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Abstract 1 

Seasonal hypoxia on the Louisiana continental shelf (LCS) has grown to over 22,000 km2 with 2 

limited information available on how low oxygen effects the benthos. Benthic macrofaunal 3 

colonization and sediment biogeochemical parameters were characterized at twelve stations in 4 

waters 10 – 50 m deep along four transects spanning 320 km across the LCS hypoxic zone in the 5 

early fall of 2010 when bottom waters typically return to oxic conditions. Chemical data and 6 

sediment profile imaging (SPI) support three primary mechanistic pathways of organic matter 7 

degradation on the LCS: (i) metal oxide cycling in depositional muds, (ii) infauna-driven 8 

bioturbation delivering oxygen below the sediment-water interface, and (iii) sulfate reduction in 9 

sediments where iron oxide availability is limited. The transect nearest the Mississippi River 10 

delta had the highest concentrations of porewater and solid phase Mn and Fe with SPI images of 11 

recently deposited reddish, mixed muddy sediments suggestive of metal cycling. The deepest 12 

stations had high oxidized iron concentrations and rust colored sediments with faunal 13 

colonization that suggests sediments are oxidized via bioturbation. Many nearshore and central 14 

LCS stations had more black sediments, more disturbed clay layers, lower amounts of oxidized 15 

iron, and higher sulfate reduction rates than the deepest stations. Sediment mixing coefficients, 16 

DB, determined from chlorophyll-a concentration profiles varied between 33 and 183 cm-2 y-1. DB 17 

values were highest at the deepest stations where sediments were colonized. DB were not 18 

determined at two nearshore stations where chlorophyll-a concentrations were highly variable in 19 

surficial sediments, and on the eastern shelf where sedimentation is high. This study provides a 20 

regional view of benthic faunal colonization and sediment biogeochemistry on the LCS, 21 

describes regions with potentially different pathways of organic matter degradation, and 22 

demonstrates the importance of both bioturbation and physical mixing in processing the large 23 

amounts of organic matter in river-dominated continental shelf systems.  24 
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Introduction 25 

The Gulf of Mexico Louisiana continental shelf (LCS) is a dynamic region that receives flows 26 

from the Mississippi and Atchafalaya rivers. Riverine delivery of nutrients onto the LCS 27 

stimulates the production of phytoplankton, and the decay of phytoplankton biomass beneath the 28 

pycnocline consumes dissolved oxygen (DO) leading to seasonal (late spring to early fall) 29 

bottom-water hypoxia (DO ≤ 2.0 mg L-1) that can cover over 22,000 km2 (Rabalais et al. 2002; 30 

NOAA 2017). The presence of hypoxic bottom water can be localized and transient over the 31 

course of the LCS hypoxia season (Rabalais et al. 2002). Nonetheless, coastal water hypoxia and 32 

high rates of organic matter (OM) deposition can lower sediment redox potential, increase burial 33 

and preservation of OM (Hedges and Keil 1995; Middelburg and Levin 2009), alter sediment-34 

water fluxes of carbon, oxygen, and nutrients (Lehrter et al 2012), and impair benthic infauna 35 

during prolonged events (Baustian and Rabalais 2009). 36 

The seafloor near the outfall of large rivers such as the Mississippi and Amazon are 37 

characteristically meter-thick mobile muds wherein iron oxide reduction dominates OM 38 

mineralization because the metal oxides are regenerated as the muds mix with oxygenated water 39 

(Aller and Blair 2006; McKee et al. 2004). Sediment deposition and mixing intensities vary 40 

across the LCS, which could influence spatial variation in biogeochemical processes. Most of the 41 

sediments (90%) settle within the first 10 km and 50 km of the Atchafalaya and Mississippi 42 

rivers, respectively (Xu et al 2011). The remainder of LCS hypoxic zone sediments are 80% 43 

mud, except for sandy shoals located between the 5 m and 10 m isobaths south of Atchafalaya 44 

Bay, and receive 5% of the discharged sediment (Xu et al 2011, 2014). LCS sediments can be 45 

resuspended by waves formed during winter storms that disrupt hypoxia and other high wind 46 

events (Bianchi et al. 2010). Along the nearshore, waves have sufficient energy to resuspend fine 47 
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sediments sorting and transporting them across the shelf (Bianchi et al. 2002; Xu et al. 2014). 48 

Relic sediments found inshore along the 10 m isobath in the central LCS are well mixed with 49 

little near-term sediment accumulation (Allison et al. 2000). On the middle and outer shelf, 50 

waves are sufficiently energetic 10% of the time to suspend the upper few mm of fine surficial 51 

sediments (Xu et al. 2014). Hurricanes and tropical storms further impact LCS sediment 52 

distribution. A single storm can erode up to 8 cm of sediment in waters less than 25 m deep, and 53 

2 cm of sediment in 40 m deep water, transporting and depositing negligible to 15 cm storm 54 

layers nearly equivalent to the mass delivered onto the shelf by the rivers in one year (Allison et 55 

al. 2010; Goñi et al 2006).  In addition, the shelf is an important fishery area where sediments 56 

may be disrupted by bottom trawling (LDWF 2018). 57 

Metal cycling may dominate sedimentary OM mineralization in coastal depositional zones (Aller 58 

1998; Beckler et al 2016). Recent LCS sediment studies demonstrated iron and sulfide oxidation 59 

in surficial sediments (Reese 2012) with metal oxide reduction accounting for 42-72% of OM 60 

mineralization at some locations (Devereux et al. 2015). Mn and Fe oxides are 61 

thermodynamically preferred electron acceptors over sulfate and also efficiently oxidize or 62 

precipitate sulfide (Thamdrup et al. 1994). Therefore, iron and manganese concentrations may 63 

not only constrain sulfate reduction rates (SRR) during transient periods of hypoxia, they could 64 

also limit sulfide toxicity towards LCS benthic macrofaunal communities and in turn preserve 65 

bioturbation-promoted OM remineralization and redox cycling (Aller 1994). LCS hypoxic zone 66 

iron and sulfur cycling have been investigated only at a limited number of sites (Devereux et al. 67 

2015; Reese 2012; Morse and Lin 1991). The distribution of benthic fauna and their relation to 68 

sediment biogeochemistry on the LCS are largely unknown.  69 
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Sediments delivered by large rivers make disproportionate contributions to global ocean 70 

processes, i.e., they are responsible for over 80% of global ocean carbon burial (Berner 1982). 71 

Given the Mississippi River ranks 7th in the world for sediment discharge (McKee et al. 2004), a 72 

broader spatial view of LCS sediment processes may help advance understanding linkages 73 

between bioturbation, biogeochemistry, and organic carbon remineralization on continental 74 

shelfs influenced by river discharge. 75 

We hypothesized, because deposition rates and physical mixing of sediments vary across the 76 

LCS (Xu et al. 2014), that benthic infaunal colonization, bioturbation, and pathways of OM 77 

mineralization will also vary. Here we report results from a fall 2010 cruise to twelve stations 78 

across the hypoxic region of the LCS where we measured SRR, determined concentrations of 79 

porewater and solid phase Mn and Fe, and used a sediment profiling imaging (SPI) camera to 80 

assess sediment redox status and macrofaunal communities. Our findings show LCS sediments 81 

are dominated by metal cycling near the Mississippi River delta and, on the remainder, transition 82 

from nearshore physically mixed sulfidic sediments to oxidized bioturbated sediments offshore. 83 

Materials and methods 84 

Stations and SPI imaging 85 

Twelve LCS stations on four transects, spaced across 320 km and extending from shallow (8 m) 86 

to deeper waters (50 m) were sampled during a cruise from September 26 to October 8, 2010 87 

