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Abstract

Extracellular enzymatic hydrolysis of high-molecular weight organic matter is the initial step in sedimentary organic car-
bon degradation and is often regarded as the rate-limiting step. Temperature effects on enzyme activities may therefore exert
an indirect control on carbon mineralization. We explored the temperature sensitivity of enzymatic hydrolysis and its connec-
tion to subsequent steps in anoxic organic carbon degradation in long-term incubations of sediments from the Arctic and the
North Sea. These sediments were incubated under anaerobic conditions for 24 months at temperatures of 0, 10, and 20 °C.
The short-term temperature response of the active microbial community was tested in temperature gradient block incuba-
tions. The temperature optimum of extracellular enzymatic hydrolysis, as measured with a polysaccharide (chondroitin sul-
fate), differed between Arctic and temperate habitats by about 8-13 °C in fresh sediments and in sediments incubated for
24 months. In both Arctic and temperate sediments, the temperature response of chondroitin sulfate hydrolysis was initially
similar to that of sulfate reduction. After 24 months, however, hydrolysis outpaced sulfate reduction rates, as demonstrated
by increased concentrations of dissolved organic carbon (DOC) and total dissolved carbohydrates. This effect was stronger at
higher incubation temperatures, particularly in the Arctic sediments. In all experiments, concentrations of volatile fatty acids
(VFA) were low, indicating tight coupling between VFA production and consumption. Together, these data indicate that
long-term incubation at elevated temperatures led to increased decoupling of hydrolytic DOC production relative to fermen-
tation. Temperature increases in marine sedimentary environments may thus significantly affect the downstream carbon min-
eralization and lead to the increased formation of refractory DOC.
© 2010 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

Recent research on global climate change has shown
that some of the most pronounced increases in temperature
are expected to occur in the Arctic regions (Anisimov et al.,
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2007). Over the period 1920-1998, seasonal temperatures in
the Arctic archipelago of Svalbard have gradually increased
(winter +1 °C, spring and summer +0.5 °C, autumn 0.0 °C;
Hanssen-Bauer, 2002). Warming by as much as 34 °C has
been predicted for the Arctic surface temperatures over the
next century (Moritz et al., 2002), with consequences for en-
hanced nutrient and carbon runoff, changes in sea ice cov-
erage, air-sea CO, exchange, and primary production in
Arctic shelves (Loeng et al., 2005; Denman et al., 2007).
Almost 50% of the Arctic Ocean is in water depths less
than 50 m (Jakobsson et al., 2003) so that a large fraction
of organic matter exported from the euphotic zone reaches
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the seafloor. In shelf sediments, anaerobic pathways may
comprise between 30% and 90% of the mineralization of
organic matter to CO, (Canfield et al., 1993). In sediments,
benthic microbial communities enzymatically hydrolyze or-
ganic substrates to sizes sufficiently small (ca. 600 Da; Benz
and Bauer, 1988) to permit uptake. The hydrolysis products
are subsequently fermented, mainly to low-molecular
weight organic compounds such as volatile fatty acids
(VFA) (Capone and Kiene, 1988), and then oxidized to
CO,. Since burial of organic carbon in the Arctic Ocean
may account for ca. 7-11% of the global budget (Stein
and Macdonald, 2004), understanding the temperature re-
sponse of carbon production, recycling, and preservation
in Arctic sediments is crucial for prediction of the effects
of climate change on the global carbon cycle (Belicka
et al., 2002).

Because benthic microbial communities in Arctic sedi-
ments include psychrophilic organisms that are well-
adapted to cold conditions (e.g., Knoblauch and Jergensen,
1999), the response of Arctic sedimentary microbial com-
munities to temperature changes can best be investigated
by comparison with temperate sedimentary communities.
Microbial communities that experience a considerable tem-
perature range on an annual basis may respond differently
to warming than Arctic communities. Furthermore, long-
term changes in temperature may lead to shifts in microbial
community composition, such that numerically minor
members of a community that are more tolerant to higher
temperatures may become dominant given sufficient time,
and their carbon cycling capabilities could then dictate
the response of the net community (e.g., Robador et al.,
2009). In order to investigate such a possibility, long-term
rather than short-term experimental temperature shifts are
required.

