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 25 

 26 

For a large part of earth’s history, cyanobacterial mats thrived in low oxygen conditions, yet our 27 

understanding of their ecological functioning is limited. Extant cyanobacterial mats provide 28 

windows into the putative functioning of ancient ecosystems, and they continue to mediate 29 

biogeochemical transformations and nutrient transport across the sediment-water interface in 30 

modern ecosystems. The structure and function of benthic mats are shaped by biogeochemical 31 

processes in underlying sediments. A modern cyanobacterial mat system in a submerged 32 

sinkhole of Lake Huron (LH) provides a unique opportunity to explore such sediment-mat 33 

interactions. In the Middle Island Sinkhole (MIS), seeping groundwater establishes a low-34 

oxygen, sulfidic environment in which a microbial mat dominated by Phormidium and 35 

Planktothrix that is capable of both anoxygenic and oxygenic photosynthesis, as well as 36 

chemosynthesis, thrives. We explored the coupled microbial community composition and 37 

biogeochemical functioning of organic-rich, sulfidic sediments underlying the surface mat. 38 

Microbial communities were diverse and vertically stratified to 12 cm sediment depth. In 39 

contrast to previous studies, which used low-throughput or shotgun metagenomic approaches, 40 

our high throughput 16S rRNA gene sequencing approach revealed extensive diversity. This 41 

diversity was present within microbial groups, including putative sulfate-reducing taxa of 42 

Deltaproteobacteria, some of which exhibited differential abundance patterns in the mats and 43 

with depth in the underlying sediments. The biological and geochemical conditions in the MIS 44 

were distinctly different from those in typical LH sediments of comparable depth. We found 45 

evidence for active cycling of sulfur, methane, and nutrients leading to high concentrations of 46 

sulfide, ammonium, and phosphorus in sediments underlying cyanobacterial mats. Indicators of 47 

nutrient availability were significantly related to MIS microbial community composition, while 48 

LH communities were also shaped by indicators of subsurface groundwater influence. These 49 

results show that interactions between the mats and sediments are crucial for sustaining this 50 

hotspot of biological diversity and biogeochemical cycling. 51 A
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 52 

In the distant past, cyanobacteria-dominated microbial mats were the dominant forms of 53 

life, and are believed to have flourished in low-oxygen environments lacking multicellular 54 

grazers and herbivores (Bertrand et al. 2015). Cyanobacterial mat metabolic activity shaped 55 

biogeochemical cycles in the Precambrian and drove major turning points in the geochemical 56 

evolution of Earth’s surface (Hoehler, Bebout & Des Marais 2001; Hayes & Waldbauer 2006). 57 

Although mats in coastal oceans are often assumed to be the agents of such global change, recent 58 

work suggests that terrestrial and freshwater cyanobacterial mats may have played a critical role 59 

in Earth’s oxygenation (Lalonde & Konhauser 2015). Under certain conditions, benthic mats 60 

proliferate on the sediment surface in modern aquatic ecosystems (Stal 1995), where they are 61 

powerful engineers of ecosystem condition and biogeochemical function (Canfield & Des Marais 62 

1993; Paerl, Pinckney & Steppe 2000). In these modern, sometimes extreme, environments, mat 63 

consortia provide insight into how living organisms shape the biogeochemistry of our planet, 64 

both now and in the distant past (Paerl et al. 2000; Sumner et al. 2015). 65 

Benthic microbial mat communities are tightly linked to the microbial communities in 66 

underlying sediments. Photosynthetic mats stabilize surface sediments (Decho 1990) and exude 67 

labile organic substrates, which in turn fuel heterotrophic microbial metabolism, establishing 68 

physicochemical gradients of oxygen concentration, pH, and redox potential. These sharp 69 

gradients are strengthened and maintained by the physical structure of mat communities, which 70 

slows molecular diffusion and prevents movement of particles across the sediment-water 71 

interface (Stal 1995; Paerl et al. 2000). Together these physical and chemical effects of microbial 72 

mats influence biogeochemical cycling, especially the mobility of metals and nutrients across the 73 

sediment-water interface (Battin et al. 2003; Nimick et al. 2003). Sediments beneath microbial 74 

mats, which are typically organic-rich, serve as a reservoir and source of nutrients that fuel mat 75 

growth and function, a role that may be especially important to mats that live in low-nutrient 76 

waters (Bertrand et al. 2015). When disturbance from grazing and bioturbating animals is 77 

limited, resources supplied from underlying sediment may be the dominant control over mat 78 

structure and function.  79 

In the absence of oxygen, the sediment environment supports alternative terminal 80 

electron accepting process, such as iron and sulfate (SO4
2-) reduction, fermentation, and 81 

methanogenesis (Schlesinger & Bernhardt 2013). Byproducts of complex organic matter 82 
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breakdown and fermentation fuel SO4
2-

Submerged groundwater seeps in karst sinkholes of the Laurentian Great Lakes establish 92 

chemically distinct ecosystems \where unique benthic microbial mat communities thrive 93 

(Biddanda et al. 2009). Low oxygen, high sulfate, brackish groundwater seeps into sinkholes in 94 

Lake Huron near Alpena, MI (Ruberg et al. 2005, 2008), which contain lush microbial mats of 95 

filamentous cyanobacteria and sulfur-oxidizing bacteria (Biddanda et al. 2006; Ruberg et al. 96 

2008; Nold et al. 2010a). In the 23-m deep Middle Island Sinkhole (MIS, Fig. 1), the sulfidic, 97 

anoxic conditions and low-level irradiance (~5%) support a metabolically flexible cyanobacterial 98 

mat community dominated by relatives of Phormidium autumnale and members of the genus 99 

Planktothrix (Nold et al. 2010a; Voorhies et al. 2012). 100 

 reducing microorganisms (Megonigal, Hines & Visscher 83 

2004), and in turn the sulfide produced can then be used to drive two forms of primary 84 

production: anoxygenic photosynthesis and sulfide oxidation (Voorhies et al. 2012; Bertrand et 85 

al. 2015). Methanogenesis in deep organic sediments provides an energy source for 86 

methanotrophic organisms, supports carbon breakdown in anoxic environments that lack other 87 

terminal electron acceptors, and produces a highly potent greenhouse gas (Megonigal et al. 2004; 88 

Schlesinger & Bernhardt 2013). Despite the importance of sediment microbial communities and 89 

geochemistry, underlying sediments are often overlooked when characterizing benthic microbial 90 

mat ecosystems.  91 

 As a whole, the MIS mat community is capable of high rates of primary production by a 101 

combination of oxygenic photosynthesis, anoxygenic photosynthesis, and chemosynthetic sulfide 102 

oxidation (Voorhies et al. 2012). Beneath the cyanobacterial mat, the sinkhole is filled with 103 

organic-rich sediment (Nold et al. 2013) that supports a diverse microbial community (Nold et 104 

al. 2010a; Nold, Zajack & Biddanda 2010b). Preliminary research by Nold et al. (2010a, 2010b) 105 

indicated SO4
2- reduction and methanogenesis in MIS sediments, as well as diverse and active 106 

benthic bacterial sediment communities. However, our understanding of this benthic diversity 107 

remains limited by the shallow sediment depth sampled (2 cm) and by the number of taxa 108 

detected using clone library techniques. For example, none of the clones retrieved were related to 109 

known SO4
2- reducing bacteria (Nold et al. 2010a), despite the known importance of SO4

