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Abstract

Accurate estimates of the quantity of organic carbon sedimenting to the sea floor are important in evaluating the
rate at which carbon is sequestered in the deep sea and the impact of the ocean on the global carbon cycle. However,
extensive studies quantifying marine sedimentation over the past decades have considered only the particulate
fraction of sinking material. Dissolved organic carbon (DOC) carried along in the interstices of sinking marine
snow, the particles that comprise the bulk of particle flux throughout most of the ocean, has not been included
previously. Empirical measurements of the interstitial DOC concentrations of individual aggregates of marine snow
from coastal California and Washington revealed high values ranging from 8.9 to 140 mg L21 that were significantly
correlated with aggregate size, decreasing as aggregate size increased. Solubilization of particulate matter within
aggregates by associated bacteria and reduced diffusion rates due to the fractal geometry of aggregates help maintain
these high interstitial concentrations against diffusive processes. Although interstitial DOC concentrations were one
to two orders of magnitude higher than ambient DOC concentrations in the surrounding seawater, the cumulative
interstitial DOC in aggregates contributed ,2.5% to total DOC in the water column. However, DOC comprised up
to 31% of the total organic carbon in aggregates, averaging about 20%, indicating that previous measurements of
sedimenting carbon in the ocean that have included only the particulate fraction have significantly and systematically
underestimated the vertical flux of organic carbon.

Most of the nonliving organic matter sedimenting from
the surface ocean to the deep sea sinks in the form of large
detrital aggregates .0.5 mm in diameter, known as marine
snow (Fowler and Knauer 1986; Silver and Gowing 1991).
Marine snow is formed largely from the aggregation of
smaller particles in the water column including phytoplank-
ton, bacteria, fecal pellets, zooplankton feeding webs, and
miscellaneous organic debris. Particles of marine snow are
fractal in their geometry (Logan and Wilkinson 1990; Kilps
et al. 1994) and very porous; .99% of their volume consists
of interstitial fluid (Alldredge and Gotschalk 1988). Because
marine snow harbors highly concentrated microbial com-
munities engaged in photosynthesis, microbial decomposi-
tion, and remineralization at elevated levels relative to those
in the surrounding seawater (Alldredge and Silver 1988; Si-
mon et al. 1990; Smith et al. 1992), the chemical microen-
vironment within this interstitial fluid is also unique. Oxygen
may be significantly depleted within aggregates (Alldredge
and Cohen 1987; Ploug and Jorgensen 1999), while nutri-
ents, especially nitrate, phosphate, and ammonia, reach con-
centrations one to two orders of magnitude higher than found
in the surrounding seawater (Shanks and Trent 1979; All-
dredge and Gotschalk 1990; Kaltenbock and Herndl 1992).
Interstitial dissolved carbohydrates and free amino acids can

Acknowledgments
I thank Christy Herren, Uta Passow, Carol Wyatt, Jeremy Ro-

swell, and Chris Gotschalk for diving assistance, Percy Donaghay,
Van Holliday, Dennis Willows, Friday Harbor Laboratory, and the
crew of the R/V Henderson for logistic support, and Carol Pollard
of the Virginia Institute of Marine Science for DOC analysis. This
research was supported by the University of California and ONR
grant N00014-96-10069.

also be enriched above ambient concentrations (Herndl
1988; Muller-Niklas et al. 1994).

Although the term particulate carbon flux is used to refer
to the sedimentation of carbon in particulate form, sinking
aggregates may generate a significant downward flux of dis-
solved as well as particulate matter by sweeping their inter-
stitial microenvironments along with them as they sink. The
fractal geometry of marine aggregates greatly reduces dif-
fusion of dissolved substances from their interstices (Meakin
1988; Brzezinski et al. 1997), while the high mucus content
of aggregates may retard advective flow through them (All-
dredge and Crocker 1995). Dissolved organic carbon (DOC)
associated with sinking particles has received almost no at-
tention in considerations of the carbon cycle of the ocean
despite the strong interest in oceanic DOC as a component
of the biological pump (Longhurst and Harrison 1989; Sie-
genthaler and Sarmiento 1993; Toggweiler 1999). This is
primarily because the material falling into sediment traps has
been considered to be overwhelmingly particulate in nature.
Moreover, measurement of particle-associated DOC has been
problematic because commonly used organic preservatives,
such as Formalin, preclude the analysis of DOC in sediment
trap samples, and direct measurements of DOC within the
interstices of sinking particles have been difficult to obtain
from natural samples. Herndl (1992) reported the only direct
measurement of interstitial DOC known for marine snow.
He found DOC concentrations enriched up to 25 times above
ambient within large mucus aggregates from the Adriatic
Sea. Noji et al. (1999) estimated that the DOC originating
from sinking particles was similar in magnitude to the par-
ticulate component of sediment trap samples, suggesting that
interstitial DOC could be exceptionally important. But they
were unable to differentiate between interstitial DOC sinking
with the particles and that derived from conversion of POC
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Table 1. The average concentrations (6standard error [SE]) of dissolved (DOC), particulate (POC), and total organic carbon (TOC)
within marine snow at eight stations in the Santa Barbara Channel, California (1997 dates) and East Sound, Washington (1998 dates). C :
N is the ratio of organic carbon to organic nitrogen.

