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ABSTRACT. Dissolved organic carbon (DOC) was analyzed by high temperature catalytic oxidation at
3 stations in the North Atlantic. The stations were chosen to cover a range of environments in the mixed
layer, from coastal water in Roseway Basin on the Scotian Shelf to water from the seaward e d g e of the
Scotian Slope and finally to open ocean water in the western Sargasso Sea. At 2 of the stations (Roseway Basin and Slope), the DOC revealed in surface waters by high temperature catalytic oxidation
appeared to be biologically labile. DOC was positively correlated with chlorophyll and inversely correlated with apparent oxygen utilization (AOU). An inverse relationship between DOC and AOU was
also found in deep water from the open ocean. This was in agreement with results from earlier analyses, but the negative slope of DOC with AOU was less than expected from the previous measurements.
A relatively simple picture of the lability of DOC in the mixed layer was not always apparent in Roseway Basin or the open ocean. Horizontal advect~onand biological patchiness in weakly stratified
surface waters contributed to large day-to-day vanations in the DOC profiles. This vanability should be
taken into account when DOC is included in models of carbon cycling in the upper ocean.

The measurement of dissolved organic carbon
(DOC) in seawater has been an ongoing problem for
oceanographers (E. T. Peltzer et al. unpubl.). Accurate
measurements of DOC are particularly important for
constraining the mass balance of carbon in whole
ocean models (Craig 1971, Jackson 1988, Toggweiler
1989) and for assessing the sensitivity of the ocean carbon cycle to climate change (Ducklow et al. 1989).Results from recent analytical developments in high temperature catalytic oxidation (Sugimura & Suzuki 1988)
suggest that oceanic DOC has been systematically
underestimated by a factor of about 2, or some 880 X
19' tonnes of organic carbon (Peltzer et al. unpubl.).
This additional DOC could be a significant fraction of
the world's carbon budget and lead to the revision of
concepts based on the ratios established between carbon, nitrogen and phosphorus (Redfield 1958, Redfield
et al. 1963). While major revisions of well-established
concepts would be required (Jackson 1988), it is important to remember that the magnitude of DOC
underestimation is still open to question. The analysis

of DOC is currently the subject of vigorous debate
(Hedges 1992) and a universally-accepted analytical
technique has not been developed.
Implicit in the inclusion of DOC in a global carbon
budget is the assumption that some fraction of this carbon is biologically labile (Williams & Druffel 1988) and
is respired to COz. Yet DOC appears to be largely unreactive (Hedges 1987),despite the fact that it is equal
to the amount of carbon stored in terrestial forests or
soil humus. This conflict is made more severe by the
possibility that high temperature catalytic oxidation
reveals even more DOC than before, particularly in
samples from the upper 50 to 200 m of the water
column (Toggweiler 1990, Peltzer et al, unpubl.).
A partial answer to the conflict lies in observations
that DOC degradation in the upper ocean can be accelerated by linked physical and microbial processes. For
example, Johnson & Kepkay (1992) showed that a colloidal fraction of DOC may escape bacterial degradation by virtue of its particle size characteristics. Only
when this larger colloidal material is concentrated into
aggregates by processes such as surface coagulation
can it be more easily accessed by the bacteria and
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rapidly respired to CO2 (Kepkay & Johnson 1989).
However, the results from recent incubation experiments suggest that coagulation is not an absolute requirement for the rapid degradation of DOC. Kirchman
et al. (1991) obtained the first direct evidence that
microbiota in surface water from the open ocean break
down the DOC measured by high temperature catalytic oxidation. They also found that rate constants for
DOC degradation can be as high as 20 % d-l.
While these data suggest that DOC can be broken
down rapidly in short-term incubations, an additional
factor must be considered. When profiles of DOC
measured by high temperature catalytic oxidation are
compared with oxygen utilization profiles, there is
often a correlation of DOC with apparent oxygen utilization (AOU).In both the Pacific (Sugimura & Suzuki
1988) and Atlantic Oceans (Peltzer et al. unpubl.),
DOC minima were observed in association wi.th. AOU
maxin~aat the permanent thermocline (at a depth of
about 1000 m). In the words of Peltzer et al. (unpubl.),
'this relationship lays open the possibility that a fraction of the DOC pool is biologically labile and is rapidly
cycled, in stark contrast to prevailing wisdom'. To date,
DOC and AOU profiles have been presented together
over a depth range of about 200 to 4000 m and may not
have taken into account the recycling of DOC in the
upper ocean. We focus here on the analysis of DOC by
high temperature catalytic oxidation in the upper 100
m of water at 3 stations in the North Atlantic. The objectives of our measurements were: (1) to determine if
the inverse relationship between DOC and AOU holds
true for the upper ocean; and (2) to determine if variations in DOC are associated with such standard biological parameters as the concentration of chlorophyll a.

