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ABSTRACT: Diurnal variations in patterns of carbon fixation by phytoplankton size classes in the
coastal plume of the Chesapeake Bay were compared during seasonal extremes in freshwater flow and
nutrient discharge. The diurnal mean chlorophyll-specific productivity (P?) for net and nanoplankton
was correlated closely to temperature with the amplitude of diurnal variation in P® being minimal in
April, higher in June, and maximal in August for both size classes. However, nanoplankton PP increased
more rapidly and was significantly higher than netplankton P? in August. Biomass carbohydrate/protein
ratios were consistently higher in netplankton than in nanoplankton and from April to August the
magnitude of the ratio decreased for both size classes (2.35 to 1.23 and 0.85 to 0.58, respectively).
Carbon incorporation into biochemical fractions was significantly correlated with productivity. Carbon
incorporation into protein and polysaccharide exhibited greater diurnal periodicity during June and
August when P" was correlated to solar radiation, respectively decreasing and increasing with increas-
ing radiation during both months and in both size classes. Diurnal polysaccharide synthesis was highest
relative to productivity in nanoplankton during June when nanoplankton dominated the phytoplankton
biomass, and likewise, netplankton polysaccharide synthesis was highest during August when net-
plankton dominated. Results suggest that these high diurnal rates of polysaccharide synthesis set the
stage for higher rates of nocturnal protein synthesis and biomass production by nanoplankton during

June and by netplankton during August.

INTRODUCTION

Natural assemblages of phytoplankton exhibit diur-
nal photosynthetic periodicity (e.g. Sournia 1974) the
amplitude and phasing of which has been shown to be
influenced by light and nutrients (e.g. Newhouse et al,
1967, Hitchcock 1978, Barlow 1982, Prézelin et al.
1987). Phytoplankton size structure is also an important
factor. Size classes of phytoplankton exhibit different
patterns of diurnal periodicity depending on environ-
mental conditions. Under oligotrophic conditions,
nanoplankton from surface waters has been shown to
peak earlier in the photoperiod than netplankton
(Malone 1971, Paerl & MacKenzie 1977, Prézelin et al.
1987). Such size-dependent effects are not as evident in
eutrophic coastal environments where photosynthesis
often reaches peak capacity at midday (MacCaull &
Platt 1977, Malone 1982). Size-dependent effects of
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nufrient depletion have been documented in the coast-
al plume of the Hudson River, New York, USA (Malone
et al. 1980). Nanoplankton and netplankton both exhi-
bited midday peaks in chlorophyll a specific, light-
saturated photosynthesis (PP) during the develop-
ment of a bloom of netplankton diatoms Asterionella
japonica. Netplankton PY, exceeded that of the nano-
plankton during this period. As the concentration of
dissolved silicate decreased below 1.0 ug-at. 17!, the
amplitude of the netplankton diurnal cycle decreased
and P peaked earlier in the photoperiod. Nanoplank-
ton P, was unaffected and increased with temperature
to rates substantially greater than netplankton P,
Such differences in the amplitude and phasing of
diurnal variations in photosynthesis should be related
to daily growth rate and to patterns of carbon incorpo-
ration into cellular pools of protein, polysaccharide, and
other biochemical constituents. In general, carbon
incorporation into protein is less responsive to short-
term environmental variability and more closely
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related to growth rate than is carbon incorporation into
other biochemical constituents (for reviews see Morris
1980, 1981). Carbon incorporation into protein typically
occurs throughout the light-dark cycle with nocturnal
protein synthesis occurring at the expense of polysac-
charide synthesized during the previous photoperiod
(Cosper 1982, Priscu & Goldman 1983, Barlow 1984c,
Cuhel et al. 1984, Lancelot & Mathot 1985, Hitchcock
1986, Harding & Jones 1988). These observations sug-
gest that high diurnal PE, and carbon incorporation into
storage reserves may enhance nocturnal protein syn-
thesis leading to greater biomass production on time
scales longer than 24 h. Thus, the dominance of a given
size class of phytoplankton might be expected to be
related to the ability of that size class to achieve higher
diurnal rates of carbon incorporation into polysac-
charide and other storage reserves (Morris 1980,
Malone 1982). Such difference in productivity patterns
and time-dependent changes in photosynthesis-light
relationships have led to the suggestion that netplank-
ton possess metabolic capabilities which enable them
to achieve higher growth rates than nanoplankton in tur-
bulent environments (Malone 1982, Barlow 1984a, b).

