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Two different psychrophilic types of the heterotrophic nanoflagellate Paraphysomonas imperforata were

isolated from Newfoundland coastal waters and the Arctic Ocean. When fed bacteria without food limitation,
both isolates were able to grow at temperatures from -1.8 to 20°C, with maximum growth rates of 3.28 day-'
at 15°C and 2.28 day-l at 12.3°C for the Newfoundland and the Arctic isolates, respectively. Ingestion rates
increased with temperature from 14 to 62 bacteria flagellate-l h'- for the Newfoundland isolate and from 30
to 99 bacteria flagellate-' h-1 for the Arctic isolate. While temperature did not affect cell yields (number of
protozoa produced divided by number of bacteria consumed), it affected flagellate sizes. This differential effect
of temperature on cell yield and cell size resulted in a changing gross growth efficiency (GGE) in terms of
biovolume; colder temperatures favored higher GGEs. The comparison of Qlo values for growth rates and
ingestion rates between the isolates shows that the Arctic isolate is better adapted to extremely cold temperature
than the Newfoundland isolate. At seawater-freezing temperature (-1.8°C), the estimated maximum growth
rates and maximum ingestion rates are 0.81 day-' and 30 bacteria flagellate-1 h-1 for the Arctic isolate and
0.54 day-' and 12 bacteria flagellate-' h-' for the Newfoundland isolate. Our findings about psychrophilic
nanoflagellates fit the general characteristics of cold-water-dwelling organisms: reduced physiological rates and
higher GGEs at lower temperatures. Because of the large and persistent differences between the isolates, we
conclude that they are ecotypes adapted to specific environmental conditions.

Since microorganisms were incorporated as key compo-
nents in marine food webs (43), heterotrophic nanoflagellates
have been identified as major consumers of bacteria (51) as
well as important remineralizers of nutrients in aquatic
ecosystems (24). Heterotrophic nanoflagellates are also a
trophic link between picoplankton and microzooplankton
(1). The study of the energetics of these organisms is crucial
to understanding the so-called microbial loop as well as
aquatic ecosystems as a whole.

Despite the obvious need for energetic studies of bacte-
rivorous nanoflagellates, data are very limited and confined
to temperate species (11, 16, 23, 52, 54). To our knowledge,
no ecophysiological data about heterotrophic protozoa iso-
lated from cold waters are available except for a comparative
study of temperature tolerances for a psychrophilic ciliate
(35). The definition of psychrophilic organisms originally
given for bacteria by Morita (38) requires that the organisms
grow well at -1.5°C, have an optimum growth temperature
at or below 15°C, and do not grow above 20°C. We report
here on the physiological parameters of two psychrophilic
nanoflagellates, including growth and grazing rates and gross
growth efficiencies (GGEs), and the effects of temperature
on these parameters. Since our isolates are two ecotypes of
Paraphysomonas imperforata collected at different lati-
tudes, it is also possible to investigate genetically fixed
responses among ecotypes by comparing our isolates with
their temperate counterparts.

MATERIALS AND METHODS
Protozoa and bacteria. P. imperforata, identified by scan-

ning electron microscopy with the keys of Preisig and
Hibberd (46), was isolated from a water sample at 79°37.3'
N, 108051.21 W, in the Arctic Ocean (44), where the seawater
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temperature is below 2°C year-round. The same chry-
somonad species was isolated from a water sample from
Conception Bay, Newfoundland, Canada, where surface
temperatures rise above 5°C by the end of spring. One
species of rod-shaped bacterium (ca. 1.5 to 2 by 1 p.m when
grown in organic rich medium), designated Ti, was also
isolated from the Newfoundland water sample and was used
as a food source for the protozoa. Bacteria were grown
axenically at 4°C in h/2 medium (25) without silicate but
enriched with 0.1% yeast extract. Bacterial stock cultures
were maintained in the same medium at 4°C by transferring
1 or 2 drops of the culture into fresh medium once a month.
Protozoan stock cultures were also maintained at 4°C and
transferred once a month by inoculating 1 or 2 drops of the
culture into a Ti bacterial culture of 108 to 109 cells ml-1.
Sterile techniques were used throughout.
Temperature range for growth. Each nanoflagellate isolate

was inoculated in 125-ml Erlenmeyer flasks with 50 ml of
bacterial culture, with a final concentration of ca. 103 flagel-
lates ml-1. Three replicate flasks were incubated in a tem-
perature-controlled water bath (+0.1°C accuracy) at specific
temperatures. For each replicate, single samples of 2 ml each
were taken every 6 to 12 h depending on the temperature and
fixed with 15 p.l of Lugol's solution, and the protozoa were
counted at least until the stationary phase was reached. The
growth rate was determined from the exponential part of the
curve. This procedure was repeated for both isolates at
temperatures ranging from -1.8 to 20°C.

