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ABSTRACT

The rate of relcase of dissolved organic matter during phytoplankton photosynthesis was
measured in eutrophic and oligotrophic arcas of the Northeast Pacific Ocean. A method
using liquid scintillation counting techniques is described that allows sample preparation
to be done simply and accurately at sea. The absolute amounts of dissolved organic matter
relcase were generally greatest near the surface and in eutrophic waters, but relative to
total production were greatest in oligotrophic areas. A close correlation was found between

the production of particulate organic matter and the relcase of dissolved organic matter.

INTRODUCTION

The magnitude of releasc of dissolved
organic matter by phytoplankton during
photosynthesis in the ocean is largely un-
known. Most work has been done in the
freshwater environment where losses ex-
ceeding 50% of the recently assimilated
carbon have been reported as common
(Fogg, Nalewajko, and Watt 1965; Nale-
wajko and Marin 1969; Watt 1966). Few
mcasurcments have been made in natural
populations from the marine environment,
but thosc values reported indicate compa-
rably high values (Hellebust 1965; Homc,
Fogg, and Eaglc 1969). Apparently releasc
is rclatively lower where photosynthesis is
high and is therefore of a more serious
naturc in oligotrophic areas.

During the past decade, production
processes have been investigated off the
Washington and Oregon coasts in connec-
tion with studies of the cffect of the Co-
lumbia River on the Northeast Pacific
Occan (e.g., Anderson 1964; Small and
Curl 1968). The rcgion encompasscs zones
of highly productive nutrient-rich waters
near the coast including areas of intensive
upwelling during summer and compara-

1 Supported by U.S. Atomic Energy Commission
Contract AT(45-1)-1725 (rcf: RLO-1725-167) and
Federal Water Pollution Control Administration
Grant WP-00633. Contribution No. 546 from the
Department of Occanography, University of
Washington, Seattlc.

tively unproductive nitrate-depleted off-
shore arcas both within the influence of the
Columbia River and scaward of it. The
purpose of this study is to measure in these
areas thc magnitude of dissolved organic
matter release by phytoplankton relative to
the primary production as measured by the
1C method, which usually accounts only
for the particulate organic fraction. The
study also contributes to the methodology
for measurement of relcase of organic mat-
ter by phytoplankton.

We thank Miss L. Matson for advice
on preparation of scintillation solutions for
liquid scintillation counting.

METHODS

Obscrvations were madc at seven sta-
tions during a cruisc of RV Thomas G.
Thompson, 15-31 July 1968 (Fig. 1). Par-
ticulate organic matter production, as meca-
sured by *C (Steemann Nielsen 1952), was
determined in the euphotic zone at depths
representing 100, 55, 23, 15, and 4% of
surface illumination. We inoculated 50-ml
samples with about 2.5 uCi of **C and
incubated them in a deck incubator from
local apparent noon to sunsct. We used
wire mesh screens to simulate underwater
light intensity. After exposure, the samples
were filtered with IIA Milliporc filters
(0.45-u porc diam) at a suction pressure
not exceeding 0.5 atm. Filters werc fumed
over concentrated HCI, stored in desicca-
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Fic. 1. Station locations off the Washington
and Orcgon coasts, 15-31 July 1968,

tors, and later counted by Geiger tech-
niques in the laboratory. No corrections
for dark uptake were made. Chloro-
phyll @ was measured in acetonc cxtracts
(UNESCO 1966) and nitratc by the method
of Wood, Armstrong, and Richards (1967).

The releasc of organic matter by phy-
toplankton was dectermined at sca by a
modification of the method described by
Nalewajko, Chowdhuri, and Fogg (1963).
Filtrate from the samples used for mea-
surement of particulate matter production
was acidified with 0.1 x HCl to a pH of
2.8 and bubbled with air (250 ml/min) for
at least 15 min, resulting in complete re-
moval of inorganic “C. Aliquots (2 ml)
of the acidified filtratc were then trans-
ferred dircetly to 20-ml glass vials contain-
ing 10 ml of a scintillation solution for
counting with a liquid scintillation spcc-
trometer (Packard Tri-carb modcl 3310)
(see Wang and Willis 1965 for discussions
of liquid scintillation counting). Results
are cxpressed both as rates of release and
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as per cent relecase relative to total organic
matter production.

