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Pathways of organic carbon oxidation in a deep lacustrine sediment, Lake Michigan
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Abstract

Rates of microbial iron reduction and other pathways of organic carbon (C,,) oxidation were investigated in
sediment from a 100-m deep site in Lake Michigan. Total benthic mineralization rates of 6.8 and 8.0 mmol m—2
d-, respectively, were determined from benthic flux measurements and by summation of dissolved inorganic carbon
(2CO,) accumulation rates measured in anoxic incubations of sediment in discrete depth intervals to 18 cm depth.
Carbon oxidation rates were highest near the sediment surface and decreased asymptotically toward zero. A C,,
half-life of 0.06 yr was estimated in the oxic zone, but the half-life increased by more than two orders of magnitude
in the deep anoxic layers. Mineralization in the oxic zone (0—2.1 cm) accounted for 37% of the total 2CO,
production, whereas microbial iron reduction was the most important pathway of carbon oxidation, accounting for
44%; sulfate reduction accounted for 19%, and methanogenesis was negligible. Denitrification accounted for <3%
of C,, oxidation. Sulfate reduction was suppressed in the upper 5 cm, where oxygen, manganese, and iron reduction
prevailed. Below this zone, sulfate reduction peaked but coexisted with microbial iron reduction. All Mn reduction
was apparently coupled to iron and sulfide oxidation in the upper 6 cm. Below that level, a transient accumulation
of iron monosulfide and pyrite implied that sulfate reduction increased during the 19th century because of anthro-
pogenic atmospheric sulfur deposition. Sediment mixing through bioturbation was crucial for the cycling of Mn,

Fe, and S, and estimates of biodiffusion coefficients were 0.02-0.3 cm? d-1.

Through the mineralization of organic matter, aquatic sed-
iments, whether lacustrine or marine, play akey role in lib-
erating organic-bound nutrients to fuel primary production
(e.g., Wollast 1991; Brooks and Edgington 1994). The oxi-
dation of organic carbon (C,,) is coupled to the reduction
of an array of electron acceptors, including oxygen, nitrate,

* Corresponding author (bot@biology.sdu.dk).

Acknowl edgments

We thank captain Ron Smith and the crew of the R/V Neeskay
for a nice cruise. Specia thanks to Barbara J. MacGregor and Brett
J. Baker for planning the cruise and skillful scientific and technical
assistance during sampling and processing of the samples and to
Erik R. Christensen, Universty of Milwaukee, for 2:°Pb calculations.
U.T. thanks David A. Stahl, Susan Fishbain, John Kelly, Bradley E.
Jackson, Hidetoshi Urakawa, and others for an unforgettable stay
at Northwestern University. Furthermore, we acknowledge the re-
viewers for their effort and constructive contribution to the manu-
Script.

This study was supported by NSF grant DEB-9615356 to D.A.S,,
the Danish National Research Foundation through the Danish Cen-
ter for Earth System Science, and the Faculty of Science, University
of Southern Denmark, Odense.

manganese oxides, iron oxides, and sulfate or C,, may be
mineralized to CO, and methane by methanogenesis. The
processes are here listed in order of decreasing energy gain,
corresponding approximately to their zonation with depth in
a sediment (e.g., Froelich et al. 1979; Canfield et al. 1993b),
although sometimes considerable overlap exists where two
or more processes occur simultaneously. For example, me-
thanogenesis and Fe reduction can both coexist with sulfate
reduction (e.g., Kuivila et a. 1989; Canfield et al. 1993b).
In addition to the direct significance for carbon oxidation
and nutrient regeneration, the partitioning of carbon miner-
alization among the different pathways can have other ef-
fects on the ecosystem, including the emission of toxic hy-
drogen sulfide, methane ebullition, and the retention of
phosphate in the sediment (Roden and Wetzel 1996; Roden
and Edmonds 1997).

Previous work has suggested that, in lacustrine sediments,
C,, oxidation is mostly coupled to oxygen respiration, sul-
fate reduction, and methanogenesis (Capone and Kiene
1988). Oxygen is used by bacteria in the oxidation of C,
and in the abiotic or bacterial oxidation of reduced inorganic
species like Fe(I1), Mn(I1), and H,S (Bak and Pfennig 1991,
Urban et al. 1994). Oxygen is aso used for respiration by
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benthic fauna. In eutrophic lakes, O, respiration may be of
limited importance, because an anoxic hypolimnion some-
times devel ops during the summertime, and, when O, is pre-
sent, the penetration in to the sediment is restricted to a few
millimeters (Holmer and Storkholm 2001). In oligotrophic
Lake Michigan, by contrast, the hypolimnion is oxic year-
round, and O, penetrates ~2 cm into the sediment at our
study site, which suggests a significant role for organotro-
phic oxygen respiration (MacGregor et al. 2001).

Sulfate reduction in lake sediments is generally thought
to be limited by low SO3- concentrations (typicaly <0.5
mmol L-%), compared with seawater (28 mmol L-1). How-
ever, because of intensive sulfide reoxidation near the sedi-
ment surface, internal recycling is important, and SOZ~ re-
duction rates are much higher than diffusional fluxes from
the overlying water (Urban et al. 1994). Freshwater strains
of sulfate-reducing bacteria exhibit a high affinity toward
SOz~ (Ingvorsen and Jergensen 1984), and severa studies
have shown that SOz~ reduction accounts for up to 10-35%
of sediment C,, oxidation in lake sediments (Ingvorsen and
Brock 1982; Kuivila et al. 1989; Urban et al. 1994). Overall,
the significance of sulfate reduction should be regulated by
a combination of factors, including the amount of reactive
organic matter depositing through the zone of oxic respira-
tion, the availability of sulfate, and the competition for or-
ganic matter by microbes that are using other electron ac-
ceptors, like Mn and Fe oxides (Sgrensen 1982; Lovley and
Phillips 1987, 1988). The availability of oxidized Fe and Mn
is driven largely by bioturbation through its influence on the
reoxidation of reduced Fe(Il) and Mn(ll) and the burial of
oxidized Fe(l11) and Mn(IV) (Canfield et al. 1993b; Kostka
et a. 2002). Thus, the intensity of bioturbation might also
be expected to exert an important control on relative mag-
nitudes of the different anaerobic carbon mineralization
pathways.

In many lake sediments, methanogenesis is the most im-
portant pathway, accounting for up to 90% of the total car-
bon mineralization (Oremland and Capone 1988). This pro-
cess only dominates when electron acceptors for the more
favorable processes are depleted, which allows the methan-
ogens to compete for organic substrates or H, (e.g., Lovley
and Klug 1986; Roden and Wetzel 1996).

