Vol. 41: 155-165, 1987

MARINE ECOLOGY - PROGRESS SERIES
Mar. Ecol. Prog. Ser.

Published December 2

Activity of heterotrophic bacteria in the euphotic
zone of the Celtic Sea
I. R. Joint, A. J. Pomroy
Natural Environment Research Council, Institute for Marine Environmental Research, Prospect Place, T h e Hoe, Plymouth
PL13DH, England

ABSTRACT: As part of a study to determine the importance of picophytoplankton, w e have used
[methylL3~]
thymidine incorporahon as a n indicator of heterotrophic bacterial production in the Celtic
Sea. Over a 4 yr period, a number of measurements were made on the same day that picophytoplankton
production was measured by in situ incubations with 14C. 3H-thymidine incorporation rates are not
closely coupled to primary production estimates of either total phytoplankton or picoplankton. Vertical
profiles of the 2 processes are very different and there is no significant correlation between 3 ~ thymidine uptake rate and primary production at any depth or when the rates are integrated to the base
of the euphotic zone. Certain correlations were found: bacterial number u l t h chlorophyll a, and 3Hthymidine incorporation with bacterial number. However, the most significant correlations are between
bacterial production and temperature; temperature explains 62 % of the variance in bacterial number
and 35 % of the variance in 3 ~ - t h y m ~ d i nincorporation
e
of samples taken a t all depths throughout the
euphotic zone. When the data are integrated throughout the euphotic zone, temperature explains 4 1 O/O
of the variance in depth-integrated 3 ~ - t h y n ~ i d l nincorporation
e
rate. Using recently published factors
for converting 3H-thymidine incorporation rates into estimates of bacterial production a n d data obtained
in all seasons, w e estimate that the production of heterotrophic bacteria is usually less than 10 %, but
occasionally u p to 18 %, of the picoplankton production and is less than 6 % of the total phytoplankton
production. The use of other conversion factors may result in higher estimates of bacterial production,
but some published factors are shown to b e physiologically unreasonable.

