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ABSTRAGT

Fifteen experimesnts, involving nutrient enrichment of water
samples from the !ork'Riverg Virginia as a msans of studying limitation
of phytcpla.nkum procbaction, were ccn&uc ted between June 1562 and
May 1963. Statistical analysis was employed to determine significant
responses, The results were interpreted in the context of the anmual
phytoplankton cycle, éese_ribed in terms of physical, morphological,
and dynanic characteristics.

Two basie ‘Lynes of eomnmi‘bies were reeognized' blooma and interw
blooms. The former, characterized by high cell mz:uoe'rs,,. species
diversity, and metabolic activity, fespgidea significantly to enrichment
‘,responsés in 2h hours. .The interblooms,.marked. by»~'iwér» cell numbers,
'diversity and activity gave little or no 24 hour responses, Consequently,
the dynamie state of the samples rmust be included in mterpretatims beare
ing on the limiting status of particular nutrients.

Nitrate (sodium salt) and trace metali;were accordingly interpreted
to be limiting by deficlency throughout the year, Fhosphate appeared to
14mit production only from '@ddﬁm- through mid-September. Silicate and
& vitarmin mixture were ‘vqﬁbseﬁed to be generally non-limiting, whils nitrate
{ammonium salt) and a combination treatment wers inherently inhibitory in
the concentrations employed.
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INTRODUCTION

A discussion of water-mass metabolisn can be facilitated by
considering the interrelated biota as a syhem. Implicit in this
distinction is the characteristic of homeostatic control resulting from
an interaction of positive and negative forces (Beer 1959).

' Included among these forces ars the nutrien‘cs, considered te be a
ma:jor factor limiting to production (Rabinwitch 1951), It is under-
stood that certain chemical elements may control or limit production in
Wro ways while other influences remain constant: first, a deficiency in
“an element implies a needj second, an excess resulis in inhibition.

Previous nutritional studies have undeniably establisned the
dependence of phytqplankfcn(cbnamics en nitrogen, phosphorus, and
silicon (e.g., Ketehum 19393 Edmondson ‘and Edmondson 19L7; Hutchinson
1957), as well as both iron and %race quanvities of some of vhe heavier
elements (Conover 195k; Ryther and Guillard 1959). Provasoli and Pintmer
{1953), working with wnixlgal eultures, showed the imporiance of co=
Abalamin and thiamin in flagellate xmtn.ta.on while Riley (1943) observed
what appeared to be a direct relationship between production level and
the number of different nntriez’its present.

The study presented here, partially based on similar experiments
by Smayda (1963), is an attempt to determine through mutrlent fertili-
zation which elements exert a controlling influence on'plank*bon_ production.
throughout one anmal cycle in the York River, Virginia,
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Field

‘Water samples were obtained from a permanent ststion located
300 yards oi‘i‘“t?ae Virginia lnstitz;te ei:" Harine Sc¢l:nce pler. Prior work
on this station is: reported in Patterz; ,Earinner and Eayrs (1961).

Jvéamgling( in‘ber?als were generally three weeks; with cne axceptién '
of six weeks‘,_.’anﬁ,exﬁendeéhﬁ‘mvcfune 1962 to May 1563 (Table 1),
Although zﬂeanlow water éag 26 feefb; sampling was carriéd out only at
o a;xé ten féeb to observe effects cm" éaop\:lations both above and belas
the mean annual five foot compensation depth V(Patten* Xoung :and Rutherford
w6, Rt | s

_»Frcrm each depth a nfivg-gallon”wé.ter sarple was collected in a ‘éhemically
inert Van Dorn bottle and stored in polyethylene carboyss Aliquots were
Qaté\r'removed fvom each carboy and anclysed for chlerinity, extinction' |
éoeifieient; dissolved oxygen s.nd plankton densitys A% tie time cf
sampling, temperatures at both depths were determined with a thermistor
(Schiener 1962), - o

me.cedures and Experimental Design

A thorough homogenization of each carboy preceded the transfer of
aliquots into 300 ml BOD bottles, Initial dissolved oxygen samples were
taken first, then at intervals of every nine treatment bottles, Nutrients
were added and the bottles sealed and shaken,

Concentrations for the enrichment media (Table 2) were partially
based on Cuillard's medium ®F® (1959), Chloromycetin and penicillin were
originally included as bacteriostats but inhibition of the Winkler reagents
(Marshall and Orr 1958) led to their replacement by sodium nitrate ( a
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nitrogen scurce other than the inhibitory Eﬂ%&nos appeared desix‘a.blei "
Tne bottles were secured horizentally (Ohle 1957) to a wooden tray,
coversd with Phardware cloth®, Yocated in an outdoor concrete tank byice
:st area (Fig‘ 1)& An inflow pipe at one end msaj.ntaﬂned a flow of embient
rivcr water at approﬁ.mately 150 gallons/mimite; - The water level above the
tx‘ay was maintained a‘b ‘wo feet by a stanc‘mzpe 1k feet from the inflows
Bach sarpl:mg depth was represented ‘oy nine treatments (Tabls 2) ¢ each
repllcated four t:.mes. The ovem]l des:x.gn was 2 randomized block with treats
n_zenus randomzed in each of four blocks for the twe 1evels of collection,.
The first four expéx;imnts followed an bi*i.gihal design of six hour
exposures, ‘Tais was modified in the fifth experiment to "Ehihoar,s, which
then became standard procedure. An "evaluation® experiment was also pere
_forwad to determine the effects of &igférenz exposure pericds,. This was
in&éntical to the others i.n a.ll respects but twos -fii;st,' the water used
cane fram one ‘depthj seeomi, one half of the merizaent was terminated after
2l hours and 'bhs other half after 72 heurs. '
Extinction coefficients wers determined from ambient water in the tank .
at the beginninéanﬁ end of each experiment. Incident solar radiation
(Tg) was recorded by an Eppley 1o»§mcﬁien pyrheliometer located about 80
feet from the tank and, with the aid of t.ne mean exbinct:.on coexf::.mnt, the
light incident on the tray (Io) was cowpnbed. ﬂa&ﬁm and minimz water
temperatures vere obtamed from a themwmeter placed directly on the tray
Each experinent was terminated with the removal_and subsequent

fixation of the bottles with Winkler rexgentas,

R 2O b
P
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Laboratory

411 bottles used in these experiments were originally leached in
sea water for 60 hours: Prior to each use they were thoroughly washed
several timas with tap water; followed by a rinse with{,m percent
hydromorﬁ.c acid and then several rinses with distilled water. It
was asawnad taat remaining impurities were equally reprssented in each
treaténeﬂt bottles | |

