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ABSTRACT

Photosynthetic rates were measured under constant

‘conditions ‘over a 2l hour period for cultures of Skeletonema

costatum and Amphidinium carterse grown under various

light - dark regimes. Photosynthetic rate.fluctuated for
both species under all photoperiods except for A. certerae
under 8 hours light per day. Maximun phétésynthetic rates
occurred generally in the middle of the light period and
minimum rates. in the middle of the dark period. The ratio
‘of maﬁimum to minimum fates, or Pmax/min, differgd signifi-
'cantly'under the various photoperiods. Pmax/min vélues/for
A. carterae were siénifiogntly greater than for S. costatum.
”The greatest Pmax/min for §.'costatum occurred under 12 hours
1light per day and for A. carteras under 1l hours light per
daye. Considefing the differences in response of the two
spadies to the same photoperiods, it is possible that species
composition could have an effect on field data which relatésk

Pmax/min to latitude and season.
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INTRODUCTION

| Studies by Doty and Oguri (1957), and Shimada (1958)
show that\phétosynthetictrates of natural assemblages of
phytoplaenkton méasursd undef constant conditions may véry as
much as ten fold during a 24 hour period. Expérimenté’per-
formad iﬁ fresh water give similar results to those involving
. marine plénkton (Verduin, 1957). 1In certain caseé changes in
chlorophyll "a" concentration asre associasted with such fluctu-
ations (Yentsch and Ryther,‘1957), whiié'in other instances
(Holmes and Haxo, 1958), pigment levelq are nearly constant
ard large changes in photosynthesis/chlofophyll are observed,
Itvhas been suggested (Newhousé,.gg al., 1967; J. D. H.

" Strickland, perscnal comﬁgnication) that grazing by diurnally
migrating zooplénkton méy be involved. The marine dinoflagellate

Gonyaulax polyedra, however, has been shown to possess an

endogenous photosynthetic rhythm when grown in light-dark cycles
(Hastings, Astrachan, and Sweeney; 1961);

Doty (1959) notes that the.ratio of maximum-“to minimum
photosynthetic rate (Pmax/min) ‘is related to the latitude at
which samples are taken. Experiments conducted near the Equator
i give the highest degree of daily photosynthetic flUctuations,
and the Pmax/min ratibs deorease- with increasing latitude.

| TLorenzen (1963) working at = siﬁgle geographical location, but

3
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“over a one Jear péfiqd, findsyfhat Pmax/min ratios vary-. with
the seéson, being hiéhest.in the spfing and fall and lowest in
the sﬁmmer and winbter. Both df tﬁese studies suggest that a

bhﬁtoperiod of twelve hoﬁrs light per day ylelds maximum ratios

and deviations toward either ldhger or shorter day lengths

- glve lower values.

Thls hypothesis is tested in the present study by sub-
jecting phytoplankton to a range of photoperlods in the
lsboratory and measuring the dailly photosynthetic fluctuations,

- Two common marine species, Skeletonema cos tatum, a dlatom, and

'the'dinoflagellate Amphidinium carterae, are examined in order

to ascertain to what extent Species comboSition might also

.effect the Pméx/min values reported in field studies.



METHODS 'AND MATERIALS

Inocula for cultures were. obtained from the Virginia
Institute.of Marine Sciéncé. The cultures were maintained at
15 liters in a medium consisting 6f Triton marine salts en-

- riched with a mitrient solution. (Table IV). Salinity was
17 ppt, pH 8.3 and temperature, 20 C. Fluorescent lighté

(cool white) provided a light intensity of 300 foot candles.
The cultufes were growh for at least one wéek under photo-
periods of 8, 10; 12, 14, and 16 houfStlight\per day. The
folléwiﬁg experiment showed that one weék was adequate for

- the phytoplankton to acclimate to new photoperiods. Phyto-
plankﬁon which were/growing under a p£qtoperiod of 12 héurs

’light per: day were introduced to a new éhotoperiod of 1lli hours
light per day. Diurnal fluctuations in photosynthesis were

- measured at the end of one week and again at the end of a

‘second week., The fluctuations for phytoplankton under 1l

- hours light per day differed from those under 12 hours light

per day; but there was no difference between the fluctuations
Tor phytoplankton grown under a photoperiod of 14 hours light
per -day for one end two weeks (correlation coefficientkfor
S. costatum =40.867; é. carteras =+0,891).