INTRODUCTION
The role of heterotrophic bacteria in pelagic ecosystems has been the subject of considerable research in
the last decade. Bacterioplankton were previously considered not very abundant and unimportant; however,
with the introduction of epifluorescence microscopy we
now know that bacteria are much more abundant than
had been indicated by standard microbiological techniques such as plate counts. In addition, several techniques have been introduced which enable the production of heterotrophic bacteria to be estimated. Foremost
amongst these is a method based on the uptake of
[ m e t h y l - 3 ~thymidine
]
which was introduced by Fuhrman & Azam (1980) and Fuhrman et al. (1980) and
subsequently critically assessed by them (Fuhrman &
Azam 1982). Other methods of estimating bacterial
production have also been suggested, including determining the frequency of dividing cells (Hagstrom et al.
1979, Newel1 & Christian 1981), incorporation of 3Hadenine into nucleic acid (Karl et al. 1981a, b) and
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changes in bacterial cell numbers following dilution to
reduce grazing pressure (Ducklow & Hill 1985a). However, perhaps because of the simplicity of the procedure, the incorporation of 3H-thymidine is increasingly
used to determine bacterial production.
The method does not give a n unequivocal estimate of
bacterial production despite the fact that incorporation
by natural populations appears to b e specific to heterotrophic bacteria; autotrophs a n d protozoa d o not utilise
3H-thymidine at the concentrations suggested by Fuhrman & Azam (1982), largely because many of these
organisms lack thymine lunase (Moriarty & Pollard
1981). The uncertainties in the method arise from the
factors that are used to convert incorporation rate of 3 ~
thymidine into production of new bacterial biomass.
Specifically, there are uncertainties over whether the
number of cells produced per m01 of 3 ~ - t h y m i d i n e
incorporated is constant, what the factor is to convert
3H-thymidine incorporation into cell number, a n d even
over the carbon content of bacteria from natural
oceanic and shelf populations (Ducklow & Hill 1985b).
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Our own interest in estimating bacterial production
adopted were designed to minimise contamination of
arose because we were measunng the production of
the water samples but no attempt was made to follow
photosynthetic picoplankton by the incorporation of 14C
the ultra-clean procedures advocated by Fitzwater et
bicarbonate. In the Celbc Sea in summer, we found a
al. (1982).
substantial proporbon (up to 30 %) of the fixed carbon
Samples for enumeration of bacteria were fixed with
was in organisms which passed through 1 pm but were
2.5 % (v/v) glutaraldehyde (electron microscope grade,
retained by 0.2 pm Nuclepore filters (Joint & Pomroy
obtained from BDH Chemicals Ltd, Poole, England,
1983). The label in this small fraction might have
and filtered through 0.2 ,pm Nuclepore filters before
resulted from photosynthetic fixation by picophytouse) and stored in clean glass bottles at 4°C for up to
plankton (<1 pm) or, equally, from the release of label
2 mo untd counted. Samples were stained with DAPI
from large phytoplankton as dissolved organic carbon
(4'6-damidno-2-phenylindole) as described by Porter
which could then be assimilated by heterotrophic bac& Feig (1980) and fluorescent bacteria were counted
with a n epifluorescence microscope by the method of
teria. This label would be trapped on 0.2 pm filters after
Hobbie et al. (1977).The microscope used was a Leitz
passing through 1 pm filters but would be a consequence of high heterotrophic bacterial activity and not
Ortholux I1 equipped with 50W HBO light source,
the result of photosynthesis by picophytoplankton. To
Ploempak 2.2 fluorescence vertical illuminator with
filter block A, and an NPL Fluorotar 100/1.32 oil objecdistinguish between these 2 processes, a n independent
estimate of bacterial activity was required and w e
tive lens. For each sample, 15 to 20 fields of view were
reported (Joint & Pomroy 1983) estimates of bacteria
counted, giving a minimum count of 300 cells sample-'.
3 ~ - t h y m i d i n e incorporation experiments followed
production based on the incorporation of 3H-thymidine
the method of Fuhrman & Azam (1982). The [methylusing the method of Fuhrman & Azam (1982). These
3 ~ thymidine
]
was obtained from Amersham Internameasurements suggested that heterotrophc bacterial
tional immediately before each cruise; experiments
production was much less than the amount of 14Cfixed
in the < 1 pm fraction and w e therefore concluded that
done in summer 1982 used 3H-thymidine solutions
production by photosynthetic picoplankton was signifiwhich were d l u t e d with unlabelled thym~dine(Joint &
cant in summer in the Celtic Sea.
Pomroy 1983) but subsequent experiments used 3Hthymidine at specific activities of 85 to 90 Ci mmol-l.
We have subsequently carried out a large number of
Stock solutions were prepared before each cruise by
determinations of picophytoplankton production (Joint
& Pomroy 1986, Joint et al. 1986) and on each cruise,
dluting the radiochemical with filter-sterilized Milli-Q
the activity of heterotrophic bacteria was measured
water; stocks were stored at 2°C during the cruise and
using the 3H-thymidine technique. The purpose of this
a fresh stock bottle was used for each experiment. All
paper is to report the results of these measurements
experiments were done within 3 wk of dispatch of the
radiochemical from the manufacturer; under the stormade in all seasons in the Celtic Sea. Since measurea g e conditions adopted, Amersham International sugments of photosynthetic I4C fixation by size-fractiongest that decomposition should be less than 2 O/O mo-' if
ated phytoplankton were also done at the same stations, w e are able to examine the relationships of 3 ~ - stored as a n aqueous solution at 2 "C.
thymidine incorporation rate with phytoplankton and
The experimental procedure was as follows. Water
samples were taken with clean N I 0 water bottles and 5
picophytoplankton production a n d to determine which
replicate 10 m1 samples were immediately dispensed
environmental factors influence bacterial activity.
into sterile plastic tissue-culture tubes which were kept
in the dark at ambient seawater temperature throughMETHODS
out the experiment; 3 ~ - t h y m i d i n was
e
added to each
tube to give a concentration of 5 nmol I - ' . As a control.
The stations studied in the Celhc Sea were those that
electron microscope grade glutaraldehyde was added
formed a seasonal study of picophytoplankton producto 1 of the 5 replicate tubes taken from each depth
tion (Joint et al. 1986, Joint & Pomroy 1986);additional
immediately after the addtion of the 3 ~ - t h y m i d i n e .
measurements were made at Stn CS2 (Joint & Pomroy
The samples were routinely incubated for 1 h but time1983) in May and J u n e 1986. Sampling procedures and
course assays showed that incorporation was hnear for
data on phytoplankton production can be found in
at least 2 h and frequently longer. At the end of the
Joint & Pomroy (1983) and Joint et al. (1986). Water
incubation penod, the tubes were placed in an icesamples were taken with clean N I 0 water bottles and
water bath and ice-cold trichloroacetic acid (TCA) was
transferred to clean plastic carboys; care was taken not
added to give a final concentration of 5 O/O v/v. The
samples were left in the ice bath for 15 min and then
to expose the samples to light or temperature differfiltered through 25 mm 0.2 ,pm pore-size Nuclepore filences and all 3H-thymidine incorporation expenments
ters; each filter was rinsed 5 times wlth 1 m1 5 O/O icewere begun within 20 min of sampling. The procedures
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cold TCA and the filters were then placed in scintillation vials and dried in a desiccator with active silica gel.
The samples were counted in a liquid scintillation
counter on return to the laboratory, usually within 3 wk
of the experiment. Counting efficiency was determined
with an external standard but this was checked in
occasional vials of each series by the addition of internal standards.
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abundant than cyanobacteria at this time. The most
conspicuous feature of heterotrophic bacterial counts
was that the variation in number during a 14 to 21 d
summer cruise could be of the same order as the seasonal variation. However, in winter this variability in
cell numbers was greatly reduced.