Enrichment media were prepared witn reagent grade chemicals and
glassfdistllled water which 'had ‘been pagssed through an ion exchange resin. ;
A1 solutions were stored in one-liter Pyrex bottles which were opened only
at the time o£_ each experiments ‘i’he vitamin mix was the only ekception
- 4n that after mixing, it was autoclaved.and .frozen to minimizedbacterial
A‘aétiom'. In additon to these precautions this mix was prepared twice during
the ta-:elve month period,

Calorinity was determined b:,r the Mohr mthod . Extinction coefficienta
were computed from optica.l densities; read on a lﬂett-Smmerson colorimeter
with neutral filter. Oxygen was de'oemined by the Pomeroy-Kirschmane
&Mterbarg modifieation of the Winkler method.
| Flankton density was estimated from counts in a Sedawick-Rafter cell,
Although counts wers made within several hours of .csllection, refrigeration
was employed to maintain samples.

Statistical Analysis |

Oxygen values from each depth layout were analysed by an analysis
of variance one*tail test (Snedecor 1956). -When "F® ¥alucs for treate
ments were significant, a multiple ,;‘ange test (Duncan 1955) was erployed

. "!,, e
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to determine where significant mean differences existed,
RESULTS
)¢ COMIUNITY CHARACTERIZATION . ‘
In order to establish a context for assessing the effects of
nutrient. enrichment oiiﬂ'me plankton system, it is necessary to provide
a cox:munlty identity for the period of investigation, Folléwing are
descrﬁmd soms of the. physical, morphological; and dynamic characteristics
of the ?ork. River community, as well as the enviromment in which the
enrichment experiments were conducted.
RSO Hydrography e m el
Mean éhioﬁnitd.es (Fig. 2) at the two and ten foo;b sampling depths,
respectively, were 11:37 and 11.67 o/co with ranges of 9:71=12:30 and
10511}-12588 o/ooa Temperature averaged 12:.58 and 12,20 °C with ranges
of 2;2&2-26?70 and 1,74-27.00 °C, . Yean extinction coefficients were |
0:72 and 0.85 m~t with ranges of 0,29-1.38 and 0.3L-1.64 nl, Dise
solved oxygen averaged 8.18 and~7¢6? mg 02 1L gitn ranges o,fis.so-l_l.39‘
and l*-'52‘1°~91 mg 0y 1" | Annual mean dii'ferences of 0.30 o/oc0;

0.L8%, 0.13 m‘*’- 0,51 mg 02 11 4naicate a genermy similar ambient
medium at both depths. throughcut the yeax'. ‘
‘!ank Gharacteristies
Temperature obsemtions denoted a mean daily range of 3.88 °c
This value was exceeded in_vorﬂ.yituo experimenta (6, 11), in each case due
to a water supply failure of several hours. The mean annua.l extinction
coefficlent of 0.98 m~1 was 0.26 and 0.13 m=1 hig’zer ﬂw.n those Tecorded

at two and ten feet, respectively, Apparently, this was the result of



gecurmlated silt within the tank. Incident light '(IQ) ranged from

95,6~133.2 with a mean of 332.2 langleys day~}, The annual mean and
range of light incident on the tray (I,) were 186.6 and 50.9-39&.3
langleys daT'l indicating an average transmittance of 58 percent through
the two feet, of water above the tray (Fig. 2).

Plankton

Cell counts indicate the presence of two maxima within the ex=
perimental pericd, The first occurred early in August and corresponded
to a red wa.ber condition which prevailed in the river at that time, wvhile
the second was observed late in HMarch- durz.ng a period. of rising water
. $emperatures, high winds and strong currents.

From the é‘bandpoiht of seasonal dominance the ix—flagellatés and
dinoflagellates (collectively referred to as flagellates) were in greatest
abuﬁdancé-"froni “June through Deceiber-and again’in m’ids&pﬁl and May (Fig. 3).
'I‘hroughoutthe‘sé' pari.dds the ;nost‘ significant forms, in descending order,

were Chilomonas (?) sp., Gymnodinium sp.j Cochlodinium sp., Massartia

rotundata, 'Prcmeentm‘micansband Peridinium triquetrum. The major diatoms

were Coscinodiscus asteromphalus (?) early in the summer, followed by

Skeletonema costatum, Chaetoceros "(-affir;is and/or cwmssns) and

Astericnella japoniea later in the fall, The order among the flagellates
renained steady throughout this period.ﬁit.h ‘the e;'cception of several weeks
in August when the "red t:}.de?'ioutburst, due to Gv_‘m_qodiniwn Spe and
Cochlodinium sp., totally obscured the remaining flora.