2-110 
 reduction in the system. To explore the role of underlying sediments in MIS benthic ecosystem 111 

functioning and assess vertical stratification of sediment community structure and function more 112 

broadly, we sampled sediment cores (0–12 cm) from within the MIS and from a similar depth 113 
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and substrate texture in a nearby non-sinkhole area of Lake Huron (LH, Fig. 1). We find that 114 

sinkhole sediment microbial communities are diverse, and change with depth through the 115 

sediment-water interface and into deep sediments along geochemical gradients that both reflect 116 

and shape microbial community function. 117 

 118 

 119 

 The MIS (45° 11.914 N, 83° 19.671 W) consists of an approximately 1-hectare sinkhole 120 

and groundwater seep at 23 m depth in LH near Alpena, MI (Fig. 1; Ruberg et al. 2008). 121 

Brackish (specific conductivity = 2300 µS cm-1) groundwater carrying salts dissolved from 122 

water-rock reactions between groundwater and ~400 million year old Detroit River Group 123 

(Middle Devonian) limestones and evaporites (Ruberg et al. 2008) flows from an adjacent seep 124 

(the “alcove”) and spills into the MIS. Seeping groundwater forms an approximately meter-thick 125 

“lens” of higher density water above the sediment water interface that resists mixing with the 126 

surrounding fresh LH water (200 µS cm-1), establishing a distinct ecosystem bounded by this 127 

chemocline (Ruberg et al. 2008). Although irradiance conditions change seasonally at this 128 

latitude, other physicochemical characteristics are relatively consistent in the MIS groundwater 129 

layer. Specific conductivity, dissolved oxygen, pH, and temperature are relatively stable at 1700 130 

µS cm-1, 2–4 mg L-1

 134 

, 7–7.5, and 9.5–12 °C, respectively (Ruberg et al. 2008). In comparison, 131 

these conditions vary seasonally in overlying Lake Huron water as would be expected in a large 132 

freshwater lake (Ruberg et al. 2008, unpublished data). 133 

 Scuba divers collected sediment cores from the MIS on five dates in June 2011, 135 

September 2011, September 2012, May 2013, and July 2013. Microbial community composition 136 

and geochemical characteristics were measured in vertically-stratified samples from cores 137 

collected on all dates. Pore water was also sampled and geochemically characterized from cores 138 

sampled in September 2012, May 2013, and July 2013. In May 2013, divers also collected 139 

sediment cores from a non-sinkhole location nearby in LH (45° 12.333 N, 83° 19.850 W) of 140 

comparable water depth for simultaneous measurement of microbial community composition, 141 

sediment geochemistry, and pore water geochemistry. Divers inserted 20 × 7 cm (length × inner 142 

diameter) clear polycarbonate tubes through surface mat material and into soft sediments to 143 
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obtain an intact core preserving the vertical structure of benthic overlying water, mat, and 12–15 144 

cm of sediment.  145 

 Cores collected in June and September 2011 were frozen within 24 hours of collection 146 

and later divided by sawing into vertical sections (water chemistry was not measured for the 147 

frozen samples). Cores collected on September 2012, May 2013, and July 2013 were transported 148 

upright and on ice in the dark to Ann Arbor, MI, where they were stored at 4 °C in the dark for 149 

up to 48 hours. For each of these three sampling events, four replicate cores were sampled and 150 

processed by first removing overlying water, then removing surface mat material, and finally 151 

dividing each core into vertical sections (3 cm). In September 2012, pore water was sampled 152 

from pre-drilled holes using an 18 gauge needle and filtered through 0.45 µm filters (PVDF, 153 

Thermo Scientific). In May and July 2013, pore water was sampled from pre-drilled holes at the 154 

vertical mid-point of 3 cm sections using soil moisture samplers (Rhizon, Rhizosphere Research 155 

Products) with a nominal pore size of 0.2 µm. Pore waters were extracted using syringes attached 156 

to Rhizon samplers with three-way valves, creating a closed system that prevented loss of 157 

methane gas during sampling. All pore water samples were analyzed for nutrients, major ions, 158 

and methane gas. Replicate cores were extruded vertically from the polycarbonate tube and 159 

sectioned at 3 ± 0.5 cm intervals for geochemical characterization of sediments.  In July 2013, 160 

three additional cores were processed such that the top 3 cm of sediment were sectioned 161 

vertically into three 1-cm aliquots to be subsampled for microbial community composition and 162 

sediment geochemistry. Pore water was sampled at 3 cm intervals, as above. When necessary for 163 

statistical analyses, the pore water value measured for the top (0-3 cm) sediment section was 164 

related to the solid phase geochemical measurement or microbial community composition of 165 

each of the top three 1 cm segments. Due to limited solid material, mat material was sometimes 166 

pooled across replicate cores within season for geochemical characterization. 167 

 In September 2012, benthic overlying water chemistry was assessed in surface water 168 

siphoned from cores. We observed minimal variability among replicate cores (e.g., across 6 169 

cores Cl- concentrations ranged from 21-31 mg/L and averaged 27 mg/L, with a standard 170 

deviation of 3.8 mg/L ). On future sampling dates, benthic overlying water samples were 171 

collected by divers using a syringe to obtain water as close to the mat-water interface as possible 172 

without causing disturbance. On July 2013, divers collected water venting directly from the 173 
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adjacent groundwater seep for water chemistry analysis. We measured sediment bulk density in 174 

sediment samples taken in May and July 2013.  175 

 176 

 Hydrogen sulfide (H2S) and oxygen (O2) concentrations were measured at fine vertical 177 

resolution using microsensors in intact cores from the MIS collected in September 2011 and July 178 

2013 within 12 hours of collection. Cores were stored upright on ice in a dark cooler between 179 

collection and microsensor profiling at room temperature under ambient indoor light. 180 

Amperometric microsensors for O2 and H2S (Unisense, 100 µm tip size; Revsbech 1989, 181 

Jeroschewski et al. 1996) were calibrated according to manufacturers instructions immediately 182 

before profiling. Briefly, the O2 microelectrode was calibrated with a two point curve that 183 

included air saturated water and an anoxic solution of 0.1 M sodium ascorbate (in 0.1 M NaOH). 184 

The H2S microelectrode was calibrated with a linear standard curve that covered a H2S 185 

concentration range of 0–5 mM (Na2S in pH 4 buffer). After each profile, the calibration of 186 

the microsensors was verified with a calibration standard and a new curve was prepared if 187 

necessary (required for H2S only). Simultaneous profiling of O2 and H2S in cores was 188 

done using a micromanipulator (Unisense) after aligning the two sensor tips horizontally at the 189 

surface of the water in the core. Starting in the overlying water above the mat and sediment, O2 190 

and H2S were measured at 500 µm vertical intervals through the mat–water interface until the 191 

sensor tip was 2–3 cm into the sediment (Kühl & Revsbech 2001). Within each core, we 192 

completed 2–4 replicate profiles, each in a different location on the surface of the core. Because 193 

pH was not measured concurrently, the data presented here is only the H2

 196 

S fraction of total 194 

sulfide. 195 

Cation (NH4
+, Ca2+, Mg2+ and Na+) and major anion (SO4

2-, NO3
-, Cl-) concentrations 197 

were quantified using membrane-suppression ion chromatography (Dionex, Thermo Scientific), 198 

soluble reactive phosphate (PO4
3-) concentrations using the molybdate blue colorimetric method 199 

