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Abstract 17 

In marine sediments, the availability, cycling and burial of organic carbon (OC), the size 18 

and composition of the faunal community, and the availability of dissolved oxygen (DO) 19 

are closely coupled. In light of expected expansions in marine hypoxia and of oxygen 20 

minimum zones (OMZs) in particular, it is now necessary to de-convolve DO from the 21 

frequently co-varying factors OC concentration and faunal biomass, in order to 22 

understand the effect of changing dissolved oxygen (DO) concentrations on the 23 

magnitude and pattern of biological processing of organic carbon (OC). This is especially 24 

important on the continental slope, a significant location for C cycling and burial.  25 

In this study, stable isotope tracer experiments were conducted at three sites with 26 

contrasting ambient DO concentrations of 0.5, 2.8 and 21.2 M (at depths of 530 m, 812 27 

m and 1140 m respectively) on the Indian continental margin. Experiments were 28 

conducted both at ambient DO concentrations, and also, for the first time, under 29 
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manipulated DO concentrations both 5% above and below ambient. The 13C label was 30 

added as algal detritus, and traced through the processes of respiration, and uptake into 31 

bacterial biomass, and into metazoans and foraminifera.  32 

Total C biological processing under ambient DO conditions was similar across all three 33 

sites, suggesting that benthic communities are well adapted to local conditions, such that 34 

OC processing is optimised even at severely hypoxic sites. 35 

DO manipulation produced changes in the pattern of OC processing by the benthic 36 

community. Oxygen manipulations in both directions resulted in decreases in total 37 

community respiration, except at the most hypoxic site. Bacterial uptake, in contrast, 38 

increased in response to all DO manipulations. Faunal 13C uptake tended to increase with 39 

increased DO. At the most hypoxic site (0.5 M) this was attributable to increased 40 

foraminiferal activity, whereas at the most oxygenated site (21.2 M) it was the 41 

metazoans that showed increased biomass-specific 13C uptake. Similarly, decreases in DO 42 

tended to reduce faunal 13C uptake, with metazoans disproportionately affected where 43 

they were already living at the lower end of their DO tolerance (i.e. 2.8 M). Thus, the 44 

taxa most affected by DO manipulation depended on antecedent DO conditions. The 45 

total capacity of the benthic community to process freshly deposited OC (i.e. respiration 46 

plus uptake by bacterial and different fauna) increased following upwards manipulation 47 

of DO at the 0.5 M site, but was not adversely affected by downwards manipulation of 48 

DO. Thus, results suggest that benthic communities possess some functional resilience, 49 

and that future expansion of marine hypoxia, while impacting benthic ecosystem 50 

structure, may not have as marked an effect on biological C processing. 51 

Keywords 52 
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manipulation  54 



1. Introduction 55 

Understanding the cycling and burial of organic carbon (OC) in marine sediments is 56 

crucial, to facilitate accurate modelling of the C-cycle both under current, and expected 57 

future conditions. Extensive research into the factors controlling OC burial efficiency in 58 

marine sediments has identified dissolved oxygen (DO) availability and exposure time, OC 59 

source and reactivity, hydrodynamics, and organic-mineral interactions as being 60 

particularly important (e.g. Canfield,1994; Cowie et al., 1999; Hedges and Keil, 1995; 61 

Mayer, 1994). However, some of these factors are difficult to quantify, they are often 62 

difficult to deconvolve, and their relative influences vary between environments. Thus a 63 

full mechanistic understanding of OC cycling and burial at the seafloor has not yet been 64 

reached (Arndt et al., 2013). Moreover, multiple interdependent variables relevant to 65 

OC cycling and fate are projected to change in the future. These include changes both 66 

to the amount and quality of OM exported to the seafloor (Sweetman et al., 2017). In 67 

particular, a key result of climate warming will be the increasing occurrence of marine 68 

hypoxia (Helly and Levin, 2004; Sweetman et al., 2017), and this is highly likely to alter 69 

benthic OC cycling and burial. 70 

The least well understood aspect of OC cycling in marine sediments is the role of benthic 71 

biological communities. Both DO concentration and OC availability are known to heavily 72 

influence the abundance, biomass and diversity of benthic faunal communities (e.g.Levin 73 

et al., 2000; Levin, 2003; Gooday et al., 2009). In turn, benthic organisms can exert a 74 

control on the concentration and composition of sedimentary OC (e.g. Aller, 1982; 75 

Bianchi et al., 1988; Sun, 2000; Sun et al., 1993), through ingestion and digestion(e.g. 76 

Thomas and Blair, 2002; Woulds et al., 2014), bioturbation and bioirrigation (Levin et al., 77 

1997;Aller and Aller, 1998;Sun et al., 1999; Sun et al., 2002), respiration (Aberle and 78 

Witte, 2003; Witte et al., 2003b), and microbial stimulation (Aller, 1982; Levin et al., 79 

1997; Sun et al., 1999). Thus, dynamic relationships exist between benthic faunal 80 

community structure, oxygen availability, and OC cycling, and the responses of benthic 81 

communities and OM cycling to projected change remain uncertain. 82 

Research into the impact of hypoxia on benthic faunal communities has mainly focused 83 

on impacts of longer-term hypoxia on community metrics such as abundance and 84 

diversity. Seasonal hypoxia is acknowledged to favour organisms with opportunistic life 85 

histories, and that are shorter lived with smaller body sizes. Hypoxia has a range of 86 

effects on different timescales. In the medium-long term it compresses habitats, forces 87 



migration, and reduces bioturbation and bioirrigation, and is expected to divert C-cycling 88 

into more microbial pathways (Diaz and Rosenborg 2008; Middelburg and Levin, 2009). 89 

Shorter term responses include shallower burrowing and, contrary to longer term 90 

response, increased bioirrigation rates (Forster et al., 1995; Middelburg and Levin, 2009). 91 

Multiple studies of the impacts of hypoxia on benthic communities have concluded that 92 

changes in faunal communities will have an impact on sediment biogeochemical 93 

processes, but these effects themselves have been poorly studied (Middelburg and Levin, 94 

2009). Efforts have tended to focus on impacts on benthic nutrient fluxes. For example, 95 

Gammal et al., (2017) found the oxygen-dependent abundance of macrofauna to be an 96 

important controlling factor on benthic nutrient fluxes along an oxygen gradient in the 97 

