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ABSTRACT: During the 1995 spring bloom in Bedford Basin, Nova Scotia, Canada, dissolved organic
carbon (DOC]) and nitrogen (DON}) in surface waters were separated by cross-flow ultrafiltration into
low molecular weight and colloidal size fractions. In order to obtain realistic estimates of the total stand-
ing stock of organic carbon and nitrogen during the bloom, measurements of DOC and DON in the
ultrafiltered size fractions were combined with particulate organic carbon (POC) and nitrogen (PON)
measurements. The combined C:N ratio of the total standing stock of organic matter (TOM) increased
from near-Redfield values to a maximum during the early bloom as carbon-rich diatom exudates accu-
mulated in the dissolved (primarily the colloidal) size fraction. Even though the colloidal exudates were
only a small fraction (<12 %) of the TOM, they had a pronounced effect on the C:N ratio. In distinct con-
trast, the C:N of particulate organic matter (POM) remained almost invariant, contributing little to the
change in the combined C:N ratio. Respiration was closely associated with the C:N of TOM and col-
loidal organic matter (COM), but appeared to have little effect on one of the most commonly utilized

indices of ocean productivity

the C:N of POM. Instead, by the end of the bloom, respiration had

returned the C:N ratio of the TOM to near-Redfield values by selectively degrading the colloidal and
low molecular weight organic carbon associated with the production of diatom exudates.
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INTRODUCTION

Dissolved organic carbon (DOC) is the largest reser-
voir of organic carbon in the ocean, outweighing detri-
tus and ‘living’ carbon (phytoplankton, bacteria and
zooplankton biomass) by a considerable margin (Kep-
kay 1994 and references therein). Smith & Hollibaugh
(1993) have suggested that the degradation of particu-
late organic carbon (POC) to form DOC, and the long-
term oxidation of DOC by respiration are key pro-
cesses in the transport of carbon between coastal and
open oceans. The coastal zone is a net heterotrophic
system (Smith & MacKenzie 1987), where respiration
must exceed primary production to break down the
additional input of organic carbon from terrestrial
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sources. The slow oxidation of DOC as it is transported
offshore is required to maintain an open-ocean system
where respiration is slightly in excess of primary pro-
duction (Smith & Hollibaugh 1993).

The magnitude and rate of offshore DOC transport
are regulated by a combination of physical and biolog-
ical processes, including: (1) the coagulation of colloids
(1.e. particles and aggregates between 1 nm and a few
um in diameter) into larger aggregates (Kepkay 1994
and references therein); (2) the vertical mixing of DOC
and aggregates between surface and deep water
(Carlson et al. 1994); (3) the respiratory degradation of
colloidal fractions of DOC (Amon & Benner 1994) and
aggregates of larger colloids (Kepkay 1994 and refer-
ences therein).

Given the importance of respiration in the regulation
of the ocean carbon balance (Smith & Hollibaugh 1993),
there is a surprising absence of direct measurements —
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especially of respiration in association with a complete
organic carbon inventory that takes both dissolved and
particulate fractions into account. Added to this, there
have only been a few reports (e.g. by Smith et al. 1991)
that highlight the combined effect of primary produc-
tion and organic carbon degradation on the nutritional
quality (i.e. the phosphorus and/or nitrogen content) of
marine organic matter. [In response, we report here how
respiration is related to the carbon-to-nitrogen (C:N)
ratio of particulate and dissolved size fractions during a
coastal diatom bloom.

MATERIAL AND METHODS

Sampling. Seawater was collected from depths of 5
and 15 m at a site located in 40 m of water in Bedford
Basin, Nova Scotia, Canada. Samples were taken at
weekly intervals from February 15 to May 3, 1995, to
monitor the development and decline of the spring
phytoplankton bloom. The Basin is a small (17 km?)
coastal bay connected to the North Atlantic Occan by
Halifax Harbour. Estuarine circulation in the Basin is
driven by tides that exchange 4.9 % of a total volume of
516 x 10° m® (Gregory et al. 1993) and by freshwater
input dispersed by the wind field (Petrie & Yeats 1990).
The main source of freshwater is the Sackville River
(which had an average annual inflow of 4.8 m*s™' from
March 1, 1994, to March 1, 1995} and the salinity of
surface waters can range from 28 to 32 (Petrie & Yeats
1990)

Peristaltic pumps, equipped with acid-cleaned sili-
cone tubing, were used to draw seawater from both
depths through acid-cleaned Kynar tubing. Samples of
unfiltered seawater were taken for respiration mea-
surements and for the analysis of bulk chlorophyll a
{chl a), nutrients and particulates. Seawater was also
collected for ultrafiltration and analysis of dissolved
(<0.2 pm) organic carbon (DOC) and nitrogen (DON)
by pumping through 0.2 pym Gelman Minicapsule car-
tridge filters attached to the outlets of the peristaltic
pumps. The filters were precleaned by flushing with
005 M HCI followed by delonized water (Millipore
Super-QQ} and rinsed with several liters of seawater
before samples were collected. Filters were changed
during sampling when a significant decrease in flow
rate was observed.

DOC samples (50 to 80 ml) were collected in 250 ml
fluorinated polyethylene bottles (Nalgene) that had
been soaked overnight in 10% HCI (v/v), rinsed 5
times in distilled water and oven-dried at 80°C. DON
samples (20 to 30 ml) were collected in 60 ml glass
screw-cap tubes that had been precombusted at 550°C
for 4 h. Prior to tilling, the bottles and tubes were
rinsed with filtered seawater from the appropriate

depth. DOC samples were then stored at 5°C in the
dark and analyzed within 2 d of collection; DON sam-
ples were frozen and analyzed within 30 d of collec-
tion. The filtered seawater obtained for ultrafiltration
was transported to the laboratory in 20 | acid-cleaned
polyethylene jerricans.