MATERIALS AND METHODS
Seawater collection. In the first 3 wk of April 1991,
seawater was collected during CSS 'Hudson' cruise 91001 as part of JGOFS (Joint Global Ocean Flux Study).
Water was collected from a variety of depths in 8 1
PVC Niskin bottles on an 18-bottle rosette incorporating a CTD. Three drift stations (Fig. 1) were chosen for
sampling to include a wide range of water types in the
upper 100 m. A coastal station was located in 147 m of
water in the Roseway Basin on the southern flank of
the Scotian Shelf, while a second station was located in
4000 m of water at the seaward edge of the Scotian
Slope. A final, open ocean station (NFLUX) was located in the western Sargasso Sea in 4700 m of water;
the biological and hydrograph~c characteristics of
NFLUX during the late summer are described elsewhere (Longhurst et al. 1989, Kepkay et al. 1990).
Shallow rosette casts (sampling the upper 100 m) were
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Fig. 1. Location of 3 stations sampled for DOC analysis by
high temperature catalytic oxidation. This transect of 3 stations was chosen to encompass as wide a range of surface
waters as possible, i.e. from Roseway Basin on the Scotian
shelf to the seaward edge of the Scotian Slope and finally to
NFLUX in, the western Sargasso Sea

taken daily at 08:OO to 09:OO h (AST) for 2 to 4 d at each
station and a deep rosette cast (taking water from
depths of 300 to 4000 m) was sampled at NFLUX.
Samples were transferred into 250 m1 polyethylene
bottles with polyethylene caps. In laboratory tests we
found that polyethylene bottles did not introduce contamination provided that they were soaked overnight
in 0.1 N HC1, rinsed 3 times in distilled water and filled
with Sargasso surface water. The precleaned bottles
were then stored at room temperature for 3 mo and
emptied just prior to drawing samples from the Niskin
bottles. Duri.ng sampling, we followed the recommendations of Peltzer et al. (unpubl.);care was taken that
during each sample rinse and draw, seawater was
allowed to flow directly from the Niskin stopcock into
a precleaned polyethylene bottle without tubing and
without the stopcock touching the bottle. In addition,
DOC samples were d.rawn immediately after sampling
for oxygen, but before all other sarnpl~ng,to reduce the
chance of contamination.
In order to test for contamination during filtration,
we took 100 m1 aliquots from the sample bottles to be
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compared with a n unfiltered aliquot. Samples were
filtered through 0.2 pm or 0.4 pn7 polycarbonate
membranes (Nuclepore) or through fiberglass filters
(Whatman GFF) that had been precombusted for 2 h at
450 "C. Filtered or unfiltered seawater was then transferred as 5 ml aliquots into 10 m1 pyrex test tubes that
had been cleaned using a method similar to that of
E . T. Peltzer (unpubl.).The tubes were soaked overnight in 2 % NaOH, rinsed 5 times in distilled water
and dried in an oven at 80 OC. Once samples were dispensed into the tubes, they were acidified (to pH 1.6)
with 1 drop of concentrated H3PO4for shipboard analysis by high temperature catalytic oxidation within 2 h
of collection. Acidified aliquots were also stored for 3
wk in precleaned 20 m1 Pyrex tubes with Teflon-lined
screw caps before analysis on land. All samples were
stored in the dark at 5 "C and were not frozen.
Temperature, salinity, chlorophyll and oxygen.
During deployment of the Niskin rosette, water temperature and salinity were monitored at 2 m intervals
by the CTD (Guildline).Samples were taken from each