Compared with a substantial number of studies that con-
sidered the significance of oxic respiration, sulfate reduction,
and methanogenesis in lacustrine sediments, the significance
of manganese and iron reduction have received scant atten-
tion. These processes (Fe reduction in particular) can be of
major significance for carbon oxidation in marine and salt
marsh sediments, as well as in freshwater wetlands (e.g.,
Canfield et al. 1993a; Roden and Wetzel 1996, 2002; Tham-
drup 2000; Kostka et al. 2002). The potential importance of
metal oxide reduction in lakes has been indicated by, for
example, the mobilization of Mn?* and the depth distribu-
tions of Fe(I11) and Fe(ll) (Aguilar and Nealson 1994; Kap-
pler et al. 2004). The efficient recycling of reduced Mn and
Fe is a prerequisite for the major contribution from Mn or
Fe reduction to carbon oxidation, and important mechanisms
that sustain such recycling include sediment bioturbation and
oxygen injection through plant roots (e.g., Canfield et al.
1993a; Roden and Wetzel 1996, 2002; Thamdrup 2000;
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Kostka et al. 2002). In Lake Michigan, the amphipod Di-
poreia sp. dominates the benthic fauna and is found in den-
sities up to 15,000 m~2, with a lake mean of 5,240 m—2
(Nalepaet a. 2000). These detritivores ingest organic matter
in subsurface sediment, thereby actively irrigating and re-
working the upper sediment layers. Therefore, the prospect
exists that metal oxide reduction could be a significant path-
way of carbon mineralization in Lake Michigan sediments.
The objective of the present study was to quantify rates and
pathways of benthic carbon mineralization at a deep site in
Lake Michigan. By doing so, we have come further in un-
derstanding how carbon mineralization is regulated in lacus-
trine settings. We focused on a site at 100 m depth that
represents the average depth of Lake Michigan.

Materials and methods

Sudy site—L ake Michigan sediment was sampled in Oc-
tober 1999 at the Fox Point station (43°11'40"N,
87°40'11"W) 27 km northeast of Milwaukee, Wisconsin,
which has previously been studied as representative of the
open waters of the lake (e.g., Brooks and Edgington 1994).
The water depth was 101 m, which is the average depth of
the lake. The profunda zone extending from the 50-m iso-
bath to the deepest part at 275 m depth covers 70% of the
lake area. Temperature-driven mixing of the lake brings nu-
trients from the bottom to the euphotic zone during spring,
where primary production is dominated by diatoms (Fah-
nenstiel and Scavia 1987). Overall, the lake is oligotrophic,
with low rates of primary production (380 mg C m=2 d-%;
Eadie et al. 1984), but the southern and western parts are
more productive than the northern and eastern parts because
of nutrient supply from anthropogenically affected drainage
areas and upwelling (e.g., Mackin et al. 1980; Nalepa et a.
2000). The bottom-water temperature varies seasonally from
1°C to 5°C and was 4.1°C at time of sampling. The bottom-
water oxygen level is close to saturation, and penetration into
the sediment is typically 2.1 = 0.25 cm (£SD, n = 11)
throughout the year (MacGregor et al. 2001). Bottom-water
nitrate concentrations are 21-28 umol L%, with nitrate pen-
etrating slightly deeper than oxygen throughout the year, ex-
cept when bottom- and pore-water concentrations briefly in-
crease during spring (MacGregor et al. 2001). The sediment
consisted of flocculent dark-brownish mud with black spots
in layers below 10 cm. The porosity depth profile decreased
from 0.95 to 0.90 in the upper 5 cm and decreased to 0.87
in the deepest layers. Sedimentation mass flux to the surface
is 0.027 g cm=2 yr, as calculated from unsupported excess
2Pp depth distribution (Fitzgerald 1989; Hermanson and
Christensen 1991), which, at the porosity at 17 cm depth (¢
= 0.87), corresponds to a sedimentation rate of 0.8 mm yr—*
(Hermanson and Christensen 1991). The upper ~5 cm is
bioturbated by the burrowing activity of the amphipod Di-
poreia sp., which is the most abundant macrobenthos in the
profundal lake. At the time of sampling, Diporeia was ob-
served in densities of ~1,000 m—2, compared with typical
densities of 2,000-8,000 m-2 at 100 m depth (Nalepa et al.
2000).

Sediment was collected from the vessel R/V Neeskay
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(University of Wisconsin) with a 900-cm? box corer and sub-
sampled onboard in 6.79-cm (inner diameter) cores, which
were immediately placed in an ice-water bath in the dark for
transportation and stored at 4.5°C in a cooling room until
further processing for sediment incubations the next day.

Sediment incubations—Total anaerobic mineralization
rates and the relative contribution of oxic respiration, man-
ganese reduction, iron reduction, sulfate reduction, and me-
thanogenesis were determined by incubating 1-cm sediment
intervals to 18 cm depth. Fourteen cores were sectioned in
a N-filled glove bag, where sections from the same depth
were pooled, mixed, and loaded into gas-tight plastic bags
to a final volume of 300—400 ml (Hansen et al. 2000). The
bags were incubated in larger N -filled storage bags (lami-
nated ethyl-vinyl-alcohol; NEN/PE) to further ensure anoxia
and were then subsampled on days 1, 2, 4, 8, and 18. All
incubations were performed in the dark at close to the in
situ temperature, 5.0°C. The sediment incubations were pro-
cessed in an anoxic glove bag that rested on an ice-water
bath, to minimize temperature artifacts. Sampling from each
bag was initiated by subsampling 3 ml of sediment with a
3-ml cutoff syringe for the detection of CH, production. The
sample was quickly transferred to a culture tube that was
immediately stoppered with a butyl rubber septum and
crimped. Activity was terminated by autoclaving for 20 min,
and the tubes were stored at 5°C for later analysis. Two 15-
ml centrifuge tubes per bag were filled completely with sed-
iment—one was frozen at —20°C for later analysis of solid-
phase Mn and Fe. Pore water was extruded from the other
tube by centrifuging for 10 min at 2,000 g. The supernatant
was filtered through 0.22-um cellulose acetate filters (Lida
Manufacturing) in a N,-filled glove bag, and aiquots were
distributed as follows: 1.8 ml in glass vials that were capped
with Teflon-coated butyl rubber septa leaving no head space,
stored at 5°C, analyzed for dissolved inorganic carbon
(2CO,) the next day, and subsequently stored frozen at
—20°C for later analysis of NH;; 1 ml in 1.5-ml eppendorf
tubes that were immediately frozen at —20°C for later anal-
ysis of SO3~; 2 ml in 2.2-ml cryovials, acidified with 6 mol
L-* HCI (1% val), and stored for the later determination of
dissolved Fe** and Mn?*.

