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I. Scope of the Research of the Past Three Years 

Abstract 

There are three distinct but not mutually exclusive areas of research in 

this contract, studies of intrusions of the west wall of the Gulf Stream onto 

the outer continental shelf, studies of the f l u  of materials across near- 

shore density fronts, and advances in our understanding of the planktonic food 

web of the continental shelf. Our studies of frontal events on the outer and 

inner continental shelf involve distinctive physical and chemical regimes and 

have proven to require distinctive biological approaches. The studies of the 

food web run through our work on both of the frontal regimes, but certain 

aspects have become subjects in their own right. We have developed a simula- 

tion model of the flux of energy through the continental shelf food web which 

we believe to be more realistic than previous ones of its type. It represents 

realistically both details of the energy transfers within the plankton commu- 

nity and the termanal production of fishes. We have examined several of the 

many roles of dissolved organic compounds in sea water which originate either 

from release by phytoplankton, digestive processes or metabolites of zoo- 

plankton, or extracellular digestion of microorganisms. We have found that 

the uptake of dissolved materials, in this instance represented by dissolved 

adenosine triphosphate, is nearly proportional to bacterial biomass, and that 

free-living minibacteria and large bacteria attached to particles are equally 

active in scavenging that material from the water. Many naturally occurring 

dissolved organic compounds are chelators of heavy metals, and it has been 

realized for some time that much of the total metal content of sea water is in 

a chelated form. This would have a significant effect on the toxicity of 

metals to plankton. Methods have been developed under this contract to 

measure both the chelating capacity of naturally occurring organic materials 

and the copper concentration in the water. Using these methods in conjunction 

with the Schindler modification of the 14c method of measuring photosynthesis, 

it has been possible to characterize the effects, both toxic and stimulatory, 

of copper on photosynthesis of naturally occurring phytoplankton populations. 

Our understanding of biological, as well as physical and chemical, events 

on the outer continental shelf is now on a firm basis. Thanks to our know- 

ledge of the physical forcing of the regime by the west wall of the Gulf 



Stream, it is possible to characterize in considerable detail the course of 

hiological events associated with meanders of the Gulf Stream. Although there 

are a number of variations on the theme, the general course of events is a 

predictable one. We are now in a position to explain the limits to biological 

productivity of the outer' continental shelf of the southeastern U.S. and the 

reasons why that biological production moves through the food web in the 

chacacleristic wag that it does. 

1. Cooperative Studica sf Culf 3 t ~ e a 1 1 1  IuLrusians 

1.1 The Research Program 

During the past three years we have participated in six cooperative 

studies of intrusions of nutrient-rich water from the cold wall of the Gulf 

Stream over the outer continental shelf off Georgia and northern Florida. On 

four of thc3c uceasians the scientific party included physical oceanographic 

contractors as well as other biological DOE contractors and ourselves. This 

cooperative work between physical and biological oceanographers has contrib- 

uted significantly to the success of the biological research program. We have 

been able to find the physical events we are seeking with minimal loss of 

valuable ship time. The use of infrared imagery from weather satellites, 

processed and relayed from Miami (RSMAS), was particularly helpful not only in 

determining the position of the Gulf Stream but in finding intrusions from the 

west wall of it, so the ship could be positioned in advance of a northward- 

moving eddy. This permitted us on several occasions to obtain daily observa- 

tions of the succession of planktonic populations as an intrusion event arriv- 

ed and was subsequently drawn back over the shelf break. We have, of course, 

learned the basic pattern of events from the physical oceanographers, and on 

EASTWARD cruise ElB-79 we were readily able to locate and follow an intrusion 

off Jacksonville, Florida without the participation of physical oceanogra- 

phers. 

1.2 The Physical Regime 

While the detailed information on physical processes on the outer conti- 

nental shelf of the southeast will be found in the reports to DOE by Atkinson, 

Blanton, Lee, and Peitrafesa, we present here an outline of the general 

features of the system which are important to an understanding of biological 

processes on the outer shelf. 



Meanders of the Gulf Stream appear to be perturbations of the Rossby wave 

type generated downstream of topographic features, such as Cape Canaveral or 

the so-called Charleston bump (Atkinson 1977; Blanton et al. 1981; Lee and 

Brooks 1979). Because of this relationship to fixed physical features, the 

intensity and frequency of intrusions varies along the coast, with a region of 

high frequency of intrusion events off St. Augustine and Jacksonville, Flor- 

ida, and in Onslow Bay in North Carolina. The Georgia shelf io a region of 

comparatively low activity, although many events take the form of moving 

eddies which sweep up the shelf break through both Florida and Georgia. The 

period of Gulf Stream meanders is 5-10 days (Blanton et al. 1981), and 

complete cycles of intrusion and relaxation occur in the active areas at about 

that rate. South winds during an intrusion may have an Ekman effect, causing 

the intruded water to remain on the shelf. It is not unusual in summer, when 

3' consistent, brisk southerly winds occur, to observe one intrusion move in 

under a former one, and even a third move in under the others. Cold water 

stranded on the continental shelf may remain for a week or more as a distinct 

water body, isolated by density differences from the water above it and around 

it. Such bodies of nutrient-rich water are the sites of phytoplankton and 

zooplankton blooms, because they are a persistent source of nutrients (Atkin- 

, son et al. 1978). Intrusions which do not strand on the shelf will be drawn 
* .  .:' back over the shelf break into deep slope water after two or three days, just 

as a phytoplankton and bacterial bloom is well established. Intrusions are 
I major source of new nitrogen for phytoplankton production on the southeastern 

continental shelf (Dunstan and Atkinson 1977). Their effect is by far the 

greatest off northern Florida and in Onslow Bay, particularly during summer 

(Blanton et al. 1981). Their impact on shelf water off Georgia is substanti- 

ally less. While frontal intrusions anh related frontal processes are wide- 

spread (Savidge and Foster 1978; Pingree et al. 1979; Floodgate et al. 1981), 

these take a unique form on the southeastern continental shelf because of the 

proximity of the west wall of the Gulf Stream to the shelf break. It is 

curious that the positive effect on productivity of intrusions of the west 

wall is nearly nullified by the relaxations which follow closely, before 

secondary production of plankton larger than bacteria can occur. The norther- 

ly and westerly regional wind fields, which predominate except in summer, tend 

to reenforce the loss of intruded water rather than its retention. This is in 

F contrast to the typical regime of coastal upwellings in which edge waves 



interact positively with the regional wind field to induce upwelling of 

nutrient-rich water to the surface, where it remains, dllowing primary and 

secondary biological production processes to go to completion. 

3 
1.3. The Planktonic Community 

Because of their short generation times, microbial populations respond to 

even Sbe most trnnsitovy inGru3ioas ok auirient-rich water over the contiental 

shelf. Ao this water enters the zone of >1% of surface solar illumination, a 

bloom of phytoplankton begisas to r l ~ v ~ 1 , o p .  The initial bluuu organisms are 

small, one of those repeatedly found being ~halassiosira subtilis (J. Yoder, 

pers. comm.), a 5 Vrn diatom. This is accompanied by blooms of bacteria, 

although these are not usually congruent in space. The greatest bacterial 

densities are typically above or toward the land with respect to the center of 

the bloom of phytoplankton. It is not clear what' causes this ph.ysica1 separa- 

tion of the bacterial and phyt.oplankton blooms but it has also been observed 
in the Irish Sea by Floodgate et al. (1981). In the case of Gulf Stream 

intrusionc, the blooms uf bacteria are not in the intrusion itself but in the 

old shelf water adjacent to it. There is, of course, some diffusion of water 

between the intrusion and the old shelf water as a result of the combined 

action of internal waves running on the top of the intruded water, tidal 

currents on the continental shelf, and eddy diffusion and, perhaps more signi- 

ficant, there is migration of zooplankton. Bacterial numbers, or bacterial 

adenylat~s a s  shown by A/C>10 (Campbell er  al. 1979) are a very good indicator 
of short-term secondary production. 

Bacteria of the shelf waters are composed of two m~rpholagically distinct 

groups, the large (>1 pm) bacteria usually associated with particulate organic 

material, and the minibacteria ((0.5' pm), originally described by Watson et 

al. (1977), which are free in the water. The latter may be seen doubling but 

never form colonies in the water. The former often form colonies on seston 

particles. There are lo5 minibacteria/ml in continental shelf water. The 
6 number may reach 10 /ml in blooms associated with intrusions. Minibacteria 

are more abundant than large, attached bacteria by about two orders of magi- 

tude, but because of their small size they constitute only about half of the 

bacterial biomass, and probably they are responsible for half of the produc- 

tion of new bacterial biomass (Hodson et al. 1981). 



What is surprising is that free and attached bacteria vary in numbers 

together, and in fact both vary synchronously with populations of flocculent 

organic seston. The greatest population densities of chroococcoid cyanobac- 

teria (Johnson and Sieburth 1979; Waterbury et al. 1979) also are associated 

with dense concentrations of flocculent organic matter. The flocculent organ- 

ic matter is frequently associated with intrusions but is in the water above 

them as well as in the intrusions proper. We have associated some of this 

seston with feces of pelagic tunicates (Pomeroy and Deibel 1980), which are 

also abundant at the interfaces of intrusions with shelf water and above them. 

It is reasonable to suppose that the pelagic tunicates are responding to the 

bloom of bacteria, as well as phytoplankton, by feeding actively and producing 
I 

feces. According to King et al. (1980), pelagic tunicates can be expected to 

derive significant nutrition from bacteria but not to greatly influence the 

total numbers of bacteria in the water. However, the most dense populations 

of tunicates encountered on the outer shelf may even depress bacterial numbers 

(Deibel 1980). While the activity of pelagic tunicates may explain the in- 

crease in both the numbers of flocs and of bacteria, other mechanisms of 

production of flocculent aggregates are known (Johnson and Cooke 1980; Kranck 

and Milligan 1980), it is not clear how they operate in the regime of the 

outer continental shelf to produce distinctive, localized populations of 

flocculent seston. Whatever the mechanism, there is an increase in popu- 

lations of bacteria and flocculent aggregates associated with intrusions of 

nutrient-rich Gulf Stream water. Secondary production in these water bodies 

involves the production of bacterial biomass and probably the production of 

organisms which consume bacteria, such as ciliates and pelagic tunicates. The 

role of the ciliates in consuming bacteria in fecal flocs has been described 

by us elsewhere (Pomeroy and Deibel 1980) 

The picture which emerges from our experience with about ten intrusions 

over the past six years is one of a rapid increase in primary production 
I 

during the first 24 hours with a phytoplankton bloom localized in the intru- 

sion or at the interface between the intrusion and the shelf water above it. 
I Concurrent with this is a bloom of bacteria in the water above or inshore of 

the intrusion. Where these events persist for several days, dense populations 

of pelagic tunicates develop in the water in the vicinity of the thermocline 

between intrusion and shelf water. These are often associated with an in- 

crease in flocculent seston in the water. They are extremely dynamic events 



Table 1. Combined data from cruises E3B-79, FRNFLX I, and BLUE FIN 10-80. 
FREEBAC = free bacteria NO3 = nitrate 
ATTBAC = attached bacteria SAL = salinity 
TBAC = total bacteria CHL-A = chlorophyll a 
PC-ATT = per cent of bacteria attached PHEO-A = pheophytin a 
FLOCFEC = fecal-type floc. aggregates ATP = extracted ATP 
PHYTO = phytoplankton (counted) AXP = extracted total adenylates 
WHYTO = non-viable phytoplankton EC = adenylate energy charge 
CYAN0 = chroococcoid cyanobacteria HPINDEX = heterotrophic-photoauto- 

trophic index (AXP/CHL-A) 
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Tablc, 2. Combined data from cruises FIR-79, FRNFT-X T, and BLUE FIN 10-80. 
Pearson correlat ion coefficients., probabi l i ty ,  and number o f  observations. 
Variables are the same aa i n  Table 1. 
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TahSe 3. Cmbiaed dnt~ fi:iw cruioeu B3B~79, FRNFU I, and 6LUE FIN 10-80. 
Spearman correlation coefficients, probability, and number of observations. 
Variables are the same as Fn Table 1. 
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Table 3, cont+.med. 
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in both space and time. Because water is usually moving laterally along the 

shelf as well as in. and out 'over the shelf break, it is not possible to follow 

events in exactly the same body of water through time. Doing so would require 

three-dimensional mapping on a local scale, and would require more perso~el 

and ship time than we have at our disposal. 

1 . 4 .  Aualysio of Hierobilogical Methods 

On several cruises over the past three years we have done microscopic 

counts of bacteria as w ~ l l  a s  the more rapid biochcl~~ical analyses Which are 

much less costly in processing time. Because there appears to be no perfect 

biochemical indicator of bacterial numbers or biomass at this time, we have 

done a partial correlation analysis of data from three cruises, EASTWARD 

E3B-79, FRNFLX I (GILLISS and BLUE FIN), and BLUE FIN 10-80. These data cover 

the entire width of the continental shelf, from the nearshore front to the 

Gulf Stream (Tab le  1). While this approach is a relarive one, and one which 

says nothing about causation, it gives some indication of the interpretation 

which cau be placed on the biochemical parameters o$fmicrobial abundance that 

we are using. 

Correlation of total bacteria and free bacteria with ATP concentration 

was 0.72, while correlation of total and free bacteria with total adenylates 

was 0.82 (Table 3). Thus, the analysis of total adenylates does offe'r some 

improvement over ATP alone, but perhaps not one that is commensurate with the 

additional costs and processing time involved. 

Chlorophyll has a rather high cortclation (0.60) with both free and total 

bacteria, suggesting that although the peak densities a f  t.he two populstiono, 

pliyLopl.ankron and bacteria, appear to be offset in plots of oceanographic - 
sections, bacteria do occur wherc phytoplailktuu (as Indicated by chlorophyll 

concentration) are most abundant. This is what one would expect. However, it 

unfortunately tends to nullify any attemp to seek correlations of chlorophyll 

with ATP or adenylates, since bacteria and phytoplankton converge in our data- 

set. Therefore, we must continue to fall back on the use of the HP index 

(Campbell et al. 1979) to separate phytoplankton dominance from microbial 

heterotroph dominance in ind'ividual samples. It is also worth noting that the 

distribution of bacteria counts is highly non-random (variance >> mean) while 
that of ATP and adenylates approaches a Poisson distribution. Therefore, some 

of the apparent increased precision offered by microscopic counting c a ~ o t  be 



b realized because of the statistical problems of dealing with a negative bino- 

mial distribution. 

I 1.5 GABEXII 

In August, 1981, two vessesl, R/V CAPE FLORlUA and R/V CAPE HENLOPEN, 

were used simultaneously to follow intrusion processes on the outer conti- 

nental shelt off ndtthern Florida dad Georgia. Thic was a summer nf int-cnse 

intrusion activity, with extensive stranded intrusions on the shelf throughout 

the summer (G.-A PaffedSfer, pers. comm.). Although the data are not fully 

processed, we have found that bacterial populations are an order of magnitude 

larger than usual. This appears to be a response to the sustained high pri- 

mary and secondary production associated with the large stranded intrusions. 

This tends to support the hypothesis that bacteria are substrate-limited and 

relatively less influenced by grazing. If we can indeed show that this is the 

case, then bacteria are useful indicator organisms on the continental shelf, 

responding to changing physical and biological regimes with little influence 

by grazers. We are still processing samples from GABEX 11, and the full 

results will be available at a later time. 

1.6 GABEX I 

" In April, 1980 R/V ISELIN and R/V EASTWARD were used concurrently to 

study mesoscale events on the outer continental shelf between Cape Canaveral 

and Savannah, Georgia. This was supported by overflights of remote-sensing 

aircraft (a NASA U-2 high altitude flight and Coast Guard low-altitude 

flights) and by deployment of an extensive array of current meters by T.N. 

Lee. The two-ship plan gave continuous coverage of the Georgia and Florida 

continental shelf while permitting flexibility to follow intrusion events as 

they occurred. R/V EASTWARD maintained a regular cruise track, repeatedly 

sampling along a series of transects from Savannah to St. Augustine. R/V 

ISELIN began by covering the outer portion of the grid out of phase with the 

EASTWARD, but as the three-week study progressed ISELIN turned to more spe- 

cialized mapping and intrusion hunting. Our program had three persons on 
- 

EASTWARD and one on ISELIN. This was the maximum space available to us. One 

of the inevitable consequences of cooperative studies is the limitation on the 

size of each of the research teams. As a result, we were unable to sample all 

transects continuously as we would have liked. We concentrated on the St. 



Figure 1. GABEX I .  April  11-24, 1979. S t .  Augustine s ec t i on .  Distr ibution of 
8 

chlorophyll  a ( l e f t )  and salinity ( r i gh t ) .  



Figure 2. GABEX I. April 12-24, 1979. St. Augustine section. Distribution of 

total adenylates, micrograms/liter (left) and adenylate energy charge ratio (right). 



Figure 3. GABEX I. April 12-24, 1979. St. Augustine section. 

Total adenylate/chlorophyll a ratio. 



Augustine transect, because experience had shown this to be a region of fre- 

quent intrusions from the west wall of the Gulf Stream. 

April, 1980, proved to be an unusual period of runoff of freshwater £rom 

the coast, with 34 O/oo salinity extending far out across the shelf at times. 

Intrusion activity was weak, without the appearance uf prominent eddies, but 

it was essentially continuous through the period, with some nutrient-rich 

water on. the outer continental shelf much of the time. This is indicated by 

the presence of lenses of 18O water at the bottom on the outer continental 

shelf during most of the period. The development of the phytoplankton bloom 

on the outer continental shelf in April, 1980 was unusually extensive and was 

not limited to ,the immediate vicinity of the intrusions (Figure 1). On 

several occasions the bloom extended toward shore beyond the region of the 
1 

outer shelf that we sampled, and it extended to the surface, or very nearly so 

in some cases. Day-to-day variation along the section was great, as it 

usually is on the outer shelf, because water is moving through the section as 

well as back and forth along it. For example, the absence of bloom conditions 

in the 19 April section should not be taken to indicate that the bloom seen on 

the previous section two days earlier had been dispersed or eaten by zoo- 

plankton. 

The A/C index (Campbell et al. 1979) shows autotrophic dominance of the 

microbial community over most of the shelf waters, including all bloom areas, 

with small patches of heterotrophic dominance outside the bloom areas (Figure 

3). The exception is April 19, when heterotrophic dominance is ubiquitous. 

The extent of autotrophic dominance is in sharp contrast to typical intrusion 

situations uncomplicated by fresh-water runoff. Compare, for example the HP 
index distribution of April 1980 with the of April 20-21. 

1.7 BLUE FIN Cruises, 1980 

Additional sections of the continental shelf off northern Florida and 

Georgia were run on cruises of R/V BLUE FIN. With the possible exception of a 

region of high chlorophyll off Fernanadina, October and December, 1980, no 

Gulf Stream events were present at those times, but the presence of somewhat 

brackish (34 O/oo) coastal water was evident on both occasions. According to 

Blanton's (DO ms.) model, this coastal water is held in place by bouyancy in 

the absence of sufficient tidal and wind stress to mix it with shelf water. 

Further, Blanton postulates that this water tends to move southward along the 



coast, turning offshore across the shelf off Florida. This may be what we see 

in these, as well as some earlier sections of the shelf (cf. Pomeroy et al., 

ms; in this report) off St. Augustine, where there is a consistent bulge in 

chlorophyll, sornethhes associated with enhanced ATP or reduced salinity. 

Probably some other process is at work in the St. Augustine region, in addi- 

tion to the southward movement of coastal water which we do not yet under- 

stand. This i s  a region where the turbid, low-salinity coastal water gene- 

rated off Georgta mixes with clea~, high-salinlty Florida shelf water. This 

mixing may produce conditions favorable for phytoplankton production and 

associated secondary production. In any case this is one of the most rrzn- 

sislent local features we have found. 

1.8 EASTWARD 'Cruise F3B-79 

The EASTWART) cruise of August 7-14, 1879 (Bruuswick, Ga. to Beaufort, 

N.C.) was foci~sed on microbial piucesses in an intrusion off St. Augustine. 

This was a situation in which weak intrusions were coming with a high fre- 

quency. A .  intrusinn which wao loeated iuunediately upon arrival at the shelf 
break off St. Augustine, was already near its maximal advance over the shelf, 

with 15' water at least 20 km west of the shelf break. Nitrate concentrations 

of 5 pg atoms N/1 extended along the bottom to the west of our section A 

midwater chlorophyll maximum above the thermocline or in it remained through- 

out the three days of observation. Counts of bacteria were done on every 

$ample taken on the section for three days. Included in the enumerations were 

free minibacteria, large attachcd bacteria, flocculent aggregates, chroococ- 

coid cyanobacteria, and phytoplankters. Three manuscripts based on .the 
results ul LhiS Cruise are included ds parts of this report (Hodson et al., 

Pomeroy et al., and Jacobsen et al.), and the results are discussed further in 

section 3.2. If one can speak of a typical intrusion, this example approaches 

it, based on our experience to date. Although the bloom of both phytoplankton 

and bacteria was still active when ship scheduling forced us to depart at the 

end of the third day, there was evidence that the intrusion was relaxing, and 

probably the whole thing went over the shelf break on the fourth day. 

1.9 R/V GILLISS cruise, April 19-May 2, 1979 

An intrusion at the shelf break due east of Jacksonville, Florida was 

followed for four days by running daily sections at 30° 20' N as the intrusion 



. . 
. . . . . . _ __. .-- . _ _ . ._. _ _ _  _ .  _ 

Figure 4. BLUE FIN Crufse, October, 1980. Fernandina section. 

From top to bottom: ATP, micrograms/liter; chlorophyll a, 

micrograms/liter; ATP/chlorophyll; free bacteria x lo6/ ml. 
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Figure ' 5 .  BLUE FIN Cruise,. October 1980. St. Andrew~ section. 

From top to bottom: ATP micrograms/liter); chlorophyll a 

(microprams/liter) ; ATP/chlorophyll; free bacteria x lo6/ m l .  
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-.------.--. .. - -  - ... . . A" - 
Figure 7. BLUE FIN Cruise, December, 1980. St. Augustine 

section. From top to bottom: salinity; ATP (micrograms/liter; 

chlorophyll a (micrograms/liter),; A~P/chlorophyll. 
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Figure: 8., BLUE FIN. Cruise;,December- 1980. St. Andrew~ section. 

From top to bottom: salinity; ATP (micrograms/liter); chloro- 

phyll a (micrograms/liter); ATP/chlorophyll. 
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CHL a- 

Figure 10. Results of R/V BLUE FIN cruise, October, 1980. Free bacteria 
5 

are 10 / ml. Chlorophyll a and ATP are micrograms/liter. 



CHL a 

Figure 11. Results of R/V. BLUE FIN cruise, December, 1980. Chlorophyll a 

and ATP are micrograms/liter. 



event moved north ward through the position.. This was a cooperative study 

involving Atkinson, Paffenhofer, and. Yoder. Physical and chemical data re- 

ported here were collected by Atkinson's group. The results are included in 

the manuscr.ipt, Pomeroy et al., which is a part of this report. 

1.10 R/.V ISELIN Cruise April 25-24, 1978 

This was the first combined cooperative cruise by the intrusion research 

group, in which physical, chemical, and biological oceanographers combined 

efforts on the study of a single intrusion event. Using satellite imagery, an 

intrusion wa,s located east of Brunswick, Georgia, and a section was run on two 

I successive days. The first day was that of maximal intrusion, and the water 
" was moving over the shelf break on the second day. This was the first use of 

our concept of the hete ro t rophic -photoau to t rophic  index (HP index) as a quali- 

tative indicator of the relative dominance of autotrophs and heterotrophs in 

water samples. Data from this cruise, together with a description of the HP 
index and the rationale behind it are published in the paper by Campbell et 

al. (1979) which is a part of this report. 

While this cruise was short, and only two consecutive sections were run 

through an intrusion, it was important in establishing a research strategy 

which has proven very successful for us. This involves the cooperative use of 

a ship by physical, chemical, and biological contractors, satellite data to 

locate the Gulf Stream and eddies on the west wall (at least in seasons when 

temperature differences make this possible), and running daily hydrographic 

sections at an establsihed latitude. Each station is sampled only once, using 

an STD and rosette sampler, with all scientists using water from the single 

cast. 

1.11 R/V ISELIN Cruise August 3-10, 1978. 

This was a cooperative cruise whose purpose was to follow a stranded 

intrusion. August is the most favorable time for stranding of intrusions, and 

indeed one was found off Fernandina which we were able to follow over several 

days. Unfortunately, it is difficult to set up a two-dimensional sampling 

regime, such1 as that used for intrusions at the shelf break, because the 

movement of stranded intrusions is slow and unpredictable. Moreover, they lie 

on the bottom, so there are no surface clues. Satellite imagery does not 

help. We have since developed a towed subsurface thermistor, but at Lhat time 



t he  only  approach was many STD o r  XBT c a s t s .  Attempts t o  fol low a s p e c i f i c  

water body wi th  a drogue were of l imi t ed  success ,  apparent ly  because of t he  

shea r  between t h e  i n t r u s i o n  and the  overlying she l f  water .  Therefore,  cont in-  

u i t y  of sampling was no t  s a t i s f a c t o r y .  

From the  p o i n t  of view of t h e  DOE mission,  t h i s  was a u se fu l  experience 

i n  t h a t  it gave us good i n s i g h t  i n t o  water movement on t h e  con t inen ta l  s h e l f .  

Movement i s  comparatively slow i n  t h e  absence of fo rc ing  from t h e  Gulf Stream, 

b u t  when s t r a t i f i c a t i o n  is  p re sen t  su r f ace  and bottom waters  may no t  be moving 

toge the r .  

2.  Coas ta l  Fronts  

Densi ty  f r o n t s  a r e  a f e a t u r e  of t h e  ocean which has long been recognized. 

The importance and ub iqu i ty  of mesoscale dens i ty  f r o n t s  has been apprec ia ted  

r e l a t i v e l y  r ecen t ly  (Savidge and Fos t e r  1978; Floodgate e t  a l .  1981). The 

water  of t he  inne r  con t inen ta l  s h e l f  of t he  southeas te rn  U.S. i s  wel l  mixed 

v e r t i c a l l y ,  bu t  it i s  segmented ho r i zon ta l ly  by a numher of d e n s i t y  f r o n t s .  

The f r o n t s  a r e  o f t e n  prominent on s a t e l l i t e  imagery. They can usua l ly  be seen 

from t h e  br idge  of a s h i p  a s  wel l .  This  is  because t h e  water on t h e  c o a s t a l  

s i d e  of a f r o u t  i s  t y p i c a l l y  more t u r b i d .  The f a c t  t h a t  t h e r e  a r e  s i g n i f i c a n t  

d e n s i t y  d i f f e r ences  ac ros s  t h e  f r o n t s  i s  demonstrated by t h e  presence of a 

convergence a t  t h e  f r o n t ,  marked by a foam l i n e .  Forming i n  t h e  f i r s t  5-10 km 

of t h e  ocean, f r o n t s  i n f luence  t h e  f l u x  of ma te r i a l s ,  a s  wel l  as  watet  i t s e l f ,  

a c ros s  t h e  inne r  con t inen ta l  she l f  (Blanton, JPO ms.; Blanton 1980; Blanton 

and Atkinson 1978).  To eva lua t e  t h a t  f l u x  and i t s  chemical and b i o l o g i c a l  

impact,  a s e r i e s  of coopera t ive  s t u d i e s  were undertaken which were plarlued and 

coordinated by J . O .  Blanton. The f i r s t ,  i n  1977,  was an ancllur sLat ion  i n  

Wassaw I n l e t  t o  eva lua t e  t r a n s p o r t  through t h e  f r o n t a l  zone. Two personc from 

t h i s  research  group p a r t i c i p a t e d  i n  t he  c o l l e c t i o n  o f  da t a .  I n  1978 two 

v e s s e l s ,  R/V KIT JONES and R/V BLUE FIN, were anchored i n  t h e  Wassaw I n l e t  

area .  Four persons from our  research  group p a r t i c i p a t e d .  I n  1979 two ves- 

s e l s ,  R/V BLUE FIN and R/V ISELIN, were anchored i n  t h e  Wassaw I n l e t  a r ea .  

F ive  persons from our  research  group p a r t i c i p a t e d .  I n  A p r i l ,  1981 R/V BLUE 

FIN and R/V CAPE HENLOPEN were anchored o f f  Wassaw i n l e t .  Seven persons from 

our  r e sea rch  group p a r t i c i p a t e d .  The l a t t e r  t h ree  s t u d i e s  a r e  descr ibed i n  

t h e  fol lowing sec t ions .  I t  must be emphasized t h a t  t hese  s t u d i e s ,  a t  l e a s t  



from our point of view, are preliminary in. nature. The objective is as much 

to define the system as to actually measur.e it. For this reason we have tried 

many things., sometimes collecting only. partial da-ta 'sets, to ascertain what 

measurements will be useful. 

2.1. Cooperative Front Study, May 9-12, 1978 

Participants in the study included J.O. Blanton, H. Windom, and D. Hayes. 
The overall objective of the project was to measure water flux through the 

region of the coastal front off Wassaw Inlet. The primary objective of all 

participants was to evaluate various tracers of water movement, including 

tritium (Hayes), trace metals (Windom), and such biological parameters as 

chlorophyll, pheophytin, and adenylates (Pomeroy). BLUE FIN and KIT JONES 

were anchored for four tidal cycles in positions which we hoped would provide 

sequential sampling of the S a v a ~ a h  River plume. The positions and a summary 

of the physical data are given by Blanton (1979). Measurements of active 

chlorophyll a, ATP, and total adenylates were made at several depths every two 

hours. Sample depths were based on temperature and salinity profiles from a 

CTD cast to place the water samplers in distinct upper and lower water layers 

associated with the frontal convergence. In addition, -- in vivo fluorescence 

was measured with a Turner Designs fluorometer equipped with a submersible 

pumping sys tern. 

Plots of in vivo fluorescence against time (Figure 13) suggest that the -- 
tow vessels were seeing different water bodies, and the physical data support 

this. Location A was in the S a v a ~ a h  River plume, while location B was in the 

Ogeechee River plume as well as frontal and nearshore circulation. The dif 

ference between fluorescence of -- in vivo "chlorophylltt and active chlorophyll a 

measured by the method of Jacobsen (1978) in the time series (Figures 14 and 

15) is striking. - -  In vivo fluorescence at location A remained relatively 

-_ constant at about 2.5 pg/l, while active chlorophyll a was only about 0.5 pg/l 

but with considerably more variation. The higher concentrations of active 

chlorophyll a in the bottom samples probably represent highly active phyto- 

t plankton which have recently been carried down in the frontal convergence. 

While active chlorophyll a is demonstrably a superior parameter of phyto- 

plankton biomass and is useful in understanding the movement of phytoplankton 

in the frontal zone, - -  in vivo chlorophyll fluorescence was the more useful 

indicator of different water bodies in this instance. The difference between 



in vivo chlorophyll fluorescence at location A and location B is one of the --  
best indications that the two vessels were seeing different bodies of water. 

2 . 2  FRNFLXI,November6-9,1979.  

Two vessels were placed in Wassaw Inlet, one seaward of the other so 

water would move directly from one station to the other. Their distance was 

such that some of the same water would be sampled by both vessels. Replacement 

of the very small and cramped KIT JONES with R/V ISELIN made it possible to 

have more technical assistance, to undertake more elaborate kinds of measure- 

ments, and to set up the Zeiss epifluorescence microscope to look at living 

microbial samples during the anchor station. R a t h e r  than fosu~ing on the 

identity of water bodies, our goal during this study was to evaluate a number 

of microbiological parameters which might be indicative of biomass or activity 

in the nearshore zone. Some of the parameters which had been most useful in 

our work on Gulf Stream intrusions proved to be of less interest in the near- 

shore zone, while others showed considerable promise for future studies. In 

several cases we took only partial data sets during the five tidal cycles of 

the study. This permitted us to examine more parameters. As in the offshore 

work, we were limited by the number of personnel the vessels could accomodate. 

Absolute numbero of bacterid dKI2 [[early an order oi magnitude higher i11 

the nearshore zone than in the water of the outPr rnrltinental shelf. The 

numbers vary relatively little. In this study the range was from 0,9 to 3 x 

106/ml (Figure 17). Most of the bacteria are free-living. Those on particles 

are much fewer but they are more variable in number. Based on our experience 

on this and several other coastal cruises on R/V BLUE FIN, it is necessary to 

prepare a separate sample, in which more water is filtered, tn get a statisti- 

cally significant count of attached bacteria. There may in fact be some 

difficulty in getting enough material on the slide for a significant sn~lnt 
without incurring a coincidence loss effect from clumping of particulate 

material. 

The alternative approach to measuring microbial biomass, which we found 

to be quicker and equally precise on the outer continental shelf, is the 

measurement of ATP or t-ntal adenylates. In the nearshore zone we found that 

total adenylates varied little (as did counts). However, the H-P index shows 

that most of that biomass, most of the time, is phytoplankton (Figure 16). 

Therefore, adenylate measurements are telling us essentially the same thing as 



chlorophyll a measurements in this water. Moreover, energy charge calculated 

from the adenylate measurements is in most cases that of the phytoplankton. 

We cannot ascertain the energy charge of the bacterial population in the 

presence of so many phytoplankton. For these reasons probably we will not 

measure adenylates in the future in studies of the nearshore zone in Georgia. 

Chlorophyll a measurements showed more phytoplankton in the bottom layer 

than in the surface (Figure 17). Measurements of photosynthetic potential 

showed these phytoplankters near the bottom to have a higher potential than 

those near the surface, all being exposed to the same, moderate illumination 

from a fluorescent light source (Figure 17). Evidently the phytoplankton in 

the bottom water have recently been drawn down in the frontal convergence. 

However, something more than that has occurred to increase their photosyn- 

thetic potential. Enhanced nutrients seem unlikely in this nutrient-rich 

coastal water. Possibly there is an infusion of a different phytoplankton 

population from the other side of the front. While the measurement of photo- 

synthetic potential produced some interesting and unexpected results, probably 

it is not an item of high priority for future work in the frontal zone. 

Heterotrophic uptake of 14c-labeled glucose showed as much variation as 

any parameter of microbial activity we investigated (Figure 17). It varied a 

full order of magnitude over the course of the three tidal cycles in which the 

measurements were done. This made heterotrophy a parameter of interest for 

future studies. Uptake of labeled glucose, however, may not be the best 

possible approach. It is not indicative of total uptake of organic matter, 

and probably it underestimates it by more than an order of magnitude (Wiebe 

and Smith 1979). While routine use of even an abbreviated measurement of 

uptake of a defined labeled compouad is almost prohibitively time consuming 

for a fast-paced series of samples at an anchor station, the possibly more 

realistic approach of Smith and Wiebe (1978) of using labeled naturally occur- 

ring dissolved organic compounds (but chemically undefined) is even more time 

consumihg. Perhaps the ideal parameter would be the measurement of respira- 

tion, although this would have a substantial phytoplankton bias. We shall 

consider doing that in the future, using Coolometric measurement of changes in 

total C02. 



HOURS 

BLUE F I N  

Figure 12. FRNFLX TI. Heterotrophic uptake of glucose by 
- 1 microorganisms, micrograms glucose. liter-'.hour . Activity 

collected on 0.2 micron Nuclepore filter corrected for sorption. 

R/V HENLOPEN was stationed offsl~ore and R/V BLUE PIN was atationcd 

inshore. 



Figure 13. I n  vivo f luorescence time s e r i e s  a t  anchor s t a t i o n s  off  Wassaw 

I n l e t ,  ?lay 9-11, 1978. Top: R/V BLUE FIN. Eottom: R/V K I T  JONES. Cal ibra ted  

aga ins t  pu r i f i ed  chlorophyll  a .  
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Figure 15. Time s e r i e s  a t  HIT  JONES anchor s t a t i o n  off Wassaw I n l e t ,  May ' 

9-11, 1978. Top: To ta l  adenylates  and adenylate  energy charge. Center: 
3 -- 3 chlorophyll  a (HPLC), mg/m . Bottom: I n  vivo f luorescence,  mg/m . 
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Figure 16. FRNFLX I anchor station A, 7-9 November, 1979. Top, total 

adenylates. Center, adenylate energy charge ratio. Bottom, heterotrophic- 

photoautotrophic index. Shaded areas are mixed autotrophic-heterotrophic 

biomass (HP >3<10). Unshaded areas are autotroph-dominated (HP < 3 ) .  
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Figure 17. FRNFLX I anchor station A ,  7-9 November, 1979. Top l e f t ,  AO counts of 

to ta l  bacteria, lo6 ce l l s lml .  Bottom l e f t  , heterotrophic uptake of 14c-labeled 

glucose, eg C 1-I hfl;  TOP right,  chlorophyll a ,  mg m-3. Bottom right,  

pdtkntial photbsyntliesis, mg C I~I'~ hr-l. shaded portions are times when 

samples were not taken. 
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Figure 18. FRNFLX I anchor station B, 7-9 November, 1979. TOF left, total 

adenylates. Bottom left, heterotrophic-photoautotrophic index. Shaded portion is 

mixed aut~trophic-heterotraphic biomass (HP >3<10). Remaimder is autotrophic- 
-3 doninated bismass (HP ~3). Top right, chlorophyll a, mg u . Bottom right, 

adcnylate ensrgy charge. 



2.3 FRNELX I1 

On April 1-4, 1981 R/V CAPE HENLOPEN and I;/V BLUE FIN were engaged in a 

two-ship anchor-station study of the region off Wassaw inlet. Seven perso~el 

from our research group were aboard the two vessels. Samples were taken for 

counting bacteria and other microorganisms, and a study of the rate of hetero- 

trophic uptake of glucose by free and attached bacteria was performed on both 

vessels. On the basis of a preliminary study conducted during a part of 

FRNFLX I, we expected to see an order of magnitude variation in the rate of 

glucose assimilation. However, we actually saw variation only by a factor of 

4, with maximum uptake occurring during ebb tide and low water periods (Figure 

12).  

Counts of bacteria are not yet completed. However, on the basis of the 

results of the heterotrophic uptake experiment we do not expect to see large 

variations, at least in the counts of total or free vs. attached bacteria. 

Evidently this scale of observation, which was established by the physical 

oceanographers and is useful to them, is not the right one for observing 

biological variability in the coastal water. 

Up to this point we have been interpreting the results of our own data in 

the absence of the physical and chemical data. As the latter become available 

in the near future, further interpretations of our data may be possible. 

These may tell us how future observations should be designed from the point of 

view of understanding microbiological processes in the coastal water. While 

the present observations, on both FRNFLX I and FRNFLX 11, suggest that 

microbial activity is high but not variable in the coastal water, other obser- 

vations lead us to believe that there is in fact considerable patchiness on a 

scale not much larger than that on which we were sampling during these inves- 

tigations. However, we need to continue to coordinate our efforts with those 

of the physical oceanographers in order to have ocrrect, detailed interpreta- 

tions of water movement and exchange. 

3. Microbial Populations and the Detritus Food Web 

Because this contract is concerned with the flux of energy and materials, 

particularly as mediated by microorganisms, in the water over the continental 

shelf, it is concerned with the production and fate of particulate and dis- 

solved organic matter that is non-living as well as living. While this work 

P emphasizes the non-living components to some degree, any complete separation 



of living and non-living would be artificial and unworkable. Therefore, we 3 
have to begin with primary production, as do ~affenhiifer and Yoder, who are 

concerned with the flux of energy through the zooplankton. We also have to 

consider some aspects of zooplankton ecology, particularly the production of 

fecal material which is a major input of non-living particulate organic matter 

to the system. Since we are working cooperatively in a coordinated research 

program, unnecessary duplication can be avoided. 

The flux of energy through non-living components of the pelagic ecosystem 

involves both very rapid responses and stabilizing influences. The dissolved 

organic matter, produced both as a primary source by phytoplankton and as a 

secondary energy source by zooplankton and bacteria, i s  u t i l i z e d  by bacteria 
very rapidly. In fact, utilization is so rapid that evaluation of the rate of 

production of DOM is difficult. This is one of several reasons why its signi- 

ficance as an energy flux in planktonic ecosystems has been underestimated. 

Most of the particulate matter in the sea is non-living, indicating that much 

of it has a comparatively long residence time in the water. Since it is both 

a substrate and a structural component of the environment for microorganisms, 

its production and fate are important considerations. However, we know sur- 

prisingly little about the non-livlng seston. Both biological and abiotic 

origins have been postulated (Riley 1963; 1970; Wiebe and Pomeroy 1972; Zim- 

mermann 1977; Pomeroy and Deibel 1980). Probably both occur in the real 

world, but the. actual rates are not known. Chemical analysis of seston has 

been of little help, because all of it probably originates from phytoplankton, 

and therefore its chemistry is all much alike and like the phytoplankton 

themselves. While it is not the major thrust of this contract to develop new 

ideas or data on the detritus food web for its own sake, these are questions 

which have to be taken into consideration in our interpretations of processes 

on the continental shelf. In the course of understanding processes on the 

southeastern continental shelf some new ideas and information on the detritus 

food web have emerged. 

The turnover of dissolved organic matter and its relation to bacterial 

populations in the water has been examined. The nature, source, and fate of 

particulate seston has been re-examined, and some of it identified as the 

fecal material of zooplankton. A simulation model of the food web as been 

constructed which includes the major features of the flux of dissolved organic 

matter and detritus. 



3.1 Methods of Microscopy. 

Although we a r e  rou t ine ly  using t h e  a c r i d i n e  orange ep i f luorescence  

method f o r  counting marine b a c t e r i a ,  it does have some l i m i t a t i o n s ,  and we a r e  

con t inua l ly  exploring new methods. We have modified the  a c r i d i n e  orange 

method somewhat t o  increase  t h e  time samples can be s to red  before  they  a r e  

counted. This i s  a  s i g n i f i c a n t  problem. I t  is  not  f e a s i b l e  t o  count samples 

i n  l a rge  numbers a t  sea .  They must be brought back t o  t he  l abo ra to ry  and 

counted l a t e r .  Samples preserved i n  formalin l a s t  only about two weeks a f t e r  

c o l l e c t i o n ,  no t  long enough t o  count a  l a r g e  s e t .  We have extended t h e  s t o r -  

age time t o  about s i x  weeks by preserv ing  the  samples i n  buffered g lu t a ra lde -  

hyde, j u s t  a s  one would f o r  scanning e l e c t r o n  microscopy. The time can be 

extended f u r t h e r  by preparing t h e  s t a ined  f i l t e r s ,  mounting them on s l i d e s  i n  

immersion o i l ,  and s t o r i n g  them i n  the  r e f r i g e r a t o r .  The technique of s t o r i n g  

d r i ed  samples on f i l t e r s ,  proposed by Meyer-Reil, y i e l d s  low counts i n  our 

labora tory .  

We have a l s o  worked with Karen P o r t e r  on t h e  development of DAPI s t a i n i n g  

f o r  ep i f luorescence  counting (Por t e r  and Feig 1980). Although DAPI s t a i n i n g  

has some advantages,  we w i l l  no t  switch t o  it a s  a  rou t ine  counting procedure 

unless  da t a  we a r e  now c o l l e c t i n g  i n d i c a t e  t h a t  t h e r e  i s  a  s i g n i f i c a n t  d i f f e r -  

ence i n  t o t a l  counts.  One of t he  minor disadvantages of DAPI s t a i n i n g  i s  thk 

neces s i ty  t o  prepare s t a ined  f i l t e r s  immediately a t  sea and t o  do so i n  near  

darkness .  The f i l t e r s  must then be kept  cold u n t i l  they  a r e  re turned  t o  the  

labora tory  and counted. 

3 . 2  U t i l i z a t i o n  of Dissolved Subs t r a t e s  by Bacter ia  i n  Gulf Stream 

In t rus ions  

To eva lua te  microbial  responses t o  i n t r u s i o n s  it is  necessary t o  develop 

methods and c r i t e r i a  of .  a c t i v i t y  appropr ia te  f o r  t he  populat ions i n  ques t ion .  

We have found t h a t  s p e c i f i c  (per  c e l l )  uptake r a t e s  (Wright' 1978) p re sen t  a  

problem when c e l l  volumes vary over two orders  of magnitude, a s  they  do i n  

oceanic b a c t e r i a .  Using d isso lved  adenosine t r iphosphate  (DATP) labe led  wi.th 

3 2 ~  a s  a  t r a c e r ,  we measured uptake of n a t u r a l l y  occurr ing DATP by n a t u r a l  

populat ions of f r e e  and a t tached  b a c t e r i a  i n  a  Gulf Stream i n t r u s i o n  and i n  

ad jacent  Gulf St:ream.and con t inen ta l  s h e l f  water.  Free b a c t e r i a  i n  t h e  ocean, 

including t h e  ou te r  con t inen ta l  she l f  a r e ,  with r a r e  except ions ,  l e s s  than 0.5 

f micrometers i n  s i z e ,  while a t tached  b a c t e r i a  a r e  u sua l ly  g r e a t e r  than  one 



micrometer in size. The greater size is generally taken to indicate greater 

metabolic activity and active growth on the part of attached bacteria. 

UATP is a convenient naturally occurring organic compound to study, 

because a good analytical method exists (Azam and Hodson 1977), and 32~-label- 

ed ATP can be used as a sensitive tracer. Azam and Hodson (1977) have shown 

that DATP is biologically active: its is readily taken up by bacteria. 

Uptake by free and attached bacteria can be distinguished in ocean water by 

counting 3 2 ~  activity retained on 0.2 and 0.6 pm Nilclepore filters. Aliquots 

from the same water samples were also preserved in cold glutaraldehyde for 

counting free and attached bacteria by acridine orange fluorescence. 

Specific uptnltc of DATP was highly correlated wir.h amhipnt DB'l'Y coecen- 

tration. Specific uptake of DATP by large, attached bacteria was 4-430 times 

that of small, free-living bacteria. Specific uptake by both free and at- 

tached bacteria increased up to 200 times within 24 hours  of the arrival of an 

intrusion on the continental shelf. Uptake rates of free and attached bac- 

teria are significantly correlated (r2 = 0.8), suggesting that both are dis- 

solved substrates and both are stimulated by intrusion events. 

While on a per-cell basis the rate of uptake of DATP by attached bacteria 

was 66 times higher than that by free bacteria, the uptake per unit of biomass 

was essentially the same for both populations, because attached bacteria have 

approximately 40 times the volume of free bqcteria. Therefnr~, nn the basis 

or equal units of biomass, attached bacteria do n o t  appear tn be more active 

than free minibacteria. Of course, this may be because a significant fraction 

of the population of free bacteria is inactive. However, when bacterial 

populations are widely divergent in size, as are the free and attached bac- 

teria of the ocean, the best basis of comparison appears t o  be activity per 

unit biomass rather than per cell. A more complete account of this is in the 

manuscript by Hodson, Maccubbin and Pomeroy (1981) which is a part of this 

report. 

3.3. Interactions of populations of Free Bacteria, Attached Bacteria, and - - 
Aggregates 

The work o f  Hodson et al. (1981) showed that both free and attached 

bacteria respond to Gulf Stream intrusions by increasing their numbers and 

their uptake of dissolved substrates. In a further examination of the inter- 

actions of these populations we examined the relationship of bacteria, phyto- 4 



plankton, and chroococcoid cyanobacteria to the abundance of flocculent aggre- 

gates. The abundance of flocs varies greatly, sometimes dominating the popu- 

lation of particulate matter and sometimes being a comparatively rare compo- 

nent. In general, dense populations of flocs are associated with intrusions 

of Gulf Stream water (but are in surface water as well as in the subsurface 

intrusion) and with biologically productive nearshore fronts. 

A set of 45 samples from all parts of the continental shelf was examined. 

Each sample was counted with acridine orange epifluorescence for free and 

attached bacteria, phytoplankton, chroococcoid cyanobacteria, and flocculent 

aggregates. In each case a sample was categorized as having a dense floccu- 

lent background or not having one. Because a dense population of flocs may 

obscure free bacteria, this in itself might tend to reduce the count of free 

bacteria in the presence of dense flocs. Of the 45 samples examined, 29 had a 

dense flocculent background and 16 did not. Using the Wilcoxon two-sample 

test, the following parameters were tested with respect to the two categories 

of samples. 

1. Number of free bacteria per ml. 

2. Variance of the free bacteria counts as a per cent of the mean. 

3. Per cent of flocs with attached bacteria. 

4 .  Mean number of attached bacteria per floc. 

5 .  Per cent of time viable phytoplankton occur with flocs. 

6. Per cent of time flocs occur with viable phytoplankton. 

7. Ratio of viable phytoplankton to flocs. 

8. Per cent of time cyanobacteria occur with flocs. 

9. Per cent of time flocs occur with cyanobacteria. 

10. Ratio of cyanobacteria to flocs. 

11. Floclfree bacteria ratio. 

12. Viable phytoplankton/free bacteria ratio. 

The number of free bacteria was significantly greater at the 99% confi- 

dence level for samples with a dense flocculent background, in spite of the 

likely possibility that some free bacteria were obscured by the flocs. The 

per cent of flocs with attached bacteria on them was significantly greater at 

the 95% confidence level in samples with a dense flocculent background. Also, 

f 
the per cent of flocs that occur with cyanobacteria is significantly greater 

at the 95% confidence level in samples with a dense flocculent background. 



Particularly when viewed in the light of the findings of Hodson et al., these 

additional findings suggest that dense populations of flocculent aggregates 

are a phenomenon of productive conditions where bacterial numbers have in- 

creased. There is no substantial agreement in the literature on the nature 

and origin of flocculent aggregates. Over the years they have been postulated 

to be condensations of dissolved organic matter, extracellular products of 

bacteria, and fecal matter. Very likely they are all of the above in various 

proportions. Their presence in situations of high productivity and their 

relative absence elsewhere suggests that they have a comparatively short 

residence time in the water, either because they aggregate further and sink or 

because they are degraded by bacteria, Again,  t.hpsp may nnt h~ mlitvlrlly exclu- 

sive fates, and both fates provide flocculent aggregates with a potential role 

in the food web of the continental shelf. These potential roles are explored 

in a different manner in the simulation model of the food web (section 3.5). 

3 . 4 .  Production of Fecal Aggregates by Zooplankton 

A novel finding in the course of our work on microbial processes in 

continental shelf water was that some of the flocculent organic aggregates 

which are a common feature of the seston of productive surface water are 

fecal. Some of them are identifiable as the fecal ribbons of pelagic tuni- 

cates (salps, doliolids, and appendicularians) which have broken up in the 

water (Pomeroy and Deibel 1980). Our assertions about finding t h i s  fecal 

material in the water in small (50 pm) fragments has been contested by some 

workers on the grounds that salp feces are found in sediment traps, and some 

other studies of salp feces have shown that they sink rapidly. What these 

investigators do not seem to appreciate is that pelagic tunicates do not 

produce fecal pellets but a fecal ribbon which breaks away. Within the ribbon 

are boluses of material which do remain intact and do sink rapidly. This is 

the material found in sediment traps and, because it is big enough to see with 

the unaided eye, ir: is what other workers have studied exclusively. These 

large boluses are only a part of the fecal matter, however. Studies of the 

respiratory rate of fecal material and of the uptake of adenine by the mater- 

ial (R. Hanson, pers. com.) show that there is more activity i u  Lhe small 

fragments which remain in suspension than in the large boluses whizh sink out 

of the water column. Since the fragments are seen only by oil immersion 

microscopy, they have been missed by other workers. 



Probably a number of other zooplankton contribute to the fecal aggregate 

population 'in the seston, including. the smaller larval stages of copepods. 

(Paffenhofer and Knowles 1979, Hofmann et al. 1981). We find very dense 

populations of what appear to be fecal aggregates in the nearshore zone whe,re 

pelagic tunicates do not live. These may be benthic or may be produced by 

meroplankton. A project to. pursue this line of research has been funded by 

the National Science Foundation. It is not our intention to continue along 

thks line under this contract. 