Hydrography, chla, nutrients and particulates.
Water temperature, salinity and fluorcscence were
monitored as continuous profiles by a Seabird Model
25 CTD. The fluorometer was calibrated with discrete
chl a samples collected for analysis on Whatman GF/F
filters and measured by a standard fluorometric
method based on that of Holm-Hansen et al. (1965).
Inorganic nutrients (nitrate, phosphate and silicate)
were measured by standard methods using a Techni-
con autoanalyzer; ammonium was analyzed using an
automated method adapted from Grasshoff &
Johannsen (1972). Particulate organic carbon (POC)
and nitrogen (PON} were determined by high temper-
ature combustion (in a Perkin Elmer 2400 CHN ana-
lyzer) of samples concentrated onto GF/F filters that
had been precombusted at 450°C for 2 h. Data on dis-
charge of the Sackville River were provided by the
Water Resources Branch of Environment Canada.

Cross-ilow ultrafiltration. Millipore cross-flow ultra-
filtration systems (each equipped with 2 Millipore
PLGC Prep/Scale-TFF-6 cartridges connected in paral-
lel) were used to collect and concentrate colloidal
material from the 0.2 pm prefiltered samples; 2 sepa-
rate ultrafiltration systems were used for the 5 and
15 m sampling depths. The PLGC Prep/Scale cartridge
15 a 10000 nominal molecular weight (NMW) or 10 kD
filter with a 0.7 m? regenerated-cellulose membrane
and retains material greater than about 1 to 2 nm in
diameter. As a result, the term 'dissolved’ was applied
to the material passing through the 0.2 pm prefilter.
The term ‘colloidal’ was applied to material between
1to 2 nm and 0.2 ym in diameter, and 'low molecular
weight' was applied to material passing through the
Prep/Scale filter (i.e. with a nominal diameter of <1 to
2 nm). A 10000 NMW cartridge was employed rather
than the more common 1000 NMW (or 1 kD) cutoff
(Buesseler et al. 1997) to minimize the time required to
process large samples. The flow rates of 25 to 30 1 h!
employed with the high-volume peristaltic pumps con-
nected to our systems allowed the separation of 100 to
150 ] of prefiltered seawater into colloidal and low mol-
ecular weight size fractions within 5 h.

Each ultrafiltration system was cleaned and condi-
tioned by leaching with 0.1 M HCI for at least 12 h,
flushing with 30 1 of 0.2 pm filtered, distilled, deionized
water (Millipore Super-Q), circulating 0.1 M NaOH for
at least 30 min and flushing with an additional 301 of
the deionized water. The complete system was then
soaked for at least 4 h with seawater that had previ-
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ously been ultrafiltered to reduce the adsorptive loss of
DOC onto tubing and ultrafiltration membranes during
sample processing. The 0.2 pm prefiltered seawater
from each sampling depth was combined in a 200 1
tank and transferred by peristaltic pump to an 8 1
polypropylene bottle used as a retentate reservoir
Both the tank and reservoir had been acid-cleaned and
rinsed with deijonized water prior to use. During ultra-
filtration, seawater was pumped from the reservoir to
the inlet of the ultrafiltration cartridges and the reten-
tate recirculated to the reservoir to be collected as the
colloidal size fraction; the permeate (ultrafiltrate) was
collected in a separate acid-cleaned container. The
retentate was continually replenished with filtered
seawater from the 200 1 tank so that the volume of
water in the reservoir was maintained at between 4
and 6 1.

At the beginning of each ultrafiltration run, two 5|
aliquots of the prefiltered seawater were circulated
through the system and discarded. The remainder was
ultrafiltered under pressures of 18 to 20 psi (124 to
138 kPa), resulting in the separation of low molecular
weight and colloidal material and the concentration of
colloidal material in the retentate. Pump speed was ad-
justed and the retentate line was restricted slightly to
achieve a constant flow of 25 to 301 of permeate h™'and
a recirculation flow that was between 6 and 10 times the
permeate flow.

When approximately 40 1 of sample had passed
through the ultrafiltration membrane, the permeate
was sampled for the analysis of low molecular weight
organic carbon and nitrogen (LOC and LON). Prior to
sampling, the intake line was transferred from the
retentate reservoir to the 200 1 tank so that filtration
artifacts (Buesseler et al. 1997) created by membrane
breakthrough (related to the buildup of colloidal con-
centrate in the retentate reservoir) were minimized.
Once the sample for LOC(N) analysis was collected,
the inlet was returned to the retentate reservoir and
ultrafiltration was continued until the volume of reten-
tate (colloid concentrate) was between 1 and 21 (equiv-
alent to a concentration factor of 55 to 86). The reten-
tate outlet was then opened and the permeate outlet
closed, allowing the retentate to be circulated at a
pressure of 10 psi (69 kPa) for 10 min (to minimize
adhesion of colloids to the membrane). The retentate
was then sampled for the analysis of colloidal organic
carbon and nitrogen (COC and CON).

In addition to organic carbon and nitrogen, ***Th was
measured in samples from both the retentate and the
ultrafiltrate; the ?**Th results are reported elsewhere
(Niven et al. 1997). The COC and CON concentration
in each retentate [COC(N),.] was corrected for the
concentration of LOC(N) and for the reduction in
retentate volume during ultrafiltration (Kepkay et al.

1993, 1997, Niven et al. 1995). Mass balances were cal-
culated as the sum of LOC(N) and COC({N),, and
expressed as percent of the dissolved (<0.2 pm) frac-
tion. The organic carbon mass balances were generally
>92% (Kepkay et al. 1997); the organic nitrogen mass
balances were >95%.

