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Abstract—Dissolved and particulate carbohydrates were examined in contrasting Chesapeake Bay (estuarine)
and mid-Atlantic shelf/slope break (continental margin) sediments. Particulate carbohydrates (PCHOs) rep-
resented;5–9% of the total sediment particulate organic carbon (POC), and PCHO remineralization appeared
to be a similar fraction of total sediment carbon oxidation (or Cox). When these results are compared with
results from other coastal sediments and a pelagic turbidite, PCHO remineralization (as a percentage of Cox)
did not vary by more than a factor of;2–3 over a 3–4 order of magnitude range in Cox values. The causes
of this are not well understood, but may be related to specific effects associated with the remineralization of
highly altered organic matter mixtures under aerobic conditions. Dissolved carbohydrates (DCHOs) in these
sediment pore waters ranged from;30 to 400mM, increased with depth in a manner similar to total DOC,
and represented;10 to 55% of pore water DOC. In Chesapeake Bay sediments this percentage decreased with
sediment depth, while in these continental margin sediments it was constant (upper 30 cm). Of the DCHOs
in these pore waters;30 to 50% could be identified as individual aldoses (monomeric neutral sugars), and
total aldose yields (individual aldoses as a percentage of total DOC) were higher in these continental margin
sediment pore waters (.9%) than they were in the estuarine sediment pore waters (,5%). A comparison of
DCHO and PCHO concentrations in these sediments indicates that their concentrations are uncoupled, and that
pore water DCHO concentrations are primarily controlled by sediment remineralization processes. Pore water
DCHOs appeared to be preferentially found in the high molecular weight (HMW) DOC pool, and likely occur
as some of the initial HMW intermediates produced and consumed during sediment POC remineralization.
These results also support past suggestions about the differing controls on carbon remineralization processes
in continental margin versus estuarine sediments.Copyright © 2000 Elsevier Science Ltd

1. INTRODUCTION

Carbohydrates are some of the major biochemicals produced
by marine organisms, and also represent a significant compo-
nent of the pools of non-living dissolved and particulate or-
ganic matter in the water column (Mopper et al., 1980; Benner
et al., 1992; Pakulski and Benner, 1994; McCarthy et al., 1996;
Borch and Kirchman, 1997; Skoog and Benner, 1998). In
marine sediments, particulate carbohydrates (PCHOs) have
been shown to account for 10–20% of the total sediment
particulate organic carbon (POC), and a similar percentage of
the sediment POC undergoing remineralization (Hamilton and
Hedges, 1988; Cowie and Hedges, 1992; Cowie et al., 1992;
Cowie et al., 1995; Martens et al., 1992).

In contrast, little is known about dissolved carbohydrate
(DCHO) concentrations and cycling in marine sediment pore
waters (Lyons et al., 1979; Boschker et al., 1995; Arnosti and
Holmer, 1999). A better understanding of the cycling of
DCHOs in sediment pore waters is important for several rea-
sons. The extracellular degradation of macromolecular POC to
a range of dissolved organic carbon (DOC) intermediates is an
important part of sediment carbon remineralization (Henrichs,
1992; Burdige and Gardner, 1998), and dissolved carbohy-

drates are known to be produced and consumed as intermedi-
ates during remineralization (Arnosti et al., 1994; Boschker et
al., 1995; Arnosti and Holmer, 1999). However, many of the
details of these sediment remineralization reactions are not well
understood. At the same time, several models for sediment
carbon preservation suggest that pore water DOC compounds
may play a role in this process (Nissenbaum et al., 1971; Tissot
and Welte, 1978; Krom and Westrich, 1981; Hedges, 1988;
Mayer, 1994a; Mayer, 1994b; Hedges and Kiel, 1995). Fur-
thermore, despite the biological lability of carbohydrates, some
fraction of the chemically-recognizable carbohydrates depos-
ited in marine sediments escape remineralization and are “pre-
served” on time scales of years to decades (in coastal sedi-
ments; see references above), to.100 kyr (in the oxidized
portion of pelagic turbidites; Cowie et al., 1995), to.1 million
y (e.g., in pelagic sediments at sediment depths greater than
100 m; Whelan and Emeis, 1992; also see discussions in
Sinneghe Damste´ et al., 1998). Thus a better understanding of
pore water carbohydrate cycling in sediments may also help
understand carbohydrate (as well as total carbon) preservation
in sediments.

In this manuscript we present the results of studies of
dissolved and particulate carbohydrates in contrasting estu-
arine and continental margin marine sediments. With these
results we are able to examine on several different levels the
role of carbohydrates in sediment organic matter remineral-
ization and preservation with varying biogeochemical con-
ditions.

* Author to whom correspondence should be addressed
(dburdige@odu.edu).
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2. MATERIALS AND METHODS

2.1. Field Sites

Studies were carried out at three contrasting estuarine sites in Ches-
apeake Bay, and three sites along the shelf/slope break of the mid-
Atlantic continental margin, approx. 100 miles southeast of the mouth
of Delaware Bay (see map in Burdige and Gardner, 1998). Geochemi-
cal characteristics of these sediments are summarized below and in
Table 1; they are also described in more detail in previous publications
(Burdige and Homstead, 1994; Ferdelman, 1994; Burdige et al., 1995;
Cowan and Boynton, 1996; Skrabal et al., 1997; Burdige and Gardner,
1998; Burdige and Zheng, 1998; Marvin-DiPasquale and Capone,
1998).

The sediments at sta. M3 in the mid-Chesapeake Bay are fine-
grained, sulfidic sediments where sulfate reduction dominates organic
matter remineralization. During most of the year bioturbation is virtu-
ally absent in these sediments, although a few bivalve spat and small
polychaete worms inhabit the upper;5 cm of sediment in the early
spring (Kemp et al., 1990). The sediments at sta. S3 in the southern Bay
are silty sands, and are bioturbated and bioirrigated by large tube
worms and other benthic macrofauna (Schaffner, 1990). The sediments
at sta. N3 in the northern Bay are clay dominated and iron-rich, and
contain a diverse community of mixed polychaetes and bivalves. Or-
ganic matter in the surface sediments at sta. N3 appears to be largely
terrestrially-derived, based on carbon isotope values (J. Cornwell un-
pub. data cited in Marvin-DiPasquale and Capone, 1998).