Vertical profiles of 3H-thymidine incorporation
RESULTS
Seasonal abundance of heterotrophic bacteria
There were no large seasonal variations in numbers
of bacteria in the euphotic zone of the Celtic Sea. Fig. 1
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Fig. 1. Numbers of bacteria present in the surface mixed layer
on 9 cruises between 1982 and 1986. Each cruise was 2 to 3 wk
duration and the points show the variation in total cell number
on each cruise. The histograms are estimated monthly phytoplankton production, from Joint et al. (1986)

shows numbers present on 9 cruises between 1982 and
1986, plotted as a single seasonal distribuhon with the
monthly depth-integrated primary production estimated by Joint et al. (1986). There was less than an
order of magnitude variation in bacterial number
throughout the different months and the seasonal variation was of the same order of magnitude as the variation in primary production. Lowest bacterial numbers
were found in January and December and there was a
minimum again in May/June; highest numbers were
found in late June/early July and in August. There was
an increase in bacterial number at the time of maximum phytoplankton biomass and production during
the spring diatom bloom in April; however, the highest
numbers of bacteria occurred in July and August, when
phytoplankton biomass was low but picoplankton
accounted for 30 % of the primary production. Heterotrophic bacteria were 2 to 3 orders of magnitude more

The organic matter required by heterotrophic bacteria might be supplied principally by phytoplankton
exudates and, indeed, in the literature it is common for
bacterial production to b e scaled with reference to
phytoplankton production. If there was a close temporal and spatial Link involving utilization by heterotrophic bacteria of the dissolved organic matter produced by phytoplankton, then the vertical profiles of
the 2 processes should be similar. However, the uptake
of 3H-thymidine was essentially homogeneous within
the surface mixed layer. Fig. 2 shows 2 typical situations. In the summer (Fig. 2a), the surface mixed layer
was about 30 m deep and there was no variation in 3Hthymidine uptake rate in the water column above the
thermocline. Fig. 2b shows 3H-thymidine uptake rates
in April at the beginning of the diatom spring bloom.
Surface water was warming to form a weak thermocline; chlorophyll a concentrations were 1.7 pg 1-' in
the surface 20 m and 0.8 pg 1-' at 30 m. Again there is
no indication of variation in 3H-thymidine uptake rate
with depth and incorporation rates were low. However,
these vertical profiles of 3H-thymidine uptake are very
different to the vertical profiles of primary production.
The results of a typical in situ determination of primary
production (Fig. 3b) show a decrease in production rate
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Fig. 2. Vertical profiles of temperature ( - - - ) and 3H-thynlidine
incorporation rate (e) on (a) 2 Aug 1982 and (b) 24 Apr 1984;
error bars (some of which are smaller than the symbols)
represent approximate 95 % confidence intervals
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these depths. Fig. 3a shows data from July 1985, when
the rate of 3H-thymidine incorporabon In the 2 layers
cm?.
was
very similar. However, the highest rates of pnnlary
A
A
,.
*m*
I
production
were measured in the surface water above
r M
+m+
the first pycnocline and were significantly greater than
those between 15 and 30 m (Fig. 3b). At this time of
greatly reduced wind-driven mixing, there was clear
,
evidence
that 3H-thymidine uptake was inhibited in the
/
-m+
surface 2 m. More significantly, the rate of 3H-thymidine
/
incorporation by the surface bacterial population was no
different from that by bacteria taken from 25 m, where
primary production was half that in the surface 10 m.
Fig. 3b also shows the carbon fixation by organisms
which pass through a 1 pm pore-size Nuclepore filter;
this is the fraction which we have ascribed to picophytoplankton (Joint & Pomroy 1983, 1986, Joint et al. 1986).
Temperature ("C)
The vertical production profile of this < 1 ,pm fraction is
Fig. 3. (a) Vertical profiles of temperature ( - - - ) and 3 ~ - t h y - similar to the total phytoplankton fraction and is very
midine incorporation rate ( e ) on 5 Jul 1985. (b) Production
different from the profile of 3H-thymidineincorporahon.
profiles of total phytoplankton ( m ) and picoplankton, < l &m
If the I4Clabel incorporated into the < 1 ,pm fraction was
( A ) , determined by in situ incubahons on 5 Jul 1985. error bars
largely due to assimilation by heterotrophic bacteria of
represent approximate 95 % confidence intervals
labelled organic matter exuded by larger phytoplankton, then the vertical profile of 3H-thymidine incorporawith depth, which is controlled by decreasing
tion should be the same as the 'picoplankton' profile of
irradiance (Joint & Pomroy 1983).
These vertical profiles of primary production contrast
I4C incorporation. There does not appear to be a close
with the homogeneous 3 ~ - t h y m i d i n euptake rates
relationship between the rate of 3H-thymidine incorporation and the rate of 14Cincorporation into phytoplankmeasured in the surface mixed layer and do not support
ton cells. Although we have assumed that DOC producthe idea of close coupling between bactenal and phytotion was proportional to carbon fixation into phytoplankton production. However, one explanation may
plankton cells, in July 1985, D 0 I 4 C was not measured.
lie in the way in which we determine pnmary producHowever, we have measured D014C production on
tion. By doing in vitro incubations at fixed depths, we
other occasions (Joint & Pomroy 1983) and found very
have not simulated the dispersion of phytoplankton
close correspondance. Therefore, on the basis of vertical
cells that occurs due to vertical mixing. The method
profiles of 3H-thymidine and 14C uptake rates, there 1s
gives reasonable estimates of depth-integrated primary
no evidence of a close coupling of the 2 processes since
production but does not indicate how that production is
high rates of 3H-thymidine uptake do not occur in water
mixed through the water column and, over the period
whlch has the highest primary production rates.
of a day, the phytoplankton biomass and photosynthetic exudates may be homogeneously distnbuted. If the
time-scale of bacterial utilization of photosynthate is
Thymidine incorporation rate and relationship with
similar to that of vertical mixing, then the supply of
temperature, phytoplankton biomass and production,
dissolved organic carbon to the water column may
and bacterial numbers
indeed be homogenous w i t h n the surface mixed layer.
However, there are occasions when the vertical water
The data from 3H-thymidine incorporation determlcolumn structure does allow a direct comparison to be
nations done at all depths within the euphotic zone were
made. During periods of calm weather in the Celtic Sea,
compared urlth a number of other parameters in a
secondary thermal structure develops at intermediate
regression analysis; the parameters used were bacterial
depths within the euphotic zone, as a result of warming
number, temperature and chlorophyll a (as a n indicator
of the surface waters. Such a vertical structure offers the
of phytoplankton biomass, which is presumed to be one
opportunity to determine a relationship between bacsource of o r g a ~ matter
c
for the bacteria). Since phytoterial and phytoplankton populations since there is a
plankton production was strongly influenced by depth
separation of microbial populations by the pycnoclines.
and 3H-thymidine incorporation was ~ n d e p e n d e n tof
Phytoplankton production is greatest in the waters neardepth, ~twas inappropnate to attempt to relate these 2
est to the surface and, i f we assume that maximum DOC
rates. Table 1 shows the results of a correlation analysis.
production occurs with maximum photosynthetic rate,
The most significant correlation was between temperahigher rates of bactenal activity might be expected at
pm01 thymidine incorporated I-h
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Table 1. Results of correlation analysis of 3 ~ - t h y m i d i n eincorporation rate, bacterial number, temperature and chlorophyll
a, units are log, pm01 3 ~ - t h y m i ~incorporated
ne
1-' h-', log,
number of bacteria 1-', "C, and pg chlorophyll a I-' p: significance level of the F ratio filth 1,186 degrees of freedom
Correlation