Niskin bottle on the rosette for the analysis of chlorophyll as bulk chlorophyll a on Whatman GFF filters
(Holm-Hansen et al. 1965) and for the analysis of dissolved oxygen by automated Winkler titration (Williams & Jenkinson 1982).
Dissolved organic carbon. For sample analysis, w e
used a commercially available Ionics Model 1500 Carbon Analyzer (Watertown, MA, USA) equipped with a
ceramic slider auto-injection valve and auto-sampler.
We employed a sample sequence of repeatedly injecting 2 acidified aliquots of seawater followed by 2
injections of acidified distilled water into the oxidation
furnace to avoid rapid salt build-up on the catalyst. At
the beginning of each sample analysis, 5 m1 of acidified
water in the pyrex auto-sampler tube was initially
sparged with CO2-free oxygen for 90 s to remove inorganic carbon. Subsequent tests demonstrated that 90 S
of sparging was less than the minimum of 3 min required to completely remove inorganic carbon. The
sparging of samples for less than 3 min resulted in u p to
140 pM of excess C. The acidified and sparged sample
was then aspirated into a teflon sample loop and 80 p1
were drop-injected onto a platinum catalyst in a quartz
tube. The furnace design was identical to that of Peltzer
et al. (1991)with 'pillows' of platinum gauze catalyst fitted tightly into the portion of the quartz tube inside the
furnace. Effluent from the rapid combustion of the 80 p1
drop at 800 'C was swept by the carrier gas (CO2-free
oxygen) through a series of traps before entering a
Horiba non-dispersive infrared (NDIR) analyzer. After
passing through a water separator, the effluent passed
through a tin-shot trap to remove HCl gas, a pyrex Utube at 1 OC a n d a Mg(C10,)2 trap to remove water
vapour, and a particle filter (Balston type 9900-05-BK)
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to remove sea-salt and phosphoric acid aerosols, before
entering the NDIR analyzer. The signal generated by
the NDIR detection of CO2 was quantified as peak area
on a Hewlett Packard model 3396 integrator.
Integration of peak area was hampered by NDIR
baseline noise which contributed to the variability of
individual measurements. The Horiba NDIR has a relatively noisy baseline in the signal range needed to
measure DOC in seawater (Peltzer et al. unpubl.) and
a n increase in baseline noise at sea was primarily related to the sensitivity of the NDIR to motion. As a result,
the analytical error on station was typically between
3 and 12 %, compared with 2 to 5 % on land. We did
not analyze samples while the ship was underway
between stations because analytical errors became
unacceptably high (18 to 29 % ) .
The concentration of DOC in each sample was determined from standard curves produced every day by
the analysis of glucose added to photo-oxidized seawater (Fig. 2). We chose photo-oxidized seawater a s our
analytical matrix rather than oxygen-minimum water
(as recommended by Peltzer et al. unpubl.) because it
resulted in the most stable and reproducible linear
standard curves froin day to day. At sea, slopes of the
standard curves generally changed by 7 to 12 % from
day to day, but care had to b e taken to avoid the longterm accumulation of salt on the catalyst. This salt build u p took place despite the repeated injection of acidified distilled water a n d , over time, caused relatively
large (20 to 50 %) variations in curve slopes. In addition, salt accumulation tended to increase the Y-axis
offset of curves a n d the apparent concentration of
DOC in photo-oxidized seawater (determined by extrapolation of a curve to the X-axis intercept; Fig. 2).