Type Depth

Mean ag-
gregate
volume
(mm3)

mg organic carbon aggregate21

POC DOC TOC
DOC as %

of TOC POC : DOC

C : N ratio

Seawater Snow

14 May 97
25 Jun 97
23 Jul 97
13 Jun 98
13 Jun 98

Diatom
Larvacean
Larvacean
Diatom/debris
Debris

10
15
10

2–7
12

66
22
25
14
25

23.160.5
3.360.2
3.060.5
4.460.4
5.560.5

2.160.4
0.760.1
0.760.1
2.060.1
0.760.1

25.2
4.0
3.7
6.3
6.2

8
17
20
31
11

11
4.7
4.3
2.2
7.9

7.6
5.8
5.7
5.2
5.2

7.1
7.6
6.5
4.8
5.0

15 Jun 98
18 Jun 98
19 Jun 98
24 Jun 98
Mean6SE

Debris
Diatom/debris
Diatom/debris
Debris

16
14
10
12

28
588

49
71

98662

5.560.3
19.964.4
13.565.6

6.462.4
9.462.5

0.8 7 0.1
4.962.6
2.460.8
2.161.0
1.860.5

6.3
24.8
15.9
8.5

11.262.8

13
20
15
25

1862

6.9
4.1
5.6
3.0

5.560.9

5.1
5.2
5.5
5.4

5.660.3

5.5
5.5
5.1
5.3

5.860.3

to DOC through leaching and other processes once particles
entered the traps.

In the following study, interstitial concentrations of DOC
within natural marine snow were measured empirically in
order to determine if significant DOC could flux to the sea
floor within sinking particles. The contribution of the inter-
stitial DOC within aggregates to total DOC in the water
column was also determined for the first time. Finally, the
relationship between interstitial DOC concentrations and
bacteria abundance and division rate within aggregates was
investigated.

Methods

Field Methods—Aggregates of marine snow were hand-
collected at depths of 2–20 m by SCUBA divers at three
stations in the Santa Barbara Channel (348189N, 1198509W)
in the early summer of 1997, and at six stations in East
Sound, a shallow (30 m bottom depth) fjord of Orcas Island
in the San Juan Islands, Washington, (48840.69N,
122853.59W) in June 1998. Because most individual aggre-
gates were too small for accurate chemical analysis, we col-
lected pooled samples of 45–300 aggregates in each of three
size classes (small, medium, and large) on each dive using
60-ml syringes as described in detail in Alldredge (1998) for
measurements of particulate organic carbon and nitrogen
(POC and PON), DOC, mass, and bacteria content. Ten to
eleven aggregates as close as possible in size to the prototype
aggregate in each size class were also photographed under-
water on each dive with a Nikonos IV in order to estimate
average aggregate size in each size class. The camera system
included a strobe and 1 : 1 close-up attachment and used Tri-
X 400 black-and-white film. Aggregate sizes varied consid-
erably among stations and aggregates considered to be large
on one dive might be classified as small on another. What
was important was that on any one dive each size category
collected corresponded with the photographs of that same
size class taken on the same dive, thus allowing size and
chemical content of aggregates of the same size to be com-
pared. Aggregates were photographed in a plane parallel to
their direction of sinking. Bulk seawater containing aggre-

gates at natural concentrations was also collected by divers
in 2-liter polyethylene bottles for similar analysis.

