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lower Narragansett Bay waters during the 1972-1973
inter—spring bloom using the diatom Skeletonema costatum'

Abstract

Samples collected biweekly from lower Narragansctt Bay from December 1972 through
March 1973 were bioassayed with Skeletonema costatum at nine different enrichments
with nutrients equivalent to £/25-Tris medium. In early December growth rates were low
in all treatments relative to complete enrichment; thereafter there was no evidence of nu-
trient limitation until late February. During this period of the winter—spring bloom growth
was limited by the omission of NO;, SiOs;, and PO; deletion of vitamins and -trace metals
was less important. The addition of EDTA alone increasingly suppressed growth as the

bloom developed; lysis was observed during late March.
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Bay; here we examine the potential role of
various nutrients in regulating growth dur-
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concluded on the basis of ficld data that
Si and N regulatc maximum diatom abun-
dance and the termination of the winter—
sprmg bloom in this bay Experimenting
with natural populations incubated in
situ during the 1971 bloom, Smayda (1973)
observed that the addition of NO; and
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(Smayda 1957, 1973; Pratt 1959, 1965).
For these reasons, the potential role of
nutrients during the coursc of the delayed
1972-1973 winter—spring bloom was ex-
amined in a series of bioassay experiments
conducted with an axenic Narragansett
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kin bottles at station 2 (Pratt 19 9) fro

December 1972-March 1973 (Hitchcock
and Smayda 1977). Equal volumes of the
surface, middepth (4 m) and bottom (8
m) water samples were mixed. The con-
centrations of SiQ;, POy, and NO; in this
pooled sample were measured by Auto-
Analyzer techniques (Strickland and Par-
sons 1972); NH: (Solérzano 1969) and
urca (Mchrthy 1970 as modified by Mc-
\Jdrtuy and ham'y'KO‘W'SKl 1972 ), were also
determined. Phytoplankton was counted
in a Sedgwick-Rafter counting chamber.
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At bimonthly intervals, a portion of the
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rinsed, precombusted Gelman glass fiber
filter and frozen in a polyethylenc con-
tainer. Within 4 weeks, this filtered sam-
ple was thawed and 50-ml aliquots added
to sterile 125-ml Erlenmeyer flasks
with 50-ml beakers) and en-
riched in nine different ways:
plete (ALL) medium (Table 1);
ALL.P; 3—ALT-N; 4 ATT.Si; 5—ALL-
6—Na,EDTA (1 mg

7—ALL-vitamins; 8—vitamins
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liter*);
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(Table 1); 9—no nutrients added (NONE).
The concentrations (£/25) used equalled
those at 1/25 of full strength Guillard’s
(Guillard and Ryther 1962) f-1 medium.
The nutrient stock solutions were prepared
in distilled, deionized water, placed in
polycarbonate tubes, autoclaved, frozen,
and then thawed for each bioassay. The
total volume of stock solutions added to the
50-ml samples to yield the various £/25 en-
richments was 0.5 ml

Each enrichment treatment (in dupli-
cate) was inoculated with axenic S. costa-
tum (clone SK6C) in exponential growth
phase to yield ca. 500 cells ml-* and incu-
bated at 2°C (except for the 5 January
assay at 5°C) and 0.022 ly min-* (“cool-
white” fluorescent light) on a 9L:15D
photoperiod cycle. This photoperiod ap-
proximates that at Narragansett Bay from
December through February (Smayda
1973). The parent culture was precondi-
tioned for 6 days in filtered, unenriched
Narragansett Bay water under the experi-
mental conditions of temperatwe and
light. The unenriched water used in pre-
conditioning was a portion of the water to
be assayed; hence, all inocula were pre-
conditioncd to the sample to be assayed.

Growth in NONE and ALL cultures for
cach bioassay series was determined from
cell counts made every 48 h. Live sam-
ples were counted with a Palmer-Maloney
chamber at 100X. The duration of each
bioassay experiment varied depending on
when the population in NONE reached
stationary phase.  After Skeletonema
ceased to divide in NONE, all bioassay
samples were preserved with Lugol’s pre-
servative and the cells counted. The av-
crage daily growth rate for cach treatment
was then determined from

. G 1
K=In C_0<t In 2>’

where C; is the cell concentration at time
t in days and C, the cell concentration at
the beginning of the logarithmic phase.
Values for Cy were selected from NONL at
day 2 (December, January, and February
bioassays) and at day 4 in the March bioas-
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Table 1. Complete medium (£/25) used in
nutrient enrichment experiments.

