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Productivity and thermodynamics of marine bacterioplankton: an
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Abstract

A comparative study of the bacterioplankton abundance and functional activity was carried out in July and August 1999
in Sevastopol Bay (SB; Black Sea, Ukraine), which is warm-temperate and under considerable anthropogenic influence, and
in the coastal water of the shoreline near Aberystwyth (Ab; Cardigan Bay, Wales, UK) that is cold-temperate and relatively
clean. The chosen index for the investigation was the cell-specific, instantaneous rate of heat production (scalar heat flux)
because it reflects the kinetics and thermodynamics of metabolism. The measurement of the native samples to secure this
index was the extensive heat flow rate using an improved microcalorimetric method.

It was found that in the SB ecosystem, the average in situ bacterial abundance (A), biomass turnover rate (K), production
(P) and cell-specific heat flux (H) were significantly higher than at Ab, with a tendency for values to be more variable
(2.13× 106 ± 1.30× 106 cells cm−3 (A), 0.05± 0.02 h−1 (K), 1.48± 0.53 mg C m−3 h−1 (P), 34.51± 23.5 fW per cell (H)
in SB versus 0.96× 106 ± 0.15× 106 (A), 0.015 (K), 0.25 (P), 22.31± 5.84 (H) in Ab, in the same units). The enhanced
bacterial activity was partly due to the higher temperature conditions in SB (24◦C versus 17.7◦C in Ab). With the exception
of the mean heat flux (19.3 fW per cell in SB versus 22.3 fW per cell in Ab), however, the SB data corrected to the average
in situ temperature in Ab remained higher. The daily entropy production of the bacterioplankton communities, calculated
on a volume-specific basis, was greater in the more eutrophic and polluted waters (16.0 J m−3 K−1 per day in SB versus
6.6 J m−3 K−1 per day in Ab and 17.0 J m−3 K−1 per day at the polluted versus 15.0 J m−3 K−1 per day at the unpolluted
stations in SB, respectively).
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

It was not until relatively recent times that mi-
crocalorimetry has been recognized as a powerful tool
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in studies of natural microbial communities, but even
now, only a few ecological studies have been carried
out using this approach ([1–3]; reviews in[4,5]). The
break-through is based mainly on the discovery that
this non-specific method can measure the integrated
metabolism, including both anaerobic and aerobic res-
piratory pathways of a mixed cell assemblage. It is
principally important for studying cell bioenergetics
and energy flows through microbial food webs un-
der adverse natural conditions that are characterized
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by low substrate concentrations, non-optimal temper-
atures, non-ideal osmotic/redox potentials, significant
spatio-temporal variability in chemical and physical
factors and anthropogenic impacts. In addition, by
placing the whole aquatic, microbial community into a
measuring ampoule, an excellent opportunity has been
created to gain insight into the irreversible thermody-
namics of complex biological systems.

The present study illustrates the use of the calori-
metric method, in combination with conventional mi-
crobiological techniques for quantifying energy flows
and estimating some crucial thermodynamic variables
in two bacterioplankton communities. These sites pro-
vided an appropriate contrast in environmental terms
because the exposed waters at the temperate site in
Cardigan Bay are comparatively unpolluted, whereas
there is considerable anthropogenic influence on the
relatively closed waters of the warm-temperate Sev-
astopol Bay (SB).

2. Experimental

Samples were collected during July and August
1999 from the surface layer of seawater at designated
sites in SB (Black Sea, Ukraine), which differed in the
level of pollution, and in the coastal waters of Cardi-
gan Bay adjacent to Aberystwyth (Ab; Wales, UK;
Fig. 1). For the former, the sampling sites were divided
into two sets: (i) the less polluted ones, where water
exchange with the open sea was reasonable (station 1
at the mouth of the bay and station 2 in the central

Fig. 1. Sampling sites in Crimea, Ukraine and Wales, UK.

part of the bay); (ii) the more polluted peripheral areas
(station 3 in the southern bay and station 4 in the main
bay, near Inkerman). Bacteria were counted using epi-
fluorescence microscopy after staining with proflavine
[6,7]. A Zeiss standard microscope equipped with an
HBO-50 mercury burner was used for all observations.
At least 200 cells and 20 fields were counted from
each preparation.