Marine snow was classified into three general categories
based on the identity of the dominant particles composing
the aggregates as revealed by microscopy. Larvacean houses
consisted of the discarded houses of larvaceans in the family
Oikopleuridae. Diatom aggregates were composed primarily
of living, chain-forming diatoms, empty frustules, setae, and
other phytoplankton detritus. Miscellaneous aggregates were
composed primarily of unidentifiable detritus, naked flagel-
lates, and occasional fecal pellets (see Alldredge and Got-
schalk [1990] for additional descriptions of these aggregate
classes). The vast majority of aggregates at any one station
were of the same type, consistent with the findings of All-
dredge and Gotschalk (1990). Two stations were dominated
by larvacean houses, four by diatom flocs or diatom flocs
containing a high percentage of detritus, and three by mis-
cellaneous aggregates (Table 1).

In East Sound, profiles of the sizes and abundance of ag-
gregates .0.5 mm in size with depth were obtained with an
in situ still camera package as described in MacIntyre et al.
(1995). This package also contained a CTD (conductivity/
temperature/depth) and fluorometer. Aggregates were pho-
tographed in an illuminated volume 35 3 25 3 5 cm (4.4
liters) in dimension, and four to six photographs were taken
in each meter of depth as the camera descended.

Laboratory analysis for chemical content and size—With-
in 2 h of collection the aggregates in each size class were
pooled in an acid-washed beaker and the total sample vol-
ume and number of aggregates collected were recorded. Ag-
gregate concentrations ranged from 0.5 to 1.9 aggregates
ml21 in these pooled samples with samples of large aggre-
gates having lower concentrations than those of small ones.
This generated about equal concentrations of particulate mat-
ter per ml among size classes and insured that filtering ef-
ficiencies would be similar. (The mean POC per filter across
all three size classes at each station varied by ,33%.)

We wished to compare DOC and POC in the same sam-
ples. Thus, we defined DOC operationally as the organic
carbon passing through a Whatman GF/F glass fiber filter.
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Three 30-ml replicate subsamples of each size class were
filtered through muffled glass fiber filters. The filters were
dried and analyzed using standard methods for POC and
PON using a Leeman Labs model CE 440 CHN analyzer
according to Sharp (1992). The filtrate was captured in 30-
ml muffled glass vials equipped with acid-washed, Teflon-
lined caps and immediately frozen for later analysis for
DOC. DOC was analyzed in the analytical lab of the Virginia
Institute of Marine Science with a Shimadzu 5000 Analyzer
using high temperature catalytic (HTC) techniques described
in Williams et al. (1993) and Buesseler et al. (1996). DOC
calibrations were done with 10–100-ml injections of glucose
in UV-oxidized Q-water. All HTC carbon data were cor-
rected for an instrument blank of 22 mM, and each deter-
mination represents the mean of three sample injections.

Three replicate aggregate samples in each size class were
also filtered for dry mass (5–10-ml samples) using 0.4-mm
Nuclepore filters and a Cahn Electrobalance model 4600 ac-
cording to Sharp (1992). Three replicates of seawater were
filtered and similarly analyzed for POC and PON (500-ml
samples), dry mass (50-ml samples), and DOC (30-ml sam-
ples), using the methods described above for aggregate sam-
ples.

Surrounding seawater is invariably included in the sam-
ples when marine snow is collected in situ, and measure-
ments of aggregates must be corrected for this dilution ef-
fect. The volume of the aggregate samples occupied by
seawater was estimated knowing the average volume per ag-
gregate in the sample (from in situ photographs) and the
aggregate concentration. Background seawater values were
then subtracted from the aggregate samples to obtain the
chemical content of the aggregates alone. The volume oc-
cupied by seawater in the aggregate samples ranged from 89
to 91%. Seawater blanks were not corrected for contributions
from aggregates potentially included in the bottles during
seawater collection because the small seawater samples an-
alyzed were unlikely to contain enough aggregates to alter
the results significantly.

The abundance of bacteria and the frequency of dividing
cells in the marine snow slurries and seawater samples were
enumerated from samples preserved in 2% buffered For-
malin using epifluorescence microscopy and 49,6-diamidine-
2-phenylindole (DAPI) staining (Porter and Feig 1980). In
all cases duplicate filters (0.22 mm black polycarbonate, Mil-
lipore) were prepared for each sample, and 10 fields (aver-
aging .30 cells field21) were counted per filter.

