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Abstract 

Natural assemblages of phytoplankton were grown in mixtures of deep ocean water and surface 
water. Growth curves were characterized by a one-week-long lag period, an exponential phase 
with a maximum growth rate of 2.4 divisions day- 1

, and an inorganic nitrogen-dependent maxi
mum yield. The addition of EDT A was associated with higher rates of protein synthesis during 
the early exponential phase and higher growth rates at deep water concentrations less than 80%, 
but did not affect yields. Possible explanations for these results are that EDT A reduced the 
bioavailability of an essential element which interacts antagonistically with a toxicant (e.g., zinc 
reduces the toxicity of copper). An increase in yield of 2.2 mg Chl a m-3 was associated with 
the addition of every µM increase in nitrate concentration from deep water. This increase in 
chlorophyll a was also correlated with a shift in the size distribution of the natural phytoplankton 
assemblage toward larger cells. The larger cells were easily grazed by small herbivorous copepods 
such as Acrocalanus inermis. Smaller non-copepod microzooplankton such as tintinnids and 
protozoa may not benefit to the same extent as the macrozooplankton from the enhancement of 
surface productivity. 

The concept of ocean thermal energy conversion (OTEC) has been developed to search for 

alternative energy resources (SHELPUK et al. 1984). OTEC plants are especially attractive to 

island nations, particularly at lower latitudes, which depend upon imported fossil fuels for 

energy. The process of artificially raising cold deep ocean water to the sea surface allows the 

temperature differential to condence ammonium in OTEC plants and hence generate electricity 

(see ISAACS & SCHMIDT 1980). Since this deep water is nutrient-rich, marine productivity 

can be significantly enhanced by artificially induced upwelling. It is hoped that OTEC plants may 

provide an additional source for increasing marine food resources. However, little is known 

about the effect of OETC plants on existing natural ecosystems (QUINBY-HUNT et al. 1984). 

The concentration of nutrients in deep water is significantly greater than in oceanic surface 

waters (for example in Hawaiian water; less than 0. 5 µM N03 , 0. 2 µM P04, and 1. 0 µM 
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Si04). Although it has been shown. that nitrogen may limit phytoplankton biomass in 

oligotrophic surface water (THOMAS 1969, PERRY & EPPLEY 1984), an immediate growth 

response is normally not observed when phytoplankton organisms are introduced to excess 

nitrogeneous nutrients (TERRY & CAPERON 1982b, BUCK & TAGUCHI 1983). In fact, 

nitrogen pulses have been shown to cause transient photosynthetic carbon suppression in 

many species of nitrogen limited phytoplankton (see ELRIFI & TURPIN 1985)' Of course 

chemical characteristics of deep ocean water other than the high concentration of inorganic 

nutrients may prevent phytoplankton from fully utilizing the nutrients in the water. 

A detailed previous study (TERRY & CAPERON 1982a, b) with Mini-OTEC water showed 

that there was substantial interspeci:fic variability in the suitability of deep water for phyto

plankton growth. However, the species studied by TERRY & CAPERON were not selected 

from natural oligotrophic open-ocean populations, and it is not clear to what extent the results 

they observed from four species of laboratory cultures would apply to such natural assemblages. 

The selective effect of deep water on the species composition of natural phytoplankton assem

blages has been previously studied. For instance, MENZEL et al. (1963) reported that the 

most striking feature of a population which was enriched with silicate was the dominance 

of diatoms. Continuous cultures have been used to simulate upwelling conditions. For instance, 

THOMAS et al. (1980) showed that centric diatoms were selected at a moderate upwelling rate, 

while a mixture of species dominated at a low upwelling rate. Flagellates have also been 

reported as being selected for such enrichment experiments (DUNSTAN & TENORE 1972, 

PLATT et al. 1977). 

In the present study we investigated the growth potential of natural assemblages of 

phytoplankton in various mixtures of deep ocean water and surface water in relation to the 

addition of chelator EDT A (Ethylenedinitrilo-tetraacetic-acid). We also studied the effects of the 

resultant enhanced phytoplankton biomass and modified size distribution on zooplankton grazing. 

Materials and Methods 
Source of deep ocean water: Cold deep ocean water (about 8°C) was obtained from the 

Natural Energy Laboratory of Hawaii at Keahole Point on the island of Hawaii. The water 

samples were transported to Honolulu by the method described by TERRY & CAPERON 

(1982b). Nutrient characteristics of the deep water are summarized in Table 1. 