r2 (%) F ratio

Log, 3H-thymidine . temperature
Log, 3H-thymidlne : chlorophyll
Log, 3H-thyn~idine: log, number
Temperature chlorophyll a
Log, number : temperature
Log, number : chlorophyll a

35.10 100.75 50.001
7.46 14.99 50.001
35.79 103.67 50.001
3.47
6.69 50.01
61.93 302.51 50.001
18.81 43.09 50.001

p

ture and number of bacteria; 62 % of the variance in
number was explained by the variance in temperature.
3 ~ - t h y m i d i nincorporation
e
was also significantly correlated (p S0.001) with temperature (r2 = 35 O/O) and with
numbers of bacteria in the sample (r2 = 36 %). Bacterial
number and 3H-thyn~idine
incorporation were both correlated with chlorophyll a (p 50.001). Fig. 4 shows the
regression of log, bacterial number and log, 3 ~ - t h y midine incorporation rate against temperature.
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Although temperature explains 35 % of the variance in
3 ~ - t h y m i d i n eincorporation, other factors must influence bacterial activity. In a multiple regression analysis,
there was only one case when a second variable effected
a significant reduction in variance; bacterial numbers
resulted in an additional 1.4 % reduction in variance in a
multiple regression of 3 ~ - t h y m i d i n incorporation
e
rate
against temperature and bacterial number.

Relationship between depth-integrated 3~-thymidine
incorporation rate, temperature and primary production
The different vertical profiles of phytoplankton production and 3H-thymidine incorporation rate suggest
that there is no close temporal coupling of the 2 processes and they are not significantly correlated. However, phytoplankton production might still be the major
source of organic matter for bacteria if the time scale of
bacterial utilization was long compared with the vertical mixing time. In this case, the products of phytoplankton production would be homogeneously dispersed within the euphotic zone and would result in
homogeneous bacterial production within the surface
mixed layer. There should then be a correlation
between the depth-integrated primary production rate
and the depth-integrated 3H-thymidine incorporation
rate. Table 2 shows the correlation analysis for every
date between 1982 and 1986 when primary production
and 3 ~ - t h y m i d i n eincorporation were determined on
the same day. This is a subset of the whole data set
Table 2. Results of correlation analysis of 3 ~ - t h y m i d i n incore
poration rate, phytoplankton production and picoplankton
production, all depth-integrated to base of euphotic zone; the
temperature of the euphotic zone was homogeneous on each
occasion. Units are: log, 3H-thymidine incorporation rate
(pm01 thymidine incorporated m-' d-l), log, phytoplankton
and log, picoplankton production (mgC m-' d-l). p: significance level of the F ratio with 1,24 degrees of freedom; ns: not
significant
Correlation
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Fig. 4 . Relation between log, number of bacteria and temperature (upper) and between log, 3 ~ - t h y m i d i n eincorporation
rate and temperature (lower) for all occasions when bacterial
production was measured (n = 189). Approximate 95 % confidence funnels ( - - -) are indicated