The size and abundance of the aggregates in each frame
of still film from the in situ camera package was determined
using computerized image analysis of the developed film
with a Megavision 1024 XM Image Analysis System con-
taining a 1,000-line video camera as described in MacIntyre
et al. (1995). The area of each aggregate on the still film (a
two-dimensional measurement) was converted mathemati-
cally to equivalent spherical volume (ESV, a three-dimen-
sional value). This conversion was chosen because ESV is
the standard and most reasonable way of presenting data
from in situ camera systems (see for example Honjo et al.
1984; Gardner and Walsh 1990; MacIntyre et al. 1995). Ma-
rine snow in nature tends to be symmetrical around the axis

parallel to the direction of sinking, which increases the ac-
curacy of this conversion (Alldredge and Gotschalk 1988).

The contribution of DOC within marine snow to the DOC
of the water column was calculated only for East Sound
because in situ profiles of aggregate size and abundance
were only available at this site. The quantity of DOC in each
aggregate in each frame from the in situ camera was cal-
culated by applying the regression equation of DOC as a
function of aggregate volume determined in this study to
each aggregate in the camera profiles. The total DOC con-
tained within aggregates was then accumulated for each liter
photographed in nature, averaged over the 30-m water col-
umn, and this average compared to the average DOC con-
centration in the seawater.

Results

Marine snow collected in the Santa Barbara Channel was
dominated by houses of the larvacean Oikopleura dioica at
two stations while the third station was dominated by diatom
aggregates containing primarily numerous species of Chae-
toceros and some Nitzschia spp. Some of the marine snow
in East Sound contained abundant diatoms especially Chae-
toceros (Chaetoceros radicans, Chaetoceros socialis, Chae-
toceros decipiens, Chaetoceros debilis, Chaetoceros van-
heurckii, and many others), and some Ditylum spp.,
Eucampia spp., Skeletonema spp., Thallasiosira spp., as well
as many other less abundant genera. At many stations, how-
ever, the aggregates were primarily detrital and contained
relatively few identifiable phytoplankton.

Despite their disparate locations of collection and their
different origins, the aggregates from both the Santa Barbara
Channel and East Sound, Washington, displayed relation-
ships between aggregate volume and both POC and mass
content that were nearly identical to that which has been
reported previously for aggregates from coastal surface wa-
ters (Fig. 1A,C). Because aggregate type and geographical
location did not affect the relationship between aggregate
volume and POC or mass content, data were pooled from
all stations in order to examine relationships among the var-
ious aggregate parameters. The aggregates investigated had
POC : PON ratios ranging from 5.0 to 7.6, averaging 5.8.
These ratios were similar to that of C : N ratios of the par-
ticulate matter in the surrounding seawater that averaged 5.6
(Table 1), suggesting that the aggregates were relatively
newly formed and contained labile particulate organic mat-
ter.

DOC in aggregates—The concentration of DOC within
the interstices of aggregates of marine snow at our two study
sites varied as a function of aggregate size (Fig. 2A) and
was very high, ranging from 8.9 to 140 mg L21 (Table 2).
Corresponding DOC concentrations in the surrounding sea-
water only ranged from 1.3 to 1.8 mg L21. Thus, the DOC
concentration in aggregates was enriched over that of the
surrounding seawater by a factor of 16–78 times, one to two
orders of magnitude higher than ambient concentration (Ta-
ble 2).

Interstitial DOC concentrations decreased exponentially as
aggregate volume increased with aggregates 1,000 ml in vol-
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Fig. 1. The organic matter content of marine snow as a function
of aggregate (Agg) size. (A) Particulate organic carbon (POC) of
aggregates (thick line, diamonds; r2 5 0.73, P , 0.001). The thin
line is the regression of a much larger data set of coastal marine
snow from Alldredge (1998) shown for comparison where y 5
0.99x0.52. (B) Open diamonds are the total organic carbon content
(TOC; r2 5 0.75; P , 0.001) and closed diamonds are the dissolved
organic carbon (DOC; r2 5 0.65, P , 0.001) content of aggregates.
(C) Dry mass of aggregates from this study (thick line, closed di-
amonds; r2 5 0.65, P , 0.001). The thin line is the regression of
a much larger data set of coastal marine snow from Alldredge
(1998) shown for comparison where y 5 3.33x0.53.

