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ABSTRACT: The phagotrophic microflagellate Paraphysomonas imperforata was capable of grazing 2 
marine phytoplankton species, the diatom Phaeodactylum tricornutum and the chlorophyte Dunaliella 
tertiolecta. The phytoplankton species, which are grossly different in size, shape and morphology, were 
first grown under different degrees of nitrogen and phosphorus limitation. Patterns of nutrient regenera- 
tion appeared to be a function of the physiological state of the prey: lags in NH: regeneration untd the 
end of exponential growth occurred when the prey were N-limited and phosphorus regeneration was 
negligible dunng the entire growth cycle of the microflagellate when the prey were P-limited. There 
was, however, evldence for dark uptake of NH; by N-limited prey that were ungrazed, which could 
have biased the observed lags in nutrient regeneration. Regeneration efficiencies reached as high as 
70 O/O for nitrogen and up to 50 % for phosphorus only after prolonged penods in the stationary phase. 
Because protozoa are able to convert prey nutrients to their own biomass with great efficiency during 
exponential growth, particularly when the prey are nutrient-limited, the size and complexity of the 
microbial food web may be related to the nutritional state of the phytoplankton. 

INTRODUCTION 

Recently, we delineated several important processes 
that control the rates and efficiencies of nitrogen and 
phosphorus regeneration by the phagotrophic rnicro- 
flagellate Paraphysornonas irnperforata, which is able 
to graze either bacteria or phytoplankton (Goldrnan et 
al. 1985, Andersen et al. 1986). Most important, we 
found that regeneration efficiencies during exponential 
growth were low (< 25 O/O) and appeared to be strongly 
dependent on the prey physiological state. For exarn- 
ple, if the prey was nitrogen-limited after extended 
batch growth, there was a lag in regeneration of NH: 
by the microflagellate untd late in the exponential 
phase of growth (Goldman et al. 1985). Phosphorus 
limitation led to virtually complete c o n s e ~ a t i o n  of 
ingested prey phosphorus well into the stationary 
phase (Andersen et al. 1986). 

We thus hypothesized that an imbalance in the N :  P 
ratio of the food supply, coupled with fairly rigid 
stoichiometric requirements for nutrients by the proto- 
zoan during unrestricted growth, resulted in conserva- 
tion of the nutrient in shortest supply. We were, how- 
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ever ,  unable to control the chemical composition, and 
hence food quality of the prey, as precisely as we 
desired because both the prey and predator were 
grown in the batch mode. Additionally, we assumed 
that there was no uptake of nutrients by the phyto- 
plankton prey once the cultures were darkened and the 
grazer was introduced. The accumulation of NH: and 
~ 0 ; ~  during the course of grazing was thus considered 
to b e  due only to excretion by the microflagellate. In 
the current study we  examine in closer detail these 2 
factors that could affect the net regeneration of 
nutrients during microflagellate grazing. In a compan- 
ion study (Caron et al. unpubl.) we focus on the cou- 
pling between respiration and nutrient excretion under 
these experimental conditions. 

METHODS 

Phytoplankton species and growth. Two marine 
phytoplankton species, Phaeodactylum tn'cornutum 
(clone TFX-l) and Dunaliella tertiolecta (clone Dun), 
both originally from the culture collection of R.R.L. 
Guillard, were grown to steady state in l l continuous 
cultures at 3 nominal dilution rates D: 0.2, 0.5, and 
1.2 d-l. All protocols for culture operation and synthe- 
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hc seawater preparation were as described previously 
(Goldman & McCarthy 1978, Goldman & Peavey 1979). 
The cultures were grown under continuous lighting 
(636 PE m-2 S-') and the temperature was 20°C. Since 
the maximum specific growth rate fi of both species at 
20°C is about 1.5 d-' (Goldman & Glibert 1982), the 
dilution rates employed represent relative growth rates 
D :  of about 0.15, 0.35, and 0.80 (see Table 1). Inor- 
ganic nitrogen and phosphorus were added to the 
medium in nominal ratios of 200 kg-at 1-' NH: to 
20 pg-at 1-' ~ 0 ; ~  (N : P = 10 : 1) to insure nitrogen limi- 
tation or 240 p.g-at 1-' NH: to 4 pg-at 1-' (N: P = 

60 : 1) to insure phosphorus Limitation. 
All combinations of species, dilution rate, and type of 

nutrient limitation were tested. The bulk of the experi- 
ments were performed under non-axenic conditions, 
except for a supplementary experiment in which com- 
parisons of steady-state growth of N-limited Phaeodac- 
tylum tn'cornutum at 0.2 dp' were made under axenic 
and non-axenic conditions. Additionally, dark NH: 
uptake by both species was measured. Steady-state, 
non-axenic cultures were first established at  0.2 d-' 
under N limitation and then placed in the dark for 24 h 
under batch conditions. After this dark pre-condltion- 
ing period the cultures were pulsed with 65 yg-at l-' of 
NH: and time-course measurements of NH; dis- 
appearance were made over 24 h. 

Microflagellate species and growth. The phago- 
trophic microflagellate Paraphysornonas imperforata 
(Lucas) (7 to 12 pm in diameter), which we  isolated 
earlier from a local tidal channel and made bacteria- 
free (Goldman et al. 1985), was used in all batch graz- 
ing experiments. Grazing experiments were initiated 
by transferring the phytoplankton cultures to 1 1 glass 
containers once steady state was attained, adding a 
small inoculum of P. imperforata to attain a starting 
microflagellate concentration of about 103 cells ml-', 
and then placing the containers in a water bath in the 
dark. The cultures were mixed continuously at  a slow 
speed by circulating water from the bath through 
water-driven magnetic stirrers. Time-series measure- 
ments of a variety of biological and chemical parame- 
ters were made over a 5.5 d period. Samples were 
taken at  approximate 8 h intervals over the first 2 d and 
less frequently over the remaining period. Enough 
sample was taken to perform all the analyses in this 
study and in the companion study of Caron et al. 
(unpubl.). 