(Fig. 1, Table 1). Temperatures, salinities, and DO concentrations about 1 m above the sediment 88 

surface were recorded with a Sea-Bird 911 CTD (Table 1). Tropical storm Bonnie traversed the 89 

study area east of the delta with 40 km h-1 winds at the end of July 2010 (National Hurricane 90 

Center, 2010a) and may have disturbed sediments at some shallow and mid-depth stations.  91 
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The physical structure of the sediments, the presence of macrobenthic organisms, and the depth 92 

of oxidized sediment at each station were assessed using a SPI camera (Rhoads and Cande 1971; 93 

see Germano et al. 2011 for a thorough review;). These cameras cut into unconsolidated 94 

substrates and photograph the sediment profile through an acrylic face plate. Unconsolidated 95 

sediments appear red, orange, tan, brown, black, blue, or dark-to-medium gray and sediment 96 

grains may be visible. Low porosity clay layers may underlie unconsolidated sediments and 97 

appear light gray to white in color. The 10.2-megapixel Nikon D80 camera used in this study 98 

imaged a 15.2 cm wide x 22.0 cm deep section of the sediment and overlaying water. 99 

The camera was deployed between 3 and 6 times at each of the 12 sampling stations, resulting in 100 

a total of 47 camera images. Images were randomized and renamed so the analyst had no 101 

information on station location or environmental setting. Images were enhanced following 102 

guidelines of Rossner and Yamada (2004) using Adobe Photoshop 7.0. Sediment features (e.g., 103 

fauna, burrows, tubes, sediment layers) were identified as in Nilsson and Rosenberg (1997), 104 

Rhodes and Germano (1982), and the Coastal and Marine Ecological Classification Standard 105 

(CMECS) (FGDC 2012).  106 

SPI metrics 107 

Five metrics were quantified from each image analyzed. First, the apparent Redox Potential 108 

Discontinuity (aRPD) is the depth at which oxygenated red, orange, tan, or brown particles 109 

(ferric hydroxides; Teal et al. 2009) visually transition to reduced black, blue, or gray sediments. 110 

The aRPD shows the depth of fauna dragging or pumping oxygen into the sediment, is well 111 

accepted as a measure of the depth of bioturbation and represents the biological component of 112 

the sediment mixing depth (Rhoads and Germano 1982; Rosenberg et al. 2001; Teal et al. 2009). 113 

aRPD depth and benthic fauna have been shown to correlate with DO concentrations in the 114 



6 

 

overlying water (Cicchetti et al. 2006), oxygen penetration (Diaz and Trefy 2006), decrease in 115 

iron(oxy)hydroxides and increase in acid volatile sulfide concentrations (Statham et al. 2017), 116 

and as  measured by redox probes, where the oxidation-reduction potential (Eh) of the sediment 117 

is zero (Grizzle and Penniman 1991; Rosenberg et al 2001; Simone and Grant 2017). 118 

Four indices of benthic community condition and habitat quality were derived from the images. 119 

All indices are based on the Pearson-Rosenberg model of faunal succession (Pearson and 120 

Rosenberg 1978) which has become a central tenet of marine benthic ecology. The Pearson-121 

Rosenberg model depicts four stages of infaunal community change associated with increasing 122 

levels of stress. At low stress levels (Stage 3), large long-lived and well-established benthic 123 

fauna create large, deep burrows (> 1 cm width), large tube structures (> 3 mm wide), feeding 124 

pits and mounds. Stage 2 communities (at moderate stress levels) consist of smaller opportunistic 125 

fauna typically colonizing the first few centimeters of sediment. At higher stress levels, Stage 1 126 

communities are composed of small surface dwelling worms, and at Stage 0 very few 127 

multicellular organisms can survive. The first index we applied, the Organism-Sediment Index or 128 

OSI (Rhodes and Germano 1982), includes the aRPD depth together with faunal and sediment 129 

parameters corresponding to the Pearson-Rosenberg stages and is considered a sensitive index 130 

particularly for low quality habitat areas. The second index, Benthic Habitat Quality or BHQ 131 

(Nilsson and Rosenberg 2000), includes the aRPD depth with numeric scores for faunal types, 132 

sizes, and abundance related to the Pearson-Rosenberg model. Both indices have been used 133 

successfully for many years (Germano 2011). We used the two other indices to isolate 134 

parameters specific to fauna. The ‘BHQ Fauna’ index subtracts the aRPD component from BHQ, 135 

and the The ‘BHQ Fauna’ index subtracts the aRPD component from BHQ, and the Coastal and 136 

Marine Ecological Classification Standard (CMECS) Biotic Group Diversity (‘CMECS 137 
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Diversity’) is based on the number of Biotic Groups as defined by CMECS (FGDC 2012).. 138 

Common CMECS Biotic Groups in this study included “Small Tube-Building Fauna” and 139 

“Small Surface-Burrowing Fauna”. CMECS Diversity is a measure of functional group richness. 140 

Worksheets used to determine index scores are provided in the electronic supplementary material 141 

(ESM Table 1).  142 

Seven camera deployments did not capture an analyzable sediment surface due to severely 143 

disturbed sediments or the camera sinking into soft mud deeper than the 22 cm faceplate view. 144 

The aRPD and community indices could not be calculated for those seven images, but physical 145 

parameters of the sediments were informative. A caveat of these profile analyses is the low 146 

replication at each station (Table 2) in a setting with high within-station variability, particularly 147 

at nearshore stations. 148 

Sediment sampling 149 

Sediment cores (10 cm dia., up to 18 cm deep) with overlying water were obtained using an 150 

Ocean Instruments (San Diego, CA) multicorer and held loosely capped at room temperature 151 

(~27 °C) until processed, usually within an hour. Triplicate, minimally disturbed cores were 152 

collected at each station but it was not always possible to obtain porewater samples for every 153 

analysis because of low porosity clay layers or compaction. Cores were sliced inside a nitrogen-154 

filled glove bag at 1.0 cm intervals for the top 4.0 cm of sediment and 2.0 cm intervals thereafter 155 

to depths of 12 to 18 cm. The sediment fractions were placed into 250 ml centrifuge bottles that 156 

were then tightly closed, taken from the glove bag, and centrifuged at 2,500 x g for 10 min at 10 157 

°C. The bottles were returned to the glove bag where porewater supernatant was carefully 158 

withdrawn and filtered (0.22 µM) into vials. Sediments left in the bottles were mixed and 159 

distributed to vials and tubes for solid phase analyses. Porewater samples were fixed with 10 µL 160 



8 

 

concentrated HCl per ml for iron and manganese determinations. Solid phase samples were 161 

frozen at -70 °C and porewater samples were stored at -20 °C for later analyses. Sediment 162 

porosities were determined by drying a known volume of sediment to a constant weight in a 65 163 

°C vacuum oven and then dividing that bulk density by a particle density of 2.65 g ml-1 (Burdige 164 

2006). 165 

Sulfate reduction rates and chemical analyses 166 

SRR at each station were determined using triplicate 1.0 cm dia. subcores each obtained from a 167 

different 10 cm dia. core. The subcores were equilibrated for 1 hr in the dark at the temperature 168 

of the overlying water, injected with 0.05 MBq of carrier free 35SO4
-2 through pre-drilled holes at 169 

1.0 cm intervals, and incubated for an additional 12 h. The sediments were then extruded from 170 

the cores, sliced into the same intervals as the 10 cm dia. cores, and fixed in 50 ml centrifuge 171 

tubes containing 10 ml of 10% zinc acetate. The tubes were then placed in a -70 °C freezer for 172 

the duration of the cruise and subsequently held at -20 °C until further processed. A one-step 173 

distillation with boiling chromous acid under nitrogen was then used to release reduced sulfur 174 

from the sediment samples as sulfide which was trapped in 2% zinc acetate (Fossing and 175 