Fig. 2. The dissolved organic carbon (DOC) concentration with-
in marine snow aggregates as a function of aggregate (Agg) size
measured as volume, mass, and particulate organic carbon (POC)
content. (A) Total organic carbon (TOC; r2 5 0.79, P , 0.001) and
DOC concentration (r2 5 0.65, P , 0.001) versus aggregate vol-
ume. (B) DOC concentration versus aggregate POC content (r2 5
0.45, P , 0.01). (C) DOC concentration versus aggregate mass (r2

5 0.36, P , 0.02).

ume having an interstitial DOC concentration an order of
magnitude lower than that of aggregates 10 ml in volume
(Fig. 2A). Aggregate size (volume) was an excellent predic-
tor of interstitial DOC concentration yielding a highly sig-
nificant regression (r2 5 0.75; P , 0.001; Fig. 2A). Inter-
stitial DOC concentration also significantly decreased as the

POC and mass content of the aggregates increased, although
these regressions were not as robust as that of DOC con-
centration versus aggregate volume (P , 0.01 and P , 0.02,
respectively; Fig. 2B,C).

Because POC and DOC were measured on the same sam-
ple the total organic carbon (TOC) per aggregate, the TOC



1249Interstitial DOC in marine snow

Table 2. Comparison of the mean concentration of dissolved organic carbon (DOC) within aggregates to the concentration in the
surrounding seawater at each station. The enrichment factor is (DOC in aggregates)/(DOC in surrounding seawater). The frequency of
bacteria cells dividing on aggregates from East Sound is also shown. SE 5 standard error.

Station Snow type Depth (m)

[DOC] in
aggregates
(mg L21)

[DOC] in
seawater
(mg L21)

DOC enrich-
ment

factor in snow

% dividing cells (bacteria)

Snow Seawater

14 May 97
25 Jun 97
23 Jul 97
13 Jun 98
13 Jun 98

Diatom
Larvacean
Larvacean
Diatom/debris
Debris

10
15
10
2–7
12

31.7
30.3
29.1

140.8
28.1

1.4
1.3
1.4
1.8
1.8

22
23
21
78
16

—
—
—
6.6
1.7

—
—
—
5.0
0.7

15 Jun 98
18 Jun 98
19 Jun 98
24 Jun 98
Mean6SE

Debris
Diatom/debris
Diatom/debris
Debris

16
14
10
12

30.8
8.9

48.9
24.8

41.5612.8

1.4
1.5
1.6
1.3

1.560.1

20
21
31
20

2866

7.3
9.3
6.9
5.4

5.660.9

2.9
2.3
3.0
0.7

2.460.5

Fig. 3. The total dissolved organic carbon (DOC) content per
aggregate as a function of aggregate size measured as mass and
particulate organic carbon (POC) content. (A) Total DOC versus
POC (r2 5 0.60, P , 0.001). (B) Total DOC versus mass (r2 5
0.60, P , 0.001).

concentration, and the contribution of DOC to TOC, consid-
ered both as absolute magnitude and as concentration, could
be calculated. TOC and DOC concentrations within aggre-
gates decreased with increasing aggregate size (Fig. 2A).
Interstitial DOC concentrations were a constant proportion
of TOC concentrations within aggregates regardless of ag-
gregate size, as indicated by the similar slopes of the re-

gressions of TOC and DOC concentrations against aggregate
volume (Fig. 2A). A comparison of the Y-intercepts of these
regressions indicates that DOC concentrations were 22% of
TOC concentration across all sizes of aggregates.

Although the concentration of TOC and interstitial DOC
decreased with aggregate size, the total DOC within an ag-
gregate increased significantly as aggregate size increased.
Larger aggregates had significantly more total DOC per ag-
gregate than smaller ones regardless of whether aggregate
size was measured as volume (Fig. 1B), POC (Fig. 3A), or
mass (Fig. 3B). This calculation is reported in Table 1 for
each station. The aggregates investigated averaged from 14
to 588 mm3 in volume and averaged 3.0–23.1 mg POC and
3.7–25.2 mg TOC per aggregate. The quantity of DOC per
aggregate comprised 7–31% of TOC, averaging 18 6 2%,
very similar to the contribution determined using the re-
gression relationship in Fig. 2A. As with TOC concentra-
tions, the magnitude of the average contribution of DOC to
TOC per aggregate was consistent over all size ranges of
aggregates as indicated by the similarity in the slopes of the
regressions of interstitial DOC and TOC versus aggregate
volume (Fig. 1B). The ratio of POC to DOC in aggregates
ranged from 2.2 to 11.0, averaging 5.3 (Table 1).

