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, \ , . Previously reported cytlical fluctuations a
\\\\ Trlchodesmiuﬁ (Oscillatoria) standing stock off tbados have been '

spown to oﬁgdr regularly over perio several wyears., Large

f\ respon51b e for the per10d1c1ty of events at Barbados. Cyclical

?, ﬂductuatlo s with similar period can be observed in the data from 51x/“\

- . >
.

In separate studles of the biology of Trlchodesmlum, some

v i aspects of the photosynthetlc character of the alga were 1nvest1gated

T ! «  Trichodesmium comprises about half of the phytoplankton biomass in the
‘ ‘ / s near surface layer off Barbados, and contributes nearly the same
I , - fraction of the prima;y production*in this layer.” As Trichodesmiam

K f{ . cHlonies age, individual cells die and lyse, but do not sink out of
/ ;

_the mikqﬁ layer like pnicellular plankton. Cellular debris and other
'/ organic material accumulate ‘among the living filaments of the colony
' /4§/§ become infested with bacteria, fungi and protozoa. Much

/ remineralization of Trichodesmium appears to take place in living

) colonies in the mixed layer. Seventeen species of diatoms, three

ET DR T =

specigs of dinoflagellates( a previously undescribed hydrozoan, and a
§

T

s . naupliar copépod utilize the Trichodesmium colonies as floating sub-

éfrates and may benefit from the local supply of recycled nutrients.
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" nature ondulueuse, encoxe mal connue, du coufant' de Guyane et le

REsumé

”
Dqgffluctuation cycliques des populations du cyanophyte - .
NG

planctoniqué\Trichodésmi (= Oscillatoria)/ au large de la Barbade se

El

. . tN ~ ! . ' . I
sont manlfesﬁgés regulierenment sur des pér'éées de plusieures annees.

De larges popuiétions de Trichodesmium et de diatomeés'apparaissent

simultanement a la Barbade, dans les eaux de surface dont la salinité

est 1ég$rement abaissée. Ces régions (qui peuvent atteindre un
diametre de 1000 km) alternent)\ temporellement avec des eaux plus
salines et moins riches en plantton (dont les especes dominantes sont

les dinoflagelleés et les coccolithophoreés). Les donneés physiques

ieés - indiquent que-ce sont la

»

et hydrologigues ~ de sourtes var

Y N e ‘, . A "
mouvement vers l'ouest de cette vague qui peuvent etre la cause de la

e, ” ¢
périod1c1te des phénoménes g? 1a Barbade. v

/ \
f .
e h
o

/
q On peut remarquer, d'aprés les donnegs de six études

indépendentes sur le plancton,’ des fluctuatigns cycliques de période

. / LI

> > * N
similaire; il semble que le phénoméne est u?/des mecanismes les plus
. . ‘ s : ' \ .
importants qui réglent 14 cofposition et 1'abondance des especes dans

cette region. r

N
» N
Dans differentes études sur la biologie du Trichodesmium, on

{

s'est penché plus particulierement sur certaing aspects du caractere
photosynthétique de cette algue. Au large de la Barbade, dans la
couche prés de la surface, la biomasse est composee, pour moitie, par

le Trichodesmium, qui contribue egalement a pres de 50% de la production

primgire.yégu les colonies du Trichodesmium vieillissent, les
cellules medrent et se lysent, mais ne tombent pas de la zone de
mélange comme le phytéplanctdh unicellulaire. Les débris cellulaires
et les autres matiéres organiques s'accumulent entre les filaments

> +
vivants de la colonie et sont envahis par des bactéries, des champignons
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et des protozoaires. . s . \ '
’ - /’ 1
> . . ' /
) o ® PN . : =, ."« L : . 7 / '
. . La remineralisation du Trichodesmium se fait’'en majorite #
f L) \ , o - \ o
dans les colonies vivantes de la zone de mélange. . /
1 ) . ’ )
- I . . o i
1 ! . - ' [ #
N AY . ” ~ R /
. . Dix-sept especes de diatomees, trois especes de dino-_
» 27_ '
flagellees, un hydrozoaire inconnu auparavant et un copepode au . 7
' f . :
. stade naupllus utilisent tous les colonles de Trichodesmium comme e
]
i
substrat flottapt et peuvent s'en servir comme source de, nitriments| ‘
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Statement of originality -
This thesis represents the first recognition of the fact

that the 'oscillatory variations' of Trichodesmium standing stocks off

Barbados} or,igix‘xally"described by Steven et al. _(1970) ‘ are ‘actu'ally
part of a mﬁch more general phenomenon, in w}u‘.ch the coincident
fluctuation of many other components of the planktonic regime is,
related to the szpreading! of low salir;ity waters from South America.
The observation that the alternate passage of plankt;on-rich neritic

waters of low salinity and plankton-poor oceanic waters is in some way

related to the wave-like nature of the Guiana Current is also original. °
This phenomenon is of maf}or importance in determining the species '
composition and abundance of the phytoplankton, some of the zoo- .
plankton, and possil?ly some of the nekton off Barbados. -
|
Section 3 reports on several aspects of the little known

photosynthetic character of Trichodesmium and indicates its importance

in Barbados waters. The observation that much of the remineralization
of the algal bidmass appears to take place in.the mixed layer is of

importance in the consideration of the nutrient economy of that zone.

The description of the Trichodesmium periphyton is also new,

as is tﬁe recognition that these grga}nisms may affect whole colony -
physiological measurements conducted on the alga. This is the—first

record of a new genus of hydrozoan, and of a description of its life
history. This is also the first ﬁo.te .of.the association between 1

&l :
Trichodesmium and diatoms and dinsfdagellates. ’ o ™
ot {\ ' i

>
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1 : ‘INTRODUCTION

Prin’{aa'y production in most tropical oceanic areas xis ‘low and -
limited by the-‘é{/ailability of plant nutrients (Sverdrup et al., 1942).
Vertical mixing between the surface and deep layers is almost completely *
lacking in these regions because of the intense permanent stratification
result"mg from continuous heating of the surface layers:; w1thout horis
zontal transport of nutrlents, these water masses may becocme almost
completely stripped of nitrate and phosphate. As a result, phyto-
falankton standing crops are much less than those in waters at higher
latitudes, and appear to depend upon nutrients recycled within the

euphotic zone for growth (Wangersky, in press). Seasonal fluctuations,

-~ which in temperate regions are often the ultimate factor respox&sible for

N

“

Qasim, 1970;and others), conditions’which will lead to stratification T

fluctuations in phytoplankton standing crops, are weak and of less
1mportance in troplcal regions. The small increases and decreases in

phytoplankton ang zooplankton standing stocks appear to be determined

“primarily by local weather conditions or movement of water masses

(Sournia, 1969; Blackburn et al., 1970).
‘ 4

It is in such impoverished t;roplcal seas that the planktonlc

cyanophyte Trichodesmium abounds. 'I.‘he genus includes a number of fila-

mentous and colonial species which <;/losely resemble the freshwater
Oscillatoria - in fact: some authors consider them members of the latter

genus (Drouet, 1968; Sourpia, 1968). The taxonomy of the algae, which 0

T~ is complic?ated and at pres\'ém: based solely on morphological characters,

is discussed in Appendix &.1 in the light of experience at Barbados.

\ . .
;"

The'hydrographic conditions favouring growth of Trichodesmium

blooms are not clearly understood. Reports commonly mention calm,

sunny weather (Brongersma-Sanders, 1957;Bowman and: Lancaster, 1965; !

of the water mass and reduction of vertical mixing. Wyatt and Horwood

’
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(1973) consider such conditions favourable for blooming of motile

is also motile in the sense t&st it possesses gas vacuoles which enable

phytoplankton such as dinoflagellates and Trichodesmium. (The latter

it to rise in the water column.) Many species of freshwater blue- _
greens can position themselves at the depth most favourable for their

growth through regulation of their buoyancy (Walsby, 1972). Since

Trichodesmium is well supplied with gas vacuoles (Van Baalen and Brown,

’

1969), it seems logical to assume this is the case with this alga also.

N
S
;i

Trichodesmium has been considered characteristic of oligotrophic

ceanic water (Dugdale et al., 1964;Qasim, 1970;Fogg et al., 1973; and
. - t
hers) and no small part of the alga's success in these regions is now

> /
nsidered by many to be due to its apparent ability to fix molecular
" /

nitrogen. Nitrogen fixation by Trichodesmium colonies has been demon-

st ted by a number of authors (Dugdale et al., 1961, 1%64; Goering et
al. \1966 Taylor et, al., °1973; Carpenter, 1973; Carpenter and McCarthy}
1975 \ Carpenter and Price, 1977; Mague et al., :1974, 1977) and, while
nitro %?ase activity has net been demonstrated in' axenic cultures, the
eviden ? from field studies indicates that the alga is probably '

respon kle. Nitrogen fixation in Trichodesmium 1s interesting because

this genuy is one of the few blue-greens for which nitrogen fixation has

been’ demongtrated that does not possess heterocysts. In heterocystous

X the nitrogenase enzyme is protected from oxygen deabtti-

3\

nitrogen-fixing types (e.g. Plectonema boryanum) the enzyme is only active

under microae g;c onditions '(Stewart and Lex, 1970). The question as

to how é&lchode mium, can fix nitrogen in the oxygen saturated’' waters of

*

o
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“(Stewart, 1971) . Bacteria whlch grow in nltrogenxﬁmee medla have in

‘(Vaq Baalan .and Brown, 1969; Taylor et al., 1973; Carpenter #nd'

/ o
/,

fact been isolated from Trlchodesmlum gathered from the Kuroshio by

Maruyama et al. (1970), and other workers (Carpenter and McCarthy, 1975;
L. Borstad, pers. comm.*), but such isoclates are apparently scavenging
contamlnatlng nitrogen, since they do not reduce acetylene. S

o

Much of the.still scanty knowledge of the biology of

°

Trichodesmium has come from observations of the alga on short cruises to ,

, . N .
oligotrophic seas, where experiments were conducted on algal colonies

drawn from the sea. Such experiments suffer from the fact that previous /

history of the alga is not known, and from the facf that many colorjies /
may be heavily infested with bacteria (this study, see Section 4). | To //

date, attempts at obtaining cultures of the alga have been ungucbessful// ]

McCarthy, 1975; J. sharp, pers. comm.¥). The report of an %xenic / ' ,j
A

culture by Ramamurthy (1970) has been severely questioﬁed,(stewart” / /

1971; Fogg et al., 1973;J.Sharp, pers. comm.). ‘ / : / "o

o

4 -

/
Trichodesmium has been recognized as th dominant phytgﬁl nkton
i

in much of the western tropifcal Atlantic, the Caribbean /Sea and th
Florida Current (Margalef et al., 1971; Bjsrnberg, 197); Carpenter|and . J/
Price, 1977), often contributing over 50% of the total phytoplanktdn ‘/\

biomass. Beers et al. (1965) likewise recorded Trichodesmium as

: /
contributing 20 to 40% of the phytoplankton standing stocks near /L

I
a

Barbados. Co , / //

«/’

-

During a subseqﬁent study off Qarbados/{Steven et al. (1970) /

also encountered Trichodesmium in abundance and noted regular numerical /

v

* Lorraine Borstad, Microbidlogy Department, Macdonald College of McGill

University, Ste. Anne de Bellevue,“Quebec.

o8

w“
;2

t pr. Jon Sharp, Séripps Institute of Oceanography, La Jolla, california.
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"™~ with variations of lchlorophyll concentration at the same depths. E

‘fluctuations of thé alga inj the surface layer which corresponded well }

Examination of other data inlicated to them that the numbers of i
o

- phytoplankton excluding Trichpdesmium were rather stable, and thé

, agreement between variations f Trichodesmium nunbers and those of

chlorophyll led them to conclu e that the blue-green was largely
responsxble for variations of chlorophyll.

1

\ \(\ ,
“'In 1972, Steven and Glo

shlorophyll and Trichodesmium data)l Mathematical analysis confirmed

that both paramé%ers fluctuated wi a period of between 93 and 120
days, quite unlike any other biglogi al system. The oscillations could
not be related to the annual solgr cycle or annual variations in the

’ hydrographlc conditions. aVariatigns of day length, surface watek

temperature and sallnlty are all small 1n this part of the ocean. The

water column is permanéntly stratified and the concentrations of nutrients

in the mixed layer are low at all’times. Stevem and Glombitza (1972)

regarded the oscillations as a growth and decay cycle of Trichodesmium,

and put forward a tentative hypothesis based on the presence of a .

relatively small 'seed' population of healthy Trichodesmium filaments

near the base of the euphotic zone, from which the surface 'blooms'*
were generated at regular intervals. This suggested to them that the
dlga had "access to essential nutrients in deeper water, in sufficient

quantities to sustain its growth in the impoverished surface water for a

~

‘ . <k'\./ ‘ /1

- /
* wWhat Steven et al. (1970) and others have referred to as Trichodesmium

'blooms' off Barbados cannot be compared to.red tides caused by this
alga elsewhere (Ramamurthy et al., 1972; Qasim, 1970; Wood, 1965; -and
others) or even the spring blooms in ;ehperqte latitfides. The relatively
small increases of the alga are nevertheless %#riking ?ompared to the
paucity of phytoplankton off Barbados,. and the term 'bloom'’will be used
here in guotes to indicate that it is used only as a relative term

¢

indicating an abundance of the, alga.,

itza (1972;\£?—exgmined these Ve

_J;"

y

y
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- ///dastrlbutlon in relation to hydrological varlables was . establlshed so

.—///

could be examined. This original program was str ctured to per1de

e e e e ] et e

=}

limited period and that the population-collapses when this reserve is

exhausted". They tentatively regarded the oscillations of Trichodesmium

numbers as an example of a\free—runnlng cycle. . '
\ L

\
In thls respect the\osc1lla%igg§/of the Trlchodesmlum —

populations’ at Barbados seem/a/ present an excellent opportunlty to

study the blology;gf/fhe alga. en this study began, little was known

conceEning the genus as it had been studied very’ rarely and seldom

i~/ wa

recordedern the nonbloom phase. Its continuous abundance at Barbados

and the regularity with whlch it 'bloomed' sugdested that information

regarding the causes of the blooms. else&here might be available at
. . N
't , \ -

A

Barbados.

The studies on which this thesis re rts arose from Stevep's'
work and questlons posed by it. The primary fdhus of the. research was
on the apparent cycllcal 'blooming' of Trlchodesmrum off Barbados and on

\
the biology of the alga in its nonbloom phase. kS !

\

I

AT

In the initial stages of the frelg/werk, sevéral questions

relating to the numerical fl ions of the alga were addressed. A

program to elos fionitor the temporal variations of the Vertlcal —

that long term synchrony, perlod1c1ty, and ampi”fude of ﬁﬁe variations

intensive data #h the vertical and seasonal distri ution of the two
M \
colony types, trichome diameters 'and filament lenjzp, since little was

known of the vertical distribution of Trichodesmi
A

: .

f R} ”

H -
2

Coincident with this enumeration phase which lasted about

eighteen months, extensive microscopic observations were conducted on

Trichodesmium collected from various depths and in different phases of -

the cycle, in order to monitor changes in species abundance and/or

-

morphology of the filaments and Eolonies. These observations drew




_to the associated microbes, or; leaking large amounts®of dissolved

. . .
\ »
s =/~#" L)

3 i
RS A y N

nattention to the fact that some, .but not all, of the algal colonies ®

encountered harboured other mlcroorganlsms. In colonies not drawn from .

u

'blooms', large numbers of bactj.erra and fungi could usually be found
embedded in a mueilaginous material accumulating at the center of the

colony. " A number of othe:_: organisms including dinoflagellates, diatoms/

x.q

and a previously undescribed hydrozoan (Borstad .- and

Voss, in preparaé— n)

were also

frequently observed in the Trichodesmium colonies, and nicro-|

Q
scopic obsenrat:.ons ‘have allowed descrlptlon of the relationship between

L]
the alga and several other organisms. -

Thke presence of-large numbers of heterotlr‘ophs in thp algal

colonies suggested that many of the 'Dr:.chodesnuum colonles encountered
p)

weré senescent, either slowly dying and provn.dlng m1nerallza.ble materlal

Az
g
c»
e}

organic compounds. Studies of the photosynthetic cai:abilities of the
c1C capabllitles of

alga included some 1nvest1;g’;mnsfof’tﬁ‘e"f<§§_s’ of newly fixed carbon as

T

well as th osynthesis vs, irradiance response of the surface near-

sh/e Trichodeshium populatlon. Rough estimation of the percent contri-

bution to total photosynthes:Ls was also poss;ble using data gathered

during the enumerat:.on phase and other publlshed ‘data.
' \

°
- . \

In view of the obvious potential for. fertilizing the euphotic

zcme which the 'I‘rlchodesmlum 'blooms' represent, experiments were also

conducted ‘to investigate the rate and amount of ‘decomposition of dying

*

Trichodesmium by bacteria and fungi. ° . ’
e .
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2.1 ’

.

. A w
DISTRIBUTION -OF TRICHODESMIUM AT BARBADOS IN SPACE AND TIME

4

Introduction

As described'above} the work of Steveﬁ and others indicated

.the existence of regularly occurring 'blooms' of Trichodesmium of £

Barbados.

«

The following includes a partial description of the physical

enyironment of the alga and a consideration of the factors:controlling

the temforal fluctuations in Trichodesmium standing stock. Also

“included

is a re-examination of published time-series studies

concerning plankton (especially phytoplankton) at Barbados, and an

extensive review of published and unpublished hydrographic data f(gﬁ_?

variety of sources.

4.2

2.2.1

Methods
Description of stations and physicalameasurempnts

Y C.

&wo stations were established off thé& west coast of Barbados,

at approximately 13°12'N, 59°42'w and 1 ©12'N, 59°40'W. Aas indicated

in Figure 2.1, these were 8 km and 4 km directly west of Bellairs

Research

( ‘
Institute, in 4‘5 and 200 m of water respectively. Stations

~were located on each cruise by depth soundings and line of sight:

bearings.

at about 15 day interv§ls until August 1975, and at monthly intervals thereafter

Beginning in July 1974, the 8 km station was visited regularly

on the R.V. Martlet, operated by Bellairs Research Institute. At

each station a baéh?thermograph cast was made to 250 m using a Mark IV

\ - —
Tanmoline Recorder, and water samples were collected in 7 1 opaque

Van Dorn

bottles for analysis of chlorophyll a and phaeopigment

concentrations, Trichodesmium cell counts, and salinity analysis.

Depths sampled were 0, 5, 10, 15, 25, 35, 50, 75, 100, 150 and 175 m.

Samplés at 0 and 10 m were not taken after November 1874. Sea surface

¥
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Figuwe 2.1
%
“w

Location of stations and occasional samples mentioned
in the text. ‘ - g

This study: 8 km station (A }; 4 km station ( & ); i
May 21, 1975 ( 0 ); July 21-23, 1975 ASTP- (® );

January 21, 1976 ( ©): Steven et al., 1970 ( 2B);
Sander, 1971 (S, H); Vezina, 1974 (V, P); Partlo, 1975
(P)% Sander, 1977 (H); R. Kidd, unpubl. (R, K, H); - .
cC. Havnrkins, unpubl. (H). . °
Small numbers jdentify consecutive stations visited the
same day (see data listing).
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.temperature, air teﬁperature, winéspeed, sea state, Secchi disq,
transparency, and general meteorolegical observations were made. After
July 1975, observations of sea cdlour were also made usigéma_Forel
comparator.\ Qualitai’:ivet plankton tows were taken regularly at the (<Y
surface and irregu}érly at various depths to 50 m.

The 4 km station was visited at weekly Intervals, alternately

from the Martlet on return from the 8 km station, and from a small
open boat. A similar routine waé followeg excepf the bathythermograph
cast was made to:lSO m and the hydroéast'to 50 m. This station was
visited‘ regul‘arly for 35 weeks to provide comparative data on the

.
distribution and patchiness of the parametefs measured.

On three occasions, other locations were visited as
illustrated in Figqure 2.1, to provide nearly synoptic data on the small
scale (30 km) distribution of temperature, salinity, chlorophyll a,

phaeopigment concentration and Trichodesmium numbers around the island.

on May 21, 1975, a series.of 6 surface samples and two 'short' s?ations
(3 dépths) were conducted along the northwest coast and north of the
island, ‘in an attempt to estaglish the distribution of the parameters
in and out of the iand lee, and to investigate the horizontal extent

of a Trichodesmium 'bloom' occurring at the regular 8 km station-at

that time. /

/ ' Ty
On July 21, 24 and 23, 1975, three cruises were made to the
southeast, southwest and northwég£ of the island for sifular purposes,
but also timed to provide ground 'truth' data for observations of the
sea surface made by American astronauts in space during the Apollo
Soyuz Test Project (AéTP). Similar parameters were measured as during
previous cruises for 64 surface samples-as illustrated in Fiqure 2.1.

Bathythermograph casts to 75 m, and measurements of Secchi transparency

and Forel colour were made at alternate stations.' Drift bottles were .
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.released at approximately 1 km intervals over the entire cruise track.

A third line of surface samples and two ;bbreviated stations
(BT and 0, 5, 25 and 50 m samples only) were conducted on January 19,
1976 to the southwest of the island to investigate horizontal
distribution of various parameters at that time of year, and to search

for a Trichodesmium 'bloom' which historical data suggested should have

been occurring at the 8 km station at tﬁat time. Drift bottles were
released to give an indication of the speed and direction of surface
drift in winter.

At most of the routine 4 and 8 km stations, the entire 7 1
contents of the Van Dorns%?ere transferred to large nalgene bottles
which were then stowed in wooden boxes to protect them from bright sun-
light during transit to_the léboratory. im%ediately upon return to
shore (usually about 1-2 hrs after the ‘hydrocast), the samplés were sub-

sampled for salinity, chlorophyll a and Trichodesmium analysis. The

sample bottles were slowly inverted several times immediately before
withdrawing each‘sample to reduce errors due to settling or floating.
Salini;y bottles were filled and rinsed several times, caébed tightly
and stored for later analysis using an inductively coupled Autolab
Industries Model 601, Mark III salinometér. Temperature and salinity
data from the standard depths dere used to calculate sigma-T, rhg and

stability, using  a computer program provided by Dr. R.G. Ingram.

Measurements of descending irradiance were condiicted on

se%éral occasions, using a G.M. Industries submaripgwghotometEr equipped
with ‘selenium barrier-type photocells sensitive in thé‘ranée 400-640 mm,
Unfortunately, leakage at greater depths eventually ruiéed the, photo—-
cells and cancelled further measurements.. Simultaneous Se¢chi disc

.3 B
measurements allow extrapolation to other water masses.
L ] -
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the apparent colour of the Secchi disc as it disappeared to a, series
of coloured soclutions prepared according to the Forel-ale recipe
provided by Hutchinson (1957). The series of ten colour standards
ranged from blue to green. Screy'éap tesg'tubes containing the
solutions were mounted over a .white pefsp;x sheet. When held in
direct sunlight and viewed from’above, the colour standards matched

those of the sea very well.

2.2.2

of wind and maximum and minimum air temperature, were provided by
Mr. P. Roachford, Chief Climatologist, Caribbean Meteorological 'Institute,
{

Husbands, St. James. Irradiance measurements were (in the 0.3-2.0 Hm

PN - R T TR L L P

11

The colour of the surface waters was measured by corfparing

[PRYIE S

Suppleﬁentary physical information

{

Meteorological data, including daily total irtadiance, run

range using a Kipp and Zonen type pjranometer, mounted at C.M.I.

approximately 7 km southeast of Bellairs Research Institute.

possible sunshine (as calculated using a Campbell-stokes sunshine
meter) were also obtalned from Grantley Adams Internatlonal Alrport,
courtesy of Mr D.F. Best, Chief Meteorologlst These measurements are
con51dered more representative of the conditions at sea, since the air-
port is near the weather coast of the island on a low plateau, and

little effect of the lsland is felt. 1/

-obtained from National Oceanographic Da£a Se
These unpublished data are summaries of surface layer current velocity
and direction ags calculated fiém ships' drift|observations. Also
provided by NODC were data concerning physical conditions away from the

island.

- N
Hourly values for windspeed and daily totals for percent 5.

!
Supplementary information on qgrfaceﬂirift,currents was

ice in Washington, D.C.

These included a large number of bathythermograph transects

- « L
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across the western tropical Atlantic conducted between 1957 and 1974,
and complete hwdrographic-station data for several cruises in the area

»

along the Guiana coast. * N

-

2.2.3 Measurements_of pigment concentrations .
» E ]

8

One liter volumes were m;asured out for chloroéhyll anaiyses N
and filtered under low vacuum (not exceéﬁing 350 mm Hg) through 47 mm
Whatman GF/C glass fibre filters. DUring filtration of the last few
hundred ml, 3 or 4 ml 3% MgCO3 suspension was added and the sides of

the funnel washed down with a few ml of filtered sea water. Filters

. were then removed from the funnel, folded in half face inwards, blottad

dry between paper towels,and, inserted into glassine envelopes. They

were then stored at -10°C over desiccant until analysis.

Diffigulties in obtaining acetone from suppi?gg;,forped long
term stérage of most of the chlorophyll samples obtained during 1974
and 1975. An experiment designea to study the possible décompositiog
of‘chlorophyll on filters during storage (see Appendix A.2) demonstrated
no significant change of pigment concentra@ion for at least six months
and probably for periods up to a year. No corrections have been applied
to any of the data discussed here, but the reader should be aware of L
the poss;bility €ha§ the 1974 chloréphyll values may.be somewhat lqwi

-
» . by
0
Y

When acetone became available, analyses were carried out after
the methods of Holm Hansen, Lorenzen, Holmes and Strickland (1965) and
Stricklanhd and Parsons (1§68). Filters were ground to a slurry in a
few mlL of 90% v/v.acetone using a motor-driven Potter Elvehjem tissue
grinder: After rinsing down thé pestle and walls "of the tube witﬁ a

few more ml of 90% acetone, the volumes were made up to 12 ml, and the

tubes were covered and set aside for 20-30 minutes in a cool dark .

' location to permit full extraction of the pigments. Filters and
- - t

2
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extracts were then separated by centtifuging for approximately 10
minutes on a swinging bucket centrifuge. After precipitation of the
glass f%bre, approximately 5 ml of each extract were removed by Pasteur

pipette and transferred to cuvettes for fluorometric analysis of

‘chlorophyll_g. Measurements were made using a Turner model 110 filter

fluorometer, fitted with a blue pass Corning 5-60 primary filter and a
p R

red pass Corning 2-64 secondary filter, in conjunction with a Turner

'blue' lamp (#110-853) and standard equipment photomultiplier. This

combination allowed measurement of as little as .02 pgm chlorophyll a.

RS

The fluorescence (Fp) of the extracts was measured on any of
the three largest apertures such that F, was as close tq 90 as possible.
The extract wa; then acidified with 2 drops O.lﬁ HC1 and remea§ured
afterVS minutes (Fa). Acidification converts chlorophyll a to the
breakdown product phaeophytin a which has a smaller emis;ion fluorescence

at the wavelengths used;F, is therefor

less than*Fb. Chlorophyll a is

determined by difference (Fy - Fy), sin F, is due solel& to
fluorescence by phaeophytin—and—avartable\group of other breakdown
products including chlorophyllide and phaeophorbide. (For a complete
discussion, see :gmtsch, 1965). The specific acid ratio Fb/Fa used in
calculations will depend upon the configuration o@ the machine used
and must be determined for each machine. The maximum acid ratio
observed in the natural Barbados phytoplankton was 1.95. When chloro-
phyll a from a brackish water pond undergoing a bloom was -
chromatographed to separate it from-other pigments, measurement by the
above technique gave acid ratios between 2 and 2.1. A ratio of 2 has
therefore been utilized in calculating pigment concentratibns, according

to the formula suggested by Schumann and Lorenzen (1975).

Fy /¥, )
(‘Fb - Fa )n Kx Dil
(Fb/Fa max) -1
Chlorophyll a(ug/l) = .

liters filtered




"

~ ; 14
“vm
h . _ Fb/mamax .
Phaeopigment (ug/l) = (Fb/@amax (Fa)— Fb) K, Dil
F - .
( b/Famax) 1
where: Fb = fluorescence before acidification
' F, = fluorescence after acidification .
Fb//F&“ max = maximum acid factor found in nature, or in

chromatographed chlorophyll a

&

K. = calibration constant for each aperture of the
fluorometer (ygChla/F units)

o Dil = dilution factor.
The X factors were determined by cross calibration with a Gilford
Model 246 spectrophotometer. Eighty 3 and 4 liter samples were
extracted in the normal manner and,the%r Ehlorophyll contents measured
spectrophotometrically according to Strickland and Parsons ?1968). The
same samples were then analyzed on the fluorometer, usually after
dilution with more acetone. ,

All pigment data were card punched, verified and submitted to
the'McGill IBM 360 computer for calculation of the basic parameters..

Acid ratio, chlorophyll a, phaeopigment and percent chlorophyll a were

" computed and listed by cruise, station and depth. It should be noted

that the total chlorophyll calculated by methods not utilizing the
acidification technique (and hence most historical data at Barbados)
will not exactly equal chlorophyll a and phaeopigment as calculated here
because of variable interference by natural phaeopigment in the former

method. Further, the phycobilin pigments* of Trichodesmium are thought

to interfere with the determination of chlorophyll, giving anomalously
high values for chlorophyll a and total chlorophyll by both fluorometric
and spectrophotometric methods (Strickland and Parsbns, 1968; sSaijo et

al., 1969). There is no obvious solution to this possible interference

* Repeated attempts to measure the accessory phycobilin pigment phyco-
erythrin by the fluorescence method of Moreth and Yentsch (1970) were
" L

-

unsuccessful.
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and no corrective measures-have been applied \to insure fluorometric

measurements were only of chlorophyll a.

- \
.
¢
N
N

2.2.4 Enumeration of Trichodesmium \ -

Plankton from 1 llter subsamples from each depth v;ere concentrated
for examination by gentle filtration through a smtered glass extraction
“funnel to about 10-15 ml volume, then transferred to 25 ml Utermohl
counting chambers. The funnel wa\.s thoroughly washed and the rinse

added to the chamber to bring the volume up to 25 ml. Lugol's iodine

B

was added’ as a preservative. Counting usually was completed within a

week of sampling.

. This concentrating procedure was adopted after trials with the

b -
more familiar settling method revealed that most Trichodesmium colonies

disintegrated .-during the three or four transfers that were necessary
from one settling chamber to the next. ‘Fex[ner colonies were disrupted
when the fi}tration method was employed. pPifficulties were also
encountered with ‘the tall settling chambers when 2% formalin was
1n:LtJ.ally used as a preservative, since the gas vacuoles of

Trichodesmium were not always collapsed. The algae therefore possessed

residual buoyancy and could be found at the surface or only partially
settled after lorfg periods. This problem has also been noted by
Sournia (1968). The filtration technique was much more rapid and

insured collection of all the Trichodesmium in a water sample.

J
// .

-~

e Filtrates were often collected and settled, siphonéd down,

-~ and examined as a check on loss of material through the coarse sinter,
since its effective mesh size was unknown. At no time did significant

amounts of Trfchodesmium pass through the funnel. “Small, spl'Terical

cells, less than about 25y diameter, and very short fragments of

Trichodesmlu*n {5~ 10 cells or less) were occasionally observed, but

these never, ounted

more than 1% of the total TricHodesmium for
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those samples. There was probably rather consistent loss of small

individual plankters), but in any.case only Trichodesmium was enumerated.
1 -

Qualitative notes were made regarding the most common, and,unusually

large or abundant other species. Trichodesmium was recognized as

either T. thiepautii or"T. hildenbrandtii on the basis of filament-

diameter and differer}tial staining with Lugol's .iodine. Single
filaments of T. erythraeunt, relatively rare at Barbados a;:ld ’\:r"éry similar
to T. thiebautii dt low magnification, were not counted separately
except where occurring in intact colonies. The entire bottom of eacix
counting chamber containing the filtered and settled conééntraté from

1 liter of water was counted at low magnification (63x) using a Zeiss

inverted microscope. All of the Trichodesmium in single filaments and

., .
in intact colonies was enumerated. ¥©

1

L

Filaments were counted in three size classes (less than 3/4 mm,
3/4 - 1-1/4 mm, and greater than 1-1/4 mm in length) chosen to grossly
reflect the distribution of filament léngth observed. The totals in
each size class were then multipliec'i by 3/4, 1 and 1-1/4 respectively

to’'convert the frequencies to total filament lepgth.

Where intact radial colonies were encountered, the number of
filaments per colony was estimated by counting the filaments pfotruding
around one half of the colony, while focusing up and down to cover as
much of the sphere as possible. For parallell colonies, the filaments
exposed at both ends were counted and the total divided by two. '
Filament length of the colonies was estimated to the nearest 1/4 mm
by comparison w\ith the visible field which was adjusted to 1 mm square.

) \ )\
h This method may sound crude, but in practice it worked rather
well since the microscope depth of field at that magnification was
large in relation to ‘the colonies. When colonies counted ' in this

manner were flattened un‘der\a coverslip. and the number of filaments
¢
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y \
counted under higher magnification, it was evident that the tedhﬁ{que

. . underestimated by about 25% throughout the range of colonies encountered,

A

with an error of * 20-25%. Accordingly, total filament length in each ¢

colony has been calculated by number of filaments per colony x average
filament length (diameter of radial colonies, length of parallel: ‘ ]

W \
colonies) x 5/4. The mean difference between 10 duplicate 5 m samples . :

P

gathered at-different times during the study was 13%. Recounts of
single samples agr;ed to within 10% (n = 8), The technique is therefore
considered to be accurate to Within about lé%. The more accepted
technique of cop&ting filaments encountered in 1 percent of the field

is much faster-;nd the obvious choice for  studies where the other
plankton are also enumerated, but it le; not be accurate unless
colonies are completeiy disrupted. E#éerience during, this. study
indicated that intact colonies were usually present, and during blooms -

they contributed as much as half the biomass of.the sample. No

technique could be found which insured that all of the colonies woulq
always break up without loss of some cells by lysis. Even long term

storage in formalin would not release filaments bound in the

v polysaccharide which accumulates around the central portion of some radial
colonies. . E v
J . -
. 2.3 Observations
' \
2.3.1 The physical environment
. A\
2.3.1.1 Sea temperature ’
The annual march of sea surface temperature off Barbados

roughly followed that of the air. Waters were coldest (25.2°C) in March
when the mixed layer was very deep, and warnest (2é.4°c) in September -
and October when the pycnocline was shallow, Wind‘velocity was less

. <

and air temperature was higher.’ - v
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2.3.1.2 salinity -

P R ey AMEE Y + M e - - . - [ . ——

-The temperature regime in the upper 150~m appears closeiy

related to the presence or absence of the brackish surface layer. The

‘shallow thermocline’ was nearly alweys situated in close proximity to

the halocline, except where the latter was weak. Usually, however,
'
density stratification was strongly developed and thermal mixing

occurred only to the halocline, that is to between 15 and 35 m. On a .

few occasions (February 10 and March 12, 1976) temperature ‘inversions ]

-~

were  observed beneath the shallow .low density layer - the result of

colder but very low salinity (and therefore low density) water sliding ' s

over a more saline, heavier layer. Below the pycnocllneb temperatures
t

decreased more or less uniformly.’ . T

Fi -

The seasenal march of surface salinity during 1974-76 is
illustrated in Figqure 2.2, from data collected during"t@is and three
other simultaneous studies (Partlo, 1975; R. Kidd;; and C. Hawkins*,
pers. comm.). Surface salinity at all stations was near 36°/oco at
the beginning of each. year and“flﬁctuated about a decreasing meaq to

near 32°/0o in August. This irregularity is a common feature in the

first half ef“the year as illustraFed by the wide envelope enélosing
the published surface data since 1962. The nearly synoptic data
gathered[on short cruises around the island (May 21, 1975; July 21,
22, 23, 1975; and January 19, 1976) end the nearly simultaneous
data from other :locatidns, further emphasize this horizontel 4

heterogeneity of the surface layer durlng the first six months of the =

year. . o e

______

s

“vAfter August in bot

were slowly re by more homogeneously saline water masses, and

Robert Kidd and Christopher Hawkins, Bellairs Research Institute,

-

St. 'James, Barbados.
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.. —Figure 2.2 Surface layer salinity (1-5 m) off Barbados 1974-1976 at > i
) locations indicated in Figure 2.1.- ' e
! i
This stuidy: 8 km station (A ); 4 km station (4 );
. May 21, 1975 ( @ ); July 21-23, 1975 ASTP ( e );
~ : January 21, 1976 (< ); Partlo, 1975 (p); R. Kidd, west
- ,,\ . ’ coast (r); east coast (k); C. Hawkins (h). Envelope
o N "// \ indicates range of reported salinity values previous to
, g , 1974 (Beers et al., 1965; Steven et al., 1970;
o / Sander, 1971; NODC data).
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maximum surface salinities were observed early in the new year
(February of 1975, January and Marth of l§76). In 1974 this usually
very constant increase was temporarily lnterrupted by passage of a
large pool of brackish water with salinity near 34 /oo. Conditions in
1975, however, were more normal, and the changlng salinities very

-
closely approximated both the rate of ihcrease and absolute values

ez

observed 4nh several other years. o

e
S
£

4 ~
Regardless of the changes in salinity of the surface waters, .
the water’ between 50 and 75 m was always close t8\36°/éo. In February
1975, -when the brackish surface waters were absent, this 36°/00 water .

. \ i
extended from below 100 m to the surface, and possessed characteristics

very similar to water masses of the South Sargasso or‘North Equatc:\ria"Ztyr .

areas. These waters were quickly replaced by more stratifikd waters °
however. Brackish low den51ty waters drivern off the South Amerlcan
coast by the Northeast Trade winds slldé’over the more sallne, denser
waters of the North Equatorial current (Ryther et al., 1967; Mazeika,
1973)‘an@ arrive at Barbados as 'bubbf@s' or 'pools' of low sa*inity
water superimposed on a more expansive freshening. The major source
of this fresh water is recognized as being the fmazon River (Steven
and Brooks, 1972), but heavy seésénal rains over the oceanic region

may contribute up to 35% (Froelich and Atwood, 1976).

~ F

The shallow brackish layer, and the pools themselves, were
usually well mixed apd.homoqeneous. Below this surface layer,
salinities increasea to a maximum in the 'subtropical und€rwater'
at depths between 100-150 m. This layer varied somewhat in depth and
in thickness, but the salinities observed at the standard depths*bore no
par%icular relation to events at shallower depths. There are noticeable
increases in the salinity of this layer in data presented by Steven et
al. (1970) (their Figure® 3), and these seem to occur with a period
similar to the plankton cycles‘desék@bed by them. It is probable that §
changes in the surface cuf?en:s_are associated with subsurface

e ey i o,
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phenomena (see 2.4.3,2), but,a much more intensive sampling program
would be necessary to adequately describe the features. Temporary
increases in salinity of the subtropical underwater were observed
during the present study, but these were not as reguldr,gs in the

1968-1970 data, probably partly due to differences in depths sampled.

2.3.1.3 Stratification and stability 1!

Sigma-T and stability calculated for all of these data and those
from the 1968-70 study (Steven et al., 1970) -showed essentially the
same picture as described by Beers et al. (1965). During.the swmmer,
when surface salinities are low, s;gma—T at 5 m may be as low as
20.9. During the first eight months of fhe year, there were large
changes in the density structure énd stratification over short intervals,
resulting from the advection of low salinit§ pools into the sampling
area. The very.large temporal’variations of sigma-T at a givgn depth
emphasize the sharp separation of the mixed layer into large cells or
patches (changes of as much as 1 unit of sigma-T were ocbserved at 5 m
within 2 weeks). At 100 m there was generally lgss variation of sigma-T,

but lower densities at this level were usually associated with pools of

/

The water column was always stratified and possessed positive

-

low salinity surface wategk

stabilityw but there is a great deal of variation. No perceptible
trends or patterns could be recognized in these data, excépt for a
reduction of stability in January and February associated with

vertically more hémogeneous water masses at that time.

v 4
' AN

o

2.3.1.4 Solar irradiation

Barbados receives approximately 80% of the irradiation possible

at that latitude, or about 450 ly/day. There are quite small day to day

-

4y
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variations (% 10%) but decreases to around 50 or 60% possible sunshine

occur at 5 to 10 day intervals, apparently associated with features

iwhich tropical metegorologists refer to as 5 day waves (Mr. D.F. Best*,

pers. comm. and meteorological data supplied by him, not presented
‘here). Very large decreases (to 10 or 20% of possible sunshine)
occurﬁhd with greatest frequency during the fall and winter of 1974-

<

1975, when almost total overcast was experienced on four widely

separated occasions. - ~<\ .

Typicai of the daily variations of irradiation are those for > °
June 4, 1975, which are illustrated in Fiqure 3.8. Widely scattered

cumulus cloud was responsible for the short duration decreases in

\
"\

irradiation.

4 -

s

)
2.3.1.5 Light pefietration into the sea i ¢

The irradiance climate for Trichodesmium and other phyto~

plankton near Barbados is summarized in Figure 2.3. The offshore

"‘waters were similar to Jerlov';hi}QGB) class I water, that is, the

clearest oceanic type with very low particle conhtent. Chloerhyll
meaSurements in the upper 30 m on these two days averaged 0.07 pg/1

{December l7)kand 0.15 ug/l {March 5). On December 18, 1974, percent

" transmittance in the inshore region '(3/4 km offshore in 20 m of water)

{was considerably different than recorded at the 8 km station thg
previous day. The slope of the curve is closer to Jerlov's type II o -
water - stiil very qlear but with a greater extinction coefficient
than that of the offghore waters. This décrease in transparency is

a result of largg:fncreaseszin suspended particulate matter close to
the island {cf?*éandér, 1971) including phytoplankton and zooplankton.
In abéolute tgrms, the irradiance received during each of these three

- ‘
* Mr., D.F. Best, Chief Meteorologist, Barbados Government.

-
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Figure 2.3

Figure 2.4

* Barbados, July 1975-May 1976.

Percent of surface irradiance in the 500-640 nm range
received at various depths in the sea off Barbados.
Surface conditions: calm sea and bright sun on December
17, 18 and March 5 (3500,.2600 and 4200 arbitrary units
respectively); rough sea and heavy overcast on January 21
(600 units). Secchi depth on December 17 and March,5 was
27 m, that on January 21 was 23 m. Two measurements on
March 5 made under passing cumulus cloud illustrate the
large reduction of irradiance in upper euphotic zone
caused by cloud. ’

® .

Relationship between surface salinity and Forel colour off
.Dots represent ASTP stations
(July 1975) in water of more than 100 m depth; nimbers
represent months during which data were collected after
July at the 8 km station (January indicated by 1, February

by 2, etc. Regression equation F = 30.03 -~ 0.81 S
(r = 0.71). Forel I'is deep oceanic blue. Forel IV is
an equal parts mixture of blue and green.
»
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measurements (December 17 and 18, 1974; March 5, 1975) was nearly

the same. Two measurements made on March 5 illustrate the very large
fluctuations in the irradiance climate of the upper euphotic Zone
caused by passing cumulus cloud. The % transmittance profile measured
on January 21, 1975 under heavy overcast reflects the difference in
\ spectral composition of the surface irradiance. Absolute irradiance
‘ “at 10 and 20 m on January 21, 1975 was approximately the same as on
March 5, 1975, when the sun was obscurea.

Extrapolation of the offshore transmittan;e to-1% surface
irradiance shows that the lower limit of the euphotic zone,oﬁhen
defined by this irradiance level, was between 80 and 90 m. The

Secchi depth (SD) was 23 m on both days and thus 3 x SD, or even
4 x SD, would be the best measu;e of the _depth of the euphotic zone
in the offshore rebion. :
w ) .

During most of this study, the Secchi disc disappeared at
depths between 20 and 30 m, except on two occaSLOns when it was st 11
visible at 35 m. No correlation with other pqrameters measured cguld
be detected, except that on the two days én which SD was greater ih

While the depth of the

an
35 m, the surface salinity was near 35°/co.
euphotic Zone was generally less, and varied more in the first half
of the y ar than after August, there was no correlation between

surface sallnlty, chlorophyll, or Trichodesmium with Secch1 depth.

¢

2.3.1.6 Apparent céiour of the sea

Casual gbservation during 1974-1975 had suggested"that the
summer waters were a much different colour than those encountered
during tge winter months, and conversations ;ith Barbadian fishermen

- and boatmen confirmed that variations were indeed observable and that
they may have biological significance. Barbadian fishermen have lo%g

-

- I AT < T I g S Wi A%

PG e W N AR o A S EE A F 3

7
/

v
LY

e TR kit




-

ﬂv%ﬂ&‘» L S

'these waters contain more. fish (see also Parr, 1938).

25

¢

sought out 'gpeen water' in which to set their nets in the belief tha

The colour of\the surface layers, as measured with the Foyel
scale did change appreciably, even over short distanéés. Du&ing he
ASTP cruises {(July 21-23, 1975) Forel colour measured at alternate
stations varied from II to IV-V. After July, when higher salirnfity

waters moved in, colour decreased from values around III to i/in

November and December, then increased to IV in May of 1976. /Fifty-

one percent of the variation of FOREL colour was associate with .

"variatiops in surface salinity (Figure 2.4). A similar re¢fationship

between sal}nity and sea colour data was reported by Fukpoka (1965) for
the north coast of Venezuela and off the Orinoco River.
Hutchinson (1957) considers the changes in c lour as ﬁeasured
by the Forel scale to be primarily due to the presence of Gelbstoff, or
fulvic.and humic compounds of terrestrial origin. At Barbados, these
low salinity waters which Foxel measurements show to be greener, are
regarded to be principally of Amazon River origin since their silicate
concentrations are negatively correlated.with salinity (Steven and
Brooks, 1372). Ryther et al. {(1967) mention that the fresh waters
encountered off Cape Orange retained a characteristic deep brown colour
even though suspended particulate matter was wery low. The spreadingh
of this discoloured surface water across the eskern tropical Atlantic
to Barbados was observed directly from spacecraft altitudes by the
ASTP astronauts, who marked the northern limit of the discolouration v
as near l3°N,[about 500 km east of\\Barbados (Borstad, in press).
It would be interesting to know if the known chelatihg properties of
these materials are 'significant to t&e biology agd chemistry of this
large area. . .

-,

>
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2.3.1.7 wWind

<&

. Barbad'os is situated n@l the Trade Wind belt and experiences
generally constant easterly winds around 5 m/sec. In 1974, daili/ mean
velocities\ at Grantléy Adams International Airport averaged 6-7 m/sec
from June until August (D.F. Best, pers. comm.). Near the beginning of
September winds slackenéd appreciably-for a short tim& then ;:esumgd
velocities between 3~ ;nd 6 m/sec. . This period of weaker and ‘more. !
variable winds continued until January when there was a slight increase
in the mont_hly mean. The range of. daily average velocities during th‘e

first-half of 1975 was between about 4 and 6 m/sec. .

Coincident data on wind direction are not available, but
meteorological atlases (cf. Meteorological Office of the British Air
Ministry, 1948; U.S. Chief of Naval Ogerations, 1955) show that the
stronger winds during May through August are about 45% northeasterly
and 50% easterly. The period of rela't(ive calm from September to

December is\a\\‘ time of lower barometric pressure and more vaciable

winds (10% southeasterly, 35-45% easterly, and 35-45% northeasterly)

associated with the northward shift of the Intertropical Convergence

Zone (ITCZ) (the zone of,.\weak'and variable winds known as the Doldrums,
where the northeast and southeast Trade Winds meet). After the ITCZ

retreats to the ‘south in January, the Northeast Trades again strengthen

' and winds at Barbados increase (in 1975 to around 5-6 m/sec) and are

more northerly (40-70% northeasterly, 30% easterly).
During the present study, casual observation indicated the

presence of a substantial wind shadow close to the island's lee shore,

and anemometer measurements made at various locations confirmed this.

Wind velocity mehsured at the 8 km station on ten separate cruises was
9 + 1 m/sec (average of five 1 min velocities measured 3 m above sea )
surface). By comparison,wind velocities at the Martlet mooring, only

3/°4 km from shore, averaged 5 t 1 m/sec on these days (means of two

*
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measurements -/ one before leaving the mooring and another after return).

The differenced between the velocities was highly significant. .