Sulfate reduction rates were determined at each sampling
day by the ¥S-tracer technique (Jargensen 1978); 5 ul (46
KBQ) of carrier-free S-S0z~ (ICN Pharmaceuticals) wasin-
jected into subsamples of sediment loaded in cutoff 5-ml
plastic syringes that were subsequently plugged with butyl
rubber stoppers. The syringes were incubated for 67 h in
N_-filled NEN/PE storage bags at 5.0°C, and the incubation
was terminated by fixing sediment in 10 ml of 20% zinc
acetate, and the mixture was frozen until analysis. Reduced
S was recovered by two-step distillation that divided re-
duced sulfide into acid-volatile sulfide (AVS; H,S and FeS)
by cold distillation in 6 mol L=t HCI and then hot distillation
in reduced chromium (CRS; S and FeS,; Fossing and
Jorgensen 1989). Sulfate reduction rates were calculated ac-
cording to the method of Jergensen (1978) and background
corrected by the subtraction of S recovered from the dis-
tillation of sediment that had been fixed in zinc acetate im-
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mediately after the injection of the tracer. Rates are presented
as the average of consecutive samplings.

The total sediment metabolism was determined from ben-
thic exchange fluxes of four cores. Before the flux measure-
ments, cores were preincubated close to in situ temperature
at 4.5°C for 48 h while the overlying water was gently
purged with air. After the removal of the air supply, samples
of the overlying water were collected before capping with
rubber stoppers and after incubation for 27 h (corresponding
to a O, decrease to ~70% of saturation). The overlying water
phase (~11 cm) was stirred with a rotating Teflon-coated
stirring bar attached to the stopper and receiving momentum
from an external rotating magnet at ~100 rpm. Samples for
0, and XCO, were collected in 16-ml Hungate-type anaer-
obic culture tubes, leaving no head space. Oxygen samples
were conserved by the addition of Winkler reagents and an-
alyzed within 1 d, whereas 3CO, samples were conserved
by the addition of 0.2% saturated HgCl, and they were an-
alyzed within 4 d. Samples for NO;, NH;, and SO;-, were
stored frozen in 20-ml vias.

Chemical analysis—Concentrations of NH;, NO;, >CO,,
and SOz~ in lake and pore water were analyzed as follows:
NH;, colorimetrically according to the salicylate method
(SD, 0.24 umol L-* Bower and Holm-Hansen 1980); NO;,
on a flow-injection analyzer according to the method of
Grasshoff et al. (1983; Tecator; SD, 0.33 umol L-1); ZCO,,
by flow injection/diffusion cell analysis with conductivity
detection (SD, 24 umol L% Hall and Aller 1992); and
SOz-, by suppressed anion chromatography (Sykam; SD, 5.0
pumol L1, Oxygen was analyzed by the Winkler titration
(SD, 2.2 umol L~*). Methane was measured with a gas chro-
matograph equipped with a flame ionization detector (Hew-
lett Packard 5890 series I1; SD, 6.0 nmol cm~3).

Solid-phase iron was extracted by anoxic acidic oxaate
at pH 3 and by 0.5 mol L-* HCI (Thamdrup et al. 1994).
Soluble Fe?* in pore water and extracts was determined with
Ferrozine (Stookey 1970), whereas total Fe in extracts was
determined after the reduction of Fe3* with 1% (wt/wt) hy-
droxylamine hydrochloride. The concentration of solid-
phase Fe(lll) oxides was calculated as the difference be-
tween total Fe and Fe(ll) in the oxalate extractions
(Thamdrup et al. 1994). Particulate Mn was extracted with
dithionite-citrate-acetic acid (DCA; pH 4.8; Lord 1980). Mn
in extracts and soluble Mn?* were determined by flame
atomic absorption spectrometry (Perkin-Elmer 2380). All
extractions were performed in 8 ml of extracting solution
with 0.5 g thawed sediment, and extraction times were 1 h
for HCl and DCA and overnight for oxalate (Thamdrup et
al. 1994). Concentrations of sulfide in AVS and CRS ex-
tractions were determined by use of the methylene blue tech-
nique (Cline 1969). Adsorbed NH; was determined by the
extraction of ~2.0 g wet sediment in 2 mol L-* KCl at 5°C
for 1 h and analyzed as described above. The dimensionless
ammonium adsorption coefficient (K) was calculated accord-
ing to the method of Mackin and Aller (1984):

1-9)

——pK* 1
s " 1)

where ¢ is porosity, p, is the dry density of the solid parti-
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cles, and K* is the amount of KCI extractable NH;/pore-
water NH; in ml g-*. Total particulate nitrogen and carbon
were determined from sediment dried at 105°C for 6 h and
ground before analysis on a Carlo Erba 1100EA elemental
anayzer (SD, 2%). Organic C and N in parallel samples
were removed by combustion at 520°C for 6 h, and inorganic
C and N were determined as above. Particulate organic C
(POC) and N (PON) were calculated by difference of total
and inorganic concentrations according to the method of
Kristensen and Andersen (1987).

The sediment water content (B8) in each layer was deter-
mined by oven drying to constant mass at 105°C; from this,
porosity (¢) was calculated as B/[(1 — B)/ps + B], under the
assumption of a bulk density of solids (p) of 2.45 g cm=2.

Data analysis of process measurements—The rate of con-
centration change of dissolved pore-water constituents was
calculated from the slope and the associated standard error
of linear regression of successive time points. Only the first
three to five and significantly linear (p < 0.05) time points
were used. Sulfate reduction rates were calculated as means
with standard error of the first four determinations in the
time series.

Carbon oxidation rates for microbial processes using elec-
tron acceptors other than SO;~ were calculated as the dif-
ference between 3CO, accumulation and 3CO, production
coupled to sulfate reduction rates. The latter was calculated
under the assumption of a 2CO,: SOz~ stoichiometric ratio
of 2 (Canfield et a. 1993b; Thamdrup and Canfield 1996).

Results

Carbon mineralization—As a result of organotrophic mi-
crobial activity, dissolved inorganic carbon and NH; accu-
mulated during the bag incubations (Fig. 1A,B). Initia in-
creases in dissolved inorganic carbon concentrations were
approximately linear, but, after 8 d, the production tended to
slow down in the surface layers (<3 cm), and in the deeper
layers (>3 cm), XCO, concentration decreased dlightly,
which probably resulted from the precipitation of carbonates.
Production rates of XCO, were calculated from the linear
increases in concentrations, including three to five time
points. The XCO, production rates decreased asymptotically
with depth toward zero in the deepest layers (Fig. 2A). Am-
monium was liberated at very low rates of <4.5 nmol cm—3
d-t (Fig. 2B). The high ratio of %CO, to NH; accumulation
rates was consistent with a high adsorption capacity of the
sediment, as indicated by the adsorption coefficient of 18.3
+ 3.0 (£SE, n = 18). In general agreement with the depth
distribution of mineralization rates, both POC and PON de-
creased with depth toward stable concentrations of recalci-
trant organic matter that may be subject to permanent burial
in the sediment (Figs. 2A, 3D). Inorganic carbon was prac-
tically constant with depth, with concentrations of 1.28-1.53
mmol g dw .