Glucose Added (PMC)

Fig. 2. Calibration curve from the analysis of DOC standards
produced by the addition of 4 dissolved glucose concentrations to photo-oxldized Sargasso surface water. The seawater was stored at room temperature for 11 mo before photooxidation and standards were sparged for 3 rnin at pH 1 6
before analysis The linear fit to the analyses is y = 4 . 6 8 ~+
413.6 (r = 0.9979). The X-axis intercept (-88.4 F M C) is an
estimate of DOC concentration in the photo-oxidized seawater; standard curve slopes varied by 7 to 12 % from
day to day
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T h e analysis of standard additions of glucose to distilled water resulted in a n analytical blank of 35 to 40
p M C when curves were extrapolated back to X-axis
intercepts. This was not a true instrument blank because it included the organic carbon that was oxidized
in distilled water. In addition, the analysis of glucose
standards in seawater tended to decrease the slopes of
curves compared to those produced from the same
standard additions to distilled water (C. Brussaard,
M. H. C. Stoll, J. Hegeman, J. Schijf & H. J. W. d e Baar
unpubl.). This means that the instrument blank can
only b e determined from analysis of standard additions
to a seawater matrix. As a result, it will not be possible
to report a n instrument blank for the Ionics (or any
other) instrument based on high temperature catalytic
oxidation until isotope studies have been carried out to
determine the fate of organic material oxidized at high
temperature (Hedges 1992). Given this current state of
DOC analysis, w e have reported all of our results without subtracting a n instrument blank.

RESULTS
Filtration and sample storage

The concentration of DOC in seawater is low and
contamination of samples during handling (Wangersky
1975) was a possibility in both our shipboard and
shore-based work. By following some, if not all, the
recommendations of Peltzer et al. (unpubl.), w e were
able to avoid the more obvious sources of contamination during sample handling. However, given that filtration was a major potential source of contamination
(Peltzer et al. unpubl.), we decided to compare DOC
measurements in unfiltered versus filtered samples
DOC

before venturing to interpret DOC profiles at the 3
stations. We found that filtration of either shallow or
deep water samples through polycarbonate membranes (0.2 or 0.4 pm Nuclepore) resulted in variable
additions of up to 22 % to measured DOC concentrations. In contrast, precombusted fiberglass filters
(Whatman GFF) had a relatively small effect (less than
a n analytical error of 3 to 12 %) on DOC measurements in the upper 100 m. This was probably related to
both the absence of contamination a n d the fact that
particulate organic carbon was less than 10 % of the
total organic carbon (B. Irwin unpubl.). In deep water,
however, filtration through precombusted fiberglass
increased DOC concentration by as much as 18 % of
a given measurement. We d o not know why organic
carbon was consistently added to d e e p water samples
by filtration but, on the basis of our results, w e decided
to use measurements from fiberglass-filtered samples
for the interpretation of DOC profiles in the upper
100 m and measurements from unfiltered samples for
the interpretation of profiles from deeper water.
Shore-based measurements of DOC in acidified
samples stored a 5 "C in the dark yielded profiles that
were within the analytical error of shipboard determinations. Good agreement between fresh a n d stored
samples was only apparent when the stored samples
did not come in contact with the teflon-lined caps of
the sample tubes, which are a major source of contamination (E. T. Peltzer unpubl.).

Shallow and deep DOC profiles

Over 2 d , the vertical distribution of DOC was similar
at Roseway Basin and the Slope, with a peak of DOC
concentration at 20 m (Fig. 3). This peak was not main-
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Fig. 3. Profiles of DOC measured every 24 h for 3 d at Roseway Basin, for 2 d at the S c o t ~ a nSlope and for 4 d at NFLUX (day
numbers a t the bottom of profiles). T h e Day 3 a n d Day 4 profiles at NFLUX and the Day 3 profile at Roseway Basin w e r e determined from land-based measurements; the remainder of the profiles were determined from measurements made on station
T h e Day 3 profile from NFLUX (which was sim~larto the Day 2 profile) has been omitted for clarity
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Fig. 4 . (A) DOC ( e ) and d~ssolvedoxygen ( 0 ) ;(B) chlorophyll ( m ) and AOU ( 0 ) :(C) temperature ( - - - - - ) and salinity (-).
these profiles of the upper 100 m were determined on Day 2 at Roseway Basin

tained from Day 2 to Day 3 at Roseway, when DOC
concentrations were considerably lower throughout the
water column. At NFLUX (Fig. 3), there was no consistent structure apparent in any of the DOC profiles over
4 d. In addition, the variations from day to day at Roseway and NFLUX were often greater than the differences observed between stations. Given these variations,
and the possibility that DOC could b e rapidly degraded (Kirchman et al. 1991), there may well have been
diurnal variations in the DOC profiles. We could not
explore this possibility because of the limited number
of samples that could be analyzed on station. Instead,
we tried to reduce the possible effects of diurnal variations by collecting samples at the same time of day (from
CTD casts taken between 08:OO and 09:OO h AST).