Photésynthetic fates were measured for each culture over
a period of 2Ly hours. At three<hour intervals, a79OO ml sample

‘was removed from the culture and inoculated with 0.3 2 C

.
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6arbon~1h;501ﬁtion (NaHClho3, ad justed to a pH of 8.3). Threé
B.O;D.xboftles,ktwo light and one dark were filled from each
sample. The bottles were held in a rotating rack in a light:
‘iﬁcubator at 1000 foot candles and a température of 20 Coe
After two hours the bottles were removed from the incubator
and the contents filtéred~9nto Millipore HA filters. The
filters wefe waghed with 0,003 ¥ HC1l and dried in a désiccator.

Filters wére placedriﬁ scintillatioh cbuhting vials with
20 ml fluor (Table V) and counted for 10 minutes in a liquid
scintillation counter. Count rates were corrected for veri-
ations in counting efficiency (Table'V)’ana were expressed as
disinﬁegrations per nin, per liter of Eultﬁre, per hdur.

Relative photosynthefic rates‘wero expressed asAlight

bottle minus dark bottle count rates.



'RESULTS

Photosynthetic rate fluctuated over a 2l hour period for -
both S.costatum and g.‘cafterae under all @hbtoperiods except
for g.‘carterae,under 8'hours light per day (Fig; 1 and 23
Table I). Maximum photosynthetic rates ocourred generally in

the middle of the light period and minimum rates in the ﬁiddle
’of the dark period. The maximum and minimum rates. for S.
costatum.obmﬂweiab1200kand ZhQO respectively in threc of five
experiﬁenté. Por A. carteras, the méxima'and minima occurred
at thosé times in four of five'éxperimeﬁts.' Photosynthetic
fates during the 1ight period were significantly greater than -
kduring the dark period (S. costatum: t = 23.1, d.f, = ué;

“A. carteragr t = hh.éS;‘d;f. = }16). | |

Ratios of maximum to minimum photosynthetic rates over
2ly hours, varied from 1.37 to 2.45 fbr S. costatum, and from
1.4l to 6.67 for A. carterae (Fig. 3; Taeble II). The greatest
Pmax/min occurred under 12 hours light for S. gostatum and 1k
hours light for A. cérterae.

| Differences in Pmax/min werévexamined in an analysis of
varisnce test (Spence, et. al., 1958) with species, phétoperibds
and interactions between the same as sources of variaﬁion
(Table IIT). Signifiéance to the .0l level of confidence was

found in gll three. The Schefie multiple comparison test

7



(Spence, et. al, 1968) showed that greatest Pmax/min values
differedisignificantly from those at the other four photoperiods

(S. costatum: P = 27.8,‘p<.05; A. certeraer F = u8.3, p<£.01).



DISCUSSION

The diurnal fluctuations dn photosynthetic rate described
_here, as well as in related studies, are based on measurementé
made under constant light intensifies, and gonsequently are
called fluctuations in photosynthetic capacitj;(Stfipkland,
'1960). The mechanisms responsible for this phenomenon are
unclear, partially because of inconsistencies in results of
several investiggtionsQ Considering evidehce from his own
,study-as well as from Yentch and Ryther (1957) and Shimada
(1958), Lorenzen (1963) believes;changéé in chlorophyll "a'
content brought about by photodestruction‘and synthesis of
pigmeﬁts are a direct cause of‘the photosyﬁthetic fluctﬁations.
/QChlorophyll data from H§Ihes and Haxo (1958), on ﬁhe_other
hand, do not parallel photosynthetic rates. Sweeney (196l)
"shows that‘changes in ribulose'diphbsphate carboxylase cor-

