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Abstract

The composition and productivity of four different size-fractions

(< 20, 20 to 60,

60 to 100, > 100 pm) of the phytoplankton of lower Narragansett Bay (USA) were

followed over an annual cycle from November,
nated the population in the winter-spring bloom and in the fall;

1973. Diatoms domi-
the summer popula-

1972 to October,

tion was deminated by flagellates. The nannoplankton (< 20 uym) were the most impor-
tant, accounting for 46.6% of the annual biomass as chlorophyli a and 50.8% of the
total production. The relative importance of the different fractions showed a

marked seasonality.

During the winter-spring and fall blooms the netplankton frac-

tions (> 20 um) were the most important. Nannoplankters dominated in the summer.

The yearly mean assimilation numbers for the different fractions were not signifi-
cantly different. During the winter-spring bloom, however, the assimilation numbers
for the netplankters were significantly higher than those for the nannoplankton
fraction. Temperature accounted for most of the variability in assimilation numbers;
a marked nutrient stress was observed on only two occasions. Growth rates calcu-

lated from 14

C uptake and adenosine triphosphate

(ATP) ~cell carbon were generally

gquite high; maxima were > 1.90 doublings per day during blooms of a flagellate in
the summer and of Skeletonema costatum in the fall. The series of short cycles observed
in which the dominant species changed were related to changes in the physiclogical
state of the population. Higher growth rates were generally observed at times of
peak phytoplankton abundance while lower growth rates were observed between these
peaks. The high growth rates and assimilation numbers usually found suggest that

the phytoplankton in lower Narragansett Bay was not generally nutrient-limited be-

tween November, 1972 and October, 1973.

Nutrient regeneration in this shallow

estuary, therefore, must be very rapid when in situ nutrient levels are low.

introduction

In the study of species succession in
marine phytoplankton, floristic changes
have traditionally been of primary
concern. However, an understanding of
the process of succession requires
evaluation of the biological differences
between species within the community
(Smayda, 1973a). These biological dif-
ferences will be reflected in differ-
ences in individual species' nutrient
requirements and uptake kinetics, photo-
synthetic and respiration rates, sinking
rates and in their suitability as food
for grazers. Increasing evidence sug-
gests that basic first-order differences
in these factors among different species
may be organized according to differ-
ences in cell size. Williams (1964) has

shown that small cells havé higher
intrinsic growth rates. In nutrient-
uptake kinetics, cell-suface to volume
considerations predict that large-celled
species are less able to absorb nutrients
from low-nutrient waters (Munk and Riley,
1952), This prediction has now been borne
out in laboratory studies for the uptake
of ammonium and nitrate (Eppley et al.,
1969) and for vitamin Bqa (Carlucci,
unpublished, cited in Eppley, 1972).
Furthermore, buoyancy is related to cell
size (Smayda, 1970), as is grazing
pressure (Mullin, 1963; Smayda, 1973a).
Because of these differences it would be
desirable to fractionate the natural
phytoplankton population into different
size-classes as a way of beginning to
understand the relative importance of

the different parts of the community,
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and to describe the behaviour of indi-
vidual species for a given particular
set of environmental conditions.

Previocus size-fractionation studies
have been concerned with sampling and
describing the community; the problem
of species succession was not a primary
aim (Holmes, 1958; Yentsch and Ryther,
1959; Gilmartin, 1964; Anderson, 1965;
Saijo and Takasue, 1965; Malone, 1971a,
b). Holmes, Anderson, Saljo and Takasue
and Malone (1971a) found that in a
variety of cceanic environments nanno-
plankton (that fraction not retained by
the fine-mesh net used, generally 20 to
60 um) are often responsible for 80 to
99% of the observed production. In
neritic waters in the Eastern Tropical
Pacific and the Caribbean Sea Malone
{19712} found that netplankters {> 25 um)
were more important, contributing ap-
proximately 50% of the total production
measured at these stations. Seasonal
studies in neritic waters in Vineyard
Sound (Yentsch and Ryther, 1959) and in
the California Current off Monterey Bay
(Malone, 1971b) showed the nannoplankton
population to be the most important and
relatively stable, while the netplankton
showed marked seasonal trends, increasing
when conditions became favourable for
diatom growth during the winter-spring
blocom cor during periods of upwelling.

At high latitudes, where the phyto-
plankton is made up mostly of chain-
forming diatoms, the netplankton is also
relatively more important (Digby, 1953).
However, the relative importance of
nannoplankton and netplankton in northern
temperate and boreal coastal waters is
not well documented, particularly with
respect to any seasonal changes that may
occur.

In this study the phytoplankton popu-
lation in Narragansett Bay was frac-
tionated into four size-classes and the
cell numbers and species composition,
chlorophyll a, ATP levels and rates of
carbon assimilation were determined for
each size class. This study is part of
a program to more clearly define the
successional changes in the composition
of the different size classes, the rates
at which these different fractions turn
over, and to assess the role of individ-
ual species.

Materials and Methods

Around 09.00 hrs every second week from
November 27, 1972 to October 15, 1973,
sample was collected from the bottom

(9 m), mid-depth, and at the surface in
10-1 Niskin bottles, at Station 2 (see
Pratt, 1959) in lower Narragansett Bay.

a

Equal parts {(6.25 1) from the three
depths were combined to obtain a mixed
sample. In the laboratory this sample
was fractionated by filtering it succes-—
sively through filter funnels with Nitex
cloth of 100, 60 and 20-um mesh size.
Each filter-funnel consisted of a 13-cm
length of 6.5 cm inner-diameter plexi-
glass tubing glued to a plexiglass base,
to which Nitex cloth was permanently
attached (Fig. 1). A base of flat plexi-
glass plate with a rubber tube leading
from the centre of it to a collecting
vessel was clamped to the filter-funnel;
a rubber O-ring separated the two plates
to make it water-tight. A clamp on the
rubber outlet tube controlled the flow-
rate through the filter. The whole rig
was supported by a ring clamp placed
under the filter base.

