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Abstract

Decomposition of dissolved organic carbon, nitrogen and phosphorus (DOC, DON, DOP) was measured for surface
and bottom waters of the middle Atlantic bight (MAB) and deep slope water adjacent to the MAB on two occasions in
March and August 1996. We used standard bottle incubation techniques to measure the decrease in dissolved organic
matter (DOM) concentrations over a 180-day interval. Generally DOM concentrations in the MAB were elevated
(125uM DOC, 10.2uM DON and 0.30 uM DOP) relative to the surface ocean and deep slope water (46.7 uM DOC,
2.76 uM DON, 0.03 uM DOP). On average the C:N:P ratio of shelf DOM (431:36:1) was substantially higher than the
Redfield ratio, but not nearly as high for that of deep slope water (2700:215:1). Decomposition time course data were fit
to a three-pool (very labile, labile, and recalcitrant pools) multi-G model using a Marquardt fitting routine. The three-
pool model was superior to a simple exponential decay model assuming a single pool of DOM. We observed no
significant changes in concentration of DOM in deep-water samples, attesting to the old age of this material, its
recalcitrant nature, and the cleanliness of our technique for measuring decomposition. There were major differences in
the relative amount of very labile, labile and recalcitrant fractions of shelf-water DOC, DON and DOP as a result of
preferential remineralization of P over N and N over C. Averaged over stations, the decomposable portion of the bulk
DOC, DON and DOP pools increased from 30% to 40% to 81% for C, N and P. There was a wide range in decay
coefficients for the very labile and labile DOM pools: average decay coefficient for the very labile pool was 0.219d7",
and 0.018 d ™! for the labile pool. Average half-lives calculated from the decay coefficients were 4, 12 and 8 days for the
very labile DOC, DON and DOP pools, and 54, 113 and 90 days for the labile DOC, DON and DOP pools. On the basis
of pool turnover times relative to shelf-water residence time (~ 100 days) we conclude that autochthonous algal
production is the source of the very labile DOM pools. Its rate of production is sufficient to sustain estimated rates of
bacteria C demand in continental margins. Our results for the MAB indicate that while substantial amounts of DOM
are remineralized in the same time frame as shelf-water residence time, there is substantial DOM remaining that is
depleted in N and P relative to C. Strong concentration gradients in DOM occur between shelf and ocean waters and
between surface and deeper waters. Coupled with appropriate vertical and horizontal advective and eddy diffusive
transports, DOM export from the MAB and other shelf systems may be a significant component of ocean C dynamics.
© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

There is great interest in dissolved organic
carbon (DOC) in the ocean, primarily out
of concern for a better understanding of the
global carbon cycle and the fact that DOC
is overwhelmingly the largest pool of organic
carbon in the ocean. On a global scale, the pool
of DOC is of the same magnitude as atmospheric
CO,, and it accounts for about 20% of the
organic material on the globe (excluding kerogen
and coal; Hedges, 1992). Continental shelves
may play a disproportionately large role in oceanic
carbon cycling because shelves are conduits
linking terrestrial sources of organic matter
with the ocean and they are the sites where
approximately 20% of oceanic primary produc-
tion occurs (Schlesinger, 1997). An appreciation of
the role of limiting factors in controlling primary
productivity dictates the need for equivalent
understanding of the dynamics of dissolved
organic nitrogen and phosphorus (DON and
DOP). The extent to which organic N and P are
coupled or decoupled from organic C decomposi-
tion is critical to understanding controls of the
biological pump, or the transfer of organic carbon
produced in the surface ocean to depths in the
ocean. Decoupling N and P remineralization from
C remineralization would enable remineralized N
and P, which are often at limiting levels in the
surface ocean, to continue to support organic
matter production and thereby drive a larger
export flux of C than could otherwise be
supported.

DOC, DON and DOP accumulate in surface
waters of the ocean, due to a variety of processes
beginning with primary production (Carlson et al.,
1994). In the North Atlantic, accumulation and
vertical carbon export of DOC are thought to
assume an important role in oceanic carbon
balance that is in addition to the classical model
of particle export (Carlson et al., 1994; Ducklow
et al., 1995). While considerable information exists
to describe the C:N:P stoichiometry of particle
formation, settling and remineralization (Martin
et al., 1987), relatively little is known about the
corresponding processes for dissolved organic
matter (Hopkinson et al., 1997).

Our knowledge of DOM turnover is rudimen-
tary for any aquatic system, but especially for
continental shelves and the ocean. Although the
average elemental composition of DOM can be
measured, very little is known about the distribu-
tions of C, H, N, and O in specific, identifiable
organic compounds. Miinster (1993) estimated
that 10-20% of DOM could often be identified
as specific compounds. The remaining 80-90% of
DOM is a highly complex mixture that cannot be
resolved into pure compounds. Recent reports of
temporal variability in surface water DOC con-
centrations (Carlson et al., 1994) suggest that only
a portion of the bulk DOC pool is labile. Direct
measures of oceanic DOC consumption by
microbes suggest that very little (<10%) of the
bulk pool is labile (Carlson and Ducklow, 1996).
Experimental studies with isotopically labeled
DOC (Norrman et al., 1995; Fry et al., 1996)
and radiocarbon studies of DOC (Raymond and
Bauer, 2001) have demonstrated a wide range in
lability of bulk DOC, with turnover times ranging
from hours to years and ages ranging from
modern to over a thousand years (Williams and
Druffel, 1987; Bauer and Druffel, 1998). In
general, residence times of shelf waters are short
relative to the age of much of the DOC pool.
Therefore, if advective and eddy diffusive trans-
ports are of sufficient magnitude, fluxes of DOC
could be greater than sinking POC fluxes (Ledwell
et al., 1993; Bauer et al., 2000). While there are a
few reports of oceanic DOC decomposition, there
is only one study we are aware of reporting oceanic
DON and DOP remineralization (Hopkinson
et al, 1997). Estimates of DON and DOP
remineralization are typically inferences made
from information on DOM depth profiles and
water turnover times and ages (e.g., Jackson and
Williams, 1985).