The purpose of this study was to determine the
extent to which and under what conditions phyto-
plankton size classes exhibit different diurnal patterns
of photosynthesis and carbon incorporation into
biochemical constituents. The work was conducted in
the coastal plume of the Chesapeake Bay, USA, during
seasonal periods of contrasting phytoplankton size
structure.

MATERIALS AND METHODS

Study site and sampling methods. The diurnal
studies presented here were made during cruises on
the RV 'Gyre’ in the plume of the Chesapeake Bay
during June and August 1985 and April 1986 (Fig. 1).
The diurnal variations were determined using time-
series studies while following surface drifters deployed
near the mouth of the Bay during ebb tides. Normally
the time-series studies lasted for 30 to 40 h with some
as long as 51 h. During each of the nearly month-long
sampling periods from 4 to 6 time-series experiments
were conducted. At approximately sunrise, 09:00,
12:30, and 16:00 h of each sampling day, the ship was
positioned next to the drogue and surface water was
collected with 30 1 Niskin bottles attached to the ship's
CTD (conductivity-temperature-depth) array. Water
from the bottles was screened through 202 um mesh
Nitex prior to placement in bottles which had been
washed 3 times with sample water.

Physical and chemical measurements. Water tem-
perature and salinity were obtained during drifter

studies from both the ship's CTD system and an
onboard computer-controlled thermosalinograph mo-
nitoring system using continuously flowing water from
either the ship’s hull pump while underway or the CTD
while on station. Total daily photosynthetically active
radiation (PAR) was measured using a Licor Model LI-
1776 solar monitor. Concentrations of dissolved inor-
ganic nutrients (NHy-N, NO3-N, NO;-N, PO4-P, and
Si04-Si) were determined on a Technicon AutoAnaly-
zer IL

Biomass measurements. All water samples for deter-
mining biomass were separated by size into a whole
water and a < 10 pum fraction by parallel filtrations of
water through both a Whatman GF/F glass fiber filter
(whole water) and through a 10 nm Nitex screen (by
gravity) onto a GF/F filter (nanoplankton). GF/F filtra-
tions were under vacuum at < 100 mm Hg. The bio-
mass in the > 10 um fraction (netplankton) was calcu-
lated as the difference between the whole water and
the < 10 um fraction.

Chlorophyll concentrations (chl) were determined
aboard ship by the fluorometric method of Yentsch &
Menzel (1963), filtering 140 to 280 ml onto 25 mm
Whatman GF/F glass fiber filters. Whole water samples
were preserved in Lugol's solution for phytoplankton
taxonomic analysis using the inverted microscope
technique.

Samples for protein and carbohydrate analyses were
filtered (500 to 1000 ml) onto precombusted 47 mm
Whatman GF/F filters and stored at — 20°C until ana-
lyzed. Protein and carbohydrate extractions were as in
the "C biochemical fractionation procedure described
below with the only variation being that the filters
containing protein were extracted in 0.5 N NaOH at
100°C for 10 min. Carbohydrate extracts were ana-
lyzed by the phenol-sulfuric acid method of Dubois et
al. (1956) using a glucose standard. Protein was deter-
mined by the Folin-Ciocalteau method (Lowry et al.
1951) with reagent concentrations as in Dorsey et al.
(1977) using bovine serum albumin as a standard.