The sediments on the mid-Atlantic shelf/slope break (stations WC4,
WC7 and AI) are grey/green silty clays, and based on radiochemical
measurements some bioturbation (DB ; 1.5–5 cm2/y) occurs in the
upper 20–30 cm of these sediments (Ferdelman, 1994). Pore water
profiles suggest that both sub-oxic and anoxic organic matter reminer-
alization processes occur in these sediments.

2.2. Sample Collection

All sediments were collected by box core and sub-cored for further
analysis. Sub-cores were processed under an inert (N2) atmosphere and
pore waters extracted by centrifugation at all stations except Chesa-
peake Bay sta. S3. At this station pore waters were obtained from
sub-cores using a modified pressurized core barrel technique (Jahnke,
1988), to avoid artifacts associated with the collection of pore water
dissolved organic matter samples via centrifugation from heavily bio-
turbated sediments (Martin and McCorkle, 1993; Burdige and Gardner,

1998; Alperin et al., 1999). Both pore water collection techniques are
described in detail elsewhere (Burdige and Gardner, 1998; Burdige and
Zheng, 1998).

All collected pore waters were filtered through 0.45mm Gelman
Nylon Acrodisc filters without exposure to ambient air, and aliquots
divided into different storage vessels for later analysis. Samples for
DCHO and total DOC analyses were filtered into separate 8 ml cleaned
glass vials sealed with Teflon-lined silicone septa, acidified to pH 2
with 6 N HCl, and then quick frozen and stored frozen until analysis.
All glass and plasticware used in this study were cleaned as described
in Burdige and Homstead (1994).

2.3. Dissolved and Solid Phase Analyses

Dissolved organic carbon was determined by high temperature cat-
alytic oxidation using a Shimadzu TOC-5000 total carbon analyzer
(Burdige and Homstead, 1994; Burdige and Gardner, 1998). Solid
phase POC and PCHOs were determined on frozen sediment samples
collected during previous studies at these sites (Burdige and Homstead,
1994; Burdige and Gardner, 1998). Frozen samples were thawed, dried
and ground in a mortar and pestle, fumed with concentrated HCl to
remove carbonates, and finally redried and reground before being
analyzed for POC using a Carlo Erba NCS elemental analyzer (Verardo
et al., 1990).

2.4. Carbohydrate Analyses

Bulk carbohydrate concentrations in sediments and in pore waters
were determined using the MBTH procedure of Johnson et al. (1981)
as modified by Pakulski and Benner (1992). In this technique, poly-
saccharides (or other monomeric sugars contained in polymeric natural
substances) are first hydrolyzed to individual monosaccharides (aldo-
ses) and then oxidized to alditols. The terminal alditol glycol groups are
next oxidized to formaldehyde, which was finally quantified spectro-
photometrically after reaction with MBTH (3–methyly–2–benzothia-
zolinone hydrazone hydrochloride).

In the analytical procedures we used here we also chose not to
preconcentrate pore water samples before analysis (Pakulski and Ben-
ner, 1992), given the high concentrations of DCHOs in pore waters as
compared to the water column. Thus in the initial step of the analysis
of pore water DCHOs, concentrated sulfuric acid was simply added to
pore water samples to make them 1.2 M in H2SO4, followed by
hydrolysis at 100°C for 3 h. This modification also eliminates the 2 h

Table 1. Site characteristics.

Station*
Water

depth (m)
Bottom water

salinity (psu)**
Sfc. Sediment

POC (mg C/gdw)
Avg. PCHO
(% of POC)

COX***
(mol C/m2/yr)

Chesapeake Bay
N3 10 ,0.1–10 ;20–40a 8.36 1.9 0.86 0.4
M3 15 10–20 .30b 9.26 1.8 7.26 0.7
S3 12 20–30 ;5b 6.26 0.7 4.46 1.0

Average for all Chesapeake Bay stations 7.86 2.0

Mid-Atlantic shelf/slope break
WC4 390 35 ;20c 4.96 0.8 1.76 1.1
WC7 775 35 ;20c 5.56 0.6 0.76 0.3
AI 740 35 ;12c 4.96 0.6 0.96 0.3

Average for all shelf/slope break stations 5.16 0.7

* See map in Burdige and Gardner (1998) for station locations.
** For the Chesapeake Bay sites, these are general seasonal ranges.
*** Depth-integrated sediment carbon oxidation rates. Values for stations S3 and M3 are based on integrated annual averages of measuredSCO2

benthic fluxes made during temporal studies at these sites (time period 3/95–10/96; data in Burdige and Zheng, 1998). The value at sta. WC4 is based
on a combination ofSCO2 benthic flux measurements (made in 7/94 and 8/97) and modeling ofSCO2 pore water profiles (collected in 7/94, 7/95,
8/96 and 8/97), using procedures described in Burdige and Homstead (1994). The values at sta. N3, WC7 and AI were also determined by modeling
pore waterSCO2 profiles (sta. WC7 and AI cores collected on the four dates listed above for sta. WC4).

a From Burdige et al. (1995). Also see Fig. 1
b From Burdige and Homstead (1994). Also see Fig. 1.
c See Figure 1.
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room temperature pretreatment of freeze-dried samples in 12 M H2SO4

prior to their subsequent 10-fold dilution and high temperature hydro-
lysis. Although this concentrated sulfuric acid pretreatment has been
reported to yield slightly higher carbohydrate recoveries (Pakulski and
Benner, 1992; Skoog and Benner, 1998), our recoveries of standard
carbohydrates (Table 2) were similar to those reported by Pakulski and
Benner (1992). Replicate analyses of sediment samples yielded results
that agreed to within612% (n5 17 individual samples run in dupli-
cate or triplicate).