Temperature response profiles of polysaccharide hydro-
lysis and sulfate reduction in freshly-collected permanently
cold and seasonally changing sediments have shown that
under in situ conditions, there is a close coupling between
these two key phases of organic matter degradation (Arnos-
ti et al.,, 1998). Comparative studies from temperate and
Arctic sediments (Arnosti and Holmer, 2003; Briichert
and Arnosti, 2003; Arnosti and Jergensen, 2006) of the ini-
tial and terminal steps of organic carbon degradation sug-
gested that turnover of carbon through the dissolved pool
occurs quite rapidly. Moreover, an experimental study of
the effect of sudden temperature changes on the robustness
of this coupling showed a strong balance over a tempera-
ture range that exceeds environmental conditions of both
temperate and Arctic marine sediments (Finke and Jorgen-
sen, 2008). An investigation of sulfate reduction in Arctic
and temperate sediments carried out concurrently with this
study, however, showed that long-term temperature in-
creases may have a pronounced effect on rates of sulfate
reduction as well as on the composition of the sulfate-
reducing community, and therefore on the extent to which
organic matter is recycled or preserved in marine sediments
(Robador et al, 2009).

In this study, the temperature sensitivity of enzymatic
hydrolysis in Arctic and temperate marine sediments was
investigated using a polysaccharide substrate, because

carbohydrates are major components of both particulate
and dissolved organic carbon in sediments (Arnosti and
Holmer, 1999). The polysaccharide, chondroitin sulfate,
was selected since previous work has strongly suggested
that the enzymes hydrolyzing this polysaccharide are in-
duced in Arctic as well as temperate sediments (Arnosti,
2000, 2004; Briichert and Arnosti, 2003), providing the
means of probing the enzyme-producing capabilities of a
microbial community after prolonged incubation at differ-
ent temperatures, as well as the characteristics of the en-
zyme itself. By measuring activities of an enzyme
produced in direct response to substrate addition, it is pos-
sible to determine whether the characteristics of the en-
zymes produced by a microbial community change as a
result of long-term incubation. Moreover, the activity of
the enzyme hydrolyzing chondroitin sulfate exhibits psy-
chrophilic characteristics, with the lowest temperature opti-
mum reported to date among enzymes active in marine
sediments (Arnosti and Jergensen, 2003).

Measurements of the initial hydrolytic step were com-
pared with concentrations of dissolved organic carbon
(DOC), total dissolved carbohydrates, and volatile fatty
acids (VFA), key intermediates in carbon degradation path-
ways, in order to more closely examine steps preceding ter-
minal remineralization, and to determine their responses to
long-term temperature shifts. Long-term responses to dif-
ferent temperature regimes may differ from short-term re-
sponses, since an incubation of 24 months is equivalent to
many microbial generations, providing the opportunity to
observe the consequences of any changes in microbial com-
munity function and structure over longer timescales.

2. METHODS
2.1. Sampling and experimental set-up

Two sets of sediments were collected, one from a perma-
nently cold region (Svalbard, Arctic Ocean, 79°42'N,
11°05E; sediment temperature typically around 0 °C) col-
lected in 2004, and sediments from a temperate region
(Wadden Sea, German Bight, 53°27'N, 08°07'E; sediment
temperature typically +3 to +20 °C), collected in 2005. Sam-
pling sites are described in further detail in Robador et al.
(2009).

Sediment from both sampling sites was maintained
anaerobically in gas-tight bags stored at 0, 10, and 20 °C
after collection. **S-sulfate reduction rates were measured
in these sediments upon collection, and then periodically
during the 24 months of incubation, as reported in
Robador et al. (2009). Total prokaryotic cell numbers were
counted by 4',6-diamidino-2-phenylindole (DAPI) staining.
Bacteria, as well as specific groups of sulfate-reducing bac-
teria (SRB), were quantified using catalyzed reporter depo-
sition fluorescent in situ hybridization (CARD-FISH) at the
same time intervals, as reported in Robador et al. (2009). In
order to avoid sulfate limitation of carbon remineralization
during the 24-month incubation, sulfate was added to the
bags to reconstitute in situ concentrations whenever concen-
trations decreased to 3-5 mM. Extracellular enzymatic
hydrolysis rates were measured as a function of tempera-
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ture after 24 months of sediment incubation. Additionally,
fresh sediment was collected in 2007 from both sampling
sites and used as a reference for temperature responses of
enzymatic hydrolysis. The sampling procedure was similar
to that described in Robador et al. (2009). Concentrations
of VFA, DOC, and total dissolved carbohydrates were
measured in fresh sediments as well as in sediments incu-
bated for 24 months.

