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ABSTRACT 

An abundant diatomaceous flora was observed in shallow waters along the coasts of 
French Guiana and Dutch Guiana during the fall of 1964 and the spring of 1965. In the 
fall, these diatoms were apparently carried far beyond the continental shelf by the Amazon 
effluent, which crossed the northwestward Guiana Current and became entrained in a south-
eastward countercurrent. During both fall and spring, the oceanic species, predominantly 
coccolithophores, were adversely affected by the Amazon effluent. The uplifting of deep 
nutrient-rich water, which was observed along the edge of the continental shelf during 
both spring and fall, is apparently responsible for the abundance of diatoms in the coastal 
water. A similar enrichment also occurred offshore in the fall and may have helped to foster 
the minor fiowerings of neritic species that had been seeded by cells transported from· their 
more normal inshore habitat. Artificial fiowerings were obtained by nutrient enrichment 
of water samples; growth was observed in only diatoms and the ubiquitous species, Coccolithus 
huxleyi. The many rarer oceanic species of coccolithophores did not respond to the artificial 
enrichment of the water, just as they had not responded to the natural enrichment existing in 
the coastal water and in the countercurrent during the fall. 

Introduction. The diatomaceous flora found near the mouth of the Amazon 
River has been studied by Bailey ( 1862), who listed 92 species, many of which 
were newly described. Hentschel ( 1932) enumerated the phytoplankton taken 
on METEOR sections that terminated outside the continental shelf of the coasts 
of Brazil and French Guiana (Sts. 290-289, 255-258). His counts showed 
small quantities of plankton as well as the oceanic character of the species 
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collected on the METEOR sections across the equatorial Atlantic and subtropical 
portions of the South Atlantic Ocean. Wood (1966) gave a complete listing 
of phytoplankton species (282 forms in all) obtained from the mouth of the 
Amazon River and the adjoining water to the north and south. He charac-
terized many of these species as oceanic, or neritic, or estuarine. He also 
studied the abundance of the total phytoplankton and found considerably 
greater quantities in the shallow coastal waters than in the deep oceanic water 
seaward of the continental shelf. Teixeira and Tundisi p967) described a 
change from abundant diatomaceous ph;nkton near shore to less abundant 
coccolithophorid plankton at several stations offshore from the mouth of the 
Amazon River. 

Our observations were made in the fall of 1964 and the spring of 1965 in 
the area where the effluent of the Amazon River is located. The drift of the 
freshened water parallel to the coast of Brazil and thence northward away 
from the coast of French Guiana has been described by Ryther et al. (1966). 
An atlas of monthly current directions and velocities, published by the U.S. 
Navy Hydrographic Office (1946), shows that a northwestward current along 
the coast of Brazil turns seaward off the French Guiana coast and then south-
eastward about 300 miles from shore. According to this atlas and the charts of 
Schumacher ( 1940 ), the offshore countercurrent is more pronounced in the 
fall than in the spring, a difference that is correlated with a strengthening of 
the northwestward current between fall and late spring (Fuglister 1951: fig. 3). 
The current system and the hydrographic structure are closely associated. 
Isopleths of density, and in turn of nitrate, are closer to the surface in the water 
of the longshore current and the countercurrent than in the water between 
these currents (Ryther et al. 1966 ). 

The survey reported here includes not only geographic areas covered in 
earlier studies (Hentschel 1932, Wood 1966) but areas to the northwest, 
where neritic forms are abundant along the coast and where oceanic assem-
blages are sparse offshore. The movement of coastal plankton seaward in the 
Amazon effluent and in the countercurrent and the slight effect of the fresh-
ened water on the offshore assemblage of species will be discussed. Examination 
of the hydrographic and nutrient structure that occurs during the fall will 
show that surface water may be enriched to support not only an abundant 
coastal plankton but also the continued, though modest, growth of this flora 
after drifting far offshore. Finally, the results of artificial enrichment of sam-
ples containing neritic species, the ubiquitous Coccolithus huxleyi, and oceanic 
forms will show in a direct way (i) the marked response by neritic forms to 
increased nutrients, (ii) the somewhat less rapid response by C. huxleyi, and 
(iii) the lack of any response by exclusively oceanic forms. 