All carbohydrate concentrations reported here were based on stan-
dard curves constructed from glucose standards hydrolyzed and ana-
lyzed along with samples, yielding total carbohydrate concentrations
that are “glucose equivalent” concentrations. Glucose equivalent con-
centrations were multiplied by 6 to express concentrations on a per-
mole-carbon-basis, since each glucose molecule contains 6 carbon
atoms (see Pakulski and Benner, 1992, for additional details).

A selected number of pore water samples were analyzed for some
dissolved aldoses by sulfuric acid hydrolysis and high performance
anion exchange chromatography with pulsed ampometric detection
(HPAEC-PAD; Skoog and Benner, 1998). This procedure separates
and quantifies seven individual aldoses (fucose, rhamnose, arabinose,
galactose, glucose, mannose and xylose).

3. RESULTS

3.1. Particulate Carbohydrates

Concentrations of sediment PCHOs ranged from;0.3 to 4
mg C/gdw (see Fig. 1 and a complete tabulation of this data in
the Appendix). At all sites PCHO concentrations generally
followed POC concentrations and PCHOs were;5–9% of the
sediment POC (Table 1). Relative PCHO concentrations were
slightly higher in the estuarine Chesapeake Bay sediments
(;6–9%; average value for all sites5 7.8 6 2.0%) than they
were in the mid-Atlantic shelf/slope break sediments (average
value 5 5.1 6 0.7%). These two averages are statistically
different (two sample t-test,p , 0.001). The absolute and
relative concentrations of PCHOs observed here are similar to
values reported in other coastal marine and continental margin
sediments (Cowie and Hedges, 1984; Steinberg et al., 1987;

Hamilton and Hedges, 1988; Cowie et al., 1992; Martens et al.,
1992).

At all sites except sta. N3 in the northern Chesapeake Bay
relative PCHO concentrations were essentially constant with
depth. At this site there was an apparent increase with depth in
the relative concentration of PCHOs, although this trend was
likely related to an increase with depth in absolute PCHO
concentrations. The causes of this are not well understood.
They may be related to the occurrence of non-steady state
diagenetic processes in these sta. N3 sediments that result from,
e.g., recent temporal changes in sediment organic matter dep-
osition. Unfortunately, we are unable to further examine such
possibilities with our existing data.

3.2. Dissolved Carbohydrates

Concentrations of DCHOs in these sediment pore waters
ranged from;30 to 400mM, and generally increased with
depth in a manner similar to total DOC (Figs. 2 and 3).
Dissolved carbohydrates represented between 5 and 30% of the
total DOC in sediment pore waters, although one core from sta.
AI on the shelf/slope break had much higher relative DCHO
concentrations (;50–60%) than all of the other shelf/slope
break cores. Relative DCHO concentrations were also gener-
ally lower (;5–15%) in the Chesapeake Bay sediments than
they were in the shelf/slope break sediments (;20–30%). In all
offshore shelf/slope break sediments, relative DCHO concen-
trations were essentially constant with depth, while in the
Chesapeake Bay sediments (particularly sta. M3), relative
DCHO concentrations decreased with depth (Figs. 2 and 4).

Concentrations of individual aldoses in selected pore water
samples are reported in Table 3. In these samples;30 to 50%
of the total DCHOs could be identified as individual aldoses
(Table 4). Dissolved glucose was the predominant aldose
(28%), with the following order of abundance for the remaining
aldoses: xylose (16%); fucose, rhamnose and galactose (each
average value between 12 and 14%); mannose (10%); arabi-
nose (7%). Total aldose yields (total individual aldose concen-
trations as a % ofDOC) were higher in the shelf/slope break
pore waters (.9%) than they were in the estuarine Chesapeake
Bay pore waters (less than;5% in all estuarine samples and
less than 3% in all but one of these samples).

4. DISCUSSION

4.1. The Role of PCHO Remineralization in Sediment
POC Remineralization

The near-constant relative PCHO concentrations in these
sediments suggest that there is no significant selective preser-
vation or utilization of carbohydrates as compared to total
sediment POC during the early diagenesis of these Chesapeake
Bay and shelf/slope break sediments. As a result, these relative
concentrations (;5–10%; see Table 1) also correspond approx-
imately to the fraction of sediment POC remineralization (or
Cox) accounted for by PCHO remineralization. In Figure 5our
results are compared with similar results from other coastal
sediments. In the bioturbated sediments of Dabob Bay (Cowie
and Hedges, 1992) PCHO remineralization accounts for a per-
centage of COX that is similar to that seen in these other
nearshore sediments. This percentage is slightly higher (;15%)

Table 2. Recoveries of standard monomeric sugars and polysaccha-
rides.

Compound
Recovery

(%)*
PB recovery

(%)**
Recovery
ratio***

Monomeric sugarsa

Xylose 616 6 87 0.7
Glucosamine 1046 4 74 1.4
Glucuronic acid 746 5 75 1.0

Polysaccharidesb

Raffinose 856 7 95 0.9
Stachyose 816 9 89 0.9

Mean 0.96

* Based on total carbohydrate determinations using the MBTH
method.

** Recoveries reported by Pakulski and Benner (1992) for 10mM
standard solutions.

*** The ratio of our recovery to that reported by Pakulski and
Benner (1992).

a Based on triplicate analyses of 5mM and 40mM standard solu-
tions.

b Based on triplicate analyses of 3, 5 and 10–30mM standard
solutions.
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in the anoxic sediments of Cape Lookout Bight (Martens et al.,
1992) and Saanich Inlet (Hamilton and Hedges, 1988). How-
ever, given the uncertainties in all of these rate estimates, these
results suggest that carbohydrate remineralization is a near-
constant fraction of total carbon remineralization in all of these

coastal and margin sediments (also see the best-fit line through
this data in Fig. 5).