In carrying out the fractionation,
water was passed through the 100-um
filter, taking care not to drain the
filter completely dry. When about 50 ml
of water remained above the filter the
drain~tube was clamped off, filtered
seawater from the same day's sample was
added to the concentrated sample, and
following gentle swirling to dislodge
cells resting on the filter, the contents
were poured into a measuring cylinder
and made up to the desired volume with
filtered seawater. The few milliliters
of water remaining under the filter were
drained into the vessel containing the
filtrate. This procedure was repeated
with the 60-um and the 20-um filters
so that > 100, 60-100 and 20 to 60=-um
fractions of known concentration and an
unconcentrated < 20-um fraction were
obtained. Generally 2 1 of sample were
filtered and the concentrate made up to
500 ml, giving a concentration factor
of 4X. Throughout the procedure flasks
containing the samples were kept in a
water bath to prevent warming.

Carbon-assimilation rate, chlorophyll
concentration, ATP level and cell numbers
were determined for each size fraction.
Rates of carbon assimilation were esti-
mated by the C-14 method (Steemann
Nielsen, 1952). Samples (50 ml) were
inoculated with about 1 uCi of bicarbon-
ate C-14. These were placed in a tank
containing running seawater located on
the School of Oceanography dock, and
incubated under ambient light from about
noon to sundown on the day of sample
collection. Following incubation, the
samples were filtered on membrane fil-
ters, dried and counted on a Nuclear-
Chicago Model 4338 planchet counting
system. Chlorophyll a and phaeopigments
were determined by fluorometry (Yentsch
and Menzel, 1963) using a red-sensitive
phototube (R-176) and the equations of
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Lorenzen (1966). ATP was determined by
the method of Holm-Hansen and Booth
(1966) as modified by Cheer et al. (1974).
Cell numbers were determined by counting
a 1.0-ml sample in a Sedgwick-Rafter
chamber. If samples were not counted
immediately, Lugol's iodine solution was
added as a preservative.

Results
Species Composition

Cell numbers for the different size
fractions are shown in Fig. 2; the com-
position and abundance are given in
Table 1. Because many species of diatoms
form long chains or have long setae, or
both, the cells retained by filters do
not necessarily have dimensions greater
than the filter mesh-size. This effect
was particularly noticeable during the
winter-spring bloom when chain-forming
diatoms predominated, and when small
cells such as Skeletonema costatum, Detonula
confervacea OY Chaetoceros compressus were
found in the largest size fraction.
However, the population was fractionated

77743

FILTER TP s J]
NITEX FILTER
CLAMP — >~
A
0-RING zun
7
FILTER BASE—
ING CLAMP —
R CLANP ——>

COLLECTING VESSEL——>

[ 1

Fig. 1.

Filter apparatus used to size fractionate

natural phytoplankton population

10,000

Ill\T‘l

1,000

Illl[w

ml

per

100

Cells

® Total

A >100pm
O 60-100m
0 20-6Qum
A <20pm

Ll J

Lol

l

J F M A M J

1973
Fig. 2.

Cell numbers for total population and for different size

1972

fractions



O°LEE O°CSE O°CV O°F% 008 6°1€ 8°S 8°1 ©O°08 ¥°€T 9°8 10 O°¥VIT ¥°¢8 6°LC ¥°0OC O°OVZ ¢°65 2°%1 1°8 STT®0 Te30L

O 1L o 87 0°99 ‘O°N ‘O°N seqeTTobeTI0I0 T

o'y 1 0 0°z 1'0 1°0 T°0 0'ZT (L0 1'0 T1°0O *ds wnturpriad

o'y 80 GO o'y 170 23r'uUuUDg

¥ 0 jAe TIPTOFUSNPII XTIYIOTSSRTRYL

o1 0°'2 SOPTOTYDSZITU BUSUOTSSPTRYL

0'66 ¥°GE O°'T 0°¢ 0707 8°¢ oz S0 w0 170 0'96 §°¢ L°O 0771 O°0PT L°9 T1°¢ ¥°¢ ‘ds parsorsseTEYL

L1 TIPTOOTYSuspIou *J

8°1 Sz 0O°1 L€ T°O 9°y G'9 L°G 1°0 sueTdTIOo9p BITSOTSSPTRYJL

07891 07Z¢¢ 081 O'6 08¢ €61 €°% 08 99 6°1 0°Z9 1716 ¥"kC O°P1 0O°%6 G°%Z S°8 wn3e3son ewsuolsTdYS

[ S0 1T°0 1°0 ve196 T39S BTUSTOSOZ TUY

99 870 o1 9°¢ p3ROTNS PITRIRd

L70 ©lRTIoS N

[ Z'o ©SIDABT ‘N

v €0 20 ¢°0 unNTISISOTO RTYOSZITN

8°0 G0 oO'v snwIUTW SNIPUIThAoojzdeT

7°0 TTTTeMIubTIq unThlTq

£'61 0°91 5z PeoPAISFUOD PTNUOIST

0 0¢ £°0 z'0 *ds pTTO3070AD

£°0 T1°0 S0 Z'0 1°'0 XTI 8AY UOIYIBIOY

085 L€ Gt v 1°7 -ds soz90039EYD

87¢c 9°0 snpunoasqns D

o°1 8°0 L°O SnSOTUTORT *D

) snuwApTP D

[ L°O ¥°C pUDPRTID D

0 £°0 sasusp )

suatdIodop °)

9°¢ STUTJI® SOIDO039RYD

1°0 eorberad puITN®RIRIDD

z°'8 [44S 9°'0 g7 L€ eoTuode[ eTToUOTIS]SY

G*0 T°0 snaernpun snyohzdourioy

6761 L2 vIo09p rhoyizly
a ®] dq 7 a °) g Y ad 0 g A4 a o) g 4 a o) g v
Axenuer g7 Axenue[ GT Kxenuep 7z Toquesag vl I9QWSAON /.7