(Murphy & Riley 1962), and dissolved methane concentrations using gas chromatography with a 200 

flame ionization detector (Hewlett Packard, Tekmar). Total manganese (Mn), iron (Fe), and 201 

phosphorus (P) were extracted using microwave assisted digestion (MARS) with a mixture of 202 

nitric and hydrochloric acid and quantified with inductively coupled plasma optical emission 203 
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spectroscopy (PerkinElmer Optima 8000). Sediment organic matter content was quantified two 204 

ways; 1) loss on ignition (LOI) and 2) measuring total organic C and N content using samples 205 

decarbonated in weak (2%) HCl, dried, and weighed (~5 mg) into solvent-rinsed tin capsules and 206 

then combusted in a Costech ECS4010 elemental analyzer. External precision was maintained at 207 

better than 0.1% for both C and N and results were calibrated against a certified acetanilide 208 

standard (C = 71.09%, N = 10.36%). 209 

Acid volatile sulfides (AVS) in sediments were quantified using the US EPA Method 210 

821-R-91-100 (Allen et al. 1991). Briefly, frozen sediment subsamples were acidified (1M HCl) 211 

and released sulfide was captured in an alkaline solution (0.5 M NaOH). Total AVS was 212 

quantified colorimetrically with a mixed diamine reagent (H2SO4, N,N-dimethyl-p-213 

phenylenediamine oxalate, and ferric chloride hexahydrate). Analytical sulfide standards were 214 

prepared from a stock solution (prepared and kept anaerobic under a headspace of N2

 217 

 gas) and 215 

standardized against a thiosulfate stock solution. 216 

DNA extraction, quantification, amplification and Illumina amplicon sequencing  218 

 Bulk DNA was extracted from 0.5 g (wet weight) sediment using the FastDNA Spin kit 219 

for soil (MP Biomedical, Santa Anna, CA, USA) following the manufacturer’s protocol with the 220 

exception of using 0.3 g of beads. Total extracted DNA was quantified with PicoGreen 221 

(Invitrogen, Carlsbad, CA, USA). 16S rRNA genes were PCR amplified with primers (515F-222 

806R) (Bates et al. 2011) that contained dual index barcodes and Illumina MiSeq specific 223 

adapters (Kozich et al. 2013). PCRs consisted of 10 μ  of HotMasterMix (5prime, Gaithersburg, 224 

MD, USA), 12 μ( of PCR grade water (Ambion, Life Technologies, Grand Island, NY, USA), 1 225 

μ  each of forward and reverse primer (10 SA), 1 A), μe of DNA. Reaction conditions were: 94 226 

°C for 4 min followed by 30 rounds of 94 °C for 30 sec, 50 °C for 45 sec, 72 °C for 1 min and a 227 

final extension step of 72 °C for 10 min. For each sample, triplicate 25 μo PCRs were done then 228 

pooled prior to cleaning. Pooled PCR samples were cleaned using the UltraClean PCR cleanup 229 

kit (MoBio, Carlsbad, CA, USA). Pooled PCRs were quantified with Picogreen (Invitrogen), 230 

combined into a single sample at near equivalent concentrations and sent for 2×250 sequencing 231 

with the Illumina MiSeq platform at the University of Michigan’s Microbial Systems Core 232 
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Sequencing facility. Sequences may be obtained from NCBI Sequence Read Archive (SRA-233 

SRP067517). 234 

OTU clustering, data analysis and statistics 235 

OTUs were clustered using a modified Uparse pipeline (Edgar 2013). With Uparse, 236 

Illumina paired sequence reads (iTags) were joined (flags: –fastq_mergepairs) and filtered and 237 

length truncated (flags: -fastq_filter, -fastq_maxee 1.0, and –fastq_trunclen 250). iTags were 238 

dereplicated with an in-house perl script (available at github.com/Geo-omics/scripts), sorted, 239 

then operational taxonomic units (OTUs) were clustered at a 0.97 cutoff. OTUs were classified 240 

to the Silva v.111 taxonomy (Pruesse et al. 2007) with the naive Bayesian classifier (Wang et al. 241 

2007) in Mothur (v 1.31) (Schloss et al. 2009). A phylogenetic tree of representative OTU 242 

sequences (with chloroplasts and mitochondria omitted) was calculated with FastTree (Price, 243 

Dehal & Arkin 2009). Using the R statistical environment (R Core Team 2015), an OTU table 244 

was rarefied to a uniform depth (13,000 iTags per sample) and phylogenetic diversity (PD) 245 

(Faith 1992) was calculated with Picante (Kembel et al. 2010). Prior to ordination calculation, 246 

the OTU abundances were normalized with DESeq (Anders and Huber 2010), as suggested by 247 

McMurdie and Holmes (2014). Nonmetric multidimensional scaling (NMDS) plots were 248 

calculated with Bray-Curtis dissimilarities using the metaMDS function (autotransformation=F, 249 

binary=F).  250 

We used ANOSIM to test for significant differences in OTU community composition 251 

between LH sediment, MIS mat, and MIS sediment (Clarke 1993).  To test for differences 252 

between MIS and LH and for changes in parameters along vertical gradients, we used linear 253 

mixed effects models. The models use an ANCOVA design, predicting response variables 254 

(geochemical parameters or microbial relative abundance data at different taxonomic levels) 255 

from the fixed effects of location (categorical), depth into sediments (continuous), and the 256 

interaction between them. Random effects of sample date and intact core identity were included 257 

in these mixed effects models to account for variability associated with these factors. 258 

 To assess relationships between sediment microbial community composition and 259 

geochemical characteristics, we conducted Mantel tests comparing dissimilarity matrices based 260 

on normalized prokaryotic OTU reads (Bray-Curtis distance) and sediment pore water and 261 

geochemical characteristics (Euclidean distance). We first compared community composition to 262 

the entire suite of geochemical characteristics to assess the overall relationship between sediment 263 
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geochemistry and microbial community composition in each of the two locations, MIS and LH. 264 

Due to incomplete data across samples, sediment LOI and AVS were omitted from these “whole-265 

suite” analyses, and pore water CH4

 273 

 was omitted from the LH analysis. After omitting sediment 266 

samples with incomplete geochemical data, 11 and 34 samples from LH and MIS were tested, 267 

respectively. We also used Mantel tests to assess relationships between microbial community 268 

composition differences and differences among individual geochemical variables. Within all 269 

groups of results, significance values (alpha = 0.05) were corrected for multiple comparisons 270 

(Benjamini & Hochberg 1995). Unless stated otherwise, values are stated as means ± standard 271 

deviation. 272 

 274 

 Geochemically, sediments from MIS and LH demonstrated many qualitative and 275 

quantitative differences (Table 1). Sediments from MIS were darker, finer, and less dense than 276 

the sandier LH sediments. MIS sediments contained significantly more organic matter than LH 277 

sediments, when measured as total organic C, total organic N, and LOI (Table 1, Table 2). In 278 

both MIS and LH sediments, organic C and N decreased with depth and C:N ratio increased with 279 

depth (Table 2). Low organic N led to high C:N ratios in LH sediments (Table 2). 280 

 Sediment total Fe, total Mn, and total P concentrations were generally higher in MIS 281 

sediments than LH sediments (Table 1). In MIS, total Fe increased significantly with depth into 282 

sediments (Table 1–2). In contrast, total Fe decreased with depth in LH sediments (Table 1–2). 283 

Sediment total P significantly decreased with depth in both MIS and LH sediments (Table 1–2). 284 

Phosphorus was more concentrated in the surface mat material than sediments below (Table 1). 285 

In MIS sediments, AVS did not change significantly with depth, although concentrations were 286 

more variable in surface sediments than in deeper sediments (Table 1). Averaged across depths, 287 

MIS AVS concentrations (67 ± 25 µmol S g-1 n=23), were an order of magnitude higher than 288 