For further comparison, these results can be compared with
those obtained in studies of the post-depositional, oxic remi-
neralization (or “burn-down”) of organic matter in a pelagic

Fig. 1. Depth profiles of solid phase particulate organic carbon (POC), particulate carbohydrates (PCHOs), and relative
PCHO concentrations (PCHO as a % ofPOC), in the sediments at: [upper panels] sta. S3 in southern Chesapeake Bay (F),
sta. M3 in the mid-Chesapeake Bay (E) and sta. N3 in the northern Chesapeake Bay (■); [lower panels] mid-Atlantic
shelf/slope break stations WC4 (■), WC7 (E) and AI (F). For the Chesapeake Bay profiles, the values shown here are
averages based on cores collected at these stations on three different sampling dates (see the Appendix for sample dates and
the complete data sets). These POC data are from Burdige and Homstead (1994) and Burdige et al. (1995). For the
shelf/slope break profiles, all cores were collected in 7/94 (cruise CH X). These data are also tabulated in the Appendix.
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turbidite on the Madeira Abyssal Plain (the MAP-f turbidite,
deposited in a water depth of 5,400 m; Cowie et al., 1995).
Here carbohydrate remineralization also accounted for a per-
centage of POC remineralization (5–6%) that is similar to that
observed in coastal and continental margin sediments. How-
ever, a rough estimate of the carbon oxidation rate in this
turbidite when it was diagenetically active (ca. 140 kyr BP)
suggests that it was 10–100 times smaller than the lowest Cox

value in Fig. 5 (also see Wilson et al., 1985, for similar carbon
oxidation rates calculated with a pore water diffusion-reaction
model for other nearby turbidite systems currently undergoing
active, oxic burn-down diagenesis).

Other workers have also noted the lack of selective carbo-
hydrates remineralization in several of these same coastal sed-
iments (Sannich Inlet and Dabob Bay; Cowie and Hedges,
1984; Hamilton and Hedges, 1988; Cowie et al., 1992). At the

Fig. 2. Pore water depth profiles of DOC, dissolved carbohydrates (DCHO), and relative DCHO concentrations (DCHO
as a % ofDOC) in Chesapeake Bay sediments. Upper panels: cores collected at sta. M3 in 7/95 (CH XIV;E), 8/96 (CH
XVII; F) and 8/97 (CH XIX;J). Lower panels: cores collected at sta. N3 in 10/95 (CH XV;Œ), and sta. S3 in 8/96 (CH
XVII; ■) and 8/97 (CH XIX;h).
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same time though, the continual diagenesis of organic matter
also fractionates this material by preferentially consuming
more reactive components over those that are more refractory.
Therefore as organic matter is diagenetically altered, its bulk
reactivity decreases (Middelburg, 1989; Burdige, 1991) and its
chemical composition changes (Lee and Wakeham, 1988;
Cowie and Hedges, 1994). However, the discussion above
suggests that when PCHO remineralization is now examined
over a 3–4 order of magnitude range in Cox values, we see that
the highly-altered organic matter undergoing remineralization
in the MAP f-turbidite has a carbohydrate content similar to
(within a factor of;2–3) the less diagenetically altered and
more modern organic matter that is remineralized in coastal and
continental margin sediments.

The causes of this observation are not well understood. A
possible explanation may stem from the fact that as sediment
carbon oxidation rates decrease from Cape Lookout Bight
sediments to the MAP f-turbidite, the mode of sediment remi-
neralization changes from being almost exclusively anoxic
(sulfate reducing and methanogenic) to being almost com-
pletely oxic. During these later stages of diagenesis, some
reactive organic matter in sediments may be protected from
degradation by either a coating or matrix that can only be
decomposed using the O2 molecule (Cowie et al., 1995; Hedges
and Kiel, 1995), or by being tightly bound to mineral surfaces

inside of small mesopores on these surfaces (Mayer, 1994a;
Mayer, 1994b; Hedges and Kiel, 1995). In this latter case this
may occur if the microbial exo-enzymes required to initially
degrade this material under anoxic (and perhaps sub-oxic)
conditions are too large to enter the mesopores. In contrast,
under aerobic conditions degradation of this organic matter
may be possible due to the production of activated oxygen
species such as the superoxide ion, H2O2 or the hydroxyl
radical, all of which will be small enough to enter mesopores on
sediment surfaces and initiate the remineralization process
(Hedges and Kiel, 1995).

4.2. Dissolved Carbohydrates—Comparisons with Other
Studies

In the water column, DCHO concentrations are generally
less than;30 mM (e.g., Pakulski and Benner, 1994) and are
much lower than those observed here in sediment pore waters
(Figs. 2 and 3). In both cases DCHOs represent;20–30% of
the DOC, although the range in relative DCHO concentrations
in pore waters is larger than that observed in the water column
(particularly when our results are compared with other pore
water DCHO studies; see the discussion below for further
details).

In contrast to sediment carbohydrate studies, there is little

Fig. 3. Pore water depth profiles of DOC, dissolved carbohydrates (DCHO), and relative DCHO concentrations (DCHO
as a % ofDOC) in the shelf/slope break sediments. Cores were collected in 7/95 (CH XIV; sta. WC75 ■), 8/96 (CH XVII;
sta. AI 5 F) and 8/97 (CH XIX; sta. WC45 Œ, WC7 5 h and AI 5 E).
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past work on DCHOs in sediment pore waters that can be used
for comparative purposes. Lyons et al. (1979) observed DCHO
concentrations in Bermuda carbonate sediments ranging from
;10–400mM C, values that are comparable to those observed
here. In these Bermuda sediments DCHOs generally represent

;10–20% of the DOC. However in some cores values as high
as 50% were observed (particularly near the sediment-water
interface) and in these sediments relative DCHO concentrations
decreased with depth over the upper;60 cm of the sediments.
In the organic-rich, anoxic sediments of Cape Lookout Bight
NC, Arnosti and Holmer (1999) observed DCHO concentra-
tions of ;300 mM C near the sediment surface, which in-
creased with depth to;1200 mM C at 6–8 cm and then
decreased slightly with depth to 16 cm (the maximum depth of

