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Abstract 
il 

1 
, . pr~viously reported cyèlical fluctuations 

i~i~hOd~S~~ (Oscillatoria) standing 

s~own ~o o~cur regularly ov~r perio 

e 

have been 

Large 

~umbers of'Trichodesm' d diatoms appear simultaneously at 

arbados f. lowered,sa~inity, and these 

may be up to 1000 km in diameter) alternate temporally 

m ,~e saline plankto~-poor water do~inated by dinofl~ge~lates and 

'ithophorids. Physicad. and hydrological data from a variety of 
1 '. , 

indicate that )he poorly kno~ wav~-like nature of the Guiana 

Curtent nd the westw.rd movement of these rneanders as waves may be . . . 
re~ponsi~ e for the ]!leriodici ty of events at Barbados. Cyclical 

f;uctuatio'~ with similar period can be observed in the data from s~x 

illdepend~nt lankton studies and i t appears tha t the phenomenon / i~ ,... 

./ one of the 'ma t important meèhanisms detertnining plankton species 

abundance in this'area. 

In separate studies of th~ biology of TrichodesmiÛm, sorne 

aspects of the photosynthetic ch~racter of the alga we~e investigated. 

Trichodesmîum compr~ses about half of the phytoplankton biomass in the 

near surface layer off Barbaqos, and contributes nearly the same 
, 

fraction af the prima,ry production' in this layer.~ As Tri chodesrnirun 

c~lonies age, individual cells die and lyse, but do not sink out of 
:- ( 

~the mix~~ layer like ~nicellular plankton. Cellular debris and other 

o~anic material accumulate 'among the ~ving filaments o~ the colony 

~nd become infested with bacteria, fungi and protozoa. Much 

reminer~lization a~ Trichodesmium appears to take place in living 

colonies in the mixed layer • . 
speti~s of dinoflagellatesj a 

naupliar c9pépod utilize the 

Seventeen species of diatoms, three 

prevlously undescribed hydrozoan, and a 
1 

Trichadesmium coloni~s as floating suD-

strates and may benefit from the local supply of recycled nutrients. 
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Résume 

~ ~ 
~e~' ,ÜUC1;pJation cycliques des -piU1ati\ns du cyanop,qyte 

p1anctoniqu~ Trichodésmi (= Oscillatoria) au large de la Barbade se 
\. ~ 

sont manif~st,\és régu~ière ent sur qes pér odes de plusieures ~eés. 
De larges popui~tions de _T_r~ __________ et de diatome~s. apparaissent 

simultanement à la Barbade, ans les eaux de surface dont la salinité 
" \ ~ "" , est legerement abaissee. Ces regions (qui peuvent atteindre un 

diametre de 1000 km) alternent temporellement avec des eaux plus 

salines et moins riches en'p1an ton (dont les especes dominantes sont 

les dinoflagellees et les coccol'thophoreés). Les donneés physiques 

et hydrologiques - de sources var'eés - indiquent que,'ce sont la 
, 

nature ondulueuse,enco~e mal connue, du coutant' de Guyane et le 
" ,~ .:t 

mouvement v&rs l'ouest de cette vague qui peuvent ~tre la cause de la 
;' " "" t periodicite des phenomenes ~l la Barbade. 

1 

f On peut remarquer, d'après les donn~s de six études 

indépendentes sur le plancton,~ des fluctuati9ns cycliques de période 
s.. !,,, /-, 

similaire; il semble que le phenomene est un des mecanismes les plus 
" ,l, \' 

importants qui r~glent la cO'fnposition et 1.' abondance des especes dans 

cette region. 

,> 

Dans differentes études sur la biologie du Trichodesrnium, on 

s'est pench~ plus particulièrement sur certainS aspects dù caractèré 

photosynthètique 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 à pres de 50% de la production 

primaire. ),_pu~les colonie~ du Trichodesmium. vieillissent, les 

cellules me~ent et~se lysent, mais ne tombent pas de là zone de 

m~lange comme le phytoplanctôn unicellulaire. Les débris cellulaires 

et les autres matières organiques s'accumulent entre les filaments 
, 

vivants de la coloniè et sont envahis par des bact~ries, des champignons , 
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et des protozoaires. • 

"... ~,...<., . .'" La remaneralisation du Trichodesmium se fait'en ma]Or1te , . \ . 
1 

1. 

dans les colonies vivantes de la zone de mélange. , 
" 

, ", ... 
Dix-sept esp~ces de diatomees, trois especes de dino-

1T flagelleés, un hydrozoaire incohnu aupar~vant et un copépode au 

st:de nauplius utilisent tous IJs c~lonies de Tricbodesmium comme 

substrat fl:ttant et peuvent s'en servir comme source de.nritriments/ 
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'c" 

He was a kind and generous man. 
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Statement of originality 

. , 

xii 

This thesis represents th~ first recognition of the fact 

that the 'oscillatory variations' of. Trichogesmium standing stocks off 
j 

Barbados, or,iginally' described by Steven et al. ~ 1970), are .actually • 

part of a much more generàl phenomenon, in which the coincident' 

fluctuation of many ,other c;:omponents of the planktonis: regime is. 
1 

~elated to the spreading of low salinity waters from south America. 

The observation that the alternate passage of plankton-rich neritic 

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

related 'EO the wave-like nature of the Guiana Current is also original. 

This phenomenon is of major importance in determining ehe species 

composition and abund~ce of the phytoplankton, sorne of the zoo-

- plankton, and possibly sorne of the nekton off Barbados. 

\ 

Section 3 reports on several ~spects of the little known 

photosyn~etic character d~Trichodesmium and'indicates its importance 

in Barbados waters. The observation that much of the remineralization 
" 

of the algal biomass appears to take place in·the mixed layer is of 

importance in the conslderatio~ of the nutrient economy of that zone. 

The description of the Trichodesmium periphyton is also new, 

as is the recognition tha.t these ~rg~iSinS may affect whole colo~y , 

physiological measurements conducted on the alga. This is the .... 'first 

record of a new genus of hydr?zoan, and of a description of its life 

history. This is also the first note of.the association between 
~" ç .. -; 

Trichodesmium and diatoms and din~agellates. 
, , \ .. 
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1 INTRODUCTION 

prinÎi!l~ production in most tropical oceanic areas is 'low and ' 
. " 

limited by the ;a.vailability of plant nutrients (Sve;rdrup 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'ing frÇlm continuous heating of the surface layers; without hori"-
, " 

zontal transport of nutrients, these water masses may becClme q.;Lmost 

completely'stripped of nitrate and phosphate. As a result, phyto­

plankton 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 (~angersky, in press) ~ Seasonal fluctuations, 

~ which in temperate regions are often the ultimate factor respo~le for 

fluctuations in phytoplankton standing crops,/ ar~ weak and of less 

importànce in tropical regions. The small increases and decreases in 
( 

phytoplankton an~ zooplankton standing stocks appear to be determined 

, primarily by local weather conditions or movement of water masses 

(Sournia, :1:969; Blackburn et al., 1970). 

It is in such impoverished ~;ropical seas that the planktonic 
~J , 1 

_ cyanophyte Trichodesmium abounds. The genus includes a number of fila-

'mento~s and colonial species which JloSelY resemble the freshwater 

Oscillatoria - in facto some authors consider them members of the latter 

genus (Drouet, 1968: so~ia, 1968). The taxonomy of the a1gae, which 
,~ !." \, 

. -., l.S complicated and at pres~ based 501ely on morphological characters, 

is discussed in Appendix 11..1 in' the light of experience at Barbados. 
\ " , 

The 'hydrographie conditions favouring growth of Trichodesmium 

b100ms are not clearly understood. Reports conunonly mention calm, 

sunny weather (Brongersma-sanders, 1957 ;Bowman and' Lancaste,r, 1965; 

,Qasim, 1970iand others), conditians'which will lead to stratification 

of th~ water mass and reduction of vertical mixing. Wyatt and Horwood 

o 

.' 
,.,.. "',-
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~ ~ 

,~,"(l973) c0Itsider such conditions favourable for blooming of motile 

, , 

phytoplankton such as dinoflagellates and Tricbodesmium. (~he latter 
1 _ 

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

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 w~ll supplied with gas vacuoles (Van Baalen and Brown, 

196~), it seems logical to assume this is the case w~th this alga also. 

: , Trichodesmium has been considered characteristic of oligotrophic 

\~eaniC water (Dugdale et al., 1964;Qasim, 1970;Fogg et al., 1973; and 
. f • 1 

hers) and no smaii part of the alga's success in these regions is now 

c ~ide~d by many to b~ due to its apparent ability to fix mOlecflar 

ni rogen. Nitrogen fixation by Trichodesmium colonies has been demon­

st ted by a.number of authors (Dugdale et al., 19&1, 1~64; Goering ~t 
\ ., l ' \ 

al. \1966; 'Taylor et, al., '1973; Carpepter, 197~; Carpenter a~d ~ccax:thy, 

1975 \ Carpenter and priee, 197,7; ..Mague et al-., ,1-974, 19:t-7) and, while 

nitro ,nase activity has nG>t been' demonstrated in' axenic cultures, the. 

eviden ~ from field studies indicates that the alga is probab1y 

respon ·\le. Nitrogen fixation in Trichodesmium is.interesting because 

this gen ~ is one of the few blue-qreens for which nitrogen fixation has 

~een'.demo~\trated that does not possess heterqcysts. In heterocystous 

cyanophyte ;\ the nitrogenase enzyme is protected from oxygen deabti-
\ 

vation in t Jse thick-wal1ed cells, and in other nànheterocystous 
\ . 
\ nitrogen-fix 9 t 

under mlcroae '~~c 
to how f+ichode ~\ 

__________ boryanum) ~he enzyme is only active 

onditions '(stewart and Lex, 1970). 
\ 

The question as 

nitrogen in the oxygen saturated'waters of 

The earlie ~ports of nitrogen fixation by natural 

Trichodesmi~ POPula;\~ ~\were therefore' seriously questioned, and f' 

fixation was assumed to\ e\due to bacteria associated with the colonies , , \ 
" \ 
\ \. 
\\\ 

" 
'~\., 

\\~U _..-.. ___ - _ .. ~ ...... , , 
\ 
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(Stewart, 1971). Bacteria ~ich grow in nitrOge\~ee media have in 

fact been i$o1ated fro~ Trichodesmium gathered from the Kuroshio by 

Maruy~ et al. (1970), and other workers (Carpenter and McCarthy, 1975; 

L. Bor~tad, pers. comm.*), but such iso1ates are apparent1y seavenging 
/' 

contaminating nitrogen, since they do not reduee acety1ene. 

Mueh of the,:~till seant y knowledge of the bio10gy of 

Trichodesmium has cQJne from observat::i.ons of the alga on short cruises ta 
~ 

oligotrophic seas, where experiments were conducted on alga1 colon'es 

drawn from the sea. ~uch experiments suffer 'from the fact that pr 

history of'the alga is not known, and from the fact that many colo 

, / 

/ 
may be heavily infested with bacteria (this study, see Section 4) " Ta / 

date, attempts at obtaining cultures of thé a1ga have been unsucces ful/ 

'(va~ Baa1an,a~d Brown, 1969; Taylor et al., 1973; Carpenter Ind' / 

McCarthy, 1975 i J. S,harp', p~rs. cOmm. t). The report of an lxenic 
1- , r 

culture by Ramamurthy (1970) has been severely questioned, (stewart,1 

1971; Fogg et al., 1973;J.Sharp, pers. comm.). 
'.' 

/ ! 
1 

,!", / 
Trichodesmium has been recognized as the dOrnQnartt phytopl nkton 
--...;.-~~------- l' 1 

in much of the western troprc:al Atlantic, the caribbean/sea and th 

Florida Current (Margalef' et al., 1971; Bjornberg, 197~; Carpenter 

• Price, 197·7), often contributing over 5Q% of the total phytop1ankt 

biomasse Be~rs et al. (1965) li~ewise recorded Tric~odesmium as 

contributing 20 to 40% of the phytoplankton standinJ stock~ near 

Barbados. 1 

During a subsequ'ent study off ~arbadOS/ steven 

( 

also encountered Trichodesmium in abundance and noted regular numerical 

\ * Lorraine Borstad,_ Microbicllogy Department, Macdonald College of McGill 

Unive-rsity, Ste. Anne de B~11evue,-'Quebec. 
, " , " 

t Dr. Jon Sharp, s~rlp;s Institute of Oceanography, La Jolla, California • 
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'fluctuations of th1 alga in 

with variations Of~chloroPh Il concentration at the same dep,ths. 

Examination of other data i~ icated to them that the numbers of 

the surface layer which corresponded ~ell 

'» 
phytoplanktpn excluding TricH desmium were rather stable, a~d th~ 

f Trichodesmium numbers and those of 'j 
chlorophyll led them to conclu e th~t the blue-green was largely 

~ 

responsible for variations o'f c lorophyll. 

agreement between variations 

--------',' in 1972, steven 
, 

(1972~-examined th~se 

chlorophyll apd Trichodesmium data, MathematicaJ. analysis confirmed 

that bath p~rameters fluctuated wi a period of between 93 and 120 

odays, quit~ unlike any other bi6logi The oscillations coula 

not be related to the' annual sol~r cyc e or annual variations i~ the 

hy~ographic condi~ions. ,Variati6ns of day length, surface water 

temperat~~e and salinity are all small in this part of the ocean. The 

water column is permanently stratified and the concentrations of nutrients 

in the mixed layer are tow at all'times. SteveR -and Glo~itza (1972) 

regarded the ~scillations as a growth'and dec?y 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 surfac~ 'blooms'* 

were generated at regular intervals. This suggested to them that the 

alga had "qccess to essential nutrients in deeper water, in 'sufficient . 
quantities to sustain its growth in the impoverisped surface water for a 

* What 
(/ --~' 

St~ven et al. (1970) and others have ~eferred to as Trichodesmlum ' i 

'blooms' off Barbados cannot he compared to,r-ed tides caused by this 

alga elsewhere (Ramamurthy ~t al., 1972; Q~sim, 1970; Wood, 1965;cand 

others) or even the spring blooms in temperate lati~des. The relatively , . 
sma1l increases of the alga are nevertheless s;riking :ompared to the 

,paucity of phytoplankton off B91rbados ",_and the- 'term 'bloom''''will he used 

here in quotes to indicate that it is used only as a relative term 

indicating an abundance of the, a.lga., 

trt " :t t , • ç'k' nt' 'tt b hm • 

" 

1 

f. 
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limited period and that tqe population-collapses when this reserve is 

exhausted". They tentatively regarded the oscillations of Trichodesmium 
,. 

numbers a~ an example of a\{ree~running cycle. 

\ 

- \ In this respect, the\~scilla~of 
. \ -------populations'at Barbados s~~~present-~ excellent 

------ . study the biolo~..o-~e alga. en tnis study began, . -~ 

the Trichodesmi um ~~-:-.--' 
\ - . 
opportum ty to 

little was kilown 

conceiRing the genus as it had b~en'studied very'rarely and seldom 
.. 1::,. t.,,,'. 

;ecordé~in the nonbloom phase. Its ontinuous abundance at Barbados 

and the regularity wi~h which it 'bloo ed' suggested that inforrnàtion 

regarding the caûses of the blooms, else~ere might be available at 
\­
\ Barbados. 

'f 

The studies on which this thesis r~rts arose from Steven's 
"-

work ~d questions p6sed by it. The primary fO\uS of the. research was 

on the apparent cyclical 'blooming' of Trichodes~~ off Barbados 'and on 
1 \ 

the biology of the alga in its nonbloo~ phase. \ 

1. \ __ --'-- -: 

i __ \--

In the initial ,stages of the field~k, seve~al questions 
~ \ 

. ' 

• 

- . 
• 

relating to the numerical fluctuaxl.ons of the alga were "addressed. A ~ 

\ ------------------program __ :~~s temporal varia~ons of the\~e~~-:--------------

.. / ~~i-stribution in relation to hydrolog1cal variables waJ> _ es-câblished so 

. ...--------------------- that long term synchrony, '~e~iodicitY, andam~rrt;d~ of tte variations ___ f .---Y J 

could be examined. This original program was str

4
turèd to p~~vide 

-, 

(. 

intensive data ~ the vertical and seasonal distri ~tiQn of the '~wo 
\ 

colony types, trichome diameters ~nd fil~nt len h, since little was 

known of the vertical distribution of Trichodesmi • ...;~> 
." 

,~~;tt" 
coincident with this enumeration phase which lasted about 

eighteen months, extensive microscopie observations were con~ucted on 

œrichodesmiurn.col~ected from various depths and in different phases of 

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

morphology of the filaments and colonies. These observations drew 
't1t -
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, oattent~on to the fac,!: that some, ,but not aIL, of the algal colonies- " 
\ 

encountered harboured other microorganisms. In colonies not drawn from . 
'blooms', large numbers of bacter.ta and fungi could usually be -found 

embedded in a mueilagin~us material accumulating at the cent~r of the ~ 

colony. A numher of othe~ organisms incl~ing dinoflagellates, diatoms1~ 

and a previouSlly undescri~~d hYdrOZoaJ (Borstad, and Voss, in prepar~fr n) .. 
were alSO~requent}y observed m the Trlchodesmium colonies, and micro-I 

scopie observations 'have allowed description of the relationship betw~bn 
d ! 

the alga and sevèral other organisms. 
,,( 

, " , 

Th~ presence of· large numbers of heterotr.ophs in thr algal 

cOl~nies suggested that many of the ~ichodesmi~ c?1onies ~pcountered 

weré senescent, either slowly dying and providing mineralizable material ~ 
/ 

to the asso~iated microbes, or~leaking large amoURt~!of dissolved 
~.t ..... .4'r 

"" 
~('t , 

, 
organiC" compounds. Studies of the photosynthetic capabilities 2f the 

alga included some invest~~of newly fixed carbon as ------- . ---.. ~ 
weIL ~hesis vs. irradianc~ response 'of the surface near-

_______________ ------s~ Trichodesnu.uxn population. Ro.ugh estimation of the perc~nt contri-

~--------- bution to total" photosynthesis was also possible using data gathered 

, \ 

. . 
during the enumeration pha~e and other published ~ata. 

<, 
In view of the obvious potential fo~ fertilizing the euphotic -, 

zone which the Trichodesmium 'blooms' represent, experimen~s were also . \ 
conduèted <-to investigate the rate and amount of' de composition of dying 

Trichodesmium .~~<.bacteria and fungi. 
~~. t<" 

---' ----------. ----------~------
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2 DISTRIBUTION-OF TRICHODESMIUM AT BARBADOS IN SPACE AND TlME 

2.1 Introduction 

. 
,As described above', the work of steven and others indicated 

'" - : 
,the existence of regularly occurring 'blooms'~ Trichodesrniurn off' 

, 
Sarbados. The following includes a partial description of the physical 

ehvironmertt of the alga anq a consideration of the .factors~controllin9 

the ternforal fluctuati;ns in Trichodesrnium standing stock. Also 

-included is a re-exarnination of published tirne-series studies 

concerning plankton (especially phytoplanktonl at Barbados, and an 

extensive review of published and unpublished hydrographie data 

variety Qf sources. 

l. 2 Methods 
, 

2.2.1 Descriptio~ of stations and physical measure~nts 

f 

~ stations were es~~lished off thé west coast of Barbados, 

at approxirnately 130 12'N, 590 42'W and 1 °12'N, 590 40'W. As indicated 

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

Research Instit~te, in 4tb and 200 rn of water respectively. Stations 

~were located on each cruise by depth soundings and line pf sighb 

bearings. 

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

, 

1 
j 
" 
) 

1 

1 

at about 15 day intervals until Au~st 1975, and at monthly intervals thereafter , -
on the R.V. ~rtlet, operated by'Bellairs R~earch Institute. At 

each station a bathythermograph cast was made to 250 ID using a Mark IV 
\ - -

T~ernoline Recorder, and wate;- sample~ were col1ected in 7 l opaque 

Van Dom bottles for analysis of chlorophyll ~ and phaeopigment 

concentrations, Trichodesmium cell counts, and salinity analysis. 

Depths sampled were 0, 5, 10, 15, 2?, 35, 50, 75, 100, 150 and 175 ID. 
\ Samples at 0 and 10 m were not taken after November le7~. Sea surface 

\ 

. t 
1 

~~ .... - - -..-..--\ -
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Figu~ 2.1 

'" 

Location of stations and occasional samp1es mentioned 
in the texte 

This study: 8 km station (Â )..-; 4 km station ( t:. ) ; 
May 21, 1975 ( 0 ) i Ju1y 21-23,1975 ASTR (e ); 
January 21, 1976 ( <> ); Steven et_ al., 1970 ( 2B) ; 
Sander, 1971 (S, H); Vezina, 1974 (V, P); Partl0, 1975 
(P)\!; Sander, 1977 (H), R. Kidd, unpubi. (R, K, H) i 

c. Ha~kins, unPul:>l. (H). 

~. .. . 
SIDf11 numberS)dent~fY consecut~ve 
same day (see ata,listing). .' 
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,temperature, air tempera ture" windspeed, sea state, Secchi dise .. 

9 

transparency, and general meteorol~g~cal observations were made. After 

July 1975, observations of sea cchour were also made uSil)cj''"a. Forel 

comparator. Qualita~iv~ plankton tows were taken regularly at the ~ 

surface and irregularly at various depths to 50 m. 

Il The 4 km statiqn was visitea a~ weekly ~ntervals, alternately 

from the Martlet on return from the e km station, and from a small ' 

open boat. A slmilar routine was followed except the bathythermograpq 

cast was made to' 150 m and the hydrocast to 50 m. This station was 

visited regularly for 35 weeks to provide comparptive data on the 
• 

distribution and patchiness of the paramete~5 measured • . 
On three occasions, other locations were visited as 

illustrated in Figure 2.1, to provide nearly synoptic data on the small 

scale (30 km)'d~stribution of temperatur~, salinity, chlorophyll~, 

phaeopigment concentration and Trichodesmium numhers around the island. 

On May 21, 1975, a series. of 6 surface samples and two 'short' stations 

(3 depths) were conducted along the northwest coast and north of the 

" island, "in an attempt to establish the distribution of the paramete~s 

in and out of the land lee, and to investigate the horizontal extent 

of a Trichodesmium 'bloom' oceurring at the regular 8 km station,at 

that time. J 

1 ~ 
On July 21, 2~ and 23, ~975, three cruis es were made' to the 

southeast, southwest a~d northw~;t of the Uiand for s~~lar purposes, 

but aiso timed 'to pr0'1ide ground r truth r data for observations of the 

sea surface made by ~eriean astronauts in space during the Apollo 
, 1 

, r' 
Soyuz Test proJect (ASTP). Similar parameters were measured as during 

prev~ous cruis~s for 64 surface sampIes'a~ illustrated in Figure 2.1 • . 
Bathytherm?graph casts to 75 m, and measurements of Secchi transparency 

" 
and Forel colour were made at alternate statio~s.' Drift' bortties were 6 

.. ' " 
.j 

&ffdt'" if 

" -.<" 

• -o.!,. 

,. 

1 
,1 
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,released at approximately l ,km intervals over the entire cruise track. 

A third line of surface samples and two abbreviated stations 

(BT and 0, 5, 25 and 50 m sàmples onlYJ were conducted on January 19, 

1976 to the southwesh of the island to investigate horizontal 

distribution of various parameters at that time of year, and to search 

for a TricQodesmium Ibloom' which historical data suggested should have 
1 

been occurring at the 8 km station at that 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 1aboratory. ~~ediately upon return to 

shore (usual1:y about 1-2 hrs after the "bydrocast), the samples were sub­

samp1ed for sa1inity, chlorophyll ~ and Trichodesmium analysis. The 

sample bottles were slowly inverted several times tmmediate1y before 

withdrawing each sample to reduce errors due to se~t1ing or floating. 

Salini1ty bottles were filled and rinsed séveral times, capped tightly 

and stored for later analysis using ,an inductively coupled Autolab 

Industries Model 601, Mark III s~linometer. Temperature and salinity 

data from the standard depths were used 'to calculate sigma-T, rhQ and 
": 

stability, using,a computer program provi~ed by Dr. R.G. Ingram. 

Measurements of descending irradiance were condùcted on 

several occasions, using a G.M. Industries Submari~~ ,J?hotometer equipped ... . 
with'selenium barrier-type photocells se~sitive in the range 400-640 mm. 

Unfortunately, leakage,at greater depths eventually rui~ed th~photo­

cells and cancelled further measurements .s' Simul taneous Seçchi disc 
, 

measurements allow extrapolation to other ~ate~ masses • 
, , 0 

" 

l 

l 
ï 

'1 , 1 
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The colour of the surface waters was meas~red by comparing 

the apparent colour of the Secchi dise as it disappeared to a.se~ies 

" of coloured solutions prepared according to the Forel-Ule recipe 

provided by Hutchinson (1957). The series of ten colour standards 

ranged from blue to green. Screw cap test,tubes containing the 
.' . 11 

solutions were mounted over a ,white perspex sheet. When held in 
+ 

direct sunlight and viewed from above, the colour standards mat~hed 

those of the sea very weIl. 

2.2.2 Supplementary physical information 

, 
Meteorolo~ical data, including daily total ir~adiance, run 

of wind and maximum and minimum air temperature, were provided by 

Mr. P. Roachford, Chief Climatologist, Caribbean Meteorplogicai 'Insti tute, 
1 

Husbands, St. James. Irradiance measurernents were ~n 'the 0.3-2.0 lJIn 

range using a.Kipp and zon~~ type pyranometer, maunted at C.M.I. 

approximately 7 ~ southeast of Bellairs Research Institute. 

- y 
Hourly values for windspeed and daily totais for percent 

possible sunshine (as calculated using a Campbell-Stokes sunshine 

meter) were aiso obtained from Grantley Adams International Airport,-
, 1 l '" 

courtesy or Mr. D.F. Eest, Chief Meteorologist. These measurements are 

considered more representative of the conditions at se a, since the air­

port is near the wéather coast of the island on a low plateau, and 

little effect of the island is felt. 

/ 
Supplementary information on ~~face prift,c~rrents waS 

oobtained from Nationa~ Oceanographie Data serlvice in Washington, D.C. 

These unpublished data are summaries of layer current velocity 

and direction as calculated from ships' observations. Also 

provided by NODe were data concerning physica conditions away from the 

island. These included a large number of ba ythermograph transects 

., 
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across the 'western tropi,cal Atlantic conducted between 1957 and 1974, 

and complete h~drographic-station data for severa1 cruis'es in the area 

along the Guiana coast. 

, ~ 

2.2.3 Mea'surements_ of pigment concentra tians .. 
One liter volumes were measured out for chloro~hyll anaiyse~ 

and ~ilter~d under low vacuum (not exce~àing 350 mm H~î through 47 mm 

Whatrnan GF/C glass fibre filters. D'ur1ng filtration of the last few 

hundred ml, 3 or 4 ml 3% Mgco3 suspension was added and the sides of 

.the funne1 washed down with a few ml of filtered sea water. Filters 

. were then removed from the funnel, folded in half face inwards, b10ttêd 

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

were then stored at -lOoe over desiccant until ana1ysis. 

Di~fî~ulties in obtaining ~cetone from SUPPf~,fOr?ed long 

term storage of most of the ch1orophy1l samples obtained during 1974 

and 1975. An experiment designed ta study the possible decompositi0I.l, 

of chlorophyl1 on filters during storage (see Appendix A.2) demonstrated 

no significant change of pigment concentration ;or at 1east six months 

--

and probably for periods up to a year .• No corrections have been applied 

to any of the data discussed here, but the r.eader shou1d be aware of 

the poss-~bility that the 1974 chlorophyll values may cbe somewhat lo,w. 

When acetone bec~e available, analyses were carri~d ou~ after 

the methods of Holm Hansen, Lorenzen, Holmes and Strickland (1965) and 

stricklahd and Parsons (1968). Filters were ground to a slurry in a 

few ml of 90% v/v,acetone using a motor-driven Potter Elvehjem tissue 

grinder. After rinsing down the peSitle and walls "Qf the tube with a 

few more ml of 90\ acetone, the vo1umes 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 
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extracts were then separated by centtifuging for approximately 10 

13 

minutes on a swinging bucket centrifug~. After precipitation of the 

glass f~bre, approximately 5 ml of eàch extract were removed by Pasteur 

pipétte and transferred to ~vettes for fluorometric analysis of 

chlorophyll a. Measurements were made using a Turner model 110 fil ter 

fluorometer, fitted with a blue pass Corning 5-60 primary fil ter and a 
( A 

red pass Corning 2-64 sec~ndary filter, in_conjunction with a Turner 
o 

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

co~ination al10wed measureme~t of as little as q.02 ~gm chlorophy1l a. 

The fluorescence (Fb) of the extracts was measured on any of 

the three largest apertures su ch that Fb was as close to 90 as possible. , . 
The extract was then acidified with 2 drops O.IN HCl and remea~ured 

after 5 minutes (Fa). Acidification converts chlorophyll ~ to the 
, . 

brea~down product phaeophytin a whic has a smaller emission fluorescence 

at, the waveleJtgths usediF a is therefor less than-- Fb' Chlorophyl1 ~ i8 

determined by difference (Fb - Fa)' sin Fa is due solely to 

fluorescence by phaeophytin-and~var±ab~e group of other breakdown 

products includi~ chlorophyllide and phaaophorbide. (For a complete 

di&cussion, see Y~tsch, 1965). The specifie acid ratio Fb/Fa used in 

calcuJ:ations will depend upon the configuration ot; th e 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 uti1ized in calculating pigment concentrations, according 

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

Chlorophyll ~(~g/l) = 

• 

(~b - Fa)' Kx DH 
(F b/F a max}-l 

liters filtered 

,." 

'1 

j 

j 
1 

1 

1 
1 
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Phaeopigment (~g/l) 

where: Fb = fluorescence before acidification 

fluorescence after acidification ~ 

maximum acid factor found in nature, or in 

chromatographed chlorophyll ~ 

KX = calibration constant for each aperture of the 

fluorometer (~gChla/F units) 

Di1 dilution factor. 

The K factors were determined by cross calibration with a Gilford 
1 

Model 240 spectrophotometer. Eighty 3 and 4 liter samples were 

14 

extracted in the normal manner and,the~r chlorophyll content~ measured 

spectrophoto~etrically according to Strickland and Parsons (1968). The 

same samples we~e then analyzed on the fluorometer, usua11y after 

dilution with more acetone. 

AlI pigment data were card punched, verified and submitted to 

the'McGill IBM 360 computer for calculation of the basic parameters.­

Acid ratio, chlorophyll~, phaeopigment and percent chlorophyll ~ 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 rno§t historica1 data at Barb~dos) 

will not exactly equàl ch1orophyll ~ and phaeopigment as calculated here 

because of variable interference by natural phaeopigment in the former 

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

~G interfere with the determination of chlorophyll, giving anomalously 
, . 

high valpes for chlorophyll ~ and total chlorophyl1 by bath fluorometric 

and spectrophotometric methods (strickl~d and Parsons, 196Bl Saijo et, 

al., 1969) '. There is no obvious solution to this possilile inter fe~en~e . 

* Repeated attem~ts to measure the accessory phycobilin pigment phyco-
, 

erythrin by the fluorescence method of Moreth and Yentsch (1970) were 

unsuccessful. 

.
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and no corrective measuresohave been applied to insure fluorometric 

measurements were only of chlorophyll a. 

.' \ 
\ 

2.2.4 Enumeration of Trichodesmium \ 
,\ \ , 

15 

\ 

\ 

each depth were concenirated Plankton from 1 liter subsamples from 

for examination by gentle filtration through a sintered glass extraction 

~unnel to about 10-15 ml volume, then transferred to 25 ml " Utermohl 
\ 

,counting chambers. The funnel was thoroughly washed and the rinse 

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

was added' as, a preservative. Counting usually was completed within a 
" ~ week of sampling. 

This cone~ntrating procedure was adopted after trials with the , . 
more familiar sett1ing method revealed that most Tri~hodesmium colonies 

disintegrated ·during the three or four transfers that were necessary 

from one settling ehamber to the next. "'Fe~er colonies were disrupted 

when the filtration method was employed. Pifficulties were also + , "-
encountered with the taii settling chambers when 2% formalin was 

\ 

înitially used as a preservative, sinee the gas vacuoles of 

Trichodesmium were not always collapsed. The algae therefore possessed 

residual buoyancy and could be found at th~ s~rface or only partia~ly 

settled after long periods. This problem has also been noted by 

Sournia (1968). The filtration technique was much .more rapid and 

insured ~-éct;i.on of aIl the Trichodesmium in a water sampie. 
/' 

/// , 

Filtrates were often cotlected and settled, siphoned down, 
. 

and e~amined as a check on 1055 of material through the coarse sinter, 

sinee its effective mesh size was unknown. At,no time, did significant 

amounts of Trichode~ium pass through the funnel. Smal1, sphericai 

cells, less ,than about 251J diamete:r;, and very short fr,agments of 
\ 

Tri chode smi (5-10 cells or less) were occasionally observed, but 
1 

these nevSl:) more than 1% of the total TricHodesmium for 

, 
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those samples. There was probably rather consistent loss'of sm~ll 

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. thiebautii or'T. hildenbrandtii on the basis of filament-- -
diameter and differential staining with Lugol's~odine. Sipgle 

filaments of !. erythrae~, relatively rare at Barbados aÂd ~êry simi+~r 
to!. thiebautii àt low magnification, were not counted separately 

, 
except ~here occur~ing in intact colonie~. The entire battom of each 

counting chamber containing the filtered and settled conëèntrate from 

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

inverted microscope. AlI of the Trichodesmium in single filaments and 

irÎ intact colonies was enumerated. ~ 

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 length observed. The totals in 

each size class were then multiplied by 3/4, l and 1-1/4 respectively 

to'convert the frequencies to total filam~t lergth. , 

Where intact radial colonies were encountered, the number of 

filaments ,per colony was estimated by counting the filaments protruding 

around one half of the colon,)", while focusing up and down to cover as 

much of the sphere as possible. For parallel colonies, the filaments 

exposed at bath 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~th the visible field which was adjusted to 1 mm square. 

.. This method may sound crude, but in practice it worked rather 

well since the microscope depth of field at ~at magnlfication was 

laFge in relation to the colo~ies. When colonies counted'in this 

manner were flattened urider a coverslip, and the number of filaments 

-

\. 
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- ,}­
counted under higher magnification, i~was evident tha~ the techn1que 

underestimated by about 25% ~hroughout the range of colonies encounter:d, 

with an error of ±.' 20-25%. Accordingly, total fila+nent length in each 

colony has beep'calculated by number of filaments per colony x average 

filament length (diameter of radial colonies, l~ngth of parallel' 
\ ',,< \ 

colonies) x 5/4. The mean difference betwe~n 10 duplicate 5 m samples 

gathered at'differ~n~ times during the study was 13%. Recounts of 
~ . 

single samples agreed to within 10% (n = 8). The technique i~ theretore 
• 

considered to be accurate to Jithin about 15%. The more accepted 

technique o'f co~ting filaments encountered in l perc.~nt of the field 
"<r .... 

is mucn faster'and the obvious choice for-studies where the other 

plankton are also enumerated, but it will not be accurate unless 
\ " .. Q ~ 

colonies are completely disrupted. EJWerience during; this. study 

indicated that intact colonies were usually present, and during bloorns 

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

technique could be found which insured that aIl of the colonies would 

always break up without 1055 of sorne cells by lysis. Even long term , 
storage in formal~n would not release filaments' bound in the 

polysaccharide which accumulates around the central portion of sorne radial 

colonies. 

2.3 Observations 

2.3.1 The physical environment 

2.3.1.1 Sea temperature 

The annual march of sea surface temperature off Barbados 

roughly followed that of the air. Wate~s were coldest(25.2oC) in March 

when the mixed layer waS very deep, and wanrlèst (2à.40C) in September ~ 

and October when the pycnocline was shallow, ~ind'velocity was less 
( 

and air temperature was higher;' 

/ 

------_.-.- -
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'The ternperature regime in the upper ISO-m appears closely 

related ta the presence or absence of the brackish s~face layer. The 

'sha11ow thermoclàne' was nearly always situated in close proximity to 

the haiocline, except where the latter was weak. Usually, however, 
1 

density stratificatio~ was strongly deveIope~ and thermal mixing 

occurred on1y to the ha1ocline, 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 ~ow density layer' - the result of 

colder but very low salinity (and therefore low density) wat~ng 
- ~ 

over a more saline, heavier layer. Below the pycnocline, temperatures . .-
decreased more or less uniformly. . ~-------

----------~-------
1 ~ _________ --------

~~ 
------------;-

---------

. 
2.3.1.2 Sa1in~ty 

The seasonai march of surface salinity during 1974-76 is 

illustrated in Figure 2.2, from data coilected during"th1s and three 

other simuitaneous studies (PartIo, 1975; R. Kidd*, and C. Hawkins*~ . 
pers~ co~.). Surface salinity at aIL stations was near 360

/00 at 

the beginning of each.year and~fl~ctuated about a decreasing me~ to 

near 32010~,in August. This irregularity is a common feature in the 

first half of ,the y~ar as illustrated by the wide envelope enclosing 

the published surface data since 1962. The nearly synoptic data 

gathered on short cruises around the island (May 21, 1975; Ju1y 21, 

22, 23, 1975; and January 19, 1976) and the nearly simultaneous 
" 

dat~ from other,locations, further emphasize this horizon~al 

heterogeneity of the surface layer during the first six months of the 

year. 

" -
.. 'After August 10w salinity summer waters 

were homogeneously saline water masses, and 

and Christopher Hawkins, BeIIairs Research ~nstitute, 
'. 

st .. James, Barbados. . 
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" 
Sur~ace l~yer salinity (1-5 ml off Barb'ado~ 1914-1976 at 
locations ~ndicated ln Figure 2.1.- ' 

This sttt:dy: 8 km station (Â); 4 km station ( I::l ) ; 
May 21, ~975 ( 0 ); JUly 21-23, 1975 ASTP ( • )i 

January 2).", 1976 (<» ; Partlo, 1975 (p) i R. Kidd, west 
coast (r); east coast (k) ; C. Hawkins (h)L Envelope 
indicates range of reported sa1inity values previous to 
1974 (Be'ers et al.,' 1965 i steven et al., 19~O.; • Sander, 1971; NODe data) _ 
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maximum surfacè salinities were observed early in the new yéar 

(February of 1975, January all.ct Marth of 1976). In 1974 this usually 

very constant increase was temporarily interrupted by passage of a 

large pool of brackish water with salinity near 34%0. Conditions in 
y • 

1975, however, were more normal, and th,e changing salinities very 
• 

closely approximated~both the rate of i~crease and absolute values 

observed~n several other years. J 
1.-

Regardless cf the changes in salinity of the surface waters, 

, the water' between 50 and 75 m was always close to\ 360 ;~o. In February 

1975, 'when the braèkish su:t:,face waters were absent, this 36°;00 water .' 

d d f b 1 10 h f d d\ h ., -exten e rom e ow a m to t e sur ace, an possesse c aracter~st~cs 

very similar to water masses of the South Sargasso or'North Equatoria~ 

ar-eas. These ~aters were quickly replaced by more stratif{~d waters 

however. Brackish low density waters drivert off the South Amer~can 
~ J-

coast by the Northeast Trade winds slide over the more saline, denser , .... 
waters of the North Equator~al current (Ryther et al., 1967; Mazeika~ 

1973) an~ arrive at Barbados as 'bubblls' or 'pools' of low sa~inity 
water superimposed on a more expansive freshening. The major source 

of this fresh water is recovnized as beingothe ~zon River fSteven 

and Brooks, 1~74), but heavy sefsona1 rains over,the oceanic region 

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

The shallow brackish layer, and the pools themselves, were 

usually weIl mixed and homogeneous. Below this surface layer, 

salinities increased to a maximum in the 'subtrop~cal underwater,' 

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 

particular relation toevent~ at shallower depths. There are notieeable 

increases in the salinity of this layer in data presented by Steven et . " .. , , 
al. (1910) (their Figure'l1)., and the~~,seem to oceur with a period 

- ( 
similar to the plankton cycles descr~ed by them. It i5 probable that ( 

changes in the surface cur~e associated with subsurface 

" 
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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 sa1inity.of the subtrop~cal underwater were observed 

during the present study, but tqese were not as regul~ ~s in _the 

1968-1970 data, probably partly d,ue ta differenc:.es in ~thS .samp1ed. 

2.3.1.3 Stratification and stabi1ity .) 
Sigrna-T and stabi1ity calculated for aIL of these data and those 

from the 1968-7,0 study (Steven et al., 1970) 'showed essentially the 

same picture as described by Beers et al. (1965). During,tne summer, 

when surface salinities are 1ow, sigma-T at 5 m may be as low as 

20.9. ouring the first eight months of the year, there were large 

changes in the density structure and strati:ficatian over short intervals, 

resulting fràm the advection of low sa1inity pools tnto the sampling 

~rea. The very. large temporal'variations of sigrna-T at a giv~n depth 

emphasize the sharp separation of the mixed layer into large cells or 

patches (change~ of as much as l unit of sigma-T were observed at 5 m 

within 2 weeks). At 100 m there was generally less variation of s~gma-T, 

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

10w salinity surface wate~ 

1 
The water calumn was always stratified and possessed positive 

stabilitY'r' but there is a great deal of variation. No perceptible 

trends or patterns could be recognized in these data, excèpt for a 

reduction of atability in January and February associated with 
.. 

vertically more homogeneous water masses at that time. 

2.3.1.4 Solar irrad~ation 

Barbados receives approximately 80% of the irradiation poss~le 

at that latitude, or about 450 1y/day. There are quite smaii day ta day 

um 'b M't'Vtt 
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.. 
variations (± 10%) but decreases to around 50 or 60% possible sunshine 

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

which tropical met~orologists refer.to as 5 day waves (Mr. D:F. Bes·t*, 

pers. comm. and meteorological data supplied by him, not presented 

'hère). Very large deereases (ta 10 or 20% of ,possible sunsh~ne) 

occur~d with greates~ frequency during the fall and winter of 1974-r . 
1975,when almost total overeast was experieneed on four widely 

sep,rated occasions. 

Typical of the daily variations of irradiation are ·those for 

June 4, 1975, which are illustrated in Figure 3.8. Widely scattered 

cumulus cloud was responsible for the short duration decrea~es in 

irradiation. 

') 

2.3.1.5 Light pefietration into the sea 

The irradiance c1imate for Trichodesmium and other phyto­

plapkton near Barbados is summarized in Figure 2.3. The offshore 

'waters were similar to Jerlov's~~968) class l water, that is, the 

clearest oceanic type with very low partiele content. Ch10rpPhyll 

mea~urements in the upper 30 m on these two days averaged O.b7 ~g/l 
, 

(December 17),and 0.15 ~g/l (March 5). On Decémber 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 the 

previous day. The slope of the curve is closer to Jerlov's type II o' 

• 
wa~~ - still very clear but with a greater extinction coefficient 

than that of the of~fhore wAters. This dëcrease in transparency is 

a result of larg~,increases 'in suspended particulate matter close to 
" . 

the island {cf':" 'sander, 1971) including phytoplankton and zooplankton. 

In absolute te.rms, the irradiance received durin,g each of these three 

~ Mr. D.F. Best, Chief Meteorologist, Barbados Government. 
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Figure 2.3 

• 

• 

G ' 

Percent of surface irradiance in the 500-640 nm range 
received at various depths in the sea off Barbados. 
Su~face conditions: calm sea and bright sun on December 
17, 18 and March 5 (3500,.2600 and 4200 arbi trary uni ts -' 
respectively); rough sea and heaVy overcast on January 21 
(600 units). Secchi depth on December 17 and Marc4,S 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. 

, . 

Figur~ 2.4 Relationship between surface salinity and Farel colour off 
. Barbados, July l'975-May 1976. ,Dots reptesent ASTP stations 

(July 1975) in water of more than,lOO m depth; numbers 
represent months during which data were collected after 
July at the 8 km station (January indicated by l, February 
by 2, etc. Regression equation F = 30.03 - d.81 S 
(r = 0.71). Farel Il is deep oceanic blue. Forel IV is , 
an equa1 parts mixture of blue and green. 
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measurements (Oecember 17 and 18, 1974; March 5, 1975) was near1y 

the sarne. Two measurements made on March 5 illustrate the very large 

fluctuations in the irradiance climate of the upp~r euphotic zone ... .., ' 

caused by passing cumulus cloud. Thé % transmittance profile measured 

on January 21, 1975 under heavy overcast ref1ects the differe~ce 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 ob~cured. 

Extrapolatiàn Of,the offshore transmittance to-l% surface 
" -

irradiance shows that the lower 1imit of the euphotic zone, when 
• Q 

defined by this irradiance'level, was'between 80 and 90 m. The 

Secchi de~th (SO) was 23 m on both days and thus 3 x SD, or even 

4 x SD, would be the best measure of the,depth of the euphotic zone 

in the offshore re~ion. 
',' 

ii« 

Ouring most of this study, the Secchi dise disappeared at r'~J 
/ 

depths between 20 and 30 m, except on two occas~ons when it was S~1l 

visible at 35~. No correlation'with other p~~eters measured c1u1d 

be detected, except that on the two days ,ôn wn~c~ SD was greater ~an 
35 m, the surface salinity was near 350 /00. While the depth of th~) 

, 1 
euphotlc zone was generally less, and varied more in the first ha1f 

of the y ar than after ~ugust, there was no correlation be~ween 

surface salinity: chlorophyll, or Trichodesmium with Secchi depth. 

2.3.1.6 Apparent colour of the sea 

Casual Qbservation during 1974-1975 had suggested that the 

summer waters were a much different colour than those encountered 
1 

during the winter months, and conversations with Barbadian fishermen 

and boatmen ,confirmed that variations were indeed observable and that 

they may have biological significance. Barbadian fishermen have long 
~ 
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sought out 'g»een water' in which to set their nets in the belief 

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

The colour of the surface layers, as measured with the Fo 

scale did change appreci~ly, even over short distandes. Duking 

ASTP cruises (July 21-23, 1975) FOLel colour measured at 

stations varied from II to IV-V. After July, 

waters moved in, colour decreased from values aro\md III to lin _ 

November and December, then increased to IV in May of 1976. IFifty­

one persent of the variation of FOREL colour was associata with 

25 

'variatiofls in surface salinity (Figure 2.4). A similar r ationship 

between salinity and sea co1our data was reported by Fuk oka (1965) for 

t~e north coas~ of Venezuela and off the Orinoco River. 

