – – – – – –

Bolivina dilatata 1499.0 – 1.8 – – – – – –

Bulimina gibba 7966.5 2128.8 3.7 – – – – – –

Cassidulina sp. 668.3 1091.3 0.6 – – – – – –

Cassidulina sp. 481.5 – 0.4 – – – – – –

Ehrenbergina pacifica 676.4 – – – – – – – –

Ehrenbergina pacifica 364.2 – – – – – – –

Epistominella rugosa 1524.4 – – – – – – – –

Hoeglundina elegans 10,804.9 – – – – – – – –

Lenticulina sp. 1121.4 – – – – – – – –

Uvigerina schwageri 93,088.0 – – – – – – – –

Uvigerina semiornata 17,144.3 – – – – – – – –

Uvigerina semiornata 13,112.8 – – – – – – – –

800 m

Bolivina aff. B. dilatata – – – 202.2 66.8 3.0 – – –

(Other) Bolivinitidae 246.6 15.0 16.4 27.0 11.3 2.4 33.8 5.3 6.4

Bulimina aculeata – – – – – – 24.9 7.1 3.5

Bulimina cf. gibba 40.1 6.9 5.8 36.7 15.4 2.4 49.7 3.4 14.5

40.3 0.8 52.0 152.4 56.6 2.7 22.1 3.0 7.3

– – – 26.5 5.3 5.0 – – –

Globobulimina spp. – – – 20.0 8.6 2.3 – – –

Other Buliminidae 75.8 6.7 11.4 62.2 15.8 3.9 14.6 3.8 3.8

Cassidulinidae 14.0 4.1 3.4 146.6 39.1 3.7 10.0 3.0 3.4

Epistominella rugosa 43.6 7.3 6.0 60.1 14.9 4.0 13.5 2.8 4.9

Epistominella rugosa and E. exigua 112.9 7.7 14.6 132.6 25.3 5.2 211.1 13.8 15.2

– – – – – – 54.5 4.7 11.7

Gyroidina spp. and Hoeglundina elegans 1064.6 56.8 18.7 41.8 16.8 2.5 – – –

Gyroidina bradyi – – – – – – 27.1 5.0 5.4

Hoeglundina elegans – – – – – – 9.1 3.6 2.5

Pullenia spp. – – – 154.3 49.2 3.1 – – –

Pullenia quinqueloba 6.4 3.3 1.9 – – – 14.6 3.8 3.8

Lenticulina sp. – – – 64.5 32.9 2.0 20.9 6.1 3.4

Chilostomella sp. – – – 112.7 39.3 2.9 – – –

Cancris sp. and Chilost. sp. and Globobul. sp. – – – – – – 28.8 10.2 2.8

Uvigerina schwageri and U. bifurcata 1412.8 74.7 18.9 727.8 140.2 5.2 1405.6 64.7 21.7

Uvigerina semiornata – – – 51.1 24.5 2.1 – – –

Other Uvigerinidae 7.6 3.7 2.1 108.3 29.2 3.7 17.8 4.2 4.3

– – – – – – 49.5 6.0 8.3

Remaining Calcareous 136.9 10.0 13.6 83.3 27.6 3.0 223.0 13.5 16.5

1100 m

Bulimina mexicana – – – – – – 29.1 3.7 7.9

Globobulimina spp. 4.2 1.3 3.2 – – – – – –

Other Buliminidae and Chilostomella sp. 72.6 6.1 12.0 – – – 18.8 1.6 11.5

Spiral shaped and one-chambered forms 80.5 7.1 11.4 – – – 2290.9 106.8 21.4

Data from 540m derive from Enge et al. (2014).

At 800 m, total pN in foramifera was similar between 4 and
10 days (0.04 and 0.05µg 10 cm−3) and three to four times larger
after 7 days (0.16µg 10 cm−3; Figure 2). All species studied at

800m showed their highest pN-values after 7 days except for
“G. bradyi and H. elegans” (Table 2). Uvigerinids dominated
the total pN content at all three incubation periods (Figure 4).
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FIGURE 4 | Content of total pC and pN in foraminiferal species and groups at 800m and 1100 m, normalized to sample weight (dry weight of analyzed

foraminifera).

Highest fractions of pN at 800m were observed in B. aff. B.
dilatata (6.9%, 7 days), “U. schwageri and Uvigerina bifurcate”
(9.3%, 7 days), and “Gyroidina spp. and H. elegans” (5.1%,
4 days).

At 1100m, the total content of pN in foraminifera was 3.7 ng
10 cm−3 after 4 days and 29.1 ng 10 cm−3 after 10 days (Figure 2).
After 10 days, “spiral shaped and one chambered forms” made
up 95% of the total pN content at 1100m (Figure 4) and also
demonstrated highest fraction of pN at 1100m (6.4%).

