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ABSTRACT: Tintinnine ciliates from 3 strata (40 m increments from the surface to 120 m depth) at  a 
station in the oceanic North Pacific Ocean were sampled repeatedly through the day during a cruise in 
August-September 1984. Fourteen species were encountered in sufficient numbers to allow analysis of 
their diel periodic~ty and rates of reproduction. Species in the upper 2 strata (0 to 40 m, 40 to 80 m) 
consistently displayed 'clear' or 'probable' diel periodicity in division. &vision peaks occurred either 
near midnight (20:OO to 02:OO h local time) or during the afternoon (13:OO to 17:OO h). Conservative 
estimates of specific growth rates had a range of 0.017 to 0.027 h-' (generation times of 40.4 to 25.3 h) .  
Data for 3 species were sufficiently well-developed to allow calculation of the duration of the recogniz- 
able division stages (8.3 to 9.5 h) and more precise estimates of specific growth rates (0.027 to 0.039 h-'). 
Species from the deepest stratum (80 to 120 m) displayed quite different reproductive behavior 
Periodicity was never clearly definable and, when probable, was relatively low in amplitude, although 
average percentages of dividing cells were similar to those noted for the upper 2 strata. 

INTRODUCTION 

Interest in the smaller components of the planktonic 
food-web, e. g.  the pico-, nano-, and microplanktonic 
forms (Sieburth et al. 1978), has been increasing 
rapidly over the past couple of decades (Laval-Peuto et 
al. 1986). Driven initially by largely theoretical consid- 
erations that small body size and simple life cycles 
would result in relatively large contributions to total 
community productivity and carbon transfer, these 
studies quickly demonstrated that the microzooplank- 
ton were ubiquitous and often very abundant in both 
coastal and oceanic waters (Beers & Stewart 1967, 
Beers et  al. 1975). More recently, epifluorescence 
techniques have led to an appreciation of the large 
populations of nanoplanktonic ciliates (Sherr et  al. 
1986) and nano- and pico-planktonic flagellates (both 
heterotrophic and autotrophic), bacteria, and cyano- 
bacteria in those communities (e. g. Landry et al. 1984). 
Considerable interest has been focused on the 'micro- 
bial loop' (Azam et  al. 1983) of bacteria, flagellates, and 
ciliates, specifically questioning the role of that plank- 
tonic sub-system in providing either a respiratory 'sink' 
for autotrophically fixed carbon or a 'link' between 
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these minute forms and the larger components of the 
traditional food-chains (Laval-Peuto et  al. 1986). 

Simultaneously with these investigations of the com- 
position of the natural planktonic community, labora- 
tory experiments to describe the feeding, growth, and 
excretion rates of components of the microbial loop 
were conducted (Goldman & Caron 1985, Verity 1985). 
These experiments generally demonstrated the poten- 
tial for rapid metabolic rates and supported the specu- 
lation that these forms could be  extremely important in 
material and energy flow within the water column. 
Most recently, great effort has been devoted to deter- 
mining these rates in relatively undisturbed natural 
planktonic populations in order to verify or modify 
laboratory data. Selective filtrations or metabolic 
inhibitors have been applied to isolate specific compo- 
nents, visually or isotopically distinct particles have 
been used in feeding experiments (Heinbokel 1978, 
Laval-Peuto et al. 1986 and references cited therein), 
and sophisticated enclosures have been designed to 
minimize containment effects (Landry & Hassett 1982, 
Stoecker et al. 1983). These are all useful techniques; 
all, however, require manipulation or containment of 
the studied populations. A certain doubt remains when 
applying these results to interpret the natural situation. 

One technique for determining reproductive rates of 
protistan populations does not require containment or 
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manipulation. The 'frequency-of-dividing-cells' (FDC) 
technique can be used for those populations which 
meet a presently rather restrictive list of conditions: (1) 
single natural populations must be sampled 
repeatedly, (2) at  least 2 successive stages (and prefer- 
ably 3 or more stages) in the organism's life-cycle must 
be reliably recognizable, (3) the duration of one or more 
of those recognizable stages must be known, and (4) 
any diel periodicity in reproduction must be defined. In 
practice, these final 2 requirements are related and 
certain patterns of periodicity can either eliminate the 
need for duration estimates or determine whether such 
duration estimates must be obtained from laboratory or 
other independent experimental means (McDuff & 
Chisholm 1982). The technique has been successfully 
applied to bacteria (Hagstrom et al. 1979) and phyto- 
plankton (e. g. McDuff & Chisholm 1982 and 
references cited therein). Attempts to apply it to plank- 
tonic ciliates have been largely limited by an inability 
to obtain the necessary data defining the duration of 
stage(s) (Coats & Heinbokel 1982, Heinbokel & Coats 
1986). Heinbokel (1987), however, showed that several 
species of oceanic tintinnine ciliates in surface waters 
of the North Pacific Ocean were characterized by a 
strong diel periodicity in reproduction which suggested 
that the necessary duration estimates could be derived 
directly from appropriate field samples. Sample size in 
that study, however, was too small to allow precise 
estimates of population reproductive rates; conserva- 
tive estimates suggested that generation (doubling) 
times were on the order of 1 to 1.5 d. 