DOM is composed of a suite of organic
compound classes with turnover times ranging
from seconds, hours, days, years to millennia (see
for example, Williams and Druffel, 1987; Coffin
et al., 1993; Cherrier et al., 1996; Fry et al., 1996).
Knowledge of the sizes and turnover times of
discrete DOM pools is essential to accurate
accounting and modeling of global ocean C
dynamics. Because of the differential C, N and P
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content of various organic compound classes
composing cellular structures and contents, we
might expect there to be inherent differences in
decomposition rates of organic C, N and P
compounds and the relative proportions of dis-
crete pools of organic matter. As the relative
proportions of C, N and P in biomolecules also
vary, we might further expect the turnover times of
organic C, N and P to differ. A number of studies
have demonstrated preferential remineralization of
N and P relative to C (Martin et al., 1987;
Williams et al., 1980; Hopkinson et al., 1997).
There is very limited information for aquatic
systems, however, on the relative pool sizes of C,
N and P containing organic matter of differing
lability. The information is limited primarily to
lability of organic carbon.

Here we present the results of a study char-
acterizing pool sizes and decomposition rates of
dissolved organic C, N and P on the continental
shelf of the middle Atlantic bight (MAB). Bulk
DOM is characterized on the basis of the decrease
in decomposition rate over time as being very
labile, labile or recalcitrant. Estimates of the half-
lives of these fractions as well as turnover times of

the bulk organic C, N and P pools are determined.
These time scales are of relevance to understand-
ing microbial dynamics and the role of continental
shelf systems in the context of the larger oceanic C
cycle.

2. Materials and methods
2.1. Study area

The middle Atlantic bight (MAB) consists of the
continental shelf region extending from south of
Georges Bank to Cape Hatteras along the castern
US coast (Fig. 1). The MAB is under the influence
of the Gulf Stream, the Labrador Current as well
as several other sources (Pietrafesa et al., 1994).
There is a net southwesterly flow of water along
the coast driven partially by buoyancy forces
stemming from freshwaters entering from rivers.
A permanent shelf water/slope water thermohaline
front confines the surface waters of the area
(Biscaye et al., 1994). There is significant exchange
of water along the shelf/slope front, resulting in an
average water residence time in the MAB of 100
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Fig. 1. Map of the middle Atlantic bight showing approximate locations (®) where samples were collected in March and August 1996.
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days, which is shorter than the average transport
time for a parcel traveling the full length of the
MAB.

2.2. Methods

DOM decomposition was examined by incubat-
ing filtered water in 50-ml flame-sealed glass
ampoules. Samples were stored at room tempera-
ture (19-20°C) in total darkness. Replicate sam-
ples (three) were sacrificed following
approximately 0, 3, 12, 31, 90 and 180 days.
Changes in concentration of DOC, DON and
DOP over time were used to estimate DOM
decomposition rate. As inorganic nutrients,
NH,, NO; and PO;  were also measured,
DOM time series compromised because of sam-
pling or processing errors could be corrected. We
found mirror images between DOM decrease and
inorganic nutrient increase (data not shown). The
time-series approach using replicated incubation
bottles has been used previously to assess DOC
dynamics as well as bacterial growth dynamics
(e.g., Coffin et al., 1993).

One to three stations on each of six transects
across the MAB shelf and slope between southern
Martha’s Vineyard and Cape Hatteras were
sampled in March and August 1996. Samples were
from a variety of inner and outer shelf locations
(Fig. 1 and Table 1). We collected mostly surface
water, but during each sampling trip bottom water
was collected from the outer shelf as well as off the
shelf break in water up to 1660 m deep. In March a
surface water sample was also obtained from the
lower Chesapeake Bay. Samples were collected
with 20- or 30-1 Niskin bottles mounted on 12-
bottle rosettes on the R.V. Endeavor (EN279) in
March 1996 and the R.V. Seward Johnson
(SJ9608) in August 1996. Samples were gravity
drained through a teflon tube with a 208-um Nitex
screen into a clean, polycarbonate (acid-washed
and DI rinsed) 10-1 carboy with spigot. Thus, an
intact microbial and microplanktonic community
was maintained. We assume that predator-prey
interactions between the various microbial com-
munities maintained an overall constancy of
biomass. Water was rapidly brought to room
temperature (10-15min) and the gas phase equili-

brated with the atmosphere. The water was heated
with an infrared heat lamp (IR radiation spectrum
verified) and equilibrated by stirring with a teflon-
coated stir bar and bubbling with filtered ship-
board room air. The air stream was cleansed by
passing through CuO and silica gel beads. Water
was then gravity fed from the carboy spigot
through teflon and glass tubing into incubation
vessels. For measuring DOC, DON, DOP and
inorganic nutrients, water was drained into 50-ml,
precombusted, glass ampoules. Ampoules were
rinsed 3 times with sample and then heat-sealed.
Replicate ampoules were immediately sampled for
initial values. Ampoules were sampled by rapid
freezing and then held frozen for up to 6 months
for nutrient analysis. We used glass ampoules that
can be flame-sealed because we have observed
significant contamination across screw cap and
sintered glass bottles. Dissolved oxygen was
initially in equilibrium with the atmosphere
(>250uM O,) and therefore in excess of that
required to oxidize all dissolved organic matter.

The cleanliness of our incubation set-up proce-
dure was evidenced by agreement between our
initial DOC concentrations and those determined
from on-board measurements from the same
Niskin bottles (R. Chen, pers. comm.). It was also
determined by incubating deep water, which has
very low concentrations of primarily recalcitrant
dissolved organic matter. We expect this water to
be biologically “inert” in the sense that concentra-
tions are not expected to vary over 180-day
incubations unless there is contamination with
new or labile organic matter.