Baltic Sea. Further study is required to understand the impacts of hypoxia on benthic 98 

cycling of OC. 99 

Few studies have investigated the impact of changing DO availability on the extent and 100 

pathways of OC cycling by benthic communities, and even fewer have involved 101 

experimental manipulation of DO. In a series of experiments across the Pakistan margin 102 

of the Arabian Sea, low oxygen concentrations were observed to inhibit respiration 103 

(Andersson et al., 2008), and to determine the types of organisms responsible for OC 104 

uptake (Woulds et al., 2007). Foraminifera dominated faunal uptake of OC at the lowest 105 

DO concentrations, while macrofauna dominated at higher DO concentrations. In 106 

addition, at a shelf site that showed a major monsoon-induced reduction in bottom-107 

water O2 concentration, OC uptake switched from being dominated by metazoan 108 

macrofaunal, to being dominated by foraminifera and bacteria, leading to an hypothesis 109 

that O2 exerts a threshold type effect on the pathway of biological OC uptake. In contrast, 110 

a study on the Murray Ridge of the Arabian Sea in which DO was manipulated at sites 111 

within and below the oxygen minimum zone (OMZ) observed a lack of impact on benthic 112 

respiration and bacterial uptake of OC, and suggested that in some cases an oxygen 113 

threshold may be considerably lower than previously suggested (Moodley et al., 2011; 114 

Pozzato et al., 2013). 115 

Due to the small number of experiments that have been conducted in low oxygen 116 

settings, the influence of hypoxia on biological OC processing by benthic communities 117 

remains uncertain. In particular, in light of expected expansion in marine hypoxia in 118 

general, and of OMZs in particular (Helly and Levin, 2004; Stramma et al., 2008), including 119 

increased incidence of shelf and coastal short-term hypoxic events, the impact of 120 

reductions in DO availability on OC cycling requires investigation. In addition, the oxygen 121 



threshold hypothesis requires testing. An OMZ provides sites which are naturally exposed 122 

to different DO concentrations, and host different biological communities, and therefore 123 

is a natural laboratory in which to investigate the role of DO in controlling the biological 124 

processing of OC over several days following deposition. 125 

In this study, we examined the short-term biological processing of OC at sites with 126 

contrasting DO concentrations across the Indian continental margin, and, in one of the 127 

first such experiments, in response to experimental DO manipulation. We addressed the 128 

following hypotheses: 129 

1) Faunal 13C uptake will be driven by biomass, therefore variation in benthic 130 

community structure will play a key role in determining short-term OC processing 131 

patterns. 132 

2) Overall OC processing rates will be inhibited by the natural presence of lower DO 133 

concentrations. 134 

3) At naturally low DO sites, small reductions in DO concentration will result in 135 

marked shifts towards smaller faunal classes in the routing of OC through 136 

biomass, in line with the oxygen threshold hypothesis (Woulds et al., 2007). 137 

  138 



2. Methods 139 

2.1 Study sites 140 

The Arabian Sea oxygen minimum zone is one of the largest volumes of depleted water in 141 

the world (Helly and Levin, 2004), impinging on the western Indian continental margin 142 

between ~150 and 1500 m water depth. OMZ formation in the Arabian Sea results from 143 

monsoon-driven upwelling of nutrient-rich waters fuelling intense productivity, and thus 144 

rapidoxygen consumption in mid-water depths as OC sinks. In addition, freshwater inputs 145 

increase stratification and reduce ventilation, and the presence of a landmass to the 146 

north inhibits the exchange of intermediate water(Levin et al., 2009; Naqvi et al., 2009).  147 

In September-November 2008, a pair of cruises was conducted with the R/V Yokosuka to 148 

the Indian margin of the Arabian Sea.  Experiments were repeated across 3 sites with 149 

bottom water DO concentrations of 0.5 M, 2.8 M, and 21.2 M, (at depths of 530 m, 150 

812 m, and 1140 m respectively, Table 1; Cowie et al., 2014). Thus all sites were hypoxic, 151 

and there was a 10-fold increase in DO concentration with each increase in depth. 152 

2.2 Isotope tracing experiments 153 

Duplicate push cores (i.d. 8 cm) were collected using the manned submersible Shinkai 154 

6500, and submerged in tanks containing stirred, filtered seawater in a shipboard 155 

laboratory in which dissolved DO was automatically maintained at a chosen level using 156 

the OXY-REG system (Loligo Systems), and maintained at in situ temperature using 157 

refrigerated incubators. 158 

At each site a pair of replicate cores was incubated at each of three DO concentrations; 159 

けnormalげ, which was the ambient DO concentration, けlowげ, which was 5% saturation 160 

below ambient, and  けhighげ, which was 5% saturation above ambient.  The exception was 161 

the 0.5 M site, where the ambient concentration was so low that a downwards 162 

ﾏ;ﾐｷヮ┌ﾉ;デｷﾗﾐ ふｷくWく デｴW けﾉﾗ┘げ デヴW;デﾏWﾐデぶ ┘ould not have been measurable. 163 

Experiments were initiated by the addition of 13C and 15N enriched labelled algae 164 

(Chlorella, Cambridge Isotope Laboratories) at a concentration of 650 mg C m-2 to cores 165 

(equal to 0.3-0.6 % of existing organic C in the surface 1 cm of sediment), which was 166 

allowed to settle onto the sediment surface. Following incubation for 5 days, cores were 167 

sectioned at intervals of 0-1, 1-2, 2-3, 3-5, 5-7 and 7-10 cm, and sampled for pore waters 168 

by centrifugation. Each section was halved. One half was centrifuged to extract 169 



porewaters which were preserved in capped vials with HgCl2. The remaining solid was 170 

freeze dried. The other half was preserved in 10% buffered formalin for later faunal 171 

extraction.  172 

It is recognised that the experiments are limited to two replicates, and that 8 cm cores 173 

are fairly small. These features were imposed by equipment and sample availability, and 174 

the considerable analytical burden involved. Therefore the data are interpreted with 175 

these limitations in mind. In particular, they limit the extent to which patterns in the data 176 

can be supported using statistical testing, and mean that uncertainty will have been 177 

introduced by small scale patchiness. However, the approach is consistent with other 178 

similar experiments (e.g. Woulds et al., 2009, and references therein), and such an 179 

approach has been shown to provide useful insights regarding benthic biogeochemical 180 

processes. 181 

2.3 Analyses 182 

Porewater samples were analysed for DIC by transferring to exetainers containing He, 183 

and acidifying with concentrated H3PO4. The resulting CO2 was focused twice in loops 184 

cooled with liquid N2 prior to analysis on a Sercon 20-20 isotope ratio mass 185 

spectrometer.Sediments preserved in formalin┘WヴW ┘;ゲｴWS ;ﾐS ゲｷW┗WS ;デ ンヰヰ ´ﾏ HWaﾗヴW 186 

microscopic inspection. At each depth interval (0-1, 1-2 and 2-3 cm), fauna in the >300 187 