Arrangements, therefore, were made to obtain addi- 
tional material during the second field season of the 
Plankton Rate Processes in Oligotrophic Oceans 
(PRPOOS) project, August to September 1984. Sam- 
pling was improved during this cruise by use of larger 
nets rigged for opening/closing operation to collect 
samples from a series of discrete depth strata. The goal 
of this sampling program several hundred kilometers 
north of Hawaii was to obtain a set of samples suitable 
for a fuller application of the FDC technique to the 
assemblage of tintinnine ciliates in these oligotrophic 
waters. In short: (1) Is the strong diel periodicity 
observed in 1982 (Heinbokel 1987) reliably characteris- 
tic of this region? (2) Would it characterize other tin- 
tinnine species in these waters? (3) Is it consistent 
throughout the water column? (4) Could more accurate 
estimates of specific growth rates be made after an 
improved sampling program? 

MATERIALS AND METHODS 

Sampling. Vertically stratified sets of plankton sam- 
ples were obtained on several occasions during a cruise 

(Alcyone 111; August to September 1984, RV 'Melville') 
to the 'Climax' station north of Hawaii (ca 28 to 29' N, 
154 to 155" W.). An extended oceanographic station 
was occupied at that site during the period 19 August 
to 6 September 1984. Whlle on that station, a number of 
sampling and experimental programs were conducted. 
The overall goal of the cruise was to utilize a variety of 
techniques to define the rates of primary production at 
a site characteristic of the oceanic basins and to resolve 
the previously conflicting estimates of that productivity 
(e.g. Laws et al. 1984 and references cited therein). 
Only those sampling programs and resultant data 
which are immediately germane to my specific project 
will be described here. 

Continuous vertical profiles of incident light, in vivo 
fluorescence, temperature, and conductivity were 
made repeatedly during the cruise using a CTD or a 
bathyphotometer and profiling from the surface to 200 
m. Discrete water samples were taken frequently over 
the same depth interval by rosette-mounted 30 1 Niskin 
bottles; water samples were used for analysis of 
chlorophyll a, particulate carbon and nitrogen, and 
dissolved nutrients. 

Depth-stratified microplankton samples were ob- 
tained with a set of opening/closing nets, towed almost 
vertically. Mouth openings of the nets were circular, 0.5 
m diameter; nets were 2.5 m long and constructed of 
Nitex netting of 25 pm mesh opening. General 
Oceanics double-trip mechanisms were used to control 
the deployment of nets. Nets were rigged so as to be 
lowered in a reversed, non-collecting orientation. A 
first messenger opened the nets; tows were made; and 
then a second messenger caused the nets to be closed 
with a 'choker line' attached approximately !h of the 
way down the net. Generally 4 nets were attached to 
the hydro-wire at 40 m intervals at each sampling time. 
The topmost net was lowered to a depth of 40 m; the 
nets were opened and the wire retrieved at ca 15 m 
min-' until the top net reached the surface. The second 
messenger was dropped to close the nets, and the nets 
retrieved back on deck, rinsed, and the catch pro- 
cessed. During initlal deployments of the nets, swells 
passing the stationary ship tended to wrap the nets 
around the hydro-wire, preventing proper operation of 
the double-trip mechanisms. Accordingly, the ship was 
kept slightly under way during subsequent samplings, 
resulting in a small (generally 5 10") wire angle dunng 
the sampling. Tows were, therefore, slightly oblique 
and the depth intervals sampled slightly less than the 
targeted 0 to 40 m, 40 to 80 m, 80 to 120 m,  and 120 to 
160 m intervals, Even sampling underway, net mal- 
functions were disappointingly common and increased 
noticeably with increased wave action. Since a mal- 
functioning trip-mechanism will prevent all lower nets 
from functioning properly, the most complete set of 
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samples was obtained from the 0 to 40 m interval; 
progressively less complete sets were obtained from 
each successively deeper stratum. 