3.5. A Simulation Model of the Shelf Ecosystem 

In 1978 a conceptual model of the detritus food web on a continental 

shelf subject to intrusions of nutrient-rich water was developed in connection 

with this contract (Pomeroy 1979). The conceptual model demonstrated that, 

using recent estimates of gross growth efficiency of oceanic organisms, it was 

possible to have production of higher trophic levels, including fishes, while 

much of the energy of primary production was channelled through a aetrital 

food web. This was in sharp contrast to the North Sea model of Steele (1974) 

in which all production was directed through a short, linear chain of grazing 

and predation, with fecal pellets going quantitatively to the benthos. The 

latter was not based on observed fate of fecal pellets but rather on the 

necessity to provide a sufficient flux of energy to the benthos in the model 

to support a reasonable production of demersal fishes. Pomeroy's continental 

shelf model demonstrated that it is possible to support fishes, both demersal 

and pelagic, without drastic and unrealistic assumptions about transfer of 

fecal pellets to the benthos, and indeed without such unrealistic assumptions 

about the flux of energy through a short, linear food chain, in which copepods 

eat 100% of the phytoplankton production. Not all of phytoplankton production 

is available to copepods. Much of it is rather small for them. On the other 

hand, Steele's model cleirly demonstrated that the so-called ecological 

efficiency of 10% per trophic level cannot work in the real world, even if the 

world were constrained to clear-cut trophic levels, as was Steele's model. In 

the real marine environment trophic levels are blurred by bacteria, mucus net 

feeders, protozoans, and other omflivores. 

After the crude demonstration that a model could be constructed which 

would produce fishes through various detrital food webs (Pomeroy 1979), J.E. 

Hagner was supported through this contract to develp a simulation model of 



Figure 19. Simulation model of the flux of energy through continental 
shelf food webs. Continuous lines = trophic fluxes. Dotted lines = 
di~~olved f l u e s .  Broken lines = detrita1 f1iixe.s. Wavy lines = 
respiratory fluxes. Arrows to or from a number are additional fluxes 
to the compartment numbered. 

such a food web. A 17-compartment model was developed (Figure 1) which has a 

number of unusual features. Phytoplankton are divided into two size groups. 

Phytoplankton produces dissolved as well as particulate organic matter. Some 

of the former becomes detritus directly. There are three bacterial popula- 

tions: free, attached, and benthic. There are four zooplankton populations: 

grazers, carnivores, mucus-net feeders, and ~rotozga. This model provides for 

the possibility of many alternative pathways for energy and materials between 

primary producers and terminal consumers (benthic and demersal fishes, other 

carnivores, and benthic invertebrates). We propose that indeed the pathways 

probably do vary with the citcumstances. For example phytoplankton blooms are 

situations in which much of the primary production is not being grazed and is - 
going to detritus production. 



Hagner developed a  model a long  t h e  l i n e s  o f  t h o s e  developed f o r  o t h e r  

ecosystems by Wiegert  (1975; 1979a; 1979b; Wiegert  and Wetzel 1979; Wiegert  e t  

a l .  1975).  Non-linear e q u a t i o n s  d e s c r i b e  growth,  a s s i m i l a t i o n ,  m o r t a l i t y ,  

r e fuge  l e v e l s ,  upper p o p u l a t i o n  l i m i t s ,  and o t h e r  known paramete rs  o f  organ- 

isms.  The groups t h u s  d e s c r i b e d  a r e  t r o p h i c  groups of s i m i l a r  s p e c i e s ,  n o t  

i n d i v i d u a l  s p e c i e s  p o p u l a t i o n s .  We a r e  p o s t u l a t i n g  t h a t  ecosystem f u n c t i o n  

w i l l  be s i m i l a r  i n  t h e  p resence  of c e r t a i n  t r o p h i c  g roups ,  r e g a r d l e s s  of t h e  

s p e c i e s  t h a t  predominate a t  any t ime.  The models t h u s  a r e  in tended  t o  s imul-  

a t e  ecosystem f u n c t i o n ,  n o t  s p e c i e s  p o p u l a t i o n  dynamics. 

There a r e  s e v e r a l  s u b s e t s  w i t h i n  t h e  model which can be  v a r i e d  i n d i v i d -  

u a l l y  t o  e x p l o r e  t h e i r  e f f e c t  on t h e  e n t i r e  model. There  i s  a  p e l a g i c  s u b s e t  

which i s  v e r y  s i m i l a r  t o  S t e e l e ' s  (1974) ,  excep t  f o r  t h e  d i v i s i o n  of phyto- 

p lank ton  i n t o  two c a t a g o r i e s  based i n  s i z e  (and t h e  p r o p e r t i e s  which go w i t h  

s i z e ,  such a s  ks and r ) .  There i s  b e n t h i c  s u b s e t  which i n c l u d e s  b e n t h i c  

DEMERSAL r lJ 

DETRITUS 

F i g u r e  20. Subset  of b e n t h i c  energy f l u x e s  o n . t h e  17-compartment 
model of e n e r g y ' f l w  on c o n t i n e n t a l  s h e l v e s .  
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Figure  21. .Pathways of energy t o  and from d e t r i t u s  i n  t h e  s imula t ion  model 

of t h e  f l u x  of energy i n  a continental she l f  ecosystem. 



Table 4 .  Net primary production in simulations of various intrusion 
and upwelling events used for modeling the detrital food 
web. 

4 intrusions, regular 143 

4 intrusions, regular, yr 1 143 

Yr 2 149 

YF 3 150 

YT 4 149 

Yr 5 149 

4 intrusions, stochastic 141 

constant upwelling 761 

Peru upwelling 326 

spring bloom 1 182 

spring bloom 2 140 

K Cal m-2yr-1 ' KJ m'2yr-1 



Table 5. Simulated zooplankton production, K Cal m-2 yr-l in a 
mixed detritus and phytoplankton based food web. 

A .  Four pulses of nitrogen at regular intervals. B. Short pulses 
of nitrogen at 20-day intervals. 

grazers mucus -net Protozoa Total 
A feeders 

Ingestion 561 404 393 1358 

Assimilation 393 263 275 931 

Respiration 181 117 117 415 

Excretion: loss of DOC 8 2 61 70 212 

Physiological mortality 41 30 7 78 

Predatory mortality 96 St3 8 5 239 

Egestion 168 142 118 428 

Gross growth efficiency 0.24 0.22 0.30 0.25 

Production 137 8 9 118 343 

13 

Ingestion 633 422 488 154 3 

Assimilation 4 4 3  274  342  1 0 5 9  

Respiration 178 115 149 442 

Excretion 84 . 60 96 240 

Physiological mortality 42 30 10 82 

Predatory mortality 137 69 87 294 

Egestion - 190 147 147 484 

Gross growth efficiency 0.28 0.24 0.20 0.24 

Production 180 100 97 376 



bacteria, benthic detritus, meiofauna, macrofauna, predators, and demersal 

fishes (Figure 2 0 ) .  There is a detritus subset (Figure 21) and a dissolved 

organic matter subset (Figure 2 2 ) .  By varying these sets, as well as compo- 

nents of them, it is possible to simulate many situations which have been 

documented in the literature and others which are postulated. Assimilation 

efficiency can be set to correspond with values in the recent literature or 

the model can seek efficiencies which lead to a stable system. 

Unfortunately, Hagner had to leave the work before it was completed, and 

after a lapse of about a year the work was taken up again by Michael Pace, who 

is now completing work with the first-generation model. It is an energy model 

with nitrogen forcing on primary production. Productivity is adjusted to 

reasonable levels by varying the number or intensity of intrusions of nitrate- 

rich water. The space-averaged model does not simulate the two-layered 

ZOOPLANKTON 
MUCUS 

FEE.DERS 
PREDATORS 

Figure 22. Fluxes of dissolved organic carbon in the 
17-compartment simulation node1 of the flux of energy through 
continental shelf ecosystems. 



Table 6. Simulated bacterial production, K Cal m-2 yr-l in a 
mixed detritus and phytoplankton based food web. 

A.  Four pulses of nitrogen at regular intervals. B. Short pulses 
of nitrogen at 20-day intervals. 

Benthic Planktonic Total Plankton 
Total 

attachcd free 

Ingestion 1695 209 684 2589 893 

Respiration 257 99 239 595 338 

DOM loss 90 36 86 212 122 

Physiological mortality 26 10 2 5 61 3.5 

Predatory mortality 1321 66 335 1722 402 C 

Gross growth efficiency 0.79 0.37 0.53 0.69 0.49 

B 
8 

Ingestion 1891 250 753 2894 1004 

Respiration 286 109 2 4 8  643 356 

DOM loss 103 39' 86 228 125 

Physiological mortality 3 U  li 26 67 37 

Predatory mortality 1470 93 393. 1956 486 

Gross growth efficiency 0 :79 0.42 0.56 0.70 0.52 

Production 1500 104 419 2023 523 



Table 7. A comparison of metabolic rates and production of 
zooplankton and bacteria in a simulated food web whjch 

includes both phytoplankton and detrital components (K Cal m- yr-l). 

Four regular pulses of Short pulses of 
nitrogen per year nitrogen every 20 days 

Z'ooplankton Bacteri.a Zoopl.ankton Bacteria 

Respiration 415 338 

Production 34 3 437 

Table 8 .  A comparison of production data (K Cal m-2 yr-l) from 
studies of several ecosystems (from Mills 1980) with 
production values from a simulation model of a mixed 

phytoplankton and detritus food web in a continental shelf 
subject to periodic intrusions of nitrate-rich water. 

Net Zooplankton Macro- Demersal Pelagic 
'stem Primary benthos Fishes . Fishes 

Production 

Scotian Shelf 1160 89 35 4 4 

Scotian Slope 1148 79 2 7 2 16 

North Sea 1026 128 20-50 3.3 10 

Intrusion model 1630 137 36 1 3 

Spring Bloom 
model 1599 141 39 2.5 4.4 

Peru upwelling 
model ' 3715 701 141 1.2 5 5 



condition of an intrusion on the outer continental shelf. This is a potential 

refinement for a second generation model. There are no lags in responses of 

populations in the present model, so there is some foreshortening of time of 

the responses to the pulses of nitrogen. 

By varying the nitrogen forcing, the model can be made to simulate vari- 

ous coastal upwelling situations, as well as the spring bloom conditions of 

temperate oceans and epicontinental seas (Table 4) At this level of aggrega- 

tion there is really nothing unique about a particular marine ecosystem, so 

long as it is at least 50 meters deep. The model is very stable, as indicated 

by the means of each of tive years of simulation, abd this stability carries 

on through the food weh. 

In a preliminary run of the simulation, secondary production is divided 

between various zooplankton groups in what IS, so far as we know, a realisric 

way. We cannot validate the relatively large production of Protozoa at this 

time, either from our own work or from the literature, although there are 

indications that probably it is realistic. Gross growth efficiencies are 

similar to those in the recent literature (Pomeroy 1979; Mills 1980; Banse and 

Mosher 1980). Secondary production of bacteria is nearly as high as that of 

zooplankton (Tables 6 and 7). Although this would be missed by a highly 

condensed model such as Steele's, probably it is a realistic representation of 

the partitioning of energy fluxes in a planktonic ecosystem. The recent 

estimates of bacterial produetion using tritf ated thymidine (Fuhrolan aud Azaru 

1980) tend to support it. Various levels of production in the simulation 

model compare favorably with data from continental shelf ecosystems (Table 8) .  

When run as an intrusion model, the simulation yields of demersal fishes are 

low. Everything we know about the outer continental shelf of the southeastern 

U.S. supports this (Tenore et al. 1978). The sporadic nature of intrusions is 

not conducive to development of demersal fish populations, and except tor some 

small populations associated with ledges and rock outcrops, there is little 

dcmer~al f i ~ h  production, so far as we know a t  present. 

The simulation model of the continental shelf ecosystem will serve 

several functions. It provides a richer simulation of the pelagic food web 

than most extant models, allowing us to explore the potential fluxes of energy 

and materials through detritus, bacteria, non-crustacean zooplankton, and even 

dissolved materials. This in turn serves as a heueristic device to show us 

the populations and processes not well represented in the present DOE research 
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Figure 23. Simplified conceptual model of the food web of the 

Southeastern continental shelf, showing the major pathways for 
energy and materials from phytoplankton to terminal consumers. 

program in the. southeast. Protozoa immediately appear as one such under-in- 

vestigated group. The reader should, of course, be careful not to ask this 

model to perform. simulations it was not designed to do. Response times of. 

trophic groups may not be realistic, although they will be in relative propor- 

tion to each other. Of cburse, any model such as this suggests what is possi- 

ble or impossible and does not tell us what indeed happens in the real world. 

Prediction is not an immediate goal of this modeling effort. 



Because the first generation simulation model is space averaged, it would 

have limited value if coupled with more detailed physical models of intrustion 

phenomena. However, a two-layered model, which could easily be developed 

would not only add interesting biological details but could be meaningfully 

coupled to models or data sets of the physical regime of the southeastern 

continental shelf. The inherent strength of this kind of model is its basis 

in biological principles. It is not a curve-fitted model which simply repro- 

duces in any convenient mathematical way the behavior of the ecosystem. 

Rather, the equations are developed as descriptions of biological function, 

.just as good physical oceanographic models are descriptions of physical 

functions. The fact that the model produces realistic production values is 

therefore, a first-stage validation. 

4 .  The Effect of Copper on Photosynthesis of Marine Phytoplankton 

The interaction of naturally occurring dissolved organic matter with 

heavy metals in solution in sea water may significantly modify the uptake of 

the metals by organisms. Therefore, analysis of total concentration of a 

metal in sea water does not permit inferences about its toxicity. A.M. Wood, 

who is now a Research Associate in the Biology Department of the University of 

Chicago, completed a doctoral dissertation on the effect of naturally occur- 

ring chelators on photosynthesis of naturally occurring phytoplankton popula- 

tions while she was associated with this contract as a research assistant 

(Wood 1980). 

To evaluate the effect of binding capacity of dissolved organic materials 

on copper toxicity it is necessary to measure binding capacity as well as 

copper toxicity. In collaboration with David Evans and James Alberts of the 

Savannah River Ecology Laboratory, Wood developed an ion-exchange method for 
measuring copper binding capacity in sea water. Toxicity was evaluated with a 

bioassay which consisted of a 14c measurement of photosyhthetic carbon assimi- 

lation in the presence of known copper additions. This is the first time that 

a copper bioassay has been combined with a binding capacity measurement in a 

marine environment. 

Binding capacity was highly correlated with total dissolved organic 

carbon concentration. Therefore, coastal waters and estuaries showed the 

highest binding capacities. At one station in Doboy Sound, Georgia, the 

binding capacity was so high that no copper toxicity could be demonstrated at f 



600 pg Cu 1-l. Other stations in Doboy Sound showed 50% inhibition at Cu 

concentrations greater than 100 pg 1-l. A series of samples from the Gulf of 

Mexico in the vicinity of Barataria Bay and the Mississippi River plume showed 

50% inhibition of photosynthesis at Cu concentrations of 50-100 pg 1". In 

contrast, Sargasso Sea samples showed 50% inhibition at 15-25 pg 1-l. 

These findings have implications for anthropogenic copper inputs into the 

ocean and continental shelves, such as those associated with the cooling 

systems of power plants. The binding capacity on the southeastern continental 

shelf shows the full range of values, with very high capcity near shore to 

very low at the edge of the shelf. Release of equal amounts of copper on the 

inner and outer shelf would have very different biological consequences. The 

principle will apply to other heavy metals. Therefore this work should prove 

to be a benchmark in the bioassay of heavy metal toxicity in the ocean. Two 

manuscripts which have been submitted for publication are included in the 

appendix to this report. C 
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: Microbial Roles 
In Aquatic Food Webs 

LAWRENCE R. POMEROY 

C l a s s i c a l  e c o l o g i c a l  food web theory  r e l e g a t e s  
f a  b a c t e r i a  the r o l e  of degrading dead and r e f r a c -  
t o r y  o rgan ic  materials, at1 e s s e n t i a l  b u t  presuxnably : 
minor r o l e  compared t o  preda tor -prey  and g raze r -  
he rb ivo re  p toces se s  of mae~oorgsn isms  ( E l t o n  1927) .  
There is  growing evidence,  howevar, that baqteria 
mediate  a  s u b s t a n t i a l  p a r t  of t h e  energy which 
moves through a q u a t i c  fond webs. Much non l iv ing  
m a t e r i a l ,  i n  a wide v a r i e t y  of p a r t i c u l a t e  and 

. disssl .ved forms, is a v a i l a b l e  t o  be  e x p l o i t e d ,  even 
i n  pure ly  p e l a g i c  food webs which begin  t ~ i c h  Llle 
produc cion of niicroscuiril: planlrtbn (Andr~ws  and 
W i l l i a m s  1971; Derenbach and Wil l iams 1974; Pomeroy 
1974; Pomeroy 1974; Saunders 1 9 7 6 ;  Watson 1978; 
Williams 1970; and Williams and Gay 1970).  Cer- 
t a i n l y ,  a'ny c o a s t a l ,  e s t u a r i n e ,  o r  f r e shwa te r  

I 
system I n  w'hick mncrophytes n r e  dominant. producers  
suppor t s  a  major flow of  energy and m a t e r i a l s  
through mic rob ia l  pathways. ~ I a n n  (1972) has  s a i d ,  

When we t r y  to  g e n e r a l i z e  about  t he  
func t ion i i lg  of ecosystems,  I wonder 



i f  i t  would b e  more c o r r e c t  t o  say  
t h a t  p l a n t s  a r e  u sua l ly  consumed by 
microorganisms, which i n  t u r n  a r e  
consumed by animals ,. r a t h e r .  than t o  
g i v e  the  usua l  s t o r y  about  p l a n t s ,  
he rb ivo res ,  and ca rn ivo res .  

I Zf icrobiologis ts  have shown l i t t l e  i n t e r e s t  i n  I 
p roviding the  o b s e r v a t i o n a l  and experimental  b a s i s  

. / f o r  t h e  majdr r e v i s i o n  of food web theory  which 
! seems t o  be needed. Rapid progress  toward a  b e t t e r  
I understanding of food webs is  now p o s s i b l e  because 
: of r e c e n t  advances i n  methods o f '  a q u a t i c  microbiol-  

OSY. 

i 
Popula t ions  and Communities 
of Aqua t i c  Elicroorganisms 

" '  

The s tandard  ,and r igo rous  c u l t u r e  techniques  
f o r  i d e n t i f y i n g  popula t ions  of microorganisms i n  
many branches of microbiology have not  been s a t i s -  
f a c t o r y  t o  d e a l  w i th  ques t ions  about  t h e  abundance 
and' e c o l o g i c a l  r o l e s  of .  a q u a t i c  microorganisms 
(Jannasch and Jones  1959).  Advances i n  d i r e c t  v i su-  . 

a l i z a t i o n  of b a c t e r i a  by l i g h t  and e l e c t r o n  micro- 
scopy toge the r  w i th  a s says  f o r  s p e c i f i c  c e l l  com- 
ponents, ranging from adeny la t e s  t o  c e l l  w a l l  l i p -  
i d s ,  have provided f o r  t h e  f i r s t  t i m e  an  emerging 
p i c t u r e  of.  t he  s t r u c t u r e  .and func t ion  of a q u a t i c  
mic rob ia l  popula t ions  and of t h e  taxa  of b a c t e r i a  
i n  them (King and JJh i te  1977; Menzel and Ryther 
1970;  IJatson .et a1.1977; White e t  a l .  1977; White 
e t  a l .  1979).  Each s p e c i e s  has  a  d i s t i n c t  n i che ,  

: o r  s e t  of n iche  dimensions i n  t h e  sense  o f '  
f Hutchinson (1965). A s  i n  phytoplankton, n i che  

dimensions a r e  determined by t h e  biochemical i n t e r -  
a c t i o n s  of t h e  environment w i th  t h e  genotype 
(Pomeroy 19759, bu t  some of t h e  consequences of 
these  modes of,niche seSecti.on a r e  complex and 
c r y p t i c  i n  ca ses  of a q u a t i c  b a c t e r i a .  For exam- 
pl.e, pleomorphism accu r s  . i n  response t o  changing 



c o n d i t i o n s  i n  the  mic rocnv i ronnen t  (\.liebe n r ~ d  
Pomcroy 1972) .  T h e r e f o r e ,  some o f  t h e  norpholog-  
i c a l l y  and f u n c t i o n a l l y  d i f f e r e n t  p o p u l a t i o n s  oE 
b a c t e r i a  w e  now r e c o g n i z e  i n  n a t u r a l  w a t e r s  may be 
d i f f e r e n t  pheno typ ic  e x p r e s s i o n s  of g e n e t i c a l l y  
similar organisms: I n  o t h e r  c a s e s ,  t h e y  do indeed  
r e p r e s e n t  d i s t i n c t  taxa. ,  b u t  i t  is  n o t  a lways e v i -  
d e n t  which c a s e  w e  a r e  o b s e r v i n g .  

D i s t i n c t i v e  communities of b a c t e r i a  occupy ' 

o p c a i f i s  p a r t s  of t h e  p p l a g i r  mirrnenvironment  
( S i e b u r t h  1979; S i e b u r r h  et a l .  1977 ;  S i e b u r t h  et 
a l .  1978) .  An i m p o r t a n t  r e c e n t  d i s c o v s t y  i s  t h e  
e x i s t e n c e  of r e l a t i v e l y  l a r g e  numbers o f  f r e e - l i v -  
ifig bacteria of very  s a ~ a l l  s i ~ e  i l l  v i r t u a l l y  a l l  
n a t u r a l  w a t e r s  ( F i g u r e  1 ) .  Ranging from 0 . 2  t o  
0.5 pm i n  s i z e ,  t h e y  have been c a l l e d  m i n i b a c t e r i a  
by Watson e t  a l .  (1977) , and they  a r e  t h e  n u n e r i -  
c a l l y  dominant b a c t e r i a  i n  b o t h  f r e s h  and sal t  
w a t e r s ,  sometimes becoming t h e  major  component of 
t o t a l  m i c r o b i a l  b iomass ,  i n c l u d i n g  even t h e  phyto- 
p l a n k t o n  (Watson 1 9 7 8 ) .  Presumably t h e y  a r e  non- 
e x a c t i n g  h e t e r o t r o p h s  which u t i l i z e  d i s s o l v e d  o r -  
g a n i c  compou~ids. IK i s  a curious u b s c r v i l r i o n ,  
r e c e n t l y  conf i rmed a g a i n  by t h i s  w r i t e r ,  t h a t  vhen 
water  i s  he1.d f o r  24 hours i n  a b o t t l e  o r  on a  
culture s l . i i , ,d~ . ,  e h e  minibacteria beuu111e l a r g e r  
(Wiebe and  Pomeroy 1972) . . Whether t h i s  t r a n s f o r -  . 
mat ion  i s  t h e  r e s u l t  of some s u b t l e  change i n  t h e  
microenvironment  o r  t h e  r e s u l t  of reduced g r a z i n g  
p r e s s u r e  is  h o t  known. 

F e c a l  m a t t e r  supports a d i s t i n c t i v e  m i c r o b i a l  
community i n  which t h e  b a c t e r i a  a r e  l a r g e r ,  a lmos t  
L y  u i d ~ ~  of magni tude,  t h a n  t h e  f r a a - l i v i n g  
m i n i b a c t e r i a  ( F i g u r e  2 ) .  Large, m o t i l e  r o d s  t end  
t o  d e v e l o p  w i t h i n  24 h o u r s ,  and w i t h i n  4 8  t o  72 
h o u r s  t h e y  have degraded much of  t h e  l e s s  r e f r a c -  
t o r y  p a r t i c u l a t e  m a t t e r  i n  t h e  f e c e s ,  and are them- 
s e l v e s  be ing  consumed by p ro tozoans  . The c h i t i n o u s  
c a s i n g  o f  c r u s t a c e a n  f e c a l  p e l l e t s  i s  degraded by 
c h i t i n o c l a s t i c  b a c t e r i a  i n  a b o u t  72 h o u r s ,  and t h e  



Figure 1. Free-living minibacteria collected on a 
0.2 pm filter. Some of them have developed 
extensive extracellular processes, of which some 
have adhered to form a small aggregate in the 
center of the field. Scanning electron micro- 
graph by Kenneth Kerrick. 



Figurc 2, Fecal mass, 68 hours old, produced by the 
eolp, ThaZQa dam~aratioa. Epifluorescenca photo- 
micrograph of acridine orange stain shows growth 
of bacteria vithin the mass. The entire particle 
is appfoximately 25 pm in its longest dimension. 



p c l l c t  is t h e n  r a p i d l y  d i s p e r s e d  (Johannes  and 
Sstomi 1966) .  The f ragmenta ry  remains  of o l d  f e c a l  
p e l l e t s  a r e  l a r g e l y  devoid of b a c t e r i a  (Wiebe and 
Pomeroy 1972) .  IJllether t h i s  i s  because  o f  t h e  re -  
f r a c t o r y  n a t u r e  of t h e  s u b s t r a t e  o r  because  of tile 
 razing p r e s s u r e  on s u c h  p a r t i c l e s  is  n o t  known. 

S ~ ~ b s t r a t e s  f o r  R k c t e r i a  i n  
N a t u r a l  Waters  

Some o t h e r  p o p u l a t i o n s  of b a c t e r i a  occupy t h e  
s u r f a c c s . o f  l i v i n g  phy top lank ton  and rnacrophytes.  
( S i e b u r t h  1979) .  They a r e  i n  a f a v o r a b l e  p o s i t i o n  
t o  u t i l i z e  low m o l e c u l a r  we igh t  d i s s o l v e d  o r g a n i c  
compounds t h a t  a r e  r e l e a s e d  from t h e  p l a n t s .  

The c l a s s i f i c a t i o n  o f  m i c r o b i a l  p o p u l a t i o n s  
,. . .: i n t o  a  r a t i o n a l  scheme of  community s t r u c t u r e  

I p roves  d i f f i c u l t  and c h a l l e n g e s  c l a s s i c a l  ecolog-  

Elost o f  t h e  open w a t e r s  o f  l a k e s ,  e s t u a r i e s ,  
and oceans  a r e  a e r o b i c  and a r e  t h e  domain o f  t h e  
nonexac t ing  h e t e r ~ ~ r o p h s .  The bottom w a t e r s  of 
s t r a t i f i e d  l a k e s , .  t h e  Bl'ack S e a ,  t h e  C a r i a c o  
Trench,  and t h c  s a d i m e n t ~  of s h d l o w ,  a u t r o p h i ~  
systems a r e  a n a e r o b i c .  These  a n a e r o b i c  zones  and 

.. .. 

,. . 

i c a l  t h e o r y .  While i t  is  r e l a t i v e l y  s t r a i g h t f o r -  
ward t o  o r g a n i z e  t h e  c l a s s i c a l  p l a n t - g r a z e r - c a r n i v o r e  
s t r u c t u r e  i n t o  t r o p h i c  l e v e l s ,  t h e  m i c r o b i a l  
community, l i v i n g  a t  t h e  expense  o f  a  v a r i e t y  .of 
p a r t i c u l a t e  and d i s s o l v e d  s u b s t r a t e s ,  does  n o t  f i t  
t h a t  scheme. Although t h e r e  are s e v e r a l  e n e r g y  
t r a n s f e r  s t e p s  between s u b s t r a t e ,  b a c t e r i a ,  and 
g r a z e r s ,  b o t h  p ro tozoan  and metazoan, t h e y  cannot  
be s e p a r a t e d  i n t o  n e a t ,  d i s t i n c t  t r o p h i c  l e v e l s .  
T h i s  would be a  t r i v i a l  problem had n o t  e c o l o -  
g i s t s  g i v e n  t h e  t r o p h i c  l e v e l  concep t  s u c h  a s t r o n g  
s e n s e  o f  r e a l i t y .  I t  must be  remembered t h a t  t h e  
t r o p h i c  l e v e l  is  a  ' s i m p l i f y i n g  a b s t r a c t  c o n c e p t  
t h a t  is ,  i n  t h i s  c a s e ,  t o o  s i m p l e  t o  b e  u s e f u l  
(Pomeroy 1979) . 



t h e  i n t e r f a c e s  w i t h  t h e  a e r o b i c  zones  provi.de 1lnbi.- 
t a ts  f o r  chemoli  tho  t r o p h s  and o t h e r  m e t a b o l i c a l l y  
s p e c i a l i z e d  b a c t e r i a .  Although t h e  a n a e r o b i c  zones  
r e p r e s e n t  o n l y  a small f r a c t i o n  of t h e  t o t a l  a r e a  
of no.cural  w a t e r s  O F  the world ,  b a c t e r i a l  a c t i v i t y  
i n  them probab lyehas  a s i g n i f i c a n t  impact on t h e  
p l a n e t a r y  c y c l e s  of n i t r o g e n .  However, t h e  media- 
t i o n  o f  energy is  dominated by t h e  c o m m u n i t i e s ' i n  
a e r o b i c  waters. 

The l a r g e s t  s i n g l e  poo l  o f  o r g a n i c  matter po- 
t e n t i a l l y  a v a i l a b l e  t o  b a c t e r i a  i s  t h a t  diqsnl.ved 
i n  n a t u r a l  w a t e r s .  Total> d i s s o l v e d  o r g a n i c  m a t t e r  
v a r i e s  from less t h a n  1 mg/l  i n  t h c  open ocean  t o  
more t h a n  1 0  iilg/l i n  some e s t u a r i e s  and lakes 
(D1~1.1rsrna 1 965; Elenzel and Ryther 1970) . The l o n g  
c o n t r o v e r s y  a b o u t  t h e  a v a i l a b i l i t y  of t h i s  d i s -  
s o l v e d  o r g a n i c  m a t t e r  t o  o rgan i sms  of  a l l  k i n d s  h a s  
now been l a r g e l y  l a i d  t o  r e s t  ( J Q r g e n s e n  1976) .  
No3t o f  t h a t  f r a ~ t i o n  of i t  which can h~ 11t;i l  i.zed 
probab ly  is  degraded  by b a c t e r i a .  However, i t  i s  
c l e a r  t h a t  much of t h e  d i s s o l v e d  o r g a n i c  m a t t e r  of 
t h e  ocean  is h i g h l y  r e f r a c t o r y .  The mean r a d i o -  
c a r b o n  age  of m a r i n e  humates i s  around 3000 y e a r s  
(Williams, Oeschget  and Kinney 1969), and t h i s  s o r t  
o f  r e f r a c t o r y  material makes up most of t h e  s t a n d -  
i n g  s t o c k .  T h e r e f o r e ,  t h e  a v a i l a b l e  s t a n d i n g  s t o c k  
of d i s s o l v e d  material is p r o b a b l y  l e s s  t h a n  1 2  of 
t h e  t o t a l .  I n  r e a l i t y ,  t h e r e  must b e  a continuum 
from t o t a l l y  r e f r a c t o r y  compounds t o  t h o s e  l i k e  
g l u c o s e ,  g l y c o l a t e ,  and amino a c i d s  which r e q u i r e  
no e x t r a c e l l u l a r  d e g r a d a t i o n ,  and f o r  which perme- 
a s e s  a r e a i k e l y  t o  be m o b i l i z e d .  T h e r e f o r e ,  s u c h  
compounds, which a r e  most r e a d i l y  a v a i l a b l e  and 
most a c t i v e l y  used,  w i l l  have very  s h o r t  r e s i d e n c e  
t i m e s  i n  the water, E s t i m a t e s  of t h e  r e s i d e n c e  
t i m e  o f  amino a c i d s  i n  t h e  s u r f a c e  w a t e r s  o f  t h e  
ocean  a r e  on  the o r d e r  o f  d a y s  o r  weeks i n  most 
c a s e s  (Andrews and W i l l i a m s  1971) .  

The s o u r c e s  o f  d i s s o l v e d  o r g a n i c  m a t t e r  are 
what i s  r e l e a s e d  .by l i v i n g  p l a n t s  ( i n c l u d i n g  



i T h e . p r i m a r y  and p r i n c i p a l  s o u r c e  o f  p a r t i c u -  
l a t e  m a t t e r  a v a i l a b l e  t o  b a c t e r i a  is  from t h e  

i ) l i y ~ o i ~ l i i ~ ~ k ~ ~ ~ n )  , t h c  prodtic ts of dc fecc l t ion  and cx- 
c r e t i o n  of an.imals ( q u a n t i t a t i v e l y  mos t ly  from zoo- 

i. plank ton  and p r o t o z o a n s ) ,  and t h e  p r o d u c t s  of ex- 
! t r a c e l l u l a r  d e g r a d a t i o n  of p a r t i c u l a t e  s u b s t r a t e s  

by b a c t e r i a .  The r a t e  o f  p r o d u c t i o n  of d i s s o l v e d .  
' 

o r g a n i c  m a t t e r  from t h e s e  v a r i o u s  s o u r c e s  is  much 
j l e s s  w e l l  q u a n t i f i e d .  t h a n  is  t h e  s t a n d i n g  s t o c k .  
i The r e l e a s e  of d i s s o l v e d  m a t e r i a l  by phy top lank ton  
j and o t h e r  p l a n t s .  is  h i g h l y  v a r i a b l e .  Under t h e  

I growth o f  p l a n t s .  I n  p e l a g i c  sys tems  t h i s  means 
phy top lank ton ,  Al though i t  h a s  o f t e n  been  

I 
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! 
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s t r e s s f u l  c o n d i t i o n s  t y p i c a l  o f  t h e  c e n t r a l  g y r e s  
of t h e  ocean and o l i g o t r o p h i c  l a k e s ,  n e a r l y  h a l f  o f  
t h e  ca rbon  f i x e d  may b e  r e l e a s e d  a s  g l y c o l a t e  and 
o t h e r  low molecu la r  we igh t  compounds. I n  t h e  rela- 
t i v e l y  f a v o r a b l e  c o n d i t i o n s  i n  c o a s t a l  w a t e r s ,  . 

c o a s t a l  u p w e l l i ~ ~ g s  ,, and e u t r o p l l i c  l a k e s ,  l e s s  t h a n  
5% of  t h e  ca rbon  f i x e d  may be  r e l e a s e d  (Fogg 1971) .  
However, t h e  a b s o l u t e  amount of disso1,ved m a t t e r  
r e l e a s e d  b.y phy top lank ton  i s  g r e a t e s t  i n  c o a s t a l  
upwel l ings  and e u t r o p h i c  l a k e s .  The p r o d u c t i o n  o f  
d i s s o l v e d  m a t e r i a l s  might  b e  on t h e  o r d e r  of 50 t o  
100 mglday, w h i l e  i n  a n  o l i g o t r o p h i c  l a k e  o r  a ,  
c e n t r a l  ocean g y r e  i t  might  be  on  t h e  o r d e r  o f  1 0  
mg/day. S i n c e  t h e s e  compounds do n o t  accumula te  
beyond c o n c e n t r a t i o n s  of a few m i c r o g r a m s / l i t e r ,  
they mu.st be  u t i l i z e d  by b a c t e r i a ,  p r i n c i p a l l y  t h e  
f r e e - l i v i n g  m i n i b a c t e r i a .  Organ ic  e x c r e t o r y  and 
f e c a l  p r o d u c t s  a l s o  w i l l  b e  produced i n  g r e a t e s t  
amount i n  e u t r o p h i c  w a t e r s  and .p robab ly  w i l l  amount 
t o  s e v e r a l  t i m e s  t h e  r a t e  o f  p r o d u c t i o n  o f  p r o d u c t s  
r e l e a s e d  by phy top lank ton ;  i n  o l i g o t r o p h i c  waters 
t h e y  w i l l  n o t  b e  more t h a n  t h e  amount r e l e a s e d  by 
phytoplankton.  While t h e s e  rates are n o t  w e l l  
q u a n t i f i e d ,  a p p a r e n t l y  t h e  p r o d u c t i o n  o f  d i s s o l v e d  
m a t e r i a l s  a v a i l a b l e  t o  f r e e - l i v i n g  b a c t e r i a  is  
greater i n  e u t r o p h i c  w a t e r s  by a n  o r d e r  o f  magni- 
tude ,  and might  be  g r e a t e r  by s e v e r a l .  hundred mg/ 

j day. 



sugp,cstcd t h a t  phy top]  nnicton ;I r c  co.nsu~ncd cl11:lnt i.C;1- 
t i v e l y  by zoo plank to^^ ( S t e e l c  1 9 7 4 ) .  I ~ o t h  czanlina- 
t i o n  of n a t u r a l l y  o c c u r r i n g  d e t r i t u s  and s t u d i e s  of 
t h e  f e e d i n g  o f  zooplankton i n d i c a t e  t h a t  a s u b s t a n -  
t i a l ,  i f  v a r i a b l e ,  f r a c t i o n  of phytopLnnkron i s  n o c  
e a t e n  by zooplankton.  Some s p e c i e s  a r e  nox ious ,  
n o t a b l y  c y a n o b a c t e r i a  and some s p i n y  o r  armored 
s p e c i e s ,  and  these a r e  b u t  r a r e l y  e a t e n  ( P o r t e r  
1973; P o r t e r  1 9 7 7 ) .  The f e e d i n g  e f f i c i e n c y  o f  zoo- 
p l a n k t e r s  v a r i e s  with the  5 j . x ~  and  species n f  Fnnd 
o rgan i sms  a v a i l a b l e .  While some s p e c i e s  a r e  in -  
gested w i t h  v e r y  h i g h  e k f i c i e n c y ,  o t h e r s ,  s u c h  a s  
l a r g e ,  chain-forming d i a t o m s ,  t end  t o  be  broken,  
w i t h  s u b s t a n t i a l  l o s s e s  o f  f ragments .  T h o ~ e  n o t  
c a t e n  by zoop lank ton  f o r  onc r e a s o n  o r  a n o t h c r  
becsme substsates fsr bacteria* Q v a n t i E i s a c i o n  o f  
t h e  rate of p r o d u c t i o n  of t h i s  pr imary d e t r i t u s  is  
l a c k i n g .  

Those phy top lank ton  which a r e  i n g e s t e d  by zoo- 
p l a n k t o n  p a s s  . t h r o u g h  t h e  g u t ,  w i t h  a b o u t  30% u l -  
t i m a t e l y  r e l e a s e d  as f e c e s .  Some zooplank ton ,  such  
as c r u s t a c e a n s ,  have g r i n d i n g  mechanisms t o  b r e a k  
up food m a t e r i a l s .  Even s o ,  i t  is com;nonly ob- 
s e r v e d  t h a t  some phy t o p l a n k t e r s  come th rough  i n t o  
t h e  f e c e s  a l i v e  and w e l l  ( P o r t e r  1973; P o r t e r  
1 9 7 7 ) ,  w h i l e  o t h e r s  are dead b u t  l i t t l e  d i g e s t e d .  
Oeher organisms, such as s a l p s ,  lack  any grinding 
mechanism, and d i g e s t i o n  is  even l e s s  comple te .  
Such f e c a l  matter is a  r i c h  s u b s t r a t e  f o r  b a c t e r i a  
( F i g u r e  2 ) .  

I n  s h a l l o w  water env i ronments ,  l a r g e ,  r o o t e d  
v e g e t a t i o n ,  e i t h e r  submerged o r  emergent ,  i s  t h e  
major  s o u r c e  o f  p l a n t  biomass p r o d u c t i o n .  Ln t h e ,  
c o a s t a l  zone,  s e a  g r a s s e s ,  k e l p s ,  and o t h e r  macro- 
a l g a e  have v e r y  h i g h  p r o d u c t i o n  r a t e s  (Mann 1 9 7 2 ) ;  
o n  c o r a l  r e e f s ,  a  t h i n ,  h e a v i l y  g razed  m a t  o f  r e d  
and blue-green a l g a e  i s  r e s p o n s i b l e  f o r  more p r i -  . 

i lrlary produc Lion ~lliia are f he  zuusan ~ f l e l l a e  uE t h e  
c o r a l s  themse lves  (Johannes  e t  a l .  1972) .  I n  t e r -  
r e s t r i a l  ecosystems g e n e r a l l y  t h e  d i r e c t  



cu~is~ l inp t ion  of p l a n t s  by g r a z c i s  amounts t o  abou t  

1 107; of t o t a l  primary p r o d u c t i o n ,  t h e  rest becoming 
l i c t c r  and l~umus.. !Jhere i t  h a s  been measured,  t h e  

i p r o p o r t i o n  of d i r e c t  g r a z i n g  o f  a q u a t i c  macrophytes  

' I a l s o  nnioui~ts t o  about  102 o f  pr imary p r o d u c t i o n  
i (Tea l  1962) .  T h i s  means t h a t  most p r imary  produc- 
I 

i t i o n  goes  d i r e c t l y  i n t o  t h e  d e t r i t u s  food web t o  b e  

; mediated by b a c t e r i a ,  and t h e r e f o r e ,  t h e  f l o w  o f  
: energy th rough  d e t r i t u s  and b a c t e r i a  is  i n  f a c t  t h e  
: predominant o n e  i n  most,  i f  n o t  a l l ,  ecosystems.  

I t  i s  t h e r e f o r e  i m p o r t a n t  t o  u n d e r s t a n d  and t o  
q u a n t i f y  t h e  r o l e s  o f  b a c t e r i a  i n  food webs. 

. Although a c a s e  i s  made i n  t h i s  r ev iew f o r  t h e  
impor tance  of b a c t e r i a  i n  food webs, i t  must be. em- . 
phas ized  t h a t  b a c t e r i a  a l o n e  do n o t  make a  commun- 
i t y  i n  which v a r i e d  s u b s t r a t e s  a r e  u t i l i z e d  q u i c k l y  
and e f f i c i e n t l y .  I t  i s  n e c e s s a r y  t o  have some 
h i g h e r  organisms i n  t h e  community as w e l l  t o  pro- 
v i d e  some f u n c t i o n s  o f  p r o c e s s i n g , s u b s t r a t e s .  It . . 
h a s  been known f o r  many y e a r s  t h a t  t h e  d e g r a d a t i o n  
of l i t t e r ,  and even an imal  c a r c a s s e s  on t h e  f o r e s t  
f l o o r  ,. depends on t h e  a c t i v i t y  of smal l  i n v e r t e -  
b r a t e  an imals  t h a t  chew, g r i n d ,  and p a r t l y  d i g e s t  

" " t h e  m a t e r i a l ,  making i t  mo're r e a d i l y  a v a i l a b l e  as a 
b a c t e r i a l  s u b s t r a t e .  M a t e r i a l  e n c l o s e d  i n  exc lo -  
s u r e  cages , .  which e l i m i n a t e  t h e  a c t i v i t y  o f  t h e  
s m a l l  i n v e r t e b r a t e s ,  r emains  whole and r e l a t i v e l y  
undegraded f o r  a  much l o n g e r  t i m e  t h a n  d o e s  mate- . . 

r ia l  n o t  s o  p r o t e c t e d .  W e  now.know t h a t  t h e  same 
is  t r u e  i n  aqua t ic .  env i ronments .  I n  s t r e a m s ,  where 
t h e  p r i n c i p a l  i n p u t  i s  l e a v e s ,  t h e r e  is a  g u i l d  o f  
insecc l a r v a e  which p r o c e s s e s  l e a v e s ,  rapi.rl1.y ren-  
d e r i n g  them i n t o  f i n e  d e t r i t u s ,  and f a c i l i t a t i n g  
a t t a c k  by b o t h  b a c t e r i a  and f u n g i .  Exper iments  
similar t o  t h o s e  done i n  f o r e s t s  have shown t h a t  i n  
broad terms t h e  community o f  t h e  deep. sea bottom . 

f u n c t i o n s  in -much  t h e  same way. They were  i n s p i r e d  
by t h e  f i n d i n g  t h a t  t h e  l u n c h e s  which went t o  t h e  
s e a  bot tom i n  t h e  s i n k i n g  of ,  t h e  ALVIN were  l i t t l e  
decomposed a f t e r .  many months ( Jannasch  e t  a l .  1971; 
J a ~ i n a s c h  and td i rscn 1973) .. While  the, 1.musua1 



c o n d i t i o n s  of h igh p r e s s u r e  arlcl 1-ow ccmpccatttrc i . 1 ~  

t h e  bottom of  t h e  ocean  c e r t a i n l y  c o n t r i b u t e  t o  t h e  
s low r a t e  of d e g r a d a t i o n  found t h e r e ,  i r  a l s o  a p -  
p e a r s  t h a t  t h e  a c t i o n  of b e n t h i c  i n v c r t e b r a t c s  i s  
i m p o r t a n t  i n  f a c i l i t a t i n g  d e g r a d a t i o n  ( S i e b u r t h  and 
D i e t z  1974) .  

Not o n l y  does  t h e  r a t e  o f  d e g r a d a t i o n  of l a r g c  
p a r t i c u l a t e  m a t e r i a l  depend upon t h e  a c t i o n  o f  i n -  
v e r t e b r a t e s  a s  w e l l  as b a c t e r i a ,  b u t  s o  does  t h e  
r e g e n e r a t i o n  o f  essential n u t r i e n t  e l e m e n t s ,  such  
as n i t r o g e n  and phosphorus .  I f  c o n d i t i o n s  remain 
s t r i c t l y  a e r o b i c ,  as t h e y  do i n  most n a t u r a l  
w a t e r s ,  b a c t e r i a  a p p e a r  t o  f e t a i n  a 1 1  phospha te  
t h e y  assimilate as po lyphospha tes .  It is  r e l e a s e d  
o n l y  when the bacceria are eaten and d i g e s t e d  by 
p r o t o z o a n s  o r  h i g h e r  a n i m a l s  (Buch lor  and D a l l s n  
1974; Johannes  1964;  Johannes  1968) .  Under anaero-  
b i c  c o n d i t i o n s ,  where t h e  e x c e s s  m e t a b o l i c  energy  
n e c e s s a r y  f o r  s y n t h e s i z i n g  p o l y p h o s p h a t e s  may n o t  
b c  a v a i l a b l e ,  phospha te  is  r e g e n e r a t e d  by b a c t e r i a .  
The f a t e  o f  n i t r o g e n  may d i f f e r  f rom t h a t  o f  phos- 
phorus  because  o f  i t s  d i f f e r e n t  s t r u c t u r a l  and 
f u n c t i o n a l  r o l e s .  There  a p p e a r s  t o  be no open- 
ended s t o r a g e  mechanism f o r  n i t r o g e n ,  a s  t h e r e  i s  
f o r  phosphorus ,  i n  b a c t e r i a .  T h c r e f o r e ,  a n  exccso  
might  b e  r e l e a s e d  as ammonia, even under  a e r o b i c  
c o n d i t i o n s .  A t  t h e  same t i m e ,  t h e r e  may be n i t r o -  
gen  f i x a t i o n  by s p e c i f i c  b a c t e r i a  and  cyanobac- 
teria. I n  a n a e r o b i c  env i ronments ,  where e x c e s s  
ammonia i s  b e i n g  produced,  much o f  i t  may be  d e n i -  
t r i f  i e d  . 

\ 

B a c t e r i a  i n  A q u a t i c  Food Webs 

Recause they 1.1ti.1 j ZI? a va t j . e t .y  of  dj .ssol .v~.d 
and p a r t i c u l a t e  s u b s t r a t e s ,  b a c t e r i a  occupy many 
p o s i t i o n s  i n  a q u a t i c  food webs. Distinct. pnp11I.a- 
t i o n s  are a s s o c i a t e d  w i t h  p a r t i c l e s ,  i n c l u d i n g  
f e c e s ,  w h i l e  f r e e  b a c t e r i a  u t i l i z e  d i s s o l v e d  sub- 
s trates from b o t h  p r imary  and secondary  s o u r c e s .  



'Tllc rc ; l l . i ty  of any food web is  111uch morc complex 
tli;iu t l i n t  sIloi~11 i n  F i g u r e  3 ,  However, t h a t  is  i n  
i t s e l f  mucll more complex t h a n ,  and fundamenta l ly  
d i f f  r r e n t  from., a n  E l t o n i a n  food c h a i n .  What would 
be recognized a s  t h e  food c h a i n  of t h i s  g e n e r a l i z e d  
a q u a t i c  food web is  connected by dashed l i n e s  i n  
t h e  upper r i g h t .  A l l  t h e  r e s t  i s  i g n o r e d  by most 
a q u a t i c  e c o l o g i s t s ,  and most o f  i t  is  t h e  domain o f .  
b a c t e r i a ,  t o g e t h e r . n i t h  t h e .  s p e c i a l i z e d  metazoans  ' 

which feed  on b a c t e r i a .  

I t  h a s  been a rgued  thak  - t h i s  p a r t  o f  t h e  food  
.web is n o t  of i n t e r e s t  t o  e c o l o g i s t s  who a r e  con- 
ce rned  with t h e  t o t a l  f l u x  o f  energy  and m a t e r i a l s .  
One s c h o o l  o f  thought  m a i n t a i n s  t h a t  v e r y  l i t t l e  
energy f lows  . through t h e s e  pathways. There  i s  now 
s u b s t a n t i a l  e v i d e n c e  t h a t  a r e l a t i v e l y  l a r g e  pro- 
p o r t i o n  of. t h e  t o t a l  f l u x  of energy is  media ted  by 
microorganisms,  however (Pomeroy 1974; Pomeroy 
1979; S i e b u r t h  e t  a l .  1977;  Watson 1978;  Tab le  1 ) .  
Another s c h o o l  o f  thought  m a i n t a i n s  t h a t  even i f  
more t h a n  h a l f  of t h e  t o t a ' l  f l u x  o f  energy  i s  
chrougli m i c r o b i a l l y  mediated pathways,  t h e s e  path-  
ways l e a d  t o  a dead end s o  f a r  a s  f i s h e s  and o t h e r  
t e r m i n a l  consumers a r e  .concerned,  and a r e  t h e r e f o r e  
o f  l i m i t e d  i n t e r e s t .  Wk.ile w e  do n o t  have d a t a  
'from t h e  real world  t o  e v a l u a t e  q u a n t i t a t i v e l y  t h e  
u l t i m a t e  f a t e  of energy t h a t  p a s s e s  th rough  micro- 
b i a l  b iomass ,  s i m p l e  h e u r i s t i c  modeling e x e r c i s e s  
demons t ra te  t h a t  w e  cannot  e x c l u d e  t h e  p o s s i b i l i t y  
t h a t  v i r t u a l l y  a l l  t e r m i n a l  consumers may b e  a b l e  
t o  u t i l i z e  energy from m i c r o b i a l  pathways (Pomeroy 
1979).  

The p r i n c i p a l  b a s i s  f o r  t h e  c o n c l u s i o n  t h a t  
microorganisms c r e a t e  d'ead-end food webs i s  t h e  
assumption t h a t  t h e r e  are t o o  many t r a n s f e r s  o f  
energy between s o - c a l l e d  t r o p h i c  l e v e l s .  Ecolog- 
i c a l  dogma h a s  i t  t h a t  t h e  t r a n s f e r  o f  energy  be- 
tween t r o p h i c  l e v e l s  is  a b o u t  10% e f f i c i e n t ,  and 
t h e r e f o r e  c a n  never  go more t h a n  f o u r  o r  f i v e  s t e p s :  
b e f o r e  a l l  o f  t h e  energy  from pr imary s o u r c e s  h a s  
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. F i g u r e  3 .  A gene ra l i zed  and s i m p l i f i e d  diagram of . 
aquatic food w e b s .  The compartments i n  the 
upper l e f t  joined by t h e  h ~ a v y ,  da.sheh lines are 
t h e  c l a s s i c a l  IvoJ chain. The rwrnainder s h n v s  
o t h e r  compartments and pathways now recognized 
t o  e x i s t ,  and i l l u s t r a t e s  t h e  r o l e  of he t e ro -  
t rophkc b a c t e r i a  i n  u t i l i z i n g  a  v a r i e t y  of 
d i l u t e ,  d i s p e r s e d ,  o r  ~omewhat r e f r a c t o r y  

! ioaterial9, while i r i  IIcil.13 hecorning 3 food sourrrp. 
f o r  a v a r i e t y  of h ighe r  organisms. 