Mixing experiment: All of the batch cultures were grown in 4-liter polycarbonate containers. 

Precautions were taken to prevent trace metal contamination as recommended by TERRY & 

TABLE 1. CONCENTRATION (µM) OF NITRATE PLUS NITRITE, PHOSPHATE AND SILICATE 

OF DEEP WATER COLLECTED AT THE NATURAL ENERGY LABORATORY OF HAWAII 

AT KEAHOLE POINT ON THE ISLAND OF HAW All. 

Experiment Date Nitrate+ Nitrite Phosphate Silicate 

1 01/16/84 42.6 3.84 74.5 
2 03/13/84 47. 7 2.96 119.3 
3 04/15/85 43.1 2.97 117. 4 
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CAPERON (1982b). The surface water, prescreened through a 35 µm screen to remove most 

of the microzooplankton and macrozooplankton, was mixed with deep ocean water in various 

proportions. Prior to mixing, the deep ocean water was acclimatized to 24 °C overnight. 

The following series of dilutions were prepared: 0, 10, 20, 30, 40, 50, 60, 70, 80, 90 and 

100% deep water with and without 1. 7 µM EDT A addition. 

The cultures were inoculated with 14C-sodium bicarbonate (100 µCi) on day zero and incubated 

at 24°C under a bank of eight 40-W Vita-Lite fluorescent lamps, which provided a light level 

of about 100 µ Einst m-2s-1 inside the culture vessels with a 12 hr : 12 hr light-dark cycle. 

Subsamples were taken daily at the beginning of light period after bottles were shaken gently 

to resuspend all cells. This procedure prevented excess loss of 14C02 by air-bubbling. The 

growth of the cultures was monitord daily by measuring the changes in either total chlorophyll 

a collected on GF /F filters or the size fractionated concentrations collected successively on 

10-µm, 3-µm, and 0. 4-µm Nuclepore filters. Subsamples for inorganic nutrients were taken 

daily. 

During the lag phase of growth protein synthesis was determined in the cultures growing 

in 25% deep water media using the 14C02 incorporation technique described by DITULLIO & 

LAWS (1983). Subsamples for particulate fractionation of 14C02 were subsequently collected on 

duplicate GF /F glass fiber filters. Total 14C02 activity in the incubation bottles was deter

mined daily from duplicate 1 ml samples of medium in 0. 5 ml of 2-methoxyethylamine : H 20 

(1 : 1 ). 

Grazing experiment by herbivorous copepods: Grazing experiments were performed with 

cultures which showed no further growth. Zooplankton were collected with a net (35 µm mesh) 

2 km outside of Kaneohe Bay. Vertical tows lasting 10 seconds were made from 10 m to the 

surface. Several tows were made to collect enough zooplankton organisms. The zooplankton 

were placed in a dark room with a spotlight on one side of the container. Zooplankton which 

showed phototaxis were pipetted and the species of interest were carefully pipetted through a 

series of filtered seawater rinses and then placed in experimental bottles (125 ml). A subsample 

of copepods was placed on precombusted GF /C glass fiber filters for CHN analysis. Incubation 

bottles without zooplankton were prepared as controls. Both experimental and control bottles 

were placed on a plankton wheel to keep phytoplankton cells is suspension. At the end of a 

24-hr incubation, copepods were collected with a 35 µm screen, and identified and counted. 

Finally subsamples were taken for analysis of the size distribution of particles. Grazing rates 

(copepod-1d-1) were calculated from the difference in the total volumes of phytoplankton cells 

between the control and the experimental bottles. 

Analysis: Concentrations of nitrate plus nitrite, phosphate, and silicate were determined 

with an Autoanalyzer on water samples filtered through Whatman GF /F glass fiber filters. 

Samples for particulate organic carbon and nitrogen analyses were collected on GF /F filters 

precombusted for 6 hours at 500°C to remove any contaminating carbon and nitrogen. The 

samples on the filters were analyzed on a Hewlett Packard Model 185B CHN elemental analyzer. 

Samples for chlorophyll a and phaeopigments analyses were collected on either GF /F filters or 
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Nuclepore :filters and analyzed on a Turner Fluorometer (HOLM-HANSEN et al. 1965). Species 

abundance and composition were determined using a Zeiss inverted microscope Model IM35 

with a formalin-preserved sample. It was impossible to identify the species of non-tintinnid 

ciliates in a formalin-preserved sample, however the numbers of those groups were counted. 