Gradually declining water temperatures lata in December (Fig, 2)
preceded the changs in doninance from flagsllates to diatoms. ;‘Riﬁzosolenia

fracilissina, §. costatun, A, Japonica, C. "(affinis and/or comgressus) and



Nitzschia pungens var atlantica, in descending order, increased slowly

and culminated in the late March maximum (Figs 3). This peak was followed
by return of the flagellate-dominated commmity. Throughout the winter
the only flagellate qbserveel with any regularity was Chilomonas (?) sp,

Horphologically, the quantitative aspects of phytoplankton
distribution at the two depths were remarkably similar throughout the
entire pragram-;, except that the two-foot depth occasionally had greater
‘numbex?‘s',: This is somewhat contray to the expected results (e. g.,

Patten 1963) which prompted use of a second depth.
S Production Parametara |

In addit:.on to a morphological characterization of the eommm.ty,
g_everal_parame@ers were computed to aid in the establisiment of a
physiological or dynamic identity,

The first to be considered is respiration (P}, which provides a
measure of intrinsic metabolic activity under dark conditions. During
the experimental period mean valnes for 'bwo and ten feet, respectively,
were 0,27 and 0,26 ng Op 1™} day~l, Turee maxima were recorded (Fig. 3),
two corresponding to the previoqsly dése‘z-:ti:ecl~ peaks in cell nmumbers in
_August and Mareh and the third oceurring in October,

Gross production ('{T) provides an absolute measure of a community's
photosynthetic activity. ﬁhe means' and ranges .t‘dr -tvo and ten feet wére
mspectiVely 1.33 and 0.43-3.12, 1.2 and 0.40-3.23 mg 0y 21 day~l,
Seasonally, samples from both levels followed essentially similar patterns
(Fig, 3). Comparisocn of the seascnal trends ofF andPin Fig, 3 indicates
that community metabolism and production followed closely the lead of the
plankton constituents, That is, an increase im cell numbers promotes, in
general, a higher intrinsic community metabolism which in turn contributes
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to a positive modification of the production level. ' An exception is noted
4n that the occurrence of the production and respiration high in October
coincided with a population level which was at a seasonal low. This may
-.bp_due in part to the high insolation which was recorded during this
experiment (Fig, 2). .

In order to relats the observed production levels to available
radiation at the tray surface, ("?/‘12) was computed (Fig. 3), The means
and ranges for two and ten feet respectively, were 0.52 and 0;.12«—3},39,» :
0.8l and 0,13-2.77 mg 0, langley™t x 100, Thres periods of relatively
high efficiency were observed during the fall and eavly spring, Each of
these preceded the metabolic and photosynthetie maxima ‘(_Exps, L, 7 and
13) by one experiment (3, 6 and 12).

- 2, STATISTICAL RESULTS |
-\Analysis'of variance indicated highly significant differences
(P<.01) between treatment means in every experinent. Significant hlock
differences (P¢0S) occurred eon only three occasions V(Exp's;: 1, 2 and 14).
That block differences were seldom noted ia indicative of uniform céiditim
‘4n the tank, The 'efficacy't;f the randomized block desigzn is attested to
‘by the fact t.hat significant treatment differeﬁ@es were denoted with only

Tue miltiple Fange test occasionally proved inadequate in that ite
ability to detect small mean ~diffé£ences was impaired whenever a large
‘deviation from the control was assessed along with a small one in the
opposite direction (e.g.; attempting to detect-sigx;ﬁicgnce in a minor
»stimulatibn of pmducﬁm‘ vhen a la’xfg;e} mhibit;o;;‘by.gnpther treatment was
also present). This is because inherent in the multiple range test is the

standard error of the mean, a statistic which varies with the range of
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dissolved oxygen values represented,

The evaluation experiment was enlightening on this point in that it
conclusively showed (Table L) that two treatments, which in 2l hours proe-.
duced & nonesignificant quantity of oxygen above a control, could become
significant when the exposure was lengthened to 72 hours, It appears from
this exporiment that whils most of the inhibition which will occur is
accomplished within 2k hours, those treatments which stimlate production
continue to do so over the extended period '{Edmondson‘,i1955 s recorded
maximm at five days).

Following are the increments of change (i.e., mg Op 171) between
the mean 72 hour and 2l hour dissolved oxygen concentration for each

treatment (notations as in Table h)r

vft'\'v_is noteworthy that o of the' oi'iginally inhibitory treatments
(NH, and 5303) remained relatively s},able (Co and PO); appear to have exs
pefier;ced a lag which they may, at 7_2 hours, hav'e. :Beexi in the process of
overcomings Spencer 1954). On the other hand, the ultimately stimulatory
treatments (T and NO3) continued to produce oxygen at a faster rate
than the control, ‘

Based on these considerations, results will be interpreted as sige
nificantly different from the control whensver reasonable proximity to
gignificance 19 obtained in 2l hours.

3., NUTRIENTS

Graphic presentation of the nutrient data was achleved by plotting

the difference between each treatment mean and that of the corresponding
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1ight botile control and representing the controls by horizontal lines
(_Fig‘. I4)e The actual means are provided in Table L, Although the
enrichments were carried out on samples from two depths, the results do
not generally indicate differences important enough %o merit separate
consideration by depih, S -

) Nitrate, Ag explained earl:!.er, nitrate enrichment was not begun
until Exp, 5. Greatest augmentation of production by this nutrient was
recorded in Exps, 7 and 13-15, coincident with highs in production and
respiration (Fig‘. 3). Exp, 13 alone was marked by a peak in cell numbers
(Fig. 3). Exps. 5 and 6 exhibited no significant effect at the two-foot
depth, but at ten feet production was increased slightly in 5 and in-
hibited &n 6, The late fall and winter months (Bxps.’ 8~12) were marked
by a gemral ixmmmit‘yd?o nitrate mc"meno. “In gena:;‘él, nitrate did not

appear to be limiting except possibly during October {Exp, 7) and late

March-day (Exps. 13-15), That it may also have had Limiting effects during

the flagellate maximm in August (Exp. L) is suggested by the response to
'ar.monia during this period, which was comparabla to that during Exps. 7 and
13 (see belcw). - '

G a e

Armon:mm Nitrate. Contrazy to expectation {Smay&. 1963) » the ammonium

ion aéded as nitrate inhibited oxygen production throughout the program,
Relatively speaking, least inhibition occurred in the sumer (Exps. 5 and
6) and during the period from late fall to early spring (Exps. 8-12).
Paradoxically, the greatest inhibitions coincided with the maximum
‘stimilation from Nallog (Exps. 7 and 13), as well as with the August
flagellate peak _($xp.- 4)s Generally, a direct ;elaﬁénship appears to exist .
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between w2 and higii cell numbers, and the ability of this nutrient to

