Vol. 10: 127-135, 1983 [

MARINE ECOLOGY - PROGRESS SERIES
Mar. Ecol. Prog. Ser.

Uptake and Recycling of Soluble Reactive
Phosphorus by Marine Microplankton

William G. Harrison

Published January 3

Marine Ecology Laboratory, Bedford Institute of Oceanography, Box 1006, Dartmouth, Nova Scotia, Canada B2Y 4A2

ABSTRACT: Simultaneous measurements of soluble reactive phosphorus (SRP) uptake and regenera-
tion (using isotope-dilution methodology) by natural marine microplankton populations are described
for coastal and oceanic waters. Seasonal fluctuations in SRP fluxes in Bedford Basin (Canada) were
characterized by high uptake and low regeneration rates during spring and fall bloom periods and
higher relative (compared with uptake) and absolute regeneration rates during summer. On an annual
basis, SRP regeneration by microplankton could meet ca. 50 % of the phosphorus requirements for
planktonic production. In oceanic waters microplankton were also important in recycling SRP, provid-
ing > 60 % of the P-requirements for growth in the Peruvian upwelling region and in the Eastern
Tropical Pacific Ocean. At times, > 100 % of uptake requirements may be supplied by microplankton
in Arctic waters. Size-fractionation studies showed that SRP uptake and regeneration were generally
partitioned by particle size with relatively greater regeneration rates associated with organisms larger

than 1 um in size.

INTRODUCTION

It has long been known that marine primary produc-
tion in coastal and oceanic waters is largely supported
by in situ nutrient recycling processes (e. g. Harrison,
1980). However, detailed quantitative studies of the
sites and biological sources of nutrient remineraliza-
tion have only recently been made, since the introduc-
tion of radioactive and stable isotope tracer tech-
niques.

Most marine work has focussed on the cycling of
nitrogen since it is considered the element most likely
limiting primary production in coastal (Ryther and
Dunstan, 1971) and oceanic waters (Goldman et al.,
1979; Perry and Eppley, 1981). Recent studies employ-
ing isotope-dilution techniques, for example, have suc-
cessfully measured nitrogen (NH,*) remineralization
in natural microplankton populations and have shown
their importance in supplying nitrogen for primary
production (e. g. Harrison, 1978; Caperon et al., 1979;
Glibert, 1982). Unfortunately, however, stable isotope
studies of nitrogen cycling often suffer from
methodological problems. Substrate enrichment, i. e.
the requirement for large, non-‘tracer’ level additions
of labelled substrate, and difficulties in measuring low
ambient substrate concentrations are considered
among the most significant problems which may seri-
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ously affect the reliability of results (Harrison, 1982).

Phosphorus, on the other hand, may be less subject
to such analytical problems because of its availability
in carrier-free radioisotopic form and because tech-
niques for measuring extremely low concentrations
have been developed (e.g. Strickland and Parson,
1972; Cescon and Scarazzato, 1973). Furthermore,
because of the apparent close interrelationship
between nitrogen and phosphorus in the biological
production cycle (e. g. Redfield et al., 1963) and par-
ticularly in oceanic waters (Perry and Eppley, 1981),
studies of the dynamics of phosphorus cycling are
clearly relevant to the more general question of how
nutrient regeneration processes regulate primary pro-
duction rate.

Relatively few tracer studies of phosphorus cycling
have been done in marine waters when compared with
the extensive work in lakes (Nalewajko and Lean,
1980). Most published studies have been confined to
coastal or estuarine environments (Pomeroy, 1961; Taft
et al., 1975; Harrison et al., 1977; Kuenzler et al., 1979)
and, where P-recycling has been measured, have often
only emphasized the production of organic-P com-
pounds (Johannes, 1964a; Keunzler, 1970; Lemasson
and Pages, 1981). With few exceptions (e. g. Johannes,
1964Db), inorganic-P regeneration has been determined
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only for large (generally > 100 um) planktonic organ-
isms.