Particulate carbon and particulate nitrogen were 
measured with a Perhn Elmer 240 Elemental Analyzer 
on 25 m1 samples retained on pre-combusted Whatman 
GF/F glass-fiber filters. Filtration pressure differentials 
were 25 mm Hg. Measurements of NH: (McCarthy & 

Kamykowski 1972) were made on the filtrate. We did 
not measure NOT or urea because in earlier experi- 

ments (Goldman et al. 1985) NO; concentrations were 
always below detection limits (0.03 pg-at I-') and urea 
excretion did not occur until after exponential growth 
of the microflagellate and then never exceeded about 
15 O/O of total nitrogen excretion. Particulate phos- 
phorus also was measured on 25 m1 samples retained 
on pre-combusted and acid-washed Whatman GF/F 
filters. Both ~ 0 ; ~  and total dissolved phosphorus were 
measured on the filtrates. Dissolved organic phos- 
phorus was calculated as the difference between these 
measurements. Both particulate and total dissolved 
phosphorus samples were first dry-combusted (Solor- 
zano & Sharp 1980) and then analyzed for ~ 0 ; ~  (Mur- 
phy & Riley 1962). AU microbial cells were counted by 
epifluorescence microscopy with acridine orange stain- 
ing (Watson et al. 1977, Davis & Sieburth 1982). Sam- 
ples were preserved in 1 O/O glutaraldehyde in filtered 
seawater. 

To facilitate data analyses the microflagellate growth 
curves were divided into 5 convenient phases, as 
described previously (Goldman et al. 1985). These 
phases - early and late exponential, transition, and 
early and late stationary - were established by inspec- 
tion of the experimental curves. All microflagellate rate 
measurements (specific growth y in d-l, prey ingestion 
rates in cells microflagellate-' d-', nutrient ingestion 
rates in pg N or P microflagellate-' d-l, clearance rates 
in m1 microflagellate-' d-l, nutrient excretion rates in 
pg  N or P microflagellate-' d-l), and prey cell quotas 
(in pg N or P cell-') were made as described previously 
(Caron et al. 1985, Goldman et al. 1985, Andersen et al. 
1986). We assumed bacterial cell quotas of 10 fg N 
cell-' and 1 fg P cell-', based on unpublished data, to 
correct the total particulate nitrogen and phosphorus 
concentrations for calculating prey cell quotas and nu- 
trient regeneration rates. Nutrient regeneration 
efficiencies (in O/O), summed through different growth 
intervals, were calculated as excretion rate X ingestion 
rate-' X 100 for the exponential phase and as accumu- 
lated dissolved nutrient X particulate nutrient-' X 100 
for either the early or late stationary phases. Micro- 
flagellate clearance rates were determined for each 
interval and the maximum values for each experiment, 
which generally occurred at the end of exponential 
growth, were used in the data analyses. 

RESULTS AND DISCUSSION 

Characteristics of phytoplankton cultures 

Steady-state cultures 

We found large differences in the elemental chemi- 
cal composition of the steady-state phytoplankton 
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cultures, which, for the most part, reflected the seventy 
of N and P limitation (Table 1). These differences were 
most evident in the Dunaliella tertiolecta cultures; par- 
ticulate C: N ratios (by atoms) in these cultures varied 
from 7.8: 1 when D: (i was 0.78 (slight N limitation) to 
16.5: 1 when D:  lj, was 0.14 (severe N limitation) and 
C :  P ratios varied from 218: 1 when D :  fi was 0.79 (slight 
P limitation) to 521: 1 when D:fi  was 0.13 (severe P 
limitation). These values are typical of N- and P-limited 
phytoplankton grown in continuous culture (Goldman 
1980). Similar changes in C:N and C : P  ratios of 
Phaeodactylum tncornutum occurred in the cultures 
maintained at the 2 higher relative growth rates (0.80 
and 0.35), but, unexpectedly, the chemical composition 
of the diatom culture at the lowest relative growth rate 
(0.14) did not follow the expected trend for either N or P 
limitation. In this latter case the C :  N ratio was 11.5: 1 
for N limitation and the C :  P ratio was 196: 1 for P 
limitation, values not representative of severe nutrient 
limitation (Table 1). 

Possibly, the N-limited cultures of Phaeodactylum 
tncornutum did not reach steady state at the time of 
sampling and thus were not as nutrient-limited as pre- 
sumed. Alternatively, the elemental ratios of at least 
the most N-limited P. tncornutum culture may have 
been biased downward by the relatively large bacterial 
biomass that was present in this culture (> 107 cells 
ml-' which, based on the assumed cell quota for nitro- 

gen, represented 25 % of total particulate nitrogen) 
(Table 2). In contrast, bacterial nitrogen never 
exceeded 1 % of total particulate nitrogen in all 
cultures containing Dunaliella tertiolecta and was from 
1 to 12 % of total nitrogen in the remaining cultures 
containing P. tricorn U turn (Table 2). 

Not only were bactenal numbers highest in the 
Phaeodactylum tricornutum cultures maintained at the 
lowest growth rates, but there also were unexplainable 
large losses of total N and P in these cultures. These 
losses under N-limited growth varied from 22 % N of 
the original 200 yg-at 1-' NH; in the medium and 17 % 
P of the original 20 yg 1-' when D :  fi was 0.34, to 
4 9  O/O N and 37 % P when D : fi was 0.14. Losses of about 
25 % N and P were also observed in the most P-limited 
diatom culture ( D : b  = 0.14). No appreciable losses 
were found in any culture of DunaheLla tertiolecta 
(Table 2). 