Table  1. B a c t e r i a l  growth r a t e  i n  n a t u r a l  w a t e r s .  I n  some c a s e s  mean .values  were c a l -  
c u l a t e d  and u n i t s  of r e f e r e n c e  changed f o r  u n i f o t m i t y .  

-- 

Produc t ion  Ra te  
Loca t ion  -2 -1 Method 

-3 -1 Reference  
mg C m day mg C m day 

A r c t i c  pond 5k d i r e c t  count  11 
.Lake Diva,  Japan  11 .5  . 
Lake D i w a ,  Japan ,  summer 
Lake Biwa , Japan ,  i ~ i n  t e r  
F r a i n s  Lake, Michigan 300 
Dalnee Lalce, Kamchatka 1 ,530 
Kybl insk R e s e r v o i r  5  ? 
N a r r a g a n s e t t  Ray - 20 2 
B u t a r i t a r i  A t o l l  Lagoon . 

C o n t i n e n t a l  s h e l f  w a t e r  
behind Grea t  B a r r i e r  Reef 

Black Sea ,  e u p h o t i , ~  zone 2 
Black Sea ,  chernosynthesis  zone 6  
N. A f r i c a ,  c o a s t a l  upwel l ing  3-30 

Peru ,  c o a s t a l  upwel l ing  -1 1 
N. A t l a n t i c  E. o f  Azores 120 
Sea of  Japan  45 
N .  d S. P a c i f i c ,  mid and low 

l a t i t u d e s  0.6 

d a r k  HCO3 
d i r e c t  count  
d i r e c t  count  
r e s p i r a t i o n  
r e s p i r a t i o n  
da rk  HCO3 
d i r e c t  count  
r e s p i r a t i o n  

r e s p i r a t i o n  40 
r e s p i r a t i o n  . 40 
r e s p i r a t i o n  4 0  
r a t e  o f  n a t u r a i  sub- 
. s t r a t e  p r o d u c t i o n  4 3  
r e s p i r a t i o n  4 0  
d i r e c t  count  38 
r e s p i r a t i o n  ' ' 4  0  

-" Assuming 60 day a c t i v e  s e a s o n  



bceil d i s s i p a t e d  a s  n ~ e t n b o l i c  h e a t .  I n  a  r e c e n t  
a n a l y s i s  (Pomcroy 1979) , tlie writer h a s  shown t h a t  
most o f  t h e  t r a n s f e r s  of  energy between producer  
and consumer p o p u l a t i o n s  exceed 10% e f f i c i e n c y ,  2nd 
t h e r e  is  e v i d e n c e  t h a t  t r a n s f e r s  i n v o l v i n g  micro- 
b i a l  consumers o p e r a t e  a t  a n  e f f i c i e n c y .  o f  around 
50%. Conger and more complex food webs a p p e a r  t o  
be  p o s s i b l e ,  and o b s e r v a t i o n s  o f  r e a l  communities 
nf organ i sms  t e l l s  us r h a t  they  a r c  t h e  r u l e .  What 
a p p e a r e d  t o  Hutch inson  (1959) t o  be  a  paradox i n  
c l a s s i c a l  food c h a i n  t h e o r y  is probab ly  a major  
s t a b i i i e i n g  Influence L U L  cu111plex i o m m u n i t i c ~  
(Pomeroy 1975; Pomeroy 1979) . 

I f  bacteria a r e  m e t a b o l i c a l l y  a c t i v e  and re- 
s p o n s i v e  t o  t h e  a v a i l a b i l i t y  o f  s u b s t r a t e s  i n  
n a t u r a l  w a t e r s ,  a s  t h e y  now a p p e a r  LO .be, a r e  they  
indeed  l i n k s  i n  t h e  food web o r  merely  energy  ' 

s i n k s ,  a s  some e c o l o g i s t s  now b e l i e v e ?  I f  t h e i r  
s u p p l y  of energy  is  i n t e r m i t t e n t ,  and t h e y  c o n t i n u e  
t o  r e s p i r e  when e x t e r n a l  energy s o u r c e s  a r e  n o t  
a v a i l a b l e ,  b a c t e r i a  may r e s p i r e  most o f  t h e  o r g a n i c  
matter they a s s i m i l a t e .  On t h e  o t h e r  hand,  i f  bac- 
t e r i a  are consumed r a p i d l y  and e f f i c i e n t l y  by g raz -  
ers and  f i l t e r  f e e d e r s ,  t h e i r  e x c e s s  p r o d u c t i o n  
w i l l ,  b e  u t i l i z e d  e f f i c i e n t l y  (Pomeroy 1 9 7 4 ) .  The 
s t a n d i n g  s r ~ c k s  oC bacteria i n  most n a t u r a i  watgrs 
u s u a l l y  are IICIL: great (10~-10"/ml), and do n o t  sQ.em 
t o  v a r y  g r e a t l y  (Ferguson and Rublee 1976;  Watson 
e t  al. 1977) .  Ye t ,  t h e r e  is e v i d e n c e  t h a t  their 
p r o d u c t i o n  r a t e  i s  s u b s t a n t i a l .  T h i s  s u g g e s t s  t h a t  
b a c t e r i a  gre consumed down t o  some r e f u g e  concen- 
t r a t i o n . a t  ' the same rate that they grow. We know 
t h a t  a wide v a r i e c y  of; aquaric or&ani.sms, f r o m  pro-., 
tozoans  t o  p r o c h o r d a t e s ,  a r e  c a p a b l e  o f  consuming 

. b a c t e r i a .  While some u n c e r t a i n t y  e x i s t s  a b o u t  t h e  
1 f a t e  of b a c t e r i a  i n  the food web, t h e i r  assimila- 

t i o n  e f f i c i e n c y  a p p e a r s  t o  be  h i g h .  A number of  ' 

studies of assimilation efficiuncy of bacteria show 
i t  t o  be  50X o r  g r e a t e r  (Ho and Payne 1979;  Payne 
1970) ,  b u t  most o f  t h i s  is  e x p e r i m e n t a l  work a t  
s u b s t r a t e  c o n c e n t r a t i o n s  t h a t  a r e  s e v e r a l  o r d e r s  o f  



magnitude g r c a t c r  than t h o s e  found i n  n a t u r a l  
w a t e r s .  Ilowever, r e l a t i v e  a s s i m i l a t i o n  and 
r e s p i r a t i o n  of d e f i n e d  s u b s t r a t e s  by n a t u r a l  
assemblages  of b a c t e r i a ,  a t  n a t u r a l  c o n c e n t r a t i o n s  
of s u b s t r a t e s ,  a l s o  show e f f i c i e n c i e s  b e t t e r  t h a n  
50% i n  most c a s e s  (Hobbie and Crawford 1969) .  
T h e r e f o r e ,  food w e b s ' w i t h  a b a c t e r i a l  l i n k  may b e  
a s  e f f i c i e n t  a s  t h o s e  w i t h o u t  one ,  b e c a u s e  o f  t h e i r  
re1atfuel .y  h i g h  e f f i c i e n c y  coup led  w i t h  t h e ' i r  v e r -  
s a t i l i t y  i n  a s s i m i l a t i n g  d i l u t e  and r e f r a c t o r y  sub- 
s t r a t e s .  

contemporary.  t e c h n i q u e s  of microscopy and b io -  
j c h e m i s t r y  make i t  p o s s i b l e  t o  enumerate  b a c t e r i a  i n  
; n a t u r a l  w a t e r s  r e a s o n a b l y  w e l l  (Hobbie,  Daley and 

J a s p e r  1977; King and White 1977; Watson ,et a l .  
1977; White e t  a l .  1977; White e t  a l .  1 9 7 9 > , , b u t  
measur ing t h e i r  r a t e  o f  p r o d u c t i o n  remains  a  d i f f i -  
c u l t  problem. D i r e c t  c o u n t s  on c o n f i n e d  w a t e r  
samples  o v e r  t i m e  are l i k e l y  t o  be  f l awed  by t h e  
i n d u c t i o n  of a l a t e n t  p e r i o d  a s  t h e - r e s u l t  of hand- 
l i n g .  I t ' i s  a l s o  d i f f i c u l t  t o  e x c l u d e  a l l  g r a z e r s ,  

, e s p e c i a l l y  t h e  s m a l l  p ro tozoans .  I n d i r e c t  measures 
of p r o d u c t i o n ,  based on r e s p i r a t i o n  and u p t a k e  of 
o r g a n i c  o r  i n o r g a n i c  s u b s t r a t e s ,  depend upon .con- 
v e r s i o n  f a c t o r s  u s u a l l y  a r r i v e d  a t  th rough  l a b o r a -  
. t o r y  m a n i p u l a t i o n  of b a c t e r i a l  p o p u l a t i o n s  q u i t e  
u n l i k e  t h o s e  found i n  n a t u r a l  w a t e r s .  Such f a c t o r s  
a r e  n o t  r e a l l y  c o n s t a n t s ,  even i f  t h e y  are c a r e -  
f u l l y  determined.  I n  t h e  end ,  o n e  g e t s  a l m o s t  a s  
good a n  e s t i m a t e  o f  produc. t ion by i n f e r r i n g  i t  from 
a  known rate of s u b s t r a t e  p r o d u c t i o n  (Watson 1978) .  
Because o f  t h e s e  u n c e r t a i n t i e s ,  t h e  p r o d u c t i o n  

' v a l u e s  i n  Tab le  1 must be  viewed a s  p r o v i s i o n a l  
o n e s ,  p a r t i c u l a r l y  s i n c e  t h e y  i n v o l v e  t h e  e n t i r e  
range  o f  methods. While t h e y  may n o t  be  a b s o l u t e l y  

j c o r r e c t ,  they  produce a c r e d i b l e  p i c t u r e  o f  t h e  
p r o d u c t i o n  r a t e  o f  b a c t e r i a  i n  n a t u r a l  w a t e r s ,  
which v a r i e s  o v e r  s i x  o r d e r s  of magni tude,  The 
a r c t i c  pond i s ,  .no t  s u r p r i s i n g l y ,  l o w e s t  by a n  
o rder  of magnitude.  The d i s p a r i t y  between t h e  
P e r u v i a n  c o a s t a l  upwel l ing  and N a r r a g a n s e t t  Bay 



i n d i c a t e s  t h a t  t h e  l a t t e r  i s  no t  one o  E t h e  most 
e u t r o p h i c  of e s t u a r i e s .  Lakes have a  wide range of 
b a c t e r i a l  p r o d u c t i o n  v a l u e s ,  w i t h  smal1.er e u t r o p h i c  

! l a k e s  a c t u a l l y  approach ing  sewage o x i d a t i o n  ponds 
i n  t h e i r  l e v e l  of a c t i v i t y .  The l a r g e r  o l i g o t r o -  
p h i c  l a k e s  a r e  n o t  w e l l  r e p r e s e n t e d  i n  t h e  t a b l e .  

B a c t e r i a l  biomass may a t  t i m e s  e q u a l  o r  even 
exceed t h a t  o f  phy top lank ton ,  and b a c t e r i a l  produc- 
t i o n  may sometimes be e q u i v a l e n t  to  a s i g n i f i c a n ~  
f r a c c i o n  ul p15mary p r o d u c t i o n  ( S i e b u r t h  et n l .  
1977; Waeoon 1978; Watson ~t a1 .  19771, T l ~ e r e -  
f o r e ,  i t  is p o t e n t i a l l y  a major  food c h a i n  l i n k .  
O f  c u u ~ s e ,  n o t  a l l  h i g h e r  organisms can consume 
b a c t e r i a ,  e s p e c i a l l y  t h e  f r e e - l i v i n g  m i n i b a c t e r i a .  
They must be u t i l i z e d  e i t h e r  by p r o t o z o a n s  o r  by 
mucus n e t  f e e d e r s ,  such  as s a l p s  and appendicu-  
l a r i a n s .  We must t h e n  a s k  what o rgan i sms  consume 
t h e  p r o t o z o a n s  and mucus n e t  f e e d e r s ,  and what i s  
t h e  e f f i c i e n c y  of a s s i m i l a t i o n  of energy  i n  such  
a pathway. I t  i s  p o s s i b l e  t h a t  t h e  b a c t e r i a  a r e  
e f f i c i e n t l y  used by organisms t h a t  a r e  themse lves  
more o r  less dead ends .  I f  t h i s  i s  s o ,  a n  env i ron-  
ment which promotes p r o d u c t i o n  of b a c t e r i a  might  
s t i m u l a t e  secondary  p r o d u c ~ i v i t y ,  b u t  a t  t h c  cx- 
p e n s e  o f  o t h e r  secondary  pathways t h a t  l e a d  t o  t h e  
p r o d u c t i o n  nf  f i s h e s .  There  a r e  many g a p s  i n  o u r  
knowledge o f  food webs, noL ualy a t  the l c v c l  o f  
b a c t e r i a  and p r o t o z o a n s ,  b u t  a t  h i g h e r  l e v e l s  a s  
w e l l .  A c l . e a r  o v e r a l l  p i c t u r e  o f  a q u a t i c  food webs 
h a s  n o t  emerged, i n  p a r t  because  t h e r e  h a s  n o t  been 
enough i n t e q a c t i o n  between a q u a t i c  m i c r o b i o l o g i s t s  
and a q u a t i c  e c o l o g l s e s .  iielL11ei a l o n e  can gee cha 
c n t i r e  sys tem and hnw i.t works, 

I . '  Quest ions  not Answered 

Aquatic m i c r o b i a l  eco logy  i s  a f a s t  growing 
i f i e l d  i n  which t h e r e  have been some n o t a b l e  r e c e n t  

s u c c e s s e s .  S u b s t a n t i a l  p r o g r e s s  h a s  been made i n  
b r i n g i n g  t h e  b e s t  . e x i s t i n g  t e c h n i q u e s  i n  



c p i f l u o r e s c c n c e  and s c a n n i n g  e l e c t r o n  microscopy 
t o  b e a r  on a q u a t i c  problems. There  h a s  a l s o  been 
r a p i d  development of a p p l i c a t i o n s  of b iochemcia l  
methods t o  t h e  problems of  m i c r o b i a l  eco logy  
througll t h e  use  o f  a d e n y l a t e s ,  l i p o p o l y s a c c h a r i d c s ,  
and muramic a c i d  a s  pa ramete rs  o f  m i c r o b i a l  b io-  
mass. However, i t  i s  s t i l l  d i f f i c u l t  t o  make c l e a r  
d i s t i n c t i o n s  between major  t a x a .  Adenyla tes  do n o t  
d i s t i n g u i s h  t a x a  a t  a l l .  Muramic a c i d  does  n o t  
d i s t i n g u i s h  c y a n o b a c t e r i a  from o t h e r  b a c t e r i a .  
Because d i r e c t  c o u n t s ,  w h i l e  v e r y  u s e f u l ,  are t e r -  
r i b l y  time-consuming, t h e r e  remains  a need f o r  
r a p i d ,  r e l a t i v e l y  s t r a i g h t f o r w a r d  a n a l y t i c a l  
methods t o  measure t h e  biomass o f  d i s t i n c t  t a x a  o f  
a q u a t i c  microorganisms.  Al though t h e  methods men- 
t i o n e d  a p p e a r  n o t  t o  be  s u f f i c i e n t l y  s p e c i f i c  f o r  
major t a x a ,  imrnunofluorescence a p p e a r s  t o  be  t o o  
h i g h l y  s p e c i f i c  f o r  most o f  t h e  k i n d s  of q u e s t i o n s  
a d d r e s s e d  h e r e .  

Measures of such  seemingly w e l l  unders tood  
p r o c e s s e s  a s  p h o t o s y n t h e s i s  'and r e s p i r a t i o n  do n o t  ' 

always y i e l d  v a l u e s  which can b e  r a t i o n a l i z e d  
( J o i r i s  1 9 7 7 ) .  The s t a n d a r d  method f o r  measur ing 
p h o t o s y n t l ~ e s i s  i n  a q u a t i c  sys tems  a p p e a r s  t o  under- 
e s t i m a t e  t h e  r a t e  by a ' h i g h l y  v a r i a b l e  amount. 

' . .  There  i s  no a c c e p t e d  method f o r  measur ing r e s p i r a -  
t i o n  i n  o l i g o t r o p h i c  n a t u r a l  waters, and one  would 
be e s p e c i a l l y  u s e f u l  i f  i t  were p o s s i b l e  t o  u s e  i t  
t o  d i s t i n g u i s h  t h e  r e s p i r a t o r y  r a t e s  o f  a t  l e a s t  . . 

t h e  a u t o t r o p h s  from t h e  h e t e r o t r o p h s .  

S u r p r i s i n g l y  l i t t l e  i s  known about  t h e  food 
webs of  a q u a t i c  sys tems ,  a.nd. ].east o f  a3.3, i.s knnwn 
about  t h e  m i c r o b i a l  a s p e c t s  of them. Most models , . 

. . of t h e  f low of energy  and m a t e r i a l s  th rough  a q u a t i c  
ecosystems e i t h e r  do n o t  i n c l u d e  b a c t e r i a  a t  a l l ,  
o r  i n c l u d e  them i m p l i c i t l y  i n  some. o t h e r  c a t e g o r y ,  
such  a s  f e c e s .  Nost  a q u a t i c  e c o l o g i s t s  and f i s h e r -  
i e s  b i o l o g i s t s  a r e  n o t ' c o n v i n c e d  t h a t  b a c t e r i a  p l a y  
a  s i g n i f i c a n t  r o l e  i n  t h e  f l o w  o f  energy  through 
a q u a t i c  food webs. A t  the .  same t i m e ,  most a q u a t i c  

I 



I 
m i c r o b i o l o g i s r s  a r c  n o t  i n t c r c s t c d  i n  thc i n t c r d i s -  
c i p l i i ~ a r y  q u e s t i o n s  concern ing  t h e  p r o d u c t i o n  of 

I 
i s u b s t r a t e s  f o r  microorganisms o r  t h e  consumption o f  
1 microorgan i sms  by g r a z e r s  and mucus n e t  f e e d e r s .  
I 
i Nany o f  t h e s e  problems w i l l  y i e l d  o n l y  t o  team re-  
i s e a r c h  ,of which 'mic rob io logy  mus t be  a n  i n t e g r a l  
I 

p a r t .  

i 
! During t h e  decade of t h e  1970c,  t h e  m i c r o b i a l  

p o p u l a t i o n s  o f  p e l a g i c ' w a t e r s  were i d e n t i f i e d  by 

i d i r e c t  o b s e r v a t i o n ;  t h e i r  biomass w a s  de te rmined  by 
b o t h  d i r e c t  o b s e r v a t i o n  and b iochemica l  means, and 
t h e i r  m e t a b o l i c  a c t i v i t y  was es tiina Led u s i n g  t r a c e r  
iilu~iluds. 011 Clie basis u f  t h e s e  and u t h e r  s t u d i e s  of 
pclagi ,c  ecnsysterns, a p i i r ~ d i g m  n f  the m i  rsnhi,gl .  
p e l a g i c  food web was developed o u t  o f  e a r l i e r  con- 
c e p t s  o f  t h e  d e t r i t u s  food web o f  s h a l l o w  waters. 

. I n  t h e  coming decade t h e  d e t a i l s  o f  t h i s  m i c r o b i a l  
food wab will be r~vea3acl and q u a n t i f i e d .  I f  t h e '  
r a t e s  o f  m i c r o b i a l  consumption and p r o d u c t i o n  of 
e n e r g y - c o n t a i n i n g  o r g a n i c  compounds p rove  t o  be  a s  

. g r e a t  as  p r e s e n t  i n d i c a t i o n s  s u g g e s t ,  s e v e r a l  b a s i c  

. . .. . . . e c o l o g i c a l  c o n c e p t s  w i l l  have t o  be  reexamined,  n o t  
ni1l.y i n  nnt1.1ta1. wa te r s ,  b u t  i n  ccosystcnio j icners l -  
l y .  The paradigm of a s h o r t ,  d i r e c t  food c h a i n  
from p l a n t s  t o  g r a z e r s  t o  c a r n i v o r e s  w i t h  r e l a t i v e -  

. l y  low a s s i m i l a t i o n  e f f i c i e n c y  w i l l . h a v e  t o  be fun- 
d a m e n t a l l y  modi f i ed  t o  encompass t h e  v a r i e d  a c t i v -  
i t i e s  o f  microorganisms and t h e i r  r e l a t i v e l y  h i g h  
a s s i m i l a t i o n  e f f i c i e n c y .  
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ABSTRACT 

The residence times of orthophosphate i n  estuarine and coastal 

. s h e l f  waters near Sapelo Island, Ga., ranged from 1.6 t o  105 hours. 

Rates of orthophosphate uptake by m.icroplankton varied from 1 .4  t o  62.2 

pg P 1-I h-': Generally when isotopic equilibrium was reached a f t e r  the 

addition of 3 2 ~  orthophosphate, s ign i f ican t  amounts of 3 2 ~  remained in 

solut ion,  suggesti,ng t ha t  the  supply of phosphorus t o  microplankton was not 

l imi t ing i n  these waters. In coastal shelf  waters, the  majority of 

phosphorus uptake (>60%) was associated with 's ingle. '  bacteria (.<I y m ) ;  
. .. 

whereas i n  es tuar ine  waters or  in a Gulf Stream intrusion usually a 

proportionately greater  amount.of phosphorus was incorporated in to  a,lgae, 

cl umped o r  attached bacteria ( > l  pm) . The 32~-orthophosphate incorporation 

in to  a cold 10% TCA precipi table  ce l l u l a r  f ract ion was more consistently 

1 inear w i t h  time than in to  whole c e l l s  and t h i s  procedure may be useful 

f o r  fu tu re  comparative s tudies  of phosphorus u t i l i z a t i on  by microplankton. 



Although consi.derable work on n u t r i e n t , c y c l i n g  w i t h i n  t h e  Spar t ina  s a l t  

marshes has been repor ted  (Pomeroy, -- e t  al . .  , 1972) there  i s  r e l a t i v e l y  l i t t l e  

i n fo rma t i on  concerning phosphorus f l u x  i n t o  t he  microplankton o f  t he  

t i . da l  waters i n  these es tuar ies .  C o r r e l l  , Faust and t h e i r  ' co l  l ab ra to rs ,  

i n  an extensive ser ies  o f  s tud ies  ( C o r r e l l  -- e t  'a1  . , 1975; Faust and C o r r e l l  , 

1976; 1977; F r i ebe le  -.- e t  a1 . , 1978), have e luc ida ted  ' d e t a i . 1 ~  o f '  the  uptake 
\ 

o f  orthophosphate by phytopqankton and bac te r i a -  i n  t he  Rhode River ,  a  sub- 

estuary of Chesapeake Bay, a'nd T a f t  -- e t  a l . ,  (1975) repor ted  on phosphorus 

uptake and re lease by phytoplankton i n  the  Chesapeake. 

I n  t h i s  paper, I present  data on phosphorus residence t imes and 

uptake ra tes  f rom t i d a l  creeks a t  Sapelo Is land,  Ga., and compare these 

w i t h  r e s u l t s  from o f f sho re  coas ta l  s h e l f  waters. By us ing  . d i f f e r e n t i a l  

f i l t r a t i o n  (Sheldon, 1972; Berman, 1975; Faust and C o r r e l l ,  1976) I have 

attempted t o  determine t h e  r e l a t i v e  a c t i v i t y  o f  t he  b a c t e r i a l  components 

o f  t he  t o t a l  microplankton assemblage. I a l s o  tes ted  a method o f  chemical 

f r a c t i o n a t i o n  o f  na tu ra l  microplankton populat ions w i t h  c o l d  t r i c h l o r a c e t i c  

a c i d  (TCA) i n  order  t o  est imate t h e  r a t e  o f  phosphorus i nco rpo ra t i on  i n t o  

a 'macromolecular' f r a c t i o n  o f  the  organisms and suggest t h a t  t h i s  migh t  

prove a use fu l  technique f o r  comparing metabo l i c  a c t i v i t i e s  o f  var ious 

microplankton populat ions. 

~ e t  hods 

The sampling s i t e s  i n  t he  Dup l in  River ,  es tua r i ne  creeks, and Doboy 

Sound o f f  Sapelo Is land,  Ga., are shown i n . F i g .  1. I n  a c t u a l i t y ,  t h e  Dup l in  

: i s  a  t i d a l  slough and n o t  a r i v e r  i n  t he  usual sense, because the  on l y  fresh 
. . 

water sources a t  i t s  headwaters are r a i n f a l l  o n . t h e  surrounding marshes 

and i s l a n d  groundwater r u n o f f .  Water movement and f l u s h i n g  are  c o n t r o l l e d  



mainly by t i da l  currents  ( t i d a l  amplitude, 2 t o  3 m )  and s a l i n i t i e s  range 

from 15 t o  20%. The s a l i n i t i e s  a t  the mouth of the Duplin River and in 

Doboy Sound which were -28% during this study a r e  s t rong ly .a f fec ted  by 

seasonal changes i n  discharge of the  At lant ic  River. S a l i n i t i e s  a t  the 

headwaters of the  DupJin River can f luc tua te  widely and a f t e r  severe rain-  

storms can fa1 1 as low a s  3% (Imberger -. e t  - a1 . , 1980). 

Sampels of coastal  shel f  waters were taken during a c ru i se  on the 

R . V .  K i t  Jones, a t  a s ing le  s t a t i on  (approximately 30" 30' N ,  80' 30' W ) .  

Surface samples here taken k i t h  a bucket sTrtoi~~ tile t ida l  cveek: 

s t a t i ons  and a t  various depths w i t h  a 5 1 Nisken sampler a t  offshore 

s t a t i ons .  After  p r e f i l t r a t i o n  through a 150 pm net  t o  exclude the larger  

zooplankton, water samples (20 o r  50 ml) were placed i n  s t e r i l i z e d  

Ehrlenmeyer f lasks .  ~ x ~ e r i m e n t s  were begun by adding appropriate amounts 

of c a r r i e r - f r ee  32~-orthophosphate which had been previously di lu ted in to  

a small volume (0.5 t o  1 ml) of autoclaved seawater and f i  1 tered through 

a s t e r i l e  0.45 pm Mill ipore f i l t e r  immediately p r io r  t o  use. The experimental . ,- 
-2 -1 f l a sks  were incubated in low t o  medium in tens i ly  l i g h t  (40-200 ~ E i n  m sec ) 

a t  the  temperatures of t he  sampli,ng locations.  A t  appropriate times, 

dupl ica te  or  t r i p l i c a t e  3 t o  5 ml portions were f i l t e r e d  onto 0.45 pm 

Mi 11 ipore f i  1 t e r s ,  presoaked i n  0.05 M K2HPOd The f i l t e r s  were rinsed 

w i t h  5 ml f i l t e r e d  sea water containing 0.05 M K2HP04, dr ied ,  placed i n  

Instagel (Packard) s c i n t i  1 l a t ion  f l u i d ,  and counted in a Packard Tricarb 

Scint i  I l a t ion  Spectrometer. 

For each experiment, poisoned controls  were prepared by adding Lugol's 

iodine t o  subsamples. Alternatively,  "zero time" controls  were made w i t h  

ch i l l ed  water samples. Both these methods gave s imi lar  levels  of background 

radioact iv i ty .  Incorporation r a t e s  f o r  phosphorus were estimated from the 

i n i t i a l  slopes of the  uptake curves. 



In order t o  prepare estuarine o r  sea water containi,ng only "f ree  

bacteria" natural water samples were p re f i l t e red  a t  low vacuum (< 100 mm- Hg) 

through :a 1 pm Nuclepore f i l t e r  (47'mm d i m )  pr ior  t o  the addition of the 

radioact iv i ty .  Al.though this procedure ce r ta in ly  .removes almost a l l  of 

the phytoplankton (Berman, 1975; Azam and Hodson,. ,1977; Harrisori ' e t  'a1 . , 
1977), i t  is .  possible that .  some very small chlorophyll bearing cyano- 

bacteria a l so  pass through such f i l - t e r s  (Waterbury ' e t  'a1 . , 1979). 

In some experiments the incorporation of 3 2 ~  orthophosphate in to  

i n t a c t  c e l l s  and i n to  a "macromolecular f rac t ion"  was measured in  pa ra l l e l .  

A t  each time one s e t  of duplicate sub-samples ( 3  t o  5 ml) was f i l t e r e d  

d i rec t ly ,  as described previously, while a second s e t  was placed i n  t e s t  

tubes containing equal volumes of chi l led  20% tr ichoroacet ic  acid ( T C A ) .  .*; 

After 30 mins a t  O'C, the contents of the t e s t  tube were fi.1 tered on  

0.45 pm Millipore, rinsed w i t h  two 2 ml portions of cold ,  10% TCA,. dried 

and the  radioact iv i ty  counted as described above. (Subsequent experiments 

i n  a freshwater lake showed no s ign i f i can t  differences between microplankton 

samples prescipitated w i t h  5% or  10% cold T C A ) .  l- 

Results and Discussion 

Orthophosphate Residence Times and Uptake Rates 

Residence times f o r  orthophosphate (P i )  i n  these waters ranged from 

1.6 t o  105 hours (Tables 1 & 2) .  The shor tes t  residence time occurred 

i n  the presence of a dense bloom of Kryptoperidinium g. i n  the upper 

Dupl i n  River ( s t a t ion  175) when chlorophyll concentrations reached 78 pg 

1 The residence times of P i  i n  the estuarine system generally increased 



f rom t h e  head o f  t he  Dupl i n .R iver  towards the  bay (Doboy Sound). I n  

coas ta l  s h e l f  water, residence times were much longer  b u t  va r i ed  

considerably. I never measured extremely r a p i d  cyc l  i ng (e. g. several 

minutes) t h a t  others have repor ted i n  o l i g o t r o p h i c ,  phosphorus 

l i m i t e d  lakes (R ig le r ,  1956; Lean, 1973) the  Rhode R iver  system ( C o r r e l l  

e t  a l . ,  1975) o r  Chesapeake Bay ( T a f t  e t  a l . ,  1975). -- -- 
A t  s ta t i ons  where ambient Pi concentrat ions were a l s o  measured the. 

absolute r a t e s  o f  orthophosphate uptake could be determined (Tab1 e 1 ) . 
These ra tes  r e f l e c t e d  t h e  same s p a t i a l  p a t t e r n  as phosphorus residence 

t imes. Wi th in  the  Kryptoperid. inium bl.oom, a maxfmum uptake r a t e  o f  62.2 

llg P 11~h-'  was measured w h i l e  i n  t he  open waters these uptake r a t e s  

-1 -1 decreased t o  1.4 ~g P 1 h . When r e l a t e d  t o  concentrat ions o f  ch lo rophy l l  

these ra tes  a r e  considerably f a s t e r  than noted by Harr ison e t  a l . ,  (1977) 

f o r  P a c i f i c  water b u t  s i m i l a r  t o  those g iven by C o r r e l l  e t  a l . ,  (1975) 

and Faust and C o r r e l l  (1976) f o r  Chesapeake Bay. The h ighes t  phytoplankton 

biomasses, (measured as ihlorophyl 1 ) and the most r a p i d  turnover  t imes 

were found a t  s t a t i o n s  w i t h  the  greates t  ambient Pi concentrat ions. 

Because o f  the  r e l a t i v e l y  slow uptake o f  Pi t h a t  was observed, the 

determinat ion o f  3 2 ~  uptake by i nco rpo ra t i on  i n t o  the  p a r t i c u l a t e  

f r a c t i o n  r a t h e r  than by the drop o f  r a d i o a c t i v i t y  i n  the f i l t r a t e  was 

probably j u s t i f i e d    orr re l l and t-aust, 1975). Obviously, i f  there was 

ex tens ive  graz ing and subsequent exc re t i on  o f  d isso lved phosphorus by 

microplankton dur ing  the  incubat ion  pe r iod  (Sheldon and S u t c l i f f e ,  1.978) 

t h e  ac tua l  residence times may be sho r te r  than i n d i c a t e d  by my data. 

The d i f f i c u ' i t y  o f .de termin ing  the  t r u e  i n i t i a l  phosphorus uptake ra tes  

accura te ly  may be s imi  l a r  methods, Pomeroy (1960) repor ted  residence times - - C 
- 1 :  - I  

ranging from 1 t o  169 hours and uptake ra tes  from 0.1 t o  19 pg P 1 h 

f o r  these waters. 



The par t i  tigni,rig of 3 2 ~  between par t i cu la te  and dissolved forms was 

measured a f t e r  24 hours incubation (Table 3 ) .  By t h i s .  time . isotopic 

equi 1 i bri u m  had probably been reached (Berman and skyring,  19.79). Further 

incubation f o r  another 24  hours d i d  not change the  3 2 ~  par t i t ioning 

great ly  (Stat ion 7, and Station 9, 24 July 1977). In two experiments 

(12 and 24 July,  Stat ions 1 and 9) I measured the changes in dissolved 

inorganic phosphorus (P i )  concentrations over 24 hours by standard 

chemical methods and compared these t o  the uptake estimated from 3 2 ~  

incorporation in to  par t icula te  matter. The P i  level f e l l  by 48% and 44% 

while uptake calculated from 3 2 ~  uptake was 46% and 49% respectively.  

A1 though i n  a few cases most of the 3 2 ~  orthophosphate was taken up 

in to  organisms a f t e r  24 hours, usually a s ign i f ican t  amount remained in 

dissolved forms. Presumably t h i s  o'bservation ref lected conditions of 

generally adequate P supply f o r  the microplankton i n  these waters. 

The exceptional resu l t s  (e.g. Stat ion 3,  8 July;  Stat ion 7, 27 July)  

may be experimental a r t i f a c t s  o r  more l ikely  are  due t o  localised 

inhomogeneties of phosphorus supply and microplankton uptake. 

In these studies I di.d not . investigate any diurnal variat ions 

w i t h i n  a defined water mass. The.effects  of l i g h t  on phosphorus 

uptake .by natural microplankton i s  s t i  11 unclear. Harrison e t  a1 . , (1977) 

found t ha t  very lqrge f luctuations of phosphorus uptake occurred over a 

24 hour period i n  Southern Californian waters but p&ry (1976) observed 

no die1 periodicity of uptake in the North Pacific.  Other investigators 

have dl50 tseported l i t t l e  influence of l i gh t  (Corr~11 e t  a1 . . 1976; Taft 

e t  a l . ,  1975; Berman and S t i l l e r ,  1977). Presumably s,uch discrepencies -- 
a r i s e  from the  spec i f ic  composition and physiological s t a t e  of the micro- 

plankton in the system. For example, i f  phytoplankton a re  an important 



popu la t ion  component and are growing r a p i d l y ,  one might expect a  marked 

s t imu la to ry  ef fect  of  1  i g h t  on phosphorus uptake. 

P a r t i t i o n i n q  o f  P  uptake by t o t a l  microplankton and bac te r i a  

Considerable a t t e n t i o n  has been focused on the r e l a t i v e  metabol ic  

a c t i v i t i e s  o f  var ious components o f  t he  m i  croplankton popu la t ion  (Malone, 

1971; Faust and Cosre l l ,  1976; Yentsch and Ryther, 1959; Berman and 

S t i  1  l e r ,  1977; F r i ebe l  l e  -- e t ' a l  . , 1978). Usual ly,  f r a c t i o n a t i o n  of the 

microorgan'isms has been accompl ished by d i f f e r e n t i a l  f i  1  t r a t i o n  (Sheldon 

and Su tc l  i f f e ,  1969) e i t h e r  before o r  a f t e r  incubat ion  w i t h  rad ioac t i ve  

tracers.. I n  t h i s  study, I p r e f i l t e r e d  samples through 1  prn Nucleopore 

f i l t e r s  i n  o rder  t o  ob ta in  a  f r a c t i o n  e s s e n t i a l l y  f r e e  o f  algae and 

3 2 clumped o r  at tached bac ter ia .  The p ropo r t i on  o f  P-Pi taken up by 

' s i n g l e  b a c t e r i a '  compared t o  i nco rpo ra t i on  by t o t a l  microplankton ranged 

from 11% t o  95% (Table 4) .  For the es tuar ine  waters o f  Sapelo I s l a n d  

the  r e l a t i v e  amount o f  P uptake a t t r i b u t e d  t o  " s ing le "  bac te r i a  tended 

t o  be low, w i t h  the  except ion o f  one sar~lplt? frorn S t a t i o n  7 oh 24 J u l y  I Y 1 / .  

For coasta l  s h e l f  waters, more than '60% o f  the phosphorus i nco rpo ra t i on  

was associated w i t h  the  " s ing le "  bac te r i a  al though lower values were 

found i n  Gu l f  Stream i n t r u s i o n  water (15 m and 20 m on 15 August 1977). 

C U ~ ~ O U S ~ ~ ,  t1irr.a warme rlu r~larked changes I n  Pi  residence times between 5 m 

and deeper water on t h i s  date (Table 2 ) .  These data are i n  agreement 

w i t h  the  observat ion o f  Harr ison e t  a l . ,  (1977) who repor ted  t h a t  a t  

l e a s t  50% of phosphorus uptake i n  Coastal Pac i f i c  waters was associated 

w i t h  organisms smal ler  than 1  pm. I n  the  Dup l in  R iver  and Doboy Sound 

the  r e l a t i v e l y  grea.ter amounts of phosphorus uptake a t t r i b u t e d  t o  attached 

b a c t e r i a  could r e s u l t  from the  l a r g e r  amounts of s i l t  and d i t r i t a l  



mat ter  i n  the  water column. Hansen and ~ e i b e  (1978) have a l so  noted a  

s i m i l a r  t rend  i n  the d i s t r i b u t i o n  o f  s i n g l e  and attached ( o r  clumped) 

he tero t roph ic  bac te r i a  responsib le f o r  glucose uptake i n  these waters. 

The wide v a r i a b i l i t y  o f  uptake by "s ingle"  bac te r i a  r e l a t i v e  t o  the 

t o t a l  microplankton which I' observed was probably due t o  r a p i d  l o c a l  

changes i n  the s.ize, d i s t r i b u t i o n  spectrum o f  the,  p lank ton ic  populat ion 

and d e t r i t u s .  However, i t  i s  c l e a r  " that ,  espec ia l l y  i n  pe lag i c  waters, 

unattached bac te r i a  a re  o f t e n  responsib le f o r  a  l a r g e  p o r t i o n  o f  the 

t o t a l  phosphorus uptake. 

Phosphorus Uptake i n t o  "Macromolecules" (10% TCA p r e c i p i t a t e )  

The k i n e t i c s  o f  3 2 ~  orthophosphate i nco rpo ra t i on  i n t o  whole c e l l s  

a re  o f t e n  d i f f i c u l t  t o  i n t e r p r e t  (Brown and Koonce, 1978) possib ly ,  

because o f  mu1 ti p l e  uptake mechanisms, (Brown and Button, 1979) r a p i d  

cyc l  i ng of phosphorus compounds w i t h i n  i n t r a c e l l  u l  a r  pools ( T a f t  e t  ' a1 . , 
1975; Berman and Skyring, 19791, and some re lease o f  phosphorus from the  

c e l l s  t o  the  e x t e r i o r  medium (Loan, 1973). I fo l lowed the t ime course 

o f  3 2 ~  orthophosphate, i nco rpo ra t i on  i n t o  a  10% co ld  TCA p r e c i p i t a t e  

f r a c t i o n  ("macromolccul es") and compared t h i s  w i t h  uptake i n t o  un f rac t ionated 

c e l l s  (Figs. 2  & 3). I n  some experiments, the  uptake o f  3 2 ~  orthophosphate 

i n t o . i n t a c t  c e l l s  was f a i r l y -  l i n e a r  w i t h  t ime. but, desp i te  cor rec t ions  

f o r  non-bio logical  adsorpt ion o f  isotope, the graphs d i d  no t  ex t rapo la te  

t o  zero, suggesting t h a t  i n i t i a l l y  there was a  f a s t e r  uptake r a t e  than 

t h a t  measured subsequently. For o ther  experimental runs, the t ime course 

o f  phosphorus uptake i n t o  c e l l s  more c lose l y  fo l lowed a  hyperbo l ic  pa t te rn .  

I n  t h i s  study the  uptake o f  3 2 ~  orthophosphate i n t o  the  TCA p r e c i p i t a b l e  

f r a c t i o n  was more cons i s ten t l y  l i n e a r  w i t h  time, i r r e s p e c t i v c  of the 



form of uptake in to  whole ce l l s .  I f  t h i s  consistency proves t o  be 

general then measurement of incorporati on of 3 2 ~  in to  the TCA p rec i  pi table  

f rac t ion  may be a useful method t o  compare the phosphorus s t a tu s  of 

natural microplankton populations and t h e i r  response t o  phosphorus 

addit ions . 
The r a t i o  of "macromolecular" P t o  " to ta l  c e l l "  P a f t e r  i sotopic  

equilibrium had been reached (24 hrs)  was a l so  measured. The difference 

between these two quant i t i es  represented an acid soluble phosphorus 

pool, par t  of which may include the  "surplus" P f ract ion of F i  tzgerald 

and Nelson (1966). "Bacterial" populations (< 1 usually had a 

r e l a t i ve ly  greater  percentage of P i n  "macromolecules" (average 75% + 9%,  

of t o t a l  P )  than d i d  the t o t a l  microplankton population (average 62% +14%, 

of t o t a l  P ) ,  suggesting t ha t  soluble phosphorus pools were usually s l i gh t l y  

larger  in algae than i n  bacteria.  

The phosphorus f rac t ion  precipi table  w i t h  TCA may a lso  be useful 

i n  characterising the  physiolocial s t a tus  of microplankton. Recent work 

by Algavish (1978) suggests t ha t ,  f o r  some freshwater algae, the in t race l l  u lar  

levels  of phosphorus i n  this f ract ion a re  inversely re la ted t o  the ra tes  

of phosphorus uptake and a1 kal ine phosphatase ac t i v i t y  of these organisms. 

A more deta i led study of the biochemical components of the TCA precipitable 

phosphorus pool, t h e i r  f luctuat ion and metabolic control in aquatic 

microorganisms would seem very j u s t i f i ed .  
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Table 1. Orthophaphnte Reaidenos T h e .  rod Uptake Ratea and Chlomphyll 

.. . . - . . . . .  Concwntratfone i n  Estuarine Hatem 

Station Date Tick4 Chlorophyll Bmbient P i  fieeidenoe Uptake. rate 

lo. atate . k1-l) P ( p g a t  t h e  (h) G y ( ~ l " h - ' )  

2 27 July 1977 Low alack 

2 23 J U y  1977 Low alack 0. -34 

* See Fig .  1 for s i te  loaations. 

+ In the presence of s bloom of K.m~tcmerir?inirn ep. 



Table 2. Orthophaphto Reeidmoe Tinma in baetal Shelf (c.E.) 

and O l d ?  Str0a.n Intrilsion (0.8.1 .) Waterem 

'rlster mesa h t e  ~ e p t h  (m) Reeidenoe Time (h) 

C.S. 15 19'17 5 36 

4? . O  Station looation 33 331 1 daO 351 6 
I 



- Table 3. Pmrncatage o f  Particulate t o  T o t a l  '5 af ter  incubation of 

8tati cn %to Ina!!ba t i on Portioulate P 
5 

UG. . tine (h) Total P 

7 1'7 Jirly 24 . . 55 

3 22 July 2 Lf' .'. 4 2 

t 
I 2;; Jrrl;r 

* .; . 2j 
6% 

' I  I t  43 24 

9 n 2:; 35 

B 
- -P 

+ 
K m t o p e r i d i n i u m  bloom 



Table 4. w S i n g l e  Baoterial (</pa) Uptake of Phomphonre m Perneatego of 

Total Wioroplankton Uptake. 

Stetion Date Tidal etate  Inoubst ion 0 Baotarl.' 5 
(h) Tzr 

1 12 July Low elriok 24 18 

7 17 ~ u l y  MY 6 l w k  24 33 

8 . 22 Jl.11~ ~ i , g h  tide 24 46 

24 July Ugh tidm 

24 July ~ i g h  t ido  

26 July , Low t ide 

C.8'. i 6  August 15 in 

--- - - -. - 

Station l w a t i m  3a0 308 i r l  8 3  30' k4 (c.s. r Cosstal a h e l f  water, 

G.S.1, - Qulf  Strearn ~ntrusion),  



FIGURE LEGENDS 

. . 

Fig. 1 .  ' , Locations of sampl ing s i t e s  on ~ u p l  i n  River and ~ o b o ~  Sound. 

Fig. 2. Time course of 3 2 ~  orthophosphate uptake in to  i n t ac t  c e l l s  

and cold 10% TCA f rac t ion.  

A. Stat ion 1 ,  13 January 1977. All other samples from 8 July 1977: 

B. Stat ion 1 ,  C. Stat ion . . 4, D. Station 3, E. Station 2, 

F. S t a t i on -5 ;  In tact  cel ls ' ;  10% cold TCA p rec ip i t a te  0. 

Fig. 3. All samples. taken on 22 July 1977. A'. Stat ion 2, B. Station 3, 

C. S ta t ion 4, D. Stat ion 5, E .  Stat ion 5 upstream, F. Station 6 

G. Stat ion 6 (Kryptoperid.ini um SJ.. bl.oom). In tac t  c e l l s  ; 10% 

cold TCA p rec ip i t a te  0. 
': 5 ,: 
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Abstract 

The d i s t r i b u t i o n  and abundance o f  bacter ia  and phytoplankton on the 

cont inenta l  she l f  o f  southeastern U. S. was observed i n  r e l a t i o n  t o  physical 

processes. Phytoplankton production was i n f  1 uenced by inputs o f  water o f  

reduced s a l i n i t y  from the estuar ies and by inputs o f  h igh s a l i n i t y ,  low 

temperature North A t l a n t i c  Central water from thewes t  f r o n t  o f  the Gul f  . 

Stream. The d i s t r i b u t i o n  o f  chlorophyl l  suggests t h a t  i n  both cases 

product ion i s  inf luenced both by inputs  o f  n i t rogen and by the enhanced 

v e r t i c a l  s t a b i l i t y  associated w i t h  the s t r a t i f i c a t i o n  o f  waters o f  d i f f e r e n t  

6 densi t ies.  The standing stock o f  bacter ia  on the inner  shel f, 10 per m l  , i s  

l i t t l e  changed by the i n f l u x  o f  water o f  reduced s a l i n i t y .  On the outer  

5 she l f ,  where the usual standing stock o f  bac te r ia  i s  10 per m l ,  the numbers 

6 increase t o  10 per m l  i n  water above in t rus ions o f  Gul f  Stream water i n  which 

phytoplankton blooms have developed, suggesting t h a t  the bacter ia  respond t o  

both primary and secondary products o f  phytoplankton production. Adenyl a te  

energy charge val  ues i n  the. waters o f  the southeastern shel f are var iab le  and 

vol  a t i  1 e. A t  some times values o f  0.7-0.8 are widespread- over most o f  the 

shelf ,  wh i le  a t  other times values (0.6 are widespread, w i t h  loca l i zed  patches 

of h igh va l  ues. Both autotroph-domi nated and heterotroph-dominated microbia l  

communities show these va r ia t ions  o f  energy charge. 



I n t r o d u c t i o n  

Bacter ia  and o ther  microorganisms are abundant and responsive components 

o f  marine communities. Because o f  t h e i  r p o t e n t i a l  l y  s h o r t  doubl i ng times, 

b a c t e r i a  may be the  f i r s t  populat ions t o  respond t o  changing physicochemical 

cond i t ions ,  and t h e i r  responses may be i n d i c a t i v e  o f  changes which w i l l  be 

manifested l a t e r  i n  the  populat ions o f  phytoplankton and zooplankton. 

However, the  bac te r i a  a1 so respond t o  b i o l o g i c a l  changes such as ra tes  o f  

product ion o f  phytoplankton and zooplankton ( I t u r r i a g a ,  i n  press), so a1 though 

t h e i r  i n t r i n s i c .  growth r a t e s  may be greater  than those o f  the  phytoplankton 

and zooplankton, t h e i r  popu la t ion  dynamics may be c l o s e l y  t i e d  t o  the  l a t t e r .  
. - 

Recent s tudies suggest t h a t  product ion o f  b a c t e r i a l  biomass may be a 

s i g n i f i c a n t  l i n k  i n  t he  food chain, r a p i d l y  c y c l i n g  both d isso lved and 

p a r t i c u l a t e  mat ter  back i n t o  l i v i n g  biomass (Fuhrman and Azam, 1980, King e t  

a l .  1980) and us ing  a l a rge  f r a c t i o n  o f  ava i l ab le  organic mat te r  as 

r e s p i r a t o r y  substrates ( W i  11 iams , 1981). I n  cont inenta l  shel f waters o f  

southeastern U. S. t he  b a c t e r i a l  biomass i s  about equa l ly  d i v ided  between 

small (0.2-0.5 pm) b a c t e r i a  f r e e  i n  t he  water and l a r g e r  (1-2 pm) b a c t e r i a  

attached t o  p a r t i c l e s  o f  non-1 i v i n g  organic d e t r i t u s  (Hodson e t  'a1 . 1981). 

Few b a c t e r i a  appear t o  be attached t o  l i v i n g  plankton. As p a r t  o f  a 

mu1 t i d i s c i p l  i n a r y  study o f  the  southeastern cont inenta l  shel f we have examined 

the  abundance and d i s t r i b u t i o n  o f  b a c t e r i a  and some o ther  mic rob ia l  

populat ions i n  r e l a t i o n  t o  the  hydrographic regime and the  b i o l o g i c a l  

responses o f  phytoplankton and zooplankton t o  it. 

The southeastern cont inenta l  s h e l f  i s  broad, exceeding 100 km i n  w id th  

near the  center  o f  the  b igh t ,  and comparat ively shallow, (100 m a t  



t he  shel f break. There i s  considerable v a r i a t i o n ,  both temporal and s p a t i a l  , 

i n  water chemist ry  i n  response t o  phys ica l  and b i o l o g i c a l  processes impinging 

d i f f e r e n t i a l l y  on var ious  p a r t s  o f  t he  s h e l f  (Atkinson, 1977; Atkinson e t  a l ,  

1978; Bishop e t  a l . ,  1980; Blanton e t  a l .  1981). 

Wave-1 i k e  pe r tu rba t i ons  (meanders) on the  western edge o f  t he  Gu l f  Stream 

induce upwel l ing  o f  co ld ,  n u t r i e n t - r i c h  North A t l a n t i c  Centra l  Water (Lee e t  

a l . ,  1981). Under favorab le  hydrographic cond i t ions ,  the  upwelled water can 

i n t r u d e  a long t h e  bottom and d isp lace l a r g e  amounts o f  s h e l f  water (Blanton, 

1971; B l  anton and Piet rafesa,  1978). P a r t i c u l a r l y  favorable cond i t ions  occur 

du r ing  summer when she1 f water has i t s  lowest dens i ty  (Atkinson, 1977). 

Moreover, c e r t a i n  regions o f  t he  s he1 f favor  f requent  i n t rus ions .  The F l o r i d a  

shel f n o r t h  o f  Cape Canaveral and the  shoals separat ing the  Carol ina 

Embayments induce d i ve rg ins  f l ow  pa t te rns  t h a t  cause upwelled water a t  the  

shel f break t o  i n t r u d e  f a r  onto t h e  con t i nen ta l  shel f. ' Such i s  no t  t he  case 

o f f  Georgia where i t has been shown t h a t  summer bottom tempera tures  on the  

s h e l f  a re  warmer and l e s s  v e r t i c a l l y  s t r a t i f i e d  than those o f f  F l o r i d a  o r  

Carol i na Embayments (Bl anton e t  a1 . , 1981). 