£L61 ZL6T sotoaeds

spew 30U

sunon oo N f(url og> g fwrd 09 03 07 D ‘fwrl OO7 01 09 g fmrl OOT< ¥) SUOTIORAT BZTS JUSASIITP A0T (TW/STTSO) SIUNOD TT2D °T STIRL



9z *d uo psnurluoc)

8'8C¢

vl

8L

£°9¢

6" 97

9706

LT
0" 69
€791

S ¥9L

801

vral
€ 07981
0°8C1

"O°N L9t

Nel\<l¥o)]
.
™M M QO

o ez
0°617

yOv 9POC 979¢1 et

[ehR=14

L7981 O ¥PIL

IS STl

L*91 07999
OG0T 0°68¥%
£°91 07¢L

0'8 0°8¢7

0'19 L"1¢

Oo'¢€ TLO

9

9°L

o1

1C 44

LT O°T6¢

4
9'€

0" 69
08¢
S €T

OLL

[OR N4

07599

6768
[N x4

L€8C

0" ¢ec

018

O ¢geLT

0" 106
0" 66

o'6

cLee 0wl €87 66L1 660¢ £617¥ STT®S Te3oL

0z rr3ayonod srishoosryg
o1 *ds uohAzqourg
1 prusTbng
T L €°29 0’911 9706 e3eTTebeTIoUROYD
O°N seleTTebeTJ0I0TH
[l *ds wnurprasd
umapTOYs0I] WNUIPTIDG
SOpTOTIYOSZITU
9°¢ PHBUOTSSETRY]
06 07291 07287 2°7S O'LS ds earsorsserey;g
9° 7171 eTn3oxr ‘g
0°GZ1 0°6tE 8'G 7 9ov 0" 899 TIPTSOTYSUDPIOU *f
0627 suaTdro9p BITSOTISSPTRYL
0°¢68 O°1LY O'EOT O°6TL O°1¢6 0°Z69 wn3elsoo pWOUO] ST IS
o1  0°¢ 0°6 e1067395 ¥y
I870SqNIYS
‘IeA BRBOTIQUT Y
PWTISSTTTORIY ¥
o6l BINIROTTSp Yy
©leTR PTUSTOSOZ TUY
Syl -ds eavuusg
PlRTISS N
UM II93SO0TO PTUYDOSZIIN
snuTuTW 77
snoruepp snipurrhoozdeT
0LE0T O 1GF OO 0O°00L 0°6£6T 008LT ES0PAISIUOD BTNUO3S(QJ
0'0F 0°6 18 06 *ds soxspozeryn
snuhprp D
0" 6 0° 071 € 7S EUSpeIp "D
susatdrosp D
snssardwod S0I90039vYD
0"6ET 0°9%T eotuodel ©TToUOTI®]SY

g 4

g 4

g Y

g Y a ) g Y

T

T2dy €¢

1Tadv 6

UOICH 97

yoIew ¢i Axenigsd 9g

€L61 seo10adg




Q°L50T Z°LE 1°GC 2°61 O°00TZ 8°8% L71€ §°8Z O°0CLT L"8E 0O°91 L6l 9517 €1z 6v¢ 0% 8.6 756 "O'N "D°N STTI®0 TelorL

O'OLL ¥°LZ O°1¢ §7¢l1 0°Z8ST g8 L'8 € sne3InT SNOSTPOYISTTO

0" §¢ 0" 082 L 2 S 00V L°T 0" 79t "O'N se3eTTobe TJOXDTI

£€¢e anetrsbergouTy

oL 0° 8¢ 9'1t 91 0 0O°Z 27 S0 §°0 ~ds umturpITISg

~ds umajiusooz0xd

a9 v TTPTSTIPSI UMIFUSO0IOIS

[ *ds wnrturpouwhAn

+ds stsAydoutg

¢°0 ¢°0 €6 62 93euuad
. SOpIOTYDSZI TU

€1 RUBUOTSSETRY]L

g 1 8" v L*GT BPIRTISS "N

O A4 vz £z uNTISYSOTO BPIYISZITN

e ~ds erroz0T0AD

LTT *ds pITSOTSSPTRYL

08¢ €1 1LY 271 L0 Sy BIN30r vITSOTSSPTRIL

6°¢ G°71 1°€ 09T 0"8 O'T O°1T 0°0L €91 WN3e3S00 PUSUCISTINS

0" vl €762 1718 e TSSTTTHRIT *y

gteg 1 0'¢ L°c BPTNRROTITID ¥

G°0 pleTe BPTUSTOSOZTUY

L'z O"0TL 87591 1°66 ¥°99 £€'e snuTuTw SnIpuIyfsozdset

z°0 21 TTTTaMaybTIq wnThzT1a

~ds usTOosoTITARDERQ

IS4 *ds soxsoojoryd

o'z snwApTp D

L*O vpHOPRTP "0

T 001 ¢°S1 SRl §TCL snssarduos SOISD0BBYD

T S0 ¥"5¢ 0’62 0'C62 o€ eoTucdel{ PTTOUOTINSY

L
G-

06V 9°0 9°0 Z°O0 07971 1°¢
0" g9 099 §°¢
ST g

™~
o o
@]
o
o ©

08¢ 6°¢ L't 01 O°9%

O O

a °) 2! Y Al o] ) Y a o) 4 ¥ a 0 g 4 a o] g k4

ATnp 7 sunpy g1 suny p ReW 17 Aew [

€L6T sotoads

(penuTiuod) °§ eIYel



6876 O°POLT O°GILT O°6CE 079182 8TTO0°I6T P°SIT ¥°888°GHT €746 P°8E O°PTLE O°CLIT O°PEST O°0LG 0°99G°FT O°S 2°0 Z2°¢8Z 2L §°'V L2 STTOD TeIO0L