2.2. Hydrolysis rate measurements

Chondroitin sulfate hydrolysis was measured using fluo-
rescently-labeled chondroitin sulfate (sulfated polymer of
N-acetyl galactosamine and glucuronic acid, My
~200 kDa, Fluka; Arnosti, 1996, 2003). Chondroitin sul-
fate was labeled by the method of Glabe et al. (1983), as
modified by Arnosti (1995, 2003). Sediments from experi-
mental bags were homogenized by manual kneading and di-
luted 1:1 with anoxic artificial seawater for incubation in a
temperature gradient block (see below). Artificial seawater
was prepared anaerobically as described by Widdel and
Bak (1992). Sediment slurries were purged with N, and
5 ml of slurry were transferred into Hungate tubes, which
were also gassed with N, according to the Hungate tech-
nique (Bryant, 1972) and sealed with butyl rubber stoppers.
Hungate tubes containing only anoxic artificial seawater
were prepared to serve as thermal controls. Hungate tubes
were immediately placed in the wells of the temperature
gradient block and pre-incubated for approximately 4 h
to allow them to equilibrate to the block temperatures.
The block was cooled to —1.5°C at one end and heated
to +37.4 °C yielding temperature increments between wells
of approximately 1.5 °C. After 4 h, for each experiment
chondroitin sulfate (a single concentration of 10100 ul vol-
ume) was added to each tube for a final concentration of
25-250 nmol monomer ml~!' sediment. In all cases, the
added concentration most probably oversaturated the en-
zymes such that rates are zero-order with respect to sub-
strate concentration (see Arnosti 1995, for further
discussion).

After an incubation period of 63 h for the Arctic and 6—
24 h for the temperate sediments, the tubes were centrifuged
and porewater was filtered through 0.2 um pore size surfac-
tant-free cellulose acetate syringe filters, then frozen and
stored at —20 °C until further processing. Incubation times
for Arctic sediments were selected based on previous exper-
iments (Arnosti and Jergensen, 2003). Several incubation
times were tested for temperate sediments. In order for
activity to be detected, a fraction of the added substrate
must be hydrolyzed to molecular weights within the size res-
olution range of the gel permeation chromatography sys-
tem. Since enzyme activities vary as a function of
temperature, substrate hydrolysis for temperate sediments
incubated at 10 and 20 °C was essentially complete at the
temperatures bracketing the optimum temperature (7p)
by the time activities were detected at lower temperatures.
This phenomenon accounts for the flattened shape of the
Tope for temperate sediments incubated at 10 and 20 °C;
samples incubated for 10h showed a sharper T, at
30 °C, but hydrolysis particularly at temperatures below

15 °C was not well resolved. Changes in the size distribution
of the fluorescently labeled chondroitin sulfate relative to a
killed (autoclaved) control were determined using gel perme-
ation chromatography. Hydrolysis rates were calculated
from the changes in size distribution, as described in Arnosti
(2003). Triplicate tubes were incubated in parallel wells (at
the same temperature) at four points along the temperature
gradient block in order to investigate reproducibility of
hydrolysis rates. All data (including replicate measurements)
are shown in Figs. 1 and 2.

2.3. Carbohydrate concentration measurements

Carbohydrate concentrations in porewater were analyzed
using the 2.4,6 tripyridyl-s-triazine (TPTZ) method (Mykles-
tad et al., 1997). Total carbohydrates were measured after
acid hydrolysis to convert combined carbohydrates to mono-
saccharides. Following the hydrolysis procedure of Burdige
et al. (2000), samples were amended with H,SO4 to a final
concentration of 1.2 M, heated to 100 °C for 3 h, and neu-
tralized with NaOH. Concentrations were calculated from
glucose standards that had been subjected to the same hydro-
lysis protocol. Carbohydrate concentrations are expressed in
UM units of carbon, assuming that one carbohydrate repre-
sents 6 C atoms (i.e., all carbohydrates are hexoses).

2.4. Volatile fatty acids (VFA)

The low-molecular weight fatty acids glycolate, lactate,
acetate, formate, propionate, butyrate, and isobutyrate
were measured by HPLC as derivatives of 2-nitro-
phenylhydrazide after pre-column derivatization (Albert
and Martens, 1997). Samples for fatty acid analysis were
stored in brown Teflon-capped borosilicate glass vials
(cleaned and then combusted at 480 °C for 6 h) and kept
frozen until analysis. The fatty acids were derivatized with
2-nitrophenylhydrazine and injected onto an HPLC system
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Fig. 1. Hydrolysis rates of chondroitin sulfate determined from the
temperature-gradient incubation experiment of fresh Arctic and
temperate sediments.
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consisting of a Sykam 1121 HPLC pump, connected to a
20 x 4mm ID LiChrosphere RP-8 5 pum guard column
and a 250 x 4 mm ID LiChrosphere RP-8 column, both
kept at 25 °C in a Jetstream Plus column oven. Peaks were
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detected with a Linear UVIS UV detector set at 400 nm.
Concentrations were determined after calibration with stan-
dard mixtures containing glycolate, formate, lactate, ace-
tate, propionate, isobutyrate, butyrate, and valerate. A
standard was measured after every fifth sample. The detec-
tion limit of the method was 200 nM. Integration was per-
formed with a Eurochrom 2000 Integration package.