´ﾏ aヴ;Iデｷﾗﾐが ┘WヴW ヮｷIﾆWSが ヮｴﾗデﾗｪヴ;ヮｴWS ;ﾐS ヮﾉ;IWS ｷﾐ pre-weighed silver capsules. 188 

Individuals were often pooled so that each sample contained sufficient C for analysis. 189 

Samples were air dried, de-carbonated by addition of 1N HCl (soft-bodied taxa) or 6N HCl 190 

(foraminifera and molluscs), and dried once again. Samples were analysed in dual isotope 191 

mode (C+N from the same sample) using a Eurovector elemental analyser coupled to an 192 

Isoprime isotope ratio mass spectrometer (Elementar UK Ltd, Stockport, Cheshire), and 193 

standards calibrated against the National Institute of Standards and Technology (NIST) 194 

certified reference materials Sucrose-ANU ふNIST ﾐﾗく Βヵヴヲぶ aﾗヴ ~13C, and IAEA-N1 195 

;ﾏﾏﾗﾐｷ┌ﾏ ゲ┌ﾉヮｴ;デW ふNIST ﾐﾗく ΒヵヴΑぶ aﾗヴ ~15Nく Tｴ┌ゲ ;ﾉﾉ ~13C results are expressed relative 196 

デﾗ デｴW ｷﾐデWヴﾐ;デｷﾗﾐ;ﾉ ゲデ;ﾐS;ヴS ﾗa PWW DWW BWﾉWﾏﾐｷデW ;ﾐS ;ﾉﾉ ~15N results are relative to the 197 

international standard of atmospheric air. In-house standards of isotopically enriched 198 

ｪﾉ┌IﾗゲWふれヱΓΓЦぶが ‘EFCENが aﾗヴ ~13Cが ;ﾐS ｷゲﾗデﾗヮｷI;ﾉﾉ┞ WﾐヴｷIｴWS ┌ヴW; ふれヲンヵЦぶが ‘EF ンヱヰB aﾗヴ 199 

~15Nが ┞ｷWﾉSWS ;ﾐ;ﾉ┞デｷI;ﾉ ヮヴWIｷゲｷﾗﾐゲ ﾗa ヱヰくΑヶЦ ;ﾐS ヱくヵヰЦ ヴWゲヮWIデｷ┗Wﾉ┞く 200 

From one replicate per treatment freeze dried sediments (the solid residue following 201 

centrifugation) were analysed for isotopic composition of bacterial phospholipid fatty 202 



acids (PLFAs). PLFAs were extracted using an adapted Bligh and Dyer method (Bligh and 203 

Dyer, 1959). Lipids were extracted in a chloroform: methanol: citrate buffer (1:2:0.8 v-204 

v:v) mixture.Lipids were fractionated using6 ml ISOLUTE SI SPE columns, preconditioned 205 

with 5 ml chloroform, and the polar fraction was eluted in methanol, and dried under 206 

N2.Samples were taken up in a 1:1 (v:v) mixture of methanol and toluene, and following 207 

addition of nonadecanoate internal standard, the polar fraction was derivatisedin0.2 M 208 

KOH in methanol at 37 °C for 15 mins. After cooling, isohexane:chloroform (4:1 v:v), 209 

acetic acid and deionised water were added, and the organic phase was extracted and 210 

dried under N2. 211 

Extracts were taken up in isohexane, and analysed for the concentration and isotopic 212 

composition of PLFAs on a Trace Ultra gas chromatograph connected with a Combustion 213 

III to a Delta V Advantage isotope ratio mass spectrometer (Thermo Finnegan, Bremen). 214 

Delta 13C values were measured with respect to a reference gas traceable to IAEA 215 

reference material NBS 19 TS-Limestone, and are reported standardised to the Vienna 216 

Pee Dee Belemnite. Replicate measurement of reference material gave a precision of ± 217 

0.31 Ц. PLFAs were quantified using the combined peak areas of all masses (m/z 44, 45 218 

and 46), compared to the same of the internal C19:0 standard (Thornton et al., 2011). 219 

2.4 Data treatment 220 

The amount of 13C incorporated by fauna (IFAUNA) in the experiments was calculated as the 221 

product of excess 13C (E) and faunal carbon biomass (CFAUNA) following equation 1: 222 

荊庁凋腸朝凋 噺 継怠戴寵 抜 系庁凋腸朝凋 223 

Equation 1 224 

Excess 13C (E13C) is defined as the difference between the 13C signature (F) of the control 225 

and the sample following equations 2-4: 226 

継怠戴寵 噺 繋聴凋暢牒挑帳  伐 繋寵潮朝脹眺潮挑 227 

Equation 2 228 

where: 229 

繋 噺 ヱン系
ヱン系 髪  ヱヲ系  噺  迎迎 髪 な 230 



Equation 3 231 

and 232 

迎 噺 ヱン系などどど 髪  な 抜 迎蝶牒帖喋 233 

Equation 4 234 

RVPDB is the 13C/12C ratio of the reference material (Vienna PDB; 0.0112372). The amount 235 

of 15N incorporated by fauna in the experiments was calculated in the same manner, but 236 

RAIR is the 15N/14N ratio of the reference material (atmospheric air; 0.0036765). As natural 237 

faunal isotopic signatures were not obtained directly in this study, FCONTROL was calculated 238 

using the literature of previously published studies (Supplement A). Studies from nearby 239 

or similar margins, with similar fauna, were chosen. Small uncertainties in the 240 

background signatures will not have affected data processing to a measurable extent, 241 

due to the high levels or isotopic enrichment. 242 

Respiration was quantified following modelling of labelled DIC flux out of the sediment 243 

H;ゲWS ﾗﾐ ヮﾗヴW┘;デWヴ ヮヴﾗaｷﾉWゲく Aゲゲ┌ﾏｷﾐｪ ゲデW;S┞ ゲデ;デWが Sｷaa┌ゲｷ┗W HWﾐデｴｷI DIC aﾉ┌┝Wゲが FｷIﾆげゲ 244 