sneany

vce 970 SNoSTPOYISTITO

0 9vs 01y O°¢ 0°9¢Z S*¢ L°O so1eTTabe 3010 TH

L°O Z°1 *ds mnTuUIPIIOg

80 ~ds wnrjusoororg
IIPTReIFPaT

UNIFUsO0I0IJ

o1 ol A *ds umrurpoumfs

8'0 *ds sysfAydourg

"0 POINT UMTIRID

8°0 9'% 771 0 L°'0O aneuusd
$OPTOTYDSZI TU

"9 9°9% €791 6% L°T PUBUOTSSPTRYL

€ S"07 L°8 g ¢ 8 ¥ BRTIO8 ‘N
W TIB®ISOTD

1 8°61 1°C G°'¢ LT ¥ 0 0"z 60 PTYDSZIIN

poOTpT 0" 0L £°7 *ds eITSOTSSETREYL
pTNRO0I

£€°6 oL BITSOTSSRTRYL
wn3e3 500

0°8Z6 0O°6¥CT 0°ElT1 o'%¥1 O°%I 8°L 8¢S 8°%S O"6¥ S'¢ 07801¢ 0°9981 0O'L961 O CLY BUISUOL D TONS
STTRTWaY

[Aae “F ejejyeqey "y
RUTSSTTIBRIT

o*L 9°% LTL 9°L1 0°Z1 0's 0% &1l ¢tz gt zte BTUSTOSOZTUY

0°7 BaROTNS BPIIRIRI

[AA) 6" L oL ¥°1 snmruTw 7
snoTURD

911 874 snIipurThAsozder

(o)A 4 (o274 Z° e 179 i7" snovIpooz erduwong
rrTremMmaybraq

€k G°¢ 9 0 € 6'v 8°0 £z g€ €1 g0 untThAzT0
snaurIIo] TPoU

z°0 usTosoTT A0

0§ 9's 07 *ds errezorof)

70 L1 T°0 *ds snosTPoOUILSOD

L0
50

o€z [ o vl G'GP O"BLL G76E 976L 179

L0

T XTI3sAYy UoIyYI®IOoD
"6 9°CT 8797 £z

Z'0 §'0 *ds soxsoozswyn
snwhprp O
suardrosp D
S 671 ¥70T sn38sTAIND *1)
snssexdwos
£°S7 sS0TB002 98D
eoTuodel
o' Zv 0'Zes o°Lic L7991 1°¢¢ 8°49 ¥'1T 6°¢ 0"L9C O°T1LY L°8L [ARS BTTRUOTIONSY

n
[a\]
w0
(oM
™
<

D~ N

Qo M

a o} da ¥ a 2 dq 4 a 0 g k4 a O] g Y ad o) q Y a D g ¥
I9q0a20 G1 IBQO300 1 Tequejdes [1 asnbny 0z ATnpe Of ATnp 91
cL6T saToadsg




278

E.G. Durbin et al.:

Phytoplankton Size Fractions in Narragansett Bay

to some extent, even though not strictly
according to size. For example, during
the winter-spring bloom when long chains
of Thalassiosira nordenskiéldii, S. costatum
and D. confervacea were numerous, T. nor-
denskiéldii was retained principally in
the > 100-um fraction, while the other
two species were found in all three
fractions > 20 um, but were relatively
more important in the 60 to 100-um and
20 to 60~um fractions.

During the minimum prior to the win-
ter-spring bloom in February, small
cells < 20 um dominated the plankton,
particularly Skeletonema costatum, a small
solitary Thalassiosira sp., and micro-
flagellates. Several diatom species were
found in the larger fractions during
this period, but were not important
numerically. By February 26 the winter-
spring bloom reached its initial peak.
Detonula confervacea, S. costatum, T. norden-
skidldii, and the solitary Thalassiosira sp.
dominated (Table 1). At this stage most
of the cells were found in the two
largest fractions (7292 cells out of a
total of 9374 cells/ml). These species
remained dominant in early March but,
by March 26, S. costatum and D. confervacea
had disappeared almost completely.

T. nordenskisldii remained the sole domi-
nant in the > 100 and 60 to 100-um frac-
tions. At this time the total population
had decreased from 12,370 cells/ml and
7310 cells/ml on the previous two sam-
pling dates to 1090 cells/ml.

Following this decline, two succes-
sive peaks in abundance occurred: on
April 9 and on May 7. In each of these
the group of dominant species changed;
Chaetoceros compressus, C. decipiens and
Thalassiosira nordenskiéldii dominated on
April 9. T. nordenskiéldii then dropped
out, and the Chaetoceros spp. were joined
by Asterionella japonica, Leptocylindrus
danicus and L. minimus. During the entire
winter-spring bloom the > 100-um frac-
tion was the most important numerically.

Large numbers of oOlisthodiscus luteus
were present during June, when the
nannoplankton (< 20 pm) fraction became
dominant as cell numbers. Flagellates
completely dominated thereafter through-
out the summer, and few diatoms were
present until August 20.

A late-summer and early-fall bloom of
Skeletonema costatum occurred, most of the
cells were found in the < 20-pm and 20
to 60-um fractions. Its initial peak on
August 21 was followed by a period when
several diatom species dominated the
sparse population.

Standing Crop Measurements

Marked seasonal changes in the chloro-
phyll a content of all size fractions

occurred (Fig. 3, Table 2). On the
average, the < 20-um fraction was the
most important; it comprised 46.6% of
the annual biomass as chlorophyll a.

The nannoplankton (< 20 um) fraction
was most important during the mid-winter
minimum (December-January) and during
the summer (4 June-20 August). Over 75%
of the chlorophyll a was then in this
size class. Almost half (44%) of the
total nannoplankton standing crop (as
chlorophyll a) was found during the
summer period.

During the spring and fall diatom-
blooms, netplankters (> 20 um) predomi-
nated, especially from 26 February - 7
May, when 77% of the total chlorophyll a
for this period was contained in this
size fraction.

Lowest chlorophyll a levels were
recorded during the mid-winter minimum
(< 1.3 mg chlorophyll a/m3). Levels
increased thereafter during the winter-
spring bloom, characterized by consider-
able fluctuations and three successive
peaks (Fig. 3). Over 50% of the total
chlorophyll a at the time of these
occurred in the > 100-um fraction be-
cause of the predominance of long-chained
diatoms (Fig. 2). During the initial peak
(February 26), cell numbers and chloro-
phyll a were at a maximum for the bloom
period (12,370 cells/ml and 9.78 mg
chlorophyll a/m3).