Grazing experiments. Grazing experiments were per-
formed with both nanoflagellate isolates preying upon heat-
killed bacteria at three different temperatures (-1.5, 6, and
15°C). The increase in nanoflagellate numbers and the dis-
appearance of bacteria were monitored over time. Heat-
killed bacteria were used as prey to avoid growth of bacteria
in the grazing vessel, which would have complicated the
estimation of prey disappearance. Bacteria were grown as
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described above at 4°C (200-ml cultures in 500-ml Erlen-
meyer flasks) and harvested while in the exponential phase
of growth with a concentration of ca. 5 x 10' bacteria ml-'.
They were then heat killed at 60°C for 30 min (11). The
effectiveness of heat treatment was tested by inoculating
heat-killed bacteria into enriched h/2 medium; growth was
never observed. Heat-killed bacteria were spun down at
1,750 x g for 15 min in sterile 50-ml polypropylene centrif-
ugation tubes and resuspended in sterile filtered (0.2-pum-
pore-size filter) seawater. The size of heat-killed bacteria
was measured by flow cytometry for later calculation of the
GGEs of the nanoflagellates.
The nanoflagellates were grown on bacteria at the same

temperature as in the actual grazing experiment to reduce
the possible lag period of temperature acclimatization. The
nanoflagellates were grown to the end of the exponential
phase, usually about 5 x 105 cells ml-1, to maximize the
density of nanoflagellates and minimize the density of live
bacteria. The nanoflagellates were then separated from the
remaining live bacteria by two rounds of centrifugation, one
at 215 x g for 10 min and the other at 70 x g for 10 min. The
resulting pellets were resuspended in sterile filtered (0.2-pum-
pore-size filter) seawater. This procedure reclaimed ca. 50%
of the protozoa and eliminated ca. 99% of the live bacteria
(from 108 to 106 bacteria ml-1). Nanoflagellates and heat-
killed bacteria were then counted and diluted with sterile
filtered (0.2-p.m-pore-size filter) seawater to the desired
concentrations. The conditions for starting concentrations of
bacteria and nanoflagellates were as follows: (i) the initial
bacterial concentration was high enough for nanoflagellates
to grow exponentially for a reasonable length of time in order
to calculate their growth rates, and (ii) the initial bacterial
concentration was low enough for nanoflagellates to graze a

significant portion of bacteria so that ingestion rates for
nanoflagellates could be calculated. Initial bacterial concen-

trations ranged from 3 x 108 to 6.7 x 108 cells ml-' and
initial nanoflagellate concentrations ranged from 9.4 x 104 to
2.5 x 105 cells ml-', depending on the growth rates of the
nanoflagellates. For each nanoflagellate isolate at each tem-
perature, three replicates of 45 ml each in 125-ml Erlenmeyer
flasks were incubated in a temperature-controlled water bath
bubbled with filtered air to avoid settling of bacteria and
oxygen limitation. Samples were taken at 2- to 6-h intervals
for 18 to 36 h, depending on the growth rates of the
nanoflagellates, and fixed with Lugol's solution. Live bacte-
ria carried over with the flagellates still had the potential to
grow. However, this growth was probably far from maximal
because the bacteria were in filtered (0.2-pum-pore-size filter)
seawater rather than enriched medium. The initial concen-

trations of live bacteria were calculated conservatively so

that even assuming maximal bacterial growth, the number of
live bacteria would not exceed 10% of the number of
heat-killed bacteria by the end of the experiment. Because
live and heat-killed bacteria had somewhat different mor-

phologies (rod shaped versus spherical, respectively) they
could be distinguished microscopically. Live bacteria were

observed only occasionally during the grazing experiments.
Counting and sizing. Nanoflagellates were counted in a

hemocytometer at a magnification of x 100 by bright-field
microscopy. Bacteria were counted by the acridine orange

direct count technique (30) on 0.2-p.m-pore-size black Nu-
clepore filters at a magnification of x 1,250 by epifluores-
cence microscopy. For later calculation of GGEs, the sizes
of the flagellates were measured. It is well known that
fixation has an effect on the size and morphology of organ-