The Relationship between Carbon and
Nitrogen Uptake
To study the relationship between uptake of carbon and nitrogen
from phytodetritus, the ratio of total organic carbon to nitrogen
(expressed as TOC:TN) and the ratio of pC and pN (expressed as
pC:pN) were estimated. TOC and TNweremeasured on the same
foraminifera as the isotopes. Hence, TOC and TN also contain
phytodetrital carbon and nitrogen. But as the fraction of pC and
pN is on average below 10% of TOC and TN (Figure 3), TOC:TN
mainly reflects the carbon and nitrogen levels of the cytoplasm
of foraminifera. Variation in TOC:TN ratios was low between
species of one depth (Figure 5) and from different water depths
(Figure 4). Foraminifera showed a mean TOC:TN of 3.7 (±1.2)
over all three water depths. The mean TOC:TN ratio was similar
at 540 and 800m (3.7 and 3.8), but lower at 1100m (3.3). The
TOC:TN of all studied samples ranged between 1.6 for “E. rugosa
and Epistominella exigua” and 6.4 for B. cf. gibba, both peak
values observed in the 7 day treatment at 800 m.

The pC:pN showed greater variation between species and
within sites than TOC:TN (Table 2, Figure 5). The pC:pN of
foraminiferal taxa ranged between 0.6 for Cassidulina sp., (at
540/4) and 56.1 for B. cf. gibba (at 800/4). The mean pC:pN was
lowest at 540/4 (2.4) and at 800/7 (3.9). At both sites, pC:pN
was lower than TOC:TN. The mean pC:pN of foraminifera from

the other treatments (800/4, 800/10, 1100/4, 1100/10) were larger
than 9 (with a maximum of 16.3; Figure 3).

DISCUSSION

Limitations and Challenges
We performed in situ feeding experiments because they allow
the observation of organisms and their reaction to induced
changes under natural conditions. In contrast, observations
on organisms gained during laboratory experiments can be
biased by the artificial setting which differs from nature (e.g.,
pressure) and might not reflect the natural response (e.g.,
Woulds et al., 2007; Sweetman et al., 2009). But in situ
experiments come with restrictions and problems, especially
when performed at greater water depths. Restrictions in deep-
sea research include limited diving time, limited space in
transport box of the submersible, and therefore the limited
number of samples. Problems like tipped spreaders during the
release or recovery phase or a broken trigger can often not be
fixed due to time limitation. Also measurements of duplicates
failed which further reduced the already low replication to,
in our case, one replicate per treatment (water depth-duration
combination). We are aware that one sample cannot reflect
the entire spectrum of possible responses by the foraminiferal
assemblage and that trends need to be considered carefully.
Still, our results provide insight in the ecology of foraminifera
in an extreme marine ecosystem that is difficult to access
and that has not been investigated from this point of view
before.

Another challenge was the identification of “alive” and “dead”
specimens. “Living” specimens were counted and picked out
from the sediment for analysis of isotopic composition of the
cytoplasm. Tearing of foraminiferal cytoplasm can be caused
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FIGURE 5 | Specific ratios of total and phytodetrital carbon and nitrogen content of foraminiferal species and groups after incubation with

phytodetritus. Dashed line represents C:N of the phytodetritus.

by fast transfer between very different pressure conditions
(e.g., when recovering sediment from 1100m to the water
surface). The distinction between pressure-caused rupture of
cytoplasm in “living” foraminifera and decay-related break up
of cytoplasm in “dead” foraminifera was difficult. It is therefore
possible that “living” specimens with ruptured cytoplasm were
sorted as “dead.” Our counts might underestimate the actual
abundance of living foraminifera on the Indian margin. Still
total abundances are in the range of estimated foraminiferal
densities in the OMZ off Pakistan and Oman (Gooday et al.,
2000, 2009; Maas, 2000) and also the shift in assemblage
composition with depth is similar with observations in other
OMZs (Bernhard, 1992; Maas, 2000; Cowie and Levin, 2009;
Caulle et al., 2014).

Species Specific Food Uptake
The high pC-values of Uvigerina schwageri, “U. schwageri and
U. bifurcate” and “Gyroidina spp., and H. elegans” (Table 2)
indicate strong uptake of T. weissflogii phytodetritus. High and
rapid uptake of phytodetritus by Uvigerina species has been
reported from OMZ sediments at the Pakistan Margin (Woulds
et al., 2007; Larkin and Gooday, 2009; Larkin et al., 2014) and
from the Sagami Bay (Nomaki et al., 2006). The dominance
of the assemblage uptake demonstrates the important role of
U. schwageri in processing of fresh phytodetritus. The strong
response might result from refilling its deposits by ingesting as
much food as possible as soon as it becomes available which
would be very advantageous against food competitors. After
4 days feeding on T. weissflogii, 35% of the total carbon of
U. schwageri derived from phytodetritus (Enge et al., 2014).
Ingestion of phytodetritus of up to 40% its biomass within 9
days has been observed for Uvigerina atikaensis (Nomaki et al.,
2011), also a species living under dysoxic conditions (Fontanier
et al., 2014). Ingestion of T. weissflogii during the experiments

created a beige/light brown coloration of the cytoplasm of the
youngest chambers in several specimens. The greenish coloration
of some individuals of U. schwageri and H. elegans at 540 and
800m indicates the ingestion of a different phytodetritus source
before or during the experiments and underlines the relevance of
fresh phytodetritus in the diet of these species.