During the summer, chlorophyll a
levels were generally quite high; a July
(16) peak of 11.85 mg chlorophyll a/m3
occurred. Cell numbers, however, were
frequently low and dominated by flagel-
lates < 20 um. For example, on June 18,
total cell numbers reached their summer
maximum of 2209 cells/ml, of which 2000
cells/ml were in the < 20-um fraction
(Fig. 2; Tables 1, 2).

Diatoms dominated the fall peaks
observed on August 20 and October 15
(Figs. 2, 3); the > 20-um fractions then
became relatively more important. Al-
though cell numbers were then much
higher (9000 and 4300 cells/ml, respec-
tively) than in the summer, the chloro-
phyll a levels (4.31 and 8.04 mg chloro-
phyll a/m3) were lower.

Throughout the year, the cell counts
for the < 20-um fraction were much lower
than expected from the chlorophyll a
levels, which suggests that the method
used to count cells did not reliably
estimate those < 20 upym. This discrep-
ancy was most important during the
summer when flagellates dominated the
population. For example, on July 16 the
chlorophyll a level in the < 20-uym frac—
tion reached its annual maximum (10.96 mg
chlorophyll a/m3), but only 283 cells/ml
were enumerated.
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The ATP content of each size fraction on the rate of carbon assimilatipn per

was multiplied by a factor of 250 to unit of living carbon from:

obtain phytoplankton carbon content 1 C1 + AC
(Holm-Hansen, 1969, 1970); this value Moo= (7?) log2 (————E———~) '

has been used by most other workers (e.g. 1

Sutcliffe et al., 1970; Eppley et al., in which AC is the daily increase in
1973). The carbon content of the dif- carbon due to photosynthesis, Cq1 is the
ferent size fractions (Fig. 4, Table 2) carbon content of the phytoplankton,
generally followed the chlorophyll a and u the specific growth rate as
trends, although occasionally values were doublings of carbon per day (£ = 1). The
higher than expected from the chlorophyll values for AC were obtained by multi-

a levels. High C:chlorophyll a ratios plying the hourly assimilation rates by
then resulted (Table 2), especially on the number of daylight hours for that
June 18 (125) and October 1 (149). day. Values for Cq were determined in

two ways: Prior to the ATP measurements
it was estimated from (chlorophyll a) (60),

Production in which 60 is the assumed C: chloro-
phyll a ratio. Little information exists

Fig. 5 and Table 2 give the rates of on the C: chlorophyll a ratios of the

carbon assimilation for each fraction, diatoms present in the winter-spring

and as a percent of the assimilation of bloom in Narragansett Bay. A ratio of
the total community. For the chlorophyll 67 was obtained for a natural, almost
a content, the < 20-um fraction was most pure population of Skeletonema costatum

important; it contributed 50.8% of the growing at 120C in situ within the 20 to
total annual production and 88% of that 60-um fraction which contained little
measured during the summer period (4 detrital material. A ratio of 57 was
June - 20 August). Production in the obtained for Thalassiosira nordenskisldii
netplankton fractions was greatest dur- growing in dialysis sacs at 9°C. These
ing the winter-spring and fall diatom- observations suggest the ratio of 60
blooms. used. However, since a lower C:chloro-
Production was high throughout the phyll a ratio may characterize the

year (> 5 mg C/m3/h), except during the beginning of the winter-spring bloom
phytoplankton minimum prior to the win- because of the lower temperatures and
ter-spring bloom. The maximum assimila- light intensities (Eppley, 1972), this

tion rate of 82.4 mg C¢/m3/h and minimum value probably then overestimates the
of 1.34 mg C/m3/h were measured on July phytoplankton carbon and gives lower

16 and January 15, respectively. The carbon doubling-rates. Accordingly,
mean assimilation rate over the annual phytoplankton carbon doubling-rates
cycle was 18.4 mg C/m3/h. were calculated only for the whole popu-

lation during the winter-spring bloom
(Fig. 6; Table 2).
Specific Growth Rates of the Phytoplankton Cq1 was also estimated from ATP. These
estimates of phytoplankton carbon are
Phytoplankton growth rates as doublings probably much more reliable then those
of carbon per day were determined, based based on the C:chlorophyll a ratio,

g [(mg/m3)

Chlorophylt

1973 1972

Fig. 3. Cumulative graph of chlorophyll a content of different size fractions



Table 2. Chlorophyll a (Chl a), phaeopigment (Phaeo) and ATP concentrations; carbon fixation and
carbon doubling (K) rates and assimilation number (Assim. no.) for different size fractions during
annual cycle. Prod. :production