Hutchinson ,(1957) considers the changes in c lour as measured 

by the Farel scale to be primari·ly due ta the presenc'e of Gelbstoff, or 

fulvic,and humic compounds of terrestrial origin. At Barbados, these 

low salinity waters which Forel measurements show to be greener, are 

regarded ta be principally of Amaz~ River origin sinee their silicate 

concentrations are negatively corre1ated.with saiinity (steven and 

Brooks, 1972). Ryther et al. (1967) mention that the fresh waters 

,) encountered off Cape Orange retained a characteristic deep brown colour 

even though suspended particu1ate matt~ wa"f:ery low. The spreading 

of this dii,coloured surface water aeross the es~ern tropical Atlantic, 

to Barbados was observed directly from space raft altitudes by the 

ASTP astronauts, who marked the no'rthern limi t of the discolouration 

as near l3~, about 500 km east of \ Barbados (Borstad, in press). 
1 \ 

It would be interesting ta know if B e known chelating properties of 

these materials are'significant to t e biology and chemistry of this 

large area. 
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2.3.1. 7 Wind 

, Barbados is situated in the Trade Wind belt and experiences 
~ 

generally constant e~sterly winds around 5 rn/sec. In 1974, daily mean 

velo ci tie~ at Grantlèy Adams International Airport averaged 6-7 rn/sec 

from June uatil August (D.F. Best, pers. comm.). 

September winds slackenèd apprec±ably·for a short 
1 

Near the beginning of 

timl then ~es~d 
veloc i ti~s between 3' and 6 rn/sec. : This period of weaker and more, 1 

variable winds continued until January when there.was a slight increase 

in the monthly mean. The range of, daily avlrage velocities during the 

first'half of 1975 was between about 4 and 6 rn/sec. 

Coincident data on wi1d,direction are not available, but 

meteorological atlases (cf. Meteorological Office of the British Air 

Ministry, 1948; U.S. Çhief of Naval Operations, 1955) show that the 
if , 

stronger winds during May through August are about 45% northeasterly 

and 50% easterly. The period of rela'tive calm frorn September to , 
Decernber is~ time of lower barometric pressure and more va.ciable 

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

associated with the'northward' shift of the Intertrop~cal 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 ta the 'south in J'7Iluary, the Northeast Trades again strengthen 

and winds at Barbados increase (in 1975 to around 5-6 m/se~) and a~e 

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 iocations coniirrned this. 

Wind velocity mel1sured at the 8 km station on ten separate cruises was 

9 ± 1 rn/sec (average of five l min velocities rneasured 3 m above sea 

surface). By comparisan, wind velocities at the Martlet mooring, only 

3/4 Jan from shore', averaged 5 ± l rn/sec on these days (rneans of two 

., 

", 

! 

1 , . 
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measurements' - one before leaving the mao;ring and anather after return). 

The differenc between the velocities was highly significant .. 

2.3.1.8 Water movements 

Drift bott1es re1eased during July 1975 trave1Ied northwest at 

a net velocity of 30 km/day, in agreement with similar measurernents by 

Emery (1972). There was, however, no evidence of any large scale 

defarmatian of the water mass into which the battles were released, as 

suggested by Emery. ,BottIes re1eased over the northern parts of the 
c -

cruise track were recovered,from the narthern coast of st. Lucia, while 

thase released further ta the south were found along the St. Lucia 

sauthwest coast. None of the battles released in Januarj were recavered. 

Description of the average surf~ce currents is possible using 

unpublished data made availab~ by National Oceanographie Data Center 

(NODC) in washington. The rnean 'tnonthly sur lace drift veloci ty and , . 
direétion for the Barbados area are summarized in Figure 2.5. During 

the period February to August, waters arrive at Barbado,s from the south-
- . 

east with velpcities slowly inc~easing until July. In September there is 

an abrupt change in direction and, until February, currents are more 

westerly, 

It i5 immediately obviaus that these changes in water rnovements 

are directly related to changes in the zonal wind field described earlier. 

Mazeika (1973) has shown that the surface layer travelled about 400 to 

thé right of the mean wind during the period of his study. During the 

first half of the year therefore, the east-northeasterly winds should . 
be expected to drive the surface layers ta the northwest, and the fresh 

waters from the South American rivers will be carried offshore and 

hence't~ Barbadas. After August, the decrease in ~ind speed and change 

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



Figure 2.5 
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Mean month1y sea surface drift ve10eity (--) and 
direction (--) near Barbados, for the area between 130 

and 14oN, and 590 and 60Dw (from data provided by 
National Oceanographie Data Center, Washington, U .'5.A.) • 
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departure of fewer pools of fresh water from the South . " AmerJ.can coast . 
(the Riyer Amazon dis charge begins to decrease in May) , the 'waters of 

" 
the oceanic region become more homogeneous with resI?ect to salinitY" 

\ 
Beginning in August or September, the predominantly weste~ly currents 

, r '\ 

bring progressively more saline North Equatorial Current waters t~ , " 

Barbados. 

2.3.2 

1. 

Chlorophyll in 1 Barbados waters 

Chlo~ophyll~, as, one of the most important phyt9plankton pig­

ments, is
f 

a good index of phytoplankton standing stock and primary 

production (Lorenzen, 1970). The ratio of live chlorophyll a t. total -, 
\ chloro1?hyll (chlorophyl~ ~ and its breakdown ptodu~tS)*, can be used as an 

indication of the condition of the plankton, since ~ry litt1e, if any, 

phaeopigments are present in actively growing 'blooms' or 1ab cultures 

"in lqgarithmic growth. L~rger amounts G>f phaeopigrnents are present in 
~ ,..;1 i 

senescing, remi~ra1ized or partial1y digested (as in herbivore guts or 

faeces) phytoplankton (cf. Spence apd Steven, '1974; Schumann and 

Lorenzen, 1975). 

At the 8 km station, ch1orophy11 ~ concentrations in the 

surface layer (Figure 2.6) were very low, between 0.05 and 0.1 ~g/l 

during much of the year. These amounts of chlorophyll are similar to 

other stabie systems of low fertility such as the sargaSSO~d the open 

Caribbean Seas (Marga1ef, 1971). Periodically, however (January-February, 

May and August), surface layer chlarophyll increased substantia11y to 

between 0.25 and 0.35 ~g/l, 1evels more characteristic of fértile 

ascending systems (Margalef, 1971). These events were temporary" ,\ 

usually only encountered at one or two consecutive hydrographie stati~s 

which were two \<feeks.apart. There MaY have also been a smail and short 

duration increase in October 1974. 
! 

,* This definition of • total chlorophyll,' is used throughout this thesis. 
• 

• 

1 

r , 
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Figure 2.6 
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concentration of ch1orophy1l a and phaebpigrnent 'at 5 m d~pth off Barbados, 1974-1976: , ' 
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1 8 km station (\Ki '4 km station ( 0 ). Brackets' indicate range"o values for stations, visited on the same day. curve\ ~awn for serial stations only. 
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The phaeopigment concentrations in the surface layer are also 

shown in Figure 2.6 as vertical bars be~ween the live chlorophyll a and 

total chlorophyll. The two digit number associated wlth each point is 

the percent chlorophyll a of the 5 m sampie. Phaeopigment rangetl from 
~ . 

less than 0.01 to 0.1 ~g/l during the study, and % chlorophyll !! from 

55 to 95% (mean 79%). Contrary ta what might have been<expec~ed, the 

% chloraphyll !! during the 'blooms' was not very high, indicating that 

the plankton were not in logarithmic growth when they reached Barbadas. 

The vertical distribution of chlorophyll ~ and phaeopigment at 

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

~th hydrographie conditions and vertical distribut~an of Trichodesmiurn 

~ be discussed later). Pigme~t concentrations were generally low and 
J • 

homogeneous in the mixed layer and closel~ approximated the ~ist~ution 

of Trichode~mium. Near the bottom of the mixed layer there was ~enerally 

a chlorophyll !! maximum and large amounts of d~trital chlorophyll 
, 

associated with remineralization of sinking phytoplankton. Steven et al. 

(1~70) have already demonstrated that the water at this depth usually 

contains dissolved nitrite in appreciable quantities, one of the initial 

products of remineralization. Belaw about 100-150 m there were never 

significant amounts of chlorophyll ~,fand phaeopigment also decreased. 

The distribution of surface chlorophyll ~ during the ASTP 

cruises (July, 1975), as illustrated in Figure 2.8, shows the effect 
/ 4, 

of the island on phytoplankton clarried in the surface water masses. At , , 

thig time, t~e genera1 set of the offshore drift was to the narthwest, 

and the movements r'w~ers inshorewere probably mucn like those 

.nescribed by Murra et a~"."'" (1977)' who studied the movement of subsurface 

drogues in July 197 .-.' l, ". 
Away from the island and 'upst~eam!, the surface chlorophyll 

concentrations were very low (less than 0.1 ~g/1). In the r~gio~ along 

..... 
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Vertical distributîon of chlorophyl1 a and phaeopigrnent 
concentration, and of Trichqdesmimn niinbers at the 8 km 
station during 1974-1976. 
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Figure 2.8, 
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Horizontal varIation of surface chlorophyll ~ 
concentration, July 21-23, 1975 (ASTP) i11ustrating 
augmentation in the island current Iee. Small arrows 
indicate current patterns for July 1973 described by 
Murray et al. (1977). Large arrow indicates net 
surface drift calculated from drift bottle retqrns. 
8 km station (8), 4 km station (4). 
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-',the i~land' sIee "coast, which Murray et al. /1977) demonstrated is ah 

area à'f significantly slower drift and cÔJlfused circulation, pigment: 

concentfations were elevated. This incr'ease in: chlorophyll concentr~,tions 

close t~\Barbados' lee shore is now weIl lown (cf. Sander and Ste~en, 
1973) and'has been considered a result of a retention of water masses ~d 

LOO 

plankton close ta the island (Sander, 1971, lS76i Eme~, 1972; and 

others). While data(collected during th~ present study cannot refute 
! .l' 

thi~_possibility, it seems more likely that the slow passage~af water 
~ ~; 

along the 1ee coast aqd weak fertilization of the water masses due to 

1 

the island (Sander, 1973) provide sufficient impetu~ to phytop1ankton 

ta produce the observed increases in pi~nt concentrations. Water \ 
masses pass quick~y along the south and southwestern coasts, and the 

phytoplankton in these waters will not remain in these areas long enough 

to build up chlorophyll concentrations. In the region very close to 

\ 

\ 
\ 

the lee shore, water movements are much"slower"and tida1 movements should 

provide sufficient time for the phytoplankton ta respo~d to fertilization. ~ 

correspondingly, pigment concentrations, phytoplankton cell counts and 

carbon fixation rates are elevated in these regions (Sandèr, 1971; 
\ 

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 
1 

cut off after the wa~er mass passed the island. 

The island app~ars to have little eff\ct in elevating-pigment 

concentrations at the 8 ~ station in July, when th~ 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 seriaI 

stations during the first seven mon~s of the study (the coefficient 

of determination indicates that chlorophyl~ concentrations at the two 
b' 

stations are highly correlated - ~2 = 0.94). On only two occas~ons did 

the surface chlorophyll concentrations at the 4 km station differ 

significantly from those at the 8 km station; these were d~ring the 

'bloom' enco~ered during January and February 1975. 

. , 

1, , 
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2.3.3 Trichodesmium in Barbados waters 

2.3.3.1 Colony Iosize 

Whereas in the formalin preserved samples studied by Steven 

(1970) the average Trichodes~um filament was only about 12-25 cells 

long, Trichodesmium filaments in Lugol's preserved materiat'observed 

during the current study w~re much longer •. There was a very great range 

of filament length, from 4 or 5 cell fragments to very long filaments, 

sometimes greater than 4 mm (ca. 500 cells). within this range, the 

filaments fell roughly into three groups with lengths arountl 0 .. 5 mm, 

l 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 l liter dis crete samples from 

5 m at 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 strength of the two . 

conformations. Manipulations in the laboratory showed that radial 

coloni~s, in which trichomes aIL cross through a central tangle of 

filaments, were quite resi.st~t to mechanical disruption, and where a 

mucilaginous matrix was prese~t the strength of the conformation was 

further improv~d. Filaments of bath 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 variable extent and adds consider~le strength. 

Parallel colonies are generally more fragile than radial colonfes, even 

with this coiling, and the lower mean for filaments per colony ~d th~ 
greater number' of colonies with few filaments is a reflecti.on of this'; 

", 

.' 
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Table '2.1 Mean di~ensions of Trichodesmium colonies observed 

,in discrete samp1es from lS m depth at the seriaI 

stations during 1974-1976. 

Brackets indicate too few radial T. hildenbrandtii 

colonies were encountered to calculate meaningful 

standard errors. 

36 

T. hildenbrandtii colonies made up 10% of the total 

observed in these samples. 

" 
avg. length 

colony filaments! of filaments 
species conformation cOlony, \ SE (mm) ± SE n 

\ 

T. thiebautii radial 55 ± 3 0.5 ± 0.02 113 

T. thiebautii parallel 25 ± 2 i.... 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 

\ 

, , , 
1. 

\ 
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Many of these were obvious1y fragments of larger colonies which had 

broken apart either in the sea or d~ing the sampling procedure. 

Multiplication of the average filament length by the number 

of filaments per co10ny permits rough calculation of the total fila­

ment length. Further, a very approximate estimate of the number of 

J cells per colony can be obtained by dividing by the av~rage cell 

length (about 9~ for hoth species, although thi& varies
o 
through 100% 

due ta longitudinal cell division). The mean number of cells for 

!. thiebautii colonies of both conformations is then around 3000, , 
while T. hildenbrandtii colonies are larger with approximately 

450b cel15/colony. 

"-
The size of Trichodesmium colonies observed at Barbados 

compared weIl with estimates for Trichodesmium from the Kuroshio by 

Marumo et al. (1975), from the Indian Ocean by Qasim (1970) and 

Ramamurthy et al. .(1972), and from the Atlantic by Sieburth and 

Conover (1965), who vari~usly report colonies with from 12 to 50 

filaments with an extreme or 150. Carpenter and McCarthy (1975), 

however, hav.e conducted expe~imental work on colonies with around 

30,000 ce 115 which were selected from plankton, tows. While such 

large colonies were never observed in the 4iscrete samples at 

Barbados" they were present in,plankt~n tows in small numbers. The 
, 

photosynthesis experiments reported in Section 3 were also conducted on 
\ . 

larger than averag~ colonies because these were much easier to work ~ 

with and because a larger chan~e in the experimental variable (particu­

la te 14c uptake) could be measured where more algal cells were present. 

While there was a tendency towards larger colonies during 

the 'blooms', l~ttle can be said about the variation of lengths of 

single filaments with respect to the cyclical oscillations of the , , . 
population. If any ~elationship between filament length and growth 

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

'j' 

,-

1 

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

chosen size classes varied erratically from one station ta another 

and within the samples from the mixed layer, from one depth to 
''f- J" '. 

anoth~r. Shorter filaments,were usuallY,more abundant than longer 

ones at aIl depths, a~d below 50 m thef~ was a consistent absence of 

filaments longer than about 1 Iran in lei}~:t!h •. At 100, 150 and 175 m,!, . 
where Trichodesmium was never abundant, on1y smaii numbers of short 

fragments were ever observed . 

• 2.3.3.2 Vertical distribution , 
\ 

The vertical distribution of'the Trichodesmium populations \ 

sampled\ during 1974-1976 is illustrat.ed in Figure 2.7. More than 90% 

of the p pulatio~ was always located above about 50 m, and in nearly 

every cas there was a subsurface, maximum between 15 and 35 m. On a 

few occasio s there we~e near surface (5 m) maxima in place of, or 

in ~ddition 0, the subsurface maxima, and these usually coincided 

wi th 'blooms'. 

Aithou no 

. ' 

\ 
\ 

~a are presented her~, field note~ always\ noted 

a much 9reater numb ~ 0 parallel colonies in plankton tow~ closest ta 

the surface. Radial 

buted between 

nies, by comparison, were more·.~venly dis tri­

and 35 m, with a decline below ·~bat. In many 
" , 

instances, where colonies of bath mqrph;logies were require~from S, 25 , , 
" ' 

, 
\ 

and 50 m for comparison of morphl!>logy ,1Pigment 

ter, insufficient nurnbè~~ of parallel colonies 

content, or o~ charac-

>, 
" to rnake comparison. Thesè" trends, 50 

, \ \ 

were collected f~m 50 m 
" " obvious in the plankton tows~'.. ---...... 

1 \ '~'J 
could unfortun t~ly; ~at be d~roborate~ with data from the counts of 

the dis crete s 'lès. No matt r haw carefully th& water ~amples were 

transported and r1nSferred from ~ne container to another, sorne colonies 

always fell, apart. 1 Paral+el colonies were the rnost' fragile. 

\ 
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Unlike the ather phytoplankton, a larger part of which 

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

Trichodesmium is definite1y a mixed layer dweller. Like other cyano­

phytes, Trichadesmium possesses gas vacuoles which afford it considerable 

buoyancy. Sorne blue-greens have been shown to be capable of regu1ating 

their" buoyancy through photosynthetic control of vacuolation (Walsby,. 

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

is ~ssible that this js al~o the case with Trichodesmium since the .' apparent differences in v~rtical distribution between the twa colony 

types noted above correspond to differences in their ~ho~osyn~etic 

response to the irradiance climate in the upper euphotic zone. 

" ., . 
2.3.3~3 Temporal variations 

The temporal variation of the Trichodesmium population can 

best~e i1lustrated by Figure 2.9 in which total filament length at 

5 m and throughout the layer ~~l~d here are presented. It is 

evident that the oscillatory v~~~ons described by Steven and 

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

regularly appearing increased standing stocks of Trichodesmium 

(predominantly !. tniebautii) in January-February, May, AUgust and 

perhaps in October. While the timing of the increases coincided weIl 

in bath years of this study with those observed by Steven and Glombitza, 

the amplitudes did not. ,In JanuaJ:Y 1976,' the 5 m population was 

smaller than thab observed -a year ~arlier ,\and. microscopie observations 

of colonies col1ected during Jan~~ 1976 ~dicated thàt much of the 
\ 

\ 

population was 1ysing and deterior~fing. A large number of partially 
o 

\disintegrated colonies with only a few intact ~aments werè observed 

\. ha thi transect to the southwest of the 8 km, stat~on, revealed t t s 
\ 

téit?ation existed over a wide area. Chlorophy 1 ~ concentrations at 

in the discrete samp1es from 5'" and l\~ m on JanuF ~,1976. A series \ 

of nipe surface bucket samples·~tak.en.\lO days l~er, along a 20 km . 

\ '. S,and 15 m on JaJtuaxy 5. and in the .urfacei~1es on January 19 • 

1 
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Variations of Trichodesmium standing stock (mm of' 
filament/liter) at two stations ofj(Barbados 
during 1974-1976. 
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• 

" . 
were also low, with large proportions of detrital phaeopigment present 

indiéating the'poor state of health of the phytoplankton population 

generally. Instead of being distributed close to the surface, ~e 

population was more equa1ly distributéd throughout the upper 100-150 m. 

On January,14, 1976, the Trichodesmiurn population below 15 m 

appeared in ~uch better condition than that near the surface, and was 

similar to that present in January 1975, at those depths. In March and 

April 1976, the very small populations p~sent·were concentrated near 

the surface, and the 5 m populations therefore give 8 false impression 

of the alga's abundance. The 5 m Trichodesmiurn population is therefore 

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

of these variations in vertical distribution. Regression of ~he entire' 

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

gives the equation: 

t 

/

75 

T 0 _(mm) = 8153 + 38.73 TS (mm) 

The coefficient of dete~rnination indicates 55% of the ,variation of 

is asso~ted with variation of TS. 

l, 

, ( 

2.4 The cyclical phenomenon 

2.4.1 Hypotheses conce~ing its cause 

2.4.1.1 Biologlcal co~trol of growth 

The hypotheses concérning the cause· of the cyclical app~rance 
\. 

of Trichodesmiurn~~f Barbados put forwa~d by. Steven ~d his coworkers 

(Steven et al., 19701 steven and Glornbitza, 1972) have already been 

outlined in Section 1. Their suggèstion that the ~ycles were free-running 

• 
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and the resu1 t of the growth of surface b100ms from deep subsurface 

populations and their ~ecay in the nutrient impoverished surface layer, 
, 

was one of the wo~ing hypotheses in the first part of the current 

study. The finding that the timing of rrichodesmium 'bl~oms' observea 

during 1974-1976 was essentia11~the same as that during 19~8-1970 
casts doubt on the free-running hypothesis, especial~ since the length • 
of time between 'blooms' d,es,not appear to be constant. A free­

running cycle would be expected ta be fairly constant and exhibit a 

f~urth pehk annually in November. This increase was absent in both 

'studies. 

Carpenter and ,Priee (1976) are the only other authors ta 

have oonsidered the cause of the cycles recorded by Steven et al. (1970). 

~eir own findings that nitrogen f~ation seems to supply near1y aIl of 
" ~ the alga's nitrogen and that the process was adversely affected by 

turbulence led them to suggest'that Trichodesmium b1ooms, which 

usua1ly occur in ~alm and sunny conditions (Brengersma-Sanders, l~, 

do 50 beca~e nitrogen fixation is allowed to proceed. AccordinglY, 
l , 

1 

they compared the Trichodesmium standing crops recorded by stev1n et al. 

(1970) to co incident meteorological data from Grantley.Addbs ltiternational 

Airport and concluded that there was a significant correlation between 

the 'bloorns' and calm, sunny weather. They interpreted this 'ta indicate ,. 

the cycles were not free-running but controlled"by physical factors 

affecting nitrogen uptake and growth. Ne~ther Steven et 'al. (1970), 

steven and Glombitza (1972) nor Carpenter and price (1976) have 
, 

appa~ently considered làteral transport as a,possibility in determining 

the timing of events. 
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Lateral transport of already large populations 

The,sudden appearance of very large populatio~s, sbmetimes 

already in a state of decline, and their équally rapid disappearance, 

suggests that horizontal advection of dis crete patches of Triœhodesmium , 
is important in regulating the populations encountered at Barbados. 

The general movements and heterogeneity of the surface wate~ masses 

have already been discussed, and comment has been made on1the inter­

mittent appearance of 'pools' of slightly fresher water. A comparison 

of surface Trichodesmiurn,a~d salinities, is the~efore interesting. .. / 1., 
The algae could ~lmost always be found in the surface waters, 

both inshore and offshore. The TS~ ~lot (Temperature-Salinity-. 

Plankton) in Figure 2.10 illustrates the euryhalinity of Trichodesmium 
• within the range of conditions at Barbados and the lack of a relation-

ship between absolute salinity and abundance of the algae. The 

salinity'range for the genus seems to be about 320/00 - 3.,0/00 

(Wille, 1904; so~nia, 1968; and many others). The apparent 

differences in temperat~e optima evident between the 1968-70 study 

(Steven et a~., 1970) and this one are probably related to the 

methodological differences mentio~d in Sectiorl~2.2.4.* 

There is no apparent relation between Trichodesmiurn 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 th~ first nine menths of each year. Further, 

• 
'" Whereas Steven et a~ •• (1970),..,recorded r~curring maxima of nearl{ the 

same amplitude, this was not the case during the p~esent study 'here 

aIl of _the Tr~chodesmium in 1 liter samples was enumerated. The 

âbundance, of the alga \t 280 indicated in the 19"-70 data is a 

refl~ction"of the,relatively large populations ~s~rved in the August 

'blooms' of 1969 and 1970. 
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Temperature-salinity vs. Trichodesmium at 5 m depth off 
Barbados. 

Solid circ1es: this study (1974-1976); open circ1es: 
Steven et al., 1970 (1968-1970). ' 
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Figure 2.11.1 

Figure 2.11.2 

1 

t' 

Re1ationsh~p between Trichodesmium standing stocks 
(---) and salinity (-) at 5 m depth at the B km 
station during 1975 (this study). 

,. 

. 
Relationship between Trichodesmium standing stocks 
( ... _-) and sa1inity (--) oat 5 m depth at station 2B 
during 196~-1969 (steven et al., 1970). 
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the rapid change~ 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 

nurnbers coincided with temporary declines in surface sàlinity, 
• 

suggesting that Trichodesmium is carried ta Barbados in 'pools' of 

Guiana Current water. 

Steven et al. (1970) discussed the heter9geneity of J:he 
1 
surface salinities at Barbados and observed that at least three large 

,pools of low salinity water passed the island between February and 

August 1968. ,They did not relate this ta the rhythmical appearance of 
1 
1 

Trichodesrni~. The same inverse relationship exists between surfac~ 
J 

salinity an~ algal abundance in their data as in 1975 (see Figure 
/ 

2.11.2). 1he negative relation between silicate concentration and . 
1 

salinity has been interpreted by thern to indicate that these waters 

are largely of Arnazon River origin. 

1 , In bath data sets, Trichodesrnium was most abundant between 

Janu~ and Septernber. The 1974 data suggest that there may have been 

a fqUrth smali in~rease in'rnid-October, and other data ta be discussed' 
/ 

la;:er suppor~ this suggestion. / 

,,/~lightlY standing 

The fact that Trichodesrniurn was, most abundant in waters with 

/1 
~,. 

lower saIi~ities suggests thqt'the temporal variations of the 

crotof this alga off Barbados are i~ sorne way controlled by 

If .this is sa, and the water,mass carrying the large hydrology. 

Trichodesmium populations are qui te separate from the masses surrounding 

Them, as they appear ta be, then it 15 logical ta expect evidence of 

rhythmicity in data concer,n~ng other plankton. 

As already rnentioned, the variations of chiorophyll a 

concentr~ions in the top layers of the ocean closely approxim:ted 

of the Trichodesrnium population in those layers. A regression of 
1 .. 

., 

those 

,. 
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• 

chlorophyll a on TrichodesmiUm at 5 m for },pe 8 km station gives: 

. -5 
= 8.0 x 10 T

Sm 
(rmn) + O.O~2 

The coefficient of variation indicates that 49\ of the variation of the 

chlorophyll concentrations was associated with variations of ~he 

Trichodesmium I?opulation. This is almost exa.ctly the fraction afrived 

a~ by èalculatln:] ~he flgm chlorophyll/~ ~i1ament (0.00012) from measure­

ments of isoiated colonies and multiplying this by the average standing ,~ 

crop (523 mm). 8y these calculatïons Trichodesmium contributes, on the 

average, O~062 ~g chlorophyll(l or 50% of the annual mean concentration. 

The fraction may be higher or lower on specifie 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 th~ contrfbution by 

Trichodesmium to tota~ chlorophyll or cell numbers in this w~y, but 

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

concentrations were about O.12]J g/l. They assumed that this represented 
~ A 

the phytoplankton other 4han Trichodesmium, and that since the numb~rs of 

other'phytoplankton did not seem to vary signific;ntlY, os~illation$' in 

the numbers pf the blue-greens were respo~ible for fluctuations of 

chlorophr1l concentration. 
( 

During the current study, phytoplankton other than Trichodesmium . , 
were not enumerated because of the'rather tedious 

/:j 

enumerate the blue-green. Qualitative notes made of 'th other plan~on, - .. however, showed clearly that whiie dinoflagellates and coccolithophorids 

were the most common oth~ phytopla.nkton when Trichodes tum numbers were 

low, l~rge mats of very ~mall Chaètoceros spp., Rhizos lenia spp., and 

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

the cyanophyte. In the M~y 1975 'bloom' fish eg9s and larvae were also 

abu.n~nt. The realization that the numbe.rs of the 'other', phytoplankton 
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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 

steven et al. (1970) regarded the offshore phytoplankton 

excluding Trichodesm~um as being rather stable numericallYi however~ 
they point out that the range of variation was from about 500-5,000 

cells/liter*, and mention marked fluctuations of di~toms in parti1ular. 

Two stations for which the y refer to 'diatom mini-blooms' also haPfEn ta. 

be occasions on which large Trichodesmium populations were eneountered. 

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

nqt mention whether or not these include Trichodesmi~ cells or filaments, 

and it.is not possible to ex~ine the annual variations' of the two groups 

separa tely . 

The observation made'during the course of the current study, 

that di:atoms were very much more abundant when Triehodesmium appeared in 

greater numbers, led to a re-examination of the personal data of the 

late Dr. D.M. Steven. These Gnpublished data included cell coun~ for 

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

in some cases notes on numbers of diatoms, dinoflagellates and cocee-. 
lithophorids. These 8ata are summarized in Figures 2.12 - 2.14. 

* Corrected value~ the original cell counts were apparentiy_6x tao pigh, 

.. -/ and have been corrected by Sander <'1971) and Sander and Steven (lg13) 
J 

(F. Sander, pers. comm., Bellairs Research !nstitute, St. James, 

Barbados) • -, 
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Figure 2.13 
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, 

Figur~ ,2.14 

, . , • 

... ç--,----L--~-·:........--J--- ---

Relation between Trichodes~um and phytoplankton excluding 
Trichodesmium at 5 m during 1968-1970. 

The three points along the' .lower dashed line are all from 
• stations where the increase ln other phyt:&>plankton 

followed that of Trichodes~um by two weeks (D~. D.M,' Steven, 
unpublished data) • 

1 

/ 

~ 1.-
Temporal variations of Trichodesmium (filaments/liter: 
bars), total other phytoplanktoJ} ,<cells/liter:-o-) i 

4iatoms (cèlls/liter:---), and of the percent contribution 
to total other phytoplankton by diatoms (belOW> 
(Dr. D.M. Steven, unpublished data) • 
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~ While t~e phytoplankton numbers are very low and the 

() 

fluctuations miniscule cornpared to those 'at higher latitudes, the 

'phytoplànkton excluding TrichodesmiwtJ show marked oscillation in phase 

with the blue-green. There is a linear relation bètween the two groups 

at 5 and 50 m for most, stations (Figure 2\13); and in every case the . 
'peaks' agree tQ within one in~erval on the sarnpling schedule (two 

0), ' 
f 

weeks). Further, the ipcre~es in 'other phytoplankton' are appa~ntly 
}!~ f • , 

large1y due tq ~ncreases in n~ers of diatorns which appear with the 
f 

sarne periodic!ty as Trichodesmiurn (Figure 2.14). 
J ' • 

{ 
f 

O~servations during the present stupy, and these previously 
, of 

unpublishe? data, show that in the region offshore, aIl of the surface 

phytop~~ton (but mastly Trichadesmiurn and the diatoms) fluctuafe ~ 

nurnericaÎly with a rhythm that is constant and lairly predictable from 

year ;to /~~ar • , ! 

AlI of the othe~ phytoplankton studies at Barbadop with sampling 
;: ~. " , 

twiOe a manth or more ~ve been conducted c~ose to t~e is1and. A stud~ 
/ • J 

of 'the Br~dgèbown careenage area (Partla, 1975), conàUcted si~ultaneously 

·".i.th the, current "1ork, permits comparison of the timing of events in the ,,~ 
( 

It-- 'Bridgetown harbour area with that offshore. Figure 2.15 illustrates the-

" " 'close temporal agreement. Both major iÎlCreases of chlorophyll 2. 
, '."., 

enèounter~d offshore during this period were also observed at the • 
, . ; 

Bridg~town station a~ the sarne time and sutface sa1inities at Partlo's 

station number 4 and the 4km and è ~ stations agretd weIl (Figure 2.2), . . 
.. ; \ 1 ~ 

j,ndicating that the sarne water mas's was usually being sarnpled 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 
• 

new water masses carrying diffèrent sized phytoplankton populations. 
, '1 

The fact that the increases and decreases ceincide weIl both near .. 
BridgetoWn and at offshore stations halfway up the west coast indicates 

~/ 
that the water masses ha~ discre~e boun~ies with abrupt changes in 
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Comparison of surface layer total chlorophyll ~ 
concentrations at an inshore station near Bridgetown 
(--.--; Partlo, 1975; rnarked in Figure 2.1 by P),'with 
concentrations of chlorophyll a (minus phaeopigrnent) 
at two stations 4 km ~--) an~r 8 km (-r) off the 
island' s· west coast durinÇk 1974-1975. " 
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1 

# pigment concentrations and cel1 numbers. The combined data shQw that .. 
the July and January , atches' of phytoplankton were large enough, and 

" 
their passage by the is 'and slow enough, that they were detectable at 

stations about 15 km , . rt for two or three weeks. The patch in which 

Partl0 encountered high 

because i ~ was only sampI 

a few days later may repr 

October mqst have been rather smaii 

The small increase at the 4 km station 

periphery of the same patch . 
.t , 

Two other s conducted by Vezina (1974) and Sander )1976) 

present data al10wing ~ur her examinatlon of the fluctuations~aldbg the 

southern ha1f of Barbados' west coast d&ing 1971-1973. Vezina occupied 

e1even stations close to sore at weekly int~rvals, betwe~~Bellairs 
Research1rnstitute and Bri getown during 1972 and 1973, while Sander 

" 

ex~ned the numbers and sp,cies compositi~n of surface phytoplankton at 

a 10 m station near Bellairs from 1971-1973. Figure 2.16 compares the' . ~ , 
temporal variations of chlorophyl1 concentration at two of Vezina's 

stations (V and P on Figure 2.1) with phytoplankto~ numbers recorded by 
• Sander (1976) (H on Figure 2.1) and al10ws comparison with the timing of 

events offshore in 1968-1970 and 1974-1976. 

Vezina' s study was not long enough in itself to allow detection 

of recurring maxima, but comparison with the studies by Sander (1971, 
1 \ L 

1~76), Steven et al. (1970), -PartIo (19.15), and the current work, show .. 
that phytoplankton appears and disappeJrs aIl, along the southern west 

coast with much the same rhythmi~ity as offshore. '" Whether the <llfferences 
~ ,\ 

\, in maximal total ch10rophyll observed by Vezina at different stations 
l' 

~ along ~e coast are re~ec~ions of rap~d growth as the water moved by, 

patchiness in the PpytoJlankton distribution within the 1arge~ 'patches' , 

\ ;liasing due to th.e 

dtfficult to say~ 

1 

sampling interva1, or a combination of aIl three, is ... 

s!nder's (1976) data shew that the increases in,chlorophyll 

measured by Vezina, were primarity 1Iie to increases in the humbers of, 
v 

'. 

......... ~ 1 ... -

\ 
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Figure 2.16 

\ 

Temporal variations of surface layer (1 m ) total 
chlorophyll ~ concentration (interrupted lines - Vezina, 
1974) and phytoplankton cell numbers (continuous line -
Sande~, 1976) at three ins~ore stations along the southern 
h~lf of Barbados' west coast. Vezina's stations are 
indicated in Figure 2.1 by V and P. Sander's data are 
from H. Bars'along the abscissa indicate the timing of 
Trichodesmium and/or phytqplankton maxima observed in 
1968-1970 (steven et al., 1970) and 1974-1976 (this 
study) • 

, 
, \ 

\ 

\ 

Figure 2.17 Temporal variations of surface ~ayer (1 m) phytop1ankton, 
(excluding Trichodesmium) offshore ~ (D.M. s~even, unpub­
lisQBd data) and of total phytoplankton at two inshore 
stations along the northern half of Barbados' west coast 
(~ander, 1971 .- lndicated by S in Figure 2.1, 0-

lindicated by R in~igu)e 2.1). , 
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J 

diatoms. He also states that dinoflagell~tes and coccolithophorids were 

a larger propOrtion of the populàtidn during the periods of low numbers. 

The phytoplankton data collateë here indicate that the 

rhythmic passage of water masses containing larger phytoplankton 

populations with a''llIore important diatoIÎI component is imporqp.nt along 

the southwestern coast where little distortion of the water masses is 

evident. The northern half of the ~st coast, however, is known to he an 
~ 

area of slower currents and eddying (Murray et al., 1977) and nearly 
t 

synoptic chlorophyll data collected during July 1975, revealed an area 

of higher surface chlorophyll in this island • wake' • Sander' s earlier f 

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, Qell numbers and 
, 

photosynthesis in this inshore region, but the data can also he examined 

for synchrony with the offshore station. Figure 2.17 illustrates that ~ 

while ~e agreement i5 not nearly so g~9d as ~long the so~~rn half of~ 
• < 

the west coast, major increases offshore were usually observed at at least 

one of the inshore stations at the same time. The slower passage of water 
, 

thç'pugh this area may he responsible for development of asynchrony with ,;' 

the offshore station. 

Along aIL of the coast ~e arrival of water masses carryirtg 

larger ,diatomaceous popu1~ions capable of response ta fertilization, 

near the iSl~~ seems responsrble for the timing or increases in chloro­

, phylr1 and cell nunibed ~t inshore stations.': .. Off the' northwest coast, 

where water movements are more complex, the timing i9 somewhat modified. 
~ 
~ ~ 

Data fram research by Steven et al. (1970)" Vezina (1974), 

PartlD (1975)', Sander (1976) and the current study all.suqqest the 
, (" , 

al·ternating appearance at Barbade) of two groups of phytop1ankton: one 

with low population densities, ~inat~d by dinoflagellates ~d coccolitho-. , '" , 
phoridsj and a s~cond group, usual~y appearing in, larger numbers,' in which • 

o " • • 

-1 
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Triehodesmium and dia toms were abundant. This division 0' the phyto­

plankton into diatomaeeous and nondiatomaceous groups see~s to be qui te 

a natural-one, since the diatoms are more common in neritic and coastal 

waters, while dinoflage11ates and coccolithophorids dominate the blue 

oeeanie regions (Hargraves et al' J 1970; sander, 1971; Steidinger, 

1973). Hulbert (1962) has shown that standing erops of these la~ter 

groups were more or" ;Less equal along a transect between the southwest 
1"-_ 

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

however, were both more abund'ant at the surface at the southern stations 

where s1ightly lowèr s?~face salinities were observed. In 1964 and 1965, 
, 

Hulbert and Corwin (1969) observed large diatomaceous populations in, 

isolated low sa1inity pools far off the South American coa~t north of 

Cape Orange. They considered these to be neritic populations ,which had 

been earried offshore in freshwater lenses produced n~ar the Cape. 
, 1 

Their expe~tme~tal work w;th several different types of 'neritie' and 

'oceanie' iphytoplankton from th~ western tropica~ A~lantic reveale1 
\, 

that diatoms responded weIl to fertflization in batch culture while 
• 

coccolithophorids and dinoflage11ates did nQt. Eppley et al. (1969) have 
\ ~ 

~ince_shown·that the species usually regarded as 'neritic' have higher 

.. 

Ks for nutrient uptake than do 'oceanic' speeies; that' i9 to say, 'neritic'. 
~ - , t 

species' uptake mech~nisms saturate at much higher nutri~t concentrations 

than do those of 'oceanic', species. Recent evidence sugeests that 

Trichodesmium also~uires considerably higher coneentratio~s of ammonium 

and nitrate than do other 'oceanic' species (Carpenter et al., 1975; 

Wada ~t al., 1975). Its appearance off Barbados in concert with large 

S' numbers of suppesedly neritic diatom~ tp,erefore may be ,elated to the!r 
, 1 

nutrient k,inetic~, sinee the ~ow salinlty waters in which it arriv~s ,are 

derived frÇ)m the Guianà current,' These w~ters contain a large 'ri'verine 
r 

1 

component and pass alqng the cOWtal areas of·South America where nutrients' " '\ ' • ,are supplied by \fpwelling. 
f, 

.. . 
, ' J , 

'~ \ 
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2.4.2.2 Zooplankton 
.., 

". 

The discussion of the temporal variations of the Trichodesmium 

and other surface phytoplankton populations suggests that alternation(of 

Guiana.Current water and North E~uatorial Current water is respqnsible , 
for the rhythmieal fluctuations. There is now a great deal of information 

available reg~rding the temporal var~8tions of zoopl~kton stocks near 

BarQados, 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 su+faee m~ed layer, in water 

masses which move in different directions and at different veloéitles 

than the surface masses. There are, however, many mixed-~er dwellers 

with only feeble migratïons and others which curtail migrations t~remain 

in certain water masses, ,and these types can be used as water mass, 

indicators (B~ry, 196~Michel and Foyo, 1976). 

One of the first zoop1ankton studie$ near Barbados was conducted 

by Lewis and Fish (1969) .bet~~en 1958 and 1960. TheY're~rded great 

month to mon th fluctuations in surface zooplankton, with no apparent 

seasonality. Tbeir data suggested.to them an irregu1arity of distri~ 
, < , 

bution associated with, variable hydrographie con~itions rather than 
,'. 

seasonal cha~~es in production. In this connection, they.specifica11y 

mentioned'the surfaoe~dwe11ing forma ~uch as the siphonophore Aby10psis 

eschscholtzii. Abylopsis appeared~ith a fair1y regu1ar 3 ~nth 
• l , 

variation (see Figure 2.18) which i5 out of phase with the phytop1ankton 

'cycle' described by Steven et al. (1970) and this study. Siphonophores 

and medusae are more abundant in oceanic, more saline North Equatorial 
\ 

waters than in the neritic· freshene~ Gui~a Current (Urosa and Rao, 1974), 
.\ 

and ~hus the v~~tio~'~f Abylopsis standin~ stocks reco~déd by Lewis 

and Fish (1969) support the hYPo~esis proposed h~re regarding alternation 

of water masses. Their data also include info~ation on fish larvae which 

.; . 

, 

, . 



Figure 2.18 

) 

Figure 2.19 

. r f,ll 

l 1 

__ .~ ...... _ -, ___ ... ~~, ... tr ... "' _________ _ 
._----------_.,-~ --,. _.. . . 

Temporal variations of Ablyopsis eschscoltzii (a surface 
dwe1ling siphoPhore ---) and fish 1arvae (~) abundance 
in night p1ankton A:ows taken off Barbados during 1958-1960 . 
(from Lewis and Fish, 1969). \ 

\ 
\ 

.. .. 

Temporal variations of the abundance (monthly mrans of weekly 
tows) of four species of euthecosoma~o~s pteropods in 0-400 m 
oblique plankton tows off Barbados during 1971-1973 (Wells, 
1974) : .- Stippled bands indicate months of phytoplankton rna~itna 
recorded py Sander (1976) ~t a near shore station a1so sarnp1ed 
Quring this tirne. B~ack bars a10ng the abscissa represent 
months of Trichodesmi\Ull and/or phy.~oplankton maxima during 
1968-1910 (Steven .. et al., 1970) and 1974-1976 (this study). 
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indicates that this ~oup f1uctuated more or 1ess out of phase with 

Aby10psis (see Figure 2.18). 

59 

A more intensi~e study, of a sma11er group ?f zoop1ankton, the. 

·euthecosomatous pteropods, was carried out in) 1971-73 by Wells (1974.), 

These herbivorous ho1oplanktonic molluscs, w~ey constitute an 

insignificarrt fraction of the Barbados zoop1ankton tSander, 1971) are 

often used as w~ter mass indicators (Myers, 1969; Chen and Hi1~rnan, 

1970), and Wells' data are therefore particu1arly interesting here. 

The temporal variations of four species recorded by Wells have-been re­
l 

plotted in Figure 2.19 to i1lustr~te the remarkable agreement between , 
mernber, ~f the group and their periodic nature. 

~ 
There are unfortunate1y no coincident ~ata for ph~op1~kton 

or salinity for this study, but Wells did subjectively note an i~~er;e 
éorre1ation between Trichodesmium and the pteropods. Closer èxamination 

of Sander's (1976) in shore phytop1ankton data shows that the phytoplankton 

maxima were early during 1972. Pteropods rèpresent oceanic offshore 

waters (Bjornberg, 19l1) and thus Wells' data prov{de a clear indication , 
of a1ternations of two water masses with the sarne period as already-

estab1ished for the Trichodesmium and phytop1ankton cycles. 

In a recent publication considering the seasonality 'of the 

pteropods at Barbados, Wells (1976) mentions the two~ater types but, 

like most authors ta date, ,only considers ~alinity in absolute terms~ the 

low salinity surface ~aters of summer and the higher salinity~aters in 

winter. The slight changes 6f surface salinit~ which sign~ the arrivaI 
, 

of a new and diffe~nt'\Iater rnass can prob~ly also be related to arrivaI 

of a new pteropod population in a fashion similar to that described 

earlier for Trichodesmium (apparently in the reverSe sense) • 

... ' .dl 

Wells (lQ76) suqqested that the reason pteropods were less 

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

j ;l", 
~~ _________ ':"-~--"!· ___ .fJ_]ft,T:'UI'l".t3i a......... ! 
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the nutrient levels in the euphotic zone,1 thereby excluding the other 

phytoplankton on which pteropods feed. In certain circ~tances, such 

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

1970), other phytoplankton may indeed be scarce. If this is indeed a . ... 

resul't of exclusion by the blue-green, there is no evidence o~ such 

competition at Barbados. As has been shown he,re, diatoms and other . .. 
phytoplankton are mo~e abundant when Trichodesmium is present in greater 

numbers, not less sa. The fact that Trichodes~um is unable to 

efficiently assimilate combined inorganic nitro~en also diminish1s the 

possibility of it excluding other oceanic phyto~lankton in this manner. 
• \ 1 • 

A much ~ore pl~usible explanation lies in the faft that two,water masses 

with different histories are being sampled alterfately - one with 

abundant Trichodesmium, the other wi th abundant -pteropods . 

Steven (1971) pointed out à very rbugh->' coupling' between 

fluctuations of total chlorophyll (integrated 0-100 m) and zooplankton 

from 0-400 m oblique tows in the first half of the 1968-!970 study, but 

this relation was less visible in later data (Steven et al., 1970). It 

see~ed :ikely ta Steven and Glomb)tza (1972) that the oscillations of 

the system were controlled biologically. They suggested the key factor 

might he the generation time of one 0-':: more important species of zOO-. ~ 
plankton, and therefofe the grazing pressure on the phytoplankton; or 

fit" 
,the rate of regeneration of plant nutriebts. 

\ 

if! 

Moore and Sander ~l976,'l977), and Sander and Moore (in press) 

have now stuji~he zooplankton gath~ed d~ing the 1968-1970 study ~in 
greater detail and have examined the abundanee and temporal variâtions 

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

phytoplankton and the maj or groups of the . zooplankton. Like most ather 

authors, they conclude that "hydrographiè factors are the most important 
.II 

factors controlling temporal variationP
, sinee very large zooplankton 

populations appeared and dis~~ed at short intervals. The~ deteeted 

no seasonal variation in abundance or breedipg of .the group, or of any 
\ .. 

) 
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\ 

, 



f 

00\ 

... 

.1 

.. , 

.. 

'( 

:..~ 

l ind'ividua1 species of the copepoqs, and observed that "reproductive 

activities of various species lack synchronization and seasonal 

regulari ty'. For most species, breeding appears to take place 

sporadically. '\ S ta ted another way, this could be 1 most species 

&1 

arriv~ only sporadically at Barbados in breeding condition', since it 
- 1 

is fairly obvfous that the 5~e water mass i~ rarely, if ever, sampled 
r 

twice at the offshore station. • prèsumably conditions at sorne time in 

the past history of'the water mass, and factors such as vertical 
" migrations'/predation and fo~d supply, determine th~ zooplankton 

1 population and breeding condition observed when the water mass i~ near 

·Ba~bados. The o~servation by CaLef and Grice (1967) of large actively 

growing populations of a ~eritic cla?oceran an~~mysid far off the c~ast 
, . 

of South America north of Càpe Orange is a case in point.~ Calef and .. 
Grice regarded these populations as residents of an originally neritic 

... water' mass which- ~a~ been carried offshore •. 
,.. . 