In this paper, I describe measurements of uptake and
recycling of soluble reactive phosphorus (SRP)* by
natural marine microplankton* * populations in coastal
and oceanic waters. Particular emphasis has been
placed on an assessment of regional and temporal
variations in the importance of microplankton regener-
ation in meeting population phosphorus requirements
for primary production.

METHODS
Sampling

Most measurements were made during a seasonal
study of primary production and nutrient fluxes in a
coastal embayment of Nova Scotia (Bedford Basin)
from February 1978 to February 1979 (Irwin et al.,
1982). Samples were collected approximately twice
monthly from 5 meters and the 1 % light penetration
depth (varying from 10 to 25 m) using 30 1-1 PVC
Niskin bottles.

Samples were also collected during November, 1977
off the Northern Coast of Peru, 9° S Lat., 79° W Long.
(Harrison et al., 1982b), in August, 1980 in Lancaster
Sound, Eastern Canadian Arctic, ca. 74° N Lat., 90° W
Long. and in April, 1981 in the Eastern Tropical
Pacific, ca. 10° N Lat., 95° W Long. (Longhurst, 1981).
Off Peru, surface and 1 % light penetration depths
(derived from secchireadings) were sampled. Multiple
depths (4 to 5) within the euphotic zone were sampled
during the Arctic and tropical Pacific cruises.

Analytical

Particulate matter, concentrated on Reeve Angel
984H or Whatman GF/F glass fiber filters, was ana-
lyzed for chlorophyll a (Holm-Hansen et al., 1965),
organic carbon (Sharp, 1974), and organic phosphorus
(U-V oxidation, Perry and Eppley, 1981). Soluble reac-
tive phosphorus (SRP) was determined on filtrates

* Because the molybdenum blue method has been found to
overestimate orthophosphate (PO,”) on occasion (e. g. Rigler,
1968), SRP has been considered a more appropriate designa-
tion. However, the extent of this problem in ocean waters has
not been experimentally determined, but will be considered
unimportant here

** In this study, microplankton are operationally defined as
all organisms (microzooplankton, phytoplankton, bacteria)
caught during sample collection (bottle casts) and transferred
intact to incubation bottles. Although samples were not pre-
screened, large zooplankton were never observed on sample
filters

using the isobutanol extraction method described in
Strickland and Parsons (1972).

Tracer Experiments

Water samples (200 ml) were dispensed into repli-
cate 250 ml transparent glass bottles for carbon and
phosphorus tracer experiments. Primary production
rates were determined using the *C-method (Strick-
land and Parsons, 1972). Each sample was inoculated
with ca. 5 uCi NaHCO, and incubated for 4 to 24 h in
‘'simulated’ in situ deck boxes, attenuated with perfo-
rated nickel screens, and cooled with near surface
flowing seawater. Five-m depth samples (Bedford
Basin study) were incubated at approximately 50 % of
incident radiation; 1 % light level samples were incu-
bated at that light level. Experiments were terminated
by filtration of particulates onto glass fiber filters
which were subsequently rinsed with filtered seawater
and later analyzed for radioactivity by scintillation
spectrometry. Time-zero filtrations were used for *C-
adsorption correction.

Phosphorus (SRP) uptake and regeneration rates
were determined using **P (carrier-free phosphoric
acid) as a tracer. Experimental protocol and incubation
conditions were similar to primary production mea-
surements. Approximately 2 uCi **P were added to
replicate 400 ml samples, 200 ml aliquots of which
were immediately filtered, with filters and filtrates
frozen for later analysis. The remaining 200 ml sam-
ples were incubated as described above. In the labora-
tory, filtrates were analyzed for SRP concentration and
radioactivity (scintillation counting) by the isobutanol-
extraction method (see above). Precision of this analy-
tical step was good, yielding an average coefficient of
variation (C.V.) of 5 to 6 % for replicate determina-
tions. Filters also were analyzed for radioactivity and
for all analyses (**C, 3°P), Aquasol II* was used as a
counting fluor.