DOC. Acidified samples of the dissolved, colloidal
and low molecular weight fractions were analyzed for
their organic carbon content by high temperature cata-
lytic oxidation as described in detail by Kepkay et al.
(1993, 1997). The concentration of organic carbon in
each sample was determined from standard curves
generated from the analysis of glucose in fresh distilled
water. Typical standard deviations of individual stan-
dard and sample analyses were <2.6 pM C and the
analytical blank was 15 to 20 uM C. When the contri-
bution of the distilled water (<10 pM C, as measured
by Chen & Wangersky 1993) to the analytical blank
was taken into account, the residual instrument blank
was between 5 and 10 uyM C — similar to values
obtained by Tupas et al. (1994). The instrument blank
was subtracted from all our measurements.

DON. The high temperature catalytic oxidation
instrument of Chen & Wangersky (1993) was adapted
for the colorimetric determination of oxidized nitrogen
and used to analyse samples for the total nitrogen con-
tent of the dissolved, colloidal and low molecular
welght fractions. Typical standard deviations of sample
analyses were <0.3 uM N; the analytical blank was 2.8
to 3.0 pM N and the instrument blank was <0.2 pM N.
DON, CON and LON were calculated by subtracting
the combined total of nitrate and ammonium (dissolved
inorganic nitrogen, DIN) from total nitrogen measure-
ments.

Respiration. A pulsed oxygen electrode system (En-
deco T.1125) adapted to a 16-electrode multiplexer was
used to measure short-term, whole-community respira-
tion following the procedures developed by J. F. Jellett,
P. E. Kepkay, S. F. Malcolm, P. M. Dickie & W. K. W Li
(unpubl.). Unfiltered seawater from each of the 2 sam-
pling depths was added to a 11, 4-electrode manifold
and maintained at in situ temperature (1 to 3°C) in the
dark. Once the electrodes had passed through a 45 min
stabilization period, oxygen consumption in each of the
2 manifolds was monitored as decreasing signals ob-
tained from 4 electrodes over an additional 30 min. As a
result, the total incubation time required to obtain mea-
surable respiration rates was 75 min.

Electrode signals from the incubations were con-
verted to oxygen concentrations (and respiration rate)
using calibration data obtained from the same mani-
folds containing filter (0.2 pum)-sterilized seawater that
was sequentially sparged with 3 different analyzed gas
mixtures of oxvgen and nitrogen. Electrode drift was
accounted for as blank corrections that were obtained
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using non-sparged, filter-sterilized seawater; these
blank values were subtracted from all the respiration
measurements in untreated seawater.

RESULTS
Onset and decline of the bloom
On March 15 (Day 74), the onset of the spring bloom
at 5 m was signalled by an increase of chl a above pre-

bloom concentrations of 1 to 2 pg I'! (Fig. 1A). Two
weeks later (on March 29 or Day 88), chl a had reached
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Fig. 1. Bulk chlorophyll a (chl a), nutrients, temperature and
salinity at depths of 5 m (solid line) and 15 m (broken line)
during the pre-bloom, bloom and post-bloom. (A) Bulk chl a;
(B) dissolved inorganic nitrogen (0), silicate (a) and phos-
phate (¢); (C) temperature (®) and salinity (0) of a stable,
poorly stratified water column. The duration of the bloom was
defined as sample intervals where chl a exceeded an arbitrary
background concentration of 1 to 4 ug 1!

a maximum of 19.1 ug 1!, and then declined to post-
bloom concentrations of 2 to 6 ug 1! by April 19 (Day
109) The bloom at 15 m began 1 wk later (Fig. 1A),
reaching a similar maximum in chl a by Day 88, and
declined to post-bloom concentrations by Day 109. At
both depths, dissolved inorganic nitrogen (the com-
bined total for nitrate and ammonium), silicate and
phosphate reached low (~1 nuM) concentrations near
the end of the bloom (Fig. 1B); salinity remained more-
or-less constant at 30 to 31 throughout the bloom. and
temperature remained low at 1 to 3°C (Fig. 1C).

The hydrographic characteristic of this bloom that
distinguished it from previous studies in Bedford Basin
(Kepkay et al. 1993, Niven et al. 1995) was the weak
stratification of the water column (Fig. 1C). During pre-
vious blooms, precipitation was relatively high so that
discharge of the Sackville River reached values of up
to 20 m® 57! (Kepkay et al. 1993, Niven et al. 1995). In
contrast, the average discharge for the Sackville River
during the 1995 bloom was 5.1 m® s™!' — only slightly
higher than an annual average of 4.8 m® s7! As a
result, both temperature and salinity remained uni-
form with depth (Fig. 1C; Kepkay et al. 1997) and there
appeared to be an overall lack of extensive vertical
mixing. This allowed the chlorophyll maximum to
develop down to depths of about 20 m by Day 88 — the
height of the bloom (as defined by chl a measure-
ments). By the time the post-bloom had arrved
(Day 109), some stratification had developed in the
upper 5 m, but chl a had returned to relatively uniform
and low concentrations over the entire 40 m of the
water column (Kepkay et al. 1997).

Size fractionation of organic carbon and nitrogen

Traditionally, total standing stocks of organic carbon
(TOC) and nitrogen (TON) in seawater have been sub-
divided into particulate and dissolved size fractions.
We followed this approach by including material
greater than 0.4 pm in diameter (the nominal pore size
of a Whatman GFF filter) in the particulate fraction and
material less than 0.2 pm in diameter (the nominal pore
size of the Gelman cartridge used to pretreat seawater
before ultrafiltration) in the dissolved fraction. To pin-
point the biological reactivity of dissolved material, we
subdivided the prefiltered seawater into a low molecu-
lar weight size fraction, which included material that
was less than a nominal molecular weight of 10 kD (or
a nominal particle diameter of 1 to 2 nm)}, and a col-
loidal size fraction (which was equivalent to a particle
diameter of between 1 nm and 0.2 pm).