Aboard ship, samples were gently rinsed with fil- 
tered seawater from the filtering cod-ends of the nets. 
Samples were made up to 60 m1 with filtered seawater 
and split into three 20 m1 aliquots, each being placed 
into a 22 m1 glass scintillation vial. Two aliquots were 
each fixed with 1 m1 additions of 40 O/O aqueous formal- 
dehyde solution saturated with CaC03; the third sub- 
sample was fixed with a formalin/acridine orange solu- 
tion (Coats & Heinbokel 1982). 

Sample sets were obtained over 5 separate time 
intervals. Each planned collecting program was to con- 
sist of sets of 4 vertically stratified net-tows (40 m 
intervals over the 0 to 160 m surface layer) repeated at 
1.5 h intervals over a 24 h period. Problems with equip- 
ment, weather and wave action, and conflicting 
demands on 'wire' and 'ship' time prevented any such 
ideal sample set from being obtained. The most com- 
plete set was obtained over the period 29 to 30 August 
1984. Several gaps in those data were filled with 
materials collected 31 August or 3 September 1984. 
Successful sampling of the lowest stratum (120 to 160 
m) was so infrequent that microscopic analysis of the 
few samples obtained was not attempted. 

Sampleldata analysis. Tintinnine ciliates were 
examined using inverted microscopy with epifluores- 
cent dlumination (Heinbokel & Coats 1986). Subsam- 
ples of aliquots fixed with formaLin/CaC03 were placed 
into 5 or 10 m1 settLing chambers, 4,6-diamidino-2- 
phenylindole (DAPI) was added to a final concentration 
of about 0.5 yg ml-l, and the ciliates examined after 
several hours to allow the cells to settle and the DAPI to 
penetrate into the cells. Chambers were scanned at 
200x magnification with standard phase-contrast 
illumination to locate and identify the individual tin- 
tinnines. Epifluorescent illumination (340 to 380 nm 
excitation, 430 nm barrier filter) at  either 200x or 400X 
magnification was then employed to classify the life- 
cycle stage of each tintinnine. Three stages were 
enumerated (Coats & Heinbokel 1982), viz. 'trophic' 
cells (non-dividing), cells whose macronuclei each con- 
tained a 'replication-band' (RB), and 'post-replication- 
band' (P-RB) cells (including the macronuclear fusion 
stage and the one or more macronuclear division 
stages). Cells in at least 2 aliquots were examined from 
each sample; once 100 cells of a particular species had 
been classified in a given sample, additional cells of 
that species were not examined. 

The resultant data were examined in 2 ways. First, 
any diel periodicity was described. Data were plotted 
as percentage of dividing cells (summing 'replication- 
band' and 'post-replication-band' stages) as a function 
of time of day. These data were then tested for the 

presence of a significant periodicity in timing of cell 
division. The mean percentage of diving cells was 
calculated for each species. Each individual sample 
was then scored as either above (+) or below (-) that 
mean value, resulting in a time-ordered series of 
scores. In these analyses the time bmension was con- 
sidered circular or 'wrapped' so that the temporal se- 
quence of scores was not broken at noon as might be 
otherwise suggested by the figures. Species were 
deemed to be 'clearly' reproducing with a diel periodic- 
ity if all the '+' scores occurred together in an unin- 
terrupted sequence; species were considered to be 
'probably' synchronous in division if a single ' - '  score 
interrupted an otherwise continuous sequence contain- 
ing all of the ' + '  scores (or vice versa). 

In addition to being used to objectively identify the 
presence of diel periodicity, these data were used to 
define the breadth of the time interval of division and 
the strength (amplitude) of the periodicity in those 
species which reproduced synchronously. Linear 
extrapolations of the data were made and used to 
define the interval during the day when reproducing 
cells were more prevalent than average. The mid-point 
of that interval was arbitrarily chosen as the best 
description of when cell division occurred. In addition, 
in those species considered to be clearly or probably 
periodic in reproduction, the amplitude or strength of 
that periodicity was estimated by averaging all 
percentages of dividing cells observed in the '+' scores 
and subtracting the average percentage of dividing 
cells observed in the contrasting ' - '  scores. 