First Law was applied to estimate the porewater fluxes (Q) from the sediments into the 245 

overlying water column as in equation 5 (Berner, 1980): 246 

芸帖彫寵 噺 伐剛経鎚勅鳥 釆ッ系ッ捲挽 247 

Equation 5 248 

Where  is the porosity of the sediments, 経鎚勅鳥is the sediment diffusion coefficient, and 249 峙ッ寵ッ掴峩 is the concentration gradient of the porewater profile in the surface sediments. 250 

Ideally 峙ッ寵ッ掴峩 would take into account the sediment-water interface concentration of DIC 251 

but this was not available so the 0-1cm interval was used. The whole sediment diffusion 252 

coefficient経鎚勅鳥 was given by equation 6: 253 

経鎚勅鳥 噺 経鎚栂肯態  254 

Equation 6 255 



where経鎚栂 is the diffusion coefficient of the solute in seawater ,and 肯 the tortuosity. 経鎚栂 256 

was corrected for bottom water temperature to produce a  経鎚栂 of 1 x など貸泰 cm2 s-257 

1(Broecker and Peng, 1974; Li and Gregory, 1974). The tortuosity of the sediment was 258 

estimated from its porosity using equation 7 (Boudreau, 1997): 259 

肯態 噺 な 伐 ln岫剛態岻 260 

Equation 7 261 

Bacterial biomass and uptake of 13C were quantified using concentrations and 13C 262 

signatures of the bacteria-specific PLFAs i14:0, i15:0, ai15:0, and i16:0 after 263 

Middelburg et al. (2000). Bacterial biomass (Cb) was calculated using the summed 264 

carbon concentrations of the bacteria-specific PLFAs (デ 系牒挑庁凋貸長 : i14:0, i15:0, ai15:0, 265 

i16:0) and applying the transfer functions detailed by Middelburg et al.(2000) 266 

following equation 8: 267 

系長 噺 布 系牒挑庁凋貸長 岫畦 抜 稽岻斑  268 

Equation 8 269 

A is the average PLFA concentration in bacteria: 0.056 g of PLFA carbon per gram of 270 

carbon biomass (Brinch-Iversen and King, 1990). B represents the fraction of total 271 

bacterial PLFAs represented by the sub-set used here: 0.28 ± 0.04. Similarly, 13C 272 

incorporation (荊長) into bacterial biomass was calculated from the sum of 273 

incorporated label in these bacteria-specific PLFAs (デ 荊牒挑庁凋貸長), and transfer 274 

functionsA and Bwere applied as described in equation 9: 275 

荊長 噺 布 荊牒挑庁凋貸長 岫畦 抜 稽岻斑  276 

Equation 9 277 

  278 



3. Results 279 

3.1 Benthic community biomass 280 

Metazoan macrofauna and foraminifera were present at all sites, with biomasses ranging 281 

from 3.5±4.9-26.0±18.1 mg C m-2 and 79.6±19.2-181±41 mg C m-2 respectively (Table 1). 282 

Foraminifera tended to dominate the faunal biomass, accounting for 75-98 %. They 283 

showed the greatest dominance under the lowest oxygen conditions, at the 0.5 M site 284 

(Table 1).Metazoan macrofaunal biomass, predominantly comprised of polychaetes, was 285 

maximal at the 2.8 M site, where they accounted for 25 % of the faunal biomass. 286 

Bacterial biomass ranged between 375±143 and 1241±428 mg C m-2, and was maximal at 287 

the 0.5 M site (Table 1). It should be noted that these biomass data are averages across 288 

all experimental cores at each site, and are provided as important context for 289 

interpretation of 13C processing patterns, representing as they do the communities that 290 

were present in the experiments. They are not intended to be a formal survey of the 291 

benthic faunal community, as sample volume and replication was not sufficient for that 292 

purpose.  293 

3.2 Respiration  294 

Across all sites and treatments the total amount of added C that was respired varied 295 

between 28.3 and 131.4 mg C m-2, with the highest value at the 0.5 M site following 296 

upwards DO manipulation, and the lowest value at the 2.8 M site following upwards DO 297 

manipulation (Table 2; Fig. 2). Under ambient oxygen conditions, the amount of respired 298 

13C was greatest at the 21.2 M site (93.5 mg C m-2), and smallest at the at the 2.8 M 299 

site (51.0 mg C m-2). at the 0.5 M site the upwards DO manipulation resulted in a 300 

greater amount of respired 13C (131.4 mg C m-2) compared to the ambient treatment 301 

(73.6 mg C m-2). In contrast, at the 2.8 M and 21.2 M m sites, both upwards and 302 

downwards DO manipulations appeared to result in decreased respiration rates (Fig. 2). 303 

However, this pattern must be treated with caution, as it was only clear for the upwards 304 

manipulation at the 2.8 M site, and in other cases is to some extent equalled by 305 

variability between replicates. 306 

3.3 Bacterial uptake  307 

Bacterial uptake of the added 13C varied between 0.48 mg C m-2 at the 21.2 M site under 308 

ambient DO, and 1.80 mg C m-2 at the 0.5 M site under elevated DO (Table 2; Fig. 3). 309 



Under ambient DO, bacterial 13C uptake decreased with increasing DO (Table 2; Fig. 3). 310 

Following upwards manipulation of DO, bacterial 13C uptake increased by 45%, 48% and 311 

28% at the 0.5 M, 2.8 M, and 21.2 M sites respectively. Following downwards 312 

manipulation of DO, bacterial 13C uptake increased by 45% and 209 % at the 2.8 M, and 313 

21.2 M sites respectively. 314 

3.4 Faunal uptake  315 

Under ambient DO, uptake of 13C into the fauna (foraminifera plus metazoans) varied 316 

between 23 mg C m-2 at the 2.8 M site, and 31 mg C m-2 at the 0.5 M site. Manipulated 317 

DO generally resulted in reduced faunal 13C uptake when DO was reduced (minimum was 318 

8.5 mg C m-2 at the 2.8 M site), and enhanced faunal 13C uptake when DO was increased 319 

(maximum was 59 mg C m-2, also at the 2.8 M site; Table 2; Fig. 4). 320 

In most cases faunal 13C uptake was dominated by the foraminifera, which accounted for 321 

between 68 % and 100 % across all sites and treatments. The exception to this was the 322 