Log, 3 ~ - t h y r n i ~ e :
temperature
Log, 3 ~ - t h y m i d i n e :
log, phytoplankton
Log, 3H-thyn~idine:
log, picoplankton
Log, phytoplankton:
temperature
Log, picoplankton:
temperature
Log, picoplankton:
log, phytoplankton

r2 (%)

F ratio

p

41.19

16.81

50.001

6.66

1.71

ns

4.247

1.068

ns

0.21

0.05

ns

5.00

1.27

ns

45.33

19.90

50.001
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Temperature ("C)
Fig. 5. Relation between log, 3 ~ - t h y m i d i n incorporation
e
rate.
integrated to base of the euphotic zone, and temperature (n =
26). Approximate 95 % confidence funnels (---) are indicated

because data could only be used when the surface
mixed layer was the same as the euphotic depth and
temperature was uniform within the euphotic zone.
The only significant correlation found was again
between depth-integrated 3 ~ - t h y m i d i n incorporation
e
and temperature (Fig. 5); temperature accounted for
41 OO/ of the variance in depth-integrated 3 ~ - t h y m i d i n e
incorporation. There was no correlation between either
depth-integrated phytoplankton or picophytoplankton
production and depth-integrated 3H-thymidine incorporation rate.

DISCUSSION

The seasonal amplitude in numbers of bacteria present in the euphotic zone of the Celtic Sea is small.
Similar observations have been made by many others
(e.g. Admiraal et al. 1985, Davis et al. 1985, Ducklow
1986),in a variety of environments from estuaries to the
oceans which have widely varying rates of bacterial
production. Since standing stock is a balance between
growth of the bacteria and grazing losses, this uniformity in bacterial numbers from so many aquatic
environments is increasingly taken as evidence for
significant protozoan grazing (e.g. Ducklow & Hill
1985a).
A significant relation (F-test; p 50.001) was found
between bacterial number and chlorophyll and this has
also been previously reported for both fresh and marine
waters (Fuhrman et al. 1980, Linley et al. 1983, Bird &
Kalff 1984). A regression analysis of loglo transformed
data of bacterial number and chlorophyll a concentration gave:
loglo bacterial number = 5.683 + 0.416 loglo chl a

where bacterial number = no of bacteria ml-l; chl a =
pg chlorophyll a l-l. This equation is very similar to that
reported by Malone et al. (1986)for Chesapeake Bay in
July and August but the slope is approximately half
that reported by Bird & Kalff (1984). However, chlorophyll a explains only 30 % of the variance in our bacterial counts, compared with 88 % for the analysis of
Bird & Kalff (1984) and 83 % for Malone et al. (1986).
Nevertheless, there is a clear indication that the numbers of bacteria present in freshwater and marine systems is controlled by unknown trophic relationships of
which chlorophyll a concentration is a good indicator.
Fuhrman et al. (1980) suggested that bacterial production, as measured by the incorporation of 3H-thymidine, was also correlated with phytoplankton biomass. However, in this study, we have found no evidence of a direct relationship between 3 ~ - t h y m i d i n e
incorporation and phytoplankton biomass (Table 1) or
production (Table 2). Indeed, there is clearly a marked
difference in the vertical profiles of phytoplankton and
bacterial production, with most primary production
occurring in the surface 10 m where irradiance is high.
The data presented in Fig. 3 clearly fail to demonstrate
a tight coupling between phytoplankton and bacterial production; the temporary pycnocline, which
developed at 10 to 15 m within the seasonal surface
mixed layer, resulted in a physical sepa;ation of the
water masses between 15 to 30 m and that above 10 m.
Primary production in the upper 10 m was approximately double that in the lower zone of the surface
mixed layer, yet incorporation rates of 3H-thymidine
were very similar. One explanation for the observations
made at this time of greatly reduced depth of vertical
mixing might be that 3 ~ - t h y m i d i n eincorporation was
inhibited by longer exposure to sunlight than a population might receive with a 30 m deep mixed layer.
Sieracki & Sieburth (1986) reported that sunlight
increased the lag-phase of natural bacterial population
by 2 to 4 h in summer. There was a clear indication that
the 3 ~ - t h y m i d i n eincorporation in the near surface
(<2 m) was inhibited (Fig. 3) but it seems unlikely that
sunlight-inhibition might influence the whole population in the surface 10 m.
However, such effects should not apply to the analysis involving depth-integrated phytoplankton and bacterial production rates (Table 2). By examining the total
production within the euphotic zone, we have eliminated any differential effects of vertical gradients. Yet,
again there is clearly no correlation between total bacterial production and total phytoplankton production.
This is at variance with many statements in the literature which have suggested a close link between the 2
processes (Cole et al. 1982, Larsson & Hagstrom 1982,
Chrost & Faust 1983, Lancelot & Billen 1984, Ducklow
& Hill 1985a, Ducklow 1986, Malone et al. 1986).
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The most significant correlations found in this study
have been with temperature. Both bacterial abundance
(r2= 62 % ) and 3H-thymidine incorporation rate were
highly correlated (r2 = 35 % , Table 1) as were depthintegrated 3H-thymidine incorporation rate (r2 = 41 %,
Table 2). Other workers have reported a significant
effect of temperature; Wright & Coffin (1983), working
in a salt-marsh estuary, and Vaatanen (1980), working
in the Baltic, found significant relations between bacteria and temperature. Wright & Coffin suggested that
the effect was indrect and related to the influence of
temperature on Spartina exudate production, which
could then be utilized by the bacteria. Stn CS2 in the
Celtic Sea is far removed from any allochthonous
organic sources from rivers and land. An indication of
the magnitude of thls supply can be obtained from
values of surface salinity; the mean annual surface
salinity at Stn CS2 is 0.3 % less than the surface salinity
at the shelf break (Bowden 1955) and, even if organic
matter derived from rivers shows conservative
behaviour, the potential terrestrial supply is clearly
insignificant. Therefore, the relationship between bacterial production and temperature must reflect processes occurring in situ and is unlikely to be a temperature effect on allochthonous organic sources.
Do these correlations with temperature indicate a
direct effect of temperature on 3H-thymidine incorporation? In their study of bacteria in the Hudson River
plume, Ducklow & Kirchman (1983) showed a 4-fold
increase in 3H-thymidine incorporation when water
temperature was raised from 3.5 to 18"C, but full
details of the temperature response of the population
were not given. We measured the effect of temperature
on 3 ~ - t h y m i d i n eincorporation by a natural assemblage from International Oceanographic Stn E l , in the
English Channel (about 150 km from the Celtic Sea),
when the ambient temperature was 10.6"C (Fig. 6).
This temperature response is typical of many organisms, with an optimum temperature between 15 and
20°C and rapidly decreasing activities at temperatures
greater than 22°C and less than 8°C. The optimum
temperature response of this assemblage is very similar
to the sea surface temperature range in this region (9 to
18 "C; Pingree 1980). The Qlo value of this curve about
ambient temperature, (9 to 12°C) was 2.7 but the data
for the range 6 to 22°C clearly did not fit a typical
exponential temperature response curve; below 8°C
and above 12 "C, the rate of 3H-thyn~idineincorporation
decreased more than would be expected from a typical
Q l o response, suggesting that marine bacteria might
have a restricted temperature range.
Support for this comes from data obtained with a
culture of a marine psychrophilic Pseudornonas (Harder et al. 1984). This bacterium showed optimum
growth at 14°C and maximal growth at 20°C and
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Fig. 6. Effect of temperature on 3 ~ - t h y m i d i n uptake
e
rate of a
natural assemblage from Stn E l in the English Channel on 4
Jun 1987: error bars (some of w h c h are smaller than the
symbols) represent approximate 95 % confidence intervals