Jørgensen 1989). SRR were calculated using the 35S counts obtained from the traps and the 176 

specific activity of 35SO4-2 in the porewater (Fossing and Jørgensen 1989). The amount of 177 

sulfide precipitated in each trap was measured with the Cline (1969) assay and will be referred to 178 

as total reducible sulfur (TRS). TRS includes the acid volatile fraction that is otherwise released 179 

with HCl as the first step of the two-step distillation procedure (Fossing and Jørgensen 1989). 180 

Amounts of sulfide typically released from LCS sediments by HCl distillation have been small 181 

percentages (~1%) of TRS (Devereux unpubl.). TRS concentrations divided by 2 were used as 182 

estimates of pyrite iron (py-Fe) (Aller and Blair 2006). 183 
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Concentrations of solid, highly reactive reduced iron, Fe(II)HR, and highly reactive total iron, 184 

Fe(T)HR, were determined with ferrozine using 4 h, 0.2 M oxalate extracts of anoxic and air-dried 185 

sediments, respectively (Thamdrup and Canfield 1996). Highly reactive oxidized iron, Fe(III)HR, 186 

was calculated as the difference between Fe(T)HR and Fe(II)HR. Total non-pyrite iron, Fe(T)NP, 187 

concentrations were determined by inductively coupled plasma mass spectrometry (ICP-MS) 188 

with extracts obtained by boiling sediments for 1 min with 12 N HCl (Raiswell et al. 1994). The 189 

12 N HCl extracts were also used to measure solid phase Mn [Mn(S)] by ICP-MS. Sediment 190 

organic carbon (OC) and organic nitrogen (ON) contents were determined by combustion 191 

analysis with a Carlo-Erba CNS Analyzer on hydrochloric acid-fumed sediments. Porewater DIC 192 

and NH4
+ concentrations were measured by flow injection analysis (Hall and Aller 1992), 193 

porewater Fe2+ concentrations were determined with ferrozine (Stookey 1970), dissolved total Fe 194 

[FeT(aq)] concentrations were determined with ferrozine following reduction of the sample with 195 

hydroxylamine, and porewater Mn [Mn(aq)] concentrations were measured by ICP-MS.  196 

Sediment mixing 197 

Chlorophyll-a (Chl-a) concentrations (C) in sediment fractions were determined by fluorometry 198 

on 10 ml methanol extracts of 0.5 g wet weight sediment (Welschmeyer 1994). The resulting 199 

profiles were used to calculate sediment mixing coefficients (DB) following Sun et al. (1991): 200 

𝐶 = (𝐶0 − 𝐶∞) exp  (−𝑥√𝑘𝑑 𝐷𝐵⁄ ) + 𝐶∞ 201 

Boundary conditions were C = C0 at x = 0; C = C∞ at x = ∞. DB was not determined for stations 202 

C02 and F04 where the Chl-a concentrations were highly variable over the depth of the cores nor 203 

at stations A05 and A07 where sedimentation is high and Chl-a concentrations did not approach 204 

zero. The Chl-a decay rate applied to all stations, kd = 7.52 y-1, was obtained from Chen et al. 205 
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(2005) where phytoplankton pigment decomposition rates were estimated from concentration 206 

profiles in 210Pb- and 7Be-dated LCS sediment cores obtained from a station about 10 km west of 207 

A05 (Fig. 1). DB values were estimated using a least squares fit of the model profile to Chl-a data 208 

for the entire length of the cores. DB at stations with high apparent mixing rates (C11, F07, F08, 209 

H04, and H08) were determined as the value where the rate of change in least squares regression 210 

varied by less than 0.1% between models of increasing DB estimates. 211 

Statistical analyses 212 

One-way analysis of variance (ANOVA) was conducted for each biogeochemical sediment 213 

variable based on the values in the upper 10 cm of sediment (ESM Table 3) to assess statistical 214 

differences among the 12 stations. Two-way ANOVAs were also conducted for each variable to 215 

assess differences by water depth and east-west location on the shelf and whether there were 216 

interactions between depth and location. For depth, stations were coded as Near, Middle, and 217 

Deep: Near = 8-10 m depth, Middle = 18-31 m depth, Deep = 49-50 m depth.  For location, 218 

stations were coded as eastern (transects A and C) or western (transects F and H) locations.  Prior 219 

to ANOVA, variables were log transformed. ANOVA and Bonferroni post-hoc multiple 220 

comparison procedures were conducted in Matlab (Mathworks Inc.). The software package 221 

Primer 7 (Clark and Gorley 2015) was used for principal component analyses (PCA) with square 222 

root-transformed and normalized (Z-score) sediment data. Correlations among SPI metrics and 223 

sediment biogeochemical variables were evaluated with the Holm’s sequential Bonferroni 224 

method (Holm, 1979).  The sediment variables were also analyzed by group averaged cluster 225 

analysis with SIMPROF to test for significance (p ≤ 0.05) of clusters (Clarke et al. 2008).  226 

Electronic supplementary information. 227 
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Supplementary figures, tables, and additional information related to this study are available 228 

through the EPA Environmental Dataset Gateway, DOI: 10.23719/1407675. 229 

Results 230 

Properties of the bottom water 231 

Temperature, salinity, and DO concentrations of the bottom water at each station are provided in 232 

Table 1. Nearshore station depths ranged from 8 – 10 m with salinities of 29.3 – 33.2; mid-233 

transect station depths ranged from 18 – 31 m with salinities of 33.6 – 35.5; and offshore stations 234 

had depths from 49 – 50 m and salinities of 36.1 – 36.4. The non-overlapping ranges for depth 235 

and salinity suggested the stations provided sediment samples from three distinct alongshore 236 

bands. Temperatures and bottom water DO concentrations generally had negative trends with 237 

depth along transects the exception being transect C where bottom water DO was lowest at the 238 

shallowest stations (C02). Bottom waters had low DO levels at stations F08, C02, and F07 (2.0 – 239 

3.2 mg L-1).  240 

Sediment structure 241 

Sediments consisted of high porosity sediments overlying compacted clay deposits. The thickest 242 

high porosity layers (≥ 0.80) were at stations A05 and A07 along the eastern transect nearest the 243 

Mississippi River delta where they extended the full depths of the 18 cm cores. High porosity 244 

sediments at stations C02 and F04 were 4-6 cm deep, whereas the remaining stations had very 245 

thin high porosity layers of 1 cm or less. 246 

Typical marine soft sediment layers were seen in the SPI images (Fig. 2): tan, brown, orange, or 247 

red oxidized sediment at the surface, black or dark grey reduced sediment below that, and in 248 

some cases a base of light grey compacted clay.  In general, stations in the shallowest waters had 249 
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the most blackened sediments (F04, C02, A02) suggesting the presence of reduced iron-sulfide 250 

minerals, whereas rust-colored sediments in deeper waters, seen at the deepest two stations on 251 

each transect to varying degrees (Fig. 2), indicated a deep aRPD and abundant oxidized iron. 252 

Sediment clasts (fragments of disturbed sediment redistributed on the surface that may appear as 253 

balls or chunks) were present in at least one image at all 12 stations. Clasts are associated with 254 

sediment disturbance from physical energy or certain types of faunal activities (e.g., digging by 255 

large crabs) and may also be evidence of sediment transport (Rhoads and Germano 1982). 256 

Examples of large clasts are seen on the sediment surface in Fig. 2, image H08. 257 