Size distributions of particles were determined with a Coulter Counter Model T-II. 

Growth rate data were subjected to a two-way (percent deep water and EI;T A concentra

tion) analysis of variance (ANOV A) using the SAS statistical package (HELWIG & COUNCIL 

1979). Growth rates calculated from chlorophyll a changes on successive days during log-phase 

growth were treated as the replicate measurements for each combination of EDTA concentra

tion (1. 7 µM, TERRY & CAPERON 1982b) and percent deep water. The significance of treat

ment effects on lag time and yield were determined by an analysis of covariance (ANCOVR) 

as described by SOKAL & ROHLF (1969). Percent deep water was treated as the independent 

variable, and EDT A concentration as the treatment. 

Results 

Lag-periods of growth: The initial concentration of phytoplankton chlorophyll was about 

0. 01 mg Chl a m-3 for all three experiments. A lag-period of growth was observed at all levels 

of mixing (Fig. 1). In order to quantify the lag-period, lag time was estimated as the x

intercept of a linear regression of log (x/ x 0 ) on time for the period of exponential growth, 

where xo was the initial population size and x was the population size at a subsequent time. 

An ANCOVR revealed a significant (p=O. 005) difference in the relationship between lag time 

and percent deep water in the treatments with and without added EDT A. When EDT A was 
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Fig. 1. Growth lag in natural assemblages of phytoplankton in response 
to mixtures of deep and surface waters in the absence (open symbols) 
and in the presence (filled symbols) of 1. 7 µM EDT A. 

Circles: Exp. 1 started on January 16, 1984, squares: Exp. 2 started 
on March 13, 1984, triangles: Exp. 3 started on April 15, 1984. 
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Fig. 2. Relative distribution of four photosynthetic products during lag and early part of log 
phase. INT and POLY indicate intermediate compounds and polysaccharide, respectively. 
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added, there was no significant correlation between lag time and percent deep water (r2 = 0. 004), 

and the mean lag time was 2. 9±0. 11 days (95% confidence limits). With no added EDTA 

there was a significant (p=O. 01) positive correlation between lag time and percent deep 

water (r2=0. 58). Lag times without added EDT A ranged from 4. 7 days at 30% deep water 

to 8. 0 days at 90% deep water. 

Carbon partitioning during the lag-period: 14C02 was rapidly incorporated into particulate 

matter during the first day of the lag phase, but from the end of day one until the beginning 

of log phase growth, there was no statistically significant increase in the activity of the cells. 

Changes in the distribution of 14C activity within the cells during the lag phase therefore ap

peared to largely reflect transformations of previously fixed carbon rather than net uptake of 
14C02. Figure 2 shows the distribution of 14C among the four major polymers; lipids, inter

mediate compounds, polysaccharides, and proteins. The protein fraction in the absence of EDTA 

increased from 21 % to 50 % for the first three days and then slowly declined to the 35-40 % 

range during the second half of the lag period. When EDTA was added, the protein fraction 

increased from 25 % to 43 % during the first day and then stayed more-or-less constant for the 

second half of the lag-phase and the first half of the exponential growth period. The average 

protein percentage for this period was 46±4 %, which was not significantly different (t-test, 

p<O. 05) from the control without EDTA (41±5 %) during the same time period. During 

the first sharp increase of the protein fracion for both experiments, there was a decrease in the 

percentage of carbon incorporated into both lipids and intermediates, which as previously noted 

reflected in large part a transformation of stored carbon instead of actual 14C02 incorporation into 

protein. 

Growth rates: A two-way ANOV A on the growth rate data (Fig. 3) revealed significant 

effects both from added EDT A (p = 0. 009), and a significant interaction between the effects of 
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Fig. 3. A: Ratio of maximum growth rate with 
EDT A to one without EDT A. Broken line 
indicates that both rates are identical. 
B : Maximum growth rate of natural assem
blages of phytoplankton in response to mix
tures of deep and surface waters in the 
absence (open symbols) and in the presence 
(filled symbols) of 1. 7 µM EDT A. 
Circles: Exp. 1 started on January 16, 1984, 
squares: Exp. 2 started on March 13, 1984, 
triangles: Exp. 3 started onl April 15, 1984. 
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Fig. 4. A: Ratio of maximum growth rate with 
EDT A to one without EDT A. Broken line 
indicates that both rates are identical. 
B : Maximum growth rate of three size groups 
of phytoplankton in the absence (open 
symbols) and in the presence (filled symbols) 
of 1.7 µM EDTA. 
Squares: Exp. 2, 25% deep water and 75 % 
surface water, triangles: Exp. 3, 75 % deep 
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added EDTA and the percentage of deep water (p=O. 01). From an examination of Fig. 3, 

it is obvious that this interaction reflects the fact that growth rate and % deep water were 

positively correlated in the absence of EDTA, and negatively correlated in the presence of EDTA. 