AVS concentrations in LH sediments (6.4 ± 3.5 µmol S g-1

 290 

; n=3). 289 

 Biologically reactive solutes (SO4
2-, NH4

+, PO4
3-, and CH4) displayed steep vertical 291 

gradients in MIS sediments, and also changed with depth in LH sediments, but at lower 292 

concentrations (Fig. 2, Table 2). In contrast, more conservative ions (Ca+2, Mg+2, Na+, and Cl-), 293 
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which are indicators of groundwater influence, did not change significantly with depth in MIS 294 

sediments, but increased with depth in LH sediment cores, reflecting likely subsurface 295 

groundwater influence. Ammonium and PO4
3- both increased significantly with depth into MIS 296 

sediments to much higher concentrations than in deep LH sediments (Fig. 2, Table 2). Pore water 297 

NO3
- concentrations in MIS were uniformly low (1.5 ± 1.5 µM) and did not change significantly 298 

with depth into sediments (Table 2, Fig. 2). In contrast, LH benthic waters contained 299 

measureable concentrations of NO3
- (20 ± 2.5 µM), which decreased significantly with depth 300 

(Table 2, Fig. 2) to 1.2 ± 0.1 µM. The source groundwater seeping into the MIS from the 301 

“alcove” contained low nutrient concentrations: 13 µM NO3
-, 9 µM NH4

+, and 1 µM PO4
3-302 

 Sulfate concentrations in benthic water overlying MIS mats were 7.1 ± 1.5 mM, much 304 

higher than in LH (0.2 ± 0.04 mM), reflecting input from the MIS groundwater seep (11 mM 305 

SO

(Ruberg et al. 2008).  303 

4
2-, Fig. 2). Sulfate concentrations significantly decreased with depth into MIS sediments, 306 

from 4.5 ± 2.2 mM in the top 0–3 cm of sediments to 0.5 ± 0.5 mM in the bottom 9–12 cm of 307 

sediments (Fig. 2,Table 2). Conversely, SO4
2-

Microsensor measurements of intact MIS sediment cores revealed that O2 concentrations 310 

decrease to below detection within 1–3 cm into the sediments (Fig. 3). Hydrogen sulfide was 311 

detected within the surface mat, and increased with depth to high concentrations of 1–7 mM 312 

within the top 0–3 cm of sediments, and in some profiles, showed no evidence of leveling off at 313 

this depth (Fig. 3). Hydrogen sulfide concentrations in pore waters vary considerably across 314 

space and season (Fig. 3). The apparent co-occurrence of H

 concentrations in LH sediments increased with 308 

depth, 0.8 ± 0.5 in the top 0–3 cm to 5.4 ± 0.8 mM in the bottom 6–9 cm (Fig. 2,Table 2).  309 

2S and O2 in some profiles is likely 315 

due to artifacts either from a “hole effect” produced by the relatively deep profiles and/or rapid 316 

sensor measurements that were not allowed to equilibrate to accurate measurements. However, 317 

the general patterns of O2 depletion and H2S increase with depth illustrated by these data are 318 

robust, and measurement artifacts do not invalidate the conclusion that the mats represent net 319 

sinks of O2 and net sources of sulfide. In fact, our measurements likely underestimate of O2 and 320 

H2S fluxes. In addition, although we did not measure pH and thus sulfide concentrations are 321 

presented as only the H2S fraction of total hydrogen sulfide, the general patterns are unlikely to 322 

change with pH correction. 323 
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 Methane concentrations in sediment pore waters and overlying benthic waters were 324 

higher in MIS than LH sediments (Fig. 2). In MIS sediment pore waters, CH4 concentrations 325 

increased significantly with depth (Fig. 2, Table 2), but there was considerable temporal 326 

variability. Methane concentrations were highest in July and September (63-2030 µM range) and 327 

lowest in May (37-223 µM range). Across seasons, MIS CH4 concentrations tended to be highest 328 

at mid-depths (3–6 cm; 521 ± 603 µM), with slightly lower concentrations in deeper and 329 

shallower sediments (0-3cm: 183 ± 147 µM; 6–9 cm: 321 ± 314 µM; 9–12cm: 395 ± 273 µM). 330 

Concentrations of CH4

 332 

 in deep LH sediments were much lower (2.5 ± 0.3 µM). 331 

We detected 14,127 unique microbial operational taxonomic units (OTUs) across 114 333 

total samples. Over a third of all OTUs (5,290) were detected in every sample type: MIS mats, 334 

MIS sediments, and LH sediment (Figure S1). Only 103 OTUs were unique to MIS mats, and 335 

these were all detected at low abundance (<122 reads). Most high-abundance OTUs were either 336 

shared among all three groups, or were shared between MIS mats and MIS sediments but absent 337 

from LH sediments (Fig. S1–S2). Of the OTUs detected, 174 were classified as mitochondria or 338 

chloroplasts. Whole-community composition patterns were similar whether OTUs classified as 339 

chloroplasts and mitochondria were included or omitted from the analysis (Fig. S3). We detected 340 

OTUs representing 53 phyla of Bacteria. More Archaea were detected in sediments than in MIS 341 

surface mats and all archaeal OTUs detected were classified as belonging to the phylum 342 

Euryarchaeota (Fig. 4).  343 

Despite the large number of shared OTUs, the structure of microbial communities in MIS 344 

sediment and mat samples were distinctly different from those in LH sediments (ANOSIM, R = 345 

0.73, p=0.001, Fig. 5). MIS microbial mats were dominated by Cyanobacteria, whereas 346 

underlying MIS sediments were dominated by Bacteriodetes and Proteobacteria (Table S1, Fig. 347 

4). Lake Huron sediments had fewer Bacteriodetes and more Nitrospirae than MIS sediments 348 

(Fig. 4). LH sediment communities displayed less variability among samples than among MIS 349 

samples (Fig. 5). MIS mat communities overlapped somewhat with MIS sediment communities 350 

(Fig. 5). Microbial community composition changed with depth into sediments in both MIS and 351 

LH (Fig. 5). In MIS, 18 of the 19 major microbial groups changed significantly with depth 352 

(p<0.05), whereas only six of the 19 changed significantly with depth in LH sediment cores (Fig. 353 

6).  354 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved 

Cyanobacterial mat community 355 

95 of the 380 OTUs classified as Cyanobacteria were chloroplasts, including several of 356 

the high relative abundance OTUs. The most abundant of these (OTU_2) was classified as a 357 

relative of the diatom Odontella sinensis, but with only 22% maximum likelihood. Other OTUs 358 

identified as chloroplasts were similar to sequences without meaningful taxonomic information. 359 

The four non-chloroplast Cyanobacteria OTUs with high average relative abundance (>1%) in 360 

the MIS surface mat samples were representatives of the genera Phormidium (OTU_1, 361 

OTU_3202) and Planktothrix (OTU_7, OTU_2819). The two high-abundance Phormidium 362 

OTU’s, OTU 1 and OTU 3202, were 100% and 98% similar, respectively, in sequence to a 363 

dominant Phormidium previously detected in MIS mats (Voorhies et al. 2012). Although 364 

Plantktothrix (formerly called Oscillatoria) has traditionally been found in pelagic environments, 365 

it has been found both in MIS mats and cyanobacterial mat communities in other sulfidic 366 

environments (Klatt et al. 2015, Camancho et al. 2000, Voorhies et al. 2012). In LH sediments, 367 

the only OTUs classified as Cyanobacteria with meaningful relative abundances were 368 

chloroplasts. Mat communities and surface sediments contained other evidence of eukaryotes in 369 

abundant mitochondria (e.g., OTU_28) and an amoeba symbiont (OTU_107). 370 

Putative sulfate reducing bacteria 371 

 We detected OTUs classified to five orders containing known SO4
2- reducing bacteria 372 