All of

In Roseway Basin, cold (ca 2 "C) water in the mixed
layer typically extended down to a depth of about 70 m
and was underlain by slightly warmer (2 to 4 OC) water
intruding from the seaward edge of the Scotian Shelf
(E. P. W. Horne unpubl.). High chlorophyll concentrations in the mixed layer were inversely related to AOU
(Fig. 4B), i.e. a chlorophyll maximum at 15 m was associated with a n AOU minimum. The peak of DOC a t
20 m (Fig. 4A) was associated with the chlorophyll
maximum and AOU minimum, but was still located
5 m below the chlorophyll maximum. DOC exhibited a
positive linear correlation (Fig. 5A; Table 1) with the
relatively high chlorophyll concentrations in Roseway
Basin; it was also inversely correlated with AOU and
chlorophyll (Fig. 5B. C, Table 1).

Table 1 Model I and model I1 linear regressions of DOC with chlorophyll, DOC with AOU, and AOU with chlorophyll from
profiles down to 100 m at 3 stations in the N Atlantic. The linear fits of DOC and AOU from deep water samples at the open
ocean station (NFLUX) are shown for reference. The slope from a model I1 regression is equivalent to the model I slope (Fig. 5)
divided by the correlation coefficient (Laws & Archie 1981)
Location

Variables
(X;Y )

Slope
(model I)

Slope
(model 11)

Correlation
coefficient (r)
(model I)

Roseway (Day 2)

Chlorophyll; DOC
AOU; DOC
Chlorophyll; AOU

2.27
-0.38
-4.36

3.30
-0.50
-4.56

0.688
0.754
0.957

Slope (Day 1)

Chlorophyll; DOC
AOU; DOC
Chlorophyll; AOU

8.45
-2.03
-3.02

10.62
-3.18
-3.96

0.796
0.637
0.762

NFLUX (Day 4 , shallow)

Chlorophyll; DOC
AOU, DOC
Chlorophyll; AOU

8.60
-1.94
9.26

39.63
-3.89
20.58

0.217
0.499
0.450

NFLUX (Day 4. deep)

AOU; DOC

-0.21

-0.25

0.841
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Fig. 5. Model 1 linear best fits of (A) DOC with chlorophyll,
(B) DOC with AOU and (C) AOU with chlorophyll in the
upper 100 m on Day 2 at Roseway Basin. The model I and I1
slopes and correlation coefficients d r e listed in Table 1
We employed geometric mean models I and I1 (as
outlined by Laws & Archie 1981) to obtain linear correlations between the dependent (Y) and independent
( X ) variables. The model I1 regression takes into account the measurement errors in both Y and X; the
m.ore commonly u.tillzed model I regression takes only
the error in X i.nto account. The scatter of data points
around best fits (Fig. 5A. B) could be related to the
higher ( + 3 to 12 %) errors of DOC analysis at sea. For
example, when error envelopes of k 12 % around a
mean DOC concentration of 240.1 30 3 pM C were
superimposed on Fig. 5A,B with slopes equivalent to
the lines of best fit (Table l ) , they included all of the
data points. In contrast, the inverse correlation of AOU