Response to Food Over Time
The content of pC in foraminifera at 800m was highest after
4 days, and lower after 7 and 10 days (Figure 2). Part of
phytodetrital carbon might have been already respired during
the incubation period of 10 days, leading to lower pC contents
despite carbon uptake. Lower content of pC with time could
also hint for food saturation in some species after feeding for
several days (e.g., Cassidulinidae, Bolivinidae). On the contrary,
Uvigerinids showed similar high pC contents at all three
incubation periods (Figure 4) which points again to continuous
uptake of food by some species. The observed high pC levels
in Uvigerinids after 10 days might have additionally resulted
from migrating specimens from sediments below 1 cm toward
the deposited phytodetritus near the sediment surface, indicated
by slightly higher abundances of some uvigerinid species at
800/10 than at 800/4. Uvigerinids are infaunal species and
also occur deeper than 1 cm of OMZ sediments (e.g., Maas,
2000; Schumacher et al., 2007; Caulle et al., 2014). Difference
in abundance, however, caused by the patchy distribution of
foraminifera in deep-sea sediments and given the missing
replication, cannot be excluded.

At 1100 m, content of pC in foraminifera was higher after
10 days than after 4 days, suggesting an increase in uptake
of phytodetritus over time. The retarded response to food,
which has been observed for other deep-sea foraminifera (Witte
et al., 2003), could result from a change of metabolic activity.
Foraminifera at 1100m might maintain a lower metabolic
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activitiy and energy level than at 800m as adaptation to
lower influx of particulate organic matter. The presence of
organic matter can alter metabolic activity of certain deep-sea
foraminifera to take quick advantage of sudden food availability
(Linke, 1992).

Role of Foraminifera in Phytodetritus
Processing within OMZ
The ingestion of pC by calcareous foraminifera was evident after
4 days at 540, 800, and 1100 m, but total carbon uptake varied
greatly with depth with a clear maximum at 540 m. Differences
in carbon uptake as result of food limitation can be excluded
because the same amount of phytodetritus was applied at each
site and on average only 2% of the total added carbon was
found in form of pC in foraminifera after 4–10 days of feeding.
The variation in total carbon uptake of foraminifera between
water depths can result from different foraminiferal assemblages
and biological interactions across the study area, caused by
depth-related changes of environmental conditions (e.g., oxygen
concentration).

At 540m, foraminifera and bacteria are the only benthic
organisms found alive on the Indian margin (Hunter et al.,
2011, 2012a,b; Enge et al., 2014), representing the sole potential
consumers of phytodetritus. The lack of macrofauna at 540m
represents a release from predation on foraminifera potentially
causing higher abundances and biomass of foraminifera (e.g.,
Maas, 2000; Levin, 2003). Missing macrofauna additionally
causes less competition for food which might have cause the
strong response to T. weissflogii by foraminifera. Also, the
assemblage of living foraminifera at the 540m site is dominated
by few species with representatives of the genera Bolivina,
Bulimina, and Uvigerina (Enge et al., 2014). These taxa are
typically found in OMZs (e.g., Maas, 2000; Schumacher et al.,
2007) because they are stress tolerant and depend on high
quantities of organic matter. The high demand for food, reflected
by their dominance of total carbon uptake (89%) at 540 m, could
be caused by higher metabolism rates to cope with the oxygen
stress.

The flux of organic matter to the sea floor in the lower OMZ
boundary region is lower than in the core region (Calvert et al.,
1995). The different composition of the foraminifera assemblage
might cause the decreased carbon uptake with depth. A third the
foraminiferal assemblage at 1100m is made up by agglutinated
foraminifera who are often associated with more oligotrophic
conditions and do not depend on high amounts of food to
survive. Species that dominated carbon uptake at 540 and 800m
(U. schwageri, B. aff. B. dilatata, G. bradyi) were not present in
the upper 1 cm sediment at 1100m but might be found below
the sediment surface where they could contribute to carbon
uptake below 1 cm. Representatives of Bolivina andUvigerina are
found deeper distributed in the sediment at the boundaries of
OMZs with better oxygenation (e.g., Schumacher et al., 2007).
The lower total uptake at 1100m by foraminifera might not
only resulted from changed species composition and distribution,
but also from increased predation and food competition by the
macrofauna. The population density and uptake of phytodetritus
of the macrofauna increases with greater water depth and better

oxygenation from 540 to 1100m on the Indian margin (Hunter
et al., 2011, 2012a). The influence of the macrofauna upon
bacterial activity across the Indian margin has been shown by
Hunter et al. (2012b) and might also drive to some extent the
cycling of organic matter by foraminifera.