Inshore images showed consistently shallow aRPD layers (Table 2) and a high degree of 258 

sediment variability within and among stations that suggests a patchwork of sediment habitats 259 

shaped by oxygen regimes and by differing physical forces (Fig. 2). The greatest physical energy 260 

can be inferred at easternmost inshore station A02 and westernmost station H03. Images at A02 261 

showed uneven light gray clay layers near the surface, indicative of physical stripping of 262 

overlying softer sediments and disruption of the clay layers themselves (Fig. 2, A02 images). 263 

High physical energy at station H03 was evidenced by clays very near the sediment surface in 264 

two of the six images from that station (Fig. 2, H03) and by hard, coarse shelly sand substrate at 265 

the other four (not shown). Station C02 showed light gray sediments above sulfidic muds instead 266 

of below, and core data reported a deep highly porous layer between 4 to 6 cm, both inconsistent 267 

with compact clay sediments (Fig. 2). We interpret the gray sediment here as a relict aRPD; 268 

where brown, tan, or red sediments associated with an aRPD become hypoxic or anoxic and the 269 

colors of oxidized sediments fade into the greys forming a relic aRPD that are common in areas 270 

of episodic hypoxia (Rhoads and Germano, 1982). Clay layers were not seen at station F04, 271 
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where all images had deep layers of soft sulfidic mud, suggesting a more quiescent area with 272 

high deposition rates and low physical mixing (Fig. 2).  273 

Mid-depth and offshore stations had unconsolidated sediments, few visible clay layers, and 274 

aRPD depths between 3.6 and 12.3 cm (Table 2). The camera sank into soft muds deeper than 275 

the 22 cm height of the faceplate in at least one deployment at several of these stations. Within-276 

station sediment structure varied less at the eight mid-depth and offshore stations than was seen 277 

nearshore. However, one C06 image (Fig. 2, C06 image 2) showed sediment layers mixed by 278 

disturbance of some kind (e.g., physical energy, large mobile fauna) and station C11 also showed 279 

some variation in the deep clay layers (not visible in Fig. 2). Station H08 images showed large 280 

clasts (Fig. 2, H08) and one image with a severely disturbed mud layer (Fig. 2, H08 image 2) or 281 

“puzzle fabric” (Valente et al. 1996) which may be due to bottom trawling known to occur in 282 

that area (LDWF 2018). 283 

SPI indices of habitat quality  284 

The macrofaunal communities seen with SPI consisted mainly of small burrowing and tube-285 

building worms (likely polychaetes and amphipods), including surface and subsurface deposit 286 

feeders (ESM Table 1). No large fauna of body width > 2 mm as defined in CMECS (FGDC 287 

2012) were seen in any image. One image from C11, however, contained a large water-filled, 288 

oxidized void (Fig. 2, C11, red arrow) with a lumen height > 5 mm as evidence of larger fauna 289 

(FGDC 2012). Most BHQ scores fell within the range of 8 to 12, characterizing the LCS benthos 290 

as successional Stage 2 (Nilsson and Rosenberg 2000), or moderately stressed (Table 2). 291 

The BHQ index, which integrates aRPD and fauna, had strong negative correlations to both DIC 292 

and NH4
+ (p < .0001, Holm’s Bonferroni test).  The aRPD correlated very strongly to water 293 
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depth (p < .0001, Holm’s Bonferroni) in part due to offshore sediments with deep aRPD layers 294 

where an abundance of small burrowing fauna and deep burrows seen as vertical striations in the 295 

images oxidize the sediments (Fig. 2). An overall application of faunal measures in this data set 296 

was difficult.  Due to the near-absence of large fauna and the nature of the indices, the CMECS 297 

and BHQ faunal measures were effectively based on the diversity, but not abundance, of only a 298 

few categories of small opportunistic species (ESM Table 1).  This led to some surprising results, 299 

e.g., relatively high opportunist diversity despite low abundance in clays at H03 and in the 300 

surface sediments of sulfidic station F04 (Fig. 2). The faunal measures correlated strongly to 301 

each other and not to any other parameter.  302 

Sediment mixing coefficients 303 

Chl-a profiles and DB are shown in Figure 3. The median LCS mixing coefficient was 121 cm2 y-304 

1 in comparison with LCS bioturbation coefficients between 9.78 – 62.58 cm2 y-1 reported by 305 

Briggs et al (2015) at A06, and Chen et al (2005) near A05. Other reported mixing coefficients 306 

include 66.43 and 146 cm2 y-1 as the highest DB values reported for Long Island Sound and the 307 

southwest Baltic Sea, respectively (Sun et al. 1991; Moyrs et al. 2016), and 33 – 730 cm2 y-1 in 308 

55 – 170 m deep waters off Cape Hatteras (Green et al. 2002). 309 

Nearshore stations had either comparatively low DB values (A02 = 33.09 cm2 y-1; H03 = 68.58 310 

cm2 y-1) or highly mixed sediments (C02 and F04). DB were not determined for C02 and F04, 311 

because of variable Chl-a concentrations in upper core fractions. A02 and H03 DB values 312 

compare favorably with values (0.2 – 39.3 cm2 y-1) reported by Allison et al. (2000) outside 313 

Atchafalaya Bay. Low sediment mixing was present in the central LCS at C06 (40.56 cm2 y-1). 314 

DB values at H04, H08, F07, and F08 were above the median value consistent with the 7 – 12 cm 315 

aRPD depths observed at those stations with SPI. 316 
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DB values were not calculated at stations A05 and A07 where high Chl-a concentrations likely 317 

persist downcore because of high sedimentation rates (10 cm y-1) in that region (Chen et al. 318 

2005). Changes in the shapes of the A05 and A07 Chl-a profiles below the aRPD depths indicate 319 

disturbances or variation in Chl-a sedimentation rates.   320 

Sediment chemistry and sulfate reduction rates 321 

Sediment biogeochemistry over the LCS can be described using the representative depth profiles 322 

from stations A07, C02, C06, and C11 in Figure 4. Profiles for the remaining stations, and 323 

averages of chemical concentrations and SRR in the top 10 cm of sediment, are provided in the 324 

supplementary material (ESM Fig. 1; ESM Fig. 2; ESM Table 3). Stations along transect A had 325 

among the highest average concentrations of OC (1.3 – 1.4 %), Mn(S) (11 – 18 µg g-1 dw), 326 

Fe(III)HR (127 – 147 µg g-1 dw), Mn(aq) (65 – 228 µM) and lowest Fe(II)HR:Fe(T)HR ratios (0.3) 327 

(ESM Fig. 1A – 1C; ESM Table 3). Sediments at A07 had peak concentrations of Mn(aq) near 1.5 328 

cm below the sediment water interface, followed with peak Fe2+ concentrations at 1.5 – 3.5 cm 329 

(Fig. 4).  DIC concentrations at A07 demonstrated a peak within the top 4 cm and then decreased 330 

with depth. Mn(s) and Fe(T)HR concentrations decreased slowly with depth. Fe(II)HR accounted 331 

for about one-third or less of the Fe(T)HR and increased with depth in the upper 7 cm of sediment 332 

as Fe(T)HR decreased. Sediment %OC increased 50% between the first and second fractions and 333 

then gradually decreased with depth to about 0.8% at 17 cm. SRR increased from 6.5 to 15.0 334 

µmoles L-1 d-1 in the sediment horizon below the Fe2+ peak. 335 

Sediments in the nearshore (8-10 m depth) and mid (18-31 m depth) regions of the LCS, 336 

represented by C02 and C06 (Fig. 4), had less Mn(S), Fe(III)HR (except A02) and higher SRR and 337 