1 \ t" ,,.' 
2.4.2.3 Summary of biological evidence 

It is quite apparent that the 1ar!Je'st, fluctuations of surface 

plankton, both PhytoPlankton"'an! zooplànkton, around Barbados are 
, 1 c 

related ~ tne continuausly changi~g wâter mas~es. While'there are 
r .. 1 

admittedly other fac~ors 
, , '0 

op~a ting inshore, even in this region the 
; . .. 

~ rhythmica1 appearance of large populations of phytoplankton is almost 
" 

certainly,controlled by water moyements • 

• 
. It has been s~own here that there is a 1005e i~erse relation-

,. J , 
ship between the salin~y of-the sur~ace layer and phyt~lankton abund~ce, 

- ~ j\ . 
not 'an absolute relation but one in which depar~ures frbm the running 

meanj si~nal mor~t~~d~nt phytopiankton. The: ~968-l970 da~p .(ste~en et 

al. ,!1970'), ;urther indicated that this was water ~.i.th .high silicate 
1 . • • . ' 

coricéntration, therefore water diluted by'South American rivers. 
'"'" 1 .. , 

) 
~ 1 

., ' 
, - .. " 

.'1' ,,, 
" 'f" 

• • 1 
( " 

• \li 
• ~' 

" 
, 0 

. . ... ~ ... 
v. 

"', 

• \ 

, 

1 .. , 
\1 



,-
" • 01. 

- ..... 

." 

o 

lit 

l
· '" 

1; 

~ 

, 'J " r. 0 

-- ."" \ 

1 62 

, 1. ,. 

Serniquantitative'ooservations 'o~ the Ba~adQs piankton during 1974-76 

revea1ed that Trichodesmium did not fl.ppear ~loIl,e in'~ t bl~oms ;, but in 
D 

coqcert with large rtumbers of other phytoplankton, principally. diatoms 
. '. 

of the genera .chaetoc~rus, Ni tz~chia and Rhizoso1enia. Examination ot'. 
• i ) .... 

the late Dr. D.M. Steven's unpublished datà for the 1968-1970 study \ 

confirmed this coin~ident oscillation of the other phytovtaqkton and 
~ 

sh9wed that'diatoms contributed between 50 and 75% of the 'other 

" phytoplankton' numbers during 'b1oams ' • Dinoflagellâtes were thé. 
" the periods between 'blooms'. , . :(n the inshore . MOst common'group durinq 

regions of the southwesi ~oast, rhythmical increases in cell numbers • 

and chlorophyll concentrations âppear with -the same .,peripdicity as off-
o • 

shore, ahd aIl of the variations in surface ~laRkton~are closely rel~ted . . 
ta passage of differing water masses, the best iabel of which ~eems ,ta oe 

sé!-linity. Phytoplankton standing crops ,in the region of 'weak an'd ' 
. ~ 

stagnant currents of~the northwest coast are more variable. Sorne of the, 
, 

zooplankton data gathere'd from serial .stations by other workers aJ.,so 

show rhythmical oscillations, but the vertical migrations of many 

zooplankton and the 'longer gen~r~tion times will mean that MOst mémbe~s 

of this group show apparerttly erratic f1uctuations. 

AlI of the biological evidence se~ms to point towards 
• 

• hydrological control ~of the Trichodesmium (iUld Qther plankton) t,rnporal 

variations. The fact that large TrichodesrniUm standing crops arriv.e at 
l' • 

Barbados in slightly fresner surface wate:s w~th highe~ silic4te 

concentrations !;uggests that ~e water ma~ses have., been influenced by 
... . 

riverine discha~e from South Ameriqa. Any attempt ta identify the 

factors determining the timing of events at Barbados m~st therefore 

begin witn"a 'thorough reJiew oi th~ oceanography of the area, particul~rly 
of the Guiana Current" 

. .' " .. 
• 
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2.4.3 Regional' oceanograp,hy J, 

2.4.3.1 A review of the oceanography of the western tropical AtJ.antic 

to 1975 

.Tpe picture of water movements ü~ the western tropical Atlantic 

presented by most textbooks (Sverdrup eteal., 1947; Neumann and,Pierson, , . . . 
1966) is a very simple one. Unti1 very recent1y, 1ittle information 

w~s availab1e other than for ~ip drift, drift batt1e studies and 
St 

distribution of physical properties such as temperature, salinity and 

" oxygene' 

The general set of surface ocean currents in the region is 

from east southeast tD-:~est northwest (·see small arrows in Figurés ,2.22 
r,~ 7' 

and 2.24 for example), and these movements are driven largely by the 
1 

zonal winds. The northeast trade~winds ~low eonstantly from the north-

east and east over most of the area -at veloei ties of 5-10 rn/sec during 

the first~half of the year. During the'period of strong winds the 

Guiana'Curre~t reaches ve10cities of up to 55 km/d~y (see Figure 2.28). 

As summer cornes to the ~outhe~ he~isphere and the large high pressure 

cell over the South Atlantic moves north, ~he Intertropical Convergence.
J 

Zon~ (the zone of weak and variable winds known as the d~ldrums where 

the nprtheast and southeast trades meet) aiso move~ north. The effect 

of this in the western tropical Atlantic is that the winds' in the south-
~e 

eastern part of the region near Cape Orange ~ndOthe AmaZGn estuary becorne 

weak and variable ~fter June. As the southeast trades are feit north of 

the equator, the winds become~southeasterly or southerly and the surface , 

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

year, are directed north and east. This recurvi~g of the surface 
1 

currertt is discussed later in Section 3.j.2.3 in relation ta events at 

Barbadds. In the western part of the region the southeast trades" have 
v 

littl\ effect" but tàe general decrease in wind speed causes a decrease 

in surf~7 ocean currents to around 25-35 km/day. ./ 

'-
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The rainy se'ison over the oceanic tropical Atlantic and the 

'vast i111and regions of Amazonia occ\,l!'s early in the year, and the 'ocean 

receives very large input~ of fresh water during the fir~half of ~he 

year. The surface waters of- 'thé ~~1! ciose to 'the South 1ln!erican 

coast receive fresh rive;ine di~charg~ throughout uhe year, (b;t the 

massive dis charge of t~e Amazon" which reaches its maximum ~ May rd ' 

June, compleùely overshadows contributions by othe~ smaller 1ivers' (J.G. 

de Amorim Coelho, pers. comm.*). 

" The low density, turbid water is directed northward along the 

Brazilian coast by the trade winds and D com~ entrained in the fast 
" .... ~

r 

flowing Guiana Current (Gibbs, 1970). Co siderable mixing takes place 

as the, water'moves ~orthwestward, but th~ ass maintàins its low 

salinit~ signature as far as Puerto Rico and Jamaica (Fro'elich and 

Atwood, 1976) • 

l ,.-
~ Not all of thi's ~elatively rresher water is retained along 

the Guiana toast, however, since a very large region of the western 

tropie)J ~tlantic·experiences decreasing salinities during ~he summer. 
y 

Sever~l authors have studied#'pools' of fresh~r water north of Cape . 
Orange which apparently have broken off the main Guiana Current and are 

surrounded by surface waters of greater salinity (Ryther et, al., 1967; 

Metcalf, 1969; and ot~ers). These 'lenses' of brackish w~ter have been 

shawn to possess'greater quantities of dissolved silicate than the 

surrounding ocean and have thus been considered to be of riverine origin. 

The inverse relationship betw~en surface salinity and silicate which 

Steven and Brooks (1972~ demonstrated for Barbados-waters can be seen 
, 

over-very large regions of the western tropicat Atlantic, and Fràelich 
• • c 

and Atwood (1976) have by this means calculated that the Amazon contri-

butes ~ore than 65\ of the total fre~hwater'input to the area. 
• < 

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

Brazilia, Brazil. 
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." 
Beers et al. (1965), Steven et al. (1970) and steven and 

• Brooks (1972) have aIl remarked on the c9mplex,nature of the fluctuations 

of sea surface salinity at Barbados, ,noting that more than one'low 

salinity, high silicate water mass appears there each year. 
1 

Indeed, 

, the last two papers concluded that at least three reasonably distinct 

pools of riverine waters invaded the Barbados region during bath 1968 

and 1969. 

J • 

The Caribbeap Sea re~eives the majority of its water th~ough 

the channels ~t the south end of the.Antilles Arc, and'since the area 

west of the island chain is, ultimately the beginning of the Gulf stream 

system there has been'con$iderable interest in the currents of the 

region. It is, however, a massive area and synoptic data have been 

impossible to obtain until very r~cently •. There have therefore been . ) . 
several attempts at calculating @eostrophic currents from time-averaged 

historical .. data (G1ombitza, 1971; Mazeika, 1973; Ortega et al., 

1976). AlI of these studies have presented similar pictures showing a 

very cornplex situation of eddies and counter eddies, of f10ws as often 

easterly as westerly. Mazeika (1973) regarded this as evidence of 

water flowing from the east piling up ag~inst 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 duning February and Augw;;t 1970 which a'lso was considerably 

, diffe:t;ent from the general conception ,of the flow at that time. The 

picture presented by Wüst (1964) and confirmed by direc't current measure­

ments by Johannessen (1968)1 near Barbados and T~inidad and by Stal~ulp 
and Metcalf (1972) in the Grenada Passage, showed that a major part of 

. 
water crossing the cari~~ean enters the surface from the A~lantic~ ........ 

// 

flowing wèsterly through the southernc passages • ., .. /' 

i 
! 
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• 
A considerable amount of physica1 oceanographie work has been 

carrièd out by Venezue1an scientists in the past ten years; and Fukuoka , , 
HI 

(1971) has presented fur~her evidence of ~pe complexities of circulation 
r 

in the area. His quasisynoptic tempe rature and oxygen data showed . 
large cyc10nïc and anticyclonic gyres under the core of the Guiana 

, .j 
Current during August 1968 an~ April 1970. He 1nterpreted t?e data 

to show stationary meanders in the current caused larg~1y by bottom 

topogr~phy . ' 

c 

Much of this recent evidence depicting complex circulation 

patterns is difficu1t 'ta reconcile with the analyS~S by w{1st (1964) " 

using the core rnethod, drift bottle returns, and direct measurements 
., 

(Michel and Foyo, -1976). Therefore, considerable effort has been 
, \ 

directed here ta resolve the inconsistencies apparent in the literature. 
"-

The vertical and horizontal distrib~tion of Trichodesmium (and a very 

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

water movements. 

2.4.3.2 Re-examinat~on of historical hydro1ogical data 
, \ 

Examination of the archive~ bathythermograph data, provided 

by NOnc for the area of the· western tropical At1an~1c ta the east of 

Barbados, revealed little significant variation in thermoc1i~e ' 

,topography north of lION. strong convergence and diver~ce were not 

in evid~nce in this' regian in ~he cruise data s~~-d:e for examp1e . 
Figure 2.20.1) except within about 300-400 km of the South American 

\ 

coast in association with the GUiana Current, where 1arg~ vertièa1 

J 

1t NODC ~ruj.SèS 31-0433, 31-01277, 3l_9160,4, '31-02508, 31-03462, 31-06113, 

31-06121, 31-06124, 31-06125, 31-06127y ~1-06130, 31-06132, 31-06186, 

3l-8070 and 31-21290. .1 , 

_. __ ._---
.... -: 'l" • ...,., ' 
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Figure 2.20.1 

• Figure 2.20.2 
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- " 

.. 
Horizontal' yariq.ti,on",~f temperature at 100 m in the 
western tropical Atlantic, January 25 tQ February 12, 
1968 on 'a cruise by RV Crawford. . . 

, , 

/ 

\ . 

• 

/' 
1 

Variation of t~perature at 100 m in the western 
tropical AtlanticÎ April 4 to April 7, 1968. 

Station locations of RV Crawford cruise in Figures 
2.20.1 and 2'.20.2 are illuSitrated at right. 
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, fluctuations in the thermocline were observed over relàtively short 

horizontal.,distan"ces!' Figure 2.20.1 (~nsects by R.V. Crawford in 

1968) i.llustrates the presence of an anticyclonic eddy north of Cape • 

'" Orange as indicated by the very rapid changes in temperature a~ 100 m. 

When the sarne area w~s crossed a second time two months later 
, , l 

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

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

At ~ut the sarne distance from the coast, but further w~st, 

complete hydrographie station data from several cruises were available 

(Figure 2.21-2.26). The temperatures at 150 m on two R.V. Lasalle 

c~~ises (JUlY-AUgu~t'196~'and April 1970) ~re plotted in Figures 2.21 
> and 2.23. In both figures 'the dist~ibuti~n of temperature suggests 

cyclonic circulation centered at about 'S6OW, 9~ and anticyclonic~ 
" 

~ 

circulation to the east and west. The distribution of dissolved 1 

oxygen concentrations at the sarne depth (not shown) also correspo~ded 
. -

showing hi9h values where cold oxygen-poor waters were upwelling 

(Fukuoka,1971). Figure 2.25 ~ a plot of NODC data for a third Lasalle 
.. ! 

cruise in the area in April 197~, which was not considered by Fukuoka. 

The pattern of convergence and divergence presented by th~e data is 

, considerably difterent from those in Figures 2.21 and 2.23. 
1 

The only other available data concerning the distribution of . 

~emperature with depth in this area is a bathythermograph transect' 

run more or 1ess paralle1 ta, the coast in March 1958 by'R.V. westwind. 
~ 

\ Very large fluctùations of temperature, evident in Figure 2.27, are 

consistent with the presence of the meanders indicated above. The 
, 

convergefices and di~nces are of approximately the sarne dimensions 

as those revealed J:n the Lasalle data, but they are in different • 
<"' 

A 

locations. Note that th~ regu1ar fluctuations continue into the 

Caribbean. 
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Fi4ure 2.21 

Figure 2.22 
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\ 
<\~f.,.~ ... _~~~jM'~,, ___ _ 

, 

l 
" 

Temperature!at ~50'm off the Guiana coast, July 7 to 
August 17, 1968. 

A:).rows, mark inferred circulation (~ftér FukuoKa, 1971). 
r 

, 
Surface,salinity.off the'Guiana coast during Ju1y 7 to 

1 • -"----'V - _.-
\ 
\ 
1 
\~ 

Q 

• 

/, .. 

.. 

August 17, 1968. (from data presented by Urosa apd Rao, 1974). 

Arrows' irtdicate mean August surface drift velocity and 
direction for ~o squares of la~tude and longitude fro~ 
NODC-SCuDS,file. ' 
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Figure 2.23 

Figure 2.24 

: 

.. 

, 
, , 

Temperature at 150 m. off the Guiana co'ast, April 7-~3, 
1970. 

\ , 
Arraws mark inferr~d circulation (RV Lasalle cruise, 
NOpe data). / 

/ 

1 

1 
/ 

/, 

\ -

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

Large arrows indicate mean April surface drift velacity and 
direction for la squares ref latitude and longitude from 
the NODC-SCUDS file. Small arrows join the naan positions 
of two parachute drogues tracked by RV Calamar, May 5-·~8, 
1970 and May21-30, 1971 (the more northerly of the two 
tracks) (Anan. 1971a, 1971b). 
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Fdgure 2.26 
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Temperature at 150 m off the Guiana coast, April ls-zé"1972 • 
1 

Arrow$ mark inferred circulation (RV Lasalle cruise, 
NODe data). 

"-

. \ 

, , 

Surface salinity off the Guiana coast during April 15-28, 
~ 

1972 (from NOnc data of a RV Lasalle cruise). , ' 

L~ge arrows indicate mean April surface drift velocity 
and'directiqn for 10 squares of latitude and longitude 
from ihe NOEC-SCUDS ~i1e. Small arrows join the noon 
positions of two paraèhute drogues tracked by RV Calamar 
May 5-18, 1970 and May 021-30, 1971 '(the more no.rtherly -
of the two tracks (Anon. 1~71al 1971b). 

" 

.\ 
\ 
\ 1 

,0 

" 

o 
\ 

1 
,j 

1 
1 

; , 

'1 

. i 
l 

.. • 
4 - l' "- , 

... ~ ____ ..: .. _ .--_~~..... f) 

:~.r~~:~-n:-- ,It; \~: t~~i~~' .. '~t;J, \ 



" 

.. 

!. 

''''~'{>Yli!;f~'''-~ '"""''''''' .. l'''-''''I~''''''''''''A''''~ . 

.. 
, , T 

, , 
:--,,~bi::':::'-)"'~ 

( 

60 

60 

60 

1111/140 

60 

, ' 

~ 

t longItude degrees wes 55 

" 8arllad .. 

es west longitude de<;1~e 55 

, 
t • 

/ 

1 
~ , 

./, 

\ 

71 

50 

-, 



il, 

... 

Figure 2.27 
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Horizontal variation of temperature at depths at 
70 m (---) and 100 m (--) along the Guiana coast, 
in March 1958 (RV Westwind cruise, NODe data). 

Arrows indicate~inferred circulation. 
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Surface salinity data for the tw~ April Lasalle cruises, . ~ 

and the mean monthly surface drift for this month as provided by the 
~ . 

NODC-SCUDS file, are illustrated in Figures 2.24 and 2.26. While 
1. 

the mean monthly drift is towards the northwest, the quasisynoptic 

salinity data clear1y show the 10w salinity tongue closely ~oilowing 

the meanders in the subsurface current. Under the influence of 

westerly winds the surface ~ayer, which is separated from the,more 

dense water masses below it by a sharp discontinuity, can be expected .. 
ta be driven offshore as the current turns at the north end of the 

meander~. The lobes thus formed are part1y ~isible in both figures, 
00' and the apparently isolated pool at 56 W, 12 N has probably been 

driven off the lobe at 54CW. 

A1so plotted on Figures 2.24 and 2.26 are the ~acks of two .. 
parachute drogues followed ?y the FAD-UNDP ~isheries research vessel 

~a1amar (Anan., 1971). Both drogues were released in May at loc(tions 

very near the lobè at 58OW, and their paths indicate that water in the 

position of the lobe can ând does travel to Barbados in a curving path 

consistent with the shape of~he meandering current. 

The surface salinity distribution ov~r the area in August 

1968 is shawn in Figure 2.22, from data presented by Urosa and Rao 

(1974). Comparison with the pattern of temperature at 150 m (Fukuoka, 

1971) shows that the low sa1inity waters fo11ow the meandering s~ 

surface current rather close1y. Whi1e the,absolute value of the 

salinities is about the sarne as in April, the broader plume and more 

homogen~ous.conditions are probab1y ref1ections of the slower su~fac~ . 
currents and greater mixing at thi's time. 

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

this region by the subsurface meanders, but Metca~ (1968), c'onsidering 

• the area near Cape Orange, stated that the Amazon outflow was probab1y 

'·associated\in its position and movements with the subsurface current 

~ . 
'0 ._ .... ...,_ .. ____ .... ·-""a;iIOojl' .... ûu ......... • .... "_.;' .... __ , L-'. ""';"'l.u ~ ,<\.,,~~ .. > U, . 
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structure rather than the local wind pattern pbly". It is apparent that" 

this is the case along the coast of the Guianas also. Most authors.to 
,', 

date (Ryther et al., 1967; Steven and Brooks', 197,2; Mazeika, 1973; and 

others) have consip~red that the fresh waters of Amazon ori~in leave 

the coast at Cape Qrange and trave1 north and.then west to Barbados. 
'J 

It is evident from ~ese data that at least part of this low sa1inity 

surface water is carried back along the coast of the Guianas before 

it is brought ta Barbados. 

\ 
Fuku6ka (1971) was the first ta show that the Guiana Current 

meandered, but the data avai1able ~o him at the time suggested the 

current pattern was stationary. Consequent1y, he considered the J 

'meanders were evidence of stationary Rossby waves, sinee the wave1ength 

corresponded to that préd~cted by classica1 theory when constant current 

velocity was assumed. As pointed out abo~e, however, other data not 

ana1yzed 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, repo.rts of open ocean 
1 

eddies have become increa~ingly common (cf. Phil1ips, "1966; Beckerle, 

1972, 1976; Berstein and White, 1974; Gill, 1975; Swallow, 1976; Kérr, 

1977; and others), and now theyare sometimes 1ikened to atmospheric 
r 

weather systems, mesoscale systems which der ive their energy from the 

larger mean flow (Mc~liams, 1976). , Theory pre~ baroclinic-baro-,.. 
tropic Rossby waves'will have wavelengths of 500 to 600 km depending 

1 

upon latitude and a mean lateral movément of around 4 cm/sec to the 

west (Longuet-Higgins, 1968; Rossby, 1937). :he phenomenon most 

commonly reported - alternating convergence and divergence as indlcated 

by t~ermocline topography and sound speed measurements - have now been 

'observed in almost all parts of :te world ocearl. Most of the major 

ocean currents (the- Gulf Stream, Kuroshio, Antarctic Circumpo1ar and 

.~~~t Australia c~rents) have recently been shown to be complex systems 

of rnigrating meànders (Swa1low, 1976; Kerr, 1977). Kerr concludes that 

meandering and ring formation are inevitable wherever narrow swift 

, 
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eurrents e~ist. As these features usua11y have sLmi1ar dimensions and . 
movement to the planetary waves described by theory, tney are most< 

often. regarded as .evidenee of Rossby waves. 

i$ 
Bernstein and White (1974) have shown that.oceanic eddie~ near , . 

HBwaii ar~ wavelike in nature and have a wavelength and phase velocity 

~lving thern a ~har~pteristic period of ara und 3 months. Becke~le (1972, 

1975) ~as found features of comparable dimensions in the area north of .. 
the Bahamas, and it seerns possible therefore. that the Guiana Current 

meanders are also planetary waves. It is a simple matter to rneasure 
1 

their wavelength (500 to 600 km), but the data available do not allow 

calculation of reliable phase velocity or period because of the 

relativ~ly lon~ tirne the grids of stations t~ok rO co~p1ete (2-3 weeks) 

and the fact that the data are from different ~ars. If one can 

assume the rneanders' pdsitions are similar in the same month Qf every 

year, and the 2-3 week saropling time 'averaged' the position for the 

month, crude estimates may be possible. The kifference between the 

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

period 2-3 rnonths. The corresponding difference between April and 

August is about +/2 (or 1-;1./2) w,ay.elengths, and .the period in this 

casè would be either 8 months or 2-2/3 months (more likely the latter 
c6 

since this'agrees with the March-Aprii caiculations): 

.// 
There is aiso a hint of a simj1ar periodicity in th~ velocity 

of the Guiana Current as calculated by Fuglister (1951) from me an , • 

monthly surface current data in the U.S. Navy Hydrographie Office 

(1947) Atlas of surface currents, North Atlantic Ocean. These monthly 
\ . 

means, which are plo~ted by 10 squares in the ~tlas, were averaged for 

an ar~ in.the core of the current; a plot of Fuglister's curve is 

shown in Figure 2.28. When the annual -and semi-annual eornponelllts are 

removed, this current can be seen to fluctuate with a three ~onth --
period, which is consistent with the hypothesis that curtent rneanders 

rnove westward with a period of three months. When surface Ekman drift 

\, 
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Figure 2.28 

J, 

• Temporal variations of surfa~e drift in tne Guiana 
Current (--), the calculated annual and semi-annual 
components (---). and the residual calcu1ated by 
differe~e (below) (after Fuglister, 1951). 
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\ ' \, 
(directed northwest) and the subsurface meander are both directed off-

shore, the surface currents measured in that area should ~~eater 

than when the,subsurface ~urrent is t~rned ,~ck towards the continent. 
"-... ' ".. 

~or any oné area then, one should expec't :p~~j:ve and negative \ 

deviations from the mean current as meanders pas~ underneath. ) 

Passage o~ meanders along the coast shQul~ also be expe9ted 

to result in variation of the strength and position of coastal up~ 

welling as divergences pass. The char~s of oxygen anomalies for the 

Atl~ntic Ocean compiled by Mazeika (1968) do show considerable rnonth 
- *- ~, 

to month fluctuations of the anomaly in the area to the west of Cape 

Orange. During much of the year the anomalies' oscillatè ,from positive 

(downwelling) to negative (upwelling). 

Final~y, there are other phenomena in the area with coinci­

dent pe,~iodici ties. Fukuoka (1966) notedV that th~ data for tidal 

height, water temperature, and air pre~sure along the north,coast of ... 
# Venezuela during\I96l tO,1965 exhibited strong periodicities at 3,4, 

7 and 8 months and were significant at the one percent confidence 

leveI.. Som~what fewer data for water density and oxygen anomal y at 

one station suggested upwelling with about the same period. Fukuoka 

could ofifer no satisfactory explanation at the time, but it is possible 

in light of the evidence discussed above that,at least under certain 

• circumstances (see Figure 2.27), the \urrent may continue to meander 

after it has passed through 'the' An t..i l lès .p..rc Such meandering can be 

expected to result ~n periodic upwelling sirnilar to that in the region 

west of Cape Orange. 
, \ 

\ 
If these meanders do pass westward along t~e South.American 

coast as is hypothesized here, Barbados will alternately receive more 

saline oceanic (North',Equatorial) water and ,fresher, less dense Guiana 

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

passesses relatively sharp salinity boundaries. The very abrupt and 
o 
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tempQrary changes in salinity and density'visible during,the first half. , 
of the year at seriaI stations off Bar~dos are consistent with the 

suggestiop. that the meanders move, and there is considerable biological 

evidenee to eonfirm that distinctly different water masses pass 

Barbados at regular ~ntervals during,this time. 

2.4.3.3 Annual seasonality 

The question arises as to why thi~ oscillating regime is not 
li 

observed throughout the year. "Most authors (Cochrane, 1965; Metcalf . \ ~ . 
and Sta1culp, 1967; Metcalf, 1968; Mazeika, 1973) have considered the 

recurvin;J of th~ '"G~é}Jla Current north of Cape orangé ta be a more or 

~ess permanent' fe,ature, and h~ve explained the production of lobEls of .' 
'-

low salinity surface waters in this region as the westward 1imb of a 

stationa:ty"éddy to the northeast of the Cape. The United Statës 
'" t r ~~~ .,. .. 

Navy Oceanographie "Atlas (1947) and data from the NODC-SCUDS fÙe 
c , 

show, howeveF, that the Guiapa Cuxrent dbes ~ot\recurve throughout 

the el;l'!:ire. year wi'th the sarne strength. The arrows in Figure 2 ~ 29 

indi,cating the mean monthly: direction and veloci ty in six la squares 

,north of Cape or~ge dl~~ly demonstrate that recurving on1y occurs 

b~tween July and December. This change in current spe'ed and direction 

can be directly related ta ,phanges in zonal winds mentioned earlierQ 

(Section 2.3.1. 7). In the area north of Cape Orange the winds are 

, 'generally northeas;erly from Jan'(ary until July,when they weaken and 

gradua11y become easterly and southeasterly (Meteorological Office of 

the British Air ~nistry, l~~.~,t~ Under such changing wi11ds the seasonal 

change~ in current dir~ction are ta be expected~ The low density surface 

waters are very responsive ta wind stress (Herrara and Snooks, 1969; 

Mazeika, 1973), and Mazeika has shown that 'at .least during the months , 
of July an~August these surface wat~~s 'travel about 400 to the right . 
of the mean wind direction. ' 

( 
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Figure 2.29 ' 
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.1 

Temporal v~riations of mean monthly surface drift veloci ty and dire'ction in. six 1
0 

squares of latitude and longitude north of Cape orange (data from U.S. Navy Hydl;'0gri3-phic Office (1947) Atlas of ~urface 
currents) • \" 
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j'9'I'Ï ,. The seasonal recurving of the current in the late summer and ..,. 
~ 

fal~r but not be~oret is consistent with the surface salinity ~ata . 
from Barbados. As already pointed out, the decline of salinity during 

the first'half'of th~ year is erratic and is-associated with the 

arrivaI at Barbados of fresher waters of South American origin 4 The 

very~teady increase in surface salinitiës beginning in August is 

qirectly related ta a series of events'Qi?cluding reduction of the 

ArnazOh discharge. and decrease in wind s~eeds everywhere over the 

. western tropical Atl'antic. Under the influence of more southerly winds, 

much of the low salinity waters are carried north and east off Cape 

Orange. In the west, 'the Guiana Current slows signiÙcantly (Figure 

2.28). The consequent reduction of its influence and the movement Of 
the more saline eceanic waters from the North Equatorial Current into 

the Barbados are a are responsible for the changes of surface salinity 
> 

observed during this tim~. 

. t--

1 

2.4.4. 

' . 

1 

'''" 
Conclusions regar~!ng'the eyclical pÈenomenon and the 

occurrence of Trichodesmiurn off Barbados. 

. \ 

Physical and hydrographie data from a variety of sources 
\ '1 4", 
indicate that the wavelike nature of the Guiana çurrent and the 1 

alternate appearance of these waters with higher salinity North 

Equatorial waters are respons~ble for the obse~éd cyclical tluctuations 

of Triehodesmium standing stock off Barbanos. It has aiso been demon­

strated here that this alternation of water types,is related ta ,marked 

in-phase variations of the stocks of other phytoplankton. Diatoms are 

much more àbundânt in the surface waters with slightly lower salinity 

and greater Trichodesmium numbers, while dinoflagellates and coceolitho­

phorids are most common in the intervening)periods. This .oscillatory 

v.ariation of the Phyto~lankton has been dejected in five other separate 

studies at Barbados, and the phenomenon ë!.P ears to be one of the most ' 
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impàrtant mechanisms deterIDi~ing-the phytoplankton standing crop and 

spe@ies composi:tion off ,.B~b!ld~S" ._~oth i11 'the oceanic wa~e.rs of.~hore 
and in the region close to· sh~l-e. There ls also evidence that the 

seasonal distribution of sorne zooplankton is controlled in this manner. 

By the reasoning presented here, the perioaic phytoplankton 
\ . 

'b'looms' off Ba~ados ar13 pools of plankton:-~ich water carried north 

from the productive regions off the Guiana Shelf. This area benefits 

f.rom fertilization through remineralization of terrestrial detritus and 

dissolved organic, compounds brought down by the Amazon River and from 

,local upwelling (tadée, 1975) and supports prolific diatom growth. $ As 

waters of the Gui ana' Current move away from th~ shelf qnd these sources 

of nutrients, their la~ge phytoplankton populations will rqpidly strip 
, , .. 

the water of dissolved nutrients. Because the surface layers are 

essentially-i~olated from the deeper waters, little vertical exch~~e 
, '\., -~~ ~ .... 

of nutrients can b~ expected, and by the time the pools reach Barbados 
1 

(three to six weeks), compounds such ~s nitrate and orthophosphate,will 

be nearly undetèctable (df. Steven et al.;197Q). This' explains why 

previous authors have fo~d no relation between surface layer nutrient 

concentrations and phytoplankton standing crop off Barbados. 
(ri 0 

The onset o~ oligotrophy does not necessarily bring about an 

immediate detrease in phytoplankton numbers, "however. Most phytoplankton , 
are capable of storing carbon, nitrogen and phosphorus, and as Dodson 

and Thomas (1977) have demonstrat,ed; Chaetoceros affinis and 

G~odiNium splendens can survive moré, than 65 days of oligotrophy 

after simulated upwelling without significant decreases in population 

densities.. The ability of Trichodesmium to survive olig?trophy will be 

even greater because of itS' ability to fix molecul.~fitrogen. 
. ~::,"~s" 

The seaso~~l distribution of Trichodesmium in the western 

tropical Atlantic and the peculiarities of its abundance at Barbados 

are aiso better understood in ligh~ of the hydrology of the region,. 
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It .. 
The alga is conunon over the tropical Atlantic extending onorth ta" about 

400N by late summer (Dugdale et al., 1961). Its population densities 

in the Sargasso Sea ~vring August to October are about the same as in 

the Caribbe~.during February and March ,(Carpenter and Price~ 1977),' 

and at Barbados in the 'nonbloom' phase. During ~he first half of-the 

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

ward." The G~iana and Caribbean Currents strengthen, and low sa1inity 
1 

waters along the Guiana coast sprea~ across the Caribbean during the 
~ 

summer (Wust, 1964) carrying p1ankton from the Atlantic into that sea. 

~t Barbado~ the large increases in phytoplankton stand~ng 

crop appear closely related ta fluctuations in the horizonta~ extent of 

the Guiana Current. It seems likely therefore that the large populations 

of Trichodesmium obse~ed 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 

Price at 15 m weie between 120 and 290 x 106 cells/m3. This is very 

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

off Bar9ados ~ 1500 to 2800 mm fil/l or about 160 to 310 x 106 

ce11s/m3.). The observation by Goering et al. (1966) of a large 
" 1 • 

'Trichodesmium b100m in low sa1inity waters off Cape O~ge in 1964, and 

small populations at nearby stations in high salinity water, lends 

further supp.ort to the hypothesis that the abundance of Trichodesmium 

in the western. tropical Atlantic is re1ated to the spread of low 

salinity surface waters across this region during the summer. What 
\ , ' ( 

li4~~~ quantitative informatibn is avai~ab1e regarding the distribution 

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

Amazon delta (Wood, 1966), nor in the area near Cape orange (Dr. G.C. 
, \ 1 \ 
Cad~e*,p~r~. conun.) , but that it is found further offshore. 

, 

* Dr. G.è. éadée, Nether1and's Institute for Sea Research, Texel) 
\ 

Netherlands. 
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~~ichodesmium is known to exnibit very inefficient uptake of , 
combined nitrogen for growth in oligotrophic regions (Wada et al., 1975; 

Carpenter ~t af" 1975) and therefore might be expected to thrive in 

nutrient rich waters. To a certa~n extent this is true, since it is 

very atundant aIl across the tropical Atlantic in the region of 

èquatorial divergence (Lehmann, 1920; Hentschel, 19361 Zernova: 1975), 

around the periphery* of upwelling zdhes,such as off Isla Margarita 

(Margalef, 1971) and Columbia (Corredor, 1976) and -in waters in 

the Caribbean and Gulf Stream ,rings with increased phosphate supply 

(Carpenter and Priee, 1977). In the Indian Ocean, Jayraman (1970) has 

pointed out~hat Trichodesmium blooms occur near reg~ons of upwelling;" 
\) ,~ 

Sourniâ (1968) considers !. thiebauti~ a neritic species in this ar~a. 
• 0 

Like the situation at BarbadOs, the abundance of the alga off northern 

Madagascar is rela~a to the appèarance of lot salinity surface waters.' 
l '. 

~ Whether tnis is due te;> the s'tability of such water masses or their 

original nu trient ~upply (the Guiana current-Amazon River at Barbados) 

is difficult to judge frJm the-data availabie. There was no consistent 

relationship betw~n~~richodesmium standing stocks and stability during 

this stu~y or from the "1968-7O'data (steven et al., 1970). In view Of 

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

waters, Fogg et al. '(1973) consider it possible that nU~i~nts required, 

by the alga are derived from land runoff. 

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

over the western tr6pical Atlantic, TrichQdesmium and aIl of the 

diatomaceous phytoplank~n is less abundant off Barbados. The re-
l 

c~ing of the currents off Cape Orange, the decrease in velocity of 

the Guiana.Current, ~nd the generally more westerly drift over the 
~( 

area, ~ill mean· that the water and phytoplank,on arriying at Barbados 
" are from the q~ianic region east ôf the island •. ~ese waters have had 

4 

*It will be washed, Qutf of the upwelling areas because of i ts buoyancy. 
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, , 
phytoplankton standing crops are low - dornlnated by dinoflâgellates 

and coccolithophorids. Trichodesmium is-cornrnon 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 

reduction in ~ransport from further south and decreasin~ stratification 

of the w~ter\column in these regions at this time {Dugdale et al., 

1961)- . 
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3 SOME CHARACTERISTles, OF PHOTOSYNTHESIS BY TRICHODESMIU~ 

3.1 In troduc tion 

It very quickly b~~~es obvious when examining the phytoplank-
o 

ton co1lected off Barb~dos, and in many other parts of the tropical 

oceans, that Trich~desmium is important numericallY. Calculations of 

~he percent contributi~n to total cell numbers and chlorophyll ~ by 

TrichodesmiQm demonstrate that this alga is very often dominant. 
\ 

When this study began in 1974, very 1ittle was known about 

the biology and physio1ogy of the alga. Only one prelim±fiary study of 

photosynthesis h.ad been madeo (McLeod e~ al.', 1964) and th1s was beset 

by problems of apparent ext~eme variation ~n the alga. The fol1owing 

is an account of a series of experiments conducted utilizing the l4c 

technique to expand on this aspect of the alga 1 s physio1ogy. 

3.2 Materials and methods 

3.2.1 Experimental procedures 

Measurements of Trichodesmium photosynthesis were made on 
14 -

isolated colonies essentia11y after the C method of Steemann Nielsen 

(1952). Most plankton collections were made shortly after dawn fro~ a 

srnall open boat approximately 3/~ km of~shore, in water of 100 m depth' 

A few experiments were conducted on Trichodesmium 'col1ected further 

offsÈQre. 

AlI 'collections werê, made wi th a 1/2 meter diameter, No. 6\ 

(0.24 mm mesh) pl~ktèn'net, except ~hose from below the surface. In 

these instFnces collections were with a Clark~-Bumpus opening and clo~ing 

, / 
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-.,. 
net, or throttle nets lowered cod-end !irst. Immediàtely after 

complet±o~ of the tow, ~he 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 indiviouai Trichodesmium 

colonies were removed with wide bère Pasteur pipettes: Isolated colonies 

were p1aced in freshly col1ected HA Millipore filtered seawater, and 

then transferred by pipette to a second container of fi1tered water to 

reduce possible transfer of zoop1ankton or other unassociated phyto­

plankton. 

placed in 125 ml pyrex bottles ~illed 

with HA filter~d seawater from the cDrresponding depth,and 

l 1 · . f 14 . . . l .0 m ster~le 50 ut~ons a NaH C03 ln dlst~lled water (New Eng and 

Nuclear c~rp.) buffered at pH 9 (activity 19.44 ~çuries/ml)·were then 

added by syringe to each bottie. Each empty ampoule wa~ rinsed with 

water fràm the experimental bottle and the rinse added to the bottle 

ta insure complete 'transfer of the label. 

, 
After inoculations, the bott1es were s~oppered, inverted. 

gently 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 ± 0.8%, 5.6 ± O~4%, 17 ± ,%, and 56 ± 4% of the incident irradiation 

(I)*. Trichad~smiurn was'also incubated in bottles withaut cover (100% I), 

and, with a heavy black plastic wrapping '(0% 1).' BottIes containing 
, 

Millipore filtered seawater but no Trichodesmiurn were similarly incubated 
"-

in mos~ experiments as chêcks on adsorption and washing errors and any 

other -~orm of contamination. 

* Transm}ttances were considerably different than ~ose claimed by the 
, 

manufacturer for new bags. 

1 
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Except where noted 'ot4erwise, incubations were condu~ted ~nder 
natural illumination, in' a temperature con~rol1ed (270 ± 2°C) water bath 

on the roof of the laboratory. The bottles were laid on their sides, in 

a clear plastic tray under about 5-10 cm water and were thus protected 

from infrared irradiation. The bottl~s thems~~ves absorbed strongly 

in the ultraviolet (96% absorbance'at 360 nm). Most incubations began • 
around 0800 hrs local time and continued for four hours. Immediately~ 

after incubation the bottles were covered and taken to the laboratory 

where photosynthesis was terminated by filtration of the battle contents . 

. 
The in situ experiments were conducted offshore near the 8 ~ 

station uti1izing filtered water and Trichodesmium c'o'llected from just . 
below the surface; 2S and 50 m. Except for the fact that incubatibns 

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

'ments. Incubatio~s,were for 3-1/2 hrs, beginning at 1230 hrs. In these 

two experiments," pRotosynthesis was terminated by addition of formali~, 
• and filtrations were made after return to shore. 

/' 
pl I

t 

1 

'. 

In aIl ca~er' the whole contents of each bottl~ were filtered 

at pegative pressures of less than 256 mm mercury, and rinsed with two 

la ml aliquots of filtered, ùnlabelled seawater. These rinses were then 

also filtered l, serving ta rinse inorganic di.ssolved 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 labeÙed, glued to taluminum planchettes with rubber cement and sent 

'" to Dr. J. Kalff, Biology Departlnent, <McGill.University, for counting, 

using a thin window gas flo~ Nuclear-Chicago Geiger-Müller counter. 

A~l filtersjJere counted fo~ 5, minutes, or'10,000 counts: 

~adioactivity on the filters not associated with Trichodesmium 

colonies was between 30 and 30.0 cpm, and this was always less than 

.ap~arent dark uptake of label by ~richodesmium colonies. When this 

~ound activity was subtracted, dark fixation by Trichodesmium was 

• 

'b'. d' ';,rl tH * b l t 1 +,1 0œ 
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less than 5% of, the, corresponding Pmax in every experiment except two. 

Where photosynthesis is presented "in te~s of ~gm C/colony-hr 

production has been caiculated in the following manner: 

. \ where 

(L D) W 

~~C/colony·hr = 
AxHxN 

L = counting rate (cpm) of Iight bottle containing Trichodesmium , 
l , 

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

W = weight of available carbonate carbon in the bottle, 
, . 

assumed to be 25,000 ~gm/l in seawater 

A = 14C (cpm) addéd to eaeh bottle 

(1 ml x 19.33 pcurie/ml x. 2.22 x 106 ~ x E = 15 x 106 cpm) 
].Iel. 

H = 1ength of incubation, in ho urs (usual1y 4) 

N = number of colonies per bott1e (usua1ly 3) 

The factor accounting ,for differentia1 uptake of 14C and I2C 

has not been app1ied since the assumption of constant carbonate 
\ 

alka1inity reduces the accuracy of the calculatîon by about 5% in these 

waters. 
" 

1 

Apparent counter efficien~y, represented in A above by E, ~as 

betwe~~ 21 and 34% as calculated from dry standards of knowo activity. 

The, âccur cy of these calculations was checked by combusting precounted 

Trichodesmium and counting the liberated 14C02 by 1iquid scintillation. 

Scintillation counting agreed to within 2\ of that calculated ~rom the 

G.M. counter measurements.\ 

Release of newly fixed carbon was measured according to the 

method of Watt (1966). The fi1trate from each incubation bottle was 

acidified with concentrated HCI to below pH 2 and bubbled vigorous1y 

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 ante aluminum 
~ « 

planchettes and sent to McGill university for counting. Release of 

dissolved material\was afso examined fluorometrically using a Turner 

model' flO fluo~ometer e~ipped with a 'blue' light source (Turner 

#110-853) high sen~itivity door, primary fiiter Corning No. 7-60 and 

secondary filter Wratten No. 48. These filters were choseh according to 
r •• \ 

'e~citation and ernission fluorescence spectra given by Traganza (1969) 

for water'from a Trichodesmiurn bloom. As the fluorophor was nOb identi­

fied the machine could not be calibrated in absolute terms. The machine 

was blanked against a black durnmy cuvette and aIl data expressed in terms 
o 

of arbitrary fluqrescence units f~r 5 ml filtered aliquots of seawater. 

De~onized distilled water consistently gave low fluorescence throughout 

th& period of this study~ 

Routine photosynthesis experiments were aiso conducted on 

colonies in which the gas vacuoles had been completely collapsed, in 

or der to investigate the possibility that the vacuoles w€re providing 

prote:;ion for the Phot~ynthetic apparatus. To èollapse ,the gas vacuoles, 

colonies were subjected ~increasing pressures of oxygen, using a Parr· 

bornb c~lorimeter as a pressure chamber. Their complete collapse was 

verified microscopically. 

l' 

3.2.2 Treatment of data 

.-
:>tudies of 'homageneeus cultures.ef argani,sms are relatively . 

easy, but, as has been pointed out by Steemann N!e1sen (1975), difficul­

ties arise when one wishes te compare photosynthesis of n~turak phyto­

p1ankton po~ulationsl because of differences in biomass, cell numbei and . ~ . 
chemical con;tent (chlorophyll, .for example) "among populations. In 

colonial organisms such as Trichodesmium, each calony 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 populationd • and experimental variance can be 

expected to be higher than in studies involving homo 

log-phase growth. 

eous ~ult~res in 

Photos'ynthetic rates are often ~rmalized to car~on or' ~ 

chlorophyll content of the sarnpIes, a~hus successfui comparisons can 

usually be made between different vopulations or species. In this work 

there were, however, severai difficulties with this means of normalizing 

the data: al Trichodesmium colonies may often bè 'contaminated' by large 

numbers of chlorophyll and c.arbon-containi,ng- organisms (see Section 5) 

which wQuld bias estimates of Trichodesrnium biomassi bl Trichodesmium 

possesses the p~ycobilin pigment phycoerythrin, which is thought to 

inte~fere with spectrophotometric and fluorometric measurement of 

chlorophyll (Saijo et al., 1969), and c) phyëoerythrin, not ch1oraphyl1, 
1 

is considerèd by Shimura and Fujita (1975) to be the main photosynthetic 

pigment in Trichodesmium. rf this is sa, normalizing photosynthesis on 
'-

a chlorophyll basis may be misleading. 

In view of this very large variation ~n biomass and chemical 

content'from colony to colony, the best normalization procedure would 

have ~een one which.measured the actual Ti,ichode&mium colonies tested, 
• either an~he filters, or befare incubations began. Thé fragilityof 

t~e colonies, however, dictated that incubations begin as saon as 

possible after their Femoval from the sea, with ver.y 1ittle handling. 

Weighing the filters and 'colonies after the experiment was not'possible 

because of the ve~y 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 
, 

~ere impossible because the filters had to be sent to Mohtreal to be 

counted. \ Where chlorophyll values are reported here" they are for 

colonies of size similar to those used in the experiments, and ~~ected l'-............... 
.' , . 

at the sarne time. 
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Incubations of larger number of Trichodesmium would have 

allowed norrnalïzation by one of these means, but trials indicated 
. 

considerable autoinhibition when more than three colonies were 

91 

incubated in one bottle (see Section 3.3.2). Three colonies per 

bottle was chosen as an expe~imental condition which allowed sufficient 

counts at lower irradiances and averaged out sorne variations due to 

colonY'size, or the presence of contaminants. 

Experiments' involving Trichodesmium ~ust begin as soon as 

possible after their ,removal fro1!l the sea, as decline and dea~h of 'the 

alga begins within a few h~urs. A crude division of the'genus on the 

basis of colony morphology (radial or parallel colonies) allowed 

experiments ta begin within an hour of collection where surface 

collection~ close ta shore were made. f Where studies were made of 

offshore populations (in situ experiments) or of the deeper-living 
• • 'shade' population, logistical difficulties were greater and the delay , 

between collection and incubation was longer. For this reason, the 

study. concentrated on the near-s~rface ins~ore populations (0-5 ml. 