Size Tem- Chl a Phaeo Phaeo ATP Cell C C Prod. % total Daily Assim. X
fraction pera- (mg/ (mg/ Chl a (mg/ (mg/ Chl a (mgC/m3) Prod. Prod. no.
(um) ture m3) m3) n3) m3) h (mgC/m3)
(°c) Taay
27.%X1.1972 7.0
>100 0.20 0.10 0.50 0.25 4.1 1.25
60-100 0.21 0.06 0.28 0.38 6.2 1.81
20-60 0.81 0.18 0.22 1.28 20.8 1.58
<20 1.52 0.90 0.59 4.23 68.9 2.78
Total 2.74 1.24 0.45 .14 65.2
11.X1I.1972 6.0
>100 0.11 0.03 0.27 0.15 4.7 1.36
60-100 0.17 0.03 0.18 0.19 5.9 1.12
20-60 0.27 0.03 0.11 0.48 14.9 1.78
<20 0.69 0.43 0.62 2.39 74.4 3.46
Total 1.24 0.52 0.42 3.21 33.5
2.1.1973 4.5
>100 0.014 0.004 0.28 0.037 2.64
60-100 0.034 0.009 0.26 0.051 1.5
20-60 0.099 0.019 0.19
<20 ©.87 0,18 0.22
Total 1.02 0.22 0.21
16.1.1973 0.5
>100 0.066 0,018 0.27 0.08 6.0 1.29
60~-100 0.042 0.009 0.21 0.04 3.0 0.97
20-60 0.11 0.024 0.22 0.104 7.8 0.95
<20 0.79 0.27 0.34 1.12 83.6 1.43
Total 1.01 0.32 0.32 1.34 14.3
29.1.1973 4.2
>100 0.50 0.005 0.00 0.99 12.4 1.97
60-100 0.56 0.03 0.05 0.88 10.0 1.42
20-60 1.34 0.08 0.06 2.27 28.5 1.69
<20 3.38 0.28 0.21 3.89 48.9 1.16
Total 5.78 0.40 0.07 8.03 89.1
26.II1.1973 1.8
>100 5.28 0.00 ©.00 17.1 49.8 3.24
60-100 1.71 0.00 0.00 6.91 20.8 4.04
20-60 1.07 0.00 0.00 5.07 14.7 4.74
<20 1.72 0.34 0.19 5.27 15.3 3.06
Total 9.78 0.34 0.03 5862 60 34.3 343 0.65%
12.1I1.1973 5.5
>100 3.49 0.05 0.01 7.46 34.1 2.13
60-100 1.54 0.30 0.19 6.28 28.6 4.08
20-60 1.42 0.42 0.29 5.64 25,7 3.98
<20 1.70 1.07 0.63 2.52 11.5 1.48
Total 8.35 1.74 Q.20 5012 60 21.9 720 0.522
26.III.1973 5.0
>100 2,42 8.10 0.04 4.69 55.1 1.94
60-100 0.70 .02 0.03 1.62 19.0 2.32
20-60 0. 37 ©.09 0.24 0.67 7.9 1.83
<20 0.99 0.55 .55 1.52 17.9 1.53
Total 4.46 .77 0.19 2672 60 8.50 352 0.392
9.1v.1973 6.0
>100 5.65 0.26 0.04 15.0 56.6 2.66
60-100 1.30 0.04 0.03 5.21 19.6 4,01
20-60 0.69 0.16 0.23 2.26 8.5 3.28
<20 1.49 0.54 0.36 4.04 16.6 2.71
Total 9.13 0.80 0.09 5472 60 26.5 812 0.572
23.1IV.1973 8.5
>100 Q.50 0.10 0.20 0.20 50 100 1.26 31.3 17.6 2.51 0.43
60-100 0.35 0.04 0.11 o0.10 25 71.4 0.92 22.8 12.9 2.61 0.59
20-60 0.40 0.02 0.05 ©0.10 25 62.5 0.62 15.4 8. 1.55 0.43
<20 0.76 0.49 0.64 0.45 112 148 1.22 30.3 17.1 1.60 0.20
Total 2.01 0.65 0.32 0.85 212 105 4.02 56. 0.34
7.V.1973 11.4
>100 3.23 0.29 0.09 0.86 215 66.5 lo.l 60.8 241.0 4.97 1.08
60-100 0.91 0.16 0.17 0.24 [Zle} 65.9 4.37 16.5 65.5 4.80 1.06
20-60 1.05 0.15 0.14 0.24 60 57.1 2.64 9.9 39.6 2.52 0.73
<20 1.42 0.69 0.50 0.66 165 113 3.57 13.5 53.5 2.51 o0.41
Total 6.61 1.28 0.19 2.00 500 75.6 26.7 400.0 0.85



Size Tem~ Chl a Phaeo Phaeo ATP Cell C C Prod. % total Daily Assim. K

fraction pera- {mg/ (mg/ Chl a {(mg/ (mg/ Chl a (mgc/m3) Prod. Prod. no.
(um) ture wd) m3) nd) mA) h (mgC/m3)
(oc)’ day
21.v.15732 13.0
>100 0.75 0.07 .01 ©.29 72.5 96.6 2.54 25.2 38.1 3.38 0.61
60~ 100 0.47 0.09 0.19 0.14 35 74.5 1.07 10.6 16.0 2.28 0.54
20-60 0. 66 0.14 0.21 0.23 57.5 87 1.73 17.1 25.9 2,62 0.54
<20 1.94 0.97 0.29 0.86 215 112 4.76 47.1 71.4 2.45 0.41
Total 3.91 1.15 0.29 1.52 380 97.2 10.1 151.0 0.48
4.VI. 1973 14.0
>100 Q. 16 0.07 0.43 Q.46 3.4 6.9 2.87
50-100 0.12 0.06 0.50 0. 36 2.6 5.6 3.00
20-60 0.25 0.11 0.43 0. 88 6.5 13.2 3,52
<20 2.91 1.02 0. 35 11.9 B7.5 178.0 q,10
Total 3.44 1.23 0. 36 13.6 204.0
18,vI_1973 16,5
>1Q0 0.13 0.05 0.38 o0.1l6 40 307 0.44 2.1 6.9 3.37 0.23
00-100 0. 11 0.04 0.37 0.09 22.5 204 0.42 2.0 5.6 3,79 0.37
20-60 G.18 Q.06 0.33 o0.14 35 194 0.95 4.4 15.0 5.29 0.51
<20 4.07 .79 0.19 1.86 465 i14 19.5 91.5 308.0 4.80 0.73
Total 4.49 0.84 0.19 2.25 562 125 21.3 336.0 0.68
2.VI1.1973 19.0
>100 Q.13 0.04 0.31 o0.14 35 269 0.17 1.9 2.5 1,31 o0.10
60-100 0. 12 0.04 Q.33 0.05 12.5 104 0.22 2.5 3.3 1.83 0.34
20-60 0.18 0.09 0.50 0.09 22.5 125 0.40 4.6 6.6 2.22 0.37
<20 4.92 0.86 C.17 1.03 257 52 7.96 g1.0 119.0 1.61 0.56
Total 5.35 1.03 0.21 1.31 327 61.1 8.75 131.0 0.48
16.VIX. 1973 21.0
>100 q.28 0.15 0.55 0.19 47.5 169 2.88 3.6 42.5 10.3 0.92
60100 Q.29 0. 15 ¢.53 0.07 17.5 60 1.69 2.1 24.9 S.8 1.27
20-60 0.32 0.27 Q.59 0.06 15 46.8 2.66 3.3 39.2 8.3 1.85
<20 10, 26 2.94 0.27 1.52 380 34.6 73.1 81,0 1078 6.7 1.94
Total 11.85 3.51 O.31 .84 460 38.8 80.3 1184 1.84