The following assumptions were made in calculating
the carbon content of protein and carbohydrate to com-
pare carbon flow into these compounds with the total
amounts present: (1) protein carbon was calculated as
50% of total protein weight; (2) carbohydrate carbon
was calculated as 40 % of total carbohydrate weight.

l4C-assimilation and biochemical fractionation.
Water samples collected in Niskin bottles from the
surface were used to fill duplicate 250 ml polycarbo-
nate bottles and 75 to 100 uCi of NaH"“CO4 was added.
The samples were incubated for ca 3 h in an ondeck
incubator using neutral density screening to obtain 50
to 70 % incident solar irradiance and surface seawater
was used to maintain ambient temperature. Diurnal
incubations were conducted in a sequential manner
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Fig. 1. Study site. Enclosed area approx-
imates location of drogue studies with
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months indicating more specific locations

starting at 06:00 to 06:30 h with the maximum time
between incubations never being more than 30 min.
Following incubation, each sample was subdivided
into 2 fractions: a 25 ml aliquot for determination of
total "“C-uptake (TA) and a 100 ml aliquot for biochem-
ical fractionation (BF). Both fractions were gravity-
screened through 10 pm Nitex onto 25 mm GF/F filters
(nanoplankton) and the 10 um Nitex gently back-
washed onto another set of 25 mm GF/F filters using
freshly filtered seawater (netplankton). All GF/F's were
vacuum-filtered (< 100 mm Hg) and washed with 3
aliquots of freshly filtered seawater. Filters for TA were
placed into 20 ml plastic scintillation vials and 30 ul of
glacial acetic acid added directly onto the filter. After
10 min, 10 ml of Beckman Redi-Solv HP was added.
The BF filters were placed directly into 20 ml glass
scintillation vials and stored frozen until analysis for the
distribution of 'C in biochemical components accord-
ing to the method of Li et al. (1980). This method
partitions cellular macromolecules into functional
groups; an aqueous methanol-soluble fraction (low
molecular weight metabolites), a chloroform-soluble
fraction (lipid), a hot 5% trichloroacetic acid-soluble
fraction (polysaccharide and nucleic acids), and a hot
5% trichloroacetic acid-insoluble fraction (protein).
Lipid (LIP) and low molecular weight metabolites
(LMW) were extracted with chloroform/methanol/
water (3:3:2.7, respectively); the chloroform and
methanol-water layers were separated by centrifuga-
tion. Protein (PRO) and polysaccharide (POL) were
extracted with 4 ml of hot 5% trichloroacetic at 95°C
for 30 min followed by a wash of 4 ml of cold 5%
trichloroacetic acid. To minimize quench during scintil-
lation counting, 1 ml aliquots of LIP extract were dried

at room temperature in 20 ml glass scintillation vials
and 5 ml of Aquasol-2 (New England Nuclear) were
added. For both the POL and LMW samples, 1 ml
aliquots of extract were placed in 20 ml glass scintilla-
tion vials and 10 ml of Aquasol-2 were added. The
filters containing the protein were placed in 20 ml glass
scintillation vials and 10 ml of Aquasol-2 were added.

When considering the ratio of carbohydrate to pro-
tein the following terminology is used here: in terms of
biomass, ‘carbohydrate/protein’ is used and in terms of
assimilation of carbon 'polysaccharide/protein’ is used.
While extraction protocols for these biochemical
groups were nearly the same, the quantification
methods employed were not (e.g. glucose and bovine
serum albumin used as standards in the spec-
trophotometric procedures for biomass measurements
of carbohydrate and protein, respectively, and the
quantity of *C in the fractions used in the assimilation
measurements).

Radiation counting. All samples were measured for
radioactivity using an LKB Model 1217 liquid scintilla-
tion counter. Measured radioactivity was corrected for
quench by using an internal standard and channels
ratio method. A separate quench correction was used
for each solvent and scintillation fluor.