The nutrient losses were not bacterially-mediated 
because in subsequent experiments with this species 
we found similar losses of N and P in both axenic and 
non-axenic cultures at low dilution rates (Table 2). 
Although we  did not measure the filtrates for total 
dissolved organic nitrogen, we found only negligible 
dissolved organic phosphorus (<0.6 pg-at I- ' )  in the 
Phaeodactylum tricornutum cultures at the low dilution 
rates and we thus can rule out excreted organics as the 
source of the non-recovered N and P. We did, however, 

Table 1. Summary of growth characteristics and chemical composition of phytoplankton prey and the microflagellate Paraphy- 
somonas imperforata during grazing experiments 

Dunaliella 
tertiolecta 

Prey growth conditions Prey chemical compositions Microflagellate growth characteristicsa 
Limiting Species D:fi Cellquotab C : N : P  C : N  C : N : P  C : N  Ingestion 
nutrient (pg cell-') ratioC ratioC ( d )  ratio ratio rate (cells 

N P (by (by (by (by flag.-' 
atoms) atoms) atoms) atoms) d-l) 

Nltrogen 
Phaeodactylurn 0.80 1.26 0.28 116: 13: l 9.2 2.67 59:9: 1 6.9 41.0 
tricornu turn 0.34 0.70 0.17 108:lO:l 11.0 2.52 53:7:1  7.4 30.2 

0.14 0.46 0.15 89:8:1  11.5 2.50 64:9:1  7.2 38.4 

0.78 6.02 1.44 72:9:  1 7.8 1.97 40:6:1  6.3 4.0 
0.34 1.81 0.45 143: 10: 1 14.0 2.20 68: 11 : 1 6.4 10.0 
0.14 2.21 0.59 176: l l 16.5 2.08 102:12: 1 8.9 10.0 

Phosphorus 
Phaeodactylm 0.85 1.73 0.14 235:27: 1 8.7 2.61 106: 16:  1 6.9 30.2 
tricorn U turn 0.38 1.39 0.08 359:34:  1 10.7 1.98 180:26:  1 7.0 38.4 

0.14 1.78 0.14 196:29: 1 6.8 2.24 97 :16 :1  6.1 37.9 

DunalieUa 0.79 6.04 0.50 218:23: 1 9.3 2.52 79:  11 :  1 7.3 7.5 
tertiolecta 0.40 6.53 0.33 459:45: 1 10.2 2.07 149:24: 1 6.4 9.4 

0.13 7.13 0.27 521 :58:  1 8.9 1.94 233:43: 1 5.4 3.9 

" Averaged during exponential growth phase except for C :N:P  ratio which was calculated during stationary phase (3.0 d for 
grazing on P. tricornutum and 4.4 d for grazing on D. tertiolecta). 
Determined by assuming N and P cell quotas for bacteria: 10 fg N cell-' and 1 fg P cell-' 
' Determined from particulate C. N, and P measurements at steady state 
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Table 2. Summary of growth conditions, nutnent mass balance and bacterial production of particulate nitrogen (PN) in steady- 
state continuous cultures of Phaeodactylum tricornutum and Dunaliella tertiolecta 

hmiting Species D :  0 Total nutrient recovered" Bacterial PN: total PN ratio 
nutrient Concentration O/u of medium Initial Early 

(yg-at I- ')  concentration stationaryb 
N P N P 

Nitrogen Phaeodactylum 0.80 185.7 17.4 93 87 0.03 0.09 
tricorn utum 0.34 156.9 16.5 78 83 0.02 0.05 

0.14 102.1 12.5 51 63 0.22 0.25 
0.14' 132.4 17.5 66 88 
0.15d 139.6 15.4 7 0 77 

Dunaliella 0.78 191.7 19.3 95 97 < 0.01 
tertiolecta 0.34 192.9 18.9 96 95 < 0.01 

0.14 177.7 17.7 89 89 < 0.01 

Phosphorus Phaeodactylurn 0.85 215.1 4.1 9 0 103 0.12 
tricorn U t urn 0.38 211.6 4.1 88 103 0.05 

0.14 179.6 2.9 7 5 7 3 0.06 

Dunaliella 0.79 225.3 4.4 94 110 0.01 
tertiolecta 0.40 218.2 4.2 91 105 < 0.01 

0.13 229.7 4.2 9 6 105 < 0.01 

" Sum of NH: + particulate N or P 0 i 3  + particulate P + disolved organic P. 
h After 3.0 d for P. tncornuturn and 4.4 d for D. tertiolecta. 
C Steady-state measurements from supplemental non-axenic culture 

Steady-state measurements from supplemental axenic culture 

observe some wall growth in all the P. tricornufum NH: is known to occur in N-limited phytoplankton 
cultures at  the low dilution rates whether they were (Bongers 1956, Thacker & Syrett 1972), bacteria, which 
axenic or non-axenic. We thus suspect that adhered were present, may have also contributed to this pro- 
diatom cells (the adhesion seemed to increase dramati- cess. 
cally under severe nutrient limitation independent of 
bacterial activity) were the source of the missing N and 
P since cell adhesion is known to be a common 
response of diatoms to nutnent stress (Myklestad 1974, 
Chamberlain 1976). 

Dark nutnent uptake 

In our earlier grazing experiments (Goldman et al. 
1985, Andersen et  al. 1986) we  assumed that uptake of 
regenerated nutrients by ungrazed phytoplankton or 
bacteria that had been in the dark for long periods 
(days) was insignificant and that the observed patterns 
of nutrient regeneration were solely the result of micro- 
flagellate excretion. However, we found that cultures 
of both phytoplankton species, even after being kept in 
the dark for 24 h before they were supplemented w t h  
NH:, had the potential for consuming virtually all the 
NH: excreted by the microflagellate during exponen- 
tial growth. As seen from the NH: disappearance 
curves (Fig. l ) ,  the most N-Limited phytoplankton 
populations after 24 h in the dark without added NH; 
were capable after only 3 h of taking up 85 to 100 % of 
the 65 pg-at 1-' NH; added. Although dark uptake of 

1 L ,'-\ l B 02 &d4 ' 016 ' 0'8 ' ;O 
Dark lncubotion Period /Days) 

Fig. 1. Uptake of NH: over time by Phaeodactylum tncor- 
nutum (0) and Dunaliella tertiolecta (0) first grown to steady 
state at dilution rate of 0.2 d- '  and then pulsed with 65 ug-at 

1-' of NH: 
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Microflagellate grazing experiments 

Growth and grazing characteristics 

We were able to account for virtually all the starting 
total N (particulate + NH:) and total P (partlculate + 
dissolved organic + (Fig. 2 to 5).  Generally when 
losses of N and P were observed they occurred dunng 
the late stationary phase when there was visible wall 
growth and aggregation of particulates. We attribute 
these losses, which are identical to those we observed 
in our earlier studies (Goldman et al. 1985, Andersen et  
al. 1986), to non-homogeneous sampling. 