The observed shift of dominance in the processing of
phytodetritus from macrofauna to foraminifera with increasing
oxygen depletion was also noted on the Pakistanmargin (Woulds
et al., 2007), and underlines the importance of foraminifera to
carbon cycling under severe oxygen depletion.

Uptake of Nitrogen by Foraminifera
The TOC:TN-values showed low variation between species and
water depths (Figure 3), indicating a similar trophic level of
foraminifera at the time of post-monsoonal sampling within
the OMZ. Our observations resemble the C:N of benthic
foraminifera from Sagami Bay at 1453m water depth, ranging
between 2.4 and 6.4, depending on sampling period before or
after phytodetritus deposition in spring (Nomaki et al., 2006,
2011). Both sampling sites are located at eutrophic bathyal
settings with sufficient food supply and available carbon and
nitrogen for benthic foraminifera. Limitation of nitrogen would
be reflected in a greater C:N.

The ratio of phytodetrital carbon to nitrogen content varied
greatly (from 0.4 to 52.0) between species and groups (Table 2,
Figure 5), reflecting different demands of carbon and nitrogen.
Lowest mean pC:pN were shown at 540/4 and 800/7, which
are not result of one or few dominant species but rather an
assemblage trend, evident by the small standard variation in the
mean pC:pN at these sites (Figure 3). The observed lower ratios
can derive from a loss of food-derived carbon due to respiration,
or by a proportionally greater content of phytodetrital nitrogen
after feeding. A proportionally lower uptake of carbon compared
to the other sites can be excluded as carbon uptake at 540/4
and 800/7 is not the lowest observed (Figure 2). Elevated
pN-values could indicate growth of foraminifera, ingestion
of phytodetritus-feeding bacteria, hosting of endobionts, or
storage of phytodetrital nitrogen. Firstly nitrogen is an essential
component of amino acids (proteins), and specific enzymes.
The need of food-derived nitrogen for the synthesis of these
compounds could be higher during foraminiferal growth which
might have taken place during the experimental period in
few specimens. Secondly, bacteria in the OMZ of the Indian
Ocean also ingest T. weissfloggii (Hunter et al., 2012b) and their
consumption by foraminifera (either selectively or together with
phytodetritus) could have hence resulted in the presence and
higher levels of pN in foraminifera, originating from bacteria.
Simultaneous uptake of algae and bacteria was observed in U.
ex. gr. semiornata in the OMZ of the Pakistan margin (Larkin
et al., 2014). Equally hosting of denitrifying endobionts could
also lead to higher pN levels in foraminifera, especially at 540m
where denitrification in bacteria is likely to occur. Endobionts
capable of denitrification and storage of nitrate have been found
in few species of foraminifera (Bernhard et al., 2012a,b) and
specific bacteria can use organic nitrogen for denitrification
under suboxic conditions (Gruber and Sarmiento, 1997). Because
we did not investigate foraminifera for the presence of bacteria,
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we cannot exclude nitrogen uptake and its storage by endobionts.
Thirdly, some species of foraminifera have been attributed to
store nitrate and to perform denitrification (Risgaard-Petersen
et al., 2006; Pina-Ochoa et al., 2010; Nomaki et al., 2015).
Members ofGlobobulimina, Bolivina, andUvigerinawho showed
nitrate storage in the deep Sagami Bay (Glud et al., 2009) showed
high pN-values at 540 and 800m (Table 2, Figure 4). Storage of
organic nitrogen or its use for denitrification has not been shown
for foraminifera so far but could explain the high pN-values
under almost anoxic conditions at 540m.

CONCLUSIONS

In this study, the short-term response of calcareous foraminifera
to a single pulse of diatom phytodetritus was studied at
three different environments within the OMZ on the Indian
Margin of the Arabian Sea. We showed that foraminifera
assemblages reacted differently to food under different oxygen
concentrations and that few species (e.g., U. schwageri) can
dominate the carbon uptake of the assemblage. Different
metabolic demands and feeding strategies as well as macrofauna
presence seem to strongly effect the processing of organic
matter by foraminifera in OMZ sediments. Highest uptake at
the lowest oxygen concentrations and changes of uptake with
water depth suggests that oxygen is not limiting foraminiferal
uptake of phytodetritus but rather influencing total uptake by
controlling distribution of the foraminiferal and macrofaunal
species. The observed variation in food-derived carbon and
nitrogen content in foraminifera shows different nutritional
demands of foraminiferal species that are not visible when the
experimental design focuses on only one nutrient (e.g., carbon).
The use of double labeled algae can hence help to further identify
physiological requirements in foraminifera. We were able to
quantify organic nitrogen uptake of foraminifera at three depths

in the OMZ of the Indian margin. Our results provide first
insight in the cycling of nitrogen and possible storage of nitrogen

from food but more data are needed to allow comparison and
further conclusions. The marine nitrogen cycle is more scarcely
investigated than the carbon cycle and especially so for the role of
benthic foraminifera. Denitrification was only recently attributed
to foraminifera in low oxygen environments (Risgaard-Petersen
et al., 2006; Hogslund et al., 2008; Pina-Ochoa et al., 2010) and
maybe extreme environments such as OMZs hold more specific
metabolic adaptations for foraminifera.