Nutrient samples were stored frozen until the
end of the 180-day incubation period. For DOC
analysis, upon thawing samples were acidified to
pH 2 with 500 pul of 50% phosphoric acid and
bubbled with ultra-pure O, to remove inorganic C.
DOC was analyzed following high temperature
oxidation. The DOC instrument (designed by Ed
Peltzer and manufactured by Woods Hole Ocea-
nographic Institution; Peltzer and Brewer, 1993;
Peltzer and Hayward, 1996; Peltzer et al., 1996)
employs a two-zoned furnace (800°C top—600°C
bottom) with Pt on alumina catalyst, CuO and
Sulfix in the combustion zone, a dehumidification
system, dual particle filters, a solid-state NDIR
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Table 1

Station locations and basic water column characteristics during sampling

Date Stn. Coordinates Stn Z (m) Spl Z (m) Temp (°C)  Salinity (ppt) [Chl] (ugl™!) [NO3] (M) [PO3 ] (uM)

Name Deg N-W

March 1996

T1S1 41 07.11 36 5.1 2.635 32.33 4.9 0.18 0.08
70 20.53

T1S4 40 37.03 60 3.8 3.602 32.704 6.6 4.36 0.37
70 20.97

T2S1 40 50.88 27 5 2.172 31.844 2.6 2.68 0.46
72 19.77

T3S1 39 30.01 24 2.1 2.947 32.271 8.1 0.3 0.21
73 57.95

T3S4 39 04.56 55 16 4.085 33.015 33 0.11 0.25
73 32.9

T4S1 37 59.94 23 3.6 4.505 32.457 2.7 0.41 0.25
74 58.02

T4S7 37 35.40 1600 750 4.486 34.996 0 18.58 0.95
73 57.06

T5S1 36 42.02 14 4.9 4.692 29.334 4.1 0.12 0.18
75 51.99

T554 36 42.00 34 5.7 6.926 33.537 5.1 0.54 0.12
75 5.94

T6S1 352742 19 4.8 6.207 31.366 1.7 0.55 0.04
75 23.09

ChesBay 36 53.12 23 2 4.009 31.378 4.8 0.55 0.17
75 45.43

August 1996

TI1S1 41 06.65 40 3.7 14.161 31.622 2.14 0 0.16
70 21.36

T1S4 40 37.02 59 33 15.156 32.022 0.8 0 0.08
70 20.99

T2S1 40 29.77 23 4.1 19.127 30.021 1.8 0.03 0.15
72 19.99

T3S1 39 29.92 23 3.6 21.377 30.436 1.1 0 0
73 58.08

T3S4 39 04.74 54 3.7 21.621 30.756 0.5 0.32 0.09
73 33.09

T4S1 38 00.11 21 3.9 22.989 29.998 0.46 0 0.05
74 58.30

T4S7 37 34.86 1660 1500 3.621 34918 0 17.9 0.88
73 55.97

T5S1 3542.00 15 4.4 23.986 24.876 1.1 0.3 0.06
75 51.98

T5S4 36 42.01 25 249 11.705 32.258 4.7 0.09 0.27
75 17.28

T5S5 36 42.00 31 3.8 24.285 30.780 0.4 0.15 0.04
74 6.05

T6S1 3526.93 20 4.7 23.073 30.527 0.9 0.06 0.02
75 23.08

detector, and a PC-based integration system. and deep ocean water of known DOC concentra-

Analysis precision and accuracy were determined tion. Our instrument and analysts have success-

by multiple injections of carbon-free distilled water fully analyzed the “‘Sharp intercomparison
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samples” for DOC analysis (Jon Sharp, pers.
commun.). Our routine precision is better than
5% or 2-3uM C at low concentrations.

DON and DOP were analyzed as total dissolved
N and P (TDN, TDP) minus inorganic N and P
(DIN—NH, , NO5 and NO5:; DIP—PO; ). We
followed the UV oxidation procedure of Walsh
(1989). We find high recoveries of standards and
precision between 4-8% as long as we use new
H>0, and UV radiation is high. Standard colori-
metric analysis was used to measure NH, , and
PO; . A chemiluminscence nitrogen oxide analy-
zer (NOX box) was used to measure NO3
following the conversion of NO; and NOj3 to
NO gas (after Garside, 1982). Reagent blanks were
treated as with standard inorganic nutrient analy-
sis. Analysis precision and accuracy were deter-
mined from standard curves prepared from
carbon-free distilled water and five concentrations
of urea. Chlorophyll a concentrations were mea-
sured by personnel at the Brookhaven National
Laboratory under the direction of Douglas Wal-
lace from archived frozen samples.

A multi-G model was used to describe the
decomposition of the dissolved organic matter
(Berner, 1980). This model describes the decom-
position of organic matter as the simultaneous loss
of discrete pools of organic matter each with
characteristic decomposition rates. We used a
Marquardt nonlinear least-squares fitting routine
(Press et al., 1986) to estimate pool sizes and decay
rates for three DOM components: very labile
DOM (Cy), labile DOM (C,) and recalcitrant
DOM (C;). DOM decomposition was described as
the exponential decay of the two labile pools with
a background pool of recalcitrant DOM, accord-
ing to the equation:

Cr = Cle_k" + Cze_kzt + Cj,

where Cr is the total DOM concentration at time
t, C; is size of the very labile pool, C, is the labile
pool size, Cs is the recalcitrant pool size, and k;
and k, are the instantancous decay rates of the
very labile (Cy) and labile (C,) pools. To decrease
the degrees of freedom in the least-squares routine,
we set C; as the difference between Ct and C, plus
C;. The fitting routine required initial estimates for
each of the parameters and values of dissolved

organic matter concentrations for each sampling
time. The overall goodness of fit was calculated as
the mean squared error.

3. Results and discussion
3.1. Initial conditions

There were large differences in ambient condi-
tions between March and August in 1996. Water
samples collected in March were typically colder,
more saline, and had higher chlorophyll and
dissolved inorganic N and P concentrations than
in August (Table 1). Water temperatures ranged
from 2.1°C to 6.9° C and averaged 4.2°C in
March, and from 3.6°C to 24.3° C averaging
19.7°C in August. Surface waters were often colder
than deep slope water in March. Even though river
discharge was higher in March and average slope
salinity was undoubtedly lower in March than in
August, samples collected in August for decom-
position analysis were on average less salty.
Chlorophyll @ concentrations in shelf waters
collected for decomposition analysis ranged from
1.7-8.1pg1™ ' in March to 0.4-4.7 pg1~ ' in August.
Chlorophyll was undetectable in slope deep water.
Thus, incubation samples to some degree reflect
spring bloom conditions that were underway in
March. NO3 and PO3 ™~ concentrations in incuba-
tion water samples from the shelf ranged from
undetectable to 4.4uM N and undetectable to
0.46 M P in March and from undetectable to
0.32uM N and undetectable to 0.27uM P in
August. Inorganic N and P were substantially
higher in deep slope water in March and August
than in any shelf or estuarine water sample.