Growth rates of the microflagellate varied irregularly 
between 1.9 and 2.7 d-l (Table 2 )  and were not a 

function of initial prey cell concentration or prey 
species (Fig. 2 to 5). The average p in these expen- 
ments (2.3 d-') at 20>C appears to be mammal 
because it falls directly on the versus temperature 
curve we established for this species previously (Caron 
et  al. 1986). Since all of our grazing experiments have 
been performed in the batch mode with arbitrarily set 
initial prey biomass, we can only assume that these 
food levels were saturating for growth. Total biomass, 
rather than the type and nutritional quahty of the food 
source, seems to be the major determinant of growth 
rate of a voracious predator such as Paraphysomonas 
imperforata. As we have observed earlier (Goldman & 
Caron 1985), P. imperforata can maintain ji while graz- 
ing a wide array of phytoplankton and bacterial 
species. 

'51 * 
2 - . A A 

'01 a-. 
A--&.& .-. a - - - _ o  ".--a 

Durk lncubufion Period fdays) 
Fig. 2.  Time course of grazing of Phaeodactylum tncornutum grown under nitrogen h i t a t i o n  at  different dilution rates D by the 
phagotrophic microflagellate Paraphysomonas imperforata. (A-C) Changes in cell numbers of P. tncornutum (o), P. imperforata 
(O), and bacteria (0) (D-F) Changes in concentrahons of total nitrogen (particulate N + NH:) ( A ) ,  particulate N ( A ) ,  and NH: (0). 
(G-l) Changes in concentrations of total phosphorus (particulate P + total dissolved P) ( A ) ,  particulate P ( A ) ,  (m), and total 

dissolved P (m).  All curves in Fig. 2 to 5 drawn by inspection 
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Fig 2 Time course of grazing of Dunaliella terh'olecta grown under nitrogen limitation at different dilution rates D by the 
phagotrophic microflagellate Paraphysomonas imperforata. Panels and symbols as In Fig. 2 

Cell ingestion rates during exponential growth, 
although variable between experiments, were more 
dependent on the type than on the physiological state 
of the prey species: ingestion rates varied from 4 to 10 
cells ingested microflagellate-' d-' when the chloro- 
phyte was grazed, to 30 to 4 1  cells ingested microfla- 
gellate-' d-' when the diatom was grazed (Table 1). 
When converted to a prey nutrient basis, however, 
nutrient ingestion rates were related more to the form 
of nutrient limitation than to the prey species (Fig. 6 & 
7). For example, the average ingestion rates for nitro- 
gen for each grouping of species and form of nutrient 
limitation varied from 33 pg N ingested micro- 
flagellate-' d-' under N limitation to 58 pg N ingested 
microflagellate-' d-' under P limitation when the 
diatom was the prey species, and from 22 pg N in- 
gested microflagellate-' d-' to 45 pg N ingested micro- 
flagellate-' d-' under similar conditions for the chloro- 
phyte (Fig. 6). A similar trend occurred for P ingestion 
(Fig. 7) .  The elimination of a species effect on grazing 

when ingestion rates were measured in terms of total 
nutrient in the food source, was obviously due to the 
much larger size of Dunaliella tertiolecta and corres- 
pondngly larger nutrient cell quotas than of Phaeodac- 
tylum tricornutum (Table 1). 

Clearance rates during exponential growth also were 
variable between experiments. However, the general 
trend was for the clearance rate to decrease in a hyper- 
bolic fashion with increasing concentration of prey 
biomass (represented by particulate carbon concen- 
tration), irrespechve of prey species or nutritional state 
(Fig. 8). Particulate carbon concentrations of the prey 
were taken at the interval during grazing when the 
maximum clearance rate was measured during each 
experiment. The highest clearance rate (about 
1.8 X 10-4 m1 microflagellate-' d-l) occurred at a prey 
carbon concentration of 5 mg 1-' and the lowest rate of 
about 2 . 5 ~  10-' m1 microflagellate-' d-' occurred 
when prey carbon concentrations exceeded about 
20 mg I-'. It is particularly noteworthy that clearance 
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Fig. 4 .  Time course of grazing of Phaeodactylum tricornutum grown under phosphorus limitation at different dilution rates D by 
the phagotrophic microflagellate Paraphysomonas imperforata. Panels and symbols as in Fig. 2 
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rate was related to prey carbon concentration, given 
that Dunaliella tertiolecta is so much larger than 
Phaeodactylurn tricornuturn and microflagellate clear- 
ance rates are known to be functions of prey size and 
shape (Fenchel1982a). By comparison, the shape of the 
curve in Fig. 8 is identical to that found by Sherr et al. 
(1983), who grew a phagotrophic microflagellate 
Monas sp, on different bacterial species and also found 
that prey biomass, and not species type, was the deter- 
minant of microflagellate clearance rate. 

Although it has been convenient to gauge the effect 
of prey cell density on protozoan growth rates (Fenchel 
198213, Laybourn-Pany 1984), possibly the critical vari- 
able in controlling predator p is not prey cell concen- 
tration, or necessarily prey type as long as it is an 
acceptable food source, but rather the rate with which 
the prey nutrient in shortest supply is assimilated. This 
rate depends on several factors including the capture 
mechanism and mode of ingestion of the micro- 
flagellate and the particulate nutrient concentration of 

the prey. For example, Paraphysornonas irnperforata 
was capable of maintaining a constant y when grazing 
on prey with grossly different taxonomic, morpholog- 
cal, size, and shape characteristics such as Dunaliella 
tertiolecta and Phaeodactylurn tricornutum in this 
study and a variety of phytoplankton and bacterial 
species in previous studies (Goldman & Caron 1985); 
this occurred, most Likely, because the rate of assimila- 
tion of the limiting nutrient always was in excess of that 
required for maximum biosynthesis even though the 
cell ingestion rate varied 300-fold from about 10 cells 
ingested microflagellate-' d-' when the large 
chlorophyte D. tertiolecta was grazed (Table 1) to 3000 
cells ingested microflagellate-' d-' when much smaller 
bacteria were grazed (Caron et al. 1985). 