Contribution of interstitial DOC to total DOC in the water
column—Although marine snow was exceptionally abundant
in East Sound, aggregates still occupied a very small per-
centage of the water column by volume, ranging from 0.1
to 0.4% (Table 3). Thus, despite the fact that the interstitial
DOC concentration within aggregates was one to two orders
of magnitude higher than that of ambient seawater, the con-
tribution of interstitial DOC to total DOC was quite small.
In the 30-m water column investigated, the average total
cumulative volume of aggregates ranged from 109 to 457 ml
L21 and the mean cumulative DOC in aggregates averaged
30.9 mg L21. This represented only 1.4–2.4% of the average
total DOC concentration per liter in the water column (Table
3).

Bacteria—Bacterial abundance ranged from 105 to 107

cells per aggregate and larger aggregates contained signifi-
cantly more total bacteria per aggregate than smaller ones
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Table 3. The mean percent contribution of DOC within aggregates to total DOC in the water column in East Sound, Washington. SD
5standard deviation.

Station Snow type

Mean cumulative
aggregate volume

(ml L21)

Mean cumulative
DOC in aggregates

(mg L21)

[DOC] in bulk
seawater
(mg L21)

% total DOC
occur-
ring

in aggregates

13 Jun 98
15 Jun 98
18 Jun 98
19 Jun 98
24 Jun 98
Mean6SD

Diatom/debris
Debris
Diatom/debris
Diatom/debris
Debris

224
259
356
457
109

2816132

34.2
32.5
35.9
34.0
18.0

30.967.3

1.81
1.45
1.45
1.57
1.25
1.49

1.9
2.3
2.4
2.1
1.4

2.060.4

Fig. 4. Total number of bacteria per aggregate (agg) as a func-
tion of aggregate volume and mass. (A) Total bacteria per aggregate
versus aggregate volume (r2 5 0.62, P , 0.001). (B) Total bacteria
per aggregate versus aggregate mass (r2 5 0.62, P , 0.001). The
thin line, shown for comparison, is from a much larger data set of
coastal marine snow investigated by Alldredge and Gotschalk
(1990).

(Fig. 4). However, the abundance of bacteria on marine snow
at the stations investigated were somewhat lower than those
reported previously by Alldredge and Gotschalk (1990) for
near-surface coastal aggregates of similar mass, especially
for smaller aggregates (Fig. 4B). In contrast to abundance,
the concentration of bacteria per unit volume of aggregate
declined significantly with aggregate size (Fig. 5A). This
finding was also consistent with previous studies (Alldredge
and Gotschalk 1990).

Bacteria both produce DOC from POC through solubili-
zation processes and take up DOC to grow. These competing
processes probably resulted in the lack of a significant re-
lationship between DOC concentration and bacteria concen-
tration within aggregates (Fig. 5B). However, higher bacteria
concentrations were significantly correlated with higher POC
concentrations within aggregates (Fig. 5C) as might be ex-
pected because POC is the primary substrate for heterotro-
phic bacteria. Bacteria on marine snow at East Sound were
growing actively and had frequencies of dividing cells av-
eraging 5.6%. This was over twice as high as that for free-
living bacteria in the surrounding seawater, where the fre-
quency of dividing cells averaged 2.4%.

Discussion

DOC within aggregates—Herndl (1992) found DOC con-
centrations ranging from 3 to 25.5 mg L21 within large mu-
cus aggregates in the Adriatic Sea. I found concentrations of
interstitial DOC from the coastal eastern Pacific to be an
order of magnitude higher than this, up to 141 mg L21.
Herndl (1992) assumed no dilution of aggregate samples by
surrounding seawater during aggregate collection, although
some dilution would be unavoidable. He also sampled ag-
gregates considerably larger than those found in this study.
Because interstitial concentrations of DOC decrease with in-
creasing aggregate size, both dilution of samples with sur-
rounding seawater during sample collection and larger ag-
gregate size probably contributed to the lower interstitial
concentration of DOC reported in his study.

Interstitial DOC concentrations of aggregates were up to
two orders of magnitude higher than observed in the sur-
rounding seawater. Several processes contribute to the pro-
duction of these very high interstitial DOC concentrations
within marine snow. Exudation from both living algal and
bacterial cells and cell lysis of dying cells (Baldi et al. 1997)
may be significant sources. However, the most important
source is probably the hydrolytic activity of bacterial exo-
enzymes that break down and solublize the particulate or-
ganic components of the aggregates (Cho and Azam 1988;
Urban-Rich 1999). On a per cell basis, the hydrolytic activity
of bacteria associated with marine snow is considerably
higher than that of free-living bacteria in some studies (Kar-
ner and Herndl 1992; Smith et al. 1992) and similar to free-
living bacteria in others (Karner and Herndl 1992; Muller-
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Fig. 5. The concentration of bacteria in aggregates as a function
of aggregate volume, dissolved organic carbon (DOC), and partic-
ulate organic carbon (POC) content. (A) Bacteria concentration ver-
sus aggregate volume (r2 5 0.47, P , 0.001). (B) Bacteria concen-
tration versus interstitial DOC concentration (r2 5 0.30, not
significant, P , 0.1). (C) Bacteria concentration versus POC con-
centration in aggregates (r2 5 0.40, P , 0.05).