During the bloom at 5 m, the TOC increased from
about 95 to 159.8 pM C by Day 81 (Fig. 2A). This TOC
maximum (which included the combined contributions
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Fig. 2. (A) Total organic carbon (TOC) and particulate organic
carbon (POC) during the bloom at & m. {B) Dissolved organic
carbon (DOC), low molecular weight organic carbon (LOC)
and colloidal organic carbon (COC) plotted on the same scale
as TOC. (--e--) Bulk chl a defines the duration of the
bloom.The precision of DOC, LOC and COC measurements
was 2.6 pM C (1 s); the precision of POC measurements was
32uM C {1 s)

of the particulate and dissolved size fractions) was
1 wk before the maximum in chl a and was followed by
a smaller peak 1 wk after the chl a maximum (Fig. 2A).
TOC then declined to post-bloom concentrations of
108 puM C. Particulate organic carbon (POC) also
peaked at the same time as the TOC peaks, but was
typically between 30 and 40% of TOC during the
bloom (Fig. 2A). The remainder (and majority) of the
TOC was found in the dissolved organic size fraction
(DOC; Fig. 2B). Throughout the bloom, low molecular
welight organic carbon (LOC; Fig. 2B) was the predom-
inant component of this standing stock and colloidal
organic carbon (COC; Fig. 2B) was no greater than
12% of TOC. Our measurements of DOC, LOC and
COC were in agreement with data obtained from pre-
vious spring blooms (Kepkay et al. 1993, Niven et al.
1995) using a slightly different ultrafiltration system.
Our measurements were also similar to values ob-
tained from natural phytoplankton populations in estu-
aries (Samuel et al. 1971, Thomas 1971) and a natural
phytoplankton bloom enclosed in an experimental
mesocosm (Norrman et al. 1995). However, our mea-
surements did not agree with the mesocosm results of
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Smith et al. (1995), where a nutritionally induced di-
atom bloom yielded consistently more POC than DOC.

In contrast to TOC, the TON at 5 m exhibited no dis-
cernible trends, and varied between 7.1 and 11.9 pM N
(Fig. 3). Particulate organic nitrogen (PON) was typi-
cally less than 40% of TON (Fig. 3A) and colloidal
organic nitrogen (CON) remained at less than 1.4 pM
N (or less than 9% of TON) throughout the bloom
(Fig. 3B). The majority of the TON was in the low mol-
ecular weight size fraction (LON; Fig. 3B). Our mea-
surements of dissolved organic nitrogen (DON;
Fig. 3B) were in agreement with the range of values
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Fig. 3. (A) Total organic nitrogen (TON) and particulate or-
ganic nitrogen (PON)j during the bloom at 5 m. (B} Dissolved or-
ganic nitrogen (DON}, low molecular weight organic nitrogen
(LON) and colloidal organic nitrogen (CON) plotted on the
same scale as TON. (C) Dissolved inorganic nitrogen (DIN), i.e.
the combined total of ammonium and nitrate, is also plotted
on the same scale as TON for reference. (--e--) Bulk chl a de-
fines the duration of the bloom. The precision of DON, LON,
CON measurements was 0.3 uM N (1 s); the precision of PON
measurements was 0.6 ptM N (1 s)
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first established by Duursma (1961) and later con-
firmed by Walsh (1989), Karl et al. (1993), Hansell
(1993) and Koike & Tupas (1993) in the open ocean,
and by Hansell (1993) and Hansell et al. (1993) in
coastal waters. At 15 m, the distributions of TOC, TON
and size-fractionated organic carbon and nitrogen
(Tables 1 & 2) were similar to the results from 5 m.
However, the overall increase in DOC was smaller at
the greater depth (Kepkay et al. 1997).

Size-fractionated C:N ratio

Prior to the bloom at 5 m, the C:N ratio of total
organic matter (TOM) was between 6:1 and 7:1 (Fig. 4A)
— close to the value of 6.7:1 proposed by Redfield et al.
(1963) for the production and degradation of marine
organic matter. During the bloom, the C:N ratio
reached 11.9:1 by Day 81 (Fig. 4A) and then decreased
to post-bloom values that were, again, close to the Red-
field ratio (Fig. 4A). At 15 m, there was a similar
increase in the C:N of TOM (Fig. 4A), but a maximum
of only 8.6:1 was reached by Day 81 — considerably
less than the C:N peak reached at 5 m. At its maxi-
mum, the C:N of TOM at both depths was similar to
cellular C:N ratios measured by several authors during

Table 1 Total (TOC), particulate (POC), dissolved {(DOC), low

molecular weight {(LOC) and colloidal (COC) organic carbon

concentrations (pM C) during the pre-bloom, bloom (Days 74

to 102) and post-bloom at 15 m. The precision of DOC, LOC

and COC measurements was £2.6 uM C (1 6): the precision of
POC measurements was <3.2 uM C (1 o)

Day of year ~ TOC* POC DOCP LOC® cCoOcC!
46¢ 741 121 62.0 61.0 1.0
53 792 217 57.5 56.2 1.3
60 790 207 58.3 55.8 2.5
67 750 120 63.0 61.5 1.5
74 893 1838 752 73.6 1.6
81 940 209 68.4 56.0 12.4
88 1313 376 93.7 86.6 7.1
95 151.5 536 97.9 89.6 8.3
102 111.3 391 72.2 66.1 6.1
109 111.0 393 71.7 66.4 5.3
116 957 261 69.6 66.5 3.1
123! 931 346 58.5 56.5 2.0