DIC than the stations on transect A (ESM Fig. 1; ESM Fig. 2; ESM Table 4). DIC concentrations 338 

in station C02 sediments increased with depth and approached 9.0 mM about 11 cm below the 339 
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sediment water interface (Fig. 4). C02 had lower porewater Mn and higher Fe2+ concentrations 340 

than and higher SRR A07.  Average Fe(II)HR:Fe(T)HR ratios were 0.6, twice as high as observed 341 

in A07 sediments. Solid phase iron and %OC demonstrated two peaks within the top 12 cm of 342 

sediment suggestive of a sediment deposition event. High SRR and low Fe(III)HR at C02 343 

corresponds clearly with black sediments seen in in Fig 2 (image C02).  Sediments at station F04 344 

(ESM Fig. 2) were black with similar porewater Fe2+ and Mn concentration profiles (106 and 345 

123 µM, respectively in the top sediment fraction), high average Mn(s) concentrations, and high 346 

yet variable SRR (ESM Table 3).  This station may represent a depositional area of the 347 

Atchafalaya River (Allison et al 2000).  Station C06 profiles were similar to those at C02, 348 

however, C06 sediments had more porewater Fe2+ and more oxidized Fe in the surface layers 349 

(Fig 4). SRR were lower at C06 than C02, even though the %OC was much higher, and might 350 

represent inhibition by Fe(III)HR (Beckler et al 2016).  Profiles for F07 and H04 were similar to 351 

those of C02 or C06 (EMS Fig. 2).  352 

Sediment at deep LCS stations (water depths of ~ 50 m) west of the delta had lower Mn 353 

concentrations than found on transect A. At C11, peaks in porewater Mn and Fe2+ occurred in the 354 

top sediment fractions (Fig. 4). Fe(T)HR concentrations and Fe(II)HR:Fe(T)HR ratios at C11 were 355 

similar those seen at A07 in contrast to lower Fe(T) concentrations and higher Fe(II)HR:Fe(T)HR 356 

ratios at C02 and C06 (EMS Fig. 3). The %OC in C11 sediments declined sharply over the top 357 

four sediment fractions from 0.9 to 0.4%.  SRR in surficial sediments were higher at C11 than at 358 

A07, lower than at C02, and similar to rates at C06.   359 

Sediment chemistry and location 360 

One-way and two-way ANOVAs were applied to obtain a broad overview of spatial sediment 361 

variability (ESM Table 4). In one-way ANOVAs, average Fe(II)HR concentration was the only 362 
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parameter that did not differ significantly (p = 0.06) by station (ESM Table 4). In two-way 363 

ANOVAs there were significant differences by water column depth (ESM Fig. 3). Most notably, 364 

shallow station sediments had higher (p < 0.05) porewater DIC (4.0 – 7.7 mM), and NH4
+ (113 – 365 

508 µM) concentrations than middle and deep station sediments (ESM Fig. 1A; ESM Fig. 3; 366 

ESM Table 4). There were no significant differences in sediment chemical variables between the 367 

two eastern- and two westernmost transects, nor were there any significant interactions between 368 

depth and location (ESM Table 4).  369 

Cluster analysis (ESM Fig. 4) and PCA (Fig. 5; Table 3) were performed on sediment data to 370 

investigate interrelationships of stations and chemistry. PC1 explained 42.3% of sample variation 371 

with more negative coefficients (Table 3) for higher porosity and chemistry associated with 372 

oxidized sediments (e.g., higher Mn and Fe(T)NP concentrations; ESM Table 3). Sediments at 373 

stations A05 and A07, having oxidized, porous, and muddy sediments with high Mn 374 

concentrations and deep aRPD depths, plotted on the left side of the PCA separated from stations 375 

with more reduced sediments. Station H03 contained hard sandy sediments as seen by SPI and 376 

was separated from all other stations on the right side of the plot. The remaining near- and mid-377 

shore stations were arrayed near vertically in the center of the plot by depth, with the deepest 378 

stations having more negative PC2 values. PC2 explained 20.6% of sample variation with 379 

positive coefficients for chemistry associated with reduced sediments (e.g, high DIC and 380 

Fe(II)HR) and with temperature, depth, and aRPD as strong variables. PC3, not plotted in Figure 381 

5, accounted for an additional 12.5% (Table 3). 382 

Discussion 383 

The 12 stations in this study spanned 320 km across the LCS hypoxic zone in waters 8 to 50 m 384 

deep. Sediment structure, colonization, and biogeochemical parameters differed greatly on the 385 
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shelf, including variability within stations. Hypotheses for the LCS  have emphasized high OM 386 

remineralization rates in areas beneath the river plume as it is transported downcoast (Rowe et al. 387 

2002). We previously hypothesized that spatial patterns in benthic sediment fluxes across the 388 

whole of the LCS vary more with depth and proximity to the Louisiana Coastal Current (Lehrter 389 

et al. 2012), which is a narrow, nearshore, downcoast current of low salinity plume water that 390 

extends from the Mississippi River to Texas and Mexico coastal waters (Cochrane and Kelly 391 

1986; Wiseman et al. 1997).  Here we assessed spatial variability in the faunal colonization and 392 

biogeochemistry of the sediments. 393 

Sediment Profile Imaging 394 

Sediment imagery combined with biogeochemistry led to greater ecological insight than possible 395 

with either method alone and offers a compelling visual link to biogeochemical processes. 396 

Images showed that fauna throughout the study area consisted mainly of small opportunistic 397 

species as has been reported in prior studies of the LCS (Baustian and Rabalais 2009, Briggs et 398 

al. 2015). Apart from one large burrow (Figure 2, Image C11), faunal differences among stations 399 

were largely related to the number and depth of small infauna and their burrows, with more and 400 

deeper fauna associated with greater aRPD and water column depths; evidence that bioturbation 401 

was an important driver of sediment oxidation in mid-depth and deeper areas of the LCS. The 402 

aRPD correlated strongly with water depth (p < .0001, Holm’s Bonferroni), and neither of these 403 

correlated significantly with any other parameter (ESM Table 2). This correlation is evident in 404 

the images (Fig. 2) and is likely due to both increased faunal activity and bioturbation in more 405 

quiescent deeper waters less frequently exposed to hypoxia (Rabalais et al. 2002). 406 

The BHQ index correlated strongly and negatively to DIC and NH4
+ only, both of which 407 

similarly correlated only to BHQ and to each other (p < .0001, ESM Table 2). Related factors 408 
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like aRPD, depth, temperature, and chemistry did not correlate to BHQ. BHQ considers both 409 

fauna and the aRPD as an integrative measure of fauna and faunal bioturbation, whereas DIC and 410 

NH4
+ are indicative of microbial activity. The BHQ index correlated strongly and negatively to 411 

DIC and NH4
+ only, both of which similarly correlated only to BHQ and to each other (p < 412 