relate'closely with fluctuations in photosynthetic rate for

© Gonyaulax polyedra grown in light dark cycles, while the Hill

reaction proceeds at a near constant rate, She concludes
that the physlological mechanism of the periodiclty is
associated with the "dark" phase: of photoéjnthesis, which is
kin disagreement with‘evidénce'for the importance of chloro-
phyll conééntrations1which directly affect only the "light"

reactions.
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Photosynthetlc fluctuations in the present study are
simllar to those reported by Lorenzen (1963), in that maximum‘
rstes,occur in the middle of the light period (1200) and
mihimum rates in_the middle of the dark period (2&00).‘ In
the earlier work of Doty and Oguri (1957),\however, as well as
that of Shiﬁada (1958),‘maximum rates occur in the morning
hours (0600 =~ 0800) Evisénce from various sources suggests
that the high incident radiation present at mld -day in the
equatorlal waters Unere these studies were conducted caused
a lowerlng of photosynthetlc rates (below those of 0600 -
0800), possibly through photodeastruction of chlorophyll.
Lorenzen (1963) fiugs greater fluctuat;ons on overcast days
than on bright days, and Yentch and Scagél (1958) report
greatér daily fluctuaﬁions in plgment concentrations from
suﬁsurface samples, vhere the radia@ion woﬁld be less, than
from surface samples. Hastings, et. gi. (1961) show that
bright light, even at levels not great enough for chlorophyll
destruction, dampens the endogenous photosynthetic fluctu-
ations of G. polyedra. Finally,.Newhouse, et. al, (1967)
ncté: that.invstudies conducted in oceanic waters, the
photdsynthetic meximum occurs in the morning, but near mid-
day in neritic areas, It is perhaps only in the mdge trans-k
parent ossanic waters that lightfpenetratibn is sufficient
to inhibit the normally high midfday photosynthetic rates
both through the biesching of chlorophyll and dampenihg'bf

endogenous mechanisms, Converssly, increased light attenuation
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of inshore water colﬁmns would result in photosynthetic fluctu-
ations that more cloéely fésemble the laboratory data-presented‘
here;~

Pmax/min values in the present investigation differ
significantly for different pho%operiods. In an attenmpt to
Qbordinate the 1atitudinal relationship reported by Doty (1959)
with the séasonal variatiqns.found in his own experiménts;
Lorenzen (1963) advances the idea that 12 hours light per day
promotes higher Pmax/min ratios than either longer or shorter
photoperibds. The response of S. costatum to various day
lengths in thé preéent study can be accommédated By this pro-
posal . The Pmax/min ratio for A. ggggéggg; however, 18
considerably“greater under lu‘hoﬁrsklight per day‘than under
équal,periods of light and darkness (6.67 cdmpared to 2.81).

It is perhaps significant that in Lorenzents graph of Pmax/min
' vs. photoperiod (his Fig.}7) greatest ratios occur at 13-1/2
hours 1ightrper day.

The physiological basis of-thé relationship between
photoperiod and Pmax/min is not clear, Algee groun under
certain light-dark cycles/become synchronous in cell division
(Hoogennout, 1963), and it is possible that photosynthetic
rhythms aré_asséciated with the phasing‘of;re;roductidn.
Sorokin (1957) finds that photosynthesis is diminished during
periods of division in ghlorelgg. Hestings, et. al. (1961)
suggest that both reproductioh and photosynthetic periodicity

are under the control of an unknown factor. It follows that,
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bif‘photosynﬁhetic rate is closely associéted with the course of
'eell\development, large fiuctuations in photosyhthesis should
be,praduced by phytoplankton cultures greatly synchronized with
fespect to cell division. Data from Eppleﬁ‘(l966) indicate

‘that cultures of Dunaliella ter%ioleCta are most synchronous

uﬁder a photoperiod of 12\hours light per day and are less
synchronou$HWhen the day'length is longer or shorter. In the
kpresent stﬁdy the lowest Pmax/min ratios, and én‘apparent loss
’of the normal photosynthetic‘rhythm, are present under the
'shortést bhotoﬁeriod, 8 hours light per day, perhaps reflecting
a low_degree bf synchrony in those cultureé.