Paraphysomonas imperforata seems to prefer a her- 
bivorous mode of nutrition when given a choice of food 
since bacterial numbers, although as high as 3 X lo7 
cells ml-' in the most N-limited Phaeodactylurn tncor- 
nutum culture (Fig. 2C), never changed appreciably 
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Fig. 5. Time course of grazing of Dunaliella tertiolecta grown under phosphorus lirnitahon at different dilution rates D by the 

phagotrophic microflagellate Paraphysomonas imperforata. Panels and symbols as in Fig. 2 

during the course of grazing on phytoplankton. The 
preference for phytoplankton may be Linked to the way 
in which the microflagellate is able to alter its own size 
to accommodate phytoplankton prey of considerably 
different sizes and still maintain a predator-prey size 
ratio by volume of about 7 : 1 (Goldman & Caron 1985). 
Yet when growing on much smaller bacteria the preda- 
tor-prey size ratio by volume is 360: 1, which is sugges- 
tive that there is a lower limit to the size the micro- 
flagellate can attain when forced to graze on small 
particles. As Fenchel (1982a) has pointed out, clear- 
ance rate for a microflagellate of a given size decreases 
with decreasing size of food parbcle. Thus on this basis 
alone w e  would expect P. imperforata to graze prefer- 
entially on larger parbcles. When grazing on particles 
the size of bacteria, the microflatellate most likely is 
unable to reduce its own size sufficiently to optimize its 
clearance rate. However, the species obviously is 
highly adaptable to changing environments because it 

can grow as rapidly on bacteria as on phytoplankton if 
restricted to such a diet (Goldman et al. 1985), even 
though its filtering rate should decrease when grazing 
such small particles. Once again, the rate of assimila- 
tion of the prey nutrient in shortest supply may be the 
major determinant of microflagellate growth rate. 

Threshold levels of both phytoplankton species, 
which occurred at the cessation of exponential growth 
of the microflagellate, were below 10' cells ml-' (Fig. 2 
to 5 ) ,  and in the case of Phaeodactylum tncornutum 
leveled off to about 104 cells ml-' before grazing 
ceased completely. As we have indicated earlier 
(Caron et al. 1985), only in eutrophic waters, or perhaps 
in microenvironments where local prey concentrations 
are elevated greatly above the ambient concentrations, 
would such high phytoplankton cell concentrations 
exist. Interestingly, reduclons in Dunaliella tertiolecta 
cell populations continued throughout the stationary 
phase even though the microflagellate population 
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Exponential Transition Early Late 
Stationary Stationary 

Phuses of Microf/oge//ufe Gruz~hg 

Fig. 6. Paraphysomonas imperforata. Rates of nitrogen inges- 
tion (open bars) and regeneration (black bars) during different 
phases of grazing on (A, B) Phaeodactylum tricornuturn and 
(C. D) DunalieUa tertiolecta grown under nitrogen or phos- 
phorus limitation at different dilution rates (values in d- '  

above bars) 

stopped growing. Cell ingestion rates decreased pro- 
gressively during this period (down to < l  cell 
microflagellate-' d-' by Day 3) so that it seems likely 
that whatever food that was acquired below the 
threshold level was for meeting maintenance energy 
requirements. 

Patterns of nutrient regeneration 

The general patterns of NH: and total dissolved 
phosphorus regeneration by Paraphysomonas imper- 
forata appeared to be linked to the physiological state 
of the prey phytoplankton, independent of which 
species was being grazed (Fig. 2 to 5). As in our 
previous experiments (Goldman et al. 1985, Andersen 
et al. 1986), the more severely N-limited the prey, the 
longer regeneration of NH: by the microflagellate was 
delayed until the transition and even stationary phases 
(Fig. 6). Excretion of NH: under P limitation, in con- 

Exponential Transition Early Late 
Stotionary Stationary 

Fig. 7. Paraphysomonas imperforata. Same as Fig. 6, but for 
phosphorus ingestion and excretion 

trast, generally commenced during the exponential 
phase and continued until the experiment was stopped 
at a point well into the stationary phase (Fig. 6). Phos- 
phorus excretion was virtually non-existent during any 
phase of microflagellate growth in all experiments with 
P-limited prey, except that we observed some regener- 
ation of total dissolved phosphorus during the entire 
grazing cycle in the experiment in which the slightly P- 
limited Dunaliella tertiolecta culture was grazed (Fig. 
5G & 7). When the prey were N-Limited, however, 
excretion of total dissolved phosphorus occurred at a 
relatively constant rate throughout the grazing cycle, 
regardless of prey species and physiological state 
(Fig. 7). 

In general, the bulk of dissolved organic phosphorus 
present originated in the steady-state phytoplankton 
cultures. In fact, there were no apparent changes in 
dissolved organic phosphorus concentration through- 
out all the grazing experiments with Phaeodactylum 
tn'cornutum (Fig. 2G to I & 4G to I), and only minor 
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Prey Carbon Concenfraf/on 
(mg 1-9 

Fig. 8. Paraphysomonas irnperforata. Effect of prey particulate 
carbon concentration on maximum clearance rate obtained 
during the course of grazing. ( B )  N-limited, ( 2 )  P-limited 
Phaeodactylum tricornutum; ( A )  N-limited, ( A )  P-limited 

Dunaliella tertiolecta 

increases when P-limited DunalieUa tertiolecta was the 
prey (Fig. 5G to I). When the chlorophyte was moder- 
ately to severely N-limited dissolved organic phos- 
phorus accounted for up to 90 O h  of total phosphorus 
regeneration through the exponential phase before 
there was a swltch to excretion (Fig. 3G to I). In no 
case, however, did excretion of dissolved organic phos- 
phorus exceed about 20 % of total algal P ingested by 

the microflagellate. These results are similar to our 
earlier findings that both urea (Goldman et al. 1985) 
and dissolved organic phosphorus excretion (Andersen 
et  al. 1986) constitute only a small (15 to 20 %) fraction 
of nutrients regenerated by Paraphysomonas imper- 
forata. Although bacterial uptake of excreted dissolved 
organic phosphorus may have biased our observations 
of small changes in this nutrient, in our earlier studies 
involving P. imperforata grazing phytoplankton we 
found no appreciable differences in dissolved organic 
phosphorus excretion with or without bacteria present 
(Andersen et al. 1986). 