The second goal of these analyses was to calculate 
the actual specific growth rates, p, (time-') and gener- 
ation (doubling) times for those tintinnines for which 
the data were adequate. For this analysis both data on 
the percentages of dividing cells and estimates of the 
duration of one or more stages in the Life cycle are 
required (e. g. McDuff & Chisholm 1982). The percen- 
tage data are readily available, but estimating the 
duration term requires clearly defined peaks in per- 
centages of both RB and P-RB stages of the life cycle. 
Such estimates, therefore, can be made most reliably 
for those species which are both abundant in the 
samples and which display relatively strong periodici- 
ty in division. Strength of periodicity in the consis- 
tently least abundant P-RB stage was the most critical 
aspect of that latter consideration. In these studies, I 
made the more detailed analyses only in those cases in 
which 3 (or 3 of 4) adjacent frequencies of post-repli- 
cation-band stages exceeded the overall mean fre- 
quency. For those 3 species which met that latter con- 
dition, specific growth rates were calculated as 
follows. Data on percentages of RB and P-RB stages 
were graphed separately and the time interval during 
which those percentages exceeded the mean percen- 
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tages was calculated analogously to the procedure 
described above for the summed percentages. The 
mid-point of each interval provided an objective esti- 
mate of the time of maximum percentage for each 
stage. The temporal difference between those mid- 
points in successive stages represents the average 
duration of the 2 stages, that is, twice that temporal 
difference equals the duration of both stages together. 
With this estimate of the combined duration of RB and 
P-RB stages, the data on total percentage of dividing 
cells can be used to calculate specific growth rates. 
Paloheimo (1974) and McDuff & Chrisholm (1982) inde- 
pendently derived the appropriate formula for this cal- 
culation: 

where ,U = specific growth rate (h-'); f ,  = frequency 
(0 5 f ,  5 1) of dividing cells (RB + P-RB) in the i'h 
sample; n = number of samples considered over the 24 
h period; D = duration of cell division (RB + P-RB) in 
hours. Most effective use of this formula, however, 
requires that the interval between samples be  equal, a 
condition which could not be met due to logistical 
constraints during the sampling. Accordingly, linear 
extrapolations were made between the actual observed 
frequency values, and 24 extrapolated estimates of 
frequencies (at 1 h intervals) used in the calculations. 

RESULTS 

Sampling environment 

Vertical profiles of physical and chemical parameters 
of the environment taken immediately upon arrival and 
periodically during occupation of the station confirmed 
that, as expected, the water column was characterized 
by pronounced thermal and nutrient stratification. 
Depth of the mixed layer varied between 40 and 60 m, 
the euphotic zone (>l 40 surface light intensity) 
extended down to between 80 and 90 m, chlorophyll (in 
vivo fluorescence) peaked between 92 and 122 m, and 
the nutncline was positioned just below the chlorophyll 
maximum. Typical values (surface: 160 m) were: tem- 
perature (25:18 to 19 ' C ) ,  salinity (35.5 to 35.6:35.0 to 
35.1 %C,), nitrate (0 to 0.1:2.0 pm01 1-' Chlorophyll a 
values were typically 0.07 to 0.10 &g 1-' at the surface, 
rising to 0.25 to 0.37 big 1-' in the chlorophyll maximum 
layer Sampling depths for the senes of net-tows were 
determined from those data,  specifically, the 0 to 40 m 
stratum was designed to sample the surface mixed 
zone, and the 80 to 120 m stratum was designed to 
sample the chlorophyll maximum zone. 

Tintinnine reproductive dynamics 

Fourteen species of tintinnine cihates were encoun- 
tered in the net-collected material in sufficient abun- 
dance to warrant some level of analysis (Table 1).  Die1 
periodicity in the division process was examined in. all 
of those species (Table 1; Figs. 1 to 3).  In the upper 2 
strata (0 to 40 m and 40 to 80 m) die1 periodicity was at 
least probable in every one of the 12 analyses per- 
formed. Two of the 8 species analysed in the surface 
stratum displayed probable periodicity, while the other 
6 surface species and all 4 species from the second 
stratum exhibited clear periodicities in division. In both 
upper strata the average amplitude of the observed 
periodicity was relatively high (averaging 46.2 and 
45.8 O/O in the 0 to 40 and 40 to 80 m strata, respec- 
tively). Periodicity was very much less frequent and 
less strongly defined in the 80 to 120 m stratum, how- 
ever. No clear periodicity could be  demonstrated for 
any of these deeper dwelling species and only half of 
the 6 species analysed displayed probable periodicity. 
Average amplitude of the probable periodicity in those 
3 species (24.4 %) was also considerably less than for 
those species found at shallower depth. For all 3 depth 
strata statistical analyses of these data by means of a 
Runs-test (Dixon & Massey 1969) realed that synchrony 
in the clearly periodic species was consistently signifi- 
cant (p < 0.05) except for Eutintinnus brandti (p = 

0.057); synchrony in the probably periodic species was 
only marginally significant (0.076 5 p i 0.190). 