.0001, ESM Table 2). Related factors like aRPD, depth, temperature, and chemistry did not 413 

correlate to BHQ. BHQ considers both fauna and the aRPD as an integrative measure of fauna 414 

and faunal bioturbation, whereas DIC and NH4
+ are indicative of microbial activity. While 415 

microbial activities are very high in bioturbated sediments, infaunal activities promote sediment 416 

effluxes of DIC and NH4
+, decreasing their porewater concentrations, which likely contributes to 417 

the correlation (Aller 1998; Kristensen and Blackburn 1987). The strong negative correlation 418 

between BHQ and both DIC and NH4
+ further suggests that certain microbial activities, e.g. 419 

sulfate reduction, were associated with conditions unfavorable for fauna 420 

Station A02 is of particular interest for variation in OM decomposition pathways. One image 421 

from A02 (Fig. 2, A02) shows an uneven (likely scoured) clay layer under blackened sediments 422 

and an overlying oxidized surface layer with indications of bioturbation, but the uppermost part 423 

of the oxidized layer shows no surface epifauna, suggestive of freshly deposited oxidized 424 

sediments. A second image (Fig. 2, A02 image 2) shows apparently freshly deposited sediment 425 

with few infauna and slight blackening directly atop an uneven clay layer. Further, the images 426 

suggest that sediment deposition and scouring control faunal colonization and OM processing in 427 

the that region of the LCS. 428 

Images showed fauna, bioturbation, and oxidized sediments occurring together predominately in 429 

the mid-depth and offshore waters.  Fauna-mediated metal redox cycling coupled to OM 430 

decomposition will be the dominant terminal electron accepting process in these bioturbated 431 
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sediments (Aller 1998). Metal oxide cycling will also be prevalent in Mississippi River outflow 432 

sediments that are highly mixed and where both deposition (Xu et al. 2011) and infaunal 433 

colonization, discussed above, apparently vary temporally.  In contrast, the two central inshore 434 

stations, F04 and C02, had the largest imaged volume of anoxic black sediment as evidence of 435 

sulfate reduction (Fig. 2, ESM Fig. 1A). Black sediments at stations A02 and C06 are also 436 

indicative of sulfate reduction.  C06 is colonized, however hypoxia is known to affect sediment 437 

colonization near that station (Baustian et and Rabalais, 2009) and further increases in sulfate 438 

reduction due to LCS hypoxia (Devereux et al 2015) could lead to sulfide toxicity. 439 

The closest comparison study for our SPI work is Briggs et al. 2015. That study used SPI, faunal 440 

analysis, X-radiography, and Computed Tomography (CT) imaging in the same region of the 441 

LCS as our mid-depth stations during the spring and late summer of 2009. A notable difference 442 

between the late summer 2009 and our early fall 2010 findings was the much higher status and 443 

activity of fauna and deeper aRPD depths in overlapping study areas in the fall of 2010.  Fauna 444 

in 2009 were early in the recovery trajectory but were much further along in 2010 despite the far 445 

larger hypoxic area in 2010 (20,000 km2 compared to 8000 km2 in 2009, Turner et al. 2012). It is 446 

plausible that mid-depth fauna fared better in 2010 due to an early disruption of hypoxia by 447 

Tropical Storm Bonnie in July (National Hurricane Center 2018a), while there were no named 448 

storms on the LCS in 2009 (National Hurricane Center 2018b). Sampling in 2010 also took place 449 

two weeks later than it did in 2009. Given the much greater spatial extent of hypoxia in 2010, we 450 

suggest the higher faunal activity in that year may have been due to an early break-up of hypoxia 451 

and longer time for post-hypoxia recovery.  452 

Sediment biogeochemistry and processing of organic matter 453 
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Biogeochemical data further support our hypothesis that infauna colonization, bioturbation, 454 

metal oxide availability, and thus pathways for OM processing vary across the shelf. Sediment 455 

porewater DIC and NH4
+ concentrations were higher at the nearshore stations (p < 0.05, ESM 456 

Fig. 3). SRR, Fe (ESM Fig. 1B), and aRPD also exhibited nearshore to offshore gradients with 457 

high SRR at shallow stations and low Fe(II)HR:Fe(T)HR ratios and deep aRPD depths offshore. 458 

Some variables, however, delineated the zone of high sediment deposition near the Mississippi 459 

River delta: OC, Mn(s), Mn(aq), and Fe(III)HR, concentrations were high at stations A02, A05, A07 460 

(Fig. 4; ESM Fig. 1). The biogeochemical data are congruent with sediment structures and 461 

colonization seen in the images that show different modes of sediment mixing over the LCS with 462 

generally strong physical mixing nearshore (particularly at A02 and H03) and bioturbation 463 

offshore (Fig. 2).  A conceptual model of how these OM degradation processes vary over the 464 

LCS is presented in Figure 6. 465 

Aller (1998) differentiated continental shelf sediments based on sediment-overlying water 466 

interactions, the oxygen content of the overlying water, bioturbation, and sediment accretion 467 

rates in relation to pathways of OM decomposition. Biogeochemical zones related to OM 468 

processing on the LCS may be characterized as: i) metal oxide redox cycling in depositional 469 

river muds near the delta, ii) metal oxide cycling with bioturbation delivering oxygen as much as 470 

10 cm below the sediment-water interface, mainly at offshore sites, and iii) sulfate reduction in 471 

sediments where metal oxides are not efficiently recycled, primarily on the nearshore LCS (Fig. 472 

6). Metal cycling in highly mixed mobile muds and sediments can be the most efficient carbon 473 

mineralization process (Aller 1994). Next in efficiency, bioturbation-driven degradation of aged 474 

or refractory material can be up to ten times more efficient than anaerobic processes alone 475 
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(Kristensen 2000). Finally, sulfate reduction is one of the least favorable pathways of microbial 476 

respiration and will dominate in the absence of metal redox cycling (Kristensen 2000). 477 

Depositional sediment metal redox cycling 478 

Metal redox cycling defines the depositional zone near the Mississippi River outfall (Fig 6). This 479 

is an area of great interest in understanding how large inputs of terrestrial OC to continental shelf 480 

systems are processed and buried (Gordon and Goñi 2004). Sediment deposition near the delta 481 

can be > 10 cm y-1 and is the main factor contributing to burial of OM (Chen et al 2005). The 482 

potential for metal cycling in processing OM is greatest at stations A05 and A07 where 483 

unconsolidated mud is the thickest and the concentrations of OC, manganese and oxidized iron 484 

are highest (Fig. 4, ESM Fig. 1B). Sediments at these stations consisted of orange to rust colored 485 

mixed, fine muds and all SPI images showed clasts as evidence of physical disturbance and 486 

sediment transport (Fig. 2).  487 

Physical energy mixes muds and greatly expands manganese and iron cycling horizons but may 488 

displace or destroy fauna. Consistent with a mobile surface layer, no tube-builders or epifauna 489 

were seen in any of the images from transect A (Fig. 2). Bioturbating organisms were present 490 

beneath the depauperate surface layers at A05 and appeared to be more abundant at A07, but few 491 

were seen at A02 (e.g., A02 Image 2, Fig. 2). Rapid sedimentation and episodic physical forces 492 

appear to be the main mechanism that mix LCS depositional sediments such that anaerobic 493 

processes are not fully developed. A rapid sedimentation event, suggested by the polyphasic 494 

shapes of Chl-a profiles (Fig. 3), may have buried affected organisms at A05 and A07. 495 

Mn(S) concentrations in the top 10 cm of sediment along transect A averaged 6.7 µmol ml-1 with 496 

Fe(III)HR concentrations up to twelve times higher (ESM Table 3, ESM Fig. 1B). Mn oxide 497 
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reduction in Amazon River mud belts and in sediments with ≤ 10 µmol ml-1 is coupled to the 498 

rapid oxidation of sulfide and reduced iron (Aller et al. 2010; Jensen et al. 2003; Thamdrup and 499 

Dalsgaard 2000). In contrast, up to 80% of OC oxidation was attributed to Mn reduction in some 500 

East Sea locations where sedimentary Mn concentrations are high (up to 200 µmol ml-1) (Hyun 501 

et al. 2017). Dissolved Fe2+ concentrations at A02, A05 and A07 were low in comparison to the 502 

high concentrations of porewater Mn(a) and solid Fe(III)HR (Fig. 4, ESM Figs 2C, 3). Mn(s) 503 

concentrations in the upper 2 cm of sediments at A05 and A07 (30 and 32 µmol g-1, respectively 504 

or ~ 8 µmol ml-1 accounting for porosity) may be sufficient to support OC oxidation by Mn 505 

reduction.  Although redox cycling reactions in muds and depositional sediments may be 506 

complex and include suboxic sulfide and NH4
+ oxidation (Hulth et al  2005; Aller et al 2010), the 507 

low SRR at A05 and A07 and biogeochemical profiles are consistent with an importance of 508 

microbial Mn(IV) reduction coupled to OM oxidation in sediments near the delta. 509 