isms. In the case of protozoan fixation, shrinkage depends

on the fixation method and on the protozoan species (4, 12,
55). Even though the same fixation method and the same
species were used, we sized live flagellates rather than fixed
ones to avoid the possible differential effects of fixation on
cell volumes of different ecotypes. Live nanoflagellates and
heat-killed bacteria were sized with an EPICS 753 (Coulter)
flow cytometer. Size measurements of live flagellates were
done as quickly as possible, usually within 10 min after
sampling. To increase sensitivity, a confocal lens with a
beam spot of 16 by 40 ,um was used instead of the standard
beam-shaping lens of 16 by 160 p,m. Forward angle light
scatter was collected with a 325-nm band-pass filter, with an
excitation wavelength at 320 nm. Forward angle light scatter
signals were collected along different channels depending on
particle diameter. Channel numbers were converted into
lengths by an empirically derived relationship by using
reference beads of known diameter. About 2 x 103 to 4 x 103
cells were sized with 4.4-, 6.0-, and 9.0-pum beads for the
flagellates and 1.5- and 4.4-p.m beads for the bacteria.
Volumes were calculated by assuming spherical shapes for
both nanoflagellates and heat-killed bacteria.

Calculations and statistics. From the exponential part of
the protozoan growth curve, physiological parameters of the
nanoflagellate isolates were calculated. The growth rate was
obtained as the slope of the linear portion of a plot of the
logarithm of protozoan concentration versus time. Ingestion
rates and clearance rates were calculated by the equations of
Frost (20), as modified by Heinbokel (28), to account for the
increase in protozoan numbers. Mean concentrations of
flagellates ((P)) and bacteria ((B)) were calculated as follows:
(P) = (P2 - P1)/(ln P2 - In P1) and (B) = (B1 - B2)/(ln B1 -

ln B2), where P, and B, are concentrations of protozoa and
bacteria, respectively, at time t (time 2 being later than time
1). An instantaneous ingestion rate (i) can be viewed at a rate
of disappearance of bacteria when ingestion is the only loss
factor and is calculated as i = (ln B2 - In B1)/At, where At is
time 2 minus time 1. The ingestion rate, I, defined as the
number of bacteria consumed per protozoan per unit time,
was then calculated as the instantaneous ingestion rate times
the ratio of the mean concentration of bacteria to the mean
concentration of protozoa. The clearance rate, C, defined as
the volume of water cleared of bacteria by a protozoan cell
per unit time, was computed as the ingestion rate divided by
the mean concentration of bacteria. A cell yield (Y), defined
as the number of protozoa produced divided by the number
of bacteria consumed, was also computed, by using the
formula Y = (P2 - P1)/(Bl - B2).
The GGE was calculated in terms of biovolume as the

efficiency of conversion of bacterial volume into flagellate
volume, by using the formula

G
(P2 - P1) X Vp
(B1 - B2) X Vb

where Vp and Vb are the cell volumes of live flagellates and
heat-killed bacteria, respectively.

Q10 values were estimated for growth rates and ingestion
rates by nonlinear regression. Exponential regressions were
chosen on the basis of highest r2 among the tested models.
Thus, Rate = A x 10B x Temp, and therefore Q10 = 1010 x B,
where Rate is the growth rate or ingestion rate, A and B are
constants, and Temp is the temperature at which Rate is
measured.
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FIG. 1. Growth rates (at different temperatures) of P. imperfo-
rata Newfoundland (a) and Arctic (b) isolates. Symbols represent
the mean of three replicates, and bars indicate + 1 standard error. 0,

growth experiments; 0, grazing experiments. The curves are expo-
nential regressions of points below the maximum growth rate. The
Q10 values are calculated from the regression lines.