In those species which exhibited clear or probable 
periodicity in cell division, both the duration of the time 
during which division-stages were present in greater 
than average numbers and the timing of the division 
maximum varied widely The time interval during 
which reproducing tintinnines are abundant (a function 
of how 'tightly' phased the population is and/or how 
long the reproductive stage lasts) varied between 7.8 
and 15.0 h. The mid-points of those intervals were 
mostly concentrated between 20:OO and 02:OO h local 
time, although 4 of the 15 species had mid-points in the 
early to mid-afternoon between 13:OO and 17:00 h. 

Specific growth rates 

Data on the frequency-of-dividing-cells (FDC) can be 
used to calculate specific growth rates in 2 ways. The 
first, used by Heinbokel (1987), makes use of the max- 
imum FDC observed over the day. If division perio- 
dicity is 'tight' and all cells which will divide in that day 
are encountered in that single sample, the calculation 
1s accurate and does not require an independent esti- 
mate of the duration of the division stage(s) observed 
(McDuff & Chisholm 1982). If either condition is not 
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Table 1. Characteristics of diel division periodicity in tintinnine ciliates from the central North Pacific Ocean 

Depth Species Diel periodicity Mean FDC 
Present?" ~ m p l i t u d e ~  BreadthC Central tlmed ("/.l 

(c!<,) (h) 

0-40 m 
Steenstrupiella robusta 
S. steenstrupii 
Amphorella quadrilineata 
Eutin tinnus brandti 
Xystonella treforti 
Protorhabdonella curta 
Proplectella globosa 
Undella sp. (cf. ostenfeld~] 

40-80 m 
S. steenstrupii 
A. quadrilineata 
Undella sp. (cf. ostenfeld] 
Parundella sp. (cf. longa) 

80-120 m 
A. quadribneata 
ProplecteUa sp. 
Canthariella brevis 
Dadayiella cuspis 
SalpingeUa sp. (270 pm long) 
Salpingella sp. (1 00 pm long) 

" +: 'Clear' diel reproducbve periodicity; +/-: 'probable' periodicity; -: no periodicity; see text for definitions of scores 
[Mean of high (above-mean) values of FDC] minus [mean of low (below-mean) values of FDC] 

'Duration of interval during which FDC exceeds mean value 
* Mid-point (local time) of interval during which FDC exceeds mean value 

met, the estimated specific growth rate will underesti- 
mate the true rate, that is, it will represent a conserva- 
tive estimate. Such analyses for the species abundant 
in these samples resulted in calculated values of p 

ranging between 0.013 and 0.027 h-' (equivalent to 
generation or doubling times of 53 to 27 h). Average 
values of /I were 0.023, 0.022, and 0.017 h-' (generation 
times of ca 30,32,  and 4 1 h) for the 0 to 40 m, 40 to 80 m, 
and 80 to 120 m strata, respectively. These results are 
very similar to those reported by Heinbokel (1987). 
Note, however, that violations of the conditions 
necessary for this analysis are especially likely to occur 
in those species from the deepest strata where 
periodicity appears to be the weakest. Their calculated 
growth rates are the most likely to be  underestimated, 
and little significance can be  attached to the apparent 
differences in growth rates resulting from these conser- 
vative estimates. 

If reproduction is moderately phased and the dura- 
tion of one or more phases of the cell cycle are known 
(or can be estimated), then a precise estimate of the 
specific growth rate can be  made using all the data 
collected over a 24 h period (McDuff & Chisholm 1982). 
This latter, more powerful and general, approach could 
be utilized for 3 species of tintinnines in the present 

study (Table 2; Fig. 4). The Steenstrupiella spp. in the 
surface stratum had division characteristics that com- 
bined some of the shortest division breadths and high- 
est amplitudes of any of the species analysed (Table 1); 
they, therefore, provided the clearest and least ambi- 
guous results of these analyses. Xystonella treforti had 
acceptable characteristics for this analysis, but some 
uncertainty still exists in the estimation of the mid- 
point of the P-RB peak. In all 3 cases the second 
analysis resulted in higher estimates of p (Table 2). The 
difference between the 2 estimates was relatively 
minor for the Steenstrupiella spp. but much more sub- 
stantial for X. treforti. Division periodicity for Steen- 
strupiella spp. is, apparently, sufficiently tightly phased 
that nearly all cells dividing in  the 24 h study period 
were indeed captured in a single sample. 