Microcalorimetric measurements were carried out
with an LKB bioactivity monitor (BAM), Model 2277
(the successor is the thermal activity monitor (TAM),
Thermometric AB, Järfälla, Sweden) by an innovative
technique developed by Mukhanov et al. ([8], also a
paper in preparation) that involved: (i) fractionation
of the seawater samples (500–1000 cm3) to remove
zoo- and phytoplankton (using 12�m pore size mem-
branes); (ii) concentration of the picoplankton onto
nitrocellulose membranes, 0.2�m pore size (see the
schema inFig. 2). The wet membrane (or its frag-
ment of known area) with the concentrated cells was
placed into a calorimetric glass ampoule containing
2 cm3 seawater, which had been taken from the same
site and sterilized by microfiltration (Sartorius mem-
branes, 0.1�m pore size, 47 mm diameter, were used
for preparing the particle-free seawater). The ampoule
was hermetically sealed and the bacterial heat produc-
tion rate was measured immediately after loading the
glass ampoule with its filter membrane carrying the
bacteria into the batch module of the microcalorime-
ter. At this point, all the cells were either on or inside
the membrane matrix. All the microcalorimetric ex-
periments were carried out at 20◦C. The cell-specific
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Fig. 2. The experimental design.

kinetic variables (e.g. specific growth rates and heat
fluxes) were corrected to the in situ temperatures, as-
sumingQ10 = 2.5.

The dry biomass of the bacterioplankton and the
carbon equivalent of the wet biomass were calculated
using the factors 0.2 and 0.1, respectively, according to

Table 1
Biomass, activity and thermodynamics of the bacterioplankton in Sevastopol Bay and in the coastal waters of the shoreline near Aberystwyth

Variables Sevastopol Bay Aberystwyth mean in situ

Stations 1 and 2 Stations 3 and 4 Mean in situ Mean (17.7◦C)

A (106 cells ml−1) 1.19 ± 0.75 3.07± 1.01 2.13± 1.30 0.96 ± 0.15
B (mg C m−3) 26.18± 16.55 67.54± 22.18 46.86± 28.56 21.12± 3.28
Be (kJ m−3) 1.204 3.107 2.156 0.972
K (10−2 h−1) 6.29 ± 2.21 3.75± 2.08 5.00± 2.42 2.79± 1.33 1.50± 1.13
P (mg C m−3 h−1) 1.46 ± 0.42 1.51± 0.69 1.48± 0.53 0.83± 0.30 0.25± 0.22
H (10−15 W per cell) 46.51± 32.9 22.50± 2.52 34.51± 23.5 19.33± 13.2 22.31± 5.84
Ra (fmol O2 per day per cell) 8.93± 6.32 4.32± 0.48 6.63± 4.51 3.71± 2.53 4.28± 1.12
M (kJ m−3 h−1) 0.19 ± 0.06 0.21± 0.05 0.20± 0.12 0.11± 0.06 0.08± 0.03
Ma (mmol O2 m−3 per day) 10.13± 3.22 11.20± 2.67 10.68± 6.40 5.86± 3.21 4.27± 1.60
E (J m−3 h−1 K−1) 0.625 0.710 0.667 0.275
E/Be ratio (10−4 h−1 K−1) 5.188 2.283 3.092 2.829
T in situ (◦C) 23.8 ± 1.40 24.00± 2.30 24.00± 2.10 17.70± 1.60

A: cell abundance;B: biomass;Be: energy equivalent of the biomass calculated for the average biomass values;K: biomass turnover rate;
P: production;H: cell-specific heat flux;R: respiration rate (calculated fromH by using the oxycaloric equivalent of−450 kJ mol−1 O2)
[12]; M: community metabolic losses;E: entropy production;T: in situ temperature. The values are mean± S.D.

a Respiration rates were calculated on a “per day” basis to allow the convenient comparison with the published hydrobiological data.

[9,10]. The conversion factor of 0.22 pg C�m−3 [11]
was used to calculate the cell volume from the carbon
data. Cell-specific respiration rates were calculated
from the data for the heat flux, using the oxycaloric
equivalent of−450 kJ mol−1 O2 [12]. The total num-
ber of complex experiments performed was 15, includ-
ing the abundance and the production measurements
together with the microcalorimetry.

3. Results and discussion

The results of the comparative experiments are sum-
marized inTable 1and some aspects are highlighted
in Fig. 3. It was found that in the ecosystem of SB, the
average bacterial abundance in situ (A), the biomass
turnover rate (K), the daily production (P) and the
cell-specific heat flux (H) were significantly higher
than in Ab (unpaired two-tailedt-test; B: t = 1.98,
P = 0.07; K: P < 0.05; P: P < 0.001; H: P =
0.09), with a tendency for values to be more variable
(2.13×106±1.30×106 cells cm−3 (A), 0.05±0.02 h−1

(K), 1.48± 0.53 mg C m−3 h−1 (P), 34.51± 23.5 fW
per cell (H) in SB versus 0.96 × 106 ± 0.15 × 106

(A), 0.015 (K), 0.25 (P), 22.31± 5.84 (H) in Ab, in
the same units). The enhanced bacterial activity was
partly due to the higher temperature conditions in SB
(24◦C versus 17.7◦C in Ab).
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Fig. 3. Functional and thermodynamic characteristics of the bac-
terioplankton in the studied ecosystems.B: biomass;Be: energy
equivalent of the biomass;P: production;H: cell-specific heat flux;
M: community metabolic losses;E: entropy production;T: in situ
temperature. Values are mean± S.D. Data were compared with
unpaired two-tailedt-test; ns: not significant.