AUTHOR CONTRIBUTIONS

AE, acquisition of data, analysis, and interpretation of data,
drafting manuscript; JW, acquisition of data, critical revision;
UW, study conception and design; PH, acquisition of data.

ACKNOWLEDGMENTS

We are very grateful to Hiroshi Kitazato for the possibility
to participate in the research cruise “YK08-11.” We thank the
captain and crew of the R/V Yokohama and the pilots of the
submersible Shinkai 6500 for the skillful performed dives. We
are also very thankful to Markus Moeseneder for his help in
the sampling phase during the cruise. We would also like to
thank the two reviewers for their comments and suggestions. This
article was supported by the Open Access Publishing Fund of the
University of Vienna.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10.3389/fmicb.
2016.00071

REFERENCES

Andersson, J. H., Woulds, C., Schwartz, M., Cowie, G. L., Levin, L. A., Soetaert, K.,

et al. (2008). Short-term fate of pyhtodetritus in sediments acorss the Arabian

Sea Oxygen Minimum Zone. Biogeosciences 5, 43–53. doi: 10.5194/bg-5-43-

2008

Babu, C. P., Brumsack, H.-J., and Schnetger, B. (1999). Distribution of organic

carbon in surface sediments along the eastern Arabian Sea: a revisit.Mar. Geol.

162, 91–103. doi: 10.1016/S0025-3227(99)00047-X

Bernhard, J. M. (1992). Benthic foraminiferal distribution and biomass related to

pore-water oxygen content: central California continental slop and rise. Deep

Sea Res. A 39, 585–605. doi: 10.1016/0198-0149(92)90090-G

Bernhard, J. M., Casciotti, K. L., McIlvin, M. R., Beaudoin, D. J., Visscher, P. T.,

and Edgcomb, V. P. (2012a). Potential importance of physiologically diverse

benthic Foraminifera in sedimentary nitrate storage and respiration. J. Geophys.

Res. 117:G03002. doi: 10.1029/2012JG001949

Bernhard, J. M., Edgcomb, V. P., Casciotti, K. L., McIlvin, M. R., and Beaudoin,

D. J. (2012b). Denitrification likely catalyzed by endobionts in an allogromiid

foraminifer. ISME J. 6, 951–960. doi: 10.1038/ismej.2011.171

Calvert, S. E., Pedersen, T. F., Naidu, P. D., and von Stackelberg, U. (1995). On the

organic carbon maximum on the continental slope of the eastern Arabian Sea.

J. Mar. Res. 53, 269–296. doi: 10.1357/0022240953213232

Caulle, C., Koho, K. A., Mojtahid, M., Reichart, G. J., and Jorissen, F. J. (2014).

Live (Rose Bengal stained) foraminiferal faunas from the northern Arabian Sea:

faunal succession within and below the OMZ. Biogeosciences 11, 1155–1175.

doi: 10.5194/bg-11-1155-2014

Cowie, G. L., and Levin, L. A. (2009). Benthic biological and biogeochemical

patterns and processes across an oxygen minimum zone (Pakistan margin, NE

Arabian Sea). Deep Sea Res. A 56, 261–270. doi: 10.1016/j.dsr2.2008.10.001

Diaz, R. J., and Rosenberg, R. (1995). Marine benthic hypoxia: a review of

its ecological effects and the behavioural response of benthic macrofauna.

Oceanogr. Mar. Biol. Annu. Rev. 33, 245–303.

Diaz, R. J., and Rosenberg, R. (2008). Spreading dead zones and consequences for

marine ecosystems. Science 321, 926–929. doi: 10.1126/science.1156401

Enge, A. J., Nomaki, H., Ogawa, N. O., Witte, U., Moeseneder, M. M., Lavik, G.,

et al. (2011). Response of the benthic foraminiferal community to a simulated

short-term phytodetritus pulse in the abyssal North Pacific.Mar. Ecol. Prog. Ser.