Fig. 4. Absolute concentrations of dissolved carbohydrates (DCHO)
versus DOC in Chesapeake Bay sediment pore waters. Also shown is
the best-fit straight line through the data (slope5 3.76 0.5%; r5 0.75,
p , 0.001). Symbols:E 5 sta. M3 (7/95);F 5 sta. M3 (8/96);J 5
sta. M3 (8/97);■ 5 sta. S3 (8/96);h 5 st. S3 (8/97);Œ 5 sta. N3
(10/95). As discussed in Burdige and Gardner (1998), concentration-
concentration plots such as this one should be linear and pass through
the origin if DCHOs are a constant fraction of total DOC. Since the
best-fit y-intercept here is significantly different than zero (356 6
mM), this implies that relative DCHO concentrations (which are the
slopes of lines between the origin and a particular data point or a point
on the best-fit line) decrease with increasing total DOC. Since DOC
concentrations increase with depth in these sediments (Fig. 2), this then
predicts that relative DCHO concentrations decrease with depth in
Chesapeake Bay sediments (particularly at sta. M3), consistent with
these depth plots.

Table 3. Aldose concentrations in selected pore water samples.*

Station
Depth
(cm)

Total aldoses
(mM)

Fuc
(%)

Rha
(%)

Ara
(%)

Gal
(%)

Glu
(%)

Man
(%)

Xyl
(%)

M3 1.5 4.11 14 16 8 14 23 8 17
M3 16.5 6.18 11 15 14 15 21 8 15

S3 3.0 0.99 13 12 4 12 35 8 16
S3 15.0 1.52 10 11 4 11 39 10 15

WC7 1.5 6.58 12 11 6 14 28 10 19
WC7 11.0 8.96 13 13 6 16 22 14 15

Average (all pore water samples) 12 13 7 14 28 10 16

Water column** 8 6 7 11 37 13 11

T-test results*** 0.07 0.01 0.64 0.38 0.09 0.02 0.00

* All pore water samples were collected in 8/97 on cruise CH XIX. Total aldose concentrations aremM, while individual aldoses are mole
percentages of the total aldose pool. Abbreviations: Fuc5 fucose; Rha5 rhamnose; Ara5 arabinose; Gal5 galactose; Glu5 glucose; Man5
mannose; Xyl5 xylose.

** Averages calculated from aldose concentrations in 9 samples (water depths 2–4,000 m) collected at two sites in the equatorial Pacific (data from
Skoog and Benner, 1998).

*** These t-test results give the probability that these pore water and water column samples come from populations with the same means. T-tests
were done on complete data sets.

Table 4. Individual aldose concentrations compared to total DOC
concentrations in selected pore water samples.

Station
Depth
(cm)

Total aldoses
(TA; mM)

DOC
(mM)

TA/DCHO
(%)*

TA/DOC
(TAY; %)**

M3 1.5 4.11 450.6 54a 5.2
M3 16.5 6.18 1509.1 36b 2.4

S3 3.0 0.99 298.4 29c 1.9
S3 15.0 1.52 342.6 39c 2.6

WC7 1.5 6.58 400.1 42d 9.5
WC7 11.0 8.96 567.3 40d 9.1

All samples were collected in 8/97 on cruise CH XIX.
* Total DCHO concentrations were not determined in these samples

due to sample volume limitations. They were therefore estimated with
the reported DOC concentrations and relative DCHO concentrations
(the DCHO/DOC ratio) shown in Figs. 2 and 3 (see notes a–d below).
Here, and in the total aldose yield calculations, aldose concentrations
were converted frommM individual aldoses tomM aldose carbon by
multiplying these concentrations by 5.75 (assuming, based on the
aldose mole percentages listed in Table 3, that the average aldose in
these pore water samples had 5.75 carbon atoms).

** Also referred to as total aldose yield (TAY).
a Based on a relative DCHO concentration of 9.6% for samples from

depths of 2.5–5 cm in this core (see Fig. 2).
b Based on a relative DCHO concentration of 6.6% for samples from

depths of 11–20 cm in this core (see Fig. 2).
c Based on a whole core average relative DCHO concentration of

6.6% (see Fig. 2).
d Based on a whole core average relative DCHO concentration of

22.6% (see Fig. 3).
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the core they examined). Near the sediment surface DCHOs
accounted for;80% of the total DOC, although this value
decreased to 40% with depth. Similar trends were seen in our
Chesapeake Bay cores, particularly at sta. M3 (see Figs. 2 and
4). However, the magnitude of depth changes in relative DCHO
concentrations observed at sta. M3 (from;10–15% near the
sediment surface to;5–7% below 10 cm) was much smaller
than that observed in the Cape Lookout Bight or Bermuda
sediments.

As is the case for total DOC, DCHO pore water concentra-
tion gradients near the sediment-water interface predict the
occurrence of a benthic flux of DCHOs from the sediments to
the overlying waters (e.g., see Burdige et al., 1999, and refer-
ences therein). This DCHO benthic flux has the potential to
play an important role in pelagic (bottom water) carbon cy-
cling, depending in part on the biogeochemical reactivity of
pore water dissolved carbohydrates in the water column (see
discussions in Skoog and Benner, 1998 for further details).

4.2.1. Controls on DCHO concentrations with depth

In several of these sediments (i.e., the estuarine Chesapeake
Bay sediments, Cape Lookout Bight sediments, and some Ber-
muda sediments) relative DCHO concentrations decrease with
depth. In contrast, DCHOs appeared to be a relatively constant
fraction of the pore water DOC in the shelf/slope break sedi-
ments. The factors controlling pore water DOC concentrations
(in general) and DCHO concentrations (in particular) at depth

are not well understood (see discussions in Burdige and Gard-
ner, 1998). However, an understanding of these controls will be
important in further elucidating the role of pore water DOC in
sediment carbon preservation (Nissenbaum et al., 1971; Tissot
and Welte, 1978; Krom and Westrich, 1981; Hedges, 1988;
Mayer, 1994a; Mayer, 1994b; Hedges and Kiel, 1995; Alperin
et al., 1999; Burdige et al., 1999). In particular, the occurrence
of recognizable dissolved carbohydrates at depth in pore waters
may play some role in controlling particulate carbohydrate
preservation in sediments, although this depends on the “mech-
anism(s)” of sediment carbon/carbohydrate preservation, and
the forms of these DCHOs in pore waters (e.g., free monomeric
aldoses, dissolved polysaccharides, sugars associated with
and/or incorporated into “humic” substances). More detailed
studies of the processes affecting DOC and DCHO cycling in
sediments, and the chemical makeup of pore water DOC will be
needed to further examine these possibilities.