The initial £CO, concentrations peaked at 1-3 cm depth
and changed little below, whereas NH; concentrations peak-
ed in the oxic zone and subsequently accumulated with depth
in the anoxic sediment layers (Fig. 2A,B). However, these
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Fig. 1. Changes of pore-water constituents during anoxic incu-
bations at four depths: (A) XCO,, (B) NH, (C) SO;~, (D) Mn?+,
and (E) Fe+.

solute concentrations are affected by the irrigating activity
of Diporeia sp.

Methanogenesis was insignificant with concentration
changes of CH, of —1.1-0.63 nmol cm~2 d~* in bag incu-
bations (Fig. 2A), and concentrations were <85 nmol cm—3
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(not shown). However, because of the possibility for degas-
sing during theinitial sediment handling, CH, concentrations
may be underestimated.

Sulfate reduction—The SO;~ pore-water profile indicated
net production in oxic sediment layers and depletion in deep-
er layers, to aresidual concentration of <13 umol L-* below
13 cm depth (Fig. 2C). Sulfate reduction rates measured by
the 35S radiotracer technique in the anoxic bag incubations
were in general accordance with the change in SO;~ con-
centrations during the first 8 d. Sulfate reduction was de-
tectable in both oxic and anoxic layers, although ratesin the
oxic zone may be artifacts caused by the interruption of O,
supply in the anoxic incubations (Fig. 2C). Sulfate reduction
rates also agreed approximately with the depthwise depletion
of pore-water SO%~, and the rates paralleled the depth dis-
tributions of AVS and CRS (Fig. 3C). The rates peaked be-
tween 5 and 18 nmol cm=2 d* in a relatively broad zone
extending from 5 to 13 cm depth (Fig. 2C). Turnover of the
353503~ tracer also occurred below 13 cm, although SO;~ here
was depleted to aresidua concentration that continued to be
present during the incubations. Hence, this SO;~ pool was
most likely not reactive, and these rates are not considered
to be redlistic and were therefore discounted. Similar unre-
active residual SO;~ pools have been found in other oligo-
haline sediments (Bak and Pfennig 1991; Roden and Tuttle
1993; Roden and Wetzel 1996).

Under the assumption of an overall stoichiometry of 2 mol
CO, to 1 mol SO; for C,, oxidization by sulfate reduction
(Westrich and Berner 1984; Thamdrup and Canfield 1996),
SOz reduction accounted for <7% of 3CO, production in
the upper 5 cm and below 13 cm, whereas, in the midzone
at 5-13 cm, sulfate reduction constituted 25-100% of carbon
oxidation (Fig. 2D).

Mn and Fe reduction—Concentrations of extractable Mn
were highest at 0—4 cm depth, with a peak just below the
depth of O, and NO; penetration, and concentrations de-
creased to a background level at 7 cm depth (Fig. 3A). This
distribution, in concert with a distribution of dissolved Mn?*
increasing from <1 umol L=t to 17 umol L-* in the lower
part of the Mn-enriched zone (Fig. 3A), suggests the inten-
sive recycling of Mn oxides. Manganese remaining below
this zone likely represents nonreactive Mn and possibly au-
thigenic Mn(I1). Accordingly, dissolved Mn?* concentrations
increased linearly during bag incubations, indicating the re-
duction of Mn oxides. Liberation rates were highest in the
top sediment layer and decreased asymptotically, reaching
zero at the same depth of ~6 cm, where background levels
of extractable Mn were reached (Figs. 1D, 3A).

Poorly crystalline Fe(l1l) oxides were ~10 times more
abundant than extractable Mn, with a peak of 320 pumol
(g dw)~* in the lower oxic zone and with concentrations
decreasing steeply to a background level of ~90 umol (g
dw)-* below 8 cm depth (Fig. 3B). Below 4 cm depth, re-
duced Fe(l1) accumulated in both oxalate and HCI extract-
able fractions to 37 and 131 umol (g dw) %, respectively.
The results are mean values of four replicate extractions
from each depth interval. The variability of the Fe analyses
was too large to permit a direct determination of Fe reduc-
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Table 1. Directly measured sediment fluxes and depth-integrated
rates from the bag incubations.

Measured fluxes, Depth-integrated rates,

rate=SE (n) rate+ SE*
(mmol m—2d-?%) (mmol m~2d-1)
o, —57+17 (4) —
3CO, 6.8+-1.8 (3) 8.0+0.5
NO; 0.54+0.02 (4) —
NH; 0.10+0.02 (4) 0.18+0.03
SO,2 0.69+0.19 (4) —0.78+0.04

* The error term is the depth-weighted square root of the sum of squares of
SEs for each of the 18 bag incubations.

tion rates from changes in the Fe(ll) and Fe(ll1) pooals, as
has been done with more active freshwater sediment (Roden
and Wetzel 1996). Dissolved Fe** increased from ~7 pumol
L= in the upper 6 cm to 67 wmol L-* in the deepest layer
(Fig. 3B), but concentrations did not change uniformly dur-
ing the incubations, probably because of both adsorption and
precipitation during Fe* liberation (Fig. 1E).

Sediment-water exchange—M easured fluxes of 2.CO, and
O, were of equal magnitude (Table 1). The directly measured
flux of 2CO, was not significantly different (p > 0.05; Stu-
dent’s t-test) from the depth-integrated rates compiled from
the bag incubations, which implies that, overall, microbial
activity was neither hampered nor stimulated by the sedi-
ment handling. Nitrogen was recycled from the sediment
back to the water column mainly as NO;, with an efflux that
was four times higher than the efflux of NH;. The concen-
trations of NO; and NH; in the overlying water were 28
and 4 umol L, respectively. Also, sulfur was exported from
the sediment as SO3~ concurrently with the consumption of
SOz~ by sulfate reduction within the sediment, which implies
that, at the time of sampling, sulfate production in the sed-
iment exceeded sulfate reduction, as was also indicated by
the sulfate distribution (Fig. 2C; see also “‘ Discussion’’). The
concentration of SOz~ in the overlying water was 180 wmol
L-*. The flux of CH, was insignificant as it was not detect-
able within the applied sampling with a detection limit of
0.02 mmol m-2 d-*.