The trends in delayed nutrient regeneration we 
observed are to be expected from a physiological 
standpoint even though our results are equivocal due 
to possible dark uptake of NH: and Po;~ by ungrazed 
phytoplankton and bacteria. For example, the rnicro- 
flagellate must divert the bulk of its energy towards 
protein and nucleotide synthesis to sustain maximum 
growth rates. Under such conditions the stoichiometric 
requirements for carbon, nitrogen, and phosphorus are 
fairly rigid and we would expect the lowest possible 
cell C: N and C: P ratios. Surprisingly, little information 
is available on the chemical composition of protozoa. 
but for phytoplankton growing at P we know that the 
C : N: P ratio (by atoms) typically is close to the Redfield 
proportions of 106: 16 : 1 (C : N = 6.6: 1) (Goldman et al. 
1979). Bacteria, because of their high nucleic acid con- 
tent, tend to have C : N  ratios between 4 : 1 and 6: 1 
when nutritionally fit (Luria 1960). Assuming that pro- 
tozoa have a chemical composition similar to that of 
bacteria and phytoplankton, we would expect excre- 

Table 3. Paraphysomonas imperforata. Summary of nutrient regeneration efficiencies for nitrogen and phosphorus during the 
course of grazing on phytoplankton prey 

Prey growth conditions Nutrient regeneration efficiency (%) 

Nitrogen Phosphorus 
hmiting Species D:G Exponential Early Late Exponenhal Early Late 
nutrient W') stationary" stationaryb stationaryd stationaryb 

Nitrogen Phaeodactylum 0.80 5.5 25.6 42.8 0.3 9.7 25.6 
tricorn utum 0.34 0 18.3 37.0 0.3 2.1 6.7 

0.14 3.9 23.8 43.1 8.3 20.8 38.3 

Dunalielfa 0.78 39.0 45.8 60.4 16.7 33.9 50.2 
tertiolecta 0.34 0 6.3 33.5 2.3 21.8 48.9 

0.14 0 0 7.5 0 19.8 28.8 

Phosphorus Phaeodactylum 0.85 24.6 39.0 55.0 0 2.9 12.6 
tricorn U turn 0.38 14.2 23.1 41.5 0 5.3 5.3 

0.14 25.6 58.1 69.5 0 4.4 7.8 

Dunaliella 0.79 8.2 42.5 51.7 0.4 8.9 30.4 
tertjolecta 0.40 9.6 36.8 58.3 0 5.8 7 4 

0.13 0.4 6.8 35.1 1.2 7.2 7.7 

After 3.0 d for grazing on P. fricornutum and 4.4 d for grazing on D. tertiolecta 
After 5.5 d 
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tion of N or P by the microflagellate only when the C: N 
or C :  P ratio of the predator was somewhat greater than 
that of its food source. The gross growth efficiency (on a 
carbon basis) of the microflagellate would determine 
how far apart these ratios would need to be before 
excretion would occur (Fenchel & Blackburn 1979, 
Caron & Goldman in press). 

Excretion of NH: and P 0 i 3  in the current experi- 
ments was paralleled by reductions in the particulate 
C :  N :  P ratios during the course of grazing. By early 
stationary phase when the microflagellate comprised 
the bulk of the particulate matter, C :  N ratios were 
generally between 6 :  1 and 7: 1 (by 'atoms), regardless 
of the original prey C : N ratios which varied from 6.8 : 1 
to 16.5: 1. depending on the prey nutritional state. 
These ratios are characteristic of microbes with high 
protein contents and growing at high relative growth 
rates. In contrast, C : P  ratios of the microflagellate, 
although they were reduced approximately 2-fold over 
those of the prey phytoplankton in most of the experi- 
ments and up to 3-fold when severely P-limited 
Dunaliella tertiolecta cells were grazed, generally 
increased in magnitude with increasing degree of nu- 
trient limitation from about 40: 1 to 80 : 1 when the prey 
were only moderately nutrient-limited to 233 : 1 when 
the most severely P-limited D. tertiolecta cells were 
prey (Table l ) .  Possibly, undigested prey cells may 
have been retained in food vacuoles during the transi- 
tion and early stationary phases, thereby biasing the 
particulate chemical composition towards the higher 
C :  P and N :  P ratios found in the prey even though the 
microflagellate was synthesizing C,  N, and P into mac- 
romolecules in relatively constant proportions con- 
comitant with a high relative growth rate. We did 
observe multiple D. tertiolecta cells stored in food vac- 
uoles during these periods which is consistent with our 
observation of continued grazing on D. tertiolecta even 
after growth of the microflagellate stopped. Hence, at 
some point in the microflagellate growth cycle after all 
prey were consumed, the C : N :  P ratio of particulate 
matter would be expected to equal that of the predator. 

Given our uncertainty as to the role of dark nutrient 
uptake by ungrazed phytoplankton, we can only guess 
that nutrient regeneration efficiencies through the 
exponential phase really were negligible when the 
prey were either moderately to severely N-limited or P- 
limited at all physiological states (Table 3, Fig. 6 & ?). 
Our estimates of regeneration efficiency based on 
accumulated nutrient excretion through the stationary 
phases should not, however, have been influenced by 
dark uptake because prey biomass at that point made 
up a minute fraction of total biomass. Thus by the end 
of the experiments the efficiency of N regeneration 
increased substantially (up to 35 to 70 %) and, with the 
exception of the most N-limited Dunaliella tertiolecta 

culture for which the efficiency of N regeneration was 
only 7.5 O/O, this pattern of regeneration seemed not to 
be related to prey type, form of nutrient Limitation, or 
physiological state. The efficiency of P regeneration, in 
contrast, although not influenced by prey species, gen- 
erally was much greater when the prey were N-limited 
(up to 50 %) then when grazing on P-limited prey (5 to 
8 '10 for moderate to severe P-limitation and 12 to 30 '/o 

for slight P-limitation) (Table 3). This latter observation 
is indirect evidence that a true lag in excretion of P 
occurred when the prey were severely P-limited. 