4.2.2. Dissolved aldoses

In these pore waters individual aldoses represented;30–
50% of the DCHOs (Table 4). Total aldose concentrations were
correlated with DCHO concentrations (r5 0.98,p , 0.05; plot
not shown here), indicating that aldoses are a constant fraction
of the pore water DCHOs in these sediments. In the water
column, recognizable aldoses represent a similar (;40–50%;
Borch and Kirchman, 1997) to significantly lower (;7–20%;
Skoog and Benner, 1998) percentage of the MBTH-determined
dissolved carbohydrate pool. In addition, the chemical compo-
sition of the aldose fraction in pore waters is different from that
in the water column, since there is a significant (p , 0.1)
difference between pore waters and the water column in rela-
tive concentrations of 5 out of 7 aldoses (Table 3). These
observations suggest that pore water dissolved carbohydrates
are different than those in the water column in terms of their
composition and presumably structure. Such differences may
be related to several factors, including: the importance of
non-aldose carbohydrates such as sugar alcohols or amino
sugars in these different environments; the sources of carbohy-
drates to the different environments (e.g., marine vs. terrestrial
organic matter); structural changes to individual aldoses incor-
porated into refractory DOC molecules that may allow them to
still be recognized by the MBTH procedure but not by the
HPAEC-PAD technique; differences in the mechanisms of
carbohydrate remineralization (presumably oxic in the water
column vs. predominantly sub-oxic and anoxic in these sedi-
ments). More detailed studies of carbohydrate cycling in these
different environments will be needed to further examine these
suggestions.

4.3. DCHO Concentrations in Estuarine vs. Continental
Margin Sediments

In examining the controls on DCHO concentrations in these
sediments, we will use the recently proposed pore water DOC
size/reactivity (PWSR) model (Burdige and Gardner, 1998). In
this model it is assumed that the overall remineralization of
sediment POC to inorganic nutrients occurs by the production
and consumption of DOC intermediates of increasingly smaller
molecular weights. At the same time, the model also assumes

Fig. 5. Carbohydrate remineralization rates versus sediment carbon
oxidation rates (Cox) in Chesapeake Bay (F), shelf/slope break (Œ) and
other coastal (‚) sediments. The arrow on the sta. N3 point indicates
that if there is selective preservation of carbohydrates in these sedi-
ments (see section 3.1) then this value is an upper limit of the carbo-
hydrate remineralization rate. The solid line in this figure is the best-fit
of this data to the equation PCHO remin.5 b z Cox with a best-fit b
value of 7.56 1.3% (the dashed lines represent lines for62 standard
deviations of this b value). Values of Cox for the Chesapeake Bay and
shelf/slope break sediments were taken from Table 1, while carbohy-
drate remineralization rates were calculated as described in the text
using data in this table. Values for the other coastal sites were taken
from the literature (CLB5 Cape Lookout Bight: Martens et al., 1992;
DB 5 Dabob Bay: Cowie and Hedges, 1984 and Cowie and Hedges,
1992; SI5 Sannich Inlet: Hamilton and Hedges, 1988, and Cowie et
al., 1992).
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that during POC remineralization there is some small net pro-
duction of relatively low molecular weight DOC (referred to
here as polymeric low molecular weight DOC, or pLMW-
DOC). This pLMW-DOC is proposed to be much less reactive
than other high (and low) molecular weight DOC intermediates
of sediment POC remineralization, and therefore represents the
majority of the pore water DOC accumulating with depth in
marine sediments.

In Figure 6, it can be seen that DCHO concentrations in these
sediment pore waters are essentially independent of concentra-
tions of pore water DOC in the,3 kDa size fraction (DOC3;
data from Burdige and Gardner, 1998). This implies that the
accumulation of DCHOs in sediment pore waters is indepen-
dent of, and not directly related to, the production of DOC3.
Since the biogeochemical properties of the DOC3 pool appear
to be controlled by pLMW-DOC (see Burdige and Gardner,
1998, for further details), this suggests that DCHOs may be
preferentially found in the high molecular weight (HMW) pore
water DOC pool. Dissolved carbohydrates therefore likely rep-
resent some of the initial HMW intermediates produced and
consumed during sediment POC remineralization. We note that
Arnosti and Holmer (1999) reached similar conclusions about
the role of DCHOs in sediment POC remineralization based on
pore water DCHO concentrations and potential polysaccharide
hydrolysis rate measurements in Cape Lookout Bight sedi-
ments. We also note that the high molecular weight fraction
(.1 kDa) of DOC in marine surface waters is preferentially
enriched in carbohydrates (Benner et al., 1992), consistent with
our suggestion.

Using pore water molecular weight data from the same
estuarine and continental margin sediments studied here, Bur-
dige and Gardner (1998) proposed that remineralization pro-
cesses in continental margin sediments are more controlled by
the oxidative or hydrolytic processes that produce and consume
the initial HMW-DOC intermediates of POC remineralization.