SRP regeneration rates were determined by ‘isotope
dilution’ and calculated using the equations of Black-
burn (1979) and Caperon et al. (1979). In simplified
form:

In (R,/Ry)

= n (5./S) T “ (Se— 5y (1)

where r = SRP regeneration rate (mg—at m=> t™'); R,
R, = specific activity of SRP (DPM/mg-at} at times 0
and t; S,, S, = SRP concentrations (mg—at m~) at times
0 and t. R values were corrected for isotope decay and
alcohol extraction efficiency. This equation assumes
(1) no recycling of the tracer (**P), and (2) a constant
regeneration rate over the incubation period. Linearity
in uptake and regeneration measurements from time-
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Fig. 1. Time-course of SRP uptake and regeneration from

near-surface waters of Bedford Basin. Samples incubated

(starting 10.00 h, local time) in continuous, subdued light and

maintained at ambient temperature (6 °C, December; 14 °C,
August)

course studies suggested that both assumptions were
probably valid for up to 24 h incubations (Fig. 1). In all
experiments, only a small portion of the added i1sotope
was incorporated into the particulate matter (x =20 %,
Bedford Basin study) in 24 h. Non-linear uptake kine-
tics resulting from rapid SRP turnover (and isotopic
recycling), commonly seen in freshwater and estuarine
environments (Nalewajko and Lean, 1980), was not
evident in my experiments.

SRP uptake rates were calculated from *P incorpora-
tion into the particulate matter:

(DPM, — DPM,)

Us — w7 (2)
where u = SRP uptake rate (mg-at m™ t!); DPM,,
DPM, = radioactivity of the particulate matter at times
0 and t; R = specific activity of SRP (DPM/mg-at) cor-
rected for ‘isotope—dilution’, where R = ?" (1—e7%Y) and
R, = initial SRP specific activity; k, = rlate constant
describing the time-dependant change in R (Glibert et
al., 1982). Uptake rates corrected for ‘isotope-dilution’
generally deviated less than 10 % from uncorrected
estimates (i. e. where substrate specific activity is
assumed constant, R = Ry). Chemically poisoned con-
trols (HgCl,, formalin) showed no significant increase
in particulate radioactivity (above ‘time-zero’) nor
measurable changes in SRP specific activity over time
(24 h).

RESULTS
Seasonal Study in Coastal Waters

Temporal variations in phytoplankton biomass and
production in Bedford Basin were dominated by 2
pronounced ‘blooms’ in 1978; 1 in spring and 1 in fall
(Fig. 2). However, relatively high biomass and produc-
tion rates persisted throughout the summer months.
SRP fluxes also showed a peak during spring but
values generally increased from early summer to an
annual maximum in fall (Fig. 3b, Table 1). P-fluxes
were low in winter when algal biomass and productiv-
ity were low (Fig. 2) and when nutrient concentrations
were maximal (Fig. 3a, Table 1). SRP uptake and
regeneration rates covaried although uptake almost
always exceeded regeneration rates. Differences
between uptake and regeneration were greatest dur-
ing bloom periods (Fig. 3¢). P-fluxes at 5 m were gen-
erally higher than at the 1 % light level (Table 2). SRP
uptake rate, normalized to primary production rate,
also showed a seasonal pattern. Highest C : P assimila-
tion ratios (atomic basis) were observed during the 2
bloom periods (Fig. 4). Organic Carbon (POC): organic

CHLOROPHYLL a (mg m™)

PHOTOSYNTHESIS (mgC m-3d-1)

8L - - } -}

J

978 1979

Fig. 2. Annual cycle of phytoplankton biomass (chl a) and
primary production in Bedford Basin, February 1978 to Febru-
ary, 1979
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Fig. 3. Annual cycle of SRP concentrations and fluxes, Bed-

ford Basin, February 1978 to February 1979. Closed circles in

Panel B: SRP uptake rate; open circles: regeneration rate.