DOC, DON, and DOP concentrations were
similar in March and August: averaging 115, 10.0,
0.31uM C, N, P and 129, 10.3, 0.28 uM C, N and
P, respectively. DOM was typically highest in
water collected at the inner shelf stations and
lower offshore. Excluding slope deep water, which
had concentrations typical of oceanic deep water,
DOC concentrations ranged from 81 to 143 uM C
in March and from 94 to 201 uM C in August.
Shelf DON ranged from 7.9-12.6 uM N in March
and from 7.1-14.3uM N in August. Shelf DOP
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ranged from 0.25-0.42pM P in March and from
0.14-0.37uM P in August. DOM concentrations
in the single shelf bottom-water samples from
March and August were within the range observed
in shelf surface waters. The August bottom-water
sample was collected from the “cold pool” water
mass, which is a filament of water that originates
at the head of the middle Atlantic bight near
Georges Bank and runs along the outer 1/3 of the
shelf to near Cape Hatteras. Density gradients
limit exchange with adjacent water masses. The
similarity of inorganic nutrient, chlorophyll and
DOM concentrations in the ‘““cold pool” with
other shelf waters, however, indicates that pro-
cesses occurring in adjacent water influence it.

The concentrations of DOC, DON and DOP
measured in this study in estuarine, shelf and slope
waters are within the ranges previously reported
by other investigators for various parts of the
MAB and other “coastal” waters (Chen et al.,
1996; Hopkinson et al., 1997; Vlahos et al., 1998,
2002; Bates and Hansell, 1999; Bauer et al., 2000;
Bauer et al., 2002). The pattern of elevated
concentrations in surface waters relative to deep
water and inner shelf relative to outer shelf is a
typical, recurring pattern. Surface concentrations
of DOM were all in excess of those typically found
in the open ocean (Sharp et al., 1993) indicating
either substantial authochthonous production or
allochthonous inputs from rivers and estuaries
along the MAB. DOC and DON concentrations
were inversely proportional to salinity (R> = 0.7
and 0.64, respectively), suggesting that freshwater
from rivers or estuaries was an important source of
elevated DOM. It is also possible however that
autochthonous DOM production was higher in
low-salinity water as a result of riverine inputs of
nutrients. Neither DOC, DON nor DOP concen-
trations were correlated with chlorophyll a con-
centrations; however, a correlation might be
expected if autochthonous production was the
major source of elevated DOM concentrations in
lower-salinity water.

Dissolved organic matter C:N:P ratios were
substantially depleted in N and P relative to the
Redfield ratio (106:16:1) (Table 2). C:N:P ratios
were substantially higher in the deep-water sam-
ples (4404:360:1 and 986:70.5:1 in March and

Table 2
Initial DOM concentrations and C:N:P stoichiometry

Date Stn. Name DOC (uM) DON (uM) DOP (uM) C:N:P

March 1996

T1S1 114 8.98 0.32 356:28.1:1
T1S4 81 8.95 0.28 290:32.0:1
T2S1 104 8.8 0.25 415:35.3:1
T3S1 161 12.2 0.37 437:32.9:1
T3S54 92 8.7 0.28 329:31.1:1
T4S1 113 10.3 0.29 391:35.4:1
T4S7 44 3.6 0.01 4404:360:1
T5S1 143 12.6 0.42 340:29.9:1
T554 111 7.9 0.25 445:31.5:1
T6S1 115 11.1 0.28 410:39.6:1
ChesBay 115 10.9 0.32 359:34.2:1
August 1996

T1S1 100 8.2 0.32 312:25.8:1
T1S4 94 7.1 0.27 349:26.4:1
T2S1 117 9.7 0.28 419:34.6:1
T3S1 120 11.3 0.3 398:37.7:1
T3S4 109 9.3 0.25 436:37.1:1
T4S1 136 10.7 0.26 525:41.2:1
T4S7 49 3.5 0.05 986:70.5:1
T5S1 201 14.3 0.35 574:40.9:1
T5S4 123 10.2 0.37 332:27.6:1
T5S5 128 9.8 0.32 401:30.5:1
T6S1 154 12.1 0.14 1101:86.7:1

August, respectively, for deep slope water at
station T4S7). For shelf samples, C:N ratios
ranged from 9.1 to 14.1:1 between stations and
over time. C:P ratios varied between 290 and
1101:1. N:P ratios ranged from 25.8 and 86.7:1
across stations in March and August. Substantial
deviation from Redfield ratios for coastal and
oceanic DOM has been observed previously
(Jackson and Williams, 1985; Williams, 1995;
Hopkinson et al., 1997; Bjorkman et al., 2000,
Karl et al., 2001) and appears to be the general
pattern. Increased deviation from Redfield with
depth also appears to be the general oceanic
pattern. Ratios of C to N for the high molecular
weight (HMW) portion of DOM (> 1000 Da) have
been reported for the MAB, and in general are
higher than we observed for the bulk DOM. High
molecular weight DOC:N ratios averaged 15:1
(range 11-23) in surface water and 18.5:1 (range
14-24) for MAB bottom water (Mitra et al., 2000).
That the C:N ratio for HMW DOM is higher than
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for bulk DOM suggests that the low-molecular
weight fraction (which typically comprises ~70%
of total DOC) must have a C:N closer to Redfield.

3.2. Incubation time courses

We found two patterns of DOM decomposition
that were representative of all stations, one for
deep slope water and another for shelf waters
(Fig. 2). As was expected, there were no significant
changes over time in any constituent measured in
the slope water incubations. Thus, these stations
provide an indication of the ‘“‘cleanliness” of our
incubation technique. Poor technique, such as
dirty glassware or contamination during sampling,
would have resulted in high variability over
time or in significant temporal decreases in DOM
due to introduction of labile organic matter. The
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DOM concentration variability that we observed
over 180-day incubations of slope water is
primarily due to methodological or instrument
precision; this sets the limit to the sensitivity of the
incubation technique for assessing DOM decom-
position rates.

All shelf water samples experienced substantial
decreases in DOC, DON and DOP concentrations
over time in a manner similar to that portrayed for
Station T3S4 from March 1996 (Fig.2). DOM
concentrations decreased over time but at ever
decreasing rates. DOM was never completely
consumed for C, N or P.