Meanders occur each 5-10 days (Webster, 1961) and propayate northward a t  

about 30 km/day (Legeckis, 1975). The wave-1 i ke nature imp1 i e s  upwel l ing  o f  

n i t r a t e  water as the  G u l f  Stream swings o f f sho re  fo l lowed by downwell ing and 

some removal o f  n i t r a t e  as the  stream approaches the  s h e l f  break. Thus the  

meanders, when consi dered by themselves, bo th  add n i t rogen  t o  and remove 

n i t r o g e n  from t h e  p h o t i c  zone near the  shel f break. Lee e t  a1 . , (1981), us ing  

a t e m p e r a t u r e - n i t r a t e  c o r r e l a t i o n ,  have ca l cu la ted  a ne t  onshore t ranspor t  of 

n i t r o g e n  suggest ing t h a t  t he  wsve process i s  assymetr ical .  Because meanders 

progress northeastward a1 ong the shel f oreak, the  upwell i ng-down-we1 1 i ng 

events presumably progress i n  a s i m i l a r  manner along the  ou ter  cont inenta l  



she l f .  As the  water r i s e s  i n t o  the  euphotic zone on the  upper cont inenta l  

slope, a phytoplankton bloom develops, so t h a t  the bloom i s  w e l l  underway when 

an i n t r u s i o n  comes onto the  shel f (Yoder e t  a1 . , i n  press). 

Most r i v e r  in f luence impingin.g on the  southeastern shel f i s  between Cape 

Fear and the  S t .  Johns River  (30-34ON). Onslow and Raleigh Bays, as we1 1 as 

the  F l o r i d a  coast,  have. r e l a t i v e l y  l i t t l e  r i v e r  input', w i t h  water o f  h igh  

3 . .  s a l i n i t y  near shore. The discharge o f  1-5 km o f  f resh  water per  month i n t o  

the  coasta l  zone o f  t he  Southeastern U. S. (Atkinson e t  a1 . , 1978a), 

i n t e r a c t i n g  w i t h  t i d e s  having an amp1 i t u d e  o f  2-3 m (Blanton, 1980) ; produces 

both v e r t i c a l  s t r a t i f i c a t i o n  and f r o n t a l  features (Blanton and A t k i  nson, 

1978). Blanton (1980) .points  ou t  t h a t  there  i s  a zone o f  reduced s a l i n i t y ,  

which covers approximately the f i r s t  10-15 km o f  t he  she l f .  It i s  bounded 

o f fshore  by a d e n s i t y . d i s c o n t i n u i t y .  This coasta l  water has a h igh  r a t e  o f  

pr imary p r o d u c t i v i t y  throughout most o f  t he  year (Thomas, 1966 ~ a i n e s  and 

Dunstan, 1975) and supports major f i s h  and shel 1 f i s h  populat ions.  The reg ion  
1. 

o f  reduced s a l i n i t y  i s  most o f t e n  found o f f  the  Georgia-South Caro l ina  coast. 

During autumn, however, southwestward wind s t ress  i s  w e l l  organized over t he  

inner  ' she l  f (Weber and B l  anton, 1980). C l  imato l  og i ca l  oceanographic data show 

t h a t  lowest coasta l  s a l i n i t i e s  are  found o f f  the  F l o r i d a  caost dur ing  autumn 

i n  response t o  the  autumn wind regime (Atkinson e t  a1 . , i n  preparat ion) .  

Since there  are no l a rge  r i v e r s  on the  F l o r i d a  coast except f o r  t he  S t .  Johns, 

reduced s a l i n i t y  water found o f f  F l o r i d a  i n  autumn probab.1~ o r i g i n a t e  from the 

zone o f  l a rge  r i v e r  i n p u t  f a r t h e r  north. 

Because o f  i t s  s i z e  and v a r i a b i l i t y ,  t he re  are problems o f  scale i n  

developing a research program t o  understand processes on the  cont inenta l  

she l f .  We began w i t h  a ser ies  o f  f ou r  c ru ises  cons i s t i ng  o f  6 - 8 t ransec ts  

o f  the  s h e l f  between Cape Fear and the  S t .  Johns River  w i t h  s ta t i ons  every 



10 - 15 km. An i n t e r d i  s c i p l  i nary group then examined p a r t i c u l a r  hydrographic 

fea tu res  o f  the  s h e l f ,  such as the  i n f l uence  o f  the  Gu l f  Stream on the  ou ter  

she1 f ,  t h e  i n f l uence  o f  fresh-water r u n o f f  on the she l f ,  and the  regime o f  

coas ta l  f r o n t s  and j e t s  near shore. The r e s u l t s  o f  these l a t t e r  s tud ies  have 

made i t  poss ib le  t o  understand b e t t e r  the  f i n d i n g s  o f  i n i t i a l  surveys, w h i l e  

t h e  surveys prov ide  perspect ive  w i t h  respect  t o  the  ex ten t  o f  t h e  i n f l uence  o f  

some o f  t he  spec ia l  hydrographic and b i o l o g i c a l  features. Because t h i s  

research extends over 6 years, 1975 - 1980, the re  has been some evo lu t i on  o f  

bo th  methods and perspect ives. Some o f  the  e a r l y  c ru ises  do no t  p rov ide  a l l  o f  

t he  da ta  which we might  1  i ke t o  have today, b u t  they are  usefu l  nevertheless, 

Methods 

On t h e  1975-76 c ru ises ,  temperature was measured w i t h  a  mechanical 

bathythermograph o r  expendable bathythermographs, and on l a t e r  c ru ises  w i t h  a  

Plessy CTD system and expendable bathythermographs. S a l i n i t y  was measured on 

t h e  1975-76 c r u i  ses by p r e c i  s i  on sa l  i nometer readings o f  samples from Ni s k i  n  

b o t t l e s  and a f t e r  t h a t  from cor rec ted  readings of t he  CTD records. 

Chlorophy l l  - a was measured by the  HPLC method o f  Jacobsen (1978) on 200-1000 

m1 sampl es c o l l  ected on Reeve-Angel 984H glass f i b e r  " f i  1 t e r s  and ex t rac ted  

w i t h  90% acetone. Because exc lus ion  o f  i n t e r f e r i n g  phaeopi gments i s  complete, 

t h e  values obtained may be s l i g h t l y  lower, and occas iona l ly  much lower, than 

values based on ac id-corrected f luorescence methods (Jacobsen, i n  press) .  

Adenylate samples were c o l l e c t e d  on 0.45 pm membrane f i  1  t e r s  which were 

plunged i n t o  b o i l i n g  b icarbonate b u f f e r  be fore  reaching t o t a l  dryness. The 

e x t r a c t s  were q u i c k l y  mixed w i t h  c o l d  t r i s  b u f f e r  and f rozen f o r  ana lys is  on 

shore. Adenylate analyses were performed by the  method o f  Chapman e t  a l .  

(1971) as mod l f ied  by Kar l  and Holm-Hansen (1978a). Adenylate energy charge 



(EC) r a t i o  (Kar l  and Holm-Hansen, 1978b) and the  r a t i o  o f  t o t a l  adenylates t o  

ch lo rophy l l  (A/C) were ca l cu la ted  from adenylate and ch lo rophy l l  data 

(Campbell e t  a1 . 1979). The A/C r a t i o  i nd i ca tes  the  t r o p h i c  group, autotrophs 

o r  heterotrophs, having dominant biomass, thereby i n d i c a t i n g  the  group whose 

EC r a t i o  i s  determined. I f  the  A/C r a t i o  i s  l ess  than three,  autotrophs are  

dominant; i f  i t i s  g reater  than ten, heterotrophs are  dominant ( Ib id . ) .  

On most c ru ises  a  Zei ss standard microscope equipped w i t h  ep i  f 1  uorescence 

was used a t  sea t o  observe f r e s h l y  co l  l e c t e d  mater ia l .  However, r o u t i n e  

count ing o f  b a c t e r i a  and o ther  microorganisms was done l a t e r  on shore w i t h  

samples preserved i n  c o l d  glutaraldehyde bu f fe red  w i t h  cacodyl ic  a c i d  and kept  

a t  5<0> C. A t  var ious t imes we used both Sa r to r i us  SM, 0.2 pm b lack  f i l t e r s  

and Nuclepore 0.2 pm f i l t e r s  s ta ined w i t h  Ergalan b lack  (Hobbie e t  a l .  1977). 

We a l so  used both  a c r i d i n e  orange and D A P I  (Por ter  and Feig, 1980) s ta ins .  To 

detec t  poss ib le  b ias  from the  var ious treatments, a  comparison was made o f  

both f i l t e r  types, us ing both s ta ins ,  w i t h  s l i d e s  prepared aboard sh ip  and 

a l so  i n  the  labora tory  a f t e r  t he  cru ise.  I n  t h i s  comparison, as w i t h  a1 1  o f  

our b a c t e r i a l  count ing, 40 f i e l d s  were counted. Mean counts f o r  each group . 

were compared by ana lys is  o f  var iance fo l lowed by f tes ts .  There was no 

s i g n i f i c a n t  d i f f e rence  between counts on Sar to r i us  and Nuclepore f i l t e r s ,  nor 

was there  a  s i g n i f i c a n t  d i f f e rence  between a c r i d i n e  orange counts o f  s l i d e s  

prepared a t  sea and ashore. Acr id ine  orange counts were s i g n i f i c a n t l y  g rea ter  

than D A P I  counts (p<.001), and DAPI counts o f  s l i d e s  made ashore were 

s i g n i f i c a n t l y  g rea ter  than those made a t  sea (PC. 005). These d i f fe rences 

appear t o  be a  r e s u l t  o f  the  l i g h t  s e n s i t i v i t y  o f  t he  D A P I  s t a i n  and can be 

avoided by processing samples i n  l i g h t .  I n  the  comparison, processing on 

board sh ip  was done i n  a  labora tory  w i t h  d a y l i g h t  i l l u m i n a t i o n .  Most o f  the  

) counts repor ted here were done w i t h  a c r i d i n e  orange, which we f i n d  somewhat 



eas ie r  t o  use. O A P I  o f f e r s  advantages when i n t e r f e r i n g  au to f luorescent  

ma te r i a l s  are encountered i n  the  samples, b u t  on the  southeastern cont inenta l  

s h e l f  we have on l y  r a r e l y  found t h a t  t o  be a problem. 

Water samples were c o l  1 ected i n  cleaned N i s k i  n  samplers, i n d i v i d u a l  l y  

p laced on the hydro w i r e  o r  attached t o  a roset te .  I n  e i t h e r  case, water 

samples were drawn immediately a f t e r  t he  b o t t l e s  were brought on deck. 

Because o f  the shal low depths invo lved i n  t h i s  study and the  r a p i d i t y  o f  

removal o f  water from t h e  samplers, s e t t l i n g  o f  ma te r i a l  w i t h i n  the  N i s k i n  

samplers - a f t e r  c losu re  was n o t  a problem. 

Observations 

Surveys o f  t he  she l f .  

Dur ing 1975 and 1976 s i x  t o  e i g h t  t ransec ts  o f  t he  s h e l f ,  w i t h  s t a t i o n s  

10-15 kin apart,  were made on fou r  occasions. Major features o f  t he  

d i s t r i b u t i o n  o f  m ic rob ia l  biomass and re1 a ted  parameters were seen i n  these 

broad surveys. I n  subsequent years a number o f  sect ions o f  the  cont inenta l  

she l f  were observed on c ru ises  of R/V BLUE F I N ,  supplementing both the  

coverage and t h e  k inds o f  data co l l ec ted ,  such as counts o f  b a c t e r i a  and o ther  

organisms. 

I n  June 1975, fresh-water r u n o f f  onto the c o n t i r ~ e n t a l  s h e l f  was h iyh,  

w i t h  a prominent plume o f f  t he  Savannah R iver  and a lens o f  water o f  reduced 

s a l i n i t y  i n  mid-shel f  o f f  Charleston (Figures 1 and 2). S a l i n i t y  increased 

toward F l o r i d a  and toward Onslow Bay, r e f l e c t i n g  the  absence o f  major r i v e r s  

i n  those regions. Chlorophyl l  - a concentrat ions were q u i t e  high, exceeding 5 

mg 1-I along t h e  Georgia coast and i n  the  water o f  reduced sa l  i n i  t y  i n  

mid-she1 f o f f  Charleston. However, ch lo rophy l l  - a maxima were associated w i t h  

i n t e r f a c e s  between water o f  es tuar ine  and oceanic o r i g i n  r a t h e r  than i n  the  



W brack ish  water (F igure 2). A t  t h i s  t ime the  e n t i r e  s h e l f  was s t r a t i f i e d  and 

w i t h  a deep ch l  orophyl ' l  maximum. The t o t a l  -adenyl ate/chlorophyl 1 -. a r a t i o  

(A/C) was l ess  than f o u r  everywhere, i n d i c a t i n g  t h a t  the  p lankton biomass was 

dominated by phytoplankton ( c f .  Campbell e t  a l .  , 1979). Therefore, t he  t o t a l  

adenylates measured were l a r g e l y  those o f  phytoplankton, and indeed the re  was 

a h igh  s i m i l a r i t y  between the  d i s t r i b u t i o n  o f  ch lo rophy l l  and o f  adenylates. 

I n  December, 1975, there  was l ess  f resh  water on the  s h e l f  than the  

previous June, w i t h  the  36°/00 i soha l i ne  running along the  mid-shel f  reg ion  

(Figure 3). Chlorophyl l  concentrat ion was l ess  than h a l f  t h a t  i n  June, w i t h  

maximal values o f  around 2 mg 1-I along the  Georgia coast and i n  t he  coasta l  

reg ion  o f f  Charleston. The l a t t e r  was n o t  associated w i t h  reduced s a l i n i t y .  

A cur ious fea ture  appeared o f f  the  S t .  Marys River  (Figure 3 ) where a tongue 

o f  reduced-sal i n i  t y  water extended . to  t he  ou te r  she1 f and contained h igh  

ch lo rophy l l  concentrat ions. Immediately t o  the  n o r t h  there  was another tongue 

o f  oceanic water o f  h igh  s a l i n i t y  w i t h  h igh  energy charge which showed A/C ' 

r a t i o s  greater  than f o u r  b u t  l ess  than ten,  i n d i c a t i n g  mixed 

autotrophic-heterotrophic biomass. Other regions o f  h igh.  energy charge were'. 

associated w i t h  the  near-shore ch lo rophy l l  maxima and A/C r a t i o s  l ess  than 

four .  

I n  February 1976, s a l i n i t y  was reduced nea r l y  t o  l e v e l s  o f  t he  previous' 

June, w i t h  the  36O/,, i soha l i ne  near t he  s h e l f  break except o f f  F l o r i d a  and i n  

Onslow Bay (Figure 4). Chlorophyl l  concentrat ions were lower than i n  

December, w i t h  maxima o f  around one mg 1-I along the  coast. A/C r a t i o  was 

sharply  d i v ided  between regions l ess  than fou r  (autotrophs dominant) and 

regions greate'r than ten  (heterotrophs dominant). Three regions were 

dominated by heterotrophs: one o f f  the  S t .  Marys R iver  on the  ou ter  shel f  a t  

p 30' 301N, a l a rge  one i n  mid s h e l f  and outer  s h e l f  o f f  t he  Charleston-Cape 



Fear region at 32-33ONY and a small one off St. Helena Sound. Energy charge 

was high everywhere, both in the autotrophically and heterotrophically 

dominated areas. Total adenylates were mostly low, except for high values in 

heterotrophically dominated regions. Thus the mid-wfnter condition on the 

shelf was one of low autotrophic biomass and relatively high heterotrophic 

biomass with active, healthy populations of both. 

In June 1976, the distribution of fresh water en the shelf was much like 

that in February wit-h slightly less fresh water than the previous June (Figur~ 

5). Chlorophyll concentrations were substantially lower than the previous 

June, except in coastal water off Georgia and in Lnng Ray, South Carolina. 

A/C ratios were less than four in the region of highest chlorophyll off the 

Georgia coast and were between four and ten elsewhere, except for a patch 

greater than ten on the outer shelf off the St. Marys River. The latter also 

had high concentrations of total adenylates. Energy charge was high on the 

-iilr~er. shelf, dropping to 1 at the shelf break, with no difference between 

water where the biomass was autat.rophically dominated heterotrophically 

domi nated, or mixed. 

After 1976 no surveys of the southeastern continental shelf as a whole 

were made, but some transects of the shelf, principally between Savannah and 

St. Augustine, were made each year, mostly by R/V BLUE FIN. While these 

observations did not provide synoptic views of she1 f-wide conditions, they did 

supplement our information on a r a n p  of conditisns present nn t.he shelf. 

Moreover, we took additional kinds of data on some occasions. Counts of 

microorganisms showed both spati a1 and seasonal variation. Mean numbers of 

6 5 free bacteria ranged from 10 in the first ten km of coastal water to 10 on 

the outer continental shelf. These values varied little from station to 

station, season to season, or year to year. Attached bacteria were two orders 
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o f  magnitude l ess  abundant i n  a l l  p a r t s  o f  the  shelf.. The numbers of 

chroococcoid bluegreen bac te r i a  were genera l l y  lower on the  southeastern shel f  

than those repor ted no r th  o f  Cape Hat teras (Waterbury e t  a l . ,  .1979). Maximal 

numbers were seen i n  w in ter ,  b u t  they never c o n s t i t u t e d  a major f r a c t i o n  o f  

the  biomass o f  photoautotrophs. Also c h a r a c t e r i s t i c  o f  w in te r  were l a r g e  

.numbers o f  spher ica l  f r u i t i n g ' .  bodies o f  fung i  o r  t h raus tochy t r i  ds. They 

reached a peak i n  January o r  February and dominated the  biomass on the  inner  

and middle she l f ,  occur r ing  as . f a r  south as Cape Canaveral and extending t o  

the  s h e l f  break, w i t h  the  peak abundance seen on the  middle and i nne r  s h e l f  

o f f  Savannah. 

Gu l f  Stream In t rus ions .  

Most i n t r u s i o n s  o f  North A t l a n t i c  Central  water are subsurface 

accompanied by c h a r a c t e r i s t i c  s ignatures o f  Gu l f  Stream meanders and eddies 

(Lee e t  a l .  , 1981). Using sate1 1 i t e  i n f r a r e d  imagery and XBT surveys, 

Atkinson and Lee loca ted advancing i n t r u s i o n  events on the  ou ter  cont inenta l  ,, 

s h e l f  f o r  these studies. Wi th in  the  l i m i t s  o f  what cou ld  be accomplished by a 

s i n g l e  ship, we found i t  best  t o  e s t a b l i s h  a t ransec t  l i n e  ahead o f  t he  

advancing i n t r u s i o n  and t o  take a d a i l y  ser ies  o f  s ta t i ons  as the  event passed 

the  sect ion. Because there  was usua l l y  some cyc lon ic  motion associated w i t h  

the  i n t rus ions ,  there  was s i g n i f i c a n t  b u t  vary ing  movement o f  water through 

the  sec t ion  and l a t e r a l l y  along it. Therefore, the same water was n o t  sampled 

from day t o  day, and sequential  events cou ld  on ly  be deduced assuming t h a t  

s i m i l a r  events were occur r ing  a t  a l l  places as the  i n t r u s i o n  event moved 

through the  sect ion. This  assumption was not  s t r i c t l y  t r u e  because there  was 

s t rong evidence o f  patchiness. However, the  s o r t  o f  three-dimensional, 

B c l o s e l y  spaced sampling which would be requ i red  t o  f o l l o w  t o t a l  water rnovealent 



through the course of an event would require the simultaneous use of several 

ships and many experienced personnel. What we had to  do instead was obtain 

the less  intensive observations a number of times in order to  extract the 

common features from imperfect se t s  of observations. 

On April 24, 1978, R/V ISELIN encountered an intrusion already well onto 

the shelf.  A section was taken on tha t  day and the following day, when the 

cold water was beginning t o  cascade back over the she1 f break. Some aspects 

of tha t  event have been reported previously (Campbell e t  a l .  , 1979). The 

phytuplarik'ton bloom, as de'lineated by the A/C ra t io ,  extended from the shelf 

break some 20 km across the shelf ,  extending to  the surface a t  the shelf 

break. On the 25th, as  cascading began, the bloom enlarged, s t i l l  extending 

some 15 km onto the shelf ,  but now extending a t  leas t  15 km beyond the shelf 

break and down the slope to  a t  leas t  150 m. Energy charge ra t io  was not 

especially high in the bloom, no more than 0.6 on the 24th but reached 0 .8  in 

a small region near the bottom on the outer shelf on the 25th. Eeca,~~se of the 

low A/C r a t io ,  the energy charge within the bloom area was attributed to  

phytoplankton exclusively; heterotrophic biomass was too small t o  i nf 1 uence 

the rat io .  

A more complete sequence of events was observed east  of the S t .  Johns 

River along a section a t  30° 20' N which was occupied daily from Apr-1'1 21 to  

24, 1979, by R/V GILLISS. The patchy nature uT intrusion events was evident. 

On April 21 rather high chlorophyll concentrations were already present in the 

intrusion and around i t s  interface with overlying shelf water (Figure 6) .  On 

the following day the chlorophyll concentration was significantly lower, again 

followed by high  chlorophyll^ concentrations on the 23rd. On the 24th the 

concentration had dropped to  tha t  characteristic of .normal outer shelf water. 

The total  adenylate values followed a different  sequence, being high on the 



f i r s t  day, h ighest  on the  second, s t i l l  h igh  on the  t h i r d ,  and very low on the 

four th .  The d i f f e rence  i n  p e r i o d i c i t y  o f  changes i n  concentrat ion o f  

ch lo rophy l l  and adenylates n o t  on l y  showed the  patchy nature o f  t he  passing 

i n t rus ion ,  b u t  a lso  the  c h a r a c t e r i s t i c  separat ion o f  patches o f  water h igh  i n  

phytoplankton from o ther  patches h igh  i n  he tero t roph ic  biomass. The 

d i f fe rences were a l so  r e f l e c t e d  i n  t he  A/C r a t i o ,  which was h ighest  on A p r i l  

22. Energy charge r a t i o  rose above normal s h e l f  values, b u t  never exceeded 

0.7. 

Because the  dominance o f  phytoplankton biomass f requen t l y  obscures 

b a c t e r i a l  biomass when such parameters as ATP o r  t o t a l  adenylates are  

employed, bac te r i a  were counted by a c r i d i n e  orange epif luorescence i n  a 

sec t ion  sampled aboard R/V EASTWARD a t  30' 00' A N, August 10-12, 1979. An 1 .  

i n t r u s i o n  a l ready extended a t  l e a s t  20 km over the  s h e l f  on August 10, and a 

phytoplankton bloom was commencing over t he  s h e l f  break a t  the i n t e r f a c e  

between s h e l f  and i n t r u s i o n  water. Bac te r i a l  numbers were maximal i n  water 

above the  i n te r face ,  a f a c t o r  o f  f i v e  h igher  than normal ou ter  s h e l f  values 

(Figure 7). Energy charge appeared t o  be h igher  i n  the  center  o f  the  

.phytoplankton bloom. and i n  a small reg ion  o f  sur face water above t h e  b a c t e r i a l  

maximum. Energy charge i n  the  b a c t e r i a l  maximum was about 0.6. On the  11 th  

the  phytoplankton bloom expanded, extending 10 km over t he  s h e l f  and more than 

10 km beyond the  s h e l f  break. Bac te r i a l  numbers d i d  no t  increase, b u t  t he  

reg ion  o f  e levated b a c t e r i a l  numbers en1 arged t o  encompass the  phytoplankton 
' 

bloom area and a l a rge  regiomabove and inshore o f  it. Energy charge remained 

low i n  the  phytoplankton bloom and i n  the  reg ion  o f  maximum bac te r i a ,  b u t  was 

h igh  i n  a small reg ion  o f  surface water above the  b a c t e r i a l '  maximum and 

inshore o f  the  phytoplankton bloom. On August 12 the  phytoplankton bloom 

D appeared t.n be s t a r t i n g  t o  cascade down the  slope. Bac te r i a l  numbers 



6 increased to a maximum of nearly 10 ml-l, with the region of maximum bacteria 

now inshore of the phytoplankton bloom and extending through the entire water 

column. Energy charge was moderately high in the phytoplankton bloom but low 

elsewhere. Because of the very high A/C ratio, total adenylates proved on 

this occasion to be a quite good indicator of the location of maximal bacteria 

populations throughout the intrusion, being obscured by phytoplankton only in 

the center of the bloom. 

D f  $cussion 

Adenylates of Microbial Communities 

The use of adenylate analysis to estimate biomass offers the possibility 

to obtain more data than can be obtained in a reasonable time by microscopy. 

ATP alone, although commonly used, may be subject to suspicion because ATP is 

so highly labile within cells that the intracel lular pool must turn over 

thousands of times while a sample is col lected and processed (Karl , 1980). 

Because the total pool of ATP, ADP, and AMP is potentially less subject tq 

short-term fluctuations than i s  that. of ATP alone, we chose to measure total 

adenylates. Having done so, it is possible to compare the results that would 

have been obtained by measuring ATP alone with those from total adenylates by 

examining partial correlations of each with bacterial numbers. Correlation o f  

both total hact.riria and free bacteria with ATP was 0.72, wl~ile cur~relatlon o f  

total and free bacteria with total adenylates was 0.82. The analysis of total 

ader~ylates thus offers an improvement, but one which may not be worth the 

considerable additional time and cost. Although ATP may be labile, we 

obtained consistent results with the ATP analysis a1 one, notwithstanding thc 

fact that collection and processing of a sample from sea water takes more than 

one hour. There is reason to believe that success in extracting ATP from 



plankton requ i res  a t t e n t i o n  t o  c e r t a i n  d e t a i l s ,  such as. seeing t h a t  t he  f i l t e r -  

does n o t  become dry,  keeping the  temperature o f  t he  b u f f e r  very ,near l O O C  

dur ing  ex t rac t i on ,  keeping the  e x t r a c t i o n  t ime w i t h i n  narrow 1 i m i t s ,  and 

keeping the  e x t r a c t  frozen, p re fe rab l y  a t  -20C, u n t i  1  analys is .  Therefore 

there  i s  a need t o  v a l i d a t e  e x t r a c t i o n  e f f i c i e n c y  and i t s  consistency. Having 

done so, ATP ana lys is  may be s u f f i c i e n t ,  i f  there  i s  no o ther  need f o r  the  

t o t a l  adenylate, data, such as computation o f  energy charge r a t i o s .  

While the  u n i v e r s a l i t y  o f  t he  adenylates. i n  l i v i n g  organisms makes it a 

usefu l  measure o f  biomass, i t  a lso  makes d i f f i c u l t  t he  d i s c r i m i n a t i o n  o f  the  

t r o p h i c  group t o  which t h a t  biomass belongs. A number o f  i n v e s t i g a t o r s  have 

attemped t o  circumvent t h i  s  by microscopic counts o f  bac ter ia ,  phytoplankton, 

and o ther  groups. However, t h i s  i s  labor ious  and i n  doing i t  one loses a, 

major advantage o f  adenylate ana lys is ,  which i s  the  ease o f  t a k i n g  many 

samples. A number o f  i nves t i ga to rs  have used the  r a t i o  o f  ATP t o  ch lo rophy l l  

t o  i n d i c a t e  whether t he  predominant biomass i s  au to t roph ic  o r  heterot rophic.  . 

We have used the. r a t i o  of' t o t a l  adenylates t o  ch lo rophy l l  . - a f o r  t h i s  purpose 

and have shown elsewhere (Campbell e t  a l . ,  1979) t h a t  values o f  t he  r a t i o  l ess  

than f o u r  i n d i c a t e  dominance o f  the  biomass by phytoplankton, and values 

greater  than ten  i n d i c a t e  dominance by heterotrophs. However ,. t h i s  i s  a 

q u a l i t a t i v e  evaluat ion,  and the  r a t i o  cannot be used t o  assess the exact  

f r a c t i o n a l  p ropor t ions  o f  au to t roph ic  and hetero t roph ic  biomass. Therefore, 

one must take the  da ta .as  they come: sometimes we have in fo rmat ion  about 

autotrophs and sometimes about heterotrophs. I f  the  values f a l l  between f o u r  

and ten, we have information' .about nothi 'ng spec i f i c .  

The same l i m i t a t i o n s  apply t o  the  i r i t e r p r e t a t i o n  o f  adenylate energy 

charge r a t i o s  (EC) o f  the mic rob ia l  community o f  cont inenta l  s h e l f  waters. 

D Using the  A/C r a t i o  t o  i n d i c a t e  whether au to t roph i  c  o r  he tero t roph ic  biomass 



i s  dominant, we have i n fo rma t ion  about t he  EC o f  one, t he  other ,  o r  ne i the r ,  

depending on t h e  A/C value. There are  o ther  1  i m i t a t i o n s  t o  the  i n t e r p r e t a t i o n  

o f  EC, f o r  Kar l  (1980) p o i n t s  ou t  t h a t  a  community EC o f  0.6 may represent  a  

m ix tu re  o f  populat ions having energy charges from 0.4 t o  0.9. I n  f a c t ,  we can 

assume t h a t  i n  any m ic rob ia l  community, au to t roph ic  o r  he tero t roph ic ,  there  

w i l l  be some degree o f  mix ing  o f  a c t i v e  and i n a c t i v e  c e l l s .  Therefore, very 

h igh  o r  very  low EC values prov ide  unequivocal statements about t he  cond i t i on  

o f  t he  community w h i l e  in termediate values t e l l  us r e l a t i v e l y  much less .  

Because o ther  approaches t o  t h e  eva lua t ion  of metabol ic  s t a t e  of m ic rob ia l  

popul a t i o n s  i n  na ture  a re  more labor ious  and a1 so t o  some degree equivocal , 
t h e  EC o f f e r s  a  l i m i t e d  b u t  o f t e n  usefu l  i n d i c a t i o n  a t  an acceptable cost.  I f  

i t can be supplemented by o the r  evidence, t h a t  i s  c e r t a i n l y  desi rable.  I n  the  

present  study our  EC c a l c u l a t i o n s  showed t h a t  t he  cont inenta l  s h e l f  i s  a 

reg ion  o f  h i g h l y  v a r i a b l e  metabol ic  s ta tes  which occur i n  unexpected times and 

p ' l  aces. 

F ron ta l  Regime o f  t h e  Outer She l f  

Throughout t he  year  t h e  dominant i n f l uence  on p r o d u c t i v i t y  o f  t he  ou ter  

con t i nen ta l  she l f  i s  t he  meandering and eddy format ion o f  t he  west w a l l  o f  the  

G u l f  Stream, p e r i o d i c a l  1  y t r a n s d o r t i  ng cold, n i  t r a t e - r i c h  water onto the  

she l f .  Atkinson e t  a l .  (1978b) have showed t h a t  n i t r a t e  concentrat ion i n  

i n t r u d i n g  water i s  c o r r e l a t e d  w i t h  temperature. T h e r ~ f n r e ,  new i n t r u s i o n s  o f  

Nor th  A t l a n t i c  Centra l  water have a  c h a r a c t e r i s t i c  n i t ra te - tempera ture  

r e l a t i o n s h i p ,  and the  l eng th  o f  t ime t h a t  c o l d  watey has been stranded on the  

s h e l f  can be est imated from i t s  n i t r a t e  deplet ion.  The response o f  

phytoplankton t o  i n t r u s i o n s  o f  the  n i t r a t e - r i c h  water i s  very  r a p i d  (Yoder e t  

a l . ,  i n  press). Usua l ly  a  bloom i s  ev ident  on the  f i r s t  day o f  i n t r u s i o n  over 

t h e  s h e l f .  



While the  response o f  b a c t e r i a  i s  as immediate as i s  t h a t  o f  

phytoplankton, t h e i r  response appears t o  be somewhat more complex. By us ing 

the A/C r a t i o  i n  con j unc t i on  w i t h  t o t a l  adenyl ates and ep i  f 1  uorescence counts 

o f  na tura l  bac te r i a  populat ions, t he  abundance o f  b a c t e r i a  can be seen t o  

increase not  on ly  i n  the  i n t r u s i o n  i t s e l f  b u t  more s t r i k i n g l y  i n  t he  waters 

above and inshore o f  the  i n t rus ion .  Thus the  growth o f  b a c t e r i a  appears 

respond t o  the  so lub le  and p a r t i c u l a t e  by-products o f  bo th  pr imary and 

secondary product ion. A p a r t i a l  c o r r e l a t i o n  ana lys is  o f  data on several 

c ru ises  (EASTWARD, August, 1979; ISELIN, November, 1979; BLUE FIN, November, 

1979; October, 1980) shows a  c o r r e l a t i o n  o f  t o t a l  b a c t e r i a  and f r e e  b a c t e r i a  

w i t h  ch lo rophy l l  (r2 = 0.60). Therefore, b a c t e r i a  do respond t o  pr imary 

product ion. However, the  h ighest  concentrat ions o f  b a c t e r i a  occur above o r  

inshore o f  the  i n t ruded  water and the  associated phytoplankton bloom. Numbers 

o f  attached b a c t e r i a  a lso  show a  p a r t i a l  c o r r e l a t i o n  o f  0.44 w i t h  those of 

f r e e  bac ter ia ,  suggesting t h a t  bo th  f r e e  and attached b a c t e r i a  respond t o  

excretory and feca l  products o f  graz ing zooplankton. These e f f e c t s  a re  seen 

where the  concentrat ions o f  zooplankton are highest.  That there  i s  a  

separat ion o f  ch lo rophy l l  maxima and b a c t e r i a l  maxima i s  ev ident  n o t  on ly  from 

counts o f  b a c t e r i a  b u t  a lso  from the  d i s t r i b u t i o n  o f  t he  A/C r a t i o .  Bac te r i a l  

biomass maxima are t y p i c a l l y  associated w i t h  an i n t r u s i o n  b u t  are never i n  it. 

Bac te r i a l  numbers i n  the  v i c i n i t y  o f  i n t r u s i o n s  are  l ess  va r iab le  than 

are changes i n  ch l  orophyl 1  concentrat ion. Chl orophyl 1  increases by a t  1  eas t  

two orders o f  magnitude, wh i l e  b a c t e r i a  increase by a t  most one order  o t  

magnitude. This  may be because substrates a v a i l a b l e  t o  b a c t e r i a  a re  no t  

1 i n e a r l y  r e l a t e d  t o  increase i n  s tanding stocks o f  phytoplankton, o r  i t  

b a c t e r i a l  numbers may be l i m i t e d  by grazers. Outside o f  the  blooms w i t h  i n  

i n t rus ions ,  b a c t e r i a l  numbers appear t o  be r-enlarkably uni form over g reat  



expanses of the outer continental shelf, so either there is a very uniform and 

steady supply of growth substrates or, more likely,there is a refuge density 

below which grazers find it difficult or energetically inefficient to remove 

bacteria from the water. Experimental evidence suggests that pelagtc 

tunicates cannot have a significant impact on bacterial numbers, even in the 

most dense swarms (King et al. , 1980). The potential impact of protozoan 

grazers is less well known and is more 1 i kely to impose an upper 1 imit. 

In Liverpool Bay, Floodgate et al. (1981) found both bacteria and 

phytoplankton were more abundant at a persistent front and inshore of it than 

el sewhere, but the maximal populations of bacteria and phytoplankton were 

separated in time, the bacterial maximum occurring in winter and phytoplankton 

maximum in spring. Floodgate et al. postulated that the bacteria were most 

productive at the time of maximal river outflow, while the phytoplankton were 

most productive in the spring period of high insolation and water stability. 

That is admittedly a quite different situation from the one described here, 

but the observation of a separation of phytoplankton and bacterial maxima in 

both cases siiygests that it is a widespread occurrence. Tr! the case rrf G1.il.F 

Stream intrusions it is unlikely that the bacteria are influenced by 

terrigenous materials. Floodgate et al. found that the concentration of urea 

in the water was higher at the front and that it reflected a greater biomass 

and metabo'l i c  activity of zooplankton there. In tho case of the intrusions o f  

Gulf Stream water, it seems possible that' the release of dissolved organic 

materials., such as urea, by zooplankton may be the source of growth substrate 

for the observed bacterial maxima. We agree with Floodgate et al. that 

util ization of dissolved organic materials released by phytoplankton also is a 

significant factor in the increased bacterial numbers. Whether that release 



i s  a l i n e a r  funct ion o f  photosynthesis o r  a h i g h l y  v a r i a b l e  f r a c t i o n  o f  the  

f i xed  carbon i s  a sub jec t  o f  debate (Smith and Wiebe, 1976). Therefore, we 

cannot be c e r t a i n  whether o r  no t  t he  g rea tes t  r a t e  o f  re lease o f  d isso lved 

organic compounds by phytoplankton w i l l  co inc ide  w i t h  the  greates t  

concentrat ion o f  ch lo rophy l l  - a. 

Coastal Water. 

Much of t he  f resh water r u n o f f  from South Caro l ina  and Georgia r i v e r s  i s  

conf ined w i t h i n  a f r o n t ,  some 10-20 km of fshore.  Water o f  reduced s a l i n i t y  

i n s i d e  the  f r o n t  i s  de f l ec ted  southward by a b a r s c l i n i c  pressure grad ien t  

(Blanton, 1982). Although there  would appear t o  be an excess o f  n u t r i e n t s  f o r  

phytoplankton product ion i n  t he  coasta l  water, there  i s  s t rong evidence o f  

h igh  product ion a t  the  i n t e r f a c e  o f  coasta l  water o f  reduced s a l i n i t y  w i t h  

s h e l f  water (Figure 2), suggesting some n u t r i e n t  de f i c i ency  i n  the  coasta l  

water. This r e l a t i o n s h i p  d i d  n o t  show c l e a r l y  i n  the  e a r l i e r  work o f  Thomas 

(1966), who pos tu la ted  t h a t  1 i g h t  1 i m i t e d  t o  photosynthesis i n  t he  i nne r  

coasta l  zone. It i s  important,  however, t h a t  Thomas found the  c r i t i c a l  depth 

t o  be below the  sea bottom a t  a l l  t imes i n  t he  f i r s t  13 km o f  t h e  cont inenta l  

s h e l f .  A t  13 km c r i t . i ca1  depth appeared t o  be near the  bottom i n  w in ter .  

Therefore, pr imary product ion should be s t r o n g l y  p o s i t i v e  i n  t he  f i r s t  10 km 

and l ess  so seaward i n  t he  absence o f  thermohaline s t r a t i f i c a t i o n .  Indeed, 

t h i s  i s  what s tud ies  o f  photosynthesis have shown (Thomas, 1966; Haines and 

Dunstan, 1975) al though the  importance o f  c r i t i c a l  depth as a con t ro l  1 i n g  . 

f a c t o r  does n o t  seem t o  have been s ing led  out. Haines (1975) suggested t h a t  

t he  supply o f  n i t rogen i s  l i m i t i n g .  On the  inner  s h e l f  there  probably i s  

a c t i v e  r e c y c l i n g  from the  bottom, as we l l  as terr igenous inputs.  On t h e  

D middle s h e l f  r e c y c l i n g  w i l l  be l ess  e f f e c t i v e  dur ing  per iods o f  



s t r a t i f i ca t ion ,  b u t  these are  the only periods when c r i t i ca l  depth i s  belaw 

the mixed layer. Therefore, most production i s  a t  the interface of the 

nitrogen-rich lower layer and the upper layer which may provide some other 

l imiting nutrient such as s i l i c a t e ,  while limiting vertical  mixing of the 

phytoplankton. Production near shore may a1 so be enhanced by water stabi 1 i t y  

a t  times of thermohaline s t r a t i f i ca t ion  there, notably in the winter-spring 

period of high r iver  flow. 

Becausc of the proximity of the buttom I n  the Coastal portion of the 

she1 f ,  interactions between the bottom and the water column are s ignif icant ,  

not only Sn the regeneration of phosphate and ammonia but also in resuspension 

of organic detr i tus  which has se t t led  out of the water and the input of 

excretory and fecal material from benthic populations, a1 1 provide additional 

substrates for both free and attached bacteria and other microbial 

populations. Bacteria are more abundant, and the i r  mean s ize i s  larger,  in 

the coastal zone than in the waters of the outer shelf. While on the outer 
5 6 shelf f ree bacteria are about 10 per ml, reaching 10 per ml above 

6 intrusions,  the normal abundance of bacteria in the coastal zone i s  10 per 

ml. Taking the i r  larger s ize into account, there i s  probably two orders of 

magnitude more bacterial biomass per unit volume in the coasta water than in 

outer shelf water. Attached bacteria are also more abundant in the coastal 

zone and they are associated with flocculent material which i s  1 i.kely fecal i n  

orSy,in. Their numbers are always lower than those of f ree bacteria by about 

two orders of magnitude, b u t  because of the i r  much larger s ize ,  they 

const i tute  as much as half of the bacterial biomass and probably account for  

ha1 f of the bacteri a1 production (Hodson e t  a1 . , 1981). The greater number of 

bacteria in the coastal zone, together w i  th the i r  greater mean s ize,  raises 

questions about the factors 1 imi t ing bacterial populations in continental t 



s h e l f  waters. l.t does no t  seem reasonable t h a t  the  l a r g e r  bac te r i a ,  w,hich are 

a lso  an order  o f  magnitude more abundant, a re  less  vulnerable t o  g raz ing  than 

are  the  lesser  numbers o f  smal ler organisms of fshore.  Both subs t ra te  supply 

and graz ing  pressure may be s i g n i f i c a n t  determinants o f  b a c t e r i a l  popu la t ion  

si,ze, i n  -these cont inenta l  s h e l f  waters. However, a  d e f i n i t i v e  t e s t  must 

i nvo l ve  more a t t e n t i o n '  t o  protozoan graz ing  i n  a1 1  p a r t s  o f  the  she1 f waters. 

Coastal -oceanic. i n t e r a c t i o n s  

Factors c o n t r o l  1  i n g  b i o l o g i c a l  processes on the  southeastern cont inenta l  

s h e l f  a re  complex, and there  are c o n f l i c t i n g  accounts o f  these processes i n  

the  l i t e r a t u r e .  Turner a t  a l .  (1979) pos tu la ted  t h a t  p r o d u c t i v i t y  on the  

e n t i r e  s h e l f  i s  d r i ven  by n u t r i e n t  e f f l u e n t s  from the  coasta l  s a l t  marshes, '' 

* .  
wh i l e  Bishop e t  a l .  (1981) s ta ted  t h a t  n u t r i e n t s  o f  t e r r e s t r i a l  o r i g i n  a re  . 

i s o l a t e d  from the  middle and outer  s h e l f  by coasta l  s a l i n i t y  f r o n t s .  

Estimates o f  the  r a t e  o f  f l u s h i n g  o f  water from the  northern, Onslow Bay 

sec t ion  o f  the  she l f .  (Blanton and P ie t ra fesa,  1978) and from the  remaining 

p a r t  o f  t he  s h e l f  south o f  Cape Fear (Atkinson e t  a l .  (1978a) a re  i n  

approximate agreement a t  2-4 months. Atkinson e t  a l .  (1978a) present  evidence 

t h a t  much o f  the  f l u s h i n g  i s  d r i ven  by the Gulf Stream which en t ra ins  

f i laments  o f  water o f  reduced sal  i n i t y .  Evidence from the  present  study tends 

t o  conf i rm t h i s ,  i n d i c a t i n g  t h a t  i n t r u s i o n s  i n t e r a c t  w i t h  reg iona l  wind f i e l d s  

t o  d isp lace bodies o f  water from the  coasta l  zone t o  the  middle o r  ou ter  

s h e l f ,  where they are then entrained. Blanton (1982) p r e d i c t s  t h a t  t h i s  

should occur o f f  F lo r ida ,  and there  i s  poss ib le  i n d i c a t i o n  o f  i t  i n  Figures 3 

and 5, i n  which the  h igh  ch lo rophy l l  concentrat ion o f  the  coasta l  water hooks 

o f fshore  o f f  Fernandina o r  Jacksonvi l le .  



Both the intrusions of North Atlantic Central water from the Gulf Stream 

and plumes of water of reduced sa l in i ty  from the coastal zone contribute to  

the supply of nitrogen and phosphorus t o  shelf waters. Haines (1975) and the 

1975-76 data of t h i s  study show plumes and bodies of water of reduced sa l in i ty  

extending from the coastal zone into the midshel f region (Figures 1 and 2). 
b 

Haines's data show tha t  those bodies are enriched in n i t ra te  and phosphate. 

The previous studies of intrusions of North Atlantic Central water (Atkinson, 

1917; Atkinson e t  a l . ,  1978a and 1978b; Atkinson e t  a l . ,  1980; Blanton e t  a l . ,  

1981; Yoder e t  a l . ,  in press) and the present data, show that  there i s  a 

s ignif icant  input of n i t r a t e  by intrusions, and tha t  t.he inpl~t. has a marked 

ef fec t  on  phytoplankton on the outer continental shelf.  This effect  takes the 

form of rapid, 2-4 day pulses in phytoplankton production, and because the 

intruded water i s  s t r a t i f i e d  and l i e s  on the bottom, neither the n i t ra te  nor 

the resulting bloom i s  seen a t  the surface. We have found, however, tha t  

subsurface blooms are accompanied by increased populations of bacteria i n the 

surface water, resulting in regions of surface water with heterotrophical ly 

dominated biomass. There are  a1 so regions of heterotrophical ly dominated 

biomass on the inner shelf ,  but they occur in water of reduced sal ini ty .  

Therefore, the presence of heterotrophically dominated biomass on the outer 

shelf ,  associated with oceanic sal in i ty ,  i s  indicative of the immediate 

influence of Gul f Stream intrusions. 

Atkinson e t  a1 . (1978b) showed t.hat. Gulf Stream intrusions potcnt.ia1 ly 

supply more new n i t r a t e  to  the southeastern continental shelf than do a l l  

other sources, b u t  the f a t e  of that  n i t ra te ,  and production derived from i t ,  

depends on the locations within the southeastern shelf and the time of year. 

Blanton e t  a l .  (1981) showed that  intrusion frequency, indicated by reduced 

water temperature, i s  greatest  off norther Florida, with maximal intensity 



dur ing  summer. A lesser  maximum occurred i n  Onslow Bay. Gu l f  Stream n i t r a t e  

has a  marked e f f e c t  on the  p r o d u c t i v i t y  o f  the  cont inenta l  s h e l f  o f  nor thern 

F l o r i d a  and Onslow and Raleigh Bays. It has much l e s s  impact on the  shel f  o f f  

Georgia. Moreover, the  supply o f  n i t r a t e ,  and poss ib l y  s i l i c a t e  o r  o ther  

elements, from r i v e r s  i s  condined w i t h i n  a  dens i ty  f r o n t  along the  Georgia 

coast and reaches the  middle o r  ou ter  s h e l f  on l y  a f t e r  moving south t o  

F lor ida.  Therefore, we see a  h i g h l y  p roduct ive  coasta l  zone o f f  Georgia b u t  a  

remarkably unproduct ive middle s h e l f ,  s ince i t  receives l i t t l e  f e r t i l i z a t i o n  

from e i t h e r  the  land on the  Gu l f  Stream. A t  t imes the  body o f  water o f  

reduced sa l  i n i  t y  may extend across the  middle shel f, as i t  d i d  i n  June, 1975 

(Figures 1 and I), and the  maximum p r o d u c t i v i t y ,  which l i e s  on the  shoreward 

s ide  o f  the  f r o n t ,  i s  near the  middle o f  the  she l f .  However, du r ing  most o f ,  

the  year, when there  i s  l ess  f resh  water i n p u t  t o  t he  s h e l f ,  t he  f r o n t  i s  n o t  

more than 20 km of fshore,  and the  h ighest  p r o d u c t i v i t y  l i e s  i n s i d e  it. 

The reg ion  o f  near-shore p r o d u c t i v i t y  i s  c o n s i s t e n t l y  seen i n  a l l  surveys 

o f  the  she l f ,  both the  present and previous date. Regions o f  h igh  

p r o d u c t i v i t y  immediately a t t r i b u t a b l e  t o  i n t r u s i o n s  o f  co ld,  n i t r a t e - r i c h  Gul f 

Stream water are l ess  f requen t l y  encountered. O f  a l l  o f  the  surveys which 

have heen conducted on the  southeastern cont inenta l  s h e l f  o f  the U. S., two - 
encountered c o l d  bottom water on the  shel f. Bishop e t  a1 . (1980) encountered 

c o l d  water on the  ou ter  s h e l f  o f f  Savannah. One o f  the  GILL c ru ises  a lso  

encountered c o l d  water on the  s h e l f  (Anderson e t  a l . ,  1956). However, Turner 

e t  a1 . (1979), Hai nes (1975), A t k i  nson e t  a1 . (1978a), and our present  1975-76 

observat ions found no c o l d  bottom water on the  shel f. 

We have discussed n u t r i e n t  enrichment as i f  n i t rogen  and phosphorus were 

the  on ly  p o t e n t i a l  l i m i t i n g  fac tors .  While the re  i s  evidence t h a t  n i t rogen  i n  

p a r t i c u l a r  i s  very important  i n  s t i m u l a t i n g  phytoplanktnn product ion on both 



the  inner  and outer  pa r ts  o f  the cont inental  she1 f, there i s  reason t o  be1 ieve 

t h a t  other fac tors  may a lso inf luence it. Atkinson e t  a l .  (1978b) found t h a t  

phytoplankton product ion was greatest  a t  the in te r face  o f  a n i t r a t e - r i c h  Gul f  

Stream i n t r us i on  w i t h  s i l i c a t e - r i c h  coastal water. Our 1975-76 observations 

a lso show maximum phytoplankton populat ions a t  the in te r face  between coastal 

water and underlying she l f  water. Therefore, two fac tors ,  one i n  the coastal 

water and another i n  the she l f  water o r  ocean water, may ac t  s yne rg i s t i ca l l y  

t o  enhance production. This may be another essent ia l  element, such as 

s i l i c o n ,  o r  i t may be a che la t ing fac to r  i n  the dissolved organic matter 

(Wood, 1980). 
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Figure Captions 

Figure 1. Distribution of near-surface temperature, sal inity, chlorophyll 2 ,  

and total adenylates on the continental shelf of southeastern U. S. , June 

11-17, 1975. Cape Fear is at the upper right, the Savannah River is at 3Z0, 

and the St. Johns River (Jacksonville, Florida) is at the lower left. The 

dotted line is the shelf break. 

Figure 2. Distribution of salinity (left) and chlorophyll - a (right) along 
sections acr.oss the continental shelf of southeastern U. S., June 11-17, 1975. 

I 

The sections from top to bottom are Charleston (32" 301N) ,  Wassaw ( S l e  55'N), 

Doboy (31° 301N), St. Simons (31° 10IN), Fernandina (30° 45'N) ,  and 

Jacksonvi 1 1  e (30' 25' N). 

Figure 3. Distribution of near-surface temperature, salinity, chl orophyll - a, 
total adenylates , adenyl ate/chl orophyl 1 ratio, and energy charge ratio on the 

continental shelf of southeastern U. S., December 1-7, 1975. 

Figure 4. Distribution of near-surface temperature, sal inity, chlorophyll 2, 

total adenyl ates , adenyl ate/chl orophyl 1 ratio, and energy charge ratio on the 

continental she1 f of southeastern U. S. , February 8-15, 1976. 

Figure 5. Distribution of near-surface temperature, sal inity, chlorophyll - a 9 

total adenylates , adenylate/chlorophyl 1 ratio, and energy charge ratio on the 

continental shelf of southeastern U. S., June 7-11, 1976. 

Figure 6. Distribution of sal In1 ty, temperature, chlur~oplsyl 1 - a, total 
adenylates, adenyl ate/chlorophyl 1 ratio, and energy charge ratio on a section 

of the continental shelf of southeastern U. S. at 306 20' N, April 21-24, 

1979. 