The variations of colony morphology and the relation of this to the 

taxonomy of the alga are discussed in Appendix A.l. While radial: 
"'. ' 

colonies were mostly !. thiebautii, and parallel colonies mostly 

!. hildenbrandtii, there was sorne overlap as illustrated in Figures A;l 
~ , 

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

has suggested that colony mor~hology, while not a good taxonomie 

character, certainly had ecolog~cal significance (see Section 5). 
\ . 
~. erythraeum was seldom present 1n·large numbers at Barbaqos 
"" 1 ~. (Section 2.3.3.l,and when it was, col~nies adhered to the walls of any 
r 

'v~ssel containing them, thus making them difficult to manipulate. No 

data are presented here" for this sp~cies. 
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As a result of the difficulties in norfua1ization rnentioned 
, 

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

beginning of Dhe study, a subjective qhoice of a 'standard size 
\ 

colany' was maoe. In aIl succeeding experiments, considerable effort 

was made ta select coloni~s of approximatel~ equal s±ie and gross 

appearanc~ . 'Wi th'in each experiment the biomass in each bpttle could be 

equalized fairly weIl, an~ the variability of C uptake rates from 

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

variations probably occu~red between experiments Qecause of changes in 

the physio1ogical condition and nutrient status of the potulation Qin 
\ 

the sea between experirnents. 

Biomass determinations df 'standard' size colonies drawn from 

the same samples as experimental colonies, and performe'd according ta 

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

al10w rough ca1culation of assimilation number and comparison of these 

'" rates with other data . 

..Prable 3.1. Size ,range a,nd, ch1orophyll content of Trichodesmium 

colonies utilized in t~,photosynthesis experirnents. 

~olony forrn* 
Total filament 

length mm ± SE (n) 
chlorophyll ~ 
llgm ± SE (n) 

'standard' radial colonies 108 ± 11 (21) 0.013 ± .001 (24) 

'Standard' pkrallel cblonies 165 ± 15 (19) ... 
< 

0.018 ± .002 (23) 

... 

'" Colony morphologies illustrated in Figure A.l. 
J 
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There were a1so a number of possible 'sources of experimenta1 

error ~ther than variations of biomas'S. These inc1uded loss of 

Trichodesm).um du ring incubations through fragmentation, cell lysis or . 

adsorption to ~alls Qf'~he bottie, uptake of radiocarbon by contaminati~g' 

organisms, adsorption of the label by the polysaccharide mucilage aresent' 

in sorne colonies, and 1055 of labe11ed l4c during desiecation of the 

fi1ters i In forty-eight ofasixty-two measurements, however, replie~es 

of particulate carbon uptake agreed to wi thin ; 30%. " Microscopie 
• , 

examination of the divergent pairs revealed cOfSiderable part!c~ate 

material other than Trichodesmium on srx of th~ filters having high 
\ 

activity. In one case this could have been eo~tamination from the 

bottles," but in the others, particulate c.ontam~nation of the l4c 

ampoules themselves is suspected. (Fee (1975)" and platt and, Irwin 

(~968) have also reported particulate contamination of ampoules from 

'New Englan~ Nuelear Corporatton.) The filters were not routineilly 

.~,.fumed over concentrated HCl, but when filters with very high counting 
'-1' ~ ,­, ' 

}ates were, their activity dropped markedly indicating adsorptiàn of 
. . 14, bl 
~norgan~c Chad been a pro em. 

, 
The 'counting rates did not deerease 

\-
to 'normal', however, and it is assumed that the particles on the 

filter had also absorbed the label internally. Fuming of filters 

~ntaining ~richodesmium with normal counting rates did not,show a 

decrease in activity, thus indicating~that adsorption to the colbny 

mucilage was not a serious problem. 

3.2.3 Irradiance measurements 

Meteorological datà, including irradiance measurements'for . 
the days on which photosynthesis experiments were ma:de, were provided \ 

by Mr, P. Roachford, Caribbean Meteorological Institute, Husbands, 

(:

st. James, Barbados. Total ,i~raqiance in the 309-2000 ~m.range was 

measured by a Kipp and Zonen type pyranometer located at the Me~eo~ologieal 
~ 

~ 
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Institute approximately 7 km~from Bel1airs Research Institute. 

Irradianc~ in the Photosynthetically Active. Range (PAR), that 
, 

is, in the 400-700 I~m range, is,almost indëpendent of atmospher~c 

conditions and nearly constant at 0.50 ± 0.03 ôf the total irr~diance 

(Monteith, 1972; Szeicz,,1974; Suckling, 1975). In this study, the .. "" pyranometer total irradiation measurements have been divided by two to 

convert them to PAR. AH irradiance values discussed here are PAR 
~~ 

unles\ n7ad othe",i.e. , 

A note is in order here concerning the multiplicity of units 

in th~literature by which irradiance is measured •. This confusion has 
~, 

resulted in errors in the literature, and has made comparison of the 

presen~ data with those of other studies tedious. Published data have 

been recalculated using the rough conversion factors in Table 3.2 • . 
As the se factorS-are approxim~te only, the comparisons are aiso. 

Table 3.2. Conversion factors between ~hotometriè>-units (lux)t 

and r~diometric units of light energy (lyjmin)*. 

* 

Lj.ght source 
( l lux) 

Natural' sunlight 

Tungsten lights 
" 

Fluorescent lights 

, ) 

Iy/min (PAR) 

6 x 10-6 

8 x 10-6 

4. X,J.O- 6 
~" 

~ 7 f 

~ gm C~l/cm2 =_1 langley/min (ly/min) 

l lux = 0.0929 ft c 

" 

Î 

Reference 

Strick1and, ,1958 

Vollenweider, 1969 

Westlake, 1965 

) 
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Th~ photosynthetic response to irradiance occurs in two semi­

independent stag~s. Water is split and the reduct1ve high energy 

compounds ATP and NADPÂ are supplied by the photochemica1 processes , 
which.utilize light between about 350 and 700 pm wavelength. Chlora­

phy11 and the acces.sory pigments are responsible for co1lectin,g the 
\ 

light energy and hence the first linear part of the photosynthesis vs .. 
irradiance (P vs 1) curve (see Figures 3.1 and 3.2) is a function of the 

pigment content per ,cell and the rates of the liqht reactions • 

• 'The processes ~hich utilize the energy collected bt the phota­

chemical reactions are collectively referred to as the dark reactions. 

, This collection of reactions involving enzymatic synthesis '!Ind 
, \ . 

uti1ization of the newly fixed CO2 determines the maximum rate of 

photosy?thesis (Prnax) (steemann Nielsen, 1975). Photosynthesis as a 

o whole is a balance between the lignt and dark reactions, and c,an usefully 

be described by.the term I K which was int~odaced by Talling (1957),. as 

a ratio between the tW9 processes. The extrapolation of the light 

1imÏted po~tion of the P vs l curve to intersect ~ax yields I K - the 

sat~ration intensity. ,Both I
K 

and Pmax are useful in describing the 
, .. 

physiological state of an alga, and çan be used to compare populations" 
""-

or species. 

Changes in the environment, such as temperature or nutrient . 
availâbi1ity, can dras~ica11y affect the magnitude of photosynthesis 

'lYentsch and Lee, 1966), '\ind thus Pmax/Chla (~ax normalized to 

chlorophyll ~ éontent of cells). This'assimilation nûmber~ is often 

used ~o rough1y compare photosynthesis between species or geographical ~ , 

area~, or as an indication of nutrient status. Thomas (1970) has 

demonstrated that for a tropical Pacific diatom, Chaetoceros gracilis, 

." 

" -

.... 'j ................ .t ... ':.'.-_-.~':~~w.u. ... ~~J<w'''~ 
" J "', 



Figure 3.1 

\ 

Figure 3.2 , . 

r , , 

J>. 

f 

Relative photosynthesis py Trichodesmium vs. irradiance 
, in the photosynthetically active range (PAR). Each 

datum is ~lotted as a frac~ion of the maximum carbon 
uptake in the respective experiment; radial colonies 
( ~ ), parallel colonies (.-.). 

" 

. , 

Abso1ute photosynthetic carbon fixatl~n (~gm C;co10ny.hr) 
vs. irradian~e in the p~otosynthetically active range (PAR) 
for Trichodesmium, gathered frpm the near surface layer at 
various times of the year. (0 - Jan. 21, 1975;1 - Mar. 12, 
1975; 2 - Mar. 18, 1975; 3 - Map. 22, 1975; 4 -"Apr. Il, 
1975; 8 -.May Il,1975; 9 - June 14,1975; 17 - Jan. 28, 
1976} 18 - Mar. 3, 1976). RadIal colonies (* ), 
para1~el colonies (-). 
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the assimilation nurnbers are less, than l during extreme nutrient 

deficiency, but ri se to 6 or more when nutrients are readily avai~able. 
( 

Data may also be narmalized with respect ta maximum phatasynthesis in 

each experiment (pmax) and be p~ese~d as relative photosynthesis 

(Steemann Nielsen, 1975). The resu1ting p/Prnax vs l, curves can then 
," 

be compared without distortion resulting from variatidns of the magni-

tude of photo'synthesis. 
l, 

Data from ten experiments conducted at various times during 

1975 and 1976 have been normalized to pmax and pr~sented in relative 

units in Figure 3.1. The response of Trichadesmi~ of bath coiany types 

was varrable at very low irradiances and IK's/forvboth types f~ll in a 

wide envelope between about 0.02 and 0.11 ly/min'. uptake rates by 

radial colonies increased in a nearly linear'fashion, and saturation 

occurred around 0.1 ly/min. The rate of carbon uptake by parallel 

colonies, however, decreased around 0.03 ly/min and pmax was reached 

around 0.2 ly/min at which irradiance inhibition began for radial 
" .. '" . 
colonies. Parallel colonies were not inhibited until above 0.3 ly/min. 

1 
The shapes of the curves for the two colony types (species) are rather 

dif/erent, suggesting adaptation ta different irradiance climates (see 

1ater Section 3.3.6). The very great reduction of photosynth~sis in 

a few instances a~ higher irradiances may be evidence of nutrient 

limitatian,which is known to amplify photorespiration at h~ 

irradiance (Whittle, 1977). 

In absolute terms, the P vs l cu~es for the near surface 

population (Figure 3.2) show essentia11y the same' features as the 

relative photosynthesis plot, but with variations of Pmax due ta biomass 

differences between experiments and/or nutrient status. Four of the 

five curves for radial colonies reach a Pmax between 0.05 and 0.08 

pgm C/colony.hr. " These experiments were canauèted on colonies taken , , 

from 'ndnbloom',populations, on the dates indicated. In January .1975, 

'l 
« 1 ----_.-.... ....... _-

,~ 
J 

1 
1 
1 
f 

1 



( 

(' 

( 

, " 

98 

colonies,f~om a 'bloom' (curve 0) were testea w~ich were photosynthesizing 

cJnsiderahly more at irr~diances between 0.05 and 0.2 ly/min. These 

very high counts were veri~iedpy recounting and did not decre1se af~er 

fuming with concentrated Hel, as did most other abnormally high counts. 

Microscopie examination of the fiiters did not reveal excessive 

particulate contamination or large differences in the amount of 

Trichodesmium on the filters, and thu~ the,high counting rates have been 

accepted as correct. As well as demonstrating much higher absolute up­

take, th/se colonies also Rossessea a very low ~, charaèteristics which 

are consistent with the deduction that 'bloom' colonies at Barbados are 

recent arrivaIs from nutrient-rich waters along the South American 

coast (see Section 2.4.4) a~d therefore have greater internaI nutrient 

stores than 'nonb1oom' cOlot~es (the effect of nhtrient statu~ on I
K 

will 

be discussed later in this ection). In January 1976, when colonies from 

another large 'bloom' population were tested, the alga showed a very 

low abso1ute rate of carbon fixation and considerably higber I~ (curve 17). 

As has.al~eady been discussed in Section 2.3.3, the wa~er mass present 

around Barbados at that time did contain a 1a!ge phytoplankton population, 

but itnwas declining and senescent. Cell counts, percent ChlorOPhYlJ 

.and microscopie observations confirmed 'that th~s was so fo~ the 

Trichodesmium and muèh of the other phytoplankton as weIl. 

1 
In these experiments~ parallel colonies demonstrated a higher 

Pmax than did ~~ radial colonies. This is con;idered to be primarily 

due to the fact that the 'standard' parallel coloniès contained more 

cells than the 'standard' radial colonies. The choice of standard 

colonies was based on gross size, and since parallel colonies have a 
• more compact arrangement of filamen~,than st~ard radial colonies, 

they aontained considerably more biomass (see Table 3.1). The fixation 

rates expressed as a function of a mm of filament length are approximately 

equal (1.2 x 1O-3~gm C/mm fil·hr for radial colonies;' 

0':9 x 10-3 ~gm C/mm fil·hr for paral1:el coolonies), and 50 are assimila-t;:.ion -", 

, 
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numbers (6.2 119 C/1l9 Chl~'nr for radial colonies; 8.3 119 C/llgmchl~.hr for 

pa.raJ,.lel' colonies). It is possible that there are differences between 

the'colonîes (species?) because of morphology or pigment composition, but 
, 

these data are ~oo few and varitple to confidently make such a statement. 

The assimilation numbers for Trichodesmiurn collected near , 

shore indicate that the alga must have benefited from the weIl known 

'island-mass effect' (Sander, 1971, 1977, and, others), since these' 

values are considerably higher than those for Trichodesmiurn offshore 

during this study (1.5-5.5). In Table 3.3, assimilation nurnbers calculated 

. f~om these data ,are compared to those reported by others. Phytoplankton 

from oligotrophic waters generally have values betw1in 1 and 3, while'in­

shore or nutrient rich areas have values above 5. 

Assimilation numbers for Barbados Trichodesmium are in good 

agreement with theie general values, as weIl as ~ith th~ r.eported by 

Moreth (1970) for Trichodesmiurn fro~ the Florida Current, and that of 
• Aruga and Ichimura (1968) for a Trichodesmiurn bloom in the Kuroshio. 

They do not, however, agree with values given.by, or calculated from 

the.data of Aruga et al .. (1975), Mag~e et al. (19i7) or Carpenter and 

Priee (1977), aIl of whom report ass~ilation numbers less th~n 1. It 

is not clear why this is so, but it is likely that the low incubation' 

temperatu~es (20-230 C) used by Aruga et al. (~975) lirnited pho~osynthesis. 

The sarne authors showed a sharp decrease in carbon fixation by. 

Trichodesrniurn below 2Soe and above 30oe. Mague et al. (1977) did not 
"-

report their incubation conditions, but it appears that they used very 

small vials, as did Carpenter and Price (197-7). In view of the fact that 
\ 

Trichodesrnium colonies iSQlated'from the sea do poorly in small containers 

(McLeod et al. 1962; B. Taylor, pers. 2omm.*; this study, Section 5.2), 

) 
* Dr. B. Taylor, Rosenstiel School of Marine and Atmospheric Science, 

" . 
University of Miami, Miami, Florida, U.S.A. 

i 'i'. _ ~,~~_""",, ____ ,,.....-.c ..... "~ 
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Table 3.3 Asslmilation numbers of near~surface natural phytoplankton 

situation 

M~D PHY~PLANiKTON 

S. Caribbean - off 
V nezuela 

W. Atlantic - off 
Barbados 

Tropical Pacifie 

Tropical Pacific 

Tropical Pacific 
(nitrogen deficient) 

Tropical Pacific 

Tropical Pacific 
(nitrogen rich) 

Near Barbados - neritie 

ISOLATED TRICHODESMIUM 

Su~-tropical Pacifie 
, . 

Oceanic Kuroshio 

Sargasso & Caribbean 

Kuroshio - red tide 

Florida Current 

Radial colonies -
offshore 

Parallel'colonies 
offshore 

Radial' colonies 
inshore 

Parallel coloni~s -
inshore 

assimilation number 
~gCj.).lg Chl~·hr. 

lTIin . 

0.5* 

1. 3* 

1.1 

0.2* 

.11 

.13 

3 

1.5 

3.8 

3.8 

3.8 
\ 

max. 

3.2* 

3.5* 

5.2 

! 

22* 

.16 

.28 

5 

2.9 

5.5 

6.1 

'. 

, 

(bloom 12.3) 

8.3 

avg. 

2* 

1.4* 

2.1 

3.1 

4.7* 

.38 

7 

2 

4.5' 

4.1 

6.1 

reference 

Margalef,1971 

Steven et a1.,1970 

Saijo & Ichirnura,l962 

Epp1ey et a~,1973 

Thomas,1970 

Takahashi et al.,~972 

Thomas, 1970 

Sander, 1971 

Mague et al. ,1977 

Aru"ga et al.,1975 

Carpenter & price,1977 

Aruga & Ichirnura,1968 

Moreth,1970 

This study 

This study 

This study 

This 'study 

* Assimilation numbers based on total chlorophyll will be somewhat low 
eompared to those based on 'live' ehlorophyll a, depending upon the. 
recent", ive chlorophyll. In surface layers near Barbados chlorophyll ~ 

~ rep'rese ted 78% of totaliin th~ Kuroshio, it was 60-80% (Saijo et al., 
~ 1969). These assimilation numbers should be increased by abou~ 30\ to . . . 

make t comparÇ),ble wl.th others on thl.S table. 
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and of the fact that Carpe~ter and Price utilized very high algal 

densities (1 colonY/ml)" the carbon fixation rates on wh~ch these 

~ assimilation numbers are calculated may l'~ (see ~ection 3.3.2, in 

which autoinhibition is discussed). 

Bath types of colonies exhibited considerable variability 

in the slope of th~ initial, light limited portion of the curve, al)d 

in I
K

. On some days cplonies were present which possessed an I
K 

of 

0.02 ly/min, while at other times IK'S as great,as 0.1 ly/min were '\ 

recorded. 

Two other studies of p~otosynthesis by Trichodesmium surface 

popu~ations can be found in the literature •. McLeod et al. (1961) in 

experim~nts with Trichodesmium from near Bermuda, measured phot?­

synthesis with an oxygen probe under tungsten lights. Extrapoïation 

of oxygen production rates ~om very low irr~diance led the~ 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 i~p~6tosynthesis among colo-. 

nies taken from the same tow. compÉmsation as measured with the . 
oxygen probe was around 20 f~-candle/cm2 (0.001 ly/min) equal to about 

0.2% of noon surface irradiance at Barbados. 

Aruga et al. (1975) have studied photosynthesis by 

Trichodesmium 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 agreeme~t with the 

Bar~ados data (~ee Table 3.4 for comparison). Neither McLeod nor 

Aruga discuss their dat~, or provide possible explanations for this 

va-riabilitYi. 

The light limited portion of the P vs l curve i5 a direct 

function of the pigment concentration of the aiga and thi9 i9 perhaps 
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Table 3.4 Photosynthetic parameters ot Trichode~mium and other phytoplankton. 

BLUE-GREENS 

Oscillataria agardhii (temperate lake) 

Q. agardhii var. isothrix (temperate lake) 

Oscillatoria and.Anabaena (temperate lake) 

Trichodesmiurn (Kuroshio, E. China Sea) 

Trichodesmium (aff Bermuda) 

Trichodesrniurn (near Barbados) 

mastly ~. thiebautii (radial colonies) 

mostly T. hildenbrandtii (pa~a11el colonies) 

OTHER PHYTOPLANKTON 

dinoflagellates 

Goniad6ma (Puerto Rico in situ) 

peridinium (I~uerto Rico in situ) 

. Dinophysis, (India - cultures) 

dia toms 
. ., 

Rhi~osolenia (India - cultures) 

several species (India - cultures) 

irradiance (ly/min PAR) 

I
K 

Pmax* 

.035-.045 

.045-.055 

------

.03-.12 

.02-.11 

.02-.09 

.18 

.24 

.21 

.13 

.07-.13 

.078-

.05-.06 

.1:l6-.26 

.18-.31 

.18-

.24-

.21-

.14-.22 

.13-.20 

Reference 

Baker et al., 1969 
, 
Wohler and Hartmann, 1973 

~ TaKahashi et al., 1970 

Aruga et al., 1975 

McLeoB et al., 1962 

This study 

'l'his study 

Burkholder et al., 

Burkholder et aloi 

Qasim et al., 197.f 

Qasim et al." 1972 

Qasim et al., 1972 

... 

1967 

1967 

* 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 appeàrs above, no 

~, data are available. 
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the-most likely explanation for the variability of the I K recorded in 

aIl three studies. While Aruga et al. normalized their data to . 
clalorophyJ.l, the data in the cur'll:'ent 'study and tltose of McLeod et al. 

were norrnalized to biomasse Certainly, if the chlorophyll 

concentration varies, most algal photQsynthesis rates expressed on 

bio~ass will vary, but this do es not explain the variation of I
K 

note~ 

by Aruga. The explanation rnay depend upon the importSlnce of phyco­

erythrin in Trichodesmium photosynthesis. Shimura and Fujita (1975) 

have conciuded that phycoerythrin is. the main photosynthetic pigment 
, , 

Il> , 
in TrichodesmiUfu after observing that wavelengths exciting phycoerythrin 

stirnulated photosynthesis as much as irradiation exciting only 

chlorophyll~. This in itself is not strange. The phycobilins of 

oth~r blue-greens are also very important in photosynthesis (folk, 

~973), but Trichodesmium apparently possesses phycoerythrin which 

absorbs strongly at three separate wavelength~ - quite unlike otner 

known phycobilin pigments. Most other blue-greens possess rnuch larger 

amounts of phycoerythiin relative to chlorophyll ~ than that measured 

by Shimura~and Fujita (1975). They ascribed the Iow 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 tO be more affected than the light reactions. .The photosynthetic 

efficiency at low irradiances is usual1y not great1y affected, but 

Pmax is decreased and as a result I
K 

is aiso lowered (Yentsch and Lee, 

1966). Suqh a decrease of Pmax also evidently occurswith Trtchoae~mium, 
,~-

but in blue-greens in general and Trichodesmium in particu1ar~ there is 

reason to believe the effect of n~trient deficiency on.IK rnight be some-, 

what different. The phycobilin pigments (phycoe~thrin in Trichodesmium)' 
. 1 

are nitrogen containing proteins and are known ta be important as 

internaI nitrogen reserves during times of nitrogen starvation. 

Allen and~Smith (1969) have dernonstrated rapid decreases in, cell 

phycobilin concentrations in Anabaena with the onset of N starvation. 
" 
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and a subsequent resynthesis of the pigment when nitrogen is again 

·available. It i5 hypothesized here that this requetion in the phyco­

bili~ pigments will deerease the photosynthetic efficiency at low 

irradiance, and result in an increase in IK• A tes~ of this 

hypothesis requires sensitive C/H/N analyses of colonies whose carbon 

uptake rates have been measu-red (suitable instrumentation was not 

avai1able during t~is study). 

" The waters in which Trichodesrnium is found cammonly contain 
o 

very low concentrations of aIL plant nutrients, and phytoplankton 

growth is generally considered to b~ controlled by nutrient limitation 

(cf. Sverdrup et al., 1942; Parsons and Takahashi, 1975). The nitrogen, 

uptake capabilities of Trichodesmium have been the subjeet of 

.considerable research by several authors (Goering et al. 1966; Wada et 

al., 1975; Carpenter and McCarthy, 1975). Wada et al. and Carpenter 

and McCarthy have demonstratèd the apparent inability of the alga to 

take up sufficiènt combined nitrogen for growth at ambient oceanic 

concentrations, and consider tha~nitrogen fixation must supply 

nitrogen for growth of the alga. The extreme vari~ility of this 

aetivity by Triehodesmium is well doe"!Illented, 'but no . suitable 

explanation has yet been presented. rt rnay relate to a rather .-
. precarious morpho1ogic~1 protection of the nitrogenase enzyme from 

~ \ 
oxygen deactivation (cf. Carpenter and Priee, 1976). 

The 'heritic' nature of Trichodesmiurn's nitrogen uptake 

kinetics and the fact that the specimens tested in these experiments 
.. ..Y"' ..... "'-

werè~k.en, at different times of the year from a very complex and 

patchy seri:s of water masses with diffkrent origins and past 
<)1 

nutrient conditions (see Sectio'n 2.4.3), undoubtedly means that the 

eolol:lïe,~' tested were in varioJ.ls stages of nitrogen starvation. It 

seems vè~ likely that the var~abi1ity of the photosynthetic response 

of Trichode~mium at low irradiances was closely determined by tqe 
\ 
~ 
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nitrogen-status of the cells and thërefore by their past history and 

any number of other factors limiting nitrogen uptake. 

Literature concerning the I
K 

and saturation irradiances 

for various phytoplankton have been collated, converted to ?nits of 

Langleys per minute (PAR) using the c~nversion 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 

t 

of photosynthesis at low irradiances than do ~iatoms or dinoflagellates. 

The range of I
K 

values for Trichodesmium is 0.92-0.1 ly/min, whereas 

diatom IK's are above 0.01 ly/min and thos~;of dino~lage1lates above 
r' ~~ 

0.15 ly/min. The photosynthetic characteristics of~all algae are 

chang~able and a function of their history, age and environment, 

but it is apparent from Table 3.4 that there are fundamenta1 dif­

ferences between the various taxonomie groups (Ryther, 1956), 

especia11y at 10wer irradiances. 

Most surfacé phytoplankton appear to saturate in the range , 
of 30-50% of the surface irradiatio,n (Steemann Nie1sen, 1975; 

Serickland, 1958) which, for tropicalspecies, will be at higher 

irradiances than for temperate spesies. By contrast, Trichodesmium 

is,at least on occa~ion (periods of nutrient sUf~iency?), able to 

satura te at lower irradiances because of the increased photoreceptor 

capacity providéd by phycoerythrin. Radîal colonies perform more 

1ike d~atoms, whereas the paralle1~colonies saturate at higher 

irradiances,' more like dinoflagellates. 

3.3.2- Autoinhibi tion 

, 
In two experiments conducted under tungsten and fluorescent , 

light (1 = 0.07 ly/min) in a tempe rature controlled inèubator, the 

'b 1 

i 
, 1 
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number of colonies per bottle was ~aried as indicated in Table 3.5. ~~ 

At concentrations of 3 colonies per oottie (24/1iter) up­

take per colony was greatest in both çases, and declined significantl:'( 

(25-35%) at concentrations of 10 and 30 colonies per bottl~ (80 and 

240/1iter). In the second experiment fixation waS generally lower and 
\ 

~he decline in photosynthesis per colony at great concentrations was 

only about 10% at 9 and 18 colonies per bottle. The decrease in carbon 

fixation rate at higher algal density is not considered ta ~e du~ ta 

self shading since the coloniés weF~ srnall relative to the size of the 

bottl~. Nutrie~t limitatiort wi~in the bottles during the 4 hr 

incubations can also be ruled out if the colonies were taking up 

combined nit:r;ogen at rates cornpàrable to those observed by Carpenter 

and McCatthy (1975) and Wada et al. (1975). 

f'.r:? 

Trièhodesrniurn was not present during this study in numbers, 
, . 

greater than about 40 colonies per liter and population densities were 
... " ~. 

usually rnuch less. Autoinhïbition in the sea at Barbados is ~he~efore 

not likely to occur e~cept where the algae are concentrated by con­

vergences or similar phenomena. The data in Table 3.5 are few and the 
1 

agreement between the two exper1ments is.not perfect; however, experi-
.. '- . 

mental work with Trichodesmium ~hould'be conducted-using low numhers of 

colonies wherever possible until such time as auto inhibition is more 

fully investigated. 
\ .. . ~ , 

\ 

3.3.3 Release of dissolved materials 

\ 

Exudation, or release of dissolved orgapic material by phyto-

plankton, is now cansidered ta be an Lntegral part of photosynthesis in 
, ' .. 

all watèrs (Fogg et al: 1965) and has been considered to be a large. 

, , 
\ 
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Table 3.5 Effect of Trichodesmium population density on 

photosyntqetic ràte and percent extracellular 

release on two occasions. 

.' 
* 

" 

carbon'fixed 
llgm/colony/hour 

colonies/liter (± SO)* 

24 0'.13 ± :016 

80 0.08 ± .031 

240 0.11 ± .003 

'" 24 0.07-± .004 

72 0.06 ± .qOB 

144 0.06 ± .011 

" 

deviations 
\ 

Standard calculated for 
o 

percent ext~cel1ular 
, re1ease 

(99\ confidence limits)t 

}~ 
4 ± l 

18 ± 3 

IB'± i 

ND (<4) 

ND «4) 

" ND «4) 

duplicates. 

~ PER ranges represent 99\ confidence limits for the counting 
~ procedure itself, since counts were low. Dup1icate filters 

gave identical ~ounting rates in e~ch case • 

... 
" 

1 
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~ - -----fixation in loligotrophic waters ~ f~action of the particufate carbon 

(cf. Parsons and Takahashi, 1975). Trichodesm.i,urn ,has b,ee~ed ..... 
J ' 

as the source of either inhibitory s~stance5 (Ramamurthy~ 1970; 
,,~~ : ..... _ .. # 

M~nzel, 1962) or surfactants (Sieburth.and Conover, 1965). At 

'Barbados, Trichodesmium was often the apparent source of a refractive 

oil which could be observed trailing behind c;olonie~,c on the sea • 

surface film, or,in containers which had hela Trichodesmium for some 

time. 