Offshore bioturbation 510 

Evidence of bioturbation driving OM decomposition was strongest at the deepest stations and at 511 

mid-depth stations on the two westernmost transects. Bioturbation driving OM degradation is 512 

therefore an important process on the LCS, especially in deeper waters (Fig. 6).  The sediments 513 

had orange striations as indicators of faunal activity, little blackening, and deeper aRPD depths 514 

than shallow station sediments (Table 2, Fig 2).  Sediments stations where SPI indicated 515 

bioturbation had the highest mixing coefficients (Fig. 3), low DIC and NH4
+ concentrations, low 516 

Fe(II)HR:Fe(T)HR ratios, and low SRR (Fig 4). 517 

Deep waters contribute to favorable benthic habitats in several ways. Principally, deep water 518 

sediments have low OM deposition rates and hence low oxygen demand (Berner, 1982) and, on 519 
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the LCS, infrequent physical mixing from storms (Chen et al., 2015). Lower water temperatures 520 

at the deep stations, compared to the nearshore stations (Table 1), will slow microbial activities 521 

including DO utilization and SRR. DO concentrations in waters overlying sediments at the 522 

deepest stations were low but appear sufficient to support infaunal respiration and bioturbation 523 

that would promote oxidation of carbon, NH4
+, Fe2+ and sulfide. Lower DO levels or increased 524 

OM loadings at stations with bioturbated sediments could lead to changes in benthic community 525 

behaviors, lower bioturbation rates, and sediments becoming more sulfidic relatively deep into 526 

the sediments (Diaz and Rosenberg 1995; Rosenberg et al. 2001).  527 

High mixing rates and the presence of numerous small burrowing worms suggest that 528 

bioturbation was responsible for the prevalence of oxidized Fe in offshore sediments. It follows 529 

that OC processing in this portion of the shelf was largely due to macrofaunal activities. Oxygen 530 

introduced to sediments by bioturbation is consumed in the oxidation of reduced Mn, Fe, and S 531 

species, so that OM decomposition would mainly be through reduction of Fe(III) (van de Velde 532 

and Meysman 2016). C11 was likely influenced by sediment deposition as Fe and Mn 533 

concentrations were high like those at A07 and A05. C11, in comparison to A07 and A05, had 534 

abundant epifauna and infauna and may represent a transition from the depositional zone to the 535 

deeply bioturbated offshore zone. 536 

Nearshore to offshore sediment gradient 537 

Physical disturbance strongly influences infaunal community abundance, composition, and 538 

distribution on continental shelf systems influenced by large rivers (Alongi and Robertson 1995). 539 

Storms such as tropical storm Bonnie and strong along shore currents that sweep the sediment 540 

surface prevent near term LCS sediment accumulation in shallow waters (Allison et al., 2000; 541 

Allison et al. 2010; Xu et al. 2011) as evidenced by the shallow disrupted clay layers observed 542 
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with SPI (Fig. 2). The lack of sediment accumulation together with physical mixing on the 543 

nearshore LCS likely limits sediment accumulation and colonization. In addition, the aRPD 544 

depth was near the sediment surface at shallow water stations where high DIC, NH4
+, and 545 

Fe(II)HR concentrations, together with high SRR, contribute to a poor benthic habitat. Any faunal 546 

colonization in a nearshore portion of the shelf not subjected to strong scouring may have been 547 

lost to hypoxia as seen by Baustian et al (2009). Loss of benthic infauna together with hypoxia 548 

will promote the development of sulfidic sediments with high DIC and NH4
+ concentrations 549 

(Middleburg and Levin, 2009). This may have occurred at station F04 where sediments have 550 

high porewater and solid phase Mn concentrations (ESM Fig. 2) suggestive of an Atchafalaya 551 

River sediment deposition zone (Allison et al 2000). 552 

With exception of the eastern shelf depositional zone, LCS sediments inside the 50 m isobath 553 

appear to have a gradient from nearshore mainly physically mixed sediments to offshore 554 

bioturbated sediments (Figs. 2,3) suggesting a zone of transition in these processes (Fig. 6).  This 555 

may be illustrated in the alignment of stations by depth along PC2 in the PCA plot (Fig. 5). 556 

Shallow stations F04 and C02, near the top of the plot, had the highest SRR (ESM Table 3), 557 

images with the deepest layers of black reduced sediments (Fig. 2), and were highly mixed (Fig. 558 

3). Shallow station A02 and central LCS station C06 are below F04 and C02 in the PCA plot. 559 

A02 differs from the other eastern transect stations A05 and A07 in having a shallower aRPD, 560 

lower sediment Mn concentrations, black sediments and higher water temperatures that may 561 

represent transition from the depositional zone (Table 1; Fig. 2; ESM Table 3).  C06 had a 562 

shallow aRPD with shallow fauna like C02 and A02, and DB coefficients below the median, 563 

warm water temperatures, and high porewater DIC, NH4
+ and Fe2+ concentrations compared to 564 

other mid depth stations (Fig. 4). With the loss of benthic fauna activities due to hypoxia or 565 
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location-specific factors, e.g. at C06 (Baustian and Rabalais 2009), sediment mixing in the 566 

central LCS would decrease, iron cycling would slow, and SRR would increase.  The cluster of 567 

offshore stations with oxidized sediment, high DB coefficients, cooler water temperatures, low 568 

SRR, and where bioturbation appears to drive OM processing are towards the bottom of the PCA 569 

plot and represent an offshore bioturbated zone (Fig. 6). Whereas chemical and biological 570 

interactions on the shelf are complex, clear patterns of sediment colonization and 571 

biogeochemistry emerge supporting our hypothesis of a spatially variable LCS benthos and 572 

consistent with LCS sediment fluxes varying with depth and proximity to the Louisiana Coastal 573 

Current (Lehrter et al. 2012). 574 

Conclusions 575 

The combination of methods used in this study provided an effective approach to increase 576 

understanding of the LCS benthos. The aRPD, BHQ, and the sediment features visible in the SPI 577 

images proved to be valuable in explaining sedimentary processes on the LCS.  Being able to 578 

discern the sediment layering and other features related to sediment mixing provided context 579 

when interpreting the physical, biological, and chemical differences among stations. These very 580 

different types of data complemented each other well in our study. 581 

Variability in sedimentary habitat and chemistry indicate that OC decomposition pathways in the 582 

LCS hypoxic zone are driven by sediment deposition, the mode and extent of sediment mixing, 583 

and the history of bottom water hypoxia. Variation in OM pathways and processing efficiency 584 

evidenced from the current study portrays the LCS as a three-dimensional mosaic of OM 585 

decaying at different rates, through different pathways, in different zones and sediment layers. 586 
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Figure Captions. 772 