3.3. Decomposition model

The three-pool, multi-G model described the

temporal changes in DOM concentration
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Fig. 2. Representative data on DOC, DON and DOP concentrations during 180-day incubations of MAB water. Data from deep-
water station, T4S7, illustrates its recalcitrant nature and the “cleanliness’ of our technique (vertical bars denote standard deviation).
Panels marked C, N or P are from station T3S4. Dashed lines connecting observations were predicted from the multi-G model. The
mean error squared for the multi-G model is indicated for each curve. For contrast, the more commonly used, simple, one-pool
exponential fit to the data is also shown along with its respective R> (solid line).



C.S. Hopkinson Jr. et al. | Deep-Sea Research II 49 (2002) 44614478 4469

extremely well, as indicated by the very low mean
squared error for each incubation time series (data
not listed). The multi-G model described the data
much better than a single pool exponential model.
As an example consider the results for the T3S4
station in March (Fig.2). Whereas the simple
exponential model fit the data reasonably well, as
indicated by R’ values of 0.61, 0.85 and 0.91,
respectively, for C, N and P, R® values for the
multi-G model, calculated by regressing predicted
against observed values, were 0.999 " for C, N and
P. In fact, there was close agreement between
predicted and observed data for all stations, with
R? exceeding 0.99 for C, N and P (Fig. 3). Visually
the multi-G model was also far superior. When
time course data indicate a substantial undegraded
fraction remaining after incubation, a model with
at least two pools, labile and recalcitrant fractions,
is probably more appropriate than a single pool
model.

The excellent fit of the multi-G model to our
data indicates that bulk DOM can be described as
consisting of three components of differing size
and degrees of decomposability: a wvery labile
DOM pool (M;), a labile DOM pool (M,), and a
recalcitrant DOM pool (M3) for which a decom-
position rate cannot be assessed with the metho-
dology employed.

3.4. DOM pools

The Marquardt fitting routine provided esti-
mates of the size of each of the DOM pools
(Table 3). Deep slope water DOM concentrations
did not change over time; deep-water DOM is, by
definition, classified as recalcitrant material. The
size of the recalcitrant DOC, DON and DOP pools
in slope water was similar in March and August:
Cs: 4449 uM, N3: 1.6-2.1 uM, P5: 0.01-0.009 pM.

For shelf water, dissolved organic carbon was
dominated by recalcitrant material in March and
August. It averaged 86 uM C, ranging from 64 to
141 uM (excluding deep water). Very labile and
labile DOC pools were much smaller in magnitude,
averaging 20.4 and 15.2puM C. Both pools varied
considerably between sample locations, with very
labile DOC ranging between 3.9 and 56 uM C and
labile DOC ranging between 4.9 and 27.3uM C.
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Fig. 3. Relationship between observed concentrations of DOC,
DON and DOP and those predicted from the multi-G model.
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Table 3

Pool sizes of very labile (M, ), labile (M5) and recalcitrant (M3) DOC, DON and DOP from a variety of locations along the Middle
Atlantic Bight and deep slope water in March and August as determined from fitting decomposition data to a three-pool

decomposition model using a Marquardt fitting routine

DOC DON DOP
[Ci] [C] [C5] [Ni] [N2] [Ns] [P1] [P2] [P3]

August

T1S1 5.7 21.1 73 1.15 1.29 5.80 0.152 0.108 0.060
T1S4 13.4 4.9 76 0.52 1.40 5.20 0.066 0.152 0.052
T2S1 19.9 16.3 81 2.67 2.00 5.03 0.099 0.155 0.026
t3S1 18.4 19.1 82 3.51 2.00 5.79 0.092 0.138 0.070
T3S4 9.3 13.7 86 1.08 1.60 6.60 0.069 0.179 0.002
T4S1 31.3 7.2 98 1.22 2.00 7.50 0.000 0.176 0.085
T5S1 54.1 5.8 141 2.17 4.14 8.00 0.143 0.107 0.100
T554 314 18.3 73 2.13 3.30 4.80 0.147 0.123 0.100
T5S5 23.5 17.7 87 0.00 2.40 7.70 0.160 0.089 0.071
T6S1 12.9 27.3 114 2.09 2.20 7.85 0.120 0.011 0.009
T4S7 0.0 0.0 49 0.00 0.00 2.06 0.000 0.000 0.050
March

T1S1 27.1 12.9 74 1.77 1.15 6.06 0.139 0.041 0.140
T1S4 39 134 64 0.54 3.31 5.10 0.152 0.108 0.020
T2S1 12.8 13.9 77 1.46 0.96 6.40 0.127 0.103 0.020
T3S1 56.0 22.5 83 4.15 1.14 6.90 0.020 0.290 0.060
T3S4 12.9 9.1 70 0.55 2.16 6.00 0.103 0.127 0.050
T4S1 23.7 5.3 81 2.67 1.99 5.60 0.063 0.197 0.030
T5S1 13.4 10.2 119 291 2.65 7.00 0.050 0.300 0.070
T5S4 17.9 18.3 75 0.22 3.15 4.50 0.070 0.170 0.010
T6S1 5.4 22.4 87 1.80 3.28 6.00 0.015 0.230 0.035
Ches 12.5 24.4 78 2.74 3.20 5.00 0.010 0.230 0.080
T4S7 0.0 0.0 44 0.00 0.30 1.60 0.000 0.000 0.010

All units are pM. nd indicates not determined.

On average, DOC was 16% very labile, 13% labile
and 71% recalcitrant.

DON was also dominated by recalcitrant
material in both August and March. DONj;
averaged 6.1uM N in magnitude, which is
equivalent to about 61% of the total DON pool.
Both Iabile DON pools varied considerably
between stations, with DON; ranging from 0 to
4.15uM N and DON, ranging from 1.14 to
4.14pM N. Spatial variation in labile pool sizes
was far greater than the relatively small changes in
mean pool sizes between March and August. On
average, DON was 17% very labile, 22% labile and
61% recalcitrant.

DOP pool sizes were considerably different from
DON and DOC. Unlike the latter, the recalcitrant
DOP pool was typically the smallest of the three
pools. DOP; ranged from 0.002-0.10uM P and

averaged 0.06 uM. The largest DOP pool was the
labile material (ranging from 0.011-0.3 uM); very
labile material ranged from undetectable to
0.16 uM. As with DON, there were minor differ-
ences in pool sizes between March and August on
average. On average, DOP was 32% very labile,
50% labile and 17% recalcitrant.