Several attempts were made to measure re1ease of recently 
~~~ 

fixed organic carbon during routine.photosynthesis experiments 
.' 

~o11owing the techniq~é'of Watt (1966); 'however, the catbon uPtak~ 
in absolute terrns was always Iow and the labe1Ied organic cornpounds 

released to the medium were at the limits of detection by this method. 

Loss was ~ess than 4% of the particulate fixation at low population' 

denstties (3 colonies/125 ml = 25 colonies/liter), but where many 

mote.TËichodesmium colonies were present i~ each bottle, the parti­

culate fixation in ,each bottle: was much greater and the organically 

bound label was present inlsufficient concentrations to allow satis~ 
, 

factory estimation. 

~reater';e:reâse of 

At population densities of 80 coLonies/liter the 
14 l' • ~ • 

organ~,c C axrounted to about 18% of the . , 
particulat~ fixation. Thls was u~der conditions of about 30% auto­

inhibition (see Table 3.5). Even though the absolute amount of 

activity observed in the water was small, the agreement of duplicates 
~ • /' It 

and the 99% confidence intervals of the counting rate i~f indicate 

that there wa~ a si~ificantly different e~cre\ion at the great~r 
. . 

Trichodesmium den5ities. If rrutrient deficiencies'do develop,in the 

incubation flasks at high algal densities, either because of increased 
..... "i! " 

_:~ ..:.uptake of combined ni trog~n over that reported by carpenter and McCarthy 

(1975). and Wada et al. (1975), dr by restrictiop.s on nitrogen fixation, , 

then carbon fixed during photosynthesis may be in excess of reqQire­

ments. In many species of phytoplankton this leads to excretion of 
" glycolate, which i5 a major int~rmediatè in photorespiration' (Whittle~1977) • 

. --" 
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The lqw ~ercentage release at low Trichodesmi'um densities 

made the Watt technique impractical, and difficul ties encounte'red wi th 

attempts at sending liquid samples to Canada for scintillation counting 

eventually forced abandonment of this technique. McLeod et al. (1962) 
'" , had, however, noted a red fluorescence of Trichodesmium colonies when 

• r-~they wer~- excit-ed by light of 360 nIn, and Traganza (1969) obs~rved . 

s~ilar fluorescence in seawater from a Trichodesmium bloom. The 

excitation and emission spectra for this bloom 'fluorophor' presented by­

Traganza allowed selection'of interference fifters to selectively 

measure for this (these) compo~d(s) at Barbados. 'Traganza_d~d not 

identify the ('se) cOIl\pound(sJ but recorded similar fluorescence from 

cultures of twel~ species of other phytoplankton, and suggested the 

fluorophor mignt be one of several fluorescent biÔChemicals (many 

phenols, aromatic amines, hetercyclic and polycyclic compounds are 

fluore'~cent) .e 
The fluorometric assay was used to investigate the effect'of 

irradiance on release of or~anic material, since.it was sensitive enough 

to record changes~v~n at low Trichodesmium population d~nsities. 

Figuré 3.-3 illustrates that,' in the dark, the fluorescence of the 

Trichadesmium filtrate was low (the s~ as that of ~eionized distilled 

water). At low and moderate irrad~ance the dissolved fluorescence was 

somfwhat greater, but' increased substantially at 100% PAR. Where 

~ Trichodesmium colonies were incubated ,in open fInger bowls, thereby 

e~posing them to ultraviolet wavelengths which are normally blocked by 
; ~ 

the pyrex bot~les and the water bath, the fluorescence increased sharply. 

Such increases in excretion or release ~f organic compounds at high 

irradiance are often observed in studies of other algae, and ar~ thought 

te be a ~esult of increased photorespiration at~igh irradiance (Whittle, 

1977). 

As has already been mentioned, Trich2desmium colonies on the 
, 
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sea surface were often observed to be the apparent source of a r~fractive 
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Figure 3.3 

Figure 3.4 

l' 

> 

Effect of increasing ~rradiance on exud~tion of a 
dissolved fluorescent material by Trichodesmium 
(radial colonies)" Carbon taken up by the alga 
(---)i fluorescent material released (--0--). 
UV indicates inëubation in open bowl', alga expased 
to ultraviolet radiation fram the sun. 

,1 / 

Increase in absorbance of filtered seawater after four 
hour photosynthesis experiment illustrated in Figure 3;3. 
Colonies exposèd ta ultraviolet radiation ( A ), coloni.s , 7 #"T 
~n cdark bottle ( ... ). / 
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oil. In the laboratory, Alcian blue ~tain for polysaccharige indicated 

release of an otherwise invisible exudate near the terminal ends of 

many filaments in colonies drawn from the surface population. 
j 

Trichodesmium does not secrete a-~ick mucilaginous sheath as do many 

othef blue-greens, but the aIder, 6ften plasmolyzed and bleached cells 

near the ends of sorne filaments, seem to leak considerable quantities 

of a carboxylated polysaccharide material, primarily through their 

intercellular junctians. "Further reference to these observations will 
• 1 • 

be made in section 5.3.2. 
" 

Sieburth"and Conaver (1965) observed T. erythraeum in a natural 

surface ~1icK in the Sargasso Sea, and suggested that secreted carbo­

hydrates from this àlga were responsible for the surface effect. During 

several routine experiments in the current study, where the acidifi­

cation and bubb1ing technique of Watt (1965) was in use for estimation 

of released organics, differences in the arnount af foam and the size of 

bubbles produced in sorne battles wère noted, suggesting the presence of 

a surface active compound. SomelTrichodesmiurn filtrates definitely 

produced less foam than others, Qut no c:ansistent relationship could be 

established between the amount of faam praduced and any other experi­

mental variable. 

In the 4 hr experirnents cell lysis may have been·occurring to 

an extent sufficient to cause appearance of freshly labelled organic 

l4c in the water. However, trials with Trichodesmium freshly collected 

proved that an increase in fluorescence could be detected in the water 

after as short a time as 15 minutes, coinciding with àn increase in 

the 9ptical density at 260 nm (see Figure 3.4). This'was long before 

lysing and g~neral ~rphological dèterioration wa"s microscopically 

visible. An increase in absorbance aro~d 260-270 nm is commonly 

obsérved in filtrates of algal culture~ and in the sea, and has been 

suggested ta be due ta excreted organic material (Fogg and Boalch, 1958; 

t'ri -=1 Wh f d'! 1 S Wb J J Mf Sbhi 'ri It *b'ft' t, M ..... .a.....oh ... .....I.-...H •• < •••• ""',~_J._ 
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sournia,. 1965; Brown, 1977). Butler and Ladd (l969) have studied the 

spectrum of humus,which is often suggested to be responsible for·the 

'Gelbstoff' in the 'sea, ~dpave found a ~ose corre1ati~n between 

.~ Vcarboxyl groups and ~~~/on at 260-280 run. 

Taken' tOg~~all of the observation, discu',ed above 

suggest that Trichoflesmium may be the source of considerable disso1ved 

,organic material in the sea, but primarily at the surfac;. At 10w 

: irradiânce ând low population densities, exudation was not great. Atj 

high irradiance and in crowded conditions, however, release of a 
1 

fluorescent and newly synthesized compound increased markedly. Such 

conditions as wou1d obtain in the micro~onvergences found in Langmuir 

vo'rtices-, 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 compo~nd, possibly a carbo­

hydrate. \ 

• 
3.3.4 Light shielding by· gas vacuoles 

. 
Since Trichodesmium is often encountered in the harsh, high-

irradiance surface layèr and because of the periphera1 locatiJ~of 

its gas vacuoles, Van Baa1en and Brown (1969) have,postulated that 

the vacuoles serve as a light shield protècting the photosynthetic 

~pparatus which is l~cated just inside. t 

When radial colonies from the near surface ropulation were 

exposed to twenty atrnèspheres'pressure, their vacuoles' collapsed. 

Compared with n9rma11y vacuolated colonies of ~~ilar size coll~cted 
, 

at 'the sarne time, these 'pressure treated' Trichodesmium colonies 

, showed essentially the sarne P /P max vs l curves (see Figure 3. 5) . It 

'\ 

t· 
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Figure 3.5 

1 

/. 

Photosynthesi~ vs. irradiance by norrnally vacuolated 
Trichodesmiurn ( • ) (radial colonies} and 'colonies 

.. 

in which vacuoles have been artifical~ collapsed ( 0 ). 
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is apparent that, on this occasion at least, the gas vacuoles'were not 

providing significant protection from high irradiance ~ince thé photo­

synthe tic response of the ahga was n~t seriously affected by their 

co11apse (in absolute terms, the pre;surized colonies C uptake was 

20-25% higher at medium irradiances (5.6, 18 and 56% !) than that of 

~ormai colonies). 

\ \ 

The suggestion that gas vacuoles act as 11ght shields in 

blue-green algae ha~ often been made, but as Walsby (1972) has also 

noted, Anabaena flos-~quae shows no differenèe in photosynthesis at 

high irradiance with or'without their gas vacuoles. This appears to be 

the case for Tricliodesmium aiso and ±t seems likely, therefore, that 

their primary function is not related to 'light shieldihg but to that 

of providing'buoyancy and mobility to the a1ga (Walsby, 1972). 

3.3.5" Diurnal changes in photosynthesis 

Two experiments were con~ucted to describe the diurnal 

chang~s of photosynthesis by -the near surface Trichodesmium population, 

and ta provide data allowing extrapolation fram forenoon incubations to 

daily prQduction. 

On June 4, 1975, parallel Trichodesmium colonies were collected . , 

at 0700, 0900, 1100 and 1300 hrs and otherwlse r~utine 4 hr experiments 

begun at 0800, 1000, 1200 and 1400 hrs respectively. If the colonies 

collected at different t!mes of the day can be ~egarded as representative 

of the POPfation at large, then the data ,summarized in Figures 3.6 and 

3 ~7 demonstrate the diurnal changes in photosynthesis of the near 

surface Trichodesmium P?pulation. 

" 

\~ 
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Figure 3.6 

.. 

~ 

Photosynthesis vs. irradiance response for lTrichodèsmium 
(parallel cOlonies) incubated at'different times of tlie 
day. Four hour incubations beginning,at 0800, 1000, 
1200 and 1400 hrs. Stipp1e9 area represents range of 
forenoon incubations illustrated in Figure 3.2 . 
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Figure 3.7 

\) 

l 

). 
/ 

Di~rnal variations of surface'irradiance and of photo­
synthesis at three simulated depths by Trichodesmium 
(parallel colonies) ,from the near surface population. 

Bars represent average carbon fixation rate 
~ur incubation. Curves represent Possible 
. /r~~es based on P vs l curves in Figures 3.6 

of irradiance indicateà here. 

in each four 
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The abso1ute 1eve1 of Pmax remained constant during the 

first three periods, but dropped in the 'late ~fternoon. The ~ 

, irradiance at which Pmax was attained changed à1so: In the first 

117 
\ 

1 

" 
forenoon incubation (0800-1200 hrs), the a1ga ~erformed in a manner ;1 
similar t.o other forenoon experiments, attaining Pm~ near 0.25 ly/mtn. 

In the noon incubations period (1000-1400 hrs), however, the shape o~ 
the P vs l curve chqnged drastical1~. Photosynthesis was considerab1y 

depressed at high irradianGes, and Pmax had shifted to less than 
1 

0.1 1y/min. In the afternoon periods .(1200-1600 hrs and 1400-1800 hrs) 

Pmax 'returned ta higher irradiances and the shape of the P vs l curv~ 

was mbre like those of forenoon incubations. 

In Figure 3.7 the data are presente4 as a fupction of the 

percent irradiation the alga received, and therefore ca~be regarded 

as representing the daily changes of photosynthesis in colonies 

situated at.constant depths. Figure 3~7.1 ~hows the changing, 

irradiation as ~easured by the pyranomete~, and the spa~ing ~f the 

four incubations. The two haur overlap permits interpolation for 

shorter periods. Figure 3.7.~-4 shows the fixation during each 4 hr 

ex~eriment, and the_~stimations for each 2 hr period thraughout the 

day. 

\ 
1 In the forenoon incubations, the P vs l cur,ve in Figure 3.6 
\ ' 
demonstrates that the total fixation in the uncovered bottles simulating 

100% irradiance near the sea surface was depressed. Ac;:t,rding to this , 
curve, Trichddesmiùm should have been inhibite~ ~urfng the latter part 

of that incubation period, 'when irradiance ~assed 0.3 ],y/mi? '(at 

aro~d 0900 hrs). This inhibition increased over noon, and reachedla 

maximum in the early afternoon (1200-16~O hrs) when irradiance was 
\ ' greatest and.C uptake in the 100\ battles was on1y about 0.2 Pmax. 

1 .. 
During this period, ~e a1ga was evident1~ respiring the largest part 

of the éarboh being fixed~ With a decrease in irradiation in the la te 

\ 

.. 
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i 
afternoon, the irradiance in ehe uncovered bottles was< low. enough tha~ 

\ 
photoinhibition was reouced and a sort of afternoon recov~ry was 

possible. 

fi 
At the, 56% irradiance level '(slmulating about 5 m depth) 

photosynthesis was highAuring the forenooa, but dropped ~ the noon 
. " 

periode 'The P vs l c~ves and interpolations.from the 4 hr incubations 

~uggest that the fixation rate during the first half of the forenoon 

'(080o-fOOO.hrS) must have been much Al~h~r. The photo inhibition which . 
was evident i~ tge 100% l bottles baginn~ng at about 1000 hrs also 

... 
occurred in the 56% l bottles, but was not as'severe and did not last 

as long. With decreasing' irradiation in the afternoon thè alga' " 
~ 1..' • 

recovered more ~ickly and ~as.fixlng rapi~ly for a shor~ period in the 
c 

afternoon beforé light l'imit?tion began. 

At the 18% 'irradiance level tsimulating .ibout 25 m' depth) 

energy appears to have been limiting for Trichodesmium from the surf.~e 

layer at least, fQr most.of the day. Pmax was attained during the noon 

\ , 

incubation when maximum irradi~è~ w~s received. • , 
" 

Fixation in dark bottles containing Trichodesmium colonies was, 

on this occasion, less than 0.05 Pmax in aIl periods. On April 23, ~976, 

when the experiment was repeated with radial colonies, dark fixation 
1 

increased linearly from 0.15 Pmax in the forenoon to 0.44 Pmax in the 

late afternoon. ,While thè June'experiment.had utilized parallel 

ëolo~ies which have significantly lower bacterial populations (~ Borstad, 

in prep.), the April experiment, was conducted!on radial colonies, and 
1 l 

it is assumed that a growing bacterial popula~ion in situ was responsible 

for the increase in dark counts later in the ~ay. 'Fixa~on in light 

bottles containing Trichodesmium was low during aIl incubation perioos, 
, , ~ 

, with ... little change from one perl.od to another. The combination ~f low 

photosynthesis and high bacterial contamination suggests the Trichodes~ium 
, :. .. ~ 
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• 
population off Baibados on this day was waning: These data have the re­

fore not been used in the extrapolations to dai1y rates. 

Based on the interpretation of the data in Figures 3.6 and 

3.7, carboIl!~-fixation during 'the forenoon (0800-1200 hrs) represented 

about 0.4 of the daily caljbon uptake both at 56% and 100% of thë 

surfac~~rradiance and around 0.35 of the dailY,fixation at 18% I. Extra-

po~tion of daily production from forenoon incubations will be 
, " 

appro~~ately correct therefore, if the for~noon hourly prod~ction 

rates are multiplied~by 10. ~his should hold fot the Trichodesmium 

pop~l~tion in the top 10 to 20 m of the water column. 

1 
3.3.6 Photosynthesis in situ 

Carbon fixation by Trichodesmium measured in situ near the 

8 km station on November 7 and Decémber 10, 1975, is illustrated in 

Figures' 3.8 and 3.9. Surface irradiance averaged 0.46 ly/min during 

the November eXPerimen~ and 0;40 ly/min during the December incubation. 

... 
" In November, fixat~n by radial colonies was approximately , 

equal at 5 and 25 m (approximately 0.2 ~g C/çolony·hr) but decreased to 
, '" , 

near zero in the 50 'm bott~s. ~arallel colonies, by contrast, were 

fixi~ more than twice as much as the radiaIs at 5 m and this rat~ 

decreased more or less linearly t~around '0.01 ~gC/colony·hr at 50 m. 

The change of rates of both'colony types with depth was similar to what 

might havepeen predicted from the' P vs l curves (Figur~ 3.2 and light 

penetration pata (Section 3.3~lr, ..but the absolut& magnitude of photo­

synthesis at all depths wâs. abc'ut 't}0% of that meas'ured for inshore 

Trichode um at comparable irradiances. --------+- " , ," 
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Figure 3.8, Trichodesmium Photosynthesis in situ, Novernber 7, 1975, 
near the 8 km station. Stippled -eriVelope indic:ates 
response of radial colonies from the near surfact 
population to irradiance regirne sirnilar to that,re~eived 
at 5 m (.50% ls)' 25 m (18% ls)' and 50 m (3\ ls)., 

Figure 3.9 

• 

Dashed envelope illustra~es rangé ~or parallel colonies. 
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. .. 
Trichodesmium photosynt~esis in situ, December 10, 1975, 
near the 8 km station. 
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In December, fixation rates were higher than in November 

(except for the 5 m radial cOlonies) and mo~ variable. Photo~nthesis 

by p~railei colon~es again decreased from 5~to 50 m, but the radial 

colonies demonstrated greatly accelerated rates at 25 m. This is in , 
the irradiante range in which the 'bloom' radial colonies tested in 

~ 

January 1975 inshore (Figure 3.1, curve 0) also exhibited a much 

higher oPma;, and corresponds to the depth of the population maximum 
\ 

noted in section 2.3.3.2. The differences in vertical distribution· 

between the two colony types (radial colonies found more ~ less evenly 

throughout the upper 35 m or concentrated at 15-25 m; parallel colonies 
• more cornrnon near the surface) are partly explained by their photosynthetic 

responses to the irràdiance climâte. 
" 

.' 

3.3.7 Potentfal photosynthesis by Trichodesmium from S, 25 and 50 m. 

• 'Shade adapted' phytoplankton. growing at 10wer irradiances 

»0' generally exhibit either increased chlorophyll content (thereby 

increasing their photoaynthetic efficiency at low irradiances and 

decreasi'ng their II<?' or decreased Pmax (thereby 'd~creasing their .... J .. 
I K, but aiso decreasing their growth rate) (Steemann Nieisen, 1975). 

In order ta investigate possible differences in photosynthesis by 

Trichodesmium found .at different levels of the water column, radial 

\ 

.. 

",--­colonies wer~ coll~ted at 5~ 25 and 50 m depth and exposed ta the 

full range of irradiancelin the mesh b~gs as described'earlier. .. 
{ 

Carbon uptake in absolute terms'w~~ approximately equa~in 

colonies from each depth when dark counts were subtracted. As is often 
\ 

the case when photosynthesis measurements are cond~cted near the base 

of the irPhotic zone at low latitudes (Steven et al" 1970~ Steemann 

Nieisen, 1975), very hi;h'dark fixation was recqrded by Tric~desmium 
o 

colonies a~ 50 m. High dark fixatio~ at the bottom of the mixed G 1ayer 
< \ 

-- t 
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~ 

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 Trichodesmi um from 25 m a1so gave high 

counts, but the filter (which gave an equivalent of 2 ~g C(colony.hr) 

was found to be seriously contarninated by particulate material, as was 

the fil ter for the 50 m Trichodesmium at 0.2 iy!min. When rec6unted, 

these two filte~s 'exhibited substantiall~ less radioactivity. They 

~have therefore been considered spurious. 

Figure 3.10 il1ustrates the p!pmax vs l response of colonies~ 

from 5, 25 and 50 m, and the decrease in I K by the algae at 25 and 50 m.' 

This was not due to an increase in Qhlorophyll content; measurements 

indicated that colonies from aIl three depths contained similar amounts 

of this pigment. The obvious suggestion, that phycoerythrin was more 
J:J 

abundant in the alga from deeper depths, co~ld 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 1east - the period during which 

this experiment was conducted) to be approximately equal at aIl depths, 

or perhaps slightly higher ~t deeper depths. The consistently lqw 

fixation at 50 m in the in situ experimeuts in November and December 

1975 is difficult to e~plain unless it is related to d±fferences in 

the qual~ty of available irradiance •. ,. At sa m in situ only wavelengths . ---
around SOO'nm are available, whereas the spectral distribution of energy 

available in the bags was fa~lTuniform across the photosynthetically 

a~tive range. T~ichodesmium poss~sses phycoerythrin which absorbs 

efficiently at 495 nm and could be expected to be capable of considerable 

photosynthesis in these wavelengths, but as noted ~lready,. phycoerythrin's 

role as an internaI nitrogen supply may lower the concentration of pigment 

• in the cells. Under conditions of nitrogen starvation Trichodesmium , 
might then lose the ability eo utilize the blue wavelengths available 

in the lower euphotic zone. 
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Potential relàtive photosynthesis vs. irradiance 
response of radial Trichodesmium co'lonies from , 
5 ( 0 ), 25 ( A ) and 50 m ( • ). 
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3.3.8 Ca1culation of the contribution by Trichodesmium to total 

production 

rhe contribution made by Trichodesmium ta total primary 

P:Oduction(~an be calculated from these photosynthesis 

standing crop measurements rePorted earlier in Section 2.3.3. 

H Conversion of the hourly carbon fixation rates from a per c010ny 

basis to values expressed as a function of total filament length 

and mUltiplicationlby the T~ichôdesmium standing crop (total fil ent 

length (mm) per liter), will give ~gm carbon fixed by Trichodesm in 

one liter per hour. 

In Table 3.6 hour1y per co10ny fixation rates from he in 

situ experiments at 5 m have been groupe~ and a 

Trichodesmium standing stocks on those two days calculated. 

~ 
standard errors and lack of coincident data for 

make the estimate crude, but it is evident that on these 

production by the Trichodesmium population ~t 5 m was 

~ considerable fract;on of the mean rate for the entire 

reported by Steven et al. (1970)*. 

rate by 

large 

data 

occasions 

" Somewhat more data are avai1able for the ins ore region, 

* A mathematica1 error in caIcu1ations jerformed by Dr. D.M. steven was 

discovered during the course of the present study, wnich ~equirls a . . 
revis ion of ~11 the production estimates arising out of the 196~~1970, 

study (steven et al., 1970; S'teven, 1971; Sander and Steven, 1973) and 

Sander's 1969-1970 study (Sander, 1971). The~ values should aIl be 

divided by two. Note, however, that production estimates based on GM 

counting of dried filters may be low due' to 10ss of activity during 

drying (Steemann Nieisen, 1975). 
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Table 3.6 

Offshore 

Inshore 

.. 

., 
comparison~f esti~ated Trichodesmium production rate with those of the entire 

phytoplankton population near the surfa~ 

Trichodesmium 
car~~ uptake r~te5 

pgmC/mm fil~hr ± ?E 

(S 

-~ 0.5 ± 0.04 

(7) 

0.7 ± 0.1 

(12) 
\ 

Trichodesmium 
standing 'stock 

mm fil/l ± SE 

180 ± 60 

(2) 

535- ± 1];'6 

'(8) 

Estimated 
Trichode"ium 

proquction 
- rat:es 

).lgmC/1.hr ± SE 

0.09 ± 0.04 

0.37 ± 0.13 

Mean total 
pr6'duction 

rates 

).lgmC/b hr. ± SE 

0.22 ± 0.05*t 

(43) 

1.05 ± 0.07* 

(92). 

~ ~ 
.... 

Trichodesmium 
production 
percent of 

total 
..-.. 

41 

35 

- . 
Inshore 
(coincident data) 
Angust 13, 1975 

1.0 ± 0.07 

(8) 
~ 

450 0.45 ± 0.03 0.92 ± 0.05 

" (6) 

* indicates the corrected production figÛres' of Steven e~ al. (1970) and Sandér (1971). 

Figures in bracket~refer to the number of data for which standard errors are calculated. 

49 

t corrected values agree weIl with those given ~Y Margalef (1965) and Cadee (1975) for offshore regions. 

r-....I , 

1-' 
I\J 
V1 

J 
~ 

. , 

{ 

t 

'" 

1--

: II f i 

, < -

f' ,. te. te "on " .. ' 
t, J 1 Me N __ ta" e ... "' 

'?!!!P J b : ,1 
1 .. 



(~ 

r 

<-

126 

where Trichodesmium fixation rates ,at 80% l (irradiance received at 1 m) 

on the P vs l curves al>e compared to the mean rate for the entire 

phytop1ankton at 1 m depth reported by Sander (1971) *. If thè diurnal 
<" 

variations of photosynthesis by 'the entire phytop1ankton are simi1ar 

to those reported here for Trichodesrnium, then production by the 

b1ue-gre~n amounted to about a third of the mean total production near 

the surface. Coincident measurements of carbon uptaJee by Trichodesmium 

and the entire phytop1ankton collected from ~ust below the surface in 

this region are aVpilable for August 13, 1975. The ca1culated 

production rate by the Trichodesmium standing stock on that day was 

~ 0.4 ~gC/~·hr (eight replicates), about half of the total production 

(0.92 \.IgC/1:.hr - six replicates). 
-" 

Other estirnates of productiqn by Trichodesmium in the 

Atlantic area have been made by Goering et al. '(1966), Moreth (1970) 

an~ Carpenter and price (1977). 'Moreth incubated Trichodesmium 

~
o1onies in bottl-:s of unfiltered sea water and removed the :91onies 

, after one hour. On the average (n = 100) Trichodesmium fixed ab~)Ut 46% 
.i 

f:-the total carDon taken up. This estimate may be slightly low if the . 
recovery of' Trichodesmiwn was incomplete. At E!a.rbados, colonies often 

fragmented in the bottles during incubations, and experiments showed 

that individual filaments photosynthesized at the same x-ates as those 
l, 

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 prodllction reported 

by Beers et al. (1970) from Jamaican,waters. Their e~timate of 

Trichodesmium' s contribution to the total production - 20% - may be 
• low however, because of the problems of autpinhibition mentioned 

.. / 
* See footnote, previous page. 
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earlier (Sections 3.3.1 and 3.3.2). 
" 

~ \ 

GOering et al. (1966) conducted simu1taneous experiments 

with isolated Trichodesmium and the ent~re phytoplankton in larger 
, ...-4 

bottles, but only four measurements are available for near-surface 

plankton. Their data indicate that Trich~desmium contriputed up t,? 

35% of the total produçtion. 
~ .. 

The <lira discussed above indicate ~at Trichodesmium plays,' 

an important role in the euphotîc zone, both offshore in oligotrophic 
. ,,>-

waters and close to shore. previous calculations (Section 2.3.3) 
, 1<'. 
indicating that ~e ~ga contributes up to half of the chlorophy~l a 

in the upper layers o~he sea make ~his to be expected. Mor~ da\~-
"-

are required to make a more precise estim~te of the percent 

contribution in specifie areas. 

- ~ 
Note here that the of Trichodesmillill colonies may 

lead ta large increases 'in the variability of routine 14C measure­

ments in tropical oceans, sinc one medium size colony is capable of 

fixing between~ 0.10 and 1 /hr. In oceanic areas ;h~J!e. the. 

average carbon fixation is only 0.22 ~gC/1iter.hr or 0.028 ~~c/hr in 

the 125 ml bottles in whieh experiments are usuâlly conducted, the 

fortuitous prese~ of one 'coiony will significantl~ ~ffect the 

result~. Even in the near-shbre envirorunent where fixation rates 
1 1" , 

~e hi,h, the p'resence of one colony could double t?e amoun~ of 
~ carbon uptaRe measu~ed. 
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i 

DECOMPOSITION AND DETRITUS FORMAT10N BY TRICHODESMIUM ... 
Experimentàl decompositio~ of,Trichodesmium 

Introductioh 

Much has been written about decomposition and reminera~ization 

--of,detrita1 material in the sea,'particularly in stratified tropical 

oceans w~ere nutrient limitation is severe. In thes~ environments 

whe~e remineralization is, thought to"be of oyerriding importance in 
" 

supplying nutrients for phytoplankton growth (Wangersky" in press), the 

implicatiçns of t e death and decomposit~on of large Trichodesmium 

popu1ations,deman attention. Several authors have r&ferred to this 

supp1y, me~ionin the a1ga's ability to fix atmospheric.n~tro~n ,and 

store it in iron-containing pigments (Wood, 1965; 

steidinger, 1973; 

presented 

lk,1973). The only data.availab1e are a few 

(1970), showing that considerable quantities of . 
phosphate were relea ed from Trichodesmium even in the presence of 

~ 

formalin. !on o'rder t further investigate the' active' remineralization 
" 

of Tricho'desmium by ac ive bacte~ia" fungal and protozoah populations, 
• 

experiments were conduc ed in which the changes in disso1ved plant 
, . .. 

nutrients and baeteria we e monitored, 

4.1.2 ~aterials and methods 
,'''-'' 

sur~ace plankton was COll~~ed as deser1bed in Section 3.2.1. 

Small volumes of the bucket plankton ere removed and diluted with 
, , 

larger volumes df sUrface s~awater. Two thousand radial colonies were 
. '" 

then isqlated~ing Pasteur pipettes and deposited in 2 1 millipote 

filt~:ted., autoclaved"seawater. Two f1asks, one containing strepto­

mycin and su1phadiazine to inhibit bacterial growth*, were inoculated. 

* The antibioti~~ay aiso have affected the Trichodesmium,but this is 

not considEtred important in this eontext sinee the alga always died 

within a short time. 

. 
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.., 

~ . placed in indirect ~light in an airCOnditiOnéd~ (T',25 ± 2°C) 

" ~d stirrod continuously with glass padôles. Eâch,was initially 

• 

, 
covered with sterile cotton plugs, ~ut these fouled the stirring rods 

and were replaced with tin foil dust covers after five days. 
" 

, 
The resultant la,ck of sttrility may represent a possible 

~ source of error however, it is assumed that the autotphonou~ bacterial 
.', 

and fungal populations of the Trichodesmium colonies provided a very 

rarge inoculum, and these organisms were responsible for at least the . 
initial degradation of the algal material. 

Bacterial growth in both flasks was monitored by L. Borstad, 
\ 

by platin~ liofogenized aliquots of water samples on,to Zobell' s 22l6'E 

medium. Details wi~l be discussed in a thesis by L. Borstad (in prep.) 

as will be the results of a third, smaller experiment similar to these 

in which external contamination was mqre limited. Bacterfal numb~rs 

and gross colony:morphology in the lattèr experiment closely fol~owed 

those observed in flask l (no antibiotics). Eacterial numbers in the 

second flask (flask 2) were inhlbited by periodic addition of anti-
" 

b~otics. 

'" 

At intervals'of several days, aliquots were.taken fram each 
", 

flask, fileered through Wha~ GF/C filters and frozen for later 

analysis of dissolved ammonium, nitri~-nitrate and o~thophosphate 

. concentrations, according to Strickl>aJld alld Parsons (1968). The small 

number of samples taken from each flask was determined by the volumes 
1 • 

required for the' analyses and the desire to decrease the total volume 

of the flask,by no more than 40\. The pH of the unfiltered water was 

measured each day a sample was taken. 
\ .. 
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4.1. 3 Res.ults 

~h~_angeS recorded in the two flasks are summarized in 

Figures 4.1 and 4.2. In bath cases the Trichodesmium colonies became -, 
1 

lighter coloured, lysed and fragmented by 'tlay 2 or 3, and 'clumping", of 

the detrital~material occurred. ~acterial growth in the water.made 
, . 

flask 1 turbid by day 3. Neith~r of the flasks contAined intact 
o 1 

Trichodesmium' colonies by da~ 7 and byAay 14 or 15 à white flake-like 

detii tus had appeared in bath. In flask l the se particles were arnorphous 

flocs laden witli bacteria, while in flask 2 they were,entirely bo~nd by 

fimgaJ.. myce lia • Bath types, of part' carried abundant microphagous 

and Garni vorous protozoa by 
• # 

Growth of diatoms on bot:.tom of the flasks was 

noted on day 28, and increased l,at term1nation 
J 

of the experiments 
\ 

on day 54,· large sheets . a f the penn~e di~tom'Navicula sp. 1 (see 
• :~1> 

Section 5.3.3.4) wer~ present on the glaasin f1ask 1 • 

• 
In flask l, bacteria viable on 2216E increased to more than 

106/ml within 30 hours of inoculation. Numbers of this rapidly growing 

fOrm began to declinê around day 6. Tota~ numbers increased again ,after 

day 10 due to the appearance of a slower.growing ~ype fo~i~~ s~11er , 

colonies. By about day 26 the differences between the two types , 
.; -, . 

became less obvious, and the totat numbex:s, which had béen declini~g ~ 

between days 20 and ·28, increased temporarily. .~ Baçteria vil!l.ble on 
4'f#' .;,[~ 

22l6E from flask 2 were always "les\s than lOO/ml.. 

-
In ~lask l, ammonium appeared in tà;ge amo~ts b~ day 14, 

~ ....... t' ~ 

fo~wing the initial bur~t of Hacterial activity, then quickly dis-
~ l 

appeared. By day 21 concenttrations were similar to that measured on 
\ , 

day 1. Nitrite-nitrate co~centr~tions ~gan to ltlCrease after day 6, 

~reached a maximunf around day 28, and deolined thereafter. Phosphate 

concentration' increased sharply after day 6 and attained a maximum ....... 

, 1 

o 

.. 

It 



. . 

.1 

l ' 

" . 

, 
to'. 

.. 

\ , 

(l. 

.. 

'. 'a,·,·~r ' 

Figure 4.1 
1 

, , 
/ 

/, 
r 

It-- t . 
,1 

1 

I~ , 

1 

, , . 

• " , 

Changes in concentration of dissolved ammonium ( 0 ), 

nitri\~-nitrate ( A ) 1 and phosphate (. ), during 
decom~sition and remineralïzatio~~f Trichodesmium 
(20001 côlo~ies/2 l'iters) by mixed n~tura1 flora. 
uppelj" curve ( 0 ) represehts number df bacteria per 
ml of original suspension viable on 22l6E medium. 
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: Changes in concentration of diss01ved ~onium (lb ), 
nitrite-nitrate ( A ), and phosphate ( • 1, during 

, , 

:' 

. ~ i decomposition and ,reminera1izaeibn of Trichodesmium 
, (2000 .c010nies/2' titers) in the ;presence of 'strepto­

•. mycin and sulfadiazine to ~nhibit bacterial growtb. 
MineralJ.zation was accompll,shed primarily by fùngi 1 and protozoa. . 
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around day 2l. , 
In fla1k 2, where antibiotics did not permit growth of 

• bacteria, remineralization was accomplished ~y fungi and protozoa 
, " 

132 

which wer~ nct enumerated. The changes in diss"olved chemical species 
,,' , 
were somewhat different than in flask l~ Ammonium appeared in large 

amounts within 8 d~ys, and declined thereafter, büt nitrlte-nitrate dia 
'not show appreciable increase until around day 44. Phosphate levels 

also remained low, increasing only temporarily around day 28. 

1 ~ 
The pH in both flasks did ~ot change throughout the experiment 

(8.15 ± .05). 

4.1.4 Discussion " 
• .T • 

• 
The rates of appealraIlce and amounts of ammonium released in 

e~ch flask durin~ the first two weeks were similar, but in flask l 

where a large and varied bacteri~ population waS pres~nt (int~oduced 

~s inhabi tants of the or~inal Trichodesmium inoculum) this "'dissoived 

aIlUl»nium was SubSeqU\nt1y converted to nitrite and/or nitrate. In 

flask 2, where bacteria~ growth was restricteJrbY antibiotics, nitrite 

and nitrate did not accumul~te to any great extent. p~o$phate ~ 
f' 

libFration in flask 2 was aiso less, and occurred more slowly than 

where a,complete mixed flora was activ~ 

.' 
If the amounts of ammonium and orthophosphate released in 

flask 1 are any indication of· the quantities of nitror,ren and phosphot1ls 

which may be mobilized from decaying Tric~ode8mium ~\Situ, then it 

should be possible to crudely estimate the 'fertilization potent!al' 
, , 

of the Trichodesmium 'blcthms"observed off Barbados. 
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About 0.025 \lgm-atms ammonium were released from eacrr'l'colony 

in the experimental situation. At sueh quantitiei, 'b1ooms' like 

those of Janu~ry and May 1975, where the Trichodrsmium population above 

'35 m was around 40 colonie~per liter, presumably represented the 

potential addition of .approximâtely l pgm atm-ammonium per liter to the ' 

water (40 eoloni~s/liter x 0.025 pgm-atrns amrnoni~/eolony). In the 

upper mixed layer, this addition would temporarily double the average 

ammonium concentrat~on if added aIl at onpe. , 

. 'The release of orthophosphate may be more sign~ficant, 

however, sinee about 0.02 ~gm-atm phosphate was released per eolgpy • 

. Forty colonies, therefore, represent the potential addition of 

0.8 llgm-atrns phQsphate per liter, or thirteen times the average 
\ 

concentration in the mixed layer (Steven et al., 1970). 
t 

In,bath flasks, the large inc~ease i~ dissolved ammonium and . 
ni,trite-nitrate con~ntration encountered during the secon,d week 

reprêsents t~ase"Of about 0.35 jJgm nitrog~r: from each colony. 

This was for colonies of about 10,000 cells (see Table 3.1 'standar,]' 

radial colonies) and 1.5 llgm carbon*. Using C/N ratios and cel1 

nitrogen content data from the literature (5.6 - Marumo, 1975; 4.1 -

Mague et al., 1977; 5 pgm nitrogen/ce1! - Carpenter and McCarthy, 

.... , 

1975) to ,estimate the nitrogen content of 
( 

~ese c~lon~es, one arrives 
. '--- . 

at values between 0.3 and 0~5 Vgm nitrogen/colony. If these valuts are 
~ \ 

corr,ct they indicate a very large fraction of the Trichodesmium cell 

nitrpgen was remineralized early i~ th~ experiment. 
l ... fit 

• 
,. Whilé the totA amo;mt ~of the various c~mical species 

released in the experimental flasks may be re~evant to the situation 

* Analysis'provided by R. Reiswig using the wet oxidation technique 

outlined in strickland and Parsons (196B). 
ç 
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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 simul,tai1eouSl 1ysis of the 

colonies in the enclosed volumes must have led to 8Ktreme1y high 

concentrations of dissolved organic material. The explosive growth of 

bacteria which this permitted made the water in flask l turbid between 
,t 

days 3 and 6, a Phenomen~ which does not occur in solution in situ 

because of rapid dispersion of localized concentrations of dissolved 

nutrients around the particies by turbulence. The ~ situ rates of 

~mineralization are probably somewhat different than in these 

experimentsl sinée in the sea the largest part of the processe~ must 

take place on the Trichodesmium partidles themselves. 

, 
4.2 ( 

, 

Trichodesmium detiitus and decomp9s~tion in situ 

The fate of the Trichodesmium biomass in the sea is of 
i 

considerable interest. In the 1aboratory, Tricfiode~um colonies 

inev~tably died and lysed leaving an amorphous aggregate in which bits 
"l 

of Trichodesmium cellular debris, diatoms, dinoflagellate thecae and 

other matter couJ,d be recognized: 
\ ' 

Particles such as illustrated in 

Plate 4.1 ~ere also commonly encountered in the counting chambers 

during th~ enumeration phase of the field work, aQd it be~ame evident 

that a,large pArt of the degr~dation and Ûûneralization ;f Tr~chodesmium 
< 

biomass lUust oeeur in the mixed layer. In the sea, the Trie6.ode~ium 

filaments do not all lyse, as is ûsually the case in the laboratory. 

One Ot; ·two well .:taeuolated filamerrts appear capable of providinq r 
1 • 1 

buoyancy SufDicient te retain the whole particle (often with one or 

't 
> "'" • 

• Xwo large hydrozoansl i .... e mixed layer, sinee the particles were often 

• 1 o):>served in diserete samples from 5, 1:1 and 25 meters. 
~ 

<-

." r . 
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Plate 4.1 

: 

.... 
Plate 4.2 

: f ! 

J~~~. 

• 

Trichodesmium detrital partiqle; short fragments 
bound in an extensive mucilage. Scale bar at 4 

lower left indicates 50~. 

.. 

\ , 
\ 

~ 
r 

" l\ 

, 

Close-up of detr~tal particle in Plate 4.1. 
Trichodesmium fragments, numerous diatoms (Nitzschia 

1 sp. 1 and.Mastogloia capitata ? - see later. 
section 5.3.3._4) and extensive organic debris b<jund 
together by mucilage. Scale bar indicat~s 10~. . . , 
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In sixty-two r liter, discrett samples from 5 to 100 m 

dep~, collected between April and July 1975, these detrital aggregates 

co~taining a few recognizâble Trichodesmium cells and/or filaments were 

counted. Figure 4.3 illustrates that, in most of these samples, the 

detrital Tr~chod~smium was'more abundant than the intact,healthy 

colonies. Unlike dead or qying di~toms or dinofiagellates, 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, 

cornpletely lysed Trichodesmium debris forrned in decaying plankton in 

the laboratory was'on severai occâsions kept for as lo~g as two weeks 

in the,refrigerator. At the e.nd of this time the masses were still 
1 

floating, evidence that the gas vacuoles had not aIl collapsed wpen 

the cells lysed·. The fact that the large ammonium and phosphate release 

observed during the decomposition experiment occurred before the 

c?mplete disintegr~tion of the detrQtal~a~ticles suggests that 

similar release might occur in situ in ,the mixed làyer. 
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Comparison of the number of intact Trichodesmium colonies 
and detrital partiales of Trichodesmium origirt in one 
liter samples fram various depths taken at ~e 8 km 
station between Apri~ and July, 1975. 5 m ~. Ji 15 In 

( 0 ); 25 In ( Il ); 35 m ( V ); 50 In ( + ); 75 m ( X ); 
100 m ( <> ) • !Jo . 
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5' THE TRICHODESMIUM PERIPHYTON 

5.1 Introducti,on .. 

Early' in the field wor~ "high power microscopie observati6ns 

of Trichodesmium demonstrated that large numbeKs of other microorganisms .. " 
could frequently be found associated with the algal colonies, eith~\ 

loosely lodged among the filaments at the edges or ends of the colonies 

or deeply embedded within the central tangle of filaments. FurthQr 

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 Trichodesmivrn populations whjch 

artived at Bubados in fresher 

(see Sections 2.4.3 and 2.4.4) • .. 

Current origin 

A search of the literature evealed' only a comment by WPOd" 

(196~) that Trichodesmium sometimes ac \ ulated a pseudoperiphyton, and 

mention by Margaief (1968) that "epiphytic bacteria ofte~ occurred ill. 

(sic) the pseudovaçuoles of the algal cells". The same author noted 
~ " attaOhed bacteria and fungal sporangia in SOme colonies. Bjornberg 

, 
(1965), Calef and Grice (1966) and Tokioka and Bieri (1966) ha d' 

\, rJ ' 

desc~ibed the association between the larval stages of the harpaçticoid 

copepod Mac'rosetella gracilis and Trichodesmium colonies in the western 

tr~ic~ Atlantic and in the Kuroshio. Th~re was no mention of the 

pre~~ of other autotrophs or of the hydrozoan whi~ may ?e observed 
. i 

,. in colonies collected nea~ Bafbados, and no indication as to the 

extent of the phenoIll8'hon. \ " 

.. 
1 

What follows i, a general des~~iption of the community of 

kicr~rganisms co~nly associated with'Trichodesmium colonies collecteQ 
~ / 6 ., 

from 'notiQloom' populations. The relationships between the alga an~' 
.. • l ' 

oth'er members clf the conun~ ty are also considered, and the importance 

of the Tr~chodesmium {olonies as pelagie subs~rates discussed. 

, , 
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/' 
5.2 Materials and methods 

As has been described earlier, Trichodesmium was regularly 

collected at two seriaI stations located 4 km and 8 km off the wèst 

coast of ~arbados, and irregula~ly at various other loc_tions further 
, . 

offshore; Much more frequent collections were made from small open ) 

boats operated close to shore. Plankton was collected at the surfac~ 
and at various depths using 0.24 mm mesh (no. 6) plankton nets of 

1/2 m diameter. ~ollections below the surf~e were made with either, 

~ Clarke Bumpus opening and closing nets, or throttle,~ets lowered cod-end 

first. 

piankton collected from offs~ore locations was usu~lly 

preserv~d with formalin or LUgOl,J'iodine immediatelYi however, on 
, 

occasion Trichodesmium colonies were isolated from the bulk of the 

~lankton using Pasteur pipettes into cool flltered seawater and brought 

ashore live. Every effort was made to guard against exposure to the 

bri?ht tropical sun, and live plankton was according~y kept in the dark 

in ice cooler~. Most observations of live material were from c01lectiofts 
, 

made within 2 km of the coast, since on these o~casions observations 
IÇ 

could begin within 10 or 15 minutes of the collection: ' 

In the laboratory, a portion of ~ plankton was inunediately 

tran~fer~ed to a larger volume of:seawater. lndividual Trichodesmium 
, 1 

c'olonielio were picked out using large bore Pasteur pipettes and carefully 

'transferred to large volumes of cool filtered seawater where they ~ere 

held until required (only pne or two colonies per 100 ml.). Sin~leo 

colonies were transfèrred to glass slides in a i-arge drop of waœr and, 
.A 

a coverglassolaid on. Microscopie examinations using'a ~eitz or~olux' 

-microscope equipped with,pha~e optics began with general observations 

on the colony morphology and size,and of any~macro-symbionts such as 

copepod naupli~ or hydroid polyps.~ Wat~ was then slo~ly removed from 

uhder the coverglass with a scrap of paper towel, thereby flattening . \ 

* where colonies were kept in very small containers they lysed sooner. 

/ / 

• .r ,/ {, 
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, the colony and allowing observations 'at higher magnification. Very few 

symbiont~ could ever be detected during low.magnification observatio~s -- , 
of intact 'unsquashed' colonies. Trichodesmium colonies collected and 

handled in the 'rnanner described above rernained at least morphologically . 
intact for up to 24 hours. Under even low natural sunlight (15% I), 

however f p~otosynthesis and nitrogen fixation declined after three or 

four hours. At higher irradiance this decline occurred earlier and 

under the very intense irradiante necessary for hfgh power rnicros~opy 

,';--- - sorne colonies bJ.eached and lysed almost f.mmediately. 

> 

During 1974 and 1975 microscopie observations were primarily 

concerned with ident~ication and recognition of the various community 
, .' .... 

mernbers. Beginning in-November 1975 and continuing until May 1976, 

collections were made at about weekly intervals at the surface approxi-

mately l km offshore • Five or six colonies of éach conformation were 
/""'. 

examined from each tow and the presel1ce or abse~~·.of each group not~d" 

Several attempts were made at prolonging the life of the 

Trichpdesmium colonies in the laboratory, 50 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 

~aintaining polyps of the hydrozoan described in Section 5.3.3.6. 

The Trichodesmium colonies always lys",withif a few days, but 

occasionally the detrital particles, held together by mucilage, 'adhered 

'\ to the walls of the test tubes. polyps of the hydrozoan embedded in 

bhree such particles were maintained for ni ne weeks~n this apparatus .. , 

with frequent changes ,of water and introd~ct~QJl.cf small copepod • 

nauplii, newly hhtched brine shrimp or very,finely ground fish meal. 

1 , 

identific~tion they were cleaned of 0 ganic material leaving only their 
'* 

I J ( 

Dia:to!p1ll ,~oùld eSJ,8ily be;3 os rvéd in live, water mounts, but for 

siliceou~ frustules. unp~egerVed vidualfTrichodesmiurn colonies were 
\ 
'\ 

, , 
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drle~ anto .microscopie sLi,ds!:j, and coneentratèd 30\ v/v hydrogen peroxide" 

was then applied di~ect1y'to the alga. Gentle warming hastened the 

oxidation and evaporated the peroxide. After several re-applications 

to insure complete .clearing the peroxide residue was washed off with 

distiÙed w5lter. 

This procedure worked reasonably weil for unpreserved mat~rial, 
) 

but formalin'or aleohol preserved material had to be ~ncinerated for 

five ta ten minutes at soooe to ~2méve aIl of the organic matter. 
• 0 (" ' 

Bot~ techniques cleared the opaque arganic material and did not severely 

damage the dia toms. The Trichodesmium filaments themselves eonvenientlY 

produced a thin clear ~r~e~~~~~ the trichomes 

and location of wi thin 'the colony. 

. .1 colonies were mounted,in Hxrax\ (a 
""',J"4 " 

refract' 

, lârger 

microse 

which sufficiently accentuated 

heavier jpecies so thal they could be identified by 

using a Leitz Ortholux"resea:rch "microscope or a Zeiss 

Small~r,highly stlidifled 'speçies were 
c 

were dried directly onto aluminum mounting 
, i 

and prepared for electron microsèopy by coating with , ~ 

a tornized c'arbon 1 Èxamination and ph;tograPhy < was doqe tSing, a cambridge 
AI 

stereosan'Scannzng Electron Microscope • .. .. 
, ' ,~ , .. ) 

.. ; 
" 

\ 

5.3 Observatüms and 'discussion 
;- . 

5.3.1 Description o,f tJ:te Trichodesmium colony as a substrate 

-#> 

'. ,.'i ~ 
-'- .~ 

.".., 

... """ 
\' ' Il The f~lame/~ous and colonië!l habit o~ t/e"two' Trlchodèsmiwn ','·f )\ 

,,\ species Imo,st co~jn Barbados waters wl~l.be d~~cUSS~d in' AP~e~dix A:I, 

and the Idifferençes in colonial' morpnology illustrated' :l.'n Figu:r;e A.l •. , 
~ ,. 1 • 

The parallel colonies of bothlT.' thiebautii and,!. hildenbrandtii, ~here 
1 . .,.;. ' 

/lf~)~nJ~ ,~e a~igned. in paraUel li~. ~ ~~i~le. ,:\a b,rOom. pr~~~nt 

" 

4" • ~ l "": ,~..' 1 
, ./ . \ 
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. ' 

a similar physical aspect - long relat,;i.vely s'mooth p'articles having 
, '" . 

frayed ends,and long narrow interfilamen~al spaces at the center ~f the 

colony. In cOlltr.ast;' the- radial é;lonies of" both ,species possess a 
" .." ~ 

rnpre complex constrtlction. In apparently younger, more rapidl~ growing 
",,~.. ~ !. ":. • 

radial colonies'of ~._ thiebautiL collec~ed from 'blooms', the filaments . ' 

were very tightly arranged in a çoncise synunetrical~ fashion, 'providing 

a very complex outer surface and network of peripheral inter~lamental 

spaces but very little space at the center of the .colony. Colonies of 

this species drawn from the water masses of thk North Equatoriâl Current . 
~enerally contained ~ewer filaments which were arranged in a less 

compact manner. These' colonies and the very 100se, asymmetrical radial 

ç colonies resulting from the disrûption of parallel colonies of either 

species present vastly increased, networks liof small enclosed irregular·, 

spaces. with~. theÙ actual fram~'4'ork·. l,Il: i>urely physical and morpho-. 

logieal tèrms, ~he differences betwe~ the species are not as great as , 
the differ~nces between the Fwo colony types. 

-, 

-. t, 

5.3.2 The Matrix 

Related to the physical architectural differences between 

colony types and ~p~arently more important thàn sp~ctes difne~enc~s, is 

the ~ch greater accumulation in lobse radial coloni~s than in paraI leI 

colonies of a mucilaginous maJterial fO,rniing a 'tn'atrix' ·a't the center of 

the colony. ~ ~his material is nç:>t pre~nt in the majority of symmetricaI, 

concisely arranged !. thieba.utii. coloriies from 'blooms' ,but acétm'L~latés 

'in considerable quantity in loosely arra~ged 'coloni~s. 

staining with alcian blue at pH 0.5 and 2.5 essentially after 

the method of Parker and-Diboll (1966) shows that the mucilage is a 

~arboxylated polysaccharide material, and the ~even nature of the ~ 

uptake of the stain suggests v~riability in its consistency. Handa 

'; 
/ 
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(1975) f ". . hae ouqd the botwater sl~e fraction of Trichodesmium co1lected 

from the Kuroshio contains principally glucose and mannose. It seems 

,r likely that these two compo~ents were derived from -the matrix, since 

observations at Bavpados indicated that there,is very 1ittle other 

external mucilage in Trichodesmium colonie~; Trichodesfium does not 

prepuce thick extracellular investments like sorne other'b1ue-greens 
" (Fritsch, 1965), but only a very thin sheath which apparent1y may be 

absent in sorne cases (Van Baalen and Brown, 1969). Exam!nation of . 
-Trichodesmiumocollected at Barbados reveals a ~ry thin, sometimes 4is--

'1 ' 

'continuous layer of polysaccnaride material along most of'~he lengtÈ of . 
the filaments. This.material is c1ear ana invisible except when stained, 

and appears in-greater amounts'along the unhealthy cells often encoun~ 

tered at the periph~ry of the colony (these c~l~s, usually the last ten 

or fifteen at the end of sorne but,not all trichomes, are often unpig­

mented, partially plasmolysed or even completely empty). Quite large 
l ' 

sheets of this polysaccharide can occasional1y be se en sloughin~f the 

ends of these trichomes, and it is possible that the matrix repres~nts 

an ascumulation of material produced in this manner by the a1ga itself. 

Another possibilityis that t~e a1ga is stimulated to produce large 
• '.J 

amounts of gelatinous ~aterial by a fUQgal infection, as has been 

noted by Jagg and Nipkow (1961) when Oscillatoria rubescens is inf~cted 

by certain chytridac~ous fungi. At least one chytrid i5 regularly 

found in the Trichodesmium matrix. 

1.:,"""_"" ~... ~ / ~ 

"I:he origin of the matrix,~1s ùnclear-, however. L. Borstad (in 

prep.) chas isolated bacteria from tr~chodesmium cofonies which produce 

copious po.lysaccharide on solid media and in liquid culture, and it 

therefore seems likely that the' nt~trix is' at least partially oJ; bacterial 
J)' , . { 

origin. As weIL as the bac.teria', there are frequently. other ox;.ganisms 

pr~sent which.produce their own mucilage. 

organism which appears to be a unicellular '. ~ 

At lea~ one unidentified 
~ . 

cyanopll te can be 'observed 

encapsulated in its oWn mucilage, and several spepies of bentbic diatoms 

khown te b~ capable of secreting sediment binding slime are- also commonly 

"'-
\ <., ho _---.1_ .. 'ltV ri ••• 1) t, .,.""",. ___ •• ,)* .... "e/,,~_....w~ ...... ......-- -, 
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embedded deep within the \ colonies. The mat~ therefore seems to be 

quite heter~eous a.~g upon the organis~s present. 

o 

The mu1tice11u1ar nature of the Trichodesmium colonies is 

a1s'o important •• 

variabili ty w i th 

\ 

Freshly collécted colonies reveal a great deal of 
1 

respect to pigmentation, vacuolation and cel1 size •. \ 

Sorne tri~homes ~ntain groups of short, weakly pigmented nonvacuolated 
, <0>'" • 

cells with only partia11y camp1eted crosswallô. These young dividing 

~ells alternate with dark~' (e~~ecially when stained with Lugo1's 

, \ 

/ . . 
iOdine), well' vacuolated cel ~, ,giving the trichome a banded appearance. 

Sorne ~richomes may be y c'bmprised of younger cells while other 

trichomes in the sarna co10ny are older, with many qornp1etel~ empty and . v 

~lasmo1yzed ce1.1.s. Like any po~lation, Trichodesmi~ colonies contain, 

cel1s in a1l phases of growth. ~s individua1 cells~ especial1y those 

near the center of the cdlony, die and lyse, their protoplasm will 

further enrich the matrix and increase its heterogeneity. Just as 

populations age, sb too do~Trichodesmium colonies. More debris accumul~ting 

: from a lar!er number of de ad and dying c~lls will be present. 'The . .. 
retention'of Trichodesmium protop1asm, pigment and debris ean be 

directly observed~ 

5.3.3 The co~unity members 

5.3.3.1 Bacteria 

. , 

Bacteria were the~m~st commonly observed microorganisms found 
c 

in association with Trichodesmium colonies (Plates 5.1 and 5.2ial1 plates 

collected at end of ~:s section). While nearly ev~~ colony examined~ 

during the course of this two-year s tudy contained small numbers of 

bacte~ia,they were much more,abundant in the apparently older colonies 
" drawn from.'non-bloom' populations. , · .. ' , .1 Such Trichodesmium coYonies 

'1 ... 
1 

t 
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.' contained fewer filaments and cells, larger numbers of de'ad and dying , 

cells than colonies fr9m'blooins'and'usually had accumulated a signïfi-

cant amount of mucilage. 

By/far the largest nvmher of bacteria associated with , 
Trichodesmium èolonies were intimately associated with the mucilage of . . . 
radiaL colonies and.de~rital materlal contained in it, but small rod and 

corniform types could occasionallY be obseFVed directly attached to the ... 
Trichodesmium cells themselves. Fhese were usually located ar0!IDd the 

intercellular junctions, a portidn of the cell wall w~ich Van Baalen 

and Brown (1969) have shown is 

Walsby (1968) has observed secr~ 

nsiderably thinner than other parts. 

of mucilage at these locations in 

freshwater Oscillatoria, and 'simi ar production,of polysaccharide was 

observed along Trichode~m~um filaments during this study, maki~g it likely 

that these bacteri~ are at~?àcted to the loca~ized sourc; of nutrients. 

Wheth~r-they lead to breakdown o~ the blooms, as suggested by carpejter 

and McCarthy (~97St is questionable. Observations at Barbados of 

intact colonies have shown.that such attached bacteria only constitute 

a very small proportion o'f the total bacterial population. They could 

also be occasionally observed 'attached to diatoms, or the empty 

'escape tubules' of fungal spor~gia (~late 5.2) found in sorne colonies. 

Bacteria were never recognized inside Trichodesmium cells. 

Planktonic algae often have bacteria attached to or pccurring 

withln their slime sheath~, in fac~ a large part of the bacterioplankton 

may,be epiphytic rather than truly'planktonic except in very eutrophie 

waters (Wood, 19p5). The role of thesè bacteria is uncertain. Campbell , 
(1977) indicates that they are probably often. saprophytic causing no ' 

harm ... Intuitively, the location, abundance and physic:al relationship 

of the bacteria to the Trichodesmium colonie; suggest their primary 
~~~~~~G~ , 

~ole ~n these particles is one of remineralization. This suggestion is 

supported by work of L. Borstad (in prep.) who reports that essentially 

11""""', 
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, 
! 

1 !J 
and many 'roduce ammon~um by breaking down more co 

J 

c0mpounds~ In th~s sense 
1 

organism found in the colonies, since their pres 

ex ni trog~nous 

~he community of 

ce presumably leads 
1 . o 

to a 10 ~I supply of inorganic nitrogen and othe 

Trichod smium cells gie. I~ the O~igotraPhic regi 
", 

Tricho esrrriUlU can be found, this association ma in fact be_ ~portant ï 

the al aIs nu~ition. Death of a few algal cel I~ will ult~ately lead' 

to ,kl production of cQmpounds such'as ammon'uro,which maY!be scaveng d 

by chodesrnium cells or other autotrophs wit in the cold~y. Mucn of 

org material accumulated in the Tri ho de sm euro COloni4s as' bacteri 1 

bio S5 appear5 to becorne food for protozoans (Sec1;:ion ,5.3.3.3). 

1 

colohies exhibi-ted a The" bacter ia 

ve great diversity of morphologies 

of- the pleomorphic character of rnost 

a refleptiôn 

There were sorne 
\ ... 

a suggesting that the two esmi colony\ types 

. ibited different types of ous \ba~t~ria)were much 

re common in parallel colonies than in radia col~nies) and it is 
, , . \ .-,"' 

erefore perhaps possible that bacter~a ~nfluence aYgal colony 

otphology as has be.en reported Wi~ other cyanophytes' (cf. Wyatt and 

1971);; This 'and other àspects' of the occurrence and . 
hysiological characteristics of the bacteria aS50ciated with Trichodesmium 

olonies are'the subject,of a thesis by L. Borstad ~in prep.), and will 

\9t be discussed <f~r 

r 

t3.3.2 The Fungi 

here. 

One of the potentially most ~portant groups of microor~anisms 

in the Trichodesmium matrix '~ommunity is the fungi. Fungi are extremely 
.r 

common in the sea, principally acting as decornposers{Ly1~~, 1969), and 

. \ 
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surprising to find them in the Trichodesrnium 

readily available carbon source • 

observed in Trichodesmium colonies are mernbers of 

Phycomycetes, possibly of the Thraustochytriaceae 

pers. comm.). There are very likely more than 

often bbserved without the open tubes, 

heavily infested by 

the ~mall, highly moti,e, 

the amycelial sporangia and smaLl objects . . 

aqu'iiti.c phyco~ycetes corrunonly parasitize other micro- 1 
including the b~ue-greens (Canter, 1972) and are known tb 

which large ,populations of Anabaena 

yed (Canter and Willoughby, 1964).' In no case, l1owev'er, 

e forrn~ recognized as ~ungi ever detected parasitizing l'ving 

mium cells or any of the other community members during th~s -+----+---
\ 

,5 udy. 'I l were embedded in the mucilaginous matrix of the ~ad' al 
1 

cOlonie~ and while one or two'cyst-like and'sporangiurn-like ce ls 
\ could s~ etimes be.observed adhered to the outside of parallel 

\ 
or lodge1il wit;hin the filaments of radial colonies w'ith 

\ 

was in th~ matrix that large nurnbers occurred, and the 
\ developed., In the Trichodesmiurn biocoenosis, the fungi 

pr}marily saprophytic, livi~g in an~ absorbing Dutrients 

matrix. 

* Dr. E.B.G. Jones, Departrnent of Biological Sciences, tsmouth 
-~ 

POlytechnic, portsmouth, Engl~nd. 
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," 1 \ ri 
,:.furtgi are importan~ ecologically in many ecosistems as sapro-

phytes and decomposers (Lyle \ 19,69r? 'They 'obtain aIl of their 
~ 

nutrient requirements through '''~orption of disso1ved materia1 from 

their,~urrO~dingS'and produc~ n~~es which act exter~a1ly and àver 

which,; they have no control. ,l, 1\ a result they may be importànt factors 
N 
) -

influ~nc.ing their own environmen and that ôt other cohabiting organisms"'l> 
'. . ri' 

(Ha7'l:y, 1972)<0 In living Trich desmium "col~ies the fungi tl?parently act 

principally on the matrix ~d 'on e mixt ;re oV:. waste products it 

co~tains, but after deat (' f the t1ga t y'h.iJ\ compete with the 

bacteria in rem' alizfng' the de~riS:" In be- decomposition experiments 

described in Section 4,' 
1 

absence of bacteria. 

1 , 1 

f 

l 

. 
remineralization in the 

5. 3.3.3 'The prFtozoa \ 

Trich:esmium colonies of bQ~ conformation~ h~:rbourel. small 

assort;:ment of ~rotcizoa cornpared t? that observed in filam~~tol,~ga{ 
attached to boats or moorings around Barbados. un~ik~ ben~hic sub­

strates Trichodesmium never supported attached or sessile fO,rms of 
~. 

the Suctoria or Sessilia. AlI of the protozoa observed in the algal 

cOloniei'were small (:ess than 40U lonc:f) freeliving and microphagous 

or saprophytic. Ther& were no carnivores and none which attacked the 
1 

diatqms or Triœhodesmium itself. 

, 1 

1 

t Of 405 colonie~ ,of both conformat;~ns systematically \observed 

durin~. 1976, ,24\ of the radial, colonies (56 of 236) and 14\ of fhe 

Iparalle1 colonies (23 of 169) carried protozoa. The-larger perc~ntage f j l , 

of radial colonies infested (X2 indicates significant differenc at l~) 

is probably relat~d to the greater conform~tional complexity an1 larger 

bacterial populations of radial. colonies. While the nurnbers of 1 

individual protozoans per ~richodesmium colony wer~ not 

.. 
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\ . . . 

__ . ______ ,1. ~ ~ 
-:r-- 1 

, / 



( 

1 

/ 
j' 

/ 

/ 

1 

,1 

/ 

/ 

( 

1 
1 

cOllnted, the notes ~:de'Of the ob érvations ~scribed them as 

fabundant' or ·'teeming'. One suc c~~y in" which a count was 

atternpted contained more than 150 'nd~viduals, aIL of the same type. 