A one-way ANOV A perforomed on the growth rates with EDT A and without EDT A separately 

revealed a significant treatment effect from deep water in both cases (p=O. 001). In the case 

of no EDTA, a Duncan's multiple range test (DMRT) separated the growth rates into two 

distinct groups, one group consisting of all growth rates in media containing 75 % or less deep 

water, the second of all growth rates in media containing 80 % or more deep water. Within 

each of these two groups, there were no significant differences between growth rates. In the 
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case of added EDTA, a DMRT again separated the growth rates into basically two groups of 

mutually similar values. Growth rates in media containing 70 % or .more deep water constituted 

one group, and growth rates in water containing either 0-50 % or 10-60 % deep water consti

tuted the other major group. In summary, in media containing approximately 0-70 % deep 

water with EDT A stimulated growth rates, while in media containing more than approximately 

70 % deep water with EDT A depressed growth rates relative to controls with no EDT A. 

Cell size and growth rates: Figure 4 shows the exponential phase growth rates for three 

cell size groups. A two-way ANOV A revealed a significant effect of EDT A on growth rate 

in the 25 % deep water cultures (p = 0. 03) but no significant effect of EDT A in the 75 % 
deep water cultures (p=O. 36). Cell size had no significant effect on growth rate in both cases 

(p>O. 05). 

Maximum yields: Maximum yields were reported as the highest chlorophyll a reading 

observed. The log phase growth rates were positively correlated with the degree of mixing 

with deep water in the absence of EDTA (Fig. 3), and all cultures reached their maximum 

density within 13 to 16 days. There was a significant linear relationship between the percentage 

of deep water (x) and the time required to reach the maximum density (y) for the cultures 

with EDTA. The fitted equation was y=6. 9+0.068x and the correlation coefficient was 0.92. 

Addition of EDTA shortened the time required to reach the maximum density by as much as 

one week, especially at the lower percentages of deep water, 

The yields for the cultures both with and without EDT A followed a similar pattern as a 

function of % deep water (Fig. SB). An ANCOVR on the data revealed no significant dif

ference (p >O. 1) in either the slopes or elevations of the regression lines fit to the data with 

and without EDTA. 

Nutrient concentrations decreased w~th the growth of the cultures and were exhausted at 

the cessation of growth. The initital concentrations of nitrate plus nitrite are shown in Fig. 5. 

These concentrations were linearly related to the % deep warer, and were directly proportional 

to the yields. Every one micromolar of nitrate plus nitrie was associated with a yield of 2.22 

±0. 39 mg Chl a m- 3 (95 % confidence limits). 

Size distribution and growth: The size distribution of chlorophyll a showed a distinct 

response to the degree of mixing and to EDTA addition (Fig. 6). Since the abundance of 

flagellated and ciliated protists were low and did not change according to the growth of 

phytoplankton, their grazing impact on the size distribution of phytoplankton in the present 

study was assumed minimal. In a medium consisting of 75 % surface water and 25 % deep 

water (Fig. 6A) the 10-35 µm size fraction increased from 6 % to 75 % during the lag-phase. 

The 3-10 µm size fraction increased throughout the exponential phase in the medium with 

EDT A, and during the first half of the exponential phase in the medium with the EDT A. 

The 10-35 µm fraction increased to over 50 % by the end of the exponential phase in the me

dium with EDT A. Consequently, the 10-35 µm size fraction accounted for over 50 % and 

about 7 % of the chlorophyll a by the end of exponential phase in the media with and 

without EDTA, respectively. The 0. 4-3 µm size fraction declined during the course of the 
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Fig. 5. A: Ratio of maximum yield with EDTA to one without EDTA. Broken line indi
cates that both yields are identical. 