. <

s

2.3.1.8 wWater movements

, Drift bottles released during July 1975 travelled northwest at
a net velocity of 30 km/day, in agreement with similar measurements by
Emery (1972). ’There was, however, no evidence of any large scale .
deformation of the water mass into which the bottles were relea'sed, as
suggested by Emery. Bottles released over the northern parts of the
cruise track were recovered from the northern coast of St. Lucia, while
those released further to the south were found along the St. Lucia
southwest coast. None of thé bottles released in January were recovered.

Description of the average surface currents is possible using

unpublished data made availabl’e by National Oceanographic Data Center

, (NODC) in Wasﬂington. The mean monthly suréace drift velocity and

direétion for the Barbados area are summarized in Figure 2.5. During
the period February to August, waters arrive at Barbados from the sbuth—
east with velpcities slowly incr;éasing until July. In September there is
an abrupt change in direction and, until February, currents are more

westerly, -

It is immediately obvious that these changes in water movements
are directly rela.Lted to changes in the zonal wind field described earlier.
Mazeika (1973) has shown that the surface layer travelled about 40° to °
the right of the mean wind during the period of his study. Durting the
first half of the year therefore, the east-northeasterly winds should
be expected to drive the surface layers to the northwest, and the f;:esh
wiatei:s from the South American rivers will be carried offshore and
hence’tc} Barbados. After August, the decrease in vgind speed and change

in direction result in slower and more westerly drift, 'With the

3

.
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Figure 2.5 Mean monthly sea surface drift velocity (--) and o
direction (—) near Barbados, for the area between 13°
and 14°N; and 59° and 60°W (from data provided by .
National OQceanographic Data Center, Washington, U.S.A.). !
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‘in logarithmic growth. Larger amounts of phaeopigments are present in
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departure of fewer pools of fresh water from the South Americgh coast
(the Amazon River di;charge begins'to decrease in May), the waters of
the oceanic region become more homogeneous with réspect to salinity,
Beginning in August or September, the predominantly westerly currents
bring progressively more saline North Equatorial Current waters té

Barbados. ’ ' N

€

2.3.2 Chlorophyll in Barbados watersf

L 4
Chlorophyll a, as one of the most important phytoplankton pig-

ments, is'a good index of pﬁytoplankton standing stock and primary

production (Lorenzen, 1970). The ratio of live chlorophyll a te total
chlorophyll (chlorophyll a and its breakdown products)® can be used as an i
indication of the condition of the plankton, since'véry little, if any,

phaeopigments are present in actively growing 'blooms' or lab cultures {

senescing, remineralized or partially digested {(as in herbivore guts or
faeces) phytoplankton (cf£. Spence and Steven, '1974; Schumann and

Lorenzen, 1975). - a

o

©
.

At tﬂe 8 km station,'chlorophyllig concentrations in the
surface layer (Figure 2.6) were very low, between 0.05 and 0.1 ug/1 - °
during much of the year. These amounts of chlorophyll are gimilar to
other stable systems of low fertility such as the Sargasso and the open
Caribbean Seas (Margalef, 1971). Periodically, however (January-February,
May and August), surface layer chlorophyll incfeased substantially to -

between 0.25 and 0.35 ug/l, levels more characteristic of fertile

ascending systems (Margalef, 1971). These events were temporary,-
usually only encountered at one or two consecutive hydrographic statigns

which were two weeks, apart. There may have also been a small and short

”

duration increase in October 1974.
;

El

AY

.* This definition of 'total chlorophyll' is used throughout this thesis.
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Figure 2.6 Concentration of chlorophyll a and phaeopigment ‘at 5 m
depth off Barbados, 1974-1976. t
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The phaeopigment concéntrati?ns in the surface layer are also
shown in Figure 2.6 as vertical bars between the live chloroph§ll a and
total chlorophyll. The two digit number associated with each point is
the percent chlorophyll a of the 5 m sampie. Phaeopigment ranged from
less than 0.01 ég 0l Pg/l during the study, and %.chlorophyll a from
55 to 95% (mean 78%). Contrary to what might have been expected, the
% chlorophyll a during the 'blooms' was not very high, indicating thag
the plankton were not in logarithmic growth when they reached Barbados.

The vertical distribution of chlorophyll a and phaecpigment at

the 8 km serial station are illustrated in Figure 2.7 for comparison

with hydrographic conditions and vertical distribution of Trichodesmium
> be discussed later). Pigment concentrations were generally low and

homogenéous in the mixed layer and closely approximated the distzﬁbution <j

of Trichodeémium. Near the bottom of the mixed layer there was enerally

a chlorophyll a maximum and large amounts of detrital chlorophyll '
associated with remineralization of sinking phytoplankton. Steven et al.
(1970) have already demonstrated that the water at this depth usually

contains dissolved nitrite in appreciable quantities, one of the initial

_products of remineralization. Below about 100~150 m there were never

significant amounts of chlorophyll_g,fand phaeopigment also décreased.
The distribution of surface chlorophyll a during the ASTP

cruises (July, 1975), as illustr;;ed in Figure 2.8, shows the effect

of the island on phytoplanktqp zérr;eé in the surface water masses. At

thisg fime, the general set of the oéfshore drift was to the northwest,

and the movements o "Wétgrs inshqre\were probably much like those

oY
Aescribed by Murray et al.™(1977) who studied the movement of subsurface

drogues in July 1973~.- <
\‘ ~a 4
X

Away from the island and 'upstream!, the surface chlorophyll .

concentrations were very low (less than 0.1 pg/l). In the region along




Figure 2.9 Vertical distribution of chlorophyll a and phaeopigment
concentration, and of Trichodesmium numbers at the 8 km
station during 1974-1976.
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Figure 2.8
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Horizontal variation of surface chlorophyll a
concentration, July 21-23, 1975 (ASTP) illustrating
augmentation in the island current lee. Small arrows

indicate current patterns for July 1973 described by .

Murray et al. (1977). Large arrow indicates net
surface drift calculated from drift bottle retuyrns.
8 km station (8), 4 km station (4).
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“>the island's lee coast, which Murray et al./&1977) demonstrated is an

area of significantly slower drift and copfused circulation, pigment'

concentrations were elevated. This inctease in chlorophyll concentrations
\ Il

close to\Barbados' lee shore is now well own (cf. Sander and Steven,

1973) and has been considered a result of a retention of water masses Fnd

o

plankton close to the island (Sander, 1971, 1976; Emer¥, 1972; and

others). while'dataycollected during the present study cannoturefute jgj
t@ié,possibility, ié seems more likely that the slow passggeSQf water
along the lee coast and weak fertilization of the water ﬁgsses due to
" the island (Sander, 1973) provide sufficient impetus. to phytoplankton \
to produce the observed increases in pigmént concentrations. Water \
—masses pass quickly along the south ahd southwestern coasts, and the
phytoplankton in these waters will not remain in these areas long enough
* to build up chlorophyll concentrations. 1In the region very close to \ 1
the lee shore, water movements are much°slower,iand tidal movements should \\
provide sufficient time for the phytoplankton to respond to fertilization. )
Correspondingly, pigment concentrations, phytoplankton cell counts and '
carbon fixation rates are elevated in these regions.(Sandér, 197%;
Vezina, 1974; Partlo, 1975; and others). This effect extended down-
stream of the island during the ASTP, but did not persist more than
about 10 km offshore, indicating that the, fertilization was slight and
cut off after the water mass passed the island.
) .
The island appears to have little effﬁft in elevating pigment

concentrations at the 8 km station in July, when the latter was out of

the island current lee. There was no significant difference between

surface layer (0 and 5 m) chlorophyll concentrations at the two serial
stations during the first seven moﬁtbs of the study (the coefficient
of determination indicates that chlorophyl] concentrations at the two

3
stations are highly correlated - tz = 0.94). On only two occasions did

Y the surface chlorophyll concentrations at the 4 km station differ
significantly from those at the 8 km sfation; these were during the \
'bloom' encounttered during January and February 1975.

~ N 4
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2,3.3 Trichodesmium in Barbados waters

2.3.3.1 Colony *size

Whereas in the formalin preserved samples studied by Steven

(1970) the average Trichodesmium filament was only about 12-25 cells .

long, Trichodesmium filaments in Lugol's preserved material observed

during the current study were much longer.. There was a very great range
of filament length, from 4 or 5 cell fragments to vefy long filaments,
some}imes greater_than 4 mm (ca. 500 cells). Within this range, the
filaments fell roughly into three groups with lengths around 0.5 mm,

1 mm and 2 mm, corresponding with the filament lengths in intact

colonies.

Table 2.1 illustrates the range of filament length and number
of filaments per colony.observed in the 1 liter discrete samples from
5 mat the 4 km and 8 km stations. Consistent differences between radial
and parallel T. thiebautii colonies and between T. thiebautii and

T. hildenbrandtii colonies with respect to filament length are apparent.

*»
The differences in number of filaments per colony may be

related to colony architecture and to the structural strengtﬁ of the two .

_conformations. Manipulations in the laboratory showed that radial
colonies, in which frdchomes all cross through a central tangle of
filaments, were quite résiﬁtant to mechanical disruption, and where a
mucilaginous matrix was preseqt the strength of the conformation was

further improved. Filaments of both T. thiebautii and T. hildenbrandtii

¥ exhibit a tendency to co@l and, in parallel colonies, this assists the
trichomes in twisting around each other like fibres in a rope. This
twisting p%oceeds to a vafiable extent and adds considerable strength.
Parallel colonies are generally more fragile than radial coloq}es, even
with this coiling, and the lower mean for filaments per colony ;nd th

greater number of colonies with few filaments is a reflection of this.

st
3

Ri
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Table 2.1 Mean dihensions of Trichodesmium cSlonies observed

in discrete samples fromyg m depth at the serial -

stations during 1974-1976.

Brackets indicate too few radial T. hildenbrandtii

colonies were encounterei_to calculate meaningful
standard errors.

T. hildenbrandtii colonies made up 10% of the total

observed in these samples. .

. . avg. length
' colony filaments/ of filaments
species conformation colony i SE {(mm) * SE n !
¢ \ i’.
T. thiebautii radial 55 = 3 0.5 £ 0.02 113
T. thiebautii parallel 25 % 2 4 1.2 + 0.05 158
T.. hildenbrandtii * parallel 21 % 4 2.2 * 0,04 22
T. hildenbrandtii radial 44(+ 9) 1.1(+ 0.07)\ 8
. 301
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Many of these were obviously fragments of larger colonies which had

broken apart either in the sea or during the sampling procedure.

Multiplication of the average filament length by the number
of filaments per colony permits rough calculation of the total fila-
ment length. Further, a very approximate estimate of the number of
cells per colony can be obtained by dividing by the average cell
length (about 9u for both sp?cies, although this variesathrough 100%
due to longitudinal cell division). The mean number of cells for
T. thiebautii colonies of both conformations is then around 3000,
while T. hildenbrandtii colonies aré larger with approximately
4500 cells/colony.

Vo

~
The size of Trichodesmium colonies observed at Barbados

compared well with estimates for Trichodesmium from the Kuroshio by

Marumo et al. (1975), from the Indian Ocean by Qasim (1970) ahd
Ramamurthy et al. (1972), and from the Atlantic by Sieburth and

Conover (1965), who varieusly report colonies with ffom 12 to 50
filaments with an extreme of 150. Carpenter and McCarthy (1975),
however, have conducted experimental work on colonies with around
30,000 cells which were selected from plankton, tows. While such

large cblonies were never observed in the discrete samples at

Barbados, they were present in plankton tows in small numbers, The
photosynthesis experiments repo%tad in Section 3 were also conducted on
larger than average colonies becagse these were much easier to work %
with and because a larger change in the exéerimental variable (particu-

late 14C uptake) could be measured where more algal cells were present.

While there was a tendency towards larger colonies during
the 'blooms', little can be said about the variation of lengths of
single filaments with respect to the cycligal oscillations of the

population. If any relationship between filament length and growth

\
phase does exist in Trichodesmium populations, it was.not obwvious in

S
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“ data from Barbados. The distribution of filaments within the three, '

: sampled during 1974-1976 is illustrated in Figqure 2.7. More than 90% \

ey 4oa - - - et e —— n papet)

v

chosen size classes varied erratically from one station to another
and w1th1n the samples from the mixed layer, from aone depth to
anothe;:: Shorter filaments ‘were usually more abundant than longer
ones at all depths, and below 50 m there was a consistent absence of
filaments longer than about 1 mm in lengjih .At 100, 150 and 175 m,/ \

where TrlChOdest.um was never abundant, only small numbers of sho,rt

'

fragments were ever observed. o

s

2.3.3.2 Vertical distribution :

The vertical distribution of'the Trichodesmium populations \\

v

of the pypulation was always located above about 50 m, and in nearly

every case there was a subsurface maximum between 15 and 35 m. On a \

few occasions there were near surface (5 m)} Vmaxima in place of, or
in addition ko, the subsurface maxima, and these usually coincided
with 'blooms’

- \
\

Although no data are presented here, field notes always, noted
a much éreater number o pa(i'allel colonies in plankton tows closest to
the surface. Radial ‘¢olpnies, by comparison, were more'Lgvenly distri- |

and 35 m, with a decline below %hat. In many

buted between the surfa

and 50 m for comparison of morphelogy,/;plgment content, or oth%r charac-

ter, insufficient numbeiﬁs of parallel colonies were collected fmm 50 m

to make comparlson. Thesé’ trends, so obvious in the plankton tows,

could unfortun tely not be d rroborated with data from the counts of

S
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Unlike the other phytoplankton, a larger part of which

accumulates lower in the euphotic zone in or just below the pycnocline,

Trichodesmium is definitely a mixed layer dweller. Like other cyano-

phytes, Trichodesmium possesses gas vacuoles which afford it considerable

§
!
buoyancy. Some blue-greens have been shown to be capable of regulating g
their buoyancy through photosynthetic control of vacuolation (Walsby,. ;

by

1972) and are thus able to stratify at ddpths optimal for growth. It

is Qw551ble that this 15 also the case with Trichodesmium since the

apparent dlfferences in vertical distribution between the two colony

types noted above correspond to differences in their photosynthetic

response to the irradiance climate in the upper euphotic zone.

’

133.3ﬁ§' Temporal variations

The temporal variation of the Trichodesmium population can

. ’ best\be illustrated by Figure 2.9 in which total filament length at
5 m and throughout the layer §é§iied here are presented. It is -
evident that the oscillatory variytions described by Steven and

. Glombitza - (1972) were still operating during 1974-1976. There were

regularly appearing increased standing stocks of Trichodesmium

(predominantly T. thiebautii) in January-February, May, August and
perhaps in October. While the timing of the increases coincided well
\ in both years of this study with those observed by Steven and Glombitza,
the amplitudes did not.  In January 1976, the 5 m population was
smaller than that: observed a year éarller,\and microscopic observations
of colonies collected during Januagy 1976 1ndxcated that much of the
p?pulatlon was lysing and deterloraplng. A large number of partially
\ . ydisintegrated colonies with only a few intact filaments were observed
in the discrete samples from 5" and l% m on Janu#ry 9, 1976. A series \\k
\ ; of nine surface bucket samples:taken\lo days later, along a 20 km {
\ transect to the southwest of the 8 km station, {revealed that this
( \\*\ : ~51tuatlon exn.sted over a wide area. Chlorophy 1 a concentrations at

\\ _".5 and 15 m on Jahuary 5, and in the surface samples on January 19,

, /
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Variations of Trichodesmium standing stock (mm\bf'
filament/liter) at two stations ofjfBarbados
during 1974-1976.
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were also low, with large proportions of detrital phaeopigment present
indicating the‘poor state of health of the phytoplankton population
generally. Instead of being distributed close to the surface, the

population was more equally distributed throughout the upper lOO—le m.

On January-14, 1976, the Trichodesmium population below 15 m

appeared in much better condition than that near the surface, and was
similar to that present in January 1975, at those depths. In March ahd
April 1976, the veiy small populations prgsent ‘were Concentrated near
the surface, and the 5 m populations therefore give a false impression

of the alga’s abundance. The 5 m Trichodesmium populatiornf is therefore

not always a good indicator of the entire mixed layer population because

of these variations in vertical distribution. Regression of the entire-

Trichodesmium population (integrated 0-175 m) on the 5 m population (Ts)

gives the equation:

J,1.75
T o _{mm} = 8153 + 38,73 Ty (mm)

- 1

The coefficient of determination indicates 55% of the .variation of

-

. N

7 . . . s
o fl > is assovigted with variation of Ts. A
V]

=S
«{ »
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2.4 The cyélical pﬁenomenon 4

2.4.1 Hypotheses concerning its cause

2.4.1.1 Biological control of growth

4 ¢

A

v . AAY
The hypotheses concerning the cause of the cyclical appegrance
of Trichodesmium ©ff Barbados put forwa¥d by Steven and his coworkers

(steven et al., 1970; Steven and Glombitza, 1972) have already been

0 ! he 1]
outlined in Section 1. Their suggestion that the ‘cycles were free-running

4

\
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»', b
and the result of the growth of surface blooms from deep subsurface
populations and their decay in the nutrient impoverished surface layer,
wag one of the working hypothesés in the first part of the current

study. The finding that the timing of Trichodesmium 'blooms’ observed

during 1974-1976 was essentialli}the same as that during l9gb-1970 .

casts doubt on the free-running hypothesis, especially since the l%ngth
of time between 'blooms' d?es,not appear to be constant. A free-
running cycle would be egpected to be fairly constant and exhibit a
fourth peak annually in November. :This increase was absent in both

» kY
‘studies. .

L AN
Carpenter and Price (1976) are the only other authors to
have considered the cause of the cycles recorded by Steven et al. (1970).
Their own findings that nitrogen f§xat;on seems to supply nearly all of
the alga's nitrogen and Ehat the process was adversely affected by

turbulence led them to suggest’that Trichodesmium blooms, which

usually occur in <calm and sunny conditions (Brengersma-Sanders, 1957),

do so because nitrogen fixation is a}lowed to proceed. Accordingly,

I3

they compared the Trichodesmium standing crops recorded by Steveh et al.
(1970) to coincident meteorclogical data from Grantley,Adéhs Iﬁzernational
Airport and concluded that there was a significant correlation petween

the 'blooms' and calm, sunny weather. They intg;preted this to indicate
the cycles‘were not free-running but controlled- by physical factors
affecting nitrogen uptake and growth. Neither Steven et ‘al. (1970),
Steven and Glombitza (1972) nor Carpenter and Price (1976) have

apparently conéid;red lateral transport as a possibility in determining

the timing of events. . ‘ i ’ ¢

i
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) 2.4.1.2 Lateral transport of already large populations

The sudden appearance of very large populations, sometimes
already in a state of decline, and their e€qually rapid disappearance,

suggests that horizontal advection of discrete patches of Trichodesmium

is important in regulating the populations encountered at Barbados.
The general movements and heterogeneity of the surface water masses
have already been discussed; and comment has been made on, the intexr-
’mittent appearance of 'pools' of slightly fresher water. A comparison
of surface Trichodesmium‘aﬁd salinities is thexefore interesting.

) R . ‘/, Ca ] \

The algae could élmost always be found in the surface waters,

both inshore and offshore. The TSP plot (Temperature-Salinity-
Plankton) in Figure 2.10 illustrates the euryhalingty of Trichodesmium

within the range of conditions at Barbgdds and the 1§ck of a relation-
ship between absolute salinity and abundance of the algae. The
salinity range for the genus seems to be about 32°/co - 37°/00

(Wille, 1904; So‘fnia, 1968; and many others). The apparent
differences in temperature optima evident between the 1968-70 study
‘(Steven et al., 1970) and this one are probably related to the
mgthodological differences mentioned in Section®2.2.4.*

‘

There is no app%rent relation between Trichodesmium standing

stocks and absolute salinity, but a plot of surface salinity and ,

Trichodesmium (Figure 2.11.1 and 2.11.2) shows that much more alga

appears around Barbados in the, first nine months of each year. Further,

> } ‘
F

* Whereas Steven eé\a}.'(197op;recorded recurring maxima of nearly’ the

same amplitude, this was not the case during the pfesent study Wwhere
ail of the Trichodesmium in 1 liter samples was enumerated. The
abundance. of the alga Mt 280 indicated in the 19‘-70 data is a

reflection .of the relatively large populations M;served in the August
'blooms' of 1969 and 1970.

+
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Temperature—salfhity vs. Trichodesmium at 5 m depth off
Barbados.

:

Solid circles: this study (1974-1976); open circles:
Steven et al., 1970 (1968-1970). N
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Figure 2.11.1

Figure 2.11.2

.
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Relationship between Trichodesmium standing stocks
(---) and salinity (—) at 5 m depth at the 8 km
station during 1975 (this study).

Relationship between Trichodesmium stanaing stocks
(~--) and salinity (—) @at 5 m depth at station 2B
during 1968-1969 (Steven et al., 1970).
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"pools of low salinity water passed the island between February and

// slightly lower salinities suggests thqt”%he temporal variations of the

Wty ek B S L AT -

the rapid changes® in Trichodesmium abundance from one station to

another were associated with slight changes of surface salinity, *

indicative of changing water masses. Most large increases in algal
numbers coincided with temporary declines in surface sdlinity,

suggesting that Trichodesmium is carried to Barbados in ‘pools' of

Guiana Current water. !

Steven et al. (1970) discussed the heterogeneity of the

’
surface salinities at Barbados and observed that at least three large

August 1968. /They did not relate this to the rhythmical appearance of

7
Trichodesmiuﬁ The same inverse relationship exlsts between surface

salinity and algal abundance in their data as in 1975 (see Figure
2.11.2). ?he negative relation between silicate concentratlon and
salinity has been interpreted by them to indicate that ‘these waters

are largely of Amazon River origin.

i

/ In both data sets, Trichodesmium was most abundant between

. Janugﬁy and September. The 1974 data suggest that there may have been

a fourth small inc¢rease in mid~October, and other data to be discussed’

/ £
laﬁer support this suggestion. jﬁ

. y
-
// The fact that Trichodesmium was most abundant in waters with

standing crogiof this alga off Barbados are in some way controlled by
hydrology. If this is so, and the water.mass carrying the large

Trichodesmium populations are quite separate from the masses surrounding

‘them, as they appear to be, then it is logical to expect‘evidence of )
rhythmicity in data concerning other plankton.

As already mentioned, the variations of chlorophyll a
concentQXFions in the top layers of the ocean closely approximated those

of the Trichodesmium population in those layers. A regression of

) '
, :

| S
: ,
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chlorophyll a on Trichodesmium at 5 m for fhe 8 km station gives:

5

Chla.  (ug/l) = 8.0 x 107 T, (mm) + 0.062

The coefficient of variation indicates that 49% of the variation of the
chlorophyll concentrations was associated with variations of the

!

Trichodesmium population. Thls is almost exactly the fraction arrlved

at by calmﬂabxg the ugm chlorophyll/mm fllament (0.00012) from measure-
ments of 1solated colonies and multlplylng this by ‘the average standing e

crop (523 mm). By these calculations Trichodesmium contributes, on the

average, 0.062 pg chlorophyllyl or 50% of the annual mean concentration.
The fraction may be higher or lower on specific days, but it is in good
agreement with the estimate of 60% made by Carpenter and Price (1977)

for four stations in the Caribbean Sea.

<

Steven et al. (1970) did not calculate thi\ contr®ution by
Trichodesmium to total chlorophyll or cell numbers in this way, but

observed that when their Trichodesmium counts fell to zero, the chlorophyll

concentrgtions were about 0.12ug/l. They assumed that this represented

the phytoplankton other than Trichodesmium, and that since the numbers of |

other ‘phytoplankton did not seem to vary significantly, oscillations in
the numbers of the blue-greens were resporsible for fluctuations of

chlorophyll concentration.

:

During the current study, phytoplankton other than Tr;chodesmium
were not enumerated because o% the'r;ther tedious method chosen to
enumerate the bluz—green.Qualitative notes made of’t:%“gther p%gnkton,
however, showed clearly that while dinoflagellates and| coccolithophorids
were the most common other phytoplankton when Trichodeshium numbers Qére
low, lérge mats of very small Chaetocér@g.spp., Rhizos&lenia spp., and

Navicula spp., were very abundant in samples containing large numbers of

the cyanophyte.
.The realization that the numberé of the ‘other’ phytoplankton

In the May 1975 'bloom' fish eggs and larvae were also
abundant.
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changed radically during the so-called Trichodesmium 'blooms', and that

diatoms were much more abundant at such times, called for a re-

examination of the historical data.

<

2.4.2 Re-examination of historical biological data

2.4.2.1 Phytoplankton g . \

Steven et al. (1970) regarded the offshore phytoplankton

excluding Trichodesmium as being rather stable numerically; however!
they point out that the range of variation was from about 500-5,000

cells/liter*, and mention marked fluctuations of diatoms in parti?ular.

Two stations for which they refer to 'diatom mini-blooms' also happen to.

L]

be occasions on which large Trichodesmium populations were encountered.

While their published data include 'phytoplankton cell counts', they do
- ,

not mention whether or not these include Trichodesmium cells or filaments,
i
and it. is not possible to examine the annual variations’ of the two groups
separately.
The observation made during the course of the current study,

that diatoms were very much more abundant when Trichodesmium appeared in

greater numbers, led to a re~examination of the personal data of the
late Dx. D.M. Steven. These Unpublished data included cell counzg for

Trichodesmium, totals of phytoplankton 'excluding Trichodesmium', and’

in some cases notes on numbers of diatoms, dinoflagellates and cocco-

lithophorids. These 8ata are summarized in Figures 2.12 - 2.14.

* Corrected value: the original cell counts were apparentiy.Sx too high,
«-a~” and have been corrected by Sander (1971) and Sander and Steven (19?3)

(F. Sander, pers. comm., Bellairs Research Institute, St, James, ;
. !
Barbados). - -
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Figure 2.13 Relation between Trichodesmium and phytoplankton excluding
Trichodesmium at 5 m during 1968-1970.
! . oA . N
) The three points along the’ lower dashed line are all from
¢ _stations where the increase in other phytpplankton
followed that of Trichodesmium by two weeks (Dr. D.M.|Steven,
unpublished data). ‘ :
; .
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Figure 2.14 Temporal variations of Trichodesmium (filaments/liter: : :
bars), total other phytoplankton (cells/liter:——); . »~ i

diatoms (célls/llter--——), and of the percent contribution ;
to total other phytoplankton by diatoms (belog)
{(Dr. D.M. Steven, unpublished data).
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While the phytoplankton numbers are very low and the
H

fluctuations miniscule compared to those -at higher latitudes, the

‘phytoplankton excluding Trichodesmium show marked oscillation in phase

with the blue-green. There is a linear relation bétween the two groups ‘
at 5 and 50 m for most stations (Figure 2Y13); and in every case the
'beaks' agree tb within cne interval on the sampling schedule (two

weeks) . Further, the ipcreases in 'other phytoplankton' are appanysntly

largely due to lncreaées in numbers of diatoms which appear with the
same perlodleityAag Trichodesmium (Figure 2.14).
/ ‘ .
/ 1}
‘ Observatlons during the present study, and these previously

unpubllshed data, show that in the region offshore, all of the surface
phytoplanKton (but mostly Trichodesmium and the diatoms) fluctuate

numericaiij with a rhythm that is constant and ?airly predictable from
year‘to/&ear.

4 - ¢

All of the other phytoplankton studies at Barbados with sampling
P - . v .
twige a month or more Hlve been conducted close to the island. A study,

of 'the Bridgetown careenage area (Partlo, 1975), conéucted siﬁhltaneously

‘With the current work, permits comparison of the timing of events in the

Figure 2.15 illustrates the’
Both major increases of chlorophyll a
encountered offshore during this period were i}so ocbserved at the -
Bridgetown statlon at the same time and sufface salinities at Partlo's
§tation number 4 and the 4km and 8 Kh stations agreed well (Figure 2.2),
ihdiéating that the seme wéter mass was usually being sampled at the #

three locations. It is apparent that the largest variations observed
o

"in Partlo's chlorophyll data for this station are caused by invasion of
N

new water masses carrying différent sized phytoplankton populations.

The fact that the increases and decreases ceincide well both near
Bridgetown and at offshore stations halfway up the west coast indicates
that the water masses had discrete boundaries.with abrupt changes in
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Figure~2.15 Comparison of surface layer total chlorophyll a

concentrations at an inshore station near Bridgetown
(—a—; Partlo, 1975; marked in Figure 2.1 by P), with

' > concentrations of chlorophyll a (minus phaeopigment)
at two stations 4 km (—) and 8 km (=) off the
island's west coast during 1974-~1975.
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k

pigment concentrations and cell numbers.

7
The combined data shqw that

»
atches' of phytoplankton were large enough, and

the July ind January '
their passage by the is and slow enough, that they were detectable at
§tations about 15 km apart for two or three weeks. The patch in which
’Partlo encountered high ¢hlorophyll in October must have been rather small
because if was only sa.mpi d once. The small increase at the 4 km station

a few days later may représent the periphery of the same patch.
£

. Two other studigs conducted by Vezina (1974) and Sander (1976)
present data allowing further examination of the fluctuations{alohg the
southern half of Barbados'\west coast d\fring 1971-1973. Vezina 6ccupied
eleven stations close to shore at weekly inte-rvals ’ betwegn&Bellairs
Research Institute and Bri getown during 1972 and 1973, while Sandexg
examined the numbers and species compositiqn of surface*phytoplankton at
Figure 2.16 compares the

+ oman? L3
temporal variations of chlorophyll concentration at two of Vezina's

a 10 m station near Bellairs from 1971-1973.

stations (V and P on Figure 2.1) with phytoplanktoxx numbers recorded by
Sander (1976) (H on Figure 2.1) and allows comparison wfth the timing of

events offshore in 1968-1970 and 1974-1976. ’

dVezina.'s study was not long enough in itself to allow detection
of reéurring maxima, but comparison with the studie.s by Sander (1971,
1976), Steven et al. (1970)) Partlo (1975), and the current work, show
tl:at phytoplankton appears and disappeafrs all along the southern west
coast with much the same rhythmiéit;y as offshore. Whether ft';he d#fferences
in maximal tc?tal chlorophyll ’obsez.fved by Vezina at diffgrent stations

L

along the coast are reﬁject_;ions of rapid growth as the water moved bs;,

patchiness in the phytoplankton distribution within the larger 'patches',
i
iasing due to the sampling interval, or a combination of all three, is

1
a& Y -
difficult to say.

.

o

. vy

Sgnder's (L976) data shew that the increases in, chlorophyll .

measured by Vezina were primarily e to increases in the humbers of
A h 4

0
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Figure 2.16

N
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. Figure 2.17

D s e

‘

Temporal variations of surface layer (1l m ) total
chlorophyll a concentration (interrupted lines - Vezina,
1974) and phytoplankton cell numbers (continuous line -
Sander, 1976) at three inshore stations along the southern
half of Barbados' west coast. Vezina's stations are
indicated in Figure 2,1 by V and F. Sander's data are
from H. Bars'along the abscissa indicate the timing of
Trichodesmium and/or phytoplankton maxima observed in
1968-1970 (Steven et al., 1970) and 1974-1976 (this
study) .

TN

&% .

Temporal variations of surface layer (1 m) phytoplankton ,
(excluding Trichodesmium) offshore —& (D.M. Steven, unpub-
lished data) and of total phytoplankton at two inshore -
stations along the northern half of Barbados' west coast

(§Fnder, 1971 e- }ndicated by $§ in Figqure 2.1, o-
iindicated by R in Figuke 2.1). .
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diatoms. He also states that dinoflagellates and coccolithophorids were

a larger propdrtion of the populétidh during the periods of low numbers.

The phytoplankton data collated here indicate that the
rhythmic passage of water masses containing larger phytoplankton
populations with a'more important diatom componenﬁ is importgnt along
the soﬁthwestern coast where little distortion of the water masses is
evident. The northern hﬁ}f of the west coast, however, is known to be an
area of slower currents and eddying (Murray et al., 1977) and nearly
synoptic chlorophyll data collected during July 1975, revealed an areé
of higher surface chlorophyll in this island 'wake'. Sander's earlier.
study (Sander, 1971) was concentrated £n this area and was simultaneous
with part of the offshore work of Steven et al. (1970). Sander has
already described increases in average chlorophyll, cell numbers and
photosynthesié in this inshore region, but the data can also b? examined
for synchrony with the offshore station. Figure 2.17 illustrates that .
while fHhe agreement is not nearly so gopd as glonq'the sogthern half ofs
the west coaét, majofiincreases offshore were usually observed at at least
one of the inshore stations at the same time. The slower passage of watey
thypugh this area may be responsible for developmeﬂ% of asynchrohy with ;5
the offshore ééation.

Along all of the coast the arrival of water masses carrying
larger diatomaceous populJtions capable of response to fertilizatioﬂ.

near the island seems responsfble for the timing of increases in chloro-

" phykl and cell numbers at inshore stations.w;OEf the northwest coast,

where water movements @ré more complex, the timing is somewhat modified,
§ : g .
. . : »
Data from research by Steven ét al. (1970), Vezina (1974), *
Partlo (1975), Sander (1976) and the current study all suggest the

inated by dinoflagellates and coccolitho-

alternating appearance at Barbados, of Fwo groups of phﬁtoplankton: one
with low population densities, ﬁk;;

* N ¥
phorids; and a second group‘usuaL}y appearing in larger numbers,  in which .
f e \ . ’

o

&
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Trichodesmium and diatoms were abundant. This division of, the phyto-

plankton into diatomaceous and nondiatomaceous groups seefis to be quite
a natural-one, since the diatoms are more common in neritic and coastal
waters, while dinoflagellates and coccolithophorids dominate the blue
oceanic regions {Hargraves et al., 1970; Sander, 1971; Steidinger,
1973). Hulbert (1962) has shown that standing crops of these latter
groups were more opr;ess equal along a transect between the southwest

[
Sargasso Sea and Grenada in February, 1961. Diatoms and Trichodesmium,

however, were both more abundant at the surface at the southern stations
where slightly lower sp}face salinities were observed. In 1964 and 1965,
Hulﬁert and Corwin (1969) observed large diatomaceous populations in
isolated low salinity pools far off the South American coast north of
Cape Orange. They considered these to be neritic populations which had . ~
been carg}ed offshore in freshwater lenses produced near the Cape.

Their experiméntal work with several different types of 'neritic' and
‘oceanic’ }bhytoplankton from the westerh tropica% Atlantic reveale?
thae'diatoms responded well to fertilization in batch culture whi%e
goccolithophorids and dinoflagellates did nat. Eppley et al. (1969) have N
ginée-shown'that the species usu;lly regarded as 'neritic' have higher

Ky for nutrient uptake‘tban do 'oceanic’ spe?ies; that is to say, 'neritic’,
species“ uptake mechanisms saturate at much higher nutridht concentrations

than do those of ‘'oceanic’ species. Recent evidence suggests that

Trichodesmium also 1kguires considerably higher concentrations of ammonium
and nitrate than do other ‘oceanic' species (Carpenter et al;, 1975;

‘ Wada ét al,, 1975). 1Its appearance’off Barbados in concert with large
numbers of supposedly neritic diatoms, therefore may be related to their
nutrient kiﬂeticq, since the low saiin&ty waters in which it arriveds are
derived from the Gu%ané Current. These waters contain a large ‘riverine
component and pasé algng the coastal areas of’South Americ; where nutrients

‘v <
« are supplied by ;bwelling. .
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2.4.2.2 Zooplankton hf
’

" The discussion of the temporal variations of the Trichodesmium

and other surface phytoplankton populations suggests that alternation,of
Guiana.Current water and North Equatorial Current water is responsible

for the rhythmical fiuctuations. There is now a great deal of information
available regarding the temporal vafiations of zooplankton stocks near
Barbados, and a short review’of this literature, while not directly

related to Trichodesmium, ‘may be enlightening.

Many zooplankton\migrate appreciable vertical distances and
thus spend part of each day below the surface mixed layer, in water
masses which move in different directions and at different veloc¢ities
than the surface masses. There are, however, many mixed—hgyer dwellers
with only feeble migrations and others which curtail migrations to, remain
in certain water masses, .and these types can be used as water mass

indicators (Bary, 19634rMichel and Foyo, 1976). c
{ ! /

One of the first zooplankton studiés near Barbado§ Qas conducted
by Lewis and Fish (1969).betw%én 1958 and 1960. They*rezafﬁed great
month to msnth fluctuations in surface zboplankton, with no apparent
seasonality. Their data suggested.to them an irregularity of distri-
bution asseciated with vari;ble hydrographic conditions rather than
seasonal chaﬁges in production. In this connectign, theyispecifically
mentioned the surface ‘dwelling forms §uch as the siphonophore Abylopsis

eschscholtzii Abylopsis appeared‘Wxth a fairly redular 3 month

varlatlon (see Figure 2.18) which is out of phase with the ph;toplankton
'cycle' described by Steven et al. (1970) and this study. Siphonophores
and medusae are more abundant fn oceanic, more saline North Equatorial
waters than in the neritic: freshened'cuiana Current {(Urosa and Rao, 1974),
and thus the v ihtions of Abzlogsis standing stocks recorded by Lewis

and Fish (1969) support the hypogpesis proposed here regarding alternaticn

of water masses. Their data also include infoqnation on fish 1arvae which

~ . '

* S g ‘f“:'“‘m
s ' N ~N
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Figure 2.18 Temporal variations of Ablyopsis eschscoltzii (a surface

dwelling siphophore ---) and fish larvae (~——) abundance
in night plankton tows taken off Barbados during 1958-1960 -
(from Lewis and Fish, 1969). { Y

Figure 2.19 Temporal variations of the Pbundance (monthly means of weekly ,
tows) of four species of euthecoéomatops pteropods in 0-400 m i
obllque plankton tows off Barbados during 1971-1973 (Wells,, » ‘
1974) . " stippled bands indicate months of phytoplankton maxima
recorded by Sander (1976) at a near shore station also sampled
during this time. Black bars along the abscissa represent
‘months of Trichodesmium and/or phytoplankton maxima during
1968-1970 (Steven et al., 1970) and 1974-1976 (this study).

A Spiratella 1nflata x 2 X lO3 indiv1duals/m . "I

a S.lesueuri x 10 1nd1v1duals /m
® Creseis virqula conicalx’10 :Lx’idividuals/m3 ) e ‘

o C..v. virgula x lO2 indivi 3

individuals/m
t Al '
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1

indicates that this @&oup fluctuated more or less out of phase with

Abylopsis (see Figure 2.18).

%

A more intensive study\ of a smaller group of zooplankton, the.

-euthecosomatous pteropods, was carried out in,1971-73 by Wells (1974L.
These herbivorous holoplanktonic molluscs, wh&leﬁthey constitute an

insignificart fraction of the Barbados zooplankton {sander, 1971) are
often used as witer mass indicators (Myers, 1969; Chen aﬁd Hillman,
1970), and Wells'

% .
The temporal variations[of four species recorded by Wells have -been re-

data are therefore particularly interesting here.

plotted in Figure 2.19 to illustrate the remarkable agreement between

membeﬁf of the group and their periodic nature. . ¢

&

There are unfortunétely no coincident data for phytoplqgkton

4

or salinity for this study, but Wells did subjectively note an ihéerse

¢orrelation between Trichodesmium and the pteropods. Closer examination

oof Sander's (1976) inshore phytoplankton data shows that the pﬁytoplankton
maxima were early during 1972. Pteropods represent oceanic offshore
waters (Bjornberg, 1971) and thus Wells' data provide a clear indication
of alternations of two water masses with the same period as already

established for the Trichodesmium and phytoplankton cyeles.

) In a recent publication considering the seasonality ‘of the
pteropods at Barbados,'Wells (1976) mentions the twaﬁﬁater types b&t,
like most authors to date, only considers salinity in absolute terms; the
low salinity surface waters of summer and the higher salinity ‘waters in
winter. The slight changes of surface salinity which signal the arrival
of a new and diffegent Water mass can probably also be related to arrlval
of a new pteropod population in a fashion similar to that described

earlier for Trichodesmium (apparently in the reverse serise).

: LA -

Al

O ‘ Wells (1976) suggested that the reason pteropods were less

abundant during Trichodesmium 'blooms' might be that the blue-green depleted

M i




the nutrient levels in the euphotic zone, thereby excluding the other
phytoplankton on which pteropods feed. In certaih circuﬁstances, such

as in true Trichodesmium blooms or red tides observed elsewhere (Qasim,

1970), other phytopiankton may indeedﬂbe scarce. If this is igdeed a,

result of exclusion by the blue-green, there is no evidence of such

competition at Barbados. As has been shown here, diatoms and other

phytoplankton are more abundant when Trichodesmium is present in greater

. \
numbers, not less so. The fact that Trichodesmium is unable to

efficiently assimilate combined inorganic nitrogen also diminish%s the

possibility of it excluding other oceanic phytoplankton in this manner.
. ! .
A much more plausible explanation lies in the fact that two.water masses
-

with different histories are being sampled alternately - one with

abundant Trichodesmium, the other with abundant pteropods.

Steven (1971) pointed out & very rougﬁﬂncouplinq' between £
fluctuations of total chlorophyil {integrated 0-100 m) and zooplankton
- from 0-400 m oblique tows in the first half of the 1968—I970 study, but
f‘ this relation was less visible in later data (Steven et al., 1970). It
seeyed likely to Steven and Glomqﬁtza (1972) that the oscillations of
the sys:cem were controlled biologically, They suggested the key factor
might be the generation time of one or more impéitant specieg of zoo-. \,“
plankton, and therefoyge the grazing pressure onﬁthe phytoblankton; or -

the rate of regeneration of plant nutrients.
\

. 4

P o
o ’ Moore and Sander {1976, 1977), and Sander and Moore (in press)

"  have now stugiedethe zooplanktoﬁ gathgred dufiné the 1968-1970 study in

greater detail and have examined the abundance and temporal varidtions

i of individual species. They found no consistent relation between the

i

} » «”  phytoplankton and the major groups of the zooplankton. Like most gther
o authors, they conclude that "hydrographi¢ factors are the most important

5 B
factors controlling temporal variation”, since very large zooplankton

s

populations appeared and diszppeared at short intervals. They detected \

+ no seasonal variation in sbundancé‘or breeding of the group, or of any

I3 4 -
' . -
J . : ° /
L,
-
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* . individual species of the copepods, and observed that "reproductive
act1v1t1es of various species lack synchronlzatlon and seasonal ’
regularlty. For most gspecies, breeding appears to take place

sporadically." Stated another way, this could be 'most species

-

»
arrive only sporadically at Barbados in breeding condition', since it

- / . - . N
is fairly obvious that the same water mass is rarely, if ever, sampled
- :

e

¢ s
twice at the offshore station. besumaﬁly conditions at some time in
the\past history of>the water mass, and factors such as vertical

migratioms,,predation and food supply, determine the zooplankton

' population and breeding condition observed when the water mass is near -

" Barbados. The observation by Calef and Grice (1967) of large actively i
growing populations of a qerieic clag?ceran and+mys$id far off the coast o;{
of South America north of Cégg Orange is a case in point. Calef and
-, Grice regarded these populations as residents of an originally neritic

. . .
- water mass which’ had been carried offshore.. ﬂ1 ™

>

y
I
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\ \ .
2.4.2.3 Summary of biological evidence . -

. - ~
oA
L]

o

It is quite apparent tﬁgt the largest, fluctuations of surface
, plankton, both phytoplankton?hﬂé zooplenkton, around Barbados are
related #0 the continuously changlng water masses. While 'there are
) adm;ttedly other factors operatlng inshore, even in thid region the
\; " rhythmical appearance of large populations of phytoplankton is almost

E

certainly»controlled by water movements. “ . : . AR

— - . ‘ ~u -
” A ‘ . ~ “ ’ ’ *
.It has been shown here that there is a loose intverse relation-

) ship between the salinity of‘the surface layer and phytcﬁlankton abund%nce,’
- not an absolute relation but one in whlch departpres f&bm the runnlng
mean signal morgq %bgpdant phytoplankton. The, 1968 -1970 data (Steven et
al.,| 1970} further indicated that this was water withuhlgh silzcateA
‘(;' o ) concentration, therefore water diluted by /South American rivers. : -

a8 |




. revealed that Trlchodesmlum did not appear along in th

‘hydrological control¥of the
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Semlquantltatlve dbservatlons ‘of the Barbados plankton during 1974-76

'blooms ' but in

concert with large numbers of other phytoplankton, principally diatoms

of the genera Chaetocerus, Nltzéchla and Rhlzosolenla. Examination of -
‘

the late Dr. D.M. Steven's unpubllshed data for the 1968-1970 study .

confirmed this c01n01dent osc1llat10n of the other phytoplankton and
showed that -diatoms contrlbuted between 50 and 75% of the 'other ) "
ghytoplankton' numbers during 'blooms‘. Dinoflagellates were the.
most common‘groﬁp during the periods between 'blooms'. In the insaore
regiona of the southwest coast, rhythmical increases in cell numbers -
and chlorophyll concentratxons appear with the same,perlpd1c1ty as off-
shore, ahd all of the varlatlons in surface Rlankton are closely related
to passage of differing water masses, the best Iabel of which seems to be
sallnlty. Phytoplankton standing crops in the region of ‘weak agh

stagnant currents of £-the northwest coast are more variable.

3

zooplankton data gathered from serial stations by other workers also

show rhythmical oscillations, but the vertical migrations of many

-

zooplankton and the ‘longer gengration times will mean that most membef's
of this group show apparently erratic fluctuations. . .

[y

v

All of the biological evidence seems to point towards

variations. The fact that large Trlchodesmlum standing crops arrive at

Barbados in sllghtly fresher surface waters with higher, s111cate
concentrations éuggasts that the water masses have been influenced by
rivgrina discharge from South America. Any attempt to identify the
factors determining the timing of events at Barbados must therefore

begin with'a'thorough review o% the oceanography of the area, particularly

of the Guiana Current. : .

. . .
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Regional® oceanography "

A review of the oceanography of the western tropical Atlantic

to 1975 . '
" B °

-

‘The picture of water movements in the western tropical Atlantic
preiented by most textbooks (Sverdrup et-al., 1947; Neumann and. Plerson,

1966) is a very 51mple one. Until very recently, llttle information

was dvailable other than for Mip drift, drift bottle studies and
q

distribution of physical properties‘such as temperature, salinity and
. A .

7

oxygen. Lo

-
o a

The general set of surface ocean currents in the region is .
from east southeast }%Mst (see small arrows in Figures 2.22

. and 2. 2;1 for example), and these movements are driven largely by the

zonal winds. The northeast trade-winds blow constantly from the north-
east and east over most of the area at velocities of 5-10 m/sec during
the first half of the year. During the'period of strong winds the ,
Ggiana‘ Current reaches velocities of up to 55 kx;\/dey (see Figure 2.2%3) .

As summer comes to the ,southern hemisphere and the large high pressure )

cell over the South Atlantic moves north, the Intertropical Convergence y

Zon€ (the zone of weak and variable winds known as the doldrums where .
the nprtheast and southeast trades meet) also moves north. The effect
of thi; in the western tropical Atlantic is that the winds in the so.uth-
eastern part of the 'region near Cape Orange gnd’ the Amazon estuary b‘e\;dme
weak and wariable after June. As the southeast trades are felt north ofﬁ

the eguator, the winds becomessoutheasterly or southerly and the surface M

waters, which had been moving northwesterly in the first half of the

year, are directed north and east. This recurving of the surface

Y . .
current is discussed later in Section 3.3.2.3 in relation to events at
In the western part of the region the southeast trades* have

+

llttli effect, but the general decrease in wind speed causes a decrease

/ {

Barbados.

in surfae?; ocean, currents to around 25-35 km/day.
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The rainy segson over the oceanic tropical Atlantic and the

wvast inland regions of Amazonia occurs early in the year, and the ‘ocean
receives very large inputs of fresh water during the firfihalf of the
year. The surface waters of thé R close to ‘the South™ American

coast receive fresh.rivifine diéchargg throughout the year, [but the :

massive discharge of the Amazon, which reaches its maximum May gnd

June, completely overshadows contributions by other smaller ‘}ivers’ (J.G.

de "Amorim Coelho, pers. comm.*) .

&

The loy denéity, turbid water‘is directed northward along the
Brazilian coast b§ the trade winds and b coé%b)entrained in.the fast
fléwing Guiana Currént (Gibbs, i970). (k)gﬁdérable mixing takes place
as thebwater‘poves northwestward, but the Auass maintains it§ low

salinity, signature as far as Puerto Rico and Jamaica (Froelich and

A\s

Atwood, 1976). - :
P 1.