Striking differences were noted in the relative
sizes of decomposable (including both M; (very
labile) and M, (labile)) and recalcitrant pools of
DOC, DON and DOP (Fig. 4). The decomposable
pool comprised only 29% of the DOC pool, while
it comprised 83% of the DOP pool. The decom-
posable DON pool made up a slightly larger
fraction of the total DON pool than did the
decomposable DOC pool, 39% of the total. The
recalcitrant pools showed the opposite pattern,
with recalcitrant DOP comprising only 17% of the
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Fig. 4. Pie charts: average sizes of very labile (C,), labile (C,),
and recalcitrant (C3) pools within the bulk DOC, DON and
DOP pools in March and August. Units—uM. Bar chart:
relative percentages of decomposable (sum of very labile and
labile pools) and recalcitrant portions of bulk DOC, DON and
DOP in March and August.
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total, N5 comprising 61% and C; comprising 71%
of the total pool.

As was seen for total DOC and DON,
concentrations of decomposable (M; + M;) DOC
and DON and recalcitrant (M;) DOC and DON
also demonstrated an inverse relation to salinity
(R*> =0.27, 0.40, 0.83, 0.55, respectively). None of
the DOP fractions, including the bulk pool, was
significantly correlated with salinity. On a relative
basis, for C and N, the percentage of recalcitrant
DOM tended to increase while the percentage of
decomposable DOM decreased with increasing
salinity. The opposite pattern was observed for
DOP, where the percentage of decomposable DOP
(P; + P») increased with increasing salinity. As
noted for the bulk DOC and DON pools, the
various DOM pools were not correlated with
chlorophyll concentration. As DOC production is
often considered to be linked to primary produc-
tion through algal exudates, zooplankton sloppy
feeding, viral lysis, etc., correlation between DOM
concentration and chlorophyll standing crop
might be expected. However, there is often
asynchrony between chlorophyll standing crops
and primary production and between algal exuda-
tion and the phase of bloom development (Norr-
man et al., 1995). Thus for a system as
heterogeneous as the MAB, the lack of correlation
probably indicates that chlorophyll is not a good
predictor of the various processes that contribute
to the size of the different DOM pools.

There is little information in the literature on the
relative sizes of decomposable and recalcitrant
DOM pool sizes. This is primarily attributable to
the slow development of instrumentation and
methodology adequate for detecting extremely
slow rates of DOM decay. Some studies of DOC
lability are based on measures of dissolved oxygen
consumption and initial DOC concentration.
Other studies are based on the apparent age of
DOC as determined from '*C analysis (Williams
and Druffel, 1987; Bauer et al., 1992). Still others
are based on deep-ocean gradients between the
North Atlantic and North Pacific (Hansell and
Carlson, 1998). Analysis of DON and DOP is still
based on the difference in measures of total
dissolved pools and inorganic pools and precision
suffers as a result. There has also been much more



4472 C.S. Hopkinson Jr. et al. | Deep-Sea Research II 49 (2002) 4461-4478

interest in DOC than in DON and DOP. Never-
theless, it appears that the relative size of the
decomposable DOC pool in the MAB (range of
19-49%) is somewhat large relative to other
aquatic systems, where decomposable DOC
averages 17-30% of the bulk pool (Barber, 1968;
Ogura, 1972; Skopintsev, 1976; Romankevich,
1984; Sendergaard and Middelboe, 1995; Carlson
and Ducklow, 1996; Hopkinson et al., 1997;
Moran et al., 1999, 2000). Our results differ
substantially from those of Raymond and Bauer
(2000) and Moran et al. (1999), who found on
average only 7-8% of DOC to be decomposable.
Their studies were conducted in river-dominated
estuaries, however, and the smaller decomposable
fraction may reflect a large recalcitrant, humic
fraction derived from terrestrial soils. Uhlenhopp
et al. (1995) found that only 10-20% of DOC in
streams draining urban, forested and agricultural
land covers was decomposable. Thus, it would
appear that DOC on continental shelves is
generally more degradable than that in many
“terrestrially dominated” aquatic systems. Pre-
sumably this reflects a decreased importance of
terrestrial humic compounds and an increased
importance of autochthonous, algal-derived mate-
rial as has been shown in geochemical studies
across coastal gradients (see for e.g., Hedges,
1992). However, as Sendergaard and Middelboe
(1995) concluded, the evidence for a “‘terrestrial”
relationship is weak and needs further exploration.
We are unaware of comparable decomposition
studies for DON and DOP in the ocean to which
to compare results. Our results for DOP, however,
greatly contrast those for a shallow, eutrophic
lake. Cooper et al. (1991) observed only 12% loss
of DOP in a 30-day incubation, whereas in our
study 56-99% of the DOP was mineralized during
incubation. We lack sufficient information to
conclude whether the difference between continen-
tal shelf and lake DOP decomposability reflects the
importance of soil-derived humics.

It should be noted that the classification of
various DOM pools with a characteristic lability is
a product of our methodology and approach. In
reality DOM is composed of an unknown number
of individual compounds, each with a different
lability. Thus DOM represents a continuum of

biological lability from refractory material turning
over on time scales of millennia to very labile
material turning over on time scales of minutes
(Carlson, 2002). The cross-deep-ocean DOC gra-
dient of 14uM and a thermohaline circulation
time in excess of several thousand years indicates
that even the most refractory, deep-ocean DOC
(typically 40-45uM) turns over on a time scale
of 10°-10*yr (Hansell and Carlson, 1998). The
definition of recalcitrant in our study (e.g., 114 uM
at T6S1) is quite different than the recalcitrant
described in the Hansell and Carlson study.
Clearly there are no laboratory analytical techni-
ques available to detect DOC changes as small as
14 uM per thousand years (<0.014 uM yr ).