B : Maximum yield of natural assemblages of phytoplankton measured by chloro
phyll a and initial concentration of nitrate plus nitrite in the absence (open 
hexagon) and in the presence (filled hexagoh) of 1. 7 µM EDT A in response to 
mixtures of deep and surface waters in the absence (open symbols) and in the 
presence (filled symbols) of EDTA. The nitrate plus nitrite concentrations for 
0% deep water was less than 0.1 µM. 
Circles: Exp. 1 started on January 16, 1984, squares: Exp. 2 started 
on March 13, 1984, triangles: Exp. 3 started on April 15, 1984. 

incubations and showed little response to EDTA addition. 

When surface water was mixed with deep water at a ratio of 1: 3 (Fig. 6B), several note

worthy differences in the size distribution of the phytoplankton were noted. The first was a 

significant enhancement of the 0. 4-3 µm size fraction due to EDTA. More than a 100 % in

crease was observed for the culture with EDTA (24. 1±8. 1 %) compared to the culture without 

EDTA (9. 9±2. 2 %) during the exponential phase (Table 2). The second was the behavior 

of the 3-10 µm and 10-35 µm size fractions during exponential phase. Figure 6B clearly shows 

that the 3-10 µm fraction decreased and the 10-35 µm fraction increased during the exponential 
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A: Exp. 2, started on March 13, 1984, with the mixture of 25 % deep water and 75 % 
surface water, B: Exp. 3, started on April 15, 1984, with the mixture of 75 % deep 
water and 25 % surface water. 

phase, in direct contrast to the results in Fig. 6A. 
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The general size distribution of 14C02 uptake was similar to that of chlorophyll a (Fig. 7). 

The most striking characteristic differences between the 25 % and 75 % deep water mixtures 

were (1) the 3-10 µm and 10-35 µm fractions decreased and increased respectively in the ex

ponential phase at 25 % deep water and increased and decreased respectively in the exponential 

phase at 75 % deep water, (2) the 3-10 µm fraction was dominant in the stationary phase at 

25 % deep water while the 10-35 µm size fraction was the most abundant in the stationary 

phase at 75 % deep water, and (3) the response of the 0. 4-3 µm fraction was similar in all 

treatments. 

Grazing experiments: Figure 8 shows one of the results of the grazing experiments. 
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TABLE 2. RELATIVE SIZE DISTRIBUTION OF NATURAL ASSEMBLAGES OF PHYTOPLANKTON 

MEASURED BY CHLOROPHYLL a IN THE MIXTURES OF 25 % DEEP WATER AND 75 % 
SURFACE WATER (EXP. 2) AND 75 % DEEP WATER AND 25 % SURFACE WATER (EXP. 

3) IN THE ABSENCE (A) AND IN THE PRESENCE (P) OF 1. 7 µM EDTA. AVERAGE PER

CENTAGES AND ONE STANDARD DEVIATION WERE CALCULATED FOR LAG-PHASE, 

EXPONENTIAL PHASE AND STATIONARY PHASE OF GROWTH. 

Experiment 2 
(size range) 

Experiment 3 
(size range) 

EDTA 
Treatment 0. 4-3 µm 3-10 µm 10-35 µm 0. 4-3 µm 3-10 µm 10-35 µm 

A 
p 

PIA 

A 
p 

PIA 

A 
p 

PIA 

18.1±6. 9 
17. 7±7. 4 

0.98 

6. 9±31 
7.3±4.2 

1.1 

9. 3±4. 6 
9. 3±2. 9 

1. 0 

43. 0±16. 4 
47.1±19. 6 

1.1 

47. 3±22. 6 
40. 8±20. 2 

0.86 

83. 5± 4. 5 
41. 3± 8. 0 

0.49 

Lag-phase 

38. 9±22. 3 
35.2±26. 2 

0.91 

10. 5±8. 5 
20. 9±9. 6 

2.0 

Exponential phase 

45. 9±24. 5 9. 9±2. 2 
52. 0±23. 6 24.1±8.1 

1.1 2.4 

Stationary phase 

7. 2±2. 2 2. 2±0. 5 
49. 5±9. 6 

6.9 
4. 5±1. 3 

2.1 

79. 9±12. 9 
69. 7±15. 9 

0.89 

36. 3±13. 2 
49. 3± 6. 8 

1. 4 

6. 0±1. 6 
17.3±8.3 

2.9 

8. 5± 9. 7 

9. 5± 9. 6 
1.1 

56. 3±17. 4 
26. 5±11. 7 

0.47 

91.7± 1.8 
78.2± 7.6 

0.85 

The control bottles at the beginning and the end of the experiment did not show any signifi

cant difference in their particle distributions, which were dominated with a peak at 8-10 µm 

particles. This result is consistent with the fact that the grazing experiment was performed 

with stationary phase cultures. The experimental bottle showed a decrease in this peak and a 

slight increase of particles smaller than 6. 35 µm in diamenter. Microscopic observation reveal

ed that broken pieces of diatoms due to "sloppy feeding" by copepods accounted for the in

crease in small particles. Grazing rates were calculated from the difference in the total vol

umes between the control and experimental flasks. The contribuion from the increase in parti

cles smaller than 6. 35 µm was insignificant compared to the difference in total volumes. 