Discussion

Carbon mineralization—The rate of total sediment me-
tabolism determined directly from flux measurements of O,
and XCO, are, to our knowledge, the first reported for pro-
fundal Great Lake sediments (Table 1). These are about half
of rates measured in an 86-m-deep eutrophic lake (Urban et
al. 1997) and are comparable to marine sites of ~100-m
water depth (Grant et al. 1991; Devol and Christensen 1993).
From the sediment accumulation rate calculated from excess
20Ph profiles, and assuming that carbon mineralization is
complete at 18 cm depth, C,, burial was 1.8 mmol C m~2
d-*. The flux of C,, to the lake floor can be estimated as
burial plus %CO, efflux (Canfield 1994) and equaled 8.6
mmol C m=2d-* (Table 1). Thus, 21% of this flux was per-
manently buried in the sediment, which compares to marine
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Table 2. Decay of organic matter (G') in the upper bioturbated
(b) and the underlying (u) zone. Details of the calculations are given
in the text. Note that rates and concentrations are relative to solid
sediment volumes.

Depth G’ R (2CO,)

interval (pmol (umol cmy® k' Tus
(cm) cmsd) yr) (yr ) (yn)

0-2 (b) 95 1,035 11 0.06
26 (b 710 249 04 20
6-18 (u) 3,150 74 0.02 30

sediments of similar sedimentation rates (Canfield 1994).
The primary production in Lake Michigan has been esti-
mated to be 32 mol C m=2 d-* (Eadie et al. 1984), and the
benthic C,, flux corresponded to 27% of this phytoplankton
biomass production, which indicates that the sediment ac-
counts for a significant part of the energy flow in the lake.
Both seasonal and regional variations in benthic respiration
are expected, and down-slope transport of both aquatic- and
land-derived organic matter from shallow areas is also a
source of carbon to deep Lake Michigan sediment (Meyers
et al. 1980; Meyers and Eadie 1993). Thus, a wider survey
is needed for an accurate determination of the role sediments
in the lacustrine carbon cycle.

The close similarity of the measured efflux of 3CO, and
the integrated rate of carbon mineralization obtained from
the bag incubations (Table 1) suggests that the anoxic bag
incubation technique provided an accurate determination of
mineralization rates across oxic and anoxic sediment layers,
with no indication of the stimulation of microbial activity
that is sometimes observed with bag incubations (Hansen et
al. 2000). The carbon oxidation rates decreased exponen-
tially with depth, which indicates that the rates, like in ma-
rine sediments, are determined by the concentration and re-
activity of the organic carbon (Berner 1980a; Westrich and
Berner 1984).

In the mixed sediment, fresh and older debris are mixed
by bioturbation, which, as is discussed below, affects the
sediment to ~6 cm depth. However, first-order rate constants
of C,, oxidation can be approximated by assuming that dis-
tinct pools of organic matter, G;, are oxidized successively
in discrete zones by first-order kinetics—that is, G, with the
apparent rate constant k; is oxidized in the oxic zone at 0—
2 cm, G, with k; in the anoxic zone at 2-6 cm, and G; with
k; in the deeper layers. The concentration of C,, oxidized in
each zone, G’, is determined as the difference between the
POC concentration in the top and that in the bottom of each
zone. Apparent first-order constants can then be calculated
according to R(2CO,) = k X G, where R(ZCQO,) is the
2.CO, production and G is the fraction of C,, oxidized. The
results are given in Table 2 and illustrate that carbon reac-
tivity decreased dramatically with depth by more than two
orders of magnitude, as has been seen in marine sediments
(Berner 1980b; Westrich and Berner 1984). The half-life
() of G} in the oxic zone was comparable to that of C,
determined from offshore sediment traps in the hypolimnion
of Lake Michigan (Meyers and Eadie 1993), and it ap-
proached that of the decomposition of fresh plankton (Wes-
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Fig. 4. (A) Depth dependence of R, (2CO,) (integrated %CO,
production rate from depth x to 18 cm), AC, (change in buria flux
of C,,), and w (sediment burial rate). (B) Depth dependence of
calculated biodiffusion coefficient, Dg. The dashed line represents
the average O, penetration. See text for details.

trich and Berner 1984). In our setup, entombed infauna po-
tentially contributed to G), although the similarity of rates
from whole cores and bag incubations suggested that this
was not an important factor. The computation of k; ignores
contributions of G, and G, to 2CO, production in the k;
horizon, but if we assume the same oxidation rates of k, and
k; as in the deeper horizon, these together accounted for only
~3% of the activity at 0—2 cm.

According to the sediment accumulation rates (Fig. 4), the
age of the sediment in the mixed zone is up to 50 yr. Com-
parison of this to a 7, of 2 yr for k; C,,, emphasizes how
the transport of relatively fresh organic debris from the sur-
face to 6 cm depth by bioturbation is necessary for sustain-
ing the measured activity to this depth. Below the mixed
zone, the k; was comparable to values obtained for organic
matter at similar depths in marine sediments (Berner 1980b;
Westrich and Berner 1984).

Pathways of carbon oxidation—Rates of carbon oxidation
coupled to the different electron acceptors can be quantified
by considering the vertical distribution of O,, NO;, and Mn
and Fe oxides (Fig. 3) and comparing these to the excess
3,CO, production not accounted for by SO3~ reduction (Can-
field et a. 1993b; Thamdrup and Canfield 1996). Total rates
of carbon oxidation can also be estimated from NH; accu-
mulation rates, overcoming a possible underestimation of
2.CO, production due to the precipitation of carbonates (Can-
field et a. 1993b). However, because of a very high am-
monium adsorption coefficient compared with marine sedi-
ments (Mackin and Aller 1984), liberation rates of NH; were
small, making this approach inaccurate.

The analysis reveded that >60% of the total carbon ox-
idation was channeled through anoxic pathways (Table 3).
Within the oxic zone, O, is used for respiration by bacteria
and eukaryotes, including meiofauna and Diporeia sp., and,
as discussed below, a significant part is consumed by the
reoxidation of reduced chemical species. As was estimated
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Table 3. Depth-integrated rates of carbon oxidation coupled to
the reduction of different electron acceptors. Oxidation rates with
O, and Fe(I11) are determined from the difference of SO3~ reduction
and total carbon oxidation rates in the oxic and anoxic zones, re-
spectively. See text for details.