(SRB): Desulfarculales, Desulfobacteriales, Desulfovibrionales, Desulfurellales, and 373 

Desulfuromonadales. All  high relative abundance putative SRB were phylogenetically related to 374 

members of the Desulfobacterales. Two putative SRB, OTU_3 and OTU_9, were among the 375 

most abundant non-Cyanobacteria OTUs across all samples. The most abundant putative SRB in 376 

the surface mats, OTU_3, was phylogenetically classified (maximum likelihood=100) as a 377 

filamentous SO4
2- reducer in the genus Desulfonema also detected in the Frasassi cave system 378 

(ACC No. DQ133916, Macalady et al. 2006). Relative abundances of this OTU decreased with 379 

depth (Fig. 7) in the MIS, and were very low in LH sediments. The other high abundance OTU 380 

(OTU_9) was classified as a member of the genus Desulfocapsa, and also showed highest 381 

abundance in mats with decreasing abundance with depth into MIS sediments (Fig. 7) and very 382 

low abundance in LH sediments. Desulfocapsa can disproportionate elemental sulfur and 383 

thiosulfate (Finster, Liesack & Thamdrup 1998).  384 
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 In contrast to these putative SRB OTUs with highest relative abundance in MIS surface 385 

mats, several putative SRB increased with depth into MIS sediments (Fig. 7). An OTU classified 386 

to the genus Desulfatirhabdium (OTU_13) was the most abundant putative SRB in sediments 387 

beneath the MIS surface mat. The only named species in this genus oxidizes butyrate and 388 

reduces sulfur (Balk et al. 2008). The most abundant putative SRB in LH sediments (OTU_41) 389 

was classified to the genus of the SVa0081 sediment group.  This OTU was also detected at 390 

lower abundances in MIS sediments and mats (0.15% and 0.04%, respectively), and did not 391 

change with depth in MIS or LH. 392 

Putative sulfur oxidizers 393 

 Relative abundances of putative sulfide oxidizers of the Epsilonprotoeobacteria and 394 

Beggiatoa sp. relatives were higher in MIS communities than in LH sediments (Fig. 4, Table 395 

S1). Similar to the putative SRBs, putative sulfide oxidizing OTUs showed variable vertical 396 

patterns with depth into sediments. OTUs related to Sulfurospirillum (OTU_19), 397 

Helicobacteraceae (OTU_33), and Beggiatoa (OTU_4) were detected at highest relative 398 

abundance in surface mat material and decreased with depth into sediments (Figure S4). In 399 

contrast, relatives of Sulfuricurvum (OTU_14192 and OTU_22), and another Sulfurospirillum 400 

(OTU_18), had higher relative abundance in underlying MIS sediments, with some evidence for 401 

a peak at intermediate depths (3–6 cm; Figure S4). 402 

Euryarchaeota 403 

 All Euryarchaeota taxa tended to increase in relative abundance with depth into the 404 

sediments. Of the 1248 OTUs classified in the Phylum Euryarchaeota, only 21 were identified as 405 

putative methanogens (18 OTUs in the Methanomicrobia, 3 OTUs in the Methanobacteria). 406 

Putative methanogens were highest in abundance in deep MIS sediments, detected at much lower 407 

relative abundance in LH sediments, and exceedingly low in abundance or not detected in MIS 408 

surface mats. Two putative methanogens, OTU_117 and OTU_252, of the genus Methanosaeta 409 

and Methanoregula, respectively, dominated the methanogenic community of MIS sediments. 410 

 Other high-abundance sediment Euryarchaeota OTUs were related to Halobacteria and 411 

Thermoplasmota. Of the four classes to which Euryarchaeota OTUs were classified, deep sea 412 

hydrothermal vent Halobacteria (1145 OTUs) represented the highest relative abundance in 413 

sediments, followed by Thermoplasmata (82 OTUs). Most archaeal OTUs were associated with 414 

members of the uncultured Woesearchaeota (formerly DHVEG-6). Two Woesearchaeota OTUs, 415 
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OTU_84 and OTU_85, were among the highest abundance archaeal OTUs and showed nearly 416 

identical patterns within cores, increasing with depth in MIS sediments, and virtually undetected 417 

in LH sediments and MIS surface mat material.  418 

Putative methanotrophs 419 

We detected 30 OTUs classified as aerobic Gammaproteobacteria Methylococcales, 420 

although at low relative abundances (0–0.34%). Methylococcales OTU relative abundances were 421 

highest at intermediate sediment depths (2–5 cm) on average. We did not detect any OTUs allied 422 

with members of the NC10 phylum (denitrifying methanotrophs), despite the high concentrations 423 

of methane detected in pore waters. Only one detected OTU (OTU_11930) had low phylogenetic 424 

similarity to known archaeal anaerobes that pair methane oxidization to sulfate reduction 425 

(ANME-1). This OTU was detected only in 10 deep (>5 cm) sediment samples at very low 426 

relative abundance (0.0003–0.004%). 427 

Microbial community composition significantly correlated to geochemical gradients 428 

 Differences in microbial community composition among samples were significantly 429 

related to their geochemical differences in both MIS (rMantel =  0.5439, p = 0.001, n = 34) and LH 430 

sediments (rMantel = 0.7761, p = 0.002, n =11). Specifically, MIS community differences were 431 

significantly related to differences in multiple indicators of nutrient availability, including pore 432 

water PO4
3- and NH4

+
 concentrations, and sediment organic C, organic N, LOI, total Fe and total 433 

P (Table 3). LH sediment community differences were also significantly related to some nutrient 434 

availability indices (PO4
3-, NH4

+, Organic C, Organic N), but indices of groundwater influence 435 

(concentrations of SO4
2-, Cl-, Na+, Ca2+, and Mg2+

 438 

) also strongly predicted community 436 

differences (Table 3). 437 

Great Lakes submerged sinkholes contain diverse microbial communities shaped by low-439 

oxygen, brackish groundwater (Biddanda et al. 2009; Nold et al. 2010a,b) that may provide 440 

insights into the microbial ecology and biogeochemistry of ancient ecosystems. By deeply 441 

sequencing the microbial community at multiple sediment depths in the MIS in parallel with 442 

extensive geochemical characterization of pore water and sediment nutrient concentrations, we 443 

have expanded our understanding of this unique ecosystem. The results presented here indicate 444 

that the MIS ecosystem is geochemically and biologically distinct from the surrounding 445 

freshwater benthic system of Lake Huron, and that it is highly vertically stratified through the 446 
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photosynthetic and chemosynthetic surface mat and into the high-nutrient sediments below, 447 

where sulfur and methane cycling become dominant.  448 

d  449 

 We compared biogeochemical conditions in the MIS to a reference location in LH of 450 

similar depth. Despite evidence of groundwater upwelling at the LH site based on conservative 451 

ions (Fig. 2), benthic conditions within the MIS and at the LH “control” site are vastly different. 452 

In the MIS, groundwater venting out of an adjacent seep that spills and settles into the sinkhole 453 

establishes a benthic ecosystem with stable physicochemical conditions (with the exception of 454 

light, which changes seasonally) that rarely mixes with overlying freshwater (Ruberg et al. 455 

2008), creating distinct geochemical and ecological conditions at the sediment-water interface. In 456 

comparison, despite apparent groundwater influence at LH, the sediment-water interface reflects 457 

the chemistry of seasonally variable, low conductivity LH waters (Sanders et al. 2011). 458 