Closed circles in Panel C: u:r ratio of 5 m samples; (x) =1 %
light level samples

phosphorus (POP) compositional ratios of the particu-
late matter, on the other hand, showed a peak only
during the spring bloom. Throughout most of the year,
C: P particulate ratios were relatively constant at ca.
200 (Fig. 5, Table 1). Ratios of particulate P:Chl
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Fig. 4. Annual cycle of C:P assimilation ratios (atomic),

Bedford Basin, February 1978 to February 1979. Dotted lines:
‘Redfield Ratio’ (Redfield et al., 1963)

(weight basis) were low during both bloom periods
(x = 0.3 and 0.7 for spring and fall, respectively) and 2
to 3 times higher during summer and winter. No
significant difference between depths (5 m, 1 % light
depth) was noted for any of the particulate ratios.

SRP turnover rates (flux/POP, in units of t™!) were
highest during spring (uptake) and summer (regenera-
tion) and lowest during the fall bloom period (Table 1).
Despite low absolute P-fluxes during winter, turnover
rates were relatively high because of low POP levels.
SRP regeneration rates represented 10 to 100 % of the
P-demand for uptake with greatest proportions occur-
ring in summer and winter (Tables 1 and 2). Regenera-
tion rates decreased relatively less than uptake at
depth and as a consequence, represented a greater
proportion of the P-demand at the 1 % light level
(Table 2). SRP turnover times (SRP/uptake) were short-
est during summer (x = 2.8 d) and increased to greater
than 40d on the average during winter (Table 1).
Decreased P-uptake and increased SRP concentrations
at depth resulted in higher turnover times at the 1 %
light level (Table 2).

Oceanic Studies

SRP fluxes measured in upwelling waters off the
Northern Coast of Peru were similar in magnitude and
vertical pattern to those from the Bedford Basin study
(Table 2). Uptake and regeneration rates covaried;
uptake generally exceeded regeneration. Surface
fluxes were usually greater than rates measured at the
1 % light penetration depth and at both depths, SRP
regeneration accounted for greater than 60 % on the
average of the P-demand for uptake.

On single occasions in the Canadian Arctic and the
Eastern Tropical Pacific, depth profiles (within the
euphotic zone) of SRP uptake and regeneration were
measured. In the Arctic, the vertical profiles of uptake
and regeneration rates were similar in form, however,
regeneration exceeded uptake at most depths. Highest
fluxes were associated with the subsurface chlorophyll
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Fig. 5. Annual cycle of C:P ratio of the particulate matter
(atomic), Bedford Basin, February 1978 to February 1979.
Dotted line: ‘Redfield Ratio’
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Table 1. Soluble reactive phosphorus concentrations, fluxes and phytoplankton biomass for Bedford Basin (February 1978 to
February 1979), summarized by season. Means and ranges (brackets) for 5 m depth

Parameter Spring bloom Summer Fall bloom Winter
{(n=8) (n=295) (n=73) (n=4)
I Particulates
(mg m™)
POC 250 394 611 75
(133-393) (289-534) (385-829) (50-94)
POP 3.7 56 8.1 1.2
(0.9-6.8) (3.7-7.1) (4.7-10.2) (0.9-1.4)
Chl 13.0 50 12.2 0.9
(6.0-25.6) (1.8-8.4) (7.9-16.2) (0.5-1.5)
C: P (atomic) 222 183 199 181
P: Chl (weight) 0.3 1.1 0.7 1.4
II SRP 0.66 0.39 0.83 1.05
(mg-at m™3) (0.34-0.99) (0.29-0.46) (0.58-1.04) (0.98-1.17)
I P-flux
{mg—at m=3 d1)
u 0.12 0.14 0.14 0.03
(0.06-0.18) {0.11-0.20) {0.04-0.23) {0.02-0.04)
r 0.05 0.08 0.04 0.02
{0.01-0.14) (0.04-0.13) (0.01-0.06) (0.01-0.03)
u: POP (atomic) 1.02 0.77 0.55 0.65
r: POP (atomic) 0.39 0.46 0.17 0.40
SRP: u (atomic) 5.4 2.8 5.8 40.4
maximum layer (Fig. 6). Unfortunately, no additional DISCUSSION

depth profiles were made to determine if the excep-
tionally high regeneration rates observed in the area of
the subsurface chlorophyll maxima were a common
feature of these waters. At 2 other stations, however,
surface samples showed low SRP uptake (< 20 ug-at
m~? d~!) and no measurable regeneration.