3.5. DOM decomposition rate constants

Decay coefficients for DOM decomposition fell
into two general groupings, one for very labile
pools and another for labile pools, which were
similar for DOC, DON and DOP (Fig.5 and
Table 4). The overall mean decay rate for the very
labile C, N and P pools was 0.219d~". The mean
overall decay rate for the labile pools was an order
of magnitude lower at 0.018 d~". There was a great
deal of variability in decay rates from station to
station. For instance, the range of decay rates for
the very labile DOC pool (k) ranged from 0.05 to
1.51d~". Most of the variability was attributable

0.7
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0.5 mk2
0.4 -

k (d™")

0.3 1
0.2

0.1

0.0 4

DON
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Fig. 5. Average decay constants for very labile (ki) and labile
(k) DOC, DON and DOP from the middle Atlantic bight in
March and August. Error bars refer to standard deviation.
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Decay coefficients for the very labile and labile DOC, DON and DOP pools from a variety of locations along the Middle Atlantic Bight
and deep slope water in March and August as determined from fitting decomposition data to a three-pool decomposition model using a
Marquardt fitting routine

DOC DON DOP
K, k> ki k> ki K>

August

T1S1 1.5125 0.01890 0.0890 0.00190 0.1582 0.00218
T1S4 0.1267 0.00943 0.7682 0.00263 0.6524 0.00338
T2S1 0.4660 0.02500 0.1628 0.00424 0.1674 0.00508
t3S1 0.1883 0.00724 0.0964 0.01070 0.0847 0.00370
T3S4 0.1091 0.01367 0.0738 0.00330 0.2000 0.01470
T4S1 0.1213 0.01260 0.0274 0.02330 0.1200 0.02270
T5S1 0.0500 0.00577 0.0721 0.00543 0.0608 0.00408
T5S4 0.4192 0.2320 0.0108 0.00572 0.1412 0.00328
T5S5 0.1217 0.01344 0.0683 0.03176 0.0821 0.00530
T6S1 0.3264 0.01420 0.0815 0.00506 0.0731 0.01030
T4S7 0.0000 0.0000 0.0000 0.00000 0.00000 0.00000
March

TI1S1 0.2136 0.01270 0.0582 0.0582 0.1850 0.11710
T1S4 0.1659 0.02703 0.2377 0.2377 0.1570 0.01800
T2S1 0.2044 0.00940 0.0619 0.0619 0.3772 0.00860
T3S1 0.2245 0.02405 0.1000 0.1000 0.0088 0.03615
T3S4 0.1642 0.00470 0.2574 0.2574 0.1500 0.01510
T4S1 0.1478 0.01800 0.0300 0.0300 0.3000 0.01760
T5S1 0.2143 0.09220 0.1800 0.1800 0.3339 0.03280
T5S4 0.1775 0.04230 0.2134 0.2134 0.1700 0.02990
T6S1 0.6578 0.02050 0.1258 0.1258 0.5000 0.04310
Ches 0.1500 0.01088 0.0592 0.0592 0.6950 0.05280
T4S7 0.0000 0.00000 0.0000 0.0000 0.0000 0.00000
Units are d .

to four of the 22 water samples analyzed. As a
result of the high variability, there were no

at room temperature,
cubations undoubtedly

resulted

and the extended in-
in extensive

discernible differences in decay coefficients be-
tween time of year or between DOC, DON and
DOP that were statistically significant. The high
variability was not explained by any of the
variables we measured, including C:N:P stoichio-
metry, salinity, or inorganic nutrient concentra-
tions. We found little relation between DOM
decay coefficients and chlorophyll concentrations.
Generally decomposition rates were not signifi-
cantly related to any of the DOM pool sizes,
although 14% of the variation in k, for DON
could be explained by the pool size of labile DON
(R?> =0.14, P<0.05).

These calculations of decay coefficients should
be considered approximations to rates actually
observed in the MAB. Incubations were conducted

modifications of the biotic community. Additional
processes such as photo-degradation may enhance
DOC susceptibility to microbial breakdown
(Moran et al., 1999; Mopper et al., 1991). With
these caveats in mind, it is still useful to compare
results to other studies and to other processes
occurring on the continental shelf with similar time
scales.

While there have been a number of decomposi-
tion studies conducted over the past 60 yr, decom-
position rate constants were seldom reported.
Those few studies that did report rate constants
used an approach that did not differentiate
between labile and recalcitrant pools. This is not
to imply that other investigators have not con-
ceptualized DOM as having pools of varying
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Table 5

Half-lives (¢, = d) of very labile, and labile DOC, DON and DOP from a variety of locations along the Middle Atlantic Bight and
deep slope water in March and August as determined from fitting decomposition data to a three-pool decomposition model using a

Marquardt fitting routine

DOC DON DOP
[Cil=t1)2 [Col=t1)2 [Ni]=t1)2 [No]—=t1/2 [Pi]=t1)2 [Po]—t1)2

August

T1S1 0 37 8 365 4 318
T1S4 5 73 1 263 1 205
T2S1 1 28 4 163 4 136
t3S1 4 96 7 65 8 187
T3S4 6 51 9 210 3 47
T4S1 6 55 25 30 6 31
T5S1 14 120 10 128 11 170
T554 2 30 64 121 5 211
T5S5 6 52 10 22 8 131
T6S1 2 49 9 137 9 67
T4S7 nd nd nd nd nd nd
March

T1S1 3 55 12 48 4 6
T1S4 4 26 3 27 4 39
T2S1 3 74 11 91 2 81
T3S1 3 29 7 74 79 19
T3S4 4 147 3 48 5 46
T4S1 5 39 23 231 2 39
T5S1 3 8 4 46 2 21
T554 4 16 3 47 4 23
T6S1 1 34 6 67 1 16
Ches 4 64 12 85 1 13
T4S7 nd nd nd nd nd nd

nd indicates not determined.

lability. Connolly et al. (1992) modeled bacterial
utilization of DOC with reasonable success using a
two-step process with two different half-saturation
constants and super-labile and just labile DOC
pools. Ogura (1972) conceptualized a three-pool
model similar to ours but obtained rate constants
differently. Ogura reported rate constants between
0.01 and 0.09d"' for the very labile pool and
an order of magnitude lower for the labile
pool. Others who calculated rate constants by
assuming a single labile pool and no recalcitrant
background have reported substantially longer
rate constants (Hopkinson et al., 1997, Moran
et al, 1999; Raymond and Bauer, 2000) for
estuarine and coastal waters. It is improper to
compare rates calculated from models with contra-
dictory assumptions.

3.6. Half-lives of shelf DOM

Half-lives of the very labile and labile DOC,
DON and DOP pools, calculated from the decay
coefficients, also fell into two groupings, with little
difference between C, N and P (Table 5 and
Fig. 6). Very labile DOM pool half-lives ranged
from 1-14 days for DOC, from 1 to 64 days for
DON, and from 1-79 days for DOP. On average,
very labile C, N and P pools half-lives were 4, 12
and 8 days. Half-lives of the labile DOM pools
were on the order of weeks as opposed to days for
the very labile pools. Labile DOM pool half-lives
ranged from 8§ to 147 days for DOC, from 22 to
365 days for DON and from 6 to 318 days for
DOP. The average half-lives of labile DOC, N and
P were 54, 113 and 90 days.
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Fig. 6. Average half-lives for very labile (DOMVL) and labile
(DOML) pools of DOC, DON and DOP collected from the
MAB in March and August. Error bars represent standard
deviation.