30.V11.1973 19.5

>100 .08 o. 1o 1.25 0.16 40 333 0.72 5.9 11.3 6.58 0.36
60~ 100 O.11 0.12 1.10 C.03 7.5 68 .58 4,4 8.3 5.27 1.07
20-6Q 0.14 0.14 1.00 0.04 10 71 0.94 7.1 13.5 6.71 1.23
<2Q 1.45 1.19 0.83 0.30 75 52 11.0 82.6 158.0 7.58 1.63
Toral 1.78 1.54 Q.54 135 758 13.3 190.0 1.27

21.VIIT, 1973 22.0

>100 0. 34 0.23 0.66 0.075 18.7 55 0. 36 5.1 5.0 1,08 0.39
60100 1.05 0.51 0.47 0.23 57.5 55 1.20 17.0 16.8 1.14 0.37
20-60 1.19 0.85 .71 0,37 92.5 78 1.90 26.9 26.6 1.59 0.36
<20 1.77 1.43 Q.83 0.56 140.0 79 3.60 51.0 50.4 2.03 0.44
Total 4.35 3.02 0.69 1.24 409.0 94 7.06 99.0 0.40
17.1I%.1873 22.0
>100 0.3 0.10 0.33 Q.18 45.0 150 2.75 11.9 36.6 9.16 0.86
60-100 0.31 Q.12 0.38 Q.14 35.0 113 2.45 10.7 32.6 7.90 0.95
20-60 ©.81 0.26 0.32 0.27 77.5 96 7.51 32.7 100.0 9.27 1.15
<20 1.12 0. 31 0.28 0.39 97.5 87 10.25 44.6 136.0 9.15 1.26
Total 2.54 0.79 0.31 o0.98 245.0 96 22.90 304.0 1.16
1.X.1973 17.0
>100 0.22 0.03 0.14 0.097 24 111 1.53 10.9 17.2 6.95 0.77
60-100 0.44 0.09 0.22 0.21 52 119 3.62 25.7 40.7 8.23 0.83
20-60 0.44 0.29 0.67 0.21 52 119 3.55 25.2 39.9 8.07 0.82
<20 Q. 39 0.83 2.10 0.37 92 237 5.48 38.9 61.6 14.05 Q.73
Total 1.49 1.22 0.81 0.89 222 149 14.20 159.7 0.85
15.X.1973 15.0
>100 ©.82 0.04 0.05 0.17 4z 52 4.37 12,4 48.1 5.33 1.09
60-100 2.00 .37 Q.18 o0.26 65 32 12.2 34.5 134.2 6.00 1.61
20-60 1.53 0.42 0.33 0.19 47 31 12.1 34.5 133.0 7.88 1.93
<20 0.96 0.95 0.98 0.26 65 &8 6.67 18.9 73.4 6.95 1.08
Total 5.31 1.78 0.34 0.88 220 a1 35.3 388.0 1.47

aValues calculated from C:chlorophyll a ratio of 60. Rest of numbers for cellular C (Cell C) cal-
culated from ATP.
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Fig. 6. Growth rates as carbon doublings per day for different size fractions and for total phyto-

plankton population (see text for further details)

since ATP appears to show a much more
constant relationship to cell carbon
(Holm-Hansen, 1970). Carbon doubling-
rates based on these estimates of Cy
were calculated for each size fraction
sampled from the end of April to October
(Fig. 6; Table 2).

During the winter-spring bloom,
doubling rates were not high; the maxi-
mum was slightly > 1 per day on May 7.
During the bloom's initial peak, the
mean rate was only 0.65. Diatoms in the
size fractions > 20 um were most impor-
tant then, and the smallest size frac-
tion (< 20 um) was growing at a signifi-
cantly lower rate. However, when the
latter fraction dominated (as biomass)
during the summer, its doubling rates
were also much higher than the > 20-um
fractions. On July 16 and 30 the daily
carbon doubling-rates for the nanno=-
plankton fraction were 1.94 and 1.63,
respectively. Low doubling rates (x =
0.40) were measured on August 21, but
were higher thereafter. A maximum of
almost 2 doublings/day was found for the
20 to 60-um fraction on October 15. This
fraction was entirely dominated by
Skeletonema costatum.

Assimilation Numbers

The assimilation number (mg C/mg chloro-
phyll a/h) may be used as an indicator
of the growth rates of natural phyto-
plankton populations (Ryther and Yentsch,

1957) . Because of the intrinsically
higher growth rates for smaller-sized
cells, a higher assimilation number might
be expected to characterize them. Howev-
er, this was not the case; the mean
assimilation numbers for the < 20, 20 to
60 and 60 to 100-um fractions were 3.91,
3.88, and 3.72 mg C/mg chlorophyll a/h,
respectively; none of these differences
was significant. The assimilation numbers
of the different fractions were signifi-
cantly different only during the winter-
spring bloom (Fig. 7), when the means
for the < 20~um and > 20-um fractions
were 2.24 and 3.18, respectively — a
difference significant at the 5% level.
The almost complete absence of cells

> 20 um during the summer preclude
similar meaningful comparisons. In the
fall there is no clear pattern, partly
because Skeletonema costatum dominated the
three smaller size fractions.