2.5. DOC measurements

DOC concentrations were determined in porewater sam-
ples using a Shimadzu TOC 5050A total organic carbon
analyzer equipped with an ASI 5000 autosampler (Shima-
dzu, Kyoto, Japan). In short, diluted samples (1:4) were
acidified to pH 2 with 2 M HCI and purged with CO,-free
carrier gas for 5 min at a flow rate of 125 ml min~!, to re-
move inorganic carbon, and subsequently combusted to
CO, in the internal furnace, filled with an oxidation catalyst
and heated to 680 °C. The combustion products were car-
ried into the detection cell by high purity CO,-free gas
through an electronic dehumidifier for removal of water va-
por followed by a sub-micron particle filter. CO, generated
from the combusted carbon was detected in a non-disper-
sive infrared gas analyzer. DOC concentrations of the sam-
ples are proportional to the peak area count and are
calculated using standard solutions of potassium hydrogen
phthalate.

3. RESULTS

In fresh sediments, the T, of chondroitin sulfate hydro-
lysis were 22 and 26 °C for the Arctic and temperate sedi-
ments, respectively (Table 1 and Fig. 1). In the Arctic
sediments, the hydrolysis rate decreased abruptly above
22.1 °C from 1.4 nmol monomer cm > h~! to 0.2-0.4 nmol
monomer cm > h™!, whereas in the temperate sediments
the T,p was broader and the rate at the 7, was only
0.6 nmol monomer cm > h™!. After 24 months, the Tope of
Arctic sediments incubated at 0, 10, and 20 °C were 19.4,
17.3, and 23.5 °C, respectively, little different from the initial
conditions (Table 1 and Fig. 2). Compared to the fresh
sediment, rates of hydrolysis at T, after 24 months of
incubation were similar at 0 °C (1.4 and 1.3 nmol mono-
mer cm > h™!, respectively), but decreased to 0.9 nmol
em ™ h™! for sediment incubated at 10 °C, and to 0.3 nmol
monomer cm > h™! for sediments incubated at 20 °C. The
temperature response of chondroitin sulfate hydrolysis for
the Arctic sediments incubated for 24 months thus showed
a decrease in the maximum rate, but an overall similar tem-
perature profile.

For the temperate sediments, higher incubation temper-
atures did not change the T, which remained in the range
of 30.4-31.8 °C for all treatments (Table 1 and Fig. 2). The
need for longer incubation times to detect activity at tem-

<

Fig. 2. Hydrolysis rates of chondroitin sulfate determined from the
temperature-gradient incubation experiment for the Arctic and
temperate sediments after 24 months of incubation at (A) 0 °C, (B)
10 °C and (C) 20 °C.
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Table 1
Hydrolysis activities determined in the temperature-gradient incubations.
Sediment type  Incubation time Incubation temperature Maximum hydrolysis rates (nmol Topi* (°C)
(months) (°C) monomer cm > h™')
Arctic Fresh 0 1.4 22.1
0 1.3 19.4
24 months 10 0.9 17.3
20 0.3 23.5
Temperate Fresh 10 0.6 31.8
0 0.9 30.4
24 months 10 0.7 30.4
20 0.6 31.8

# Temperature at which maximum hydrolysis rates were measured.

peratures below 15 °C flattened the profile near the T, for
sediments incubated at 10 °C and 20 °C (see Section 2).
After 24 months of incubation at 0 °C, hydrolysis rates at
the T, were on average slightly higher compared to the
fresh sediment, but remained nearly unchanged in the 10
and 20 °C incubations (Table 1 and Fig. 2). Sediments incu-
bated for 24 months at 10 and 20 °C, however, had lower
hydrolysis rates in the range 0-15°C compared to sedi-
ments that had been incubated at 0 °C for 24 months.