“Calculated as the sum of POC and DOC

"Organic carbon that passes through a precleaned 0.2 um
cartridge filter

‘Organic carbon that passes through the membranes in
precleaned cross-flow, ultrafiltration cartridges with a
nominal molecular weight cut-off of 10 kD {1 to 2 nm]j
dCalculated as the difference between DOC and LOC
concentrations

¢February 15, 1995

"May 3, 1995

Table 2. Total (TON], particulate (PON), dissolved (DON}, low
molecular weight (LON) and colloidal (CON) organic nitro-
gen concentrations (uM N} during the pre-bloom, bloom
(Days 74 to 102) and post-bloom at 15 m. The precision of
DON, LON and CON measurements was <0.3 pM N (1 o): the
precision of PON measurements was <0.6 pM N (1 o)

Day of year TON® PON DON" LON¢ CON¢
46" 9.3 1.1 8.2 6.4 1.8
53 14.4 2.3 12.1 11.0 1.1
60 12.8 2.0 10.8 9.8 1.0
74 10.9 1.8 91 8.5 0.6
81 13.6 2.3 11.3 10.0 1.3
88 15.3 4.8 10.5 8.0 2.5
95 18.8 8.2 10.6 8.7 1.9
109 15.5 3.9 11.6 10.8 1.2
116 16.2 2.9 13.4 13.3 0.1
123 13.3 2.9 10.4 9.8 0.6

“Calculated as the sum of PON and DON

®Organic nitrogen that passes through a precleaned
0.2 pm cartridge filter

‘Organic nitrogen that passes through the membranes in
precleaned cross-flow, ultrafiltration cartridges with a
nominal molecular weight cut-off of 10 kD (1 to 2 nm)
4Calculated as the difference between DON and LON
concentrations

“February 15, 1995

‘May 3, 1995

the growth of phytoplankton in culture {(Dortch 1982
and references therein) and, more specifically, to the
combined C:N ratio of dissolved (DOM) and particu-
late (POM) organic matter obtained by Biddanda &
Benner (1996) during the production of extracellular
polysaccharides by diatoms in culture.

In contrast to TOM, the C:N ratio of POM remained
relatively uniform at both 5 and 15 m. The ratio varied
from 7:1 to 9:1, which was well within the range ob-
tained by several authors during the growth of phyto-
plankton in culture {Goldman et al. 1979 and refer-
ences therein, Dortch 1982 and references therein), and
exhibited no discernible trend (Fig. 4B). The dissolved,
rather than the particulate, fraction of organic matter
(Fig. 4C, D) appeared to be responsible for the change
in C:N of TOM and the colloidal size fraction under-
went the largest change in C:N ratio (Fig. 4C). At both 5
and 15 m, the C:N of colloidal organic matter (COM] in-
creased from values similar to the Redfield ratio
(Fig. 4C) to peaks of 20.5:1 {(at 5 m) and 9.9:1 (at 15 m).
The C:N of COM then decreased to post-bloom values
that were, again, similar to the Redfield ratio {Fig. 4C).

The C:N ratios of DOM and low molecular weight
organic matter (LOM) were similar at both depths
(Fig. 4D), increasing from values similar to the Redfield
ratio to between 13.0:1 and 13.6:1 (at 5 m) and 8.9:1 (at
15 m), followed by a decrease to Redfield values by the
post-bloom. The close agreement between C:N ratios
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Fig. 4. C:N ratio of (A) total organic matter, (B} particulate

organic matter, (C) colloidal organic matter and (D) dissolved

{(0) or low molecular weight {¢) organic matter during the

bloom at 5 m (solid line) and 15 m (broken line). The Redfield

ratio (6.7:1) for the production and degradation of marine
organic matter is shown for reference

of LOM and DOM at both depths probably reflects the
predominant contribution of low molecular weight
material to DOM during blooms {Kepkay et al. 1993,
1997, Niven et al. 1995). In addition, our range of C:N
ratios for size-fractionated DOM (Fig. 4C, D) was simi-
lar to values obtained by Biddanda & Benner (1996) in
culture, and at the low end of the range (18 to 33)
established for coastal waters and the open ocean
(Duursma 1961, Hansell 1993).
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Fig. 5. Comparison of respiration (solid line) during the bloom
at 5 m with the C:N ratio (broken line} of (A) total organic
matter, (B) particulate organic matter, {C) colloidal organic
matter and (D) dissolved (®) or low molecular weight (e)
organic matter. Pearson correlation coefficients (r) of the vari-
ation of respiration with C:N ratio are summarized in Table 3

Respiration and the size-fractionated C:N ratio

During the bloom at 5 m, respiration of the whole
community and the C:N of TOM appeared to be
closely associated (Fig. 5A), reaching coincident max-
ima by Day 81. The 2 parameters were well correlated
(Table 3), with a significant Pearson correlation coeffi-
cient (1) of 0.775 (p <€ 0.003). In contrast, the C:N of
POM did not reach a maximum by Day 81 (Fig. 5B} and
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Table 3. Correlation of respiration at 5 m with the C:N of total
organic material (TOM) and the C:N of organic material in the
particulate (POM), colloidal (COM), dissolved (DOM) and low
molecular weight (LOM) size fractions. Correlations are
expressed in terms of the Pearson (linear) correlation coeffi-
cient (r) and the significance (p) associated with each correla-
tion. For the sake of comparison, p  0.005 is strongly signifi-
cant, p between 0.005 and 0.100 is weakly significant and p
0.100 1s not significant

Correlation
coefficient (r)

Organic carbon
size fraction

TOM 0.775(p 0.003

)
POM 0.048 (p  0.882)
coM 0.802 (p  0.005)
DOM 0542 (p  0.069)
LOM 0525 (p  0.120)

there was no significant correlation with respiration
(Table 3}. The correlation between respiration and the
C:N of TOM at 5 m (Table 3) appeared to be a function
of the dissolved (rather than the particulate) compo-
nent of TOM (Fig. 5). In particular, the colloid-sized
fraction of TOM appeared to be the most closely asso-
ciated with respiration at 5 m (Fig. 5C, Table 3). The
Pearson correlation coefficient (r) for respiration and
the C:N of COM was 0.802 (p 0.005), while the corre-
lation coefficients of respiration with the C:N of LOM
or DOM were either marginally significant or not sig-
nificant (Table 3).