Ecological significance 

Considerable emphasis has been placed in recent 
years on characterizing pelagic surface waters as zones 
of nutrient impoverishment, low primary productivity, 
and containing an assortment of small (< 10 pm size) 
microbes (bacteria, phytoplankton, and protozoa) that 
are tightly connected with respect to the flow of energy 
and nutrients. We now suspect that the bulk of 
nutrients in these waters (80 to 90+ %) are retained 
within this 'microbial loop' through regeneration pro- 
cesses (Eppley & Peterson 1979, Williams 1981, Azam 
et al. 1983), and that the speed by which nutrients cycle 
within the loop (the spinning wheel) is set by the 
maximum growth rate of the phytoplankton component 
(i.e. relative growth equal to unity) (Goldman et al. 
1979, Goldman 1984, 1986). 

Much of the evidence supporting rapid and efficient 
recycling of nutrients by the microbial (C  10 pm) com- 
ponent comes from size-fractionation studies on label- 
led N and P uptake by natural phytoplankton popu- 
l a t ion~  (including isotope dilution measurements) 
(Hamson 1980, Glibert 1982, Herbland 1984, Hamson 
& Hanis 1986). The microbial assemblages involved in 
this recycling generally have not been characterized or 
enumerated so that it has been impossible to describe 
quantitatively from these field studies the energetics 
and dynamics of these microbial interactions. From 
recent laboratory experiments (Taylor & Lean 1981, 
Goldman et al. 1985, Andersen et al. 1986, Taylor 
1986), it is becoming increasingly clear that protozoa 
retain a sizeable (up to 50 to 70 %) fraction of the prey 
N and P that they ingest during balanced growth, and 
that modes of nutrient regeneration are closely linked 
to prey nutritional state. 

To reconcile this high efficiency of nutrient assimila- 
tion in protozoa with field observations of efficient 
nutrient turnover at the microbial level, we invoked the 
possibility of a tightly knit and complicated microbial 
food web with, at  least, several grazing steps (Goldman 
& Caron 1985, Goldman et al. 1985). Taylor & Lean 
(1981) and Taylor (1986) envisioned a dramatically 
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different system in which protozoa act as sinks, rather 
than as sources, of nutrients and thus contribute little to 
the overall nutnent regeneration process. Because 
there is no disagreement that protozoa are extraordi- 
narily adaptable to changing environments and are 
highly efficient in conserving prey biomass, the resolu- 
tion of these seemingly opposing views rests, to a large 
extent, on a critical re-evaluation of the accuracy of 
size-fractionation results. 

Currently, there is some controversy as to how fast 
phytoplankton are growing in pelagic surface waters 
and whether or not growth rates are regulated by 
nutrient availability (Goldman et al. 1979, Sharp et  al. 
1980, Goldman 1986). Given that very high nutrient 
conversion efficiencies are possible when the prey are 
N- or P-limited, the microbial food web would have to 
be extraordinarily complicated with many grazing 
steps in order for regeneration efficiencies of 90 % to 
be achieved if relative growth rates of phytoplankton 
were greatly less than one (i.e. growth rate limited by 
severe N- or P-Limitation) (Goldman et al. 1985). The 
size of the microbial food web thus may be an indicator 
of how fast phytoplankton in pelagic waters are grow- 
ing relative to their maximal possible rates. 

Acknowledgements. This study was supported by grants Nos. 
OCE-838578 and OCE-8511283 from the Nahonal Science 
Foundation (JCG) and a Mellon Study Award from the Woods 
Hole Oceanographic Institution (DAC). 

LITERATURE CITED 

Andersen, 0. K., Goldman, J.  C.. Caron, D. A., Dennett, M. R. 
(1986). Nutrient cycling in a microflagellate food chain: 111. 
Phosphorus dynamics. Mar. Ecol. Prog. Ser. 31: 47-55 

Azam, F., Fenchel, T., Field, J. G., Gray, J. S., Meyer-Reil, L. 
A.,  Thingstad, F. (1983). The ecological role of water- 
column microbes in the sea. Mar. Ecol. Prog. Ser. 10: 
257-263 

Bongers, L. H. J. (1956). Aspects of nitrogen assimilation by 
cultures of green algae. Meded. Landbouwhogeschool 
Wageningen 56: 1-52 

Caron, D. A., Goldman, J. C. (m press). Nutnent regeneration. 
In: Capriulo. G. M. (ed.) The ecology of marine protozoa. 
Oxford Univ. Press, New York 

Caron, D. A. ,  Goldman, J. C., Andersen, 0. K., Dennett, M. R.  
(1985). Nutrient cycling in a microflagellate food chain: 
11. Population dynamics and carbon cycling. Mar. Ecol. 
Prog. Ser 24: 243-254 

Caron, D. A., Goldman, J. C., Dennett, M. R. (1986). Effect of 
temperature on growth, respiration, and nutrient regener- 
ation by an omnivorous microflagellate. Appl. environ. 
Wcrobiol. 52: 1340-1347 

Chamberlam, A. H. L. (1976). Algal settlement and secretation 
of adhesive materials. In: Sharpley, J .  M., Kaplan, 
A. M. (ed.) Proceedings. 3rd International Biodegradation 
Symposium. Applied Science Publishers, London, 
p .  417-432 

Davls, P. G., Sieburth, J. McN. (1982). Differenhation of photo- 
trophic and heterotrophlc nanoplankton populations in 

manne waters by epifluorescence microscopy. Annls Inst. 
oceanogr., Paris 58 (S): 249-260 

Eppley, R. W., Peterson, B. J .  (1979). Particulate organic mat- 
ter flux and planktonic new production In the deep ocean. 
Nature, Lond. 282: 677-680 