RESULTS

The growth rates of the nanoflagellates in the temperature
interval from -1.8 to 20°C ranged between 0 and 3.28 day-1
for the Newfoundland isolate and between 0 and 2.28 day-1
for the Arctic isolate (Fig. 1). The growth rates of the two
isolates showed similar patterns in response to temperature
change: (i) they decreased above and below the optimal
temperature, which was about 15°C for the Newfoundland
isolate and 12.3°C for the Arctic isolate; (ii) the change in
growth rates was slower below than above the optimal
temperature; and (iii) neither isolate survived at 20°C. In
most grazing experiments, the nanoflagellates started to
grow exponentially at their expected rates immediately after
being introduced into grazing vessels (Fig. 2a). Occasionally,
the nanoflagellates showed a lag period (up to 6 h in an
extreme case) before entering an exponential phase (Fig.
2b). Exponential growth lasted 11 to 25 h, depending on
initial bacterial concentrations and nanoflagellate growth
rates (two examples in Fig. 2). The growth rates during the
grazing experiments were consistent with those obtained
previously (Fig. 1).
For both nanoflagellates at all three temperatures, inges-

tion rates increased with increasing growth rates, from 14 to
62 bacteria flagellate-1 h 1 for the Newfoundland isolate and
from 30 to 99 bacteria flagellate-' h-1 for the Arctic isolate,
showing significant differences (P < 0.01) between temper-
atures (Fig. 3; Table 1). The Arctic isolate always had a
higher ingestion rate than the Newfoundland isolate at any
given temperature. Even though clearance rates were signif-
icantly different at the different temperatures, no pattern
emerged (Table 1). Clearance rates depend on prey concen-
trations when concentrations are not limiting (42); the higher
the prey concentration, the lower the clearance rate. Since
all of the grazing experiments were performed without prey
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FIG. 2. Concentrations of P. imperforata and bacteria from

grazing experiments with the Arctic isolate at -1.5°C (replicate B)
(a) and the Newfoundland isolate at -1.5°C (replicate B) (b).
Symbols: 0, protozoa; 0, bacteria. Lines represent the intervals
used to calculate rates.

limitation, temperature effects on clearance rates were ob-
scured because of differences in prey concentrations. Cell
yields (Table 1) showed no statistical differences between
temperatures; therefore, means based on all three tempera-
tures were computed, resulting in 1.56 x 10-3 flagellates
bacterium-1 for the Newfoundland isolate and 1.12 x 10-3
flagellates bacterium-' for the Arctic isolate.

Cell sizes of nanoflagellates were significantly different at
different temperatures (Table 1). The Newfoundland isolate
was significantly larger at -1.5 than at 6 and 15'C. The
Arctic isolate was largest at -1.5°C, but the only significant
difference at an a level of 0.05 was between the extremes of
temperature. Because of the characteristics of flow cytome-
try, with a large number of cells (ca. 2,000 to 4,000) sized for
each replicate, it was possible to detect slight differences in
the cell size of nanoflagellates (down to 0.01 Rm) at different
temperatures which would have been missed had regular
microscopy been used. Even though the smallest diameter
was 93 and 96% of the largest for the Newfoundland isolate
and the Arctic isolate, respectively, the smallest cell volume
was 80 and 90% of the largest for the Newfoundland isolate
and the Arctic isolate, respectively. Heat-killed bacteria had
an average diameter of 0.99 + 0.14 ,um and a corresponding
volume of 0.53 ± 0.22 ,m3 (mean standard deviation)
(Fig. 4).
At all three temperatures, GGE decreased from 71 to 45%

with increasing temperature for the Newfoundland isolate.
The Arctic isolate showed similar values, but with a highest
efficiency of 61% at 6°C and a lowest efficiency of 51% at
15°C (Table 1). Since GGE was defined in terms of biovol-
ume in this study and a constant biovolume of heat-killed
bacteria was used, the calculation of GGE becomes GGE =
cell yield x flagellate cell volume x constant x 100, where
the constant is 1/bacterial cell volume. Because the statisti-
cal analysis showed that temperature had no measurable

a
0
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FIG. 3. Ingestion rates versus temperature for P. imperforata

Newfoundland (a) and Arctic (b) isolates. Datum points represent
the mean of three replicates, and bars indicate ±1 standard error.
The curves are exponential regressions. The Qlo values are calcu-
lated from the regression lines.

effect on the cell yields, differences in GGEs between
temperature treatments depend completely on nanoflagellate
cell volumes. GGEs calculated with an average cell yield for
each isolate (Table 1) were highest at -1.5°C: 68% for the
Newfoundland isolate and 61% for the Arctic isolate.