At 15 m, respiration was less well correlated with the
C:N of TOM (Fig. 6A, Table 4), primarily because the
increase in C:N ratio during the bloom (Fig. 6A) was
relatively small. The absence of a significant correla-
tion of respiration with the C:N of POM (Fig. 6B,
Table 4) was similar to the results from 5 m (Fig. 5B,
Table 3) and there was a strong significant correlation
(r=0.972, p 0.005in Table 4) of respiration with the
C:N of COM (Fig. 6C). A weaker, but significant, cor-
relation of respiration with the C:N of LOM or DOM
(Fig 6D, Table 4) was also apparent as the C:N ratio
extended for 2 wk beyond the peak in respiration.

DISCUSSION

In contrast to earlier studies (Kepkay et al. 1993,
Niven et al. 1995), the 1995 bloom in Bedford Basin
was weakly stratified due to low surface water temper-
atures and uniform salinities (Fig. 1C) associated with
a relatively low freshwater input. This allowed the
chlorophyll maximum at the height of the bloom
(Fig. 1A) to develop to a depth of at least 20 m (Kepkay
et al. 1997). As a result, the phytoplankton included in
the chlorophyll maximum grew under relatively uni-
form conditions, i.e. at temperatures of 1 to 3°C and

salinities of 30 to 31 (Fig. 1C), and at similar nutrient
concentrations that decreased to about 1 uM by the
end of the bloom (Fig. 1B).

Standing stock of organic carbon and nitrogen
A complete standing stock of organic carbon (includ-

ing both dissolved and particulate fractions) is es-
sential for any real understanding of the dynamics of
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Fig. 6. Companson of respiration (solid line) during the bloom
at 15 m with the (:N ratio (broken line) of (A) total organic
matter, (B) particulate organic matter, (C) colloidal organic
matter and (D) dissolved (®) or low molecular weight (e)
organic matter. Pearson correlation coefficients (r) of the vari-
ation of respiration with C:N ratio are summarized in Table 4
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Table 4. Correlation of respiration at 15 m with the C:N of
total organic matenal (TOM) and the C:N of organic material
in the particulate (POM), colloidal (COM), dissolved (DOM})
and low molecular weight (LOM) size fractions. Correlations
are expressed in terms of the Pearson (linear) correlation
coefficient (r) and the significance (p) associated with each
correlation. For the sake of comparison, p < 0.005 is strongly
significant, p between 0.005 and 0.1000 is weakly significant
and p 2 0.100 15 not significant

Correlation
coetficient (r)

Organic carbon
size fraction

TOM 0.687 (p £0.014)

POM ~0.420 (p £ 0.174)
COM 0.972 (p < 0.005)
DOM 0.625 (p < 0.030)
LOM 0.751 (p < 0.012)

carbon cycling (Fig 2, Table 1). Most of the organic
carbon produced during the bloom was released in the
low molecular weight (<1 to 2 nm) and colloidal (be-
tween 1 to 2 nm and 0.2 pm) size ranges (Kepkay et al.
1997). When these 2 size fractions were combined into
a dissolved organic carbon (DOC) pool, they accounted
for between 60 and 70% of the total organic carbon
(TOC) produced during the bloom (Fig. 2). In contrast,
particulate organic carbon (POC) was a relatively
small fraction (<40%) of TOC (Fig. 2A, Table 1). This
leads to a perhaps obvious but important conclusion:
bloom productivity may be drastically underestimated
when defined solely from measurements of POC (one
of the most commonly accepted indices of cell biomass
and ocean productivity). In order to obtain a truly accu-
rate definition of bloom productivity, the dissolved or-
ganic size fractions produced by the phytoplankton
must be taken into account. It is also important to note
that our colloidal size fractions were obtained using a
10 kD cutoff rather than the more commonly employed
1 kD (Buesseler et al. 1997). This means that we proba-
bly under- rather than over-estimated the contribution
of colloids to the dissolved size fractions.

Throughout the bloom, the distribution of total or-
ganic nitrogen (TON) and its composite size fractions
was more or less uniform (Fig. 3, Table 2), even though
dissolved inorganic nitrogen (DIN) was near the con-
centration of TON before the bloom (Fig 3C) and de-
creased to low, but non-limiting concentrations
(~1.0 uM N) by the end of the bloom. This raises the
question of where the DIN went during the bloom. The
answer may lie in Cranford et al.’s (1995) data demon-
strating that the nitrogen content of organic material in
sediment traps increased as the bloom progressed. This
increase in nitrogen may have been associated with the
development of an active bacterial population in and on
the aggregates that settled out into the traps. At this
point, however, we cannot rule out the possibility that

nitrogen may have also been removed by rapid recy-
cling that would not have been detected with our 1 wk
sampling interval.