The depth profile of SRP fluxes in the Tropical
Pacific revealed a different pattern (Fig. 7). Uptake and
regeneration fluxes generally covaried but were high-
est near the sea surface, i. e. highest fluxes were not
associated with the chlorophyll maximum. In this case,
uptake exceeded regeneration at most depths, the dif-
ference being greatest near surface.

Seasonal Variations in SRP Fluxes

Uptake and regeneration of SRP strongly covaried
seasonally in Bedford Basin (Fig. 8) with highest fluxes
occurring during summer when ambient SRP levels
were lowest. However, seasonally related fluctuations
in uptake: regeneration (u:r) ratios were also appa-
rent; high ratios occurred during bloom development
and lowest ratios occurred following the blooms and
during summer. Elevated regeneration fluxes (relative
to uptake) were particularly apparent during the
spring bloom decline (Fig. 3). This seasonal pattern in

Table 2. Mean values and ranges for SRP uptake, regeneration and turnover times (T,) for Bedford Basin and Peru upwelling

studies
Location z SRP uptake (u) SRP regeneration (r) r/u T, # obs
(mg-at m=3 d) (%) (d)
Bedford Basin
5m 0.111 0.049 45 12.3 26
(0.019-0.232) (0.006-0.138) {10-103) (1.8-51.6)
1% 0.060 0.036 64 26.2 26
(0.014-0.138) (0.006-0.087) (23~-100) (3.2-133.8)
Peru 100 % 0.167 0.116 68 7.0 11
(0.038-0.312) (0.032-0.218) (40-93) (1.7-22.4)
1% 0.109 0.069 65 35.0 6
(0.028-0.250) (0.017-0.148) (53-83) (9.1-69.7)
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Fig. 6. Depth profile of SRP uptake and regeneration in
relation to phytoplankton biomass (chl a), Eastern Canadian
Arctic, 74 °N Lat., 90 °W Long., 15 August 1980. Open circles:

uptake; closed circles: regeneration; bars: chlorophyll a

P-fluxes is typical for coastal waters (Ketchum and
Corwin, 1965; Duerden, 1973; Taft et al., 1975; Kuenz-
ler et al., 1979). Furthermore, Taft et al. (1975} and
Kuenzler et al. (1979) have also noted a strong correla-
tion between SRP uptake and recycling.

Kuenzler et al. (1979), for example, observed that
SRP recycling (efflux, in their terminology) averaged
greater than 70 % of uptake rates during spring and
early summer in the Pamlico River Estuary. However,
contrary to our results they observed non-linear uptake
kinetics and noted u:r ratios decreased (i.e. ‘net’
uptake decreased) as absolute flux rates increased.
Based on the similarity between these and results from
cultured freshwater algae (Nalewajko and Lean, 1978),
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CHLOROPHYLLg (mgm™)
Fig. 7. Depth profile of SRP uptake and regeneration in
relation to phytoplankton biomass (chl a), Eastern Tropical

Pacific, 10 °N Lat., 95 °W Long., 4 April 1981. Symbols as in
Fig. 6

they suggested that a substantial quantity of the recy-
cled SRP was released (or exchanged) directly by the
phytoplankton. Exchange of SRP between external
medium and phytoplankton internal pools has fre-
quently been suggested for freshwater (e. g. Lean,
1973a, b) and estuarine environments (Pomeroy, 1961;
Taft et al.,, 1975; Kuenzler et al., 1979} when algal
biomass (and P-demand) greatly exceeds substrate
(SRP) concentrations, i.e. under severely P-limited
growth. Such conditions are commonly characterized
by highly non-linear uptake over time, resulting in
rapid (hours or less) isotopic equilibration, and
anomalously low C:P assimilation ratios (Taft et al.,
1975; Kuenzler et al.,, 1979). The reason for high P-
efflux at a time when demand is greatest is still unclear
(Nalewajko and Lean, 1980). Under these conditions
where the dominant uptake and regeneration fluxes
are mediated directly by the same particulate pool(s),
the model and assumptions used in my study would not
be valid (see 'Methods’, Equations 1 and 2).