N Not all of this relatively fresher water is retained aiong
the Guiana coasé, however,'since a very large region of the western
tropiéél Atlantic®* experiences decreasing salinities during the summer.
Several authors have studied,'pools"of fresPér water north of Cape
Orange which apparently have broken off the main Guiana Current and are
surrounded by surface waters of greater salinity (Rythér et al., 1967;
Metcalf, 1969; and othersf. These 'lenses' of brackish water bave been
shown to possess’ greater quantities of dissolved silicate than the
surrounding ocean and have thus beén considered to be of riverine origin.

The inverse relationship between surface salinity and silicate which

" Steven and Brooks (1972) demonstrated for Barbados™waters can be seen

over~-very large regions of the western tropical’ Atlantic, and Froelich

and Atwood (1976) have by this means cqlculated éhat the Amazon contri-

butes more than 65% of the total freshwater input to the area.

« €
¢

* J.G. de Amorim Coelho, DNAEE, Ministerio das Minas e Energia,

Brazilia, Brazil.

LI 1
- -
v e e S Pt 9 g .G . W.....Mu\ - R 4 ot -
. Mt N e e ey ot e,




v . )
. Beers et al. (1965), Steven et al.(1270) and Steven and

Brooks (1972) have all remarked on the complex nature of the fluctuations
éf sea surface salinity at Barbados, .noting that‘ﬁor% than one 'low
salinity, high silicate water mass'appears there each year. Indeéd,

the last two papers concluded that at least three reasonably distinct
pools of riverine waters invaded the Barbados region during both 1968
gnd 1969. !

The Caribbean Sea reteives the major;ty of its water through
the channels &t the south end of the.Antilles Arc , and since the ‘area
west ofuthe island chain is ultimately the beginning of the Gulf Stream
system thexe has begﬁ‘donsiderable interest in the currents of the
region. It ;s, howevér, a massivg area and synoptic data have been
impo§si§1e to obtain until vefy‘rgcently. "There hdve therefore been
several attempts at calculating geostrophic currents from time-averaged
historical, data (Glombitza, 1971; Mazeika, 1973; Ortega et al., h
1976) . All of these studies have presented similar pictures showing a
very complex situation of eddies and counter eddies, of flows as often
easterly as westérly. Mazeika (1973) regarded this as evidence of
water flowing from the east piling up against the Antilles and washing

@

back to the east. . '

Brucks (1971) combined a study of thermocline topography and

' release of drift bottles to demonstrate a northerly flow along the

Antilles during February and August 1970 which also was considerably
different from the general conception of the flow at that time. Thé
picture presented by Wust (1964) and confirmed by dlrect current measure-
ments by Johannessen (i968b near Barbados and Trlnldad and by Stalculp
and Metcalf (1972) in the Grenada Passage, showed that a major part of
the surface water crossing the Carlbﬁean enters from the Atlantlc’

Pl

flowing wésterly through the southern® passages. e

.
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A considerable amount of physical oceanographic work has been
carried out by Venezuelan‘scientists in the past ten years; and Fukuoka k
(1971) has presented fuf%her evidence of the complexities of circulation
in the area. His quaslsynoptic temperatJ;e and oxygen data showed
large cyclonic and.antiCYClonic gyres under the core of the Guiana
Current during August 1968 and April 1970. He interpreged the data
to show stationary meanders in the currept caused largely by bottom

:

3 topography.’ , \
T L .
Much of thls recent evidence depicting complex 01rculatlon
. patterns is dlfflcult to reconcile with the analyses by wist {1964) |,
using the core method, drift bottle returns, and direct measurements
(Michel and Foyo, -1976). Therefore, con51derable effort has been

directed here to resolve the 1ncons1stenc1es apparent in the literature.

The vertical and horizontal dlstrlbutlon of Trichodesmium (and a very

f large number of other plankton) at Barbados are greatly influenced by

water movements. . * -

\

2.4.3.2 Re-examination of historical hydrological data I
' > o \ Lt

! Examination og the archived bat?ythermograph data, provided
by NODC for the area of the.western tropical Atlantfc to the east of
Barbados, revealed little significant variation in thermocline '

. ,topography north of 11°N. strong convergence and diveggence were not
! in evidence in this region in the cruise data sur&éf%d)’ e;e for example

Flgure 2.20. l) except within about 300-400 km of the South American

coast in assoc1atlon with the Guiana Current, where large vertical

* NODC cruisés 31-0433, 31-01277, 31-01604, 31-02508, 31-03462, 31-06113,
31-06121, 31-06124, 31-06125, 31-06127, 31-06130, 31-06132, 31-06186,
.,  31-8070 and 31-21290. .

¢
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Figure 2.20.1

® Figure 2.20.2
.l

o . — ,.-.mpp.[nu o b e SR m e s o o b e i s

- .
Horizontal-variation.of temperature at 100 m in the

western tropical Atlantic, January 25 tqQ February 12,

1968 on-a cruise by RV Crawford.

Lo

-

¢

Variation of temperature at 100 m in the western
tropical Atlantic, April 4 to April 7, 1968.
Station locations of RV Crawford cruise in Figures
2.20.1 and 2.20.2 are illustrated at right.
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* fluctuations in the thermocline were observed over relatively short -
horizontal. distances» Figure 2.20:1 ( nsects by R.V. Crawford in
l§68) illustrates the presence of an anticyclonic eddy north of Cape °
Or&%qe as indicated by_the very rapid changes in temperature at 100 m.
When the same area was crossed a second time two months later T

(Figure 2.20.2), the feature was displaced. A similar phenomenon has

been recorded in this area by Calef and Grice (1967) and Metcalf (1968).

-

At About the same distance from the coast, but further west,
complete hydrographic station data from several cruises were available
(Figure 2.21-2.26). The tempefatures at 150 m on two R.V. Lasalle
c;uises (July-Auguét'l§6§'and April 1970) are plotted in F;gures 2,21
and 2.23; In both figures -the dist;ibution of teméerature suggests
cyclonic circulaﬁ}on centered at about '56°W, 9°N and anticyclonic‘
circulation to the east and west. The distribution of'aissolved 4
oxygen concentrations at the same depth (not shown) also correspéhded ’
showiné high values where cold oxygen-poor waters were upwelling
(Fukuoka, 1971) Figure 2.25 Lé a plot of NODC data for a third Lasalle
cruise ln the area in April 1972, whlch was not consxdered by Fukuoka.
The pattern of convergence and divérgence presented by these data is

v

3considerably different from those in Figures 2.21 and 2.23.

The only other available data céncerning the distribution of -

+emperature with depfh in this area is a bathythermograph transect-
run more or less parallel to the coast in March 1958 by R.V. Westwind.
Very large fluctuatlons of temperature, evident in Figure 2.27, dre
consistent w1th the presence of the meanders indicated above. The
convergeﬁces and dive nces are of approximately the same dimensions
as those revealeq_l:’tiz Lasalle data, but they are in differeht .
locations. Note that the reéular fluctuations co%tinue into the

Caribbean. ’ "
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Figure 2.22
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{ P
Surface salinity off the' Guiana coast during July 7 to

August 17, 1968‘(from data presented by Urcsa and Rao, 1974).

Arrows' indicate mean August surface drift velocity and

directioq for '1° squares of latitude and longitude from o™
NODC-SCUDS |, file. L
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Figure 2.23

Temperature at 150 m, off the Guiana coast, April 7-23,
1970.

i - .

N . - N

Arrows mark inferred circulation (RV Lasalle cruise,

NODC data). ~ / .
| // *

-
’

Surface salinity off the Guiana coast during April 7-23,
1970 (from NODC data of a RV Lasalle cruise).

Figure 2,24

©
-

Large arrows indicate mean April surface drift velocity and -
direction for 1° squares Bf latitude and longitude from =~ .
the NODC-SCUDS file. Small arrows join the noon positions |
of two parachute drogues tracked by RV Calamar, May 5-18,

1970 and May 21-30, 1971 (the more northerly of the two
tracks) (Anon. 1971a, 1971b).
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Arrows mark inferred circulation (RV Lasalle cruise, .
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Figure 2.26 Surface salinity off the Guiana coast during April 15-28, .
" - °1?72 {from NODC data of a RV Lasalle cruise). BN !

Large arrows indicate mean April surface drift velocity

and ‘direction for 1° squares of latitude and londitude .
from the NOBC-SCUDS file. Small arrows join the noon

positions of two parachute drogues tracked by RV Calamar .
May 5-18, 1970 and May -21-30, 1971 (the more nartherly -

of the two tracks (Anon. 197la, 1971b). \
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Surface salinity data for the two April Lasalle cruises,
and the mean monthly surface drlft for thls month as provided by the
NODC-SCUDS file, are illustrated in Flgures 2.24 and 2.26. While
the mean monthly drift is towards the northwest, the quasisynopt;t
salinity data clearly show the low salinity tongue closely following
the meanders in the subsurface current. Under the influence of
westerly winds the surface ;ayer,'which is separated ﬁrom the. more
dense water masses below it by a sharp disgontinuity, can be expected
to be driven offshore as the current turns at the north end of the
meanders. The lobes thus fotmed are partly visible in both figures,
and the apparently isolated pool at 56°W, 12°Nn hss probably been

driven off the lobe at 54°W.

. Also plotted on Flgures 2.24 and 2. 26 are the é}acks of two
parachute drogues followed by the FAO-UNDP ﬁlsherles research vessel
Calamar (Anon., 1971). Both drogues were released in May at locations
very near the lobe at 58°W, and their paths indicate that water in the

position of the lobe can and dces travel to Barbados in a curving path

consistent with the shape ofvthe meandering current. -

"

The surface salinity distributien over the area in August
1968 is shown in Figure 2.22, from data presented by Urosa and Rao
(1974). Comparis&n with the pattern of temperature at 150 m (Fukuoka,
}971) shows that the low salinity waters follow the meandering sub-
surface current rather closely. While the.absolute value of the
salinities is about the same as in April, the broader plume and more
homogeneouss conditions are probebly reflections of the slower su%faeé

currents and greater mixing at this time.

No-one has pointed out the control of surface salinity in

this region by the subsurface meanders, but Metca{f (1968), considering

the area near Cape Orange, stated that the Amazon outflow was probably

rassociated{in its position and movements with the subsurface current
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, eddies have become increasingly common (cf. Phillips, 1966; Beckerle,

structure rather than the local wind pattern gﬁly". It is apparent that ’
this is the case along the coast of the Guianﬁs also. Most authors.to
date (Ryther et al., 1967; Steven and Brooké;‘l972; Mazeika, 1973; anq
others) have considered that the fresh waters of Amazon origin leave
Ehe coast at Cape Qrange gnd travel north and then west to Barbados.
It‘is evident from these d;ta tQat at least part of this low salinity
suffac% water is carried back along the coast of the Guianas before
it is brought te Barbados. > .
. -~

Fukugka {1971) was the first to show éhat the Guiana Current
meandered, but the data available to him at the time suggested the

current pattern was stationary. Consequently, he considered the 4

"meanders were evidence of stationary Rossby waves, since the wavelength

corresponded to that prédicted by classical theory when comstant current
velocity was assumed. As pointed out above, however, other data not
analyzed by Fukuoka suggest that the meanders must move, since the
alternate convergences and divergences are in considerably different
locations in different months. In recent years, repg;ts of open ocean
1972, 1976; Berstein and White, 1974; Gill, 1975; Swallow, 1976; Kérr;
1977; and others), an§ now they ate sometimes likened to atmospher}c
weather systems, mesoscale systems which derive their energy from the
larger mean S}ow (McW4lliams, 1976). . Theory predicts baroclinic—garo-
tropic Rossby waves will have wavelengths of 500 to 600 kp depending
upon latitude and a mean lateral movement of around 4 cm/éec to the
west (Longuet-Higgins, 1968; Rossby, 1937). The phenomenon most
commonly reported - alternmating convergence‘and divergence as indicated
by tpermocline topography and sound speed measurements - have now been
‘observed in almost all parts of the world ocean. Most of the major

ocean currents (the-Gulf Stream, Kuroshio, Antarctic Circumpolar and

West Australia Currents) have recently been shown to be complex systems

of ﬁigrating meanders (Swallow, i976; Kerr, 1977). Kerr concludes that

meandering and ring formation are inevitable wherever narrow swift

\
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. 1
currents exist, As these features usually have similar dimensions and

movement to the planetary waves described by theory, they are most °

often+regarded as evidence of Rossby waves.

Bernstein and White (1974) have shown that. oceanic eddieg near

Mawaii are wavelike in nature and have a wavelength and phase velocity

1975) has found features of comparable dimensions in the area north of

the Bahamas, and it seems possible therefore that the Guiana Current

meanders are also planetary waves. It is a simple matter to measure
‘.

their waveleggth (500 to 600 km), but the data available do not allow
célculation of reliable phase vélocity or period because of the
relatively long time the griés of stations teok to complete (2-3 weeks)
and the fact that the data are from different yiars. If one can
assume the meanders' pdsitions are similar in the same month of every
year, and the 2-3 week sampling time faveraged' the position for the

month, crude estimates may be possible. The &ifference between the

- ?iving them a rharacteristic period of around 3 months. Beckerle (1972,

March and April positions is about 1/3 to 1/2 the wavelength, making the

périod 2-3 months. The corresponding difference between April and
August is ébout 1/2 (or 1-}/2) wayelengths, and the pefiod in this
case would be either 8 months or 2-2/3'moA£hs (more 1likely the latter
since this* agrees with the March—Apri?lcalculations):
yd

- There is also a hint of a similar periodicity in the velocity
of the Guiana Current as caiculated by Fuglister (1951) from mean '’ °
monthly surface current data in the U.S. Navy Hydrographic_office
(1947) Atlas of surface currents, North Atlantic Ocean. These monthly
means, which are plotted by 1° squares in the Atlas, were averaged éor
an area in.the core of the current; a plot of Fuglister's curve is
shown ;n Figure 2.28. When the annual -and semi-annual components are
removed, this current can be seen to fluctuate with a three month.
period, which is consispent Qith the hypothesis that current meanders

move westward with a period of three months. When surface Ekman drift
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Figure 2.28
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.

‘ i3
Temporal variations of surface drift in the Guiana

Current ( ), the calculated annual and semi-annual
components (---) and the residual calculated by
differefce (below) (after Fuglister, 1951).
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(directed northwest) and the subsurface meander are both direoted\bff~
shore, the surface currents measured in tha£ area should h¥¥reater
thaq\yhen the. subsurface current is eﬁrned\ggck towards the continent.
For any one area then, one should expect posigive and negative

deviations from the mean current as meanders pass underneath.

r‘/
-

‘ Passage of meanders along the coast should also be expected

o

to result in variation of the strength and pos1t10n of coastal up- i
welling as divergences pass. The char;s of oxygen anomalies for the
Atlantic Ocean qompiled by Mazeika (1968) do show considerable month
tokponth fluctuetions of the anomaly in the area to the west of Cape
Orange. During much of the year the enomalieS'oscillate from positive

(downwelling) to negative (upwelling).

Finally, there are other phenomena in the area with coinci—
dent periodicities. Fukuoka (1966) noted’that the data for tidal ,
helght, water temperature, and air pressure along the north coast of
Venezuela during, 1961 to 1965 exhibited strong periodicities at 3, 4,
7 and 8 months and were significant at the one percent confidence
%evel.. Somewhat fewer data for water density and oxygen anomaly at
one sgetion suggested upwelling with about the same period. Fukuoka
could offer no satisfactory explanation at the time, but it is poséible
in light of the evidence discussed above that, at least under certain
circumstances (see Figure 2.27), the kurrent may continue to meander
after it has passed through.thé'AntilléEZArc . Such meandering can be
expected to result 4dn perlodlc upwelling similar to that in the region

west of Cape Orange.

<\
‘ 1]
If these meanders do pass westward along the South .American

¢

coast as is hypothesized here, Barbados will alternately receive more

saline oceanic (North.Equatorial) water an&,frésher, less dense Guiana

" Current water. As indicated in Figures 2.22 to 2.26, the Current

possesses relatively sharp salinity boundaries. The very abrupt and

o
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tempqrary changes in salinity and density ”visillale during the first half-
of tlre year at serial stations off Barbados are consistent with the

suggeséiop that the meanders mové, and there is considerable biological i

evidence to confirm that distinctly different water masses pass ‘

Barbados at regular intervals during-this time.

2.4.3.3 Annual seasonality

s The question arises as to why this oscillating regime is not
observed throughout the year. Most authors (Cochrane, 1965; Metcalf
and Stalculp, 1967 Metcalf, 1968; Maze:.ka, 1973) have considered the
recurv:.ng of the Gg;ana Current north of Cape Orange to be a more or
less permanent feature, and have explained the productlon of lobes of
low salinity surface waters in this region as the westward limb of a - -
stationary “eddy to tpe r}ortheast of the Cape. The United States - - e
Navy Oceanographic ‘At‘;raish(‘i%?) and data from the NODC-SCUDS file ' '
show, however, that the Guiapa Current does not ‘recurve throughout -
the entire year with the same strength. The arrows in Figure 2. .29
indicating the mean monthly dlrecta.on and velocity in six 1° squares
 horth of Cape Orange cl‘éarly demonstrate that recurving only occurs
between July and December. This change in current speed and direction

can be directly related to changes in zonal winds mentioned earlierr

(section 2.3.1.7) ._In the area north of Cape Orange the winds are
‘generally northeasterly from Januyary until July,when they weaken and '
gradually become easterly and southeasterly (Meteorological Offlce of

the Brltlsh Air Mz.m.stry, 1948) v Under such changing winds the seasonal
changes in current dlrectlon are to be expected. The low density surface
waters are very responsive to wind stress (Herrara and Snooks, 1969;
Mazeika, 1973}, and Mazeika has shown that’at Jleast during the months

of rJuly and August these surface watdéys ‘travel about 40° to the right P

of the mean wind direction.’




Figure 2.29 '
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X 3%1?"“7~ The seasonal recurving of the current in the late summer and
farfa but not beﬁore, is consistent with the surface salinity data |
from Barbados. ¢As already pointed out, tﬁe decline of salinity during
the first’half of the year is erratic and is-associated with the .
arrival at Barbados of fresher waters of South American orlglnc The
very steady anrease in surface salinitids beginning in August is -
directly related to a series of events, including reduction of the
Amazon-discﬂargeAand decrease in wind sbeeds everywhere over the

. western tropical Atlantic. Under the influence of more southerly winds,
much of the low salinity waters are carried north and east off Cape
Orange. In the wést,‘the Guiana Current slows signifacantly (Figure
2.28). The consequent reduction of its influence and the movement of

- the more saline oceanickwaters from the North Equatorial Current into
the Barbados area are reéponsible for the changes of surface salinity

observed during this time. ) '

s __— N
S f . i
/ ..
-~ Cw &
2.4.4. Conclusions reéard;ng‘the cyclical phenomenon and the
T , e occurrence of Trichodesmium off Barbades.

’ ~ \

) ‘ Physical and hydrographic data from a varlety of tourgss
indicate that the wavelike nature of the Gulana Current and the !
alternate appearance pf these waters with higher sallnlty Nprth
Equatorial waters are responsible for the obsepwéd cyclical fluctuations

of Trichodesmium standing stock off Barbados. It has also been demon-

« T strated here that this alternation of water types is related to marked
in-phase variations of the stocks of other phytoplankton. Diatoms are
much more abundant in the surface waters with slightly lower salinity

and greater Trichodesmium numbers, while dinoflagellates and coccolitho-

phorids are most common in the intervening |periods. This .oscillatory
variation of the phytoplankton has been detected in five other separate

( studies at Barbados, and the phenomenon appears to be one of the most -

B « gy s e
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lmportant mechanisms determlnlng the phytoplankton standing crop and
spefies composition off Barbados: both in the oceanic waters offshore
g

and in the region close to shore. There is also evidence that the

seasonal distribution of some zooplankton is controlled in this manner.

.. -

By the reasoning presented hélé, the perlodlc phytoplankton
'blooms' off Ba¥pados are pools of plankton-rich water carried north
from the productive regions off the Guiana'Shelf Thls area benefits
from fertilization through remlnerallzatlon of terrestrlal detritus and
dissolved organic, compounds brought down by the Amazon River and from
local upwelling (Cadée, l975f and supports prolific diatom growth.s As
waters of the Guiana Current move away from the shelf and these sources
of nutrients, their large phytoplankton populatlons w1ll rapldly strip
the water of dissolved nutrients. Because the surface layers are
essentlally 1solated from the deeper waters, little vertical exchange
of nutrlents can be expected, and by the time the pools reach Barbados
(three to six weeks), compounds such as nitrate and orthophosphate will

be nearly undetectable (cf. Steven et al.,1970) This explains why

’

previous authors have found no relation between surface layer nutrient

concentratlons and phytoplankton standing crop off Barbados.

o
. ° \

The onset of oligotrophy does not necessarily bring about an .
immediate detrease in phytoplankton numbers, however. Most phyroplankton
are capable of storing carbon, nitrogen and phosphorus, and as Dodson

and Thomas (1977) have demonstrated Chaetoceros affinis and

Gymnodinium splendens can survive moré€, than 65 days of oligotrophy

after simulated upwelling without significant decreases in population

densities.. The ability of Trichodesmium to survive oligotrophy will be

even greater because of its ability to fix moleculaxr npitrogen.
R

The seasonal distribution of Trichodesmium in the western

tropical Atlantic arid the peculiaritiesrof its abundance at Barbados

are also better understood in light of the hydrology of the region.

[ ~
[l
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The alga is common over the tropical Atlantic extending north to.about

400N by late summer (Dugdale et al., 196l). TIts populatiom densities

in the Sargasso Sea during August to October are about the same as in
the Caribbeag'during February and March _(Carpenter and Pricef, 1977, "
and at Barbados in the 'nonbloom' phase. During the first half of "the

year, drift across the western tropical Atlantic is generally northwest-

.2

MK 3 sttt s A TIAE. 4 oA RS

ward. - The Guiaga and Caribbean Currents strengthen, and low salinity
waters along the Guiana coast spread across the Caribbean during the

summex (Wuét, 1964) carrying plankton from the Atlantic into that sea.

“At Barbadol the large increases in phytoplankton standing
crop appear closeli related to fluctuations in the horizontal extent of ,
the Guiana Current. It seems likely therefore that the large populations

of Trichodesmium observed by Carpenter and Price (1977) in the eastern

Caribbean in August 1974 are reflections of the transport from the

Guiana shelf area. (The population densities observed by Carpenter and

6

Price at 15 m were between 120 and 290 x 10 cells/mg. This is very
[ 3

close to°the densities of Trichodesmium blooms observed in Guiana water

off Barbados - 1500 to 2800 mm £il/l or about 160 to 310 x 10°
cells/m3.)~ The observation by Goering et al. (1966) of a large !
e - . . ) ,

Trichodesmium bloom in low salinity waters off Cape O!lnge in 1964, and

small populations at nearby stations in high salinity water, lends

further 5upbprt to the hypothesis that the abundance of Trichodesmium

"in the western. tropical Atlantic is relatéd to the spread of low
sal;nity surface waters across this region during the summer. What
. ' ¢
little quantitative information is available regarding the distribution

of Trichodesmium in the Atlantic indicates that it is not found off the

Amazon delta (Wood, 1966), nor in the area n€ar Cape Orange (Dr. G.C.

A N
Cadée*,p¢rg. comm.), but that it is found further offshore.

- .

4

* pr. G.C. Cadée, Netherlands Institute for Sea Research, Texel,
“ .
Netherlands. ' .
- I
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Tmichodesmium is known to exhibit verf inefficient uptake of

combined nitrogen for growth in oligotrophic regions (Wada et al., 1975;
éarpenter gt al., 1975) and therefore might be expected to thrive in
nutrient rich waters. To a certain extent this is true, since it is
very abundant all across the tropical Atlantic in the éegion of
equatorial divergence (Lohmann, 1920; Hentschel, 1936; Zermova, 1975),
around the periphery* of upwelling zones, such as off Isla Margarita
(Margalef, 1971) and Coluﬁbia (Co;redor, 1976) and -in yaters in

the Caribbean and Gﬁlf Stream rings with increased phosphate supply
(Carpenter and Price, 1977). In the Indian Ocean, Jayraman (1970) has
pointed out Hhat Trichodesmium blooms occur near regions of upwelling; -

« ' s v .l‘z » ) : ) i3 . » '
Sournia (1968) considers T. thiebautii a neritic species in this arga.

Like the situation at Barbados,§the abundance of the alga off Hérthern‘
Madagascar is relagéd to the appearance of %os salinity surface waters.
Whether this is due to the stability of such water ma;ses or their
original nutrient supply (the Guiana Current~Amazon River at Barbados)
is difficult to judge from the data availablie. There was no consistent

relationship beﬁ%ééh*Trichodesmium standing stocks and stability during

this study or from the 1968-70%ata (Steven et al., 1976). In view 6f

the fact that. Trichodesmium is abundant in waters influenced by riverine

waters, Fogg et al. (1973) consider it possible that nuiiients required.

by the alga are‘@erived from land runoff. .

- °

« After August and the change of the wind and current regimes

over the western trépical Atlantic, Trichadesmium and all of the

diatomaceous phytoplanktsn is less abundant‘off Barbados. The re-
curving of the currents off Cape Orange, the decrease in velocity of
the Guiana.Current, and the generally more westerly drift over the
area, ywill mean. that the water and phytoplankton arriving at Barbados

Tk 2 cu .
are from the oteéanic region east of the island. shgse waters have had

'

L

*It will be washed.gut’ of the upwelling areas because of its bué&ancy.
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no contact with goastal areas, upwelling or river runoff, and the =
~

phytoplankton standing crops 'are low - dominated by dinofldgellates

et BT S

and cocceclithophorids. Trichodesmium is common but not abundant.

In northern regions, the alga is rarely found after September or ’
October (Cleve, 1960; Goering et al., 1966), coinciding with a sharp 3

reduction in transport from further south and decreasing stratification

<o Araael

of the water:column in these regions at this time (Dugdale et al.,
1961). ‘ & |
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SOME CHARACTERISTICS OF PHOTOSYNTHESIS BY TRICHODESMIUM™ ™~

Introduction . . a

It very quickly bgg;ﬁes obvious when examining the phytoplank-

ton collected off Barquos,\énd in many other parts Bf the tropical

1
oceans, that Trichodesmium is important numerically. Calculations of

Lthe percent contribution to total cell numbers and chlorophyll a by

Trichodesmium demonstfate that this alga is very often dominant,
. .

4
\

When this study began in 1974, very little was known about

the biology and physiology of the alga. Only one prelimiflary study of

photosynthesis had been made-r (McLeod e{ al.; 1962) gﬁd this was beset

by problems of apparent extreme variation <in the alga. The following

is an account of a series of experiments conducted utilizing the

14,

technique to expand on this aspect of the alga's physiology.

3.2.1

isolated
(1952).

Materials and methods
Experimental procedures

Measurements of Trichodesmium photosynthesis were made on

colonies essentially after the 14C method of Steemann Nielsen

Most plankton collections were made shortly after dawn from a

small open boat approximately 3/4 km offshore, in water of 100 m depth.

A few experiments were conducted on Trichodesmium collected further

offsgore.

Allrcollections were made with a 1/2 meter diameter, No. 6

(0.24 mm mesh) plankton-net, except those from below the surface. In

these instances collections were with a Clarke-Bumpus opening and closing

v
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net, or throttle nets lowered cod-end first. Immedidtely after
completion of the tow, the plankton was transferred to a large container
and diluted with surface sea water., Great care was taken.to guard
against light shock to the organisms. The covered container was

immediately returned to the laboratory, where individual Trichodesmium

colonies were removed with wide bdre Pasteur pipettes: Isolated colonies
were placed in freshly collected HA Millipore filtered seawater, and
then transferred by pipette to a second container of filtered water to
reduce possible transfer of zooplankton or other unassocia;ed phyto-

plankton.

shed colonies were placed in 125 ml pyrex bottles filled

re filtered seawater from the corresponding depth,and
1.0 ml sterile sclutions gf NaHl4CO3 in distilled water (New England
Nuclear Cérp.) buffered at pH 9 (activity 19.44 ucuries/ml)bwere then
added by syringe to each bottle. Each empty ampoule was rinsed with
water from the experimental bottle and the rinse added to the bottle

to insure complete Rransfer of the label.

After inoculations, the bottles were stoppered,einverteda
geﬂtly two or three times to(insure mixing of the label, and inserted
into black nylon mesh bags (GM Manufacturing Co. Ltd.) which transmitted
1.8 ¢ 5.6 & 0:4%, 17

(T)*.

0.8%, i ?%, and 56 * 4% of the incident irradiation

and with a heavy black plastic wrapping ‘(0% I). Bottles containing

Mllllpore filtered seawater but no Trlchodesmlum were similarly 1ncubated

in most experiments as checks on adsorptlon and washing errors and any

other -form of contamination.

'

o

* Transmlttances were con51derably dlfferent than those claimed by the

manufacturer for new bags.

. ! 4 -

. A i 4 e ¢
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Trichodesmium was' also incubated in bottles without cover (100% I),
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Except where hogéd'otherwise,incubations were condu&ted &nder
natural illumination,.in'a temperature controlled (27° = 29C) water bath
on the roof of the laboratory. The bottles were laid oh their sides, in
a clear plastic tray under about 5-10 cm water and were thus protected
ffom infrared irradiation. The bottles themseives absorbed strongly
in the ultraviolet (96% absorbance'at‘360 nm). Most incubations began
ground 0800 hrs local time and continued for four hours. Immediately®
after incubation the bottles were chered and taken to the laboratory
where photosynthesis was terminated by filtration of the bottle contents.

The in situ experiments were conducted offshore near the 8 km

station utilizing filtered water and Trichodesmium collected from just

below the surface; 25 and 50 m. Except for tﬁe fact that incubations

were in situ, manipulations were similar to the other inshore experi-

‘ments. Incubations were for 3- ~-1/2 hxs, beginning at 1230 hrs. 1In these

two experlments;wphotosynthe51s was terminated by addition of formalin,

and filtrations were mad¢ after return to shore.

g

- 2,
”/ * N -

In all case§} the whole contents of each bottle were filtered
at negative pressures of less than 250 mm mercury, and rlnsed with two
10 ml allqupts of filtered, unlabelled seawater. These rinses were then
also filtered, serving to rinse inorganic dissolved label from the
filter. After filtration, the filters were dried,»examined,‘and rough
notes made on the appearance of the colonies. The dried filters were

then labelied, glued to aluminum planchettes with rubber cement and sent

“to Dr. J. Kalff, Biology Department, #McGill University, for counting,

\
using a thin window gas flow Nuclear-Chicago Geiger-Mﬁller counter.

”

- 14
All filters J;re counted for 5 minutes, or 10,000 counts.

Radioactivity on the filtexrs not associated with Trichodesmium

colonies was between 30 and 300 cpm, and this was always less than

.apparent dark uptake of label by Trichodesmium colonies. When this

bckgXound activity was subtracted, dark fixation by Trichodesmium was

-,
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less than 5% of. the, corresponding Pmax in every experiment except two.

s

' \
Where photosynthesis is presented in terms of ugm C/colonyrhr

production has been calculated in the following manner:
(L-D) W .
pgmC/colony-hr = ————— -
AxH=xN .

where : \

L = C9unting rate (cpm) of light bottle containing Trichodesmium

D = counting rate (cpm) of dark bottle containing Trichodesmium

W = weight 6f available carbonate carbon in the bottle,
assumed to be 25,000 pgm/1 in seéwater
. A= 14¢c (cpm) added to each bottle »

(1 ml x 19.33 pcurie/ml x , 2.22 x 10% S%“ XxE = 15 x 10° cpm) |

length of incubation, in hours (usually 4)

]

number of colonies per bottle (usually 3) =~

<
.

2
The factor accounting for differential uptake of 14C and ! C

has not been applied since the assumption of constant carbonate
alkalinity reduces the accuracy of the calculation by about 5% in these
waters.

/ '

. 14
Apparent counter efficiency, represented in A above by E, was
between 21 and 34% as calculated from dry standards of known activity.
The,acéur cy of these calculations was checked by combusting precounted

Trichodesmium and counting the liberated 14COZ by liquid scintillation.

Scintillation counting agreed to within 2% of that calcumlated gpom the

G.M. counter measurements.
\

\

Release of néwly fixed carbon was measured according to the
method of Watt (1966). The filtrate from each incubation bottle was
acidified with concentrated HCl to below pH 2 and bubbled vigorodsly

with air for 45 minutes to remove inorganic 14C as carbon dioxide. One

.
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half ml aliquots of the bubbled filtrate were then dried onto aluminum
planchettes and sent to McGill University for c;untiné. Release of
dissolved material was also examined fluorometrically using a Turner
model I10 fluorometer egpipped with a 'blue' light source (Turner
#110-853) high sensitivity door, primary filter Corning No. 7-60 and
secondary filter Wratten No. 48. These filters were choseh'accordipg t? :

‘excitation and emission fluorescence spectra given by Traganza (1969)

for water” from a Trichodesmium bloom. As the fluorophor was not identi-

fied the machine could not be calibrated in absolute terms. The machine
was blanked against a black dummy cuvette ang all data expressed in terms
of arbitrary fluorescence units for 5 ml filtered aliquots of seawater.
Deionized distilled water consistently gave low fluoreséence throughout

“

the period of this study,

I’

’ Routine photosynthesis experiments were also conducted on
colonies in which the gas vacuoles had been completely collapsed, in
order to investigate the possibility that the vacuoles were providing'

hir]

colonies were subjected increasing pressures of oxygen, using a Parr * .

protection for the photoszjthetic apparatus. To Zollapse the gas vacuoles,
bomb calorimeter as a pressure chamber. Their complete collapse was

verified microscopically.

3.5.2 Treatment of data

[ 3
Studies of ‘homogeneous cultures of organisms are relatively .

easy, but, as has been pointed out by Steemann Nfelsen (1975), difficul-
ties arise when one wishes to compare photosynthesis of natural- phyto-
plankton populations, because of differences in biomass, cell numpeg and

chemical conFeﬁt (chlorophyll} for exémple) ‘among populations. In

colonial organisms such as Trichodesmium, each colony contains a

variable number of dead and dying cells, and cells in a wide variety of

- ‘
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physiological states. Each colony can therefore be legitimately re-
garded as a.separate population, and experimental variance can be N
expected to be higher than in studies inQolving homogefieous pdltﬁres in
log—pﬁase growth.

Photosynthetic rates are often rmalized to carbon or *
Ehlorophyll content of the samples, a / thus successfu; comparisons can .
usually be made between different populations or species. In this work
there were, however, several difficuléies with this means of normalizing

the data: a) Trichodesmium colonies may often b€ 'contaminated' by large

numbers of chlorophyll and carbon-containing organisms (see Section 5) +

whigh would bias estimates of Trichodesmium biomass; b) Trichodesmium

possesses the ppycobilin pigment phycoerythrin, which is thought to
interfere with spectrophotometric and fluorometric measurement of
chlorophyll (Saijo et al., 1969), and F) phyéoerythrin, not chlorophyll,
is considered by Shimura and Fujita (1975) to be the main phétosynthetic

pigment in Trichodesmium. If this is so, normalizing photosynthesis on

a chlorophyll basis may be misleading. .

A \

In view of this very large variation in biomass and chemical
content* from colony to colony, the best normalization procedure would

have been one which, measured the actual Trichodesmium colonies tested,

either ont{he filters, or before incubations begap. The fragility of
the coloniés, however, dictated that incubations begin as soon as
possible after their removal from the sea, with very little handling.
Weighing the filters and colonies after the experiment was not possible
because éf the vetry low weight of the algae and the retention of salt
by the filters. The carbon content of three colonies was also below the
limits of detection by techniques available, and chlorophyll analyses
were impossible because the filters had to be sent to Montreal to be

counted., Where chlorophyll values are reported here, they are for . .

colonies of size similar to those used in the experiments, and §%;ggfss ﬂz

atL the same time.
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\character, certainlf'had ecological significance (see Section 5).

Incubations of larger number of Trichodesmium would have

allowed normalization by one of these means, put trials indicated
considerable gutoinhibition when more than three colonies were
incubated in ohe bottle (see Sectiog 3.3.2). " Three colonies per
bottle was chosen as an experimental cohdition which allowed sufficient

counts at lower irradiances and averaged out some variations due to

colony:* size, or the presence of contaminants. . 3

L

Experiments involving Trichodesmium must begin as soon as

possible after their ;emoval from the sea, as decline and death of 'the

alga begins within a few h?urs. A crude diviﬁion of the genus on the \
basis of colony morphology (radial or pgrallel colonies) allowed
experiments to begin within an hour of collection ‘where surface
qoilectioné close to shore were made., Where studies were made of

offshore populations (in situ experiments) or of the deeper-living

'shade' popul;tion, logzstical difficulties WEre'éreateF and the delay
between collection and incubation was longer. For this reason, the_
study‘concentratéd on the near-surface insboré populations (0-5 m). i o
The variations of colony morphology and the relation of this to the
taxonomy of the alga are discussed in Appendix A.1l. wpi;e radial

colonies were mostly T. thiebautii, and parallel colonies mostly .

T. hildenbrandtii, there was some overlap as illustrated in Figures A;1

L .
and A. 2. The systematics of the genus is controversial but experience

has suggested that colony morphology, while not a good taxonomic

. erythraeum was seldom present in-large ?umbers at Barbados :

( ctlon 2.3.3.),and when it was, colonies adhered to the walls of any

o

'vessel containing them, thus making them difficult to manlpulate. No

data are presented here. for this species.

. .




«
FE— wr e 3 oed T TRRARGL L,

=

s

. e .

92

As a result of the difficulties in}normalization mentioned

above, the data are presented here on a 'per colony' basis. At the

beginning pf the study, a subjective choice of a 'standard size

colony' was made. 1In all succeeding experiments, considerable effort )

was made to select colonies of approximately equal size and gross

appearance. ‘Within each experiment the biomass in each bpttle could be

equalized fairly well, and the variability of C uptake rates from

replicates were usually within about 20% (see Figqure 3.2). Larger

variations probably occurred between experiments because of changes in

the physiological ‘condition and nutrient status of the population °in
1

the sea between experiments.

Biomass determinations df

'standard’

n

the same samples as experimental colonies, and performed according to

the methods outlined in Section 2.2+.4 are presented in Table 3.1 and

allow rough calculation of assimilation number and comparison of these

rates with other data.

o

A g

-

size colonies drawn from

Prable 3.1.

Size range and chlorophyll content of Trichodesmium

colonies utilized in the photosynthesis experiments.

Golody form*

Total filament

length mm % SE (n)

chlorophyll a
Hgm * SE (n)

I'Standarcl‘ radial colonies

'Standard* pérallel cblonies 165

»

108 + 11 (21)

i+

15 (19)

0.013 + .001 (24)
0.018 + .002 (23)

1+

o

* Colony m?rphologies illustrated in Figure A.l.
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There were also a number of possible:sources of experimental
error -other than variations of biomass. These included loss of

Trichodesé&um duriné incubations through fragmentation, cell lysis or

adsorption to walls of:the bottle, uptake of radiocarbon by contaminating"

organisms, adsorption of the label by the polysaccharide mucilage Rresent’

. in some colonies, and loss of labelled 14C during desiccation of the

filters. In forty-eight of sixty-two measurements, however, repllc&ﬁes
of partlculate carbon uptake agreed to within % 30%. MLCIOSCOplC .
examination of the divergent pairs revealed co§51derable particulate

material other than Trichodesmium on six of the filters having high

\
activity. 1In one case this could have been contamination from the
bottles,-but in the others, particulate contam}nation of the 14C
ampoules themselves is suspected. (Fee (1975)-and Platt and Irwin

(1968) have also reported particulate contamination of ampoules from

"New England Nuclear Corporation.) The filters were not routinely

+£umed over concentrated HCl but when filters with very high counting
T

‘ «“

Yates were, their activity dropped markedly indicating adsorptlon of
inorganic 14 ¢ had beer a problem. The countlng rates did not decrease
to 'normal', however, aﬁd it is eesumed that the particles on the
filter had also absorbed the label internelly.‘ Fuming of filter§

epntalnlng Trichodesmium with normal counting rates did not show a .

decrease in activity, thus indicating that adsorption to the colony

mucilage was not a serious problem.

~

3.2.3 . Irradiance measurements
Ve

Meteorological data, including irradiance measurements for
the days on which photosynthesis experiments were made, were provided

by Mr. P. Roachford, Caribbean Meteorological Institute, Husbands,

. 8t. James, Barbados. Totalbigradiance in the 30942000 um range was

measured by a Kipp and Zonen type pyranometer located at the Meteoxologiéal
P ~®
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Institute approximately 7 km from Bellairs Research Institute.

- .

°

! ‘ Irradiance. in the Photosynthetically Active Range (PAR), that
is, in'the 400—700fum range, is. almost ;ndépendent of atmospheric
conditions and nearly constant at 0.50 % 0.03 of the total irradiance
(Monteith, 1972; Szeicz, 1974; Suckling, 1975). In this study, the

W

pyranometer total irradiation measurements have been divided by two to

convert them to PAR. All irradiance values discussed here are PAR )

1 ( _ ~
unles{ né}ed otherwise. . .

a

A note is in order here concerning the multiplicity of units
in thé-literature by which irradiance is measured.. This confusion has
resulted in errors in the literature, and hag made comparison of the

present data with those of other studies tedicus. Published data have

been recalculated using the rough conversion factors in Table 3.2. | o
& c , - - ¥

As these factors are approximate only, the comparisons are also.

\

—

' N - N

&

. Table 3.2. Conversion factors between ghotometrié%units (lux)+

' and radiometric units of light energy (ly/min)*.

\

Light source -

(1 Iux) ly/min (PAR) Reference .
N 7 v
Natural sunlight 6 x 1076 Strickland, 1958 .
Tungsten lights 8 x 10°° Vollenweider, 1969
Fluorescent lights 4.3,;0'6 Westlake, 1965 g
| * 1gm cal/cm? =_1 langley/min (ly/min) / .
! T 1 lux = 0.0929 ft c . ' .
(;' " . o . M o
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3.3 . Results and discussion ~

1

. \
3.3.1 Photaosynthesis vs Irradiance

The photosynéhetic response to irradiance occurs in two semi-
independent stages. Water‘is split and the reductive high energy
compounds A?P and NADPﬁ/a;e supplied by the photochemical proéesges
whicﬁ,utilize light between aboqt‘350 and 700 nm wavelength. Chloro-
phyll and the accessory pigments are responsible for collecting the
light enexrgy and hence tﬁe first linear parf of the photosynthesis vs
irradiance (P vs f).curve (see Fig?res 3.1 and 3.2) is a function of the

pigment content per’cell and the rates of the light reactions.

°

* "The procésses which utilize the energy collected by the photo- -
chemical reactions are collectively referred to as the dark reactions.

This coilection of ;eactions_involvin; enzymatic synthesis aund

utilization of the newiy fixed CO., determines the maximum rate of . A

2
photosynthesis (Pmax) (Steemann Nielsen, 1975). Photosynthesis as a

> whole is a balance between the light and dark reactions, and can usefully
be described by‘the term IK which was intgodﬂced blealling (1957),‘as
a ratio between the tWo processes. The extrapolation of the light
limited portion of the P vs I curve to intersect Ppax yields I - the %3 .
ﬁatﬁration intensiiy. Both IK and Pmax are useful in describing the
physig}ogical state of an alga, and g¢an be used to compare populgtions“

or species.

p

0

°

. Changes‘in the enviroﬁment, such as temperature or nutrient
qavailabilify, can drasgicglly affe;t the magnitude of photosynthesis

"(Yentsch and Lee, 1966), and thus Pmax/Chla (Pmax normalized to

chlorophyll a ¢ontent of cells). This'assimilation number: is often

used to roughly compare photosynthesis between species or geographical N

areas, or as an indication of nutrient status. Thémas (1970) has

demonstréted that for a tropical Pacific diatom, Chaetoceros gracilis, .
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Figure 3.1
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Relative photosynthesis by Trichodesmium vs. irradiance

. in the photosynthetically active range (PAR). Each

datum is plotted as a fraction of the maximum carbon
uptake in the respective experiment; radial colonies
{ % ), parallel colonies (.=).

‘ -

Absolute photosynthetic carbon fixatien (ugm C/colony.hr)
veé. irradiande in the photosynthetically active range (PAR)
for Trichodesmium gathered from the near surface layer at
various times of the year. (0 - Jan. 21, 1975;1 - Mar. 12,
1975; 2 ~ Mar. 18, 1975; 3 - Mar. 22, 1975; 4 - Apr. 11,
1975; 8 - .May 11, 1975; 9 - June 14, 1975; 17 - Jan. 28,
19763 18 - Mar. 3, 1976). Radial colonies ( % ),

parallel colonies (=). |
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the assimilation numbers are less, than 1 during extreme nutrient

.8
°
asediaki

deficiency, but rise to 6 or more when nutrients are readily available. A
Data may also be normalized with reépect to maximum photosynthesis in
éach experiment (Pmax) and be p?esqufd as rélative photosynthesis

, (Steemann Nielsen, 1975). The resulting P/Pmax vs I. curves can then

be compared without distortion resulting from variatidyé‘of the magni- ' s

tude of photosynthesis. ‘

. Dath from ten experiments conducted at various times during %\‘
e

q1975 and 1976 have been normalized to Pmax and presented in relative

units in Fiqure 3.1. The response of Trichodesmigg,of both colony types
* was variable at very low ifradiances and IK's/joeroth types gall in a : 3
wide envelope between about 0.02 and 0.11 ly/min. Uptake rates by
radia;)colonies increased in a nearly linear fashion, and saturation
occurred around 0.1 ly/min. The rate of carbon uptake by parallel '
pcolonies, however, decreased around 0.03 ly/min and Pmax was reached
o . ?{Sund 0.2 ly/min at which irradiance inhibition began for radial
P = T colonies. Parallel colonies were not inhibited until above 0.3 ly/min.
- The shapes of the curves for th% two colony types (species) are rather
different, suggesting adaptation to different irradiance climates (see
later - Section 3.3.6). The very great reduction of photoéynthasis in -
a few instances at higher irradiances may be evidence of nutrient
limitation,which is known to amplify ph&%orespirétion at hig? .

irradiance (Whittle, 1977). ——

In absolute terms, the P vs I curves for the near surface
, population (Figure 3.2) show essentially the same’ features as the
relative photosynthesis plot, but with variations of Pmax‘due to biomass
diffegences between experiments and/or nutrient status. Four of the
five curves for radial colonies reach a Pmax between 0.05 and 0.08
,/, Hgm C/colon&-hr. These experiments)were‘coﬂaudted on coionies taken

from 'ndnbloom',populétions, on the dates indicated. In January 1975,

C , :
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colonies, from a 'bloom' (curve 0) were tested which were photosynthesizing
cansiderably more at irrédiances between 0.05 and 0.2 ly/min. These

very high counts were verified by recounting and did not decredge after
fuming with concentrated HCl, as did most other abnormally high counts.
Microscopic examination of the filters did not reveal excessive

particulate contamination or large differences in the amount of

Trichodesmium on the filters, and thu;’thefhigh counting rates have been
accepted as correct. As well as demonsﬁrating much higher absolute up-
take, thJée colonies also possessed a very low IK’ characteristics which
are consistent with the deduction that 'bloom' colonies at Barbados are
recent arrivals from nutrient-rich waters along the South American

coast (see Section 2.4.4) and therefore have greater internal nutrient
stores than 'nonbloom' colofies (the effect of nutrient status on IK will
be discussed later in this Section). In January 1976, when colonies from
another large 'bloom' population were tested, the alga showed a very

low absolute rate of carbon fixation and considerably higher %K (curve 17).
As has .alxeady been discussed in Section 2.3.3, the water mass present
around Barbados at that time did contain a large phytoplankton population,

but it.was declining and senescent. Cell counts, percent chlorophyll

.and microscopic observations confirmed that this was so for the

Trichodesmium and much of the other phytoplankton as well.