The low assimilation numbers for the
< 20-um fraction during the winter-
spring bloom possibly indicates that
this fraction contained a lot of dead
cells and detrital material. The ratio
of phaeopigments to chlorophyll a may
be taken as an indicator of such materi-
al, and in the < 20-um fraction it was
nearly always much higher than in the
other fractions (Table 2). Associated
with this phaeopigment would presumably
be a much greater proportion of inactive
chlorophyll.

Fig. 7 shows that higher assimilation
numbers were found in the summer when
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temperatures were higher. A plot of
assimilation number against temperature
(Fig. 8) shows a fairly good relation-
ship, in which the assimilation numbers
increased with temperature. On July 2
and August 18, the assimilation numbers
were significantly lower (groups of
points at 19° and 22°C in Fig. 8), and
probably indicate a nutrient-deficient
population (Curl and Small, 1965). On
these two days the total concentrations
of urea, NH4, NOp and NOj3 were 0.46 and
0.40 ug-at/l, respectively. Excluding
the highly aberrant data for these two
days, the relation between the log of
the assimilation number and the tempera-
ture was fitted to a least squares
regression: log(mg C/mg chlorophyll z/h)
= 0.03487 + 0.142, with a correlation
coefficient of 0.79. The slope of the
regression yielded a Q1o of 2.23.

Discussion

The spectacular and prolonged winter-
spring bloom in Narragansett Bay (Smayda,
1957, 1973a, and unpublished; Pratt,
1959) is the most important event in the
annual phytoplankton cycle. The domina-
tion of this bloom by long-chained
diatoms suggests that the netplankters

(< 20 um) are more important than nanno-
plankters in the Bay. Indeed, during the
1972-1973 winter-spring bloom the net-
plankton was the most important fraction,
contributing 77% of the biomass {as chlo-
rophyll a) and 85% of the production.
However, over the annual cycle, nanno-
plankters were approximately as equally
important as the netplankters, con-
tributing 47% of the biomass and 51% of
the production. This cycle studied may
perhaps be atypical because of the rela-
tive unimportance of Skeletonema costatum
during the winter-spring bloom and the
summer compared with other years (Smayda,
1957, and unpublished; Pratt, 1959).
However, this cycle shows the principal
features characterizing phytoplankton
cycles in Narragansett Bay and north-
eastern coastal waters of the USA
(Smayda, 1973b).

There are frequent reports that nanno-
plankters turn-over faster than net-
plankters (see Malone, 1971a), including
under conditions favorable for diatom
growth, such as during upwelling (Malone,
1971b) . However, in the present study,
when conditions were also favorable for
diatom growth during the winter-spring
and fall blooms, the larger fractions
were not only more important in terms
of biomass, but also grew more rapidly
than the nannoplankters, as evidenced
by both carbon doubling-rates and assim-
ilation numbers.

These different responses may be due
to several factors. The lower tempera-
tures at which the diatoms bloomed may
be one reason, since growth studies of
certain small flagellates (Ukeles, 1961)
showed that they did not grow well
below 150C. Nutrient uptake may also be
a factor, since the half-saturation
constants, Kg, and the maximum uptake
rates, V,, for nitrate and ammonia up-
take vary with cell size and temperature
(Dugdale, 1967; Eppley et al., 1969) with
the larger cells having higher values of
Kg and Vp. As a result of this, higher

nutrient levels might favor the growth

of larger cells while the lower nutrient
levels generally found during the summer
might favor nannoplankton growth. Thus,
the dominance of the nannoplankters and
their rapid growth rates during the
summer would be favored by both the high
temperatures and the lower nutrient
levels present then.

The fairly good direct relationship
between temperature and the assimilation
numbers indicates that temperature was
the main factor controlling the varia-
tion in these (Fig. 8). Abnormally low
assimilation numbers, which may indicate
nutrient deficiency or some other "water
quality" factor (Curl and Small, 1965)
were found on only two occasions.
Slightly lower assimilation numbers and
the lower mean growth rates were found
for the population occurring between the
peaks of the winter-spring bloom. These
suggest that the decrease in the popula-
tion resulted from a decreased capacity
of the water to support phytoplankton
growth and was not due solely to grazing
pressure. Although temperature may have
little effect on the assimilation num-
bers of oceanic phytoplankton (Eppley,
1972), several investigators have found
a relationship between assimilation num-
bers and temperature for estuarine
phytoplankton similar to that found in
the present study (Williams and Murdoch,
1966; Mandelli et al., 1970). The lack
of a significant nutrient effect on the
assimilation numbers at most times
indicates that in estuaries, including
Narragansett Bay, the growth of phyto-
plankton is not greatly nutrient-limited,
because of the rapid nutrient regen-
eration.

The series of short peaks in species'
abundance observed poses some inter-—
esting questions. The different assimila-
tion ratios, growth rates and changes
in the C:chlorophyll a ratios indicate
that these cycles are due to real changes
in the phytoplankton growth rates rather
than to scatter in ecological measure-
ments. Rapid changes in nutrient avail-
ability, carrying capacity of the water,
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phytoplankton growth must occur. The low
nutrient levels present during the peaks
in phytoplankton abundance and the high
growth rates measured at these times
suggest that nutrient cycling is then
very rapid in lower Narragansett Bay.
For example, in order to sustain the
growth rate measured in the > 100-um
fraction on May 7, 2.15 ug-at N/1/day
are required, if a C:N ratio of 8 is
assumed. The amount of NOj3, NOp, NH3
and urea measured in situ on this date
was 0.30 upg-at N/1, which would supply
only a small proportion of the nitrogen
needs of the phytoplankton. This gives
a regeneration time for the nitrogen
in the Bay of 3.4 h. On July 16 the
difference is even greater; 13.0 ug-at/
1l/day was required by the phytoplankton
and only 1.62 ug-at N/1 was present,
giving a regeneration time of 3.0 h.
Size fractionation of phytoplankton
provides a convenient way of getting at
these problems, since generally the
detrital material in the fractions
>20 um is very small compared to the
phytoplankton. Possibly, reliable deter-
minations of the phytoplankton C, N,
and perhaps even Si content of these
fractions can be made.
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