Niklas et al. 1994; Unanue et al. 1998). However, the
extremely high concentrations of bacteria within aggregates
in general (two to four orders of magnitude higher than in
the surrounding seawater; see Alldredge and Silver [1988]
for review) facilitate the production of large amounts of
DOC within a relatively small interstitial volume, leading to
the potential for high concentrations in aggregates.

Once produced, DOC has several possible fates within an

aggregate that also affect the final interstitial concentration.
DOC may be taken up by bacteria, adsorbed to surfaces, or
diffuse out of the particle to the surrounding seawater. Un-
anue et al. (1998) reported lower uptake rates of hydrolyzed
protein by attached bacteria relative to free-living forms,
suggesting that bacterial uptake of dissolved substances
could be lower on a per cell basis in aggregates and possibly
contribute to greater accumulation of DOC. However, the
high frequency of dividing cells in attached bacteria ob-
served in this study suggests that bacteria were, in fact,
growing rapidly and likely to have correspondingly high up-
take rates of DOC.

Diffusion rates may be the most significant factor coun-
terbalancing high production rates of DOC and regulating
final interstitial concentrations of DOC within aggregates.
Although the rate of diffusion of any dissolved substance
from marine snow has not been measured directly, diffusion
coefficients for dissolved silica have been calculated to be
two orders of magnitude lower in aggregates than in pure
seawater (Brzezinski et al. 1997). Diffusion rates of solutes
from marine snow are likely to be much slower than diffu-
sion in seawater because the fractal geometry of aggregates
retards diffusion of solutes within their interstices. The blind
passages and mazelike nature of fractals tends to retain ran-
domly moving substances such as diffusing molecules
(Meakin 1988), resulting in retention of DOC. Diffusion may
also be retarded by the presence of abundant mucus and gel-
like particles such as transparent exopolymer particles (All-
dredge et al. 1993) within marine snow that reduce aggregate
porosity and the exchange of solutes (Alldredge and Crocker
1995). Despite the factors that retard diffusion rates, release
of DOC from aggregates via diffusion certainly occurs and
is potentially significant for organisms in the surrounding
seawater.

Several factors contribute to the observed decrease in in-
terstitial DOC concentration with increasing aggregate size.
Lower densities of bacteria in larger aggregates produce few-
er hydrolytic enzymes resulting in lower overall solubiliza-
tion of POC. Aggregate porosity also increases with increas-
ing aggregate size (Alldredge and Gotschalk 1988),
potentially increasing both diffusion rates and the advection
of seawater through channels in the interstices. Although
probably slow (because of mucus content), such advection
would tend to dilute interstitial DOC in large aggregates
more rapidly than in smaller ones. The higher porosity of
larger aggregates may also increase diffusion rates of solutes
from the center of the particles to their surfaces, allowing
for greater mass transfer to the surrounding seawater. Finally,
the higher sinking velocities of larger aggregates (Alldredge
and Gotschalk 1988) results in lower boundary layer thick-
ness around them (Ploug and Jorgensen 1999), facilitating
higher diffusion rates in these particles.

Contribution of interstitial DOC to total DOC in the water
column—The majority of aggregates investigated in this
study came from East Sound, Washington, an area of ex-
tremely high marine snow abundance relative to most coastal
and open ocean sites. For example, the total volume of ma-
rine snow in East Sound ranged from 100 to ;500 ml L21,
representing only 0.01–0.05% of the water column, but this
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occupied volume was two orders of magnitude higher than
that measured in the Gulf of Mexico (1.3–5 ml L21; Walsh
and Gardner 1992) and 2–50 times higher than that measured
in the Southern California Bight (MacIntyre et al. 1995; Gra-
ham et al. 2000). However, despite the very high marine
snow abundance in East Sound, aggregates still contributed
,2.4% to the total DOC in the water column, suggesting
that interstitial DOC is unlikely to be a significant compo-
nent of total DOC in the water column throughout most of
the ocean. However, the DOC diffusing from aggregates may
be significantly more labile than the largely refractory DOC
found in seawater. Fecal pellets are known to release mostly
highly labile DOC as they decay (Urban-Rich 1999), sug-
gesting that DOC diffusing from the phytoplankton-rich ag-
gregates investigated here might also be readily usable by
suspended microbes. Thus, although it is only a small per-
centage of the total DOC, the DOC within aggregates may
be disproportionately important for biological processes in
the water column.