2.8 M site under ambient DO, where foraminifera accounted for only 41 % of total 323 

faunal 13C uptake. Manipulated DO conditions had different effects on the different 324 

faunal groups at different sites. At the 2.8 M site, both downwards and upwards DO 325 

manipulations resulted in an increase in the extent to which foraminifera dominated 13C 326 

uptake (taking it to 78% and 70% respectively). However this pattern was driven 327 

differently in each case. Following the decrease in DO, metazoan 13C uptake was 328 

markedly reduced, while the upwards DO manipulation did not result in a marked 329 

response by metazoans, but foraminiferal 13C uptake showed a substantial increase 330 

(Table 2; Fig. 4). At the 21.2 M site, both downwards and upwards DO manipulations 331 

resulted in a reduction in the dominance of faunal 13C uptake by foraminifera (from 87% 332 

to 73% and 68% respectively). Following the reduction in DO, foraminiferal 13C uptake 333 

was reduced while metazoan 13C uptake remained similar, whereas in response to the 334 

experimental increase in DO, metazoan 13C uptake increased markedly while 335 

foraminiferal 13C uptake was relatively unchanged (Table 2; Fig. 4). 336 

3.5 Biomass-specific uptake  337 

Biomass-specific uptake for each group (bacteria, foraminifera and metazoans) was 338 

calculated by normalising 13C uptake to the biomass of the biotic group concerned (Fig. 339 

5). At all sites, bacterial biomass-specific uptake was smaller than the biomass-specific 340 

uptake of both metazoans and foraminifera.At the 0.5 M site, the biomass-specific 341 



uptake by foraminifera was greater than that for metazoans. Conversely, at the 2.8 M 342 

and 21.2 M sites, biomass-specific uptake by metazoans exceeded that of foraminifera, 343 

with the exception of the downwards DO manipulation at the 2.8 M site. Under 344 

manipulated oxygen conditions at the 2.8 M site, foraminiferal and metazoan biomass-345 

specific 13C uptake decreased, and little change was seen in the bacterial biomass-specific 346 

13C uptake.Conversely, elevated oxygen concentrations at the 21.2 M site corresponded 347 

to an increase in both bacterial and metazoan biomass-specific13C uptake, while only a 348 

bacterial biomass-specific 13C uptake altered under decreased DO (Fig. 5). 349 

  350 



4. Discussion 351 

4.1 Respiration 352 

Manipulations of DO appeared to impact the amount of added C that was respired. At 0.5 353 

M, artificially elevated DO led to increased respiration of added OC (Fig. 2), in line with 354 

expectations that increased availability of oxygen would facilitate more rapid respiration. 355 

However, at the 2.8 M and 21.2 M sites, both upwards and downwards manipulations 356 

in DO resulted in reductions in the total amount of added C that was respired (Fig. 2). 357 

This suggests that at the more oxic sites the benthic community is well adapted to the 358 

ambient DO, such that upwards as well as downwards DO manipulations reduce the 359 

capacity of the community to process OC. This result, observed at 2 out of 3 sites are 360 

supported by Pozzato et al. (2013) who conducted oxygen manipulations at 2 sites on the 361 

Murray Ridge in the Arabian Sea. Although they did not observe a systematic effect of 362 

oxygen manipulation on respiration rates (Moodlet et al., 2011; Pozzato et al., 2013), 363 

they did conclude that benthic communities process OC most efficiently under ambient 364 

oxygen conditions. 365 

Comparisons between sites shows that the amount of added C respired under ambient 366 

conditions did not vary systematically with ambient DO. This is in line with previous 367 

research in which low ambient DO has been observed to cause only minor reductions in 368 

rates of production of labelled DIC in isotope tracer experiments (Andersson et al., 2008). 369 

Further, while the presence or absence of oxygen can affect OC degradation rates, in 370 

studies considering degradation of fresh OC (such as was used here), the presence or 371 

absence of oxygen is often relatively unimportant (Burdige, 2007). Thus our study adds to 372 

a body of evidence suggesting that oxygen availability is not a main factor driving 373 

remineralisation of relatively fresh OC. 374 

It should be noted that the respiration rates reported here are conservative estimates, as 375 

the vertical resolution of porewater sampling was relatively coarse, and they account for 376 

only the diffusive flux of 13C DIC, and exclude the portion associated with bioirrigation 377 

and other infaunal activity. Nonetheless, they are in the same range as those previously 378 

reported from similar experiments (e.g. Woulds et al., 2016), however direct comparisons 379 

are not appropriate.  380 

4.2 Bacterial Uptake 381 

Bacterial 13C uptake under ambient conditions was greatest at the site with lowest DO 382 

concentration (0.5 M), and tended to decrease with increasing DO (Fig. 3). This 383 



corresponds with greater bacterial biomass at the 0.5 M site, which may be driven and 384 

supported by the higher concentration of sedimentary organic carbon (%Corg, Table 1). 385 

The 0.5 M with the highest bacterial 13C uptake was also the site with the lowest 386 

metazoan mcrofaunal biomass (Table 1). Across the same sites, Hunter et al. (2012) 387 

observed a significant negative relationship between bacterial 13Cuptake and 388 

macrofaunal biomass. They hypothesised that metazoans may suppress formation / 389 

persistence of bacterial biomass through either competition for the added C (Van 390 

Nugteren et al., 2009), and / or grazing, and release from these pressures allows more 391 

uptake of added C into bacterial biomass. Therefore, bacterial uptake of 13C under 392 

ambient conditions could have been determined by OC availability and bacterial biomass, 393 

but interactions with metazoan macrofaunal may also have played a role. 394 

Bacterial uptake rates were similar to those previously observed at similar depths in the 395 

Arabian Sea (Woulds et al., 2007; Pozzato et al., 2013), and also at other sites showing 396 

considerably different environmental conditions, such as a shallow sub-tidal site in the 397 

Gulf of Gdansk (Evrard et al., 2012), and the 4800 m deep Porcupine Abyssal Plain (Aberle 398 

and Witte, 2003). The similarities may be due to the presence of similar bacterial biomass 399 

(in the range 0.5-1.5 g C m-2, see Table 2 and Woulds et al., 2016 for values), which is in 400 

line with an overall correspondence in this study between bacterial 13C uptake and 401 

bacterial biomass.  402 

At all sites, both upwards and downwards manipulation of DO resulted in increases in 403 

bacterial 13C uptake (Fig. 3). Similarly, with the exception of the 0.5 M site, biomass-404 

specific 13C uptake also increased following both increases and decreases in DO (Fig. 5). 405 