. / ) ~ '

In these experiments, parallel colonies demonstrated a higher
Pmax than did the radial colonies. This is considered to be primarily
due to the fact that the 'stgpqard' parallel coloniés contained more
cells than the 'standardj radial colonies. The choice of standard
colonies was based on gross size, and since parallel colonies have a
more compa%t arrangement of filament§‘than staaeard radial coloniés,
they eontained considerabiy more biomass (see Table 3.1). The fixation
rates expressed as a functidn of a mm of filament length are approximately
equal (1.2 x 10-3ugm C/mm fil-hr for radial colonies;
0.9 x 1073 ugm C/mm f£il-hr for pa§3{361 colonies), and so are assimilation

L
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numbers (6.2 pg C/ug Chla-hr for radial colcnies; 8.3 ug C/ugﬁchlgfhr for

parallel colonies). It is possible that there are differences between

the"colonies (species?) because of morphology or pigment composition, but .

+
these data are too few and variible to confidently make such a statement.

c
-~ 1

)

. The assimilatiqn numbers for Trichodesmium collected near

shore indicate that the alga must have benefited from the well known
'igland-mass effect' (Sander, 1971, 1977, and, others), since these-

values are considerably higher than those for Trichodesmium offshore

during this study (1.5-5.5). 1In Table 3.3, assimilation numbers calculated

- from these data are compared to those reported by others. Phytoplankton
from oligotrophic waters generally have values betw%%n 1 and 3, while in~
shore or nutrient rich areas have values above 5.

1

Assimilation numbers for Barbados Trichodesmium are in good

agreement with these general valdes, as well as with thboge reported by

Moreth (1970) for Trichodesmium from the Florida'Current, and that of

[ ]
Aruga and Ichimura (1968) for a Trichodesmium blocom in the Kuroshio.

They do not, however, agree with values given.by, or calculated from

the data of Aruga et al..(1975), Mague et al. (1977) or Carpenter and
Price (1977), all of whom report assiﬁilaﬁion numbers less than 1. It

is not clear why this is so, but it is likely that the low incubatiom
temperatuies (20-23°C) used by Aruga et al. (1975) limited photosynthesis.
The same authors showed a sharp décrease—in carbon fixation by,

Trichodesmium below 25°C and above 30°C. Mague et al. (1977) did not

~
report their incubation conditions, but it appears that they used very
small vials, as did Carpenter and Price (1977). 1In view of the fact that
\

Trichodesmium colonies isglated from the sea do poorly in small containers

(McLeod et al. 1962; B. Taylor, pers. gomm.*; this study, Section 5.2j,

| ’

* pr. B. Taylor, Rosenstiel School of Marine and Agpospheric Science,

University of Miami, Miami, Florida, U.S.A.
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Table 3.3 Assimilation numbers of near-surface natural phytoplankton

assimilation number
ugC/ug Chla-hr.

situation min. //max. avg. reference

MIXED PHYTOPLANKTON
S.

Caribbean - off / :

Vdnezuela 2% Margalef,l97l
W. Atlantic -~ off oot ’
Barbados . 0.5% 3.2% 1.4% Steven et al.,1970
Tropical Pacific 1.3* 3.5* Séijo & Ichimura, 1962
Tropical Pacific - 2.1 Eppley et al,.,1973
Tropical Pacific
(nitrogen deficient) 3.1 Thomas, 1970
Tropical Pacific 1.1 5.2 Takahashi et al.,l972
Tropical Pacific )
(nitrogen rich) , - 4,95 Thomas, 1970
Near Barbados - neritic 0.2% 22% 4. 7% Sander,;1971

"

ISOLATED TRICHODESMIUM

Sub-tropical Pacific : .38 Mague et alz,l977
Oceanic Kuroshio 11 .16 Ardga et al.,1975
Sargasso & Caribbean .13 .28 Carpentexr & Price,1977
Kuroshio - red tide 7 Aruga & Ichimura,1968
s+ Florida Current 3 \ 5 Moreth, 1970
Radial coloni;s - '
offshore 1.5 2,9 ' 2 This study ¥
Parallel ‘colonies - . . '
offshore 3.8 5.5 4.5° This study
Radial colonies - ' .

inshore ' 3.8 6.1 4.1 This study

Parallel coloniés - (bloom 12.3)

inshore 3.8 8.3 6.1 This -study

* Agsimilation numbers based on total chlorophyll will be somewhat low
compared to those based on 'live' chlorophyll a, depending upon the .
recent’live chlorophyll. 1In surface layers near Barbados chlorophyll a
represented 78% of total;in the Kuroshio, it was 60-80% {Saijo et al.,
1969) . | These assimilation numbers should be increased by about 30% to
‘make them comparable with others on this table.
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and of the fact that Carpenter and Price utilized very high algal )

densities (1 colony/ml),  the carbon fixation rates on which these
assimilation numbers are calculated may be logy (see Section 3.3.2, in

which autoinhibition is discussed).

Both types of colonies exhibited considerable variability
ln the slope of the lnltlal light limited portion of the curve, and

in I On some days colonies were present which possessed an IK of
0.02 ly/mln, while at other tlmes IK’s as great as 0.1 ly/min were \<
recorded. ' ~,

\

Two othexr studies of pﬁotosynthesis by Trichodesmium surface
populations can be found in the literature. , McLeod et al. (196l) in

experiments with Trichodesmium from near Bermuda, measured photo-

synthesis with an oxygen probe under tungsten lights. Extrapoiation
of oxygen production rates figom very low irradiance led them to

believe that Trichodesmium would saturate at 500-700 ft—candle/cm2

(0.05-0.06 ly/min), values similar to lower values reported here.

They also reported very great variations in, photosynthesis among colo- ,
nies taken from the same.tow. Compensation as measured with the .
oxygen probe was arouod 20 ft—candle/cm2 (0.001 ly/mln) equal to about
0.2% of noon surface irradiance at Barbados.

5

Aruéa et al. (1975) have studied photosynthesis by

Triohodesmium from the Kuroshio, the East China Sea and Japanese coastal
waters. Their data ‘also show a great variability in saturation
irradiances (5-20 Klux or 0.03-0.12 ly/min) in good agreement with the
Barbados data (see Table 3.4 for comparison). Neither MclLeod nor
Aruga discuss their data, or provide possible explanations for this
variability. .
!
The light limited portion of tpe\P vs I curve is a direct

function of the pigment concentration of the alga and this is perhaps

e e
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IK Pmax* Reference :
3
. - - i
BLUE-GREENS . ] ‘
Oscillatoria agardhii (temperate lake) .035-.045 Baker et al., 1969 ;
0. agardhii var. isothrix {temperate lake) .045-.055 Wohler and Hartmann, 1973 :
Oscillatoria and Anabaena (temperate lake) .078- > Takahashi et al., 1970 i
Trichodesmium (Kuroshio, E. China Sea) .03-.12 Aruga et al., 1975
Trichodesmium (off Bermuda) .05-.06 McLeod et al., 1962
Trichodesmium (near Barbados) ° . i B
mostly T. thiebautii (radial colonies) .02-.11 .06-.26 This study
mostly T. hildenbrandtii (parallel colonies) .02-.09 .18-,31 This study
OTHER PHYTOPLANKTON o
dinoflagellates
Goniodbma (Puerto Rico in situ) .18 .18~ Burkholder et al., &967
Peridinium (guerto Rico in situ) .24 .24- Burkholder et al., 1967
‘DinoghzsiSr(India ~ cultures) .21 - .21~ Qasim et al., 1972
2 - -
diatoms o i
?
Rhizosolenia (India -~ cultures) .13 .14-.22 Qasim et al., 1972 o
several species {(India - cultures) .07-.13 .13-.20 Qasim et al., 1972 2
* range of irradiance within which maximum photosynthesis is maintained. Upper value of each range
represents the irradiance at which photoinhibition begins. Where no upper value appedrs above, no
data are available.
p--u--n--;---—--u;u-nﬁu-a:.,* r s B

"0

~

S

Table 3.4

irradiance (ly/min PAR)

Photosynthetic parameters of Trichodesmium and other phytoplankton.
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/
the-most likely explanation for the variability of the IK recprded in
all three studies.’ While Aruga et al. normalized their data to
chlorophyll, the data in the current ‘study and tHose of McLeod et al.
were normalized to biomass. Ceriainly, if the chlorophyll
concentration varies, most algal photgsynthesis rates expressed on
biomass will vary, but this does notnexplain the variation of IK noted
by Aruga. The explanation may depend upon the importance of phyco-

erythrin in Trichodesmium photosynthesis. Shimura and Fujita (1975)

have concluded that phycoerythrin is. the main photosynthetic pigment

3 .
in Trichodesmium after observing that wavelengths exciting phycoerythrin

stimulated photosynthesis as much as irradiation exciting only
chlorophyll a. This in itself is not étrange. The phycobilins of

other blue-greens are also very importanf in photosynthesis (Yolk,

1973), but Trichodesmium apparently possesses phycoerythrin which
;bsorbs strongly at three separate wavelength% - quite unlike other
known phycobilin pigments. Most other blue-greens possess much larger
amounts of ph§coerythfin relative to chlorophyll a than that measured

by Shimura_and Fujita (1975). They ascribed the low phycoerythrin

content of the Trichodesmium they collected to nitrogen deficiency.

Nutrient limitation is known to have important effects on
photosynthesis by phytoplankton, but in most cases the dark reactions

seem t6 be more affected than the 1ight reactions. .The photosynthetic

"efficiency at low irradiances is usually not greatly affected, but

Pmax is decreasea and as a result IK is also lowered (Yentsch and Lee,

1966). Such a decrease of Pmax alsc e€vidently occurs with TrdchoFesmium,

but in blhe-greené in general and Trichodesmium in particular, there is

reason to believe the effect of nutrient deficiency on,IK might be some-.

1

what different. The phycobilin pigments (phycoefythrin in Trichodesmium)

. /
are nitrogen containing proteins and are known to be important as
internal nitrogen reserves during times of nitrogen starvation.
Allen and-smith (1969) have demonstrated rapid decreases in cell

phycobilin concentrations in Anabaena with the onset of N starvation.

4 -«
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and a subsequené resynthesis of the pigment when nitrogen is again
-available. It is hypothesized here that this reduction in the phyco-
bilin pigments will decrease the photosynthetic efficiency at low
irradiance, and re;ult in an increase in IK' A test of this
hypothesis requires sgnsitive C/H/N analyses of colonies whose carbon
uptake rates have been measureq {suitable instrumentation was not
available during this study). @

”

«
L

The waters in which Trichodesmium is found commonly contain

very low concentrations of all blant nutrients, and phytoplankton

growth is generally considered to be controlled by nutrient limitation

(cf. Sverdrup et al., 1942; Parsons and Takahashi, 1975). The nitrogen

uptake capabilities of Trichodesmium have been the subject of

c«considerable research by several authors (Goerlng et al. 1966; Wada et
al., 1975; Carpenter and McCarthy, 1975). Wada et al. and Carpenter
and McCarthy have demonstrated the apparent inability of the alga to
take up sufficient combined nitrogen for growth at ambient oceanic
concentrations, and consider that' nitrogen fixation must supply
nitrogen for growt§ of the alga. The extreme variaqility of this

activity by Trichodesmium is well documented, but no . suitable

explanation has yet been presented. It may relate to a rather
precdrious morphological protectlon of the nltrogenase enzyme from

~

oxygen deactivation (cf. Carpenter and Price, 1976).

The 'heritic' nature of Trlchodesmlum s nitrogen uptake

klnﬁgass and the fact that the spec1mens tested in these experlments
weré’%aken_at different times of the year from a very complex and
patchy serié% of water masses with different origins and past
nutrié;t conditions (see Section 2.4.3), undoubtedly means that the
cologig§‘tested were in various stages of nitrogen starvation. It
seems véry likely that the var%ability of the photosynthetic‘response

of Trichodesmium at low irradiances was closely determined by the
DAY
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nitrogen-status of the cells and therefore by their past history and
any number of other factors limiting nitrogen uptake.
Literature concerning the IK and saturation irradiances
for various phytoplankton have been collated, converted to units of
1

Langleys per minute (PAR) using the conversion factors listed in !

Table 3.2, and compared in Table 3.4. It is immediately obvious

that Trichodesmium and other blue-greens'exhibit much greater rates

of photosynthesis at low irradiances than do diatoms or dinoflagellates.

The range of IK values for Trichodesmium is 0.02-0.1 ly/min, whereas

diatom I 's are above 0.0l ly/min and those ‘of dinoflagellates above
0.15 ly/min. The photosynthetic characteristics ofXall algae are
changeable and a function of their history, age and environment,
but it is apparent from Table 3.4 that there are fundamental dif-
ferences between the various taxonomic groups (Ryther, 1956),
especially at lower irradiances.

Most surface phytoplankton appear to saturate }n the range
of 30-50% of the surface irradiation (Steemann Nielsen, 1975;
Strickland, 1958) which, for'tropicalspecies, will be at higher

irradiances than for temperate species. By contrast, Trichodesmium

is, at least on occasion (periods of‘nutrient suf ficiency?), able to -
saturate at lower irradiances because of the increased photoreceptor
capaci%y provided by phycoerythrin. Radial colonies perform more
like dﬁatoms, whereas the parallel\bolonies saturate at higher

«
irradiances, more like dinoflagellates.

3.3.2 Autoinhibition'

F 3
In two experiments congucted under tungsten and fluorescent

light (I = 0.07 ly/min) in a temperature controlled incubator, the

\ .
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number of colonies per bottle was varied as indicated in Table 3.5.

\
1

e A}

‘At concentrations of 3 colonies Rei %Qttie (24/liter) up~
take per colony was greatest in both cases, and declined significantli
(25-35%) at concentrations of 10 and 30 colonies per botgle (80 and
240/1liter). 1In the second experiment fixation was generally lower and
the\decline in photo;ynthesis per colon§ at great concentrations was T
only about 10% at 9 and 18 colonies per bottle, The decrease in carbon
fixation rate at higher algal density is not considered to be due to

self shading since the colonies were small relative to the size of the
bottlé. Nutriept limitation within the bottles during the 4 hr
incubations can also be ruled out if Ehencoionies were taking up

combined nitrogen at rates comparable to those observéd by Carpe;ter

and McCarthy (1975) and Wada et al. (1975).

"\"3\. EY

Trichodesmium was not present during this study in numbers,

greater than about 40 colonies per litexr and population densities were

usually much less. Autoinhibition in the sea at Barbados is therefore
not likely to occur except where the algae are concentrated by con- .
vergences or similar phenomena. The data in Table 3.5 are few and the

]
agreement between the two experiments is.not perfect; however, experi-

mental work with Trichodesmium qhould'be conducted using low numbers of

colonies wherever possible until such time as autoinhibition is more

5

.fully investigated.

-

X,

\ .

3.3.3 Release of dissolved materials .
. \ .

Exudation, or release of dissolved organic material by phyto-
1

plankton, is now cons{dered to be an integral part of phgtosynthesis in

all waters (Fogg et al. 1965) and has been considered to be a large .

. A
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Table 3.5 Effect of Trichodesmium ﬁopuiation density on )
photosynthetic rate and percent extracellular
release on two occasions.
. , .
carbon‘ fixed percent extracellular
ugm/colony/hour . X release
colonies/liter (£ SD)* (99% confidence limits)*?
J\‘>\Q?
24 .13 £ J016 41 ok
80 0.08 + .031 18 + 3
240 0.11 + .003 18'+ 1
\ \ .
24 0.07t .004 ND (<4)
72 0.06 % .008 ND (<4)
. 144 0.06 + .01l ND (<4) ‘ )

L

!

b

* Standarxrd deviations célculated for duplicates.

+ PER ranges represent 99% confidence limits for the counting -
- procedure itself, since counts were low. Duplicate filters
gave identical g¢ounting rates in each case.
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fraction of the particulate carbon fixation in \oligotroPZi:m;;Efff///,://"’
(cf. Parsons and Takahashi, 1975). Trlchodesmlum has bee icated -~

v -

as the source of either inhibitory suhstances (Ramamurthy5 1970;
Menzel, 1962) or surfactants (Sleburth‘pnd Conover, 1965). At . \

“Barbados, Trichodesmium was often the apparent source of a refractive
+ oil which could be observed trailing behind golonies on the sea ' {

surface film, or.in containers which had held Trichodesmium for some '

* 1

* time.

Several attempts were made to measure release of recently .
. . S . , . R 5
- fixed organic carbon during routine photosynthesis experiments = ,

following the techniqpé’of Watt (1966); 'however, the carbon uptake

in absolute terms was always low and the labelled organic compounds

"

released to the medium were at the limits of detection by this method.

! ' Loss was less than 4% of the particulate fixation at low populatiocn’

densities (3 colonies/125 pl = 25 colonies/liter), but where many

more. TEichodesmium colonies were present in each bottle, the parti- , '§ ]

culate fixation in .each botflefwas much greater and the orxrganically
bound label was present inséufficient concentr;tions to allow satis=
factory estimation. At population den51t1es of 80 colonles/llter the
" greater réiease of organlc 14C aqounted to about 18% of the

partlculate fixation. Thls was under conditions of about 30% auto-
inhibition.(see Table 3.5). Even though the absolute amount of
activity observed in the water wés small, the agreement of duplicates !
and the 99% éonfidence intervals of the counting rate itséi} ind;cate .

that there was a signlflcantly different excretlon at the greater |

Trichodesmium densities. If nutrient defic1enc1es do develop. ln the

incubation flasks at high algal densities, either because of 1ncreased
1] Al "

- uptake of comblned nitrogen over that reported by Carpenter and McCarthy .

(1975), and Wada et al. (1975), or by restrictiops on nitrogen fixation,
then carbon fixed during photosynthesis may be in excess of require~
ments. In many species of éhytoplankton‘this leads to excretion of ;

. ol
&\ glycolate, which is a major intermediaté ¥n photorespiration” (Whittle,1977).
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The low percentage release at low Trlchodesmlum densities

made the Watt technique impractical, and dlfflcultles encountered with

attempts at sending liquid samples to Canada for scintillation‘counting

SR S e

eventually forced abandonment of this technique. McLeod et al. (1962)

had, however, noted a red fluorescence of Trichodesmium cclonies when

. \\\\they were exc1ted by light of 360 nm, and Traganza (1969) obsérved

sxmllar fluorescence in seawater from a Trichodesmium bloom. The 'g

excitation and emission spectra for this bloom 'fluorophor' presented by
Traganza allowed selection of interference fifﬁers‘to selectively
measure for this (these) compound(s) at Barbados. Traganza.did not

[

identify the (‘se) compound(s) but recorded similar fluorescence from

cultures of twelwk species of other phytoplankton, and suggested the
fluorophor might be one of several fluorescent bidchemicals (many
phenols, aromatic amines,'hetercyclic and polycyclic compounds are |
. v . 1
fluoregcent) ‘ ‘

[N

—

The fluorometric assay was used to investigate the effect-of s

g
P

irradiance on release of orqgnic material, since it was sgnsitive enough

: \

to record changeseven at low Trichodesmium populatioch densities. \\

Figure 3.3 illustrates that, in the dark, the fluorescence of the
Trichadesmium filtrate was low (the saﬁg as that of «deionized distilled

water). At low and moderate irradiance the dissolved fluorescence was P

som?what greater, but' increased substantially at 100% PAR. Where

* Trichodesmium colonies were incubated in open finger bowls, thereby

i

exXposing thep to ultraviolet wavelengths which are normally blocked by

the pyrex bottles and the water bath, the fluorescence increased sharply.

4 e N
Such increases in excretion or release of organic compounds at high
irradiance are often observed in studies of other algae, and are thought

to be a result of increased photorespiration at high irradiance (Whittle,
&

: . 1977). . P

B

d; ) As has already been mentioned, Trichodesmium colonies on the
+

M o
sea surface were often observed to be the apparent source of a refractive
Y x .

. i . ”\)

o ——




Figure 3.3

Figure 3.4

Effect of increasing -dirradiance on exudation of a
dissolved fluorescent material by Trichodesmium
(radial colonies). Carbon taken up by the alga
(—o—) ; fluorescent material released (--0--). ’
UV indicates incubation in open bowl, alga exposed
to ultraviolet radiation from the sun.

A

)

&
Increase in absorbance of filtered seawater after four
hour photosynthesis experiment illustrated in Figure 3.3.

Colonies exposed to ultraviolet radiation ( a ), qplon;gé
in dark bottle ( a ). ’ .
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0il. In the laboratory, Alcian blue stain for polysaccharide indicated
release of an otherwise invisible exudate near the terminal ends of
many filaments in colconies drawn from the surface population.

‘
Trichodesmium does not secrete a-thick mucilaginous sheath as do many

othef(: blue-greens, but the older, o6ften plasmolyzed and bleached cells
near the ends of some filaments, seem to leak considerable quantities
of a carboxylated polysaccharide material, primarily through their

intercellular junc‘t'Tions. "Further reference to these observations will

4

be made in Section 5.3.2.

Sieburth-and Conover (1965) observed T. erythraeum in a natural
surface slick in the Sargasso Sea, and suggested that secreted carbo-
hydrates from this Alga were responsible for the surface effect. During
several routine experiments in the current study, where the acidifi-
cation and bubbling technique of Watt (1965) was in use for estimation
of released organics, differences in the amount of foam and the sj:ze of
bubbles produced in some bottles were noted, suggesting the presence of

a surface active compound. Some !Trichodesmium filtrates definitely

produced less foam than others, but no consistent relationship could be
established between the amount of foam produced and any other experi-
mental variable.

In the 4 hr experiments cel]: lysis may have been:occurring to

an extent sufficient to cause appearance of freshly labelled organic
14

C in the water. However, trials with Trichodesmium freshly collected
proved that an increase in f]:uorescence could be detected in the water
after as short a time as 15 minutes, cc;inciding with an increase in ‘
the optical ciensity at 260 nm (see Figure 3.4). This was long before
lysing and general mc;rphological deterioration was microscopically
visible. An increase in absorbance aropnd 260-270 nm is commonly
observed in filtrates of algal culture@ and in the sea, and has been

suggested to be due to excreted organic material (Fogg and Boalch, 1958,

.

) -

\

v R A A 7 IR VT s e & ;. T Semns

L ™~ P

L



.

' S
. . .carboxyl groups and s%tp on at 260-280 nm.

s CETMEA T 1w PN B

112

b ¢ .

Sournia, 1965; Brown, 1977). Butler and Ladd ({1969) have studied the
spectrum of humus, which is often suggested to be responsible for .the

e P
'Gelbstoff' in the sea, and have found a lose correlation between

5

*.
«

. Taken together, .all of the observations discussed above '

suggest that Trichoflesmium may be the source of considerable dissolved

,organic material in the sea, but primarily at the surface. At low .
tirradidnce and low population densities, exudation was not great. At

high irradiance and in crowded conditions, however, release of a

fluorescent and newly synthesized compound i’ncreased. mari(edly. Such

conditions as would obtain in the microconvergences found in Langmuir

s

vértices, that is, crowding, high irradiance and ultraviolet wave-

lengths, can be expected to cause a reduction in photosynthesis and

.

excretion of large amounts of a dissolved compound, possibly a carbo-

hydrate.,\

. 3.3.4 light shielding by gas vacuoles

S 1

Since Trichodesmium is often encountered in the harsh, high-

irradiance surface layér and because of the peripheral ‘locatiérg of [
its gas vacuoles, Van Baalen and Brown (1969) have postulated that '
the vacuoles serve as a light shield prétécting the photosynthetic

apparatus which is located just inside.

When radial colonies from the near surface population were ;
exposed to twenty atméspheres' pressure, their vacuoles collapsed.

. . sl .
Compared with normally vacuoclated colonies of similar size collected

at 'the same time, these 'pressure treated' Trichodesmium colonies

showed essentially the same P/P max vs I curves (see Figure 3.5). It

¢ P i
] . Y
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Photosynthesis vs. irradiance by normal;y\vacuolated ‘
Trichodesmium ( @ ) (radial colonies) and colonies : .
in which vacuoles have been artifical collapsed ( 0 ).
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. is apparent thaf, on th}s occasion at least, the gas vacuoles'werg not
providing significant protection from high irradiance since thé photo-
‘ synthetic response of the dlga was net seriously affected by their
, collapse (in.absolute terms, the preésurized colonies C uptake was
20-25% higher at medium irradiances (5.6, 18 and 56% i) than that of

normal colonies).,

The suggestion that gas vacuoles act as light shields in
blue~green aldae ha§ often been made, but as Walsby (1972) has also

noted, Anabaena flos-équae shows no differen¢e in photosynthesis at
14

high irradiance with or 'without their gas vacuoles. This'appears to be

the case for TrichHodesmium also and it seems likely, therefore, that

their primary function is not related to 'light shieldihg but to that

Fs

of providing buoyancy and mobility to the alga (Walsby, 1972).

3.3.5 Diurnal changes in photosynthesis

Two experiments were conducted to describe the diurnal

changes of photosynthesis by -the near surface Trichodesmium population,

and to provide data allowing extrapolation from forenoon incubations to

daily prqduction.

Oon June 4, 1975, parallel Trichodesmium cplonies were collected
at 0700, 0900, 1100 and 1300 hrs and otherwise routine 4 hr experiments
begqun at 0800, 1000, 1200 and 1400 hrs respectively. If the colonies

collected at different times of the day can be regarded as representative
of the popuylation at large, then the data,summafized in Figures 3.6 and
3.7 demonstrate the diurnal changes in photosynthesis of the near

surface Trichodesmium population.

v
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Figure 3.6

L 4
Photosynthesis vs. irradiance response for Trichodésmium

(parallel colonies) incubated at:different times of the
day. Four hour incubations beginning at 0800, 1000,
1200 and 1400 hrs. Stippled area represents range of

.forenocon incubations illustrated in Figure 3.2.
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Figure 3.7

N\
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P

”

DiG;nal variations of sur%ace’irradiance and of photo-
synthesis at three simulated depths by Trichodesmium
(parallel colonies). from the near surface population.

Bars represent average carbon fixagion rate in each four

our incubation. Curves represent possible instantaneous.
‘ra%gs based on P vs I curves in Figures 3.6 and variqtions
of irradiance indicated here.
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The absolute level of Pmax remained constant during the
fi;sf threelperiodé, but dropped in the late afternoon. The #
irradiance at which Pmax was.attained changed also. 1In the first ‘
forenoon incubation (08§0-l200 hrs), the alga Qerformed in a manner Zi
similar to other forenoon experiments, attaining Pmaﬁinear 0.35 ly/min,
In the noon incubations period (1000-1400 hrs), however, tﬁe shape o
the P vs I curve changed drastically,. .Photosynthesis was considerably
depressed at high irradiances, and Pmax had shifted to less than
d.l ly/min. In the afternoon periods -(1200-1600 hrs and 1400~1800 hrs)
Pmax returned to higher irradiances and the shape of the P vs I curﬁsy
was more like those of forenoon incubations. |

In Figﬁre 3.7 the data are presented as a functioﬁ of the
percent irradiation the aléa received, and therefore caq’be regarded
as representing the daily changes of photosynthesis in colonies
situated at.constant depfhs. Figure 3.7.1 shows the changing
irrédiation. as @easured by the pyranometer, and the sp&bing df the
four incubations., The two hour overlap per%ﬁts interpolation for
shorter periods. Figure 3.7.2-4 shows the fixation during each 4 hr

experiment, and the estimations for each 2 hr period throughout the
: . .
1

o S .

\ In the forenoon incubations, the P vs I curve in Figure 3.6

} ! .
demonstrates that the total fixation in the uncovered bottles simulating

100% irradiance near the sea surface was depressed. Acebrding to this

curve, Trichddesmiim should have been inhibited qurgng the latter part

of‘tﬁat incubation period, when irradiance passed 0.3 ly/mip ‘(at

around 0900 hrs). This inhibition increaseé over noon, and reached:a
maximum in the early afternoon (1200-1600 hrs) when jrradiance was
greagesﬁ and C uptake in the 100; bottles was only about 0.2 Pmax. )
Du;ing this period, the alga was evidently respiring the largest part

of the carboh being fixed? With a decrease in irradiation in the late

~
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: ) |
afternoon, the irradiance in the uncovered bottles was’ low enough that

{
photoinhibition was reduced and a soxrt of afternoon recovery was

possible. e LT ¢
- o+ s
«

K

e At the 56% irradiance level (simulating about 5 m depth)
photosynthesis was high(during the forenoon, but dropped in the noon
period. ‘The P vs I curves and interpolations .from the 4 hr incubations

suggest that the fixation rate during the first half of the forenoon

”(6800—1000 hrs) must have been much ﬁigher. The photoinhibition which

was ev1dent 1n the 100% I bottles beglnnlng at about 1000 hrs also
occurred in the 56% I bottles, but was not as° severe and did not last
as long. With decrea51ng 1rrad1atlon in the afternoon the alga
recovered more quCkly and was flxinq rapidly for a short period in the

afternoon before light Iimitation began.

.

-

b 2

At the 18% ‘irradiance level {simulating about 25 m" depth)

energy appears to have been limiting for Trichodesmium from the surfgce

layer at least, fqr most of the day. Pmax was attained during the noon
incubation when maximum irradi;hoe was received. |\ T

< ! 4 k ) . - '-—s\/

Fixation in dark bottles containing Trichodesmium colonies was,

on this occasion, less than 0.05 Pmax in all periods. On April 23, 1976,
when the experiment was repeated with radial colonies, dark fixation
increased llnearly from 0.15 Pmax in the forenoon to 0.44 Pmax in the
late afternoon. . While the June’ experiment. had utilized parallel

colonies which have significantly lower bacterial populations (L. Borstad,
in prep.), the April experiment. was conducted/on radial colonies, and

it is assumed that a growing hacterial populaFion ig‘gigg'was ;esponéible

for the increase in dark counts later in the ﬁay. Fixagion in light

bottles‘containing Trichodesmium was low during all incubation periods,

with‘liﬁtle change from one period to ‘another. The combination of low

pﬁotosynthesis and high bacterial contamination suggests the Trichodesmium

~ ) o o L-,*’
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population off Barbados on this day was waningf These data have there-

fore not been used in the extrapolations to daily rates.

' Based on the interpretation of the data in Figures 3.6 and
3.7, carhSQFfixation during the forenoon (0800;1500 hrs) represented
about 0.4 of the daily cagbon uptake both at 56% and 100% of the
surfacd irradiance and around 0.35 of the daily fixation at 18% I. Extra-
po;ptign of daily product%pn from forenocon incubatitns will be
approx§mately correct therefore, if the forenoon hourly prbdgction
rates are multiplied.by 10. This should hold for the friéhodesmium
population in the top 10 té 20 m of the water column.

pa—

{ ‘ 3 ) 3

3.3.6 Photosyntheéis in situ

i

Carbon fixation by Trichodesmium measured in situ near the

8 km station on November 7 and December 10, 1975, is illustrated in
Figﬁres‘3.8 and 3.9. Surface irradiance averaged 0.46 ly/min during

the November exﬁeriment and 0:40 ly/min during the December incubation.

-

4

\ ™~

In November, fixatien by radlal colonies was approxlmately :
equal at 5 and 25 m (approximately 0.2 ug C/colony. hr) but decreased to"
near zero 1n the 50 ‘'m bottles. Parallel colonies, by contrast, ware
lelgp more than twice as much as the radials at 5 m and this rate
decreased more or less 11nearly tq@around 0.01 ugC/colony-hr at 50 m.
The change of rates of both colony types with depth was s1m11ar to what
mlght have been predicted from the' P vs I curves (Flgure 3.2 and llght
penetration data (Section 3.3, lf,nbut the absolute magnitude of photo- ;
synthesis at all depths was aboutnBO% of that measured for inshore !

Trlchode;kipm at comparable lrradlances.
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. Figure 3.8
4 » .
- <«
P X
Figure 3.9
. A ]
.
~ )
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. a
Trichodesmium photosynthesis in situ, November 7, 1975,
near the 8 km station. Stippled envelope indicates

response of radial colonies from the near surfac‘ : .

population to irradiance regime similar to that received
at 5m (50% Ig), 25 m (18% Ig) and 50 m (3% Ig).

Dashed envelope illustrates range for parallel colonies.
o N

.
s ~ ~

. . * . -
Trichodesmium photosynthesis in situ, December 10, 1975, ]
near the 8 km stationm.
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, In December, fixation rates were higher than in November
(except for the 5 m radial colonies) and moigﬁvariable. Photosynthesis ;
: by parallel colonies again decreased from 5 WJto 50 m, but the radial ]

colonies demonstrated greatly accelerated rates at 25 m. This is in
LY

the irrad%anée range in which the 'bloom' radial colonies tested in
January 1975 inshore (Figure 3.1, curve 0) also exhibited a)much

higher“Pmaf, and corresponds to the depth of the population maximum
noted in Section 2.3.3.2. The differenées in vertical distribution:

between the two colony types (radial colonies fdéund more or less evenly

©

g throughout the upper 35 m or concentrated at 15-25 m; parallel colonies

‘more common near the surface) are partly explained by their photosynthetic

responses to the irradiance climdte.
) “ur

‘%

K f 3
3.3.7 Potential photosynthesis by Trichodesmium from 5, 25 and 50 m.

!
1

‘Shade adapted' phytoplankton, growing at lower irradiances

o generally exhibit e}ther increased chlorophyll content (thereby

) increasing their photosynthetic efficiency at low irradiances and
decreasing their IK), or decreased Pmax (thereby'dqcreasing their '
IK’ but also decreasing their growth rate) (Steemann ﬁielsen, 1975). '

In order to investigate possible differences in photosynthesis by

Trichodesmium found .at different levels of the water column, radial )

colonies were coll®eted at 5, 25 and 50 m depth and exposed to thel

full range of irradiancesin the mesh bags as described 'earlier. ) -

Carbon uptake in absolute terms-was approximately equai’in

* colonies from each depth when dark counts were subtracted. As is often
the case when photosynthesis measurements ar;‘conducted neayr the base
of the photié zZone at}low latitudes (Steven et al., 1970; Steemann

Nielsen,® 1975), very high’dark fixation was recorded by TricHodesmium

.(; ) ! colonies at SO m. High dark fixation at the bottom of the mixed “layer
A ° )

“

o

rmwm.. e ow - - ALY A A O B e P e T e c————————— e
f



®

i J§
SRRy At

,,,,,

d 122

is usually assumed to be due to bacterial contamination (Steemann
Nielsen, 1975) and since L. Borstad (in prep.) found increased numbers

of bacteria in Trichodesmium colonies at 50 m, this is also assumed to

be the case here. The darkened Trichodesmium from 25 m also gave high

counts, but the filter (which gave an equivalent of 2 ug C/colony.hr)
was found to be seriously contaminated by particulate material, as was

the filter for the 50 m Trichodesmium at 0.2 1y/min. When recounted,

these two filters exhibited substantialL% less radioactivity. They

. Thave therefore been considered spurious.

Figure 3.10 illustrates the P/Pmax vs I response of colonies”

from 5, 25 and 50 m, and the decrease in IK by the algae at 25 and 50 m.:

" This was not due to an increase in @ahlorophyll content; measurements

indicated that colonies from all three depths contained similar amounts
of this pigment. The obvious suggestion, that phycoerythrin was more

abundant in the alga from deeper depths, cled not be investigated

because this pigment was not measured (see p. 14). .

.

On'the basis of these few data, one might expect photosynthesis
in situ (during the early afternoon at least - the period during which
this experlment was conducted) to be approximately equal at all depths,
or perhaps slightly higher g; deeper depths. The consistently low
fixation at 50 m in the iﬂ situ experiments in November and December
1975 is difficult to explain unless it is related to differences in
the %Pality of available irradiéhce.' At 59 m in situ only wavelengths
around 500°'nm are available, whereas the spectral distribution of energy
ajailable in the bags was faT%ly‘uniform across the photosynthetically

active range. Trichoaesmium possesses phycoerythrin which absorbs

efficiently at 495 nm and could be expected to be capable of considerable

photosynthesis in these wavelengths, but as noted already, phycoerythrin's

role as an internal nitrogen supply may lower the concentration of pigment

in the cells. Under conditions of nitrogen starvation Trichodesmium

might then lose the ability to utilize the blue wavelengthé available

in the lower euphotic zone.

e R o i v e v -

A i




.

i

Figure 3.10
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3.3.8 Calculation of the contribution by Trichodesmium to total

production

The contribution made by Trichodesmium to total primary

pz:oductioni can be calculated from these photosynthesis data and the
standing crop measurements reported earlier in Section 2.3.3. . "
Conversion of the hourly carbon fixation rates from a per colony

basis to values expressed as a function of total filament length (mm),

1 ’,
and multiplication by the Trich¢desmium standing crop (total filament

length (mm) per liter), will give ugm carbon fixed by Trichodesmium in

one liter per hour.

situ experiments at 5 m have been grouped' and a mean productil

Trichodesmium standing stocks on those two days calculated.

standard errors and lack of coincident data for total production data

make the estimate crude, but it is e€vident that on these tw¢ occasions

production by the Trichodesmium population gt 5 m was a /very
considerable fraction of the mean rate for the entire phytoplankton .
reported by Steven et al. (1970)*.

\

Somewhat more data are available for the inshdre region,

* A mathematical error in calculations ape::fonner:i by Dr. D.M. Steven was
discovered during the course of the present study, which zequiré's a
revision of fall the production estimates arising out of the 196%1'9‘70‘
study (Steven et al., 1970; Steven, 1971; Sander and Steven, 1973) and
Sander's 1969-1970 study (Sander, 1971). Thei,x values should all be
divided by two. Note, however, that production estimates based on GM
counting of dried filters may be low due to loss of activity duriflg

drying (Steemann Nielsen, 1975).

o
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- 2 Table 3.6 Coﬁbarison\gf estimated Trichodesmium broduction rate with those of the entire

phytoplankton population near the surfadEZ

i . . Estimated Trichodesmium
i Trichodeshium Mean total production
§ R - - Trichodesmium Trichodesmium production ~  production percent of
[ : carbgn uptake rdtes standing stock “rates rates total

pgmC/mm filshr * SE  mm fil/l # SE  pugmC/l+hr + SE  pgmC/l-hr. t SE

&

Tt WNBLHA s 4 ke m

Offshore —~ 0.5 + 0.04 180 + 60 ° 0.09 + 0.04 0.22 + o.05*" a1
(7 . (2) . (43)
Inshore 0.7 £ 0.1 535"+ 116 0.37 + 0.13 1.05 + 0.07" 35
L ’ <
. (12) 18) ) ) (92).
{ s b “ »
Inshore "
- (coincident data) 1.0 £ 0.07 450 0.45 % 0.03 0.92 % 0.05 49

August 13, 1975

(8) . " (6}

®

* indicates the corrected production figures of Steven et al. (1970) and Sandér (1971).

! Figures in brackets. refer to the number of data for which standard errors are calculated.

-
[
I

T corrected values agree well with those given by Margalef (1965) and cadée (1975) for offshore regions.
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where Trichodesmium fixation rates at 80% I (irradiance received at 1 m)

on the P vs I curves arxe compared to the mean rate for the entire
phytoplankton at 1 m depth reported by Sander (1971)*. If the diurnal

] o
variations of photosynthesis by the entire phytoplankton are similar

to those reported here for Trichodesmium, then production by the ’ : 3
blue-green amounted to about a third of the mean total production near —

¥ the surface. Coincident measurements of carbon uptake by Trichodesmium

and the entire phytoplankton collected from just below the surface in
this region are available for August 13, 1975. The calculated '

s RN production rate by the Trichodesmium standing stock on that day was . ’ /

«“ 0.4 u‘gC/J.-hr (eight replicates), about half of the total production
(0.92 ugC/Y+hr - six replicates).
-

Other estimates of production by Trichodesmium in the

Atlantic area have been made by Goering et al. "(1966), Moretl'; '(1970)

anl Carpenter and Price (1977). "Moreth incubated Trichodesmium

colonies in bottles of unfiltered sea water and removed the golonies

®

after one hour. On the average (n = 100) Trichodesmium fixed about 46%

£-the total carbon taken up. This estimate may be slightly low if the

recovery of Trichodesmium was incomplete. At Barbados, colonies often

fragmented in the bottles during incubations, and experiments showed

that individual filaments photosynthesized at the same rates as those
A

in intact colonies (colonies completely disrupted by shaking gave the

same counting rate as similar size intact colonies).

Carpenter -and Price measured carbon fixation at four stations
in the Caribbean and compared these rates with total production reported
by Beers et al. (1970) from Jamaican waters. Their estimate of

, Trichodesmium's contribution to the total production - 20% - may be .

?
low however, because of the problems of autpinhibition mentioned

A

\-/ i o~

* See foatnote, previous page.
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earlier (Sections 3.3.1 and 3.3.2).

- ‘
Gdering et al. (1966) conducted simultaneous experiments
with isolated Trichodesmium and the entire phytoplankton in laiger

. o~
bottles, but only four measurements are available for near—surface

! plankton. Thelr data indicate that Trlcthesmlum contrlbuted up to
Ev g

35% of the total production.

v

-

The tha discussed above indicate that Trlchodesmlum plays -~

an important role in the euphotic zone, both offshore in ollgotrophlc

’4 waters and close to shore. Previous calculations (Section 2.3.3) )
f!h 2

Endicating that the R{lga contributes up to half of the chlorophyll a
in the upper layers‘:}\the sea make this to be expected. Moré dzt
are required to make a more precise estimqu of the percent ‘ ,
contribution in specific areas. .
= b

’ . . I a

- +
Note here that the presence of Trichodesmium colonies may

_ lead to large increases in the va;iability of routine 14C measure-
ments in tropical oceans, since one medium size colony is capable of
fixing between40 10 and 0.15 u, /hr, In oceanic areas‘yhéré the. N
average carbon fixation is only O 22 pgC/liter.hr or 0.028 ugc/hr in
the 125 ml bottles in which gxperiments are usually conducted, the

fortuitous preseggg_of one ‘colony will éignificantly-éf%ect the

» resultd. Even in the near-shpre environment where fixation rates
. are hl?h, the presence of one colony could double the amount of
. - |
- S carbon uptake measuxed. ) ) h [
’ ’/
‘sl‘ s '
; \ P4 3

a
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4 ) DECOMPOSITION AND DETRI?US FORMATION BY TRICHODESMIUM
4.1 Experimental decomposition of , Trichodesmium

4.1.1 Introduction .

Much has been written about decomposition and remineralization

of .detrital material in the sea,'particularly in Etratified tropical

oceans where nutrient limitation is severe. 1In thesg environments
where remineralization is thought to be of overriding importance in
~ supplying nutrients for phytoplankton growth (Wangersky, in press), the

implications of the death and decomposition of large Trichodesmium

populations demand attention. Several authors have referred to this

supply, mentioning the alga's ability to fix atmospheric.nitroqgn and
store it in nitrogenous iron-~contaifiing pigments (Wood, 1965;

Steidinger, 1973;

1k, 1973). The only data.available are a few
presented By Moreth) (1970), showing that considerable quantities of

phosphate wers released from Trichodesmium even in the presence of

formalin. In order to further investigate the>active remineralization

of Trichodesmium by active bacteria, fungal and protozoah(bopulations,

experiments were conducted in which the changes in dissolved plant

< » b .
nutrients and bacteria wese monitored,

2

e ,
4.1.2 Materials and methods :

s

Surface plankton was collicted as described }n Sectionh 3.2.1.
Small volumgs'of the bucket plankton Nere remove& and diluted with
larger volumes of surface seawatqr.( Two thousand radial colonies were
then isqlated‘ﬁsing Pasteur pipettes and deposited in 2 1 millipote )
filteted, autoclaved*seawater. Two flasks, one containing strepto-

mycin and sulphadiazine to inhibit bacterial growth*, were inoculated.

T

* The antibloticg.nay also have affected the Trichodesmium,but this is

not considered important in this context since the alga always died

within a short time.




ixh @ e ane

_ those observed in flask 1 (no antibiotics).

P

«

placed in indirect sunlight in an airconditioned rpom (T°,25 t 2°C)

d stirred continudusly with glass paddles. Eath was initially -

Y

covered with sterile cotton plugs, liut these fouled the stirring rods
and were replaced with tin foil dust ¢overs after five days. .

[ ] v
The resultant lack of st@rility may represent a possible

source of error however, it is assumed that the autotchonous bacterial

and fungal i)opulations of the Trichodesmium colonies provided a very

lTarge inoculum, and these organisms were responsible for at least the

initial degradation of the algal material. ’

>

’

Bacterial growth in both flasks v;as monitored by L. Borstad,
by plating homogenized aliquots of water samples onto Zobell's 2216E
H 3
Details will be discussed in a thesis by L. Borstad (in prep.)

L

as will be the results of a third, smaller experiment similar to these

mediuxft.
in which external contamination was more limited. Bactgrfal numbers
and gross colon}ithbrphology in the lattér experiment closely foliowed
Bacterial numbers in the
second f]:as} (flask 2) were inhibited by periodic addition of anti-
biotics. \

At intervals: of several days, aliquots were,taken from each
flask, filtered through Whatman GF/C fi:lters and frozen for later
analysis of dissolved a.uunoniun.\, nitrite-nitrate and oxthophosphate
concentrations, according to Strickiand ahd Parsons (1968). The small
number of samples taken from each flask was determined };Jy the volumes
reqﬁired for the*analysés and the desire to decrease the total volume
of the flask.by no more than 40%. The pH of the unfiltered water was

[y

measured each day a sample was taken.

«
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‘ T4.1.3 Results .

A

.

The “chariges recorded in the two flaeks are summarized in \

Figures 4.1 and 4.2. 1In both cases the Trlchodesnu.um colonies became

o lighter coloured, lysed and fragmented by ﬁay 2 or 3, and clumplng of
the detrital material occurred. Bacterial growth in the water.made

flask 1 turbid by day 3. Neithdr of the flasks contdined intéct/

Trichodesmium' colonies by day 7 and by day 14 or 15 aI white flake-like

! detiit;ls had appeared in both. 1In flask 1l these partlcles were amorphous

x flocs laden with bacteria, while in flask 2 they were ,entirely bound by
fimgdl mycelia. Both types ’of partifles carried abundant microphagous

and garnivorous protozoa by day 28

- Growth of diatome on the wallg and bottom of the flasks was
) noted on day 28, and increased untill, at Eermlnation of\the experinfents
. ’ on day 54,-large ;heets'of the pennate dietom ‘Navicula sp. 1 k‘gsee
{ Section 5.3.3.4) were present on the glass in flask 1. ‘ ;
. . .
J In flask 1, bacteria viable on 2216E increased to more than
| - ) 106/ml within 30 hours of inoculation. Numbers of this rapidly growing .,
form began to decli'né‘ around day 6. Total numbers increased again after
’ ';"”\L. - day 10 due to the appearance of a slowers growing type formir}Z; s'maller -
) colonies. By about day 26 the differences between the two types
- - became less obvious, and the totaf numbers, which had bég declining,
between days 20 and 28, increased temporaril?. :5§§_cteria viable on
2216E from flask 2 were always ‘less than 100/ml.
x . ‘ '

. ) In flask 1, ammonium appeared in Iarge amoynts bw day 14, ¢

e .

foltowing th?.\ 1n.1tia1 burgt of Bacter1al actlvity, then quickly dis-

o de W

appeared. By day 21 concentrations were s:.mlar to that measured on

RN

]

, day l. Nitrite-nitrate concentrat:.ons bggan to increase after day 6,

§ : rreached a maximunf around day 28, and declined thereafter. Phosphate -’
5 ( ' concentration' increased sharply after day 6 and attained a maximum ~
ﬁ .

"
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¢ Figure 4.1

‘qFfbdre.4.2g

+

<

.

Changes in concentration of dissolved ammonium ( O ),
nitrite-nitrate ( 4 ), and phosphate ( e ), during
decomgosition and remineralization of Trichodesmium
(Zooo;cblopies/z liters) by mixed natural flora.
Uppe# curve ( O ) represefts number of bacteria per
ml of original suspension viable on 2216E medium.

t

( K

o

i

o . . -

A . '
:Changes in concentration of dissolved ammonium (

“’o{),

nitrite-nitrate ( 4 ), and phosphate ( e ), during

_ » . decomposition and remineralizatidbn of Trichodesmium

. (2000 colonies/2’ fiters) in the :presence of strepto-
.mycin and sulfadiazine to xphibit bacterial growth.

Mineralization was abcomplished primarily by fungi
and protozoa. .
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v ™

around day 21.

"\

In flas’k 2, where antibiotics did not permit growth of

. bacteria, remineralization was accomplished by fungi and protozoa

[N

s

which were not enumerated. The changes in dissolved chemical species
were somewhat Adiffe.rent than in flask l¢ Ammonium appeared in large
amounts within 8 days, and declined thereafter, buit nitrite-nitrate aid
‘not show appreciable increase until around day 44. Phosphate levels '

also remained low, increasing only temporarily around day 28.