NOj3 70 pg-atoms liter™1
5103 8
POy 3
Trace metals:
Fe EDTA 1
Mo 2
Cu 3 ng-atoms 1iter~l
Zn 6
Co 4
Mn 72
Vitaminsg:
Biotin 40 ng 1iter~l
B1g 40
Thiamin 8 ug liter~l

say. Values for these days were selected
to overcome any effect of the lag period
(generally 2 days) in computing cell di-
vision rates. Cecll densities (Cy) in NONE
were within 40% of those in ALL on the
same day. Use of C, values from ALL
changes the growth rates by 10% at most.
Thus, using Co from NONE to compute C,
does not have a major cffect on cither the
results or the conclusions. Ideally, of course,
each culture should have been counted
throughout the entire bioassay; unfortu-
nately, this was impractical.

For comparison of the effect of nutrients
throughout the period studied, the average
daily growth rate ((K)) for cach treatment
is expressed as a percent of that for the
complete cnrichment (ALL). Thesc data
are plotted against time of collection to
provide an indication of the potential ef-
fect of the different nutrients on growth of
Skeletonema throughout the 1972-1973
winter-spring bloom.

Results

Nutrient concentrations were highest
in December and gradually decreased
through January; after a precipitous in-
crease in early February, N, P, and Si ex-
hibited marked, continuous declines to
recach very low concentrations during
March (Fig. 1). Maximum and minimum
concentrations in the pooled sample were:
21.54 and 0.3 pg-atoms liter-! for N (NHj;
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Fig. 1. Concentrations of nutrients in pooled
sample from 3 December 1972-26 March 1973.

+ NO; +NO; +urea); 226 and 0.6 ug-
atoms liter? for SiO; and 1.01 and 0.45
pg-atoms liter* for PO,. These cycles re-
flect in situ uptake by phytoplankton. Fig-
ure 2 illustrates the changes in abundance
of S. costatum, which initially dominated
the community. Active growth began after
mid-January; a peak population of about
3,500 cells ml-* persisted from late Febru-
ary through mid-March (when Detonula
confervacea at 5,000 cells ml' was more
abundant). Subsequently, the populations
of Skeletonema and all diatoms decreased
significantly with the decrease in available
nutrients.

December bioassay series—Nutrient con-
centrations were maximal during Decem-
ber, which was characterized by the
progressive decrease in Skeletonema’s
abundance to its winter minimum (Figs. 1,
2). In the first bioassay experiment, initi-
ated on 5 December, the maximum yield of
Skeletonema in the unenriched treatment
(NONE) was 850 cells ml, as compared
to 2,300 cells ml! produced in the £/25
enrichment (ALL) (Fig. 2). The response
in ALL corresponded to a mean growth
rate of 0.42 division per day. The omis-
sion of the trace metal (TM) mixture from
the complete enrichment (ALL-TM) pre-
vented growth, a limitation which the ad-
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Fig. 2. Abundance of Skeletonema costatum
in surface waters (in situ) at station 2, and yield
in unenriched (NONE) and complete (ALL) en-
richment bioassay treatments.

dition of EDTA alone significantly over-
came (Fig. 3C). The mean growth rate
in this latter treatment was 67% of that in
ALL. Of the other treatments, the omis-
sion of N, Si, and P singly from ALL (Figs.
3B, D, F) increased the mean generation
time by 40-100% (3.2 and 4.7 days); omis-
sion of vitamins caused a more substantial
decrease in (K) (Fig. 3E).

In the next bioassay experiment (18 De-
cember), the final yield in NONE was
68,000 cells ml* ((K)=0.72) and 100,000
cells ml! in ALL, which corresponds to a
(K) of 0.78 division per day. These in vitro
growth rates of Skeletonema were consid-
erably faster than those found 2 weeks
earlier (Fig. 2). The omission of the indi-
vidual nutrients from ALL had little ef-
fect on yield and growth rate (Fig. 3). The
results suggest that the nutrient water
quality supporting growth of Skeletonema
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‘ Fig: 3. Mean growth rates ((K)) of Skeletonema costatum in various enrichment treatments dur-
ing b}oassa:y study, expressed as percent of that occurring in complete enrichment (ALL)—@; ap-
propriate in situ nutrient concentrations—[]; NONE refers to unenriched treatment. Broken line at
66% of (K) represents level at which generation time is increased by 50%.
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improved considerably in 2 weeks since 5
December, and that the response of the
sparse, declining population in situ (Fig.
2) is not attributable to nutrient availabil-
ity.

January bioassay series—Nutrient levels
in situ were now reduced, but still high
(Fig. 1); the Skeletonema population con-
tinued to decline to a very sparse mid-
month minimum before the inception of
growth (Fig. 2). The results of the experi-
ments conducted on 15 and 29 January
were similar to those in mid-December.
Growth was excellent in the unenriched
and ALL treatments and the omission of
individual nutrients from the complete en-
richment did not influence the responsc of
Skeletonema (Fig. 3). The only note-
worthy difference was a slight increasc in
generation time in the ALL-TM trcatment
on 29 January. These experiments also
suggest that the continued low populations
of Skeletonema in situ during January
(Fig. 2) are not attributable to limitation
by nutrients.