Studies of phosphorus utilization in cultured oceanic
phytoplankton, on the other hand, have failed to
demonstrate SRP efflux (e. g. Perry, 1976; Burmaster
and Chisholm, 1979), nor has it been apparent in many
field investigations (e. g. Perry, 1976; Harrison et al,,
1977). This may be due in part to a general lack of
severe P-limitation in marine waters. Results from the
present study, i. e. linear SRP uptake rates (Fig. 1; see
also Duerden, 1973) slow SRP turnover (Tables 1 and 2)
and C: P assimilation ratios consistent with particulate
composition ratios (Figs. 4 and 5; see also Goldman et
al., 1979), provide indirect evidence that phytoplank-
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Fig. 8. Relationship between SRP uptake and regeneration

rates, Bedford Basin 1978-1979 study. Open circles: 5 m sam-

ples; closed circles: 1 % light level samples. Dotted line: 1:1
correspondence
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ton contributed little directly to the SRP regeneration
rates observed. Furthermore, they support the assump-
tion implicit in the model (Equations 1 and 2) that
uptake and regeneration involve different particulate
pools in the marine microplankton, at least over the
time span of an incubation experiment (24 h).

No attempts were made at the time of sampling to
ascertain directly the organisms responsible for the
measured SRP recycling; however, highest regenera-
tion rates coincided with summer abundance peaks in
microplanktonic grazers, i. e. ciliates and flagellated
protozoans (G. Cota, unpubl.). The high u:r ratios
observed during the spring and fall blooms probably
reflected the relative absence of such grazers.
Nevertheless, SRP regeneration by microplankton
satisfied at least 50 % of the annual P-requirements
{x = 60 % in summer) for production in this coastal
embayment.

Oceanic Studies

Taken together, the SRP fluxes measured in Peru,
Arctic and Tropical Pacific waters also showed a strong
correspondence between uptake and regeneration
(Fig. 9). However, the u:r ratio remained fairly con-
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Fig. 9. Relationship between SRP uptake and regeneration

rates, Peru (open circles), Arctic (closed squares) and Tropical

Pacific (closed triangles) stations. Dotted line 1: 1 correspond-
ence

stant over the range of fluxes encountered, 1. e. u: rdid
not appear to increase when fluxes were highest, as
observed in the Bedford Basin study. In Peru, micro-

plankton contributed 60 % or more of the P-required
for uptake with fluxes generally being greatest in the
shallow samples (Table 2). Although few measure-
ments were made in Tropical oceanic waters, the pat-
tern was similar, i.e. uptake and recycling fluxes
covaried and were highest near the surface (Fig. 7). For
this station, regeneration rates exceeded 50 % of pro-
duction needs when integrated over the euphotic zone
(0—-60 m).

It has been suggested that the importance of micro-
plankton in nutrient recycling is greatest in oligo-
trophic ocean waters (Jackson, 1980) and generally
decreases shoreward as productivity level increases
(Harrison, 1980). With all data combined, this pattern
was not immediately evident in my study (Fig. 9).
However, on a regional basis the relationship
appeared to hold, i. e. in Peru surface waters the con-
tribution of microplankton P-regeneration to uptake
requirements varied inversely with primary production
rate (Fig. 10).

PERL SURFACE WATER

0 C 2 300 400 500 750 1000

FRIMARY PRODUCTION RATE (mgC m 3d)

Fig. 10. Relationship between P-requirement supplied by

microplankton (r/u, %) and primary production rate, Peru

surface waters. Triangles: stations dominated by the ‘red-tide’
ciliate Mesodinium rubrum