¢ 4
The pH in both flasks did ot change throughout the experiment

' t
(8.15 + .05). v ‘l

kY ) P

4.1.4 Discu.ssion . { t .

'
The rates of appearance and amounts of ammonium released in

each flask during the first two weeks wére similar, but in flask 1
where a large and varied bhcteri# population was present (introduced

as inhabitants of the or:‘kginal Trichodesmium inoculum) this *dissolved

ammpnium was subsequgntly converted to hitrite and/or nitrate. In
flask 2, where bacteria

growth was restrictetr by antibiotics, nitrite

and nitrate did not accumulate to any great extent. Pbosphate >

4 k R
libpration in flask 2 was also less, and occurred more slowly than
where a, complete mixed flora was active.

*.
+

If the amounts of ammonium and orthophosphate released in

flask 1 are any indication of the quantities of nitrogien and phosphorus
which may be mobilized from decaying Trichodesmium iz}z situ, then it

should he possible to crudely estimate the 'fertiliization potential’
of the Trichodesmium ‘bleoms’observed off Barbados,

L1

.
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About 0.025 pygm—atms ammonium were released from eachs colony

in the experimental situation. At such quantitieg, 'blooms' like

those of January and May 1975, where the Trichodesmium population above

'35 m was around 40 colonies{per liter, presumably represented the
potential addition ofdapproximétely 1 pgm atm-ammonium per liter to the
water (40 coloniés/liter x 0.025 pgm-atms ammonium/colony). In the ’
upper miﬁed layer, this addition would temporarily double the avefage

ammonium concentration if added all at once. s

L
1

3

* The release of orthophosphate may be more signjificant,
however, since about 0.02 pgm-atm phosphate waé released per colgny.
Forty colonies, therefore, represent the potential addition of
0.8 ugm-atms phqsphate per llter, or thlrteen times the average
concentration 1n the mixed layer (Steven et al., 1970).

. £ | t

In‘both flasks, the large incgease in dissolved ammonium and

nitrite—nitrate conGgentration encountered during the second week

T représents?ggrigseasegof about 0.35 ugm nitrogen from each colony.
This was for colonies of about 10,000 cells (see Table 3.1 'standard(w
radial colonies) and 1.5 ugm carbon*. Using C/N ratios and cell
nitrogen cortent data from the literature (5.6 - Marumo, 1975; 4.1 -
Mague et al., 1977; 5 pgm nitrogen/cell - Carpenter and McCarthy,
1975) to estimate the hitrogen content of t?ese cqlon}es, one arrxves

i
at values between 0.3 and 0-5 Hgm nltrogen/colony. If these valugs are

corrgct they indicate a very large fraction of the Trichodesmaum cell

nitrogen was remineralized early lp the experiment.

¥ af '

\ LA -
»r Whilé the total‘amount of the various ch?mical species

released in the experimental flasks may be relevant to the situation

A3 . .

* analysis-provided by H. Reiswig using the wet oxidation teéhnique

v

outlined in Strickland and Parsons (1968).
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in situ, their rates of appearance cannot be extrapolated. The experi-

mental Trichodesmium biomass was unnaturally high compared to that in

the western tropical ‘Atlantic, and the near simultaneous lysis of the
colonies in the enclosed volumes must have led to extremely high
concentrations of dissolved organic material. The explosive growth of
bacteria which this permitted made the water in flask 1 turbid between
days 3 and 6, a phenomenoh\whlch does not occur in solution in 51tu

\ because of rapid dispersion of localized concentrations of dissolved !

. . s , !
v nutrients around the particles by turbulence. The in situ rates of i

¢ ilfmineralization are probably somewhat different than in these

. . experimentst since in the sea the largest part of the processes must

take place on the Trichodesmium particles themselves.

A

4.2 { Trichodesmium detritus and decompesition in situ

% ' The fate of the Trichodesmium biomass in the sea is of

considerable interest. In the laboratory, Tricﬁodeémium colonies

inevitably died and lysed lefving an amorphous aggregate in which bits

. of Trichodesmium cellular debris, diatoms, dinoflagellate thecae and
- N \ \
other matter cowld be recognized. Particles such as illustrated in
Plate 4.1 were also commonly encountered in the counting chambers

durlng the enumeration phase of the field work, and it beSame evident

that a large part of the degradation and Tineralization of Trlchodesmium . . 4

biomass must occur in the mixed layer. In the sea, the Trichodesmium

filaments'do not all lyse, as is usually the case in the laboratory.
- One or .two well vacuolated filaments appeer capable of pr?vidinq’

buoyancy sufficient to retain the whq}e particle (often with one or !
1 * two large hydrozézns) igghe mixed layer, since the particles were often
‘ ¢ observed in discrete samples from 5, 1§/and 25 meters.
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Plate 4.1 Trichodesmium detrital partigle; short fragments
bound in an extensive mucilage. Scale bar at ° \
lower left indicates 50u.
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Plate 4.2 Close-up of detrital particle in Plate 4.1. i

Trichodesmium fragments, numerous diatoms (Nitzschia

sp. 1 and Mastogloia capitata ? - see later

- Section 5.3.3.4) and extensive organic debris b?und
Eogether by mucilage. Scale bar indicates 1l0u.
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In sixty-two I liter, discretg samples from 5 to 100 m
depth, collected between April and July 1975, these detrital aggregates

containing a few recognizable Trichodesmium cells and/or filaments were

counted. Figure 4.3 illustrates that, in most of these samples, the

detrital Trjchodesmium was: more abundant than the intact healthy

colonies. Unlike dead or dying diatoms or dinoflagellates, a large

proportion of dying Trichodesmium cells benefits from the buoyancy of

the other cells in the colony and does not sink immediately. In fact,

completely lysed Trichodesmium debris formed in decaying plankton in

the laboratory was'on several occdsions kept for as long as two weeks
in thelrefrigerator.. At the end of this time the masses were still
floating, evidence that the gas vacuoles had not all collapsed when ,
the cells lysed. The fact th;t the large ammonium and phosphate release
observed during the decomposition experiment occurre§ before the
complete disintegration of the detrdital particles suggests that

similar release might occur in situ in the mixed layer.
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Comparison of the number of intact Trichodesmium colonies
and detrital particles of Trichodesmium origin in one
liter samples from various depths taken at ﬁhe 8 km
station between Aprif and July, 1975. Sm {e ); 15m y
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5 THE TRICHODESMIUM PERIPHYTON

5.1 Introduction 9 .

t
Early'in the field worke ‘high power microscopic observatibns

qf Trichodesmium demonstrated that large numbegs of other microorganisms
i

could frequeritly be found associated with the algal colonies, either
loosely lodged among the filaments at the edges or ends of the colonies
or deeply embedded within the central tangle of filaments. Further

extensive examination of Trichodesmium collected at various depths,

distances from the island and times of the year, established that the

phenomenon was common in colonies taken from the North Equatorial ,
*

Current waters, but less so in younger Trichodesmium pgpulations which

arfived at Barbados in fresher water masse f Guiana Current origin

(see Sections 2.4.3 and 2.4.4).
]

A search of the literature evealed only a comment by Wood

&

(1965) that Trlchodesmlum sometimes ac ulated a pseudoperlphyton, and

mention by Margalef (1968) that "eplphyélc bacteria often occurred in .
(sic) the pseudovacuoles of the algal cells". The same authoxr noted
attached bacteria and fungal sporangia in some colonies. ngrnberg
(1965), Calef and Grice (1966) and»Tekioka and Bieri (1966) had .
described the association hetween éhe larvel steges of the harpacticoid

copepod Macrosetella gracilis and Trlchodesmlum colonles in the western

trggie:z Atlantic and in the Kuroshio. Thére was no mention of the
pres?n of other autotrophs or of the hydrozoan which may Qe observed

in colonies collected near Ba§bados, and no indication as to the

" what follows lQ a general description of the community of

extent of the phenomehon.

Aicroorganisms commonly associated with’ Trichodesmium colonies collecteg

from nonbloom' populations. The relationshlps between the alga and

other members df the community are also considered, and the importance -

2

of the Trichodesmium_zolonies as pelagic substrates discussed.

'
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5.2 Materials and methods ! .
’ >
As has been described ea}lier, Trichodesmium was regqularly

collected at two serial étations located 4 km and 8 km off the west
coast of Barbados, and irregulaxly at various other locftions further
offshore. Much more frequent collections were made from small open §A’/~/ 3

4 boats operated close to shore. Plankton was collected at the surfac

P

and at various depths using 0.24 mm mesh (no. 6) plankton nets of
1/2 m diameter. Collections below the surf#ce were made with either. -
Clarke Bumpus opening and closing nets, or throttle nets lowered cod-end

first. o

% Plankton collected from offshore locations was usually
preserved with formalin or Lugol's iodine iﬁmediately; however, on

occasion Trichodesmium colonies were isolated from tﬂe bulk of the

Pplankton using Pasteur pipettes into cool filtered seawater and brought

. ashore live. Every effort was made to guard against exposure to the
bri?ht tropical sun, and live plankton was accordingly kept in the dark
in ice coolers. Most observations of live material were from collectioﬁs
made within 2 km of the coast, since on these o&casioné observations
could begin within 10 or 15 minutes of the collegiion: ’ ' o

In the laboratory, a portion of ths plankton was immediately

transfexred to a larger volume of ‘seawater. Individual Trichodesmium

colonies were picked out using‘large bore Pasteur pipettes and carefully
‘transferred to large volumes of cool filtefed seawater where they were
held until required (oniy one or two colonies per 100 ml*). Single’ )
colonies were transferred to glass slides in a-jarge drop of water and

a coverglass laid on. Microscopic examinations usin;'a Leitz Ortpoluf
-microscope equipped with.phase optics began with generai observations

on the colony morphology and size,and of anyrmacro-symbionts such as
copepod naupli{ or hydroid polyps., Watgr was then slqyly removed from

(_ under the coverglass with a scrap of paper towel, thereby flattening
1 .

* where colonies were kept in very small containers they lysed sooner.

- ’

.
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’the colony and allowing observations at higher magnification. Very few

symbiontq‘cduld ever be detected during 1ow.ﬁagnification observatiopsn

O of intact 'unsquashed' colonies. Trichodesmium colonies collected and

handled in the manner described above remained at least morphologicaily
i intact for up to 24 ho&is. Under even low natu;al sunlight (15% I),
4 however, photosynthesis and nitrogen fixation déclined after three or
K Afour hours. At higher irradiance this decline occurred earlier and . ;
under the very intense irradiante necessary for high power microscopy

S e .some colonies hleached and lysed almost immediately.

buring 1974 and 1975 microscopic cbservations were primarily
concerned with idgngification and recogniti?n of the various community .
members. Beginning in-November l97§‘and continuing until May i976,
collections were made at about weekly intervals at the surface approxi-
- ; mately 1 km offshore. Five or six colonies of éach’ggnformation were I
examined from each tow and the presence of absggge'of each group noted.

Several attempts were made at prolonging the life of the

Trichpdesmium colonies in the labqpatdry, so that growth and develop-

ment of the community could be followed. These were unsuccessful, but
test tubes mounted on a vertically revolving wheel proved useful in

maintaining polyps of the hydrozoan described in Section 5.3.3.6.

The Trichodesmium colonies always lys@ withi;x a few days, but
' ' occgsionally the detrital particles, held together by mucilage, adhered
\\ to the walls of the test tubes. Polyps of the hydrozoan embedded in o
three such particles were maintaiAed for nine weeks ,n this apparatus
with frequent changes.of water and introdqptggn‘of small copepod N

nauplii, newly hhtched brine shrimp or very.finely ground fish meal.

R s R TI

/ Diatogh gould egasily ge observed in live, water mounts, Put for
identification they were cleaned of o ganic material leﬁving only their
siliceous frustules. Ungteserved vidualfTrichodesmium colonies were 1
( ' ) ‘ « \“‘s\
‘ ) ' ‘ . '
/ , c
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‘////filagenfs are aligned in parallel like tha)briﬁtles in -a broom, present

. species

. \ <
drigd onfo,microscopic slides, and concent;atéd 30% v/v hydrogen peroxide )
was then applied di;ectly’fo the alga. Gentle warming hastened the o
oxidation and evaporated the peroxide. after severdl re-applications
to iﬂsure complete.clearing the peroxide residue was washed off with
distilled water. * '
o= M ' %

This procedure worked reasonably weil for unpreserved materlal, -
but formalln or alcohol preserved material had to be 1nc1nerated for
five to ten minutes at 500°C to Yemove all of the organic matter.
Both techniques c;eared the opaqué or;anic material and did not s;verely

damafe the diatoms. The Trichodesmium filaments themselves convediently

produced a thin clear re

5.3 . Observ&tions and discussion ' . ®

N

5.3.1 ‘Description of the Trichodesmium colony as a substrate

’

+ « - N \
. i
: ] The filameptous and colonial habit of tﬁl two Trichodésmium - ¥

most common, 1n Barbados waters wii} be discussed in Appendlx A 1,
and theldifferen;es in colonial’ morphologyijlustrated ;n Figuge a.l.’
The parallel colonies of both T. thiebautii and T. hildenbrandtii, yhere

'\ b-.’ . -H: $ .
B o
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concisely arranged T. thiebautii. colories from ‘'blooms' but actumulates
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a similar physical aspect - long relat:.vely smooth particles havmg .

frayed ends and long narrow 1nterf11amental spaces at the center of the

colony. In contrast,” the radial colonles of both - spec1es possess a
more complex constructlon. In apparently younger, more rapldly growing
radlal colonles of ﬁ‘ thlebautu. collected from 'blooms . the filaments
were very tightly arranged in a concise symmetrlcal fash:n.on, providing

é very complex outer surface and network of peripheral interfilamental
spaces but very little space at the center of the colony. Colonies of -
this species drawn from the water masses of the North Equatoridl Current
generally contained flewer filaments which were arranged in a less ' N
compact menner. These colonies and the very loose, asymmetrical radial
colonies resulting from the disryption of parallel colonies of either ,
species present vastly increased networks Yof small enolosed lrregular-w
spaces withi/r}, their actual framework. In purely physical and morpho- N ,
logital terms, the differences betwe@ the species are not as great as

.

the differences between the pwo colony types. n

»

5.3.2 The Matrix , . .

b -
“ ’

1

Relatted to the physical architectural differences between the
colony types and “Vapp‘»arently.mored importemt than spécles difﬁegences, is
the much greater accumulation in loobse radial colonies than in parallel
colqnies of a mucilaginous material forming a 'm’aﬁrix' -at the center of

the colony. 1Trhis material is not present in the majority of symmetrical,

"in considerable quant{ty in loosely arranged 'colonies.
w N < I

-

Staining with alcian blue at pH 0.5 and 2.5 essentially after
the methed of Pai‘ke;: and-Diboll (1966) shows that the mucilage is a
carboxylated polysaccharide material, dnd the uneven nature of the J .
uptake of the stain suggests vdriability in its consistency. Handa
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(1975) has found theﬂbothter slime fraction of Trichodesmium collected

from the Kuroshio contains principally glucose and mannose. It seems

w

~ likely that these two components were derived from ‘the matrix since
observations at Bavbados indicated that there.is very little other

external mucilage in Trichodesmium colonies:. Trichodesmium does not

produce - thick extracellular investmentsvlike some other blue-greers .

. . Ll . hd
(Fritsch, 1965), but only a very thin sheath which apparently may be
absent in some cases (Van Baalen and Brown, 1969),. Examination of

-Trichodesmium.collected at Barbados reveals a wery thin, sometimes dis--

‘continuous layer of polyéacchafide matérial along most of the length of .
thg filaments. This.material is clear and inv%;ibl; except when stained,
and appeais in-greater amounts-along the unhealthy cells often encoun- :
tered at the periphery of the colony (these éélis, usually the last ten ‘
or fifteen at the end of some but not all trichomes, are often unpig- ‘ .
Tented, partially plasmolysed or even completely emp;y). Quite large
sheets of this polysaccharide can occasionally be seen sloughiqgﬂeff the .
_ends of these trichomes, and it is possible that the matrix represents ~
an agcumulation of material produced in this manner by the alga itself. ¢ )
An;ther posiibilitxvis that the élga is stimulated to produce largeJ
amounts of gelatinous material by a fungal infection, as has been

noted by Jagg and Nipkow (1961) when Oscillatoria rubescens is infected

by certain chytridaceous fungi. At least one chytrid is regularly

Y -~
found in the Trichodesmium matrix. -

. . . \
L
The origin of the matrix-is unclear, however. L. Borstad (in .

prep.)"has isolated bacteria from Trichodesmium colonies which produce

copious po;ysacdharide on solid media and in liquid culture, and it
therefore seems likely that the'ﬁéprix is at least partially of bacterial
origin. As well as the baéteriai there are frequently other organisms
preéent which -produce their own mucilage. At least one unidentified
organism which appears to be a unicellular cyanopS&tL can be vbserved
encapsulated in it:&obn mucilage, and several spegieé of benthic diatoms

known te bé capable of secreting sediment binding slime are- also commonly '

. ’ o '
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embedded deep within the, colonies.

near the center of the cdlony, die and lyse, their protoplasm will

. directly observed. ’ : . .- o

144

\
The mat therefore seems to be

quite heterogeneous dgpwing upon the organisms present. . .

.

The multicellular nature of the 'I’rlchodesmlum coloru;es is

also 1mportant Freshly collected colonies reveal a great deal of
variability Wlth respect to pigmentation, vacuolation and cell size., " !
Some trichomes gentain groups of short, weakl’y pigmented nonvacuolated

cells with only partially. completed crosswalls. These yc;ung dividing

cells alternate w1th darke (egplec.lally when stained with Lugol's

‘e

-
1od1ne) . well’ vacuolated cells, giving the trichome a banded appearance.

Some trichomes may be completAly cbmprn.sed of younger cells while other

7

trlchomes in the same colony are older, with many completelx empty and Te

p}asmolyzed cells. Like any population, Trichodesmium colonies contain !

cells in all phases of growth. s individual cells, ‘especially those

further enrich the matrix and increase its heterogeneity. Just as
More debris accumulating

The

populatlons age, so too dorTrichodesmium colonies.

from a larger number of dead and dying cells will be present

retention ‘of Trlchodesmlum protoplasm, pigment and debris can be

3
A

3

5.3.3 The co‘mmunity members , v )

Bacteria - .,

A

5.3.3.1

-]
Bacteria were the‘m\ost commonly observed microorganisms ijou.nd

in association with Trichodesmium colonies (Plates 5.1 and 5.2;all plates

collected at end of this section). While nearly every colony examined

during the course of t‘his two-year study contained small numbers of BN

bacteria,they were much more abundant in the apparently older colonies
Nt . I

drawn from 'non-bloom' populations. Such Trichodesmium colonies

<
» » [

~
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«* contained fewer filaments and cells, larger numbers of dead and dying *

cells than colonies frgm'blooms'and~usually had accumulated a signifi-

cant amount of mucilage. . ' .

’

By/far the largest number of bacteria associated with
- &

1

Trichodesmium ¢colonies were intimately associated with the mucilage of

* radial. colonies and detrital material contained in it, but small rod and

&

' - corniform types could occasionally be observed directly attached to the

Trichodesmium cells themselves. Jl‘hese were usually located around the

intercel}ular junctions, a portion of the cell wall which Van Baalen ) -
. and Brown (1969) have shown is considerably thinner than other parts. -
Walsby (1968) has observed secretiicn of mucilage at these locations in :
freshwater Oscillatoria, and similar production of poiysaccharide was

observed along Trlchodegmmmm fllaments during this study, making it likely .

that these bacteria' are attracted to the localized source of nutrlents. :
Whether -they lead to breakdown of the blooms, as suggested by Carpeafer
and McCarthy (1975) is questionable. Observatlons at Barbados of

Al o

" intact colonles have shown. that such attached bacterla only constitute

a very small proportion of the total bacterial population. They could

\ also be occasionally observed attached to diatoms, or the empty
‘escape tubules' of fungal sporangia {Plate 5.2) found in some colonies.

Bacteria were never recognized inside Trichodesmium cells.

Planktonic algae often have bacteria attached to or occurring
within their slime sheaths, in fact a large part of the bacterioplankton
may, be epiphytic rather thaa truly planktonic except in very'eutrophic
waters (Wood,‘1965). The role of'thesé bacteria is uncertain. Campbell
(1977) indicates taat they are probably often saprophytic causing no -

harm. ' Intuitively, the location, abundance and physical relationship

: s of the bacteria to the Trichodesmium colonieé sugéest their primary

role on these particles is one of remineralization. This suggestion is

. (; supported by work of L. Borstad (fh prep.) who reports that essentially

P N ro » '
g‘ ’ «

) N ”~r E"q s

i

#

1 ' : R b
g;d‘ * A _.gw o ARtk Hpe W AR ~— B




P

biomiss appears to become food for protozoans |(Section 5.3.3.3).

. .
The\ bacteria observed in Trichodesmjum colonhies exhibited a

very great diversity of morphologies and metijities, perhaps a reflqptian

of'the’pleomorphic character of most marine b cteria. There were some

data suggesting that the two different Trichodesmi colony| types
exhibited dlfferent types of bacteria (filamen ous\zacterlaswere much
mpre common in parallel colonies than in radial col nleg) and it is g
erefore perhaps possible that bacteria influence aIgéi\colony )
orphology as has been reported wi other cyanophytes - (cf. wYaté a;d
enderson, 1971). ThlS ‘and other aspects of the occurrence and

hysiological characteristics of the bacteria associated with Trichodesmium

olonies are-the subject of a thesis by L. Borstad (in prep.), and will

not be discussed further here.

¢
b

£.3.3.2 ., The Fungi :
* One of the potentially most important groups of microofganisms

in the Trichodesmium matrix'community is the fungi. Fungi are extremely

/ <
common in the sea, principally acting as decomposers(Lyles, 1969), and
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it is therefore nof surprising to find them in the Trichodesmium

readily available carbon source. ‘.

»

observed in Trichodesmium colonies are members of
\

the primitjve class Phycomycetes, possibly of the Thraustochytriaceae
(Dr.| E.B.G. Johes*, pers. comm.). There are very likely more than
one fpeci $ prédsent, but it is difficult to be certain without
culturing them/ and following their %ife cycle in §etail.. The flask-
shaps 1lls jn Plate 5.2, more often bbserved without the open tubes,
were ve%i common (those illustrated here are heavily infested by

bacféryé). ther stages often observed were the small, highly motije,

oo ,
biflagéllate/ zoospores, the amycelial sporangia and small objects
resenbling fungal resting cells.

]

\

oxganisms,

$ \ /

he aquiatic ph&ccmycetes commonly parasitize other micro- /
including the blue-greens (Canter, 1972) and are known t

produce epidemics in which large populations of Anabaena flos—aquag

are/destrpyed {Canter and Willoughby, 1964).  1In no case, lowever, wﬁs
an of\t e forms recognized as fungi ever detected parasitizing lfiving

Trichodesmium cells or any of the other community members during/this

\ 1 were embedded in the mucilaginous matrix of the radial
i} - v

colonie$ and while one or two’ cyst-like and sporangium-like cells

could s% etimes be, observed adhered to the outside of parallel colonies

‘

or lodgea within the fllaments of radial colonies with no mucilage, it

was in thg matrix that large numbers occurred and the rhizoid dystems

developed.‘ In the Trichodesmium biocoenosis:the fungi appear/ to be

primarily saprophytic, living in and- absorbing nutrients from the .

matrix.

Polytechnic, Portsmouth, England. . \ o
. ,
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oFurgi are important| ecologically in many ecosttems as sapro-

phytes and decomposers (Lyle ‘1%§9Yf ‘They obtain all of their

nutxient requirements through

9

Eorption of dissolved material from

prlncxpally on the matrix and “on Lhe mixt re o& waste products it
contains, but after deat "of the %lga they w;; compete with the

bacteria in remj aliz;hg'the debris.

In ﬂe decompos1tlon experiments

d%scribed in Section 4, fundgi accgmplished remineralization in the

absence of bacteria.

)

5.3.3.3 ' The Pﬁptozoa . }

’

/ ) < '

Trichodesmium colonies of both conformations harboured a small

\
assortment of protozoa compared to that observed in filamentous 31925

attached to boats or moorings around Barbados. UnLiké benéhic sub-

strates Trichodesmium never supported attacheg or sessile fdrms of

the Suctoria or Sessilia. All of the protozoa observed in the algal
colonleg/were small (less than 40y long) freeliving and mlcrophagous
or saprophytlc. There were no carnivores and none which attacked the

. dlatoms or Trlchodesmlum itself. ’

. : |
/’ of 405 colonies.of both conformations systematically\pbserved
during 1976, 24% of the radial colonies (56 of 236) and 14% of the
@,/parallel colonies (23 of 169) ;arrled protozoa. The»larger percentage
of radial coloniks infested (X? indicates smgnlflcant dlfferencl at 1%)
is probably related to the greater conformational complexity an larggr

bacterial pdbulations of radial colonies. While the numbers of

~

individual protozoans per Trichodesmium colony were not routiyel#
/ /
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"abundant! or "teeming'. One suc

col@my iﬁ/which a count was

counted, the notes made of the obzérvations offen described them as

attempted contained more than 150

individuals, all of the same type.

These neafly monospecific populatipns and their clear association-with

colonies containing/abundant bacte]

e
rapid multiplication df/one or two
e

Fia, suggest that they arise through

individuals in response to the

plentiful an%/édncen rated food supply (bacteria) in the Trichodesmium

colonies, ,Thé variability in the t
e o]
_colonies of the/same size’and confﬁ

indicates the initial‘7ﬁéounter is

/ Observations at Barbados

of radial colonie

lype of protozoans present in

rmation collected at the same time
- *

probably §901dent§;.

L v

indicate that the protozoans only

and the frayed ends of parallel

/ighabi;/the surfgce of the colonie;,!mostly the interfilamental spaces
»

ati;pé’periphe
.
co}onies.thﬁgﬁe were observed movirlg through the viscofls mucilage,

aithougb ey

where colYonies were not squashed.

did graze its surfacHd

and the surface of the filaments

L\ .
and in/decaying 'clumps' of Trichodksmium where greater access$ to the

/ -
in;z;ioraof'the colony was afforded| protozoans were abundant and no

doubt very important in increasing

he rate of remifleralization of the

L8

in very<ioose disintegrating colonies

éiticle. They could easily be cbse¢rved ingesting bacteria and other

/small particles in the mucilage.

a bacteriophagous amoeba from Trich

desmium taken off Bermuda.

v

N

None of the protozoans exhibited obvious behavioural

modifications restricting them to th Ecolonies, and they seemed quite

)
- free to leave the filaments. Protozoa do, however, commonly exhibit

positive chemotaxis and thigmotaxis (Hymann, 1940) and these reactions

could serve to re§7{g‘;;dividuals where turbulence is not great or

other surfaces are not encountered.

manners may encyst in the mucilage

decaying detrital particles will liberate other individuals.

.

Organisms not lost .in these

of the colonies. Fragmentation of
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" No concerted efforts were made to identify the organisms

dbser&ed. Rhizobods of the ordgr Amoebida yere seen on a few wideiy .
separated occasions. MosF pf the ciliatéé were recognizable at the
family level and, within the Hymenostomatida, “one Tetrahymenid and
. three Cohnilemibfdvforms were recorded cémmonly. Therﬁybotrichida .
. were represented by at least one species of Euplotidge and perhaps one

of the Aspidiscidae. . v °
r

O v

Flagellates were as important as the ciliates numerically,

but less diverse. Theré were two or three biflagellates, abouti5—15u

. . \ v

\
long possibly of the Bodonidae, and one or two other unidentified

forms. ’ *
<
o ° /
@ - ) ) i )
5.3.3.4 ' Diatoms . ’
. \ ; ;
3 Seventeen species of diatoms representing eleven genera were

recorded as members of the Trichodesmium periphyton examined here
, &

(Figure 5.1, Table 5.1 and Plates 4.2, 5.3-5.7). Only nine species :

were %ommon (i.e. present in more than 20% of those colonies with-
! 4

diatoms); the other eight species occurred in less than 5% of the colonies
with diatoms. All were pennate‘spec{;s and many were types commonly

! L]
regarded as benthic or epontic. While diatoms were recorded as present

in 39% ,(n = 217) of the radial colonies and-32% (n = 168). of the
. ~
parallel coloriies examined systematically, the Pumbgr of both individuals

and species\in any one Trichodesmium colony was highly wvariable,

\
Unlike diatom communities epiphytic on inshore benthic ‘plants

(cf. Lee et al., 1975), the diatom assemblages in Trichodesmium

‘ a
colonies were of law”diversity, consisting of only two or three species

(at most five) per colony. The species composition and the number of
[0 8 .

™
e
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Figure 5.1 iSome of the diatoms commonly found in Trichodesmium
5 -~ .. colonies. All species to same scale {bar equals 10y).
' ‘
. ’ .
' ’ 1. Nitzschia longissima
& £
! » N. longissima var. reversa .
e ' N PO
. \ 3. W closterium ' '
s (2. LOSter L .
\ . - '
. \\ , 4. N. sp. 1
{ A s .
AN 5. Mastogloia (capitata ?) )
@ .
' - \\\ . . 6. Caloneis sp. .
— !
\ . . 7. Amphiprora (paludosa ?) ’
N I
\ ' 8. Achhanthes sp.
' 9. Navicula sﬂ 2
' . - 10. Cocconeis scutellum var. ?
[} [
Epithemia sp. . -
. * . 12. part of a Trichodesmium thiebautii filament K
: for comparison of size. -
» J
. = 1
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Table 5.1 . Diatoms observed in Trichodesmium coldnies. .
v ‘ 3

Erequency of location in
occurrence* colony+t
N

Achnanthes Bory -,

A. sp. 1 ,V - c.’ M,

Amphiprora Ehrenberg. .
A. paludosa Wm. Smith ? c M
A. sp. 1 ‘ o) M

Caloneis Cleve

C. sp. 1 s c P
Caocconeis Ehrenberg \
g, scutellum var, ?
Epithemia de Brebisson
E. sp. 1 o M 77

Grammatophora Ehrenberg
G. angulosa . Q M

Hantaschia Grunow ? ’ l —
H. sp. 1 o M

v

Mastogioia Thwaites ex Wm. Smith * .
M. capitata (Brun) Cleve ? ‘ C ) P

Navicula Bory : .
N. sp. 1 ¢

— -

N. sp. 2

ocn
o

Nitzschia Hassall

clostefium (Ehr.) Wm. Smith
longissima (Breb.) Ralfs.
longissima var. reversa (Grun.)
sp. 1

sp. 2 v '
sp. 3

TACTEIETE T

oo nnIy

Striatella agardh )
-S. sp. 1 ' 0

- -

=

C - common; found in more tkan 20% of those coloniesg with diatoms.
0 + occasional; found in less than 20% of those colonies with diatoms.
P

< found in parallel colonies and dround the periphery of radial
colonies. /

M - found embedded in the matrix of radial colonies.

e~
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. individuals per colony was highly variable, however, even between

b

colonies of the same size and morphélogy collected at\&pe same time.

While it might be expected that particles as small as Trichodesmium

colonies could not support many dﬁatoms, it was commomw to observe
between 5 and 50 in a colony. On o?$a51on much larger populations
o were present;Plates 5.4 and 5.5 show an extremely large mixed pcpulatlon

a of Cocconeis scutellum and Nitzschia sp. 1. Plate 5.6 is a scanning

electron micrograph of a single radial colony which has been incinerated
to partially clear‘organic material and reveal eﬁbedded Nitzschia sp. L.,

o

. - » » I
As already mentioned in Section 5.2, few periphytic organisms

°

' ‘ : of any kind could be observed associated with Trichodesmium colonies

which had not been at least partially flattened unﬁer a coverglass.

When this was done, the motile Nitzschia sp. 1, N. longissima and

N. closterium could easily be observed moving among the filaments at' the
- periphery of the colecnies, and even deep withih the parallel colonies in

the interfilamental spaces. The larger Mastogloia capitata, Navicula

sp. 1 and Caloneis sp. were also to be found, lodged in the outer nge*
‘e of the radial colony matrix and between the filaments of parallel

colonies. The awkwardly shaped Amphiprora paludosa was only observed
\

aul 0] ’ . »
associated with radial colonies.

Some of the smaller species such as Cocconeis scutellum,

. and i i . iffi . e
Achnanthes sp. an Eglthemlaasp were difficult. to d?tect as they were
always deeply embedded within the matrix of radial colonies, in the

jumble of Trichodesmium filaments. Several of these spﬁcies, particularly
Achnanthes, were difficult to recognize as diatoms untll\the colony was
cleared and mounted in Hyrax. ° In live mounts these sﬁeéles were .
enveloped in én opaque mucilage of their own and were only disternible

as oblate featureless celist/in this respect these species may be |
‘ ' import;nt contributors to the mucilage and to the strength of the

( matrix. Several species of benthié diatoms are fecognizeé as Fmportant

in binding loose sandy sediment by their mucilage (Round, 1971). -

~
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> Likeq}he diatoms belonging to the periphyton of floating

Sargassum (Carpenﬁéf, 1970), the species found in Trichodesmium

colonies are very lightly silicifigg and finely ornamented.. This is
rather unlike the heavier structure fdund in forms in thé.Sediﬁent or
attached to benthic“plants (see Lee et alg, 1975) and may be -Q

' ;eflection of the pelagic existence of these forms. Wood, (1966, 1971)
has fgund a large number of benthic and epontic species in the oceanigq
regions of the western tropical Atlantic and eastern Caribbe;n,
especially where waﬁer.mggses ate passing over shallow sbelveﬁcor«
"banks. He assumes tHese banks aﬁd the pelagic’Sargassum aréyfﬁé

Source of the benthic diatoms in the Water column. The Trichodesmium

1
E

diatoms may also be derived from the same souxces. ‘
. ; i ) ‘
-

The variability of the diatom assemblages observed in
colonies, of the same population indicates that several factors

probably operate independently to determine the species compositioﬁ

and population size of any one Trichodesmium colon&i After the'
\ initial.accidental encounter in the sea, the.success of the diatom in
3 or on the colony can be expected .to be affected by the community
already esta?lished and hence the -physical and chemical natuge of the
sibstrate. ) "

As well as providing & substrate for primarily benthic

t

. bspecies in the oceanic ‘euphotic zone, it seems likely that the
'y <> J

Trichodesmium colony also suppiies nutrients or some other essential

elements for diatom growth. There is evidence of widespread hetero-
trophy among marine diayoms(Leﬁhl and Lewin, 1960; Lge et dl., 1975;
and rqferences cited therein), and of excretion by many plant§

f(cfy Fogg, 1966) including blue-greens. Some of the species recorded
héfg are known Eo be cagaple of heteroéfophic growfh (Nitzschia

closterium, Lewin and Lewin, 1960; Cocconeis scutellum, Lee et al.,

1975). During the current study Nitzschia sp. 1 could be observed to

demonstrate a strong chemotaxis to lysing Trichodesmium (see Plate 5.7).

s
r
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Excreted organic compounds are'not the only compounds
expected in the matrix. The fact that many of th® bacteria isolated

from Trichodesmium by L. Borstad (in prep.) produce ammonium from

' complex compounds indicates that inoryanic compounds may also b#

available locally.

*

°
-

“ * .5.3.3.5. The Dinoflagellates

|
In almost every radial Trichodesmium colony examined which

\ possessed a matrix, some evidence'was found of the presence of the

non-motile stages of several i#ndividual dinoflagellates. The most

~a. commdon speéies represented was tentatively identified as Peridinium
Kt * trochoideum (Stein) Lemmermann*. A second Peridinium, apparently
& ) N . . e ..
" ) P. avellana (Meunier) Lebour and a larger unidentified Gymnodinium-

like specfés were also recorded.
A . . )
¢ The life ‘cycles of many dinofiagellate'species include one
or more non-motile phases and in)Peridinium, cgll division occuis
during one of these. There is céssation of mo&é;ent, contraction of
" the protoplast and formation of a new thin membrane be}ore the cell is
! released from the old theca (Plate 5.8). The thin-walled spherical
cells thus formed may rest for a period (spherical cysts) or may soan

-, . ) . : ..
inide (Fritsch, 1965) to form new thick-walled non-métile daughter

» cells which are also spherical and undifferentiated. The non-motile
. - o
s * * P. trochoideum belongs to a grdup-of species with very similar

mofphology which ‘are difficult to ideﬂéify with certainty (D. Wall,
pers. comm., Woods Hole Oceanographic Institution, Woods Hole,
e ¢ : ’ ¢

Massachusetts, U.S.A.). ‘

©
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stagg terminates with t productlon of motile gymnodinoid, athecate .
individualgfwhich évent&;ﬂly develop thecae as they mature. The adult,
thecate ﬁeridinium can undergo cell division again or ‘produce
hystrlchospheres (restlng cysts). In this case release of the  proto-

plast from the theca results in production of a naked spherical cell

L/

which eventually acquires a thick wall and short calcitic spines.

These cysts are resistant to conditions adverse to the motile stages
and_can remain viable for long periods of time (Wall et al., 1970). .
There is also evidence that.they may serve a sexual_ function in at

lTeast some.species (Fritsch, 1965; von Stosch, 1974). wWall et al.

(1970) consider them a naturally occurring stage in the flagellate's

iife cycle., - Qﬁ* ’ .

! A

8

In Trichodesmium radial colony matrices, two or three orange,

" spﬁericq;f/ﬁgiéd P. trochoideum protoplasts were nearly always present,
‘ R

\EVery/6;£en -in the process of ecdysis (release of the protoplast from
the theca), or in close prox1m1ty to their thecae. The consistency of
the mucilage appears to impede the bss of the jettlsoned shellg and,
they can often be found in the matrix where no protoplasts remain.

N

P. avellana has been tentatively recorded in the Trichodesmium colonies

in this manner, but other stages of its“&ifg cycle have not been

recognized.
. . .
The early pear-shaped divisional stages of P. trochoideum

! A
weré commonly recorded and so were %he smaller paired daughter cells
which immediately follow division. Division itself was only observed
twice. Thick-walled daughter cells were common, and on four occasions
the escape of ;mall gymnodinioid swarmers from these gells were ’
observed. The newly released gymnodinioids did not*§hoq any particular

affinity to the Trichodesmium colonies aﬁb eventually swam away.

These liberated naked individuals apparently secrete a new theca.
' \ . A

after some time (Fritsch, 1965). There is considerable variability in

T
/ .

P . Y Y SR A AN 3 dtiions wiitnibs o

-




N .
LI LR R e i LA T LL TR L - - N .- -

157

.~

thé life cycles of different #Mnoflagellate épecies', however (Fritscri,
1965), and naked gymnodinioids were not always the product of the
vegetative cells. The Gymnodinium-like cells recorded from the ma&rix

were first observed as large nonmotile grey coloured cells, which

* then contracted within a very thin envelope, allowing the motile cells

to work themselves free. The newly released individuals were thecate

biflagellates and 'swam strongly.
S

As well as the various stages of the vegetative divisional

\ -
phaseg of P. trochoideum described above, what may have been maturin
spinous <ysts of this species were observed on two separate occasions

at Barbados.

The jdea that Trichodesmium coudd harbour resting cysts
is attractivej bu%\there is no evidence to suggest that this occurs to
any significant extent at Barbados. While it is difficult to assess

the quantitéxtive imporf:anc’e of this association betweef dinoflagellates
and the blue-green, it appears to be restricted (at Barbados) to a few
species and- then with the temporary non—hotile phase accompagying cell

o
division of the dinoflagellate.

Dinoflagellates as a group are ?xceedingly common in éropical
oceans and P, trochoideum is one of the most widely distributed dino-
flagellate species at low latitudes. It is; however, regarded as a
neritic form, and is assumed to be meroplanktonic (Wall et al., 1970):

The importance of its relationship with Trichodesmium may lie in theé

\possibility that at least a portion of the P. trochoideum population _

is holoplanktonic. If the nonmotile stage can be prolonged, gells

carried in Trichodesmium colonies may seed new growth in areas considerably

-

- s
removed from the location of the parent population. |

* This association has not beeﬁkreported previously. If it

occurs between Trichodesmium and other dinoflagellate species it could

be impogtant in red tide research.
{
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~ Trichodesmium colonles for extended periods are the athecate: hydranths

' present, but Figure 5.2 represents a partial reconstruction of events,

S
) The hydrahthqrpaVe only been observed in radial colonies with abundant
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5.3.§.6 Hydrozoa - '

The largest cof the symbionts closely associated w1th

of a previously undescrlbed hydrozoan which Borstad and Voss (in

prep.) have named "Pelagiana trichodesmiae". The systematics of this

cnidarian are not of direct concern here, and since they are largely

the work of Dr. A. Voss*, of the University of Toronto, they will not
s

be discussed in detail, except to mention that a new genus Pelagiana with-

*in th% Pandeldae will be established within®°the order Anthomedusae.

The new genus name will be used here for convenience only, but the . !

reader-should note that it is unpublished at the time of déposition of:

this thesis and is”therefore not established.

¢

o The complete life cycle of this cnidarian is unknown at

from. mlcroscoplc observations of a large amount of freshly collected
material taken durlng 1974-1976. Attempts at maintaining the hydrozoans
.in the laboratory were-.only partially>successful. At. Barbados, they
lived for nine weeks but did not feed well, and succumbed beﬁpre_
producing gonophores. Specimens shipped to Toronto also died, and

this description of the organlsm and %ts life cycle is therefore

compléte only' in so far as it is closely associated with Trichodesmium.
~

mucilage. . It is likely that their complete absence from parallel
colonies is related to the weaker colonial structure and lack of a

/
matrix in these colonies. E

7

The earliest stage associatee&yith Trichodesmium colonies

which has been recognized is the planula (two slipper-shaped planulae,
~ - .

* Department of Zoology, University of Toronto, Toronto, Ontarioc, Canada
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Relationship between the hydrozoan Pelagiana trichodesmiae .
and Trichodesmium colonies.L

. * °© A
1. Hydrozoan planula, newly embedded in colony;
2. Planula grows into matrix, giving rise to inter-
connected hydranths; 3. Hydranths mature and produce
gonophores; 4. Newly released medusa. Growth and
development of the medusa has not been obsérved. -
-
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both approx1mately 30 x 40y have been recagéed lodged in the perlphery
of radial colonies, one in January and the other in May 1975). The

planula grows into the matrlx at the center of the colony and glves .

rise to as many as six identical hydranths which are connected by an

7

irregularly branching stolon. ' The,large matufingphydranth is the most

frequently observed séage in the Trichodesmium collected near Barbados.

/

ﬁ;g‘re polyps ‘with medusa buds. or gonophores (Plate 5.9) were seen

[y
?

less frequently‘- in May and October 1975, and June 1976. As ﬁany as “f A
four may grow’bn each hydranth. In June 1976, a "Pelagiana",éolyp with
a large apparently ripe gonophore was- isolated from the plankton, and

‘produced a minute two-tentacled medusa in the laboratory. The medusa,
. . / ]
depicted .in Figure 5/2 and in Plate 5.10, has not Been recognized in the

pldnkton, and éotbﬁné is ‘known of its development, growth or ‘reproduction.
/

The & age of "Pelagiana" life cycle most important to the
/
Trichodesmium ¢ommunity is undoubtedly the sessile hydranth. These

usually occﬁyfin groups of three or four but often as many as six may

be present. 'The "Pelagiana" colony -may have the ability to produce
more indiv}duals, but’ the polyps are relatively large compared to' the

Trichodesﬂium colonies. The hydranths are(always spaced equidistantly

around the surface of the Trlchodesmlum colony.: Six polyps per colcny : 5

-f-

appears to be the number above which lnterference between individuals S
becomes severe. The weight of each hydranth may also be lmportant, since

too mucﬁ additional mass will cause the whole assemblage to sink.

PR

-

~ f,»Like most hydroids, "Pelagiana" hydranths are voracious

feeders, andithey can often be observed engorged on large copepods :

(Macrosetella gracilis adults) and even chae®ognaths. Some of the mést

common prey for "Pelagiana" hydranths, however, seem to be the naupliar

stages of M. gracilis. Trichodesmium colonies are known to attract the
juvenile stages of this copepod, and are thought to be essential for
A s

the success of this spgcies in gceanic region;w(ngrnberg, 1965; Calef
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and Grice, 1966; Tokioka and Bieri, :1966) . Duxipeg the present study,
the nauplii and early copepoditgé of M. gracilis were often observed

clinging to Trichodesmium colonies where "Pelagiana"” were not present,

and ‘'were also noted as prey for the polype on numerous occasions. The

attraction which Trichodesmium seems to have for the coéepod affords a

great advantage to thevhydrozoan, increasing the¥number of potential
pre} they would etherwise encounter only by chance. Conversel§, the
presence of the hydranths should very effectively reduce any predation °

on Trichodesmium and the enclosed microorganisms by all but very large

zooplankton and fish.

An extensive search for "Pelagiana" hydranths on benthic
algae, in the "aufwuchs' of floating debris of all sorts, and on
moorings at Barbados, failed to locate them, The search did not locate

another substrate comparable to Trichodesmium, and it may be that

. "Pelagiana" is restricted to this alga. At Barbados, colonies bearing

'the hydrozoan pol&ps can usually be found throughout the year in the

mixed layer. There is no apparent seascnality involved in the appearance
of the hydranéhe\or of their ;eproduction. As already mentioned, they
occur only in radial colonies with abundant mucilage, and may occupy as ™

much as 40% of such a population. Therefore, at Trichodesmium densities
. g 3 A

(radial colonies) of 780 per m~ in the mixed layer of ‘older’''North

~—

would possess "Pélagiana" p&;yps. The average Trlchodesmlum colony

usually carrled fourwpolyps - amountlng to about 1200"Pelagiana" polyps

pexr m3. Such densities must be significant in the ecology of the eupho-

'l

tic zone,
i '

While Trichodesmium colonies bearing "Pelagiana” polyps may

be collected at any time of the yedr at Barbados, their abundance seems

related to the condition of the Trichodesmium population. Further, 1t

»

seems that the broadcast of eggs or planulae from the medusae must be a

relatively sporadic or isolated event, since polyps may be abundant in
[&]

i
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colonies ooi&ected one day and éompletely absent the next day in water

of apparently the same-origin.
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. However,sporadic or patchy the distribution of the hydrozoan

throughout the North Atlantic, since Dr. E. Carpenter* (pers. comm.)

found it to be very. common in Trichodesmium colonies collected from

the '18° Sargasso water' between Spaﬁ& and Bermuda during June 1975, ) *

afteragelng alerted to its presence a Barbedos.

/ \

-

Fon 3 ]
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5.3.3.7 Cdpepod nauplii ’ \ o
\ ‘ '

‘ / . \ sssociati .8

./As already mentioned, the association between the copepod

(A}

Macrosetella‘grac1lls and Trichodesmium has been previdusly recorded

in the western ‘tropical AtIanfic. At Barbados, the naupliar stages of

this copepod were also observed clinging to colonies. Durlng systematic 5
observations of 373 colonies of both conformatlons, 16~ colonles (4%)

were encountered which carried nauplii. Casual observations during

1974-1975 suggested that M. gracilis was more commonly found in parallel
colonies ann on\radial coloniés, and this was, also noted during the
systematid observatlons. (12 of 168 parallel colonies, 4 of 205 radial

2 test\indicated that the digference

J °  was 51gnificann‘at the 95% level. -

colonies carrled nauplii.)> A X
“ 2

This difference may be related to the greater ease of move- B
\  ment for\the naﬁplii on the parallel colopies, upon which they can
- move about freely. On radial colonies their movement is severely
restricted, and such colonxes also harbour "Pelagiana" polyps for
which M. gracilis is a potentlal prey

r 4
«

* Dr. E. Carpenter, Marine Science Center, State University of New

Yoxk, Stony Brook,auew York, U.S.A.
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ngrnberg (1965) found that M. gracilis$ nauplii could Be

reared more successfuli if Trichodesmium colonies were added to the
rearing vessel, and suggested that the.alga provided a substrate and
perhaps also a food éource for the copepod. 1In the eprrieﬂce of the

author, Trichodesmium always died and lysed within a few hours of its

removal from the sea. The very large bacterial populagions which
I resulted (see Figure 4.1) may in faqp have provided the food for the ‘
nauplii in BjOrnberg's experiments. quing observaticns of live materiél
at Barbados, it was not possible to confirm that the nauplii were

actually ingesting Trichodesmium cells. The copepods did move about

actively on the coloniej, often agitating the trichomes violently,

but disappearance or lysis of ‘Trichodesmium cells was never. detected.