These nearly monospecific populati ns and their clear assaciation·with 

colonies containin~~undpnt bacte ia, suggest that they arise thr?ugh 
/ 

rapid multiplic~tion d 
1 

one or two individuals in response to the 

plentiful and/6dncen rated food su ply (bacteria) in the Trichodesmium 
/. 

colonies. ,The va ability ,in the ype of protozoans present in 

coloniés:6f'the same size/~nd conf rmation collected at the same tinte 

indiit. 'le initial.,kounter is probably \iden~\ 

> / /Observat 'ons at Barbados indicate that the protozoans only 

~hhabifthe surf ce of the ,'mostly the interfi1amental spaçes 

/ at"t 'periPh~ of radial and the frayed ends of ;aral;er 

co~onies. Np{ne were observed mov' g through the viscous mucilage, 

ai'thOUgh ~y d~d graze its surfac and the surface of the filam~nts 
where ~~~nies were not ~quashed. In very 100se disintegrating colonies 

anq in;(eCaYing 'clump~' of Tricho smium where greater access to the 
/ 

intefior&Qf "the colony was afforded 'protozoans were 'abundant and no 

dppbt very important in increasing he rate of remi~eralizati~n of the 

p 

They could easily be obs rved ingesting bacteria and other 

j.
. ~ticle. 
" small part:icles in the mucilage. , \ 

has recently reported 

a bacteriophagous amoeba from Trich taken off Bermuda. --........ ~---

None of the protozoans ited obvious behavioural 

modifications restricting them ta th ~ colonies, and they seemed qui te 
\ 
) 

free to leave the filaments. Protozoa do, however, commonly exhibit 

positive chemotaxis and thigmotaxis (Hymann, 1940) and these reactions 

could serve to ret~dividuals where tur?ulence is not great or 

other surfaces are not encountered. Organisms not lost .in these 

manners may ehcyst in the mucilage of the colonies. Fragmentation of 

decaying detrital particles will liberate other individuals. 
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No concerted efforts wer~ made to identify the organisms 
,-<; "1 \ 

obserVed. Rhizo~ods of the order Amoebida ~er~seen on a few widely 

separated occasions. Most of the ciliates were recognizable at the 

family level and.within ~he Hymenostomatida,~one Tetrahyme~id and 

• threè Cohnilemib:Ld' forms w~re recorded c~nunonly. The CHypotrichida 

were represented by at least one species of Euplotidqe and perhaps one 

of the Aspidiscidae. 
[' 

Flagellates were as ~mportant as the ciliates numerically, 

but less diverse. Ther~ were two or three biflagellates, about 5-l5~ 
\ 

long possibly of the Bodonidae, and one or two other unide~tified 

forms. 
.. 

5.3.3.4 'DiatQms 

1 

Seventeen species of diatoms repres'enting eleven genera were 

recorded as members of the Trichodesmium periphyton ~xamined herè 

(Figure 5.1, Table 5.1 and Plates 4.2,5.3-5.7). Only nine species 

were common (i.e. present in more than 20% of, those colonies with-o _ 

1 

'1\ 

dia toma) i the other eight species occurred in less than 5" of the colonies 
1 with diatoms,. AlI were pe nna te , spec~es and many were types common1y 

regarded as benthic or epontic. While diatoms ~ere recorded as present 

in 39% 1 (n = 217) of the radial colonies and<32\ (n = l6B), of the 
, ~ \ 

parallel coloriies examined systematically, the number of both individuals 
, 1 f - 1 

and species'in anyone Trichodesmium colpny was highly variable. 

Unlike diatom communities epiphytic on inshore benthic'plants 

(cf. Lee et al., 1975), the diatom assemblages in Trichodesmium 
a 

colonies were of l~ --di versi ty 1 consisting of only two or three species 

(at most five) per èolony. The species composition anq the number of 
~ 
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Figure 5.1 
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iSome of the diatoms commonly found i1\ Trichodesmium 
colonies. Ali species to sarne sca~e {bar equals 10~) .. 

1; Nitzschia longissima 

2. N. longissima var. reversa 

3. N'. closterium ,-

4. N. ·sp. 1 

5. Mastog1oia (cêPitata 1) 

6. Caloneis Spa 

7. Amplliprora (paludosa 1) 

8. Achnanthés sp. 
l 

9. Navicu1a s~. 2 

10. Cocconeis scutellum var. ? 

Il. Epithemia SPa 

1. 
~'" ~ -~ - -.. ~- .; .... - - . 

1 
, 1 

.\ 

, 

l2. part of a Trichodesmium thiebautii filament • ' 
for comparison of size. " 

\ 

, \ 

<' 

\ \ 
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Table 5.1 . Diatoms observed in Trichb~esmium colonies. 

Achnanthes Bory 
A. sp. l 

Amphipror"a Ehrenberg 0 

A. paludosa Wm. Smith ? 
A. sp. l 

Càloneis Cleve 
C. sp. l 

Cocconeis Ehrenberg 
C. 'scutellum var. ? 
"'"". 

Epithemia de Brebisson 
E. sp. l 

Gr~tophora Ehrenberg 
G. angulosa 

Hant~schia Grunow ? 
H. sp. l . 

Mastogloia Thwaites ex Wm. Smith 
M. qapitata (Brun) Cleve '? 

Navicula Bory 
N. sp. l 
N. sp. 2 

Nitzschia Bassall 
'N. clostefium (Ehr:) Wm. Smith 
N. longissima (Breb.) Ralfs. 
N. longissima var. reversa (Grun.) 
N. sp. 1 
N. sp. 2 
N. sP: 3 

striatella Agardh 
- S. sp. l 

freq\lency of 
occurrence * 

C. 

C 
o 

C 

o 

o 

o 

0'"-\ 

C 

C 
o 

è 
C 
C 
C 
o 
o 

o 

locatiort in 
colonyt, 

M 

M 
M 

p 

M 

M 

M 

-----­M 

p 

p, 
M 

p 
p 
p 

P, M 
'M 
M 

M 
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~'----~-----------------------------------------------T'----~----------
* C - commoni found in more tàan 20\ of those colonies with diatoms. 

. \ 

o ..:. occasionali found in less than 20% o.f those colonies with diatoms. 

t P ..:. found in parallel colonies and around the periphery of radial 
colonies. 1 

M - found embedded in the matrix of radial colonies: 

\ 

\ 

_./ 

\ 
\ 
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., 

individuals per colony was highly variable, however, even between 

colonies of the sarne size and morph~logy collecte! at the saroe time . 
.... .,... 

While it might he expected that particles as srnall as Trichodesmiurn 

colonies coulld not support rnany c:Üatorns, it was conunon' to observe 
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• between '5 and 5,0 in a colony. On o~asion much larger populations 

were present; Plates 5.4 and 5.5 show an extremely large mixed populat~iEm 

of Cocconeis scutellurn 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 reyeal etftbedded Nitzschia sp. L,,, 

• 1 
As already mention~d in Section 5.2, ~ew periphytic organ1sms 

of any' kind could be obser~ed assoçiated with Trichodesmium colonies 

which had not been at least partially flattened un?er a coverglass. 

When this was done, the motile Nitzschia sp. l, N. longis~ima and 
,0 

~. closteriurn could easily be observed moving among the filaments at' the 

periphery of the colonies, and ev en 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 edge' 
, 1 

of the radial colqny matrix and between the filaments of parallel 

coJonies. The awkwardly shape& Amphiprora paludosa was only ,observed 

associated with radial colonies. 
\ 

Sorne o~ the smaller species such as Cocconeis scutellum, 

Achnanthes sp. and Epithernia sp. were difficult.to detect as they wére 
Q 

~lways deeply embedded within the matrix of radial colonies, in the 

jumble of Trichodesm!um filaments. severa\ of tbese sp,cies, particularly 

Achnanthes, were difficult to recognize as diatoms until\ the colony was 
If ~ 

cleared and mounted in Hyrax. ' In live mounts these s~cies. were , 

enveloped in an opaque mucilage of their own and were only disternib~e 
'.----

as oblate featureless cells. In this respect these species may be 

important contributors to the mucilage and to the strength of the 

matrix. Several species of benth1è diatoms are iecogni~ed as important ___________ 1 

in binding 100se sandy sediment by tbeir mucilage (Round, 1971). 
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Like the dia toms belonging to the periphyton of floating 
c-

Sargassum (Carpenter, 1970), the species found in Trichodesmium 
i 
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colonieS are very lightly silicified and finely ornarnented., This is 

rather unlike the heavier structure found in forms in the sediment or 

attached to benthie'~lant~ (see Lee et al~ 1975) and may be'4 
v 

refleetion of the pelagie existence of these forms. Wood, (1966, 1971) 
1 

has found a large number of benthie and epontic speeies in the oeeaniG 

regions of the weste~n ~ropieal Atlantic and easeern Caribbe~, 

especially where water,masses afe passing over shallow shelv~s or' 
0' , '1'" 

!' '. ".t "..' ,J 'banks. He assumes tHese b~ks and the pelag~c'Sargassum are ttie 

source of the benthic Jiatoms in the t-rater column. The 'TrichodesmiUf!l 

dia toms may also be derived from the sarne sou~ces • 

. ' 
The variability of the diatom assemblages observed in 

eolonie~ of the samè population indicates that several factors . 
probaQ~y operat~ independently to de termine the species composition 

and,population size of ~y one Trichodesmium colonY. After'the' 

initia~,accîdental enc~unter in the sea, the.sueeess of th~ diatom in 

or on the colony can be expected.to be affected by the community . 

already established and hence the 'physica~ and chemical nat~e of the 

substrate: 

As weIl as providing à substrate for_primarily benthic 

)./3pecies in the oceanic 'euphotic zone', it seems Li:kely that the ... . , 
Trichadesmium colony also sup~lies nutrients or sorne other essential 

t 

elem~nts for dia tom growth. There is evidenee of wipespread hetero­

ùrophy among mari~e diatoms (LeWLn and Lewin, 1960; Lee et al., 1975; . 

and r~ferences cited therein), and of excretion by many plants 

'(cf~ Fogg, 1966) inel~ding blue-greens. Sorne of the species recorded 

her~ are knçwn to b~ capable of het~rotrophic growth (Nitzschia . . . , 
closterium, Lewin and Lewin, '19~O; Cocconèis scute11um, Lee et al., 

1975). D1J,lting the current study Nitzsehia sp'. 1 could be observed to 

demonstrate a strong chemotaxis ta lys,ing Trichodesmium (see plate 5.7). 

. " 
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Excreted organic cornpounds aré'not the only cornpounds 

expected in the matrix. The fact that many of t~ bacteria isolated 

fro~ Trichodesmium by L. Borstad (in prep.) ~roduce ammonium from 
1 

1 comple~ cornpounds indicates tgat inorganic compounds may also b' 
available locally. 

() 

... ' 

• 5.3.3.5 The Dinoflagella~es ... 

1 

In almost every radial Tric~odesmium colony exarnined which 

possessed a matrix, some evidence'was foùnd of the presence of the , .' 

non-motile stages of several individual dinoflagellates. The most 

common spec:ies represent~d was tentatively identified as Peridinium 

trochoideum (Stein) Lemmermann*. A second Pe~idinium, apparently 
, . 
P. avellana (Meunier) Lebour and a larger unidentified Gymnodinium-

Iike species were also recorded. 

The life'cycles of many dinofiagellate'species include one 

or more non-motile phases' and, in peridinium, cell division occurs 
~ J f 

during one of these. Tnere is cessation of moVe'ment, contraction of 

" the protoplast and formation of a new thin membrane before the cell is 

released from the old theca (Plate 5.8). The thin-walled spherical 

cells thus formed may rest for a period (spherical cy.sts) or may soqn 

~~ivide (Fri~s;h, 1965)' ta form new thiek-walled non-motile daughter 

cell~ which are also spher~cal and undifferentiated. The non-mati le 
çJ 

* P. trochoideum helongs to a gr&up~of species with very simi~ar 

mO~hOIOgy which 'are difficult ta ideJ{ify with certainty (D. Wall, 

pers. comm., Woods Hole Oceanographie'Institution, Woods Hole, 
e ' 

Massachusetts, U.S.A.). 
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.. 
stage termi~ates with t~ production of motile gymnodinoid, athecate 

indiv'iduald which :eventui11yb-deveiop' thecae as the y mature. The adult, 

thecate Peridinium can undergo cell division again or ~roduce 

hystrichospheres (resting cysts). In this case release of the proto-.. c 

pIast from the theca results in production of a naked spherical cell 
" \ 

which eventually acquires a thick wall ànd short calcitic spine~. 

These cyst~ are resistant to condi~ions adverse to the moti1e stages 

and can remaih viable for long periods 9f time (Wall et al., 1970). 

There is also evidence that.they may serve a sexual,function in at 

ieast some species (Fritsch, 1965; Von stosch, 1974). wall et al. 

(1970) consider them a natura~ly occurring stage in the flagellate's 
""'II». 

~
"'\.' 

-k q , ;~/>' 

life cycle. 

> In Tr!ehodesmium radial colony matrices, two or three orange, 

>""" sPfierica~ed P. trochoideum protoPlas~s were nearly ';lways present, 
" - , 
~r1.c;ften ,in the process of ,eccrjsis (release of the protoplast from 

, ' 

the theca), or in close proximity to their thecae. The consistency of 

the mucilage appears to impede the hss of th~ jettisoned shellll and c 

they can often be found in the matrix where no protoplasts remain. 

P. avellana has been tentatively recorded in the Trichodesmium colonies 

in this manner, but other sta<Jes of i ts.".zr,if~ cycle have not been 

recognized. 

Tne early pear-shaped divisional stages of P. trochoideum 
, -' " 

were commonly recorded and so were the sma1ler paired daughter cells 

which immediately follow d~vision. Div~ion itse1f ~~s only observed 

twice. Thick-wal1ed daughter cells were commop, and on ~our occasions 
'j 

the escape of small gymnodinioid swarmers f~om ~ese qells were 
.' 

observed. The newly ~eleased gymnodinioids did not- sho~ any par~icular 

affinity to the Trichodesmium colonies aJb eventual~y swam awày • 
. -

These l~berated naked individuals apparently secrete a new theca, 
\. ~ 

after s~me time (~ritsch, 1965). There is considerable variability ~n 

/ 
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-. 
thé life cycles of different cf.i.noflagellate species', howev~r (Fritsc~, 

1965), and naked gymnodinioid~ were not always the product of the 
. ' 

vegetat~ve ce11s. The Gymnodinium-~ike cells recorded from the matrix 

were first observed as large nonmotile grey coloured ce11s, which 

then contracted within a very thin envelope, alIowirig the motile celis 
• Il 

to work themselves free. The new1y released individua1s were thecate 

bif1age11ates and ~wam strongly. 

" 
As weIl as the various-stages of the vegetative divisional 

phase~ of P. trochoideum described above, what may have been maturin 

spinous .cysts o~ thisr species were observed on two separate occasions 

at Barbadès. The ~dea that Trichodesmium co~d harbour resting cysts 

is attractive~ but there is no evidence to suggest that this occurs to 

any significant extent at Barhados. While it is difficult to assess 

the quantitative importance of this association b~twee,dinoflagellates 

and the ~lue-green, it appear~ to he restricted (at Barbados) to a few 
1 

species anœ then with the temporary non-motile phase accompapying cell 
...r. 1 

div~sion of the dinoflagellate. 

Dinoflagellates as a group are exceedingly common in tropical . ' 

oceans and~. trochoideum is one of the most widely distributed dino­

flageIlat€ species at low latitudes. It is, however, regarded as a 

neritic form, and is assumed to be meroplanktonic (Wall et al., 1970l~ 

The importance of its relationship wi~h Trichodesmium may lie in the 

possibility that at least ~ portion of the P. trochoideum population . -
is horoplanktonic. If the nonmotile stage can be prolonged, Gells 

, 
carried in ~richodesmium colonies may seed new growth in areas considerahly 

.removed from the location of the parent population. 

, This associa tion has not been\ reported previous ly. If i t 

oceurs between Trichodesmium and other dinoflagellate speeies it could 

be important in red tide research. 
1 \ 

• 
. 

n ....... ~.~~ ____________ "" .......... __ II.-..( ...... '_~--'~T .. .". .... _.~---::'~_;:M __ -- ------ --l 
.~ .......... ~~' ............. ' ~.K",",·'œ.""'·~·w""", ....... '~, ~·""'''''''''·'''''''' ... t±'''·'''''bM''''''''' _Ot ... d", • .......... 0· ..... ..-' _ ........ ' _'t_ ... ' ... û_ ..... ~~_.~, .. _k+ .... '_.~~ .. J...t __ "'" ... .i 



li 

( 

<-

l 

. 
V .. _H ...... " ...... ~,.t..,._ ..... ~ .. ~ ............ ~_~" "'~_""V_~ ......... .....,., ....... ~ _-..~~ ~~ , 

/ 
\Y. 158 

( 

5.3.3.6 . Hydrozo<;l . 

The largest of the symbionts plosely associated with 
n. ' 

Trichodesmium,colonies for extended periods are the athecate ·hydranths_ 

of a pre~i.ously' undescribed hydrozoan which Borstad and Voss (in 

prep.) have named "Pelagiana tric;hodesmiae". The systematics of this 

cnidarian are not of direct conce~n here, and since they are latgely 

the work of Dr. A. V05S*, of the University of Toronto, they will not 
" --' 

: 

be discus·sed in detail, eXcèpt to mention 1;:hat a new genus Pèlagiana with-

• in t~ pandeidaé will be es'tablished ""ithin" th/der Anthomedusae. 

The new genus name will be used here for convenience only" but the 
~ , ~ 1 

reade~should note that it is unpublished at the time of déposition or' 

this thesis and is-theretore not established. 

The complete life cycle of this cnidarian is unknown at 

present, but Figure 5.2 represents a partial reconstruction 'of events, 

from.microscopic observations of a large amount of freshly collected 

mftterial taken d~ring 1974-1976. Attempts at maintaining the hydro~oans 

.in the laboratory were.only partially successful. At Barbados, they 
. . 

lived for nine w~eks but did not feed well, and succumbed be~ore , 

producing gonophores. Spec~ens shipped to Toronto also died, and 

this description of the organism and its life cycle is therefore 
\ 

compléte only' in 50 far as it is closely associated with Trichodesmium. 
~ ~ 

\ The hydranths~ave only been observed ~n radial colonies with abundant 

mucilage. . It i5 likely that their camp~ete absence from pa~allel 

colonies is relaf~d ta the weaker colonial structure andl lack of a 

matrix in. these 'colonies. 

The ~arliest stage a5sociated,~ith Trichodesmi~ colonies 

which has been recognized ia the planula (two slipper-shaped~lanulae, 
,.-; 

* Department of Zoology, 'Uni versi ty of Toronto, Toronto,. On't;ario 1 Canada 
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RelatïonsnIp between the hydrozoan Pelagiana tricnodesrniae 
and Trichodesmi~ colonie~'L 

1. Hydrozoan planula, newly embedded in colony; 
2. Planula grows into matrix, giving rise ta inter­
connected hydranths; 3. Hydranths ma,ture and produce 
gonophè~es; 4. Newly rel~ased m~dusa. Growth and 
development of the ~edusa has nQt baen obsérved. 
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bothapproximately 30 x 4011 have been reC~~d lodgeq in the pe,r'iphery 

of radial colonies, o,ne in JanuGiry and the other in May 1975): The 
, ! 
\. / • J 

planula grows into the mat.rJ.x at the c~nter of ,the. colony and gl.ves 

rise to as many as six identical hydranth? which are connected by an 

irregu1arly branching stolon. ' The, larg~ maturing, hydranth is the most . \ 

frequently observed stage in the Trichodesîniurn collected near Barbados. 
/ 

, If' 

J 

M~re polyps 'with medusa buda or gonophores (Plate 5.9) we~e seen , , 
less frequentl~'- in May and October 1975, and June 1976. As ~any as 

, . , 
four may grow on each hydranth. In June 1976, .a IIpelagiana", polyp with 

a large apparently ripe gonophore was·isolated from the plankton~ and 

'produced a minute twojtentacled'medusa in the labor~tory. The medusa~ 
, . / . 
depi?ted,in Figure 5 2 and in Plate 5.10, has not Bèen re~ognized in the 

plankton, and hOi-h" n9 is 'known of its development, growth or 'reproduction.' 
/ r· . 

,1 

The ri age of otpelagiana" life cycle most important to the 
1 

Trichodesmium ornmunity is undoubtedly the sessile hydranth. These 

usuall\y occur in groups of three or four but often as man y as six may 

be present. IThe "Pelagiana" colony 'may have the ability to prQduce 

more individuals, but'the polyps are relatively large compared to'the 
/ , 

TrichodesItiium colonies. Th~ hydranths are: always spaced equidistçmtly 
\,1 

around the surface of tne Trichodesrniurn colony.~ Six polyps per colony 
... t"'· • 

appears bo be the number above which interference between individuals 
\ 

becomes severe. The weight of each hydranth may also be important, since . 
toc much additional rnass will cause the whole assemplage to sink. 

,.. ··j., . .Like rnost hydroids, "Pelagiana" hydranths ~re voracious 

feeders, and', they can often be observed engorgea on large copepods 

(Macrosetella gracilis adults) and even chae~ognaths. Sorne of the rnést 

common prey for "Pelagiana" hydranths, however, seern to be the naupliar 
<> ' 

stages of ~. gracilis. Trichodesmium colonies are known to attract the 

juvenile stages of this ~opepod, and are thought to be essential for 

the success of\this :~#ci~s in ~ceanic regibns (Bj&rnberg, 1965; Calef 
~' .. 
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", .. 

and Grice, 1966; Tokioka and Bieri, ~966). Du~ÏfIt'f the present study" 

the naup1ii and early copepodi~~ of~. gracilis were often observed 

clinging to Triehodesmium eOlo~iêS ,?'Pere "Pelagi~a:' were not present, 

and'were also noted as prey for th~ polyps on numerous occasions. The 
J 

attraction which Trichodesmium seems to ha?e for the copepod affords a 

great advantage to th~,,~ydrozoflIll increasing the,Pnumber of potential . 
prey they wou1d otherwise ericountèr only by chance. Co~ve~sely, the 

presence of the hydranths shou1d very effective1y reduce any predation 

on Trichodesmium an1 the enclosed microorganisms 'by all but very 1f rge 

zooplankton and fish. 

An exten'sive search for "Pe1agiana" hydranth5 on benthic . 
algae, in the "aufwuchs 1 of floating debris of all sorts, and on 

moorings at Barbados, faile9 ta 10cate them. The search did not locate 

ano~her substrate comparable to Trichodesmium, and it may be that 

"Pelagiana" i5 restrieted to this alga. At Barbados, colonie~ bearing 

,the hydrozoan polyps can usually be found throughout the year in th~ 

mixed layer. There is no apparent seasona1ity invo1ved in the appearance 
l' • 

of the hydranths or of their reproduction. As already mentioned, they 

. ' occur only in radial colonies. wi th abundan t mucilage, and may occupy as' ", ..... 

much as 40% of such a population'. Therefore, at Trichodesmium densities 

(~adial colonies) of 790'per m3 in the mixed layer of 'older"North 

Equatorial Current water massr, appr~xi~a'tel.y 300 colonie's per m3 

would possess "Pèlagiana" p~~yps. The average Trichodesmium co1ony , \ 

usua11y carried f?ur"'polyps - arnOunting to ~ut 1200"Pelagiana" polYl?s 
3 l' , 

per m. Such densities must be significant in the ecology of the eupho-

tic zone. 
l 

While Trichodesmium colonies bearing "Pe1agiana" polyps may 

be collected at any time of the yeàr at Barbados, their abundance seems 

related to the condition of the Trichodesmium population. Further, it 

seems that the broadtast of eggs or planu1ae from the medusae,must be a 

relatively sporadic' or isolated event, sinee polyps may be abundant in 
o 
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colonies co~~ted one day and 0emPletely absent the next day in water 

of apparently the same,origin • 

.;. -\ 
However,spo~adic or patc y the distribution of the hydrozoan 

t 

is On the small scale, "Pelagiana" ppears to be widely distributed 

thfoughout the North Atlantic, sinc Dr. E. Carpenter* (pers. comm.) 

found it to be very, common in Tricho colonies collected from 

the 'l?o Sargasso water' between Spai 

after being a1erted , r~-"\, presence a 

) 
'i, 

and ~ermuda 

Barbàdos. \ \ 

during June 1975, 

5.3.3.7 C;repod nauplii 

~~s a~ready mentioned, th~association between the copepod 

Macrosete11~gracilis and Trichodesmium h~s been previdus1y recorded 

in the w~ste~\troPical Aelantic. At Barbados, t~ naup1iar stage~ of 

this copepod were ~lso observed clinging to colonies. ouring systematic 
, ~ 

observations of 373 colonies of bath conformations, 16'colonies (4%) 
-

were encounterep which carried nauplii. Casual qpservations during 

1974-1975 suggested ~hat!!. gracilis was more commonly found in parallel 

colonies than on 'radial coloniès, and this was, also noted during the 
,'\.- 1 

systemati~ observations. (12 of 168 parallel colonies, 4 of 205 radial 
1 

colonies carried naupliLl- A x2 t~\ indicated that the dilference 

was significan4:at the 95% level. . 

This difference may,be related to the gre~ter ease of move­

ment for_the nauplii on th~ para1lel colo~ies, upon which they can 

move about free1y. On radial colonies théir movèment is severely 

restricted, and suç:h colonies also harbour "Pe1agiana" polyps for 
\ 

whicq !!. gracilis is a potential'prey. 
( 

* Dr. E. Carpénter, ~rine Science Center, state University of New 

Yo~k, Stony Brook, , New YQrk, U.S.A. 
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" Bjornberg (19 
, 

reared more successfu11 

rearing vessel, and 

perhaps also a food 

author, Trichodesmium 

removal from the sea. 

, , 

/ 
found that M. gracilis nauplii could he 
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( 
t' 

if Trichodesm~um colonies were added i~ the 

ested that the.a1ga provided a substrate and 

ce for the copepod. In the experiep'ce of the 
\ 

ays died and lysed within a few hours of its 

he very large bacterial popula~ions which 

resulted (see Figure 4. ) may in fast have'provided the fooq for the 

nauplii in Bjornberg's periments. During observatiàns of live material 

at B~bados, it was not ossible to confirm bhat the nauplii were 

actually ingesting Tric odesmium ce11s. The copepods did move about 

actively on the colonie, often agitating the trichomes vio1ent1y, 

but disappearance or 1y is of'Trichodesmium cells was never.detected. 

The mouth parts of M. 

that the~animal feeds 

coloniep. 

5.3.4 Discussion 

-

acilis are quite sma1l, and it 5eems more like1y 

mucilage, bacteria, fungi or protozoans in the . 

\ 

Thé open océan in tropical and subtropical regions are 

"genera11y extremély barr n, and contain little particu1ate matter 

(Riley, 1963). For many and benthic organisms this is 

an impossible environment because it is essentia11y bottomles5 •. A few 
\ 

<'). • • 

shallow water benthic org ~sms can traverse the areas by extend~ng 

the length of their plank onic phase, or by attaching to other swim-
.. 1" t. 

ming organisms 1971,), and a few merop1anktonic microorganisms. 

have been able particles such as organic aggregates (Riley, 

1963), ~é~ st~uctures (Al~re?ge, 1972) or foram!nifera '(Aldr~dge and 

Jones, 1973). It is eviden~ that Trichodesmium colonies present 

similar colonizab1e particles. There are sèveral advantages to be 

gained by the organi~ms grouped in the Trichodesmium community described 

here. 
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Trichodesmiurn colonies are abundant and widèspread.throughout 

the tropical and. subtropical oceans, and are concentrated in the upper 
"» .-

euphotic zone by virtue of the buoyancy provlded by their ga~ vacuoles. 

Since"many other cyanophyceae are capable of altering their position 

in the water column through photosynthetic control of their turgor 

pressure and inflation/deflation of their gas vacuoles (Walsby, 1972) 

it is possible that Trichodesmiurn may be able ta do sa also. The fact 

that a single coloriy can maintain itself iri the'near-surface zone while 

supporting several hydrozoans weighing rnany tirnes its own weight, 

suggests that the alga can alter its buoyancy. The ability ta even 

partially cornpensate for the added weight of other organisms will be 
o 

greatly beneficial to aIl. organisms associated with living Trichodesmium . 
colonies, particularly the,meroplanktonic dinoflagellate and hydrozoan 

which must return t0 the plankton, and the photosynthetic diatoms which . ..,. , 

must remain" in the euphotic zone. Even after death and 1ysis of MOSt 

of the algal cells, 'Trichodesmium detritus 'clumps' and floats because '. 

s6rne gas vacuoles do not collapse*. 

The aggregation of ~any individual filaments into colonies 

greatly increases the surface area and complexity of the Trichodesmium 

partic1e, and creates a complicated network of SIDall 'internaI' 

~ interfilamental spaces in,which dissolved organic material from the 

water and fram the alga itself ~ay accum~late. In bath radial and 

paraI lei conformations, a p~lysaccharide material accumulates in,these 

spaces, but in radial colonies much greater amo~ts 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 further reduce the already slow 

* 'Under polarized light, gas vacuoles are refractile, land can be 

observed in Trichodesmium debris after the cells have 1ysed. 
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diffusive 10ss of dissolved mate rial from cells in this re~ion. Where 

miCr~O{~~~~~ are in clo~e contact with ~Ch oth:r ~nd embedded in 

suéh ma~èr~al, it is lo~ica1 to expect some exchange of disso1ved 

metaboli tes. 

. 
Sorne cyanophytes ~e1ease la~ge amounts of nitrogenous 

" maüerial, chiefly peptides and amino acids (Jones and Stewart, 1969a) 

which are assimilable by various marine algae, fungi and bacteria 

(Jones and Stewa~t, 1969b). Others are known to produc~ vitamins or 

chelating compounds as by-products of their metabo1ism (Steidinger, 

1973), and aIL blue-greens co~tain trace elements such as iron, 

molybdenum and cobalt which will be released afterOdeath and lysis of 

the cells. In Ttichodesmium colonies, much of these materials may be 

retained ïn the mucilagep 
1 • 

The waters in which Trichodesmium ~s found are :often e~tremely 

di lute nutritionally (cf. Steven et 'a).., ')1970) and the reduction of 

diffusive losses i or 1 in,ternal recycling 1 of nutrients within the 

colony community will be advantageous. The bacteria, fungi and proto­

zoans in and on the Trichodesmium colonies appear primarily involved 

in remineralizing the mucilage, the cbmpl,ex organ~c ~olecule~ exuded 

into it by e~edded autotrophs, and detr~tal material. Sorne of the 

products of this rernineralization may be lost ta the community thraugh 

pif fusion and ernigration, but th~nature of the matrix and the 
\ 

conformation of the Trichodesmium~colonies leads te the accumulation 1 

and utilization of 'recycled' -nutrients. The presence of large 

populations of actïvely dividing'~~nthic diatoms e~edded in the 
~ 

radial colony matrices supports thfs.assumption. 

The ~ernisa~id nature of the materiai forming the matrix at 

the center of sorne colonies may aiso restrict movement of dissolved 

gases. postgate (1974) has pointed out that sorne bacteria rely on 
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lay~rs o'f slime which 'retard oxygen diffusLorl and lead to the develop-
\ 

rn~~~ of theornicroana~ism neces~~~ for nitrogen-fix~tion. The 

finding by L. Borstad (in prep.) that many of the bacteria isolated 

from, Trichodesmium are microaerophilic and produce qopious mucilage, ., 
suggests ~hat micro~naerobisrn may develop in.~Trichodesrnium colonies 

in situ, at least in parts of the matrix, Jorgensen (1977) has shown 

that sulfat~reductïon (which requires anaerobic conditions) can 

proceed in detrital par~icles only lOO~, in diameter, ~ven when they are 

suspended in oxygen saturated seawatêr. In view of the fact that 

nitrogen fixation by Trichodesmium colonies is adversely affected by' 
, . ~ 

turbulence (C~penter and Price, 1976), the barri~r to diftusion 

., ' 

provided by the mucilage may be significant, especially where' respiration 

by. embedded microorganisms creates an oxygen demande ll.ny mechanism 

~hich increases the, activity of the nitrôgenase enz~e, and the import 
. ; 

of nltrogen to the particle, will bene fit the whole community. 

As weIl as nitro~enase and the extracellular eBzymes.of the 

fungii, alkaline phosphatase is also produced by Trichodesrnium ,colonies 
, ' 

(Y~ntsch et al., 1972). Whether this is producedoby the,blue-green or 

by one or more of its associates (rnany of the bacteria isolated from 

the ~olonies by L. ~Borstad prod~ced it) is unim~;rtant ecologically. 

~e organic phosphates liberated will, at least partially be available 

to' . all of the cornrnuni ty members. 
1 

. , 
'r 

In addition to its role ~n retention of dissolved compounds, 

the'mucilage accumulatihg in sorne .colonies significantl~ increases 

their structural strength. This viscous and elastic material, when 

sUrrounding the tangle of fil~ents at the center o~ radial colonies, 

greatly improves the colony's suitability as'a substrate for the larger 

symbionts, and prolongs the life of the,partïcle. Even afté~ death of - .. 
rnost of the Trichodesrnium cells in the colony, the rnatrix holds the 

particle together. The remains ~f colonies are regularly observed in 

, . 
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the rnixed làyer (see Section 4.2), \~ecognizable as large rnucilaginous 
, 

flakes or particles with a few weIl vacuolated Trlchodesrnium filaments 

ernbedded in thern. 

, . 
" !i~e 5.4 represents a simpiified outline of ~orne of the 

'pos~i~~e interac~~ons within the comrnunity. The very srnall 'physical 

size of the colonies thernselves and the variability among ~ndividual 

colonies will make any q~antitative analysis of the interactions 

difficult. Stutlying the capabilities and requirements of each group 

~iJ cu'lture would contribute to an understanding of the system, but 

unfortunately the rnain organisrn - Trichodesmiurn - cannot yet be 

cultured. 

1 

• Ontil the contributions of each group of organisms within the 

colonies can be separated, or Trichodesrniurn cultured.axenicallY, field 

studies of the apparent physiology of the alg~ must take into account 

the potentiall:y very diverse nature of the~bolon~es. :J:q rnost cases, 

Trichodèsmium may domina te the flux of energy ând compounds within the 

particle, but'where other organisms are large or numerous this may not 

be the case. The variability from one colony'to another will aiso be 
, ,\ .. 

difficult to deal with~ 

The quantitative importance of the association de1cribed here 

is difficult to assess without considerable work on the physiologies of 
o 

aIl of the organisms concerned. It can be said r however, that the 

numerically small and slo~ly growing Trichodesrnium populations in ~he 
, t 

North Equatorial Current water masses contained much Iarger proportions 
. - . 
'. '<lif infested or 'colonized' colonies tha~ the younger 'bloom 1 

Tri h desmiurn' populations swept to'Barbados in Guiana Current waters. 

Thi is probably related to the finding by Meffert (1971) and others 

that in cultures of blue-greens such as Oscillatoria redeki, bacteria 

present in the media do not become abundant until the alga reaches the' 

'" stationary or death phase of its growth. 

. ' 
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Summary of possibl~ interactions between 
within the Tricnodesmium co~unity. 

" Shaded area represents whysical confines 
matrix in which organis~s are ernbedded. 
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The invasion of Trichodesmium colonies ,by o~her microorganisms 

will therefore likely be most important in the oider more stable water 

" masses of the truly oceanic regions, such as the Sargasso Sea and the 

North Equatoriat Current where Trichodesmi~ is growing slowly 
\ 

(Carpenter et al., 1975). The communication from Dr. E. carpent,er 

indicating "PelagiaBa" was common in Tt'ichodesmium colonie~ aIl across 
.. 

the North Atlantic Gyre confirrns this supposition. The recerit 

observation by MartUnO et al. (1975) of other microorganisms in clumps \ 
1 

of 20 to 30 Trichodesmium colonies gathered from the Pacific Ocean, 

suggests that phenomena similar to ~hat reported here may aiso be found 

in that ocean. Such clumps w.ere not observed in fresh material taken 

at Barbados, but co~d be generated by ~llowing tpe Pli kton to stand' 
~ . 

undisturbed in the bucket for an hour or two. 

Trichodesmium presents the researcher with man problems, not 

the least of Which will be the difficulties involved in c turing it or 

even maintaining it for short experiments. Workers conduct~ 9 research 

on the physiology of th~_alga collected from the sea,should b awale of 

the possible existence of other organisms which may significant ' bias 

the results of biomass determinations or short-term uptaké kinèti ,by 

virtue of their ~ize, nurnbers'or levèl of activity. 
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Plate 5.1 

Plate 5.2 

Plate 5.3 

Plate 5.4 

'. 

\ 

Abundant bacteria in the organic debris near the periphery 
of a radial T. thiebautii colony. 
Scale bar equals lOp. /' 

Filamentous phycomycete 1iungi embedded in the matrix of a 
~adial T. thiebautii colony. Note heavy secondary bacterial 
infection of fungal escape tubules. ~ 
Scale bar equals lO~. 

", 

Bacteria c3Jld ç1.iatoms (Nitzschia sp. :L) near the }1eripht'!ry 
of a radial. f. .thiebautii colony. 
Scale bar equals lO~. 

-...-l, 
'. 

clos~iup of the very large population of Cocconei~ scutellum 
and Nitzschia sp. l illustrated in Plate 5.5. 
Scale bar equals lO~. 
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Plate 5.5 ~ A single radial T. thiebautii colony of 5-10,000 cells, 
which has been incinrrated and mounted in Hyraxjto 
reveal à very.extens~ve mixed population of Coccon~is 
scutellum and Nitzschia sp.~l. Trichodesrnium filaments 
are partially visible around the periphery of the rnount. 
Scale bar indicates 50~. 
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Plate 5.6 
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,1 
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• 

.scanning electron micrograph of part of an 
incirterated T. thiebautii r.adial colony ta, show 
large population of Nitzsèhia Spa 1. • 
Black scale bar at lower left indicates SOU. 
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Plate 5.7 

Plate 5.8 

Plate '5.9 

f 

Diatom chematoxis to lysing TrichodeSmium. Approximately 
five minutes before th~s photograpp was taken, this field 
contained an intact Trichodesmium filament and no diatoms. 
After lysis Nit,zschia sp. l, !!. closterium and!!. longissima 
had congregated around the debris. The very fine needle­
like projections protruding from the debris are very 
characteristic products of Trichodesmirim ly~is. 
S,cale bar indicates 10ll. .. ., 

The dinoflagellate peridinium trochoideum with partially 
released theca. 
Scale Bar at lower le ft indicates lO~. 

, . 
/' ~""'1: 

.'"'~ 1 
1 

, f' 

1 

A partially contracted 'pelagiana triçhodesmiae' hydranth 
wi th two unripe, gonophores. 
Scale bar équals SOll. 

, 

Plate 5.10 A,young 'Pelagiana tri chodesmiae, medusa; released in 
the laboratory .. less than six hours old. c' 

Scale bar equals lOOll. ,. .. 
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6 SYNTHESIS 

o 
Fr9m the data discussed in Section 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 

meteorological and hydrological phenomena occurring at a considerable , 

distance from the island. Meandering o~ the Guiana Current seems 

largely responsible for the arrivai of low sal~~ity, neritic surface 

\waters carrying large populations of diatoms and Trichodesmlum, 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 biological events at Barbados. The vàriations of , 

, 

, 

many elements of the plankton cornmunity both offshore and close to the 
• 

island have been shown to be related, and it now 5eems likelYcthat this 

alternating appearance of two distinctly diffêrent surface water masses 
J -

will have considerable importance in aIl aspects of marine productivity 

at Barbados. 

~ 1 

'Trichodesmium dorninate5 the phytoplankton of the upper mixed 

layer off Ba~bados throughout the year: contfibuting on the" average 

approximately 50% of the chlorophyll ~ and nearly the same fraction of the' 

mean annual primary production at 5 m. The alga is aiways con~entrated 

in the mixed layer,and rarely occurs below 75 m in significant nurnbers. 
" 

The average standing crop in the upper 60 m during what has been 

referred to here as the 'nonbloom' periods is 200 ~-;"fi~/l, but at \ 

three re~ularly occurring tim~s of the year, popul~ti~ns up to twelve 

times larger can be observed. These periods are generally January and 

February, MayandJAugust. The length of time during which th~ high 

standing crops are present is variable and is related to current 

\ 

• 

l' 
1 
1 

1 

1 
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velocity and direction. The large Trichodesmium popu1ations\arrive at 
...... 

Barbades in pools of low sa1inity surface water advected from th~ 
1 • 

Guiana €urrent • 

Photosynthesis experirnents dem~~strated that colonies from 
~ 1. 

the 'b1oom' which appeared off Barbados in January 1975 were fixing 
, 

'carbon very actively. Trichodesrni~ colonies co11ected from this and 

other 'blooms' usually gave thà impression of":!?eiI?-g re!ative1y younger 

than cOlonies,collected from 'nonbloom' populations. The former were 

usually 1arger, generally 1ightly vacuolated, contained fewer plas­

molyzed and empty ce11s, and were significantlY less infested by 

other microorganisms. 

l-

It is hypothesized here that active growth of Trichodesmium 

in the divergence ~one~ across the equ~torial Atlantic, and off the 

northern continental shelf of South Amftffica (where essentia1 elements 
\ 

in its nutrition may be provided by river runoff and/or upwelling) 

leads ta the production of large standin~ stocks which are then trans­

ported ta Barbados and into the Caribbean. As the populations are 

carried out of ~esé zones, and the colonies' nitroge~, ph?sphorus ~ 
t and other cellular reserVes are depleted, the alga wi11 undergo a 

number of ph1siolqgical chan~es. O~e possible result ~f nitroge~ 

depletion is the alteration of the photosynthetic response as 

hypOthesized in secti~n 3. 

AS' individu~l cells in the colonies age and die, the leakage 
1 

fram and lysis of these cells contributes te a bui1dup'of organic 

material in the ~nterfilarnental spaces of the colony. In apparen~ly 

aIder, less rebust radial colonies; which are more 100se1y bound 

toge~her, a polysaccharide material accurnulates to forro a rnatrix 

around ~he filaments at the center of the colony~ This 'matrix' 

'fo~ the basic structural component of an identffiable microcommunity 

, .' 

. , . 
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including bacteria, fungi, protozoa, diatoms, dinoflagellates, ~ 

hydrozoan and copepod hauplii as weIl as Trichodesmium. The bacteria 

and fung~ are primarÜy s9Jlropltytic, remineraÙzing the ~~trix and 

the rnetabolites ~d detrital material it contains. In vitro, where 

Trichogesrnium éolonies died ~ore or less simultaneously, this autoch­

thonous microbia~ population was capable of converting the algal material 
3 -t.~' 

to ammonium and or~bophosphate within'about 10 days. ~ situ, howeve~, 

it seems that most Trichodesmium colonies posseS{> actively growing 
1 

~ cells as weIl as dying one~, and some of the products of remineralization 

are therefore ~v~ilaële to living Trichodesmium cells. and to other 

orgànism~ which find themselves in close contact with the algal 

colonies. 

, 
Some of the cO~ity memb~rs, particularly the 41atorns :nd 

dinoflagellates, may oenef~t from the local concentration of nutritiv~ 

'elements, b~ the most important aspect of their association with, , 
Trichodesmium must be related to the buoyan~y ot the~alga and its 

posit'i~n high in the water column. Most of the dia~o~s are ordinarily .J 
/ 

benthic forms, the dinoflagellates ar~ present in their'nonmotile' 

stage, the hydroids are meroplanktonic and the copepod is at least 
, t Q 

part~y sessile. AlI apparently require a floating subst~ate in order 

to exist in'the oceanic region. Like Sargassum, agfng Trichodesmium 

c,olonies providl\ such a substrate, although on a small,er scale. The 

suitahility of the a~ga as a sub~trate is gre~ly .improved by its 

col~nial nature and by the fact th~t even patticles with only a few 

living Trichode~mium filaments are quite buo~ant. Much of the algal 

detritus appears to remain in the rnixed layer for a considerable time 
~ 

instead of sinking aSfis tbe case with nrn vacuola~ed phytoplankton. 

This mqy be important in recycling of elkments such as nftrogen and A 

phosphofus in' the mixed layer • 
• 
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.' . 
,1 ~ 1 .' 

A two.year study was conducted off the west coast of Barbados, 
1 

West Indies b\ginning in June L97~, with the purpose of 

invèstigati~g tbe spatial and temporal distribution of the 

planktonic cyanophyte Trichodesmium and elucidating the. , 
apparent regular blooming of this alga in these waters. 

" 7.2 The oscilla~9ry variations of Trichodesmium standing stock 

off Barbados (steven atl~ G1ombitza, 1972)~Were. confirmea. 

The period and syrrch~ony of the fluctuations were identical \ , 
to that ~bserved in 1968-1970. 

7.3 Diatoms were observed to be more abYndant during Trichodesmium 

'blooms', ~d lie-examination-of unpublished datif belonging tb 0 

the la~e Dr. D.M. Stevèn revealeq close agreement between 
.4 

'total other phytoplankton' and Trichodesmium at 5 m (and t~ 

a 1esser extent' at .5.0 m):t Diatoms' were responsible fQr the 

1argest fraction of the 'other" phytoplankton during 'blooms'. 

7.,4 Thif?' regular periodicity can also be observed in seriaI data 

from five other phytop1ankton studies an~ two other studies of 

zoop1ankton conducted at Barbados independent of this work. 

7.5 In both periods, .1968-1970 and 1975-1976, there was a loose, 

inverse relatian~hip at 5 m between Trichodesmium standing 

stock and departures of sa1inity from the running mean. 

7.6 
f 

A review of nistorical data and litera~ure revea1ed the 
\ 

existence of large wave~like meanders in the Guiana Current 
, .' 

off South America\similar to planetary Rossby waves. These . 
meânders do not appear to be stationary, and indirect 

evidence indicates that thèy move westward with a 3 to 4 

month period • 

.. 
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The rhythmical.appearance of low salinityc high s11icate 

surface waters with high phytoplankton standing .crops appears 

closely related to passage of qprthward lobes of these Guiana 

Current meanders ,b.,Barbados. 

7.8 Recurving of the surface current north of Cape Orange hàs,been 

demonstrated té occur only in the second half of the year, not 

year round as was previously supposed. This reversaI of sur­

face drift beginning in July appears to be responsible for the 

remarkably èonstant increase in sea surface sa1inity during 

the fa11 and wint~r at Barbados, and also for the reduction 

in standing stock of Trichodesmium as compared with the first 

half of the year. 

7.9 In a series of 14c photosynthesis experiments conducted ~~ 

isolated Trichodesmium colonies, the photosynthesis vs irradiance 

response of the surface population has been demonstrated. The 

two colony morphologies tested showed rather distinct dif­

ferences in this response, and this was simi1ar to the variation 

of carbon fixation with depth in situ. 

7.10 

7.11. 