An important aspect of. the resuiﬁs given here is that
§..gg§§§§gg and A. carterae héve\beén shown to réépond differ-
éntly,to the various‘photoperiods. As mentioned'above,‘greatest
Pmax/min ratios for the two species occur . under different
day lengths. Moreover, P;éx/min values for A, carterae under
all photoperiods are statistically greater than forv§. costatun,.
The possibility therefore exists that species composition can
have an effect on the magnitude of photosynthetic fluctuations
obéervéd in field studies; such as those describing relation-
ships to season and latitude. In general, dinoflagellates
become an incresasingly important element in the phytOplankton
of low latitudes and diatoms are more dominant in the colder
waters of high latitudes (Raymoht, 1963)., If S. costabtum and
A. gggﬁgggg are ab all representative of their respective groups
with fégard to Pmax minyratioé, then the latitudinal relation-
ship reperted by Doty (1959) could be, ih part, a reflection of

geographical species succecssion,



1.

2,

3.

SUMMARY

;Photosynthetic'rate.fluctua%ed over a 2l hour period Tor

both S. costatum and é; carterae under all’photopefiods
except for A. carterae under 8 hours lighﬁ per day.
Maximum\photosynthetic rates occurred generally iﬁlﬁhe;
middle of the light period and minimun rates in the

middle of the dark period.

Pmax/min ratios differed significantly under the various

photoperiods.

Pmax/min ratios for A, carterae were significantly

- greater than for S. costatum.

The greatest Pmax/min value for S. costatum occurred

St et

s under 12 hours 1ight'bervday, and for A. carterae under

1l hours light per day.

-Considering the difference in response of the two species

to the same photoperiods, it is possible that species

 composition dould have an effect on field data which

relates Pmax/min to latitude and season.,
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Table I. Relative photosynthetic rates
during a day for phytoplankton grown under different
photoperiods. Relative rates taken as the difference
between uptake of cll in light and dark bottles.

‘Photoperiod Time Relative Photosynthetic Rate
(hours light per day) (hour) (DPM per liter per hour)
' S. costatum ~A. carterae
8 0900 7260 1570
. v 8170 1220
1200 790 1170
, 00 1230
1500 5670 1310
5940 1290
1800 6100 1060
6550 1130
2100 5610 1100
530 1190
21,00 7070 1020
62140 1010
0300 5900 1050
6280 1030
0600 - 61190 1130
- 7210 1160

16




TABLE I (CONTINUED) 17

Photoperiod’y Time Relative Photosynthetic Rate

(hours light per day)  (hour) (DFM per liter per hour)
- ~ ' S, costatum A. carterae

10 10900 © gl08 5016

X 6088 5352

1200 Sh77 8370

o 5327 7930

1500 7073 6900

5233 7250

1800 1,690 55140

| 11710 6060

2100 1,956 11910

| 5746 3920

24,00 14790 4740

1116 3780

0300 1163 5090

11806 5780

0500 5180 1,810

L0k 3 5060

12 1200 9910 5890

' 7985 6350

1500 3377 3660

‘ 5967 L550

1800 5370 3510

2510 650

2100 3703 11120

3630 3850

21,00 3970 3160

3730 3210

0300 3960 4140

3920. s

0600 1980 5060

| 11600 5010

- 0900 5050 8990

L4530 9650



TABLE I (CONTINUED) 1o

Photoperiod - Time Relative Photosynthetic Rate

(hours light per day) (hour) (DPl per liter per hour)
E ! : S. costatum A. carterss
1} 0900 1350 6660

| 14370 6380
1200 5520 0540

5620 0320

1500 5010 5270
5170 3936

1800 14020 L770

| 1,60 1180
2100 3260 1890
326 1610

21,00 3440 1170
3280 1655

0300 3320 1270

| 3310 2590
0600 1,610 5790
1,860 5170

16 0900 3853 2820
. 3620 2500
1200 L1566 3053
o6 2860

1500 3500 2220
3616 2000

1800 3253 1980

| 2850 1596
2100 3340 1943
2346 1833

21,00 2256 1023
2216 1103

0300 2816 1050
2566 1083

- 0600 3290 3090

" 2880 2120



_ ‘Table II. The ratio of maximum to minimum
photosynthetic rates during a day (Pmax/min) for phyto-
plankton grown under different photoperiods.