Figure 7. Distribution of parameters of microbial biomass and activity and 

related physical and chemical parameters along a section of the continental 

shelf of southeastern U. S. at 30' 00' N, August 10-12, 1979. 



ADENYLATES 

ST. SIMONS 
~ ~ I O ' N  

JACKSONVILLE 
30.29'N 

FIGURE 2 



AOENYLATES 

FIGURE 3 



ADENYLATES 

FIGURE 4 FIGURE 5 . 



Chlorophyll g 

PQ L - ~  

Total Baclario 

r 1 ~ 5  cells rnl 

FIGURE 6 FIGURE 7 



J a c o b s e n  e t  a l .  - D r a f t  -- 

Phy top lank ton  and B a c t e r i o p l a n k t o n  Responses  t o  a G u l f  S t ream.  I n t r u s i o n  

* & 

T. R. ~ a c o b s e n l * ,  R. E. Hobson , A. E. ~ a f c u b b i n  and L. R.  ~ o m e r o y '  

& * 
I n s t i t u t e  of Ecology,  Department  of Zoology ' and Mic rob io logy  

The U n i v e r s i t y  o f  G e o r g i a ,  Athens  G e o r g i a  30602 

1. P r e s e n t  Address:  I n s t i t u t e  o f  Nar ine  Resources-  A-018 

S c r i p p s  I n s t i t u t i o n  o f  Oceanogrzphy 

~ a '  J o l l a ,  CA 92.093 



Jacobsen e t  a l . ,  Draf t  - 2 -- 

Abs t r ac t  

I n t r o d u c t i o n  

Recently,  he t e ro t roph ic  microbial  popula t ions  have been shown t o  

be  q u a n t i t a t i v e l y  important  members of  the  pe lag ic  marine food web o f  

c o n t i n e n t a l  she1 f  ecosystems (Fuhrman and Azam, 1980).  Marine b a c t e r i a ,  

, i n i t i a l l y  perceived a s  o f  l i t t l e  importance i n  t he  food chain (based on 

low biomass e s t ima te s  by p l a t e  c o u n t s ) ,  a r e  now viewed a s  q u a n t i t a t i v e l y  

impor tan t  members of  a  food web (Landry, 1977; S i e b u r t h ,  1977). Parsons 

and S t r i ck l and  (.I 962 ) f i r  st demonstrated t h a t  marine bac te r iop lankton  

r a p i d l y  a s s imi l a t ed  glucose from seawater.  Subsequent s t u d i e s  have 

demonstrated t h a t  marine b a c t e r i a  can u t i l i z e  nanomolar concen t r a t i ons  

o f  l a b i l e  organic  C O ~ F O U ~ ~ S  (Wright and Hobbie, 1965; Vaccaro -- e t  a l . ,  

1968: ~ n d r e w s  and Williams, 1971; Wright,  1973; Wright and Shah, '  1975)'. 

The l a b i l e  organic  compounds a r e  re leased  from seve ra l  sources  

(Wanger sky, 1978) , but t h e r e  a r e  two major sources  i n  pe lag ic  marine 

ecosystems. Photoautotrophic  populat ions r e l e a s e  s i g n i f i c a n t  q u a n t i t i e s  

o f  photosynthate  (Nalewajko, 1978; Herbland, 1975:, He l l ebus t ,  1974; 

Thomas, 197 1 ; Choi , 1972; Fogg -- e t  a l . ,  1965 1. Heterotrophic  populat ions 

a l s o  e n r i c h  the systeni with l a b i l e  organic  compounds by exc re t i on  and 

de feca t ion  (Webb and.Johannes,  1967; Cowey and Corner,  1966). The rap id  

a s s i m i l a t i o n  and mine ra l i za t i on  of  l a b i l e  o rgan ic s  by he t e ro t roph ic  

b a c t e r i a  is a  p o t e n t i a l l y  important pathway of n u t r i e n t  cyc l ing  i n  

pe l ag i c  marine ecosystems. Hollibaugh . e t  -- a l .  (1  980) found t h a t  marine 

b a c t e r i a  r a p i d l y  converted o r g a n i c ' n i t r o g e n  compounds (pr imary amines) 

t o  inorganic  n i t rogen  t h a t  could be u t i l i z e d  by photoautotrophs.  
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The h i g h  degree.  o f  i n t e r a c t i o n  and c o u ~ l i n g , .  t h a t  a p p e a r s  t o  

e x i s t  between pho toau to t roph ic  and h e t e r o t r o p h i c  components o f  t h e  

m i c r o b i a l  community, has  no t  been a d e q u a t e l y  documented i n  n a t u r e .  Most 

s t u d i e s  have examined f ragments  o f  t h e  m i c r o b i a l  food web, bu t  few have 

s i m u l t a n e o u s l y  addressed both p h o t o a u t o t r o p h i c  and h e t e r o t r o p h i c  

components o f  t h e  m i c r o b i a l  community. Recent s t u d i e s  (Fuhrman and 

Azam, 1980; Fuhrman -- e t  a l . ,  1980; F loodga te  -- e t  a l . ,  1981) have suggested 

t h a t  p h o t o s y n t h e s i s  and b a ' c t e r i a l  a c t i v i t y  a r e  t i g h t l y  coupled i n  t h e  

p e l a g i c  marine food web o f  con . t inen ta1  s h e l v e s .  We have i n v e s t i g a t e d  

t h e  degree  o f  i n t e r a c t i o n  o f  phytoplankton and b a c t e r i o p l a n k t o n  by 

s imul taneous  a n a l y s i s  o f  t h e i r  abundance and dynamics d u r i n g  an .... 
, -. 

i n t r u s i o n  o f  Gul f  Stream water  o n t o  t h e  c o n t i n e n t a l  s h e l f .  
-, - 

I n t r u s i o n  o f  Gulf  Stream water  on t h e  c o n t i n e n t a l  s h e l f  o f  t h e  

s o u t h e a s t e r n  United S t a t e s  p rov ides  a  n a t u r a l  sys tem,  whereby t h e  

i n t e r a c t i o n s  and c ~ u ~ l i n ' ~ s  o f  pho toau to t rophs  and h e t e r o t r o p h i c  

m i c r o b i a l  p o p u l a t i o n s  can be s t u d i e d  i n  r esponse  t o  n u t r i e n t  enr ichment  

(Atkinson e t  a l . ,  1978).  Gul f  Stream meanders o r  s p i n o f f  e d d i e s  occur  

on t h e  s h e l f  from Cape Canaveral  and Cape H a t t e r a s ,  a t  a  r a t e  o f  6  

e v e n t s  per  months ( 3  meanders, 3  s p i n o f f  e d d i e s  on t h e  a v e r a g e ) ,  wi th  an 

average  d u r a t i o n  on t h e  s h e l f  o f  approximate:y 5 days  (Lee e t  a l . ,  i n  

p r e s s ) .  Thus, some reg ion  along t h e  c o n t i n e n t a l  s h e l f  i s  c o n s t a n t l y  

be ing  a f f e c t e d  by an i n t r u s i o n  e v e n t .  F i l ament  d imensions  o f  s p i n o f f  

e d d i e s  a r e  100-200 km i n  l e n g t h  and 35-40 km i n  width (Lee e t  a 1  i n  * * 

p r e s s ) .  Atkinson and P i e t r a f e s a  (1980)  determined t h e  volume o f  an 

i n t r u s i o n ,  s t r anded  on t h e  s h e l f ,  t o  be 84 km-3. The movement o f  w a t e r ,  

on t h e  s h e l f  by Gulf  Stream i n t r u s i o n s ,  p r o v i d e s  t h e  m a j o r i t y  o f  NO and 
3 

PO4 t o  t h e  s h e l f  (Dilnstan and Atkinson,  1976; Lee e t  a 1  i n  p r e s s ) .  - * * 
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Most r e c e n t  e s t i m a t e s  o f  n i t r o g e n  i n p u t ,  t o  t h e  c o n t i n e n t a l  s h e l f  

e c o s y s t e m  of t h e .  s o u t h e a s t e r n  Uni ted  S t a t e s ,  a r e  i n  t h e  o r d e r  o f  66 ,000 

t o n s  yr-l. T h i s  i n p u t  o f  "newt1 n i t k o g e n  can  t h e o r e t i c a l y  s u p p o r t  an 

a n n u a l  p h y t o p l a n k t o n  ca rbon  p r o d u c t i o n  o f  38 t o  77 g C m-2 yr-l w i t h o u t  

n i t r o g e n  r e c y c l i n g  (Lee  -- e t  a l . ,  i n  p r e s s ) .  G u l f  S t r eam i n t r u s i o n s  ( t h e  

a d v e c t i v e  movements o f  d e e p e r  c o l d  G u l f  S t r eam wa te r  on to t h e  s h e l f )  

a r e  . t h e  ma jo r  p h y s i c a l  f a c t o r s  o p e r a t i n g  a s ,  what Dunstan and Atk inson  

(1976)  termed, a  "ba t ch  t y p e n  n u t r i e n t  e n r i c h m e n t  t o  t h e  c o n t i n e n t a l  

s h e l f  o f  t h e  s o u t h e a s t e r n  Uni ted  S t a t e s .  

A tk inson  e t  a l .  ( 1  978)  demons t r a t ed  t h a t  t h e  a d v e c t i o n  o f  c o l d  - .- 
n u t r i e n t  r i c h  G u l f  S t r eam w a t e r  on t h e  c o n t i n e n t a l  s h e l f  o f  t h e  

s o u t h e a s t e r n  Uni ted  S t a t e s  i n i t i a t e s  s u b s u r f a c e  p h y t o p l a n k t o n  blooms.  

The i n t r u d e d  wa te r  c o n t a i n s  a  m i c r o b i a l  community, b u t  i t s  biomass  o r  

ce l l  numbers is one  t o  two o r d e r s  o f  magn i tude  lower  t h a n  t h e  

p o p u l a t i o n s  found i n  the -  s h e l f  w a t e r s .  Fo l lowing  t h e  time c o u r s e  o f  an  

i n t r u s i o n  p r o v i d e s  a  means o f  examining  p h y t o p l a n k t o n  and 

b a c t e r i o p l a n k t o n  p o p u l a t i o n s ,  under  c o n d i t i o n s  o f  n u t r i e n t  en r i chmen t .  

Materials and Method? 

Hydrograph ic  o b s e r v a t i o n s  o f  an i n t r i s i o n  o f  s u b s u r f a c e  G q l f  

S t r e a m  w a t e r  was made, 7-12 August 1979,  on t h e  c o n t i n e n t a l  s h e l f  o f f  

St. A u g u s t i n e ,  F l o r i d a ,  a t  30° n o r t h  l a t i t u d e .  A b i o l o g i c a l  s t a t i o n  

p o s i t i o n  was d e f i n e d  by d a i l y  t r a n s e c t s  a c r o s s  t h e  s h e l f  by t e m p e r a t u r e ,  

saf i n i t y  and n i t r a t e .  C h l o r o p h y l l  a  ( J a c o b s e n  , 1978 1, t o t a l  a d e n y l a t e s  - 
( K a r l  and Holm-Hansen, 1978) and b a c t e r i a l  numbers by  a c r i d i n e  o r a n g e  

e p i f l u o r e s c e n c e  d i r e c t  c o u n t s  (Hobbie  e t  a l . ,  19771,  were a l s o  measured.  
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A p o s i t i o n  i n  t h e  c e n t e r  o f  t h e  i n t r u d e d  wa te r  was occup ied  d a i l y  from 8 

to  11 August .  Water samples ,  i n  t h e  o v e r l y i n g  s h e l f  w a t e r ,  i n  t h e  

t h e r m o c l i n e  and w i t h i n  t h e  i n t r u s i o n ,  were c o l l e c t e d  w i t h  c l e a n  7L PVC 

N i s k i n  wa te r  s ample r s .  P h o t o s y n t h e s i s  was measured by f a l l o w i n g  t h e  6- 

hour  1 4 c  u p t a k e  of  10 d C  N ~ H ' ~ C O ~ ,  free of  o r g a n i c s .  by  125 m l  s amples  

i n  a  deck  i n c u b a t o r .  1 l l ; r m i n a t i o n  i n t e n s i t i e s  were d a r k ,  100%. 12%. and 

1.5% i n c i d e n t  s d n l i g h t  , a t t e n u a t e d  by n e u t r a l  d e n s i t y  f i l t e r s .  

P h o t o s y n t h e t i c a l l y  a c t i v e  r a d i a t i o n  (400-700 nm) was measured w i t h  a  

Li-Cor 2n  s e n s o r  d u r i n g  t h e  i n c u b a t i o n  p e r i o d .  T o t a l  a c t i v e  r a d i a t i o n  

was de t e rmined  by i n t e g r a t i o n  o f  t h e  a n a l o g  o u t p u t  r e c o r d e d  on a  s t r i p  

c h a r t  r e c o r d e r .  A f t e r  i n c u b a t i o n ,  5 m l  a l i q u o t s  of  u n f i l t e r e d  w a t e r  and 

0.45 gm f i l t r a t e ,  frcm each  sample ,  .were p r o c e s s e d  by  a  m o d i f i c a t i o n  o f  -z+ 

t h e  a c i d  bubb l ing  t e c h n i q u e  o f  S c h i n d l e r  -- e t  a l .  ( 1 9 7 2 ) .  P o s t i n c u b a t i o n  

s i z e  f r a c t i b n a t i o n  was done t o  d e t e r m i n e  t h e  s i z e  o f  p h o t o s y n t h e t i c a l l y  

a c t i v e  p o p a l a t i o n s .  The ca rbon  l a b e l  r e t a i n e d  on t h e  . . p a r t i c u l a t e  ... 

f r a c t i o n  was de t e rmined  by f i l t e r i n g  2 5  m l  a l i q u o t s  t h r o u g h  a  10 gm 

Nitclepore f i l t e r  o r  0.45 g m  M i l l i p o r e  f i l t e r .  F i l t e r s  were p l a c e d  i n  

g l a s s  s c i n t i l l a t i o n  v i a l s .  1 .5 m l  o f  4N H C ~  was added t o  remove a n y  1 4 c  

n o t  i n c o r p o r a t e d  i n t o  o r g a n i c  carbon ( L e a n  and Wr i l i so i l ,  1978). After 

30  min., 10 m l  o f  water -compat ib le  l i q i i i d  s c i n t i l l a t i o n  c o c k t a i l  
1 

( S c i n t i v e r s e )  was added. Samples were coun ted  i n  a  l i q u i d  s c i . n t i l l a t i o n  

c o u n t e r  u s i n g  c h a n n e l s  r a t i o  method to c o r r e c t  f o r  v a r i a b l e  wench. .  

R e l a t i v e  h e t e r o t r o p h i c  a c t i v i t y  o f  t h e  m i c r o b i a l  community was 

e v a l u a t e d  by f o l l o w i n g  t h e  u p t a k e  o f  14c- o r  t r i t i u m - l a b e l e d  g l u c o s e ,  

ATP, g l y c i n e ,  g1yoxylate and t h e  I4c - l abe led  o r g a n i c  e x u d a t e ,  o b t a i n e d  . 

from an a x e n i c  c u l t u r e  o f  C y l i n d r o t h e c a  f u s i f o r r n i s ,  i n c u b a t e d  w i t h  

14 NaH C03. K i l l e d  c o n t r o l s  (5% f o r m a l i n  f i n a l  volirme) were used t o  
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moni to r  n o n b i o l o g i c a l  : ~ p t a k e  o r  o t h e r  p o t e n t i a l  l o s s e s  o f  s u b s t r a t e .  ' A 

50 m l  a l i q u o t  o f  seawate r  was incuba ted  i n  t h e  d a r k  wi th  0.1-0.5 4 C i  o f  

l a b e l e d  s a b s t r a t e ,  c o n t a i n i n g  n a t u r a l  o r  e l e v a t e d  c a r r i e r  

c o n c e n t r a t i o n s .  The l e n g t h  o f  i n c u b a t i o n  was 2 t o  4 h o u r s ,  which 

m a i n t a i n e d  l i n e a r  up take  of a  f r a c t i o n  o f  t h e  added m b s t r a t e .  A t  t h e  

end of t h e  i n c u b a t i o n  p e r i o d ,  samples and c o n t r o l s  were f i l t e r e d  th rough  

0.2 d m  Naclepore membranes, r i n s e d  wi th  f i l t e r e d  s e a  w a t e r ,  and placed 

i n  s c i n t i l l a t i o n  v i a l s  w i t h  i 6  m l  o f  l i q u i d  s c i n t i l l a t i o n  c o c k t a i l .  

S i z e  f r a c t i o n a t i o n  was done fo l lowing  t h e  method o f  Azam and Hodson 

(1977) .  R e s p i r a t o r y  loss of 14c was measured by t r a p p i n g  C02  i n  an 

ethanolamine-soaked wick, by a c i d i f y i n g  25 m l  a l i q u o t  o f  t h e  i n c u b a t i o n  

m i x t u r e .  Trapping e f f i c i e n c y  of l i b e r a t e d  C02 was 98-100%. The 

p a r a m e t e r s  o f  uptake k i n e t i c s  were determined by t h e  t e c h n i q u e s  o u t l i n e d  

by Wright and Hobbie (1965) .  

A d e t a i l e d  d e s c r i p t i o n  o f  t r a n s e o t s  f o r  t h e  s t u d y  pe r iod  is 

p r e s e n t e d  e l sewhere  (Pomeroy -- e t  a l .  m a n u s c r i p t ) .  T a b l e  1 p r e s e n t s  t h e  

b i o l o g i c a l  sLa t i on  d a t a .  

1 

The low n i t r a t e  c o n c e n t r a t i o n s  found on 8  Aagust a t  t h e  c e n t e r  

s t a t i o n  i n d i c a t e d  t h a t  t h e  upwelled water  had been on t h e  s h e l f  f o r  some 

time ( T a b l e  1 ) .  Ch lo rophy l l  and t o t a l  a d e n y l a t e s  were h i g h e r  a t  and 

w i t h i n  t h e  i n t r u s i o n .  The a d e n y l a t e / c h l o r o p h y l l  r a t i o  (Campbell e t  a l . ,  -- 
1979) i n d i c a t e d  t h a t  h e t e r o t r o p h s  dominated most o f  t h e  water  co1;rmn. 

The community energy c h a r g e  v a l u e s  were m i f o r m  throughout  t h e  water  

colinnn. On 9  August s l i g h t l y  h i g h e r  n i t r a t e  c o n e n t r a t i o n s  were found 
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w i t h i n  t h e  i n t r a d e d  wa te r  mass. C h l o r o p h y l l  and a d e n y l a t e  were h i g h e r  

w i t h i n  t h e  i n t r u s i o n .  H e t e r o t r o p h s  dominated upper  w a t e r s  and t h e  

i n t r u s i o n  i n t e r f a c e  b u t  a u t o t r o p h s  were dominant  a t  t h e  bottom o f  t h e  

i n t r u d e d  wa te r .  The e n e r g y  c h a r g e  v a l u e s  were h i g h e s t  a t  t h e  i n t r u s i o n  

i n t e r f a c e .  On 10 and 11 Aagus t  1979 t h e  p h o t o a u t o t r o p h i c  p o p d l a t i o n s  

dominated  t h e  i n t r u s i o n .  C h l o r o p h y l l  and a d e n y l a t e  c o n c e n t r a t i o n s  were 

1 t o  2 , o r d e r s  o f  magn i t ade  g r e a t e r  t h a n  t h e  , o v e r l y i n g  s h e l f  w a t e r s .  The 

a d e n y l a t e / c h l o r o p h y l l  r a t i o  shows t h e  s h i f t  t o  p h o t o a u t o t r o p h i c  

.dominance a t  and w i t h i n  t h e  i n t r u d e d  w a t e r .  

The i n c r e a s e s  i n  a c t i v e  c h l o r o p h y l l  - a ,  found a t  t h e  t h e r m o c l i n e  

and w i t h i n  t h e  i n t r d d e d  w a t e r ,  were accompanied by even g r e a t e r  changes  

i n  p h o t o s y n t h e t i c  r a t e s  ( T a b l e  2 ) .  ~ h o t o s ~ n t h e t i c  r a t e s ,  a t  t h e  

t h e r m o c l i n e .  o r  below it,  were h i g h e r  a t  t h e  low- l i g h t  l e v e l s .  'm11 

s u n l i g h t  i n h i b i t e d  1 4 c  u p t a k e  by  p h y t o p l a n k t o n  t a k e n  from t h e  i n t r a d e d  

w a t e r s  . Ex t r a c e l l u l a r  p h o t o s y n t h e t i c  r e l e a s e  p r o d u c t s  were found i n  t h e  

newly upwel led  water  on 10 Aagus t .  On 11 Augus t ,  p h o t o s y n t h e s i s  a t  t h e  

t h e r m o c l i n e  remained h i g h ,  b u t  was s t imr r l a t ed  by f-d1.l s u n l i g h t .  

Phy top lank ton .  p o p u l a t i o n s  i n  t h e  o v e r l y i n g  s h e l f  w a t e r  were n o t  f i x i n g  

more carbon per  a n i t  of a c t i v e  c h l o r o p h y l l  - a t h a n  t h e  p o p d l a t i o n s  a t  o r  

be low t h e  t h e r m o c l i n e .  Phy top lank ton  p o p d l a t i o n s  i n  t h e  i n t r u d e d  w a t e r  

were pho toadap ted .  to t h e  low l i g h t  l e v e l s  d u r i n g  8-10 Aagus t  . However, 

p h y t o p l a n k t o n  found a t  t h e  t h e r m o c l i n e  11 August  ( 1 . 0  i ~ g  1" a c t i v e  

c h l o r o p h y l l  - a ) ,  were n o t  e f f i c i e n t l y  u t i l i z i n g  i n c i d e n t  r a d i a t i o n  a s  i n  

p r e v i o u s  days .  
. . 

. . 
H e t e r o t r o p h i c  a c t i v i t y  o f  t h e  b a c t e r i o p l a n k t o n  c l o s e l y  

p a r a l l e l e d  t h e  p h o t o s y n t h e t i c  r e s p o n s e s  o f  t h e  phy top lank ton . .  G l u c o s e  
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t u r n o v e r  times, on 8 August i n  t h e  o v e r l y i n g  w a t e r s ,  were r e p r e s e n t a t i v e  . 

o f  t h e  b a c t e r i o p l a n k t o n  p o p u l a t i o n s  on t h e  o u t e r  s h e l f  ( ~ a ' b l e  3 ) .  On 9 

Aagast  s u r f a c e  t ~ r n o v e r  t i m e  d e c r e a s e d ,  b u t  a t  t h e  the rmoc l ine  o f  t h e  

newly i n t r u d e d  w a t e r ,  tu rnover  time i n c r e a s e d  d r a m a t i c a l l y  f o r  bo th  

g l u c o s e  and ATP. At tached b a c t e r i a  a s s i m i l a t e d  approx imate ly  50% o f  t h e  

l a b e l e d  w b s t r a t e .  H e t e r o t r o p h i c  t u r n o v e r  times f o r  g l u c o s e  and ATP a t  

t h e  t h e r m o c l i n e  dec reased  d r a m a t i c a l l y  on 10 August ,  b u t  w i t h i n  t h e  

intrilded w a t e r ,  t a r n o v e r  t i m e  was s t i l l  s low (T > Innn h ) .  T 

H e t e r o t r o p h i c  metabolism i n  t h e  i n t r u d e d  water  on 11 Aaggst. d e c r e a s e d ,  

i n d i c a t i n g  e i t h e r  c o l o n i z a t i o n  o r  m o b i l i z a t i o n  o f  a c t i v e  h e t e r o t r o p h i c  

p o p u l a t i o n s .  On a l l  days  sampled, t h e  o v e r l y i n g  s h e l f  w a t e r s  ma in ta ined  

t i l rnover  t imes  o f  80-180 h .  Turnover t i m e s  a t  t h e  i n t e r f a c e  and w i t h i n  

t h e  i n t r u d e d  water  f l u c t a a t e d  by 2 o r d e r s  o f  magni tade ,  i n  r e sponse  t o  

t h e  movement o f  t h e  n u t r i e n t  water o n t o  t h e  s h e l f .  . B a c t e r i o p l a n k t o n  

r e s p o n s e s  during t h i s  s t d d y  appeared to be coupled wi th  t h e  

phytoplankton iies~unses . 
The p e r c e n t a g e  o f  f r e e  b a c t e r i a l '  a c t i v i t y  Jeterrnined by s i z e  

f r a c t i o n a t i o n  d i d  no t  v a r y  g r e a t l y  (47.0 t o  74.nX free b a c t e r i a )  w i t h  

p o s i t i o n  in  t h e  water  co13mn o r  day o f  t h e  s tudy .  The p e r c e n t a g e  o f  

f r e e  b a c t e r i a ,  de termined by e p i f l u o r e s c e n c e  d i r e c t  c o u n t s ,  however, was . . 
. 

s i g n i f i c a n t l y  d i f f e r e n t  from t h e  f r e e  b a c t e r i a l  a c t i v i t y  determined by 

s i z e  f r a c t i o n a t i o n  (P>F .001, P>F .005) .  

Na tu ra l  s e s t o n  was c o l l e c t e d  by r e v e r  se-flow c o n c e n t r a t i o n  

. . (Pomeroy and Johannes ,  1966) wi th  1.0 dm I h c l e p o r e  membranes, and 

scann ing  e l e c t r o n  micrographs  were prepared ( J a c o b s e n ,  1981 ) . Large rod 

shaped b a c t e r i a  were found a t t a c h e d  t o  phytoplankton ( F i g u r e  10,  A. B 
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and C)  and i n  f e c a l  a g g r e g a t e s  ( D l .  B a c t e r i a  a t t a c h e d  t.o f e c a l  

a g g r e g a t e s  were c o n s i d e r a b l y  more abundant than  t h o s e  a t t a c h e d  t o  a l g a e .  

3 F e c a l  a g g r e g a t e s  counted ranged 1.4 t o  3.5 x 1  C ml"  . The f r e e  coccoid  

or m i n i b a c t e r i a  (' diamete r  = 0.21 dm) were smal l  i n  r e l a t i o n  t o  t h e  
X 

- l a r g e r  a t t a c h e d  b a c t e r i a  (i l e n g t h  = 1.18 q, diamete r  = 0.46 ym) . 
The f r e e  coccoid  forms d i d ,  however, comprise  t h e  n i rmer ical ly  dominant 

f r a c t i o n  o f  t h e  b a c t e r i o p l a n k t o n .  C a l c u l a t i o n  o f  t h e  s u r f a c e  a r e a  and 

vo1;nne o f  both  forms of b a c t e r i a  r evea led  t h a t  t h e ,  a t t a c h e d  b a c t e r i a ,  

a l t h o u g h  o n l y  a  smal l  n .mer ica1  f r a c t i o n  o f  t h e  t o t a l  b a ~ t e r i o ~ l a n k t o n  

p o p u l a t i o n ,  comprised '50% o f  t h e  t o t a l  biovo1;rme. 

'- The a t t a c h e d  b a c t e r i a  p o s s e s s  more than  one o r d e r  t o  magni tade  

g r e a t e r  biomass and c e l l  s u r f a c e  a r e a  pe r  c e l l  than  t h e  m i n i b a c t e r i a .  
., - 

Ass-ming t h a t  both  t h e  a t t a c h e d  r o d s  and f r e e  coccoid  b a c t e r i a  have t h e  

same n;rmber o f  a c t i v e ,  t r a n s p o r t  s i t e s  per  m i t  o f  membrane s u r f a c e  a r e a ,  

t h e  a t t a c h e d  forms should., based 'on  t h e  nembers  o b t a i n e d  by a c r i d i n e  

o r a n g e  d i r e c t  c o u n t s ,  have approx imate ly  one h a l f  o f  t h e  t o t a l  number o f  

t r a n s p o r t  s i t e s  o f  t h e  t o t a l  b a c t e r i a l '  p o p u l a t i o n .  T h i s  e x p l a i n s  why 

a t t a c h e d  b a c t e r i a  a s s i m i l a t e d  1/4 t o  1 /2  of s u b s t r a t e .  

Although g l y o x y l a t e  and g l y c i n e  a r e  i n t e r m e d i a t e  p r o d u c t s  o f  

p h o t o s y n t h e s i s  and l i k e 1  y  a r e  among t h e  i u b s t a n c e s  r e l e a s e d  by. 

phytoplankton ( H a l l d a l  and Holmen, 1979 1, - C. f u s i f o r r n i s  r e l e a s e  p r o d u c t s  

were t aken  up c o n s i d e r a b l y  f a s t e r  by t h e  bac t e r i o p l a n k t o n  than  e i t h e r .  

g l y c i n e  o r  g l y o x y l a t e  ( F i g u r e  2 ) .  A g l u c o s e  iiptake time c o u r s e ,  done on 
%. 

8 August wi th  water from t h e  the rmoc l ine ,  was s l i g h t l y  h i g h e r  than  t h e  I 

i g l y o x y l a t e  vali ies.  Glycine  uptake k i n e . t i c s ,  examined on 9  Augiist,  

y i e l d e d  tu rnover  t imes  o f  42 h and 57 h f o r  t h e  o v e r l y i n g  w a t e r s  and a t  
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t h e  t h e r m o c l i n e  o f  t h e  i n t r u d e d  w a t e r s .  

The pe rce ived  seqaence o f  m i c r o b i a l  r e s p o n s e s  t o  a Gul f  Stream 

i n t r u s i o n  may be more complex than p resen ted  i n  t h i s  s tudy .  The 

Lagrangian approach ,  a t tempted i n  t h i s  s t u d y ,  was hampered by t h e  

p h y s i c a l  p r o p e r t i e s  and t r a n s i e n t  behav io r  o f  G u l f  Stream i n t r u s i o n s .  

Although an i n t r t l s i o n  o f  G u l f  Streatn water  was found a t  3 0 0 ~  and a 

c e n t e r  s t a t i o n  determined d a i l y  a s  t o  t h e  l o n g i t u d i n a l  p o s i  t i o n  d u r i n g  

t h e  s t u d y  p e r i o d ,  we were unable  to f o l l o w  t h e  frrtrtlded water  us 11;s 

l a t i t d d i n a l  a x i s .  The i n t r u d e d  water  found on t h e  s h e l f ,  i n  a d d i t i o n  t o  

c r o s s  s h e l f  movement, h a s  an a long s h e l f  movement i n  a  n o r t h e r l y  

d i r e c t i o n .  Lee e t  a l ,  ( i n  p r e s s )  found t h a t  t h e  northward v e l o c i t y  o f  . -- 
i n t r u d e d  water  ave rages  40 cm sec". A t  t h i s  r a t e  o f  northward 

movement, t h e  i n t r u d e d  water  would be d i s p l a c e d  approx imate ly  35 km 

d a i l y  to t h e  n o r t h .  F ~ r t h e r  c o m p l i c a t i o n s  i n  a c c u r a t e l y  f o l l o w i n g  a 

p a r t i c l e  o f  water  a r i s e  from t h e  c y c l o n i c  .movement of t h e  water .  The 

dynamics found a t  t h e  c e n t e r  s t a t i o n  may, t h e r e f o r e ,  be t h e  r e s u l t  o f  

v a r y i n g  s i z e  p a t c h e s  o f  m i c r o b i a l  a c t i v i t y  and abundance. A more 

a c c u r a t e  a n a l y s i s  o f  t h e  m i c r o b i a l  patch' s i z e  and assessment  o f  

m i c r o b i a l  r e s p o n s e s  can o n l y  be done by a  m u l t i - s h i p  o r ,  p r e f e r a b l y ,  a  

s h i p r e a l  time remote sens ing  o p e r a t i o n .  S a t e l l i t e  thermal  imagery h a s  

proven u s e f u l  i n  d e f i n i n g  a r e a s  o f  i n t r u d e d  bottom water  (Lee e t  a l . ,  i n  -- 
p r e s s ) .  A i r c r a f t  ocean c o l o r  scan ing  ( K i m  -- e t  a l . ,  1980) h a s  been done 

t o  d e f i n e  a  phytoplankton bloom r e s u l t i n g  *om a  s p i n o f f  eddy (Yoder e t  - 
a 1  i n  p r e s s ) ,  bu t  t h e  remote s e n s i n g  p o r t i o n  o f  t h e  s t u d y  d i d  n o t  -* * 

p r o v i d e  r e a l  time a n a l y s i s  o f  t h e  phytoplankton pa tches .  
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The phytoplankton p o p u l a t i o n s  i n  t h i s  s t u d y  responded t o  t h e  

i n t r u s i o n  by a  r a p i d  i n c r e a s e  i n  biomass ( c h l o r o p h y l l  a )  and - 
p h o t o s y n t h e t i c  a c t i v . i t y .  Es t imated i n t e g r a l  d a i l y  p roduc t ion  on 11 

August ,  f o r  example, reached 1.3 g  C m" day-'. These v a l u e s .  a r e  

approximate ly .  an o r d e r  o f  magnitude g r e a t e r  than p r e v i o u s l y  pdb l i shed  

v a l u e s  (Ha ines  and Ddnstan, 1975) f o r  t h e  o u t e r  s h e l f  o f  t h e  

m a t h e a s t e r n  Un.ited S t a t e s .  Haines and Ddnstan (1975) conducted a  

s t a t i s t i c a l  m r v e y  o f  s h e l f  p a r t i c u l a t e  pr imary p roduc t ion  from f i v e  

' J t r a n s e c t s ,  a c r o s s  t h e  s h e l f  i n  September,  December, A p r i l  and May. 

Water samples were c o l l e c t e d  based to 5 l i g h t  i n t e n s i t i e s  from an 
, . 

e x t i n c t i o n  c o e f f i c i e n t  determined by Secch i  d i s c  measurements. Lee et 
, :4 *,:>. . .. , . 

a l .  ( i n  pres 's)  and Yoder e t  a l .  ( i n  p r e s s )  b e l i e v e  t h a t  i n t r u s i o n s  o f '  - -- 
. -. . c , :  

G a l f  Stream water on t h e  o u t e r  s h e l f  a r e  r e s p o n s i b l e  f o r  c o n s i d e r a b l y  
8 .: ~. 

h i g h e r  pr imary p roduc t ion  than determined by p r e v i o u s  e s t i m a t e s .  Lee e t  - 
, , *i 

a l .  ( i n  p r e s s )  contend t h a t  p a s t  sampling s t r a t e g i e s  have n o t  been - 
" ,; .;q-. 

adequa te  to r e s o l v e  such an event-dominated p r imary  p roduc t ion  p r o c e s s .  
i : :L<' 

Accurate  y e a r l y  p roduc t ion  r a t e s  f o r  t h e  c o n t i n e n t a l  she1 f a r e ,  however, 

d i f f i c u l t  t o  o b t a i n  even though we a r e  now beg inn ing  t o  d e f i n e  t h e  

e p s i o d i c  n a t u r e  and p a t c h i n e s s  o f  t h e  i n t r u s i o n   event..^ on the s h e l f .  

Completion o f  seasona l  comparisons o f  m i c r o b i a l  p r o c e s s e s  and p r imary  

p r o d u c t i o n ,  analyzed i n  t h e  c o n t e x t  of th'e p h y s i c a l  p r o c e s s e s  o c c u r r i n g  

on t h e  s h e l f ,  should demonstra te  t h a t  t h e  c o n t i n e n t a l  s h e l f  ecosystem o f  

t h e  s o u t h e a s t e r n  United S t a t e s  is  c o n s i d e r a b l y  more p r o d u c t i v e  than  

p r e v i o u s l y  r e p o r t e d .  

-., 

Photoau to t roph ic  p o p d l a t i o n s ,  by i n c r e a s i n g  l i g h t  c a p t u r i n g  

e f f i c i e n c y ,  maximize p h ~ t o ~ y n t h e s i s  ( ~ r $ z e l i n  and Sweeney, 1978: 

B 
. P r s z e l i n  and A l b e r t e ,  1978; Falkowski and Owen, 1978: P e r r y  2.. 
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1981) and growth a t  low l i g h t  l e v e l s  (10% o r  l e s s  o f  s u r f a c e  l i g h t ) .  

P h o t o a d a p t i o n ,  by t h e  phytoplankton p o p u l a t i o n s  i n  t h e  i n t r u d e d  w a t e r s ,  

a l l o w s  t h e  p o p u l a t i o n  t o  b e t t e r  m a i n t a i n  o r  i n c r e a s e  i n  p o p u l a t i o n  s i z e  

under  t h e  i n t e n s i v e  g r a z i n g  found i n  i n t r u s i o n s .  Anderson (1  969 found 

t h a t  p h o t o a u t o t r o p h i c  p o p d l a t i o n s ,  i n  t h e  c h l o r o p h y l l  maxima o f f  t h e  

c o a s t  o f  Oregon, c o n t a i n e d  l a r g e r  amounts o f  c h l o r o p h y l l  pe r  c e l l  than  

t h e  s d r f a c e  p o p u l a t i o n s .  P o s i t i v e  d a i l y  p r imary  p roduc t ion  v a l u e s  were 

found i n  t h a t  system down to 0.1% o f  s u r f a c e  l i g h t  l e v e l s .  The 

p h o t o a u t o t r o p h i c  p o p u l a t i o n s  a t  t h e  t h e r m o c l i n e ,  8-10 August ,  were 

adap ted  to low l i g h t  l e v e l s ,  based on c a l c u l a t e d  a s s i m i l a t i o n  n;rmbers. 

" Release  r a t e s  & p h o t o s y n t h e t i c  p r o d u c t s  found a t  t h e  

t h e r m o c l i n e  were maximal on 10 and 1'1 August .  These were,  however, n o t  

t h e  l a r g e s t  p e r c e n t a g e s  o f  t o t a l  p h o t o s y n t h e s i s .  found d u r i n g  t h e  s tudy.  

Measurement of ex t r a c e l l u l a r  r e l e a s e  r a t e s  i n  a q d a t i c  ecosystems i s  

r a t h e r  imprec i se .  A c t i v e l y  m e t a b o l i z i n g  b a c t e r i o p l a n k t o n  p o p u l a t i o n s  

may a s s i m i l a t e  a l g a l  e x t r a c e l l u l a r  r e l e a s e .  p r o d u c t s  a s  t h e y  a r e  be ing  

r e l e a s e d .  Wiebe and Smith ( 1977 found t h a t  mar ine  b a c t e r i a l  

p o p ~ l a t i o n s  a s s i m i l a t e  s i g n i f i c a n t  q d a n i t i t i e s  o f  a l g a l  e x t r a c e l l u l a r  

r e l e a s e  p roduc t s  on t h e  same t ime  s c a l e  a s  normal 14c i n c u b a t i o n  times. 

Nalcwajlco -- e t  a l .  (1980)  found t h a t  a  mixfd a lga -bac te r i a  c u l t u r e  

c o n t a i n e d  s i g n i f i c a n t l y  more p a r t i c u l a t e  14c l a b e l  than t h e  a l g a l  

c u l t u r e  a lone  d u r i n g  a  6  h  i n c u b a t i o n .  The t r u e  r a t e  o f  a l g a l  r e l e a s e  

p r o d u c t s  may be s e v e r a l  t imes  h i g h e r  than  t h e  measured f i l t r a t e  v a l u e s  

o b t a i n e d .  Thus t h e  l a c k  o f  r e l e a s e  p r o d u c t s  found a t  t h e  beg inn ing  o f ,  

t h e  s t u d y  may r e p r e s e n t  t h e  r a p i d  a s s i m i l a t i o n  o f  r e l e a s e  p r o d u c t s  by 

b a c t e r i o p l a n k t o n  p o p d l a t i o n s  and no t  t h e  absence o f  e x t r a c e l l u l a r  

r e l e a s e  products;  The r e s u l t s  i n  t h s  s t u d y  i n d i c a t e  t h a t ,  depending on 
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t h e  day  .and p o s i t i o n  a  sample i s  t a k e n ,  r o u t i n e l y  measured r e l e a s e  r a t e s  

w i l l  be h i g h l y  v a r i a b l e .  The c o n t r o v e r s y  su r round ing  t h e  importance  o r  

unimportance o f  a l g a l  e x t r a c e l l u l a r  r e l e a s e  p r o d u c t s  i n  p e l a g i c  mar ine  

ecosystems (Sharp ,  1977) may be r e s o l v e d  i f  s imul taneous  ass t i ssments  o f  

h e t e r o t r o p h i c  a c t i v i t y  a r e  made wi th  p h o t o s y n t h e s i s  measurements. The 

p a r t i c u l a t e  f i x a t i o n  ob ta ined  may r e p r e s e n t  p r e s i n t  i n  

h e t e r o t r o p h i c  b a c t e r i a  ob ta ined  v i a  r e l e a s e  o f  pho tosyn tha te  by 

pho toau to t rophs .  The amounts o f  p h o t o s y n t h e t i c  d i s s o l v e d  r e l e a s e  

p r o d u c t s  found w i l l  t hen .  be dependent on b a c t e r i a l  r a t e s  o f  

a s s i m i l a t i o n .  

- 
A n;rmber o f  d i f f i c u l t i e s  s t i l l  e x i s t  w i t h  t h e  measurement o f  

-. . 
h e t e r o t r o p h i c  a c . t i v i t y  i n  a q i a t i c  ecosystems.  l"he methodology h a s  n o t  

- 
+- 

been s t andard ized  (Gocke , 1977a) . S e v e r a l  problems o f  t e c h n i q i e  m i s t  be  

addressed  (Thompson and Hamil t o n ,  1974 1 , and i n  some c a s e s , .  t h e  b a s i c  

assumptons o f  t h e  k i n e t i c  approach a r e  n o t  always r e a l i z e d  (Wr igh t ,  
".. 

1973).  One a r e a  o f  concern is t h a t  a  l a r g e  number o f  s u b s t r a t e s  have 

been u t i l i z e d  to e s t i m a t e  h e t e r o t r o p h i c  a c t i v i t y ,  b u t  few compar isons  

have been made between s u b s t r a t e s  t o  de te rmine  i f  t h e r e  is  .any effect o f  

s u b s t r a t e  c h o i c e  on t h e  r a t e  o f  h e t e r o t r o p h i c  a c t i v i t y  measured. The 

r e s u l t s  presented,  i n  F igure  2 conv inc ingJy  demons t ra te  t h a t  gp take  o f  a  

s i n g l e  s d b s t r a t e  p a r a l l e l s  t h e  uptake o f  t h e  - C. f u s i f o r m i s  e x t r a c e l l u l a r  

- r e l e a s e  p r o d u c t s ,  bu t  t h a t  t h e  a b s o l u t e  magni t u d e  o f  carbon a s s i m i l a t i o n  

is c o n s i d e r a b l y  l e s s .  Use o f  s i n g l e - s u b s t r a t e  d e t e r m i n a t i o n s  may 

# p r o v i d e  sound in fo rmat ion  on b a c t e r i a l  u t i l i z a t i o n  o f  t h a t  p a r t i c u - a r  

compound, b;rt t h e  t o t a l  f l u x  o f  carbon ( p h o t o s y n t h a t e )  t o  

b a c t e r i o p l a n  kton w i l  l he great.1 y i lndercst imat.ed.  
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Attempts have been made to u t i l i z e  e x t r a c e l l u l a r  r e l e a s e  

products ,  obtained from an axenic . a l g a l  c u l t u r e ,  a s  a  s tandard s i l b s t r a t e  

f o r  de te rmina t ion  of  he t e ro t roph ic  p o t e n t i a l .  (Be l l  and Mi t che l l ,  1972; 

Bell, 1980; Bell and Sakshaug, 1980). Algal e x t r a c e l l u l a r  r e l e a s e  

products ,  a s  a  s tandard s u b s t r a t e ,  o f f e r  f e w  advantages over s i n g l e  

s u b s t r a t e  assays .  The propor t ions  and composition o f  a l g a l  r e l e a s e  

products  vary cons iderab ly ,  based on growth s t a t e ,  n u t r i e n t  l i m i t a t i o n  

and l i g h t  i n t e n s i t y .  In  a d d i t i o n ,  t h e  s u b s t r a t e  m i x t i r e  found i n  na ture  

i s  a  combination of  a l g a l  r e l e a s e  products ,  he t e ro t roph ic  r e l e a s e  

products  and c e l l u l a r  pools  from dying c e l l s  o r  f e c a l  ma te r i a l .  

A t t en t ion  should be focused on the  u t i l i z a t i o n  o f  a  few s u b s t r a t e s  t h a t  

can de f ine  growth o r  var ious  metabol ic  processes . .  Use o f  thymidine 

(Fahrman and Azam, 1980) i nco rpo ra t i on ,  f o r  example, e s t i m a t e s  t h e  r a t e  

. o f  b a c t e r i a l  deoxyribonucleic  ac id  s y n t h e s i s  , t hus  providing a  measure 

o f  growth. Determination of  t he  major c o n s t i t u e n t s  o f  a l g a l  r e l e a s e  

products  is  r e q i i r e d  to de f ine  the app rop r i a t e  s u b s t r a t e s  for assessment 

o f  p ro t e in  syn thes i s .  o r  t o t a l  carbon a s s i m i l a t i o n  by baeeer i a l  

p o p i l a t i o n s .  The flow of  energy between. phytoplankton and 

bac te r iop lenkton  i n  pe lag ic  marine ecosystems needs t o  be examined 

f u r t h e r  . 

The attachment of  b a c t e r i a .  to  p a r t i c l e s  i n  pe lag ic  marine 

ecosystems has  been proposed a s  a  mechanism f o r  rapid b a c t e r i a l  growth 

and a c t i v i t y  (Jannasch,  1970: Sek i ,  1972). L i t e r a t u r e  va lues  o f  

b a c t e r i a l  n-mbers or  metabolic a c t i v i t y  of  a t tached  versus  non-attached 

forms range from 0 t o  loo%, depending on the  techniqile used. The 

r e s u l t s  of t h i s  s tudy have ind ica ted  t h a t  t he  a t tached  forms, a l though 

n o t  n .mer i ca l l y  dominant, do a s s i m i l a t e  a  s i g n i f i c a n t  f r a c t i o n  o f  t he  
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d i s s o l v e d  o r g a n i c  m a t t e r .  The per c e l l  a c t i v i t y  ( c a l c i l l a t e d  by t h e  

method .of Wright,  1978) of  t h e  a t t a c h e d ,  forms was approx imate ly  six f o l d  

g r e a t e r  than t h e  f r e e  coccoid forms f o r  d i s s o l v e d  adenosine  t r i p h o s p h a t e  

i n  t h i s  s t u d y  (Hodson -- e t  a l . ,  1981 1. Other  s t u d i e s  have demonstra ted  

t h a t  t h e  metab l i c  a c t i v i t y  o f  b a c t e r i a  i n  n a t a r a l  water  does  n o t  
\ 

c o r r e l a t e  wi th  t o t a l  n;rmbers o f  b a c t e r i a ,  a s  r e v e a l e d  by d i r e c t  c o u n t s  

(Hobbie,  1979).  Hobbie and Wright (1968)  and .Gocke (1977b) fo;uld t h a t  

t h e  Vma, f o r  s i n g l e  s u b s t r a t e s  e x h i b i t e d  a  50,000-fold change,  w h i l e  

b a c t e r i a l  n;unbers changed. on1 y  10-fold i n  impol lu ted  n a t i l r a l  w a t e r s .  

These r e s u l t s  sugges t  tha t '  t h e  measured h e t e r o t r o p h i c  a c t i v i t y ,  found by 

dse o f  ,. s i n g l e  s u b s t r a t e s ;  may r e p r e s e n t  t h e  p e r c e n t a g e  o f  membrane 

t r a n s p o r t  s i t e s  a b l e  t o  t r a n s p o r t  t h a t  p a r t i c i l l a r  compomd a t  a  p o i n t  ' in  
, \> 

t ime.  

Examination of.  t h e  s u r f a c e  a r e a  and biovolirme o f  t h e  coccoid  and 

rod forms f o m d ,  a s  f r e e  and a t t a c h e d  b a c t e r i a ,  can p rov ide  some answers  .% 

t o  t h e  d i f f e r e n c e  i n  a c t i v i t y ,  a s  measured by f i l t e r  s i z e  f r a c t i o n a t i o n  :, 

t echn iques .  The biovol .me o f  i n d i v i d u a l  a t t a c h e d  b a c t e r i a  i n  t h i s  

i n t r u s i o n  s t u d y  was more than one o r d e r  of magnitude g r e a t e r  than  t h a t  

o f  the free coccoid  Corns. This woilld, l ead  orie t o  b e l l e v e  t h a t  t h e  

smal l  f r e e  coccoid  forms were i n  a  dormapt o r  semi-dormant m e t a b o l i c  

s t a t e ,  based on t h e  h igher  numbers and t h e  d i s p r o p o r t i o n a l l y  low 

metabo l i c  a c t i v i t y  found. However, n o r m a l i z a t i o n  o f  t h e  % f r e e  

b a c t e r i a l  to membrane s u r f a c e  a r e a  i n d i c a t e d  t h a t  t h e r e  was n o t  a  

d i f f e r e n c e  i n  a s s i m i l a t i o n  e f f i c i e n c y  between t h e  f r e e  coccoid  and 

a t t a c h e d  rod forms. S i r f a c e .  a r e a ,  a s  opposed. to biovolirme, was a  b e t t e r  

parameter  f o r  normal iza t ion  o f  a s s i m i l a t i o n  r a t e s ,  s i n c e  t h e  dp take  

s i t e s  a r e  a  s u r f a c e  area,  (membrane) f u n c t i o n .  Equat ing a s s i m i l a t i o n  t o  
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b i o v o l - m e  would p rov ide  a  2X b i a s  t o  t h e  rod shaped forms,  s i n c e  t h e y  

h a v e  a  lower s u r f a c e  to vo1;mre r a t i o  (10 .1 )  than t h e  f r e e  coccoid  (18.8)  

forms.  A n a l y s i s  o f  b a c t e r i a l  p o p a l a t i o n s ,  on a  u n i t  o f  membrane s u r f a c e  

a r e a  i n  aqidatic ecosys tems ,  may p r o v i d e  a  b e t t e r  means o f  a n a l y z i n g  

s u b s t r a t e  up take  k i n e t i c s  than p r e v i o u s l y  proposed n o r m a l i z a t i o n  

p rocedures .  

I n t r u s i o n  e v e n t s  i n i t i a t e  a  seqaence o f  e v e n t s  t h a t  s t i m u l a t e  

changes  i n  abundance and a c t i v i t y  o f  t h e  phytoplankton p o p u l a t i o n s  

(Atkinson -- e t  a l . ,  1978) .  Phytoplankton p o p u l a t i c n s  respond r a p i d l y  t o  

i n c r e a s e d  n i t r o g e n  (NO,) i n  i n t r u d e d  water  (Atk inson  e t  a l . .  197R). a t  

t h e  t h e r m o c l i n e ,  by i n c r e a s i n g  biomass ( a c t i v e  c h l o r o p h y l l  - a )  and 

p h o t o s y n t h e t i c  a c t i v i t y .  T h i s  s t a d y  h a s  'demonstrated t h a t  

b a c t e r i o p l a n k t o n  p o p d l a t i o n s  a l s o  undergo changes  i n  a c t i v i t y  and 

abundance d u r i n g  an i n t r i m i o n .  The b a c t e r i o p l a n k t o n  r e s p o n s e s  were 

coupled with dynamics o f  t h e  phytoplankton.  H e t e r o t r o p h i c  b a c t e r i a l  

p o p d l a t i o n s ,  a 1  though a c t i v e  i n  s u r f a c e  p o p u l a t i o n s ,  i n i t i a l y  have slow 

r a t e s  o f  tu rnover  a t  t h e -  i n t r u s i o n  i n t e r f a c e  (TT > 1000 h ) .  A s  t h e  

t h e r m o c l i n e  becomes dominated by p h o t o a u t o t r o p h s  , based on H.P. index 

v a l u e s ,  and pho tosyn tha te  is r e l e a s e d ,  b a c t e r i o p l a n k t o n  p o p l a t i o n s  

i n c r e a s e  in  metabo l i c  a c t i v i t y .  H e t e r o t r o p h i c  a c t i v i t y  remains  h i g h  
1, 

a f t e r  p h o t o a u t o t r o p h i c  a c t i v i t y  d e c l i n e s .  Atkinson e t  a l .  (1-978) -- . . 
s t a t e d  t h a t  phytoplankton a c t i v i t y ,  i n  i n t r u d e d  w a t e r ,  d e c l i n e s  because  

of d e p l e t i o n  o f  n i t r o g e n ,  g r a z i n g ,  o r  a  combinat ion o f  both .  