- péduce productions
Orthophosphate stirmlated production only in August

Phoanhate,

{Exps. & and 5) and Aprfl-May (Exp. 1l and at two feet only in Exp, 15),
both periods characterized by flagellate dominance and high corrmunity
¥

metabolism, . Oscillation from neutrality (Exps. 1-3, 6-8, 10, 11 and 15)
‘to inhibition (Exps, 1, 9, 12 and 13) marked the remainder of the year,

Although eommity metabolism was in its second fall peak during Exp, 7
(Fig, 3), rhosphate inhibition is strongly suggested atb ‘this time.

zt -

appears that tihis nutz'ient Yinited product:mn only tim'ing poriods of
ﬂ.agellate abundance, -but- that inhibition occurrad under variable floristie

conditions, ‘

Another paradox pmsérrbs itself in the form of an inverse

*Silicate, Ancther
relationship between the presence of diatoms and production enhaacement

Throughout this period extending from mideApril

from silieate enrichment,
(Exps, 6-1L) inhibition was recorded in varying degrees in every instance,

Relatively speaking, thx'ee periods- ‘of less prtmounced inhibition oecurmeds

Exps

Eor !*.'.{LL!AM & Magp

CalLeg

2-5, 8-11 and 1k-15., These correspond, respectively,to. periods of

maximum flagellate numbers, minimum diatoms, and the decline of the diatoms

The two periods of maximum production inhibition

in ths spring (Fig. 3).
(Exps, 7-13) coincided with the fall and spring diatom maxima (Fig. 3).
Continuous osecill:tion from production levels ine

Trace metalg.‘_’ mti :
distinguishable from the control tso levels distiﬁctly inhibitory was a
characteristic of this treatment in all but three experiments (7, 13 and

On these occasions, as with the nitrate treatment, production was

). ' -
increased coincident with highs in W , P and cell mumbers (Fig. 3). Among



those experiments registering inhibition (1, 6, 9 and 12), thers does no‘
appear to be any correlation with other phenomena except. that of pmcedz;,
two of the production highs by one experiment (6 and 12),

| Vg._tarrdns. With few exceptions (Exp, 1l and posibly also ? and. 15)
this enrichment ezther had no effect or inhib:.ted production. Exps. 1-3
suggest nega uiVB responses, although not stat:.stﬂ.cally demnst.rablw in
‘ E!:ps, h-7 macizum inhibltion ocwrred, comcidan‘h i.n part wrbh the red v’
condition (Exp. h). Disregarding Exp. 9 (at o feet) the remining pro;
(Exps. 8-13) was etatistically inseparable frem the eantrol,

combmed Media, Similar to ammonium . nitra‘be :m that :ln virtmally

every experiment production was l.nhlbltv&, 'bhe most atr:!k:mg featu“e ox .
‘combined treatment was a more or less moderatg leva.-‘; of :}.nhibiticn trice

-punctusted (Exps, L=5-and 13) ‘by negative departures,
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- DISCUSSION
) In a certain sense, all natural systems possess a capacity for

self-vregulat.ion (Beer 1959), Within the plankton aystem, the steady state
gq;zdiﬁan can be concsived as an ixxs’sanmeeus balance between deviat:.on-
amplifying and deviation—counteractmg (Ihruyama 1963) tendencies, BHiotie
potential and carrying capacity perhaps represent thafcmer, and
environmental resistaice the latter. Implicit in this distinction of
hcmeostat.ic control at the system level is a generally narrow ra.nge of
oscillaticn dzsplayed by those factors exerting a constraining influence
(ey. g., predation, insolation, temperature, nutrients) since an extreme
deviation would modify the system to the po:l’.nt of dismption. The occurrence,
however, of synchronized factor deviatmn, possibly i.a a significant ‘sequence’y.
" could procduce a net reduction 1n the negative pr@ssu‘e normally exerted, Tzns
relaxation would then allow expression of the deviation—anplifying tendencies
and msult in initiation of the ﬁrst stages of a bleom

Previous observations on diatom flowering (Riley 1943) ind:.ca'be that
aynchronization is msponsible for the first. stage of development: the lag
phase, Riley ‘congidered this rei‘ractery period, of indefini‘be lengt.h and
charaeterized by minimm net production and erratic oxygen evolution, to be
represented by largs numbers (as mach as 20 percent) of senescent cells,
Hh'e indicated that the ref.arded res;:onses observed in the lag phase may result
frcm a balance between the death rate of the irreversibly gtarved cells and
the growth rate of the newly stimulated cells. Spencer (195L) suzgested that
a physiological adaptation may be involved. With passage of the second stage
of development, that of iogaritrznic growth, the system mist againll céme under
the influence of the retarding forces since another temporary balmce is reached,



this time in the form of a bloom.

;’iha York River phytoplankton system apparently underwent similar
flcé-:éring on three eccasionsa red water in August, fall bloom in October
and spmng 'oloom in March, On t t.ne ‘basis of cell nwabers, species
~diversity, proauc’c ion parameters, and enrichment responses, two broad
‘elassifications are applicable tq;v&his sytem: interbloom and bloome 'Bya
nterblooms, beginning with the end of one bloom and .exgendii;g to the
initiation of anotier, possessed low cell numbers, low production, reduced
diversity and indifferent enriciment responses, The fall bloom, coinciding
with Morse's (1947) earlier description, exhibited _(wi'bh ‘the exception of
‘high cell numbers) each definitive characteristic found in the more typical
spring bloom, i. e., increases in efficiency, zgspiration, md gross pPro= |
,duction,; as well as rapid and decisive enrichment responses., The red water
'differéd primarily in its 1ack'of species diversification, but it was |
- similar enough in other respects. to be. considered a bloem. |