+

with chlorophyll (Fig. 5C; Table 1) was relatively
strong and may have been related to lower analytical
errors in the case of oxygen (-t l %) and chlorophyll
(f0.8 %) analyses.
At this point, however, it is important to remember
that the scatter apparent in Fig. 5A,B could be related
to a combination of processes involved in the production of DOC. For example, if DOC was produced by
actively growing phytoplankton in combination with
the slow solubilization of particulate organic carbon
(POC),there would be no simple relationship between
DOC, AOU and chlorophyll. As a result, the consistent
a n d reproducible variations apparent in the upper 20
to 30 m of the DOC profiles (Fig. 3) would not necessarily b e related to linear correlations obtained over
the complete 100 m (Fig. 5).
At the Scotian Slope (Fig. 6 C ) , the mixed layer was
far warmer (with a tempera.ture of about 12.8 ' C ) than
the coastal water at Rosetvay Basin and extended
down to about 60 m. Chlorophyll concentrations (Fig
6B) were also 3 to 4 times lower than those found at
Roseway Basin (Fig. 5B). As with coastal water, DOC at
the Slope was inversely correlated with AOU and positively correlated with chlorophyll (Fig. 6A, B; Table 1);
a weaker correlation of AOU with chlorophyll (Table 1)
was probably related to a weaker chlorophyll maximum at 20 m, although chlorophyll was generally
higher above 60 m than below (Fig. 6B). At NFLUX
chlorophyll, AOU and DOC followed no recognizable
pattern with depth in the upper 100 m (Figs. 3 & 7) In
addition, there were poor correlations between DOC,
AOU a n d chlorophyll (Fig. 7; Table l ) ,a n d low chlorophyll concentrations (Fig. 7A) were associated with a
mixed layer (at a temperature of 18.8 to 19.2 "C) that
extended down to about 50 m.
Results from the deep rosette cast at NFLUX exhibite d a clear inverse relationship between AOU a n d DOC
over depths of 300 to 4000 m (Fig. 8A). This inverse
relationship was linear (Fig. 8B; Table l ) ,but a slope of
-0.21 or -0.25 was less than expected, given the slope
of -0.56 recorded at 45 ON by Peltzer et al. (unpubl.)in
the North Atlantic and the slope of -0.8 recorded by
Sugimura & Suzuki (1988) in the western Pacific. The
molar relationship between AOU a n d DOC should
yield a slope of -0.77 if organic matter of average
marine composition (Redfield et al. 1963) is being oxidized and samples are drawn from the same water mass
(Toggweiler 1989). However, Peltzer et al. (unpubl.)
have already pointed out that the hydrography of the
North Atlantic Ocean is complex, invalidating the
single water mass assumption. If this complexity is true
of water masses down to 4000 m, it would certainly be
true of those found in the upper 100 nl and could explain the variation in slopes of AO'U versus DOC isurface waters (Table 1).
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DISCUSSION

We found that it was possible to obtain consistent
and reproducible DOC profiles (Fig. 3) when seawater
sampled to a depth of 100 m was analyzed by high
temperature catalytic oxidation. Our range of DOC
concentrations overlapped previous measurements obtained from the North Atlantic Ocean with a similar instrument (Peltzer et al. unpubl.) and was within the
very wide range of values obtained from the analysis of
aged seawater by other high temperature catalytic oxidation instruments (Hedges 1992). Given the present
state of DOC analysis, it is clear that our data are not
the final word on DOC measurement in surface waters.
More definitive results await the determination of a
true instrument blank (Hedges 1992) but, even with
these limitations, our data suggest that the additional
or 'new' DOC revealed by high temperature catalytic
oxidation (Williams & Drufiel 1988, Druffel et al. 1989)
is biologically labile. This lability was evident in the
positive correlation of DOC with chlorophyll (Fig. 5A;
Table 1) and the inverse correlation of DOC with AOU
(Fig. 5B; Table l ) ,where AOU was also inversely correlated with chlorophyll (Fig 5C; Table 1).
The concept of apparent oxygen utilization (Broecker & Peng 1982) was originally developed to facilitate
stoichiometnc calculations of carbon degradation and
oxygen utilization over long time scales in stable,
deep-ocean water masses. It is unlikely that water
masses in the upper 100 m remained stable, and photosynthesis produced oxygen resulting in negative
values for AOU (Figs. 4, 5 & 7). These 2 factors are significant additions to an originally simple concept, and
we were surprised that reasonably strong correlations
were obtained between chlorophyll, AOU and DOC at
Roseway Basin and the Slope (Fig. 5; Table 1). Even
though the correlations could not be interpreted
simply, they are still good evidence for the biological
labilitp and net oxidation of DOC
To our knowledge, these data are the first to demonstrate that the lability of DOC in the upper 100 m of
ocean is related to such standard biological parameters
as chlorophyll and AOU A positive correlation between chIorophyl1 and the DOC measured by high
temperature oxidation has been observed in phytoplankton cultures (Sharp 1973, W. Chen & P J. Wangersky unpubl.); until now, there has been no similar
evidence from natural waters. There is also little doubt
that the DOC revealed by high temperature catalytic
oxidation is labile over the times required to develop
DOC and AOU gradients to depths of thousands of
meters (Sugimura & Suzuki 1988, Druffel et al. 1989,
Peltzer et al. 1991).We can now add that our data support the results of Kirchman et al. (1991), suggesting
that a s~gnificantfraction of DOC could be resp~redto