One region where interstitial DOC may also be more sig-
nificant is the Adriatic Sea. Assuming that aggregates oc-
cupied 5% of the water column by volume (1,0003 higher
than East Sound), Herndl (1992) calculated that interstitial
DOC contributed 40% to total water column DOC. The
northern Adriatic experiences periods when gelatinous ag-
gregates are so large and abundant that they form an opaque
layer, or false bottom, at the pycnocline (Stachowitsch et al.
1990). In these layers interstitial DOC may make up the bulk
of total DOC. However, quantitative measurements of ag-
gregate abundance in the Adriatic Sea are needed to estimate
accurately the contribution of interstitial DOC to total water
column DOC in this region.

The relatively inconsequential contribution of interstitial
DOC to total DOC in the water column reported here indi-
cates that DOC is unlikely to be underestimated in the ocean
due to exclusion of relatively rare marine snow particles
from the small seawater samples used for DOC analysis.
Interstitial DOC contributes relatively little to total DOC pri-
marily because aggregates occupy such a small volume of
the water column. However, marine snow does make a sig-
nificant contribution to other chemical constituents in sea-
water, including POC and nutrients (Shanks and Trent 1979;
Alldredge and Silver 1988) that are rarer in the surrounding
seawater than DOC.

Interstitial DOC and carbon flux—Interstitial DOC in
sinking particles has not been included in measurements of
particulate carbon flux. Oceanographers have tended to dis-
count DOC in sediment traps because particle flux has ap-
peared to be mediated primarily by particles, and interstitial
DOC was assumed to be inconsequential. Moreover, most
traps use Formalin as a preservative, thereby precluding di-
rect measurement of DOC in trap samples. Finally, even in
cases where DOC can be measured directly in trap samples,
the DOC actually sedimenting into the traps cannot be sep-
arated from DOC arising from conversion of POC once par-
ticles enter the trap. Substantial DOC is released from leach-
ing of dead zooplankton swimmers and detrital particles
captured by sediment traps and may also originate from deg-
radation processes related to the enzymatic activity of mi-

crobes within traps (Noji et al. 1999). Noji et al. (1999)
estimated that particle-associated DOC in sediment trap sam-
ples was about the same order of magnitude as the particu-
late fraction itself and suggested that failure to measure par-
ticle-associated DOC in sediment trap samples constitutes a
serious error in estimates of carbon sedimentation. My mea-
surements indicate that interstitial DOC comprised up to
31% of TOC in sinking aggregates, averaging 18–22% (de-
pending upon whether one uses absolute averages or regres-
sion relationships). Aggregates contained about six times
more POC than interstitial DOC on average. This suggests
that the high DOC values of sediment trap samples reported
by Noji et al. (1999) were largely derived from POC to DOC
conversions once particles entered the traps.

Aggregates of marine snow are the major component of
particulate flux in most regions of the ocean (Fowler and
Knauer, 1986). For example marine snow contributed .70%
of the sinking carbon flux at most depths along the five-
station VERTEX study transect stretching from coastal Cal-
ifornia to near Hawaii. At many depths and stations the con-
tribution was .85% (Silver and Gowing 1991). Fecal pellets
contributed ,10% to mass flux at three tropical and sub-
tropical sites in the Atlantic and Pacific with the majority of
flux composed of amorphous aggregated material (Pilskaln
and Honjo 1987). Given that marine snow is a substantial
portion of sinking particles, this study suggests that mea-
surements of organic carbon flux based on POC alone un-
derestimate the amount of total organic carbon actually ex-
ported from surface waters by about 20%. While this
underestimation may not seem large, it is a systematic error
that may have a significant impact on results of global car-
bon models utilizing rates of oceanic carbon sequestration
based on POC flux. The measurements reported here pertain
to relatively fresh, young aggregates (as indicated by low C :
N ratios), with high microbial and hydrolytic enzyme activ-
ity. The DOC content of older aggregates sinking into deep
water is not known but could be lower than those of near-
surface aggregates if microbial activity decreases substan-
tially as aggregates age and decompose.
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