In these sediments the remineralization processes affecting
HMW-DOC cycling apparently provide more of an initial
“upstream” bottleneck in the overall POC remineralization
process, allowing HMW-DOC to accumulate to a greater extent
in continental margin sediment pore waters. In contrast, in
estuarine sediments the later fermentative or perhaps terminal
respiratory processes appear to exert a greater overall control
on carbon remineralization (also see Arnosti et al., 1994). The
fact that relative DCHO concentrations are higher in these
shelf/slope break sediments than they are in the estuarine
Chesapeake Bay sediments (section 3.2 and Figs. 2 and 3) is
consistent with this suggestion, if pore water DCHOs are in-
deed preferentially found in the HMW-DOC pool (as discussed
above). Furthermore, the total aldose yields in Table 4 provide
additional evidence in support of differing controls on carbon
remineralization in these sediments, since water column studies
have shown that TAYs generally decrease as organic matter is
diagenetically altered (Hedges et al., 1994; Skoog and Benner,
1998). Therefore, shelf/slope break sediment pore waters
would be expected to contain a higher percentage of “reactive”
DOC intermediates than that found in the estuarine Chesapeake
Bay sediments, as is seen in this table.

4.4. Uncoupling of PCHO and DCHO Concentrations

A comparison of the dissolved and particulate carbohydrate
data from these sediments illustrates an interesting trend (Fig.
7). Whereas PCHOs (as a % ofPOC) vary by only a factor of
;2 (from 5–10%), DCHOs (as a % ofDOC) vary over a much
wider range (from;10% to up to 60%). Furthermore, the
Chesapeake Bay and shelf/slope break data appear to cluster in
two distinct regions.

The slightly lower relative PCHO concentrations in these
mid-Atlantic shelf/slope break sediments versus the estuarine

Fig. 6. Pore water dissolved carbohydrate concentrations (DCHO)
versus concentration of pore water DOC with a molecular weight less
than 3 kDa (DOC3; data from Burdige and Gardner, 1998). Since the
two sets of measurements are not necessarily based on the analysis of
both quantities on the same pore water samples, we have chosen here
to simply use station averages and ranges.

Fig. 7. Average relative concentrations of dissolved carbohydrates
(DCHO) versus particulate carbohydrates (PCHO) in Chesapeake Bay
(F) and shelf/slope break (■) sediments. Results taken from Table 1
and Figs. 3 and 4. The Cape Lookout Bight (CLB) value is based on
data in Arnosti and Holmer (1999) and Martens et al. (1992).
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Chesapeake Bay sediments (also see Table 1) could be indic-
ative of either a slightly higher contribution of marine (vs.
terrestrial) organic matter to these offshore sediments (Cowie
and Hedges, 1984), or a greater amount of pre-depositional
diagenesis of the organic matter in these sediments (Hedges et
al., 1994). Unfortunately, we are unable to differentiate be-
tween these two possibilities with our existing data (see similar
discussions in Cowie and Hedges, 1984).

Regardless of the causes of these differences in PCHO
concentrations, the results in Figure 7 clearly demonstrate that
DCHO concentrations are not simply positively related to the
amount of PCHO in the sediments (or the amount of carbohy-
drate being remineralized). Arnosti and Holmer (1999) have
noted a similar “uncoupling” of dissolved and particulate car-
bohydrate concentrations in Cape Lookout Bight sediments,
although their results do not appear to follow the general trends
seen in our data set. If we assume that DCHOs are produced
from PCHOs during sediment remineralization processes, then
it seems likely that differences in these remineralization pro-
cesses in estuarine vs. shelf/slope break sediments may explain
the observations in Figure 7. In fact, the differing controls on
carbon remineralization in these sediments discussed in section
4.3 do appear to explain the observed differences in relative
DCHO concentrations in these sediments. As such, these dif-
fering controls then also plays a major role in explaining the
uncoupling of DCHO and PCHO concentrations in these sed-
iments.

5. SUMMARY AND CONCLUSIONS

1. Particulate carbohydrates represented;5–9% of the POC in
estuarine (Chesapeake Bay) and mid-Atlantic shelf/slope
break (continental margin) sediments. Relative carbohydrate
concentrations were slightly higher in the Chesapeake Bay
sediments (;6–9%) than they were in the shelf/slope break
sediments (;5%). This may be due to either a slightly
higher contribution of marine organic matter to these off-
shore sediments, or to a greater amount of pre-depositional
diagenesis of this material.

2. There was no selective preservation of carbohydrates in
these sediments, and PCHO remineralization was also
;5–9% of sediment POC oxidation (or Cox). When com-
pared with results from other coastal sediments and a pe-
lagic turbidite, PCHO remineralization (as a percentage of
Cox) did not vary by more than a factor of;2–3 over a 3–4
order of magnitude range in Cox values. The causes of this
are not well understood, but may be related to specific
effects associated with the remineralization of highly altered
organic matter mixtures under aerobic conditions.

3. Dissolved carbohydrates (DCHOs) in sediment pore waters
ranged from;30 to 400mM, increased with depth in a
manner similar to total DOC, and represented;10 to 55%
of the pore water DOC. In estuarine sediments this percent-
age decreased with sediment depth, while in continental
margin sediments it was constant with depth (upper;30
cm). The occurrence of recognizable DCHOs at depth in
pore waters may play some role in controlling PCHO pres-
ervation in sediments. However, this depends on the mech-
anisms of sediment carbon/carbohydrate preservation, and
the forms of DCHOs in pore waters.

4. Of the DCHOs in these pore waters;30 to 50% could be
identified as individual aldoses (monomeric neutral sugars),
and total aldose yields were higher in the continental margin
sediment pore waters (.9%) than they were in the estuarine
sediment pore waters (,5%). When compared with water
column data, these observations suggest that there are dif-
ferences in pore water versus water column DCHOs in terms
of their composition and presumably structure.