Methods. Surface samples, 200 cc in volume, were collected at each station; 
within 12 hours the algae were examined, for the most part in the living 
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Table I. Nutrient chemicals and quantities used in enrichment experiments. 

Glycine 
NH 4Cl 
Na N03 
Na,PH03 • 12 H,0 
Na,Si 0 3 • 9 H,0 

Vitamin mixture 

Thiamin HCL 
Biotin 
Bu 

8 µg-at N/L Iron and trace-metal mix (Tr) 
50 µg-at N/L Fe - sequestrine 1.3 mg/L Fe 
50 µg-at N/L Cu S04 • 5 H,0 0.005 mg/L Cu 
5 µg-at P/L Zn S04 • 7 H 10 0.010 mg/L Zn 

50 µg-at Si/L Co Cl, · 6 H,0 0.005 mg/L Co 

0.2 mg/L 
1.0 µg/L 
1.0 µg/L 

Mn Cl, · 4 H,0 0.100 mg/L Mn 
Na, Mo 0 4 • 2 H,0 0.005 mg/L Mo 

condition. The samples were centrifuged in the following way: first, 90 ml 
were centrifuged in six 15-ml tubes. After the supernatant was removed and 
the tubes were refilled, the samples were again centrifuged. The residues in 
the six tubes were transferred to two tubes, and enough sample was added to 
bring the total volume of a processed sample to about 200 ml. The concentrate 
from these tubes, after final centrifugation, was placed in a shallow rectangular 
counting chamber. With offshore samples, one-sixth of the area of the chamber 
was usually scanned, after which the species and unidentified cells were enu-
merated; with inshore samples, less area was usually scanned. In the case of 
most offshore samples, the counts were multiplied by three to obtain the num-
ber of cells per 100 ml; with inshore samples, a larger factor was employed to 
convert counts to values per I oo ml. 

Thirty-four seawater samples (250 ml in volume) from five stations occupied 
in the fall and from ten occupied in the spring were enriched with phosphate, 
nitrate, iron, trace metals, and vitamins (Table I). In some samples, nitrate 
was replaced with ammonia or glycine; in some samples, vitamins were omitted; 
and to a few samples, silicate was added (Tables II, III). The glass bottles, 
which were completely filled so that air bubbles were not usually present, were 
incubated at 25°C at approximately 5000 lux for 3-5.5 days. 

Taxonomic Note. Following Hasle (1964), we have used the old name, 
Nitzschia closterium, rather than the new name, Cylindrotheca closterium, pro-
posed by Reimann and Lewin (1964). Since Hasle does not agree wholly with 
the change proposed by Reimann and Lewin, we hesitate to depart from 
the traditional name. Also, the long slender specimens shown by Hasle ( 1964: 
fig. 7) are similar to the specimens we observed in the natural water samples. 

Results. The greatest numbers of surface phytoplankton were present in 
the shoal coastal waters, both in fall and spring (Fig. 1 ). In the fall they were 
found out to, but not beyond, the I oo-fathom contour off the mouth of the 
Amazon River. Farther north, off the coasts of French Guiana and Dutch 
Guiana, high concentrations extended appreciably beyond the 100-fathom 



Table II. Fall 1964. Initial and final counts of each species that was dominant 
riched samples. 

Incubation 
Expt. Lat. Long. period 
no. Species (N) (W) (days) 

NO3+ PO4 +Tr NO3 + PO4 +Tr+ Vitamin 

DOMINANT 
1 C. huxleyi 3°30' 49° 20' 3 
2 c. huxleyi 5°30' 50° 10' 4.5 

C. huxleyi 5°30' 50° 10' 3 
3 s. tropicum 6°00' 53° 20' 3 
4 N. delicatissima 7° 50' 55°00' 5 

s. tropicum 7°50' 55°00' 5.5 
5 C. huxley i 12°25' 58°40' 4 

NEXT MOST DOMINANT 
1 N . delicatissima 3°30' 49°20' 3 
2 5°30' 50° 10' 4.5 

N. bicapitata 5°30' 50° 10' 3 
3 Ch. subtilis 6°00' 53° 20' 3 
4 L . danicus 7°50' 55°00' 5 

N. seriata 7°50' 55°00' 5.5 
5 N . bicapitata 12° 25' 58°40' 4 

C. = Coccolithus, Ch. = Chaetoceros, L. = Leptocylindrus, N. = Nitzschia, S. = Skeletonema. 

• SiO3 added to the enrichment. 