The grazing rate observed in the present study ranged from 0. 19 to 83 µgC copepod-1d-1 

with a range of particle concentrations from 0. 26 to 14 ppm by volume (Table 3). The daily 

ration of carbon, expressed as percentage of the body carbon, was higher than 160 % for small 

copepods such as Acrocalanus while it was around 80 % for large copepods such as Acartia 

and Undinula. 

Discussion 
The pool of dissolved organic compounds in surface water serves as a reservoir of the organic 

nutrients required by many phytoplankton species (DROOP 1962), and also contains chelating 

agents which interact with metal ions (BARBER 1973). These facts may explain the positive 

relationship between % deep water and lag time when surface water is mixed with deep water 
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TABLE 3. GRAZING RATES AND BODY CARBON OF SOME ZOOPLANKTON FROM THE 

MOUTH OF KANEOHE BAY, OAHU, HAWAII AND CONCENTRATIONS OF PARTICLES AT 

THE BEGINNING OF EXPERIMENTS. NA INDICATES THAT MEASUREMENTS ARE NOT 

AVAILABLE. 

Bod weight % deep water Particle Grazing rate Daily 
Species (µgC of experi- Concentration (µg c ration 

copepod- 1) mental water (ppm) copepod-1 d-1) (%) 

Mixed NA 20 0.74 0.24 
Acrocalanus 0.88 40 2.7 1. 6 182 
Mixed 2.5 40 2.7 4.1 164 
Mixed NA 0 0.26 0.22 
Mixed NA 10 0.43 0.19 
Acartia 76 100 14 58 76 
Undinula 104 60 7.4 83 80 

and inoculated with a small size of phytoplankton biomass. It is reasonable to assume that the 

more surface water, the more natural chelating agents in the culture, since the pool size of 

dissolved organic compounds in the deep water is small (BARBER 1973) but the total metal 

concentration is high. This hypothesis is supported by one of two experiments conducted by 

TERRY & CAPERON (1982b) (The second experiment did not provide convincing results due to 

a lack of data at lower mixing percentages with deep water). The results of the present study 

indicate a positi.ve and statistically significant relationship between % deep water and lag period 

(Fig. 1) without EDT A. 

Perhaps the most surprising aspect of our results is the fact that addition of EDT A reduc

ed lag time by almost a factor of two or more in both surface water and deep water. If the 

mechanism responsible for reducing lag time is lowering of otherwise toxic free metal concent

ration through chelation, then the implication of the results in Fig. 1 is that the effect of the 

metals was only about 50 % geater in deep water than in surface water. This conclusion 

seems improbable when one considers reported differences in total dissolved metal concentra

tions between surface waters and deep water (BARBER 1973). However, the bioavaiability of 

these metals, which is highly dependent on the free metal ion activity rather than on the total 

metal concentration, may not correlate closely total metal concentrations when surface water 

and deep water are compared. What does seem clear is that some factor or factors associated 

with both surface and deep water increased the lag time of inocula relative to cultures to 

which EDTA had been added, and that the combined effect of these factors was to increase 

lag time by about 50 % in deep water versus surface water and by about 60 % in surface 

water versus surface water with 1. 7 µM EDT A. Results similar to ours were obtained 

by TERRY & CAPERON (1982b) with natural assemblages of open ocean phytoplankton, while 

BARBER et al. (1971) and SUNDA et al. (1981) described~much shorter lag-times with natural 

assemblages of coastal phytoplankton. The average lag-time obtained from the present study 

with EDTA (2.9±0.l days) is longer than those reported by TERRY & CAPERON (1982b), in 

which all estimates were less than 2 days, although both experiments involved the same 

amount of EDTA (1. 7 µM). The difference in results may reflect the use of continuous light 
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by TERRY & CAPERON (1982b) versus the 12: 12 L: D cycle employed in the present study. 