We needed to develop a scintillation
(fluor) solution with a high counting cffi-
ciency yct capable of incorporating large
amounts of seawater relative to the volume
of fluor solution becausc we expected to
find low levels of radioactivity. The earlier
methods of plating and planchet counting
( Hellcbust 1965; Watt 1966) were not con-
sidered sufficiently accurate or convenient
for routine shipboard use. The Van Slyke
wet combustion method described by
Nalewajko ct al. (1963) has problems with
chloride interference when used with seca-
water, in addition to being a complex
procedure, and therefore is undesirable for
work at sea.

The composition of the scintillation solu-
tion uscd here is as follows: To 7.8 ml
of toluenc solution containing 5 g/liter of
PPO and 0.5 g/liter of dimcthyl POPOP,
add 2.2 ml of Bio-Solv solubilizer formula
BBS-3 (available from Beckman Instr.
Inc.). This solution accepts 2 ml of sea-
water per 10 ml of fluor and has a counting
cfficiency of 75% as determined by in-
ternal standards. An unquenched C
standard has a counting cfficiency of 92%
with the present instrument. Upon addi-
tion of the scawater sample, the solution
becomes turbid and milky-white, and the
water settles out. Refrigeration (8.5C) is
necessary so that the water can be mixed
into solution and so that the preparation
will clear. The low temperature must be
maintained during counting. ITowcver, the
samples can apparently be stored indefi-
nitely at room temperaturc if a refrigerated
counter is not immediately available. It is
possible to increasc thc amount of sol-
ubilizer and thus increasc the water-holding
capacity of the solution, but 2 ml of sea-
water contained sufficient radioactivity for
our purposc. For ambicent temperature
liquid scintillation counters, the volume of
scawater added to the fluor must be re-
duced to a point where the water remains
in solution and the mixturc does not be-
come turbid at room temperature.

The possible loss of volatile organic
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Fic. 2. Vertical distribution of deusity (sigma-t), nitrate, production of particulate organic matter,
chlorophyll g, relcase of dissolved organic matter, and per cent organic matter release relative to total
production at stations off the Washington and Orcgon coasts, 15-31 July 1968. The numerals in the
middle pancls are for total particulatc matter production in the water column (mg C m™ % day™),
whereas the two scts of numerals in each of the bottom panels are water column values for release of
dissolved organic matter (mg C m™® % day™), and per cent rclease, respectively.

* Note the change in scale for particulate matter production.

compounds during acidification and bub-
bling was investigated. Carbon-14-labeled
compounds of sodium acetate, sodium gly-
collate, succinic acid, glucose, and a puri-
fied protein hydrolysate from cclls of
Chlorella vulgaris containing a mixturc of
16 amino acids were added to samples of
filtered seawater, and recovery was mea-
sured before and after acidification and
bubbling. The treatment resulted in losses
of less than 1% for succinic acid (0.6%),
glucose (0.5%), and the amino acid mix-
ture (0.3%), whereas the more volatile

compounds had losses of less than 2% (gly-
collatc 1.2%, acetate 1.5%).

Bacterial uptake of labeled dissolved
organic materials during incubation could
lcad to an undcrestimation of the release
rate. The significance of this cffect was
investigated on thrce separate occasions in
a cutrophic arca of Puget Sound, where
absolute values of releasc were comparable
with those mcasured in the coastal areas.
Bacterial densities were not cstimated, but
it might be expected that thcy would be at
Jeast as great as those in the coastal areas.
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Each time, six samples were obtained from
depths within the euphotic zone. Before
inoculation with “C, penicillin and strep-
tomycin were added in concentrations of
100 and 50 mg/liter, respectively. The
samples werc incubated in situ at their
original depths from local apparent noon
to sunset. Controls consisted of samples
inoculated with *C but without antibiot-
ics. No statistically significant difference
in releasc of organic matter was found
between the control samples and those
containing antibiotics.

RESULTS AND DISCUSSION

The vertical distributions at each station
of density, nitrate, chlorophyll a, produc-
tion of particulate and dissolved organic
matter, and the per cent of organic matter
release relative to total production arc
shown in Fig. 2. These stations included
waters ncar the coast (stations 21, 38, and
47) where productivity was high. At sta-
tion 47 the cffect of upwelling on produc-
tivity was especially evident (>4 g C m=2
day-'). Stations 29 and 56, less productive,
werc within the main axis of the Columbia
River plume, whereas stations 62 and 68
were in oligotrophic waters (<02 g C m2
day*) beyond major influcnce of the
plumec.