The mouth parts of M. gracilis are quite small, and it seems more likely

that the?animal feeds on mucilage, bacteria, fungi or protozoans in the

colonies. v e o ¢

- ) I

5.3.4 Discussion /

The open oceans in tropical and subtropical régions are
*generally extremely ba¥r

/ (Riley, 1963). For many

n, and contain little particulate matter

meroplanktonic and benthic organisms this is

1963), mpticus styructures (Aldredge, 1972) or foraminifera‘(Aldrédge and

Jones, 1973). It is evidenq that Trichodesmium colonies present

similar colonizable particles. There are several advantages to be

gained by the organisms grouped in the Trichodesmium community described

here. ' ' . /

d
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Trichodesmium colonies are abundant and widéspread, throughout

the tropical and. subtroplcal oceans, and are concentrated 1n the upper
euphotic zone by v1rtue of the buoyancy prov1ded by their gas vacuoles.
Since many other cyanophyceae are capable of altering their position
in the water column through photosynthetic control of their turger
pressure and inflation/deflation of their gas vacuoles (Walsby, 1972)

it is possible that Trichodesmium may be able to do so also. The fact

2

that a single colory can maintain itself in the'near-surface zone while
supporting several hydrozoans weighing many times its own weight,
suggests that the alga can alter its buoyancy. The ability to even

partially compensate for the added weight of other organisms will be

greatly beneficial to all organisms associated with living Trichodesmium

colonies, particularly the .meroplanktonic dinoflagellate and hydrazoan
which must return te the planktoﬁ, and the photosynthetic diatoms which

L'l N
must remain®in the euphotic zone. Even after death and lysis of most

of the algal cells, Trichodesmium detritus 'clumps' and floats because *

sdme gas vacuoles do not collapse*. C

The aggregation of many individual filaments into colonies

greatly increases the surface aréa and complexity of the Trichodesmium

particle, and creates a complicated network of small 'internal®
interfilamental spaces in which dissolved organic material from the
water and from the alga itself may accumulate. In both radial and
parallel coﬁformatiogs, a polysaccharide material accumulates in these
spaces, but in radial colonies much greater amounts of the mucilage can

be observed than in parallel colonies.

Accumulation of organic material in the small interfilamental

spaces at the center of the colony will furthér reduce the already slow

* 'Under polarized light, gas vacuoles are refractile, ‘and can be

observed in Trichodesmium debris after the cells have lysed.

P
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diffusive loss of dissolved material from cells in this reéion.’ Where
mlcroo%gg ghg are in close contact with gﬁeh other and embedded in

such maﬁerlal it is loglcal to expect some exchange of dissolved

41 /

Some c¢yanophytes release large ahounts of nitrogencus .

metabolltes.

material, chiefly peptides and e%ino acids (Jones and Stewart, 1969a)
which are assimilable by various marine algae, fungi and bacteria
(Jones and Stewart, 1969b). Others are known to produce vitamins or
chelating compounds as by—prducts of their metabolism (Steidinger,
1973), and all blue-greens contain trace elements such as iron,
molybdenum'and cobalt which will be released after death and lysis of

the cells. 1In Trichodesmium colonies, much of these materials may be

retained in the mucilage,.
i -

The waters in which Trichodesmium is found are often egtremely

dilute nutritionally {(cf. Steven et al.,ll970) and the reductlon of
diffusive losses, or 'internal recycling' of nutrients within the
colony community will be advantageous. The bacteria, fungi and proto-

zoans in and on the Trichodesmium colonies appear primarily involwved

in remineralizing the mucilage, the complex organgc,moleculee exuded

into it by emhedded autotrophs, and detrital materlal Some of the

products of this remineralization may be lost to the community through
1

diffusion and emigration, but the! nature 6E the matrix and the |

1

conformation of the Trichodesmium®colonies leads to the accumulationi

and utilization of ‘'recycled' -nutrients. The presence of large ;
populations of actively leldlng benthlc diatoms embedded in the

radlal colony matrices supports this assumption.

. -
B

The semisolid nature of the material forming the matrix at
the center of some colonies may also restrict movement of dissolved

gases. Postgate (1974) has pointed out that some bacteria rely on

“onot
.
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lleyers of slime which retard oxygen diffusion and lead to the develop-
ment of thenmlcroanqefgylsm necessary for nitrogen-fixation. The
flndlng by L. Boxstad (in prep.) that many of the bacteria isolated

from Trichodesmium are microaerophilic and produce copious mucilage,

5 -
suggests that microanaerobism may develop in’*Trichodesmium colonies

iﬂ situ, at least in parts of the matrix. Joigensen (1977) has shown

that sulfatdd reduction (wvhich requires anaerobic conditions) can
proceed in detrital particles only 100y in diameter, even when they are
' suspended in oxygen saturated seawatér. In view of the fact that

nitrogen fixation by Trichodesmium colonies is adversely affected by

. turbulence (Carpenter and Price, 1976), the barrier to dlffu51on

.

provided by the mucilaqe may be significant especially where respiration

> by, embedded mlcroorganlsms creates an oxygen demand. JAny mechanism
which increases the activity of the nlt&ogenase enzyme, and the import
of nltrogen to the particle, will benefit the whole community.

3
1

As well as nitrogenase and the extracellular emnzymes of the
fungii, alkaline phosphatase is also produced by Trichodesmium colonies

(Yentsch et al., 1972).

Whether this is producedoby the blue-green or
by one or more of its associates (many of the bacteria iscolated from
the colonies by L. “Borstad produced it) is unlméertant ecologlcally.
The organic phosphates liberated will at least partially be available

K N
to-all of the community members.

7 ?
-

] In addition to its role in retention of dissolved compounds,
L the‘mu01lage accumulatlhg in some .colonies significantly increases
their structural strength. This viscous and elastic material, when
sarrounding the tangle of filaments at the center of radial colonies,
greatly improves the colony's suitability ae‘a substrate for the larger

s symbionts, and prolongs the 1life of the particle. Even aftegldeath of

most of the Trichodesmium cells in the colony, the matrix holds the

particle together. The remains of colonies are regularly observed ig

“
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°possib;e interactions within the community.

the mixed layer
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b . v
(see Section 4.2),\recognizable as large mucilaginous

flakes or particlss with a few well vacuolated Trichodesmiuth filaments

embedded in them. ’ ,

4
" [EEY ° -

Figiffe 5.4 represents a simplified outline of some of the
The very small'bﬁysical

<

size of the colonies themselves and the variability among individual

3

colonies will make any gwantitative analysis of the interactions
difficult. Studying the capabilities and requirements of each group
iﬁ'culture would contribute to an understanding of the system, but

»

unfortunately the main organism - Trichodesmium ~ cannot yet be v

&

i}
T

cultured.

.

?
- Ontil the contributions of each group of organisms within the

colonies can be separated, or Trichodesmium cultured. axenically, field

studies of the apparent physiology of the alga must take into account

the potentially very diverse nature of the‘%olonies. In most cases,

Trichodesmium may dominate the flux of energy @nd compounds within the

particle, but' where other organisms are large or numerous this may not

be the case. The variability frop one colony’ to another will also be

A * -

difficult to deal with:

The quantitative importance of the association desFribed here

is difficult to assess without considerable work on the physiologies of

all of the organisms concerned. It ;anzbe said, however, that the

numerlcally small and slowly growing Trichodesmium populatlons in the

North Equatorial Current water masses contained much larger proportions
“df infested or 'colonized' colonies thaﬁ the younger 'bloom’ ’ . .
Trlghgdesmlum populatlons swept to Barhados in Guiana Current waters.
Thls is probably related to the flndlng by Meffert (1971) and others

that in cultures of blue-greens such as Oscillatoria redeki, bacteria

Y
i

present in the media do not become abunéant until the élga reaches the'

N N
stationary or death phase of its growth.
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Summary of possible interactions between organisms
within the Trichodesmium commpunity. /

-
Shaded area represents lphysical confines of the
matrix in which organisihs are embedded.
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The invasion of Trichodesmium colonies by other microorganisms

will therefore likely be most important in the older more stable water

4
masses of the truly oceanic regions, such as the Sargassc Sea and the

North Equatorial Current where Trichodesmium is growing slowly
(Carpenter et al.\, 1975). The communication from Dr. E. Carpenter

indicating "Pelagiana" was common in Trichodesmium colonies all across
]

the North Atlantic Gyre confirms this supposition. The recent

observation by Marumo et al. (1975) of other microorganisms in clumps ' -
E

of 20 to 30 Trichodesmium colonies gathered from the Pacific Ocean,

suggests that phenomena similar to that reported here may also be found
in that ocean. S$Such clumps were not observed in fresh material taken
at Barbados, but could be generated by allow:\.nq. the pl\ kton to stand\
und:.sturbed in the bucket for an hour or two.

°

Trichodesmium presents the researcher with man proble}ns, not

the least of which w;:i.ll be the difficulties involved in c turing it or
even maintaining it for short experiments. Workers conductdng research
on the physiology of the alga collected from the sea should b aware of
the possible existence of other organisms which may signific‘amt } bias
the results of biomass determinations or_short—term upt:ake kineti

virtue of their size, numbers: or level of activity.
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Plate 5.1

¢ Plate 5.2

=1

Plate 5.3

..

\ Plate 5.4
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Abundant bacteria in the organic debris near the periphery
of a radial T. thiebautii colony.

Scale bar equals 10u. o

E
Filamentous phycomycete fungi embedded in the matrix of a
radial T. thiebautii colony. Note heavy secondary bacterial

infection of fungal escape tubules.
Scale bar equals 10p. '

|

Bacteria y;d diatoms (Nitzschia sp. 1) near the periphery
of a radial T. thiebautii colony. ,
Scale bar equals 10u. , T

Closejfiup of the wery large population of Cocconeis scutellum
and Nitzschia sp. 1 illustrated in Plate 5.5.
Scale bar equals 1l0u.
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Plate 5.5

- PO “ - @ mn . -

" A single radial T. thiebautii colony of 5-10,000 cells,
which has been incin?rated and mounted in Hyrax jto
reveal d very, extensive mixed population of Cocconeis
scutellum and Nitzschia sp.-1l. Trichodesmium filaments
are partially visible around the periphery of the mount.
Scale bar indicates 50yu.
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Plate 5.6

[ -

large populatmn of Nitzschia sp. 1.

Black scale bar at }.ower left indicates 50u.
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.Scanning electron micrograph of part of an
incinerated T. thiebautii roadlal colony to show
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Plate 5.7 Diatom chematoxis to lysing Trichodesmium. Approximately
five minutes before this photograph was taken, this field
contained an intact Trichodesmium filament and no diatoms.
After lysis Nitzschia sp. 1, N. closterium and N. longissima
had congregated around the debris. The very fine needle-
like projections protruding from the debris are very
characteristic products of Trlchodesmlum lysis.

Scale bar Lndlcates 10u. !

)

Plate 5.8 The dinoflagellate Peridinium trochoideum with partlally

released theca.
Scale Bar at lower left indicates 10u.
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Plate "5.9 A partially contracted 'Pelagiana trichodesmiae' hydranth
with two unripe gonophores. . i
Scale bar equals 50u. (o

Plate 5.10 A young 'Pelagiana trichodesmiae' medusa, released in
the laboratory - less than six hours old. ¢
_Scale bar equals 100u. ‘
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6 SYNTHESIS ) —
° N L
‘ From the data discussed in éectioﬁ 2 it has been shown that
the appearance at Barbados of different water masses, and therefore of
the temporal variation of phytoplankton species composition and abun-
dance, is largely controlled by the timing and magnitude of several E
meteorological and hydrologigal phenomena occurriné at a considerable
“ distance from the island. Meandering of the Guiana Current seems

largely responsible for the arrival of low salinity, neritic surface

\waters carrying large populations of diatoms and Trichodesmium, and

the periodicity of the Barbados plankton appears related to the west-
ward movement of the Guiana Current meanders as planetary waves. The.
_resulting production of large lobes of freshened surface waters in the
region north of Guiana at approximately 3 month intervals may explain
‘the timing of many biologi;ai events at Baébados. The variations of .
—— many elements of the plankton community bth offshore and close to ghe
island have been shown to be related, and it now seems likely.that this
\\\\ alternatlng appearance of two distinctly différent surface water masses
w1ll have considerable importance in all aspects of marine product1v1ty
§\ at Barbados. '

. L] &
-Trichodesmium dominates the phytoplankton of the upper mixed

layer off Barbados throughout the year, contgibuting on thedaverage

approximately 50% of the chlorophyll a and nearly the same fraction of the-

mean annual primary production at 5 m. The alga is always congentrated

in the mixed layer,and rarely occurs below 75 m in s;gnificant numbers.

The average standing crop in the upper 60 m during what has been "

referred to here as the 'nonbloom' periods is 200 mm@ﬁi;/l, but at v
three regularly occurring times of the year, populqtiaﬁé up to twelve

. times larger can be observed. These periods are generall? January and
February, May and August. The length of time during which the high

( standing crops are present is variable and is related to current

i ! . o
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velocity and direction. The large Trichodesmium populations\arPive at
v~ ’

Barbados in pools of low salinity surface water advected from the
X . . . .
Guiana Current. . T

aty . +

v
<

&

Photosynthesis experiments gemahstrated that colonies from :
the 'bloom' which appeared off Barbados in January 1975 were fixing ’

‘carbon very actively. Trichodesmium colonies collected from this and

: other 'blooms' usually gave the impression of;peiqg relatively younger E
than coloniesocoliected from ‘nonbloom' populations. The former were -
usually larger, generally lightly vacuclated, contained fewer plas-
molyzed and empty cells, and were significanfly less infested by ‘
other microorganisms.

N
\ N ° T
- L™~

It is hypot%esized here that active growth of Trichodesmium

in the divergence zones across the equatorial A%lantic, and off the

northern continental shelf of South America (where essential elements

in its nutrition may be provided by river fhnoff and/or upwelling)
- leads to the production of large standing stocks which are then trang- '
ported to Barbados and into the Qaribbehn. As the populaticns are
carried out of these zones, and the colonies’ nitrogeﬁ, phqsphorus fi; . )
° ¢ and other cellul;r reserves are depleted, the alga will undergo a

numbe; of physiological changes. One possible result of nitrogen

‘ depletion is the alteration of the photosynthetic response as
Y (AT e

2
&

-

hypothesized in Section 3.
As'individuél cells in the colonies age and die, the leakage'
from and lysis of these cells contributes to a buildup-of organic
, material in the interfilamental spaces of the colony. In apﬁarengly
\ older, less robust radial colonies) which are‘mo?e loosely bound
; ‘ . together, a polysacchariée material accumulates to form a matrix .
; around the filaments at the center of the colony. This ‘matrix’

. (; ' ' ‘forms the basic structural component of An ident;fiable microcommunity

'
v
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including bacteria, fungl, protozoa, diatoms, dlnoflagellates, a

hydrozoan and copepod nauplii as well as Trlchodesmlum The bacteria

and fungi are primari&y saprophytic, remineralizing the matrix and
the metabolites and detrital material it contains. In vitro, where .

Trichodesmium ¢olonies died more or less simultaneously, this autoch-

thonous microbial population was capable of converting the algal material o~
to ammonium and orthophosphate within about 10 days. In situ, however, .

it seems that most Trichodesmium colonies possess actively growing

' 13 []
cells ds well as dying oneg, and some of the products of remineralization

are therefore a&gilaﬁle to living Trichodesmium cells and to other

orgdnisms which find themselves in close contact with the algal R .

~ -
[

colonies. a
I ‘e . «

3 B

Some of the co ity members, particularly the diatoms and
dlnoflagellates, may benefit from the local concentration of nutrltlve

*elements, byt the most important aspect of their assoc1at10n with -

)

Trichodesmium must be related to the buoyancy of the alga and its
posigzin high in the water column. Most of the diatoms are ordlnarily ’
benthlc forms, the dlnoflagellates are present in their nonmotile

stage, the hydroxds are meroplanktonlc and the copepod is at least

All apparently requlre a floating substrate in order
nge Sargassum,

colonies providebsuch a substrate, although on a smaller scale.

partly sessile.

to exist in the oceanic region. aging Trichodesmium

The !

suitability of the alga as a subgtrate is greatlly improved by its
colonial nature and by the fact that even particles with only a few

llVlng Trlchodesmlum fllaments are quite buoyant Much of the algal '

detrltus appears to remain in the mixed layer for a con51derab1e time '
- & !

instead of sinking asris the case with nEn vacuolated phytoplankton.

This may be important in recycling of elements such as nitrogen andg
phospho?us in the mixed layer.

1
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A twowyear study was conducted off the west coast of Barbados,
West Indies beglnnlng in June 1974, with the purpose of

1nvestlgat1gg the spatial and temporal distribution of the

planktonic cyanoﬁhyte Trichodesmium and elucidating the .

<]

apparent regular blooming of this alga in these waters. ,/ :
. o

o ’ . . ﬁ

~ . :
The oscillateory variations of Trichodesmium standing stock < :

off Barbados (Steven and Glombitza,1972;\were confirme%.
The period and syrichrony of the fluctuations were idegeical \

to that observed in 1968-1970.

— ° @
«

Diatoms were observed to be more abundant during Trichodesmium

'blooms', affd re-examination-of unpublished dat# belonging to o
the late Dr. D.M. Steveg revealed close agreement between ‘

'total other phytoplankton’ and Trichodesmium at 5 m (and te

a lesser extent at 50 m) ‘ Diatoms were responsible for the

largest fraction of the 'other' phytoplankton during 'blooms'.
- ¢ {

2 -

-

[

This” regular periodicity can also be observed in serial data

from five other phytoplankton studies and two other studies of

zooplankton conducted at Barbados independent of this work.

/

In both periods, .1968~1970 and 1975~1976, there was a loose - ’

-~

inverse relationship at 5 m between Trichodesmium standing

stock and departures of salinity from the running mean.

A review of historical data and literature revealed the
existence of large wave—llke meanders in the Guiana Current

off South Amerlca\SLmllar to planetary Rossby waves. These
meahders do not appear to be stationary, and indirect v
evidence 1nd1cates that they move westward with a 3 to 4

month period.
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The rhythmical appearance of low salinity, high éﬁlicate

surface waters with high phytoplankton standing crops appears
closely related to passage of nprthward lobes of these Guiana -

Current meanders‘biysarbadés.

Recurving of the surface current north of Cape Orange has .been
demonstr¥ated to occur only iq the second half of the year, not
year round as was previously supposed. This reversal of sur-
face drift beginning in 5uly appears to be responsible for the
remarkably tonstant increase in sea surface salinity during
the fall and wintgr at Barbados, and also for the reduction
in standing stock of Trichodesmium as compared with the first
half of the year. L 5

)

In a series of l4c photosynthesis experiments conducted qn

isolated Trichodesmium colonies, the photosynthesis vs irradiance
response of the surface population has been deémonstrated. The

two colony morphologies tested showed rather distinct dif-

ferences in this response, and this was similar to the variation

of carbon fixation with depth in situ.
A
i

,j;ichodesmium was able to attain neg£~maximal photosynthesis
at low irradiance,'and maintain those rates over a broad .
range of irradianfe. It is hypothesized that thé'vériability
of photosynthesis at~ low irnyadiance demonstrated by “the alga
at Barbados is a refleqtion’of varying degrees of njitrogen

starvation and phycobilin depletion.

Release of recently fixed organic c?rbon compounds which were
fluorescent and absorbed at 260 nm was recorded. This release

was greatést in crowded conditions and high irradiance.
’ \
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Gas vacuoles do not appear to offer significant protec‘tion

' . to the alga's photosynthetic apparatus, s:i’bnce there was no
change in, the photosynthesis vs irradiance responéey where
theg were /collapsed.

. Most carbon fi:é‘}tiqn‘by Trichodesmium in the surface 1ayér

took place in the morning and afternoon, with intense “"\\

photoinhibit’ion occurring between about 1000 and 1400 hrs.

The_ near surface Trichodesmium population fixed carbon at

between 40 and 50% of the mean rate for the whole phyto-
plax/\k on population in these waters.
/ -

-

A large amount af Trichodesmium detrital mater\ial was present

in the ming layer, and at any one\time>may exceed the living
fraction. ° Single well vacuolated tric};omes and intact extra-
cellular gas vacuoles embedded in the mucilage provide buoyancy
to such particles.‘

These particles were usualfy infested with bacte'ria, fungi

and protozoa y:hose primary purpose seems to be reminerali- .
zation. "Ip vitro decomposition and remineralization of

Trichodesmium by these organisms was accomplished in about

10 to 14 days. The medium containing Trichodesmium lysate

was an excellent medium for e growth of an unidentified

species of Navicula (diatom)j, \

Living Trichodesmium colonies of both conformations collected

from both nearshore and far away from the island were found to

harbour other microorgafnisms in the spéces between their fila-

ments. In radial colo?ufes a mucilaginous matrix accmulat;es '

which forms the structural (and nutritional) basis for a much

more complex communit‘:y of organisms including bacteria, fungi,
r
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protozoa, diatoms, dinoflagellates, a hydrozoan and copepod

nauplii. Parallel colonies demonstrated smaller, less Jﬁi
comgggx associations.
Seventeen species of diatoms were commonly found embedded in T _

Trichodesmium colonies. Semé were common benthic species,

but most were weakly silicified. Up to 1500 or more actively
dividing individuals have been observed in a single '

Trichodesmium colony. Pasitive chemotaxis to Trichodesmium

lysate has been observed.tﬁ
\ \

The non-motile vegetative stages of the dinoflagellate

Peridinium trochoideum and two other species of dinoflaéellates

were commonly found embedded in the mucilage of radial

A previously undescribed minutélhydrozoan of the order
Anthomedusa is commonly found aﬁchored in radial colonies,
Information regarding part of the life cycle and development
of the hydranths has been p;ésented here, including liberatﬁgn
of the medusa. Thetfamily,genus and species will be described

elsewhere (Borsta# and Voss, in prep.).

o

An experiment to monitorg:;e possible degradation of //
’ /
chlorophyll a during long term storage on filters showed no . -
significant éhanges up to 157 days, and only'a 10% decrease
'
after one year.
\
\
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SUGGESTIONS FOR FURTHER INVESTIGATIONS

More information is desperatély needed concerning the
physicdl oceanography of the western tropical Atlantic, and
the areas around the islands in particular. The water move-

ments around Barbados should be studied in detail to provide

support for biclogical and geological'investigations there.

* Some very interesting work could be done in the Guiana Current

to monitor.the meandering and the product1v1ty of these waters.
Synoptic studies using remote sensing could prov1de the, large
areal coverage necessary to examine the geography of the
curxent, but _many quasisynoptic cruises are élso necessary to -
gather data [concerning the plankton species|composition and

abundance tﬁroughout the area.

[

. i (
An interesting study of the temporal variations of surxface.

salinity, chlorophyll :and phytoplankton spec1es compOSLtlon
could be mounted off the east end of Tobago, the south coast
of Barbados and on one or more islands of the Ant;lles.
Physicql measurements would probably show fluctuations of
‘the direction énd velocity of the flow entering the Caribbean’
corresponding with the biological andlfhemical signatures of
the surfa;? water mlsses.

Since the Amazon River is known to introduce considerable iron
to- the ocean, and this element has been shown to limit
ghytoplankton growth, it would be worthwile to mount a study
‘of phé>availability of iron off Barbados and in the Guiana
Current. The availabihity of this element or chelating com-
pounds present in the fivé?ﬁne*water but not in the oceanic
North Equatorial water, may ultimately be the factor deter-
mining the size of the phytoplanktoﬁ standing-.stock observed

at Barbados.
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Future studies of planktonic organisms at BRarbados would
profit, by use of TSP diagrams and continuous monitoring of

salinity as an indication of the water mass sampled.

v

Recurrent group analysis of both phytoplankton and zog-
plankton data might proQé valuable in studies of these \

a

" organisms and relafing the presence of individual species

at Barbados to the past history of the waﬁer mass.

Interesting laboratory studies could be ‘done to investigate

,thL response of various individual species (both phytoplankton

and zooplankton) to the environmental conditions operating
close to the island. .
Much more experimental data are reguired to completely describe

the photoé&nthe51s by Trichodesmium. P vs I data are needed

for algae from 25 and 50 m, a?d during blooms. More in situ
experiments both ofifshore ;nd inshore should be conducted,

and simultaneous mea§grements of the production rates of

other plankton should also be made. Information on the

action spectrum of algae from Q1fferent depths and times of
ﬁhe cycle are also required, and C/H/N data are required for
all experiments to prove or aisprove the nitrogen starvation
hypothesis. The diurngl vaFia;ions of.photosynthesis repo$ted
here regquire further study. If they reflect the activity bf -~
the alga in the top 25 m, then estimates of nitrogen uptake By
thehalga may have to be revised. (Any guch study of photo-

synthesis by Trichodesmium or an§ other alga should wait until

facilities are available in Barbados, if not at Bellairs
Research Institute, for méasuringlradioactivity. Alternatively,
this kind of study could be conducted by someone commuting:

between Barbados and a well equipped laboratory elsewhere.)

{
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Barbados should be an interesting base from which to study

nitrogen fixation byVTrichbdesmium, especially in relation

to the periodic and predictable 'blooms'. Considerable time
and effort were spent during'the\present séﬁdy in this pur-
suit, but }ogistical éifficulties‘ultimately caused the
iEandonment of this—rgse&rch. As with the pﬁotosynthesis
study, this type of work could be done by somecne commuting
to and from a laboratory elsewhere. '

More~detailea;studies of the decomposition of Trichodesmium

and all of the other phytoplankton are required, The role . :
of detritus of all'types in tropical K seas should be investi- i

gated further. N V8
The possibility exists for some very interesting work on the f

internal recycling of nutrients within the Trichodesmium

community itself. More information is required regarding the
interactions of the various microorganisms found in the
colonies, and their relative importance in experimental measure-

ments of physiological activity by the entire colony.

More effort should be 'expended to try to get T¥ichodesmium

- into culture. Even a\nonaxengc unialgal culture would

greatly facilitate studies on this organism.

~. . o

P i 5 g

(A

T

T— " tat ok et s o AN 4. g
L L *Jm}-g.u.;:‘ P < » . [
LY % ¢ .
- Lir o v

o o g s
]




R4

S e maw = [FPRRRV S

.
P et vaees e sre se

P

%
184
. ]
L]
\ 1
/ - f;}.‘;‘u‘» ¢

FERENCES CITED.
b Journal abbreviations as recommended by the Bibiiographic

guide for editors and authors: American Chemical Society, Washington{
362 p. 1974. \
oo -
An asterisk marks those references not seen in the original;

primary references are indicated in such qasest\
] ’ a

Aldredge, A.L. 1972. Abandoned larvacean houses: a unique food source

in the pelagic environment. Scignce 177: 8%5&887.

Aldredge, A.L.{and é.M. Jones. 1943. Hastigerina pelagica: '

Poraminiferal habitat for glankt?hic dinoflagellates.

Mar. Biol. 22: 131-135. <

. Allen, M.M., ‘and A.J. Smith. 1969. Nitrogen chlorosis in blue-green

- algae. Arch. Mikrobio%. 69:/114-120.

- Anderson, O.R. 1977. Fine structure of a marine ameba associated with
a blue~green alga in the Sargasso Sea. J. Protozoology
24: 370-376. ‘

Anqnymous: 1971. UNDP/FAO Cﬁribbean Fishery Development Project - '~
Cruise report number 28 M/V Calamar,August 5, 1970.
Mimeographed repért 2 p. . o

Anonymous. 1971. UNDP/FAO Caribbean Fishery Development Project -
Cruise report number 36 M/V Calamar, June’ 20, 1971. .

. Mimeographed report 2 p. ) '

"hruga, Y., and S. Ichimura, 1968. Characteristiés of photosyntheéis
of phytoplankton and primary, production in the Kuroshio.
Bull. Misaki Marine Bioli. Ingt Kyoto Univ. No. 12. ({Proc.
Us-Japan Seminar on Marine Miéxoblology, August 1966,

Tokyo) 3-20.




PR R

P s

S g Ao L SO W iy oS A W N DA, o £
-

ke I

e o o RN 08

.

Aruga, Y., S. Ichimura, Y. Fujita, S. Shimura, and Y. Yamiquchi. 1975.

Characteristics of photosynthesis of marine planktonic blue-

-~

green algae, Trichodesmium, p. 48-55 (in Japanese). In

Ve,

R. Marumo (ed.) Studies on the communify of marine pelagic

blue-green algae. Ocean Res. Inst. Univ. Tokyo

Baker, A.L., A.J, Brook, and A R. Klemer. 1969. Some photosynthetlc -
characteristics of a naturally occurring populati'h‘of

Oscillatoria agardhii Gomont. Limnol, Oceanogr. 14: 327-333!

Bary, B. McK. 1963. Distributions of Atlantic pelagic organisms in

\

3 . )
relation to surface water bodies, p. 51-67. In M.J. Dunbar
o

(ed.) Marine distributions. ‘Roy?l Soc. Canada, Sp. Publ. 5:
51-67. ‘

Beckerle, J.C. 1972. Eddy ciqculatioﬁ patterns in the S;rgassé Sea.
Rapp. P.-V. Reun. Sons. Int. Explor. Mer 162: 264-275,.

Beckerle, J.C. 1975. Horizontal 'scale in the main thermocline derived
from the topoqréphy of a constant sound speed surface bet&een
Bermuda and the Antilles. J. Geophys. Res. 80: B49-855,

Beérs,‘ J.R., D.M. Steven, and J.B. Lewis., 1965. Primary productivity
in the fropical North Atlantjc off Barbados and the Caribbean
Sea off Jamaica. Final report té the U.S. Office of Naval
Research on contract NOﬁR lL}S(OS), Bermuda Biol. St., 130 p.

Bernstein, R.L., and ﬁ.B. White. 1974. Time and leAgth scales of ‘
baroclinic eddie§ in the central North Pacific Ocean.
J. Phys. Oceanogr. 4: 613-624.

Bick, H. 1972. C(iliated protozoa, World Health Organization, Geneva,
198 p.

o

BYdrberyg, T.X.S. 1965. Observations on the development and €he
biology of the Miracidae’ Dana (Copepoda:CruStacéa). Bull.
Mar. Sci. 15: 512-520. N
’Bjarnberg, T.K.S. 1971. Dlstrlbutldn of plankton relatlve to the

:

general circulation system in the area of the Carlbbean Sea

and adjacent regions, p. 343-357. In Symposium on Investi-

gations and Resources of the Caribbean Sea and Adjacent

) Regiops.  UNESCO, Paris.

W
s

e s



Lo I

Pt g e s

—p— —= —

A}

v oarasie PR« M~ s R

‘

186

Blackburn, M., R.M. Laurs, R.W. Owen, and R. zsitschel. 1970. . -
Seasonal and areal changes in standing stocks of phytoplankton,
zooplankton and micronekton in the easterm tropical Pacific.
Mar. Biol. 7: 14-31. ~

Borstad, G.A. ASTP at Barbados: Mesoscale pools of Amazon River water

.

~ in the Western Troplcal Atlantic. ASTP Summary Science :

Report - Vol. II Earth Observatlons and Photography, NASA !

special publication. (In press.) . .

Borstad, " G.A., sgg/kf/béss. Pelagiania trichodesmiae n. gen., n. sp.

a new hydrozoan assocéated with'the planktonic cyanophyte

Trichodesmium. (In prep.)

Borstad, L. A qualitative and*quantitative examination of bacteria

associated with Trichodesmium (cyanobacteria) species near

Barbados. MSc. thesis, Macdonald College of McGill Univ.
(In ‘prep.)
Bowman, T E., and L.J. Lancaster. 1965, A bloom of the planktonic

blue-green alga Trichodesmiulm erythraeum in the Tonga Islands.

Limnol. Oceanogr. 10: 291-293. -
Brongérsma-Sandérs, M. 1957. Mass mortality in the sea. Mem. geol.

Soc. Am. 67~ 941-1010.

.Brown,‘M. J1977. Transm1551on _spectroscopy examlnatlons of natural

waters, C. UV spectral charactei%kof the transition from
terrestrial‘humus to marine &ello#”substance. Estuarine
Coastal Mar. Sci. 5: 305-317.
Brucks, J.T. 1971. Oceahographic studies in the Lesser Antilles
‘ Region: II. Antilles current east of the Windward Islands,

p. 31-35. In Symposium on Investigations and Resources of

the Caribbean ?nd Adjacent Regions (CICAR-I), UNESCO, Paris.
Burkholder, P.R., L.M. Burkholder, and L.R. Almadova. 1967. Carbhon
assimilation of marine flagellate blooms in neritic waters
of southern Puetto R1co Bull. Mar. Sci. 17: 1—15.
Butler, J.H.A«, and J.N. Ladd. 1969. Effect of .extractant and mole-
cular size on the optical and chemical properties of soil

humic acids. Aust. J. Soil. Res. 7: 229-238.




O T

gt o

o p AN 2 Ey b RITEIAR B\ 4 L e g SN - i o pn +

\ : \ 187

N

Cadée, G.C. 1975. _Primary production off the Guyana Coast. Neth.
e - . i
J. Sea Res. 9: 128-143.
Calef, G.W., and G.D. Grice. 1967. Influence of the Amazon River out-

flow on the ecology of the western tropical Atlantic. II.
Zooplankton abundance, copepod distfibution, with remarks on

' Y l.{
the fauna, of low-salinity areas. J. Mar. Res. 25: 84-94,

. \
Campbell, R. 1977. Microbial ecology, volume 5 of Basic microbiology.

Ed. J.E. Wilkinson. John Wiley & Sons, Toronto, 148 p.

1
Canter, H.M. 1972. A guide to the fungi occurring on planktonic blue-
green algae, p. 145-159. In T. Desikachary (ed.) Taxonomy
and biology of blﬁe-green algae. Proc. Symp. Univ. Madras,

India, 1972. : ) ;

1

Canter, H.M., and L.G. Willoughby. 1964. A parasitig Blastocladiella

from Windermere plankton. J.R. Microsc. Soc. 83: 365-372.
Carpenter, E.J. 1970. Diatoms atEached to ffﬁating Sargassum in the
western Sargasso Sea. Phycologia 9: 269-274,
Carpenter, E.J. 1973. Nitrogen fixation by Oscillatoria (Trichodesmium)

thiebautii in the southwestern Sargasso Sea. Deep-Sea Res.
20: 285-288." AR

’

N

Carpenter, E.J., and J.J. McCarthy. 1975. Nitrogen fixaqion and uptake

of combined nitrogenous nutrients by Oscillatoria (Trichodesmium):

. thiebautii in the western Sargasso Sea. Limnol. Oceanogr. 20:
389-401. ]

Carpenter, E.J., and C.C. Price. 1976. Maiine Oscillatoria (Trichodesmium}):

Explanatign for aerobio nitrogen fixation without heterocysts.
]
‘. science 191: 1278-1280.
Carpenter, E.J., and C.C. Price. 1977. Nitrogen fixation, distribudtion

and production of Oscillatoria (Trichodesmium) spp. in the

western Sargasso and Caribbean Seas. Limnol. Oceanogr. 22%
60-72. ¢

Carr, N.G.; and B.A. Whitton, Eds. 1973. The biology of the blue- .

green algae. Bot. Monogr.
Berkeley, 676 p.

‘Vol. 9, Univ. Calif. Press,
. .

\

[ Rl st g o — oo




et

o T < b g aza

i

S e g vt

¢

A

PRS-

wp SN DR PRI IR R BRI TS oo s Py SN AN MMM Y A o FOR Wit e o o o S e Cmave R o e Vo 4 e e

L]

. \

Chen, C., and N.S. Hillman. 1970. Shell-bearing pteropods as
indiocators of;water masses off Cape Ha;tefas, North Carolina.
¢ Bulk. Mar. Sci. 20: 350-367.
*Cleve, P.T. 1900. The seasonal distribution of Atlantic plankton

% -
~.organisms. Goteborgs K. Vetensk. VitterhSamh. Handl.

4: 369 (cited by Wille, 1904).

. \ I . ’ v
*Cochrane,~J.D. 1965. Equatorial currents of the western Atlantic. !

Texas A & M University Progress Report, Ref. 65-17T,
\ 6-19 (cited by Mazeika, 1973}.

Corredor, J.E. Dynamics of the phytoplankton community in the Guajira -~
Al

i

upwelling area. In Progress in mariné research in the

Carikbean and.adjacent regions. CICAR-II symposium,

Caracas, Venezuela, July 1976. ' R
*De Toni, J. 1938. Diagonoses algarum novarum bost sylloges editionem
iy . hdescriptorum. I Myxophyceae. Cént. 4. Prixiae,‘Typis
Morelliagis, 398 p. (cited'by Sournia, 1968: U@ezaki, 1974).
Deutsches Hydrographisches Institut. 1956. Monatskarten fur den

Nordatlantischen Ozean. Hambukg, 48 p.

Dodson, A.J., and W.H. Thomas. 1977. Marine phytoplankton growth and

survival under simulated upwelling and oligotrophic conditions.

-+

'J. Exp. Ma¥. Biol. Ecol. 26: 153-161.

Drouet, F. 1968. Revision of the classification of the Oscillatoriaceae.
A}

' Monogr. Acad. Nat. Sci. Philadelphia 15, 370 p.

k]

Dugdale, R.C., J.J. Goering, and J.H. Ryther. 1964. High nit;ogen—
fixation rates in the Sargasso Sea and the Arabian Sea. ’ k
Limnol. Oceanogr. 9: 507-510. )

Dug&aie, R.C., and J.J. Goer%ng. 1967. Uptake of new and regenerated
forms of nitrogeniin primary productivity. ~Limnolz Oceanogr.
12: 196-206. N

Dugdale, R.C., D.W. Menzel, and J.H. Ryther. 1961. Nitrogen Ffixation
in the Sargasso Sea. Deep-Sea Re's. 7: 298-300. .

' -

P o - -

P 4 LR el e b
¥ i =



Pl S yerp——.

e

e

S L 2 VT S ey W st Lt

g

|

¢ « ,
*Ehrenberg, C.G. 1830. Neue Beobachtungen uber ‘bluartige Erschelhungen
in Aegypten, Arabien und Siberien, nebst e;ner Uebersicht -
Lo und Kritik der fruher-bekannten. Ann. Phys. Chem.- 18:
477-514. (cited by Sournia, 1968; Umezaki, 197d)
Emery, A.ﬁ. 1972. Eddy formation from an oceanic islané: g%ﬁiog;cal

12: 121-128.
1969.

effects. Carib. J. Sci.

Half~saturation

i/

Eppley, R.W., J.N. Rogers, and J.J. McCarthy.
constants for uptake of nitrate and ammonia by marine

912-920. . .

1973.

phytoplankton. Limnol. Oceanogr. 14:

Eppley, R.W., E.H. Renger, E.L. Venrick, and M.M. Mullin. A study

of plaﬁkton dynamics and nutrient cycling in the central gyre
\18: 534-551.

of the North Pacific Ocean. Limnol. Oceanogr.

Fee, 1973. A numerical model for determining integral primary

E.J.
‘ J. Fish.

-

préduction and its application to Lake Michigan.

Res. Board Can. 30: 1447-1468.

Fogg,'G.E., and G.T. Boalch. 1958. Extracellular products in pure—

cultures of a brown alga. Nature (London) 181: 789-796.

Fogg, G.E., C. NalewajkO/and W.D. Watt: 1965. Extracellular products
of phytoplankton photosynthesis. Proc. Roy. Soc. Lond. Ser.
B. 162: 517-534. g

Fogg, G.E., W.D.P., Stewart, P. Fay, anq A.E. Walsby. ..1973. The b lue—

? green algae. Academic Preés, London, England, 459 p.
1941.

Ehr. et Auct.). Botaniste,'Paris 31: 3-19 (cited byL -

*Fremy, P. Revision du\gepre Skujaella J. de Toni (= Trichodesmium

Sournia, 1968). . >
Fritsch, F.E. 1945. The structure and reproduction of the algae.
(2 vol.), Cambridge Univ.

Press, Cambridge, 939 b.
Froelich, P.N., and‘D.K. Atwood. Dissolved silicate and salinity"
structure of.the upper waters of the Venezula Basin, Caribbean

\ 3
Sea. In Progress in marine research in the Caribbean and

» adjacent regions.

July, 197e. i ' -

CICAR-II Symposium, Caracas, Venezuela,

et

“
) . “ WP 4
B S SO SIS JRTPORRETS 100 P. < FRTCPRPIRL - 4 e L I 3.




o ns g o agrime, e )

>

- SR
"

i e

Cone

3
resgesce

T R Sl

A - !
T A QOO RSN R s e . . .
i .

¥

190

Q

Fuglistef, F.C. 1951. Annual variations in current speeds in the Gulf

_ ' Stream system. J. Mar. Res.! 10: 119-127.
Fuhs, E.W. 1973. Cytochemical examinations, p. 117-143. In Carr, N.G.,

and B.A. Whitton, The biology of the blue-green algae. Bot.

Monogr. 9, Univ. Calif. Press, Berkeley.

11
Fukuoka, J. 1965. Meteorologia e hihrograﬁié} Chapter 1. 1In

' Estudios sobre el ecosisteﬁa pelagico del N.E. de Venezuela.
Mem. Soc. Cienc. Nat. La Salle, 70-71: 9-38.
Fukuoka, J. 1966. Coastal upwelling near Venezuéla (II). Certain
periodicities of hydrogrpahical cénditionél Bol. Inst.
| 7 Oceanogr. Univ, Oriente :- 84-95, (
Fukuoka, J. 1971,

~

The meandering ¢f the ocean current east of Guiana.

Bol. Inst. Oceanqgr. Unil. Oriente 10: 25-28.

*Geitler, L. 1932. . Cyanophyceae von Europa unter berucksichtiging der
"b . anderen Kontinente. In enhorst's Kryptogamen - Flora von
N . "
. Deutschland, Osterreich und der Schweiz, 14, 1196 p. (cited by

° Sournia, 1968; Umezaki, 1974).

3

Gibbs, R.J. .,1970. Circulation in the Aﬁazqﬁ River estuary and adjacent

~

¥ Atlantic Oceay,n J. Mar. Res. 28: 113-123.
\

Gill, A.E. 1975. Evidence for mid-o%ean eddies in weather ship records.
> : Deep-Sea Res. 22: 647-652. |

\
\ ,,

+ Glombitza, R. 1971. Geostrophic currents in the Yegion of the Lesser
Antilles. MSc. thesis, McGilll University, Montreal, 104 p.

, Goering, J.J., R.C. Dugdale, and D.W. Menzel. 1966. Estimates of in
i [ . .
!

/ situ rates of nitrogen uptake by Trichodesmium sp. in the
—_— e

P

SN . tropical Atlantic Ocean. Limnpl. Oceanogr. 11: 614-620.

*Gomont, M. 1892. Monographie des Oscillariees (Nostocacees homocystees).
Ann. Sci. Nat. VII, Bot. 15: 263-368 (cited by Sournia, 1968;

B ~ E J
Umezaki, 1974). - .

>Handa; N. ‘I965. Carbohydrate from Trichodesmium and its degradation

rate in the ocean, p. 72-78. (In Japanese) In R; Marumag (ed.)

Studies on the community“of’ma ine pélagic blue-green algae.
Ocean Res. Inst. Univ., Tokyo. \} '




e e s w8

PR TG v s s

«

W AR

) o Y

! . . ¢t
Hardy, R.W.F., and A.H. Gibéon (Eds.). 1977: A treatise on dinitrogen
Vol. ;, 527 pE
Hargraves, P.E., RTW' Brody, and P.R. éurﬁﬂolder. 1970. A study of

fixation, Wiley-Interscience, New York,

phytoplankton in the Lesser Antilles region. Bull. Mar.

.
Sci. 20; 331-349.

Harleyf J.L. 1971. Fungi in ecosystems. J. Appl. Ecol. 8: 627-642.

Herrara, L., and J. Snooks. 1969. An invegtigation of the circulation
pattern in the western tropical Atlantic Oceaﬁ during
Equalant I and III.

35-45.

Bol. Inst. Oceanogr. Univ. Oriente 8:

Hentschel, E. 1936. Allgemeine biologie des sudatlantischen Ozeans.

' Verlag vop/Watter de Gruyter: Berlin, p. 80,~p. 106, Figure 42.
Holm~Hansen, 0., C.
~1965. Fluorome?gic determination of chlorophyll.

¢ Int. Explor. Mer 30¢ 3-15. . (/
n

Lorenzen, R.W. Holmes, and J.D.H. Strickland.

J. Coqs.,

Holton, R.W., H.H. Blecker, and J.S. Stevens. 1968. Fatty acids
blue-green algae: possible relation to phylogenetic poéition.
Science 160: 545-547.

Hulbert, E.M. 1962, Phytoplankton in the southwestern Sargasso Sea

and North Equatorial Current, February 196l.

7: 307-315. \ -1

1969.

Limnol. Oceanogr,

w

Hulbert, E.M., and N. Corwin. Influence of the Amazon Rivér
outflow on the ecology of the western tropical Atlantic.

1
III. The planktonic flora between the Amazon River and the

/
Windward Islands. J. Mar. Res. 27e 55-72.

Hutch%nsoﬁ, G.E. 1957. A treatise ol limnology. I. Geography, Physics .
\ and chemistry. John Wiley, Mew\York; 1015 p:
.
Hyman, Kf}.- 1940.,. The invertebrates protdzoa through ctenophora -

) \/IMgGraw Hill, New York, 533 §?~m/w’ .
*Jagg, q/?iand F. Nipkow. 1951. Neue und weniq bekannte parasitische

//// \pilze auf planktonorghnismen"schweizerisgher Gewasser I. Ber.

/ . schweiz. bot. Ges. 61: 478-498 (cited by Canter, 1972).




-~

K]

.y

5 Qe a o e ¢

W{!‘WW&W"F e

[RTY LT

[, PO R

Jayaraman, R. 1970. On the occurrence of blooms of blue-green algae - -

s . and the associated oceanographic conditions in the Northern ~

Indian Ocean, p. 428-432. In T.V, Desikachary (ed.) Proc.

Symp. Taxonomy and biology of blue—éreen alga%szCAS in

Botany, Univ. Madras. . o
1968,
Series 5, ;1sév1qx, Amsterdam, 194 p.
1968,

Jerlov, N.G. Optical oceanography. Elsevier Oceanography

Johannessen, O.M. Preliminary results of some oceanographical
observations carried out between Barbados and Tobago: March/
April 1968. Marine Sciences Manuscript Rep. No. 8, McGill -
Univ:, Montreal. \
1969a.

III. The production of extracelluldr

Jones, K., and W.D.P. Stewart. Nitrogen turnover in marine
and brackish habitats.
nitrogen by CalotHrix scopulorum.. J. Mar. Biol. Ass. U.K. ¥
49: 475-488. | ‘ ’ ;
1969b.

IV. Uptake of the extracellular

Jones, K., and W.D.P. Stewart. Nitrogen turnover in marine

. and brackish habitats.

products of the nitrogen-fixing alga Caloéhrix scopulorum.

49: 701-716.

J. Mar. Biol. Ass. U.K.

Jorgensen, B.B. 1977. Bacterial sulfate reduction within reduced

‘micromdiches of oxidized marine sediments.' Mar. Biol. 41:
7-17. . & -

1970.
cance of polyunsaturated fatty ac1ds[1n blue-green algae.

227: 1164-1166.

()

Kenyon, C.N., gnd R.Y. Stanier. Possible evolutlonary signifi-
¢

Nature (London)

Kerr, R.A. 1977. Oceanography: a closer look at Gulf Stream rings. -
: Science 198: 387-389 + 430. ‘ ’
Lee, J.J., M.E. McEpery, E.M. I(em‘ledy,l and H. Rubin. 1975. A

' nutritional analysis of a sublittoral diatom assemblage Y

epipﬁytic on Enteromorpha from a Long Island salt marsh. )
J. Phycol. 1l: 14-49.

o )
| .
L




~3

opr e

Very R gt

o i SN

-y,

/

Wt h Nl Ao ee e Nrewes b w

( : © 1193 -

»

¥ 4
v
b

Lewin, J.C., and R.A. Lewin. 1960. Auxotrophy and heterotrophy in

mafine littoral diatoms. Can. J. Microbiol. 6:' 127-134.