DISCUSSION 

The reproductive dynamics of tintinnine ciliates from 
the upper 2 strata during t h s  study were very similar to 
those reported previously from coastal Hawaiian 
waters at about the same time of year in 1982 (Hein- 
bokel 1987). The previous investigation, sampling the 
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Time of Day 

Fig. 1. Diel periodicity of reproduction of tintinnines in 0 to 
40 m depth stratum. (A) Steenstru~iella robusta (mean 
number oi cells examined = l00 sample-'); (B) ~ t e e n s k ~ i e l l a  
s teenshpi i  (mean = 35.2); (C) AmphoreUa quadrilineata 
(mean = 23.3); (D) Eutintinnus brandti (mean = 10.9); (E] 
XystoneUa treforti (mean = 18.1); (F) Protorhabdonella curta 
(mean = 31.4); (G) Proplectella globosa (mean = 38.9); (H) 
Undella sp. (cf. ostenfeldi) (mean = 17.7). (0) Samples contain- 
ing only 5 to 9 individuals; (m) samples of 10 or more individu- 
als. Vertical line marks midnight; horizontal line marks aver- 
age percentage of dividng cells and defines the period of time 
in which a greater percentage of cells than average were 
dvidmg (vertical 'tick' marks mid-point of that interval) 
'Dividing cells' refers to sum of both replication-band and 

post-replication-band stages as defined in the text 

upper 50 m stratum with a smaller net than used in this 
study, found pronounced diel periodicity in the repro- 
duction of the 4 most abundant tintinnines. Two of 
these, Steenstrupiella steenstrupii and Amphorella 
quadrilineata, were also encountered further north at 
the 1984 oceanic station; the other 2 coastal species, 
Steenstrupiella gracfis and Eutintinnus stramentus, 
are morphologically very similar to their congeners 
found in the present surface stratum. 

In both studies several observations were consistent. 
The dominant species in these surface layers all dis- 
played clear or probable diel periodicity in cell division. 
Amplitudes, breadths, and timing of the phased divi- 

Time of Day 

Fig. 2. Diel periodcity of reproduction of tintinnines in 40 to 
80 m depth stratum. (A) Steenstrupiella steenstrupii (mean = 
32.7); (B) Amphorella quadrilineata (mean = 27.3); (C) Un- 
della sp. (cf. ostenfeldl) (mean = 19.9) (D) Parundella sp. (cf. 

longa) (mean = 24.8). Symbols as in Fig. 1 

sion process were extremely similar: Sfeenstrupiella 
spp, all displayed high amplitude, narrow breadth 
periodicity with the division peaks occurring shortly 
after midnight; Amphorella quadrilineata had a 
broader, lower amplitude peak in reproduction cen- 
tered several hours prior to midnight, and Entintinnus 
spp, displayed high amplitude, broad peaks in repro- 
duction centered several hours after noon. Such consis- 
tency in results obtained over 2 yr and several hundred 
kilometers apart ~trongly suggests that these results 
accurately reflect the general nature and timing of 
tintinnine reproduction in the surface waters of the 
central North Pacific Ocean, at least during the late 
summer period. In both studies potentially conservative 
estimates of population growth rates ranged as high as 
1 doubling d-l. 

Through (1) use of larger nets, resulting in larger 
samples permitting statistically valid examination of 
more species and (2) sampling of 3 distinct depth strata, 
the present investigation has extended our knowledge 
and understanding of tintinnine reproduction in sev- 
eral directjons. Most simply this study has increased 
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Fig. 3. Diel periodicity of reproduction of tintinnines in 80 to 
120 m depth stratum. (A) Amphorella quadrilineata (mean = 
13.6); (B) Proplectella sp. (mean = 18.8); (C) Canthariella 
brevis (mean = 22.4); (D) Dadayjella cuspis (mean = 30.3); (E) 
Salpingella sp. (270 pm) (mean = 29.6); (F) Salpingella sp. 
(100 pm) (mean = 15.7). Symbols as in Fig. 1; dashed horizon- 
tal lines mark average percentage of dwiding cells for species 

with no discernible periodicity in division 

from 4 to 16 the number of species of oceanic tintin- 
nines for which we now have data. Diel periodicity in the 
reproduction of shallow-living species does, indeed, 
appear to be the rule at this time of year, although there 
is considerable variability in the timing and breadth of 
the reproductive peaks. One of the points of uncer- 
tainty in the earlier study (Heinbokel 1987) concerned 
the lack of periodicity noted when the reproductive 
dynamics of the total assemblage of tintinnines (other 
than the 3 dominant species) were considered. It was 
impossible in that earlier project to discriminate from 2 
possible explanations, i. e. a general lack of periodicity 
in the less common species or significant periodicity in 
individual species but with variable timing so that the 
integrated reproductive effort appeared aperiodic. The 
present data strongly support the latter explanation, 
since no aperiodc species (of 9 examined in 12 ana- 
lyses) was identified in the 2 shallowest strata. 