3.1. Dissolved porewater constituents

Concentrations of DOC were quite similar in fresh Arc-
tic and temperate sediments, 2701 uM C and 2256 uM C,
respectively. After 24 months of incubation, DOC concen-
trations increased in proportion to incubation temperature
(Fig. 3). At 20 °C, DOC in Arctic and temperate sediments
was more than three times higher than in the fresh sedi-
ment, 9490 uM C in Arctic sediments and 7002 uM C in
temperate sediments (Fig. 3).
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Contributions of total carbohydrates to DOC differed
between the Arctic and temperate sediments (Fig. 3). In
Arctic sediment, total carbohydrates initially constituted
2.9% of DOC, whereas the average initial concentrations
of total carbohydrates in temperate sediments were 28%
of DOC. The contribution of carbohydrates to DOC in-
creased systematically with increasing temperature in Arctic
and temperate sediments. Total dissolved carbohydrates in
Arctic sediments constituted 14% of DOC after 24 months
at 20 °C (Fig. 3). In the temperate sediment, the contribu-
tion of carbohydrates to DOC was highest at the highest
incubation temperature (32%). The dissolved carbohydrate
concentrations therefore increased in both absolute and rel-
ative terms at higher incubation temperatures.

VFA concentrations were low irrespective of the differ-
ences observed with varying temperatures (Fig. 4). Only
lactate, acetate and formate were present in quantifiable
concentrations (Fig. 4). Propionate, isobutyrate and valer-
ate were also detected but at concentrations too close to
the detection limit (200 nM) for accurate quantification.
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Fig. 3. Dissolved organic carbon (DOC) and dissolved carbohydrate concentrations in fresh sediments and in the 0, 10, and 20 °C experiment
bags after 24 months of incubation of the Arctic and the temperate sediment. Bars show mean values and deviations of duplicate
measurements of DOC. Measurements of dissolved carbohydrates were made in triplicate; bars show standard deviations in measurements of

dissolved carbohydrates.
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Fig. 4. Volatile fatty acid concentrations in the fresh sediments and in the 0, 10 and 20 °C experimental bags after 24 months of incubation of
(A) the Arctic and (B) the temperate sediment. Error bars show mean values of duplicate measurements.

In the Arctic sediment, concentrations of all VFA’s
including acetate were higher in the fresh sediments than
after 24 months (Fig. 4A). In temperate sediment, concen-
trations of formate in fresh sediments and of acetate after
24 months of incubation at 0 and 10 °C were also relatively
higher. VFA’s, however, represented just a small portion of
DOC (between 0.2% and 3%).

4. DISCUSSION

4.1. Temperature response of enzymatic hydrolysis to long-
term incubation

Measurements of hydrolysis rates as a function of tem-
perature can yield basic information about the characteris-
tics of enzymes, including 7. This approach is a valuable
means of probing the role of enzymes in organic carbon
degradation, since individual hydrolytic enzymes have so
far not been isolated from sediments, thereby precluding
specific biochemical measurements. Since the identities of
organisms producing extracellular enzymes in sediments
are largely unknown, molecular techniques cannot be used
to investigate the relationship between microbial commu-
nity structure and enzyme activities.

Although the T, of some extracellular enzymes exceeds
the T, for growth of the organisms and even the temper-
ature at which the organisms can survive (Feller et al., 1992;
Burini et al., 1994), T, is a useful parameter to character-
ize enzymes in the environment, since psychrophilic organ-
isms typically express enzymes with lower T, than do
closely-related mesophilic organisms (Feller and Gerday,
2003). Moreover, changes in enzyme T, imply changes
in the structural characteristics of enzymes such as thermal
stability (D’Amico et al., 2002). After incubation at 0, 10,
and 20 °C, the T,y of extracellular enzymatic hydrolysis
changed little, with Arctic sediments showing a T, of
17.3-23.5 °C (Table 1 and Fig. 2). The T, range and the

shape of the temperature response profile for the Arctic sed-
iments is close to that reported (ca. 15-18 °C) in a previous
investigation of chondroitin hydrolysis in Arctic sediments
collected from a different fjord in Svalbard (Arnosti and
Jorgensen, 2003). Temperate sediments showed a consider-
ably higher T, centered around 30 °C (Table 1 and Fig. 2).
The persistence of the T, suggests that the temperature
characteristics of the extracellular enzymes produced in
these sediments in response to the addition of chondroitin
sulfate were more closely related to the original temperature
of the sediment than to the temperature of sediment incuba-
tion, and the nature of this response changed little after
24 months of incubation.