A 

~~~ichodesmium was able to attain ne~ ~ximal photos~thesis 

at low irradiance,'and maintain those rates over a broad . 

range of irradian~e. It is hypot~esized that the vàriability 

of photosynthesis ~low ir~adiance demonstrated by·the alga 
1 

at Barbados is a refleçtion of varying degrees of n~trogen 

starvation and phycobi1in depletion • 

. / 
Release of:recently fixed organic carbon compounds which were 

1 

fluorescent and absorbed at 260 nm was recorded. This release 

wa,s greatest in crowded conditions and high irradiance. 

1 

o 
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... 

Gas vacuoles do not appear to cffer significant protection 
) 

to the alga's photosynthetic apparatus, since there was no 

change in,the photosynthesis vs irradiance respon~~ where 
/' 

they were collapsed. , 

, j 

Most carbon fl.x,p.tiCf1' by Trichodesmium in the surface layer 

took place in the morning and afternoon, with intense 

\phctoinhibi~ioh occurring between about 1000 and 1400 hrs. 
" 

7.14 The,near surface Trichodesmium population fixed carbon a~ 

7.15 

" 

7.16 

1 

7.17 • 

. 
the whole phyto-

/ 1 .- ~ 

\ 

between 40' and; 50% of the mean rate for 

Pl~lon pOPulalt'.on in these waters. 

A large amount f Trichodesmium detrital material was present 

in the mix~d layer, and at any one'time)may exceed the living 

fraction. ° Single weIl vacuolated trichomes and intact extra­

cellular gas vacuoles embedded in the mucilage provide bucyancy 

ta sU ch particles. 

These particles were usually infest~d with bacteria, fungi 
..., 

and protozoa $ose primary purpose seems to be reminerali- .1 

zation. 'I~ vitro decompo$ition and remineralization of 

Trichodesmium by these organisms was accomplished in about 

la to 14 days., The medium containing 

was an excellent medium for ye growth 

species of Navicula (diatom) 1 • 

~.;r 

Trichodesmium lysa~e 

of an unidentified 

Living Trichodesmium colonies of bath conformations collected 

from bath ~earshore and far away from thé island were found to 

harbcur other microorg~isms in the spaces between their fila­

ments. In r~dial colo~ies a mucilaginous rnatrix accumulates 

which forms tEe\structural (and nutritional) basis for a much 

more complex community of organisms including bacteria, fungi, 

, 
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• 
protozoa, diatoms, dinoflag~llates, a hydrozoan and copepod 

naupl}i. Parallel colonies demonstrated smaller, les~ 

comp~~ associations. 

Seventeen species of diatoms w~re commonly found embedded in 

Trichodesmium colonies. Somé were common benthic species, 
(. , 

but most were weakly silicified. Up to 1500 or more actively 

dividing individuals have been observed in a sing~è 

Trichodesmium colony. Positive chemotaxis to Trichodesmium 

lysate has been observed.~ 

7.19 The non-motile vegetative stages of the dinoflagellate 

Peridinium trochoideum and two other species of dinoflagellates 

\ 

7.20 

• 

'7.21 

.. 

were commonly found embedded in the mucilage of radial 

colo~es. 
, '\ 

(> 
'c " A previously undescribed minute ]1ydrozoan of the order 

Ant,homedusa i5 commonly found ahchored in radial colonies. 

Information regarding part of th~ life cycle and development 
/ 

of the hydranths has been presented here, including liberati~n 
~ 

of the medusa. The family,genus and species will be described 

elsewhere (BorstaA and Voss, in prep.). 

An experiment to monit~r~e possible degradation of 

chlorophyll ~ during long term storage on filters showea no 

significant changes up to 157 days, and only' a 10% decrease 
1 

after one year. 
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6B SUGqESTIONS FOR FURTHER INVESTIGATIONS 

8.1 More information is desperat~ly needed concerning the 

physic~l oceanography qf the western tropical Atlantic, and 

the areas around the islands in particular. The water move­

ments around Barbados should be studied in Jetail to provide 

support for biological and geological investigations there. 

B.2 Sorne very interesting work could be done in the Guiana current 

to monitor.the meandering and the productivity of these waters. 
l ,'," 

Synoptic studies using remote sensing could provide the, large 

areal co ver age necessary to examine the 

current, but man y quasisynoptic cruises 

gather ~ata/concerning the plankton 

abunda~ce t~roughout the area. 

\ 

raphy of the 

a'ISo, necessary to 

composition, and 

B.3 An interesting study of the temporal v~riations of surface. 

salinity, chlorophyll1and phytoplankton species composition 
, 1 

could be mounted off the east end of Tobago, the south coast 

of Barbados and on one or more islands of the Ant,illes . 

Physical measurements woul~ probably show fluctuations of 

'the direction and VtOCity of the flow ente ring the Caribbean' 

corresponding with e biological and chemical signatures of . , .. 
the surface *ater m sses. 

8.4 Since the Amazon River is'known to ~ntroduce considerable i~on 

to·the ocean, ana this element has been shown to ~imit 

phytoplankton growth, it would be worthwile to mount a study 
" -
'of the',availability of iron loff Barbados and in the Guiana , \ 

Current. The availabi~ity of this element or chela~ing co~ • 
pounds present in the ~ive~e'water but not in the.oceanic 

North Equatorial water, may ultimately be the fac~or deter-
, 

mining the size of the phytoplankton standing~stock observed 

a t Barbados • 

,. 
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8.5 Future studies of planktonic organisms at Earbados would 

8.6 

8.7 

" " 

8.8 

'''} 

\ 

" 

profit,by use of TSP diagrams and continuous rnqnitoring of 

salinity as an indication of the water rnass sampled. 

~ecurr~nt group analysis of bath phytoplankton and zo~­

plankton da~a might pro~e valuable in studies of these \ 

" organisms and relar-ing the presence -of individu al specie,s 

at Barbados to the past history of the water masse 

Lnteresting laboratory studies could be ~one ta invest~gate 
l,thYe . response of various individual species (bath phytoplankton 

and zooplankton) to the environmental conditions operating 

close to the island. 

Much'rnore experimental data are required to cornpletely des~ribe 

the photo~thesis by Trichodesmium. P vs l data are needed .. , 
for algae from 25 and 5Q m, ard during bloorns. More in situ 

experiments both ojfshor~~4 inshore should be conducted, 

and simultaneous me~Jements of the production rateê of 
\ 

other plankton should also be,made. Information on the 

action spectrum of algae from different depths and tirnes of 
1 

the cycle are also required, and Ç/H/N data are required for 
• > 

aIl experiments to prove or disprove the nitrogen starvation 

hypothesis. The diurnal variations of photosynthesis reported 
, \ 

here require further study. If they reflect the activity è;>f '" 

the alga in the top 25 m, then estimates of nitrogen uptake by . 

the alga may have to be revised. (~y such study of photo-
, 

synthesis by Trichodesmium or any other alga should wait until 

f:cilities are available in Barbados, if not at Bellairs 

Research Institute, for rneasuring ,radioactivity. Alternatively, 

this kind of study could be conducted by someone commuting' 

between Barbados and a weIl equipped laboratory elsewhere.) 
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Barbados shou1d be an interesti~g base from wpich to study 

nitrogen fixation by;Trichodesmiurn, especia1ly in relation 

to the periodic and predictable 'blooms'. Considerable time 

and effort were spent during" the, present study in this pur­

suit, but logistical difficulties'ultimately caused the 

~andonment of this-research. As with the photosynthesis 

study, this type of work cou1d be done by someone commuting 

to and from a laboratory elsewhere. 

8.10 More'detaile~ studies of the decomposition of Trichodesmium 

and aIl of the other phytop1ankton are required. The ro1e 

of detrîtus of all1types in tropical seas should be investi-
;' 

gated further. 

8.11 The pOssibility exists for sorne very interesting work on the 

internaI recycling of nutrients w~thin the Trichodesmiam 

community itself. More information' is requ~red 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. 

8.12 More effort should be lexpended to try to get Tiichodesmiurn 

into culture. Even a, nonaxenic unialgal culture would 
~ -

greatly facilitate studies on this organism. 
"-. 
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APPENDICES 

Q 

A.l ~axonomy o.f the genus Trichodesmium 

The taxonomy of Trichodesmium and ~ Osci11atoriaceae 'is' 

pro~lematica1 and unsatisfactory. Many synonyms appear in the 

1iterature, and the genus bas b~en reo;ganized severa1,times. The 
\ ' 

fo11owing is a short summary of the historica1 deve10prnents of the 

taxonomy as out!>lined by Sournia (1968) and untezaki (1973), with,,-.comments 
/ 

in the 1ight of e\Perienc~e alga at Barbados. .~ • 
~ , 1 

. 
The genus ~richodesmium was established in 1é30 by Ehrenberg . ... , 

with one species !. erythraeum. In 1892 Gomont .. d~vided!. erythraeum 

into ~ree species, based on differences in trichome diameter, ce11 
, 

and colony II\orpho1ogy: T. 

and T. thiebautii (Gern.). 

erythraewn (Eht,. ~, !. hild~nbrandtii (Gorn.) 

- . Ïn th& same year wi11e (in Sc~utt, 1892) 

~scribed the synonyms Xanthotrichum and Helïotrichum. 
", 

In 1932, Geitler united the marine Trichodesmium with the 

, , 

fresh~at~r genus Osci11atoria b,ased on the Simil~ie~es of the a1gae. 

A few years 1rter Detoni (:938~ established a ~ew gen~ - ~kuj~e11a.-' 
for the marine Osci11atoriaceae, and Fremy (1941) proposed lUmping 

" 
ÎI 

q11 of the mqrine species into one, a1so in the génus Sku)ae11a. . . , . 
After the appecirance of 1:he'-name Skujaella, Geitler (1942) re<:onsidered 

• 
his earlier work, ~d re~estab1ished the genus Tr~chodesmium in . . - " 
accordance with Gomont, thus' redividingothe marine. and fres~water 

\. .'. 
~ Oscil1ator1aceae. 

l ' 
1 .. 

Tric~odesmium, as desoribed by Go~nt in I892, ;h~sto~d 
.- ~ \ \ 

for 26 year~ until 196~, when both Sournia a,Q.d Drouet{ ~d~n~erît1y':\' 

and simultaneous1y recommen~ed.reuniting the genus.with oscillatoria~ 
, \. 
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Sournia adopted Géitler's 1~32 classification, with four species, bl}t 

Drouet, .in a major revi~w of the whole family, lumped aIl three into 

O. erythraea (Ehr.) K\ltziM"~ 

1 

In the 1970'5" the name 05ci11atoria i~ gainin~ acceptance 

among some workers, especially Drouet's Q. erithraea. The controversy 

is not over yet, however, since aIl of th~ Japane~e and Indian workers . 
still recognize the genus Trichodesmium. Sever~l recent important 

, , 1 

publications co~~er~i~g the blue-green a~gae (Fo~g e~a1., 1973; Carr 

.and_~hitton, 1973) ~d nitrogen fixation (Mague et ~., 1976,,1977; , 

Hardy and Crisp, 1977) state that whi1e the two ~enera are very simi1ar, , 

and Trichodesmium may indeed balong ta' Oscil1atoria, the former name is 

pref~rab1e. Barker et al. (1~67) have reported a signif±Ca?t1y different 

fatty acid compos~tion for Trichodesmium than for Osci11ato~ia, and 
• 

severa1 authors (H01ton et al., 1968; Kenyon and stanier,1970) have 

d!scussed- the phylogenetic and evolutionary significance 9f this. 
y/ 

UmezakI: (1974) conc1udes thè differences in chemical composition between 

the two genera as further evidence for division of the family. (See, 

howefer, OIson and Ingram (1~75) who report effects of environmental 

conditions on fatty acid éomposition.) 

Taxonomy of the genus Trichodesmium is based primari1y on 

trichome diameter and cell and c010ny morpholo~. M::>st Imthors agree 

that tric~ome diameter is the most important character, and that there 

are two broàd groups with1n the genus: one with th in diameter trichomes 

(5-12~) and another with wider filaments (12-25p or more). The thin 

trichomes are common1y ascribed to the genera~. thiebautii and 
~ - . 
~an a~9ui 12-13~ are referred to 

!~ ~rythraeum is differentiated 

. 
T. erythraeum, while filaments greater 

às T. hi1denbrandtii (see Figure A.I). 

from bath of the other,species by constriction~ at its intercellu1ar ~ 

junct;i.ons and fusi.fo~ co10ny morpho10gy. it s~~~ld be stresse,d here 

that obs,ervation of freshly co).lected Trichodesmium ~m Barbados waters 
1 

'. 

\ . 
1 " 

J 
~ 
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The three species of Trjchodesmium observed in Barbados 
waters and transformati~ns of colonial morphology 
deduced from observations of live material • 

See text for explanation of letters. 
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indicated that there was extreme vari~tion in the degree of constriction 
1 

at the'extracellular junctions, within colonies and even within fila­

ments. Meffert (197~ has also ind~cated such constrictions may be a 

result of nutritional variations in culture. This does not appear to 

be a reliable taxonomie 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 (7-16~) but there are considerable 

1 \ 

difÏerences in cell shape. T. thiebautii cells are relatively narrower 
b 

(7 to 9~ in diameter) and are about SOOU 3 in vol!J1Ile. 1:. hildenbrandtii 

cells are between 12 and IS~ in diameter and approximately 1000~3 in 

volume. The thicker diameter T. hildenbrandtii cells are much more 
: 

darkly pigmented than those Of ~.' thiebautii, and they also stain much 

more h avily with Lugol' 's irMine. This deep brown colou~, which dis­

appe~s reversibly Qn warming, is ~ndicative\of a carbohydrate storage 

common1y found in blue-greens, which is a polymer of glu~ose 

ling glycogen (Fuhs, 1973). This consistent darker staining in 
, 

!he prese~ce of Lugol's io~ne greatly assists in species determination 

at, low magnification. 

Most authors h~ve divided the genus primarily on the basis 'of 

trichome diameter, but Marumo' and Asaoka'(1974) maintain that trichome 

diameter varies with depth as a function of vacuolation changes and 1 

consequently separate !. thiebautii and!. erythraeum ôn the _basis of 
\ 

their colony mo~hology. For these two species this is probably the 

best means since their diameters are similar. Separation of 

T. thiebautii and T. hildenbrandtii can be grossly accomplished using 
l' . l colony morphology aIso, and in nrany cas,as ,this may he the most pract~ca 

1 
(see Section 3.2.2). As illustrated in Figure A.I there are two fairly 

dist~çt colonial arrangements which have, in this thesis, been referred­

to as 'radial' colonies (c,e~ in ~hich trichomes aIl cross near their 

center, formlng radially sYmmetrical colonies. and 'parallel' colonies 

-, 

---L-______ ------

\ 

1 
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(A.la, h, d) in which the trichomes are juxtaposed along mostoof their 

length either straight, or ~isted about each other ta varying degrees. 
~ ~ 

This twist1ng of filaments in sonCe parallel colonie~ led Sournia (1968) 

to establish o. contorta for colonies where the filaments were ~twisted 

about each other like strands in a cable" (my translation). One often 

sees twisting to various degrees in colonies of ~. hildenbrandtii,and 

T. thiebautii and this character is·not therefore considered by this 

author to be sufficient justification for establishment of a separate 

genus. paralle1 cQ10nies of bath species gain considerable structural 

strength from this twisting, and the advantage is particu1arly 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~. thiebautii) to break up comp1ete1y 

or partially to form 100se jumb1ed radial colonies (Fig. A.lc, ff h). , 

These possible transformations from o~ morphology to another 

mean tha t differences in trichome \ diam~ter arrâ' colony morphology are not 

mutua11yexclusive. Figure A.2 illustrates the overlap_between the two 

characters in algae collected at the surface near Barbados at various 

~OU9hout 1974, 1975 and 1976. The curves represent the measure­

ments (means of at least 3 filaments per colony) of 233 radial colonies 

and 145 parallel colonies, normalized to n = 100. While the preponderance 
~ 

of radial colonies examined had trichomes of diameters between 7-10J.!, 

·7% 'of those examined h~d diameters greater than l2).l. These colonies 

were less symmetrical,loose jumb1es, of darkly pigmented trichomes which 

... 

have been interpreted in this study as partially disrupted~. hildenbrandtii. 

~ 

The 145 ;)ralle1 

distribution in a~cordance 

1 

colonids examined demonstrated a bi-modal 
( 

with the covariation of colony morphology 

and trichome diameter illustrated in Figure A.l. parallel colonies 

formed by !. thiebautii li.e. filaments less than 12J.! diameter) oon- _ 

stituted 34\ of aIl parall~~ co16nies examined, while 66\ ~~-­
colonies were T. hildenbrandtii. 

, 
".~"-.-,." ... 

" , 

l ' 

ï 
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Figure A.2 

• 

t 

Relationship between colony morphology and filament 
diame~er (normalized ·to % because of unequal n) of the 
near surface Trichodesmium population off Barbados 
(233 radial colonies, ·145 paral1e1 colonies). 
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In ~he discrete samples, T. thiebautii was a1ways the most 
, ~ ~ 

abundant species of the three at Barbados, contributing approximately . 
80-90\ of the total filament length at most times and depths. The larger 

percentage of !. hildenbrandtii in the para11e1 colonies ob~erved 

mic.rqscopically, is probab1y a resul t of observer bias il\ selecÙng 

the colonies from the net plankton, since thèse colonies are 1arger 

Ithan those of T. thiebautii. 

·,1 
.; 

AlI of the preceeding illustrates the difficulties ihvôlved 

in the taxonomy of the genus and why many·authors prefer to lump aIl of. 
'th . . ~ ese groups ~nto one speCles. Evidence ,from unialgal cultures of 

freshwater Oscillatoriaceae has put much of the taxonomy based on 

morphology in question, sinee considerable variation in trichome 

diameter, pigmentation an? cell morphology can result from c~anges in 
'\ 

the a1gae's physiology (cf. Meffert·, 1973). similar1y, the factors 

determining ~olony morphology are not weIl understood. Colony mo~ho10gy , ' 

in some cyanophytes'appears.to be in~luenced by environmental conditions 

or by ~ymDiotic organisms i(~yatt and Hende1;on: 1971). Manyauthors 

(Drouet, 1968r , Sournia, 1968; ,Mareth, 1970; J. Sharp, pers. COmIn.) 
./" 

eonsequently regard aIl of the marine forms as physiological variants 

of one li?P.ecies and use the species nam~ 2,'_ erythraea. Unti1 the a1ga 
--- -

can be cultured axenica1ly, which sa far has proven impàssible, division 
\ . - \ 

of ~he genu

1
s in~o more than ,one species May seem td some to be a bit 

artificial The species names as assigned bX Gomont (1892) do remain 

usefu1~ how ver: in 4escribing the morphs and they have been used here 

when referrlng to differences in trichome diameter. The author prefers 

to use • the g~neriC n~~ Trichodesmium in place of Osci1latoria "in order ~ 
to distingui~h the mar~ne forms from the freshwater forms, and also 

beeau~e o~ th~ unresolv~d significance of differences in fatty aci~ 
composi tian' Q~~n the ',\twQ fa ms • ' i 

1 

1 . . ~ / 
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Chlarophyll dècompasition during ~torage of fiiters 

.'~ -
At present there ls no published experimental evidence 

regax'Cüng the po~sible decomposition of chlorophyll contained on 

filters durincrt"torage. Atlthors of most methods manuals reconunend 

" that analysis be dane as soon élS" possible after collection' of the 

' ~: sample, preferably within six ·weeks. (Strickland, and pars~ns, 1972). 

t 

'" 

'. 

( 

. J. 

~"""" During ,the current study,' this was not possible and lIIany. of the 

' ''" fi1:ter! had to be stored far very long periods. The exPeriment 

• 

, 

cribed ,her~ was conduc~ed to investi~te ~he changes in chlorophyll ~ 

and p ~~.igment content on fil~ers stored for long periods. ~ 

~ , 

A.2.I Methods 

~ 

Water was aollected in opaque PVC Van Dorn botties from a 

deptli of 5 m approximately 4 km off the west ~ f in 

200 m water. Coliections were made in the e~rly morning 

sun became too intens~, and strenuous efrorts were made ta 

callected water and phytoplankton from direct sunlight. The water was 

stored for transit to the shore-based l~ratory in a large opaque ' 

p1ë.stic container ~hi~h .had been thoroughly washep. with fresh water 

prior ~~e. " 

" In the laboratory, vigorous mixing was initiated immediate~~ 

b~ bubbling air intoo thel bottom of the container •. One liter Portions 

. were filtered onto 4~ Whatman GE'/C filters, with a few ml MgC03 
~ . 

suspension to the last few hundred ml. After filtration the fiiters 

were laid out on paper towels ,to dry further, then folded in half and 
~ 

blotted,to remove ~y'~cess moisture~ Five filtdrs l chosen at random, 

were ahalysed immediately. The remaind~r w~r( inserte9 into glassine 

envelopes, and stored in air~tight containers over desiccant at ,. 

, 
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approximately -looe. At intervals, five envelopes were chosen at 

random and the filters analysed for', the contained chlorophyll ~ ~d 

phaeopigmen~ as describ~d in Section 2.2.3. 
\ 

A.2.2 Results and disqussion 

J 
The fate af the chlorophyll.~ and phaeopigment an filters as 

described above is summarized in Fig\:lre A.3. The large points 

represent the mean of five replicates. The vertical bars represent 
"-' \ 1;-. 

95% canfidence limits of the mean •• Individual values are indicated by . , 
the smaller points. The hfgh degree of variability is in part due,to 

the presence of Trichodesmium colonies w~h may conta in from 0.01 to 

0.03119 chlorophyll ~ per colony, and alsa to less efficient mixing as 

1!be water level in the container dropped. 

~NO significant changes (p = 99\) in chlorophy11 or phaeopig-
, " 

~en~ co~ent of the fil ters were evident within the limits of the 

sample variance ~l after l6~days. oThe changes apparent during the 
\ \ 

last period amount'ta abput 10% of the day 0 mean (the 334 day mean is 

not signifi~tly âifferent fro~ the others ât p = 95\), and are, 

~ cansidered to be, due to an unknawn length af storage aeh~gher 

'. ~ tempe,ratures. Sométime during the last period, the container with the ' 
... --~ , ' ri 

t~~~rs was removed trom the freezer COl~artment to the ~armer . . 
refr~~~~r compartment. The in reas of phaeopigment, bui; not of 

chlarophyll~,day 157 may na~ be re l, since notes made at the 
# --~ - i , 
time of analysis indicàt~ that e fluQrometer was ~usually unstabl~ 

~ 1 ( \ 
on that: .day; Re-centrifuging e extr~cts did not solve ~e problem 

and it was nèt encountered on other days. Line voltage fluctuations 

may have been the cause. 
;.,; 

1 , . 
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Figure A.f 
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Changes in chlorophyl;l !. and phaeopigment cbntent on 
replicate filters during long term.st~ra~e in the dar~ 
and at -10°C. " 

1. 

Chlorophyll ~ ( ° ), phaeopigment ( • ). Vertical bars 
indicate ± 2·st~d~d deviations. Lines connect '~eans • , 
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~ evident from these data that cnlorophyll filters rnay 

be stored for periods of at 1east 5 months, and probabiy'up to a year 

or more ff ~hey are kept reasonab1y dry" in the dark,and frozen to at 

l~ast _10oc~ Owen (1974) has 'reco.rded a 'decreasé of 10%\ or more in' 
: , .-

chlorophy1~ concentrations if filt,rs are stored (frozen) for more 

1;han a da{! Such a decrease is not evident in the data presented in 
, , . 

Figure A.p. ,There are no signific~t diff~rences between fi1ters 

ana1yzed!on day 0 (unfrozen) and'~quent days, and therefore no 

correct~ns have been made ta the data discussed here or ~ Section 2.3.2. 
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A.3 DATA LISTING 
1 , . 

IE1!:'Jj.Q 

ND 

.... 

l' 

• 

• 

... 
-CO~SECUTJVE DAY, NU~BERED FROM 8EGINN~ OF 

STUDY. 

, -STAT ION NU~BER, ay NUMBER o,F CONSECÙTl.VE WEEKS' 
FPOM 8,GINNING OF S~~DY. 

-CCLGUR OF SECCHI AS IT OIS~PPEARS. I=8LUE; 
V=BLUE-GREEN. 

-DEPTH O~ SAMPLE. I~ WETERS. WHERE DEPTHS 
LISTËD ARE NOT STANDARD, T~EY HAVE BE~N CALC­
ULATED FORM THE COSINE OF ~HE ~IRE ANGbE AND 
THE ~OMINAL DEPTH. ' 

i . 
-TEM~ERATUR~ IN DEGREES CENTIGRADE. BT WAS NOT 

OPERATIONAL FOR A PERIOD IN 1975. 

-S~LI~ITY IH PARTS PE~ THOUSAND. 

-CONCENTRAT ION OF PIiAEOPI ~ENT l'N ~, tCROGRAMS 
PE.R LITER. 

-CONCENTRATION OF CHLOROPHYLL-A IN MICROGRAMS 
P'ER LITER. . -

" , -TOTAL T~lf~QQf~~LY~ I~ M~ FILAM~~T PER LITER. 

-NO DATA .1" 
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'OFFSHORE ST ATIONS (eKM AND OTHER 5) 

D:\ 15 

DEPTH, 

0 , 
5 

<$ 10 
15 , 
25 
50 
75, 

100 
1::0 
175 

, DAY 29 

DE'PTH 

0 
5 

10 
15 
2= 
'50 
75 

100 
~50 
175 

DAY 44 

DE~TH 

0 
5 

,10 
15 
25 .. 
50 
75 

100 
150 
175 

DAY 58 

OEP1H 

0 
5 

10 
lS 
25 
50 
75 

100 
150 
It5 

.. 
STATION 3 9 JULY 1914 

TEMP SAL IN IT~ SIGMA-T PHAEO-PIG. CHL-~ 

27.5 
27.5, 
27.5 
27.5 
27.0 
26.1 
2!::.2 
24.9 
23.'3 
20.2 

~TATI0'" 

32.6e9 
32.7e7 
32.544 
32.795 
33.43B 
35.878 
36.4€l 
36.774 
37.044 
3é.879 

20.8j 
2().92 
20.73 
20.92 
21.56 
23.68 
24.42 
24.7'3 
25.41 
26.16 

5 23 JULY 1974 

.03 
NO 

.03 

.04 
.02 
.10 
.1 1 
.02 
.02 
.02 

.12 
1\0 

.20 

.~4 

.' 19 

.17 

.11 

.04 

.01 
• Cl 

TE'MP SAL.IN ITY ~ IGMA-T • PHAEO-P 1 G. CHL-~ 

\ 

, 

2 e.4 ~ 
213.4 
2€.2 
2 a.2 
27.9 
27.2 
2~.7 
25.5 
24.3 
22.4 

32.280 
32.377 
32.576 
32.941 
33 •. 630 
35.271 
36.510 
36.7€3 
37.072 
36.940 

t 

ST~TICl\ 7 

TEMP 
( 

27.9 
2'7.9 
i 7 • 9 
~7.9 

( 
27.9 
21'.0 
25 .~ 
24.4 
21.3 
1 <;.2 

SALINITY 
J 

'\ 33.4!:1 
'1 33.511 

33.545 
33.578 
34.015 
35.<;49 
36.755 
3e.87-1 
3é.8f8 
36.501 

.20.24 
,/20.32 
1 20.53 

20.81 
21.42 
22.S8 
24.29 
24.55 
25.14 
25.60 

7 AUG. 1974 

.03 

.04 
.04 
.05 
.09 
.14 
• ~ 7 
• 07 
.02 
.03 , 

SIGMA-T 

21.29 
21'.33 • 
21.36 
21.38' 
,1.71 
23.77 

PHAEO-P,I G. 

r 24.63 
24.96 
25.85 
26.13. 

r 
1 J ~ 

.02 

.03 

.05 ' 

.'tl3 
,.04 
.04 
.04 
.04 
.04 
.01 

STATION 9 21 AUG. 1974 

TE~P 

27.6 
27.8 
27.8 
27.9 
27.9 
27.2 
25.8 

( 25.0 
21.5 
20.3 

SAL LN ITV 

33.664 
33.691 
:'!3.745 
33.836 
34.015 
35.949 

• ~6.366 
36.735, 
:?f:.8:39 
3f:1'728 

• 

S IGMA-T 

21.48 
21.50 
21.54 
21.57 
21.71 
23.39 
24.15 
24.67 
2~. 77 
26.02 

... 

PI-AEO-PIG. 

\ 

.07 
NO 

• Dt; 
.07 
.Oç 
.01 . 
.09 
.11 
.11 
.12, 

4 

.10 

.12 

.1 1 

.1<; 

.21 

.40 

.17 

.07 

.02 
.01 
.1 

CHL-~ 

.07 
• C7 
.08 
• 08 
.09 
.14 
.10 
.05 
.. 02 ,1 
.02 ' 

CHL-~ 

/ 

.1~ 

.18 

.18 

.15 

.10 

.11 

.13 
.C8 
.02 
• Cl 

. 
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lB..lQjQ 

6f8 
580 
685 
511 
432 

43 
5 

J 3 
ND 

1 1 , 
lR!,Ç!jQ 

157 
5<;2 
348 
2:7 
155 

3 , .. 0 
0 
0 
0 

IB1~!:!Q 

668 
799 
668 
745 
7tO 
135 

13 
0 
1 
0 

.... 
l~lQjQ . 

2E5 
271 
2 en 
6::3 
473 

30 
4 
9 
o 

11 

\ 

J 

• 
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,DAY 71 ST AT ION 11 3 SEP. 1974 

/OEPTH " 
TE~P SALINITY -SIGMA..".,T . .?t-:AEO-PIG. CHL-~ !8.l.Q!q -

/ 

/ 0 28.31' 33.113 20.90 .01 ----- .04 82 / S -33.1Ç5 • 21.00 .01 ~'l>4 120 
1 

, 2f.2 
10 o 28.3 33.333 21.07 .02 .06 . 207 
15 2f.3 '::3.337 21.07· .02 .'08 97 
25 28.3 33.395 21.11 .02 • C6 1 ~7, 
50 - 2f:.2 35.440 23.63 .10 .10 59 
75 ,26.1 36.1fO 23.90 .10 '" .10 3 

1 CO 24.8 ;36.587 , 24.62 .07 .05 0 
150 22.6 3.f.526 25.22 .01 .03 0 
175 19.7 36.536 26.03 NO NO 0 

" 

DAY' 85 
t. 

STATION 13 17 SEP. 1974 .. ,... 
1 

DEPTH TE"'P SAL Ir-. n:y SIGMA-T Pt-AEO...,PIG. CHI:.-A .If!lCHq 

0 28.4 33.553 2I.20;J .02 • ce " 75 
5 2e.4 ~3.554 21.20 .03 .09 216 

10 28.4 
<~ 

33.5E9 21.21 '.03 • OC; ~' 
206 

.. ' 15 2E.4 33.605 21.24 .04 t. 09 495 
25 28.~ 33.643 21.27 .05 • C9 152 
50 27.5 35.705 23.11 ND ND 159 
7.5 2!S.4 ~6.348 24 .. 26 ND "0 6 i' 

10~4.3 36.727 24.88 ND Np 0 
, , 150 1.9 36.731 25.58 .03 .02 0 

175 '19.9 3E.647 26.06 .02 • 01 0 • 1# 

DA'\' 101 S,.A 'TI 01\ 15 3 OCT •. 197(J SECCH 1: 28r<1 
'v 

QEPTI-' TE""'P SALINITY SIGMA-T PHAEO-PIG. CHL-~ l!ll.Ç!::!Q 

a 28.3 - 33.146 20.93 NO .14 122 
5 ~ '28.3 ~ : 33.429 ---' 21.-13-- NI)- .14"-- No--

la -- 2E.3 
, 33.5EO' 21.25 - ND .14 148 

15 2e..5 33.643 21.23 ND .10 ND 
25 28.3 ~'::.647 21,i 30 L ND .14- 759 ( 50 26.4 3f .931 , t4.38 ~-, ND .22 51 ,= 25.3 

'1 
36.622 24.49 NQ " .oe 0 

100 24 :2 3E.825 24.98 NO • CS 0 • 150 21.9 36.718 25.57 ND .02 0 , . 
175 1<;.7 36.3!:1 25.89 NO .00 0 -... 

DAY 113 STATle,," 17 15 ·OCT. 1974 SECCHI: 24M 
j 

'Oe:PTH T E~'j'J-- SAl:..J:N l,TY SIG~A-L PHAEO-PIG. CHL-,! IB1,Ç.!j.Q 

0 2E.3 34.247 21.1.75 1 .05 .10 417 
,1 5 28.3 34.272 21.77 .01 .10 502 , 
1 

la '2E.3 ' 34.272 21.77 .05 .11 484- .. 
15 2e.3 34- .344 21.82 .OE • Il 345 ,,' 
2: 2S.4 34.5Ç7 21.98 .08 .15 NO 1 

! 34 28.0 34.436 21.99 '.05 .15 1049 r" • 

1 

49, 27.1 35.426 23.03' .08 .19 321 
73 2~.2 36.314, 23.98 '.25- .10 224-

~"'1 97 25.2 36.421 24.37 I.le .10 0 
146 22f.8 3t:.e14 25.43 • 02 <111 .02 0 
170 20,,3 36.686 25.98 .0", .02 0 

Cl 
" • , 1 • " 

~ " 
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DAY 127 STATIbN 19 29 OCT. 1974 SECCH 1 : 2e~ 
""&' 

OEPTH TE~P SAL INITY SIGMA-T Pt'AEO-PIG. r CHL-~ !B.IQ:!Q 
",:,--, 

5 28.0 34.540 22.07 NO .11 77 
15 2E.0 34.539 22~07 ND • C7 rm 
25 28.0 3'4.540 22.07 ND .14 162 
50 2~.5 35.822 23.20 ND .20 126 
75 26~ 36.259 23 ;:91 ND .14 33 

\ 100 25.0 36.628 24.59 ND .05 27 
\ 150 22.0 3l:.7(;é 25.58 ND .04 23 

175 1<;.5 36.678 26.19 ND .02 0 

~ 
, 

DAY 141 STATION 21 12 Nay. 1974 SECCH 1 : 21"1 
, 

fDEP;H .' TE,..P SAL ItdTY S IGMA-T Pt-AEO-P IG. CHL-~ IB1~1:iQ 

5 28.1 33.962 21.60 .01 .07 76 

" 
24 28. l' 34.013 21.64 .02 .05 100 

1 33 28.1 34.186 21'.77 .02 .C8 173 
46 2E.O 36.2~O 23.98 ND "0 72 
68 25.7 36.681' 24.42 .1~ .15 18 , 91 .. 24.5 37.086 25.09 .10 .06' 0 

137 23.9 36.<;72 25.18 .02 • Cl 2 
160 • 22.0 36.437 '25.33 .Q9 .13 \ 42 

CAY 158 STATIO~ 23 29 NOV. ,\2]4 SECCHI: 27'" ~ 

i'f • 
DEPTH TE,..P SAL n ITY SIGMA-T P t-AEO-P IG. CHL-~ IBIQ1Q • 

\ " 

-5 27),,7 34.507 22.14 .03 .08 194 
15 27.7 34.512 22.15 .04 .'08 10120 
25 27.7 34.517 22.15 .03 .06 lE8 
35 27.7- ~4. 515 22.15 .03_ .08 318 
50 27.8 34.693 22.25 .Of: • Il lE9 
~4 2~.3 36.551 24.44- .16 • Il 31 , 
98 25.0 3f:.<;14 24. el .07 • C6 41 'if 

147 \23.0 36.844 25.35 .02 .02 7 ,; 
... 172 20.2 36.f:43 25.98 .02 • Cl 3 

DAy 169. ST AT,I C/\ 25 "10 DEC. '1974 )SEG.Cf> I: 36M . 
D'EPTH ~EMP SALINITY SIGMA-T PHAED-PI G'. CHL-~ 18!Q:!Q p~\ ,- '" 

5 27.4 3-4.518 22.25 .03 .05 105 fi' 

j 
Ji ( 

15 27.4 34.513 22.24 .02 • C8 179 , .' 
f 
. 25 27.4 34.513 22.24 .02 .06 55 'f' 

'J, 
. 34 ?-7.4 34.516 22.25 1.02 .07 ' 44 ' j 

49 21.5 34.812 22.44 .04 .09 ~3 '~ ~ 
73 

! 
2~.4 3f: .. 475 24.04 ;. 05 • OB 9 " 9,. 25.2 36.777 24.64- .20 .10 4 :, ~ 

-146 23.5 36.957 25.29 .03 .01 2 , ,../ 170 21.4 _3f:.,04 25.77 .02 .02 10 
/ . 
J ,. 
J 

" Ci ''-

t~, " 
~~f! ' 

J.. ;. 
,-

r " l": 
• '/ ; 
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DAY 182 STATION 27 23 D~C. 1974 SECCHI: 31~ 1 

~ , 
r, 

I)EPTH TEMP SAL INITY t S IGMA-T PHAEO-PIG. CHL-A TRICHO i 
1 
1 

5 27.0 34.7E5 22.58 .00 .06 214 ! 
15 26.9 34.806 22.63 .02 • 06 2~9 . 
25 26.9 34.824 22.64 .03 .04 92 
35 27.0 35~ 192 22.86 .0 :! • C7 106 
!:O 27.1 35.618 23.22 ·.04 .07 100 
75 25.7 36.658 24.40 .19 '.16 26 

100 25/.0 
l 

36.832 24.75 .19 .15 14 
\50 22.8 36.921 25\47 .05 .02 2 
175 20.4 9 

., 
3é.84p 25.94 .02 .02" =7 : 

r ~ 

1 DAY 197 STAT ION 29 7 JAN. 1975 SE~HI : 24~ 
' ....... " • 

DEPTH TEfJP SALI~ITY SIGMA-T Pt-AEO-PIG. CHL-A I!llCHQ 

5 26.6 35.268 23.07 .08 .16 642 
15 26.7 35.3!:4 23.10 .04 

, 
.17 1355 

25 2é.8 35.~~5 23.07 .09 .21 658 
35 26.9 35.5 0 ~.21 .oe .205 .. 869 ù' 

49 27.0 35.698 2 .26 .10 .25 7!:3 
73 26 •. 8 . 36.3E1 23.85 .17 .14 42 

" 97 2"5.5 36.89~ 24.64 .. .16 .C8 ~o 
146 23.4 :!7.039 , 25.

0
38 .04 .02 3 

170 21 .6 36.910 25.80 ND Nb «;2 

t . 
t? . .. 

DA.Y 21l STAIION 31 21 .;,JAN. 1975 SECCHI: 23M .. 
DEPTH Tl!MP SAL IN ITV SIGMA-T P hAijO-P'I G. CHL-~ .IB!.Çt!Q 

" 

5 26.4 35.162 23.05 .14 • ::2 • 6~7 
15 26.4 3S·rn 23~5 ' .13 .26 854 

f 25 26.4 35.1 23. 6 .1c.; 1 .22 U 1'& 
34 2é.4 35.1 e ' 23.07 .11 .28 11 !:7 
47 2é.6 35.4150 23.20 . .22 .18 396 
71 26.4 36.310 23.92 .2é • Il ' '16 .... 94 25.5 3é.C;50 24.68 .1 1 .02 " 2 

141 24.3 36~962 25.06 .Oé .02 \ 0 ... 
lét 23.0 36.911< ·25.40 .04 ' .'01 a 

1 

1 
,if 

, , ... DAY 225 STATION 33 4 FEB. 1975 )SECCHI: 27M 
\,1 

DEPTH TE~P SAL lN ITY SIGM,6-T Pt"AEO-PIG. Ct;L-~ I.Bl~~Q .. 
5. 26.0 

.. 34.997' 23.05 .09 .35 2802 
15 12t.O " 34.9<;5 23. 05 .13 ·i8 1525 
25 26.1 34.992 23.02 .1'9 • 4 2219 
34 26.2' 35.226 23.16 ND. ~D 1070 
47 26.2 35.238 23.17 1'" ' 

. 
.2.9 1143 . -

71 26.6 36.203 23.77 .20 .10 5 
94 26.1 36~5e7 24.20 .1~ .Cl5 2 ; fil! 1'41 24.5 36.795 -".. 24.87 .0 . .02 1 

165 ':3.3 :!f:.Et1 25.28 0'" . .01 0 , . -
• 

('-1 , 
~ .. "--. "\ 

J ., , 
, , 



...,;. , . 
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, 221 

" .. " 1 

( 
... ... 

[),'\Y 2~6 STATION 35 15. F ES. 197:: SECCHI:' 19M 

DEPTH TE/IIP SALII\ITY S IGM A-T prAEO-PIG. CHL-~ Iel~!jQ 

5 25 • .3 35.972 24. 00-1" .02 .04 27 
15 25.3 J5.C;e'l 24.01 .09 .10 6q 
25 25 .~ 36.003 24.03 .oe .• 11 42 , !:= 25.3 36.C4.J 24.06 .12 .13 23 
49 25.3 36.015 24.04 .Oé •• ,16 =7 

\ 
73 25.3 36.083 24 ;'\)9 0 .05 .20 37 "1 9t'" 25.2 36.0E7 24.12 .04 • C2 7 

146 25.8 36.547 24.28 .1 1 .17 3 ~ 

170 23.4 .36.5é5 25.02 .06 .03 0 
.: 

\ 
DAY 254 STATIQI\ 37 5 MAR. 1975 SEco-r: 27"" 

OEPTH TEMP SALIN l TY SIGMA-T P~AEO-PIG • CHl~~ IB1,QjQ 

5 ' 25.2 35.1=6 23.42 .04 .10 522 
15 25.2 35.210 23.46 .03 

~ 
.10 7<;5 

25 25.2 35.2 EU 23.51 .09 .08 78(:> 
35 25 .. 1 35.331 23.58 .01 .28 Il <;6 
=0 25.1 35.626 23.80 .09 .11 84 ,.,. 75 25.1 35.eel 24.00 .1 C .21 13 

100 .2'3.3 36 .. 525 24.42 .. 15 .16 86 
li:v 23.2 37.0.42 25.44 .03 .01 

il' 7 
17') ~2.8 36.913 25.46 ND ND 14 • 

t 
DAY 267 STA T ION 39 18 MAR~ 1975. SECCH 1 : 39(1' 

SALI( !TV " 
, ,1( "\ 

OEPTH TEIIP . S IGMA-T Pt-AEO-P [~. CHL-.1 Ii.!!.Q:!Q 

5· 2') .2 35.215 23.46 .03 .08 114, 
15 25.2 ~~. 2 36 23.48 .02 .. 08 224 • 

c 25 2~.2 35.2.12 23.48 • 03 • Cq '3~5 
35 1 25.2 "i5.267 23.!:?0 .03 .09 334 ,! 

50 .25.2 35.441' 23.6.3 .07 .14 1 Cl ~ 

74 25.2 36.292 24.28 .0,C] .18 6 
98 24.9 36..73a 24.71 • 1 7 • Il 0 

147' 22.6 36 • .q 57 25.55 .04 .02 0 
172 21.2 36,.874 25.88 ,.02 .01 1 

1 DAV 281 STATICI' 41 1 APR .- 1975 \sEC Ct-' 1: ~7M 
t 

"\ J, 

Pf-AEcr-PIG. 
1 

TEtAP' 1 DEPTH SALINITY ~GMA-T CHI,.-ê I!il.Ç!:!Q , 

~. 1 5 2t= • l~ 314.747 23. '05 • .02 .0'7 ' .3 ,:19 1 1 15 ~;-:~ 34.945 23.'20 .05 • Il 651) '1 
1 25 35 t3 08 23.50 .03 .16 1178 
,1 35 25.2. 35.f.7~ 23.8'1 .04 .16 913 . 50 2~.1 35.74 , 23.90 .05 .10 424 
1 

l~~ 2,5.0 35.8E6 24.03 .05 ,,12 147 

l 24.8,. 36.012 24.19 .1(:') • cç Il'1 
• l !:C 23.6 37.215 25.46 .1 0 .03 7 

17') 22.3 3é. f!é7 25.57 ':0 ~ • CI 0 , 
4f .\, 

,,) .; 

(: ...,,/ . 
~,~~~ 

'f. ~' 

\, 
J,' 

~ 
. , 
oÎ-' ,f 

/ 

'1~ L. . " .. ./b~ . . 
l';,~~ 

'tidMl a ,,1 ~ .IH,_ '''dl~''!JI~~:~J.i.7!~~'i f,',;tl.I;.f~~Lt7.t~ .,1 
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DA 'Y 2CJB ~TATIQN 43 Hl APR. 1975 SECCHI: 19f1 

OEPH-

~ 
15 
25 
::!4 
47 
71 
<;4 

141 _ 
166 

2;ï.7 
t-o 
ND 
Ne 
ND 
ND 
1\0 
ND "0 

SALINITY SIGMA-T P~AtO-PIG. CHL-~ 

35.040 
35.027 
35.0él 
35.0Sa 
35.577 
36.2~2 
36.995 
37.041 
36.874 

23.18 
ND 
ND 
NO 
ND 
ND 
ND 
ND 
ND 

.03 
.04 
.05 
.oe 
.15 
.le 
.20 
.. 06 
.02 

.10 

.12 
• Il 
.12 
.08 . 

• Il 
.10 
.02 
.01 

DAY 3~9 

DEPTH 

STATID'\J 45 29 APR. lQ7:: SECCrlI: 18~ 

TEto'P SALINITY SIGMA-T PrAEO-PIG. C~L-~ 

5 
• 15 

25 

50 1 

7!3. 
100 
150' 
175 

DEPTH 

5 
15, 
24 
32 
43 
66 
86) 

129 
151 

,,# 

2'5.7 
25.7 
25.7 
25.7 
25.5 
25.4 
25.4 
23.3 
22.0. 

TEMP 

2é.l 
NO' 
ND 
NO 
"0 
ND 
ND 
ND 
ND 

34.180 
34.300 
34.487 
.14. e43 
~6.428 
36.C;;76 
3'7.026 
36.628 

ND 

22.53 
22.62 
22.76 
23.03 ',' 
24.29 
24.73 

'24.77 
"25.10 

ND 

.. 03 

.05 
.... 08 
.• 10 
.12 
.20 
• 1 t 
.0 li 
.02 

13 MAY 0 1975 SECCI-!l: 22M 

.10 

.14 

.14 

.1.6 
.13 
.08 
• C7 
.02 
• al 

SALINIT'Y SIGMA-T PHAEO-PIG. CHL-ê 

,22.38. 
ND 
ND' 
ND 
ND 
NO 
NC 
ND 

~ 

.06 

.04 

.04 

.07 
.12 
.13 
.15 
.05 
.0 ::: 

.18 

.25 

.32 

.28 

.24 

.10 
.C6 
.02 
• C 1 

DAY 331 STATID" 'f8-1 21 MAY 197!:L SECCHI: '19f1 

oEP'TH 

ST.A.tt 

48-2 
48"'3 
48-4 
48-5 
4e-E 
48-7 
48-8 

TEMP SALINlTV 
/ 

26.3 
ND 
ND 

3J.O€0 
33.270 
35.710 

SURF"I\Cr: STAT!CNS 

TEf.1P 

26.3 
26.3 
26.3 
26.1 
26.1 

·26.2 
26.3 

33.Céd 
33.09,6 
33.075 
33.1oS3 
33.21'3 
33.c;e7 
33.È31 

S IGt>'A-T 

21.50 
21 .53 
21.52 
21 .65 
21.70, 
22.22 
21 .86 

S IGMA~T 

JI 1l .52 
ND 

t ND 

PHAEO-PIG. 

.Q7 .JI 

.15 

.1 e 

21 tlAY 0075 , 
~HAEO 

1.07 
.04 
.07 
.04 
.08 
.09 

•• 06 

.. 

CHL-A 

.24 
.22 
.24 
.24 ' 
.28 
.25 
.·18 

IB1~!j.Q 

f\D 
ND 
I\D 
ND 
t- 0 • 
ND 
1\0 

CHL-~ 

.25 
.• 27 
.23 

5ECCHI 

f-40 
ND 
ND 
ND 
Ne 
NO 
,.,0 

222 

IB1.Ç!:f!2 

663 
642 

1093 
6S0 
247 

52 
73 

o 
.] 

. 
2e6 
342 
éS5 
518 

34 
35 

3 
o 
1 ... 

IB1~1jQI 

1462 
.16~O 

Z21-2 
2304 
7~.1' 
:l~ 

1 
9 

lfllQiQ 
1174, 
1285 .. 

43 

FCiREL 

NO ( 
NO 

, "C 
~, 
''0 

.:te " 

• 

• 

\ . 
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DAY 331 

DEFTH 

4 
22 
44 

DAY ::37 

bEPTI-I 

5 
15 
25 
34 
47 
71 
<;4 

141 
165' 

DAY 351 

OEPTH 

5 
15 
24-
34 
45 
f.7 
90 

135 
l,57 

DAY 36b , 
DEPTH 

5 
15 
25 
34 
49 
73 
97 

146 
170 

DAY 375 

DEPTH 

5' 
14 
24 
':3 
48 
71 
C;S 

lA3 
16~ 

STATle" 4e-ç 21 MAY 1975 SECCHI: 16,.. 

TEMP 

2é.3 
ND 
ND 

S.IlLINlTY 

~3.670 
33.670 
35.400 

SIGNlA-T 

21.96 
ND 
ND 

PHAEO-P tG. 

.05 

.11 

.15 

CHL-~ 

• u; 
.32 
.27 

STATIO/\ 49 27 IJAY '1975 SECCHI:' 28~ 
TE~P SALINITY SIGMA-T PHAEO-PI~ ,~HL-~ 

NO 33.3!52 ND .Oé '.14 
1\0 33'.348 ND .14 .08 
ND 33.344 ND _08 .14 
II.D 33.416' ND .oe .25 
ND 34.912 ND .12 .23 
NO 35.956 ND .le .13 
1\0 36 .. 8<:3 NO .03 .02 
ND ::!6.93S ND .02 .C2 
"'D 36.668 ND .\)2 .02 

. 
51 10 JUNE 197~ SECCH 1: 27~ 

,TENP 

1\0 
ND 
NO 
ND 
"'0 
ND 
ND ,..0 

S~LI"ITY SIGMA-T P f-AEO-P H'. 

ND 

34.363 
34.4El 

(34.583 
34.6<;0 
34.721 
36.041 
36.e22 
37.055 
36~735 

ND 
ND '0 

ND 
t-.D 
ND 
ND 
ND 
ND 
ND 

.,04 
.. 04 
.07 
.05 
.Of 
·i2 
.04 
.03 
.02 

.11 

.1 l ' 

.10 

.07 

.121 

.17\ 
• C12 ' 
.01: 
• Cl ! 

1 , 
STATrCI\ 

1EMP 

24 JUNE 197'= SEC.CI-l: 21M 1 
SAl.INIT'r SIGMA-T PHAEO-PIG" CHL-,A 

53 

t-IDO 33.1E5 
N 33.225 
ND ". 33.655 .. , 
NO-. 34.613 
I\D 3'5.82Q 
ND 36.070 
ND 36\.966 
ND 36.914 
NO 36~.435 

~T\tTIë\ SiS 8 
TEMP 5ALINITY 

ND 
1\10 
ND 
1'<0 
NO 
"D 
NO 
ND 
ND 

33.1!35 
33.644 
34.137 \ 
34.677 
34.849, 
35.826 

. ~f.. 321. 
3~.897 
36.714 

1-
ND , .01 .O~8 
~g " :g~ :f 
ND .04 .1 
ND .05 .19 
ND .01 \ oct 
ND .02 .C 
ND .01".0 
ND '.01 .01 

J UL y 1 97'5 SE CC HI: 21 /1 1 , 

5IGMA-T P~AEO-PIG. CHL-A 

,ND 
ND 

, ND 

"NO 
Nt)' 
NO 

, NO 
ND 
ND • 

.... 

.01 

.o:.! 

.61"1 
.03 
• 04 
.l ~ 
.Oi!' 
.0 :2 
.~)l " 

't .G5 
.07 
• C7 
.1Q 
.C9 
.23 
.. 02 
• C5 , 
.01 

223 

~lBl~t!Q 

ÇCl 
1598 
·388 

ral.Çt!Q 

2172 
1774 
1813 
1211 
221 
'19 
,2 
, 7 

o 

IB.l.Ç!:jQ 

3el 
535 
5éO 
Its2 

, 165 
10 
o 
o 
4 

Igl~tjQ 

819 
617 
331 

26 
1 

1 l 
o 
o 
o 

P\(> 

76 
9 
2 

'0 
.3 
o 
2 
o 

l' 

" 

, 



/' 

( 
'f' " 

'" DAY 3'4?- ASTP STATIONS 

STA.fi Tf"tJP SAL. SIG~A-T 

l 27.1 33.3'10 21 .51 
2 27.1 33.32C 21.4é 
3 27.3 33.320 21.49 
4 21.2 33.2EO 21.3<; 

'li 5 27.2 33.250 21.36 ." 
é 27.2 33.220 21.34 
7 27.1 3f'O 21 .31.i 
e 27.1 33 cee 21.28 
9 27.2 !! .140 21 .2 e 

10 27.2 3 .1?O 21.27 
l l 27.2 3 .... 0ÇC 21.24 
12 27.2 33.050 21 .21 

Jo 13 1 7 .2 
33.020 21.1C; 

/ 14 7.1 32.9EO 21 .20 
l~ 27.1 32.<;30 '1.16 
16 27.2 32.970 21.1 :; 
17 ?7.2 32.Ql0 21 .1 1 
18 27.2 32.8ec 21.0<; 
19 ?7.Z 32.Q!() 21 .11 
20 27.4 32.7<;C 20.96' 
21 27.4 32.7éO 20.95 

, 22 27.3 32.730 20.94 

~ 
23 27.3 32.tliiÇ 20 .. 91 
24 ?7 .. 3 32.EC;C 2 c.q 1 
25 27.3 32.72C 20.94 

j" 
26 27.2 32.750 20.9g 
27 27.2 .32.E30 21.0S 
28 27.5 ~2 .910 21.02 
29 27.5 33.030 21.11 

~ 
,J 30 27.5 33.140 21.1 

i 
( , . 
l. \ 

1 
.... 

"' 1 

i " 

~r • 
1 1 

i 
"I 

1 
" ~ 1 / . 

/ 

i -( ,.l;-
f _7~'''' "':'f' ,j 

1 
( ~ 

() , Il ... 
1 • 
.r-

I . 

• CO 

------' I~l 

21 JULY 197 

PHAEO C/-L Il 

.02 .~ ND 

.03 • 8 ./04 ~/l2 

.05 13 
.09 17 
.04 .ce 
.02 .::16. 
.03 .cr; 
.04 .07 
.02 .05 
.02 .06 
~ 03 .C5 
.oz .05 
.02 • 05, 
.02 • Cf: .0 .05 1 
.02 .05 

~ .02 .07 
.o~ .04 
... 0 .04 
.0 .12 
• Q2, .C4 
• 2 .02 
• 2 • ce 
• 1 .05 
.0,2 • C4 

02 .05 
02 .06 

.02 .. 13 

i 
1 
1 

• 
- " 

,l, 

... 

1 

""' 
l' 

t •. _ . ..;-_~ __ .. __ , ... __ l . 

J" 

.. 
, 

SURFACE 5AMPLES 

!31s;.!:f SEC;:"'l FOREL 

355 NO III 
r-.O NO Il 
ND ND II 
r-.C 1\0 Il 
ND ND II 
I\C ND III 
ND "D Il 
1\0 ND • II 1 
ND "0 1 I1-I V 

60C ND \ III 
t\0 NO ND 
NO ND -{ V 
t\c I\D 1\0 
NO ND IV 

16é 1\0 IV' 
'ND. ND ND 
NO ND NO 
"0 "0 IV 
ND ND ND 

337 ND IV 
NO NO ND 
r-.c "'0 IV-V 
NO "0 NO 

102 ND III 
"0 ND N.O 
ND ND II 1- 1 V 
t..D 

t
NO NO 

ND ND II 
"C ND Ne 

fOC NO ND 

. ' 
" 

0 . 
,,' 

. \ " 
) 

\ 

( . 

, 
1 1 

1 
1 

1-

~' 

\ 

, , 

l 
1 

'1 

, ) , 
'1 
1 
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" ../ 
" . • DAY 393 "STF ST AT IONS, 22 JULY 11,;75 Sl.RFACE ~A"'PLES 

STA.~ TU4P 5AL._ SlGtlA-T PHAEO Ct-L-t 181f:tQ S'E\~CH ( FOREL 

• 31 27.3 32.eêO 21 .06 Il. 04 .14 490 14 1 ·1 
32 27. '3 32.<;50 21 .11 i, .03 • C5 t-.D t-.O ND 
33 27.2 32 .750 20.9g .02 .08 ND ~ 14 II 
34 27.2 32.74C 2-C~ 9S ,.02 .10 "D ND. ND 

'l 35 27.2 32.720 20.97 .02 .08 114 20 IV 
36 27.2 32.f'CO 21.02 .02 .07 t-.C ND ND 
37 27.3 32.8CO 21.0C .02 .10 1 ND 19 II 1.-1 V 
38 2~.3·33.COO 21 .15 .01 .02! t-.C ND Ne 
39 27.3- 32.E20 ·21.01 .02 .C7 t-.o 15 ",V 
40 27.3 32.7'1-0 20.95 .03 .06 427 15 IV.-V 
4.1 27.3' 32.72C 20.94 .02 .07 "D 15 IV-V ' . 42 27.3 32.630 20.B 7 .• 01 .06 ND ND ND 
43' 27.5 32.650 20.82 .02 • CC; 272 15 1 1 1 
44 27.5 32:'63C 20.81 .01 .ce ND "0 ND 
45 '27.3 32.6EC 2C .91 .02 .08 t-.c 18 III-IV .. 46 27.3 32.72C 20.94 .04 • 14 1\:0 t\D ND 

" DAY 394 ASTP STATICI\S 23 JULY 1975 SU~FACE SAMPLES , 0 

ST"." TEMP SAL. S IGfAA-T PHAEO CHL-.e .!Bl~Q ~ECCH 1 FOREL 
~, 

50 27.1 32.6EO \ 20.88 .02 .14 441 15 Ir 1 
51 27.1 32. 770 ~, 0.94 .05 .15 ND ND .J ND 
52 27.1 32.E40 .oc .02 .12 t-.c 20 Ill-IV , 53 27.2 32.830 21 ,05 .04 .18 NO ND ND 
54- 27.2 32.«;30 21"'; 12 .·02 .11 1\1:: 16 111- IV 
55 27.3 3~.110 21. .02 .ce 4~4 t-.D NO 
5): 27.J 32.910 21 • 8 .01 .11 t-.c 19 III 

" 57 27.8 32.e«;0 20. 0 .01 .cc; 1'\0 ND Ne 
58 27.5 32.e60 20. .04 .10 ND 19 1 t 1 
59 127 • 5 32,E3C 20.9 .03 • C5 t-.O l'ID 'NO 
60 27.5 32.740 20.8 .03 .05 4~C; 1 e , 1 [ 1 "\ 
61 27.5 32.71C 20.9 .03 .08 "e ND Ne 
62 27.8 32.7~0 20.7 .02. .C7 0 ND 15 1 1 1 
t:3 27.e 32.77C 20.8 • a 5.- • 1 1 t-.C Ne Ne 
64 ?7.6 32.7ec 20 .. 8 .06 .13 1'\0 16 IV 

.. DAY 407 . STATle" 59 5 Al/G. 1975 SECCHI: 20M, FOREL: 1 II- IV 

DEPTH TEMP SALINITY SlGMA-T PHo\~PIG. CHL-~ 181~!j.Q 

5 27.8 :!2.247 20.41 .01 .13 1C4 
15 .1 l'.n 32.201 Ne .02 .15 427 

, ?5 ND 33.437 ND .03 .17 510 
,34 ND 034.407 NO .o~ , • Il 3;30 

48 ND 35.231 ND .04 .11 60 

! 1 
72 ND Ne ND .14 

, 
• 11 4:3' • , 

91: ~O 36'.775 ND .05 .03 15 
144 ND 36.773 ' ND .02 , .01 1 
168 l'\D 36.469 ND .01 .'01 6 

, , 
0\ 

1 " 
'f 

\' f!t. 

.. 

(J 

1 1 .... 

U •• '. 
/ , 1 • 
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DA )' 427 STATIQI\ 62 25 AUG. 1975 SEC C .... I: 25'" FOREL: 1 1 ~. 
~ , 
", 

'", 

DEPTt- TEMP SALINITY S IG .. ",A-T PHAEO-PIG. CHL-.8 1 BlS;!:!Q 

5 28.1 33.219 21.05 .03 

~ 
205 

15 28.2 33.393 21 • 14- .03 .07 283 
9 25 21:.3 34.042 21.60 .05 • 434 

35 2,,7.9 35.282 22.66 '.0<; .of •• 10 3 
49 27.0 3!:.8!:6 23.38 .1 0 .20 3 
74 25.3 360.834- 24..65 .oe • C6 0 
98 23.8 36.730 25.03 .04 .04 ,0 

148 19.2 36.3é6 .,.. 2b.03 .02 .01 0 
.,J 172 17.1 36.980 27.03 .03 .01 0 

stAT ION 69 15 OCT. 1975 SECCHI: 3CM FOREL :. 1 1 
\ 

TE"'P SALI~ITY S IGMA-T P I-AEO-P IG. CHL-~ !!31Ç!:jQ 

28.2 /4.573 i!2 • 03 .03 .o!: 2e6 
21:.2 24.629 22.'07 .03 .• 06 181 

.. 28.2 34- .629 22.07 .04 .C6 1~ 28.2 34.630 22.07 .14- .04 
28 ~l 36.9=0 23.85 c.05 • CI 1 
2é.5 36.372 23.93 .03 .01 0 
24.7 35.657 23.95 .02 .01 0 
21.4 36.152 25.28 .02 .00 0 
U'.2 35.571 25.42 .02 .01 0 

" 

STATIC" 72 '7 NCV.' 19.75 SECCt-'I: 2eM FOREL: 1 , 
DEPTH TEMP SALINITY SJ: Gr-1A-T PHAËO~~,G. CHL..-.8 !8!~tlg , 

t* 

5 27.6 .35.0é2 2.? ."j59 • 01 .04 125 
15 27.6 35.070 22.60 

,. 
ND "'D "'0 -25 27.6 35.158 22.66 .01 .03' 191 

35 27.1 35.110 22.79 .01 • C4 1,70 
50 26.3 36.264 23.91 .03 -, .06 

r~ 
22 

75 25.3 37.0E2 24.84, .12 • C6 0 
100 24.5 37.162 2:'.15 .02 .C3 0 
150 22.2 ~é.8E~ 25.61 .01 .01 0 
175 19.4 36.276 25.91 .01 • Cl 0 ~ . 

DAY 534 , STATIOI\ 77 10 -iEC • 1975 SECCHI: 25",\ FO~EL: 1 
\ 

1 DEPTH TEMP 5 AL IN ITV S IGMA-T PI-AEO-PIG. èHL-/j lBlS;tlQ 
~ , .. 

5 ' 27.4 35.649 23.10 1 .03 • C (: 239 
15 27.4 35.655 . 23.10 " .02 ~~O7 231 
25 27..4 35.6é4 '\ 23. 11 .02 .'07 "0 
:.:!5 21.4 35.664- 23.11 .08 .02 ND 
50 ~7.4 35.7C5 23.14 .03 .C9 46 
75 7.4 35.734- 2"'3.16 '.03 .cs 22 

100 21.2 36.377 ,23.71 .25 .12 6 
150 25.;3 36.807 24.63 .12 • C7 6 
175 22.0 37.097 25.83 .02 .02 0 

~ . ... ~ 

.. , 
'" ~ .. 

() 

• L' 
" '" .1 

11 .. " .. 
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;. 

~ 1 

î. 
" 

1. 

• 
~ 

.!, 

(C; 

l .. ,. , . 

... 

DAY. 5,:>/~ 

DEPTH 

'5 
13 
22 
31 
45 
67 
89 

i311. 
156 

DAY 574 ,. 
DEPTH' 

o 
5 

23 
45 

, 

DAY ,?7 û 

ST A. IJ 

81-2 
83- 3 
83- 4 

DAY 574 

OEPTH 

o 
5 

25 • 
50 

îDAY 57f. 

2:27 

1 

STATIDN ?2 [) J t.N. 1976 SECCHI: 19M FORE;L:! 1 

TEMP SALINITY SIGMA-T P/-i~EO-PIG .... \FiL-~· TRI 
[ 

26.4 35.540 23.34 
26.4- 35.544 23.214 
26.4 35.5.47 23.~4 

.. 08 .. ~. 5 
~07 ~ .1A~ 13 
.07 .20 J 11 

26,.4 35.547 23.24 .07 .18 7 
29. 4 35.549 23.34 .09 .17 4 2 
26.4- 35.6'51 23.42 .10 .17 3~8 
26.8 36~397 23.85 
24.0 35.579 24.10 

.16 • 16 4~B' 

22.7 35.65 ;:> 24.53 :g~ :~; J:[2 
STATION. 83-1 19 JAN, 1976 SECCHI: 20'" FOREL" 

, [ 
TEMP 

406.1 
26.1 
26.1 
26.1 

SALINITY SIGM~-T PHA~-PIG. CHL-! TRJ
J 

HQ 

.0 J' .05 123 35.579 23.46 
35.5e2 
35 .5? '3 
35.582 , 

SUR-FACE STA T IONS' 

TEMP SAL. S IG~A-T 

26. l 35.604 23.4-l: 
~6.l 35.615 23.4<; 
26.1 35.'525 23.51 . 

23.4-6 
2'3.46 
23.46 

IC1 

PhAEO 

.OS~ . 
• {) 5 . 
.04 

.03 .03 164 

.04 .0'5 2113 

.04 ,.,p4 l~O 
/ [, 

1 JAN. 0076 

CHL-~ IElt~Q SECCHI FbREL 
i 

J,08 . ° e 
.14-

125 
275 
139 

NO 
NO 
ND 

NOl 
NOl_ 
N°l 

STATtON 83-~ 19 JAfI:1. 1976 SECCHI: H3M· FOREL: Il 
TEMP 

2é.l 
26.1 
26. 1 
26.1 

SALlNITY .SI-GPJ":-T PHkEO~PIG. CHl.-A 19Q:!Q\ 
35 • 6 ~ R 23 • ~ 0 . • 04 • 1 2 '17~_) 
35.704 23.55 .03 .22 154-
35.642 23.51 .03 .20 183 

'" 
'35.632 23.50 .04 .14. I~B 

SURFACE STA T tONS 19 JAN. 0076 .... 
STA.II -T8MP S ilL" SI GMA-T Pt-AEO (HL-~ IBl!;~Q SECCt(; fOREL 

8~-6 
83-7 
?2-1" 

DAY 59(-

DEPTH 

5 

~~ 
34 
'~9 
73 
97 

14Ft 
170 

26.1 35.7C5 23.57 .06 
26.1 35.618' 23.50 .06 
?" f; • L 35.1';~6 23 .5~ .04 

.1 é 212 

.13 281 

.06 12 l .., 

NO 
NO.a 
NO 

fI l, 

NI!> 
NÇ> 
NO 

1 

, 
STAfION 87 .10 ~B" !Cne: , SEC·CHI:. 25M FOREL: :1 

TEMP SALIN 1 TV 51 GoMA-T PHAEO-PIG. CI1L-A !!u.Ç;!:ill 

25.8 ~4.ee5 23.03 .02 .05 31 
2~.O 

.. 315.1 08 23.14 .02 .09 ND 
? •• 8 35.257 23.31 .01 .07 43 
"5.8 35.274 23.32 • 02 • 07 63 
26.1 35.999 23.78 .0<; • Il 3 
2545 36.770 24.54 .12 .1'S 1 
23.4 37.053 25.3g • 13 • oe 3 
21.7 37.~'50 . 26.11 • OS .05 71 
21.7 37.36f1' 26.12 .03 .06 0 

\. 

~ . 

. . 
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f 

,0 
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j 
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1 
\ 

1 

\ 
t 

J 
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DA.Y (:, :>'.7 

DEPTH 

5 
14 
23 
33 
l~ 2 
6~ 
84 

125 
lA6 

DAY 661 

DEPTH 

5 
, l 'l 

a 2':3 
33 
42 
63 
84 

~ J 25 
1 146 

.1 .,. 
V ..... Y 610 

OEPTI1,a 

'3 
15 
25 
33 

" 48 
71 
9:5 

143 
166 

.#' 

, ;- . 

" ......... 

~ 1 

• 

~TAT IllN 90 ~ 1.~ ./'01 A.R • 1')76 

TEf'ooIP '3 A.L IN 1 TY 'SIG""A-T 

25.3 3,4.607 22.<;7 
25.4 34.678 22.99, 
25.4 34.987 23.'23 
25.7 35.05 A 23.19 
25.5 36.,91S 24.66 
26.2 37.{)72 24.55' 
24. l 36. 8'ê 7 ;J,25~06 
20.8 36 el 12 25.41 
22.3.' 3".043 2.4. ct4 

STAT ItJN 96 1"; ,APRe.; lq76 

TÉMP SAtI~lTY SIG~A-T 

26.5 
26 .. 5 
26.5 
2é.5 
26.5 
26.4 
26.3 
22.0 
20.9, 

. , ' 

34.331 
35 .• 810 
3'5.811" 
35.83A 
35 .. 899" 
36.0'10 
36.3Ef> 
36.563 
36.52S 

S,ATICN 100 

TEMP SALINITY 

27.,1 
27.1 

2?39 
23.,51 
23.51. 
23.53 
2'3. 57 ~ 
23.159 
24.01 
25.42 
25.70 

5IGtJA-T 

21.é5 
21.f5 

,27.0 

33.5<;0 
33.594 
3/~. oe,! 
35.741 
35.872 
:'l6.011 
36.014 
36.621 • 
36.94,3 

'22. 05 

.. 

.. 

27.0 
27.0 
27.0 
26.4 
23.2 
22.3 

1 

" . 

~ ~. 

.J , 

'/ 

~ \' " ., 

23.30 
23.40 
23.50 
23.6<; 
257..12 1 "25.éJ 

" 

if • 

'. 

.. 

... . 
j I ... ~ 

o ~ • 

_____ = ___ ~ ::1 

228' 

" " 

~ 

S!::(CH r: ~7~ FOREL! ' II 

PI'-AEO-PtG. CHL-h . TR l~HO 

.04 .09 861 

.;09 .14- 169 

.07 .12 ND 

.09 • t 1 106 

.04- .04- \ 1 

.06 .02 4 

.05 .01 ~ 0' 

.02 .01 0 

.0'1 .01 0 

SECCHI: 24101 FÇlqEL: l 1 .. 
PHAEO-PIG .:- CHL-~ !B.!CHQ 

.03 .10 643 

.09 .10 70 
• 1 1 .12 24 
.0'8 0 

.• 14" 10 
• O~g .1 cr 0 
'. 1 o'~ .18 0 
.09 .03 0 
.02 .01 0 
.03 .01 0 

SECCHI: 14M FOREL: V 

PHAEO-PIG. 

.03 ,-

.00 

.03 

.0'1 c 

.10 

.08 

CHL-A 

.18 .. 

.22 

.23 

.31 

.33 , 
j' .l/) .J 

.13 ' ., .18 
ND 
ND • ND 

,ND 
, 1 

.. , 
• 

.' 

, . , 
,~ 

~. 

," 

, 

Il 

, 
• 

~ 
801!f4" 

~. NO 

)\ -
~ , 

4 
" ' 

746 
47 
.2 
o 
o 
o 

ND 

1 

;' 

"-• i j 

• .. ~. A· 

, , . 

. ' 
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4KM S"f AT JONS .. 

'\ 
DAY 9 STATION 2 "3 JlJL Y 1974 

~ .. 
QEPjH 

1 
TEMP SAL,I NI TV 

. 
S IGMA-T PI:iAEQ,-PI G. CHL-~ IR,IÇHO 

o., 27.3 j3 .. B15 21.75 .07 .07 NO 
,5 ND 33 ;;'937 ND .0'6 .10 ND 

'. 1. 0 ,. ',ND ". ·U33.983 ND .06 .. .0'1 ND • , 

DAY 15 STATION 3 /9 JULV 1 Q74. of"" 

"- , , 
DEPTH TEMP SALINITY $IGMA-T PHAEO-PIG. 'CHL-A I!llQ1Q 

\ ".. 

" • , 0 27.5 32.613 20.79 .03 • 07, 3t:l 
5 27.5 - 32.626 20.80 .14 .05 j74 

ro 27.5 32.678 20.83 .11 .04 882 
15 27,.4 32.688 ~o .87 .13 .10 ND 
25 27.1 33.7.4e 21.77 .15 .16 '93-6' 

.. l 

• • 
~ ( pAY 22 STATION 4 16 JULV 1974 

C'DEP;rH, 
' , 

C·HL-~ 
ç 

TEMP SAL IN !TV SIGMA-T' , PH A.~O-P l G. IBlQ!Q 

0 27.7 32.664 20.76 " ~ 09 .,06 11!; 628 
5 ND 32.7é4 Ne .13 .07 1444 

10 ND 32.802 NO .03 • 11.5 1334 
15 j" ~\J ND 33.010 ND '" 

• 05 • 15 678 
'25 ND 34.,244 /100 ND ND 19 , 

DAY- 2q STATION 5 23 JULV 1974 
6 

DEPTH TEMP SALINITV SIGMA-T PH AÈO-P 1 G ... CHL'-'A IB.!~!:!Q 
< 

" 0 28.0 32.565 20.59 .03 .08 78 
5 27.9 32.587 20.64 c, .04 .07 64 

10 21.7 32.6é7 2()-.76 .04 .12 325 
) 15 27.6 33.164 ?1.17 .07 • 11 

, , 
225 • 25 27.3 3:r-.572 21.57 .12 ns 51 

DAY 34 STATldN 15 28 JULV 197'4 
\ • OEPTH TEt-'P 1< SAL IN 1 TV S ~GMA-T PHAEO-PIG. CJjf--~ .IfU.Ç!:!Q 

a 28.0 32~921 20.e6 .03 • Il 1174 
S ND 32.947 ND .01" .14 181 

10 ND 33.005 ND ~ .00 .18 711 ... 15 NO 33.250- ND .02 .17 429 
25 ") ND 311.\40 Ne .05 .14 7 

); 
DAY 44 STAT ION 7 7 AUG. 1974 . 

" OEPTH' TEt-'P SALINITV SI~A-T PHAE,(il-PIG. CHL-A I!H~t:!.Q 

i 0 27.9 33.243 21.13 .04 .08 312 , 
~ 5 21.9 33.39B 21.25 .01 .11 406 

, ' 10 27.5 ::13.517 21.37 ND ND 685 
... 15 ?7.7 33.5~5 21.45 ,) .03 . .10 440 

25 27.6 33.5~O 21.49 .09 .40 
1 

411 

~ ((,-! 

1 • 
~ " t [) 

0 

~ 

lJ~.--~t 
, 

, \ 
" 1 " ~~Î"';"" - -, op. f:r·~,f'~. "~ A .• .-

~ ... -.-- --
'" .. ' .... -~" 



, . 

1 

:. 1 
. 1 

c ... 

( :J 
( -

,"' 

DAY 

DEPTH 

1) 

':5 
'10 
- 15 

25 
50 

• 

48 

DAY 58 

DEp'TH 

o 
5' 

10 
1'3 
25 
50 

DAY 6./~ 
, 

DEPTH 

o 
5 

10 
15 
25 
50 

DAY 71 

DEPTH 

o 
'5 

la 
1'5 
25 
50 • 

DAY 78 

DEPrit 

o 
S 

,10 
15 
25 

DAY '35 

DEPTH 

0, 
S 

10 
15 
25 

TEMP 

28.0 
ND 
ND 
NO 
ND 
ND 

. \ 
i· 

, , 

8 Il j\UG. 1974 

SALINliy, SIGMA-T 
'\ 

32.26, 
32:27'5 
3S~214 
3.::.370 
.34.611 
0.0 

.2 0 .36 
ND 
ND 
ND 
ND" 
"0 

STATION 9 ? 1 A UG. 1 9 7" 

TEfJP 

21.-6 
27.6 
27.7 
27.8 
27.3 
26.2 

SALINITY 

33.716 
33.716 
33:71~7 
33.7ql 
34.190 
36.0é3 

21 .58 -
21.58 
21.57 
<21.~7 
2,2.03 

'23."1:; 
1 

STATION 10. 27 AUG. 1974 ,. 

PHAEO-O l G. 

.02 

.02 

.0'2 

.05 

.07 

.02 

.. 
., 

PHAEO-PIG. 

.... 05 
.04 
.07 
~ Og 

'.09 
.1,0 

i . . 

.. 

tHL-A 
1 -

.013 

.08 
, • ~9 
.14 
.1 CJ 
.10 

C .... L-A 

• 18 
.1,9 
• 1 fo· 
.14 
.21 
.14 

TEMF? SALINITy, SIG~A-T PHAEO-PIG. -,CHIl-A 

28'.0 
ND" 
ND' 
ND 
ND 
ND 

• 

33.770 
33.777 
34.000 
34.230 
~4.342 
0.0 

STATION 11 

TH!P 

28.5 
2P.5 
28.4 

1 28.3 
28.0 
26.0 

. 
SAL IN ITV 

3301 fO . 
3:!!.212 
33,.221 
33.259 
33.334 
36.037 

STATION 12 
il • 

21.49 
'~O < 

·ND 
ND 
ND 
"D 

l SEP. 197(~ 

SIGMA-T 

.03 

.04 

.03 

.04 

.05 

.03 

.08 

.07 

.06 

.08 
~Og 

.18 

PHAEO-P.IG.\ CI1L-A 
• 1 

20.e9 
20.91 
2C.9S 
21.01 
21.17 
23.84 

, .03 .• 06 
.03 .07 
.03 .06 

... 02 .07 
.04 • 10 
.16 .11 

r. o 

Tt=·,·P S~LrNiTY SI~~A~T ~HAEO-PIG •• CHL-~ 

28.7 
ND 
ND 
ND 
ND 

33.364 
.-'. 33.375 

33.38A 
33)432 
3S.0?Q 

20.96 
ND 
ND 
ND 
ND 

STATION 13 17' '3EP. 1974 

TEMP 

28.5 
. 2a.5 
28.5 
28.5 
2~. a 

Sti\L 1 N!TY 

33.495 '0-::-
33.498 
33.502 
33<.538 
34.091 

51GMA-T\ 

'21.12 
21.12 
21.13 
e1.t'5 
21.7:.3 

.01 

.02 

.03 

.04 
:11 

... .03 
.05 
.06' 
.. oc:;· 
.OQ 

.08 

.08, 

.oa 

.07 

.15 

.08 

.09 

.03 

.Oq 

.22-

230 

nuç!:!2 
65 

,. 144 
. 212 
168 

'196 
73 

Ia~~~Q. 

386 
478 
356 
43.8 

, 238 
36 

-
TRrçtlO 

129 
,24 
90 

120 
544 

3 

IR1G'11Q. 

169 
1 16 

8A 
74-

410 J ND 

...I!l1.~HI) 

179 
180 
191 
237 
240' 

• I.!ll~t!Q 

91 
105" 

ND 
157 
2~~ " r .. 

, , 



. \ 
\ , 

, 
1 

. \ 

!~ 
'j . 

1 
1 

'\ .. 

DAY n 
DCr:>Ti .. -_r ... \ 

o 
5 

lO-
lS 
25 
50 

o 
5 

10 
15 
2S 
50 

DAY 10(, 

DF.PTH 

o 
':J 

10 
15 
25 
50 

ST A TIC)!', 14 ?4 SEP. 

SALINITY 

28.~"",""" 33".22"3 

SIGMA~ 
20.eC; 

1'.0 33.26'6 1\0 
ND 33.2El ND 
"'D 33.615 ND 
ND 35.01 (1 ·ND 
ND 16.088 " ND 

STATION 15 l OCT. 1974 .. 
TE~P SrALINtTY. SIGMA-T 

2e~ 0 
28.0 
28'.0 
28.0 
28.1 
26.0 

330!j6 

l'::\3: 5 ~ 
3 601 
3 .619 

. 36 240 

STAT l'lN 16 

TFMP 

28.3 
ND 
ND 
ND 
ND 
ND 

.. 

SALINITY 

34.5~ 
34. 5i 8 
34.542 
34.571 
34.53t;: 
36.290" 

21.2t:: 
21.32 
21.35 
21.37 
21.·5 
23. gq, 

q OCT. 1 Q74 

StGMA-T 

21.97 
Ne 
ND 
ND 
ND 
ND 

DA Y 1 1 3 '" ST A Tl mJ • 1 7 1 5 DC 'T. 1 9 74 

DEPTH 

o 
"5 

'10 
15 
25 
35 
50 

D 1\ Y Lé' 1) 

DEPTH 

. 

5 
2S ~, 
35 
'50 . ' 

'DAY 127 

DEPTH 

5 
2, 
3'5 • 
50 

" TEMP 
/ 

2e.3 
29.3 
28 .. 3 
28.4 
28.2 
27.7 
27.1 

o 
SALINITY " S,tGMA4T 

3 4 .3.42 
34.34'5 
34.350 
.34.426 
3'1.819 
35.46~ , 
36.03'5 

21.82 . 
21.E3 
21.:e3 
21.85 
2~. 21 
212. E60 

2'3.49 

STATTml 1.9 ?,~ OST. 1<;74 

TE~P' SALINITY SIG~A-T 

2801 
NO 

'ND 
ND 

34.575 
34.719 
34.871" 

\36.180 

" . 

22 .. 06 
ND 

'~D;J 
ND 

S·T A\'Jt,,1 1 9 29 OCT. 1974 

TEMP ~ALINITY 
• 0 

28.2, 34 .. 57<"-
28.2 34.603 
27.~. .34.60 J 

.2 7 • 1 35 • 9 2 A 

f " 

, ) 
" 

SIGMA-T 

22". O~ 
22.05 

j 
22018 
23.41 

-, . 

( 

'" 

.~ _______ .L.....-___ ._, _____ _ 

, 

SEC:HI: 2?M 

CHL-A 

; 0 l a.07 
.02 .oe ' 
00'2 .08 
• Il .10 
.,1 1 .22" 
.10 .24 

SECCHI: 19~ 

PHAEO-PIG. CHL-A . . 
• 3 .10 
.04 ·.08 . 
.03 .08 
.03 .09 
.03 .10 
.12 .15 

.~ 

SECCHI: 21M 

PPAEO-PIG. CHL-! 

•• 0"3 • .10 
.04 .10 
.05 .12 
.03 .10 . .08 .13 
• 18 .17 

SECCHI: 24M 
4} 

PHAEO-PIG. Cfflf:-A' 
'.~ 

.05 • 15 

.09 , .IA 
.06 .17 
.04 .14' 
.06 .13 
.07- .25 
.03' .oa 

Sf:CCHI: 21M 

.03 

.05 

.0.8 • 

.07 

CHL-! 

.10 
" .15 

• Il 
.07 , 

SECCHI": 32M • . \ 

PHAEO-PIG. 

.0.2. 

.04 

.03 

.16 

CHL-,A 

.08 

.07 

.09 

.16 

2.31 

, IB.1CHQ 

45 
463 
344 
443 

72 
83 

IR.!.Q:1D. 

150 
226' 
228 
170 
139 

9 

.IB.!~Hn 

614 
529 
718 
501 
904 

64 

Tq 1 ç'10 

239 
599 
391 
457 
2a8 

ND 
75 

I~.Ç;!:!.Q 

439, 
423 
222 

62 

IB ICHO . 

241 , 
130 
162 
',,89 

• 1 

~. \ 
1 

.• ' ..• - ,.-." .. -:.~-:-:>~-::- .t 



-1 
1 -

, 

" 

'. 

, 
'. 

232 

.,. 
DAY 1~4 STATION 20 

Q 

5 N'OV. 1974 SECCHI: 31f~ 

DEP'fH 

? 
?'5 
35 
50 

DAY l'd 

DEPTH 

5 J 

25 
35 

j 50 

DA Y 1 (.j.I~ , 

6E~)TH 

5 
15 
:>4 
3:" 
47 

DEPTH 

? 
1'5 
25 
35 
50 

-DAY 1 '=>? 

DEPTH 

-5 
15 
2~ 
1'" 
50 

• DAY 16g, 

DEPTH 

!:) 

1':) 
25 
35 
50 

SAL INIT.Y 

34.50<; 
34.50<:1 
35.61:'3 
36.507 

SI GMA-T PHAEO-P 1 G. CHL-A,· IRl~!:iQ 

28.4 
ND 
ND 
ND' 

STAT rON 21 

21.92 
ND 
ND 
ND 

12,NCV. 1974 
1 

.03 

.02 

.11 
.18 

.07 
,. QA 
.13 
.19 

SECCHI: 31M 

TEMP SAL I.NIiY S IGMA-T • P~ AEO-P 1 G. C"'L-~ 

2~.l 
28.1 
27.7 
?7.0 

34.051 
34.127 
34.937 
36.050 

STAT ION 22 

21.67 
21.73 
22.41 
23.53 

.02 

.02 • 

.O~ 

.07 

.05 
•. 06 
• 11 
• l 1 

'fEtAP SAL!NTT:-t S'IG~"A-T PHAEO-PIG. CHL-A 

"27.9 
ND 
ND 
ND 
ND 

34.485 
34.54~ 
34.552 
34.554 

~ 36.459 

STATlUtJ 23 

TE"MP 

27.7 
27.7 
27.7 
?7.7 
';>.7.6 

SAL INJTY 

34.402 
34.421 
34.431, 
34.458' 
35.228 

, STAT TON 24 

TE~P 

27.6 
ND 

.ND 
ND 
ND 

SALINITY 
\ 

34.52<; 
34.545 
~4. 544 
35.4(;0 
36.5L~ 

22.06 
ND 
ND 
NO 

~ l, ND 

SIGMA-T 

22."tl6 
22.08 
22.0Q 
22.11 
22.72 

'3 OEe. 197.4 

SIGMA-T 

22.19 
ND 
,,"0 
N~ 
Ne 

~ . '" STATION 25 

TE/oIP 

27.t;o 
27.6 
27.6 
27.6 
27.5 

34.544 
34.552 
3-~. 572 
.34.624 
34.824 

10 DEC. 1974 

<;IGMA-T 

22.20 
22.21 
22.2~ 
22.26 • 
;;02.45 a 

.04 

.04 
-., • 06 

.06 

.13 

.OB­

.09 

.12 

.16 

.18 

SECt:HI ~7M 
PHAEO-PIG ... 

.03 

.03 

.04 

.03 

.24 

CHL-A, 

.06 

.05 

.07 

.07 

.08 

SECCH 1: 20P-f 

PHAEO-PIG. 

.02 

.02 

.02 

.QS 

.04 

CHL-A 

.09 

.09 

.09 
• 12 
.01 

SECCHI: 34M· 

Pt-'AEO-PIG. 

.• ·02 
.03 
.02 
.03 
.05 

.04 
• 06 
.05 
• OB' 
.10 

. .. , 

. 

124 
tg::! 
106 

• 226 

TnICHO 

85 
24 
70 
93 

TRI-'tiQ 

72 1 

93 
7p 

252 
19 

IE'llttQ 

235 
64 

155 
91 

182 

llilÇHO 

190 
520 
159 
2.49 

7'3 

.I!llQ:.lO, 

342 
143 

6& 
99 
63 

t : 
1, 

1 

\ 



\ 
o 

~ 

1 
.1 

~ .'" 

~, 

, . 
~ -.~ .. -~- ~,-_ ... ~ .. -""',.....,.. , '::-_---.'---

-, 
DAY 17t> STATIUN?'p )/,17 DE C • 1 C;7 4 SEC CHI: 27 M 

DEPTH \"' .TEf.'P 1: SAL IN ITY SIGMA~T PHftEn~PIG. CHL-~ 

5 
15 
25 
35 
50 

1DAY lR2-

DEPTH 

5 
14-
24 
33 
47 

\ 

DAY 1 :'19 

DEPTH 

5 
15 
25 
35 
50 

DAY 197 

DEPTH 

27.~ 
ND 
ND 
1\0 
ND 

1 34 • 55 <;, 
,34.6C9 
34.60<; 
3#.827 
36.SC4 

22.34 
ND 
ND 
Ne 
ND 

sun'I ùN 27 
, 
23 CEC. 1974 

.' TEMP 

27d 
27.1 
27.2 
27.3 
27.4 

STAT ION 

TEMP 

2'6:8 
ND 
ND 
ND 
ND 

STAT ION 

TEMP 

SALINITY SIG~A-T 

34.845 • 
35.007 
35.308 
,35.402 
35.747 

28 30' 

SALINITY 

35.490 
35.538 
35.618 
35.641 
3S.8.3Q, , 

29 7 

SALINTTY 

2â.59 
• ,?2.71 

2,2.<;;1 
22.<;;5 
23.11 

DEC. 1974 

? IGI/A-, 

23.17 
NO 
ND 
ND 
ND 

.JAN. 1915 

SIGMA-T 

'-
5 \ .2é.5 35.2:n 23.07 

.15 
-25 
35 
50 

DAY 204 

DE;PTH 

'5 
1:; 
25 
35, 
.s0 

DAY 211 

DEPTH 

5 
15 
25 

'35 
50 

26.6 35.223 '23.03 
26.7 ' 35.335 23.09 
,26.6 35. A 3€ 23.20 
?6.6 35.483)~ 23.23 

ST AT 1 llN 30 1 iL JAN. 1975 

TEMP SALIN ITY SIGMA-T 

26.4 35.274 23.14 
ND 35.41:.1 'ND 
ND 35.565 1':10 
ND 35.,655 ND 

\ ND 1 35.896 ND 

STAT ION 31 21. JAN. 1975 

TEMP 

26.4 
26.4 
26.4 
26.4 
26.6 

\ 
. SALIN ITY 

35.143 
35.175 
35.1el 
~5. 181 
35.578 

SIGMA-T 

23.04 
J23.06 
'23.07 
23.07 
23.30 

l ' 

.02 

.02 

.02 

.02 ' 

.19 

.'0'4 • 
• 04 0 

'.05 ' 
~ .06 

.15 

SEC CHI: .3 1 M 

PHAED-PIG .. CHL-A 

.02 .05 

.0·2 .05 

.02 ,.08 

.04 .10 

.04 .12 

SECCHI: 34M .. 
PHAEO-PIG. C:HL-~ 

.03 .06 

.08 .11 

.08 ,.09 
• 08 .O~ 
• 09 • 1, . 

"SECCHI: 2P'" 
PHAEO-PI G., 

.04 -" 

.06' 
-4U9 ' 

.10 , >. 17, 

.19 

.20 

.21 
;·32 
.26 

SECCHI: 26M 

PHAEO-PIG. ' CHL-A 

.05 .1·3 

.10 .14' 

.,08 .23 
'.07 .23 
.09 .21 

-. 
SECCHI: 22~ 

PHAEO-PI,G'a CHL-A 

.10 .24 
• L,O .31 
.10 .27 
.10 .2,6 
.29 .~ 

-

233 

50 
18 

'020 
93 

\1' ta; 

pll~H() 

356 
19 '0 

, 5'5 
78 
61 

IfllQ:!Q 

1 13 
, 320 

353;f 
'277 . 
377 

I!llQiQ 

ses 
986, 
7'06 