February bioassay series—All nutrients
began to decrease rapidly during February
(Fig. 1), while growth of Skeletonema be-
gan in situ and culminated in a maximum
during late February (Fig. 2). The in-
tense growth of Skeletonema in the NONE
and ALL treatments, which had character-
ized the bioassay experiments since mid-
December, also occurred in the 12 Febru-
ary sample (Figs. 2, 3). In the bioassay
initiated on 26 February (when Skeleto-
nema was at its maximum in situ), the
final yield (11,000 cells ml') in NONE
was a tenth that attained 2 weeks earlier
(Fig. 2), and (K) was 0.41 in ALL. The
omission of N, P, and TM (Figs. 3B, F,
C) now increased the mean generation
time (3.3 days) by 50% above that in
ALL, although growth in these treatments
was better than in NONE. The omission of
Si and vitamins was less effective in re-
ducing growth (Figs. 3D, E). The poorer
growth in NONE, ALL-N, and ALL-P dur-
ing late February parallels the consider-
ably reduced nutrient concentrations in
situ during this month.

Hitchcock and Smayda

March bioassay series—The in situ nu-
trient concentrations were at their winter—
spring minima (Fig. 1). Skeletonema con-
tinued at its maximum population levels
through mid-March, and then decreased
sharply in abundance (Fig. 2). In the 12
March bioassay, the response in NONL
was better than in the previous equivalent
cxperiment (Fig. 2), although the final
yicld of 28,000 cells ml-! represents a mean
growth rate ((K)=0.22) only 59% of that
in ALL. The omission of N and P was
particularly important; the mean gencra-
tion time (relative to that in ALL) in-
crcased by threcefold to 8 days (Figs. 3B,
F). In ALL-Si the gencration time in-
creased to 4 days (Fig. 3D). These de-
creased growth rates (relative to ALL)
accompanying single omissions of N, P,
and Si in this experiment were the lowest
observed during the study.

In the final bioassay, conducted on 26
March, poor growth again characterized
the partial or complete omission of nutri-
ents relative to the response in ALL (Fig.
3). ITowcver, the (K) responses as percent
of ALL were generally higher than those
in the previous bioassay. This modest im-
provement may partially reflect the slightly
increased N and Si in situ (Fig. 1). The
most conspicuous response of the various
treatments was in the EDTA enrichment:
as in the previous assay, enrichment with
1 mg liter' of Na,EDTA caused lysis of
the inoculum (Fig. 3C).

Discussion

The sharp decrease in N, P, and Si con-
centrations in mid-February (Fig. 1) oc-
curred 4-8 weeks later than the seasonal
decreases during the previous winter—
spring blooms at various locations in Narra-
gansett Bay (Pratt 1965; Smayda 1973).
This delay is not attributable to above-
average nutrient concentrations during the
19721973 cycle. Nor can excretion of nu-
tricnts by zooplankton account for the ob-
served cycles (Vargo 1976). Rather, this
notable delay in nutrient reduction prob-
ably reflects the delayed diatom bloom
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during 1972-1973 (fig. 2: Hitchcock and
Smayda 1977).

The bioassay experiments indicate that
except for short term trace metal limitation
during early December, nutrients did not
limit the growth of S. costatum in the pe-
riod immediately preceding the winter—
spring bloom (Fig. 3) and, hence, were
not responsible for the delayed bloom in
1973. Nutrients likewise did not regulate
bloom inception during 1965-1966, accord-
ing to bioassay of station 2 surfacc waters
with Thalassiosira pseudonana (clone 13-1)
(Smayda 1974). In both studies growth of
the assay diatoms was nearly equal in un-
enriched and enriched water collected dur-
ing the winter months before the bloom.

An apparent limitation during 1 week in
December focuses attention on the possi-
ble role of water quality in causing the de-
layed bloom. Relatively low yields of Skel-
etonema occurred with and without
enrichment in the 5 Dccember series ( Fig.
2). Although no specific nutrient limited
growth then, the addition of EDTA alone
increased the growth rate to 70% of that
in the complete cnrichment (Fig. 3C).
Moreover, when the trace metal mixture
was omitted (ALL-TM) growth was less
than that in the NONE cultures. In the
prebloom period assayed previously with
T. pseudonana, growth did not depend on
the addition of trace metals nor EDTA
alone (Smayda 1974). However, during
the 1964 prebloom period assayed with
Rhizosolenia fragilissima, trace mctals—es-
pecially  cobalt—potentially  limited its
growth in the surface waters of Narragan-
sctt Bay (Ignatiades and Smayda 1970).
Thus, during prebloom periods in Narra-
gansett Bay the growth rate of some spe-
cics may be potentially limited by short
term trace metal unavailability. It may
also be limited by high concentrations of
certain trace mctals, as demonstrated for
the influence of copper on the growth of
T. pseudonana (13-1) in another bioassay
of local waters (Lrickson 1972).