At coarse and fine taxonomic levels, the biotic communities of the MIS and LH 459 

sediments differ greatly. Despite the presence of many shared OTU sequences among MIS and 460 

LH samples, microbial communities of the MIS sediments are starkly different than communities 461 

of LH sediments when considering relative abundances (Figs. 5–7). Although deeper LH 462 

sediments experience groundwater influence, the microbial community of these sediments was 463 

still more similar to that of shallow LH sediments than any MIS sinkhole sample. As expected, 464 

we observed vertically stratified microbial communities in sediments from both ecosystems, 465 

although it was most pronounced in MIS. Vertical stratification occurs not only at the level of 466 

major taxonomic groups, but also at the level of individual OTUs within taxonomic and 467 

functional groups (Figs. 5–7). Overall, MIS microbial community composition at the OTU level 468 

was stratified by relationships with nutrients and redox chemistry, while LH communities were 469 

more related to gradients in conservative indicators of groundwater influence (Tables 1–2) 470 

(although we cannot rule out that these geochemical measurements are indicative of other 471 

correlated factors that we did not measure). These differences between sites illustrate the 472 

importance of groundwater influence at the sediment-water interface in establishing the unique 473 

community of the MIS, both in the microbial mat and in underlying sediments.  474 

Nutrient-rich sediments 475 

Despite experiencing light conditions that are presumably similar to the MIS, LH 476 

sediment cores contained no visible surface microbial mat, and no molecular evidence of 477 
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Cyanobacteria was detected. It seems that the chemical environment established by venting 478 

groundwater in the MIS allows microbial mat communities to establish, in part by relieving 479 

grazing pressure due to low dissolved oxygen concentrations (Stal 1995). The MIS microbial mat 480 

is capable of high primary production rates (Voorhies et al. 2012), yet underlying sediments 481 

largely reflect isotopic characteristics of settling phytoplankton (Nold et al. 2013), implying 482 

rapid decomposition of mat biomass prior to burial (Canfield & Des Marais 1993) and/or 483 

significant upward mat motility (Biddanda et al. 2015) to avoid burial.  484 

 Surface microbial mats in the MIS are surrounded by low-nutrient overlying water, and 485 

thus likely depend on inorganic nutrients diffusing up from pore waters for growth. 486 

Concentrations of dissolved nutrients in the MIS pore waters are remarkably higher than in non-487 

sinkhole LH sediments. In addition, MIS sediments contain more solid organic material than 488 

typical LH sediments, and the material is of higher nutrient quality (lower C:N ratio). The high 489 

nutrient nature of the MIS sediments is likely due to a combination of abiotic environmental 490 

conditions established by venting groundwater and biotic microbial community effects. The low 491 

oxygen environment of the sinkhole likely slows decomposition of settling particles, establishing 492 

sediments containing a higher proportion of organic matter than surrounding “typical” Lake 493 

Huron sediments.  494 

Although microbial mat biomass is often rapidly, and sometimes completely, 495 

decomposed before burial (Canfield & Des Marais 1993), mats likely play direct and indirect 496 

roles in establishing and maintaining high-nutrient conditions of underlying sediment material, 497 

further enhancing the high-nutrient conditions encouraged by the low oxygen environment. The 498 

mats may play a direct role in sediment nutrient conditions through their motility , which allows 499 

them to physically bury organic particles (Stal 1995; Biddanda et al. 2015). In addition, their 500 

extracellular polysaccharide matrix can slow diffusion of nutrient molecules and limit re-501 

suspension of particles into overlying waters (Decho 1990). Mat cyanobacteria may further 502 

prevent loss of valuable nutrients to benthic overlying water by sequestering nutrients within 503 

their biomass through luxury uptake and storage (Kromkamp 1987. Molecular evidence reveals 504 

that the dominant MIS surface mat cyanobacteria Phormidium genome encodes phycobilisome 505 

proteins (Voorhies et al. 2016), pigments that can be plentiful in cyanobacteria (Bogorad 1975) 506 

and are degraded by cells experiencing N stress (Luque et al. 2001), implying a role as N storage 507 

molecules. In comparison, although LH sediments likely receive comparable nutrient inputs from 508 
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settling pelagic material, the higher-oxygen environment there likely leads to nutrient loss as 509 

particles are more rapidly decomposed. 510 

Sulfur cycling 511 

 The influence of high-SO4
2- groundwater in the MIS establishes an ecosystem that 512 

contains much more sulfur than typical freshwater ecosystems. Combined with anoxic conditions 513 

and abundant organic matter, this provides ideal conditions for microbial SO4
2- reduction, 514 

resulting in high concentrations of sulfide, a portion of which is sequestered as AVS by binding 515 

with Fe and other metals. Despite high sulfur concentrations in the MIS habitat, microbial 516 

community composition was not statistically related to the geochemical indicators of sulfur 517 

cycling that we measured (SO4
2-, AVS). Our bulk sediment sampling resolution was relatively 518 

coarse (3 cm) and it is possible that sulfur gradients drive microbial diversity over smaller spatial 519 

scales. In addition, it is likely that SO4
2- concentrations are so uniformly high that community 520 

composition is structured by other controllers of SO4
2- reduction, like the availability of carbon 521 

and/or electron donors such as low molecular weight organic substrates and/or hydrogen. Even in 522 

the deepest sediments sampled (12 cm), measureable SO4
2- was often detected, implying that in 523 

shallow sediments, SO4
2- reduction is not limited by SO4

2-

Despite the lack of broad relationships with geochemical indicators of sulfur, taxonomic 531 

markers indicate a diverse sulfur cycling microbial community in the MIS. Previous studies 532 

based on clone libraries of MIS mat and shallow sediments detected a single 533 

Epsilonproteobacteria and no relatives of known SRBs (Nold et al. 2010a). This study broadens 534 

our view of putative sulfur cycling microbial diversity in sediments. Surface mat and sediment 535 

communities both contained OTUs related to known SO

 availability. Regardless, microbes of 524 

the MIS sediments must be adapted to the remarkably high sulfide concentrations we measured 525 

below the mat-water interface. Hydrogen sulfide is highly toxic to most forms of aerobic life, 526 

diminishes the bioavailability and toxicity of divalent metals (Di Toro et al., 1990, Hansen et al., 527 

2005), and can also serve as an energy source for chemosynthetic microbes (Schlesinger & 528 

Bernhardt 2013). Thus, particularly at high concentrations, sulfide can strongly shape ecosystem 529 

structure and function (Kinsman-Costello et al. 2015). 530 

4
2--reducing members of the 536 

Deltaproteobacteria in the Desulfobacterales (238 OTUs) as well as members of the sulfide-537 

oxidizing Epsilonproteobacteria Campylobacterales (45 OTUs) and relatives of sulfur-oxidizing 538 

members of the genus Beggiatoa (14 OTUs). Metagenomic and metatranscriptomic work on 539 
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MIS mat material has detected expression of known SO4
2-

Contrasting patterns of relative abundance with depth observed for putative SRB OTUs 544 

suggests niche partitioning of SO

-reduction genes in association with a 540 

Desulfobacterales genomic bin, and known sulfide-oxidation genes associated with a 541 

Campylobacterales bin (Voorhies, 2014), further strengthening the evidence that members of 542 

these groups shape sulfur cycling in the sediments below as well. 543 

4
2- reduction in this high-SO4

2- environment. Although all of 545 

the notable SRB OTUs identified in the MIS and LH were members of the Desulfobacterales, 546 

individual OTUs displayed contrasting patterns of relative abundance. While some 547 