The consistency in temperature response of enzymatic
hydrolysis after long-term incubation contrasts with the re-
sponse observed for sulfate reduction in Arctic sediments.
After 24 months of incubation at 10 and 20 °C, the temper-
ature optimum of sulfate reduction increased by 5 and 8 °C
in Arctic sediments, respectively, relative to the 0 °C incu-
bation (Robador et al., 2009). The temperature response
of temperate sediments, however, remained unchanged
after 24 months incubation at 0, 10, and 20 °C. The change
in temperature response of sulfate reduction for the Arctic
sediments was also accompanied by a shift in the commu-
nity composition of sulfate reducers, as demonstrated by
CARD-FISH, whereas the temperate sediments showed
no change (Robador et al., 2009).

Arctic sediments incubated for 24 months at 0°C
showed little difference in hydrolysis rates at the T, rela-
tive to fresh sediments (Table 1 and Fig. 2). At elevated
temperatures, however, potential hydrolysis rates measured
at T, declined, suggesting that either the absolute quantity
or the catalytic efficiency of enzymes produced in response
to substrate addition (and incubation in the temperature
gradient block) had changed relative to sediments incu-
bated at 0 °C. Such a decline could be due to decreasing
numbers of organisms capable of producing suitable extra-
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cellular enzymes. Cell counts support this possibility, since
the microbial populations of Arctic sediments incubated at
10 and 20 °C for 24 months declined, 17-46%, respectively,
relative to initial numbers (Fig. 5).

For temperate sediments, hydrolysis rates at the Ty
were similar for the fresh sediments and sediments incu-
bated for 24 months (Table 1 and Fig. 2). This consistency
could be due to the fact that the experimental temperature
span was within the natural temperature range of these sed-
iments. Although cell counts did not decline greatly over
time in the temperate sediment (Fig. 5), absolute hydrolysis
rates at the lower end of the temperature range were af-
fected by prolonged incubation at higher temperatures.
Sediments incubated for 24 months at 10 and 20 °C and
then incubated briefly (24 h) in the temperature gradient
block at temperatures below 10 °C were considerably lower
than rates measured in sediments incubated for 24 months
at 0 °C. This difference was even discernable for the hydro-
lysis rates up to 20 °C, suggesting that prolonged incuba-
tion at elevated temperature adversely affected the low-
temperature capacity of the microbial community to re-
spond to substrate addition.

4.2. Carbon cycling under changed temperature regimes:
evidence of decoupling

Long-term incubation at temperatures of 0, 10, and
20 °C facilitates comparison of the temperature dependency
of different steps in carbon remineralization pathways, and
their effects on carbon inventories in Arctic and in temper-
ate sediments. Investigations of carbon cycling pathways
are limited in part by our inability as a community to mea-
sure specific processes with precision, including turnover
times of many intermediate pools. Nonetheless, a compari-

son of the rates of initial and terminal steps in anaerobic
carbon cycling with the concentrations of intermediate
pools reveals information about possible rate-limiting steps
in carbon transformations.

A comparison of DOC concentrations in fresh sediments
with the sediments incubated for 24 months shows clear
signs of changes in carbon transformation pathways.
DOC is a critical intermediate, since DOC concentrations
reflect the net balance between solubilization/hydrolysis of
particulate organic carbon (POC) and consumption of
DOC via transformation (e.g., hydrolysis of high-molecular
weight DOC to low-molecular weight DOC, fermentation
of low-molecular weight DOC to VFA’s) and terminal oxi-
dation (Fig. 6). DOC concentrations in fresh sediments are
consistent with previously published data on sediment pore-
water concentrations from muddy coastal and continental
shelf environments (e.g., Alperin et al., 1999; Arnosti and
Holmer, 1999; Burdige et al., 2000). The elevated concen-
trations of DOC in sediments incubated for 24 months, in
particular the high concentrations of DOC at elevated incu-
bation temperature (Figs. 4 and 6, boxes 2 and 2’ and arrow
B’), provide strong evidence of changes in carbon process-
ing in both Arctic and temperate sediments.