Lewis, J.B., and A.G. Fish. 1969. Seasonal variation of the zooplankton

fauna of éurface waters entering the Caribbean Sea at
Barbados. Caribb. J. Sci. 9: 1-24. :

*Lohmann, H. 1920. Die Bevfz')lke‘rung des Ozeans mit Plankton. Arch. f£.
Biontologie 4: 1-617 (cited by {lentschel, 1936).

Lorenzen, C.J. 1967. Determination of chlorophyll and pheo—pigme‘nts:

spectrophotometric equations. Limnol. Oceanogr. 12: 343-346.

Lorenzen, C.J. 1970. Surface chlorophyll as an index of the depth,

N\ chlorophyll content; and priimary productivity of the euphotic
layer. Limnol. Oceanogr. 15: 47?—-480. g
Longuet-Higgins, M.S. 1964. Elan?tary waves on a rotating sphere.
- Proc. R. Soc., London, Ser. A 279: 446-473.
Lyles, S.T. 1969. Biology bf microorganisms. C.V. Mosby, St. Louis,
Mo., 605 p. ‘

Mague, T.H., F.C. Mague, and 0. Holm-Hansen. 1977. Physiology and
chenical cémposition of nitrogen-fixing phytoplankton in
the centrai North Pacific Ocean. Mar. Biol. 41: 213-227.

Mague, T'.I-I., N.M. Weare, and O. Holm-Hansen. 1974. Nitrogen fixation
in the North Pacific Ocean. Mar. Biol. 24: 109-119.

Margé.lef, R. 1965. Composicion y distribucion del fitoplancton,

Chapter 3. 1In Estudios sobre el Ecosistema Pelagico de

v 1 e
b N.E. de Venezuela. Mem. Soc. Cienc. Nat. La Salle, 70-72:

o

%4 139-205. = Lt o

Max;ga‘i”e:“f, R. 1971. The pelagic ¢ecosystem of the Caribbean Sea, p.

a

, 483-498. in §y;nposiﬁm on investigations and resources of

_the Caribbea,u‘u ‘Sea and adjacent regions. UNESCO, Paris.

b .
Marumo, R. 1975. BAn outline of studies on the community of marine
pelagic blue-green algae, p. 1l-16. (In Japanese) In .
(.. R. Marumo (ed.) Studies on the community of marine pelagic

blue~-green algae. Ocean Res, Inst. Un:'w*. Tékyo.

’ ;

st



R s i

— o
h,‘ D T S

A e o . w benan Ak © e e A i N la, e

-

¢ .
a

R e P .
Marumo, R.,‘andﬁb. Asaoka.‘if9q4:! Distribution’ of pelagic blue- °
green.hlgae in the North Pacific Océ;n. J. Oceanogr. Soc.
) Jpn. 30: 77785. R . . ’ o
Marﬁmo, R., M. Murano, and Y. Arzawa. 197%5. Distribution, seasonal

‘variation and red tide of Trichodesmium, p. 17-27. (In
N 1

Japanese) In R. Marumo (Ed.) Studies on the community of *

Q ’ marine pelagic blue-green algae. Ocean Res. Inst. Univ.
Tokyo.\ : -
Margrama, Y., N.\Taga, and 0. Matsuda. 1970. Distribution of
rﬂ%f? nitrogenA\ ing bacteria in the central Pacific Ocean.

J. chanoé; Soc. Jpn.\ 26: 360-366.

Mazeika, P.A." 1968. \ Mean monthly sea surface temperaturéé and zgnal
anomalies of\ the tropical Atlantic. Ser. Atlas max.
Enéironm. 16: Am. Geogr. Soc"; 28 p. .

Mazeika, P,A. 1973, Ciyrculation and water masses east of the Lesser

4

" Antilles. Dtsch.' Hydrogr. Z. 2: 49-73.

~

McDonald, W.F. 1938. Atlas of climatic charts of the oceans. U.S.

Dept. of Agriculture, Washington, D.C., 130 charts.
McLeod,- G.C., W.A. Curby, ahd F. Bobblis. 1962. The study of the

physiological characteristics of Tricholesmium thiebautii.

AEC rept. contract!AT(30-1) 5646, BermudauBiol. Stn. Spec.
Publ.,13 p. )

Mcwilliams, J.C.\1976. Mapping the weather in the sea. Oceanus 19:
77-81. ‘ ' \

Meffert, M. 1971. Cultivation and growth of two pianktonic
Oscillatoria species.| Mitt. Int. Ver. Tﬁed&. Angew. Limnol.
19: 189-205. ) N

Menzel, D.W. 1962. " Inhibition iof photosynthesis by Trichodesmium in

the Sargasso Sea. AEC|rept. contract Af(éé—l) 2646, Bermuda
Biol. sStn. Spec. Publ.; 6 p.
Metcalf, W.G. 1968. Shallow currents along the northeastern coast of
_ South America. J. Mary Res. 26: 233-243. S

\
3

gy s




P

s Wi R 4, T B

g e e it

LR T S T

e SR HEHPANIRIAL T R TN ot a0

B . 77 e NS e e wnn e s e AR —— a § YO b s -

# g

<5

\
Metcalf, W.G., and M.C. Stalculp. - 1967. Origins of the Atlantic
Equatorlal Undercurrent.” J. Geophys. ées. 72: 4959-4975.
Meteorological Offlce of the British Air Ministry. 1948. Monthly

1
meteorological charts. of the Atlantic Ocean. His Majesty's

Stationery Office, London, M.O. 483, 128 p,
Michel, H.B., and M. Foyo. 1976. C(Caribbean zooplankton, Part 1 -

Siphonophora, Heteropoda; Copepoda, Euphausiacea, Chaetognstha,

and Salpidae. Office of Naval Research, d;s. Navy,

Washington, 549 p. l -

Monteith, J.L. }972.I Solar radiation and productivity in tropical
' ecosystems. J Appl. Ecol. 85.747-766. .

Moore, E., anng. Sander. 1976. Quaﬁtitatibe and qualitative aspects

of the zooplankton and breeding ﬁatterns of copepods at two

Caribbean coral reef stations. - Estuarine Coastal Mar. Sci.

4: 589-607. !
Moore, E., and F. Sander. .1977. A tudy of the offshore zooplankton

of the tropical western Atlantic near Barbados. Ophelia:

16: 77-96.

¢

Moreth, C.M. 1970. Contribution by Oscillatoria erythraea to the

primary productivity of the tropital marine environment.
PhD. dissertation, Nova University, Ft. Lauderdale, Florida,.
, 221 p.
Moreth, C.M., and C.S. Yentsch. 1970. A sensitive method for the
determination of open ocean phytoplankton phycoerythrin pig-
. ments sy'fluorescence. Limnol. Oceanogr. 15: 313-317. -
Murray, S. P., H.H. Roberts, D.IConlon, and G.M. Rudder. 1977. Near-
}shore current flelds around coral islands: control of sedi-
ment accumulatlon and reef growth. Proceedings oﬁ»thenThlfd
International Coral Reef Symposium, Univ. Miami, M;am;,
Vol. 2 - Geplogy: 53-59.
Myers, T.D. 1968. Horizontal and vertical distribution’of tﬁecoso-
matous pteropods off Cape Hatteras. PhD. thesis, Duke

- University, 224 p.

e N e e




- B S i g b <

P anm mET o wImAebem A GRS 5 2wy e - B e L

- >

1 - -
Nagasawa, S., and Rﬂ Marumo. 1967, Taxonomy and distribution of'

Trichodesmium (Cyanophyceae) in the Kuroshio water. (In

Japanese) Inf. Bull. Planktology Jpn., Cqmm;S§ration Number
of Dr. Y. Matsue, 139-144 (Fish. Res., Board Can. Transl.
‘ \

No. 3392). . \

Neumann, G., and W.J. Pierson. 1966. Principles of pﬁysical oceano-

* graphy. Prentice-Hall, Englewood Cliffs, N.J., 545 p.
Olson, G.J., ;nd =0. Ihgram. 1975. Effects of temperature ané

nutritional changes on the fatty acids of Aggeneliﬁm

quadruplicatum. J. Bacteriol. ;24: 373-3]5.'

Ortega, G.F., and L.E. Herrera, Circulation and water mass transport
‘ in the southeastern Caribbean. (In Spanish) In Progress in

marine research in the Caribbean and adjacent regions.

T _CICAR-II symposium, Caracas, Venezuela, July 1976,
Owen; R.W. 1974. Distribution of prima}y production, plant pigments,
’ and Secchisdepth in the California Current region. 1In

. !
. CalCOFi Atlds No. 20, xi.

. Parker, B., and A, Diboll. 1966. Alcian stains for histochemical
localization of acid and sulfated polysaccharides in algae.
‘ Phycologia 6: 37-45. '
Parker, B.L., C. Van Baalen, and L. Maurér. 1967. Fatty acids in
- 4 eleven species of blue—grgen algae: geochemical sidhificance.
a Science 155: 707-708. g ‘ '

Parr, A.E. 1938. Further observations on the hydrography of the

-

ES

. eastern Caribbean and adjacent Atlantic waters. Bull.

Bingham;Oceanogr. Coll. 6: 1-29.

Parsons, T.R.,  and M. Takahashi. 1975; Biological oceénographic
! ) érocesses. Pergamon Press, Toronto, 186 p.
Partlo, K. 1975. Ecological aspects of a sem}-endlosed eutroéhic
t;ppical marine environment. MSc. thegis; McGill Univ., '

Montreal, 81 p.




‘ ' 197

{

Phillips, N. 1966, Large-scale eddy motion in the western Atlantic.
J. Geophys. Res. 71: 3883-3891.

Platt, T., and B. Igwin.\ 1968. Primary productivity measurements iﬁ
St. Margaret's Bay, 1967. Fish. Res. Board Can. Tech. Rep.
No. 77, 123 p. /

Po;tgate, Jg. 1974. P;erequisites for biological nitrogeh fixation in
free-living heterotrophic bacteri;, p. 663-686. In

, A.-Quispel (ed.)The biology of nitrogen fixation. North-

R Holland Publ.} Amsterdam.

Qasim, S.V. 1970. .Some cﬁaraéteristics of a Trichodesmium bloom in

the Laccadives. Deep-Sea Res. 17: 655-660, B
Qasim, S.Z., P.M.A. Bhattathiri, and V.P. ngaséyf’/ig;a. The' effect
f of intensity and quality of illumination on the photosynthesis
of some tropical mar%ne phytoplankton. Mar. Biol. 16: 22-27,
Ramamurthy, V.D. 1970a. Experimental study rekfting to red tide.
Mar. Biol. 5: 203-204. ’

[
N J

Ramamﬁrthy, V.D. 1970b. Antibacterial activity of the marine blue-

green alga Trichodesmium erythraeum in the gastrointestinal

, contents of the sea guil Laurus brunicephalus.  Mar. Biol.
\ . 6: 74-76.

Ramamurthy, V.D., A. Selvakumar, and R.M.S. Bhargava. 1972. Studies _
in the blocom of Trichodesmium erythraeum in the waters of-the

Central West‘COasf of 1India. Curr. Sci. 41: 803-805.

. Riley, G.A. 1963. Organic aggregates in sea water and the dynamics
of their forgpation and utilization. Limnol. Oceanogr. 8%
{
372-381,,

Rossby, C.G.A. 1937. On the mutual adjustment of pressure and velocity

distribution in certain simple current systems. J. Mar.
Res. 1l: 15-27.
\ Rossby, C.G.A. 1939. Relation betweep variations in the intensity of
1 the zonal circulation of tPe atmosphere and the displaqgments

(: of the semipermanent centers of abtion. J. Mar. Res. 2: 38-55.

N
.




i

e g, o £ st

e e

i P e TR xRN s oy

v+ e s v v i earaes o tn 1 a2 e s s v smainn et e Ao e . . "

198

El

- A

"Round, F.E. 1971. Benthic marine diatoms. Oceanogr. Mar. Biol.

Ann. Rev. 9: 88-139,

Ryther, ;,H. 1956. Photosynthesis in the ocean as a function of
\;ight intensity. Limnol.'0ceanogr. 1: 61-70.

Ryther, J.H:, D.W. ﬁenzel, and N. Corwin. 1967. Influence of the
Amazon River autflow on the ecology of the western
troﬁical Atlantic. I. Hydrography and nutrient chemistry.
J. Mar. Res. 25: 69-83,

Saijo, Y., and é, Ichfmura. 1962. Some cgﬁg§derations on photo-

/ synthesis of phytoplankpog grom the point of view of
productivity measuremént. J. Oceanogrx. Soc. Jpn. 20:°
687-692. '

Saijb, Y., 5. Iizuka, and 0. Asaoka. 1969. Chlogpphyll maxima in
,Kuroshio and adjacent area. Mar. Biol. 4: 190-196.

Sander, F. 1971. UOrgani&'product;vity of inshere waters of .
Barbados.'.A study of the islénd mass effect and its
causes. PhD. thesis, McGill Univ., Montreél, 151 p.

Sander, F. .1973. Internal waves as causative mechanisms of Island

| Mass Effects. Caribb. J. Sci. 13: 179-182. -

Sander, F. 1978. Quantitative and quali;ativé aspects of inshore
phytoplankton off Barbados. Can. J. Bot. 54: 2306-2314. -

Sander, F., and D.M. Steven. 1973\ Organic productivity of inshore
and offshore waters of Barbados. A stuidy of the Island '
Mass Effect. Bull. Mar. Sci. '23: 771-792. ; o n

Scheltema, R.S. 1971. Larval dispersal as a means of genetic

exchange between geographically separated populations of

=

shallow-water benthic marine gastropods. Biol. Bull.

140: 284-322. j \ a

Schitt, F. 1892. Das pflaﬂzenleﬂén der hochsee, Ergebn. Plankton-, '
Exped. Humboldt Stiftung, 1A: 243-314. .




W, T prwer gt LU S L T

S . [ PSR SRS e D G e - e R L

! [
Nl cam e R ER sesy .. [P - L moasmeA N Sl A 4 e e g e
e .
.

¥
e
-
-

. P ‘ ‘ 7 199

Shimura, S., and Y. Fujita. 1975. Phycéerythrin and photosynthesis

of the pelagic Blue—green Trichodesmium thiebautii in the

waters\of Kuroshio, Japan. Mar. Biol. 31: 121-128.
Shuman, F.R., and C.J. L&renzen. 1975, Quantitative degradation of
chlorophyll by a marine herbivore. Limnol. Oceanogr. 20:°
580-586. - J
‘rsieburth, J. McN.: and J.®. Conover. 1965. Slicks associated with
Trichodesmium blooms in the Sargasso Sea. Nathr; (London)
205: 830-831. " ' e

< Sournia, A. 1965. Mesure de l'absorption de l'ultraviolet dans les
gaux cotieres de Nossi-Bé (Madagascar). Bull. Inst.
Oceanogr. Monaco 1348: 1-12..

Sournia, A. 1968. La cyanophycee Oscillatoria (= Trichodesmium)dans

}e plancton garin: taxonomie, et observations dans lq\
Canal de Mozambique. Nova Hedwigia 15:, 1-12.

Sournia, A. 1968b. Variations saisonnieres et nyctﬁ;merales du
phytoplancton marin et de la production pr;maire dans une
baie tropicale, a Nosy-Beé (Madagascar). Int. Revue-
Gesamten Hydrobiol. 53: 1-76. ’ '

Sournia, A. 1969. Cycle annuel du phytoplancton ‘et de la production
primaire dans les mers tropicales. Mar. Biol. 3: 28%—303.

Spence, C., ané D.M. Steven. 1974. Seasonal variatioh of the

v chlorophyll‘é:phaeo;igment ratio in the Gulf of St.
. Lawrence. ,J. Fish. Resf\Board Can. 7: 1263-1268.
Sﬁalculp, M.C., and W.G. Metcalf. \1972. Current me;surements in the
.passages of the Lesser Antilles. J. Geophys. Res. 177:
1032-1049. <
Steemann Nielsen, E. 1952. The use of radioactive carbon (Cl4) for
- measuring organic production in the sea. J. Cons. Int.
Expldr. Mer 18: 117-140. . o

Steemann Nielsen, E. - 1975. Marine phoébsynthesis, with special empha-

sis on the ecological ~aspects. Elsevier Oceanography Series

-

13, Elsewier, New York, 141 p.

? £




D e R 1

s Hrn e

3\

k3

Sieidinger, K.A. 1973. Phytoplankton ecology: a conégptual review
based bn eastern Gulf of Mexico research. Crit. Rev.
' Microbiol. 3: 49-68.
Steven, D.M. 1971, Prodﬁction cycles in tropical waters, p. 527-530.

. In Symposium on investigations and resources of the

Caribbean Sea and adjacent regions. CICAR~I Symposium,

UNESCO, Paris.

»

Steven, D.M., and A.L. Brooks. 1972. Identification of Amazon River

’ water at Barbados, W. Indies, by salinity and silicate

measurements. Mar. Biol. i4: 345-348, .
~

. Steven, D.M., A.L. Brooks, and E.A. Moore. 1970. Primary and
secondary production in the tropical Atlantic< ONR report
contract NOOO14-67-A-0432-0001. Ibrmgda B}bl. Stn. Spec:
Publ., 124 p. ’

Steven, D.M., and R. Glombitza. 1972. Oscillatory variation of a
phytoplankton population in a tropical ocean. Nature
(London) 237: 105-107. ‘

Stewart, W.D.P. 1971. Nitrogen fixation in the sea, p. 537-564.

In J.D. Costlow (ed.) Fertility of the sea. Gordon and

. Breach, London, u ) -

Stewart, W.D.P.} and M. Lex. 1940. Nitrogenase activity in the
blue-green alga Plectonema boryanum strain 594. Arch.

Mikrobiol. 73: 250-2€0.

Strickland, J.D.H. 1958. §91ar radiation penetrating the ocean.
. A review of requirements, data and metheds of measurement, -
with particular reference to photosyn%heticﬂproductivity.
J. Fish. Res. Board Can. 15: 453-493.

Strickland, J.D.H., and T.R. Parsons, 1968. - A practical handbook of sea-

. water analysis. Fish. Res. Board Can. Bull. 167, 311 p.
Suckling, P.W., J.A. Davies, and J.T.A. Proctor., 1975. The trans-
miséion of global and .photosynthetically active radiation

& within . dwarf apple orchard. Can. J. Bot. 53: 1428-144l.

2

ey T e e = vy PEOTI - P




A v e e e A

o

Pt s ame s % ST b )
.

)

.

i
1
H
%
3
4
H
%

’

e awt o e m P AL T o

201

-

Sverdrup, H.U., M.W. Johnson, and R.H. Fleming. 1942. The oceans,
their physics, chemistry and general biology. Prentice-
Hall, New York, 1087 p. . N

Swallow, J.C. 1976. Variable currents in mid-ocean. Oceanus 19:
18-25. : | "
Szeicz, G. 1974. Solar radiation for p;ant growth.JrJ. Appl.
. Ecol. 11: 617-7%6. '

»

Takahashi, M., and S. Ichimura. 1970. JPhotosynthetic properties and

growth of Rpotosynthetic sulfur bacteria in lakes. Limnol.
Oceanogr. 15: 929-936,

Takahashi, M., K. Satake, and N. Nakamoto. 1972, Chlorophyll profile
and photosynthetic activity in the north and equatorial °
PacifaF Ocean. J. Oceanogr. Soc. Jpn. 28: 27&36.

Talling, J.F. 1957. The phytoplankton population as a compound
photosynthetic system. New Phytol. 56: 133-149,

Taylor, B.F., C.C. Lee, and J.S. Bunt.:' 1973. Nitrogen—fixatibn

\
associated with the marine blue-green alga, Trichodesmium,

as measured by tlie acetylene-reduction techniéue. A;chl
Mikrobibly B88: 205-212. '
Thomas, W.H. 1970:?’A nitrogen defic%fncy in tropiéal Pacific
. Oceanic phytoplénk%on: éhdtosynthetic parameters in poor
apd rich water. Lifmnol. Oceaﬁogr. 15: 380-385.

Thomas, W.H., and A.N. Dodson. 1972. On nitrogen deficiency in

tropiéal Pacific Oceanic phytoplankton. II. Photosynthetic ,

and cellular charactéristics of a chemostat-grown diatom.

Limnol. Oceanogr. 17:. 513-523. s i

e

Tokioka, T., and R. Bieri. 1966. Juveniles of Macrosetella gracilis

\ .{(Dana) £ 65 clumps of Trichqde§§§um in the vicinity of Seto.
Publs. é:to Mar. Biol. Lab. 14: 177-184.

Traganza, E.D. 1969. Fluoréscence excitation and emission spectra

of dissolved organic matter in sea water. Bull, qar. s¢i.”

~ ' 19: 897-904, - - ” o

i
a -

I S




A Ay
»

"t i

A L A s ot

»

Umgzaki, I. 1974. On the taxonomy of gye genus Trichodesmiunl\
(Review). (In Japanese with English summary.) Bull.
Plankton Soc. Jpn. 20: 93-100. ..
Urosa, L.J., and T.S.S. Rao. 1974. Distribucion de quetognatos y
] biomasa del zooplancton en la parte occidental del
Atlantlco Troplcal durante Julic y Agusto de 1968
Bol. Tnst Oceanogr. Univ. Orlente 13: 53-66.

» . N

‘U.S. Navy Hydrographic Officé. 1947. “atlas of surface purrentsf .

: /.
North Atlantic Ocean. H.O. Publ. No. 571, Washington, D.C.,
12 p. ’ .
U.S. Chief of Naval Operations. 1955. U.S. Navy Marine Climatic

[

atlas. United States Navy, Washington, D.C. NAVAER-50-
IC-528, 275 charts. e
. 425
Van Baalen, C., and R.M. own. 1969. The ultrastructure of the

marine blue-green alga Trichodesmiym erythraeum, with
special refe{ence to the cell wali, gas vaéuoles, and
cylindrical bodies. Arch. Mikrobiol. 69: 79-91. . )

Vezina, R. 1974. Seawater q&ality and phytoplankton of inshore. . t
waters of Barbados: a study of the effects of organic \\
production in a tropical environment. MSc. thesis,
McGill Univ., 95 p. ’ )

Vollenweider, R.A.\iEd.). 1969. A manual 6£ methods for measuring
primary production in aquatic envirqpments iﬂcludihg a-
chapter on bacterié. IBP Handbdok No. 12, F.A. Davis'
Company, Philadelphia, 213 p. '

Von Stosch, H.A. 1974. Observations on vegetative reﬁgoduct;on and

'

sexual life cycles of two freshwater dinoflagellates,

Gymnodinium pseudopalustre Schiller and Woloszinskia <

apiculata sp. nov. Br. Phycol.-J. B8: 105-134.

Wada, E., and‘H Hasumoto. 1975. Ammonium uptake in Trichodesmium

-
colonles. (In Japanese.), .p..62-64. In R. Marumo (ed.)

Studies on the community of marine pelagic blue-green algae.

-

Ocean Res. Inst. Univ. Tokyo. .

[




P R S e et WP E S USSR . ——n d

- < i ’ 203

Wall, D., R.R.L. Guillard, B. Dale, and E. Swift. 1970. Calcite

xresting c¢ysts in Peridinium trochoideum (Stein) Lemmermann,

an autotrophic m;rine dinoflagellate. Ph?colbgia 9: 1517;56.
wWalsby, A.E. 1968. Mucilage‘secretibn and the movements of blue-

green\algae. Protoplasﬁa '65: 223-238, '
walsby, A.E. 1972. Structure and function of gascvacﬁoles; .J -

[

Bacteriol. Rev. 36: 1-32. - ) Co :
. Wangersky, P.J. The role of particulate matter in the prodhctivify of '
| surface waters. .HeLgolgnder giss. Meeresunters. (In press.)
Watf, W.D. 1966. Release of dissolved ofganic material from the
¢ells of phytoplankton populationgi Proc. Roy. Soc. London
- Ser. B. 164: 521-551. i ' ‘

Wells, F.E. 1974. .Biology and ecology of ‘euthecosomatous pteropods R
off Barbados, West Indies. PhD. thesis, MEGill Univ., .
Montreal, 146 p. ' ) . .

- Wells, F.E. 1976. Seasonal patferns of abundance and reproduction
of euthetosomatous pteropods off Barbados, West Indi%s.
Veliger 1§:\241-248. o L
*Westlake, D.F. 1965. Some pxoblems in the measurement of radiation
. under wéter: a review? Photochem. Photobiol. 4:.849-868
(cited by Vollenweider, 1969). ' .
wWhittle, K.J. 1977. Marine oréamisms and their contribution to,
organic matter in the ocean. Mar. Chem. 5: 381-411.
,Wille, N. .1904. Die schizophyteen d;r Plankton-Expedition.
, Efgebn. Plankton Exped. Humboldt. Stiftung '4: 1-88.
OWilliams, P.M. 1968. Organic and inorganic pons%ituents of the
” Amazon River.- Nature (London) 218: 937-9382 '

v 1

Wohler, J.R., and R.T. Hartmann. 1973. Some characteristics of an

»

° . Oscillatoria dominated metalimnetic ﬁhytoplankton
community. Ohio J. Sci. 73: 297-306. '

’

Wolk, ézP. 1973. Physiology and‘c§£ological chemistry of blue-green

. algae. Bacteriol. Rev. 37: 32-101.. <o

“




F7s

Wood, E.J.F. 1965.

London, 243 p.

) Wood, E.J.F., 1966.
; o Bull. Mar.
! Wood, E.J.F. 197]‘,.

‘region, p.

)

Marine microbial ecology.

3y

s ' 204
o lns

Chapman and Hall,

o
.

+
aw

A phytoplankton study of the Amazon regionf

Sci. . 16: 102-123.

- Phytoplankton distribution in the Caribbean

399-410. 1In §yhposium on investigations and

Wy

B A omere e

I

mw e ———cn R AST T

P T

resources of the Caribbean Sea and adjacent regions.
UNESCO, Paris.
1964 «

M 3
Wast, Stratification and circulation in the Antillean-

G.

Columpia Univ. Press, New York, 201 p.
- Wyatt, J.T., add J. S Henderson. 1971.

morphologlcal studles of the genus Nostoc.II Colony :

Caribbean Basins.

<

Physiological and

0 characteristics of some spec1es may vary w1th associatsd

. . heterotrophic flora. J. Phycol. 7: supplz 7. (abstract) ,
Wyatt, T., and J. Horwood, 1973. Model which generates red tides. :
- Nature (London) 224: 238-240.

Yentsch, C.S. 1965. The relationship.between chlorophyll’and .
- photosynthetic carbon production with roference to the -
' measurement, of decomposition products of chloroplastlc
b pigments, p. 323-348¢{ In C.H. Goldman (ed.) Prlmagx « .
. : production in aquatic env1ronments.. Univ. Califormnia Pressi
7 Berkelpy. Mem. Ist. Ital. Iérobiol. 18: suppl. !
: ¥entsch, C.S., and R.W. Lee. 1966. A study of photosynthetic li&ht'
reactions, and a new interpretation of sun and shade . /
Jphytoplankton. J. Mar. Res., 24: 319-3371_ :
A gentsoh, C.M., C.S. Yenésoh, and J.P. Perras. 1972. pAlkalfne
' . phosphatase activity in the tropical marine blue-green ¢ d

1

alga Oscillatoria erythraea. Limnol. Oceanogr. 17: 772-774» '
1974. Dlstrlbutlon of the phytoplankton biomass in,

) the troplcal Atlantlc. Okeanclogiva 14: 882-887.

Zernova, V.V.




N T Y AT A et b 7 s . P a

APPENDICES

. . ' y
s

A.l Taxonomy of the genus Trichodesmium
= .. . .

The taxonomy of Trichodesmium and tHe Oscillatoriaceae ‘is’

problematical and unsatisfactory. Many synonyms appear in the

literature, and the genus has been reorganized several.times. The
A \ 13

following is a short summary of the historical developments of the

taxonomy as ouc&i9ed by Sournia (1968) and Umezaki (1973), withcomments

in the light of e§perienc9<yifﬁ¢:;e alga at Barbados. 1 - ) f
% - \
fhe genus Prichodesmium was estab{isged in 1430 by Ehrenberg A

with one species T. erythraeum. In 1892 Gomont divided T. erythraeum
> - - B ¢ -
into three species, based on differences in trichome diameter, cell

and colony morphology: T. egxthraeuﬁ (Eﬁr:), T. hildenbrandtii (Gom.)

" and T. thiebautii (Gom.). In the same year Wille (in ScRutt, 1892)
2. Zicbautal

ascribed the synonyms Xanthotrichum and Heliotrichum.

T . Y
: . .

» In 1932, Geitler united the marine Trichodesmium with the

freshwater genus Oscillatoria based on the 51m11éf1t1es of the algae.

A few years %eter Detoni (1938L established a new genus - Sku:aella =’
for the marine Oscxllatorlaceae, and Fremy (1941) proposad lumplng

Qll of the marine spec1es into one, also in the genus Sku]aella.

After the appeq:ance of the name Skugaella, Geitler (1942) reconsidered

his earller work, and re—established the genus Trichodesmium in

¢
accordance with Gomont, thus redividing:the marlne and freshwater
Osc1llator1aceae. ’ T
. 5 { ' - .
Trichodesmium, as desor}bed by Gomont in’ 1892, tﬁ;;>stood >

for 26 years until 1968, when both Sournia apd Drouet;” indé@?ndently&
and simultaneously recommended reuniting the genus.with Osc:Lllator:La.\k

[ Y

: A
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Sournia adopted Géitler's 1932 classification, with four species, but

Drouet, in a major review of the whole family, lumped all three into
0. erythraea (Ehr.) Kutzipg?

In the 1970's,, the name QOscillatoria is gaining accepténce
among some workers, especially Drouet's O. erjthraea. The controversy
is not over yet, however, since all of the Japanese and Indian workers

still recognize the genus Trichodesmium. Several recent important

3 s ,
publications concerning the blue-green algae (Fogg et al., 1973; Carr

\
.and_Whitton, 1973) and nitrogen fixation (Mague et a}f., 1976, 1977;

Hardy and Crisp, 1977) state that while the two geﬁera are very similar,

and Trichodesmium may indeed belong to'Oscillatoiia, the former name is

preféraﬁle. Barker et al. (19%67) have reported a significantly different

fatty acid composition for Trichodesmium than for Oscillatoria, and

.

several authors (Holton et al., 1968; Kenyon and Stanier, 1970) have -

dlscussed- the phylogenetic and evolutionary significance of this.
e '
Umezaki {1974) concludes thé differences in chemical composition between

the two genera as further evidence for division of the family. (See,

uhowefer, Olson and Ingram (1975) who report effects of environmental

~

conditions on fatty acid éomposition.)
- - *

Taxonomy of the genus Trichodesmium is based primarily on

trichome diameter and cell and colony morpholoqg. Most &uthors agree
that trichpome diameter is the most important character, and that there
are two broad groups within the genus: one with thin diameter trichomes
(5-121) and another with wider filaments (12-25p or more). The thin
trichomes are commonly ascribed to the generalT. thiebautii and \

T. erythraeum, while filaments greater téan abgu€ 12-13u are referred to
as T. hildenbrandtii (see Figure A.l). gﬂ Brythraeum is differentiated

from both of the other .species by constrictions at its intercellular s

junctions and fusiform colony morphology. {t should be stressed here

ool

that observation of freshly collected Trichodesmium é’tm Barbados waters
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indicated that there was extreme va{iation in the degree of constriction
at the-extracellular junctioﬂs, within colonies and even within fila-\
ments. Meffert (197M has also indicated such constrictions may be a
result of nutritional variations in culture. This does not appear.ﬁo
be a reliable taxonomic character, and neither does the morphology of
the terminal cells, for similar reasons;

At Barbados, both T. thiebautii and T. hildenbrandtii:show

the same range of cell length (7-16u) but there are considerable ¥

) bY
differences in cell shape. T. thiebautii cells are re}atively narrower

(7 to 9 in diameter) and are about 500u3 in volume. T. hildenbrandtii

cells are between 12 and 15y in diametér and approximately lOOOu3 in

volume. The thicker diameter T. hildenbrandtii cells are much more

. 1
darkly pigmented than those of [T. thiebautii, and they also stain much
more heavily with Lugol's iodine. This deep brown coloug, which dis-
appears| reversibly qQn warming, is gndicative\of a carbohydrate storage

material commonly found in blue-greens, which is a polymer of glucose

liné glycogen (Fuhs, 1973). This consistent darker staining in
fthe presence of Lugol’s iodine greatly assists in species determination
at low magnification.

. - ‘Most authors have divided the genﬁs primarily on the basdis of
trichome diameter, but Marumo and Asaoka§(1974) maintain that trichome
diameter varies with depth as a function of vacuolation changes and
consequently separate T. thiebautii and T. erythraeum on £he basis of
their colony morphology. 'For these two species this is probably the
best‘means since their diameters are similg;. Separation of

T. thiebautii and T. hildenbrandtii can be grosély'accomplished using

colony morphology also, and in many cases this may be ghe most practical
{see Section 3.2.2). As illustéated in Figure A.l there are two fairly
distinct colonial arrangements which have, in this thesis, been referred -
to as 'radial' colonies (c,egd in which trichomes all cross near their

center, forming radially Eymmettical colonies; and 'parallel' colonies

'
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(A.la, b; d) in which the trichomes are juxtaposed aiong most- of theirx
length either straight, or twisted about each other to varying degrees.
This twisting of filaments in somé parallel colonles led Sournia (1968)
to establish 0. contorta for colonies where the filaments were Ytwisted
about each‘oﬁher like strands in a cable" (my translation). One often

sees twisting to various degrees in colonies of T. hildenbrandtii and

T. thiebautii and this character is not therefore considered by this
author to be sufficient justification for establishment of a separate
genus., Parallel cqlonies of both species gain considerable structural
strength from this twisting, and the advantage is garticularly noticeable
in colonies with very long trichomes. In colonies with short trichomes,
however, the tendency is a weakening influence, and mechanical distur-
bance can cause colonies (especially T. thiebautii) to break up completely

or pa{tially to form loose jumbled radial colonies (Fig. A.lc, £, h).

These possible transformations fromngyé/morphology to another
c

mean that differences in trichome diaméte; a olony morphology are not

_mutually exclusive. Figure A.2 illustrates the overlap. between the two

characters in algae collected at the surface near Bdrbados at various
roughout 1974, 1975 and 1976. The curves r;present the measure~

ments (means of at least 3 filaments per colony) of 233 radial colonies

gnd 145 parallel colonies, normalized to n = 100. While the preponderance

of radial colonies examined had trichomés of diameters between 7-10y,

7% of those examined had diameters greater than 12). These colonies

were less symmetrical, loose jumbles of darkly pigmented trichomes which
have been interpreted in this study as partially disrupted T. hildenbrandtii.

»
The 145 ggrallel colonlés examlned demonstrated a bi-modal

distribution in aécordance with the covariation of colony morphology
and trichome diameter illustrated in Figure A.l. Parallel colonies

formed by T. thiebautii {i.e. filaments less than 12, diameter) con-

colonies were T. hildenbrandtii. .

”



!
? o N Iy M
§ . - N ' (‘*-}
- - 3' }
'y \ ~ ‘
. ) ‘
. ) .
~ . »
. ) . .
| !
: " LL
- " . .
-
N 5
: ‘ !
i
¢ -
Ky ' F N
3 -~
o Figure A.2 Relationship between colony morphology and filament .
) diameter (normalized to % because of unequal n) of the -
s near surface Trichodesmium population off Barbados . )
" (233 radial colonies, 145 parallel colonies).
|3
‘ LT , . ™ o
- .
1 1 ‘ N ’
. .
! 4
T« -
< ' t
. R -, . -
\\\‘ ~ 2
. ' . R )
; : ! L I
i 1
H : : . '
1
% R P
4 . e s
| : - |
\ ,
b 1
f H [l **
{
| -
[ N
! - »
i . _ - - SO ;
Tt ‘ R T s ‘ N TP X
. 0y LA A ‘*}“,*ﬁr‘ TR L e i ] g B e Ry 3 v gt o il 7 N W L vl
4, e z*-mm».”:f e faw A - T j Lk ) Foa puigie v v SN St L E A TR A T




.,w.\vi ~

e AR AT B LAt g s

©

L  { T
- - fa
= W Lm
| Jo
— . ol
" - V' e
| N { Yo
5 \¢ S
i ’ / ©
R /\ : "]
i / <
" m
A Jo
s ite)
! 1o
- P
L 4~
= )
ﬁ ' 4w
= ¢ Ja

' 1 1

" Q =]

Abojoydiow Auojod yoos Jo [DJO} JO 9,

e

A

filament digmeter u




v m e~ wm n oae

[PV

: 211

In the discrete samples, T th1ebaut11 was always the most

abundant spec1es of the three at Barbados, contributing approximately

80-90% of the total filament lengﬁh at most times and depths. The larger

percentage of i. hildenbrandtii in the parallel colonies observed

mic;qséopically, is probably a result of observer bias in selecting
the colonies from the net plankton, since these colonies are larger

‘than those of T. thiebautii.

« o~ i
.

s b :‘" - -
all of the preceeding illustratos the difficulties ihvdlved

in the taxonomy of the genus and why man&‘authors prefer to lump all of

)f’these groups into one species. Evidence from unialgal cultures of

freshwater Oscillatoriaceae has put much of the taxonomy based on

morphology in question, since considerable variation in trichome

dlameter, plgmentatlon ang cell morphology can result from changes in

the algae's phy51ology (cf. Meffert, 1973).

Slmllarly, the factors

determining colony morphology are not well understood.

Colony morphology

in some cyanophytes- appears to be 1nf1uenced by env1ronmental conditions

~ . or hy symbiotic organ15ms’€Wyatt and Henderson, 1971).

Many authors N

(Drouet, 1968' .Sournia, 1968;

Moreth, 1970;

J. Sharp, pers. comm,)

consequently regard all of the marine forms as physiological variants
of one species and use the species name O. egzthraea. Until the alga ﬁ
can be cultured axenlcally, whlch so far has proven impossible, division
of the genus into more than one species may seem to some to be a bit

artificial The species names as assigned by Gomont (1892) do remain
useful, how ver; in describing the morphs and they have been used here
when rqferrmng to differences in trichome diameter. The author prefers

A
to use the ge neric naﬂp Trichodesmium in place of Oscillatoria in order

to dlstanULSh the mar;ne forms from the freshwater forms, and also
because of the unresolvgd significance of differences in fatty acid ]
compositiomr Qgs?zen the two forms. - . 7 . .
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A.2v Chlorophyll decomposition during storage of filters )

¢ \\

At present there is no published experimental evidence
regardlng the poss:Lble decompos:.tn.on of chlorophyll contained on
filters during~®torage. Authors of most methods manuals recommend
that analysié be done as soon ds ‘possible after collectan of the

. sample, preferably within six weeks . (Strickland and Paxs‘:’;ns, 1972} .

During the current study, this was not possible and many, of the

filter® had to be stored for very long periods. The exp?ariment - / ]

cribed here was conducted to investigate the changes in chlorophyll a :

, and p igment content on filters stored for long penods. . ™

5 . . - ' k
>

A.2.1 Methods

.

T X
* Water was agollected in opaque PVC Van Dorn bottles from a

depth of 5 m approximately 4 km off the west}as\t\ f Barbados in

200 m water. Collections were made in the early morning e the.

sun became too intense, and strenuous efforts were made to prxéteet

. collected water and phytoplankton from direct sunlight. The water was

o e
N stored for transit to the shore-based laboratory in a large opaque . " -
plastic container wh:.ch had been thoroughly washed with fresh water
Y
_prior dp-use.
:
.- N
. In the laboratory, vigorous mxmg was inlt:.ated 1mmed1ateJ.y

by bubbling air into, the} bottom of the conta:.ner.‘ One liter portions
- were filtered onto 47 Whatman GF/C fllters, w:.th a few ml MgCo,
suspension to the last few hundred ml. After flltration the filters'
vere l‘ald out on paper towels,to dry further, then folded in half and
blotted: to remove eny’ﬂcess moisture . Five filut‘érs : chosen at random, ‘

were ahalysed immediately. The remainder were inserted into glassine

( ‘ envelopes, and stored in air-tight containers over désiccant at
. -

-3

- - R,
. o -
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L - .

approximately -10°C. At intervals, five envelopes were chosen at
random and the filters analysed for: the contained chlorcphyll a and

phaeopigment as described in Sectlon 2.2.3. - .

* A.2.2 Results and discussion
< J,.
o The fate of the chlorophyll. a and phaeopigment on filters as
l . described above is summarized in Figure A.3. The large points
represent the mean of five replicates. The vertical bars represent
"“95% confidence limits of the mean. . Individual values are indicated by
the smaller points. The Qigh degree of variability is in part due*to

the presence of Trichodesmium colonies which may contain from 0.01 to

0.03ug chlorophyll a per colony, and also to less efficient mixing as .

- . the water level in the container dropped. -

.

.No significant changes (p = 99%) in chlorophyll or phaeopig-
ment cogtent of the filters were eVident within the limits of the

T o et e e

:’ sample variance unﬁgl after l60‘days. ‘The changes apparent during the
last period amount - to about 10% of the day 0 mean (the 334 day mean is
] - not 31gnif139ntly ‘different frop the others at p = 95%), and are.
T\e\\ considered to be due to an unknown length of storage at’ higher
N temperatures. Sométime during the last period, the container with the: «
\t\}ters was removed from the freezer co partment to the warmer '
t ’ refrigetagor compartment The ing¢reas of‘phaeopigment, but not of
chlorophyli\aT\at day 157 may not/be re 1, since notes made at the
€1me of analysis indicate\that
©on that-day: Re-centrifuging

e fludrometer was unusually unstable

h S
;

-~
ngwrm ey S VSR AEY LWty R
7/
—
<

e extrécts did not solve the problem L
and it was not encountered on/other days. Line voltage fluctuations

may have been the cause.
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' .
. (’ fga;; evident from th;se data that chlorophyll filters hay
be stored for periods of at least 5 months, and probably up to a year -
Ce ¢ or more Iif they are kept reasonably dry,. }n the ﬁark,and froz;n to at -

. least -lOOC} Owen (1974) has recorded a decreaségof 108\ or more in’ -
£ : chlorophylX concentrations if filtgrs areiétored (frozen) for more -
than a da ! Such a decrease is not evident. in the data'presented in : 4
Figﬁre A.3. L'I:ixere are no significqné differences betweén filters ‘
analyéed/in day‘O (unfrozen) and” subsequent days, and therefore no

\correct{Zns have been made to the data discussed here or #n Section 2.3.2.
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Ae3 DATA LISTING 8 . !
M b
DAY ~CONSECUTIVE DAY, NUMBERED FROM BEGINNMNG OF
STUDY. . , .
STATION - -STATlON NUMBER, BY NUMBER OF CONSECUTIVE WEEKS
FROM BEGINNING OF STUDY.
FOREL -CCLOUR OF SECCZHI AS IT DISAPPEARS. I=BLUE,
wd V=BLUE-GREEN.
DEPTH -DEPTH OF SAMPLE, IN NETERS. WHERE DEPTHS
LISTED ARE NOT STANDARD, THEY HAVE BEBN CALC—
ULATED FORM THE COSINE OF “THE WIRE ANGLE AND
THE NOMINAL DEPTH. . ,
TEMP -TEMPERATURE IN DEGREES CENTIGRADE. BT WAS NOT
OPERATIONAL FOR A PERIOD IN 1975,
‘SALINITY -SALINITY IN PARTS PER THOUSAND. .

PHAED~PIG -CONCENTRATION QF PHAEObIaENT IN MICROGRAMS
PER LITER. )

CHL-A ~CONCENTRATION OF CHLORUPHYLL A IN MICROGRAMS
PER LITER.
IRICHO —TDTAL TRICHODESMIUN IN MM FILAM@uT PER LITER.
. ° L] !
ND ~NO DATA '
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(S .
OFFSHORE STATIONS ( 8KM AND OTHERS) '
A (; . ~ « .
. . D:‘ 15 STATION 3 9 JULY 1974
DEPTH, TEMP SALINITY SIGMA-T PHAEQ-PIG. CHL-A  JRICHO
i 0 275 32.6€9 20.83 .03 e12 6£8
: 5 2745. 32.787 2092 ND 7 ND 580
¢ 10 2745 32.544 20.73 «03 . e20 685
’ 15 v 27.5 324795 20.92 .04 ol4 511
25 270 33,428 21.56 02 19 432
S0 26.1 35,878 23.68 .10 17 © 43
, 75. . 25a2 36.4E1 24442 e11 e11 5 .
. 100 24 49 36.774 24473 ¢ 202 .04 J 3 :
e 150 23.3 37.044 25.41 .02 + 01 ND
175 2042 3€.879 26416 02 «C1 . 1 1
* DAY 29 STATION S5 23 JULY 1974 s 4
e ) . DEPTH TEMP SALANITY 9IGMA-T  PHAEO-PIGe CHL-A  TRICHO
! 0 2844+ 32.280 .20, 24 .03 «10 157
: * s 28,4 32.377 ,i20.32 « 04 12 : 5¢2
10 vt 2E.2 32576 | 20.53 - 04 ell 348
15 12842 324941 20481 «05 . «16 257
25 27.9 © 334630 2142 .09 .21 155
50 2742 35,271 - 22.88 .14 « 80 , 3
75 2.7 36.510 24 .29 17 o17 1 0
. 100 25.5 26.7€3 24,55 «07 .07 0
; 150 24.3 37.072 25.14 <02 .02 0
B : 175 22.4 264540 25.60 ¢ 03 +01 0,
* i “ ’ ‘ ' ’
DAY a4 , STATICN 7 7 AUG. 1974 Y
DEPTH TEMP  SALINITY SIGMA-T PHAED-P1G. CHL-A  TIRICHO
¢
0 27.9 ) 23.451°  2i.29 .02 .07 668
5 27 .9 23.511 21423, «03 «C7 799
10 £7+9 33.545 21.36 «05 " .08 668
’, 15 7 «9 32.578 . 21438 «03 .08 745
v 25 ) 27.9 34.015 21471 .04 «09 7E0
1) ( 2€.0 35.549 23.77 « 04 .14 135
75 25.2 364755 . ¢ 24.63 «04 .10 13
i00 24.4 2€.871 24496 « 04 .05 . 0 '
150 21.3 3c.8€8 25485 e 04 202 1
; ¢ 175 15.2 364501 26413, .01 4 027 o
7

i ’ '

1
DAY 58 STATION 9 21 AUG. 1974

DEP¥H  TEMP SALINITY SIGMA-T PFAEO-PIGe CHL~A  IRICHQ'
0 27 .8 33.664  21.48 .07 15 2€5
5 27.8 33.691 21.50 ND .18 271
10 2748 23,745  21.54 . O& .18 257
% 18 27.9 33,836  21.57 .07 .15 €z3
: , 25 27.9 34.015  21.71 . 0§ 10 473 .
: : 50 2742 35.949  23.39 .07 . .11 20
v 75 25.8 ' 2€.2€6 24415 - 0% <13 a
! 100 , 25.0 364,735, 24467 e11 .c8 9
S 150 21.5 2e.839  26.77 a1l .02 0
% 178 20.3 36,728  26.02 .12, .c1 11

-
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DAY 71

>

STAT

/’/1DEPTH . TEMP

i

ION 11

»

3 SEP. 1974

SALINITY -SIGMA=T _ PRAEQ-PIG. CHL-A

0 28.3;* 33.113 20490 «01 T .04
S W 28.2! _ 33,165 21400 e 01 o C4
10 ¢ 28e3 33,3323 21.07 02 «06 °
15 28,3 23.337 21.07 e 02 «'08
25 28.3 33,395 21.11 02 o C6
50 . 25.2 35.440 23.63 «10 e10
75 26al 36.1€0 23.90 elC .10
1Cc0 24.8 36.587 .+ 24,62 «07 «05
150 2246 3€.526 2522 01 .03
175 19.7 36,536 26403 ND ND
DAY '85 STATION 13 17 SEPe. 1974 ,
DEPTH TEMP SALINITY SIGMA-T PFAEO-PIGe CHE-A
0 . 28.4 33.553 21.20y9 .02 .ca8 >
s 28.4 22,554 21.20 - 03 «09
10 28.4 . 33.5€9 21,21 .03 « QG
L, 18 2€.4 ° 33.6C5 21 .24 <04 .09
25 28.8 332,643 21,27 e 05 b cs
50 275 35.705 23.11 ND ND
75 28.4 264248 244.26 ND ND
10 4.3 36.727 ° 24.88 ND ND
1sgw““7;%1.9 26.731 25.58 03 «02
175 19.9 3€.647 2606 02 e 01
% 3
DAY 101 STATION 15 3 0OCT..197¢ SECCHI: 28N
DEPTFH TEMP SALINITY SIGMA-T PHAEO-PIG. CHL-A
0 28.3 * 33.146 20.93 ND o148
5 =~ 2843 . : 33420 —- 21 413 - ND— el14—
10° 28.3 - 23.580° 21.25 " ND el4
15 28,.5 33.643 21.23 ND e10
; 25 283 22.647 . 21330 < ND ela
50 264 2€.521 N P4.38 .~ ND «22
78 28¢3 . 36.622 24,49 NQ « *08
100 24,2 Y 23€.825 24.98 ND eC5
150 21,9 36.718 25.57 ND 02
175 16.7 3€.251 25.89 ND « CO
DAY 113 ' STATICN 17 15 '0CTe. 1974 SECCHI: 24M
'DEPTH TEMP SALINITY SIGMA-T._ PHAEO-PIG. CHL-A
T oo 28.3 248.247 21,78 .05 .10
5 28.3 34 .272 21.77 07 .10
10 ‘2Ee 3 248.272 * 21,77 « 05 11
15 28.3 34.346 . 21,82 <0¢€ 11
2s 28.4 34.567 21.98 .08 .15
34 28.0 36,436 21.99 ‘e OS .15
49, 27.1 35.426 23.03 .08 .19
73 2€.2 36.314 23.98 ‘e 25 .10
M 97 2542 36 .421 24,37 Lel8 «10
146 22.8 €874 25.43 .02 .o .02
170 203 36 .686 25.98 «0$ .02
* 1 o 4 ) N
-~ * J
‘il ' .