RESULTS AND DISCUSSION
Environmental conditions
Freshwater discharge (Qy) from the Bay decreased

from April to August while incident radiation and
temperature increased (Table 1). Ambient concen-
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Table 1. Mean and range of surface water physical and chemi-

cal characteristics during incubations. I: incubation intensity

(1 Einst. m % s~ '); T: temperature (°C); Qg: monthly freshwater

flow for the previous month, (x 10° m* d~'); N: total dissolved

inorganic nitrogen (ug-at. 1 '); P: dissolved orthophosphate
(ng-at. 171); Si: dissolved silicate (ug-at. 1)

April June August

Mean Range Mean Range Mean Range

80 59 86

Iy 209 oo 343 oo 501 g9
10.0 . 19.7 1 25.3
T 11.4 12.9 21.0 2.6 26.0 28 5

Q 4.1 1.4 0.6

0.6 0.2 0.2
N 24 40 0.3 0.4 0.3 0.4
0.3 0.5 0.5
P 0.4 0.4 0.5 0.6 0.5 0.5
: 0.4 2 1.1 1.0
Si 0.8 15 1.6 26 1.7 24

N/Si/P 6/2/1 0.6/3.2/1 0.6/3.4/1

trations of dissolved inorganic nutrients also varied
between seasons (Table 1) with N concentration being
highest in April when Q; was high and Si concentration
being highest in August when Q; was low. Based on an
N:Si:P radio of 16:16:1 for nutrient-replete diatoms, Si
was depleted relative to N and P in April and N was
depleted relative to Si and P in June and August. These
trends in nutrient concentration are consistent with
patterns of nutrient input, uptake and recycling within
Chesapeake Bay (McCarthy et al. 1977, D'Elia et al.
1986, Fisher et al. 1988). Export of NO5-N is greatest
during spring when freshwater runoff peaks while PO,-
P and SiO4-Si export is greatest during summer when
sediment release peaks.

Productivity and biomass

Chlorophyll-specific productivity (P®) of both size
classes increased from an April minimum to an August
maximum (Table 2). Nanoplankton chlorophyll a (chl)
concentration was highest in April while netplankton
chl was highest in August. Nanoplankton dominated in
June in terms of both P? and chl due to the abundance
of cyanobacteria, microflagellates, and small centric
diatoms. Netplankton dominated in August due
primarily to the abundance of diatoms (Skeletonema
costatum and Chaetoceros spp.) and secondarily to
dinoflagellates (Gymnodinium spp.).

Biomass carbohydrate/protein (CAR/PRO) ratios
were consistently higher in netplankton than in nano-
plankton during all 3 seasons (Table 2). The protein-

rich status of nanoplankton relative to netplankton may
be related to size and floristic composition (e.g. Hitch-
cock 1982) or to the presence of nutrient-deficient net-
plankton populations (Myklestad & Haug 1978, Barlow
1980). While the bigmass ratio decreased in both size
classes from April to August, the assimilation ratio,
polysaccharide/protein (POL/PRO) (calculated from
Table 4), increased.

Malone & Ducklow (1990) present data on the rela-
tionship of phytoplankton biomass to bacterioplankton
biomass during this same time period in the
Chesapeake plume. They found that phytoplankton
biomass declined relative to bacterioplankton biomass
from April to August, and concomitantly, the turnover
rate of particulate organic carbon (POC) increased.
This reported shift in an autotroph-dominated biomass
system in the spring to a heterotroph-dominated bio-
mass system in the summer is further supported by our
data on the opposing trends in the CAR/PRO and POL/
PRO ratios. As the protein-rich bacterioplankton bio-
mass increased in the summer, the biomass CAR/PRO
ratio decreased. As N decreased and became limiting
for the polysaccharide-producing phytoplankton bio-
mass in the summer, the POL/PRO assimilation ratio
increased. These trends were most pronounced in the
netplankton population.

Diurnal photosynthesis and carbon incorporation
patterns

The amplitude of diurnal variations in P* was mini-
mal in April, higher in June, and maximal in August
(Fig. 2). Such increases in diurnal periodicity with
increasing daily radiation are characteristic of natural
phytoplankton assemblages (cf. Doty & Oguri 1957,
Lorenzen 1963). As indicated by least squares regres-
sions of P on incident radiation (Iy) (Table 3), P® was
unrelated to I, in April and highly correlated in August.
Nanoplankton and netplankton P” increased with I, at
about the same rate in June, but nanoplankton
increased more rapidly and was significantly (p < 0.01)
higher than netplankton in August.