The 'deoreased  td rnover  t i m e ,  found in ,  r e sponse  t o  t h e  i n t r u d e d  

w a t e r ,  r e p r e s e n t k d  r e a l  i n c r e a s e s  i n  metabo l i c  a c t i v i t y  and s u b s t r a t e  

a s s i m i l a t i o n .  S i n c e  tu rnover  time is mere ly  t h e  t ime  req-dired f o r  t h e  
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l a b e l e d  s d b s t r a t e  to be comple te ly  u t i l i z e d ,  changes  i n  t h e  i n  s i t u  

s u b s t r a t e  c o n c e n t r a t i o n  and/or b a c t e r i a l  popidlation s i z e  can i n c r e a s e  o r  

d e c r e a s e  tu rnover  t ime ,  wi thou t  any change i n  t h e  r a t e  o f  a s s i m i l a t i o n  

o f  t h e  b a c t e r i a l .  H e t e r o t r o p h i c  b a c t e r i a l  p o p i ~ l a t i o n s ,  found a t  t h e  

the rmoc l ine ,  were a p p a r e n t l y  i n c r e a s i n g  r a t e s  o f  a s s i m i l a t i o n ,  i n  

r e sponse  to t h e  i n t r t l s i o n  e v e n t  . Accompanying t h e  dec reased  t u r n o v e r  

times a t  the -  thermocl ine  on 10 Aagus t ,  b a c t e r i a l  c e l l  numbers were 3 

t i m e s  l e s s  than above t h e  t h e r m o c l i n e ,  and t h e  pool o f  d i s s o l v e d  l a b i l e  

o r g a n i c  compounds was i n c r e a s i n g ,  based on t h e  p h o t o s y n t h e t i c  r e l e a s e  

r a t e s  found.. The combination o f  t h e s e  f a c t o r s  s t r o n g l y  i n d i c a t e s  t h e  

t h e  b a c t e r i o p l a n k t o n  were i n c r e a s i n g  t h e  r a t e  of a s s i m i l a t i o n  of l a b i l e  

o r g a n i c  molecules  i n  r esponse  to t h e  p h o t o a u t o t r o p h i c  p o p u l a t i o n s .  

Phytoplankton and b a c t e r i o p l a n k t o n  r e s p o n s e s  w i t h i n  a  G u l f  

Stream i n t r u s i o n  i n f l u e n c e ,  and a r e  i n f l u e n c e d  by, changes  i n  t h e  

zooplankton community. D o l i o l i d  swarms mu1 t i p 1  y  i n  i n t r u d e d  water  by 
* 

, i 

r a p i d  asexua l  r ep roduc t ion ,  (De ibe l  , 1980 1. Thal iacean  swarms, i n  . , .. 

a d d i t i o n  t o  i n t i a l l y  exc lud ing  o t h e r  z o o p l a n k t e r s  from. t h e  i n t r u d e d  

w a t e r ,  tend to prov ide  a  s e l e c t i v e  g r a z i n g  p r e s s u r e  on t h e  

pho toau to t rophs .  The h i g h  c l e a r a n c e  r a t e  (>30 m l  zooid" day" ) o f  

t h a l i a c e a n s  ( D e i b e l ,  1980) s e l e c t s  f o r  s p a l l e r  ( < 2 0  gm) photoau to t rophs .  

The smal l  phytoplankton can ,  because  o f  t h e i r  more r a p i d  r e p r o d u c t i v e  

r a t e s ,  ma in ta in  o r  i n c r e a s e  i n  biomass over  t h e  l a r g e r  p h y t o p i a n k t o r s .  

A s i g n i f i c a n t  amount o f  secondary  p roduc t ion  can be acco.mted 

f o r  by t h a l i a c e a n  biomass. T h a l i a c e a n s  a r e  r e p o r t e d  'to have carbon 

a s s i m i l a t i o n  e f f i c i e n c y  v a l u e s  o f  44-853 ( D e i b e l ,  1980 1, t h u s  

e f f i c i e n t l y  media t ing  pr imary p roduc t ion  th rough  t h e  food web. 
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Apparen t ly ,  d u r i n g  an i n t r u s i o n  t h a l i a c e a n  p roduc t ion  is expor ted  from 

t h e  c o n t i n e n t a l  s h e l f  v i a  the  C a l f  Stream ( ~ e i b e l ,  1980) ,  t h e r e f o r e  

r e p r e s e n t i n g  a  s i g n i f i c a n t  carbon l o s s  t o  h igher  l e v e l s  o f  t h e  food web 

of t h e  c o n t i n e n t a l  s h e l f .  

T h a l i a c e a n s  a 1  so prov ide  a  s e l e c t i v e  f o r c e  f o r  h e t e r o t r o p h i c  

p o p u l a t i o n s  i n  i n t r u d e d  wa te r s .  Eges t ion  o f  f e c a l  a g g r e g a t e s  by 

t h a l i a c e a n s  p r o v i d e s  s i t e s  f o r  h e t e r o t r o p h i c  m i c r o b i a l  a c t i v i t y .  

Pomeroy and Deibel  ( 1  980) demonstra ted  a seqdence o f  h e t e r o t r o p h i c  

r e s p o n s e s  to t h a l i a c e a n  f e c a l  a g g r e g a t e s .  F r e s h l y  produced a g g r e g a t e s  

were r a p i d l y  c o l o n i z e d  by b a c t e r i a  which grew and m u l t i p l i e d  i n  t h e  

a g g r e g a t e .  The i n c r e a s e d  b a c t e r i a l  biomass o f  t h e  a g g r e g a t e  was then  

g razed  by c i l i a t e s .  I n  t h i s  s t u d y ,  t h e  l a r g e  rod-shaped b a c t e r i a  

a t t a c h e d  t o  p a r t i c l e s  ( m a i n l y  f e c a l  a g g r e g a t e s )  were a c t i v e l y  

a s s i m i l a t i n g  d i s s o l v e d  o r g a n i c  compounds. 

Ddnstan and Atkinson ( 1976 f i r s t  hypothes ized t h a t  Gdl f  Stream 

i n t r u s i o n s  o p e r a t e d  a s  l lbatch" type  prodi tc t ion system f o r  t h e  

phytoplankton p o p u l a t i o n s  on t h e  c o n t i n e n t a l  s h e l f  o f  t h e  s o u t h e a s t e r n  

United.  s t a t e s .   his s t u d y  demonstra ted  t h a t  phytoplankton and 

bac t e r i o p l a n k t o n  p o p d l a t i o n s  i n c r e a s e d  i n  abundance and a c t i v i t y  i n  

r e s p o n s e  t o  t h e  intkilded water .  The. bacCer iop lank ton  r e s p o n s e  was 

coupied to t h e  i n c r e a s e d  phytoplankton a c t i v i t y .  
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L i s t  o f  F i g u r e s  

F i g u r e  1 Scanning e l e c t r o n  micrograph of s e s t o n  c o n c e n t r a t e d  by 

r e v e r s e  f low f i l t r a t i o n .  

A )  c h a i n  forming pho toau to t roph  c o n t a i n i n g  m e r o u s  

a t t a c h e d  b a c t e r i a  . 
B) enlargement  o f  A, showing t h e  a t t a c h e d  rod shaped 

b a c t e r i a  . 
Cl l a r g e  diatom surro;lnded by s m a l l e r  pho toau to t rophs  and 

f e c a l  a g g r e g a t e s .  

D) Enlargement o f  C showing t h e  a t t a c h e d  rod shaped 

b a c t e r i a  i n  a  f e c a l  a g g r e g a t e  (FA) and f r e e  coccoid  

m i n i b a c t e r i a  (MB) . 

F i g u r e  2 ~ s s i m l l a t i o n  time c o u r s e  o f  samples t aken  from t h e  

i n t r u s i u n  the rmoc l ine  on 11 August 1979. 
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TAl3IB 1. Temperature, salinity, nitrate chlorophyll a (Chla), Adenosine Triphosphate (ATP), t o t a l  
adewlates (AXP) , Ehergy Charge (E. C . ) and aenylKte t o  chlomphyll r a t i o  (A/C)  at the 
center station 8-U. August 1979. 

yew Salinity Nitrate ATP A?@ 
Date c 0 %O pg at.N 1 ~ € 5  1- WC ug1-I p g 1 - I  E.C. 

8 August 
Above 28.4 ' 315.00 0.00 0.010 .192 0.468 .62 46 
l[hermoclIw 23.2 36.22 1.62 0.030 . .240 0.629 .64 18 
Below 18.3 36.29 . 6.60 0.122 .292 0.764 .62 6 

9 Awst 
Above 28.6 36.30 0.00 
Themcllne 22.7 36.29 1.96 
Below 18.2 36.08 10 :06 

10 August 
Above 28.0 36.38 0.06 0.005 .I76 0.437 59 
Themcline 23.5 36.03 ' 0.00 0 179 992 1.978 63 Il 

93 

Below 14.1 35.92 14.46 0.010 .036 0 055 .64 . 5 

ll A u w t  79 
Above 28.2 36.29 0.00 0 1025 .164 - 0.397 59 16 
Ihermocline 22.0 36.27 3.95 1 .003 .474 1.417 .58 1 
Below 17.2 36.01 8.83 0 233 .744 1.036 .78 4 



TABLE 2. Daily photusyathesis measurements (pgC 1-' hnl), corrected for 
dark bottle, for center ststion d Gulf Stream intru~!qn~8_~t;, 11 
August 1979. Dissolved release products rate (pgC 1 
defined as the labeled organic carbon found in the 0 . 4 5 ~  
Millipore fil traae . 

' Total Photosynthesis 
Dissolved R e l e e  

Products 

Light level -- 100% 1% - 1.5%. 100% ' 1% - - 1 .a 

8 August 
Above 4- 6 3.5 0.2 
Thermocline 0 14.4 3.2 
Below 0-T 14.4 15.3 

9 August p 

Above 1.5 1.6 0.7 0 0 D 
Thermocline 5.9 14.3 3.9 0 0 0 

10 August 
Above 1 . 3  1.7 0.4 ' 0 0 .O 
Thermocline . 5.8 63.0 14.4 0.7 5.9 1 .7  
Below 4.6 34.5 33.2 2.2 0.1 0 

11 August 
Above 2.9 2.6 0.2 0 0 0 
Thermoclhe 106.2 46.8 26.1 16.0 8.7 4.0 
Below 4.4 2.3 1.0 . 0.3 0 0 



TABLE 3. Heterotrophic Metabolism of Glucose and Adenosine 
~ r i ~ h o s ~ h a t e  in Gulf Stream Intrusion 8-11 August 
1979,. 

Turnover Time Turnover Time 
Position In Glucose (h) ATP (h) 

Date Intrusion 0 . 2 ~  0 . 6 ~  %Free 0 . 2 ~  0 . 6 ~  %Free - - 
8 Aug. 1979 

above 180 Y t * 
thermocline 58 * t * 
below 120 * * t 

9 Aug. 1979 

above 80 308 74.0 347 747 54.0 
thermocline 1820 * t 4749 10,428 53.0 
below t t * * lit * 

above 127 240 47.0 ' 156 218 28.0 
thermocline 38 67 59.0 122 317 62.0 
below 1374 3447 60.0 - 3033 4351 30.0 

11 Aug. 1979 

above 140 * * x 
thermocline 60 160 62.5 * 
below 870 2250 61.3 * 

mata not collected 



(* ,  . - 7 -. .. 
TABLE 4. Comparison of Calculation Methods of ~erce&&jpi?' 01 ' 

Free Bacteria, ' by Epifluorescence Direct Counts and 
Size Fractionation Techniques. 

Epifluorescence - 

Pasition x105 cells rnl-' . 
in Free Attached Glucose ATP 

Date Intrusion bacteria bacteria 8 Free % Free % Free 

8 Aug.  above 2.6 .02 99.2 t g: 
thermocline 2.9 0.0 100.0 Y 4c 
below 2.7 .47 85.6 * * 

9 Aug. above 2.0 .12 94.8 74.0 64.0 
thermncline 4.7 .2S 94.9 J# 8 
bclow 0.8 .03 s ,;, * 

10 Aug. above 2.5 .14 28.0 
themacline 5.3 .16 99.1 59.0 62.0 
below 0.7 0.0 100.0 60.0 30.0 

.- 
11 Aug.  above 4.4 .03 99.3 t * 

thermocline 2.1 . 0.0 100.0 62.5 t 
below 1.9 0.0 100.0 61.3 * 

* Data not collected 

Analysis of Variance 

Comparison Fs P>F 

Epifluorescence-Glucose % Free 102.1 .001 

Epifluorescence-ATP % Free 

r - .loo Glucose-ATP % Free t I 





COPPER COMPLEX1NG:CAPACITY ON THE CONTINENTAL SHELF OF THE 

SOUTHEASTmN UNITED STATES AND I N  THE SARGASSO SEA 

A. Michelle wood,' David W. Evans ,' and James J .  AlbertS 

Savannah River Ecology Laboratory 

Aiken, South Carolina 29801 

'present address : ' Barnes Laboratory, The Universi ty of chicago, 5630 S. 

Ingleside Ave., Chicago, I l l i n o i s  60637. 

'present address : Duke Universi ty ~ a r i n e  Laboratory, Beaufort,  North Carolina 

285i6. 



ABSTRACT 

An i o n  exchange technique  w a s  used t o  determine t h e  copper complexing 

capac i ty  (CUCC) of  s t r o n g  organic complexing agents  a t  2 1  s t a t i o n s  across  t h e  

c o n t i n e n t a l  s h e l f  o f  t he .Sou theas t e rn  United S t a t e s  and i n  t h e  western Sargasso 

Sea. The concent ra t ion  o f  d i sso lved  organic  carbon (DOC) and t o t a l  p a r t i c u l a t e  

m a t e r i a l  (TPM), two pools  o f  p o t e n t i a l  complexing agen t s ,  was a l s o  aeasured 

et each s t a t i o n .  CuCC ranged from 0.082-1.681 pEq Cu 1-I on the  inne r  s;?el..l, 

-1 from 0.043-0.095 i n  mid and o u t e r  s h e l f  wa te r s ,  and from < 0.0.10-3.036 uEq CII 3 

at  t h e  Sargasso Sea s t a t i o n s .  The c o r r e l a t i o n  between CuCC and both DOC and TP2.1 
. . 

w a s  h igh ly  s i g n i f i c a n t  (a 5 0.01) .  Two synopt ic  surveys of  t h e  d i s t r i b u t i o n  

of DOC znd TF14 ac ros s  t h e  s h e l f  showed t h a t  DOC ranges fram > 3 rng C 1-I 

-1 
nearshore t o  < 1 mg C 1 of f sho re  and t h a t  TFM ranges from > 50 mg 1-1 nearshore 

t o  < 1 mg 1-l of f sho re .  Both TPM and DOC a r e  most v a r i a b l e  on t h e  inne r  s h e l f .  

These d a t a  a r e  c o n s i s t e n t  w i th  CuCC d a t a  which i n d i c a t e  t h z t  t h e  CuCC of i nne r  I 

s h e l f  waters  w a s  r e l a t i v e l y  h igh  and very heterogeneous. In  c o n t r a s t ,  DOC,  TPi:I, 

and cppper complexing c a p a c i t y  a r e  low and nea r ly  i n v a r i a n t  at t h e  Sargassn Sea 

s+,at ions.  We p re sen t .  a hypo the t i ca l  model. of t h e  d i s t r i b u t i o n  of cornn.1 exin,; 

agents  i n  d i f f e r e n t  marine environments and hypothesize t h a t  t h e  mechanisms 

underlying d i f f e rences  betveen .environments r e l s t e  t o  d i f f e r ences  i n  t he  s o u r c e ( s )  

and nature o r  complexing agen t s  in each system. fl 



INTRODUCTION 

The importance of complexing agents  t o  t h e  mineral n u t r i t i o n  of ph.jtoplan!!ton 

and o the r  marine organisms has been recognized f o r  more than  20 years  (spencer 

1957; Johnston 1962, 1964; Barber and Ryther 1969): Conplexing agents  have been 

he ld  responsible f o r  t h e  s o l u b i l i z a t i o n  of i r o n  and, the re fo re ,  i t s  g r e a t e r  
I 

b io log ics1  a v a i l a b i l i t y  ( ~ e w i n  and Chen 1971). I n  c o n t r a s t ,  comple.xing agents 

1 
a r e  assumed t o  reduce the  b i o l o g i c a l  a v a i l a b i l i t y  of copper (CU) afld minimize 

i t s  tox ic  e f f e c t  ( ~ e w i s  e t  al. 1972; Davey e t  a l .  1973; Pagenkopf e t  al. 1974; 

Gnassia B a r r e l l i  e t  a l .  1978; Hong-ve. e t  a l .  1980).  Experiments with pure 

cu l tu res  of phytoplankton i n  chemically defined media have 'demonst r a t e d  t h a t  

copper t o x i c i t y  i s  d i r e c t l y  co r re l a t ed  with cupric  ion  concentrat ion and 

independent of  t h e  t o t a l  Cu concentrat ion.  (Sunda and Zu i l l a rd  1976; Anderson 

and Morel 1978 ; Murphy e t  al. 1980) . I n  these  experiments , cupric  ion  (cuC*) 

concentrat ion was v a r i e d . i n  media containing a wide range of t o t a l  cu 

++ 
concentrat ions through t h e  use of  a r t i f i c i a l  conplexing agents.  When Cu 

concentrat ion i s  ca lcu la t ed  f o r  e a r l i e r  e x p e r b e n t s  wi th  phytoplankton i n  

++ 
defined media, i t  appears t h a t  Cu i s  t o x i c  t o  a number of phytoplankton species .  " 

-6 
i n  concentrat ions a s  low a s  10  pl4 ( ~ a c k s o n  and Morgan 1978).  Since Cu 

- 4 '. 
concentrat ion i n  t h e  world ocean t y p i c a l l y  ranges from 10 t o  10-1 llM ( ~ h e s t e r  

and Stoner 1974; Alberts  e t  a l .  1976 ; Boyle e t  al. 1977 ; Windom and Smith 1979) , 

conplexinq agents  and o the r  ma te r i a l s  a f f e c t i n g  t h e  so lu t ion  chemistry of Cu 

++ 
iiiust runiilt =in the Cu sanecnBrntisn a* 3uble tka l  l e v e l s .  

Copper may e x i s t  i n  par t icu la te ,  c o l l o i d a l ,  and dissolved forns i n  sea  

water. In  t h e  absence of  organic l igands ,  o r  p a r t i c u l a t e  and c o l l o i d a l  spec ies ,  

carbonate and hydroxide complexes account f o r  g r e a t e r  than 98% of t h e  inorganic 

++ 
copper i n  seawater (Z i r ino  and Ymamoto 1972).  The Cu concentrat ion c u l  be 



c a l c u l a t e d  if pii, ionic s t . rength,  and t h e  necessary s t a b i l i t y  constants  a r e  . . 

known ( s t u r n  snd Morgan 1970; S ib ley  and Morgan 1975; Zi r ino  and Yamamoto 

1972).  I n  most n a t u r a l  systems, t h e  presence of organic ma te r i a l s  and so rp t ive  

su r faces  s i g n i f i c a n t l y  a l t e r s  specia t ion  and decreases t h e  u t i l i t y  of 

++ 
equi l ibr ium ca lcu la t ions .  Analy t ica l  d i f f i c u l t i e s  i n  t h e  measurement of Cu 

and Cu assoc ia t ed  with n a t u r a l l y  occurr ing l igands  has encourzged nurnerous 

workers t o  introduce t h e  "complexation capeci ty" concept ( ~ a v e y  e t  a l .  1973; 
\ .  

Shuman and Woodward 1973; Chau and Chan 1974). Funct ional ly ,  t h e  Cu complexing 

capac i ty  of  a  water  sample i s  t h e  a b i l i t y  of  t h e  sampie t o  remove added copper - 

from t h e  f r e e  ion  pool  (campbell e t  a l .  1977).  Anzly t ica l ly ,  complexation 

capaci ty  measurements depend on quan t i t a t ion  of t h e  complexing a b i l i t y  of an 

ope ra t iona l ly  def ined  group of  l i g m d s .  The es su iq t ion  i s  made t h a t  unknown 

l igands  m2y be c l a s sed  i n t o  me&ingful groups on, t h e  bas i s  of t h e  phys ica l  

p r o p e r t i e s  of t h e i r  metallo-complexes (e .g . ,  l a b i l i t y  t o  anodic s t r i p p i n g  

voltammetry (ASV) , che la t ing  r e s i n s ,  o r  u l t r a v i o l e t  r a d i a t i o n ) .  Schemes t o  

determine t h e  concent ra t ion  of Cu associa ted  with d i f f e r e n t  c l a s s e s  have been 

proposed a s  u s e f u l  Mays t o  address complexing capaci ty  quest ions i n  netu.miL 

systems ( s t i f f  1971; Batley and Florence 1976).  Dif ferent  a n a l y t i c a l  procedures 

measure t h e  Cu che la t ing  capaci ty  of s l i g h t l y  d i f f e r e n t  c l a s s e s  of  l igands  and 

t h e r e  is  some overlap i n  t h e  com~lexes  included i n  c l a s s e s  defined by d.iffcren.t, 

techniques.  For example, while t h e r e  i s  z small f r a c t i o n  of organic ma te r i a l  , 

i n  sezwater whkh forms ASV-labile complexes not d i s soc ia t ed  by Chelex r e s i n  

(Florence and Batley 1961) ,  nost  ASV-labile complexes a r e  a i s o  l a b i l e  t o  

che la t ing  r e s ins  (Figura  and Mcnuffie 1979).  

In t h i s  paper,  we descr ibe  t h e  use of  an ion exchznge procedure t o  compare t h e  

Cu conplexing capaci ty  of s t rong  organic complexing agents i n  con t inen ta l  



* 
s h e l f  water  d o n g  t h e  s o u t h e a s t e r n ' u n i t e d  S t a t e s  with t h a t  of oceanic waters  

i n  t h e  Sargasso Sea. We a l s o  analyze t h e  r e l a t i o n s h i p  between t h e C u  

complexing capac i ty  of t h i s  s p e c i f i c  grcup of complexing agents  and t h e  

concent ra t ion  of two l a r g e  heterogeneous pools of  p o t e n t i a l  complexing agents :  

d i sso lved  organic  carbon and t o t a l  p a r t i c u l a t e  m a t e r i a l .  

Stud; Ares 
'L 

The c o n t i n e n t a l  s h e l f  o f  t h e  southeas te rn  United S t a t e s  can be divided 

i n t o  t h r e e  d i s c r e t e  regions on t h e  b a s i s  of phys io logica l  and b i o l o g i c &  

p r o p e r t i e s   isho hog e t  al. 1979) .  The inner  s h e l f  i s  r e l a t i v e l y  shallow 

(15-20 m ) ,  well mixed, and v e r j  t u r b i d  ( ~ l a n t o n  and Atkinson 1978).  

Product iv i ty  i s .  high  i is hop e t  al. 1979) w-d suspended p a r t i c u l a t e  mat te r  

cans i s t s .  ~ r b a r i l v  of inqrnanic  c l a y  minerals  ( O e r t e l  1976) . I n  t h i s  zone, 

p o t e n t i a l  sources of complexing agents  inc lnde  c o a s t a l  e s t u a r i e s  and sa l t  

marshes, i n  s i t u  product ion by phytoplankton and zooplankton, and benthic  
-. 

resuspension. S a l i n i t y  f r o n t s  near  t h e  coas t  r e s t r i c t  t r a n s p o r t  and r e s u l t  

i n  a patchy n idshe l f  environment where d i s c r e t e ,  p roduct ive  water  masses a r e  

introduced from t h e  o u t e r  s h e l f  o r  t h e  inne r  s h e l f  and a r e  separa ted  by 

o l igo t roph ic  n idshe l f  water .  These patches of  introduced water a r e  l i k e l y  

sources of organic m a t e r i a l  i n . . t h e ,  midshelf reg ion  s i n c e  t h e  h igh  concent ra t ion  

of phaeopi.gments ( r e l a t i v e  t o  ch lo rcphy l l  a) suggest t h a t  t h e y  a r e  

s ~ c c e s s i o n a l l j  o i d  ( ~ o o d  1979) .  But r ien t  l e v e l s  and prcduct ion are  high on  

t h e  o u t e r  s h e l f  as a r e s u l t  of per.iodic upwelling of Yorth A t l a n t i c  c e n t r a l  

water induced by westward mean",rs of  t!le gu l fs t ream (Atkinson 1977; Lee e t  

a l . ,  i n  g r e p . ) .  Upwelling i s  discont inuous on. t h e  o u t e r  s h e l f ;  i n  t h e  absence 

of upwelling, n u t r i e n t  l e v e l s  ma p r h a r y  product ion a r e  very low, s i m i l e r  t o  

those i n  che Sargssso Sea. 



F i e l d  P r o e r m  

The distribution of dissol-red organic carbon (DOC) and p a r t i c u l z t e  

m a t e r i a l  on the  con t inen ta l  she l f  of the  southeastern United S t a t e s  was 

cha rac te r i zed  synop t i ca l ly  on two c ru i ses  aboard t h e  R/V Blue Fin  a arch and 

July 1979). Complexation capaci ty  measurements were taken i n  su r f  ace waters 

at  f i v e  con t inen ta l  s h e l f  s t a t i o n s  on t h e  Narch Slue Pin c r u i s e ,  i n  t h e  

Sargasso Sea ( R / V  p i e r c e ) ,  and a t  two es tua r ine  s t a t i o n s  on t h e  Geprgia coas t .  
, 

Samples were a l s o  taken at t h e  depth of t h e  chlorophyl l  ~llaximum a t  s i x  s t a t i o n s  

i n  April 1979 ( R / V  ~ i l l i o ) .  Five of Lllese sLaLlons vere Qld-sheli' - s t a t i o n s  

i n  zones of a c t i v e  upwelling; t h e  s i x t h  s t a t i o n  (G-74) w a s  a sza t ion i n  

Gulfs t re= waters  overbj ing t h e  s h e l f .  Charac ter iza t ion  of t h e  phys ica l  

oceanography is based on d e t a i l e d  hydrogranhic s m p l i n g  and n u t r i e n t  da ta  

 a as lie e t  dl. 1901) .  Care was 'talren t o  i l l inidze sample contamination. I n  

t h e  Sargasso Sea samples were co l l ec ted . f rom a rubber r z f t  which was rowed Q l. 'm 

from t h e  ship.  A precautionary check f o r  Cu c o n t d n a t i o n  sras a l s o  inade a t  

all s t a t i o n s . a n d ,  i n  a l l  cases ,  t o t a l  Cu ?qes l e s s  than  0.001 p4. 

Analy t i ca l  Methods 

DOC samples were f i l t e r e d  through a c i d  washed precombusted Reeve Angel 

( 9 8 4 ~ )  g l a s s  f i b e r  f i l t e r s  i n t o  pre-combusted g l a s s  f i l t r a t i o n  f l a s k s .  

T r i p l i c a t e  DOC samples were sea led  i n  g l a s s  ampoules at sea  according t o  

S t r i ck land  and Parsons (1972).  A n a l p i s  of t h e  samples was by wet oxida t ion  

(Xenzei and Vaccaro 1964) using an Gceanography In te rna t iona l  carbon analyzer .  

The dr; weight o f  the  t o t a l  pa r t i c l l l a t c  f r a c t i o n  and t h e  p a r t i c u l a t e  inorganic 

frzc'ion were determined by.weignt before and a f t e r  combustion by standard 

nei;huus ( ~ t r f c h l a z d  crnd parsons 1972j.  



The ion  exchange procedue used t o  e s t ima te  Cu complexation capac i ty  i s  

a modif icat ion o-f t h a t  used by Sto lzberg  and Rosin (1979) .and  Giesy (1980).  

+ + 
Excess. Cu i s  added t o  ' the  f i l t e r e d  samples and allowed t o  e q u i l i b r a t e  with 

a v a i l a b l e  l i gands ;  t h e  sample i s  then  passed through a column packed with 

Chelex r e s i n .  CU++ and Cu a s soc i a t ed  wi th  weak or r a p i d l y d i s s o c i a t i n g  

comp1e:ces a r e  removed by t h e  r e s i n  and Cu remai'ning i n  t h e  sample a f t e r  

chromatography provides a q u a n t i t a t i v e  measure o f  t h e  Cu c h e l a t i n @  capac i ty  

of  s t r o n g  l igands  rena in ing  i n  the .  sample. The procedure has t h e  advantage, 

t h z t  complex formation proceeds a t . s e a r ? a t e r  pH i n  a r e l a t i v e l y  undisturbed 

sample.. However, t h e  procedure a l s o  depends on t h e  zssumption t h a t  e s s e n t i a l l y  
. , 

al l  t h e  Cu l i gands  i n  t h e  saaqle  a r e  a s soc i a t ed  w i t h  Cu. This  involves t h e  

r e a c t  ion: 

The v a l i d i t y  o f  t h i s  assumption depends on t h e  r e l a t i v e  concent ra t ion  of 
- ++ 

Cu and L ~ -  and on t h e  association/dissociation k i n e t i c s  of t h e  compl2ses. 

Thus, t h e  t ime allowed f o r  eq-dilibrsrtion of t h e  Cu sp ike  with t h e  s u r p l e  must 

be appropr ia te  t o  t h e  r a t e  of  complex formation;  t h e  flow r a t e  of  t h e  sample 

through t h e  c o l m  nus t  be f a s t  enough t o  prevent  d i s s o c i a t i o n  of t h e  complekes 

++ 
while ,  s imultaneously slow enough t o '  prevent brezkthrough of Cu ; and f i n a i l j r ,  t,le 

++ 
Cu ' sp ike  must be l a r g e  enough t o  encoursge t h e  fo rna t ion  of t h e  copper 

complex. On t h e  b a s i s  of  experiments conducted with both e s t u a r i n e  and Sargasso 

++ 
See v a t e r ,  we determined t h a t  equi l ibr ium between t h e  CU sp ike  and t h e  sample 

o c c ~ ~ s  wi th in  20 m i n ~ t e s .  Extending t h e  e q u i l i b r a t i o n  t i n e  t o  a s  long a s  48 

hours r e s u l t e d  i n  co change i n  t h e  measured complexation czpac i ty  or' t h e  sample. 

-1 
A l l  chromatography w a s  conducted a t  flow r a t e s  g r e a t e r  than  20 ml sec  

A s ince  s l c v e r  flow r a t e s  r e s u l t e d  i n  complex d i s s o c i a t i o n  (F ig .  1). There was 

no agparent Cu complexing capac i ty  I n  W - i r r a d i a t e d  Eargasso Sea v a t e r  sp iked  



. wi th  as much as 6.3 pM Cu. Thus, Cu measured i n  t h e  c o l m  e1uea.t from our  

samples may be assumed t o  have 'been a s soc i a t ed  wi th  organic  l igands  during 

chromatography. Samples used f o r  t hese  experiments and a l l  o t h e r  samples 

r epo r t ed  h e r e  were sp iked  wi th  1.57 pM Cu ( c u c ~ ~ )  ; we found t h a t  i n  both 
\ 

e s t u a r i n e  and Sargasso seawater  t h e  complexation capac i ty  of  samples spiked 

; i th  1.57-4.72 p M  Cu w a s  e s s e n t i a l l y  t h e  same and independent of Cu sp ike  

concent ra t ion .  .kt h ighe r  concent ra t ions  of  copper sp ike ,  s p i ~ e  c?ncen t r s t i on  

a n d  t h e  observed Cu complexing capac i ty  were d i r e c t l y  
.. 

c o r r e l a t e d .  
- 

NB-Cheleu (aioRad, IUU-200 mesh) was used for .complexing capaci3y 

measurements. The r e s i n  w a s  c leaned of  metals  and t r a c e  o r g v l i c s  with 2 N  

r e d i s t i l l e d  8N03 and r i n s e d  r epea t ed ly  wi th  water (~illi-Q system).  The r e s i n  

+ 
was converted t o  t h e  iW4 f o m w i t h  r e d i s t i l l e d  41 BH40H ( ~ i l e ~  and Taylor 

1968).  Polypropylene econo-columns (Biorad)  were loadeci wi th  approximate l j  

0.4 grans dry weight Shelex  immediately before  use.  A t  eecl.1 s t a t i o n ,  a 500 m l  

a l i q u o t  o f  f i l t e r e d  sample w a s  passed through t h e  column f o r  pB adjustment.  

Af t e r  passage of  200-300 m l  seawater (28-36 pp t  ) , e luen t  pH was % 7.8 and ,- 

remained s t a b l e  dur ing  t h e  passage of as much a s  2 1 . a d d i t i o n a l  seawater .  A t  

each s t a t i o n ,  a r e p l i c a t e  500 m l  sample was sp iked  wi th  50 p 1  CuC12 s o l u t i o n  

(1.57 p!(r f i n a l  concen t r a t ion ) .  Samples were e q u i l i b r a t e d  f o r  4 hours i n  t h e  

l i g h t  a t  room tempera ture ,  t r a n s f e r r e d  t o  t h e  ion  exchange r e s e r v o i r ,  and 

chromatography begun. -4n 211-plas t ic  g r a v i t y  f eed  chromatography s t and  w a s  

used; flow r a t e  w a s  r egu la t ed  by a Teflon-in-glass stopcock. Af t e r  t h e  f i r s t  

50 ral or' jangle  passed through t h e  column, flow r a t e  a d  pE were measurea. 

Two 110 d. a l i q u o t s  were <he11 c o l l e c t e d  i n  new, c l ean  (as descr ibed  by Moody 
& 

m-d Lindstron 1977) ~ o i ~ r o p y l e n e  b o t t l e s .  -4f ter  a c i d i f i c z t i o n  t o  p h c  2.0 wi th  



r e d i s t i l l e d  concent ra ted  BC1 and Frozen u n t i l  a n a l y s i s .  Flow r a t e  and e luen t  pH were 
of chromatography 

v a l s o  de tern ined  a t  t h e  end, .. I n  no in s t ance  d i d  t h e  .eluent pH change by more 

A than  0.4 gH u n i t s  during sample c o l l e c t i o n  nor  d i d  t h e  flow r a t e  f a l l  below 

-2 -1 
2 0 m l c m  sec  . 

The concent ra t ion  of Cu i n  t h e  column e luen t  w a s  determined by flame atomic 

absorp t ion  spectroscopy c f  s m p l e s  :~h ich  :?ere preconcent ra ted  u i t h  m o n i l m  

pyrroi idone di thiocarbamate (APDc) and methyl i s o b u t y l  ketone (MIBK; Brooks 
', 

e t  a l .  1967; S to lzberg  1975) .  Ex t r ac t ive  precoocent ra t ion  w a s  done i n  a laminzr  

flow hood us ing  .Teflon separz tory  funnels .  The. pH of  t h e  z c i d i f i e d  sanple  was 
( ~ h e l e x  c leaned  

- 

ad jus t ed  t o  pH 2.5-3.5 us ing  400 p 1  8~ I Y ~ O A ~ \ :  ve eva lua ted  t h e  recover/ o f  t h e  

APDC/MIBI e x t r z c t i o n  procedure throughout t h e  pH range 1 .6  t o  9 . 1  us ing  88 NH40Ac, 

and 8~ ??H, OAc wi th  5 :.I BaOH, a s  b u f f e r s .  The optimum pH range f o r  t h i s  e x t r a c t i o n  
4 

f a l l s  between pH 2.0 and 4.0 (wood 1980) .  Five ml 1% APDC and 10  m l  3113K vere  

addeC t o  each sample. Contaminants were removed from t h e  APDC s o l u t i o n  'before 

use by re2ee tea  e x f r a c t i o n  with MIBK. Af t e r  2 minutes vigorous a g i t a t i o n ,  t h e  
/' 

sam9le and APDC/IQ3K were allowed t o  e q u i l i b r s t e  f o r  1 5  minutes.  The inorganic 

l a y e r  was then  removed. The. s tandard  curve f o r  atomic absorp t ion  was obtained 

from e x t r a c t s  of  s tandards  prepsired by adding CuCl t o  f i l t e r e d  Gulfstream 
2 

wzter.  A lower l i m i t  of d e t e c t i o n  between 0 .1  and 0.2 pM Cu w a s  obtained.  

This i s  equiva len t  t o  0.01 t o  O.ZpM Cu i n  t h e  o r i g i n a l  s w l e .  Reccverj o f  

Cu by a s i n g l e  e l n r a c t i o n  w a s  > 90% i n  samples conta in ing  l e s s  than  0 .31  pM Cu 

and > 83% i n  samples conta in ing  more then  0.31 UM Cu. 

BESULTS .!!ID DISCUSSION 

Survey of DOC and T 3 I  D i s t r i b u t i o n  

S t a t i c n  l o c e t i o n s ;  t o t a l  depth ;  and sample depth,  temperature, 2nd s a i i n i t y  

f o r  t h z  ;-do 1979 31ue -?in c r u i s e s  a r e  ? resented  i n  T ~ k i e  1. Inner  s h e l l ,  

P 



midshel f ,  and o u t e r  she l f  s t a t i o n s  were d i f f e r e n t i a t e d  on t h e  b a s i s  of  t o t a l  

s t a t i o n  depth and l o c a t i o n  r e l a t i v e  t o  a ha loc i ine  occurr ing  approximately 

40 km from shore (F ig .  3 ) .  DOC and TP14 were determined at a  t o t a l  o f  17  i n n e r  

s h e l f  s t a t i o n s ,  11 midshelf s t a t i o n s ,  and 2 o u t e r  s h e l f  s t a t i o n s .  The 

d i s t r i b u t i o n  of DOC and TPM i s  shown i n  F igs .  4 and 5. A c l e a r  c o a s t a l  f r o n t  

-1 of TE4 i s  apparent .  TFf4 ranges f r c n  51.49 t o  5.28 rrg 1 (d ry  weight)  near  

t h e  mouth of  t h e  Utamaha  and Ogeechee Rivers and then  decreases  r,apidly with , 

i n c r e a s i n g  depth and d i s t a n c e  from shore.  The' 5 mg 1-I i s o b a r  i s  approximately 

20 km from shore and, at t h e  most of fshore  s t a t i o n s  i n  t h e  inner s h e l f ,  TPM 

ranged from 1.16 t o  4.87 mg 1-I. TPP4 concen t r z t ions  on t h e  inne r  s h e l f  were 

lower i n  J u l y  than  i n  March. I n  t h e  ~ d s h e l f ,  TTM ranged from 0.75 t o  1.98 

mg 1-1 and the  d i s t r i b u t i o n  o f  TPM w a s  no longer  a s soc i a t ed  wi th  an onshbre t o  

o f f sho re  g rad ien t .  Like TPN concen t r z t ions ,  DOC concent ra t ions  were h ighes t  

i n  t h e  i n n e r  s h e l f  and r=ged from 1 .61  t o  4.40 mg 1-I i n  t h a t  reg ion .  However, 

a f r o n t a l  system corresponding t o  t h e  s t e e p  onshore t o  o f f sho re  g rad ten t  i n  

-1 TPM concent ra t ion  was not  ev ident .  Very low DOC concent ra t ions  (<  0.75 mg 1 ) 

were observed at both  o u t e r  and i n n e r  s h e l f  s t a t i o n s .  The DOC concent ra t ion  

at one Outer  s h e l i  s t a t i o n  w a s  extremely high (3.80 mg L'~), sugges t ing  t h a t  

upwell ing w a s  occur r ing  at t h e  t ime o f  sampling o r  t h a t  a pa tch  of  c o a s t a l  

water  had been t r a n s p o r t e d  on to  t h e  s h e l f  break.  

Comer  C o a ~ l e x i n g  C a ~ a c i t y  Measurements 

Capper cbm~l2xirig capac i ty  ( C U U C )  nessurenents  vere  made a t  2'1 s t a t i o n s .  

On t h e  b e s i s  of combined s a l i n i t y  and. depth da ta .   able 2 ) ,  t h e  s t a t i o n s  can 

be arranged i n t o  groups of  s i x  i nne r  s h e i f ,  6 midshelf ,  3 o u t e r  s h e l f ,  and 

6 oceanic  s t a t i o n s .  Complexing cagac i ty  and th8 concent ra t ion  of DOC,  T"M, 

and t o t a l  inorganic p e r t i c u l a t e s  at each s t a t i o n  a r e  r epo r t ed  i n  T ~ b l e  3. 



There was no de t ec t ab le  CuCC capac i ty  at f i v e  open oceen s t e t i o n s ,  but  a 

low (x = 0.036 pEq Cu l-L) CuCC was de t ec t ed  st s t a t i o n  P-5. This  s t a t i o n  

w a s  l oca t ed  approximately 10 i r x  from Bermuda and CuCC a h  t . t i s  s t a t i o n  uas 

s l i g h t l y  lower,  bu t  of t h e  same magnitude a s  t h a t  observed a t  mid-end 

ou te r  s h e l f  s t a t i o n s .  There was no systematic  d i f f e r ence  between t h e  

CuCC a t  midshelf and o u t e r ' s h e l f  s t z t l c n s ,  and meen CuCC ranged from 0.043 

t o  0 .11  uEq Cu 1-1 i n  t h e s e  environments. A l l  n id she l f  s m p i e s  were ' 

. . 1 

as soc ia t ed  v i t h  upwelling events  which extended f r o n  t h e  s h e l f  breek t o  

- t h e  40-50 m contour   asli lie e t  a l .  1 9 8 i ) .  S t a t i o n s  G-116 and 0-136 were - 

sampled near  t h e  en& of an upwelling per iod .  S t a t i o n s  G-180, G-199, u l d  

G-2.26 r e p r e s e n t . a  t ime s e r i e s  of  sauples  taken i n  conjunct ion wi th  a s tudy 

of a second upwelling event which began on A p r i l  27. These s t a t i o a s  were 

- 
a l l  he ld  a t  t h e  same geographic l o c a t i o n  as s t a t i o n  G-136 and a l l  samples 

were taken at t h e  depth of  t h e  chl,orophyll maxirnum. S t a t i o n  (3-245 vas he ld  

1 0  no r th  of  t h e  t i n e  s e r i e s  s t a t i o n  a t  t h e  enu of t h e  second ~ v e l l i n g  . .. . . 
period.  CuCC a t  s t a t i o n  G-166 (0.095 pEq Cu 1-l) w a s  50% higher  than  t h a t  

observed at any s t a t i o n  during t h e  second upwelling event .  C o n ~ l e x a t i o n  

capac i ty  measurei a t  t h e  s t a t i o n s  he ld  during t h e  second upwelling event 

were similar one t o  another  and were sugges t ive  of a t ime dependent decrease 

i n  complexing capac i ty   able 3 ) .  Mean CuCC observed during t h e  second 

-1 
upwelling event ranged from 0.058 pEq Cu 1 on Apr i l  27 t o  0.  a46 UEq Cu 1-1 

on A p r i l  30. Outer s h e l f  s t s t i c n s  xere  sangled on tL-ee d i f f e r e n t  c r u i s e s  

and t h e  values a r e  s i m i l a r  t o  those  observed a t  midsheli' s t a t i o n s .  S t a t i o n  

G-71; vas sample3 i n  Gul fs t rezn  v a t e r  o v e r l y i ~ g  water vhich con t r ibu ted  t o  

t 5 e  Apr i l  22 upwellicg a t  s t s t i o n  G-106. CuCC ses su red  et BF-15 i s  r e l s t i v e i y  

high 2nd suggests  that t h e  sample may hzve been taken I r c n  upvel l ing  waters .  

D jca-,ion ?-I, l o c s t e d  on t h e  c o n t i n e c t a l  s lope  o f f  or' !'!orth C s r o i i . ? ~ ,  i s  t h e  



! 

only  c o n t i n e n t a l  s h e l f  s t a t i o n  not l oca t ed  i n  t h e  Georgia Bight.  Copper 

conplexing capac i ty  zt  t h i s  s t a t  ion  (; = 0.043 pEq Cu 1-l) , howsver , was i n  

t h e  d d r a n g e  of o t h e r  she l f  s t a t i o n s .  CuCC at inner  s h e l f  s t a t i o n s  was 

extremely v a r i e b l e  and ranged from 0.014 t o  1 .681  pEq Cu 1-I. CuCC a t  four  

s t a t i o n s  w a s  q u i t e  high;  t h e  h ighes t  values were observed at s t a t i o n s  SF-5 

aod BF-10; s a l i n i t y  va lues  a t  t h e s e  s t a t i o n s  were r e l a t i - ~ e i y  h igh  f o r  t h i s  

reg ion  on t h e  s h e l f .  The lowest  va lue  at an inne r  s h e l f  s t a t i o n  yas  observed 

a t  s t a t i o n  SK-1 which w a s  l o c a t e d  at t h e  en t rance  t o  Wassaw Sound, G a .  CuCC 

at  t h i s  s t e t i o n  was t h e  lowest  de t ec t ed  zt any s t a t i o n  i n  t h i s  s tudy.  CuCC - 

at  s t a t i o n  Sap-3a was w i t h i n  t h e  range orevious ly  given f o r  mid- and outer-  

c o n t i n e n t a l  s h e l f  s t a t i o n s .  Whiie t h i s  e s t u a r i n e  sample w a s  a mixture of 

water  from two sou rces ,  g r e a t e r  t han  60% of t h e  watsr,carne from t h e  s t a t i o n  

descr i 'cec as Sap-3 by Wood (1980).  Addi t iona l  d a t a  from Sap-3, which w a s  

l o c a t e d  approximately 1 km o f f  Cabre t ta  Beach (Cabre t t a  I s l and ,  Ga.) sugport 

t h e  conclusion t h a t  t h e  water  sampled was of o f f sho re  o r i g i n .  Water a t  

Sap-3 w a s  l i g h t  green i n  c o l o r  and l e s s  t u r b i d  than  t h e  surrounding water.  

Primary product ion was extremely low and DOC concent ra t ion  w a s  an  order  of 

magnitude higher  t han  t h a t  observed a t  any o t h e r  s t a t i o n .  

Copper complexing capac i ty ,  a s  measured by t h e  ion  exchange technique,  

q u a n t i f i e s  t h e  concen t r a t ion  of  one ogesa t iona l ly  def ined  s ~ i b s e t  o f  the 

t o t a l  a r r a y  of copper complexing agents  i n  t h e  sample. Measurement of DOC 

and TP!;:, pools vhlch  inc lude  a  wide a r r a y  of p o t e n t i a l  conplexing agen t s ,  

were aade  a t  each s t a t l o n  (Table 3 )  t o  provide a  means of r e l a t i n g  t h e  

cczplexa t ion  capac i ty  measureutents t o  the concent rz t ion  of o the r  complexing 

agents .  Speermzn rank c o r r e l z t i o n  c o e f f i c i e n t s  c a l c u l a t e d  by combining t h e  

Cat3 r':-ora a l l  2 1  s t a t i o c s  shcued s i g n i f l c z n t  c o r r e l a t i o n  jetween complexation 



capac i ty  a s  neesured by t h e  ion  exchange technique and t h e  concent rz t ion  of  

DOC m d  TPM  a able 4 ) .  While t h e  s t ronges t  c o r r e l a t i o n  vas between CuCC and 

DOC, t h e r e  i s  cons iderable  dev ia t ion  from d i r e c t  g r o g o r t i o n a l i t y , a n d  t h e  

high l e v e l  of c o r r e l a t i o n  appears t o  be based on t h e  co-occurrence of extreme 

va lues .  The h ighes t  DOC, TPM, and CuCC values occur a t  i nne r  s h e l f  s t a t i o n s  

and t h e  lowest values occur a t  the -  f i v e  oceanic s t a t i o n s .  The r e l a t i o n s h i ?  

between CuCC a s  measured 'by t h e  ion  exchange technique 2nd t h e  c o ~ c e n t r a t i o n  

of DOC and TPX wi th in  each reg ion  i s  v e r j  weak and f r equen t ly  i n s i g n i f i c a n t  

(Table 4 ) .  This i s  demonstrated g raph ica l ly  i n  Figure 6 where DOC, T??4, and 

CuCC a r e  p l o t t e d  i n  r e l a t i o n  t o  de9th. DOC and TPX l e v e l s  a r e  s i m i l a r  t o  

t hose  which v o u d  have been expected on t h e  b a s i s  of  t h e  synopt ic  c r u i s e s  

and, while  t h e r e  i s  a no t i ceab le  depth r e l a t e d  decrease i n  CuCC, DOC,  and 

TP14, t h e r e  i s  a i s o  a depth- re la ted  decrease i n  t h e  -rariznce of  t h e s e  p a r m e t e r s .  

Thus, t h e  neershore environment i s  b e s t  cha rac t e r i zed  ss a very heterogeneous 

chemical environment i n  which CuCC ranges over s e v e r a l  o rde r s  of magnitude. 

I n  t h e  mid and ou te r  s h e l f  reg ions ,  t h e  concent ra t ion  of DOC and TPM decresses  
. . 

r ap id ly  .with i nc rezs ing .deg th  and asymptot ica l ly  approach low b a s e i i n e  values 

- 1 (Q 0.8 mg 1-1 f o r  DOC,  Q 1 .5  mg 1 f o r  TPX). CuCCualues f a l l  i n  t h e  love r  

end of the  range of complexation capac i ty  values observed i n  t h e  inne r  s h e l l  

and vary independently of  t h e  concent ra t ion  of DOC ana TPM. Data f r o n  deep 

oceanic s t a t i o n s  a r e  ve-ry s i m i l a r  and vary by l e s s  than  a f a c t o r  o f  two; 

however, wi th in  t h e s e  l i m i t s ,  t h e  concent.rstion of  TP?;: ,:9r-d. DOC zfid t h e  CuCC 

appear t o  vary independently of  one another .  



Our da ta  a r e  cons i s t en t  with o the r  da ta  which ind ica te  a high degree 

of environmental v a r i a b i l i t y  i n  the ,Cu  complezing capaci ty  of aquat ic  

environments (Bender e t  al. 1970; Chau 1973; ?lIontgomery and Echevarria 1973; 

Sugai and Healy 1978).  The .range of complexing capaci ty  observed i n  

freshwzter  systems i s ,  i n  f a c t ,  considerably grcslter than we repor t  f o r  

e s tua r ine  and inne r  she l f  systems. The copper complexing capaci ty  of 23 , 

freshwater  systems was inves t iga ted  i n  Maine and northern Europe using an 

ion exchange technique very s i m i l a r  t o  ours ( ~ i e s ~  1980; Giesy and Briese 

1978).  Cu complexztion capaci ty  ranged from undetectable l e v e l s  i n  a system 

i n  Maine and one i n  Norway t o  h l  vEq Cu 1-' i n  a Swedish r i v e r .  There i s  

scant  da ta  regarding t h e  Cu conp1e::ing capaci ty  of marine environments, but 

our  inner  she l f  da ta  bracket  Smith's (1978) est imate of Cu cor.plexing 

cepzci ty  a t  t he  mouth of t h e  Ogeechee River (1. 0.75 pEq Cu < ') and those 

repor ted  f o r  t h e  Yarra River e s t u a r j  ( ~ l u e s t e i n  and Smith 1978).  Abdullah 

e t  d. (1976) r e p o r t  a Cu complexation capaci ty  of .001 pEq cu 1-1 i n  

Os lo f j io rd ,  t h i s  is  t e n  t imes lower than  we observed a t  t h e  inner  s h e l f .  