In order to negate the possible temperature effect,
the SB data were corrected to the average in situ
temperature in Ab (Q10 = 2.5)—these data are pre-
sented against the Grey background inFig. 3. With
the exception of the mean heat flux (19.3 fW per cell

in SB versus 22.3 fW per cell in Ab), the corrected
values remained higher in SB. The difference was
significant only for the variableP (P < 0.01) af-
ter normalization. This may be explained by the an-
thropogenic eutrophication and the organic pollution
sustaining a higher standing stock and, as a result,
the greater productivity of the bacteria in SB. The
slightly decreased heat fluxes after correction could
indicate the depression of bacterial metabolism in the
polluted aquatic areas. However, the statistical anal-
ysis does not support this suggestion. Similarly, the
heat fluxes measured within the boundaries of SB
were lower at the more polluted stations (# 3 and
4) where the bacterial biomass (B) was almost three
times as large as that measured at stations 1 and 2
(67.54 mg C m−3 versus 26.18 mg C m−3; t-test: t =
2.99, P < 0.05). In general, the highest metabolic
activity was observed at low bacterial concentrations,
and vice versa. This was likely to be due to an oscil-
latory dynamics of the summer planktonic microbial
community.

Present estimates of the bacterioplankton meta-
bolism well agree with published data on heterotrophic
picoplankton respiration. The bacterial heat flux mea-
sured in the Ab community and expressed as the
cell-specific respiration (4.28± 1.12 fmol O2 per day
per cell, Table 1) was similar to that estimated by
Blight et al. [13] for the<0.8�m planktonic fraction
in North Wales (UK) waters (0.4–6.8 fmol O2 per
day per cell) and obtained by Biddanda et al.[14] for
the <1�m fraction in Louisiana (USA) shelf waters
(2.4–8.7 fmol O2 per day per cell). The same estimates
for SB are in good agreement with Shumakova’s data
[15] on the respiration of bacterioplankton in summer
at the stations 1 and 2 in SB. Blight et al.[13] noted
that cell-specific respiration values may be underesti-
mated owing to the specificity of the fluorochrome:
the DAPI count may potentially overestimate the
number of metabolically active bacteria[16]. The
same remark is true for staining with proflavine
as well.

The total community metabolism in Ab (4.27 ±
1.60 mmol O2 m−3 per day in terms of the purely aer-
obic process) proved to be also in the range (approx-
imately 1–17 mmol O2 m−3 per day) documented by
Blight et al. [13] that provides additional evidence of
the reliability of the method. In this connection, the
combination of the respirometric and the calorimetric
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measurements[12] seem to be very promising and dis-
tinctly valuable for aquatic microbiologists, providing
information on the ratio between aerobic and anaer-
obic processes in mixed assemblages. It is suggested
that this combination of methods can be improved by
using a technique that marks the metabolically active
cells (e.g. CTC staining for identification of the cells
with active electron transport system)[17].

One of the values of the microcalorimetric ap-
proach lies in the fact that, besides conventional
hydrobiological variables, it allows the estimation of
some thermodynamic properties of natural microbial
communities. It was found in this study that the daily
entropy production of the bacterioplankton commu-
nities in the seawater, calculated on a volume-specific
basis was greater in the more eutrophic and polluted
waters (16.0 J m−3 K−1 in SB versus 6.6 J m−3 K−1 in
Ab; and 17.0 J m−3 K−1 versus 15.0 J m−3 K−1 at the
polluted and relatively clean stations in SB, respec-
tively; Fig. 3). In thermodynamic terms, interpreting
the results depend on which of the natural processes
is considered, the ecological succession from olig-
otrophy to eutrophy (as in lakes) or the biological
self-purification of the water environment. Thus, the
results corroborate either of the ‘conflicting’ thermo-
dynamic concepts, the ‘two-stages principle’ of en-
tropy production (in ontogenesis) or the well-known
minimum entropy production principle postulated by
Prigogine and Wiame[18]. Pleasant as it is to specu-
late, it is nevertheless likely that such generalizations
are rather premature, especially for complex marine
ecosystems exposed to anthropogenic stress.

Despite a considerable difference in temperature
conditions and the extent of seawater pollution,
the E/Be ratio (the entropy production per the en-
ergy equivalent in the living biomass) proved to
be similar in both the ecosystems (3.1× 10−4 and
2.8 × 10−4 h−1 K−1 in SB and Ab, respectively;
Fig. 3). It is noteworthy that the estimates of theE/Be

ratio obtained at different sites in SB fluctuated about
the mean value evaluated for Ab, the ecosystem of
which is more healthy and safer with respect to its
ecology.
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