438, 129–142. doi: 10.3354/meps09298

Enge, A. J., Witte, U., Kucera, M., and Heinz, P. (2014). Uptake of

phytodetritus by benthic foraminifera under oxygen depletion at the Indian

Margin (Arabian Sea). Biogeosciences 11, 2017–2026. doi: 10.5194/bg-11-

2017-2014

Evrard, V., Soetaert, K., Heip, C. H. R., Hüttel, M., Xenopoulos, M. A., and

Middelburg, J. J. (2010). Carbon and nitrogen flows through the benthic food

web of a photic subtidal sandy sediment. Mar. Ecol. Prog. Ser. 416, 1–16. doi:

10.3354/meps08770

Fontanier, C., Duros, P., Toyofuku, T., Oguri, K., Koho, K. A., Buscail, R.,

et al. (2014). Living (stained) deep-sea foraminifera off Hachinohe (NE Japan,

Frontiers in Microbiology | www.frontiersin.org 10 February 2016 | Volume 7 | Article 71

http://journal.frontiersin.org/article/10.3389/fmicb.2016.00071
http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive


Enge et al. Benthic Foraminifera Response to Phytodetritus

western Pacific): environmental interplay in oxygen-depleted ecosystems. J.

Foraminiferal Res. 44, 281–299. doi: 10.2113/gsjfr.44.3.281

Glock, N., Eisenhauer, A., Milker, Y., Liebetrau, V., Schönfeld, J., Mallon, J.,

et al. (2011). Environmental influences on the pore density of Bolivina spissa

(Cushman). J. Foraminiferal Res. 41, 22–32. doi: 10.2113/gsjfr.41.1.22

Glud, R. N., Thamdrup, B., Stahl, H., Wenzhoefer, F., Glud, A., Nomaki, H., et al.

(2009). Nitrogen cycling in a deep ocean margin sediment (Sagami Bay, Japan).

Limnol. Oceanogr. 54, 723–734. doi: 10.4319/lo.2009.54.3.0723

Gooday, A. J. (1988). A response by benthic foraminifera to the deposition of

phytodetritus in the deep-sea. Nature 332, 70–73. doi: 10.1038/332070a0

Gooday, A. J. (1993). Deep-sea benthic foraminifera species which exploit

phytodetritus: characteristic features and controls on distribution. Mar.

Micropaleontol. 22, 187–205. doi: 10.1016/0377-8398(93)90043-W

Gooday, A. J., Bernhard, J. M., Levin, L. A., and Suhr, S. (2000). Foraminifera in the

Arabian Sea OMZ and other oxygen deficient settings: taxonomic composition,

diversity and relation to metazoan faunas. Deep Sea Res. II 47, 25–54. doi:

10.1016/S0967-0645(99)00099-5

Gooday, A. J., Levin, L. A., Aranda da Silva, A., Bett, B. J., Cowie, G. L., Dissard,

D., et al. (2009). Faunal response to oxygen gradients on the Pakistan Margin: a

comparison of foraminiferans, macrofauna and megafauna. Deep Sea Res II 56,

488–502. doi: 10.1016/j.dsr2.2008.10.003

Gruber, N., and Sarmiento, J. (1997). Global patterns of marine nitrogen

fixation and denitrification. Global Biogeochem. Cycles 11, 235–266. doi:

10.1029/97GB00077

Heinz, P., and Hemleben, C. (2006). Foraminiferal response to the Northeast

Monsoon in the western and southern Arabian Sea. Mar. Micropaleontol. 58,

103–113. doi: 10.1016/j.marmicro.2005.10.001

Helly, J. J., and Levin, L. A. (2004). Global distribution of naturally occurring

marine hypoxia on continental margins. Deep Sea Res. I 51, 1159–1168. doi:

10.1016/j.dsr.2004.03.009

Hogslund, S., Revsbech, N. P., Cedhagen, T., Nielsen, L. P., and Gallardo, V. A.

(2008). Denitrification, nitrate turnover, and aerobic respiration by benthic

foraminifera in the oxygen minimum zone off Chile. J. Exp. Mar. Biol. Ecol.

359, 85–91. doi: 10.1016/j.jembe.2008.02.015

Hunter, W. R., Levin, L. A., Kitazato, H., and Witte, U. (2012a). Macrobenthic

assemblage structure and organismal stoichiometry control faunal processing

of particulate organic carbon and nitrogen in oxygen minimum zone

sediments. Biogeosciences 9, 993–1006. doi: 10.5194/bg-9-993-2012

Hunter, W. R., Oguri, K., Kitazato, H., Ansari, Z. A., and Witte, U. (2011). Epi-

benthic megafaunal zonation across an oxygen minimum zone at the Indian

continental margin. Deep Sea Res. I 58, 699–710. doi: 10.1016/j.dsr.2011.04.004

Hunter, W. R., Veuger, B., and Witte, U. (2012b). Macrofauna regulate

heterotrophic bacterial carbon and nitrogen incorporation in low-oxygen

sediments. ISME J. 6, 2140–2151. doi: 10.1038/ismej.2012.44

Jannink, N. T., Zachariasse, W. J., and Van der Zwaan, G. J. (1998). Living (Rose

Bengal stained) benthic foraminifera from the Pakistan continental margin

(northern Arabian Sea). Deep Sea Res. I 45, 1483–1513. doi: 10.1016/S0967-

0637(98)00027-2

Jeffreys, R. M., Fisher, E. H., Gooday, A. J., Billett, D. S. M., and Wolff, G. A.