\J\ 
00 

and next most dominant m en-

Cells/ 100 cc 
Initial Final no. 

no. NO3+PO4 +Tr 
NO3 + PO4 + Tr + Vitamin 

255 444-0 i:: 
'I 

69 1335 
;:,i 
I::, 

69 152 
....... 

534 7320 
18 66600 
99 12180• 'I 

3 510 
:i. ... 
>., ... .., ... 

69 2010 I::, 

::.-
3 345 

216 1740 
90 33000 
24 3840• 

3 510 
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Figure 1. Distribution of total phytoplankton (cells per 100 cc) between the mouth of the Amazon 
River and the Windward Islands. Dotted line, 100-fathom contour. 
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Table III. Spring 1965. Initial and final counts of each species that was dominant 

,,----------Species-----------.. 
Expt. 
No. 

Nothing 
added 

DOMINANT 

6 T. thiebautii 
7 
8 N. closterium 
9 D. tubifer 

IO U. tenuis 
II C. huxleyi 

N03 +P04 + Tr NH4 +P04 + Tr 
+ vitamin + vitamin 

N. clnsterium Na'Vicula sp. N. closterium 
N . clnsterium N . closterium N . closterium 
N . clnsterium N. closterium N . clnsterium 
C. huxleyi C. huxleyi C. huxleyi 
C. huxleyi C. huxleyi C. huxleyi 
N. closterium N . clnsterium N . closterium 

Lat. 
(N) 

18° 15' 
18° 15' 
15° 30' 
18°20' 
18° 32' 
15°20' 

Long. 
(W) 

60°00' 
59°45' 
57°40' 
55°50' 
53°00' 
52°00' 

12 N. bicapitata S. pulchra 13° 33' 49°48' 
13 N. bicapitata N. bicapitata C. huxleyi N. bicapitata 11° 35' 50°00' 
14 N. bicapitata Ch.simplex Ch.simplex 9°25' 52°40' 
15 C. huxleyi N. delicatissima N . delicatissima 6°45' 55°25' 

NEXT MOST DOMINANT 

6 N. closterium C. huxleyi N. closterium C. huxleyi 18° 15' 60°00' 
7 C. huxleyi T. thiebautii C. huxleyi 18° 15' 59°45' 
8 Amphiora sp. N. bicapitata C. huxleyi C. huxleyi 15° 30' 57°40' 
9 C. huxleyi N. bicapitata N. closterium N . closterium 18°20' 55°50' 

10 N . closterium N. closterium N. closterium 18° 32' 53°00' 
II D. tubifer C. huxleyi C. huxleyi C. huxleyi 15°20' 52°00' 
12 S. pulchra U. tenuis 13° 33' 49°48' 
13 N. closterium C. huxleyi N. bicapitata N. closterium 11° 35' 50°00' 
14 N. closterium N. bicapitata N . delicatissima 9°25' 52°40' 
15 U. tenuis C. huxleyi C. huxleyi 6°45' 55°25' 

C. = Coccolithus, Ch. = Chaetoceros, D. = Discosphaera, N. = Nitzschia, S. = Syracosphaera, T. = Tri-

• Glycine used instead of ammonia. 

contour. Farther offshore there was a small area of moderately abundant 
phytoplankton, but, for the most part, plankton numbers were small in water 
beyond the continental shelf (the 100-fathom line). This distribution was 
largely the result of variation in the numbers of the more abundant species -
those with maximal densities of I ooo to 100,000 cells/ 1 oo ml (Fig. 2 ). There 
were eight such species, all diatoms; some of these were confined largely to 
the shallow coastal waters while others extended offshore. Skeletonema costatum 
occurred close to shore only in greater concentrations than any other species. 
Skeletonema tropicum, Thalassionema nitzschoides, Chaetoceros suhtilis, Nitzschia 
seriata, and N. delicatissima extended seaward from coastal waters to 30 miles 
beyond the 100-fathom line; well offshore they were present in lesser numbers 
at several stations. Leptocylindrus danicus and Hemiaulus hauckii, abundant 
along the coast, ranged northward offshore and thence southeastward in a 
fairly extensive curving band of moderate concentrations. In spring, five diatom 
species exceeded 1000 cells/100 ml (Fig. 4); four of these were confined to 
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ii and next most dominant in enriched samples. 