DISCUSSION

Growth and grazing rates. By extrapolation of the regres-
sion lines in Fig. 1, the estimated growth rates at -1.8°C
(freezing point of seawater) are 0.54 day-1 for the New-
foundland isolate and 0.81 day-' for the Arctic isolate.
Extrapolating in the same way to obtain ingestion rates from

the data in Fig. 2, we obtain rates of 12 bacteria flagellate-'
h'- for the Newfoundland isolate and 30 bacteria flagellate-1
h-1 for the Arctic isolate. These growth and ingestion rates
are relatively high, and in situ rates are expected to be
somewhat lower because of reduced bacterial size and
concentration. In this study, bacterial concentrations were 2
to 3 orders of magnitude higher than the naturally occurring
concentrations of 104 to 105 bacteria ml-' (44, 45). Prelimi-
nary grazing experiments using fluorescence-labeled bacte-
ria (53) suggest that our nanoflagellate isolates cannot graze
effectively below a bacterial prey density of 105 cells ml-'
(data not shown). Moreover, the biovolume of naturally
occurring bacteria is about 2 orders of magnitude smaller
than that of laboratory-cultured Ti, suggesting that P. im-
perforata would need higher concentrations of natural bac-
teria to achieve the same growth rates as with cultured
bacteria. Nevertheless, even at -1.5°C, the nanoflagellate
isolates have the potential to exert a significant grazing
pressure on bacteria under high prey density conditions,
such as on marine aggregates or in blooms associated with
sea ice.
The direct relationship of protozoan growth rates to tem-

perature has been repeatedly documented (2, 10, 19, 47, 48,
52). The Q1o values of P. imperforata growth rates are

somewhat higher than the theoretical value of 2, but they are
in good agreement with those of other studies (2.48 for P.
imperforata between 14 and 26°C [10] and 2.49 for a Monas
sp. between 3 and 18°C [52]). For ingestion, the Newfound-
land isolate and the Arctic isolate have Q1o values of 2.51
and 2.05, respectively, which are lower than other reported
values (3.73 for P. imperforata between 14 and 26°C [10] and
3.12 for mixed 3- to 5-,um flagellates between 3 and 16°C
[54]).
When our isolates are compared with a P. imperforata

isolate from a tidal channel near Vineyard Sound, Mass.
(10), general trends of adaptation in response to temperature
are suggested. The following trends may be inferred from the
growth rates shown in Fig. 5. (i) The optimum temperatures
increase with decreasing latitude of collection sites. (ii) The
maximum growth rates at optimal temperatures also increase
with decreasing latitude. (iii) The slopes of growth rates
versus temperature below the optimal temperature decrease
more slowly for isolates from cold water, indicating that
isolates from colder water grow faster below a certain
temperature; e.g., the Arctic isolate grows faster than the
Newfoundland isolate below 12.7°C (refer to the intersection

TABLE 1. Summary of effects of temperature on different physiological parameters of two marine cold-water isolates of P. imperforataa

Isolate Temp Growth rate Ingestion rate ClearancerateCelyldVl(M3 GEIsolate Temp Growr(day') (bacteria flagel- (pl flagellate- Cell yieldbactemium-))VolamG(3)m)G(%E(0C) ~~~~~~late-'h-') h-') (lglae atru' im(~m o im) ()

Newfoundland -1.5 0.53 (0.07) 14 (4.1) 107 (23.6) 1.63 x 10-3 (0.11 X 10-3) 7.62 (0.02) 232 (1.6) 71 (68)
6.0 0.87 (0.07) 20 (1.5) 233 (19.8) 1.83 x 10-3 (0.32 x 10-3) 7.09 (0.06) 187 (5.0) 65 (55)

15.0 2.73 (0.08) 62 (4.9) 104 (10.0) 1.25 x 10-3 (0.05 x 10-3) 7.16 (0.04) 192 (2.9) 45 (57)
Significancec ** ** ** NS ** **

Arctic -1.5 0.77 (0.03) 30 (3.0) 99 (10.7) 1.10 x 10-3 (0.15 X 10-3) 8.20 (0.03) 288 (3.3) 60 (61)
6.0 1.53 (0.11) 55 (8.1) 169 (25.0) 1.18 x 10-3 (0.12 x 10-3) 8.07 (0.02) 275 (1.8) 61 (58)
15.0 2.34 (0.12) 99 (9.9) 316 (54.4) 1.04 x 10-3 (0.02 x 10-3) 7.89 (0.09) 258 (8.6) 51 (54)