The rate of release of organic matter
generally decrcased with depth, as did par-
ticulate matter production, except at sta-
tions 21 and 47 where the maximum relcasc
occurred at middepth. At station 47 the
subsurface maximum in releasc coincided
with a large chlorophyll maximum at the
same depth. Otherwise there appcared to
be little rclationship between rclease of
organic matter and chlorophyll concentra-
tion, nor was therc an apparent relationship
with nutrient concentrations as measured
by nitratc. The highest release valucs both
for individual measurements and for total
amounts within the cuphotic zonc were
found in the most productive arcas and the
lowest values in oligotrophic watcrs.

The per cent of organic matter rclease
relative to total production ranged from 1%
for surfacc waters of the most productive
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Fc. 3. Relationship betwecn production of
particulate organic matter and release of dissolved
organic matter from individual measurements
made within the euphotic zonc at stations off the
Washington and Oregon coasts, 15-31 July 1968.
The numeral for each point refers to the depth at
which samples were taken expressed as per cent
of swrface light: 1 =100%, 2 =55%, 3 =23%,
4 =15%, 5 = 4%.

station (station 47) to 49% for oligotrophic
surface waters (station 68). However, the
remaining values for surface waters ranged
only between 11 and 17% and included
both eutrophic and oligotrophic areas. At
three stations (47, 62, 68), a gencral in-
crease with depth occurred. The per cent
release for the whole euphotic zone ranged
from 7% (at the nutrient-rich upwelling
station 47) to 26% (at the oligotrophic
station 68).

Clearly the best relationship that can be
demonstrated in these data is between the
rate of production of dissolved organic
matter and that of particulate matter.
However, the relationship is not lincar; a
log-log expression best fits the data (Fig.
3). Individual values from all stations
showed a highly significant correlation (r =
0.865). Thc greatest scatter results from
values for station 47. The samc log-log
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Fic. 4. Rclationship between production of
particulate organic matter and rclease of dissolved
organic matter for the euphotic zone at stations off
the Washington and Oregon coasts, 15-31 July
1968.

relationship of relecasc of organic matter
with production of particulate matter was
found for the total values in the water
column (r=0.932; Fig. 4). Although clear
relationships arc not apparent between re-
lease of organic matter and other factors
such as light, nutrients, or chlorophyll con-
centration, we are in general agreement
with other workers that this rclease, on a
relative basis, is greatest in oligotrophic
areas.

The rates of rclease rccorded here may
be minimal because of possible simultane-
ous uptake of dissolved organic matter by
bacteria and the algac themselves during
incubation. Some of the cxtracellular or-
ganic carbon may not be measured if it
originates from previous nonlabeled prod-
ucts of photosynthesis (Eppley and Sloan
1965). Conversely, grazing by zooplank-
ton and subscquent releasc of ingested
materials would contribute to the measured
rate of production of labeled dissolved or-

ganic matter. Also, thesc values indicate
only the release occurring during photo-
synthesis and do not account for uptake or
further releasc during the night.

The failure of bacteria to show a signifi-
cant uptake in the Puget Sound samples
suggests
probably low, although thc substratc con-
centration may bc below -the - threshold
level for uptake (see Jannasch 1967). Also,
it is possible that short-term uptake rates
of organic substratcs may not be affccted
by the antibiotics cven though bacterial
growth is inhibited. Alternatively, the lack
of a significant change by bacterial activity
might also suggest that most of the dis-
solved organic matter is relcased during
separation of the cells from the seawater.
This idea is strengthened by the close cor-
relation found between particulate matter
production and release. However, we used
low suction pressurcs to minimize ccll
damage; Fogg and Nalewajko (1964) have
presented evidence that argues strongly
against labeled compounds being derived
from broken cells when precautions are
used.

The mcasurcment of releasc of dissolved
organic matter by phytoplankton involves
many factors and processes that are incom-
pletely known. Our results, in agrecement
with previous work on the subject, empha-
size the importance of measuring release of
organic matter when making estimates of
primary production, especially in oligo-
trophic areas.