Cells/100 cc 
Initial no. Final no. after 4 days 

Nothing NO3 + PO4 NH4 + PO4 NO3 + PO4 Nothing NO3 +PO4 NH4 +PO4 NO3 +PO4 
added + Tr + Tr +Tr added +Tr +Tr +Tr 

+ vitamin +vitamin + vitamin +vitamin 

Ill 3 < 3 3 54 144 1614 1140 
18 18 18 4740 1008 8670 

9 9 9 9 66 39600 11550 2870 
33 12 12 12 12 630 330 348 
6 15 15 15 6 150 396 210 

30 9 9 9 15 864 62100 6570 
639 18 9 15 

54 54 72 54 300 9750 546• 12000 
12 < 6 < 6 18 75900 732• 

186 36 36 6 33900 32100• 

3 12 3 12 18 27 822 540 
21 165 21 840 96 270 

<3 9 15 15 90 6600 2940 612 
12 3 < 3 < 3 12 42 144 27 

<3 < 3 < 3 3 24 27 
18 30 30 30 15 672 390 48 

r1 18 36 3 15 
126 72 54 126 24 3150 264· 156 
42 12 6 9 3300 246· 
<3 276 276 6 10350 21600· 

0 •chodesmimum, U . = U mbellosphaera. 

water over the continental shelf, but one, Nitzschia delicatissima, was present 
offshore at low densities in the southern portion of the area studied. 

Fig. 3 shows that, in the fall, the diatom Nitzschia closterium, which never 
reached an abundance of I ooo cells/ 1 oo ml, was distributed alongshore and 
offshore in the same manner as the more abundant diatoms just described. 
The coccolithophore, Coccolithus huxleyi, had somewhat the same distribu-
tion, but it tended to be more uniform and ubiquitous, occurring at almost 
every station in coastal and offshore water. The other species shown in Fig. 3 
also occurred fairly frequently (at more than 33°/o of the stations), but always 
at low densities ( < 100 cells/100 ml); they were absent to a large degree in 
the coastal water. The coccolithophore Umbellosphaera irregularis and the 
dinoRagellate Oxytoxum variable were also absent northward from the con-
tinental shelf at approximately the same positions where the coastal diatoms 
were often present. 

Fig. 4 shows the spring distributions of several frequently occurring species. 
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Figure 2 . Fall distribution of eight species whose total count exceeded 1000 cells/100 cc in at least 
one sample. Values are number of cell s per 100 cc. Dotted line, 100-fathom contour. 

Coccolithus huxleyi occurred almost everywhere, with slight increases in abund-
ance in the southern portion of the area studied. Nitzschia closterium and 
N . bicapitata were also somewhat more numerous southward, although the 
latter form was absent for the most part in the coastal water, as in the fall. 

Relationship of Planktonic Flora t6 Currents and Salinity. The assumed 
surface currents for October (Fig. 5) were taken from the Current Atlas of 
the North Atlantic Ocean (U.S. Navy Hydrographic Office 1946), which 
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Figure 3. Fall distribution of Nitzschia c/osterium, Coccolithus huxleyi, and other species that occurred 
at more than 33°/0 of the stations in concentrations of less than 100 cells per 100 cc. 
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gives the cunent direction per one-degree square in November. Comparison 
of currents with surface-salinity distribution shows that part of the freshened 
water is carried northwestward by the longshore or Guiana Current and then, 
farther at sea, it is carried southeastward by the countercurrent, as described 
by Ryther et al. (1966) and Defant (1961). Fig. 5 shows that the counter-
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Figure 5. Top. Comparison of current direction for every one-degree square with the surface salinity 
distribution in November. BoTrOM, Comparison of surface-salinity distribution and com-
bined values of eight abundant neritic species (cells per roe cc). 

current cuts across high-salinity water to some extent; nevertheless, the salinity 
and current patterns do fit fairly well. Cell densities of the eight coastal species 
presented in Fig. 2 were combined for each station, and in Fig. 5 these values 
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are shown with the surface-salinity distribution. Thus, the total number, of 
each species, considered individually, indicates a rather sporadic distribution 
in waters beyond the 1 oo-fathom line, but when the combined totals of all 
eight species are considered, it appears that they have been carried away from 
the coastal shallows northward in the Amazon effluent and thence southeast-
ward in the countercurrent. 