JACKSON & MORGAN (1978) suggested chelation as a mechanism which both increased 

the availability of essential metal ions such as iron, and decreased the activity of essential, but 

potentially toxic, metals such as copper. Metal ions play a prominent role in biochemical 

processes in phytoplankton cells due to their incorporation into large molecules such as metal 

ion-protein complexes. Metal ions are either an integral part of protein molecules or stabilize 

a particular conformation of the protein moiety. Most trace metals have a function in an en

zyme or in an active group in an enzyme. Therefore, it is likely that positive trace metal ef

fects on phytoplankton growth will be associated with changes in the pattern of protein syn

thesis at the intracellular level. 

In 25 % deep water, both control culture and the culture with EDTA had adjusted 

their composition to 45-50 % protein by late lag phese (Fig. 2). Although the increase in 

percent protein occurred more rapidly in the culture with EDT A, both cultures had achieved 

essentially the same compositional characteristics at least several days before the onset of 

exponential growth. The principal difference between the control and EDT A cultures was the 

fact that in the control cultures the percent protein declined to the 35-40 % range during ex

ponential growth, while in the EDTA cultures the percent protein remained at 45-50 %. 

The percentage of 14C allocated to protein is directly correlated with growth rate in N-limited 

phytoplankton populations (DITULLIO & LAWS 1983, 1986), and the difference in % protein 

content is therfore consistent with the observed estimates of growth rates (Fig. 3). However, 

it is impossible to tell from these data whether the addition of EDTA directly facilitated pro

tein synthesis, or whether addition of -EDTA stimulated the growth rate of the cells by some 

other mechanism, and the increased protein content of the cells simply reflects that increase in 

growth rate. 

A perhaps more revealing picture of the effects of deep water and EDT A on phyto

plan!{ton growth can be discerned from Fig. 3. We had anticipated that deep water would 

prove inhibitory to the cells due to its high concentration of metals, and that addition of EDTA 

would reduce or eliminate this toxicity. However, the results are not consistent with this 

assumption. In fact, EDTA stimulated growth rates only in media containing roughly 30% or 

more surface water, and actually depressed growth rates in media with a high percentage of 

deep water. Is there a logical explanation for these results? 

The stimulation of growth rates by EDTA in media containing 30 % or more surface water 

is not difficult to rationalize. Iron is quantitatively the most important trace metal for phyto

plankton, and manganese ranks second only to in terms of total cellular concentration 

(HUNTSMAN & SUNDA 1980). Iron has sometimes been implicated as limiting to phytoplank

ton growth in ocean surface waters (MENZEL & RYTHER 1961), and although the concentra

tions of both metals are higher in deep water, there is experimental evidence that even deep 

sea water may be deficient in manganese (HUNTSMAN & SUNDA 1980). According to HUNTS

MAN & SUNDA (1980) addition of chelators such as EDT A may actually increase the availa

bility of iron and possibly manganes·e by catalyzing reduction to more biologically available 
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oxidation states. Thus the growth rate response of the phytoplankton in media containing 

30 % or more surface water may reflect increased biological availability of iron and perhaps 

manganese in the presence of EDT A. 

The results in media containing 80 % or more deep water are more difficult to explain. 

First, since growth rates were as high without EDT A as in the media with 30 % or more 

surface water plus EDTA (Fig. 3), it is apparent that the deep water was neither toxic nor 

lacking in any essential nutrient. The fact that addition of EDT A depressed growth rates at 

~70 % deep water suggests that the concentration of one or more essential nutrients was de

creased, or that the concentration of one or more toxicants was increased. The most likely 

toxic substance in deep water, copper, would decrease rather than increase in terms of bio

availability in response to EDTA addition. Iron and manganese, the bioavailability of which 

might both be increased by EDT A addition, are present in deep water at concentrations far 

below known toxic levels. Iron for example is present at about 45ng1-1 (GORDON et al. 1982). 