3.7. DOM sources

Data on DOM pool sizes and turnover times
relative to shelf-water residence time can be used
to infer information about the origin of DOC,
DON and DOP on the continental shelf. The very
short turnover times of very labile DOC, DON and
DOP (4-12 days) indicate that these pools must be
of autochthonous origin. The most likely source is
DOM production associated with primary produc-
tion through direct exudation from phytoplank-
ton, from viral-mediated cell lysis, from ‘sloppy’
zooplankton feeding or from particle solubiliza-
tion. Based on the average decay constant and
pool size of very labile DOC, the average rate of
production of very labile DOC is about 5pumoles
Cl'd'. A reasonable estimate of bacterial
production on the shelf is 0.1-0.2gCm >d~"
(Ducklow, 2000). Assuming 10% growth effi-
ciency, bacterial C demand would be approxi-
mately 1.5gCm >d~'. Assuming an average
MAB depth of 30m, the production of very labile
DOC is of sufficient magnitude to support this
level of bacterial activity.

The turnover time of the labile DOM pools is on
the order of 50-110 days, which is similar to that
for shelf water (~ 100 d). Thus, the labile pools can
be of both autochthonous and allochthonous
sources. Fry et al. (1996) showed from a decom-

position study of *C-labeled, bloom-derived DOC
that about 65-75% of DOC remaining after the
first week of incubation decomposed on the time
scale of a year or two. Thus, phytoplankton
exudates are one likely autochthonous source of
labile material. Rivers are a potential source of
labile DOM. Moran et al. (1999) and Raymond
and Bauer (2000) showed that approximately 7—
8% of river DOM is decomposable in a 100-d
timeframe. Other potential sources of labile DOM
include recently produced material by phytoplank-
ton external to the shelf. An unknown percentage
of labile DOM could originate from terrestrial
material that had desorbed from terrestrial mineral
surfaces following exposure to marine conditions
(Hedges et al., 1997; Kiel et al., 1997).

All of the sources of decomposable DOM are
also likely sources of recalcitrant DOM. As Fry
et al. (1996) pointed out, 25-25% of bloom-
derived DOC remains after 2.5yr. Results from
Moran et al. (1999) and Raymond and Bauer
(2000) demonstrate that typically more than 90%
of river/estuary-derived DOC remains after long-
term incubations. The §'°C signature and '*C
content of DOC remaining following 1-yr incuba-
tions of river/estuarine DOC show that this
material is old (> 500yr) and largely of terrestrial
origin. The majority of the recalcitrant pool is
comprised of the >1000yr that makes up ocean
deep water (Williams and Druffel, 1987).

3.8. Preferential remineralization of P and N

Our data clearly demonstrate the preferential
remineralization of P relative to N and N re-
lative to C. Whereas 82% of the DOP pool
was remineralized during our 180-d incubations,
39% of the DON pool and only 30% of the DOC
pool was remineralized. These results are consis-
tent with the general belief that N, not P, is
the element most often limiting primary produc-
tion in ocean and shelf regions. These results
support conclusions reached by Jackson and
Williams (1985) and Hopkinson et al. (1997)
about preferential remineralization of P that were
based on increases in C:N:P ratios of DOM over
depth, a proxy for time. These results also indicate
that the stoichiometry of DOM remineralization is
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similar to that for particles (Bishop et al., 1977,
Martin et al., 1979; Garber, 1984). As with DOM,
the C/N and C/P ratios of sinking particles
increase with depth in oceanic ecosystems (Knauer
et al., 1979a,b; Martin et al., 1987; Karl et al.,
1996).

3.9. DOM export and the biological pump

The “biological pump” is a mechanism for
removing carbon from the euphotic zone to the
deep ocean. Releasing the limiting nutrients (N
and P) in the more turbulent waters close to the
photic zone results in an efficient C storage
mechanism. Discussions of the biological pump
are usually focused on particle sinking. Christian
et al. (1997) described the increase with depth of C/
N and C/P ratios of particles (and ratios of
upward mixing flux decrease). The relative im-
portance of a dissolved pool flux as a component
of total flux is unclear as vertical DOM gradients
are typically small. However, Emerson et al. (1995)
estimated that 25% of vertical flux of C from the
euphotic was in the dissolved form. At the
Hawaiian Ocean Time Series Station (HOTS)
modeling results show a large importance of
export from the euphotic zone via downward
turbulent mixing of both particulate and dissolved
material (Doney et al.,, 1996). Most DOM is
remineralized in the surface aphotic zone but a
significant fraction is transported below the depth
of the maximum winter mixed layer and thus
contributes to the biological pump. Carlson et al.
(1994) examined DOC export most directly,
concluding that all temperate, sub-polar and
continental shelf regions of the world that exhibit
convective mixing and vernal restratification ex-
port at least as much DOC as POC. Our results for
the MAB indicate that substantial amounts of
DOM are remineralized in the same time frame as
shelf-water residence times and that the remaining
DOM is depleted in N and P relative to C. Strong
concentration gradients in DOM occur between
shelf and ocean waters and between surface and
deeper waters. Coupled with appropriate vertical
and horizontal advective and eddy diffusive
transports, DOM export from the MAB may also
be significant.

4. Conclusions

These studies indicate the heterogeneous nature
of bulk DOM and the presence of a variety of
discrete pools with a range of decomposability.
The proportions of the bulk DOC, DON, and
DOP pools that are decomposable differ signifi-
cantly. These results demonstrate preferential
remineralization of P over N and N over C.
Turnover times of DOM relative to microbial
activity and water residence times on the con-
tinental shelf suggest the potential for significant
DOM export from the shelf to the ocean,
especially for DOC. Better measures of the
chemical composition and sources of DOC,
DON and DOP will be necessary to resolve a
number of questions related to the role of DOM in
controlling shelf and ocean stoichiometry, elemen-
tal dynamics and metabolism.
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