In the fall, the offshore species Umbellosphaera irregularis and Oxytoxum 
variable were absent in the region where the salinity was less than 35.00°/00• 

In addition to Coccolithus huxleyi, there were 16 other coccolithophore species 
in the fall and l 7 in the spring. The combined totals of all of these species per 
station (Fig. 6) show that this oceanic group of organisms was appreciably 
more abundant outside the 35.00°/oo isohaline than in the freshened water 
within the 35.00°/oo boundary. Attenuation of the coccolithophore group of 
species is apparent in the southern portion of the area surveyed in spring 
(Fig. 6), and it is in this portion where the Amazon effluent occurred. 

Relationship of Planktonic Flora to Hydrographic Structure and Nutrient 
Content of Water. Three sections normal to the coast during the fall (Fig. 7, 
A, B, C) show that the isopleths of temperature, maximal salinities, phosphate, 
and nitrate rise toward the surface both at the Brazilian coast in the strong 
northwesterly current and far out to sea in the countercurrent. Off the Guianas 
(Fig. 7, D, E), these isopleths are nearly horizontal, are generally closer to the 
surface, and indicate a weakening of the longshore northwestward current. 
The low-salinity surface water (the Amazon effluent) appears, in these sec-
tions, to be transported across the longshore current; the manner in which 
this occurs is a matter of conjecture and has been interestingly discussed by 
Ryther et al. ( l 966 ). 

Although the effluent of the Amazon River contains large amounts of iron 
and silicate (Ryther et al. 1966), it is poor in phosphate and nitrate; thus the 
enrichment necessary for the abundant coastal populations must be obtained 
elsewhere. Ryther has attributed this enrichment to the uplifting of phosphate 
and nitrate from deep water toward the surface and thence onto the continental 
shelf; this can be seen at the landward ends of four of the five profiles of phos-
phate and nitrate shown in Fig. 7. It is reasonable to assume, therefore, that 
appreciable quantities of phosphate and nitrate come close enough to the sur-
face in the countercurrent to increase slightly the populations existing there. 
This is clearly seen for nitrate only in section C for the fall. Throughout 
section D, appreciable amounts of phosphate and nitrate were within 50 m of 
the surface. 

Comparison of a fall and spring section by Ryther et al. (1966) has shown 
that stratification near the surface was more marked in spring than in fall 
and that no rise of nutrient isopleths toward the surface occurred seaward 
within the area surveyed in spring. 
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Figure 7. Vertical profiles of temperature (°C), salinity (•/00), phosphate (µg-at P/L), and nitrate 
(µg-at N/L) in the fall in the croso sections indicated by dashed lines in Fig. 5. 

Enrichment. Tables II and III show the variation in the enrichment of 
samples, the initial and final counts of the most abundant species (the dominant), 
and the initial and final counts of the next most abundant species. Growth 
occurred in all samples except in those of Experiment 1 2. In general, no system-
atic differences were apparent among samples enriched with nitrate, ammonia, 
or glycine; the omission of vitamins seems to have made no observable difference 
in growth. Eight samples were not enriched, and little or no growth occurred 
in these. 