218

216
~ 206
495
152
159

*ooon




DAY 127
DEPTH

5
15
25
50
75

v

\

(Y

0
S
7

hoo

CAY 141
'bEPTH
5
24
33 .
26
68
c1

137
160 °

CAY 158
DEPTH

15

172

STATION
TEVP

2840
2Ee0

' 28.0

275
263
2.0
22 .0
16.5

STATION
TENP

2861
28,1
281
2€.0
2547
424,5
23 .9
22.0

j

19 29 OCT. 1974
SALINITY SIGMA=T
34,540 22.07
34,5329 22,07
34,540 22.07
35.822 23,20
36.259 23,91
36.628 24,59
3€.766 25.58
364678 26419

21 12 NOV. 1974

SALINITY SIGMA-T PFrAEO-PICGC. CHL-A

33.962 21.60
34.013 21.64
34.186 2177
264230 23.98
3c.c81"Y 24 42
37.086 25409
3€«572 25.18

125433

364437

STATIo\ 23

TEMP

277
277
27 «7
277
27 .8
23
2S .0
12340
202

SALINIT

34.507
24,512
34,517
34.515
34 4,663
364551
2€.514
36,844
36 €43

29 NOv. 274
Y SIGMA-T

]
22.14
22415
22.15
22415
22.25
24,44
24.81
25435
25.98

SECCHI: 28M
i

PHAEO-PIG. , CHL-A
€&

" ND “7 W1l
ND «C7
ND .14
ND . <20
ND .12
ND .05
ND «Ca
ND .02

SECCHI: 27M

.01 .07
« 02 «05
«02 «(C8
ND ND
elE 15
«10 « 06
e 02 « (Gl
«09 «13
SECCHI: 27NM
PFAEO-PIG. CHL-A
«03 « 08
« 04 «08
03 « 06
«03. « 08
«0€E 11
«16 > o111
«02 «02
«02 «C1

DAY 169. STATICN 2S5 ™10 DEC. ‘1974 >SEG£PI: JeM

DEPTH

S
15
25

- 34

49
73
o
146

170

TEMP

27.4
27 o4

SALINIT

34.518°

34.513
32.513
34,516
34,812
3€us 75
36777
36.957
35.704

Y SIGMA-T

22425
22 .24
22. 24
22.25
22.44
24404
24 .64
2529
25477

PHAED-PIG. CHL-A
«03 « 05
«02 «C8

. 602 « 06
v 02 e 07
04 « 09
« 05 « 08
«20 «10
«03 e 01
«02 02

-
V219

JRICHD

77
ND
le2
126
33
27
23
(o]

=t
10
)
In

ot b
O W
nhoghwo E

-
o

IRICHG .

194
120
1E8
318
1€9
31
41

(2%

@
a

Q@
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DAY 182
DEPTH

5
15
25
35
=0
75

100
1s0
175

CAY 197
DEPTH

5
15

2¢
35
49
73
97
146
170

DAY 211}
DEPTH
5

18
25
34
47
71
94

141

1€§

DAY 225

STATION

TEMP

270
2669
2649
27 <0
271
25.7
2,0
22 .8
20,9

STAT ION

TEVP

2646
26.7

2€.8
2649
270

2€e8 "

2545
23.4
21 «6

STATION

TEMP

2644
2€.4
264
2€.4
2€.6€
26 .4
2.5
24.3
23.0

'STATION

TEMP

2€.0
2€40
261

2€e 2

262
2€a.6
2€.1
2445

£23.3

»
Al

27 23 DEC. 1974
SALINITY 4 SIGMA-T
34,7€5 22.58
364 4806 22.63
34,824 22«64

355192 22.88 ¢
35.€78 23.22
36.658 24440
36..832 24.75
36921 25%47
3€.846 25.94
29
SALINITY S IGMA~T
354268 ~ 23.07
35,354 23.10
35.§§§ 23.07
354590 3621
35.698 23426
€< 2E7 23,85
36 «89 24 .64
37.0290, 25,38
364910 25 .80
31 21 JAN. 1975
SALINITY SIGMA-T
25,162 23.05
35.165 23405 *
35.1 23M6
35.18% 23.07
35.480 23,20
36310 23.92
36.550 24,68
364962 25 406
36.911 -25440
i
33
hY
SALINITY SIGMA-T
34.997’ 23.05
364.965 23,05
34,992 23.02
35,226 23.16
35,238 23.17
364203 23477
364567 26420
364795 -4 24,87
3€.EE7 25. 28
L
&

- 1

SECCHIZ 31V

PHAED-PIGa

«0C
«02
«03
«02
e 04
«19
e1l9
« 08
<02

CHL-A

.06
«06
.04
«C7

L eQ7
a16
e15
.02 |
.02

7 JAN. 1975 SEQCHI: 24M

PFHAEO-PIGa

«08 .
.04

«09
s 0E
«10
el7
$ J1€
« 048
ND

-

SECCHI :
PRAGO-P'IG«

el4
13

elS 4

el1
v e22
e2€
ell
«0€
IQO‘O- .

CHL-A

16
' «17

21
.25,
«25
el4
«CB
e 02
nD

23 M

CHL-A

e 32
«26
22
«28
18
o111 .
« 02
«C2
«01}

4 FEB. 197&% ISECCHI: 27M

PHAEQ=PIG.

«09
el3
16
ND.
el8 -

«20

el
«04 -
e« 05\

»

CHL~-A

325
.28
~44
AD
29
«10
« 05

«02
« 01

JRICHO
214

229

92
106
100

26

14

2
£7

TRICHQ

642
1355

658
869
7<3
42
20

IRICHY

2802
1525
2219
1070
1143

T OmmnO
wew
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Cay 226

DEPTH

d N e
th Anrh

‘ 49
73
o7
146
> 170

S DAY 254
DEFTH

5
15
25
35
€¢
75

100
1€90
175

DAY 267

DEPTH

0 5 .
: 15
, . 25

H

as,

\ 50

74

‘ 98
147%

; 172

DAY 281
DEPTH ,

Joo o utitnm

-
- s ot
~N G-t LIy

Y

STATICN

TEMVP

25.3
2%.3
25.3
253
2543
2543
25.2

.8

234

STATICM

TEMP

‘2842

25.2
2c.2
251
2%e1
25.1
2543
23,2
22.8

STATION

TEVP
25.2

2.2
2562
2%42
25.2
25.2
24 .9
2246
212

STATICN

TEMP

NNV RN
£ O acn
(3
14
N

nNn
N
e

W

’

. 221
Y
/
¥ . hd
!
35 15.FEBs 1572 SECCHI:’ 1GM

SALINITY SIGMA-T PFAEO-PIG. CHL=-&  TRICHJ
35,972 24 .00 .02 .04 z7
15,5E5 24401 .05 .10 €9
36.003 24 .03 .08 o1l 42
2€.C43 24406 o12 .13 23
2€.015 24 .04 «0E celb &7 -
36.CE83 24 .09 ° .05 «20 37
26.0E7 Z4.12 .04 .C2 7
36.547 24,28 .11 . .17 3
36,565 25402 .0€ » 03 0

, \ \
37 5 MAR. 1975 SECCKI: 27M

SALINITY SIGMA-T PHAEG-PIG. CHL~A  TRICHO
26,156 23.42 .08 e10 522
35,210 23.46 .03 .10 765
25,2€0 23,51 +0S £ .08 786
35,331 23.58 .01 .28 1166
35,626 23.80 .05 .11 84
35.881 24,00 e1C 021 13
264525 . 26.42 .15 .16 86
27.042 . 25.44 .03 s 01 . 7
36.913 25.46 ND ND 14 .

35 18 MAR, 1975. SECCHI: 3Gp
e ” 13 % .

SALICITY .SIGMA-T PHAEQ-PIC. CHL-A  TRICHO
35.215 23.46 .03 . <08 174
38,236 23.48 .02 .08 224
35.232 23.48 .03 e CS 225
\85.267 23490 «03 - 09 334 v

. 25.841" 23.632 .07 o14 1C1 .
36.292 24,28 .05 .18 6
36723 24471 17 o1l o
36.957 25455 .04 «02 0
36.876 25, 88 .02 e 01 1

41 1 APR+ 1975 MsECCHI: z7M
A -. -

SALINITY "S§GMA-T PHAEQ-PIG. CHL-A  TRICHO
M.7467 23.'05 ¢ .02 .07 349
36,945 23.20 .05 ell 654
354308 - - 23.50 .02 .16 1178 '
35.€7 2381 .04 16 913
35,7435, 23.90 +05 .10 4ze
3B L ED 24.03 . 05 pl2 147
36.012 26,19 .10 e CG 111
37.215 25446 «1Q <03 7
36,867 25«57 «02 . C1 ‘ 0

P '
. v ",
R
qQ
A &
7 '
/ !
./ S - -
- * .
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DAY 298  STATICN 43 18 APR. 1975 SECCHI: 19W
DEPTH TEMP SALINITY SIGMA-T PHAED-PIG. CHL-A  TRICHO
. 3 25,7 35.040 23.18 . G3 «10 663
, 15 ND 35.027 ND <04 e12 642
25 ND 35.0€1 ND «05 el1 1063
24 NEC 35.053 ° ND Y- o12 650
47 ND 35.577 ND e15 .08" 247
71 ND 26.282 ND e 1C o1l €2
c4 ND 36.965 ND <20 e10 73
141 - ND 37.041 ND - 06 . 02 0
166 ND 36.874 NC .02 .01 3
I3 [N
; DAY 309  STATION 45 29 APR., 197% SECCHI: 18N
. DEPRTH TEMP . SALINITY SIGMA-T PFAEC-PIC. CkL-A  TRICHO
i R N 1
by 5 25.7 34.180 22 453 «03 «10 2¢e6
; .15 25.7 34,300 22.62 « 05 o 14 342
: 25 2547 34 .487 22476 08 14 ess !
: s 2.7 4.8643 | 23,03« .10 .16 513
50 ! 25.5 6.428 24,29 .12 .13 24
75 2.4 36.576 24.73 .20 .08 3s
‘ - 100, 25.4 27.026 24477 1€ -C7 3
: 150 23.3 36.628 25410 «0€ .02 0
; 175 22.0. ND ND .02 .Gl 1
£ - - [
! oAb 323 sTATIEN' 47° 13 MAY . 1975 SECCHI: 22M '
DEPTH TEMP SALINITY SIGMA-T PHAEQ-PIG. CHL-A  IRICHO'
. . )
i 5 2€e1 384147 22.38, .06 .18 1462
! . 15, NO' 344240 - ND «04 25 ®i1650
: 24 ND 34,471 ND .04 - e32 2212
: . 32 ND 344758 . ND .07 . «28 2304
y 42 ND 354543 ND 12 .24 7§h‘,
T ND 3E.67¢C ND o13 e10 6
. . . .86 ND 364513 NC e1€ «CE ST
: 2 § 129 ND T 37.116 ND .05 .02 1
N 151 ND 37.159 P .03 .C1 9
. : * - 4 B hd \
: L DAY 231  STATION 48-1 21 MAY 1975 SECCHI: '19M
; - DEPTH TEMP SRLINITY SIGMA=T PHAEO-PIG. CHL-A  JRICHQ
[* 5 26 .3 23.060 T31.s2 .Q7 .4 .25 1174
o 2s ND 33.270 ND .15 ° .27 1285
, 50 ND 35.710 « ND .18 .23 a3
. {
| { ) . .
. DAY 331, SURFACH STATIGNS 21 MAY 0075 '
. ’ -
’ STA.# TEMP S¥L. SIGMA-T ﬁﬁAEO CHL-A IRICHD SECCHI FOREL
1 " 48-2 2643 33.063 21.50 /.07 .24 ND NO NDC
' 48+3 2643 33.0G5 21453 .04 .22 ND ND  ND
. 48-4 2643 33.075 21.52 .07 .28 NDY ND ¢ NO
48-5 26.1 33,1563 21 .65 004 24 ND ND ' NR -
. 48-€ 2641 33.273 21.70, .08 .28 ND NE N
(:; AB-7 26.2 33,557 22.22 .09 .25 ND ND N
4 48-8 2643 32.,£31 21 .86 1006 18 ND ND  gND t
[ . '% . : . “
\ \h ‘ ::

Y i
- resge IR

s T SN TRE T
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C

e

R

e e v

gL DRI

48~ 2

SECCHI: 1a&W

PHAEO-PIG.

«08
=11
18

CHL~A

» 15
e 32
27

seccHi: 28y

PHAEO~PI

«0E .
+14
«08
«0E
12
o1C
«03
«+ 02
02

SECCHI
PHAEOQO~PIC.

.04
.04
( «07
«05
«0E
22
.04
03
.02

SECCH+T2

101 ’
Q&
«01
«e 04
«05
«01
«Q2
«01
*«0 1

Q

A

SECCHI ¢
PHAED-PIG.

o~

DAY 231 STATICH 1 MAY 197S
DEFTH TEMP SALINITY SIGMA-T
4 2€.3 22,670 21 .96
2z ND 33.670 ND
44 ND 354400 ND
DAY 237 STATION 49 27 MAY 1975
DEPTH TEMP SALINITY SIGMA-T
5 A NO 33,382 ND
15 ND 33,348 NC
25 ND 33,344 ND
3a ND 334416 ¢ NE
47 ND 24,912 ND
71 ND 354956 ND
S4 ND 364883 ND
ta1 ND 264935 ND
165 ND 36.868 ND
' v N . -
DAY 351 STATICN 51 10 JUNE 197%
DEPTH TEWMP SALINITY 31GMA-T
5 ND 34.363 ND
15 ND 34,4881 ND ‘®
24 ND 34,583 ND
34 ND (34,650 ND
45 ND 24,721 ND
€7 ND 364041 ND
90 . ND 36.822 ND
135 AD 37.055 ND
157 . ND 36,735 ND
*
. N ~
DAY 366 STATICN 53 24 JUNE 197°%
DEPTH TEMP SALINITY  SIGMA-T  PHAEO-PIG.
5 ND  33.165 . ND _
15 0 334225 ED
2% ND ¥, 33,655 0
34 NO + 34,613 ND
49 ND 35.820 ND
732 ND 36,070 ND
97 ND |,  36.566 NC
146 ND 364514 ND
170 ND 36,435 ND
N, . .
DAY 375  STATICR sp 8 JULY 1975
DEPTH TEMP SALINITY SIGMA=T
5 ND 33.835 .ND '
14 ND 33.844 ND
24 ND 24,137 ¢ v ND
3z ~D 34,677 + 'NC,
48 ND 24,849 ND:
71 ND 35.826 . NO
65 ND . 3€,321. . ND
143 ND © 364897 ND
166 ND 36.714 . ND=*
. s x:me_.m,:m’: £

™y

CHL-A

-al4
« 08
=14
« 25
23
«13
«02
« 2
«02

27m i

21M

21

»

-~
s "‘.QQ;EQ; TR fai\ e -
ctrnd mmi% :,‘:‘?f.,’

L AT Y e

NS TR i

CHL ~A

-

OONDMm=»wAnO

&6 g s 5 4 8 0

-t

v
CHL=-A

+ CS
« 07
«C7
s

»C

23
« Q2

RN,

G-~OT_

Taas

cCt
1568
. - 388

——— R

2172
1774
1813
1211
221
"19

O~NN

-
[py]
o=
TR
2

1.

v o (1} (s
= h (LN (3 (D
PocoupNOUI~ |I

b=
[¥s]
(]
Ix
10
’

‘Wo®
Nl v e by

—

9
7
i
6
1
. '
0
0
Y

JIRICHO "




DAY 332

STA.# TEWMP
2741
271
27 3
272
27 .2
27.2
271
271
27 2
27.2
27.2
2762
TeZ
71
27.1
27 .2
272
272
27 .2
27«4
27«4
2743
27 «3
273
2743
272
272
275
275
2745

b s T gt ok bt s bt g S
DQENOMAPLPULN~OOONMUN SN ™

Y]
(=3

-
+

T 2y e (. NSRRI LT o N
&
NN
~N O

F

SAL.

32.360
333220
33.320
33.2¢€0
33 .250
33.220
3%.220
33p CEC
¥F7.140
3F.120
33e0¢C
33 .050
332.C20
32.5E80
32.530
32,970
32.G910
32.8EC
32 .910
32476¢C
32.7E0
32.73C
32 .E6C
32.€6C
32e72C
32.750
32.8320
32.910
33.C30
33.140

ASTP STATIONS

SIGMA-T

21 .51
21 e4¢€
21 446G
2136
21 438
21438
21 434
21 428

¢ s 8 ¢ ¢ 0
YO OND VOG-

*

EVEVEVEVI VIV VIV R W )
OOOOQ O 1t b et v

e I N= (MO

r——— e )

21 JULY 167
FHAEQ CFL-ZA
.02 .02

ND D
.03 .08
<04 2
.05 132
« 09 17
.04 ce
.02 <26
«03 «CS
04 .07
02 .05
$02 +C6

-

SURFACE SAMPLES

35¢
N
NG
NC
ND
N\NC
ND
N
ND
60¢C
hD
ND
NC
ND
166
*NO.
NO
ND
NE
. 337
ND
NE
ND
102
ND
ND
nND
ND
nNC
€0C

_!LND
ND

SECCKI

NO
ND
ND
ND
ND
ND
NO
NC
nD

ND

ND
ND
ND
ND
ND
ND
ND
ND
_ND
ND
ND
NO
ND
ND
ND
ND
NO

ND

FOREL

-

-

& T vt 20 gy vt g o Pt 0 ey g
o P gy
}
—t
<

7 vt g vt POt g 1ty ol gt e Pt

-
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DAY 393 ASTE STATIONS, 22 JULY 1¢75 SURFACE SAMPLES
STA.# TEMP SAL.w SIGVMA-T PBHAEOQ CHL-A TRICFO SECCHI FOREL
31 2743 32.8£0 21 .05 D4 .14 450 14 LI
32 27.7 32.G50 21411 ¥ .03 «C5 ND ND ND
33 27.2 32.750 20.99 «02 .08 ND 14 11
34 272 32.74C 2C€%96 .02 «10 NE ND. NI
35 27.2 32.720 20.97 «02 .08 114 20 1v
36 27.2 32.800 21.02 «02 «07 NE ND NE

37 27.3 32.8C0 21.0C .02 «10 ND 19 ITI-1V
28 27.3-33.000 2115 <01 .02 (' ND NC
40 27.3 32.740 20.95 .03 « 06 427 15 Iv-v
41 27.F 32.72C 2C.94 .02 .07 AD 15 1V-v
42 27.3 32.630 20.87 . +01 «06 ° ND ~ND ND
43 275 32.650 Z2C.82 «02 - CS 272 15 I
‘44 27.5 32.63C 20.81 .01 .C8 ND ND - ND
45 "27.3 32.6EC 2C.91 «02 «08 (Y 18 I11-1V
46 27.32 32.72C 20.S4 206 o148 ND ND ND
DAY 394 ASTP STATICNS 23 JULY 1975 SURFACE SAMPLES
, . L
STAa# TEMP SAL. SIGMA-T PHAEQ CHL-A 131§¥g SECCHI FCREL
5
50 27e1 32.6EQ1% 2088 .02 el4 441 15 Ir1
51 27¢1 324770 “20.94 = .05 .15 ND ND +ND -
52 27.1 32.640 «02 .12 NC 20 I1I-1V
Y B3 P27.2 32.8320 +04 .18 ND ND ND
54 2742 32.530 02 11 NC . 16 11I~-1V
55 273 324110 «02 .ce LYY} NO ND
SE 27.3 32.%10 .01 .11 NG .19 Irr
57 27.8 32.860 .01 - 06 ND ND NC .
S8 275 324860 .04 «10 ND 19 Inr
© 59  27.5 32,E3C .03 . CS ND ND NO
60 275 32740 .03 «08 466 . 18, I1t
61 27.5 32.71¢C «03 .C8 AT ND NC
62 27.8 32.720 «02. «C7?7 ° ND 15 IT¢
€3 27.8 32.77C © «05. el NC - NC NG
64 27.6 32.78C <06 .13 AD 16 1V
DAY 407 . STATICN 59 & ALG. 1975 SECCHI: 20M FOREL: III-1IV
DEPTH TEMP . SALINITY SIGMA-T PHAﬁgiPIG. CHL-A IRICHQ
s 27.8 I2.247 20.41 .01 13 7¢a
25 ND 33,437 ND . .03 °17 510
, 34 ND 34,407 ND 032 o1l 330
48 ND 354231 ND «04 «11 60
72 ND NC \ ND . el4 o 11 © 43¢
9E D 36.775 ND «05 «03 15
144 ND 36,773 ° ND «02 C + 01 1
168 ND 364469 NC . «01 «01 6
‘k [
{
. ' 3 .
N ?
P - i
Q @ . ) . . A
. . . !
- - . - by “_. L {"
: 8 R A B L
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STATIGN 62 25 AUG. 1975 SECCRI: 25V FOREL: 11

TEMP SALINITY SIGMA-T PHAED-PIG. CHL-A JRICHO
2841 22,219 21.05 » 032 .CH 205
28.2 33,393 2l.14 03 «07 283
. ¢ 28,3 34,042 21460 « 05 . + . 434
27«9 35.282 22.66 «06 ¥ .10 3
2740 35. 856 234 328 10 .20 3
25.3 36.834 24 465 .08 e CH . 0
23.8 36.730 25403 .04 .04 0
15.2 36,366 ™ 25403 . e02 « 01 o
P 17.1 36.9E0 27 .03 +03 «01 0
t stATION €9 15 OCT. 197% SECCHI: 3CM FOREL:- II -
k = ]
. TENMP SALINITY SIGMA-T PLAED-PIG. CHL-A IRICHO .
ﬁ 28.2 344573 22.03 «03 0% 2e6 ¢
' ZE€a2 24,629 » 22407 .03 w06 181 ‘
. . 2842 34,629 22.07 «04 «C6 126
, 26842 24,630 22. 07 .14 .04 3
' 2841 36.950 23485 $0E «C1 1
78 2€.5 36,372 23.93 «03 <01 0 . r
. . 100 24,7 35.657 23495 .02 » Q1 0
- 150 21.4 364152 25,28 .02 «00 0 .
! 175 16.2 35.571 25462 .02 « 01 0
. DAY 501 STATICN 72 7 MNCVe 1975 SECCPRIZ 28M FOREL: 1 -
. -~ ‘ r
- DEPTH TEMP . SALINITY SJIGMA-T PHAED=PIGe CHL+A IRICHD . .
. . - o T~ -
S 2746 .35.0€2 22 b5 .01 .04 125
) 15 2746 35.070 22460 “ ND ND . ND -~
‘ 25 27.6 35,158 22.656 «01 «03 191
; 35 27.1 35,110 22.79 .01 +Ca " 1,70
: 50 26,3 36.264 23.91 +03"™ <06 . 22
{ 75 28.3 37.0€2 24,84, .12 -« CH g” 0
i 100 24 .5 37.162 25.15 02 +C3 0
g 150 2242 . 3. BEG 25.61 « 01 « 01 0
' 175 19.4 364276 25.91 01 «C1l | 0 .
i ‘ ‘ ’
5 DAY 534 _ STATICON 77 10 QEC. 1975 SECCHII 25M  FOREL: I
§ DEPTH TEMP SALINITY SIGMA-T PHRAEQO-PIGs CHL-A JIRICHQ
i - . A .
[ 5 274 35.649 23.10 , .02 -CE 239
| 15 27.4 35.655 .23.10 -. .02 ©e 07 231
‘ 25 27 .4 35,6€4  Z23.11 <02 «C7 ND
! N s . 27.4 35.664 2311 «08 «Q2 ND .
50 7ed 35,7CS 23.14 .02 «CS a6
75 7 o4 354734 23416 “ 2023 «C8 z2
106 27.2 36377 23.71 25 el2 .6
» 150 25.3 36.807 24 .63 «12 «C7 6
175 22.0 37.097 25.83 .02 ‘.02 0
' L ¢ ¥
h} b \ * \ .
\C 5 ! “ o
: . L . Q\ -
" k '/
. ‘ )
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DAY. 5n4

" DEPTH

23
45

DAY 574
, STA. #

83—
- 83-3
83 -4

DAY S7¢
DEPTH

Q

S
25 °

. 50

gl et R

o 0 it

QDAY 574

R

~

STA. #

»®o

[RRSTR N}

PO
®NM

DAY 59¢
¢ DEPTH

S
45

4 :
34
49
73
Q7
146
170

-0

=

.

0 T

W
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STATION 82 9 JAN. 1976 SECCHI: 19M FOReL: 1
TEMP SALINITY SIGMA-T PHAEQO-PIG. ;gfL—A’ TRICHN
2€.4 35,540 23.34 .08 , b ©  55%
26.4 35.544 23.34 « 07 =~ .18 1330
26.4 35.547 23.34 ° .07 .20 1131
2644 25.547 23,24 .07 . .18 742
264 35,549 23.34 « 09 17 402
26.4 35.651 23.42 .10 17 318
26.8 364397 23.85 .16 16 aga
24,0 35.579 ., 24.10 + 09 .15 422
22.7 35,652 24,83 .09 ' .18 485

STATION. 83-1 19 JANs 1676 SECCHI: 20M FORELL;2

: |
TEMP SALINITY SIGMA=T pHAjP—pIG. CHL—A  TRICHD
|
2641 35,579 23.46 Joz « 0S5 123
26.1 35,582 23.46 .03 «03 164
2641 35,583 .46 + 04 .05 213
26,1 35.582 23.46 .04 ~048 1160
- hd ) / Pe
SURFACE STATIONS' - 16 JAN. 0076 J
'TEMP SAL. SIGMA-T PHhAEQ CHL- IRICHQ SECCHI EpEL
26.1 35,604 23e4¢€ +05S 08 125 ND ND
26,1 354615 23446 05 °  Jos 275 ND NDL
26.1 35.4925 23.51. .04 14 139 ND ND
STATIGN 83-5 19 JAN. 1976 SECCHI: kr8M- FOREL: 1
TEMP SALINITY -SIGMA~T pHLEonxG. CHL=-A IgﬂgﬂQ\
- a I
2€.1 35,678 23.50 " .04 .12 73
2641 35.704 21.55 .02 22 fsa
26.1 35.642 23,51 «03 «20 a3
2641 25,632 23,50 - 04 s 14 loB
SURFACE STATIONS 19 JAN. 0076 /f .
1. 5 '
“TEMP SAL. SIGMA-T PFAEO C(HL-A TRICHO SECCHI FOREL
‘o 1,
$06 W16 212 NO ND
26e1 35,705 23457 <06 c13 281 NDg  ND
26.1 35,618 22.50 08 b Co ND D
CEel 35.656 23.52 . L 0f :

STATION 87 210 &a€B. 1976 SECCHII, 25M FOREL: 1
TENP " SALINITY SIGMA-T PHAEO-PIGe CHL-A  TRICHO
25,8 34.8E5 23.03 .02 .05 ' 31

% .0 ' 35,108 23.14 .02 « 09 ND
> 35,257 23.21 .01 ) «07 . 43
G a 35.274 23,322 .02 .07 63
26.1 35,999 23,78 + 05 P11 3 .
2545 36,770 24,54 12 .18 1
2344 37.053 25439 13 .08 .3
21.7 37.350 ° 26.11 « 05 .05 7
21.7 37.368 26,12 .03 .06 )
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) . DAY A£27 STATION. 90 % 12 -MAR. 1576 SECCHIT 27M FOREL:I'TI
DEPTH TEMP ~\ SALINITY - SIGMA=T PHAEQ-PIGs CHL-A -TRICHO
. s 7 28,3 34.607 - 22457 .04 .09 861
. 14 25.4 34,670 22499 +09 .14 169
. 23 25.4 34,987 23.23 <07 12 ND
r - . 33 25 w7 35,058 23.16 « 09 o1l 106
42 28%.5 36,916 24 .86 ‘09- + 04 1
: 63 26.2 37.072 , 24.55 .06 <02 4
84 2441 36.887 <.25.,06 W05 . .01 ° o
. N 125 20.8 36,112 2541 .02 « 01 - 0
N 146 22.3_ 36,043 29‘.9‘}\4 « 0} « 01 0
. DAY 651 STATIEON 96 15 APR. 1976 SECCHI: 24M FOREL: 1T
“ DEPTH ~ TEMP SALINITY SIGMA-T PHAEQ-PIG. CHL-A TRICHD
N | - / -
! 5 26.5 34,331 22.326 «03 .10 643
" -~ 14 2645 25.810 23,51 .09 .10 70
: o 23 26.5 35.811- 23.51. e11 12 24
j 33 26.5 35.836 23,53 .08 . “ell, 10
42 2645 35.899, . 23.57. » 09, 19 . 0
' 63 26.4 36.010 23.69 - «10% .18 0
~ B4 2643 3E.3EH 24.01 ¢+ .09 «03 0
. . 125 22.0 36.563 T 25.42 .02 «01 0
) [ 146 20e9: 360525 | 25.70 .03 «01 0
: ‘ o - - e C .
bAY 592 STATICN 100 14 MAY~' 1976 SECCHI: 14M FOREL: V
" ° DEPTHy TEMP SALINITY SIGMA-T PHAEO-PIGe CHL-A Iglgygb
v . 5 2741 33,550 21.€5 .03 .. .18 - got
3 3 15 2741 33.594 21 .€5 .00 . k22 > ND
b . 25 27.0 34.081 22.05 .03 3 746
{ 33, '27.0 35,741+ 23.20 .09 ° .31 a7 -
DT 48 270 35.872 23.40 210 $33 2
H 7. 71 2Te0 36.011 23.50 B «08 156 fJ 0
‘4 93 264 36.014% 23.66 .13 > a 0
. . 143 23,2 36.621 2%.12 / & ND ND 0
P 166, 22.3 36.943 25,63 ;ND ND ND
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3 JULY 1974 .
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4
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8

7
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e (‘ " 8KM STATICONS “ ®
\D DAY ©  STATION 2
DEPJH TEMP
]
o 273 33.815
' ) NO 334937
) L0 “ND . -</33,983
DAY 15 STATION 3 ,
DEPTH TEMP SALINITY
. 0 27.5 32,613
5 27.5 - 32.626
10 275 32,678
. 15 27.4 32.688
. 25 27.1 33.748
Y ) A ‘
-t DAY 22 STATION 4 1
‘DEPTH, TEMP SALINITY
. 0 27.7 32.664
5 ND 32,7€4
10 ND 32.802
- 15 - =Y ND 33.010
25 ND 34,244
; DAY- 29 STATION 5 2
N DEPTH TEMP SALINITY
0 28.0 32.565
' 5 27.9 32.587
. 10 27.7 32.667
Y. 15 27.6 . 33.164
25 2703 A 3?0572
DAY 34 STATIAGN B 2
. - DEPTH TEMP ¥ SALINITY
0 28,0 32,921
5 ND 32.947
10 ND ¢ 33.005
- 15 ND 33.250:
25 ND 34,140
DAY 44 STATION 7
DEPTH' TEMP SALINITY
0 27.9 33.243
5 2749 33,398
N 10 27.9 33.517
< 15 277 33.585
- 25 27.6 33.590 -

L)

_SALINITY ‘STIGMA—T

21.75

PHAEQ-PIG. CHL-A

« 07
ND « 06
NQ « 06 | -

JULY 10974,

SIGMA-T PHAEO:PIG.
20.79 .03
20.80 P
20.83 «11
20.87 e13
2177 15 hd

JULY 1974

ae

s

.07
e10
09

'CHL-A
\
« 07
.« 05
. 04
e10
.16

SIGMA-T: PHAED-PIG. CHL-A

20.76 . «09
NC , «13
ND , =03
ND « 05
NG - ND
JULY 1974

SIGMA~T ' PHABD-PIG.e CHL-A

2059

v

.

o

.03
20.€4 ¢ - 04
20.76 .04
21.17 .07
21.57 .12
JULY 1974 oo
SIGMA~T PHAEO-PIG.
20,86 .03
ND < L6l
ND Y .00
ND .02
ND .05
AUG. 1974

SIGCMA-T PHAEQR-PIG.

21.13
21425
21,37
21+45
21.49

.

«04
«03
ND

- «03 -~
+ 09

« 06
.07
. %5
.15
NO

.

CHEL -A

+11
14
«18
- 17
-14

229

IRICHD

]
3€1
374
882

ND

© Ir1CHO

> 628
1444
1334

.

IRicHD

312
406
68s
440
411

-

Bkt e
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DAY
DEPTH

u‘,f\;»—-v—
COUNNOUNS

DAY 71
DEPTH ~

I pe >
OUTBO NO

DAY .78
DEPTH

f\).—i’b‘
NNONIOo

DAY 25
DEPTH

D) * e
NOoC o

ey

STATION
TEMP

STATION
SALINITY

TEMP

27.6
27.6
27.7
27.8
27.3
26.2

8 11

SALINITY.

“
32,265
32,275
323214
3Z2.370
34.617

0.0

9 21

33.716
32,716
33,747
33.791
34.190
36.0€3

STATION 10. 27

\

e

TEMR SALINITY.
2¢8.0 33,770
ND# 33,777
ND 34.000
ND 34.230
ND 34.3482
ND 0.0
STATION 11 3
TEMP SAL INITY
28.5 33,1680 °
28,5 32,212
28.4 o 33.221
28,3 33.259
28.0 33,324
26.0 36.037
STATION 12 10
Trwp SALINTTY
28,7 33.384
, ND + 33,375
ND 33.389
ND 333432
ND 35,026
STATION 13 17
TEMP SALINITY
28,5 33,495 -
© 28,5 33,498
28.5 33,502
28.5 33,533
28.0 34.001

230

m .
.\ !
Bn . R .
‘ >
AUG. 1974
SIGMA=T PHAEO-©1G. ﬁHL—A TRICHO
20,36 .02 .08 65
ND .02 «08 ¢ 144
ND .02 <+ 09 ‘212
ND . <05 ola 168
ND” « Q7 «1G 196
ND . 02 .10 73
v P
AUG. 1874
’ t
SIGMA-T PHAEO-PIG. ChL-p  IRICHD
21.68 -~ .05 " .18 386
21.58 .04 e 19 478
21.57 . Q7 1A 356
21.57 .09 .14 438
2,2-03 ‘w09 .21 * 238
TENT «10 .14 26
.1 )

AUG. 1974 o . .~
SIGMA-T PHAEQ-PIG. - CHk-A  TRICHD -
21.49 | .03 .08 ' 129
WO ° . 04 .07 - 24
.ND .03 - .Q6 30
ND .04 . 08 120
ND =05 % 09 544
ND .03 .18 3

SEP. 1974 ) ’
SIGMA-T pHAED—RiG.k CHL-A  JRIGHD
N ]
20.89 . +03 . .06 169
2C.91 .03 .07 116
2C.S5 .03 .06 an
21.01 . o 02 « 07 Ta-
21417 .04 .10 410
23,84 .16 .11 s ND
- { . "y
SEP. 1974 e )
SIGMA<T PHAEG-PIG. ,CHL-A  TRICHD
20.56 .01 .08 179
NO .02 ,08 180
ND .03 .08 191
ND .04 .07 . 237
ND i1 15 240"
& L] "
SEP. 1974 : )
SIGMA-T\ RHAEO-PI1G. “ CHL=-A . TRICHO
-21412 « 03 .08 . 91
21.12 « 05 « 09 105 .
21.13 « 06" .03 ND
£1.15 « 05- .09 - 157
21473 e ' « 00 22 228
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DAY 272  STATION 14 24 SEP, 17 SECZHI: 22M -
. DEPTH™  TEWP SALINTTY erMAﬁjE FAFOQ-PIG. CHL-A  TRICHD
-, 0 28.% ¥~ 37.223 20,E6 <01 1407 45
- 5 ND 33,266 ND .02 .08 .. 463
10 ND 33,261 ND .02 .08 . 344
15 ND 33,615 ND e11 .10 343
. 25 ND 35.014 ‘NOC -11 22 72
50 ND 36.088 »  ND .10 .24 83
a ~ 1
’ DAY 101 - STATION 15 3 0CT. 1974 SECCHI: 19M
*
DEPTH TEMP SALINITY. SIGMA-T PHAEQ-PIG. CHL-A TIRICHO .
. ‘ o 28.0 21.28 . 3 ¢ 10 150
. 5 o 28.0 21032 -04 124 08" 226'
1o 28.0 21.25 .03 .08 228
15 28.0 21.37 .03 . 09 170
N . ° 25 28.1 21.35 4 «+ 03 10 139
50 26.0 23.95, P12 «15 9
o
DAY 106  BTATIIN 16 8 0CT. 1974 SECCHI: 21M \ .
. DEPTH ~ TEMP SALINITY SIGMA-T PHAEQ-PIG. CHL-A TRICHD
’ 7/ 0 28.3 34,53 21,57 03  ° <10 614
- 5 ND . 34.54 NG .04 210 . 529
e ¥ 10 ND 34,547 ND +05 o 12 718
A 15 ND 34.571 NC .03 .10 501
25 . ND 34.53¢ ND . .08 .13 904 |
50 ND . 36.250. ° ND .18 17 64 |
. ) . ' . ]
. DAY 113 _STATIONC®17 15 0CT. 1974 SECCHIZ 24M,
5 . ' R g “
. DEPTH TEMP SALINITY \ SIGMA~T PHAEOQ-PIG. CHE-A TRICHO
‘ , . 28.3 34.342 ° 21.82. . 05 © .15 239
5 . 28.3 34.3%5 21.€3 L .09 .18 599
10 28,3 34,350 21.83 « 06 o17 391
15 28.4 34.426 21.85 .04 .14- 257 - J
25 28.2 34.815 2p.21 .06 .13 288 .
35 27.7 35,464 29,86, .07 .25 ND
50 27.1 36.035 23,49 .03" .08 75
s ¢ . . . ~
s 3 ! . a \
o DAY 12 STATTOM 18 22 0GT. 1674 SECCHI: 21w
. . 5 w . - .
, /J DEPTH TEMP SALINITY SIGMA-T PEAEO-PIG. CHL-A  IRICHD
= 5 | 2B.1 - 34,575 22.06 .03 , 10 © 439,
; 265 * ND 34,719 ND <05 - % .15 423
: 35 ND 34,871" ‘NDZ . . .08 ° e11 222
o ‘50 NO .  36.180 ND .07 .07 62
o S , . . /
R “DAY 127  STATION 19 29 0CT. 1974 SECCHI: 32M .
t DEPTH = TEMP SALINITY SIGMA-T PHAEO-PIG, CHL-pA TRICHO .
: . . i ; B BS=2
! q(;‘ 5 28.2, 344576 22.03 .02 * .08 © 241, °
; . 25 28.2 34,603 22.05 .04 .07 130
;oL 3Is g 27.m 34.603 22.18 <03 .09 162
§ 50 271 35.928 j‘23041 «16 . «16 TL89 f
§ S
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134

@

DAY

DEPTH

: 5

- 25

. 35
’ 50

[ ]

DAY 141
DEPTH

4

(G197
onmnm

DAY
DERTH
a T 5
15
2a
32
47
DAY 158

DEPTH

-
2

[4 ROVE )
oA

« 7. -DAY 16?2
DERPTH

-5
15 ..
25
35
50

[
v

DAY 156G

‘ DEPTH

5

15

25

35

l 50

R USSP U
)\

' ..
h 2 \ .

STATION 20 5 NOV. 1974
TEMP  ° SALINITY SIGMA-T
2R.4 34,506 b1.c2
ND - 34.506 ND
ND 35.6€3 ND
ND 364507 ND
STAT ION 21 12 \NCV. 1974

.. TEMP SALINITY SIGMA-T
28,1 34.05Y " 21.67
28.1 34.127 2173
27-7 34.937 * 2204
57.0 36.050 23.5

" STATION 22 19 NCV. 1974
TEMP SALINTTY siGMATT
“27.9 34,485 22,06
. ND 34,542 . ND

ND 344552 ND
ND 34,554 4, ND

ND o 364459 " ND

STAT Ul 23 29 NOV. 1974
TEMP SALINITY SIGMA-T
277 34.402 2206
27.7 34,621 22.08
27.7 34,433 22.09
27.7 34,458 22.11
27.6 35.228 22.72
_STATIOM 24 ~° 3 DEC. 1974
TEMP SALINITY, SIGMA-T
27.6 34,526 22.19

NO 34,545 ND
. ND B4 .544 ND

ND 35,460 NT
. ND 36.513 ° NG

8 » v ”

STATION 25 10 DEC. 1974
TEMP SALINITY SIGMA-T
27.6 34,544 22.20
276 34,552 22,21
27+6 36,572 22.22
27.6 34.624 22.26 ,
27.5 34,824 22.45
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"

PHAEQ-PIG.

PHAEO-PIG.,

©

PHAEO-PIG.

3

OO
W

3
[
*
L[ ]

«02
« 02
.o‘
«07

a

» 04
« 04
«06
« 06
«13

+ 03
+03
« Q&
+ 03
c?4

«02
+02
-02
+ 05
« 04

-e02

«03
« 02
«03
+ 05

L

SECCHI
PHAED-PIG.

SECCHI 2
. PHAEQ-PIG,

SECCHI:

SECCHI:

w

1M
CHL=-A,

31M

[ I I 2 )

-0
IR

CHL-A

» 05
«.06
-11
«11

CHL-A

SECTHI :"27»4
PHAEO-PIG. CHL‘_A.'

¢

20M
CHL-A

.08
+ 0%
=12
«16
«18

« 06
s 05
« 07
« 07
.08

« 09
+ 09
« 09
12
«+ 01

34 M-
CHL-A

« 04
« 056
¢ 05
+ 08
»10

W




DAY 170

 pEPTH

5
15
25
. 35
N 50

I DAY 182
DEPTH

5
14
24
33
47

\

- oa

) DAY
DEPTH

v

139

NWn -
camaw

o
>
<

197
. . DEPTH

.. 5 |
15
2 25
N 35
k N 50
{ ' ,
‘ . DAY 20¢
vt DEPTH
5
15
25
. 3s.
50

}
E
i DAY 211
( ¢ DEPTH
! 5
b

\

STATIUN 26

o .

".TENMP

272
ND
ND
nO
ND

~ STATIUN 27

TEMP
271
271
27.2
27.3
274

TEMP

26.8
ND
ND
ND
ND

STATION 29

b

STAT ION 28

F17 CEC. 1674

.
Y

SECCHIZ

PHAEN<RPIG.

02
02
+ 02
+ 02
13

27M

CHL-#

0%
2 04,

.05

‘. «06

«15

&

CECe 1974 SECCHI: 31M »
PHAEO-PIG.

«02
02
+02
+ 04
+ 04

CHL=-A
« 05

« 05

- e 08

.10

o122

SECCHI: 34M

PHAEG~-PIG.

/- -
SALINITY SIGMAST
,34.556 22,24
34,609 ND

34,605 ND
34.827 NG
36.8C4 ND
23
_SALINITY SIGMA=T
34,845 - 22,59
35.007  ..22.71
35.308 22.61
35,402 22,65
35.747 23.17
\

30" DEC. 1974
SALINITY SIGMA-T
354490 23,17
3545128 ND
35.618 NO

- 35,641 ND

35.839 ND

«023

.08 . °

«08
208
«09

&

¥
CHL-A

e 06
ell
.~ 0G

.08

P

.

7 JAN. 1975 SECCHII 21M

v

IRICHD

0y

13

\

<
O N = th
PUO RO

+

IRICHO

386 _
19
55
78
61

IRICHD

113

. 320
353°.
277
377

JRICHO

588
986
706
972 .
529

298

28
- 147 ..
866 \

3¢9

" IRICHO

TEMP SALINITY SIGMA-T PHAEO-PIGe <CHL-A
L2645 35,233 33,07 w04 - .19
2646 35.223 23,03 06" .20
2647 . 35,335 23,09 ~4 09 " .21
2646 35,2 12¢ 23.20 , .10 .32
P26+.6 35-483;§/ 23023 . “el?7 e 2H
STAT IONM 30 14 JAN. 1975 SECCHIZ 26M
TEMP SALINITY SIGMA=T PHAEO-PIG.‘ CHL-A IRICHO
2604‘ 35.274 23014 -05 a1’3
ND 3G 4F] “ND 10 e l4
ND 354565 NE «03 23
ND 35,655 ND “07 .23
ND s 35.886 ND .09 .21
STATION 31 21.JAN. 1675 SECCHI: 22M
\
TEMP "SALINITY SIGMA-T PHAEO-PLG. CHL=-A
26.4 356143 23.04 «10 .24
26.4 354175 £23.06 7«10 «31
2644 35,181 23.07 e10 27
2644 35.181 23.07 «10 .26
2646 35,578 23.30 .29 .27
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a

DAY 2721,
DEPTH '

ADUN —
S g,

-

DAY
DEPTH

225

a

.5
15
25
35
50

DAY 232

DEPTH
S
15
‘25

STATICN 32

STATION 34

TENMP

26.2
ND
ND
ND

. ND

~

STATION 35

TEMP

“SALINITY SIGNA-T. PHAEO-PIG.

TEMP SALINITY®
263 35,283
ND 35,301
ND 3,305
NO 35,301
ND 35.392
STATION 32X
TEMP
2642 35.024°
26.2 35.041
2642 3%T.122
2642 35,130
262 35.186

L

35,958
35,960
35.877
36.000
36.003

F%

SALINITY

35,810
35.989
3€.009
3€.019
36,080

11

SIGMA-T

23.17
ND
ND
ND
ND

01
23,02
23.08

/23,09
/,'237013

-

FEB.

.
23,71
s ND
ND
ND-
ND

A

SIGMA~-T
‘23,85
23.99 -
24.00
24.01

“24005

‘31 JAN, 197€

197

E]

15" FEB..197%

3

SECCHI D 19M

PHAEQ-PIG,

<07
«10
« 14
12

.08

4 FFR,., 1975  SECCHI? 2pM:

B

« 06
« 07
«13
. 20+
. «1Q

SECCHI:
SALINITY SIGMA-T PHAEO-PIG. CHL-A  IRICHN

« 06
» 06
« 08
% 07
* «09

« 056
« 06
« +08
« 08
«10

SECCHI:
PHAEO-PIGe

CHL-A

.28
. 31
«26
¢33
« 31

CHL~A

.84
o 45
e 48
« 50
«39

27w

1
a
5
1
s

NN b =t e -

s s o o 0

1 9M
CHL-A

1
1
1
1
1

O P Urae

” e & 9 3

e

234

IRICHO

37c2
3655
3031
r184

10

rss

20
10
137

. 66,

IRICHD

_ND
ND
ND
ND
ND °

e