(2015). The trophic and metabolic pathways of foraminifera in the Arabian

Sea: evidence from cellular stable isotopes. Biogeosciences 12, 1781–1797. doi:

10.5194/bg-12-1781-2015

Jorissen, F. J., de Stigter, H. C., and Widmark, J. G. V. (1995). A conceptual model

explaining benthic foraminiferal microhabitats.Mar. Micropaleontol. 26, 3–15.

doi: 10.1016/0377-8398(95)00047-X

Larkin, K. E., and Gooday, A. J. (2009). Foraminiferal faunal responses to

monsoon-driven changes in organic matter and oxygen availability at 140m

and 300m water depths in the NE Arabian Sea. Deep Sea Res. II 56, 403–421.

doi: 10.1016/j.dsr2.2008.05.037

Larkin, K. E., Gooday, A. J., Woulds, C., Jeffreys, R., Schwartz, M., Cowie, G.,

et al. (2014). Uptake of algal carbon and the synthesis of an “essential” fatty

acid by Uvigerina ex. gr. semiornata (Foraminifera) within the Pakistan margin

oxygen minimum zone: evidence from fatty acid biomarker and 13C tracer

experiments. Biogeosciences 11, 3729–3738. doi: 10.5194/bg-11-3729-2014

Levin, L. A. (2003). Oxygen minimum zone benthos: adaptation and community

response to hypoxia. Oceanogr. Mar. Biol. 41, 1–45.

Levin, L. A., Blair, N. E., Martin, C. M., DeMaster, D. J., Plaia, G., and Thomas, C.

J. (1999). Macrofaunal processing of phytodetritus at two sites on the Carolina

margin: in situ experiments using 13C-labeled diatoms. Mar. Ecol. Prog. Ser.

182, 37–54. doi: 10.3354/meps182037

Linke, P. (1992). Metabolic adaptations of deep-sea benthic foraminifera

to seasonally varying food input. Mar. Ecol. Prog. Ser. 81, 51–63. doi:

10.3354/meps081051

Maas, M. (2000). Verteilung lebendgefärbter benthischer Foraminiferen in einer

intensivierten Sauerstoffminimumzone, Indo-Pakistanischer Kontinentalrand,

nördliches Arabisches Meer.Meyniana 52, 101–129.

Middelburg, J. J., Barranguet, C., Boschker, H. T. S., Herman, P. M. J., Moens,

T., and Heip, C. H. R. (2000). The fate of intertidal microphytobenthos

carbon: an in situ 13C-labeling study. Limnol. Oceangr. 45, 1224–1234. doi:

10.4319/lo.2000.45.6.1224

Moodley, L., Boschker, H. T. S., Middelburg, J. J., Pel, R., Herman, P.

M. J., de Deckere, E., et al. (2000). Ecological significance of benthic

foraminifera: 13C labeling experiments.Mar. Ecol. Prog. Ser. 202, 289–295. doi:

10.3354/meps202289

Moodley, L., Middelburg, J. J., Boschker, H. T. S., Duineveld, G. C. A., Pel, R.,

Herman, P. M. J., et al. (2002). Bacteria and foraminifera: key players in a

short-term deep-sea benthic response to phytodetritus. Mar. Ecol. Prog. Ser.

236, 23–29. doi: 10.3354/meps236023

Moodley, L., Nigam, R., Ingole, B., Prakash Babu, C., Panchang, R., Nanajkar, M.,

et al. (2011). Oxygen minimum seafloor ecological (mal) functioning. J. Exp.

Mar. Biol. Ecol. 398, 91–100. doi: 10.1016/j.jembe.2010.12.015

Nomaki, H., Chikaraishi, Y., Tsuchiya, M., Toyofuku, T., Ohkouchi, N., Uematsu,

K., et al. (2014). Nitrate uptake by foraminifera and use in conjunction with

endobionts under anoxic conditions. Limnol. Oceanogr. 59, 1879–1888. doi:

10.4319/lo.2014.59.6.1879

Nomaki, H., Chikaraishi, Y., Tsuchiya, M., Toyofuku, T., Suga, H., Sasaki, Y.,

et al. (2015). Variation in the nitrogen isotopic composition of amino acids

in benthic foraminifera: implications for their adaptation to oxygen-depleted

environments. Limnol. Oceanogr. 60, 1–17. doi: 10.1002/lno.10140

Nomaki, H., Heinz, P., Hemleben, C., and Kitazato, H. (2005). Behaviour and

response of deep-sea benthic foraminifera to freshly supplied organic matter:

a laboratory feeding experiment in microcosm environments. J. Foraminiferal

Res. 35, 103–113. doi: 10.2113/35.2.103

Nomaki, H., Heinz, P., Nakatsuka, T., Shimanaga, M., Ohkouchi, N., Ogawa, N.,

et al. (2006). Different ingestion patterns of 13C-labeled bacteria and algae

by deep-sea benthic foraminifera. Mar. Ecol. Prog. Ser. 310, 95–108. doi:

10.3354/meps310095

Nomaki, H., Ogawa, N. O., Takano, Y., Suga, H., Ohkouchi, N., and Kitazato, H.