Thus, bacteria appeared to respond to the stress imposed by abnormal oxygen 406 

availability by increasing production of biomass. This is in contrast to results of oxygen 407 

manipulation experiments on the Murray Ridge, in which manipulated oxygen conditions 408 

appeared to reduce 13C incorporation into bacterial biomass, however the authors 409 

concluded that there was no measurable effect due to high variability (Moodley et al., 410 

2011; Pozzato et al., 2013). Together with the decreases in total community respiration 411 

observed in response to DO manipulation at the 2.8 M and 21.2 M sites, and an 412 

assumption that most respiration will have been bacterial, this suggests an increase in 413 

bacterial growth efficiency (BGE) in response to DO manipulation. Although controls on 414 

BGE are not entirely clear, it is generally thought to be maximised in conditions which are 415 

especially suitable for growth, in particular where organic substrate and nutrient 416 

limitation are not present (Del Giorgio and Cole, 1998). In this context it is surprising to 417 



observe that DO induced stress appears to increase BGE. However, BGE is also thought to 418 

be maximised when a greater fraction of bacterial cells are active as opposed to being 419 

dormant (or dead), therefore a potential explanation for the apparent increase in BGE in 420 

response to DO manipulation may be that variation in DO initiated activity in additional 421 

fractions of the bacterial community. 422 

4.3 Faunal Uptake 423 

Under ambient conditions, inter-site differences in faunal 13C uptake appear to be driven 424 

by faunal biomass, and not DO concentration. Faunal 13C uptake was greatest at the most 425 

hypoxic, 0.5 M site, which also showed the highest foraminiferal biomass, as well as the 426 

highest organic C concentration, and least degraded OC composition (Table 1; Fig. 4; 427 

Cowie et al., 2014). This suggests that maximal 13C uptake at this site was attributable to 428 

the presence of a faunal community accustomed to a high quality food supply, and thus 429 

primed for responding to the added OC pulse. Furthermore, total faunal 13C uptake under 430 

ambient DO did not vary between the 2.8 M and 21.2 M sites, despite a 10-fold 431 

difference in DO, and this is consistent with their similar faunal (metazoans plus 432 

foraminifera) biomass (Table 1). Previous studies which have also observed this 433 

correlation between faunal biomass and 13C uptake, and have noted a greater influence 434 

of OC availability than oxygen on the ability of faunal communities to respond to an OM 435 

pulse under normal conditions (e.g. Woulds et al., 2007; Levin et al., 2000). 436 

Foraminifera (as opposed to metazoans) dominated faunal carbon uptake at all sites, 437 

which was unsurprising given that they are better able to tolerate hypoxia than larger 438 

metazoan macrofauna (Josefson and Widbom, 1988; Moodley et al., 1997) and are 439 

common in faunal communities in oxygen deficient settings, including the Arabian Sea 440 

OMZ (Sen Gupta and Machain-Castillo, 1993; Levin et al., 2002; Larkin and Gooday, 441 

2009). 442 

The dominance by foraminifera of 13C uptake at the 0.5 M site is due to foraminiferal 443 

dominance of the biomass (Table 1), suggesting, in support of hypothesis 1, that more 444 

abundant and larger taxa play a larger role in OC processing. This is supported by 445 

previous observations that uptake of 13C-labelled algae by faunal groups occurs in direct 446 

proportion to group biomass in a variety of benthic environments, including estuarine 447 

(Middelburg et al., 2000), shelf (Buhring et al., 2006; Kamp and Witte, 2005), and deep-448 

sea (Woulds et al., 2007) settings. Only at the 2.8 M site under ambient DO 449 

concentration did metazoans dominate faunal 13C uptake. This may be due to a peak in 450 

metazoan macrofaunal abundance around this depth. This biomass peak is known as an 451 



けWSｪW-WaaWIデげ (Mullins et al., 1985), and results from the interplay of OC rich sediment and 452 

just-sufficient DO which occurs especially at the lower boundaries of oxygen minimum 453 

zones. Larger organisms have larger guts and are more motile than foraminifera, and are 454 

therefore capable of ingesting more added C (Fauchald and Jumars, 1979; Levin et al., 455 

1997; Nomaki et al., 2005), and for these reasons have sometimes been observed to be 456 

responsible for a greater proportion of 13C uptake than their biomass would suggest 457 

(Witte et al., 2003a, b). 458 

Changes in the magnitude and pattern of faunal uptake were observed under 459 

manipulated DO conditions, indicating, in line with hypothesis 3, that relatively subtle 460 

shifts in oxygen concentrations do impact benthic faunal carbon uptake. In general, 461 

increases in DO released fauna from oxygen stress and allowed increases in faunal 13C 462 

uptake, while decreases tended to reduce faunal uptake, however there was variation in 463 

the response of different faunal classes, as discussed below.  464 

On the Pakistan margin of the Arabian Sea, Woulds et al. (2007) observed a shift from 465 

metazoan domination of 13C uptake to it domination by foraminifera in response to a 466 

seasonal decrease in DO. By comparison with experiments at other OMZ sites they 467 

hypothesised that this shift could occur in response to a relatively small alteration in DO, 468 

and hence proposed that DO can exert a threshold type control on faunal OC uptake. The 469 

DO manipulations in this study were relatively subtle (5% saturation), and were designed 470 

to test this hypothesis.  471 

At the 0.5 M site, the upwards manipulation of DO did not result in an increase in faunal 472 

13C uptake, however, there was an increase in biomass-specific 13C uptake (Fig. 5). 473 

Therefore, at the most hypoxic site additional DO availability did appear to lead to an 474 

increase in foramniferal feeding. In contrast, at the most oxic, 21.2 M site, the increase 475 

in faunal 13C uptake under high DO was principally due to increased metazoan biomass-476 

specific 13C uptake. On the other hand, at the intermediate DO site (2.8 M), upwards DO 477 

manipulation did not result in increases in either absolute or biomass-specific metazoan 478 