EPA criteria indicate that iron concentrations less than 50, OOOngl-1 present minimal risk of 

deleterious effects (EPA 1972). One possible explanation for the deep water results is that 

addition of EDTA may have reduced the concentration of a substance which itself depresses 

the toxicity of a toxicant. For example, zinc has been shown to relieve copper inhibition of 

growth in Phaeodactylum tricornutum (BRAEK et al. 1976). Thus a reduction in the bio

availability of zinc could enhance the toxicity of copper, even though some of the copper had 

been chelated by EDT A. Trace organic substances such as vitamins would seem to be likely 

limiting factors in deep water, but there is no reason to believe that EDT A would decrease 

the concentration of such substances. Cobalt however has been reported by KNAUER et al. 
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(1982) to be present at a concentration of only 2ngl-1 in deep water versus 7ngl-1 in sur

face water. It is therefore conceivable that a reduction in the bioavailability of cobalt due to 

EDT A addition was at least partly responsible for the depressed growth rates in the deep water 

media containing EDT A. Incidentally, the results of the size fractionation study indicate that 

whatever the mechanisms for the effect of EDTA on growth rates may be, the effect is at 

least qualitatively similar for all size fractions of phytoplankton (Fig. 4). 

A question naturally arises as to whether the grazing rates reported here with phyto

plankton assemblages enhanced by the OTEC deep water are similar to those which would be 

observed with natural populations of zooplankton and phytoplankton. Although few studies 

have been made on the grazing rates of tropical zooplankton, a comparison with data reported 

by GERBER & GERBER (1979) supports the conclusion that the grazing rates observed in the 

present study are similar to those obtained under natural environmental conditions (Fig. 9) 

It is however questionable whether deep-water enhanced phytoplankton assemblages can be 

easily grazed by open ocean zooplankton, especially microzooplankton such as tintinnids or 

protozoa, because the size distribution of deep-water enhanced phytoplankton may be signifi

cantly shifted toward larger cells (Fig. 6B). While the present study showed that even small 

copepods such as Acrocalanus (0. 88 µg C copepod-1) could graze the deep-water enhanced phyto

plankton, it is problematic whether the same relationship between body carbon and grazing 

rate would be maintained for the size range of non-copepod microzooplankton or for the smaller 

size range of tintinnids and protozoa if they were to feed on deep-water enhanced phytoplankton 

assemblages (Fig. 9). Since cells less than 10 µm in size were less abundant relative to larger 

cell size, in our deep-water cultures (Fig. 6B) and food size is a critical parameter determining 

grazing rates of tintinnids (CAPRIULO 1982) and protozoa (FENCHEL 1980a), the change in 

phytoplankton size distribution would be expected to affect the grazing rates of the smaller 

zooplankton, especially the microplankton smaller than 0. 1 µg body carbon. Most tintinnids 

and protozoa are smaller than 0. 1 µg body carbon and prefer food particles less than 10 µm in 

diameter (CAPRIULO & CARPENTER 1983, FENCHEL 1980b). 

Conclusions 

From an economic standpoint, the Hawaii islands are located in one of the best areas for the 

production of electricity by OTEC. Hawaiian water typically has a mixed layer depth of 130 m 

in winter and 50m in summer (HIROTA et al. 1984). When the waste water from the OTEC 

operation is discharged in this surface mixed layer, the present study confirms the following 

predictions by TERRY and CAPERON (1982b). The waste water will produce water masses 

with depressed productivity in the proximity of the source due to lower temperatures than the 

ambient water and a week long lag-time in phytoplankton growth. The waste water will 

substantially enhance productivity downstream. The level of enhancement will depend on the 

degree of mixing with deep water and horizontal advection of water. However, if the degree 

of dilution by surrounding waters is less than roughly a factor of 2, 000, then the enhancement 

in phytoplankton biomass will be substantial. This conclusion follows from the fact that every 



140 

one micromole of nitrate leads to the production of about 2. 2 µg of chlorophyll a. Hence the 

concentration of chlorophyll a produced in undiluted wastewater would be about 98 mg m-3 

(Table 1). This figure compares to ambient concentrations of only 0. 05 mg m-3 • The fact 

that a typical biomass of microzooplankton in Hawaiian waters is 0. 5 mg Cm-a, suggests that 

their grazing rate could consume lOOmgCm-2 d-1 assuming thai the average body carbon is 

lµgC organism-1, the average feeding rate is 2µgC organism-1 d-1, and the depth of surface 

mixed layer is 100 m. This calculation suggests that the ingestion rate of microzooplankton is 

comparable to primary paoduction in the surface mixed layer (average 165mgCm-2 d-1, BIEN

FANG et al. 1984). It is obvioqs that the ecosystem of Hawaiian oligotrophic water has been 

balanced with the present daily primary production and the ingestion rates of microzooplankton. 

It is likely that an OTEC operation would perturb this balanced ecosystem as long as the 

discharge water remains within the euphotic zone. 
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