In addition to more species to analyse, the larger 
samples also resulted in examinations of more indi- 
viduals in the dominant species. One species, Steen- 
strupiella robusta, was sufficiently abundant that 100 
individuals were analysed in each of the surface sam- 
ples. The statistical target of 100 individuals sample-' 
has been common in previous coastal and Antarctic 

studies (Coats & Heinbokel 1982, Heinbokel & Coats 
1986) but had proven unattainable in the previous 
oceanic effort (Heinbokel 1987). Two other species 
displayed reproductive characteristics that made them 
amenable to a more appropriate estimation of popula- 
tion growth rate. In all 3 cases the growth rates calcu- 
lated by the formula of Paloheimo (1974) and McDuff & 

Chisholm (1982) were, as expected, greater than the 
conservative estimates based only on the maximum 
observed frequency of dividing cells. The differences 
between the 2 estimates for the 2 species of Steen- 
strupiella, however, were very slight, supporting the 
expectation that, with strong reproductive phasing, the 
2 approaches are nearly equivalent. Xystonella treforti 
was characterized by a somewhat broader, less intense, 
periodicity that led to substantial differences between 
the 2 estimates of growth rate. While such differences 
should be expected as reproductive phasing weakens, 
the analysis of X. treforti points out another worrisome 
aspect of these analyses. The Paloheimo (1974) 
approach to estimating growth rate is critically depend- 
ent on the precise definition of the duration of the 
recognizable reproductive stage(s). In any species 
where that estimate is uncertain, the population growth 
rate will be equally uncertain. X. treforti presents an 
excellent example of that problem. The breadth of the 
P-RB stage was estimated to be 6.5 h with a mid-point 
at 02:20 h local time (Fig. 4c). The resultant duration of 
the reproductive phases of the tintinnine's life cycle 
(RB + P-RB stages) was estimated to be 8.3 h, leading 
ultimately to a calculated generation time of 18 h ( p  = 

0.039 h-'). Such a growth rate seems very rapid for one 
of the largest species of tintinnine in an extremely 
oligotrophic environment, but an increase in the tem- 
poral separation of the mid-points of the 2 reproductive 
stages of less than 1.5 h would result in a calculated 
generation time now greater than 24 h, an increase of 
ca 33 % over the original estimate. Without very pre- 
cise data on the frequencies of the 2 reproductive 
phases, especially the less abundant P-RB stages, such 
errors will be very likely to occur but be very difficult to 
evaluate since, (unlike the conservative result of errors 
associated with the maximum frequency approach) 
these errors in estimated duration can be in either 
direction. 

One of the important advances in this study was in 
the opportunity to collect populations from several 
depth strata. As noted above, the 2 upper strata were 
similar to each other and to the surface stratum sam- 
pled by Heinbokel (1987). The third stratum (80 to 120 
m), however, was different in a number of ways. This 
layer was beneath the surface mixed layer, was mostly 
below the euphotic zone (>l  O/O surface irradiance), 
and encompassed a chlorophyll maximum zone in 
which the chlorophyll a concentrations exceeded the 
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Table 2. Specific growth rates of tintinnine ciliates from the central North Pacific Ocean 

Depth Species Specific growth rate (p); GT" 
Maximum F D C ~  Total FDCC 

0-40 m 
Steenstrupiella robusta 0.027 h-'; 25.3 h 0.029 h-' ;  23.7 h 
S. steenstrrrpii 0.026 h-'; 26.6 h 0.027 h-'; 25.4 h 
Amphorella quadrilrneata 0.017 h-'; 40.4 h 
Eutintinnus brandti 0.027 h-'; 25.7 h 
Xystonella treforti 0.025 h-': 27.5 h 0.039 h- ' ;  18.0 h 
Protorhabdonella curta 0.021 h-'; 33.6 h 
Proplectella globosa 0.018 h-'; 39.1 h 
Undella sp. (cf. ostenfeldi] 0.023 h-'; 30.4 h 

40-80 m 
S. steenstrup~i 0.025 h-'; 27.8 h 
A. quadnlineata 0.024 h-'; 29.4 h 
Undella sp. (cf. ostenfeld~] 0.023 h-'; 30.4 h 
Parundella sp. (cf. longa) 0.017 h-'; 40.4 h 

80-120 m 
A. quadrilineata 0.020 h-l; 35.4 h 
Proplectella sp. N A 
Canthariella brevis 0.018 h- ' ;  38.5 h 
Dadayiefla cuspis NA 
Salpingella sp. (270 p m  long) 0.013 h-'; 52.8 h 
Salpingella sp. (100 ,pm long) N A 