Figure 1 773 

Study area on the Louisiana continental shelf. Stations are identified by filled circles, water 774 

column depths (m) are indicated by the dashed contour lines.  775 

Figure 2 776 

Sediment profile images. Left four columns show representative images for each station; right 777 

column shows variation at specific stations. Images were cropped to show approximately 10 cm 778 

of sediment depth, corresponding to the 10 cm depths over which cores were averaged in 779 

analysis of biogeochemical variables. Scale bars at left of each image are 2 mm wide and show 1 780 

cm increments. The red, brown, tan, rust, or orange sediments are oxidized aRPD layers, dark 781 

black sediments are evidence of sulfate reduction, and light grey layers are either clays or relic 782 

aRPDs. Arrows are used to illustrate select features in images: red arrows indicate water-filled 783 
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burrows or feeding voids as black scar-like features; white arrows show the protrusions of 784 

surface tube-building fauna; the yellow arrow is a worm transected by the camera prism; green 785 

arrows point to worm burrows visible as vertical striations of oxidized sediment; and black 786 

arrows show sediment clasts. All images have been enhanced to better reveal sedimentary 787 

features. 788 

Figure 3.   789 

Chlorophyll-a concentrations in sediment core fractions.  The plots are of triplicate cores from 790 

each station. Dashed lines indicate the aRPD depth determined from SPI images. DB values (cm2 791 

y-1) calculated from Chl-a profiles at each station are provided at the lower right of the plots. 792 

Figure 4.   793 

Profiles of sediment chemistry and sulfate reduction rates.  Profiles of sediment porewater 794 

Mn(aq), Fe2+, and DIC concentrations (left column); solid phase Mn(s), Fe(II)HR, and Fe(III)HR 795 

concentrations (center column), and sediment % organic carbon and SRR (right column).  796 

Stations represented are (top to bottom rows) A07, C02, C06 and C11. 797 

Figure 5.   798 

PCA of sediment physical/chemical variables at the LCS stations. Stations within the ellipses 799 

formed groups by group average clustering of Euclidean distances and SIMPROF analysis at the 800 

5% significance level. 801 

Figure 6. 802 

Zones of OM decomposition pathways on the LCS.  The nearshore Physically Mixed – Sulfidic 803 

zone (gray) has low faunal colonization and evidence from SPI images of physical disturbances 804 

and scouring with the highest rates of sulfate reduction.  This zone is highly variable between 805 
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A02, having scoured sandy sediments, and H03 where scoured sediments contain shell hash. The 806 

central portion of the nearshore zone at F04 has a deeper sandy surface layer with evidence of 807 

mixing from Chl-a profiles.  Sediments in the central nearshore may be colonized when waters 808 

are not hypoxic.  The Transitional zone (green) along the mid-depth shelf generally has more 809 

infaunal colonization, lower sulfate reduction rates, and more oxidized Fe than the Physically 810 

Mixed zone. Bioturbation is an important process in this zone but the infauna may be susceptible 811 

hypoxia and the sediments may become sulfidic.  The Bioturbated zone (orange) is the most 812 

colonized zone on the shelf and Fe cycling will be important in OM decomposition. Sulfate 813 

reduction is this zone is low and the infauna are less susceptible to hypoxia than in the 814 

Transitional zone. The Depositional zone (tan) is the region of high sediment deposition rates, 815 

has temporally variable sediment colonization and much more Mn and Fe than any other zone, 816 

and Mn cycling may be important in OM processing. 817 
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Table 1.  Station locations and bottom water hydrography. 

Station 
Sampling 

Date 
Latitude Longitude 

Water 

depth 

(m) 

Temperature 

(°C) 

Salinity 

(PSU) 
DO (mg l-1) 

A02 26-Sep-2010 29.241 -89.749 9 29.1 31.1 6.3 

A05 27-Sep-2010 29.070 -89.733 29 27.7 35.5 4.4 

A07 28-Sep-2010 28.884 -89.803 49 23.3 36.2 3.9 

C02 1-Oct-2010 28.992 -90.468 10 29.2 33.2 2.3 

C06 30-Sep-2010 28.874 -90.442 18 29.1 34.2 4.3 

C11 29-Sep-2010 28.526 -90.223 50 21.0 36.4 4.5 

F04 6-Oct-2010 29.015 -91.683 10 25.2 29.8 7.1 

F07 7-Oct-2010 28.676 -91.684 31 26.3 35.4 3.2 

F08 8-Oct-2010 28.481 -91.695 50 23.1 36.1 2.0 

H03 3-Oct-2010 29.163 -92.308 8 26.8 29.3 6.0 

H04 4-Oct-2010 29.035 -92.384 21 28.1 33.6 5.5 

H08 5-Oct-2010 28.505 -92.303 50 22.2 36.2 3.8 
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Table 2.  aRPD depths (cm) and sediment habitat quality index values obtained by the analysis of 

images obtained with the sediment profile imaging camera. n, number of images used; S.D., 

standard deviation. 

Station aRPD n S.D. OSI n S.D. BHQ n S.D. 
BHQ 

Fauna n S.D. 
CMECS  

Diversity n S.D. 

A02 2.6 2 0.1 5.0 2 0.0 6.5 2 0.7 3.5 2 0.7 2.0 2 0.0 

A05 7.7 2 1.1 9.0 2 0.0 10.0 2 0.0 5.0 2 0.0 3.0 2 0.0 

A07 11.2 2 1.9 9.0 2 0.0 11.5 2 2.1 6.5 2 2.1 3.5 2 0.7 

C02 1.9 3 1.6 5.3 3 3.1 8.7 3 2.3 6.3 3 1.2 3.3 3 1.2 

C06 3.6 3 0.3 8.3 3 0.6 10.7 3 0.6 7.3 3 0.6 4.3 3 0.6 

C11 9.2 4 1.5 9.5 4 1.0 13.5 4 1.0 8.5 4 1.0 4.8 4 0.5 

F04 2.4 3 1.0 6.0 3 1.0 9.0 3 1.0 6.3 3 1.2 3.3 3 1.2 

F07 10.5 2 1.0 8.0 2 1.4 11.0 2 1.4 6.0 2 1.4 3.0 2 1.4 

F08 11.1 2 0.5 7.0 2 0.0 10.5 2 0.7 5.5 2 0.7 3.0 2 0.0 

H03a 1.3 2 0.4 5.5 2 0.7 9.0 2 1.4 7.5 2 2.1 4.5 2 0.7 

H04 6.8 4 1.8 9.0 4 0.0 12.5 4 1.3 7.5 4 1.3 4.3 4 1.0 

H08 12.3 3 2.4 9.0 3 0.0 12.0 3 1.7 7.0 3 1.7 4.0 3 1.0 

 

aSediments in some cores from H03 contained shell hash and were not included in analysis of the 

SPI data. 
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Table 3.  Factor loading from PCA of water depth, bottom water temperature, and square root 

transformed and normalized sediment data. Variance explained for PC1, PC2, and PC3 is 42.8, 

21.2, and 11.8%, respectively. 

Variable PC1 PC2 PC3 

DIC 0.067 0.394 -0.072 

Fe2+ -0.022 0.267 0.238 

FeT(aq) -0.074 0.305 0.232 

Mn(aq) -0.307 0.006 -0.050 

Water Depth -0.199 -0.307 0.229 

Temperature 0.145 0.220 -0.353 

NH4
+ 0.070 0.397 -0.114 

Fe(II)HR -0.13 0.338 -0.063 

Fe(T)NP -0.308 -0.069 -0.055 

Fe(T)HR -0.289 0.058 -0.095 

Fe(III)HR -0.271 -0.061 -0.094 

Mn(s) -0.300 -0.015 -0.181 

ON -0.275 0.148 0.028 

OC -0.271 0.192 0.018 

Inorganic C 0.166 -0.254 0.107 

Porosity -0.306 0.068 0.122 

Density -0.157 0.022 0.002 

% Water -0.306 0.055 0.096 

Sulfate reduction -0.14 -0.049 -0.412 

py-Fe -0.047 -0.088 -0.484 

aRPD -0.241 -0.222 0.222 

DB 0.052 0.250 0.380 
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