Significance ** ** ** NS * *

a Except for GGEs, data are means of three replicates with standard error in parentheses.
b Values in parentheses are GGEs calculated with an overall mean cell yield for each isolate. See text.
c Statistical result from one-way analysis of variance tests using temperature as treatment. **, significant at a = 0.01; *, significant at a = 0.05; NS, not

significant. Where significant differences were found, comparisons of means were conducted by Tukey's test.
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120 size changed with temperature, while no change was ob-
1.5 gmbeads served for the temperate isolate (10). Since these changes are

_oo100 q t., 4.4 lim beads quite small (less than 1 p.m), they are not easily detected by
i 80- ,l0 >4 light microscopy and might have been overlooked previ-

Heat-killed bacteria ously. Our nanoflagelates had their largest volumes at the
- 60 \ I coldest growth temperature (-1.5°C). Other protozoans

/̂IL| such as ciliates (19, 32, 35) and amoebae (2, 49), which are
0 40 ^ ,t/V ' / i much larger than nanoflagellates, show the same trend of
20 4̂ 11 increased sizes when grown at low temperatures.

0' , hJ , h h t | Even though carbon has been most widely used as a
° currency for GGE, biomass production of protozoa in terms
15 60 105 150 195 240 of carbon usually has not been measured directly but rather

Channel No. has been estimated by multiplying the number of newly
FIG. 4. Forward angle light scattering distribution of a popula- produced protozoa by a fixed value of carbon content per

tion of heat-killed bacteria (isolate T1) obtained by flow cytometry. protozoan cell, without considering possible changes in
Channel number can be related to size with reference beads of carbon content with different culture conditions (15, 52).
known diameter. This automatically guarantees constancy of GGE (in terms

of carbon) once cell yields are constant. Even when biomass
carbon production was measured directly, accurate esti-

points in Fig. 5). Since the ingestion rate data available for mates were hindered by the inability to separate completely
the temperate isolate are based on herbivory (10), it is not protozoa from prey particles and egested particles (9, 10,
possible to compare the absolute values of ingestion rates. 55). Underestimation of GGE was also suggested, however,
However, like the slopes of growth rates, the slopes of when it was based on cell volume of fixed protozoa, because
ingestion rates versus temperature are lower for colder- of shrinkage caused by fixation (10). Release of dissolved
water isolates; that is, Q1o values increase with decreasing carbon during fixation and/or filtration could also contribute
latitude of collection sites. Psychrophilic bacterial have also to underestimations of GGE. Considering the artifacts dis-
been reported to have a similar response to low temperature. cussed above, we believe that GGE based on live-cell
As the temperature decreases below the optimum, growth volume gives a more accurate estimate, especially when
rates (27) and metabolic rates (31) of psychrophiles decrease protozoan cells are sized by flow cytometry.
more slowly than those of mesophiles. For microorganisms, The GGE of heterotrophic nanoflagellates can vary de-
it appears to be a general phenomenon that psychrophiles pending on (i) prey condition (density, type, and chemical
have higher physiological rates at cold temperatures but composition), (ii) flagellate condition (physiological status),
have lower maximum rates at optimum temperatures than and (iii) physical conditions (temperature, pH, and shaken
mesophiles. This suggests that there is a trade-off between versus nonshaken, etc.). When other growth conditions are
maintaining high rates at low temperatures and having high held constant, prey density does not affect the GGE of
maximum rates at optimum temperatures, although the protozoa during balanced growth (15, 16). Fenchel (16) and
physiological and biochemical basis for this hypothesis is Fenchel and Finlay (17) reasoned that this is because almost
inadequately understood. Spatial and temporal changes of all of the energy of growing flagellates is invested in biomass
temperature in aquatic ecosystems could lead to changes in production, while maintenance energy is minimal. The effect
microbial communities by giving a competitive advantage to of temperature on GGE of protozoa appears to be more
one or another group of microorganisms. complex. Usually, a decrease in temperature is accompanied

Size and GGE. Isolates of P. imperforata are larger at by an increase in GGE (references 47 and 59 and this study),
higher-latitude collection sites than at lower latitudes. In this but there are reports of decreased GGE (34, 49) and temper-
study, the diameter range over the three tested temperatures ature-independent GGE (10). However, some of these re-
was 7.89 to 8.20 p.m for the Arctic isolate and 7.16 to 7.62 p.m sults may be due to the methods used because, as mentioned
for the Newfoundland isolate, while a diameter of 7 p.m was earlier, GGE will always appear constant once cell yields
reported for the temperate isolate (23). For our isolates, cell have been found constant and a fixed conversion factor such

as a fixed value of carbon content per protozoan cell (15, 16)
or a fixed value of protozoan cell volume (16) is used.
Increased sizes of protozoa at lower temperatures (refer-

4-temperate / ences 19 and 32 and this study) strongly suggest that the
GGE of protozoa generally increases with decreasing tem-

> 3- Newfoundland perature under balanced growth while cell yields are con-
cl . / \ /stant.