The extrapolation of bioassay results
with trace metals and chelators to in situ
conditions is problematical, given such
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methodological problems as reported by
Lewin and Chen (1971) and other gener-
ally well known complications due to con-
taminants, chelation ratios, coprecipitates,
etc. The fact that samples for the present
bioassay experiments had to be decp-frozen
initially is a further complication. Thus,
the possibility has not been definitively ex-
cluded that our sample pretreatment and
experimental procedure did not overcome
in situ water quality effects which inter-
fered with phytoplankton growth. Apart
from this, the bioassay experiments consis-
tently indicate that nutrients were not re-
sponsible for the delayed winter—spring
bloom in 1972-1973 and strengthen the
conclusion that inception of this bloom
was light limited (Hitchcock and Smayda
1977).

At the timc of the 1973 winter—spring
bloom maximum the concentrations of N,
P, and Si decreased and remained low
(Figs. 1, 2, 3). Thereafter, growth of
Skeletonema was markedly reduced in the
unenriched trcatment, as it was when thesc
nutrients were omitted from the complete
enrichment (Fig. 3). Thus, the lack of all
threc nutrients in situ and their effect on
bioassay responses of Skeletonema gencr-
ally became more pronounced as the
bloom continucd. Conventional methods
of describing the nutrient regime by mea-
suring ambient nutrient levels and in situ
phytoplankton abundance could not have
detected this increased limitation, as also
noted in another bioassay study (Smayda
1974).

Silicon has been an important limiting
nutrient in Narragansett Bay after the
winter-spring bloom terminates (Pratt 1965;
Smayda 1973). The present study sug-
gests that in 1973 limitation by P and N
was more scvere than that by Si. The omis-
sion of Si from the complete enrichment
did not suppress growth as much as dele-
tion of N or P did (Fig. 3). This might
be attributed to the leaching of Si from the
culture vessels, although in this study the
flasks were mnot autoclaved, a process
which facilitates leaching. However, ex-
clusive of lcaching, enough Si was pres-
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ent when the lowest concentration was
measured (12 March) to produce a mini-
mum of 10° cells ml-%, based on 1 pmole of
Si supporting 17.4 X 10% cells of Skeleto-
nema (Mitchell-Innes 1973). Since 3 X
10* cells ml* were then found in the ALL-
Si treatment, other nutrients must have
had more of an effect on growth in vitro.
Inorganic phosphorus was not detected
in either the pooled or discrete depth sam-
ples for 4 consecutive weeks after the
bloom reached its maximum. This con-
trasts with Pratt’s observations (1965)
that PO, was never as low as 0.3 ug-atom
liter! during the 1959 to 1963 winter—
spring blooms. Smayda (1973) also ob-
served that PO, was always detectable dur-
ing the 1971-1972 winter-spring bloom
and apparcntly never limited the growth
of Skeletonema. Thus, the 1972-1973 win-
ter-spring bloom was anomalous in that,
aside from its late inception, P, in addition
to N and Si, limited the growth of Skele-
tonema and reached undetectable levels.
The addition of Na,EDTA after the
winter-spring maximum progressively de-
creased, and ultimately prevented, growth
of Skeletonema (Fig. 3C), as reported for
T. pseudonana (13-1) (Smayda 1974). A
bioassay survey at the same location in
Narragansett Bay with R. fragilissima (Ig-
natiades and Smayda 1970) revealed a
similar negative effect during the winter—
spring bloom, The addition of 1 mg liter?!
of Na;EDTA to surface waters then re-
duced the growth rate of Rhizosolenia
from 0.72 division per day (no enrichment)
to 0.45. On occasion, however, the addi-
tion of EDTA to Narragansett Bay water
is beneficial to growth, as found for natu-
ral populations of Skeletonema incubated
in situ during a bloom of Phaeocystis
pouchetii (Smayda 1973). Moreover, the
omission of EDTA from the complete bio-
assay enrichment for T. pseudonana during
a winter-spring bloom usually prevented
its growth, or increased the generation
time by twofold to threefold (Smayda
1974). Thus, it is probable that growth
of the natural population in situ during
the winter-spring bloom in Narragansett

Hitchcock and Smayda

Bay alters the water quality properties as-
sociated with trace metals and chelation,
including potential toxicity by copper
(Erickson 1972). But this effect is not usu-
ally detectable before the bloom, at least
in those experiments conducted to date in
local waters.
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