appeared to exibit a very similar temperature response
to the assemblage shown in Fig. 6. These authors
showed that there were 2 different physiological
responses of the bacterium to temperatures lower and
higher than the optimum. At lower temperatures, there
was an increase in RNA content which resulted from an
increase in ribosome content; it was postulated to result
from a need for the bacterium to sustain the same rate
of protein synthesis at the lower temperature as it did at
the optimum. Above the optimum temperature, there
was also a significant increase in RNA content but this
was considered to be a compensation for impairment of
the protein synthesis mechanism. At temperatures
above the maximum, thermal damage prevented a
further increase in cellular RNA and growth rate
decreased. Significantly, there was no variation in
cellular DNA content with temperature; if there had
been, it is doubtful if the thymidine incorporation
technique could be used to determine the production of
natural assemblages which experience seasonal variations in temperature.
These results are of relevance to natural populations
of marine bacteria and to methods of measuring bacterial production that rely on assumptions about the
RNA content of bacteria (Karl et al. 1981a). If the
population present in the summer, at temperatures of
18 to 20°C, is composed of the same bacterial species
as occur in the winter and spring, then the cells wdl be
growing under sub-optimal conditions and the efficiency with which organic substrates are utilized will
be greatly reduced. On the basis of the data of Harder
et al. (1984), it does not appear likely that a bacterial
species will be able to adapt to different temperature
because protein synthesis appears to be incapable of
adapting. Therefore, in a nutrient-limited environment,
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bacteria not growing at their optlmum temperature
would be at a disadvantage compared with bacteria at
their ophmum. It may be that the summer assemblage
is composed of dfferent species or strains of bacteria
which have higher temperature optima. If this is the
case, there would have to be a succession of marine
bacterial strains or species throughout the season and a
mechanism by whlch bacteria could survive when temperatures were not optimal.
Finally, how do these rates of 3H-thymidine translate
into bacterial production? We suggested that bacterial
production was low in August 1982 (Joint & Pomroy
1983) a n d that heterotrophc bacterial production was
generally less than 10 O/O of the production of photosynthetic picoplankton (<1 pm). These estimates were
based on the conversion factors suggested by Fuhrman
& Azam (1982) of 1.7 X 1018 cells produced per m01
thymidine incorporated and a carbon content of 1.7 Y.
1 0 - l ~g carbon cell-'. Ducklow & Hill (1985b) rightly
pointed out that our interpretation depended on these
conversion factors and they suggested that our conclusion about the importance of picophytoplankton might
not be valid if larger conversion factors were applied to
the 3H-thymidine incorporation data. The factor determined by Ducklow & Hlll (1985b) from parallel changes
in cell number and thymidine incorporation was 4 X
1018 cells produced per m01 3H-thymidine, i.e. 2.4 times
greater than the factor used by Joint & Pomroy (1983).
The second conversion factor - the carbon content of
bacterial cells - is more problematic since it is impossible to make carbon content measurements on bactena
from natural populations. Estimates of carbon content
must, therefore, depend on extrapolation from laboratory cultures of large cells to the small cells that are
commonly found in the sea. There are 2 problems;
firstly, how to precisely measure bacterial volume and,
secondly, whether it is appropriate to extrapolate from
laboratory cultures.
We have estimated cell volume in 3 different ways,
none of which is entirely satisfactory. Measurements
from photographs of epifluorescence images gave a
mean cell diameter of 0.26 pm for bacteria from the
surface m ~ v e dlayer (Jolnt & Pomroy 1983). However,
w e have subsequently found that the apparent size of
bacteria is a function of intensity of fluorescence. We
measured the dimensions of indivldual cells from a
culture of Synechococcus, strain DC2, under 2 epifluorescent conditions; the diameter of cells stained
with DAPI was approximately 60 O/O of the diameter of
the same cells when viewed under optimum conditions
for phycoerythnn fluorescence, a much brighter
fluorescence than DAPI. Therefore, intensity of
fluorescence influences the measured size of bacteria.
In all natural populations examined, some cells appear
much fainter than others but this could reflect a