Species that placed first and second in abundance included five of the eight 
neritic diatoms (Fig. 2), the diatoms Nitz.schia closterium and N. hicapitata, the 
coccolithophore Coccolithus huxleyi, and two diatomaceous species not observed 
in the natural populations - Navicula sp. and Chaetoceros simplex. Trichodesmium 
thiehautii and the coccolithophores Syracosphaera pulchra and Umhellosphaera 
tenuis also ranked first or second but showed no growth. The fall samples 
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were mostly from coastal water, so it is not surprising that the neritic forms 
predominated after the short period of growth allowed. Likewise, the ten 
samples enriched in the spring were from offshore waters, and the predominant 
species in these samples were Coccolithus huxleyi, Nitzschia closterium, and 
N. bicapitata, all of which were common in the same area. But other species 
exhibited no response to enrichment, particularly the many coccolithophore 
species combined in Fig. 6 and some dinoflagellates, such as those illustrated 
in Fig. 3 for fall only (but present also in spring). The number of divisions per 
day, d, was calculated from the data in Tables II ant III and from the formula 

Ct I 
d = log -C - , 

o t og 2 

where Co is the initial cell number and Ct is the final cell number at t days. 
The frequency of occurrence of various values of d for each species is shown 
in Fig. 8. The diatoms, particularly Nitzschia closterium, showed a tendency 
to grow more rapidly than Coccolithus huxleyi. 

Discussion. The presence of neritic species far off the coasts of Brazil, 
French Guiana, and Dutch Guiana during the fall shows that the Amazon 
effluent and the countercurrent are effective in transporting these species from 
their inshore habitat. Appreciable enrichment in the countercurrent would aid 
in maintaining these inshore species during a major portion of their offshore 
drift. However, in the spring, when these neritic species were not observed 
offshore, artificial enrichment of offshore waters served only to stimulate and 
maintain the ubiquitous species, Coccolithus huxleyi and Nitzschia closterium. 
Possibly the supply of neritic species to the Amazon effluent during the spring 
may have been too small or their drift may have been too long and haphazard 
for survival under conditions of inadequate natural enrichment. 

In the western North Atlantic Ocean, the presence of coastal species in an 
assemblage of primarily oceanic forms has been observed before: off Bermuda 
(Hulburt and Rodman 1963) and in the northern Sargasso Sea (Riley 1957, 
Hulburt 1963, 1966). These areas are so far from the continental shelf of the 
North American continent and so isolated by the Gulf Stream that it seems 
resonable to assume that the so-called neritic species would exist there at all 
times, though usually in lesser numbers than the oceanic species or in un-
detectable concentrations. Off the Amazon, however, the neritic forms can 
be traced from shallow water to regions far offshore, where they mingle with 
those oceanic species that have not been adversely affected by the more un-
diluted portions of the Amazon effluent. 

To a considerable degree in this paper, the distinction between neritic and 
oceanic phytoplankton is between diatomaceous and nondiatomaceous species. 
The diatomaceous species dominate where there is an abundance ( > 104 cells/ 
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Figure 8. The growth rate of dominant and second-place species in enriched samples. 

I oo ml) of total plankton and the nondiatomaceous species dominate where 
there is scarcity of total plankton ( < 103 cells/1 oo ml). The enrichment ex-
periments are corroborative in that the diatoms grew well upon enrichment 
and would be expected to be dominant over the dinoflagellates and most cocco-
lithophores, which did not grow at all. Coccolithus huxleyi and Nitz.schia closter-
ium occupy an intermediate position, occurring in both coastal and offshore 
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water, with maximum densities of roughly 104 cells/100 ml. These gr~w well 
with enrichment. Nitzschia bicapitata, however, is exceptional, since it was 
present in offshore waters only, but, like other diatoms, it grew fairly well in 
the enriched samples. 

Coccolithus huxleyi was present in almost every sample and rarely grew faster 
than 1.5 divisions per day; Nitzschia closterium, on the other hand, was less 
evenly distributed and grew as much as 2.5-3.5 divisions per day. It is logical 
to assume that the spatially fluctuating form should have a rapid growth rate. 
Other diatoms, except Nitzschia bicapitata, exhibited great spatial changes, 
inasmuch as their dense blooms were restricted to coastal water; as a group 
they seemed to be able to respond to enrichment somewhat more rapidly than 
C. huxleyi. 

Thus the striking spatial differences in the flora have been dependent on 
the reactions of the species to the neritic and oceanic habitats. These spatial 
differences were accentuated in the fall by the effect of the Amazon effluent. 
In contrast, the distribution of Coccolithus huxleyi indicates a fairly uniform 
response to the varied environment between the mouth of the Amazon River 
and the Windward Islands. 
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