Interval Rate*

Microbia process (cm) (mmol C m-2d-1) %t
Oxic respiration 0-2 2.95+0.24 37
Fe reduction 2-18 3.52+0.38 44
Sulfate reduction 2-13 1.56+0.08 19
Methane net rate 2-18 —0.1+0.02 0.9

* The error term is the depth-weighted square root of the sum of squares of
SE.
T Percentage of total carbon oxidation.

from NO; gradients (data not shown), the contribution of
denitrification was <3% of the XCO, production, which re-
sembles contributions determined from continental marine
sediments (Thamdrup 2000).

The distributions of particulate and soluble Mn and the
liberation of Mn?* to 6 cm depth during incubations (Fig.
3A) indicated that Mn-reducing bacteria could contribute to
carbon oxidation. However, as is discussed in more detall
below, further analysis indicated that Mn oxide reduction
was predominantly coupled to the reoxidation of reduced
iron and sulfur. Any direct contribution of Mn reduction to
carbon oxidation is therefore contained in our estimate of Fe
reduction.

Microbia iron reduction was the dominant carbon oxi-
dation pathway within the anoxic sediment zone, contribut-
ing as much to total C,, oxidation, 44%, as processes within
the oxic zone (Table 3). There was a good agreement be-
tween the distributions oxalate-extractable Fe(l11) and the
rates of carbon oxidation that were not coupled to sulfate
reduction (Figs. 1D, 2B). Sulfate reduction was strongly sup-
pressed to 5 cm depth, where oxa ate-extractable Fe(l11) was
=200 wmol (g dw) -1, whereas sulfate reduction rates in-
creased as Fe(lll) was depleted below this concentration.
This apparently limiting Fe(I11) concentration corresponded
to 49 umol Fe(lll) cm~3 at the porosity of 0.9 found at 5
cm depth. If the ~90 mol (g dw)~* Fe(l11) found throughout
the deeper layers (Fig. 2B) represents an unreactive back-
ground that is present at al depths, the limiting concentra-
tion is reduced, by subtraction of this background, to 27
pmol reactive Fe(l11) cm~2. The observed dependence of Fe
reduction on Fe(lll) concentrations is in good agreement
with previous studies with both freshwater and marine sed-
iments that have shown that this pathway requires 30-50
umol poorly crystalline Fe(I11) cm-2 to efficiently out-com-
pete sulfate reduction or methanogenesis (Thamdrup 2000;
Roden and Wetzel 2002; Jensen et al. 2003).

In profundal sediments of Lake Constance, Germany,
Kappler et a. (2004) identified a zone of microbial iron re-
duction at ~1—-4 cm depth, based on the distribution of O,,
Fe(I11), and Fe(ll). No process rates were measured at this
site, but a general similarity of the redox zonation to that
found in the present study suggests that microbial Fe reduc-
tion may also be an important contributor to carbon oxida-
tion in Lake Constance. Higher most-probable-number
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counts of humic-reducing bacteria than of Fe-reducersin the
sediment led to the suggestion that much Fe was reduced by
humics serving as electron shuttles between bacteriaand iron
oxides (Kappler et a. 2004). This mechanism could aso
contribute to Fe reduction in Lake Michigan.

The inventory of reactive Fe(l1l), determined by subtract-
ing the background concentrations of Fe(lll) in oxaate ex-
tractions, was 770 mmol m-2. At an integrated rate of mi-
crobial Fe reduction of 14.1 mmol Fe m~2 d-*, derived from
the rate in C,, equivalents (Table 3) under the assumption
of a4:1 Fe(lll):C,, reaction ratio for the process (Roden
and Wetzel 1996), we obtained a turnover time for Fe(lll)
by microbial iron reduction of 55 d. This value is similar to
those estimated from coastal and continental slope marine
sediments (Canfield et al. 1993b; Thamdrup and Canfield
1996). From the sediment accumulation rate and the Fe con-
centration at the surface, a delivery flux of 0.1 mmol Fe m=2
d—* was estimated. Relating this to the iron reduction rate,
we estimate that each Fe-atom is recycled, on average (14.1/
0.1), 141 times before final burial in the sediment. Mecha-
nisms of recycling necessary for sustaining the high Fe oxide
concentrations required by Fe-reducing bacteria, through
broad horizons of anoxic sediment, include intensive reoxi-
dation driven by bioturbation, O, leaching from macrophyte
roots, or both (Canfield et al. 1993b; Roden and Wetzel
1996; Kostka et al. 2002), as well as by the physica re-
working of sediments by waves and currents (e.g., Aller et
al. 1991). Estimates of bioturbation intensity in the lake sed-
iment are provided below.

Sulfate reduction was a significant carbon oxidation path-
way, despite low SO3~ concentrations, and contributed 19%
of total sediment metabolism (Table 3), which is comparable
to other hypolimnetic sediments (Ingvorsen and Brock 1982;
Kelly and Rudd 1984; Kuivila et a. 1989). The activity of
sulfate-reducing bacteria peaked at 5-13 cm depth and there
equaled the contribution from microbial iron reduction,
which implies that iron- and sulfate-reducing bacteria co-
existed.

The kinetics of microbial SO2~ reduction can be approx-
imated by Michaelis-Menten kinetics:

~ Va
K, +a

\%

)

where v is the SOZ- reduction rate, V' is the apparent max-
imum reduction rate, a is the concentration of SO3-, and
K;, is the apparent half-saturation constant. Nonlinear re-
gression of SO2- reduction rates against SO;~ concentrations
yielded a K’,, of 30 = 13 umol L-* (=SE). However, this
must be regarded as an upper estimate because of a potential
influence of decreasing C,,, availability with depth on sulfate
reduction rates. Our K, is, however, similar to values from
other freshwater sediments (Roden and Tuttle 1993; Urban
et a. 1994), although it is higher than the K., of 5 wmol L—*
determined for pure cultures of the freshwater sulfate reducer
Desulfovibrio vulgaris (Ingvorsen and Jargensen 1984). This
general difference may be explained by a range of SOz~
affinities in the natural population of sulfate reducers.

The electron acceptor responsible for the low rates of
3,.CO, production below 13 cm could not be determined with
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certainty. The absence of methanogenesis in the deeper part
of the investigated sediment layers suggested that iron- or
sulfate-reducing bacteria were still active and efficiently out-
competed methanogenic bacteria (Ingvorsen and Jargensen
1984; Lovley and Phillips 1987; Chidthaisong and Conrad
2000). Sulfate reduction was not a likely candidate, because,
at these depths, sulfate was depleted to a stable background
level, and, during the incubations, X CO, production was not
balanced by sulfate consumption (Fig. 2C; see also “‘Re-
sults”). Although no gradient in extractable Fe(l11) was ob-
served, the liberation of Fe** to the pore water (Fig. 1E)
indicated a possible involvement of Fe reduction. In addition
to the extracted Fe(I11), Fe(l1l) in crystalline oxides or clays
may also support Fe reduction (Kostka and Luther 1994,
Kostka et al. 1999).