On 2 occasilons, in coastal (Peru) and oceanic (Tropi-
cal Pacific) waters, phytoplankton biomass {(chl a),
primary productivity and SRP fluxes were size-frac-
tionated (Table 3). Results from the Peru experiment
suggested that only a small fraction (< 10 %) of the
SRP fluxes and primary production were attributable to
micro-organisms less than 1 um: most activity was
associated with organisms > 35 um (ca. 75 %). Inter-
estingly, the contribution of SRP regeneration to the
1 to 35 um size class was 2-fold greater than that of
P-uptake and primary production rate. Microscopic
inspection revealed an abundant phytoplankton
assemblage dominated by large chain-forming
diatoms (Harrison et al., 1982b).
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Table 3. Size-fractionation* studies of phytoplankton biomass, chl a (mg m™?), productivity (mg C m~* d~!) and SRP fluxes (ug—at
m™ d!) from Peru and Eastern Tropical Pacific

Location z (m) Parameter Total 1-35 um" " (%) <lpm""" (%)
Peru 0 C-uptake 698 68 (10) 36 (9)
9°13" S. Lat. P-uptake 312 30 (10} 17 (5)
78°38° W. Long. P-regen. 164 36 (22) 11 (7
chl a 7.19 0.73 (10) 1.15 (16)
E.Tropical
Pacific 10 C-uptake 1.57 0.90 (57)
9°47’ N. Lat. P-uptake 34.9 251 (79)
93°45" W. Long. P-regen. 17.5 6.8 (39)
chl a 0.19 0.11 (58)
32 C-uptake 1.12 0.68 (61)
P-uptake 18.2 13.6 (75)
P-regen. 24.8 4.5 (18)
chl a 0.27 0.17 (63)
60 C-uptake 0.19 0.06 (32)
P-uptake 1.8 3.9 (81
P-regen. 3.1 2.3 (74)
chl a 0.47 0.21 (45)
* All size fractionation done before incubation
** Separated by gravity filtration using 35 um Nitex® netting
*** Separated by vacuum filtration (ca.5 Tours) using Nuclepore® 1 um filters

The size distribution of SRP fluxes and primary pro-
duction were markedly different in the tropical oceanic
samples. Here, more than 50 % of the primary produc-
tion and P-uptake were associated with < 1 pm parti-
cles. However, in the 10 and 32 m samples most of the
SRP regeneration was associated with the > 1 um frac-
tion. Only in the deep (60 m) sample were the distribu-
tions of SRP uptake and regeneration similar. In con-
trast to Peru, these waters were dominated by photo-
autotraophic cyanobacteria during the time of sam-
pling (Subba Rao, 1982). Although generalization
based on so few experiments would be premature,
differences were noted in the size-class partitioning of
SRP uptake and regeneration at both sites and sug-
gested that regeneration may be relatively more
important in the larger particle components. In the
Tropical Pacific experiment, for example, a relatively
small fraction of SRP regeneration was associated with
< 1 um organisms in near surface samples (10, 32 m) in
contrast to > 75 % of the uptake.

The results from Arctic waters (Fig. 6) seem some-
what anomalous (with regard to the notably high SRP
regeneration rates) when compared with measure-
ments from temperate and tropical waters. It is
unlikely that such high relative regeneration rates
could be sustained and even in the short term would
result in significant net accumulation of SRP. However,
it may be noteworthy that our previous studies in this
area have shown high SRP concentrations (relative to
dissolved inorganic nitrogen and silicic acid) in near-

surface waters at some stations {Harrison et al., 1982a).
Local regeneration may have contributed to this.

CONCLUSIONS

Overall, these results provide further evidence of the
importance of microplankton in nutrient recycling in
coastal and oceanic waters (e.g. Harrison, 1980).
Moreover, they clearly show, for phosphorus, the wide-
spread nature of the close relationship between nut-
rient production (remineralization) and utilization and
generally confirm the findings from studies of nitrogen
recycling (e. g. Harrison, 1978; Glibert, 1982).

The methodology used in this study eliminates many
of the analytical problems common to cycling studies
of other nutrients (specifically nitrogen) and may be
most useful in assessing nutrient regeneration and its
role in the regulation of phytoplankton growth in
oligotrophic ocean waters (Perry and Eppley, 1981),
where analytical problems are most acute and nutrient
recycling flux measurements are most urgently needed
(McCarthy and Goldman, 1979; Jackson, 1980).
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