Desulfobacterales were enriched in the MIS mat, others increased in relative abundance with 548 

depth into the sediments, and some were only detected at meaningful relative abudance in LH 549 

sediments. Future work elaborating on physiological differences of OTUs that are present and 550 

functioning in different vertical zones may provide valuable information of how SO4
2- supports 551 

MIS heterotrophy. Evidence continues to emerge that SO4
2- reduction is not limited to specific 552 

redox zones as classically thought (Froelich et al. 1979), but can be mediated by physiologically 553 

diverse organisms in a range of environments and redox conditions (Canfield & Des Marais 554 

1991; Hansel et al. 2015). The high SO4
2- levels present at MIS make this a valuable system in 555 

which to explore the diversity of SO4
2-

   557 

 reduction processes and organisms. 556 

 A picture of the MIS is emerging as a dynamic CH4 producer and consumer. Pore water 558 

CH4 concentrations, although higher than concentrations measured in LH pore waters, were 559 

lower than concentrations (~20 mM) previously measured in deep sediments at the MIS (Nold et 560 

al. 2010a). Differences in CH4 concentrations from previous studies may be in part due to 561 

differences in sampling techniques that influence the inclusion or exclusion of gas bubbles in 562 

pore water samples. Regardless, this and previous studies demonstrate that methane 563 

concentrations in MIS decrease in shallower sediments and benthic overlying water, implying 564 

CH4 consumption by methanotrophs in upper sediment layers and mat material. Metagenomic 565 

and –transcriptomic work detected expression of a gene for CH4 oxidation (mmoC) associated 566 

with a Gammaproteobacteria Methylococcales bin (Voorhies, 2014). Although we detected 567 

OTUs allied with the aerobic Methylococcales only at low relative abundances, declining CH4 568 

concentrations in shallow anoxic sediments suggest anaerobic CH4 oxidation. Given the high 569 

availability of SO4
2-, we expected to detect evidence for members of the ANME clades that pair 570 
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CH4 oxidation with SO4
2-

MIS sediments contained an archaeal community distinct from that in LH. We detected a 575 

diverse array of OTUs at high relative abundance allied with Woesearchaeota and 576 

Thermoplasmata at high relative abundance. Relatives of these OTUs were virtually undetected 577 

in LH sediments, implying that these Archaea are a distinct feature of sediments of submerged 578 

sinkhole ecosystems and not common in typical freshwater sediments. The physiological and 579 

metabolic functions of the DHVEG-6 group at MIS remain unknown, although members of this 580 

group have been detected in numerous anaerobic environments including the subsurface, saline 581 

and hypersaline lakes and deep sea methane seep sediments (Castelle et al. 2015, Kuroda et al. 582 

2015, and citations therein). Recent metagenomic analysis suggests that some members of this 583 

phylum have highly reduced genomes and are specialized for a fermentative lifestyle (Castelle et 584 

al. 2015).  585 

 reduction (Boetius et al. 2000), yet we detected only a single OTU 571 

allied with the ANME-1 present at very low relative abundance in a handful of samples. Thus, 572 

our understanding of the MIS methanotrophic community remains limited, and it is likely that 573 

currently unknown organisms oxidize methane in this system. 574 

 586 

 Using deep microbial community sequencing and parallel geochemical characterization, 587 

we reveal a diverse and biogeochemically dynamic sediment ecosystem underlying benthic 588 

microbial mats in the MIS. In combination with data from a nearby site devoid of mat, these 589 

results provide insights into both how geochemistry promotes mat growth at MIS, and how the 590 

MIS mats influence sediment geochemistry. In this Great Lakes submerged sinkhole, a vertically 591 

stratified microbial community mediates sulfur and methane cycling in a high-nutrient 592 

environment, setting the stage for the metabolically flexible surface mat above to conduct a 593 

mixture of anoxygenic photosynthesis, oxygenic photosynthesis, and chemosynthetic sulfur 594 

oxidation. These results highlight the geobiological influence of microbial mats in promoting 595 

high nutrient flux from sediments to surface mats, establishing a positive feedback that would 596 

enhance primary productivity of microbial mats in ancient ecosystems. Future research 597 

investigating magnitudes of and controls on process rates in this distinct ecosystem will enhance 598 

our understanding of its tightly linked biogeochemistry, the causes and effects of microbial 599 

diversity, and potential biomarkers for detecting similar systems earlier on in Earth’s history. 600 

Such studies have high potential to provide insight into the functioning and co-evolution of 601 
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microbial communities in low-oxygen microbial mat ecosystems both now and in the distant 602 

past. 603 
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1. Solid phase characteristics of sediments collected from the Middle Island Sinkhole (MIS Sed) and a nearby non-sinkhole location in Lake 

Huron (LH Sed) of similar depth, and cyanobacterial mat material from the sinkhole (MIS Mat). Data are from cores collected in September 2012 

(MIS), May 2013 (MIS and LH), and July 2013 (MIS). Values are means plus or minus standard deviation. 

Location 

Depth 

(cm) n† 

Bulk 

Density 

(g cm-3

Loss on 

Ignition 

) (%) 

Organic C 

(%) 

Organic N 

(%) 

Molar 

C:N 

Total Mn 

(μmol g-1

Total Fe 

(μmol g) -1

Total P 

(μmol g) -1

AVS 

) (μmol g-1) 

MIS Mat 

 

4 nm 28.4±7.9 11.3±0.83 1.6±0.14 8.2±0.1 4 2.9±0.5 164±33 92±39 nm 

MIS Sed 1.9±0.2 12 0.2±0.08 10.7±4.7 1 8.6±2.7 1.1±0.4 8.9±0.4 3.6±0.7 235±11 31±.5.8 85±48

 

5 

5±0.1 12 0.26±0.10 7.4±1.9 1 6.4±1.5 0.8±0.2 9.5±0.5 4.3±1.0 224±29 24±4.1 58±19

 

5 

8±0.2 11 0.26±0.05 7.9±1.5 1 6.4±0.9 0.8±0.1 9.4±0.3 4.5±0.8 255±15 23±2.5 64±23

 

5 

11.2±0.3 11 0.38±0.14 7.7±1.4 2 6.2±0.9 0.8±0.1 9.5±0.5 4.5±0.9 271±16 22±2.2 60±7

LH Sed 

5 

1.5±0 4 0.8±0.44 3.0±0.2 2.1±0.3 0.3±0.02 10.1±0.4 3.8±1.1 175±30 16±2.3 8

 

6 

4.5±0.1 4 0.88±0.14 1.7±0.2 1.0±0.2 0.1±0.01 12.4±1.8 2.8±0.6 157±27 14±3.1 9

 

6 

6.9±0.2 4 0.52±0.21 1.8±1.4 0.6±0.1 0.1±0.02 13.8±1.5 2.0±0.4 123±25 11±1.6 26 

nm = not measured 
† Sample size (number of replicate cores), unless otherwise noted. 

1n=8; 2n=7; 3n=5, 4n=7, 5n=3, 6

 

n=1 
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2. Results (p values) of mixed effects models (except where noted) testing the effects of location 

(Middle Island Sinkhole, MIS, vs. Lake Huron, LH) and depth into sediments (MIS Slope, LH Slope) on 

geochemical characteristics, accounting for the random effects of sample date and intact core (not shown). 