2 Arctic Our volume-based GGE estimates are higher than the
CZ 2- Arctic // W GGE values found in the literature (see, for example, refer-

ence 8), which were generally calculated on the basis of
carbon. The fact that the carbon/biovolume ratio is higher

0 for bacteria (ca. 200 fg of C ,um3for our bacteria [results of
an unpublished study]) than for flagellates (100 fg of C ,um-3

0 for a living Monas sp. [5]) can account for this difference.
-5 0 5 10 15 20 25 30 Ecological implications. The high growth and grazing rates

Temperature (°C) of our flagellate isolates may be unrealistic for cold marine
FIG. 5. Growth rate-versus-temperature curves for different iso- pelagic environments, mainly because of the difference in

lates of P. imperforata. The curves were fitted visually from prey size and concentration. However, bacteria have been
observed data. found at concentrations as high as 2 x 107 cells ml-1 with an
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average cell volume of 0.47 ,m3 in and near sea ice (57).
There is increasing evidence that in this type of environ-
ment, a complex trophic web with high concentrations of
protozoa develops (18, 22, 33, 36, 56). The increased GGE of
these organisms at low temperatures would accentuate their
role as atrophic link to the thriving higher trophic levels near
sea ice. P. imperforata can grow not only on bacteria but
also on nanoautotrophs (10, 23). This would probably allow
it to grow well in open water, especially during blooms.

P. imperforata has a widespread distribution (46), but it
remains unknown how representative it is of the entire
flagellate community at the sampling sites. However, the
ecophysiological trends of increased size and GGE and
decreased growth rates at low temperatures are found in
most protozoa. Over a broad taxonomic range, from bacteria
to fishes, these trends are repeatedly observed. For psychro-
philic isolates of bacteria of the genus Vibrio, higher effi-
ciencies and lower growth rates were found at low temper-
atures (13, 29, 39). Cells of bacteria such as Salmonella
typhimurium (50) and a Pseudomonas sp. (14) are larger
when grown at lower temperatures. Hagstrom and Larsson
(26), working with pelagic bacteria, reported decreased
growth rates and increased cell sizes at low temperatures.
Chrzanowski et al. (14) reported a seasonal variation in cell
volume of epilimnetic bacteria with an inverse relationship
between cell volume and temperature. In the case of yeasts,
a psychrophilic Candida strain had much higher growth rates
and was much more active metabolically than the mesophile
Candida lipolytica below 10°C (3). Brown and Rose (7),
working with Candida utilis, reported an increase in cell
volume at low temperatures. Planktonic copepods in cold
water increase both body size and fecundity and have a

longer development time (37). The arctic ctenophore
Mertensia ovum reduces its metabolic rates and increases its
size in winter (41). In addition, the sockeye salmon, Onco-
rhynchus nerka, has its maximum GGE at a temperature
lower than that at which it has its maximum growth rate (6),
and low temperature has also been shown to increase the
size of zooplanktivores living in deep waters (58). Thus,
there appears to be a general phenomenon of an increase in
GGE when ectotherm heterotrophic organisms grow below
the optimal temperature for growth. This means that even
though growth rates decrease, relatively more energy is put
into biomass production and less is lost via respiration,
defecation, and excretion, etc.
With respect to the autoecology of P. imperforata, the

isolates differ significantly in characteristics such as cell size,
growth traits (the Newfoundland isolate tended to aggregate
much more heavily in the stationary phase), and growth
responses to temperature. In the limited studies of popula-
tion genetics of protists, genetic differences between clones
of diatoms have been recognized for Thalassiosira spp. (40),
and the physiological differences among clones of Skele-
tonema costatum are actually related to genetic differences,
as determined by electrophoretic banding patterns (21). In
the case of P. imperforata isolates, large differences in
physiological characteristics suggest that the isolates have
adapted to temperature not only physiologically but also
genetically. The importance of these differences is strength-
ened by the fact that the isolates have remained unchanged
for over 2 years of laboratory culturing. Thus, we believe
that the isolates belong to different ecotypes.
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