(2011). Differing utilization of glucose and algal particulate organic matter by

deep-sea benthic foraminifera of Sagami Bay, Japan. Mar. Ecol. Prog. Ser. 431,

11–24. doi: 10.3354/meps09144

Pfannkuche, O., Sommer, S., and Kähler, A. (2000). Coupling between

phytodetritus deposition and the small-sized benthic biota in the deep Arabian

Sea: analyses of biogenic sediment compounds. Deep Sea Res. II 47, 2805–2833.

doi: 10.1016/S0967-0645(00)00050-3

Pina-Ochoa, E., Hogslund, S., Geslin, E., Cedhagen, T., Revsbech, N. P.,

Nielsen, L. P., et al. (2010). Widespread occurrence of nitrate storage and

denitrification among Foraminifera and Gromiida. Proc. Natl. Acad. Sci. U.S.A.

107, 1148–1153. doi: 10.1073/pnas.0908440107

Risgaard-Petersen, N., Langezaal, A. M., Ingvardsen, S., Schmid, M. C.,

Jetten, M. S. M., Op den Camp, H. J. M., et al. (2006). Evidence for

complete denitrification in a benthic foraminifer. Nature 443, 93–96. doi:

10.1038/nature05070

Sawant, S., and Madhupratap, M. (1996). Seasonality and composition of

phytoplankton in the Arabian Sea. Curr. Sci. India 71, 869–873.

Schumacher, S., Jorissen, F. J., Dissard, D., Larkin, K. E., and Gooday, A. J.

(2007). Live (Rose Bengal stained) and dead benthic foraminifera from the

oxygen minimum zone of the Pakistan continental margin (Arabian Sea).Mar.

Micropaleontol. 62, 45–73. doi: 10.1016/j.marmicro.2006.07.004

Stramma, L., Johnson, G. C., Sprintall, J., and Mohrholz, V. (2008). Expanding

oxygen-minimum zones in the tropical oceans. Science 302, 655–658. doi:

10.1126/science.1153847

Suhr, S. B., Pond, D.W., Gooday, A. J., and Smith, C. R. (2003). Selective feeding by

benthic foraminifera on phytodetritus on the western Antarctic Peninsula shelf:

evidence from fatty acid biomarker analysis.Mar. Ecol. Prog. Ser. 262, 153–162.

doi: 10.3354/meps262153

Frontiers in Microbiology | www.frontiersin.org 11 February 2016 | Volume 7 | Article 71

http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive


Enge et al. Benthic Foraminifera Response to Phytodetritus

Sweetman, A. K., Sommer, S., Pfannkuche, O., and Witte, U. (2009).

Retarded response by macrofauna-size foraminifera to phytodetritus in a

deep Norwegian fjord. J. Foraminiferal Res. 39, 15–22. doi: 10.2113/gsjfr.

39.1.15

Witte, U.,Wenzhofer, F., Sommer, S., Boetius, A., Heinz, P., Aberle, N., et al. (2003).

In situ experimental evidence of the fate of a phytodetritus pulse at the abyssal

sea floor. Nature 424, 763–766. doi: 10.1038/nature01799

Woulds, C., Cowie, G. L., Levin, L. A., Andersson, J. H., Middelburg, J. J.,

Vandewiele, S., et al. (2007). Oxygen as a control on seafloor biological

communities and their roles in sedimentary carbon cycling. Limnol. Oceanogr.

52, 1698–1709. doi: 10.4319/lo.2007.52.4.1698

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2016 Enge, Wukovits, Wanek, Watzka, Witte, Hunter and Heinz.

This is an open-access article distributed under the terms of the Creative Commons

Attribution License (CC BY). The use, distribution or reproduction in other forums

is permitted, provided the original author(s) or licensor are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Microbiology | www.frontiersin.org 12 February 2016 | Volume 7 | Article 71

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

	Carbon and Nitrogen Uptake of Calcareous Benthic Foraminifera along a Depth-Related Oxygen Gradient in the OMZ of the Arabian Sea
	Introduction
	Materials and Methods
	Study Area
	Preparation of 13C and 15N-Labeled Algae
	Experimental Setup
	Sample Preparation
	Sample Analysis and Data Treatment

	Results
	Foraminiferal Assemblages
	Uptake of Phytodetrital Carbon
	Uptake of Phytodetrital Nitrogen
	The Relationship between Carbon and Nitrogen Uptake

	Discussion
	Limitations and Challenges
	Species Specific Food Uptake
	Response to Food Over Time
	Role of Foraminifera in Phytodetritus Processing within OMZ
	Uptake of Nitrogen by Foraminifera

	Conclusions
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