The e s t h a t e d  Cu s o l u b i l i z a t i o n  capaci ty  o f  highly productive w.aters i n  

t h e  Peru upwelling was h igher  and less variable than our CuCC 
t hese  es t imates  were 

de ta  from s i m i l a r  environments, butVbased on the  assumption t h a t  t h e  Cu 

s o l u b i l i z a t i o n  capaci ty  of  n a t u r a l  seawater - can be ext rapola ted  from Cu 

solu-s i i iza t ion  measurements nado on d i s t i l l e c  water sus2ensions of i s o l a t e d  

organic ma te r i a l  (Kerr  and Quinn 1980). Our f inding  t h a t  CuCC is  highly 

va r i ab le  on the con t inen ta l  she l f  of t h e  Sout!~zzstern U.S. is f u r t h e r  suppoesd  

by s t u s i e s  of t h e  ~ g p a r e n t  b io log ica l  a v a i l a b i l i t y  of copDcr t o  phytoplair ton 

i n  these  environments (blood 1380, 1982 ) . 



A h y ~ o t i i e t i c ~ l  model of t h e  d i s t r i b u t i o n  of Cu conplexat ion capac i ty  

i n  d i f f e r e n t  marine environments i s  presented  i n  Figure 7. Both range and 

nodal concenGr.ation a r e  important def in ing  chz rac t e r s  f o r  each region;  rmge 

and mode a r e  h ighes t .  i , n  t h e  inne r  s h e l f  and iowest in t h e  open ocean. We 

suspect  t h a t  t h e  mechanisms underlying these  c h a r a c t e r i s t i c s  a r e  r e l a t e d  t o .  

t h e  source and na ture  of  compiexing zgents  I n  t h e s e  systems. S i x  sources of 

complexing m t e r i a l s  a r e  p o s t d a t e d ;  e l l ' o f  vinich a r e  l i k e l y  t o  c ~ n t r i b u t e  

t o  t h e  pool  of complexing agents  i n  nearshore waters  and only two of which 

seem l i k e l y  sources of complexing agents  i n  o f f sho re  waters .  Deta i led  

c h a r a c t e r i z a t i o n  of t h e  thernodynmic ,  k i n e t i c ,  and s t o i c h i o n e t r i c  p rope r t i e s  

of Cu complexing s u b s t a c e s  from t h e s e  sources a r e  needed i f  more p r e d i c t i v e  

models of compiexing czpac i ty  a r e  t o  emerge. 
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Sta t ion  locat ions  and s t a t i o n  aata f o r  . .dntinentai  ,helf survey m 
S t a t  ion 
3umb e r 

Date. S ta t ion  Location 
S ta t ion  
Depth 
(M) 

Surface 
Tern? 
( O C )  

Depth Sa l in i ty  
( M )  ( % I  

- 

??arch 1979, 9/V Blue Pin 

1 3-27 31O37.8'~ 79O52.911~ 4 3 18.75 3 36.314 

2 3-27 31 32.0 79 37.0 120 22.05 1.5 36.21 

3 3-27 31 26.6 80 06.3 40 17.30 2 36.37 
4 3-28 3122 .7  8 0 2 7 . 9  3 2 15.12 2 35.02 

5 3-28 31 20.3 81 07.2 1 3  16.40 3 29.57 

6 
', 

3-28 31 16.7 80 48.4 16 15.95 3 31.19 

July 1979, R / V  R ~ I I P  F i n  

1 7-2 31O51.4 '~ a0°52.4'W 

2 7-2 3146 .8  80 49.3 

3 7-2 31 42.2 80 47.0 

4 7-2 3 1 3 5 . 5  8 0 4 1 . 7  

5 7-2 31 33.9 30 33.9 

5 7-2 31 38.0 80 44.8 
7 7-2 31 42.5 SO 50.0 

S 7-2 31 46.7 80 54.4 

3 - * 
1 -C 31 43.3 l o  57.7 



S t a t i o n  l o c e t i c n s  and sample data 

Tot  a.L Sample 

S t a t  ion  O a t  e Locat i o n  Deptn Depth S a l i n i t y  T e q e r z t - u e  
( )  (M) ( p p t )  ( " C )  

Es tuar ine  Locations 

Skid-1 7- 1-79 30'54.5' N 80O55.3' w 6 0 .3  28.5 - 

R/V Blue Fin Cruis.? t 

BF- 5 3-28-79 31'20.3' N 81OO7.2' V 1 3  3.5 30.17 16.4 

BF-10 3-28-79 31O37.5' 80'46.5' 17  3.0 32.54 15 .4  

R/V G i l l i s  Cruise  

G-74 4-21-79 30'34. 0 ' 8.0'03. 8 '  ,220 

G-106 4-22-79 30'47 -1' 79'59 .9 ' 7.5 

C-136 4-23-79 30'42.6' 80°05. 5 ' 7 5 

G-180 4-27-79 30'42.4 ' 80'05.3' 70 

G-226 4-29-79 30'42.9 I 80'05. 4 67 

G-245 4-30-79 30'43.0 ' 8C005. 1 ' '77 

G 1 9 9  4-28-79 30'42 .9 '  80°05. 3 '  7 1 

R / V  Pierce Cruise 

Prc-1 7-26-79 3g0r2.0t  H 69O17.0' TEJ 2500 

Prc-3 7-28-79 36'45 ' 56" 33 ' 5000 

~ r c - 4  7-30-79 33'21' 65O26 4500 

pr,-,-< - ,  7-31-79 32'11' 6h053 ' 50 

Prc-6 8- 1-.ry 29021' 64n5?f &SO0 

?rc-7 8- 3-79 26'17' 67"10 5000 
- f rc-5 Z -  4-79 25O52' 71'96 5 300 



TABLE 3 

Copper complexing capac i ty ,  concent ra t ion  of  d i s so lved  organic  carbon, end 

t h e  concen t r s t i on  of  suspended p a r t i c u i a t e  m a t e r i a l  at c o n t i n e n t a l  s h e l f  

s t a t i o n s  and i n  t h e  Sargassc  Sea 

S t a t i o n  

Suspended Part i c -  
Cu Complexing u l a t e  Matter 

Cagacit  y Dissolved Organic 
P E ~  1-1 mg d-1 ( n= 3 ) (&31-1) . 

A~ B 
To ta l  Inorganic 

lnner Shelf 

~ k - 1  0.016 0.012 - - - 
Sap 3A 0.097 0. 066 - - - 
BF- 5 1.493 1.568 4.41 k .0 .2  3 ;08 1.15 
BF-10 1.509 "-1, . 509 P.1 2 ( ! , z  2.4 1 . 2  
BF-18 0.335 0.364 3.2 i (1.0 51.5 16.9 
BF-21 0.194 0.250 3.5 C 1 .0  14.6 9.6 

Outer Shelf 

BF-15 
G-74c 
PRC-1 

Oceanic 

P-3 
p, lr 
p- 5 
P-6 
P-7 
r-8 

I 

'A a d  3 r ep re sen t  r e p l i c a t e  s m p i e s .  



TABLE 4. 

\SCDFer Spearman Rank Corre la t ion  c o e f f i c i e n t s  f o r  complexacion capac i ty  measurements 

wi th  r e l a t e d  p a r m e t e r s  1 

A l l  S t a t i o n s  Combined Inner  Shelf  S t a t i o n s  M Shelf  S t a t i o n s  

Depth 

S a i i n i t y  

DOC 

TPN 

?LP,I 

98% 
S i g n i f i c a n t  at .001 lev$. 

'k * 
S i g n i f i c a n t  a t  . O 1  l e v e l .  

9 
S i g n i f i c a n t  at .O5 l e v e l .  



Figure  Captions 

Tigure 1. Copper complexing capzc i ty  (CUCC)  as a  func t ion  of  sample flow 

r a t e  through t h e  ion  exchange column. CuCC i s  expressed a s  a propor t ion  

of  t h e  axirrum observed value.  

F igure  2. The r e l a t i o n s h i p  between copger i on  sp ike  and es t imated  copper 

complexing capac i ty  ( C u C C ) .  DasheC! l i n e  = e s t u a r i n e  samples; s o l i d  l i n e  

= Sargasso Sea sample; . d o t t e d l P n e  = W i r r a d i a t e d  Sargasso SBa s m p l e .  

F igure  3. Surface s a l i n i t y  on t h e  c ~ n t i n e n t a l  shelf of  t , h e  ' S m l t . h ~ ~ . s t . ~ r n  

United S t a t e s ,  @ = Narch, 1979, st.st.lon 1oc.ztions; - Q = July, 1473, 

3 t , ?~ t . i  nn 1 nr.;l,t.i,nns , 

Five  4. Dissolved organic  czrbon (DOC ) concent ra t ion  ' in  su r f ace  waters  of 

t h e  c o n t i n e n t a l  she l f  o f  t h e  southeas te rn  United S t a t e s  i n  March, 1979. 

a s t a t i o n  locz t ions .  I n s e t  shows DOC concent ra t ion  i n  J u l y ,  1979. 

F igure  5. The d i s t r i b u t i o n  of t o t a l  p a r t i c u l a t e  m a t e r i a l  (TPM) i n  su r f ace  

waters  of t h e  c o n t i n e n t a l  she l f  of t h e  southeas te rn  United S t a t e s .  

- 1iIt~rch, 1979, s t a t i o n  L ~ C a t i O ~ l s ;  C7 = Jill y ,  1973, st.?.+,ion l o c s t i o n s .  

F igure  6 .  Copper complexation capac i ty  (CUCC)  compzred t o  t h e  d i s t r i b u t i o n  

of d i s so lved  organic  carbon ( D O C )  and t o t a l  p a r t i c u l a t e  m a t e r i a l  (TPN) a s  

a logarifhinic  func t ion  of depth. S t a t i o n  F-5, l oca t ed  i n  shal low water 

near  Eermucia, i s  shown wi th  a c i r c l e .  

F igure  7. Zy-pothetical model of  t h e  d i s t r i b u t i o n  of copper complexing capac i ty  

. i n  marine environnients. Lower bar  grn.ph shows p r i n c i p a l  sources of 

compiexing agents  f o r  each system. S o l i d  l i n e  = oceznic systems; d o t t e d  

l i n e  = mid*-znd o u t e r  s h e l f  s y s t e m ;  dashed l i n e  = inner  s h e l f  systems.  

and e s t u a r i e s .  
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ABSTRACT 

A s tudy was undertaken t o  compare t h e  e f f e c t s  of a  marine he t e ro t roph ic  

m i c r o f l a g e l l a t e  (Rhyncomonas sp.  ) and of a  marine c i l i a t e  (uro'nema, sp .  ) on 

phosphorus dynamics i n . b a c t e r i a 1  c u l t u r e s .  The c i l i a t e s  e f f e c t e d  two orders  

of magnitude r educ t ion  i n  b a c t e r i a l  numbers and a  more than  two f o l d  decrease 

i n  bound phosphorus when compared t o  a  con t ro l  b a c t e r i a l  c u l t u r e .  The 

f l a g e l l a t e s  had no d i sce rnab le  e f f e c t  on, ei.t.her b a c t e r i a l  n 'mbers o r  bound 

phosphorus l e v e l s .  The turnover  r a t e s  of phosphorus on a  u n i t  biomass b a s i s  

were shown t o  be  equal  i n  a l l  c u l t u r e s .  The impl ica t ions  of t hese  r e s u l t s  i n  

r e l a t i o n  t o  c u r r e n t  concepts of t h e  r o l e  of protozoans (particular1,y 

m i c r o f l a g e l l a t e s )  i n  marine mineral  cyc l e s  and energy f luxes  a r e  discussed.  



INTRODUCTION 

There now seems to be little argument among a diverse group of 

investigators that bacteria play the lead among a cast of microbial characters 

whose joint actions are essential to the utilization of non-living organic 

matter and to mineral regeneration in marine ecosystems (Pomeroy 1974; 1975; 

Landry 1977; Wangersky 1977; Sieburth 1979). The debate appears to center on 

the details and significance of specific interactions between detritus (both 

particulate and dissolved), bacteria, and bacterial predators rather than on 

questions of the fundamental importance of the microbial system as a whole. 

It is now widely believed that bactivorous protozoans are major mediators 

of control on marine bacterial populations, and, as'such, have a significant 

influence on detrital food chains and in mineral cycles (Hamilton and Preslan 

1970; Bick 1973; Sieburth 1976; Fenchel and J$rgensen 1977). This belief is 

based largely on work with ciliates. The marked effect that ciliate 

protozoans have on bacterial numbers and other system parameters in sewage 

treatment plants is well documented (Curds 1973, 1977). Several studies have 

suggested that marine and freshwater ciliates play an essential role in 

mineral regeneration (Johannes 1965; Barsdate et al. 1974; Buechler and Dillon 

1974). 

Citing the inverse correlation between body size and metabolic rate, 

Johannes (1968) postulated that heterotrophic microflagellates might play an 

even larger role in mineral cycles than do the lnrgcr ciliatec which he 

studied. Considering this and the frequency with which microflagellates were 

observed.in nature, others have suggested that microflagellates may be 

integral links in marine energy and nutrient. fluxes (Lightheart' 1969; Pomeroy 

and Johannes 1968; Fenchel 1977; King et al. 1980). 



In spite of the continuing speculation concerning the importance of 

small, colorless, free-living flagellates in ecological systems, ecologists 

have made little effort to learn more about them. This reluctance has likely 

been derived from the small size and typically delicate nature of these sorts 

of organisms, as such features render them difficult to identify in the field 

and to manipulate experimentally. 

Among the numerolls t.axonomic groupc which contain orgaaisols fitting the 

vague descriptions often tendered by esologisto, the Kinetoplastiba are a 

group which contains genera that are often cited by ecologists (Fenchel and 

JQrgensen 1977; Lightheart 1969) and about which a growing hndy of organisma1 

data is being accumulated by protozoologists (Burzell 1973; Swale 1973; Eyden 

1977; Vickerman 1978). The purpose of this study was t-n ~xperimentably compare 

the imapct of a microflagellate (Rhyncomonas sp., Kinetoplastida) with the 

impact of a small ciliate (Uronema sp., Hymenostomatida) on phosphorus levels 

in marine bacteria cultures in an effort to assess the validity of the 

speculation concerning the role of microflagellates in marine ecosystems. 



MATERIALS AND METHODS 

Isolation and Identification of Protozoans 

The flagellates used in this study were collected at 21° 25' N, 70' 15' W 

during cruise ElC74 of the R/V EASTWARD in January, 1974. A few drops of 

seawater collected in a PVC Niskin bottle were added to culture bottles 

containing sterile Pan-Mede medium.' The medium contained,Pan-Mede 

(lOmg/lOOml) in artificial seawater (Gold & Baren, 1966) which was 

Tris-buffered (3g/l, pH 6.5 before autoclaving). Imoculated bottles were 

returned to the laboratory, incubated in the dark at 22' C and monitored for 

the growth of heterotrophic microflagellates. Upon discovery, the. flagellates 

were transferred along with the bacterial flora by micropipet to fresh 

Pan-Mede medium and were maintained on this type of medium under the stated " 

incubation conditions for the duration of the study. 

The organism chosen appeared to be a member of the genus Rhyncomonas and 

was subjected to both light and electron microscopic observations. Light 

micrographs of living cells were made using a Zeiss Photomicroscope I1 

equipped with both phase contrast and Nomarski interference contrast optics as 

well as an electronic flash. For electron microscopic examination, cells were 

rnl-1.cct.ed for fixation by centrifugation (5000 rpm for 15 min.). The 

resulting pellet was resuspended for 1 hour in 2 percent glutaraldehyde 

buffered with 0.1 m sodium cacodylate. The fixed cells were pelleted, washed 

three times with buffer, resuspended, and pelleted again before treatment with 

1 percent osmium tetroxide in 0.1 m sodium cacodylate for 30 minutes. The 

glutaraldehyde fixative was made up in the artificial seawater used in the 

growth medium. All other fixatives and buffers were made up in distilled 

water. After fixation, the pellet fragments were dehydrated with ethyl 

b alcohol and embedded in epon-araldite. Sections were made using a Reichert 



OmU2 ultramicrotome us ing  g l a s s  knives.  The sec t ions  were s t a i n e d  wi th  uranyl  

a c t a t e  and Reynolds l ead  c i t r a t e  p r i o r  t o  examination i n  a  P h i l l i p s  200 

e l e c t r o n  microscope operated a t  80 kv. 
\ 

The c i l i a t e s  used i n  t h e s e  experiments were i s o l a t e d  i n  J u l y ,  1977 from a  

Spar ina  a l t e r n i f l o r a  i n fus ion .  Dead Spa r t ina  stems were c o l l e c t e d  from t h e  

marsh s u r f a c e  a t  Sapelo I s l a n d ,  Georgia, and immediately t r anspor t ed  t o  Athens 

where they  were placed i n  c u l t u r e  f l a s k s  containing l e t t u c e  e x t r a c t  medium. 

The l e t t u c e  e x t r a c t  was prepared by b o i l i n g  one head o£ oven-dried l e t t u c e  i n  

one l i t e r  of d i s t i l l e d  water .  The r e s u l t i n g  e x t r a c t  was f i l t e r e d  through a  

0.4 pm c e l l u l o s e  a c e t a t e  f i l t e r  and s t o r e d  frozen.  The l e t t u c e  e x t r a c t  medium 

contained 1 m l  l e t t u c e  e x t r a c t 1 1  and 7.35 mg glutamic a c i d / l  i n  t h e  a r t i f i c i a l  

seawater  based used f o r  t h e  Pan-Mede medium. Af t e r  t h r e e  days incubat ion ,  t h e  

c u l t u r e s  contained l a r g e  numbers of mic ro f l age l l a t e s  and c i l i a t e s .  The 

c i l i a t e s  chosen f o r  s tudy  were removed by micropipet t o  f r e s h  c u l t u r e s  and 

incubated i n  t h e  dark  a t  22' C .  It was determined t h a t  t h e  c i l i a t e s  could be 

maintained on t h e  Pan-Mede medium used f o r  s tock  c u l t u r e s  of mic ro f l age l l a t e s  

and t h a t  medium W ~ E  adapted. 

For i d e n t i f i c a t i o n ,  t h e  c i l i a t e s  were examined l i v e  using t h e  same l i g h t  

microscopic techniques a s  were appl ied  t o  t h e  f l a g e l l a t e s .  I n  a d d i t i o n ,  t h e  

c i l i a t e s  were f ixed  and subjec ted  t o  t h e  Chaton-Lwoff s i l v e r  impregnation 

technique (MacKimon and Hawes 1961). 

Phosphorus Tracer  S tudies  

I n  o rde r  t o  compare t h e  e f f e c t s  of f l a g e l l a t e s  and c i l i a t e s  on phosphorus 

d i s t r i b u t i o n  and dynamics, fou r  c u l t u r e s  were used. One was innoculated with 

Rhyncornonas c u l t u r e ,  one wi th  Uronema c u l t u r e  and two were i ~ o c u l a t e d  wi th  

t h e  b a c t e r i a l  f l o r a  p re sen t  i n  t h e  protozoan c u l t u r e s .  To in su re  t h a t  t h e  



same bacter ia .1  f l o r a  was p re sen t  i n  both t h e  f l a g e l l a t e  and c i l i a t e  c u l t u r e s ,  

b a c t e r i a  were removed from both s tock  c u l t u r e s  p r i o r  t o  t h e  experiment. They 

were grown i n  mixed c u l t u r e  and then  used t o  innocula te  both protozoan s tock  

c u l t u r e  l i n e s  which were used i n  t h e  experiment. 

Each c u l t u r e  contained 800 m l  .of t h e  l e t t u c e  e x t r a c t  medium described 

previous ly  i n  a 1000 mlWheaton c e l s t i r R  t i s s u e  c u l t u r e  f l a s k .  Prel iminary 
* 

experiments proved t h a t  t h i s  medium allowed f o r  b e t t e r  l a b e l i n g  of t h e  

organisms than var ious  concent ra t ions  of t h e  Pan-Mede medium. Organisms were . 

introduced by adding t h r e e  drops of t h e  appropr ia te  innoculum t o  each f l a s k .  

A l l  four  cu l tu re s  were l abe l ed  with 5 pCi of 3 3 ~ 0 4  ( c a r r i e r - f r e e )  a t  t h e  time 

of i m o c u l a t i o n  with organisms. .,. .. 

The experiment was c a r r i e d  out  a t  room temperature wi th  each f l a s k  . A 
? ,i 

r e s t i n g  on a magnetic s t i r r i n g  device t h a t  had been ad jus ted  t o  t h e  minimum ; '  

speed required t o  maintain r o t a t i o n  of t h e  magnetic s t i r  bars  i n  t h e  f l a s k s .  

Beginning one hour a f t e r  i m o c u l a t i o n  and a t  19, 30, 54, and 78 hours 
9 

a f t e r  i m o c u l a t i o n ,  dup l i ca t e  5 m l  a l i q u o t s  of each c u l t u r e  were removed from ..& 

t h e  f l a s k s  and f i l t e r e d  through 0.4 pm polycarbonate f i l t e r s .  The f i l t e r s  

were dipped i n  a 2 percent  s o l u t i o n  of Wafos 6 TD ( P h i l l i p  A.  Hunt Chemical 

Corp.) p r i o r  t o  being used. Wafos, 6,TD i s  a, de te rgent  which reduces t h e  

hydrophobic na tu re  of t he  f i l t e r s  (Bowden, 1977). Following f i l t r a t i o n ,  t h e  

f i l t e r s  were r insed  by pass ing  2 m l  of a r t i f i c i a l  seawater through them before  

they were removed from t h e i r  holders  and placed i n  g l a s s  s c i n t i l l a t i o n  vfals. 

One hour a f t e r  i ~ o c u l a t i o n  and on a d a i l y  b a s i s  t h e r e a f t e r ,  5 m l  

a l i q u o t s  from both protozoan c u l t u r e s  and from one b a c t e r i a l  c u l t u r e  were 

removed, mixed with 5 m l  of 4 percent  glutaraldehyde i n  0.2 sodium cacodylate  

i n  artificial seawater,  and s to red  under r e f r i g e r a t i o n .  Microscopic counts of 

b protozoans and bac t e r i a .were  made on these  samples us ing  t h e  ep i f luorescence  

technique of Daly and Hobbie (1975). 



At 93.5 hours after imoculation, one of the bacteria cultures was 

poisoned by adding 3 ml of 50 percent formalin. All cultures were then - 

labeled with 5.8 pCi of 3 2 ~ ~ 4  as a tracer of phosphorus turnover in the 

sys terns. 

At the end of the experiment, 1 ml of solueneR was added to each vial 

containing a filter. After the filter had dissolved, 15 ml of Insta-Gel R 

scintillation fluid was added to each vial and the samp1.e~ cn~int.ed i.n a 

Packard Tri-Carb liquid scintillation counter for 20 minutes or 20,000 counts. 

3 2 For samples collected prior to the addition of PO4, 3 3 ~  counts were 

converted to disentegrations- per minute (dpm) by dividing by the counting 

efficiency. Subsequent to the addition of 32~04, dpm for both isotopes were 

calculated using the simultaneous equations described by Kobayashi and 

Maudsley (1970) . 

RESULTS 

Identification and Morphology of Protozoans 

The flagellate studied here closely fits both the description nf 

Rhyncomonas metabolita given by Burzell (1973) and that of R. nasuta given by -- 
Swale (1973). The most distinguishing feature of Rhyncomonas --- is the.proboscis, 

a trunk-like structure which extends from the anterior'end of the cell. The 

organism itself is oval in shape with dimensions of approximately 2-4 x 4-9 

micrometers. The organism is highly flattened and preferentially orients 

itself with a particular surface towards the substrate upon which it creeps. 

Rhyncomonas possesses two flagella of unequal length that arise near the base 

Of the proboscis. The shorter of the two flagella is directed anteriorly and 

is obscured by the proboscis during light microscopic observations. The 

larger flagellum is 2-3 times the length of the cell and is directed 

posteriorly (Figure 1). 



A transmission electron micrograph (Figure 2) through the do'rsoventral 

plane in the region of attachment of the proboscis reveals several significant 

features of the Rhyncomonas cell. The proboscis contains a membrane delimited 

lumen. The ventral wall of the proboscis has at least three overlapping ,rows 

of single microtubules as well as a row of what appear to be doublet 

microtubules which lie next to the outer membrane. Burzell (1973) considers 

the proboscis to be a feeding appendage and has described a long (12-18)'row 

of microtubules that runs in an oblique path down the dorsal wall of the 

sturcture. The microtubules which are located closest to the lumen in Figure 

2 may be the ends of the long row. The protrusion of a portion of the 

proboscis membrane away from the cell is likely an artifact since not every 

proboscis had such a bulge. These organisms are extremely delicate and 

similar bulges were seen in various positions in several cells. 

The cytopharynx with two rows of microtubules associated with it is 

located near the surface of the cell and likely extends from the proboscis in 

a posterior direction. The nucleus and mitochondrion are evident in Figure 2; 

The mitochondrion is probably a unitary structure as it is in other 

kinetoplastids. The identity of the large cytoplasmic inclusions of smooth, 

relatively electron transparent, appearance is not known. Of several sections 

examined, this was the only one which contained such bodies. 

Vacuoles containing bacteria occupy a large portion of Figure 2. Such 

vacuoles are common features of these cells and the bacteria contained therein 

(Figure 3) are obviously similar to bacteria outside of the cell. Wiebe and 

Chapman (1968) have described the fine structure of marine bacteria and the 

salient features of bacterial morphology including the cell wall, nuclear 

region, and ribonucleoprotein particles are plainly visible in many of the 

P bacteria within the. vacuoles. While' not conclusive, this indicates a 

phagotrophic habit as the mode of nutrition for Rhyncomonas. 



The ciliate chosen for study is a member of the genus Uronema. The 

elongate, ovoid body is some 30 pm long. The anterior pole is devoid of cilia 

while the posterior pole bears a single long cilium. The mouth bears a small 

undulating membrane with the adoxal membranelles being inconspicuous. The 

macronucleus is spherical. The contractile vacuole is located posteriorly 

(Figures 4 and 5). Based on the descriptions of Bick (1972) and Kudo (1954) 

this organism is probably Uronema marinum. 

Phosphorus Dynamics 

Bacterial ,Numbers 

The bacteria in all cultures, after an initial lag phase, rapidly 

increased in numbers so that a maximum was reached after approximately 19 

hours (Figure 6). These numbers were maintained in the bacterial culture and 

in the Rhyncomonas cultures. In the ciliate culture, a drastic reduction in 

bacterial numbers occurred after 44 hnl~rs so that by 68 hours after 

innoculation, there existed an order of magnitude difference between the 

number of bacteria in the Rhynocomonas and bacterial cultures. 

Protozoan Numbers 

The initial increases in both ciliate and flagellate numbers (Figure 7) 

in their respective cultures were apparent 44 hours subsequent to i~oculation 

with maximum levels being reached after 68 hours. A sharp decline in ciliate 

numbers occurred approximately 2 days after the maximum was reached or 5 days 

after innoculation. A lesser decline occurred in the Rhyncomonas culture 4 

days after attainment of the maximum. It should be noted that the increase in 

ciliate numbers and tbe decrease in bacterial numbers in the ciliate culture 

occurred simultaneously. The Rhyncomonas population had no apparent effect on 

the bacterial population in their culture. 



Tracer  ,Dynamics 

The amount of 3 3 ~ ~ 4  assoc ia ted  with t h e  p a r t i c u l a t e  f r a c t i o n s  of t h e  

c u l t u r e s  mir rors  t h e  growth of t h e  b a c t e r i a .  I n  each c u l t u r e ,  t h e r e  was a  

rap id  inc rease  i n  t h e  incorporated 3 3 ~ 0 4 ,  with t h e  maximum being reached a t  19 

hours,  co inc ident  with t h e  at ta inment  of maximum b a c t e r i a l  numbers (Figures  8 ,  

9 ,  10, and 11) .  The rea f t e r ,  a  slow decrease occurred i n  t h e  b a c t e r i a l  and 

Rhyncomonas c u l t u r e s  so t h a t  a t  t h e  end of t h e  experiment,  25% and 20%, 

r e spec t ive ly ,  of t h e  maximum 3 3 ~ 0 4  occurred wi th  t h e  l a r g e s t  r a t e  of dec l ine  

occurr ing during t h e  same time i n t e r v a l  a s  t h e  sharp dec l ine  i n  b a c t e r i a l  

numbers. The 3 3 ~ 0 4  assoc ia ted  with p a r t i c u l a t e  ma te r i a l  i n  t h e  Rhyncomonas 

c u l t u r e  was approximately 60% of t h a t  a s soc i a t ed  with p a r t i c u l a t e  i n  t h e  

3  3 b a c t e r i a l  c u l t u r e .  A t  t h e  end o f  t h e  experiment,  t h e  amount of PO4 

incorporated i n  t h e  c i l i a t e  c u l t u r e  wa.s 40% of t h a t  incorporated i n  t h e  

b a c t e r i a l  c u l t u r e .  Af te r  t h e  i n i t i a l  rap id  dec l ine  i n  incorporated 3 3 ~ 0 4  i n  

t he  c i l i a t e  c u l t u r e ,  t h e r e  was a  slow dec l ine  over t h e  course of t h e  

experiment which appeared s i m i l a r  t o  t he  slow l o s s  i n  Rhyncomonas and b a c t e r i a  

c u l t u r e s .  The n e t  r e s u l t  was t h a t ,  by t h e  end of t h e  experiment,  20-25% of 

t h e  incorporated 3 3 ~ 0 4  i n  t he  c i l i a t e  c u l t u r e  remained. 

Upon t h e  a d d i t i o n  of 3 2 ~ 0 4  t o  t h e  c u l t u r e s ,  t h e r e  was a  gene ra l ly  s teady  

uptake i n  a l l  c u l t u r e s  except t h e  poisoned con t ro l .  The amount of 3 2 ~ 0 4  taken 

up i n  t h e  c i l i a t e  c u l t u r e  was n o t i c e a b l y . l e s s  than  i n  t h e  o the r  two c u l t u r e s  

probably a s  a  r e s u l t  of t h e  lower b a c t e r i a l  numbers i n  t h a t  c u l t u r e .  

I f  one looks a t  t h e  f r a c t i o n  of t h e  i so topes  incorporated i n t o  t h e  

organisms ( t h e  sum of t h e  f r a c t i o n  of 3 2 ~  taken up and the  sum of the  f r a c t i o n  

3 3 ~  taken u p ) ,  something i n  e x c e s s o f  50% of t h e  i so topes  were bound i n  

organisms i n  t h e  b a c t e r i a  and Rhyncomonas. c u l t u r e s  (Figures  12 and 13) ;  

P whereas, c lo se  t o  20% of t h e  i so topes  were bound i n  t h e  Uronema c u l t u r e s  

(Figure 14 ) .  



In order to determine if the turnover rates per unit biomass of the three , 

experimental cultures were different, a ratio T was calculated. This was 

calculated as: 

T = 3 2 ~  uptake 

3 3 ~  uptake 

where uptake is calculated as: 

dpm incorporated 
dpm added 

This ratio was used for two reasons. First, it expresses the rate of 3 2 ~  

uptake as a function of biomass (the amout of 3 3 ~  taken up) and secsndly, i t  

cancels differences in biomass between the cultures. The graphs of the T 

ratios for the three experimental cultures plus the poisoned control are given 

in Figure 15. 

An analysis of covariance was performed on the T ratios of the three 

experltdeneal cultures in an effort to determine if there were differences in 

the slopes (rates of uptake per unit biomass) of those three lines. The F 

test for differences between the slopes was not significant (P = .05), 

indicating that the behavior of the systems per unit biomass was not different 

and that the differences in incorporated phosphorus levels between the 

cultures was likely due to biomass differences. 

Discussion -- 

These experiments leave current concepts concerning the role of 

heterotrophic microflagellates in pelagic marine nutrient and energy fluxes 

unsubstantiated. Events in the ciliate culture (reduction of bacterial 

numbers and bound phosphorus) were consistent with the results of past 

experiments (Joha~es 1965; Barsdate et al. 1974; Buechler and Dillon 1974) 



and the resulting theory concerning the role of protozoa in marine ecosystems 

(Pomeroy 1974)'. Under identical experimental conditions, Rhyncomonas had no 

, . discernible. effect upon either bacterial numbers or the level of phosphorus in 

the water. This demonstrates that, in an ecological sense as well as 

taxonomically, microflagellates are something other than scaled down, more 

metabolically active versions of the ciliate mode,l. 

Finding that Rhyncomonas had little impact upon the parameters measured 

was not totally unexpected. Johannes (1965) and Curds (1973) have both 

commented that flagellates do not affect bacterial numbers in different 

systems to the same degree as do ciliates. If one looks carefully at 

collections of data showing the relationships of weight specific biological 

rates to body size for animals (Fenchel 1974), it becomes apparent that a 

general trend does exist; but that comparisons of protozoans to, say, 

arthropods may be quite more confidently undertaken than may be comparisons of 

flagellates and ciliates. There are diverse physiological and biochemical , 

capacities found among protozoans which are important to the ecological roles 

of the organisms, and there may be inherent differences in metabolic rates 

which c a ~ o t  be explained by differences in body size (Stout 1980). 

J o h a ~ e s  (1965), comparing phosphorus regeneration by an unidentified 

microflagellate and by two species of Euplotes, found that the microflagellate 

effected no more phosphorus release than did the ciliates even though the 

-. 

flagellates were present in far (at least three orders of magnitude) numbers. 

In the experiment reported here, the flagellates and ciliates were present in 

equal numbers in the early phases of the experiment with the ciliates being an 

order of magnitude lower in number in the latter stages. If we assume that 

the shapes of the cells can be approximated by oblate spheroids, we can 

P calculate that a Uronema cell is roughly 2 orders of magnitude larger than a 



Rhyncomonas cell. Joha~es' (1968) calculations indicate that a 

microflagellate should regenerate phosphorus about 10 times faster per unit 

body weight than does a ciliate. At that rate, the ciliates should have been 

some 10 times more active than the flagellates in the early stages of the 

experiment, with the activities being about equal in the latter stages. The 

ciliates in fact removed 100 times more bacteria than did the flagellates. In 

an often overlooked disclaimer, J o h a ~ e s  (1968) noted that his speculations 

concerning microflagellates were based on rather daring extrapolations of the 

existing data. There is little to indicate that microflagellates prey on 

bacteria with an efficiency even approaching that  of c i l i a t e s .  If phosphorus 

regeneration depends on bacterial predation, ciliates may be more important 

instruments than are microflagellates. 

Since the data presented here indicate an undetectable utilization of 

bacteria as food by Rhyncomonas, a discussion of the nutritional mode of these 

protozoans is required. It is, of course, well known that various protozoans, 

which are naturally phagotrophic, may be cultured axenically. These 

cultivation techniques should be recognized for what they are: useful tools 

in the study of organismal physiology and biochemistry. An axenic culture is 

an extremely u~atural ecological setting for a protozoan. Although authors 

sometimes make passing comments concerning utilization of dissolved substrates 

by flagellates and competition of bacteria and flagellates for substrates 

(Curds 1973), it now seems popular among protozoan ecologists to accept the 

idea that most colorless protozoans are phagotrophic in nature (Stout 1973, 

Bamforth 1973, Fenchel and Jorgensen 1977). Hass and Webb (1979) were unable 

to demonstrate osmotrophy in any of the microflagellates that they studied. 
. . 

'Il'here is little doubt that Rhyncomonas itself, is bactivorous. The micrographs 

presented here show bacteria in food vacuoles. These bacteria appear 



identical to those outside the cell, making for circumstantial evidence that 

they were ingested. Specialists on the free-living kinetoplastids argue that 

the group as a whole is bactivorous (Eeckhout 1973; Brooker 1971; Eyden 1977). 

Furthermore, both Burzell (1973) and Swale (1973), who have conducted 

extensive investigations of Rhyncomonas, agree that bactivory is the 

nutritional mode of this genus. Finally, for the purpose of this study, the 

question of osmotrophy as a habit of Rhyncomonas, is irrelevent since the goal 

was to compare the effect of the microflagellate on bacterial populations to 

the effect of ciliates on the same. It is possible to make this comparison 

without determining the mechanism involved. 

An important question on the function of bacteria in marine ecosystems 

concerns their role as either active or passive agents in mineral 

regeneration. Pomeroy (1974) considers bacteria to be net consumers of 

minerals; meaning that without bacterial predation, bacterially-bound minerals 

are inaccessible to other components of the ecosystem. In Wangersky's (1977); 

concept of oceanic mineral regeneration, bacteria are thought to be net 

producers of available minerals. This study indicates that bacteria are 

consumers of phosphorus, but the controversy on this point is far from 

resolved. At this point, prudence requires the statement that the role of 

bacteria in mineral regeneration at a given time and place must surely vary 

with the metabolic rates and patterns of the populations present. Predation 

and the nature of the limiting substrates are two environmental factors whlch 

are likely to strongly influence bacteria and their metabolic processes. 

There is some debate concerning the mechanism whereby protozoans increase 

phosphorus turnover in marine eco systems. J o h a ~ e s  (1965) and Buechler and 

Dillon (1974) demonstrated that ciliates ingest bacteria and excrete 

phosphorus. These authors suggest that protozoa directly effect a higher 



turnover of phosphorus by ingesting and excreting bacterial phosphorus which 

will remain bound in the absence of protozoans. Barsdate et al. (1974), while 

agreeing that ciliates increase phosphorus turnover in systems, argue that the 

direct excretion of phosphorus which the ciliates somehow induce in the 

bacteria themselves. In the experiment described here, the rate of uptake of 

phosphorus per unit biomass was no greater in the ciliate culture than in the 

flagellate and bacteria cultures. This indicates that individual bacteria 

were no more. active under heavily-grazed conditions than they w e r ~  r ~ n i l ~ r  . 

either lightly or ungrazed conditions (and thus supports the proposition that 

direct excretion of minerals by protozoans is the significant mechanism of 

mineral regeneration). 

Hunt et al. (2977) have proposed t.hat bacteria in carbon limited systcms 

respond differently to predation than when they are in nitrogen limited 

systems. In their-modeling exercise, they found that return of nutrients by 

predators did not stimulate nutrient uptake by bacteria under carbon limited 

conditions whereas nutrient return by predators did increase nutrient uptake 

under nutrient limited conditions. Hunt et al. explain the data of Barsdate 

et al. by saying that in that nitrogen-limited system, the lowering of 

bacterial biomass and the release of nitrogen by the predators caused an 

increase in the growth rate which resulted in an increased turnover of the 

non-limiting, nutrient phosphorus. 

It is reasonable to believe that the bacteria in this study were 

carbon-limited. Upon i~oculation of the cultures, their numbers increased 

until all energy yielding substrates were depleted from the medium after which 

the populations declined slowly in all but the ciliate culture. The ciliates 

effected a dramatic reduction in bacterial numbers and increased the level of . 

dissolved phosphorus, probably through excretion. But, since the bacteria 'k 



were carbon-l imited,  l i t t l e  a d d i t i o n a l  growth with a  r e s u l t a n t  demand f o r  

phosphorus was poss ib l e .  Both b a c t e r i a l  numbers and phosphorus uptake r a t e s  

remained low while t h e  unbound phosphorus l e v e l s  remained high. S t a t ed  

simply, t h i s  shows t h a t  c i l i a t e s  func t ion  i n  mineral cyc les  by making minerals  

ava i l ab l e .  The f a t e  of those  minerals  depends upon t h e  capac i ty  f o r  t h e i r  

u t i l i z a t i o n  by o the r  organisms. I n  a  system such a s  t h e  one descr ibed here ,  

changing t h e  l e v e l  of preda t ion  and/or  o the r  l i m i t i n g  f a c t o r s  could change the  

a c t i o n  of t h e  b a c t e r i a  with regard t o  phosphorus. 

There i s  widespread b e l i e f  t h a t  protozoan o r  o the r  grazers  s t imu la t e  

b a c t e r i a l  a c t i v i t y .  J o h a ~ e s  (1968) pos tu l a t ed  t h a t  t h i s  was accomplished by 

the  grazers  maintaining t h e  b a c t e r i a l  populat ions below t h e  car ry ing  capac i ty  

of t h e  environment. I n  o t h e r  words, t h e  b a c t e r i a l  populat ions were he ld  below I; ' ' 

l e v e l s  where dens i ty  dependent f a c t o r s  r e s t r i c t  b a c t e r i a l  growth. Curds . . 

(1977) has pointed out  t h a t  such a  process  does not  neces sa r i l y  mean t h a t  

t o t a l  b a c t e r i a l  a c t i v i t y  w i l l  be g r e a t e r  i n  a  grazed system s i n c e  t o t a l  
'r 

b a c t e r i a l  a c t i v i t y  i s  a  product of growth r a t e  and biomass. - .I-.!-. 

Fenchel (1977) has descr ibed grazed d e t r i t a l  systems which decompose more .t 

r ap id ly  than  do ungrazed systems. Enrichment with phosphorus speeds up 

decomposition i n  both grazed and ungrazed systems. Grazed systems dep le t e  t h e  

phosphorus i n  t h e  water t o  a s  low o r  lower l e v e l s  than  do ungrazed systems. 

Decomposition i n  t hese  systems appears t o  be phosphorus l imi t ed  b u t  t h e  

protozoans do not  appear t o  enhance b a c t e r i a l  a c t i v i t y  by regenera t ion  of 

phosphorus. Since Fenchel d id  no t  look a t  turnover  r a t e s  of phosphorus, it 

remains poss ib l e  t h a t  t h e  protozoans do cause more rap id  regenera t ion  of 

phosphorus which was masked i n  t h i s  i n s t ance  by a  corresponding inc rease  i n  

uptake r a t e .  The s i t u a t i o n  descr ibed by Fenchel i s  one i n  which t o t a l  

P b a c t e r i a l  a c t i v i t y  appcnrs t o  be g r e a t e r  i n  grazed a s  opposed t o  ungrazed 

sys tems . 



Whether bacteria are active or passive agents of mineral flux depends on 

the particular element under observation and on the metabolic rates and 

requirements at that point in time of the population. The effect of bacterial 

predators on mineral turnover can be either direct or indirect depending also 

on the mineral in question and its concentration relative to the metabolic 

requirements and rates of the community. The differences of opinion on the 

role of bacteria and their predators in mineral cycles have arisen largely as 

a result of differences in the systems studied. 

The major contribution of this study is that is casts considerable doubt 

on the validity of using the behavior of ciliates to draw conclusions 

concerning microflagellates. In recognition of this, it should be emphasized 

that while this study may indicate that heterotrophic microflagellates do not 

play a major role in energy and nutrient fluxes within pelagic marine 

ecosystems, it by no means proves this conclusively. As always in studies of 

this type it is impossible to clearly discern the relationship of an 

organism's behavior in culture to its behavior in nature. In addition, 

Rhyncomonas sp. may not be representative of all microflagellates. Ecologists 

use the term "microflagellatett to describe any small flagellate, and the most 

cursory of glances through a taxonomic key reveals that such organisms exist 

in a diverse group of taxonomic divisions. It remains possible that the 

ecological functions of ttmicrof~agellates" are as diverse as their taxonomy. 

This study also does not rule out a significant role for microflagellates in 

the whole range of marine ecosystems. Fenchel (1977) has data which indicates 

a significant role for microflagellates, particularly attached forms, in 

sediment ~yctemo. 

The role of bacterial predators in marine mineral cycles is a complex 

issue with the mechanisms of action and the magnitudes of the effects varying 



with the type of predator and the system in question. ~ejectlon of 

microflagellates as agents of major mineral flux does not cons<gn them to 

ecological exile. The ubiquity of their numbers and other evidence still 

indicates a central role for microflagellates in .the function of pelagic 

marine ecosystems (Sieburth et al. 1978). Since protozoans, like other 

organisms, exhibit morphological,. physiological, and behavioral 

characteristics bestowing fitness to their habitats (Bamforth 1981), 

understanding microflagellates should tell us something of these ecosystems. 

It has been demonstrated that small flagellates are indicative of early 

succession in terrestrial soils and sewage-polluted streams (Bamforth 1973). 

Thus we might speculate that the protozoan community is held in early 

successional stages in much of the ocean. Bamforth (1980) has divided 

terrestrial protozoans into "r" and "K" groups according to the 

MacArthur-Wilson concept. The "r" group, consisting of small, rapidly 

growing, forms is favored in areas where conditions allowing microbial growth 

occur intermittently and for short durations (hours or days). The fact that 

microflagellates are seen by oceanographers may tell us that conditions 

favorable for heterotrophic growth occur sporadically and for a short duration 

(on a protozoan time scale) in the ocean's economy and that the incapacity for 

overwhelming exploitation of resources is a successful strategy in that realm. 
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Figure $. Nomarski interference contras t  micrograph of a 

Rhyncomonas culture,  The small f l a g e l l a t e  is readi ly  iden t i f ied  

by its f la t tened,  oval shape, its proboscis (PB), and its t r a i l i n g  

poster ior  flagellum (PF). The f l age l l a t e  is surrounded by bacter ia  (B). 

X1250. Bar = IOum. 

2 
Figure ;rf. Transmission electron micrograph of a cross section 

i n  the dorsaventral plane of Rhyncomonas. To be seen are the  pro- 

boscis (PB), the anter ior  flagellum (A), the  cytopharynx (C), the  

adtochondrion (M), the nucleus (N), food vacuoles (FV), and bacteria (B) 

In the culture. The iden t i t y  of the translucent ce l lu l a r  inclusions 

(CI) is unknown. X30,8 0, B a r  = lun f 
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Figure f. Secceiun cuc rhruuph fuod vacuole ( W )  of a 

Rhyncomonas c e l l .  The bacterium contained i n  the vacuo1.e is 

c lose  i n  appearance t o  those outs ide  the  c e l l .  X41,400. 

Bar = 0.5um. 

4 
Figure 39. Nomarski i n t e r f  erence contras t  micrograph of 

the  c i l i a t e ,  Uronema marinw. Note the  pos te r io r  con t r ac t i l e  

vacuole (C), the  an t e r i o r  nucleus (N), and the  absence of c i l i a  - 

an rhe ancrriuu yule of the cell, X1350. Bar = 1 0 l r m ,  
e 
3 

Figure #. Nomarski i n t e r f  erence contras t  micrograph of 

Uronema showing the  o r a l  apparatus (0) and t he  s ing le ,  long, 

caudal cil ium. (T). X1250. Bar = 10um. 
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Figure g. Uptake of isotopes in the flagellate culture. 

DPM = di~ente~rations per minute ; j 3p ;  8 j 2 p .  





Figure H. Uptake of isotopes in the ciliate culture. 
DPM = disentegrations per minute ; 3 3 ~ ;  m 3 2 ~ .  









Figure @ Fraction of isotopes incorporated in the 
flagellate culture. e 3 3 ~ ;  rn "P. 
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Abs t rac t  

Microbial  p rocesses  pervade n e a r l y  a l l  a spec t s  of marine ecology and 

biogeochemistry.  Chroococcoid cyanobacter ia  a r e  s i g n i f i c a n t  primary producers  

i n  t h e  s e a ,  and protozoans may be s i g n i f i c a n t  consumers d o t  on ly  of primary 

products  of photosynthes is  b u t  of a l lochthonous inpu t s  of t e r r e s t r i a l  o r i g i n ,  

such a s  organic  p a r t i c l e s  and v o l a t i l e  organic  m a t e r i a l s  t r anspor t ed  t o  t h e  

sea by the,atrnosyhere.  Secondary product ion of  b a c t e r i a  i s . q u a n t i t a t i v e l y  

s i g n i f i c a n t ,  b u t  food cha ins  o r i g i n a t i n g  wi th  b a c t e r i a l  secondary product ion  

a r e  no t  wel l  understood. Most organic  ma t t e r  i s  transformed by b a c t e r i a ,  and 

mostly i n  t h e  upper 100 meters of t h e  ocean, where both  zooplankton and 

b a c t e r i a  a r e  a c t i v e .  The r e l a t i o n  of b a c t e r i a  t o  f eces  is we l l  known, but  

t h e i r  r o l e  i n  t h e  t ransformat ion  of organic  aggregates  and sea  snow i s  no t  

understood. P a r t  of t h e  d i f f i c u l t y  l i e s  i n  a l a c k  of consensus about t h e  

na tu re  and o r i g i n  of p a r t i c u l a t e  mat te r  i n  sea water .  Dissolved organic  

carbon i c  u t i l i z e d  by hnt.h f r e e - l i v i n g  and a t t ached  b a c t e r i a ,  b u t  measurements 

of he t e ro t roph ic  uptake y i e l d  varying r e s u l t s ,  depending on t h e  s u b s t r a t e  

chosen. While microorganisms a r e  v e r s a t i l e  and ubiqui tous  decomposers, t h e i r  

f a i l u r e s  may be a s  important a s  t h e i r  successes .  The condi t ions  under which 

organic  ma t t e r  i s  accumulated i n  sediments and u l t i m a t e l y  transformed i n t o  

D methane and petroleum must be such t h a t  b a c t ~ r i . a  a r e  unable t o  i n t e r c e p t  it. 



Introduction 

Marine microbial ecology is, as its name implies, an interdisciplinary 

pursuit which draws' not from two but from several disciplines, creating a 

unique and diversified field for research. The results of this interaction of 

disciplines have had some impact on ecological theory. Recent advances in 

marine microbial ecology have made the trophic level concept almost 

meaningless, because microorganisms enter food webs at many trophic levels 

simultaneously. Studies of microorganisms have contributed to the demise of 

the belief in a standard "ecological efficiency" of 10 per cent per trophic 

level, and they have done violence to the concept. of a pyramid of numbers, or 

biomass, in natural communities. At the same time, recent developments in 

microbial ecology have been influenced by ecological concepts and methods, and 

many of the classical methods of microbiology have been replaced in marine 

studies by ones which are more like the methods of other ecologists. The 

recent results have brought the realization that microbial activities in the 

ocean biome are greater quantitatively and more varied than marine ecologists 

had realized. 

Bacteria are potentially so fast growing and so responsive to changes in 

their environment that the microbial populations cultured from isolates taken 

from the sea sometimes bear little resemblarace to the popnlat inns actually 

living there. Laboratory cultures typically are highly enriched, while the , - .  

ocean, except for some potentially important microenvironments such as fecal 

pellets, is impoveri.shed in many essential nutrients. When organisms which 

are adapted to such poverty. are presented with the riches of the 

laboratory-culture environment, some change form and growth state dramatically 

while others simply die from the excess (Morita, 198'0; Wiebe and Pomeroy, 

1972). We are still defining the range of natural environmental conditions of 
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marine microorganisms, but it is apparent that many free-living marine 

bacteria live in and are physiologically adapted to conditions of extreme 

scarcity of resources. 

The counting of bacteria in sea water has become .successful and 

relatively easy with the development of fluorescent stains and epifluorescence 

microscopy. Because many marine bacteria do not grow in enriched media, 

culture methods lead to an underestimation of the numbers and biomass of 

bacteria in ocean water. They also tell little about growth state or 

metabolic activity. A number of approaches are being tried to discriminate 

among activity states of naturally occurring populations of marine bacteria. 

Often what the ecologist wishes to know is the rate of production or the 

metabolic rate, and several promising methods have been introduced re~ently.7~ 

Controversy has arisen over a number of significant roles bacteria may . 

play in marine ecosystems. Not only do they degrade many refractory 

substrates which might otherwise accumulate, but they also compete very 

effectively for labile substrates. Therefore, they may be significant links.? 

in. marine food chains. Questions about these roles are bringing marine 

microbial ecology into more direct contact with other areas of marine ecology. 