During April, the partitioning of carbon among
biochemical fractions showed little diurnal variability
except in the LIP fraction where incorporation tended
to increase during the photoperiod (Fig. 3). Carbon
incorporation into each biochemical fraction was sig-
nificantly correlated with productivity, and carbon
incorporation into PRO and POL increased at equiva-
lent rates within each size class (Table 4). The pro-
portion of carbon incorporation into PRO and POL
exhibited greater diurnal periodicity during June and
August when P? was correlated with I, (Figs. 4 & 5).
Carbon incorporation into PRO and POL respectively
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Table 2. Mean biomass and coefficient of variation (CV) values for nanoplankton (<10 um) and netplankton (>10 um).
Productivity (ug C ug chl™* h™"); chlorophyll (ng 17'); CAR/PRO (ug ug ')

Period Productivity Chlorophyll CAR/PRO
Mean Cv Mean CV. Mean cv
Apl'l.] <10 W 3.65 30 % 3.44 43 % 0.85 28%
=10 um 2.73 53 % 2.70 59 % 2.35 42 %
June <10 um 7.38 63 % 1.59 22 % 0.67 36 %
>10 um 2.95 75 % 0.72 36 % 1.78 55 %
August <10 um 13.96 67 % 0.92 45 % 0.58 41 %
=10 pm 20.25 82 % 2.42 68 % 1.23 49 %
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Table 3. Summary regression statistics for linear relationships

between productivity (P®) and incubation radiation (Iy) for

nanoplankton (<10 um) and netplankton (> 10 um). Values in
parentheses are standard errors

Period Intercept Slope 2 n
April
<10 pm 1.4 (0.6) —-0.001 (0.003) 0.02 17
=10 pm 0.7 (0.8) 0.006 (0.003) 0.16 17
June
<10 pm 2.5 (2.0) 0.010 (0.003) 0.38 18
=10 pm 2.2 (2.4) 0.010 (0.004) 0.30 18
August
<10 um 5.6 (3.0) 0.027 (0.003) 0.82 16
>10 pm 3.1 (1.3) 0.015 (0.001) 0.88 16

"0400 [osbo 0800 1000 1200 1400 1600 1800
Time of Day
Fig. 3. April diurnal time-courses of carbon incorporation into
(A) low-molecular-weight compounds, (B) polysaccharides,
(C) lipids, and (D) proteins as a fraction of the total carbon
incorporation for nanoplankton (< 10 uym) and netplankton
(> 10 um). Data points at each time of day are from different
days

decreased and increased with increasing l, during both
months and in both size classes. Carbon incorporation
into LMW and LIP pools showed little diurnal variabil-
ity although carbon incorporation into the LMW pool
was substantially higher in netplankton during June
(Fig. 4a). In contrast to June when nanoplankton car-
bon incorporation into POL was highest and increased
most rapidly with productivity, carbon incorporation
into POL in netplankton was highest and increased
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Table 4, Slopes of linear regressions of the percentage incor-

poration of carbon into biochemical fractions versus total car-

bon incorporation for nanoplankton (<10 pm) and netplank-

ton (=10 pm). Values in parentheses are standard errors. All

regressions are highly significant (p<0.001) and intercepts
not significantly different from 0

April June August

<10 um LMW  0.26 (0.05)
LIP 0.32 (0.06)
POL  0.18 (0.03)
PRO  0.23 (0.04)

0.13 (0.01) 0.28 (0.02)
0.14 (0.01) 0.21 (0.01)
0.54 (0.03) 0.34 (0.01)
0.20 (0.03) 0.17 (0.02)

0.29 (0.02) 0.23 (0.02)
0.19 (0.01) 0.15 (0.01)
0.36 (0.02) 0.55 (0.02)
0.16 (0.02) 0.07 (0.02)