. Although present system theory (Bertalanffy 1550) relates stability
directly to c omplexity, it appears in tms study (Fig, ks Exps. Ly 7 and
13) that the greatest short~term perturbations occurred during each b;ocm.
‘Instead of stable self-regulition, artifictally inposed changes in the bloom
commuriies resulted in relatively violent deviations, m .:lnterblm courmunities,
om the other hand, responded midly or not at all. | g | |

According to Fager (1963), each distinctive period wimin the annual -‘
‘phytoplankton cycle represents a different temporal stage of development of
_the same cormunity. Ehricl'nnent of any stage, theny is enrichment of 'cme
comrunity, with the blooma representing an indefinite advance in metabelic
.and morphologic development beyond the base-level of the interblooms.
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Essentially, then, any comparison of enrichment responses between periods
can only be accomplished by extending the length of the interbloom obsere
vation, i.c., substituting time for activity, thereby similating conditions
during a bloom, Observations made during the bloom, on the other hand, sube
stitute activity for time in that significant responses are obtained within
2k hours, Responses during thess more active periods should give some indie
cation of overall systemic limitat;ons if no contradictions, in the form
of significantly different resulté, are observed during the interblooms,

It is interesting to note the comparison between observations made by
Spencer (195&) » working with unialgal eult{ix_'es of Nitzschia closterium .

forma mimitissima, and those presented here.. He found that

¢ o o Ccclls subcultured from the exponential phass [of growth] into
fresh medium of identical- composition-immediately .continue growth at the
‘same rate, In contrast, cells which are subculiured from the exhaustion
phase ([following expenential phage] do not grow immediately but exhibit
an initial stationary phase é.;: Growth curves show an increasing lag
time o + ¢ related to the state of exhaustion of the parent culture, In
addition, cells vwhich have been stored in the exhaustion phase for seve
eral days show an initial phase of slow growth between the initial
stationary phase and the onaa’c oi‘ growth ab the optinum exponential rate.
Special reference to Spencer's Fig.lh, shmﬁng “variatim of lag time with
the conditions of the cells of the zmmculum“ is suggesbed.

ASigniﬁcant interbloom responses, strongly suggestive of inhibition,
(e.g., ammonium nitrate, silicate, combined media) appear as exceptions to
the general ruls of indifference exhibited _dur:l.né the inactive period. Al~-
though ths emphasis of the ewvaluation experiment may be somewhat reduced Ly
its proxinity to the spring bloom, it nevertheless indicates that 2l hour
negative responses remained negative for at least '7‘2- hourg, This extended.

dnhibition suggests that the interbloom may also exhibit irreversible
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responses in 24 hours, It is likely that inhibition acts in a passive
mamner, halting metabollc activity, and as the control continues its gross
production the treatment, therefore, vecomes inereasingly inhiblitory,
Stimilation, however, would be an active process, involving both an up-
take and utilization of nutrients resulting in production above the cone
trol, Based on these comsideraticns, an interbloom response may lend
‘substance to conclusions drawn from bloom enrichments, while alone it is
unable to conclusively demonstrate factor limitation, B
Regardless of the stage of development, enriciment may have resulted

in one of three responses: stimulation, inhibition, or indifference. The
first two apply prineipally: to tne blooms, since indifference was found
on but one occasion during a bloom (Fig. bs Vitamins, Exp. 13). During

“"the intertlioom, inhibition and indifference were the most commonly ob-
served responses, in that order,

Stimilation: significant increase in gross production above control,

Only one canclusion may be drawn from an enrichment yielding this response:
the provided nutrient was limiting to systemic production, Following en-
‘richment, the nuirient may be utilized either directly by all or part of
the community or 1ndirect1y as an aid in utiliziné‘ anoth;er; up to that time,
ungvailable nutrient, )
Inhibition: significant decrease in gross production below a coentrol.

1, Organisms have a need for the provided nutrient but prior to
utilization, work involving oxygen uptake must be dons to absorb and in-
corporate it, If in 2L hours this oxygen deficit could not be cancelled
then this would appear as an inhibition,

2, The presence of high environmental nutrient concentrations
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combined with an enrichment, may narcotize or poison all or part
of the commmity,

3., The enrichment ‘may itself be inherently toxie (see discussion
of ammonium nitratebelow), or the interaction of many nutrients in cne
mix may so drastically alter the environment as to overwhelm the commmity
(see discussion of combined media below).

k. Organisms may require a nutrient but due to elther a physio=
logical lag (Hutchinson 19hkL), or a period of adaptation (Spencer 195L)
no increase in production occurs.

Indii‘ference:' no significant change in gross production from that

of the control. Ny
1. Nutxienf. may be superfluous due to absenee of organisms capable
of utilizing it, |
2. Organisms may ha;fera. need but: a;-é incapable of utilization in
tghe“;gsencg of another factor unavailable at that time, e. g., nutrient,
exocrine, or environmental s‘cimu,]“.s.}.\’ o
3. Emronmental effects, contributing to comzsmlity structure and
metabolism, may exert such a profound negative inﬂ.uence as to turn a:way
all but the strongest 8t:1mu1i. .
Although all of the above are mot specifica.lly per‘binent, each nutrient
enrichment will be discussed in the light of its success or failure in
evoki'ng'the above responses from 'bhe’!ork River plankton community.
Nitrate, Significant stimulation during each bloom, as well as a
suggestion of stimulation -dug'ing, red water, indicates this nutrient to be
deficient and thereby generally limiting to the commnity production level,

The inhibitory response noted in Exp. 6 may be the first sign of a lag
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development pﬁor'to the fall bioom. A‘lthough the winter ‘inierbloom
production level was never stimulated, it was also never inhibited.
Based on the earlier discussion, this would indicate that the nutrient
ﬁas not inhibitory duzﬁ.ng the interbloon, as s:éu as suggesting that this
nutrient may be needed throughout the year. The indifferent respenses
mey be due to a period of adaptation by ihe community p:’.ior to