Marine ecologists are recognizing that they must consider the roles and 

effects of microorganisms if they are to understand marine food webs and 

trophic relationships. A t  the same time marine microbiologists are 

recognizing that microbial activities are interrelated with those of the 

eukaryotes at many levels and cannot be considered in total isolation. That 

recognition is reflected in the makeup of this conference. 



Historical Perspective 

Marine microbiology, like some of the organisms included in its study, 

remained small, with a long doubling time, for decades, only to undergo a 

pleomorphic change into a large, rapidly growing field. The preconditions 

necessary for such a burst of activity developed long ago, however. 

Recognition of the global significance of microorganisms goes back more than 

50 years (Vernadskii, 1926). A number of early studies implicated 

microorganisms in the utilization of both particulate and dissolved nrg~nic 

matter in sea water (Waksman et al., 1933; Keys et al,, 1935). In spite of 

this, much of marine microbial ecology remained isolated from other aspects of 

ecology, an isolation which appears to have been fostered both by 

microbiologists, whose approach to ecology has been quite distinctive, and by 

the specialists in higher organisms, who recognized no central role in marine 

ecosystems for microorganisms. Both groups perceived microorganisms as 

carrying out the utilization of dilute or refractory substrates but n o t  as 

serious competitors for the food of higher organisms or the nutrients of 

higher plants. This view is reflected even in most current textbooks on 

oceanography. For example, Parsons et al. (1977). devote 4 pages to 

chemosynthesis and 8 pages to heterotrophic processes, much of the latter an 

exposition of hyperbolic uptake functions. Since textbooks are us~lal ly  less 

than a decade behind the current literature, this is a measure of the rapidity 

of the change in the perceptions of marine biologists and microbiologists. 

The usual experimental method in microbiology involves the' isolation of 

defined organisms and their culture in defined media. A powerful approach, 

because everything is known and controlled, it is also the procedure against 



which all work in microbiology is judged. ' Many marine microbiologists have 

been understandably reluctant to involve themselves in direct studies of 

undefined ocean ecosystem, and of natural populations of bacteria, not all of 

which can be cultured and described fully at this time. For ecologists this 

is a familiar problem, one with which they have perhaps learned to live all 

too comfortably. In place of the defined conditions of the microbiologist or 

the laboratory chemist, the ecologist tends to fall back upon statistical 

inferences and order-of-magnitude differences. The significance of 

observations is less assured, but it is virtually all we have when we directly 

study the dirty, natural world around us. Some chemists and microbiologists 

are difficult to persuade that the clean, defined systems they study may not 

behave in the same way in nature that they do in the culture tube. In the 

case of the ocean, recent events have demonstrated that the systems we create 

for the study of marine bacteria are not like the ocean in a number of ways.. 

Most of the ocean is impoverished of both organic and some ino.rganic 

substrates. Most of it is very cold, quite dark, and does not support 

photoautotrophs as such. Moreover, it is not a single, uniform environment. 

Not only does the water column itself vary, but within it are numerous 

microhabitats for bacteria: living organisms, non-living particulate matter 

including feces, the surface film, and the bottom. 

Science is a world of ideas, and progress in science is limited 

~.,.lt.i.mat,e by the emergence of new ideas. Sometimes ideas seem to have a life 

of their own, emerging over and over unt.il  they are accepted by the scientitlc 

cominunity at large. Often, however, the emergence and acceptance of ideas is 

limited by our ability to test them. In the case of marine microbial ecology 

there have been severe limits in methodology. The usual defined-culture 



methods limited our perception and understanding of the real-ocean ecosystems, 

but those ecosystems were not readily accessible to us as investigators. In 

recent years an array of new, powerful methods has changed that, and 

investigators are trying to catch up with technology which offers new insights 

into marine microbial ecology. 

The Ocean's Roles in the Global Cycle of Carbon 

Primary Prnduction-- Very small autotrophs are responsible for a 

substantial fraction of total phar.nsynthesic in the ucean, often more than 90 

per cent (Malone, 1980). Chroocnccoid cyanobacteria are now known to be 

ubiquitous and abundant in the ocean (Waterbury et al., 1979; Johnson and 

Sieburth, 1979). Substantial populations of small autotrophic flagellates of 

various taxa are g1oball.y abundant. It is Loo early to say whether the 

flagellates or the cyanobacteria are mainly responsible for photosynthetic 

activity in the ocean, or whether dominance shifts from one to the other under 

various environmental conditions. On a global basis organisms (10 ym are 

responsible for much of the fixation nf organic carbon in the ocean, with 

dominance shift.i,ng to largcr phytuplankeon in some river plumes and 

upwellings. 

3everal gaps in our knowledge of primary production remain be fillcd. 

A very important one is verification of the va1idit.y nf the methods tu~rtrx~tly- 

in use. There have been many challenges to the 14c method over the ycars 

(Ryther, 1956; Odum e t  al., 1963), but recently these have risen in frequency. 

A serious criticism is that the incubation time is long relative to the rate 

of flux of carbon down the food chain. The microcrustacean food chain i.s 

usually eliminated from the bottles in which photosynthetic rate is measured, 

but the protozoan food chain is not. In the absence of much data no concensus 
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exists at this time regarding the rate at which ciliates and heterotrophic 

flagellates feed on photoautotrophic microflagellates and cyanobacteria. The 

few published observations suggest considerable variability. The po.ssibility 

does exist for substantial cycling of carbon through a protozoan food .chain 

(Figure 1) , even in a '4-6 hour experiment (Haas and ' Webb, 1979 ; King et al., 
1980). DOC released by phytoplankton and organic carbon respired as C02 will 

not be measured. While we. do not have direct experimental evidence on which 

to base a good estimate of the significance of these pathways of carbon flux, 

we know the biomass of protozoans in the ocean and their metabolic ra-te are 

sufficient to warrant serious. consideration with respect to this problem. 

Quantification of this food chain may go a long way toward explaining 

so-called bottle effects on production of both phytoplankton and bacteria. 

Allochth.onous Materials-- Input of organic matter from the land to the sea 

has been the subject of ,speculation and possible overemphasis, but recent work 

on the characterization of humates suggests that most marine organic matter 

originates in the. sea. Inputs of particulate organic matter occur, including 

logs, leaves, and garbage introduced by rivers may be of local importance and 

may even support certain consumer populations in unique ways, and river-borne 

allochthonous organic matter may even be significant in the global cycle of 

carbon. Micro-organic matter moving from the land through the atmosphere may- 

be equally significant, however. Fallout of both-inorganic and organic dust. 

of continental origin has. been extensively documented (Delaney et al.. , 1967; 
Folger, 1970). A number of organisms, fungus hyphae, spores, and freshwater 

diatoms, are common constituents of dust samples taken over the North 

Atlantic. I once examined some freshly collected samples of atmospheric 

D 
particles at Bermuda (Bricker and Prospero, 1969) and was surprised to see 



numerous o rgan ic  p a r t i c l e s  s i m i l a r  i n  appearance t o  t h e  c l a s s  of organic  

aggrega tes  c a l l e d  f l a k e s  (R i l ey ,  1963; Gordon, 1970a). Of course,  t hese  might 

have been organic  aggrega tes  swept i n t o  t h e  atmosphere from the  sea sur face .  

However, t hey  were c o l l e c t e d  i n  mid-summer, a t  a  time of r e l a t i v e l y  calm s e a s ,  

and Fo lge r  (1970) r e p o r t s  f i nd ing  only  t e r r igenous  organic  p a r t i c l e s  over t h e  

North A t l a n t i c .  Folger  (1970). examined water  samples f o r  p a r t i c l e s  of 

t e r r e s t r i a l  o r i g i n  and i d e n t i f i e d  mostly organic  ones,  l a r g e l y  concentrated i n  

what he c a l l e d  o rgan ic  aggrega tes .  Probably they  were l a r g e l y  f e c a l ,  b u t  i n  

any case  he p o s t u l a t e d  t h a t  t h e y  would be inges ted  and would be removed t o  the , 

deep water  a s  f e c a l  mat te r .  I n  t h i s  connect ion it i s  in te res t ing  t o  note t h a t  

Gordon (1970b) d e t e c t e d  a  seasonal  v a r i a t i o n  i n  p a r t i c u l a t e  organic  mat te r  i n  

t h e  North A t l a n t i c ,  wi th  a  w in te r  maximum. Gordon showed t h a t  a t  l e a s t  20% of 

t h i s  was r e a d i l y  hydrolyzed by p r o t e o l y t i c  enzymes, so  presumably it had 

a r r i v e d  r e c e n t l y  and was s u b j e c t  t o  f u t u r e  microbia l  t ransformat ion .  Since 

t h e  win te r  maximum corresponds no t  with t h e  seasonal  peak i n  su r f ace  primary 

product ion  b u t  w i th  win te r  winds, t h e  win te r  pu l se  of POC may be allochthonous 

t e r r e s t r i a l  o rganic  dus t .  

V o l a t i l e  organic  m a t e r i a l s ,  such a s  te rpenes  and organic  s u l f i d e s ,  a r e  

moved i n t o  t h e  atmosphere from both  t e r r e s t r i a l  and marine sources.  The f l u x  

9 of  t e rpenes  was c rudely  es t imated  by Went (1966) t o  be 10 tons lyea r ,  which is  

on t h e  o r d e r  of 10 pe r  cen t  of g loba l  photosynthes is  and 1000 times t h e  input -  

of  petroleum t o  t h e  ocean (Morris e t  a l . ,  1976). This does not  inc lude  a l l  

v o l a t i l e  organic  m a t e r i a l s  a n a l y t i c a l l y  recognized today,  and it ignores  

p a r t i c u l a t e  f l ux .  Current  i n t e r e s t  i n  t h e  organic  s u l f i d e s  has focused on 

t h e i r  ox ida t ion  i n  t h e  upper atmosphere and t h e i r  impact on t h e  ozone l aye r .  

However, some f r a c t i o n  of t h e s e  m a t e r i a l s  must a l s o  be washed ou t  i n  r a i n f a l l  

and d r y f a l l  over t he  ocean, where they  may be transformed by b a c t e r i a .  The 



.' 
v observation (Rasmussen and Went, 1965; Went et al., 1967) that a significant 

flux of volatile organic matter from terrestrial vegetation. forms condensation. 

nuclei in the atmosphere has been followed up by a number of investigators. 

While the nature, source, and residence time of both volatile and particulate 

organic materials in the atmosphere remains uncertain, a fairly uniform 

concentration of condensation nuclei has been found over the ocean, on the 

order of 500/cc (Elliott, 1976; Ketseridis et al., 1976; Eichma~ et al. , 
1979). Their chemical composition is uniform and is compatible with either an 

origin from plants, both terrestrial and marine, or from anthropogenic 

sources. Sooner or later most organic fallout is going.to be transformed by 

microorganisms, in soils or in the ocean. Although allochthonous inputs to 

the sea are probably small compared to phytoplankton photosynthesis, they may".' 

not be trivial. Because of their physiochemical nature, they are probably ."' 

assimilated in the sea by microorgani,srns. These inputs and the resulting food 

web are worth further study. Interactions between continental, atmospheric, 
+.+ 

and oceanic constituents present logistically difficult interdisciplinary ,- 

'1 . 
problems which often are ignored as a result. .>.. 

Secondary Production-- The significant gaps in our understanding of primary 

sources of organic carbon in the ocean are small by comparison with the gaps 

in our knowledge of secondary production. Many marine biologists believe that 

secondary production is only the production of microcrustacea, but there is 

also a very substantial production of microorganisms (Fuhrman and Azam, 1980; 

Fuhrman et al., 1980). The credibility of microbial production data has 

suffered, because there is no single, generally accepted method for measuring 

it in the.ocean. Moreover, estimates by the various methods have differed by 

f ordcrs of magnitude. While investigators s&i.ll do not agree on a single 



method, the divergence between results by current. methods is narrowing to 

virtual agreement. The methods of Karl (1979) and Fuhrman and Azam (1980), 

which are somewhat similar in approach, appear to be in reasonable agreement 

not only with each other but also with the method of Hagstrom et al. (1979) 

which is based on the frequency of dividing cells. Therefore, we can probably 

have at least as much confidence in the recent data on bacterial production as 

in the data on primary production. If so, there can be little doubt that 

bacterial production and also bacterial consumption of organic carbon in the 

sea is a significant part of the total carbon flux. That proposition is not 

accepted, however, by many marine biologists. Walsh et al. (1981) claim to 

have discovered the "missing carbon" in global models to be excess production 

by phytoplankton on continental shelves, based on simulation modeling which 

includes no microbial pathways. 

In view of all of the uncertainties about the flux of carbon through 

marine food webs, one is drawn to the conclusion that predictive modeling of 

the global cycle of carbon really is not possible until there is fundamental 

agreement on some important biological fluxes -- not only their amoilnt hut 
their very existence. All models suffer from the condensation necessary to 

keep them within the capacity of computing.facilities. As a result, each 

model tends to emphasize those features of the system which the modeler 

believes to be significant. If we can ever a g r w  nn whet those featurec arc, .  

modeling may become really predictive as well as the heueristic device it is 

today.. 

Microbial Roles in Carbon Flux-- Bacteria have a generally accepted role in 

the transformation of particulate organic carbon (POC) to living biomass, but 
. . 

there is little agreement on how they do it. The evidence, such as it is, 



comes from observations of particulate material in the water (Wiebe and 

Pomeroy, 1972) and from microcosm experiments in which bacterial 

transformations of particulate material of various kinds were observed (Kranck 

and Milligan, 1980; Tenore, 1977; Tenore et al., 1977; Fenchel, 1970; 

Herbland, 1975). The reality of these latter observations as representing 

what happens in the ocean varies from.none to considerable, most of them 

suffering from the effects of excessive concentration of organic subst'rates. 

The origin of particulate matter in the open ocean must be primarily from 

phytoplankton. Only a small fraction of the particulate matter in ocean water 

is visually recognizable as algal remains. However, histochemical'tests show 

that most of it reacts like phytoplankton (Gordon, 19'70b; Wiebe and Pomeroy, 

1972), so the remainder must have passed through some process which . . 

transformed phytoplankton or products of phytoplankton into what we see in the 

ocean and call particulate organic detritus. The most obvious processes are 

grazing, predation, and defecation. 

Particulate material is also formed as organic aggregates (Riley, 1963). 

Although this term has appeared in many different contexts, originally and as, 

used here this term is limited to particles which form authigenically - (de 

novo) .,- in ocean water, from organic matter derived ultimately from marine 

photosynthesis., Several mechanisms of authigenic organic particle formatiou 

have been confirmed (Johnson, 1976; Johnson and Cooke, 1980; Wheeler, 1974), - 
but there has not been.any quantification of the rate. of formation of 

aggregates in the ocean. The relationship of microorganisms to aggregates has 

been the subject of debate since the concept of aggregate formation emerged. 

Some investigators have suggested that aggregates form only in the presence of 

bacteria, either because they are really products of the bacteria, such as 

i' 
slime or o the r  secretions, or because bacteria in some way catalyze aggregate 



formation.  Ne i the r  of t h e s e  occurs  i n  t h e  case of aggregates  produced by 

bubble c o l l a p s e ,  b u t  secondary aggrega t ion  of l a r g e  p a r t i c l e s  (sea snow) 

o r i g i n a l l y  produced by bubbling ( e .  g.  Kranck and Pl i l l igan ,  1980) may involve 

b a c t e r i a l  p rocesses  i n  t h e  water .  

Once formed, aggrega tes  presumably a r e  p o t e n t i a l  s u b s t r a t e s  f o r  t h e  

growth of  b a c t e r i a ,  a l though he re  aga in  t h e  observa t iona l  evidence is s l i g h t .  

B a c t e r i a  a r e  r epo r t ed  t o  be p r e s e n t  on some aggregates  i n  sea  water  and n o t  on 

o t h e r s  (Pomeroy and Johannes, 1968; Wiehe and Pomcroy, 1972). Observers 

d i f f e r  on t h e  frequency of a t t a c h e d  b a c t e r i a  and t h e i r  sigeificanre. There i s  

no experimental  evidence showing whether organic  aggregates  are transformed 

i n t o  b a c t e r i a l  biomass, d iges t ed  d i r e c t l y  by eukaryotes ,  o r  both.  Presumably 

they  a r e  u t i l i z e d  i n  t h e  food web i n  one way o r  another ,  because they  a r e  r a r e  

i n  deep water  >500 m (Wiebe and Pomeroy, 1972). Another p o s s i b i l i t y  is  t h a t  

most cont inue  t o  aggregate  w i th  each o t h e r  u n t i l  they  become s e a  snow l a r g e  

enough t o  s i n k  (Shanks and Tren t ,  1980). 

One of  t h e  d i f f i c u l t i e s  with observa t ions  of p a r t i c u l a t e  ma t t e r  i n  

samples of  ocean water  i s  t h e  l a c k  of agreement among observers  about t h e  

nature of t h e  p a r t i c l e s  they  see and describe. Many kindu o f  p a r t i c l e s ,  

including sea snow, have been descr ibed  a s  aggregates .  Only r a r e l y  have 

p a r t i c l e s  c o l l e c t e d  i n  t h e  water  been descr ibed  a s  f e c a l ,  perhaps because of 

t h e  widespread b e l i e f  t h a t  a l l  f e c a l  ma t t e r  i s  i n  t h e  form of p e l l e t s  which . 

f a l l  r a p i d l y  t o  t h e  bottom. Even i n  t he  case  of t h e  microcrustacea t h i s  i s  

noL t r u e  (Hofmam e t  a l .  , 1981). The ea r ly  1 i.fe h i s t o r y  o t n c c s  of 

microcrus tacea  produce ve ry  smal l  f e c a l  p a r t i c l e s  which do n o t  s i n k  r ap id ly .  

Other  p lanktonic  organisms produce l e s s  compacted f e c e s ,  o f t e n  l ack ing  a  

p e r i t r o p h i c  me~nbrane. The p e l a g i c  t u n i c a t e s ,  which sweep from t h e  water  t h e  

s m a l l e s t  organisms, produce f e c a l  r ibbons c o n s i s t i n g  of a . g e l a t i n o u s  mat r ix  i n  



which boluses of compacted material appear sequentially. The ribbons are 

fragile, break apart soon after release, and the boluses sink rapidly and fall 

to the ocean's bottom. They have been collected in sediment traps and 

unfortunately called fecal pellets (Honjo, 1978; 1980). The .boluses are 

perhaps half of the total fecal material. The remainder of the fecal ribbon 

disintegrates into small (-50 pm) fragments which remain in the water. They 

are rapidly colonized. by bacteria and subsequently by protozoans (Pomeroy and 

Deibel, 1980)'. Over several days they disintegrate into very small fragments 

which 'do not appear to be further colonized by bacteria. In the ocean such 

particles have a significant chance of being reingested, and they may be 

actively sought by grazers. Certainly they are a potentially good source of 

food for either grazers or net feeders, containing bacteria, protozoa, and 

little-digested phytoplankton. 

The fecal pellets of copepods are also transformed by bacteria and 

protozoans (Ferrante and Ptak, 1978; Turner and Ferrante, 1979). Depending on 

their size and rate of fall through the.water, which may be from zero to 

hundreds' of meters per day, fecal pellets in the water column will contain 

bacterial and protozoan biomass and will be a good source of nutrition for 

grazers.. Considering the scarcity of nutritionally suitable materials in the 

ocean, it seems probable that there are zooplankton which selectively seek and 

eat fecal materials. If they do not, they are ignoring a substantial supply . 

of nutrition.  ith her through direct ingestion or bacterial transformation, 

most fecal material does not reach-.the bottom of the ocean (Bishop et al., 

1977 ; 1978; 1980).   his does not in any way con£ lict. with the observations of 

fecal materials in sediment traps in deep water, but it does contradict the 

implication that all fecal matter falls to the bottom (e. g. Steele, 19.74), 

F 
even in shallow shelves and epicontinental seas. 



The efficiency and versatility with which bacteria transform organic 

substrates makes them different from other components of food webs. 

Laboratory studies of assimilation efficiency show bacteria to be the most 

efficient of all organisms (Payne, 1970; Ho and Payne, 1979). From the 

viewpoint of microbial ecology it is unfortunate that these studies were done 

at substrate concentrations higher than those ordinarily found in sea water. 

While efficiency actually seemed to increase with decreasing substrate 

concentration, the lowest concentrations were still ahnvc natural ones, and 

one would expect efficiency to begin to drop off at some point. Estimates 

derived from uptake of defined substrates labeled with 14c suggest that 

efficiency does not drop and is still 70-80 per cent at natural substrate 

concentrations (Hobbie and Crawford, 1969; Williams, 1970). If this is so, 

bacterial transformations of dilute or relatively refractory materials in the 

ocean may be accomplished with much greater efficiency than ecologists 

ordinarily assume, and more bacterial biomass than emected may be avail.ah1.e 

to consumers. 

Studies of heterotrophic uptake have shown that bacteria do utilize 

dissolved substrates in microgram and even nanogram concentrations (Wright and 

Hobbie, 1966; Hobbie and Crawford, 1969; Azam and Holm-Hansen, 1973). There 

may be lower limits below which bacteria do'not remove substrates from the 

water or shift to another more abundant substrate. Experiments which would - 

verify this do not appear to have been done, although they might be rather 

straightforward. . Bacteria do have different lower concentration limits for 

the uptake of various compounds, for ATP is taken up at concentrations far 

below the normal concentrations of glucose or individual amino acids; 

Uptake experiments involving defined s ~ i b s t t a ~ e s  may not reflect the rate 

of uptake of naturally produced organic compounds. Undefined DOM from 



phytoplankton was u t i l i z e d  by b a c t e r i a  more r ap id ly  than  defined substances 

(Smith and Wiebe, 1976; Wiebe and Smith, 1977). Jacobsen. (1981) a l s o  found 

s i g n i f i c a n t l y  f a s t e r  uptake of DON produced by a  diatom c u l t u r e  t han  of 

def ined s u b s t r a t e s  a t  comparable concent ra t ions .  While there  may be some odd 

compound lu rk ing  i n  t h e  DOM pool  which i s  more s i g n i f i c a n t  i n  t h e  f l u x  of 

l a b i l e  DOM than  t h e  compounds people have chosen t o  s tudy ,  we have no c lue  t o  

i t s  i d e n t i t y .  Perhaps a large number of  compounds a r e  r e l ea sed  by 

phytoplankton and t h e  c o l l e c t i v e  uptake of a l l  of them, u t i l i z i n g  many s e t s  of 

uptake s i t e s ,  i s  a t  l e a s t  o rde r  of magnitude f a s t e r  than  uptake of any one. 

This  hypothesis  should be  t e s t a b l e  wi th  t h e  range of def ined  s u b s t a t e s  now a t  

hand. 

F ree  b a c t e r i a  i n  t h e  water have no source of n u t r i t i o n  o the r  than  ..., 

disso lved  s u b s t r a t e s ,  while  a t t ached  b a c t e r i a  presumably a r e  u t i l i z i n g  t h e i r ,  

p a r t i c u l a t e  environment bo th  a s  h a b i t a t  and s u b s t r a t e  while  u t i l i z i n g  

d isso lved  m a t e r i a 1 . a ~  wel l .  Hodson e t  a l .  (1981) measured. t h e  uptake of 

l abe l ed  ATP by f r e e  and . a t t ached  b a c t e r i a ,  us ing  a  6 Vrn Nuclepore f i l t e r  t o  

s epa ra t e  f r e e .  b a c t e r i a  from l a r g e r  p a r t i c l e s  wi th  a t tached  b a c t e r i a . .  Although q .. 

3 t h e r e  were about 10 l a r g e ,  a t t ached .  b a c t e r i a .  p e r  m l  and lo5 small  f r e e  

b a c t e r i a  p e r  m l ,  t h e  two popula t ions  took up approximately equal  amounts of 

t h e  l abe l ed  s u b s t r a t e .  Because of t h e i r  s i z e  d i f f e r ence ,  when t h e  uptake 

r a t e s  were expressed per  u n i t  biomass o r  pe r  u n i t  b a c t e r i a l  su r f ace  a r e a ,  the.  
- 

two popula t ions  were see* t o  b e  exposing t h e  same amount of c e l l  su r f ace  t o  

t h e  water and presumably had t h e  same, number of uptake s i t e s . p e r . . u n i t  of 

s u r f a c e  area. The two popula t ions  were equa l ly  a c t i v e  and had nea r ly  t he  same 

biomass. This  may not , .however ,  b e , t h e  case  throughout t h e  ocean. 



Respiration-- In evaluating bacteria as movers of energy and 'materials in 

the ocean, we need to measure the respiratory rate of marine bacteria in their 

natural state, but it has proven to be difficult. The rate of respiration per 

unit volume of natural sea water is too small to be measured directly. In 

estuarine and coastal water, direct measurements are now possible with the 

high-precision Winkler method (Bryan et al. , 1976). Concentration of 

microorganisms from a large volume of ocean water in order to make respiratory 

rate measurements possible leads to deactivation or loss of a significant 

fraction of the activity. In the reverse flow concentration method of Pomeroy 

and J o h a ~ e s  (1968) probably the free bacteria were largely Lost through the 

filters which were used, leaving the attached bacteria and phytoplankton, 

which may account for about half of'total microbial respiration. Today 

Nuclepore filters offer a major improvement, but there are still serious 

questions, about the effects of concentration on respiratory rate. Moreover, 

there are problems in separating the respiration of phytoplankton from that of 

bacteria. Mechanical separation of the free bacteria probably can be 

accomplished, but separation of bacteria attached to detritus from the 

phytoplankton and Protozoa is still impossible. A study of the ratio of 

adenylates to chlorophyll in ocean water suggests that most of the biomass, 

most of the time, is phytoplankton (Campbell et al., 1979). It may follnw 

that most of the respiration which i s  rn~as~lrerl in natural sea - water ic that sf 

phytoplankton. Therefore, we need ultimately not only a sensitive method for 

measuring respiratory rate in the ocean but also the means to discriminate 

between the respiration of free bacteria, attached bacteria, phytoplankton, 

cyanobacteria, and other microorganisms. 



Sources and Sinks of   is solved Organic Carbon-- . One o f .  t he  l a r g e s t  s tanding  

s tocks  of carbon on the  p l a n e t  i s  t h a t  of d i sso lved  organic  carbon (DOC) i n  

ocean water ,  which i s  r a t h e r  uniformly d i s t r i b u t e d  throughout t h e  ocean 

(Menzel and Ryther,  1968), and has a mean radiocarbon age i n  deep water on t h e  

o rde r  of 3000 yea r s  (Williams e t  a l . ,  1969). The DOC i s  r e l a t i v e l y  

r e f r a c t o r y .  A l l  o r  some of t h i s  m a t e r i a l  is  be l ieved  t o  be transformed by 

f r e e - l i v i n g  deep-sea b a c t e r i a ,  which a r e  slow-growing psychrophiles ,  and t h i s  

i s  reasonable,  i n  view of t h e  f a c t  t h a t  res idence  time of DOC i n  t h e  ocean i s  

+ 
orde r s  of magnitude s h o r t e r  than  t h a t  of Na o r  C 1 .  Fu r the r  c l a r i f i c a t i o n  of 

t h e  n a t u r e  and f a t e  of t h i s  m a t e r i a l  would be worthwhile i n  view of t h e  s i z e  . 

of t h e  DOC pool ,  a l though n o t  more than  0.5 pe r  cent  of primary product ion i s  

es t imated  t o  e n t e r  t h e  DOC pool i n  deep water (Williams e t  a l . ,  1969). 

I n  t h e  upper mixed l a y e r  of t h e  ocean we f i n d  microgram-per-li ter 

q u a n t i t i e s  of monosaccharides and amino a c i d s  and nanogram-per-li ter 
1 

q u a n t i t i e s  of such m e t a b i l i t e s  a s  ATP (Azam and Hodson, 1977). The res idence  

time of t h e s e  l a b i l e  m a t e r i a l s  v a r i e s  widely (Azam and Holm-Hansen, 1973; 

Hodson e t  a l . ,  1981) b u t  i s  never a s  long a s  t h a t  of t h e . p o o l  of r e f r a c t o r y  . '  

DOC. We do not  know wi th  c e r t a i n t y  t h e  source ,  t h e  r a t e  of product ion,  o r  .the 

f a t e  of t h e  l a b i l e  DOC, a l though it has been gene ra l ly  assumed t o  be produced 

by phytoplankton (Fogg, 1971; Thomas, 1971; Nalewajko, 1977). Other secondary 

sources  of DOC may i n  f a c t  prove t o  be more s i g n i f i c a n t  than  primary r e l e a s e  - 
from phytoplankton. DOC i s  produced by zooplankton through e x c r e t i o n  and 

de feca t ion  (Pomeroy e t  a l .  , 1963; Lampert, 1978). Fu r the r  DOC i s  produced 

during che t ransformat ion  of f e c a l  m a t e r i a l s  by b a c t e r i a  and protozoans,  most 

of which takes  p l ace  i n  t h e  upper 100 meters of t h e  water  column. A s tudy  of 

t h e  food web of t h e  Ca l i fo rn i a  b i g h t  sugges ts  t h a t  more DOC o r i g i n a t e s  from 

f 
zooplankton t.han from phytoplankton (Fuhrman e t  a l . ,  1980). A s h i f t  of 



attention from phytoplankton to zooplankton as producers of DOC may be 

appropriate, while bacteria should be viewed both as producers and consumers 

of DOC. 

One of the,impediments to understanding oceanic DOC is that it has not 

been described qualitatively, and doing so is a difficult task at present. 

The refractory DOC which makes up most of the standing stock is presumably 

humic and fulvic in character, but what is particularly difficult to 

characterize is the labile material, which is probably diverse in origin and 

chemistry. .However, it constitutes 99 per cent of the DOC flux. Those 

compounds present in the smallest standing stock and therefore most difficult 

to find are probably the most significant in terms of short turnover time and 

high flux rate while the less labile materials tend to accumulate. 

The Significance of Decomposition 

While no one doubts t h a t  marine bacteria are responsible for 111uch 

decomposition of organic substrates, including DOC, a number of interesting 

questions remain concerning the long-term global effects of microbial 

processes, for there are some notable exceptions in decomposer abilities 

(Alexander, 1980). Synthetic organic materials provide 3 new and sudden 

challenge to bacterial versatility, and if bacteria were totally efficient in 

Lra~lsforming a l l  substrates, there would be no petroleum, coal, or methane in- 

the sedimentary rocks. Would there also be no oxygen in the.atmosphere? 

Although this is widely.believed, the evidence is less than compelling. 

Fossil Carbon, Recent Oxygen, and Chroococcoid Photosynthesis-- The 

orthodox view of the history of the planet is that the atmosphere lacked 

oxygen until the rise of oxygen-producing photosynthetic organisms. Once 



photosynthesis began, according to this view, some reduced carbon was lost to 

the sediments, excess oxygen. was released. to-the, atmosphere, and all. of the . . .  

excess reduced. compounds near the surface of the earth, both organic and 

inorganic, were oxidized. Then, as all exposed. reduced materials became 

oxidized, oxygen began to accumulate in the atmosphere. .Such a reasonable and 

widely accepted paradigm is difficult to challenge, but several investigators 

have. Van Valen (1971) pointed out that a major source of oxygen is the 

photolysis of water .in.the upper atmosphere and'the subsequent loss of 

hydrogen to the solar wind as it streams past the earth. The large 

requirement for oxygen over the history of the planet, amounting to 1000 times 

the present standing stock, could have been supplied by.the net difference 

between planetary photosynthesis and respiration, even though it was very 
.2: 

small. However, regulation of oxygen in the atmosphere appears to be very 

weak, and it may have varied by a factor of 10 (Cope and Chaloner 1980). 

Furthermore, there is evidence. that photosynthesis of the oxygen-producing 

kind evolved only after the oxygen content of the atmosphere had gone well . 

above the Pasteur point (Schwartz and Dayhoff, 1978). We still do not have a .: 

really good estimate of the. rate of production of oxygen in the upper 

atmosphere and know even less about the factors which may cause that rate to 

vary over time. Therefore, we cannot determine whether the biosphere'really 

influences the oxygen content of the present atmosphere significantly. With . 

respect to the early atmosphere, oxygen-producing photosynthesis may have , 

evolved in response.to an acute need for reduced carbon compounds.at a time 

when an oxidizing atmosphere and rampant oxidative metabolism made 

photoautotrophy an essential part of the evolving biosphere. If this were the 

course of events, probably the pioneers were the small chroococco,id 

b 
cyanobacteria. 



One of t he  pervas ive  myster ies  a s soc i a t ed  with t h e  accumulation of 

petroleum .is how t h i s  accumulation began and how it escaped b a c t e r i a l  

t ransformat ion .  We look i n  v a i n  f o r  evidence in. t h e  p r e s e n t  ocean of t h e  

p recu r so r s  of hydrocarbon concent ra t ions .  Because we f i n d  s o  many hydrocarbon 

d e p o s i t s  of  many d i f f e r e n t  ages ,  i s  t h i s  a r a t h e r  unusual per iod  i n  t h e  

e a r t h ' s  h i s t o r y ?  P o r t e r  and Robbins (1981) sugges t  t h a t  condi t ions  f o r  

accumulat ion of o rgan ic  ma t t e r  occur o f f  C a l i f o r n i a ,  b u t  t h i s  is d i f f i c u l t  t o  

pe rce ive .  The b a s i n s  a r e  w e l l  oxygenated a l l  t h e  way t o  bottom. However, t h e  

bottom nea r  shore  under t h e  Peruvian upwelling reg ion ,  i s  anaerobic,  o r  very 

n e a r l y  s o ,  wi th  green sediments .  Feca l  p e l l e t s  may be an important  

c o n s t i t u e n t ,  and t h e  high concen t r a t ion  of  porphyrins  suggested by t h e  co lo r  

o f  t h e  sediments i s  susp ic ious .  No one seems t o  have looked a t  them from t h a t  

viewpoint .  However, it i s  n o t  c l e a r  how nearshore sediments on an  orogenic 

c o a s t  w i l l  be  conserved. A p iece  of t h e  puzz le  may s t i l l  be  missing. 

The Ol igot rophic  Ocean-- L i t t l e  organic  ma t t e r  accumulates on t h e  bottom of 

t h e  ocean, f o r  what f a l l s  has  t o  run t h e  g a u n t l e t  of hungry mouths through 

f o u r  k i lometers  of wa te r ,  and it has t o  f a l l  r a p i d l y  enough t o  escape 

b a c t e r i a l  decomposition. What does f a l l  is  transformed by t h e  he t e ro t roph ic  

food web. Considerable l a y e r i n g  of a c t i v i t y  appears  t o  be  o r c h e s t r a t e d  by t h e  

p h y s i c a l  regime of s o l a r  i l l u m i n a t i o n  which promotes both  photosynthes is  and - 

thermal  s t r a t i f i c a t i o n .  S o l a r  p e n e t r a t i o n  i s  maximal i n  t h e  b l u e  water of t h e  

ocean, b u t  t h e  ocean would be  more product ive  i f  t h e r e  were more phytoplankton 

t o  i n t e r c e p t  t h e  l i g h t  near  t h e  s u r f a c e  of t h e  water ,  a s  i s  t h e  case  near  

shore .  S t r a t i f i c a t i o n  c rea t ed  l a r g e l y  by s o l a r  warming appears  t o  have a 

g r e a t  i n f luence  on t h e  way t h e  ocean works a s  a biome, and most l i k e l y  t h e  

ocean would be a more product ive  p l ace  i f  it were more mixed f o r  a s  we a l l  



know, some of the most productive places are those where water upwells from 

below the usual depth of the thermocline. Sverdrup (1955) predicted that this 

would be so, and except for that part of the year when the Antarctic is in 

darkness and extreme cold, all of the regions of upwelling identified by 

Sverdrup have proven to be exceptionally productive. However, this 

productivity requires alternate episodes of upwelling and stability. A 

continuously mixed ocean is not productive, and there is an optimum mixing 

intensity (Eppley and Peterson, 1979). 

Most of the ocean is stratified however, and the thermocline is a barrier 

to flux in both directions, although we usually think of it primarily as a 

barrier to the upwelling of nitrate. Only relatively large (>lo0 pm) fecal 

particles and the occasional dead organism go swiftly through the thermocline, 

toward bottom. So the fallout which is so desperately needed at the bottom 

diminished both by hungry mouths along the way and by bacteria doing their . 

work both in the upper mixed layer and in the oxygen minimum layer in the 

thermocline. 

' Bubnov (1966) and tlenzel and Ryther (1968) asserted that the oxygen 

minimum layers of the major ocean basins are only an artifact of the physical 

regime, with no significant biological activity except at the point of origin, 

said to be an upwelling region, where water of reduced dissolved oxygen 

content produced beneath the productive upwelling slides across the ocean - 

along a constant-density isopleth. The intensity of the oxygen minimum also 

decreases with distance from the upwelling, an observation which caused the 

investigators to suggest that all that is happening, once the water leaves its 

biologically active origin, is gradual diffusive exchange with the adjacent 

water masses. There is evidence, however, that,some distinctive biological 

D 
activities do occur in oxygen minima. Karl et al. (1976) reported a large 



ATP maximum, app.roaching half.the near-surface value, in the oxygen minimum 

layer of the central North Atlantic, and they assumed that this represented a 

large population of bacteria. On several cruises in the western North 

Atlantic and the Caribbean my colleagues and I have found that the number of 

bacteria in the oxygen minimum layer is greater than that in adjacent water. 

Moreover, the oxygen minimum layer is the only place in the water column, 

other than the interior of fecal pellets, where we have seen motile bacteria, 

a characteristic of an environment ~f diminished dissolved oxygen (Hobbie et 

al. , 1972). Fellows, Karl, and Knauer (1981) found an increase in RNA 

synthesis in the oxygen-minimum layer in the northeast Pacific Ocean. These 

evidences of bacterial biomass and activity in oxygen minima suggest that the 

layers receive a sufficient source of energy and are sites of biological 

activity. 

Marine Humus-- Litter and humus are important parts nf the terrestrial 

environment where they provide both a habitat and a substrate for . 

microorganisms (Wiegert and Owen 1971). In terrestrial environments litter is 

produced mostly by direct fall of plant materials from the overstory. In the 

marine biome most litter is microscopic. Some bloom organisms such as 

Trichodesmium, which are not readily eaten by most zooplankton, do accumulate 

and become detritus. Movies of zooplankton feeding by Strickler and 

PaffenhGfer show that feeding is sometimes inefficient, especially when the 

food is iong chains of diatoms. Predators are also less than perfectly 

efficient in consuming planktonic prey (Dagg, 1974). So, while Steele's 

(1974) assumption i n  his North Sea model that 311 phytoplankton are e a k n  ,by 

zooplankton certainly is not correct, it i.s pnssible that the real value is 80 

or 90 per cent, with a large variance. Therefore, the major source of marine 



d e t r  . .?rohzbly i s  no t  sc raps  of phytoplankton l o s t  by i n e f f i c i e n t  

zoo5 :.:on but- is' f e c a l  m a t e r i a l ,  p r imar i ly  from grazers  and mucus-net 

feec.  . 

:::: :omplex d e t r i t u s  food web - i s  d i f f i c u l t  t o  observe i n  t he  r e a l  world, 

beca.i..;c it i s  micros.copic and h ighly  d ispersed .  When we concentrate '  it fo r  

obse!. TnL~ou: we may g e t  a  d i s t o r t e d  view of what i s  r e a l l y  happening. Good 

obse:.. :a.i!:?ns a r e  s t i l l  r a r e  and d i f f i c u l t  ; l abo ra to ry  s imula t ions  o f  de t r i t u s  

syst- ,?!?  a r e  more common b u t  probably even more misleading. The ocean is not a  

hay ~ 3 f n ; i b n .  

Zee.;l'2itus i n  t h e  marine biome f i l l s  much t h e  same r o l e s  it does i n  

t e r r c s t r i a l  ones,  p rovid ing  a  h a b i t a t  f o r  microorganisms and small  metazoans, 

a  gingerbread house. which i t s  i n h a b i t a n t s  e a t . .  One of t h e  s i g n i f i c a n t  

processes  i n  t h e  d e t r i t u s  food web i s  t h e  regenera t ion  of p l a n t  nu t r i en t s ,  

e s p e c i a l l y  n i t r o g e n  and phosphorus. Both b a c t e r i a  and protozoans may play a 

r o l e  i n  t h i s ,  and t h e  r o l e s  vary wi th  t h e  concent ra t ion  of d i sso lved  oxygen i n  

t h e  microenvironment of t h e  d e t r i t u s  p a r t i c l e .  In l a r g e  f e c a l  p e i l e t s  there 

i s  evidence of anaerobic o r  reduced oxygen condi t ions .  Under those conditions 
? 

b a c t e r i a  do no t  accumulate polyphosphates (Shapiro,  1967), but  r e l e a s e  bth 

ammonia and phosphate t o  t h e  surrounding water .  However, i n  smal le r  ((100 pm) 

f e c a l  p a r t i c l e s  and o t h e r  d e t r i t u s ,  oxygen d i f f u s e s  t o  t h e  cen te r  of the  

p a r t i c l e ,  and mot i l e  b a c t e r i a  a r e  not  apparent .  Under those  condi t ions  

b a c t e r i a  accumulate polyphosphate. They not  only use a l l  phosphate from t h e i r  

p a r t i c u l a t e  s u b s t r a t e s  h u t  take  it up from t h e  surrounding water. The 

phosphat .~  w i l l  be r e l ea sed  only when protozoans consume t h e  b a c t e r i a ,  

r e l e a s i n g  excess  phosphate.  The l i t e r a t u r e  i s  by no means unanimous o r  

coherent on t h i s  p o i n t .  The p o s t u l a t e  t h a t  under aerobic  condi t ions  metazoans 

1.' 
and protozoans e x c r e t e  s i g n i f i c a n t  amounts of phosphate while b a c t e r i a  do not ,  



was o r i g i n a l l y  proposed. by porneroy and Bush (1959), Pomeroy e t  a l .  (1963) aod 

Johannes (1964; 1965).  subsequent i n v e s t i g a t o r s  have both confirmed and 

denied  it.  Beuchler and D i l l o n  (1974) confirmed it,  using Paramecium 

c u l t u r e s .  Barsdate  e t  a l .  (1974) and Fenchel (1977) denied t h a t  protozoans 

p l a y  a  s i g n i f i c a n t  r o l e  i n  n u t r i e n t  regenera t ion .  This conclusion was based 

on t h e  use  of r a t h e r  concent ra ted  in fus ions  of s ea  g ra s s  i n  which anaerobic 

microenvir.onments were probable and no r e t e n t i o n  of phosphate by b a c t e r i a  

would be expected.  Moreover, i n  r e p o r t i n g  t h e  r e s u l t s  Barsdate  e t  a l .  seem t o  

rnnfuse tu rnover  t imc wi th  net f l u x ,  the funses involvfag eransmembrane 

exchanges which a r e  i r r e l e v a n t  t o  t h e  l a t t e r .  Recently,  Ker r i sk  (1981) h 3 ~  

shown t h a t  t h e  marine f l a g e l l a t e ,  - Bodo, i n  d i l u t e  c u l t u r e ,  e a t s  b a c t e r i a  and 

e x c r e t e s  phosphate,  whi le  t h e  b a c t e r i a  a lone  r e t a i n  it. Most of t h e  work on 

mic rob ia l  r ecyc l ing  of n u t r i e n t s  has been done wi th  phosphate.  Bac ter ia  do 

n o t  seem t o  have a  mechanism f o r  accumulating n i t rogen  o t h e r  than  by excess 

p r o t e i n  s y n t h e s i s ,  s o  t h e r e  i s  a more-or-less s teady  f l u x  of ammonia being 

l o s t  from marine b a c t e r i a  which grow on a  n i t rogen- su f f i c i en t  n a t u r a l  organic  

s u b s t r a t e .  

I n  c o n t r a s t  t o  many t e r r e s t r i a l  biomes, marine humus r a r e l y  accumulates 

i n  t h e  ocean p r i m a r i l y  a s  DOC. Large l i t t e r  p a r t i c l e s  f a l l  r a p i d l y  t o  t he  

bottom, where thay  a r e  degraded by t h e  combined a c t i o n  of invertebrates and 

b a c t e r i a  (S i ebur th  and Deitz,  1974) .  Although degredat ion by b a c t e r i a  a lone 

on t h e  ocean bottom i s  slow ( J a w a s c h  e t  a l . ,  1972; Jannasch and Wirsen, 

1973), it  s t i l l  proceeds q u i t e  r a p i d l y  i n  t h e  presence of i n v e r t e b r a t e s  which 

b reak  it up. I n  t h i s  r e s p e c t  t h e  sea bottom is analogous t o  t h e  f o r e s t  f l o o r ,  

where t h e  same synergism ( o r  competi t ion?)  between i n v e r t e b r a t e s  and b a c t e r i a  

occurs  (Janzen, 1977).  



Dis'solved o r  c o l l o i d a l  humic ac ids  probably have more inf luence  on the  

marine. environment than  is gene ra l ly  apprec ia ted ,  a l though t h e i r  r o l e  i n  t h e  

food web i s  deba tab le ,  s i n c e  they a r e  degraded very  slowly. 'Humates i n  f r e s h  

water  p l a y  a  major r o l e  i n  metal chemistry,  bo th  a s  che l a to r s  and a s  

z w i t t e r i o n s ,  ox id i z ing  and reducing s i t e s . .  But because of t h e  g r e a t e r  ion  

s t r e n g t h  of sea water ,  marine humates axe d i f f e r e n t  i n  s t r u c t u r e ;  

Nevertheless  they  probably p l ay  . a . r o l e  i n  marine chemistry,  one which does not  

appear t o  have been explored a s  thoroughly a s  it has been i n  f r e s h  

water .  Marine humates- a r e  more r e a d i l y  transformed i n t o  b a c t e r i a l  biomass 

than  fresh-water  humates because of t h e i r  lower a romat ic i ty .  Marine humates 

l ack  t h e  l i g n i n  f r a c t i o n  wi th  i t s  a lkylaromat ic  e s t e r s  which a r e  r e s i s t a n t  t o  

b a c t e r i a l  t ransformat ion  (Dereppe e t  a l . ,  19.80). Coas ta l  and e s t u a r i n e  . ,* , 

humates a r e  va r i ed  i n  t h e i r  a roma t i c i ty  (Hatcher e t  a l .  1980),  r e f l e c t i n g  :. 
diverse .  o r i g i n s .  

S t r a t e g i e s  f o r  Success i n  t h e  Marine Biome 

Any popula t ion  needs some kind of s t r a t e g i c  advantage i n  o rde r  t o  compete 

and surv ive .  While a  popula t ion  may over lap  wi th  o t h e r  popula t ions ,  t h e r e  i s  

a  need f o r  some unique niche dimension which enhances t h e  chance f o r  su rv iva l .  

Bac ter ia  have many p o t e n t i a l i t i e s  f o r  unique n iche  development. Bac te r i a  a r e  

me tabo l i ca l ly  f l e x i b l e  and v e r s a t i l e  t o  a  g r e a t e r  degree than  o t h e r  organisms, 

They can t ransform any organic  m a t e r i a l ,  except  a  few new s y n t h e t i c  compounds, 

i n t o  b a c t e r i a l  biomass. They combine pa t i ence  wi th  f a s t  response. They can 

remain f o r  very  long pe r iods ,  va r ious ly  es t imated  from t e n s  t o  m i l l i o n s  of 

years-,  i n  r e s t i n g  s t a g e s  o r  spores  which involve  very  l i t t l e  expendi ture  of 

.maintenance energy. Marine b a c t e r i a  a l s o  have s h o r t e r  l a g  t imes and' f a s t e r  

D 
doubling r a t e s  than  any o f .  t h e  eukaryotes  and they can compete succes s fu l ly  



with o the r  organisms' f o r  t r a n s i t o r y  supplies of subs t ra tes  and inorganic 

n u t r i e n t s ,  such a s  phosphate, n i t r a t e ,  and amnionia. 

Small s i ze  o f f e r s  a  number of advantages, and some of t h e  marine bac te r i a  

have ca r r i ed  t h i s  t o  i t s  extreme lower l i m i t .  Small s i z e  c a r r i e s  with it the  

p o t e n t i a l  f o r  low maintenance cos t  f o r  the  genome, although whether o r  not  

maintenance c o s t s  a r e  ' r e a l l y  low w , i l l  depend upon t h e  environmental 

condit ions.  Small s i z e  i s  a l s o  a  refuge from predators.  While some 

organisms, p a r t i c u l a r l y  the  mucus-net feeders,  a r e  ab le  t o  concentrate and e a t  

f r e e - l i v i n g  minibacterla,  most have RQ means of catching them, and it i s  

hardly  worth t h e i r  while t o  do so, An organism can achieve the  same n u t r i e n t  

in take  by ea t ing  one 2 pm rod at tached t o  a  d e t r i t u s  p a r t i c l e  t h a t  would be 

obtained by gathering 20 minibacteria from.the water. Most metazoans w i l l  ' 

feed on p a r t i c l e s  r a t h e r  than small,  f r ee - l iv ing  b a c t e r i a ,  both because it i s  

e a s i e r  t o  do and because the  p a r t i c l e s  a r e  a  r i c h e r  source of b a c t e r i a l  

biomass. Rela t ively  few metazoans l a r g e r  than the  protozoans have developed a  

s t r a t e g y  f o r  ea t ing  f ree - l iv ing  minibacteria,  and probably most protozans 

p r e f e r e n t i a l l y  s w i m  from p a r t i c l e  t o  p a r t i c l e ,  munching on the  l a r g e r  

bac te r i a .  Thus t h e  populat ion of minibacteria i n  t h e  ocean may not  be 

control led  by grazers  bu t  only by the  a v a i l a b i l i t y  of s u b s t r a t e s ,  and 

minibacter ia  can play  a  wait ing game, s t a t i s t i c a l l y  s a f e  from enemies u n t i l  

some food comes along. So long as  the re  i s  a  biosphere, some food w i l l  come - 
along, and because t h e  b a c t e r i a  a r e  so v e r s a t i l e ,  almost anything w i l l  

suff ice.  

The bac te r i a  on p a r t i c l e s  obviously have a  d i f f e r e n t  s t r a tegy .  They 

change s i z e  dramatical ly i n  t h e  presence of a  s u i t a b l e  s u b s t r a t e ,  growing from 

a  r e s t i n g  form i n v i s i b l e  t o  t h e  l i g h t  microscope i n t o  a  l a r g e  rod i n  a  very 

s h o r t  time, then doubling u n t i l  a  colony i s  formed on t h e  s u b s t r a t e  (Wiebe and 

4 



Porneroy, 1972). These co lonies  a r e  r ap id ly  found and decimated by protozoans.  

The pa r t i c l e - co lon iz ing  b a c t e r i a  t h e r e f o r e  a r e  switching from a. s t z e  refuge 

s t r a t e g y  i n  t h e i r  r e s t i n g  s t a t e  t o  a  r ap id  m u l t i p l i c a t i o n  s t r a t e g y  i n  t h e  

presence of a  s u b s t r a t e .  The s t a t i s t i c s  of both s t r a t e g i e s  seem t o  have been 

we l l  worked ou t  i n  an evolu t ionary  sense.  

The s t r a t e g i e s  of marine microorganisms a r e  those  which evolve i n  t h e  

f a c e  of u s u a l l y  impoverished and h igh ly  v a r i a b l e  condi t ions .  No group of 

organisms i s  more d i v e r s i f i e d ,  and s o  it i s  appropr ia te  t h a t ' s c i e n t i f i c  

approaches t o  t h e  ecology of marine microorganisms have been d i v e r s e  a s  wel l .  

. . 
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Figure 1. The microbial food chain in a bottle during measurement of 

photosynthesis by the 14c method. ' Time to complete the entire pathway is on 

the order of minutes. 