Fenchel, T. (1982a). Ecology of heterotrophic microflagellates. 
I. Some important forms and their functional morphology. 
Mar. Ecol. Prog. Ser. 8: 211-223 

Fenchel. T. (1982b). Ecology of heterotrophic microflagellates. 
11. Bioenergetics and growth. Mar Ecol. Prog. Ser. 8: 
2 2 5 2 3 1  

Fenchel, T., Blackburn, T. H. (1979). Bacteria and mineral 
cycling. Academic Press, New York 

Glibert, P. M. (1982). Regional studies of daily, seasonal, and 
size fraction variability in ammonium rem~neralization. 
Mar. Biol. 70: 20%222 

Goldman, J.  C. (1980). Physioloqcal processes, nutrient 
availability, and the concept of relative growth rate in 
marine phytoplankton ecology. In: Falkowslu, P. G. (ed.) 
Primary productivity in the sea. Plenum Press, New York, 
p. 179-194 

Goldman. J.  C. (1984). Conceptual role for microaggregates in 
pe lagc  surface waters. Bull. mar. Sci. 35: 462476  

Goldman, J. C. (1986). Phytoplankton growth rates and par- 
hculate C :  N:  P rahos at low light. Limnol. Oceanogr. 31: 
135&1361 

Goldrnan, J.  C., Caron. D. A. (1985). Experimental s tud~es  on 
a n  omnivorous microflagellate: implications for grazing 
and nutrient regeneration in the marine microbial food 
chain. Deep Sea Res. 32: 899-915 

Goldman, J .  C., Caron, D. A., Andersen, 0. K., Dennett, M. R .  
(1985). Nutrient cycling in a microflagellate food chain: 
I. Nitrogen dynamics. Mar. Ecol. Prog. Ser. 24: 231-242 

Goldrnan, J.  C., Glibert, P. M. (1982). Comparative rapid 
ammonium uptake by four marine phytoplankton species. 
Limnol. Oceanogr. 27: 814-827 

Goldman, J. C., McCarthy, J .  J. (1978). Steady state growth 
and ammonium uptake of a fast-growing marine hatom.  
hmnol.  Oceanogr. 23: 695-703 

Goldman, J .  C., McCarthy, J. J., Peavey, D. G. (1979). Growth 
rate influence on the chemical composition of phytoplank- 
ton in oceanic waters. Nature, Lond. 279: 21&215 

Goldman, J .  C., Peavey, D. G. (1979). Steady state growth and 
chemical composition of the manne chlorophyte (Duna- 
Liella tertiolecta) in nitrogen-limited continuous cultures. 
Appl. environ. Microbial. 38: 894-901 

Harrison, W. G. (1980). Nutrient regeneration and primary 
production in the sea. In: Falkowskl, P. G. (ed ) Primary 
production in the sea. Plenum Press, New York, p.  433-460 

Harrison, W G., Harns, L. R. (1986). Isotope-diluhon and its 
effects on measurements of nitrogen and phosphorus 
uptake by oceanic microplankton. Mar. Ecol. Prog. Ser. 27: 
253-261 

Herbland, A. (1984). Phosphate uptake in the eutrophic layer 
of the Equatorial Atlantic Ocean. Methodological observa- 
tlons and ecological significance. Oceanogr Trop. 19: 
25-40 

Laybourn-Parry, J .  (1984). A functional biology of free-livlng 
Protozoa. Univ. of California Press, Berkeley 

Luria, S E. (1960). The bacterial protoplasm: composition and 
organization. In: Gunsalus, I. C., Stanier, R .  K ( e d )  The 
bacteria, Vol. I. Academic Press, New York, p. 1-34 

McCarthy, J.  J., Kamykowski, D. (1972). Urea and other nl- 
trogeneous nutrients in La Jolla Bay during February, 
March, April, 1970 Fish. Bull. U.S. 70 1261-1274 

Murphy, J.,  Rdey, J. P. (1962). Determination of phosphate in 
natural waters. Analytica chlm. Acta 27: 31-36 



Goldman et  al . :  Phytoplankton-microflagellate interactions 87 

Myklestad, S. (1974). Production of carbohydrates by marine 
planktonic diatoms. I. Comparison of nine different species 
in culture. J. exp. mar. Biol. Ecol. 15: 261-274 

Sharp, J. H., Perry, M. J., Renger, E. H., Eppley, R. W. (1980). 
Phytoplankton rate processes in the oligotrophic waters of 
the central North Pacific Ocean J Plankton Res. 2: 
335-353 

Sherr, B. F., Sherr, E. B., Berman, T. (1983). Grazing, growth, 
and ammonium excretion rates of a heterotrophic micro- 
flagellate fed with four species of bacteria. Appl. environ. 
Microbiol. 45: 1196-1201 

Solorzano, L., Sharp, J. H. (1980). Determination of total dis- 
solved phosphorus and particulate phosphorus in natural 
waters. Limnol. Oceanogr. 25: 754-758 

Taylor, W. D. (1986). The effect of grazing by a ciliated 

protozoan on phosphorus limitation of heterotrophic bac- 
teria in batch culture. J. Protozool. 33: 47-52 

Taylor. W. D., Lean, D. R. S. (1981). Radiotracer experiments 
on phosphorus uptake and release by limnetic microzoo- 
plankton. Can. J. Fish. Aquat. Sci. 38: 1316-1321 

Thacker, A., Syrett, P. J .  (1972). The assimilation of nitrate and 
ammonlum by Chlamydomonas reinhardii. New Phytol. 
71: 4 2 3 4 3 3  

Watson, S. W., Novitsky, T J . ,  Q u ~ n b y ,  H. L. ,  Valois, V W. 
(1977) Determination of bactenal number and biomass in 
the marine environment. Appl. environ. Microbiol. 33: 
94C946  

Williams, P. J. LeB. (1981). Incorporation of microhetero- 
trophic processes in the classical paradigm of the plank- 
tonic food web. K~e le r  Meeresforsch. (Sonderh.) 5: 1-28 

This article was submitted to the editor; it was accepted for printing on February 27, 1987 