CO2 in the upper ocean before more resistant fractions
are incorporated into the longer-term consumption of
DOC at greater depth.
Even though DOC may be broken down by biological processes near the ocean surface, the everchanging hydrography of the mixed layer cannot be
ignored. By Day 3, the consistent DOC profiles measured during Days 1 and 2 at Roseway Basin were not
maintained (Fig. 3) and, at NFLUX, the DOC profiles
over 4 d were a good deal less than consistent. The
day-to-day variations in DOC observed at both stations
(Fig. 3) were too large to be attributed to variations in
the primary production of organic carbon (Peltzer et al.
unpubl.). Instead, it is more likely that these variations
were related to horizontal advection (E. P. W. Horne
unpubl.) and the patchiness of biological activity in
weakly stratified waters (Figs. 4 & 7 ) . Despite our
choice of the 3 stations to cover a wide range of chlorophyll concentrations in the mixed layer (Figs. 4, 6 & 7),
the combined effects of advection and patchiness were
most evident in large day-to-day variations in DOC
profiles at both Roseway Basin and NFLUX. These variations were as large as 40 pM C (Fig. 3) and were certainly greater than those related to analytical errors or
predicted rates of DOC consumption (Kirchman et al.
1991); they were even greater than the variations observed between stations. As a result, it is unlikely that
utilization of one or several DOC profiles will allow
carbon flux in the upper ocean to be modelled accurately. Instead, DOC measurements from the mixed
layer must be presented along with the biological and
physical processes contributing to the production and
consumption of DOC and its coagulation as a colloidsized pool of organic carbon (Johnson & Kepkay 1992).
The slopes of DOC against AOU in the upper 100 m
(Fig 5; Table 1) were often greater than the slope of
-0.77 predicted from the oxidation of organic matter of
average marine composition (Redfield et al. 1963).
Stronger inverse slopes suggest that more DOC was
removed from the upper 100 m than could be explained by apparent oxygen utihzation. This apparent
enhancement of DOC removal could have been
related to photochemical degradation (Mopper et
al. 1991), oxygen production by photosynthesis or
changing water masses due to advection, but coagulation and particle aggregation (Kepkay & Johnson 1989,
Jackson 1990, Johnson & Kepkay 1992) were additional factors that could not be ignored. Large numbers
of sub-micron particles were found as small aggregates in the upper 100 m at all 3 stations ( M . L. Wells
unpubl.). This raises the possibility that labile DOC
was transported as aggregates to deeper waters before
being oxidized further.
Finally, while results from the deep rosette cast
at NFLUX demonstrated a clear inverse relationship
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between AOU and DOC (Fig. 8A), slopes of 0 . 2 1 or
-0.25 for the linear correlation of DOC with AOU (Fig.
8B; Table 1) were less than expected (Peltzer et al.
1991). This, again, may be a function of complex
hydrography, but no samples were taken from intermediate depths to verify the possibility. However, even
with this lack of information, the results from NFLUX
suggest that a better understanding of the physical and
biological processes contributing to the transport of
carbon into deeper water is required to interpret the
significance of DOC and AOU profiles in the North
Atlantic Ocean.
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