" utilizing the nutrient,

Ammoniun Hitrate. Although this enriqhnieni'pmdnced- inhibition at

all times, it is not likely tha.t; any inferences may ﬂheﬁ made regarding
environmental limitation, since the fault apparently lies in the

enrictment, The observed negative reSponsea are probably due to either

é.n exééss of nitrogen (t;zhich was six times more abundant than in the

previous treatment) or to toxicity resulting from the ammonium ion. Although
Smaida (1963) gbtaiz;ed stimilatory results using ammonium chloride,Provasoli
(195_3) maintains that the ammonium ion is toxic when empioyed in an |
" alkaline medium, Re_gard;ess of the fact that ‘nq record could be found of
inhibitory effects resulting from vexces{sé nitrate, both the toxic ion and

the excess nitrate may have combined to form an inhi.’oitory agente
: Phosohate, ‘-_Sp:-mcer (195&) observed that additicn of "great con-
centrations" of phosphate to non-deficient diatoms mesulted in its
absorption and organie ccxﬁbination in the absence of iight. 'Illun;inat.ion
then resulte%d in a production lag as the previously absorbed phoséhate was
returned 'to. the medium, Active transport, involving oxygen utilization,

may be the mechanism employed in the transfer of this nutrient to and from

the medium. If so, a 24 hour observation, in a peried of relative phosphate
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abundance, wou]';d see an evening oxygen déﬁ:c:iﬁ ﬁia:ich could not be £illed
during the lag of the following day;' Oxyegen utﬁizatim would undoubtedly
be higher during @ bloom when both cell mmbers and phosphate concentrations
would be highei?; The st.imnlations cbssrved during red water and again followe
.mg the spring bloom are -simiigr in that each occurred in relatively warm
water dominated by flagellates. It may be that the flagellates, unlike the
: ‘diato'ns, thrive on high phosphate concentrah.zms without suffering a lag,
It my also be due to greater nutrient dei‘iciencies brought about through
higher 'bempemtuves (Pravasoli 1958). In any case, the work cited by both
Provasolz. (1958) and Tranter and Newsll (1963) indicates the fallacy of
placing too much emphasis on absolu'be envirom;ental concentrations as a
guide toward explaining comnuni.ty dynamics. It appears, therefore, that
“-phosphate may” have been ‘déficient from the spring Bloom to red water, abundant
during each bloom and possibly abundant during the winter interbloom,
Silicate. Contrary to pr.lor evidence (Lund 19503 Hutchinson 1957
Ryther and Guillard 1959), enrichment with this nutrient contributed to
negative production throughout the dlatom-abundant winter months. Cone
trasting the inhibited fall and spring blooms with the indifferent
flagellate-doninated red water, it becomeé. appare:if, that the effect 1s
on diatoms,. Harvey (1955) observed diatom inhibium ‘at -concentrations
of 25 ng S103-51 1L but did not provide & tolerance threshold. Although
present enrichment concentrations were only 245 mg 1‘1; inhibition may
have been induced when eiivi.rmmntal concentrations were also high,
Sverdrup et al. (1942) indicates a seasonal silicate cycle which roughly



paralleled that of diatom abundance in the York River, If this can be exe
trapolated, it appears that silicate may have been most abundant throughe
‘out the winter months, In general, it does not appear that production
suffers from silicate deficlency at any time in the year,

Vitamins, On one oceaslon following the spring bloom, this nutrient
mixture wvas observed to increase production.;'_ this may be due to either
biotin or thiamin since Provasoli (19§3) feels that vitamin By, is never
1imiting in inshore waters. Evidently, enrichment caused inhibition during
the peried betwrcen red water and the fall bloom, This corresponds to the
period. of peak offshore Byp production (Menzel and Spaeth 1962) and a
possible radical increase in Blz-‘-pmducing bacteria following the decay
of red water (Pintner and Provasoli 1958). The increased surface area of
the bottles eould also have increased bacterial growth {Zobell and
Anderson- 1935) 80 that during this period three sources of By, may have
been available, possibly contributing to an excess which reduced producte
4on, This excess would not be 5o apt to occur following the two other
blooms sincs each occurred st a time when the offshore By, peak had passed
(Menzel and Spaeth 1962) as well as in considerably cooler water, thereby
mducﬁng the possibility of a bacteriul outburst, Another possible explane-
ation 4s that the excessive bacterial growth may have reduced the dissolved
oxygen while the bacteria were utilizing the available Byp (Burkholder 1963),.
The begirmning of the fall bloom may havs reduced the guantity of available
vitamins in the water, allowing a large enough supply to remain until it was
drawn upon in the sprii;:g, thereby promoting ths only deficlt of the year,
Based on these consideraticns, it does not appear as if these three vitamins
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ars limdting to production in the York River commmnity, with the possible
exception of a short period following the spring bloom,.
Trace Metals, Enrichment with this nutrient mixture elicited producte

fon stimilations during each bloom, thereby indicating a possible overall
cormunity need, Support for such a conclusion may be found, as in the
rliﬁra‘be treatrent, in the generally indifferent responses observed during
the interblooms. Thomas (1959), Ryther and Guillard (1959) and Johnston
(eited by Provasoli 196_3) have all determined trace mstals to be essential
for attainment of higher production levels, whereas Smayda (1963) was une
able to achieve a positive response.at any tim@(ﬂlthough the components
of this mix have not been studied individually, Menzel and Ryther (1961)
were able to isolate iron as the limiting element in the Sargasso Sea, It
- -4s-possible that the indifferent response observed during red water may
have be_en_'\due to excessive chelation by organic nutrients, e.g., Bp
(Shapiro 1957}, present in the water at that time. The negative response
prior to each bloom could well indicate commmity work invelving the ree
moval and storage of needed nutrients during the lag period,

Combined Media. Contrary to the additive effcct witnessed by Riley

(1543) and the beneficial responses observed by Thomas (1959) and Ryther
-~ and Guillard (1959), this treatment completely inhibited production. It
was not possible to select the nutrient(s) responsibls for these results.
It may well be the result of an altogether too radical emvirommental
change stemming from an excessive quantity of m_;.t.rients in such a small
volume, The evaluation experiment indicated this enrichment to be less ine
hibitory than either ammonium nitrate or silicate s but with extended obe
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servation it appeared.to reduce ths production at an increasing rates .