number of physiological causes and may not be related
to cell size; measurements of cell size based on
fluorescence must be treated with caution.
The second method we used was scanning electron
microscope. The median diameter of a Celtic Sea bacterial assemblage was 0.335 ,pm. Sample preparation
for scanning electron microscopy involves dehydration
of the specimen and some shrinkage is possible (Fuhrman 1981), although Norland et al. (1987) have argued
that small bacteria would shrink less than large bacteria because their small dmensions would make them
more rigid. Estimates from scanning electron micrographs inevitably include some cyanobacteria, which
are larger than heterotrophic bacteria, and may bias
the estimate.
The final method we have used attempted to overcome the uncertainties over identification by using
transmission electron microscopy, since cyanobacteria
can be readily dstinguished from heterotrophic bacteria on the basis of cell morphology (Warwick & Joint
1987). The median diameter of heterotrophic bacteria
determined by this method was 0.22 p m However, this
method is also subject to a number of potential errors
(Warwick & Joint 1987).
The 3 independent methods estimate the m e d a n
diameter of heterotrophic bactena in the Celtic Sea to
b e between 0.22 and 0.335 pm. Using the largest estimate gives a median volume of 0.0197 pm-3, assumlng
that all cells are spherical. A wide range of carbon-tovolume conversion factors have been applied in estimations of bacterial activity. One of the highest is due
to Bratbak (1985) who derived a factor of 0.56 pgC
pm-3; this is significantly greater than other published
estimates which are usually in the range 0.05 to
0.1 pgC pm-3 (Norland et al. 1987). It has been
supported by recent work of Lee & Fuhrman (1987)
which suggested a value of 0.38 pgC pm-3 Taking
these factors, the median carbon content of the Celtic
Sea bacteria would be 11 X 10-l5 gC with Bratbak's
factor, 7.5 X 10-15 with the factor of Lee & Fuhrman;
however, the estlmate would be 1 to 2 X 10-'' g C cell-'
with the factors summarised by Norland et al. (1987),
and very similar to the factor suggested by Fllhrrnan &
Azam (1982) and that used by Joint & Pomroy (1983).
Table 3 compares bacterial productlon estimates
derived from conversion factors of 4 X 1018 cells produced per m01 3 ~ - t h y m i d i n e(Ducklow & Hill 198513)
and 2 X 10-l5 gC cell-' (Norland et al. 1987) with total
euphotlc zone phytoplankton and picophytoplankton
production estimated on the same day; the data were
obtained between 1982 and 1986, but are Listed by
calendar month for convenience. Using these factors,
bacterial productlon was never more than 6 % of total
phytoplankton production and never more than 18 %
of the production in the picoplankton fraction (<1 pm).
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Table 3. Total euphotic zone production estimates for heterotrophic bactena, total phytoplankton and picophytoplankton (< 1
pm), expressed as mgC m-' d-l, for data obtained from 1982 to 1986. Bacterial production is shown a s a percentage of total
phytoplankton production (A:B) and of picophytoplankton production (A:C), using the carbon content per cell of 2 fgC cell-'
Columns D:C and E:C show the percentage of the picoplankton production that would be due to heterotrophic bacteria using
conversion factors of 7.5 fg C cell-' (Lee & Fuhrman 1987) and 11 fg C cell
(Bratbak 1985)

-'