Increases in DOC concentrations in response to temper-
ature changes have been reported previously, but these in-
creases have been transitory or were only examined over
short periods of time. Seasonally increasing temperatures
coincided with accumulation of porewater DOC and deple-
tion of porewater sulfate in organic-rich coastal sediments
from a temperate environment (Alperin et al., 1994). Within
a few weeks, however, the high concentrations (up to 8 mM)
of DOC were consumed by the terminal oxidizing commu-
nity, and DOC concentrations returned to 2-3 mM. In
Arctic sediments, substrate addition and/or homogenization
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Fig. 5. Total prokaryotic cell numbers (DAPI staining) in Arctic and temperate sediments during the 24 month time course of sediment

incubation. Data from Robador et al. (2009).
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Fig. 6. Conceptual model of carbon degradation, illustrating
buildup of high carbohydrate-content, fermentation-resistant
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different shades indicate compositions.

also led to transient buildup of DOC constituents such as
VFA (Briichert and Arnosti, 2003; Arnosti et al., 2005),
but within days to weeks, the accumulated DOC was con-
sumed again. Short-term experiments with substrate-
amended coastal sediments also showed that production
and consumption of DOC can become unbalanced over
the temperature range typically experienced by temperate
sediments (Weston and Joye, 2005).

High concentrations of DOC in sediments that have
been incubated at stable temperatures for 24 months thus
demonstrate that the balance between DOC production
and consumption has changed in more than a transient
manner (Fig. 6: flow via arrows B and B’ has changed,
box 2’ increases in size.) Refractory carbohydrates consti-
tute a significant portion of this DOC increase. Their con-
tribution to DOC increased with increasing temperature
in Arctic and in temperate sediments (Figs. 3 and 6, box
2). VFA, in contrast, contributed a very low (0.2-3%)
and relatively constant fraction to DOC in both sediment
types (Figs. 4 and 6, box 3).

The accumulation of DOC shows that conversion of
POC to DOC continued in these sediments (Fig. 6, arrow
A); increasing relative and absolute concentrations of car-
bohydrates (Fig. 6, boxes 2 and 2') indicated that substrates

broadly suitable for fermentation should have been avail-
able to the microbial community. In fact, a comparison
of sulfate reduction rates at 0, 10, and 20 °C with invento-
ries of VFA and DOC suggest that downstream carbon
processing was increasingly decoupled from the initial
hydrolytic step at elevated temperatures. Sulfate reduction
rates in the Arctic and temperate sediments incubated for
24 months at 0 and 10 °C showed a two- to fourfold de-
crease relative to the initial conditions and an even greater
decline, with respect to the initial increase, after incubation
for 24 months at 20 °C (Fig. 6, rate at arrow C decreasing;
Fig. 7). The decreased sulfate reduction rates are most
likely due to substrate limitation for sulfate-reducing bacte-
ria, since sulfate was not limiting and these rates reflect in
part the availability of substrates suitable to fuel sulfate
reduction.

An alternative explanation might be that sulfate-reduc-
ing bacteria were less able to tolerate long-term exposure
to higher temperatures than other members of the microbial
food chain. In fact, increasing incubation temperatures had
a strong impact in Arctic sediments as demonstrated by the
temperature sensitivity exhibited by the microbial SRB
community and the decline of specific groups of SRB iden-
tified by CARD-FISH (Robador et al., 2009). However, the
fact that a similarly sharp decline in sulfate reduction rates
was also observed for the temperate sediments (Fig. 7),
where neither total prokaryotic cell counts nor CARD-
FISH counts for bacteria or sulfate reducers decreased sig-
nificantly (Fig. 5; Robador et al., 2009) suggest that micro-
bially limited substrate transformation was the overriding
cause for the decline in sulfate reduction rates in the Arctic
and temperate sediments.

All the VFA detected in this study constitute major sub-
strates for sulfate-reducing bacteria (Serensen et al., 1981;
Fukui et al., 1997). Low concentrations (Figs. 4 and 6,
small size of box 3) indicate that the balance between pro-
duction of these intermediates and their consumption was
maintained at all temperatures. Specific inhibition experi-
ments of sulfate reduction typically result in increasing
VFA concentrations reaching over 1500 uM (Finke et al.,
2007), between one and two orders of magnitude greater
than the values measured in this study. If sulfate-reducing
bacteria were more intolerant to higher temperatures than
fermenting bacteria, VFA concentrations should have in-
creased well above the 20-80 uM concentrations shown in
Fig. 4 (Fig. 6, box 3 should have increased in size). In addi-
tion, previous investigations with comparable sediments
from Svalbard have shown a close coupling between fer-
mentation and sulfate reduction sustained over a broad
temperature range of 0 °C to 25-30 °C (Finke and Jorgen-
sen, 2008). Together these data imply that carbon limitation
of sulfate reduction occurred at or before the fermentative
step (Fig. 6, limitation prior to box 3).