Photoperiod Pmax/hin
(hours.lisht per day) S. costatum A. carterse-
8 1,37 1.1
10 1.38 1.92
12 2.y 2.98
1l 1,67 6.67

16 2,01 2.77

19



Table ITI. Analysis of variance for ratios of maximum
. Specles

to minimum photosynthetic rate during a day (Pmax/min).
'S. costatum and A. carterae grown under different photoperlods.
Photosynthetic rates measured’ under constant light.

Source of Variation

Species
Photoperiodw
‘Species X Photoperiod

Error

ss

20

ar MS_ - _F P
9.1 1 9.l 156;'6 .01
19.3 L 4.8 ,_80;3 €.01
17.0 s ru;z 70,8 <.01
0.6 10 0.06



Table IV. Nutrient Solution (NoM, Virginia Institute
of Marine Sclence

sodiyp silicato solution (eptlos g, bt
Soil exXtract o o ¢ o o 6 v 0 e e e e e 6 e e .v.‘. Coe ,7200
vAfnonls.micfﬁnutrient solution . s « o . c a e s s e e e s 50
Ketchumiapd Redfieldt!s solution "A" ;‘.xf ;~.\. SRR 200
Ketéhum and Redfield's solution‘"B" ’; o e e o a4 ; . e . iOO

-Sodwum molvodats solution (Pagloou.2H20,,
O Ol-‘\.c) C/loo X!ﬂ) . . . . L) . . . 04 ‘e . . . L] [} . * e . SC

above

@

In preparing the culture medium, 3 ml of th
were added per liter of marine salt solufion.

"Formuiae for Ketchum and Redfield, and Arnon's solutions
can be found in Bold, H.C., 1942. The cultivation of algae.
Bot. Rev, 8:69-138,
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Table V. Counting efficiency correction factors and
liquid scintillation fluor.

Counting Efficiency Correction-Factors

External Standard Count’ Rate

(counts per 10 min) Correction

461,967 | 1.30

418087 1.32

306685 1.6

25962, 1.50

210565 1.67

182681 1.78

167415 1.88

149225 2,00

139001 2.06

121741 2.21

L11207 2.32

9592 2.6

70500 2,80

57694 3.12

19751 3.28

33471 3.8L

20860 11 .60

Liguid Scintillation Fluor

Liquifiucr (liew bngland fuclear Corp.) 90 ml
Triton X 100 (Packard Instrument Co.) /3&6 ml
Toluene __ 56l ml
| 1000 ml

22



Figure 1.

Relative photosynthetic rates during

a day for S. costatum grown under dif-
ferent photoperiods. Relative rates Eﬁken
as- the difference between uptake of C~+ in
light and dark bottles. Dark period indi-

cated by shaded aress..

23



RELATIVE PHOTOSYNTHETIC RATE

(DPM x 103 per Iiter per hour)

H OO

N,

N oD O @

T

N D O O

ssracescrnre

cresesesan

\

.
esacsessven
ssevearans

teestasebtavsesvesrtansea

vesttasesvesveassare
. .

M R R R R R R R I Y

MM I I R I R I I

cessesstossenesetsacan

s

e ceretssansassndtanncasenen




Figure 2.

Relative photosynthetic rates during a
day for A. carterae grown under different
photoperiods. Relative rates take? as
the difference between uptake of C L in
lightyand dark bottles. Dark period.
indicated by shaded areas. .
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Figure 3. The ratio of maxXimum to minimum photo-
synthetic rates during a day (Pmax/min) -
for phytoplankton grown under different
photoperiods.,
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