Date

Aprll
9 Apr
14 Apr
16 Apr
22 Apr
24 Apr
26 Apr

1984
1983
1983
1984
1984
1984

May
23 May 1986
28 May 1984
29 May 1984
3 1 May 1986
June
2 Jun 1986
6 Jun 1986
28 Jun 1985
29 Jun 1985
J ~ Y
1 Jul 1985
4 Jul 1985
6 Jul 1985
August
2 1 Aug 1982
22 Aug 1982
September
29 Sep 1982
October
2 Oct 1982
December
10 Dec 1983

(A) Bacterial
production
(mgC m-2 d-')

(B) Phytoplankton
production
(mgC m-' d-')

A:B
)

( C ) Picoplankton
production
(mgC m-' d-')

A:C

D.C
("/.l

E:(:

("/.l

3.36
1.12
5.44
7.44
5.25
12.72

349
544
606
796
943
717

1.O
0.2
0.9
0.9
0.6
1.8

71
101
89
77
92
79

4.7
1.1
6.1
9.7
5.7
16.1

17.7
4.2
22.9
36.2
21.4
60 4

26.0
61
33.6
53.1
31.4
88.6

5.04
1.36
1.44
8.72

704
60 1
382
313

0.7
0.2
0.4
2.8

80
206
148
68

6.3
0.7
1.O
12.8

23.6
2.5
3.6
48.1

34.7
3.7
5.3
70.5

9.60
10.16
9.36
7.92

308
264
805
685

3.1
3.9
1.2
1.2

72
112
125
107

13.3
9.1
7.5
7.4

50 0
34.0
28.1
27.8

73.3
49.9
41.2
40.7

6.88
9.44
4.56

828
561
44 1

0.8
1.7
1.0

189
219
156

3.6
4.3
2.9

13.7
16.2
10.9

20.0
23 7
16 1

24.48
17.44

542
528

4.5
3.3

193
199

12.7
8.8

47.6
32.9

69.7
48.2

5.84

98

6.0

33

17.7

66.4

97.4

6.24

139

4.5

47

13.3

49.8

73.0

X0.8

99

<0.8

13

<6.2

Table 3 also lists the percentage of picoplankton production that would be due to heterotrophic bactena
using the carbon:volume ratios of Lee & Fuhrman
(1987) and Bratbak (1985). These larger conversion
factors result in estimates of heterotrophic bacterial
production which account for a large proportion of the
14C fixed by picoplankton. This would mean that the
large cyanobacterial population was very unproductive
but such a result would be consistent with the
hypothesis of close coupling of bacterial utilization of
algal exudates.
However, our data do not support this hypothesis. If
there was closely coupling, there should be a strong
correlation between 3H-thymidine uptake rates and the
incorporation of 14C into the picoplankton ( < l ,pm)
fraction. No such relationship was observed (Table 2 ) .
We have other data which suggest that the 14Clabel in
the < 1 pm fraction of the production experiments is

<23.1

(Ib)

<33.8

due to photosynthetic fixation by picophytoplankton.
We have demonstrated the presence of photosynthetic
picoplankton and both cyanobactena and small
(<1 pm) eukaryotic phytoplankton are abundant (Joint
& Pipe 1984). We have demonstrated that the photosynthetic characteristics of natural populations are consistent with photosynthetic 14C fixation by picophytoplankton and have used the maximum rate of photosynthesis (
P
:
) to estimate a realistic doubling time of
the cyanobacteria component of the picoplankton of ca
8.5 h under saturating irradiance (Joint & Pomroy
1986); this compares with a recent measurement of ca
9.7 h for the doubling time of a culture of marine
Synechococcus by Kana & Glibert (1987). All these
observations are consistent with our original conclusion
(Joint & Pomroy 1983) that picophytoplankton production in the Celtic Sea is significant but are inconsistent
with the hypothesis that a major fraction of the 14C
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found in organisms < 1 pm arises from heterotrophic
uptake of exudates from larger phytoplankton.
The carbon :volume ratios of Bratbak (1985) and Lee
& Fuhrman (1987) appear too high. The smallest cell
measured by Lee & Fuhrman (1987) had a mean volume of 0.036 pn3, a carbon content of about 20 fg C per
cell and a carbon:nitrogen ratio of about 4. Therefore,
each cell must contain 20 fg C, 5 fg N and 36 fg water,
giving a density of 1.69 g cm-3. This is a minimum
estimate, since we have not include the mass of oxygen, phosphorus etc, which is present in every cell and
the density must be greater than 1.8 g cm-3. This is
similar to the density of a diatom but is impossible for a
cell which contains no mineral phases; it is also inconceivable that carbon and nitrogen can make up 40 % of
the wet weight of a bacterial cell. Therefore, on the
basis of cellular physiology, it does not seem appropriate to use factors as high as those proposed by Bratbak
(1985) and Lee & Fuhrman (1987) in any estimates of
bacteria production. We urgently need direct quantification of the carbon content and biovolume of natural
populations of heterotrophic marine bacteria; until
those data are available, studies which attempt to use
the incorporation of 3 ~ - t h y m i d i n eto obtain unequivocal estimates of the proportion of primary production
utilized by bacteria, including the present one
(Table 3), must be interpreted with caution.
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