13C uptake. Thus, it was only at the site with the highest ambient DO that the metazoans 479 

were able to take advantage of an increase in DO, whereas foraminifera, which are better 480 

suited to low DO concentrations (e.g. Levin et al., 2000; Levin, 2003; Gooday et al., 2000) 481 

benefitted from the upwards manipulation only at the most hypoxic site The suggestion 482 

that small organisms such as foraminifera are best placed to respond to additional DO is 483 

supported by an oxygen manipulation conducted on the Murray Ridge by Pozzato et al. 484 

(2013), in which meiofaunal foraminifera showed increased 13C uptake in response to 485 



addition of oxygen, but hypoxia-specialised polychaetes did not. At the two more oxic 486 

sites, competition and/or predation by metazoans may have prevented the foraminifera 487 

from benefiting from upwards DO manipulation. 488 

Downwards manipulation of DO resulted in reduced faunal 13C uptake at both the 2.8 M 489 

and 21.2 M sites (Fig. 4). At the 2.8 M site, the decrease under low DO was dominantly 490 

attributable to reduced metazoan 13C uptake (Fig. 4), although biomass-specific uptake 491 

was reduced for both metazoans and foraminifera (Fig. 5). Thus, at this hypoxic site when 492 

DO was manipulated downwards the larger organisms suffered disproportionately from 493 

the additional oxygen stress. This downward DO manipulation at the 2.8 M site was the 494 

only case where the hypothesised oxygen threshold effect was observed, with a shift 495 

from metazoan to foraminiferal dominance of 13C uptake in response to a small reduction 496 

in DO. These observations are consistent with a general recognition that hypoxic 497 

conditions favour organisms with smaller body sizes, partly due to the advantages of a 498 

high surface area to volume ratio (Diaz and Rosenberg, 2008; Middelburg and Levin, 499 

2009). In addition, the ability of foraminifera to function and survive under very low DO 500 

concentrations may be facilitated by the ability of some taxa to either conduct 501 

denitrification (Risgaard-Petersen et al., 2006; Glock et al., 2013), or to enter a state of 502 

dormancy (LeKieffre et al., 2017). 503 

At 21.2 M site, the reduced faunal 13C uptake under reduced DO was driven by lower 504 

foraminferal 13C uptake. This could have been driven by lower biomass, as foraminiferal 505 

biomass-specific uptake was unchanged (as was metazoan biomass-specific uptake, Fig. 506 

5).   507 

Thus the oxygen threshold hypothesis was supported at only one site, which implies that 508 

it only operates in particular low oxygen settings where the 13C uptake of metazoans 509 

versus foraminifera is finely balanced. We therefore further suggest that it is just one 510 

part of a complex response by benthic communities to variations in DO. Pozzato et al. 511 

(2013) also considered whether their oxygen manipulation results supported the oxygen 512 

threshold hypothesis. They observed continued functioning of metazoan macrofauna at 513 

lower DO concentrations than the originally proposed threshold of 5-7 mM, and 514 

suggested that for some fauna it could be as low as 2 mM, and dependant of antecedent 515 

DO conditions. This, together with the results shown at different sites in this study 516 

illustrates that the response of the benthic faunal community depends not only on the 517 

size and direction of DO change, but also on faunal community composition, and the pre-518 

existing DO conditions to which they are adapted. Considering this study together with 519 



the two previous studies which have discussed it (Woulds et al., 2007; Pozzato et al., 520 

2013), we propose a broadening of the oxygen threshold hypothesis. We suggest that at 521 

severely hypoxic sites foraminifera (small organisms) are able to increase feeding activity 522 

in response to additional oxygen availability, while metazoans are only able to utilise such 523 

additional DO at sites where they are already adapted to higher DO concentrations. 524 

Reductions in DO tend to reduce feeding activity of all types of fauna. The larger 525 

organisms are disproportionately affected, especially at the lower end of their DO 526 

tolerance, and in some cases this gives rise to a shift in dominance of C uptake from 527 

metazoans to foraminifera (i.e. the oxygen threshold effect, Woulds et al., 2007). The 528 

exact DO concentrations at which these effects occur are likely to vary between sites. It 529 

should also be noted that the experiments on which the oxygen threshold hypothesis is 530 

based could not include epibenthic macrofauna or megafauna. Such organisms can be 531 

very abundant at oxygen minimum zone lower boundaries (e.g. Gooday et al., 2009; 532 

Mosch et al., 2012), and their inclusion in future studies would be beneficial. 533 

4.4 Effect of DO manipulations on short-term OC processing capacity and pattern 534 

Total biological OC processing (the sum of respiration, bacterial uptake and faunal 535 

uptake) appeared to increase from low DO, through ambient DO, to the high DO 536 

treatment at each site, except for the high DO treatment at 21.2 M (Fig. 6). This 537 

suggests that the potential of the benthic community to cycle OC was enhanced by 538 

increased availability of oxygen. However, it should be noted that only at the 0.5 M was 539 

the effect greater than the variability amongst replicates. Further, counter to hypothesis 540 

2, there was no systematic variation in total biological OC processing under ambient DO 541 

between sites, therefore the adaptation of each benthic community to the DO conditions 542 

it typically experienced had resulted in very similar OC processing capacities. This is 543 

supported by a previous oxygen manipulation on the Murray Ridge of the Arabian Sea, 544 

which led Moodley et al. (2011) to conclude that overall benthic functioning was not 545 

impacted by experimental hypoxia. Therefore we suggest that benthic communities 546 

possess some functional resilience, and that future expansion of marine hypoxia, while 547 

impacting benthic ecosystem structure, may not have as marked an effect on biological C 548 

processing. 549 

5. Conclusions 550 

 The overall capacity of the benthic community to cycle the added OC did not 551 

show a clear response to DO (only one site showed a clear increase with upwards 552 



manipulations of DO), therefore benthic communities showed functional 553 

resilience to reduced DO.  554 

 Overall, faunal 13C uptake was maximised by upwards manipulation of DO, 555 

however the taxa most affected by DO manipulation was controlled by 556 

antecedent conditions. Foraminifera responded to additional DO at the most 557 

hypoxic site, while metazoans responded at the least hypoxic site. Metazoans 558 

were disproportionately by reduced DO where they were already living at the 559 

lower end of their DO tolerance.  560 

 The oxygen threshold hypothesis was supported at one site. We propose a 561 

broadening of the oxygen threshold hypothesis, and suggest that at severely 562 

hypoxic sites, small organisms are able to increase feeding activity in response to 563 

additional oxygen availability, while metazoans are only able to utilise additional 564 