Size-fractionated C:N ratio

When C:N ratios were derived from size-fractionated
organic carbon and nitrogen (Fig. 4), it was clear that
some process (or combination of processes) was dri-
ving the C:N of total organic matter (TOM) up during
the bloom (Fig. 4A) and then returning the ratio to val-
ues similar to the 6.7:1 originally proposed by Redfield
et al. (1963). The C:N of particulate organic matter
(POM) appeared to make little contribution to the
change in C:N observed for TOM (Fig. 4). Instead, the
major change in the C:N ratio was in the dissolved size
fraction -—— particularly in the colloidal size fraction
(Fig. 4C), where C:N reached a maximum of 20.5:1.

A high C:N ratio for colloidal organic matter (COM]}
is consistent with the production of carbon-rich exo-
polymers (as polysaccharides) by leakage from
actively growing phytoplankton early during a bloom
(Kigrboe & Hansen 1993, Kepkay et al. 1997) and leak-
age from senescent cells towards the end (Myklestad
1977, lttekot et al. 1981, Smetacek 1985 and references
therein, Eberlein & Brockman 1986, Myklestad et al.
1989, Kepkay et al. 1993, 1997, Kierboe & Hansen
1993, Mopper et al. 1995). However, it is important to
note that, even though polysaccharides are primarily
found in the colloidal size fraction in surface waters
(Benner et al. 1992, Amon & Benner 1994), they can
also be found as monomers in the low molecular
weight size fraction (Benner et al. 1992). The produc-
tion of carbon-rich monomers may well have been in
operation during the bloom, where a high C:N ratio of
dissolved organic matter (DOM) appeared to be
closely linked to an increase in the C:N of low molecu-
lar weight organic matter (LOM), which reached a
maximum of 13.0:1 (Fig. 4D).

Respiration and the size-fractionated C:N ratio

While our measurements of respiration varied by
more than an order of magnitude (Figs. 5 & 6), the
mean respirations calculated from pre-bloom, bloom
and post-bloom measurements at 5 and 15 m (Table 5)
overlapped the range of values measured previously in
Bedford Basin by Kepkay & Johnson (1989). Our mea-
surements were also well within the range of values
(Table 5) established for respiration by coastal ocean
communities (Smith & Hollibaugh 1993 and references
therein). The respiration values reviewed and included
in this yearly average were calculated either from car-
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Table 5. Comparison of mean, short-term respiration measured in Bedford Basin
with previous measurements of respiration in the Basin and the mean annual respi-
ration calculated for 22 marine coastal communities

trafiltration cartridges to define the
lower limit of the colloid size range
would tend to under- rather than

Kepkay & Johnson (1989)
Smith & Hollibaugh (1993&

Coastal system Respiration Source
(g Cm=yr)
Mean SD Range
Bedford Basin 141 149  23-658 This study
Bedford Basin 132 126 11-211
Coastal communities 316 256 34-1122

over-estimate the contribution of
colloids to the C:N ratio of the total
standing stock.

Kepkay et al. (1997) have shown
that more colloidal organic carbon
was produced at 5 than at 15 m —
presumably because phytoplank-

bon-nitrogen-phosphorus stoichiometry (see Smith et
al. 1991} or from net oxygen flux (see Hoppema 19914,
b). Our results were obtained from short-term incuba-
tions that were <1.5 h in duration. The overall agree-
ment between results obtained with such different
techniques indicates that short-term, direct measure-
ments may provide an independent means for assess-
ing the accuracy of respiration estimates in models of
coastal ocean heterotrophy (Smith & MacKenzie 1987,
Smith & Hollibaugh 1993).

At this point, however, the question remains: what
process was driving the C:N of TOM back to Redfield
values during the bloom? The data in Figs. 5 & 6 (and
the correlations in Tables 3 & 4) suggest that respiration
may have reqgulated the C:Nratio of TOM, mineralizing
the excess organic carbon produced as phytoplankton
exudates in the dissolved size fraction. In effect, respi-
ration returned the C:N ratio to values (Figs. 5A & 6A)
that were similar to the ratio of 6.7:1 proposed by Red-
field et al. (1963) for the production and degradation of
marine organic matter. This regulation of the C:N ratio
of TOM by respiration had no apparent effect on the
C:N of POM (Figs. 5B & 6B) which remained relatively
uniform, but greater than 6.7:1 Higher-than-Redfield
ratios in the particulate fraction have already been ob-
served in phytoplankton cultures (Goldman et al. 1979
and references therein, Dortch 1982 and references
therein) and may also indicate that carbon-rich exu-
dates were closely associated with cells. However, the
significant positive correlation of respiration with the
C:Nof COM (Figs. 5C & 6C, Tables 3 & 4) suggests that
at least some of the exudates released as larger colloids
were mineralized within the 1 wk sampling interval. In
addition, very little of the DIN involved in primary pro-
duction and respiration (Fig. 3C) appeared to accumu-
late in the PON, DON or CON pools (Fig. 3A, B) This
means that, even though colloid-sized organic exudates
may be only 16 to 22 % of DOC during blooms (Kepkay
et al. 1993, 1997, Niven et al. 1995) and <12% of TOC
(Fig. 2, Table 1), they could still have a pronounced ef-
fect on the C:N of TOM during periods of high produc-
tivity. It should also be stressed that our results are con-
servative in their estimation of the amount of colloids
produced. The utilization of 10 kD rather than 1 kD ul-

ton production was attenuated at
the greater depth. However, lower respiration at 15 m
was still closely correlated with the C:N of COMI (Fig.
6C, Table 4), even though the correlation of respiration
with the C:N of TOM was weaker at 15 than at 5 m
(Fig. 6A, Table 4). This weaker correlation was proba-
bly related to the fact that the elevated C:N of LOM
and DOM extended for 2 wk after the peak in respira-
tion (Fig 6D). The origin of these broad, low peaks in
the C:N ratio remains unknown, but could be related to
the long-term degradation of POM to generate LOM at
lower light in deeper water.