" On the basis of these observations, silicate was never deficient, nor
were biotin, thiamin, or vitamin By,» except for a short period following.
_the spring bloom, Each of these may have inhibited production by excess
4n ‘the experiments but this could not be positively demonstrateds Appavente
1y, amonium nitrate and the combined mix inhibited through some fault of
’chemedia. Both sodium nitrate and the trace metals are considered to be .
Limiting to the systems With phosphate it appears that environmental cons -
centrations may be abundant from mid-September to mid-ifarch, while & -
deficiency may be present the remainder of the years '

Several possible refinements in technique became increasingly obvious

g8 -the -study -progressedy ' (i} -Simultaneous fertilization of dark, as well as

1light bgttles‘_wo*ald”'éoxitﬂbate some understanding of the effects of enriche
ment on metabolism, as distinguished from production, (ii) The use of a
compatible antibiotic would be invaluable in separating the bacterial and
algsl influences, (iii) ‘Several more properly placed evaluation experiments
could prove helpful in investigating the relationships between initial and
leng term enrickment responses. (iv) A better understanding of the absolute
envirormental nutrient concentratiansnwoﬁl&:pemit more reliable inferences
to be made from the experimental responses. (v) Observation of the effects
of _different concentrations of & nund.ent?might- give some insight into the
role of excess in inhibition,: |

In conclusion, it will once again be stressed that enricimant of a
plankton community as a method of studyimg mutrient limitation should not
be done in ighorance of the dymamic state of that commnity, Since the
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Qventual response from an identical enrichment on two different develope
‘mental stages of thesystem may prove to be similar, the results obtained
from shortetern observations cannot be relied upon and may very well prove

misleading, -
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Figure 1. Randomized block designg each horizontal row represents onse
replication for either two or ten feet,
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Figure 2, Ammai cycles for chlorinity(o/ o), temperature(°C), extinction
coefficients{m™'), dissolved oxygen(mg 1 ), and solar radiation(langleys
day -1}, Solid and dotted lines represent two and ten feet for all but ine
‘solation, where they indicate I and 12’ respectively. Numbers at the top
indicate individual experimentsS.
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Figore 3. Annu%l ‘phytopls.gkton"cycle a2t tio and ten feety each unit repe -
resents 1 x 10” cells mli™, with diatoms and flagellates indicated by, -
solid and dotted lines, respectively. Gross production(mg Oy 1-1 day"l 2
respiration(mg 0, i-1 day=1) and producticn efficiency(ng 05 1-1 Jengley
day ~ x 100) at %wo and ten feéet(solid and dotted lines-respectively)e-
Numbers at top indicate individual experiments,
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K.Figure L. Enrichment results from two and ten feet(solid and dotied lines,
respectively)s marked by an cpen circle whenever response was significantly
different(P .05) from light bottle control. Sodium nitrate(NeliC3;), ammonium
nitrate (N H03), phosphate(P0y), .smcate»(8‘103)".‘ limbers at the top indice-
ate individual experiments, ‘
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TABLE 1, Experimental dates between June 1962 and May 1963

*
EXPERIMENTS . pamEs

1 Jun 6-1, 1962

2 Jun 23-2h, "

3 Jul 14-15, *®

L Aug 3-h, "

5 Aug 29-30, "

6 Sep 19-20, ™

7 ‘Oet 11-12; "

8 Nov 2-3, "

9 -‘-«:Hov- 29-30, |

10 Dee 18-19, "
n Jan 11-12, 1983

12 Mar 5—5. "

Evaluation ‘Mar 20-23, "

13 Mar 27.28, "

11 Apr 2_0-21; "

15 May 15-16,
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TABLE 2, Nutrient media adapted from Guillards's (1959) medium "F", Seven
treatments plus a dark and a light bottle control constitute a replication,

TREATMENTS CONCENTRATICHS

| 1, NaNOj ' | 1,28 mg-at NO3-N 1-1
2, NHNO 1,60 " NpN ®
- . 3 5’60. n NC?;-N 1t
3. NatbPoyeH0 0,6 " POy-P "
“lo NapSiO3.9Hp0 2,257 " 5303-5i"
. 5. Trace lMetals .
L CuSO0},«5Hp0 - 0.07 ug=at Cu 1-1
- ZnS0); +7 Hod 015 " Zn "
:CoClos6H00 0,08 " Co "
¥MnClo.hHo0 018 " .M @
* FeCl3eip0 002 " Fe
NaifoD);+25p0 0,05 " Ho 7
H}BO3 - 97,000 " "
~ Di-Na-EDTA_ 8,70 . ® "
L 6. vi .,N . RN
. Thiamine iC1 0.20 mg 1~1
‘Biotin 1.00 ug *®
By 05" "

7o Complete Mediam ' R
Contained all of the above in the same concentrations,
except for NHNO3, replaced by NalO3 in Zxp. 5.