=10 pm LMW  0.30 (0.03)
LIP 0.10 (0.05)
POL 0.28 (0.02)
PRO  0.32 (0.03)
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Fig. 4. June diurnal time-courses of carbon incorporation into

(A) low-molecular-weight compounds, (B) polysaccharides,

(C) lipids, and (D) proteins as a fraction of the total carbon

incorporation for nanoplankton (< 10 um) and netplankton

(> 10 pm). Data points at each time of day are from different
days

most rapidly during August (Table 4). Nanoplankton
carbon incorporation into PRO relative to productivity
showed little seasonal variability while netplankton
incorporation declined from a maximum of 32% in
April to 7% in August (Table 4). Such a decrease in
carbon incorporation into PRO with increasing light has

been described for phytoplankton from a variety of
environments (Morris & Skea 1978, Li et al. 1980,
Barlow 1982). As a consequence of the selective
decline in netplankton observed here, netplankton car-
bon incorporation into PRO was lower than nanoplank-
ton during June and August, and the POL/PRO incor-
poration ratio was higher and increased more rapidly
with increasing productivity in netplankton than in
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Fig. 5. August diurnal time-courses of carbon incorporation

into (A) low-molecular-weight compounds, (B) polysaccha-

rides, (C) lipids, and (D) proteins as a fraction of the total

carbon incorporation for nanoplankton (< 10 pum) and net-

plankton (> 10 um). Data points at each time of day are from
different days

Incorporation Ratio

ug C ug chi’ hr'

Fig. 6. Relationship of the polysaccharide to protein ratio
(incorporation ratio) to P® for all data in nanoplankton (< 10
um) and netplankton (> 10 pum)
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nanoplankton (Fig. 6). It is unlikely that these patterns
of P® variability and differences among size classes
were related to the release of dissolved organic '"C
since rates of release were generally less than 10 % of
total fixation and were inversely related to P® (Duck-
low, Malone & Pike unpubl.).

Malone & Ducklow (1990) found phytoplankton
populations of the Chesapeake plume to be in a state of
perpetual decline due to mixing with phytoplankton-
poor coastal water in April and to the selective loss of
netplankton diatoms in June and August. Glibert (pers.
comim.) also found no indication of a strong preference
for any given form of dissolved inorganic nitrogen
during June and August and concluded that phyto-
plankton from the plume were probably N-deficient.
These results, the depletion of N relative to P and Si in
the ambient nutrient pool, and low concentrations of
dissolved inorganic N suggest that phytoplankton
growth was N-limited during June and August. Com-
parison of CAR/PRO biomass ratios suggest that net-
plankton were N-deficient relative to nanoplankton
(Table 2) which were characterized by ratios typical of
nutrient sufficient phytoplankton (Myklestad & Haug
1978, Barlow 1980). POL/PRO incorporation ratios are
consistent with this interpretation and indicate, as
found by Barlow (1982), that netplankton diatoms have
a greater capacity to synthesize storage reserves than
do nanoplankton. Diurnal POL synthesis was highest
relative to productivity in nanoplankton during June
when nanoplankton accounted for most phytoplankton
biomass and productivity (Table 4). Likewise, net-
plankton POL synthesis was highest during August
when netplankton dominated. In both cases, CAR/PRO
biomass ratios were less than diurnal incorporation
ratios and fluctuated around 1. Barlow (1982) also
found that natural populations of phytoplankton in the
Benguela Upwelling region assimilated the largest pro-
portion of carbon into POL during periods of increased
carbon assimilation and active growth and the most
into PRO during periods of reduced carbon assimilation
and no growth. Assuming that biomass ratios reflect
nutrient history over a generation or more (Hitchcock
1978, Morris & Skea 1978), these results imply that high
diurnal rates of POL synthesis set the stage for higher
nocturnal rates of PRO synthesis and biomass produc-
tion by nanoplankton during June and by netplankton
during August.
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