Significant (p<0.05, after Benjamini and Hochberg (1995) correction) terms are in bold. Detailed 

statistical results are shown in supplemental materials (Table S2). For significant slopes, the sign of the 

relationship is indicated in parentheses, with (+) indicating that the parameter increases with depth into 

sediments and (-) indicating a decreases with depth into sediments. 

df MIS Slope † MIS vs. LH LH Slope 

Pore water chemistry 

SO4 54 2- <0.001 (-) 0.002 <0.001 (+) 

NH4 54 + <0.001 (+) <0.001 0.915 

NO3 57 - 0.064 <0.001 0.007 (-) 

SRP 55 <0.001 (+) <0.001 0.405 

CH 46 4 <0.001 (+) <0.001 0.067 

Ca 54 2+ 0.956 <0.001 <0.001 (+) 

Mg 54 2+ 0.020 (+) <0.001 <0.001 (+) 

Na 53 + 0.667 <0.001 <0.001 (+) 

Cl 54 - 0.140 0.031 <0.001 (+) 

Sediment Geochemistry 

Loss on Ignition 35 0.001 0.001 0.765 

Organic C 50 <0.001 (-) <0.001 <0.001 (-) 

Organic N 50 <0.001 (-) <0.001 <0.001 (-) 

C:N molar ratio 50 <0.001 (+) 0.41 <0.001 (+) 

Total Mn 44 <0.001 (+) 0.395 <0.001 (-) 

Total Fe 44 0.002  0.178 <0.001 (-) 

Total P 44 <0.001 (-) <0.001 0.432 

AVS*  11 0.569 0.026 0.151 

*Acid Volatile Sulfide, linear model testing the fixed effects of Depth and Location on the 

response variable (measured in both MIS and LH, but not on multiple TimeIDs) 
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† 

 

Residual degrees of freedom 

 

3. Results of Mantel tests, including sample size (n), Mantel statistic (rM), and significance (p), of 

Mantel tests for relationships between microbial community pairwise distances (Bray-Curtis) and 

geochemical variable pairwise distances (Euclidean) among samples collected from the Middle Island 

Sinkhole (MIS) and a site of similar depth in Lake Huron (LH). Due to low sample size, the relationship 

between AVS and LH community composition was not assessed. Relationships with rM

 

 > 0.5 are in bold. 

  

Water Chemistry n r p* M n r p* M 

  SRP 58   0.581 0.002 11 0.519 0.038 

  NH4 58 + 0.603 0.002 11 0.555 0.013 

  NO3 58 - 0.028 0.318 11 0.097 0.243 

  SO4 58 2- 0.018 0.388 11 0.791 0.002 

  Cl 58 - 0.148 0.049 11 0.762 0.003 

  Na 57 + 0.016 0.406 11 0.752 0.003 

  Ca 58 2+ 0.029 0.309 11 0.684 0.002 

  Mg 58 2+ -0.003 0.486 11 0.777 0.002 

Sediment Chemistry       

  Organic C 96 0.548 0.002 11 0.582 0.003 

  Organic N 96 0.530 0.002 11 0.604 0.002 

  Loss on Ignition 42 0.782 0.002 7 0.209 0.130 

  Total Fe 47 0.520 0.002 11 0.294 0.049 

  Total P 47 0.766 0.002 11 0.475 0.014 

  Total Mn 47 0.289 0.003 11 0.643 0.002 

  AVS 22 0.122 0.224 NA 

*Corrected for multiple comparisons (Benjamini and Hochberg 1995) 
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Figure  

.  (A) Map depicting location of submerged sinkhole research area in Lake Huron and geologic map 

of bedrock aquifers (modified from Ruberg et al. 2008; Biddanda et al. 2009), (B) Map illustrating 

Middle Island Sinkhole sampling location and nearby Lake Huron “control” site of similar depth and 

substrate (Map data: Google, NOAA, 2015 TerraMetrics). 

. Mean concentrations (± 1 standard deviation) of dissolved solutes in overlying benthic and 

sediment pore water in the Middle Island Sinkhole (MIS), nearby Lake Huron sediments (LH), compared 

with concentrations in groundwater at the “alcove,” the major seep feeding the MIS (GW) and overlying 

surface Lake Huron water (LHO). The dashed line indicates the sediment-water interface, with positive 

depth values denoting vertical distance below the sediment-water interface. MIS values represent means 

of pore water concentrations measured in four replicate cores on each of September 2012, May 2013, and 

July 2013 (n = 16), whereas LH values represent means of four replicate cores sampled only on May 

2013. 

. Microelectrode measured vertical profiles of dissolved oxygen (O2, open circles) and hydrogen 

sulfide (H2

. Average relative abundance of OTUs categorized into major groups across samples of Middle 

Island Sinkhole mat material (MIS Mat, n = 17), MIS underlying sediments (MIS Sed, n = 87: 0–3 cm n = 

31; 3–6 cm n = 17; 6–9 cm n = 22; >9 cm n = 17), and non-sinkhole Lake Huron sediments (LH Sed, n = 

11). Summary relative abundances of major groups in MIS Sediment, LH Sediment, and MIS mat 

samples are tabulated in Table S1. 

S, filled circles) in representative intact cores sampled from the Middle Island Sinkhole in 

September 2011 (A) and July 2013 (B). The gray rectangle indicates the approximate location of the 

sediment-water interface, with positive depth values denoting vertical distance below the sediment-water 

interface. Points represent averages of 2–4 replicate profiles with standard deviation bars. Elevated 

oxygen concentrations above the sediment-water interface may be laboratory artifacts due to oxygen 

diffusion through overlying water during core handling and processing. 

. Non-metric multidimensional scaling ordination of microbial communties in microbial mat and 

sediment material collected from the Middle Island Sinkhole (Sinkhole Mat and Sinkhole Sediment, 

respectively) in Lake Huron, MI and in sediment material collected in a nearby non-sinkhole area of Lake 

Huron at comparable depth (Lake Huron Sediment). Points are shaded by depth into the sediment, with 0 

representing the sediment-water interface, and higher numbers reflected depth (in cm) below the 

sediment-water interface. 
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. Degree of change with depth into sediments of relative abundance of major microbial groups in 

the Middle Island Sinkhole (A, MIS) and Lake Huron sediments (B, LH). Points to the left of the vertical 

0-line represent major groups that decreased with relative abundance with depth into sediments, and 

points to the right represent groups that increased with depth. Change with depth is the slope of the 

relationship between arcsine-square root transformed major group relative abundance and depth into 

sediments (with zero being the sediment-water interface, and surface mats assigned a value of -1 cm) as 

modeled by a mixed effects model accounting for the random effects of sampling date and intact core. 

Significance levels are based on p-values corrected for multiple comparisons using the Benjamini and 

Hochberg correction. Major microbial groups represented at least 1% relative abundance in MIS surface 

mats, MIS sediments, or LH sediments. 

. Relative abundance of OTUs taxonomically associated with known sulfate-reducing 

bacteria detected in DNA sequenced from Middle Island Sinkhole surface mat material (MIS 

Mat) and underlying organic sediments (MIS Sed) in comparison with sandy Lake Huron 

sediments from comparable depth (LH Sed) plotted versus depth into sediments, with “0” 

denoting the sediment-water interface. All OTUs are classified as members of the 

Deltaproteobacteria. Based on the finest level of classification with maximum likelihood greater 

than 90, OTUs are classified as: A) OTU 9, uncultured Desulfocapsa; B) OTU 3, uncultured 

Desulfonema with 100% maximum likelihood classification as a filamentous sulfate reducer also 

found in limestone-corroding biofilms from the Frasassi caves (AccNo DQ133916, Macalady et 

al. 2006); C) OTU 26, uncultured Desulfobacteraceae, D) OTU 13, uncultured 

Desulfatirhabdium, E) OTU9739, uncultured Desulfobacteraceae, F) OTU 41, uncultured 

Desulfobacteraceae related to a Genus of the SVa0081 sediment group (AccNo AB630779) 
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