-8, Dark Bottle

9. Light Bottle(control)



=3k -

TABLE 3. Production parameters computed for each experiment at two =
ten feet. Gross production(T) in mg O2 1-1 day-l, respiration(/-’) in
02 1-1 day~l, and gross production efficiency( 'ﬂ/Ig) in mg 02 1-1 lan
x 100,

. 2 -n- 10 2 ~ 10 2""1%:"- 10
1. 0,85 0,76 0.13  0.05 0,06 . 0.5k
2, 1,200 0.h2 0.03 0,08 0.39  0.13
3. 0,81 1,25 0,11  0.35 0.52 .= 0.81
L. 3.2 3,28 0.83 0,81 - e
s. 146 1,33 0.22  0.21 0.38. [ 0.36
6. 1.3k 1.08 0.26 0.29 177 1.2
. 2.6 2,12 0,28 0.0 0:01 0,87
8o 091  0.89 0.23  0.17 1,08  -1.06
9. 0.13- 0.0 0,03 0,04 0,21 0,20
10. 0.63° 0,71 0.20 -o-.li{ 09 0,55
1. 13k 123 027 0.2 1.28 1.8
12, 173 LMl 0,09 0.2 3.39 2,77

dire 167 - 022 - 089 -

72 #rs,  3.52 - Cols - 050 -
13, 2.1 2.5 0.5k 0,39 1,00 1.06
11;; 0.50  0.63 031 0.39 0,12 0,15

15, 0,38  0.92 0,53  0M8 067 0.7k



TABLE ), Summary of rultiple range tests, Any two means overscored by the
same line are not significantly different, Any o means not overscored by

-3 -

the same line are significantly differsnt. Sodium nitrate(ii03), ammonium
nitrate(Ni),), phosphate(¥0)), silicate(S5i03), trace metals{Til), vitamins
(Vit), combined media(Co), dark(D), light Pottle control(L),

1, (2) 5,03 5.7 5,37 5.57 5.1 5.86 5.9L 6,02
(0) LI TL7 L3 L97 L4.98 S5 5.3 5.5
D Co Si03 Kijy TH Vit L POy,
2 (2) 6,70 7¢29 ToTl  To85 T.90 T.92 71,96 3,00
D _ ¥y, S8i03 L T Vik POy
(10) 5,08 65,14 5,19 5,36 503 S.JL3 5.4h 5,50
vvvvv 0'(2) o 6.7’1 ”7.113 703’4 - T.e37 701»’1!* 7.1&5 ?052 Te 5’2
D Co Vit N rlh ™ Si03- PO)_l L
(10) L.AMS T.29 5.33 3562 5.885 5.1 5.73  5.78
v NG, Co Vit T  Si03 L - PO,
Le (2) 7.25 8.82 9,14 .93 10.3( 10,uL 10.51 10.77
| Co LETR A T 5i03 POy
(10) 6.6L THB0  B.19 B.95 9.61 0.2 5.56 10.03
S, (2) 5.00 5.1 6.5 6.24 8.3 8.5 6.5 3.55 6.69
. D. CQ Vj.‘b Nﬁ* 'I'Ifi NQ3 8103 . L_ POh
(10)  5.01 B5.5% B.92 B8.08 6.4 6.35 B.i3 Be5l 8.01
6. (2) 5.88 6.40 6.55 6.79 T.05 .08 7.3 T.22 T.%
h Co Vit N  Si0; T  NO3 L PO
(10) 5.32 T.52 B.88 5,93 B.08 B.11 8.7 6.31 6.50
D Vit G  Nfj ~m  NO; Si03 PO, L
D 5103 NH, Co Vit PO, T L NO3



TABLE L,(cont.)

(10)

8. (2)
(10)

9. (2)
(10)
10, £2)

(10)

11, (2)

(10)

12, (2)

(10)

13. (2)

(10)

1, (2)

«.36 =

8403

57k &6 BAL TAZ 7.5 7.8 5.6 5.1
D NH, 5103 Co POy, L Vit T NO3

8.1 B.30 B35 8,75 .01 9,02 9,05 9,09 .11
D N, Si03  Co PO, T L Moy Vit
8,11 B.30 3.0 8,71 3J.© 9,00 5,00 9,01 9.03
D, NH, Si03 Go Vit PO, L N3 ™

5,57 " 5.886 9.71 9,72 9.35 9.90 5.51 10,01 10.03
D NE, 5i03 Co PO, Vit T L NO3

9e57 908 987 9413 9e9L 9492 9457 9497 9491
D NH, 5i03 GCo T Viv POy, L No3

11,15 11.37 11.33 11.63 11,82 11.87 11.50 11.50 11.91
D N, 8103 GCo 1._ NO3 Vit POy - TH

10,03 10,37 10,38 11.M8 11.76 1176 I1.77 IL.7 1L.0L.
-D - NEy ‘.WsiOB ~Co  ..L ~PO)  ..TH -NO3 Vit
10,03 10,37 10,55 10.92 11.31 11.36 11.37 11.39 1L.L9
D NJ Si03 Co i PO, L Vit N0
10,15 10,37 10,56 10,38 '11.31 11.32 1'1’.33 '11.38 11,04
D N§, 5103 Co PO, ™ Vit L, NO3.
10,29 10,98 11,09 11.26 11,57 11,77 11.92 12.02 12,05
D S103 NB, Co PO, ™ it 1 NOg3.
10,19 10,78 1,03 IL,08 IL.GT IL.59 11.60 1L.65 1L.%0
D 5103 NH, Co PO, T L Vit  NO3
10,08 10,40 II,72 11.28 12.18 —12'.712""1"2'.IE 12,53 12.91
D NB, 5103 Co PO, Vit TH NO3
16,10 10.27 IL.05 11,27 12.20 12.56 1261 12.58 12.50
D N§, Si03 Co PO, Vit L T NO3
8426 8.hli B8.55 8,76 B.76 ‘8?77" 8.89 B.90 9,09
D ‘N, Sid03 Co L Vit NO3 POy




TABLE h- ( conf-. )

8,25 8,38

(10) 8,02 8.05 B.00 8,72 B8.76 B,88 8,94

D NB, 8103 L Co BT Vit Polt NO3

18, (2) T8 B37 .8 8.70 8.1 B5.ih B85 B3 5.00

D NB, Co  Si03 L TM Vit PO  NO3
Evaluation: v v —

2 Hrs., 10.35 10.67 10.71 11,00 11,78 12,02 12.03 12,11 12.12

D N§, S103- Co PO, L Vit  No3 T

72 Hrs, 10.3h 10.36 10,95 12,46 13,52 13.%6 13.07 14,02 1k.30

D NH, 8103 Co PO, L Vit TH N0y
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