5. All of these observations suggested that pore water DCHO
concentrations are primarily controlled by sediment remi-
neralization processes. Pore water DCHOs may be prefer-
entially found in the HMW-DOC pool, likely occurring as
some of the initial HMW intermediates produced and con-
sumed during sediment POC remineralization. These results
also support past suggestions about the differing controls on
carbon remineralization processes in continental margin ver-
sus estuarine sediments. Finally, these observations suggest
that there is an uncoupling between PCHO and DCHO
concentrations in sediments, which further indicates the
importance of sediment remineralization processes in con-
trolling pore water DCHO concentrations.
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APPENDIX – Sediment POC and PCHO Concentrations

Depth interval
(cm)

POC
(mg C/gdw)

PCHO

(mg C/gdw) (% of POC)

Chesapeake Bay Stations

station S3, core IIIS12B (10/91)
0–1 5.90 0.33 5.6%
1–2 5.78 0.33 5.6%
2–3 5.95 0.34 5.8%
3–4 7.28 0.41 5.6%
4–6 7.17 0.46 6.4%
6–9 8.72 0.54 6.2%
9–12 6.47 0.35 5.5%

12–15 7.33 0.40 5.5%
core average 5.86 0.3%

station S3, core IVS23B (3/92)
0–1 7.46 0.61 8.2%
1–2 7.24 0.46 6.3%
2–3 5.31 0.34 6.3%
3–4 6.30 0.43 6.9%
4–6 7.29 0.57 7.8%
6–9 7.37 0.50 6.7%
9–12 7.11 0.46 6.5%

12–15 6.64 0.38 5.7%
core average 6.86 0.8%

station S3, core VS4C (7/92)
0–1 6.77 0.46 6.8%
1–2 5.94 0.33 5.5%
2–3 5.82 0.44 7.5%
3–4 5.76 0.34 5.9%
4–6 6.43 0.37 5.7%
6–9 6.38 0.36 5.6%
9–12 6.11 0.37 6.1%

12–15 6.29 0.36 5.8%
core average 6.16 0.7%

station M3, core IIIM18B (10/91)
0–1 37.70 3.49 9.3%
1–2 31.38 2.34 7.4%
2–3 40.31 3.74 9.3%
3–4 36.20 3.03 8.4%
6–9 32.04 2.52 7.9%
9–12 31.43 2.47 7.9%

12–15 29.35 2.42 8.2%
core average 8.36 0.7%

station M3, core IVM25D (3/92)
0–1 77.85 18.27 23.5%
1–2 56.11 14.16 25.2%
2–3 44.05 4.71 10.7%
3–4 42.16 5.65 13.4%
4–6 39.26 4.76 12.1%
6–9 45.26 3.56 7.9%
9–12 32.12 3.45 10.7%

12–15 31.50 3.22 10.2%
core average 14.26 6.0%
core average (w/o two surface samples) 10.86 1.7%

station M3, core VM12C (7/92)
0–1 45.72 3.78 8.3%
1–2 41.57 5.63 13.5%
2–3 37.90 3.64 9.6%
3–4 35.89 3.06 8.5%
4–6 36.10 3.00 8.3%
6–9 38.50 2.26 5.9%
9–12 30.53 2.26 7.4%

12–15 33.16 2.68 8.1%
core average 8.76 2.1%

Depth interval
(cm)

POC
(mg C/gdw)

PCHO

(mg C/gdw) (% of POC)

station N3, core IIIN12C (10/91)
0–1 40.06 1.98 4.9%
1–2 31.95 2.11 6.6%
2–3 36.85 2.86 7.8%
3–6 26.81 2.71 10.1%
6–9 30.48 3.31 10.9%
9–12 30.20 3.49 11.5%

12–15 28.60 3.43 12.0%
15–18 26.53 2.63 9.9%
core average 9.26 2.4%

station N3, core IVN210B (3/92)
0–1 25.22 1.69 6.7%
1–2 24.31 1.91 7.8%
2–3 23.85 2.05 8.6%
3–4 21.80 1.91 8.7%
4–6 20.70 1.86 9.0%
6–9 18.59 1.62 8.7%
9–12 21.11 1.81 8.6%

12–15 20.88 1.83 8.8%
core average 8.46 0.7%

station N3, core VN18B (7/92)
0–1 30.59 1.91 6.2%
1–2 36.06 1.72 4.8%
2–3 41.14 2.12 5.1%
3–4 28.59 2.19 7.6%
4–6 26.98 2.35 8.7%
6–9 25.05 2.17 8.7%
9–12 27.34 2.28 8.3%

12–15 26.13 2.17 8.3%
core average 7.26 1.5%

Mid-Atlantic Shelf/Slope Break Stations

station WC4, core WC4-1b (7/94)
0–1 21.62 1.24 5.7%
1–2 22.13 1.29 5.8%
2–4 21.33 1.06 5.0%
4–6 18.36 0.89 4.9%
6–8 17.04 1.03 6.1%
8–10 18.19 0.82 4.5%

10–12 16.89 0.83 4.9%
12–14 20.55 0.70 3.4%
14–16 19.85 1.03 5.2%
16–18 20.24 0.73 3.6%
18–20 18.88 0.95 5.0%
20–22 20.05 0.98 4.9%
core average 4.96 0.8%

station WC7, core WC7-1b (7/94)
0–1 18.95 1.15 6.1%
1–2 23.70 1.47 6.2%
2–4 22.89 1.19 5.2%
4–6 19.68 1.24 6.3%
6–8 21.93 1.10 5.0%
8–10 20.85 1.19 5.7%

10–12 22.80 1.34 5.9%
12–14 18.88 1.06 5.6%
14–16 20.57 1.12 5.4%
16–18 19.12 1.21 6.3%
18–20 22.02 0.95 4.3%
20–22 19.91 0.91 4.6%
22–24 19.26 1.05 5.4%
core average 5.56 0.6%

(continued)
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Depth interval
(cm)

POC
(mg C/gdw)

PCHO

(mg C/gdw) (% of POC)

station AI, core AI-1b (7/94)
0–1 12.05 0.67 5.6%
1–2 13.39 0.65 4.9%
2–4 10.08 0.60 5.9%
4–6 10.97 0.56 5.1%
6–8 12.89 0.66 5.1%
8–10 11.34 0.57 5.1%

10–12 13.17 0.60 4.6%
12–14 12.62 0.55 4.4%
14–16 12.85 0.53 4.1%
16–18 10.22 0.46 4.5%
18–20 11.47 0.59 5.2%
20–22 10.51 0.54 5.1%
22–24 11.04 0.41 3.7%
core average 4.96 0.6%
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