~~~ . 

I!U&HO 

2"98 
28 

147 •. 
866 \ 
359 

IRtl:H!J 

177 
913 

... 

1435 
1712 
273 

, , 

. ' 

'\ 

,,", (, l 
(l J" .... (l...... ! 

l' 

1 

, 



. / 

( 

.. 

il 

, , 

. ' . 
", 

. , 
DAY .2(" 1. STAT ION 32 31 JAN. 197<"; SECCHI~ 19M 

O,EPTt-i 

5 
1'5 
25 
35 
50 

DAY 225 

DEPTH 

5 
15 
25 
35 
50 

DAY 23::' 

DEPTH 

'5 
15 

'25 
35 
50 

DAY 2:1 f; 

OEPTH 

, T.F/wÎP 

26.3 
ND 
ND 
ND 
ND 

. 
:3 ALI N 1 TY' '5 r G MA - T 

35.2e3 
35.301 
3'5.305 
35.301 
35.392 

23.17 
ND 
NO 
ND 
ND 

PHAr::a-PIG," 
, 

.07 

.10 

.14 

.12 

.08
0 

CHL-A 

~28 
.31 
.26 
.33 
.31 

STATION 33' 4 F F B. 1 ry 7 5. S Ë CC HI: 2 ~ M ' 

TEMP 

26.2 
26.2 
,26.2 
2-6.2 
26.2 

. ~~LI~tTY SIG~A-T_ 

35.024' ~.01 
35.041 ~23.02 
3~o'l22 /23.08 
35.'130 ,23.09 
35.186/1 ,'2:f.13 

fi} 

PHAEO-PIG. 

.06 

.07 

.13 

.. ZOs 

.10 

. 
CHL-A 

.44 

.45 

.46 

.50 

.39 

1 

STAT ION 34 /1 FE~ .. 197'5 SECCHI: 27M' 

TEt-IP SI\L IN (!Ty SI GMA-T PH AEO-PIG. CHL-A 
/ '--

26~2 
ND 
ND 
ND 
ND 

35.958 23.11 
35.960 Q .ND 
35~977 t-IO 
36.000 ND-
36.00:3 • ND 

STATION ~5 

.06 

.06 

.08 
>. 07 

:> _ 09 

• 1,1 
.14 
.15 
.21 
.25 

TE)#P SALINITY SIGMA-T PHAEO-PIG. CHL-A 

25.4 
25.4 
25.4 
25.4 
25.,4 

, 

35.810 
35.989 
36.009 
36.019 
36.080 

.' ~ 

'23 :e5 
2-3.99 . 
24.00 
24 .. 0 1 

~ 24. 05 

.06 

.. Of) 
... 08 

.08 

.10 

\ 

• 11 
.11 
.13 
.. 14 
.. 16 

234 

'" 

IR.l~JiQ 

157'7 
·2188 

1429 
1111 

" .16!P 

, 
" 

, 
37C2 
3655 
3031 
'1184 

10 

.IE.l~Hn 

t58 
20 

. '10 
137 

66. 

IB.~~Hn 

ND 
ND 
ND 
ND 
ND a 

., .. 

.... 

..... , 
\ . 

/ 
J 