Bioturbation and Fe cycling—On reduction in anoxic sed-
iment layers, dissolved Fe** and Mn?* are liberated and
transported toward the oxic zone by diffusion or irrigation
and here reoxidized, forming solid metal oxides (Fig. 3A,B).
Furthermore, a large fraction of Fe(ll) and Mn(ll) is ad-
sorbed to particles or bound in solid phases in, for example,
carbonates or sulfides, which are transported to the oxic zone
by the reworking activity of infauna. Besides bioturbation,
some particle reworking may aso occur by resuspension
events during thermal mixing of the lake (Eadie et al. 1984).

The transport of Mn, Fe, and S within the sediment can
be quantified under the assumption of a diffusional move-
ment of sediment particles described by a biodiffusion co-
efficient (Dg), which can be estimated from mass-balance
calculations based on depth distributions and reaction rates
of solid components. Thus, at steady state, the vertical flux
of C,, a a given depth within the sediment equals the sum
of underlying C,, oxidation and permanent burial of C,,.
The consumption of C,, supported by the burial flux of C,,
in a given depth interval is equal to the difference in burial
flux (AC,) at the top and bottom of this interval (e.g., Boud-
reau 1997):

AC:b(x:l-i X2) = Bxl(l - ¢xl)wx1 - sz(l - ¢x2)wx2 (3)

where ¢ is porosity, B is the concentration of C, in solids,
and o the sediment accumulation rate in cm yr=* (Berner
1980b):
N
P R )
ps(1 = &)

where 9 is the rate of sediment flux to the surface, here
0.027 g cm=2yr=1, and p, is the bulk density of 2.45 g cm—3.
In the upper sediment layers, the contribution of AC, to the
depth-integrated >.CO, production rate, R ,(2CO,), was neg-
ligible, whereas burial could support the low carbon min-
eralization rates measured in the deepest layers (AC, < 25
nmol cm~2 d-%; Fig. 4A). Thus, bioturbation strongly dom-
inated the POC flux near the sediment surface, whereas it
was of little importance deeper in the sediment. Using an
approach similar to that of Berner and Westrich (1985) and
Thamdrup et al. (1994), a biodiffusion coefficient (Dg) can
be estimated from the difference between AC, and
R(2CO,). At steady state, the C,, oxidation rate supported
by the diffusive flux of C,, in a given depth interval is the

w
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difference between the flux in at the top and the flux out at
the bottom (e.g., Boudreau 1997):

Ryo(2CO,)(x1, x2) = (1 — ¢x2)DBvX2<ccjj_S>

SRR O

and, thus,
R.(2CO,) = AC, + R,,(2CO,) (6)

Consistent with the good agreement between the measured
C,, oxidation rate and the supported buria in the deepest
sediment layers (Fig. 4A), we assume that Dg(L) = 0, where
L = 17 cm—that is, the bottom of the deepest section ana-
lyzed. Thus,

Ryo(2CO,)(x, L) = —(1 - ¢X)DB'X<$) @)
and inserting into Eq. 6 and rearranging:
D,(x) = AC,(x, L) — — (€02 ©

a- as)(f'jf)

Values of Dy calculated this way are shown in Fig. 4B and
indicate decreasing mixing with depth to 6 cm, where Dy
was <0.002 cm? d~*. A single negative Dy in the mixed layer
was caused by a slight wobble in the profile of C,, (see Fig.
3D) and emphasizes the sensitivity of the approach to small
inaccuracies in C,,, determination. The sediment mixing co-
efficients are in accordance with previous determinations
from depth distributions of 2°Pb and **’Cs activity in the
upper 2 cm of a comparable sediment in Lake Huron (Chris-
tensen and Bhunia 1986) and are also in accordance with
the general relationship between D, and buria velocity (w)
from aguatic environments (Boudreau 1994). Furthermore,
the mixing depth approximates the average mixing depth in
Lake Michigan of ~4 cm (Robbins and Edgington 1975)
and corresponds to the depth where AVS and CRS started
to accumulate and Mn?+ liberation ceased, which implies
that Mn oxides have been depleted (Fig. 3A,C).

Analysis of the 2°Pb distribution at the Fox Point site was
performed by Fitzgerald (1989), and on the basis of these
data, Dy can be estimated by using a steady-state constant
porosity model (Eq. 9), as described by Mulsow et al.
(1998). Linear regression after log transformation of the ex-
cess 29Ph distribution yielded a minimum Dg of 0.07 cm?
d-* in the upper 3 cm (slope — 1 SD), and Dy < 0.001 cm?
d~* in the deeper zone to 8 cm. Hence, a nearly similar trend
and similar magnitudes of mixing coefficients were obtained,
compared with the Dy estimates based on C,, flux and ox-
idation rate.

In the mixed zone from 1 to 6 cm depth, steep gradients
of Mn and Fe(lll) indicated considerable reduction rates,
and, using a mean of the positive Dy values (Fig. 4) while
assuming that mixing coefficients of POC and metal oxide—
containing minerals are the same, fluxes can be calculated
from the concentration gradients (Boudreau 1997):
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Table 4. Calculated average biodiffusion coefficient (Dg; Eq. 8, n=4) in the mixed layer, based on 3CQO, production and C
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distribution.

org

Fluxes (Jg) of C,, and solid-phase Mn, Fe, and S are calculated from linear regression of the maximum gradients in the mixed zone at 1—

6-cm depth and were compiled according to Eq. 9.

Depth
interVa' DB Fe(l I)HCI +CRS Fe(l l I)oxalate
(cm) (cmaed-1) MnNpca (mmol m-2d-?) Cog
1-6 0.017 —0.361 0.881 —1.348 —3.367
dB rate (Tables 1, 3), which implies that reoxidation was ex-
Jg=—(1 - ¢)D5(d—> (9) tremely efficient and was twice as fast as consumption. The
X observed SO~ efflux cannot be a persistent phenomenon but

The resulting fluxes of solid phase Mn, Fe(lll), Fe(ll), re-
duced sulfur compounds, and POC are given in Table 4.
Concentrations of Fe(ll) were calculated as Fe(ll),o + 0.5
X CRS, which assumes that all CRS represented pyrite,
FeS,. Pyrite is not extracted by the HCI extraction.