DO at sites where they are already adapted to higher DO concentrations. 565 

Reductions in DO tend to reduce feeding activity of all types of fauna, with larger 566 

organisms disproportionately affected when living at the lower end of their DO 567 

tolerance. 568 

 In general, respiration by the entire benthic community was maximal under 569 

ambient DO conditions, and was reduced by DO manipulation. The exception to 570 

this was at the most hypoxic site, where addition of oxygen resulted in more 571 

respiration of the added 13C.  572 

 Bacterial 13C uptake was maximal at the most hypoxic site, and increased with 573 

both upwards and downwards DO manipulations at all sites. This suggested an 574 

increase in bacterial growth efficiency in response to DO manipulation.  575 

 576 
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 783 

Table 1. Site depths, locations, and conditions, after Cowie et al. (2014). Biomass values 784 

are for the surface 1 cm, and are averaged across treatments. 785 

  786 

Site 

DO 

(M

) 

Lat. N Long. E Dept

h (m) 

%Cor

g 

Temperatur

e (°C) 

Metazoa

n 

biomass 

(mg C m-

2) 

Foraminifer

al biomass 

(mg C m-2) 

Bacterial 

biomass 

(mg C m-

2) 

0.5 16.9804

° 

71.9217

° 

530 6.9 12.3 3.5±4.9 181±41 1241±42

8 

2.8 17.5249

° 

71°170

4° 

812 4.3 10 26.0±18.

1 

79.6±19.2 401±27 

21.2 17.5275

° 

71.0806

° 

1140 4.6 7 6.8±2.8 106±53 375±143 



 787 

Site 
Treatment Total 

respirati

on (mg C 

m-2) 

Bacterial 

uptake 

(mg C m-

2) 

Metazoan 

macrofaun

al uptake 

(mg C m-2) 

Foramini

feral 

uptake 

(mg C m-

2) 

Total 

(mg C 

m-2) 

0.5 

M 

Normal 

DO 

73.6 

(±17.6) 

1.24 - 31.2 

(±6.2) 

106 ± 

14 

High DO 131.4 

(±10.1) 

1.80 0.1 (±0.2) 31.9 

(±4.8) 

165 ± 

15 

2.8 

M 

Normal 

DO 

51.0 

(±8.9) 

0.57 13.4 (±5.9) 9.2 (±3.5) 74 ± 18 

Low DO 46.2 

(±14.5) 

0.83 1.9 (±1.5) 6.6 (±2.0) 56 ± 11 

High DO 28.3 

(±7.8) 

0.85 17.9 (±5.3) 40.7 

(±15.6) 

88 ± 13 

1140 

m 

Normal 

DO 

93.5 

(±17.8) 

0.48 3.1 (±3.4) 20.9 

(±1.3) 

118 ± 

16 

Low DO 81.1 

(±20.9) 

1.49 2.5 (±3.6) 6.7 (±4.2) 92 ± 13 

High DO 76.1 

(±47.0) 

 

0.62 9.6 (±8.9) 20.8 

(±7.3) 

107 ± 

31 

Table 2. Total amounts of added C subject to each biological process over the 788 

duration of the experiments. Values given are means from 2 replicates, ± 789 

standard deviation. 790 
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 793 

 794 

Figure 1. A bathymetric map of the Indian margin of the Arabian Sea showing the location 795 

of the sample sites as multiple red diamonds. 796 
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 799 

 800 

Figure 2. Total respiration of added C during each experiment. 801 
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Figure 3. Bacterial uptake at all sites and in all treatments. 805 
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 808 

Figure 4. Uptake of added C into biomass at different sites and in different treatments. 809 

0.5 M 2.8 M 21.2 M
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C 

Figure 5. Biomass specific uptake by a) bacteria; b) foraminifera, and c) metazoan 

macrofauna in response to oxygen manipulation. 
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Figure 6. Total amount of added C processed by the benthic community (sum of 

respiration, bacterial uptake, and faunal uptake). 
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Supplementary File A 

Table 1.Natural faunal isotopic signatures from similar literature. 

Group Taxon ɷ13C ɷ15N C:N(SOMATIC) Location References 

Foraminifera 

(all) 

-

23.0 
11.7 

 Arabian Sea 

(Pakistan margin) 
(Jeffreys et 

al., 2015) 

-

19.2 
- 

5.3 
Sagami Bay, Japan 

(Nomaki et 

al., 2008) 

-

21.9 
7.6 

 Porcupine Abyssal 

Plain 
(Iken et al., 

2001) 

Pelosina sp. 
-

21.0 
9.2 

 Arabian Sea 

(Pakistan margin) 
(Jeffreys et 

al., 2015) 

Globobulimina 

sp. 

-

22.0 
11.4 

 Arabian Sea 

(Pakistan margin) 
(Jeffreys et 

al., 2015) 

-

20.0 
7.4 

 
Sagami Bay, Japan 

(Nomaki et 

al., 2008) 

Chilostomella 

sp. 

-

21.2 
11.2 

 Arabian Sea 

(Pakistan margin) 
(Jeffreys et 

al., 2015) 

-

18.8 
7.3 

3.7 
Sagami Bay, Japan 

(Nomaki et 

al., 2008) 

Uvigerina sp. 
-

19.3 
8.4 

 
Sagami Bay, Japan 

(Nomaki et 

al., 2008) 

Bolivina sp. 
-

19.5 
10.1 

 
Sagami Bay, Japan 

(Nomaki et 

al., 2008) 

Nonionella sp. 
-

22.0 
3.6 

 Arabian Sea(Indian 

margin) 
(Levin et al., 

2013) 

Komoki sp. 
-

21.1 
2.7 

 Arabian Sea 

(Pakistan margin) 
(Jeffreys et 

al., 2015) 

Polychaetes 

(all)  1.6 
5.1 

Sagami Bay, Japan 
(Nomaki et 

al., 2008) 

Linopherus sp. 
-

13.8 
12.1 

 Arabian 

Sea(Pakistan 

margin) 

(Jeffreys et 

al., 2015) 

Spionidae 

-

17.0 
10.0 

26.0 Arabian Sea(Indian 

margin) 
(Hunter et 

al., 2012) 

-

24.3 
9.0 

 Arabian Sea(Indian 

margin) 
(Levin et al., 

2013) 

Macrofauna (all) 
-

19.0 
10.0 

 
Norwegian fjord 

(Sweetman 

and Witte, 

2008) 

 