The accumulation of DOC resistant to transformation
or uptake is also in accordance with observations of DOC
generated in short experiments conducted with coastal tem-
perate sediments (Weston and Joye, 2005). In that study,
passage of artificial anoxic porewater through bioreactors
filled with temperate sediments collected at different seasons
and incubated at the in situ temperatures of 12-29 °C
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(2009).

yielded an outflow of DOC from the bioreactors. Less than
half of the DOC generated within the bioreactors was rem-
ineralized by sulfate reducers, leading Weston and Joye
(2005) to conclude that the DOC was refractory, on the
10-day timescale of the experiment. Although the bioreac-
tor experiments could not be used to distinguish between
hydrolytic and fermentative steps, the data from our tem-
perate and Arctic sediments suggest that the ‘sticking point’
might be found within the fermentative community.

An inability to ferment a growing fraction of the DOC
pool to VFA’s (Fig. 6, flow via arrow B’ rather than arrow
B) could be due to the production of refractory DOC, or to
production of DOC that is intrinsically difficult to transport
across the cell membrane, even though it may be within the
direct uptake size limit. A rarely-addressed but possibly
critical problem may relate to substrate transport: once a
substrate is of sufficiently small size, it still needs to pass
through a microbial porin (the water-filled inlet channels
spanning the outer membrane of gram-negative bacteria).
The structure of these porins represents an additional as-
pect of substrate selectivity. Work with enrichment cultures
of anaerobic marine bacteria has demonstrated that there
may be difficulties in uptake by sedimentary microbial com-
munities of selected disaccharides that are within the size
limit for direct transport (Arnosti and Repeta, 1994). These
difficulties could be related to discrimination among solutes
by general uptake porins: solute uptake rates across general
uptake porins may vary by an order of magnitude based on
solute charge or hydrophobicity (Delcour, 2003), and can
also vary with specific structural features, as discussed by
Arnosti and Repeta (1994).

An additional possibility is the alteration of otherwise
bioavailable DOC to DOC that is difficult to hydrolyze fur-
ther. A model encompassing this idea has been proposed by
Burdige and Gardner (1998) and discussed further by Bur-

dige (2001), who suggest that the porewater size/reactivity
model can account for the distribution of a relatively unre-
active pool of lower molecular weight (below ca. 3 kDa)
DOC in sediments. Specific characteristics and/or mecha-
nisms operating in sediments that contribute to this pool
remain elusive, but investigations of DOC in seawater pro-
vide possible insights. For example, structural alterations
such as methylation of protein have been shown to impede
uptake yet allow for hydrolysis (Keil and Kirchman, 1992),
and exposure of DOC to microbial remineralization has
been found to increase resistance of otherwise labile protein
(Keil and Kirchman, 1994). Furthermore, Nagata and
Kirchman (1996) hypothesized that adsorption processes
of polymeric organic matter to colloids may lead to the for-
mation of a semi-labile DOC pool which can result in the
decoupling of DOC production and rapid bacterial miner-
alization and, therefore, a net accumulation of recalcitrant
DOC (Fig. 6, increasing sizes of boxes 2 and 2').

5. CONCLUSIONS

Prolonged incubations, particularly at elevated tempera-
tures, had differential effects on sedimentary microbial
communities. The community of organisms producing
extracellular enzymes continued to be responsive to addi-
tional substrates and substrates present in the sediment,
as demonstrated by induced hydrolysis of chondroitin sul-
fate and increased sedimentary concentrations of DOC
and dissolved carbohydrates. Accumulation of DOC dem-
onstrated that the activities of organisms and enzymes
responsible for the solubilization/hydrolysis of POC to
DOC outpaced DOC consumption by sulfate reducers.
Low concentrations of volatile fatty acids and tempera-
ture-related decline in sulfate reduction rates demonstrate
close coupling between sulfate reduction and the produc-
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tion of volatile fatty acids, such that the sulfate-reducing
community became increasingly substrate-limited, despite
the presence of abundant DOC. The extent to which this
roadblock in carbon transformation might reflect an inabil-
ity of the fermentative community to grow or whether the
intermediate transformation products of DOC could not
be transformed further because of structural limitations re-
mains to be determined. Since these effects occurred both in
temperate and Arctic sediments, they may reflect a general
characteristic of microbial communities responding to long-
term temperature changes. As environmental temperature
changes in Arctic and in temperate environments, the bal-
ance of microbial remineralization processes may also shift.
Further study of the long-term stability of the accumulating
dissolved organic carbon is important to understand the
overall significance of warming sediments in the marine car-
bon cycle.
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