The reduction of Fe(lll) estimated from the gradient ap-
proximately balanced the Fe(ll) production (Fig. 3B, Table
4). These Fe fluxes were three to four times lower than both
the calculated C,, flux and the integrated carbon oxidation
rate coupled to iron reduction (Table 3). This ratio is not in
agreement with the 4:1 ratio of Fe(lll): CO, expected for
organotrophic iron reduction (Roden and Wetzel 1996).

This discrepancy could also be illustrated through calcu-
lations of biodiffusion coefficients based on the Fe(l11) dis-
tributions and microbial iron reduction rates similarly to
those described for C,, distributions and C,, oxidation rates
(Egs. 3-8). The depth distribution of iron reduction rates was
derived from the rates of carbon oxidation not coupled to
sulfate reduction in the 2-10 cm depth interval (Fig. 2D)
under the assumption of a4:1 Fe(ll1) : CO, ratio for thistype
of respiration (Roden and Wetzel 1996). The calculations
yielded values of Dy of 0.11-0.31 cn? d-* to 9 cm depth.
Several factors may contribute to the discrepancy between
C,,~ and Fe(ll1)-based Dg vaues: iron gradients may be in-
fluenced by reoxidation below the stable oxic/anoxic inter-
face, iron may be transported by other mechanismsthan C,,
or our steady-state assumptions may not be valid for the
depth distribution of the solid species. A non-steady-state is
indicated for sulfur diagenesis (see below), and this factor
is likely to explain much of the discrepancy.

Cycling of Mn and S—Below the oxic zone, Mn oxides
are suitable electron acceptors for both microbial carbon ox-
idation (Thamdrup 2000) and the abiotic oxidation of re-
duced iron and iron sulfides, FeS and FeS, (Postma and Ap-
pelo 2000; Schippers and Jergensen 2001). The lack of
accumulation of Fe(Il), AVS, and CRS in the anoxic, Mn-
enriched zone from ~2 to 4 cm suggested that the oxidation
of Fe(ll) and sulfides could be coupled to Mn oxide reduc-
tion (Fig. 3A,C). Comparison of the calculated fluxes of Mn,
and Fe(ll),o + CRS (Table 4) shows that Mn oxides in the
mixed zone could be used exclusively for abiotic reoxidation
of Fe(ll) and iron sulfides. Such a conclusion has aso been
reached for severa marine sediments (Canfield et al. 1993b;
Aller 1994). The residence time of SO;~ in the sediment with
respect to reduction was only 21 d (SO3~ inventory/S03-
reduction rate), but the net efflux equaled the SO%~ reduction

suggests that AVS and CRS pools may have accumulated
during spring and summer and are reoxidized and recycled
back to the water column during fall. This emphasizes that
bioturbation is also important for sulfur diagenesis and
supports SO3~ reduction as a significant carbon oxidation
pathway in deeper sediment layers. McKee et al. (1989) ob-
served similar non—steady-state Mn?* pore water distribu-
tions in Lake Superior during the same period. However,
seasonal studies in Lake Michigan are needed to further elu-
cidate the diagenesis and burial of Mn, Fe, and S and pos-
sible fluctuations in their relative role as electron acceptors
for the microbial decomposition of organic matter.

Below the sediment mixing depth, both AVS and CRS
accumulated where SOz~ reduction was active (Figs. 2C,
3C). The decrease in AVS and CRS toward greater depths
cannot be explained by reoxidation. Instead, the full depth
distribution can be interpreted as evidence of stimulated
SOz~ reduction during the past ~200 yr, which implies that
SOz~ reduction rates were low and approximately balanced
with reoxidation rates at the beginning of the industrial rev-
olution, in the 18th century (Mitchell et al. 1988). At this
time, the open-water SOz~ concentrations were ~60 umol
L-1, but they increased during the 19th century, to modern
concentrations of 180-250 umol L-* (data extracted from
STORET, Environmental Protection Agency, USA; http://
www.epa.gov/storet/ and Beeton 1969), which may have
stimulated SO3~ reduction, leading to higher accumulation
rates of FeS and FeS,. Allochthonous SOz~ may derive from
anthropogenic atmospheric S deposition (e.g., Mitchell et a.
1988). Increasing SO%~ reduction rates are known to enhance
the release of PO~ in lake sediments, which may further
contribute to eutrophication of the lake (Roden and Edmonds
1997).

In conclusion, our study shows that microbial Fe reduction
can be a major respiratory process in profundal lake sedi-
ments, contributing 44% of the carbon oxidation in the pre-
sent case. The important prerequisites for this contribution
are (1) a high content of iron involved in redox cycling; (2)
a moderate flux of organic matter, with little more than an
unreactive residue remaining at the bottom of the Fe reduc-
tion zone; and (3) intense bioturbation of the sediment to
~6 cm depth, which recycles Fe(ll) to oxidation and buries
reactive organic matter and Fe(l1l) in the anoxic sediment.
Bioturbation was also important for the cycling of Mn and
S. The role of the manganese cycle appeared mainly to be
a shuttling of electron equivalents from Fe(ll) and reduced
S to oxygen, whereas sulfate reduction, although suppressed
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above 5 cm depth, accounted for 19% of the carbon oxida-
tion. As aresult of the efficient coupling of carbon oxidation
to Fe and sulfate reduction, methanogenesis was insignifi-
cant, and the partitioning of carbon oxidation among ter-
minal electron acceptors resembled marine continental shelf
sediments and contrasted with many freshwater sediments,
where methanogenesis is an important pathway (Oremland
and Capone 1988; Thamdrup 2000).

The profundal sediment is an important compartment in
the carbon cycle of the lake. Thus, the input of C,, to the
sediment corresponded to 27% of the primary production,
and the half-life of organic matter mineralized in the oxic
zone was 0.06 yr, which was similar to mineralization during
sinking through the water column. Below the bioturbated
zone, carbon oxidation kinetics were more than two orders
of magnitude slower, and 21% of the organic matter that
reached the lake floor was permanently buried.

The amphipod Diporeia sp. appears to be an important
agent for the bioturbation and to profoundly influence the
biogeochemistry of carbon, manganese, iron, and sulfur.
Densities of Diporeia in Lake Michigan have decreased dur-
ing recent decades, presumably owing to competition for
food sources from the invading filter-feeding mussel Dreis-
sena polymor pha, which inhabits nearshore sediments (Na-
lepa et al. 1998; Madenjian et al. 2002). A decrease in bio-
turbation intensity brought by from decreasing numbers of
Diporeia might substantially alter the partitioning of carbon
oxidation pathways in the sediment, in particular diminish-
ing the role of iron reduction and possibly favoring methan-
ogenesis. We cannot presently predict such changes with any
accuracy, but this perspective emphasizes the variety of the
information needed to understand the regulation of carbon
oxidation pathways in any given sediment.
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