Samples for liquid scintillation counting
can be simply and accurately prepared at
sea. The scintillation solution appcars well
suitcd for counting of radiotracers associ-
ated with particulatc matter filtered onto
memberane filters, as in the procedure used
in measuring primary production. Most
other solutions developed for this purposc
(c.g., Wolfc and Schelske 1967) require
prior desiccation of the filter; wet filters
can be used with the current preparation
(as well as that rcported by Schindler
1966). Immediately after filtration, the fil-
ter is fumed with TICl and added to the
scintillation solution, capped tightly, and

thaot fha samiilatine  doaate o
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stored for subscquent counting. This clim-
inates the serious problem of loss of “C
activity from filters stored in desiccators
(Wallen and Geen 1968). Because of its
large water-holding capability, the solution
should be useful for counting of other
aqueous solutions containing radiotracers
and is now routinely used here for calibra-
tion of inorganic “C solutions used in pri-
mary productivity work.

REFERENCES

AnpersoN, G. C. 1964. The scasonal and geo-
graphic distribution of primary productivity
off the Washington and Oregon coasts. Lim-
nol. Oceanogr. 9: 284-302.

ErrrEY, R, W,, AND P, R. SroaN, 1965. Carbon
balance cxperiments with marine phytoplank-
ton. J. Fish, Res. Bd. Can, 22: 1083-1097.

Focg, G. E., aNp C. NALEwWAJkO. 1964. Glycol-
lic acid as an extracellular product of phyto-
plankton. Int. Ver. Theor. Angew. Limnol.
Verh. 15: 806-810,

3 , AND W. D. WaTt., 1965, [xtra-
cellular products of phytoplankton photosyn-
thesis. Proc. Roy. Soc. London, Scr. B 162:
517-534.

Herresust, J. A, 1965. Ixcretion of some or-
ganic compounds by marine phytoplankton.
Limnol. Occanogr. 10: 192-206.

ITorne, A. J., G. E. Foce, anp D. J. EAGLE.
1969, Studics in situ of the primary produc-
tion of an area of inshore Antarctic Sca. J.
Mar. Biol. Ass. UK. 49: 393-405.

Jannascu, H. W. 1967, Growth of marine bac-
teria at limiting concentrations of organic
carbon in seawater. Limnol. Occanogr. 12:
264-271.

Narewajko, C., N, Cuowpnunr, aNp G. . Focg.
1963. Excretion of glycollic acid and the
growth of a planktonic Chlorella, p. 171-183.

407

In Microalgae and photosynthetic bacteria.
Japan Soc. Plant Physiol. Univ. Tokyo Press,
Tokyo.

, AND L. MARIN. 1969, Extracellular pro-
duction in relation to growth of four plank-
tonic algac and of phytoplankton populations
from Lake Ontario. Can. J. Bot. 47: 405-
413.

SciuinpLEr, D. W. 1966. A liquid scintillation
method for measuring carbon-14 uptake in
photosynthesis, Nature 211: 844-845.

SmaLL, L. F., anp II. Curt. 1968. The rclative
contribution of particulate chlorophyll and
river tripton to thc extinction of light off
the coast of Oregon. Limnol. Oceanogr. 13:
84-91,

SteEMANN NievLsen, E. 1952, The use of radio-
active carbon (C") for measuring organic
production in the sea. J. Cons., Cons. Perm.
Int. Explor. Mer 18: 117-140.

UNESCO. 1966. Detcrmination of photosyn-
thetic pigments in sea-water. Monogr, Occan-
ogr. Methodol. 1. UNESCO, Paris. 69 p.

Warren, D. G, anp G. H. Geex. 1968. Loss
of radioactivity during storage of “C-labelled
phytoplankton on membrane filters. J. Fish.
Res, Bd. Can. 25: 2219-2224,

Wang, C. H., anp D, L, WiLLss.

1965. Radio-

tracer methodology in biological science.
Prentice-Hall. 382 p.
Warr, W. D. 1966. Releasc of dissolved or-

ganic material from the cells of phytoplank-
ton populations. Proc. Roy. Soc. London,
Ser. B 164: 521-551.

WoLrg, D. A, anp C. L. Scaeuske. 1967. Liqg-
uid scintillation and geiger counting efficien-
cies for carbon-14 incorporated by marine
phytoplankton in productivity measurcments.
J. Cons., Cons. Perm. Int. Explor. Mcr 31:
31-37.

Woop, E. D, TI'. A, J. AremstroNG, AND F. A.
Ricmarps. 1967. Determination of nitrate
in scawater by cadmium-copper reduction to

nitrite. J, Mar, Biol. Ass. U.K. 47: 23-31.