Respiration, the microbial loop and the
carbon/nitrogen budget

To our knowledge, the results from Bedford Basin
are the first direct demonstration that respiration can
regulate the C:N ratio of total (rather than particulate)
organic matter in surface waters. Even though our
measurements are in agreement with Smith & Hol-
libaugh's (1993) yearly average for respiration in
coastal systems (Table 5), they are not in agreement
with a widely held assumption that the microbial loop
(Azam et al. 1983) operates under the constraint that
POM must first be broken down to DOM before it can
be respired to CO, and released as inorganic nitrogen.
During the bloom, the microbial loop appeared to be
short-circuited by the rapid respiration of carbon-rich
phytoplankton exudates that were not necessarily pro-
duced by decomposition. The time scale of this respira-
tory response was within our 1 wk sampling interval
and agrees with Smith & MacKenzie's (1987) estimate
for the response time of estuaries and coastal waters. In
addition, the respiratory response appeared to remove
organic carbon and regulate the C:N of TOM (Fig. 5),
returning the ratio to values similar to that predicted
by Redfield stoichiometry (6.7:1).

Given the fact that respiration (as a rate) was corre-
lated only with the bulk concentration (rather than the
rate of production) of organic carbon in the various size
fractions, it is important to stress that the correlations
cannot be used to quantify the effect of carbon degra-
dation on the bloom'’s carbon budget. The difficulty of
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establishing an organic carbon budget for the bloom is
further highlighted by the apparent conflict between
the POC increase calculated from chl a concentrations
at the height of the bloom (Fig. 1) — approximately
50 uM C on Day 88 using Li et al.’s (1993) C:chl a ratio
of 40:1 — and the maximum increase in POC that was
actually recorded (about 10 uM C in Fig. 2}. This con-
flict between low POC concentrations when phyto-
plankton productivity (as defined by chl a) was at its
height can be resolved by taking sedimentation into
account. There were strong peaks of carbon flux into
traps 1 wk before and 1 wk after the chl a maximum
(Niven et al. 1997) This leads to an important conclu-
sion: respiration cannot be considered in isolation in its
effect on the organic carbon budget. The rapid sedi-
mentation of organic material is also important (Niven
at al. 1997). This means that it will probably not be pos-
sible to establish a carbon budget for surface waters
during a coastal bloom without coincident measure-
ments of primary production, respiration and sedimen-
tation over exactly the same time intervals.

Organic size fractions and biota involved
in respiration

We cannot be sure that only colloid-sized fractions of
DOM were respired, but our results are in agreement
with Santschi et al.’s (1995) finding that colloids are the
'vyoung' fraction of DOM that is capable of being
rapidly turned over by microbial activity. Even so, it
cannot be denied that LOM contributed to the high
C:N of TOM (Figs. 4, 5 & 6). In addition, the relatively
high {but uniform) C:N of POM (Figs. 4, 5 & 6) suggests
that high-carbon exudates may have been closely
associated with phytoplankton cells or aggregated into
transparent exopolymer particles (Alldredge et al
1993, Passow et al. 1994) throughout the bloom (Niven
et al. 1997). We do not know if this high-carbon, partic-
ulate material was eventually made available for respi-
ration by the whole community, but it is clear from pre-
vious work In Bedford Basin and the open ocean
(Kepkay & Johnson 1989) that colloid aggregation
can trigger short-lived bursts of intense bacterial respi-
ration.

We also cannot be sure which organisms were
responsible for such a strong respiratory response to
high productivity during the bloom, but respiration
was positively correlated with bacterial number (Jellett
et al. unpubl). When combined with previous observa-
tions (Kepkay et al. 1993, Niven et al. 1995) that zoo-
plankton are generally absent during blooms in Bed-
ford Basin, these data suggest that bacteria may make
a major contribution to respiration. However, the bac-
teria were certainly not the only micro-organisms

involved. The protozoa (Kepkay & Johnson 1989) and
phytoplankton (Langdon et al. 1997) are also important
components of total community respiration.

Summary

Even though we cannot pinpoint which microbiota or
size fractions of organic carbon made the greatest con-
tributions to community respiration, we can draw 3
conclusions from the Basin bloom that may be applica-
ble to coastal ocean systems as a whole:

(1) Particulate organic carbon (POC), which is one of
the most widely accepted measures of plankton bio-
mass, 1s a relatively small fraction of the total standing
stock of organic carbon (Fig. 2). The dissolved organic
carbon (DOC) associated with the production of phyto-
plankton exudates is the predominant pool of organic
carbon.

(2) The C:N of particulate organic material (POM) is
not an accurate index of the C:N of the total standing
stock of organic material (TOM). Instead, variations in
the C:N of colloidal organic material (COM) and low
molecular weight organic material (LOM) are prime
regulators of the C:N of the total standing stock
(Fig. 4).

(3) Microbial respiration is an important regulator of
the C:N of TOM during periods of high productivity
{such as those encountered during the bloom) This
respiratory regulation of the C:N ratio is focused pri-
marily on the degradation of carbon-rich phytoplank-
ton exudates in the colloidal size fraction (Figs. 5 & 6).
Given the extreme metabolic flexibility of the bacteria,
this respiration of colloidal organic carbon (COC) by
the microbial community may short-circuit the micro-
bial loop and combine with the sedimentation of
aggregates to remove the excess carbon produced as
exudates.

All three of these conclusions should be taken into
account if the net heterotrophy of a coastal system
(Smith & MacKenzie 1987, Smith & Hollibaugh 1993) is
to be accurately defined.
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