(h-'); GT: generation (doubling) time (h) 
Conservative estimate of specific growth rate/generation time calculated by use of maximum observed FDC 

CMore precise estimate of specific growth rate/generation time calculated using all FDC data and estimate of duration of 
recognizable reproductive stages 

NA: calculation not appropriate in aperiodic species 

surface values by 3 to 5 times. The species composition 
was also quite different from that of the upper strata 
and the reproductive dynamics were quite different in 
a number of aspects. Although the mean frequencies of 
dividing cells were similar in all 3 strata (ca 20 to 40 '10 ; 

Table l), the tintinnine species from 80 to 120 m were 
notable in the weakness or absence of diel periodicity 
in the reproductive process. Only 3 of the 6 dominant 
species exhibited even probable periodicity and that 
periodicity was rather wide in breadth and definitely 
low in amplitude compared to the upper strata (Fig. 3). 

There are, therefore, striking differences in the 
patterns of diel periodicity of cell division in popula- 
tions of oceanic tintinnine ciliates from surface popula- 
tions and from the depth of the chlorophyll maximum 
layer. Several explanations for these distinct differ- 
ences can be discussed although no definitive resolu- 
tion of the differences can be offered at  this time. 
Heinbokel (1987) pointed out that laboratory studies 
with other taxa of ciliates had indicated that any of 
several stimuli could result in a phased diel cell division 
pattern only if growth was maintained at  rates slower 
than 1 division d-'. Perhaps the populations found 
within the relatively enriched chlorophyll maxlmum 
layer are able to maintain growth rates in excess of 1 

doubling d-' (as is presumably the case with estuarine 
and Antarctic populations), thus preventing the en- 
trainment of the division process to a diel stimulus. 
Alternatively, a t  least 2 of the stimuli that can be used 
to entrain laboratory populations, light and tempera- 
ture changes, would be expected to be extremely 
attenuated at depths of 80 to 120 m. Even if the popula- 
tions are growing sufficiently slowly to be amenable to 
phasing, no entraining signal would, therefore, be 
reaching them. Finally, and potentially least interest- 
ing, since the species composition of the deeper tin- 
tinnine assemblage is almost entirely different from the 
shallower assemblages, it may be that those deeper- 
living species are simply incapable of diel phasing in 
division, such that, regardless of environmental condi- 
tions or population growth rates, they would not dis- 
play any die1 periodicity in division. 

Without being able to estimate durations of division 
stages for representative species from each stratum, it 
is impossible to determine at this point whether, in fact, 
any differences exist in their growth rates. For exam- 
ple, in the present study, if the duration of reproduction 
is about the same for all species in all strata, then the 
population growth rates should also be similar, since all 
strata were characterized by similar average frequen- 
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Time of Day 

Fig. 4. Percentages of replication-band stages (0) and post- 
replication-band stages (0) for (A) Steenstrupiella robusta 
(duration of divison, D = 8.3 h); (B) Steenstrupiella steen- 
strupii (D = 9.5 h); (C) Xystonella treforti (D = 8.3 h). Other 

symbols as in Fig. 1 

cies of dividing cells. Actually, given 2 populations of 
cells with identical average division frequencies and 
identical division durations, the aperiodic population 
would have a faster population growth rate than would 
the periodic population, although the difference gener- 
ally would be relatively small. 

Although little can be said about the specific growth 
rates of the deeper tintinnines, the populations in the 
upper 2 strata were growing at rates similar to those 
that impressed Heinbokel (1987). Clearly, with conser- 
vative estimates of generation times for those 9 
species of shallow-living tintinnines almost always in 
the 24 to 36 h range, the rapid rates estimated in the 
earlier study receive considerable support. Heinbokel 
(1987) commented on the surprisingly rapid growth 
rates displayed by the tintinnines sampled in 1982; the 
earlier studles suggested that the tintinnines were 
growing at rates very similar to those of their phyto- 
planktonic prey. Those comments are equally valid in 
the context of this study, with the several dominant 
species of tintinnines in the oceanic surface layers 

apparently turning over on a daily basis. Beers et al. 
(1975, 1982) found that tintinnines constituted a rela- 
tively insignificant fraction of the oceanic plankton at  
this site (a finding consistent with the non-quantative 
impressions gained in this study). Although relatively 
little of the phytoplanktonic primary production, there- 
fore, would be passing through this group of organ- 
isms, the possibility remains that they may constitute 
an extremely important food resource for larger grazers 
in these waters, since the vast majority of phytoplank- 
tonic biomass and production is resident in the very 
small size classes which are unavailable to many of the 
crustacean grazers (e. g. Nival & Nival 1976). 
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