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ABSTRACT: Active heterotrophic bacterial communities exist in all marine environments, and
although their growth rates or respiratory rates may be limited by the interaction of low substrate
concentrations with temperatures near their lower limit for growth, temperature and substrate con-
centrations are rarely considered together as limiting factors. Moreover, attempts to evaluate meta-
bolic limits by both temperature and substrate concentration have sometimes led to confusing con-
clusions, because, while we can measure dissolved organic carbon (DOC) concentrations in natural
waters, much of it is not readily available to heterotrophic bacteria. In spite of this procedural limita-
tion, it can be helpful to regard temperature and substrate concentration as potential limiting factors
that interact. In temperate ocean surface waters and estuarine waters, where bacterial growth is often
reduced in winter, growth and respiration may be increased experimentally either by raising the tem-
perature or by increasing organic substrate concentrations, providing indirect evidence that the lim-
itation is an effect of temperature on substrate uptake or assimilation. Experimental work with bac-
terial isolates also has shown a temperature-substrate interaction. In permanently cold polar waters,
most heterotrophic bacteria appear to be living at temperatures well below their optima for growth.
Nevertheless, bacteria in permanently cold surface waters can achieve activity rates in summer that
are as high as those in temperate waters. In sea ice, rates of bacterial production are most often low,
even though concentrations of substrates, including free amino acids, are sometimes much higher
than they are in seawater. This suggests that at sea ice temperatures heterotrophic bacteria have low-
ered ability to take up or utilize organic substrates.
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INTRODUCTION

Justus Liebig (1840) revolutionized agriculture with
the observation that growth of plants is limited by the
essential element present in the least quantity relative
to the plant's requirement for it. Ecologists adopted
Liebig's law of the minimum, extrapolating it to all
sorts of natural populations of organisms and even to
entire ecosystems (Ryther & Dunstan 1971). Although
ecologists, and even Liebig, recognized that multiple
limiting factors may interact and result in different out-
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comes, there remains a tendency to seek the limiting
factor for growth or metabolism of populations of
organisms or ecosystems (e.g. Behrenfield et al. 1996).
This is, in part, owing to the difficulty of dealing simul-
taneously with 2 or more variables, especially in ob-
servations on natural communities, where controlled
experiments are difficult.

Temperature, like essential chemical elements and
organic substrates, is always a potentially limiting fac-
tor. In particular, temperature should be viewed as an
ever-present, interactive factor, because it affects all
chemical and biochemical processes. Every bacterial
phylotype has minimal, maximal and optimal tempera-
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ture characteristics, the so-called cardinal tempera-
tures. Qo values tend to be 2 to 3, except near the tem-
perature limits for growth of an organism. What is less
well-recognized is that the response of an organism to
a given temperature may vary depending on other fac-
tors as well as the converse: limiting factors may be
temperature-dependent as well as concentration-de-
pendent. At temperatures approaching the lower limit
for growth, the substrate-temperature relationship be-
comes non-linear, as shown in Fig. 1. In some circum-
stances, excess substrate overrides temperature effects
(Nedwell & Rutter 1991, Pomeroy et al. 1991). So, while
temperature is always a factor in microbial growth,
respiratory rate, and organic carbon assimilation, it is
not always the only factor or even a dominant one. We
review evidence for interaction between temperature
and the utilization of organic substrates by heterotro-
phic bacteria in natural waters. In treatise after trea-
tise, we find separate chapters on temperature effects
(Rivkin et al. 1996), on substrates (Button 1986), and on
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Fig. 1. Arrhenius plots of isolates from various latitudes:
GS-10 (0) from the outer US continental shelf (31°52'N,
80°10'W), 5 m depth; GG-7 (V) from the Gulf Stream at
31°50'N, 79°16' W, 40 m depth; N-3 (A) and N-5 (O) from a
25 m sample in April in Conception Bay, Newfoundland
(47°32'N, 53°08'W); I5 (x); I-120 (#) from water collected
in June under 2 m of sea ice at 79°37'N, 108°51'W;
Escherichia coli (M); JW-4 (+), a previously unpublished
isolate from coastal Jamaica. All isolates were grown in aged
seawater supplemented with proteose-peptone and yeast
extract, 0.15 mg 1! (1.5 mg I"! for E. coli). Data from Wiebe
et al. (1992, 1993)

essential elements (see also Ducklow & Shiah 1993), so
we view a discussion of their interaction as a relatively
neglected subject, although the recent publications of
Nedwell (1999, 2000) and Reay et al. (1999) make im-
portant contributions to this subject.

THEORY AND EXPERIMENTS
Temperature as a rate limit

In a broadly ranging theoretical analysis of the effect
of temperature on biological rate processes, from bac-
teria to trout, Quinlan (1980) defined the relationship
between Michaelis-Menten kinetics and temperature
as 'fully described by a one-parameter family of either
isotherms or isoconcentrations such that optimum
temperature increases linearly as the logarithm of the
substrate concentration, following the Arrhenius tem-
perature laws." However, she made the significant
statement that this is limited to (1) single-factor rela-
tionships and (2) events within the ‘normal range' of
biological activity. Quinlan defined the temperature
range of biological activity as 0 to 50°C. It is, of course,
broader than this, but the observations and experi-
ments that she cites mostly did not cover even that
range. In Quinlan's examples, Q;, was 2 to 3 and was a
log-linear function of temperature within the func-
tional temperature range of an organism, becoming
larger and non-linear at temperatures near the growth
limit and largest when low temperatures combine with
low substrate concentrations (cf. Quinlan 1981, her
Fig. 4) This interaction of substrates and temperature
was also seen in the data of Harder & Veldkamp (1971)
and those of Wiebe et al. (1992, 1993) in which organ-
isms were cultured down to a no-growth temperature.
At temperatures approaching zero growth for an
organism, double-digit Q;, values are seen. This effect
appears to be associated with a decrease in assimila-
tion efficiency (Morita & Buck 1974). In the typical
Arrhenius plot of changes in rate processes with tem-
perature, rates hook downward at either end of the
‘normal’ temperature range for the enzyme or organ-
ism studied. Fig. 1 illustrates temperature responses
at a substrate concentration of 75 pg C 1! by isolates
from various latitudes. The tropical-subtropical isola-
tes mostly show deviations from linearity around 10°C,
while the temperate-polar isolates show deviations
from linearity near 0°C. Natural populations are com-
monly subject to limiting extremes of temperature such
as these, and heterotrophic bacteria in natural waters
probably are often presented with sub-optimal con-
centrations of substrates (Nedwell 1999).

It is frequently argued that bacteria growing at max-
imal rates are likely to be the exception rather than the
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rule in many aquatic environments, even if the domi-
nant populations are, as Button et al. (1998) suggest,
very small organisms with simultaneous high affinity
for several specific substrates. In contrast to that view-
point, it has been suggested on theoretical grounds
that substrate concentration normally should not
be limiting to heterotrophic bacteria in the upper
mixed layer (Thingstad & Lignell 1997, Williams 2000).
Observations and experiments suggest that at least
some heterotrophic bacteria have the ability to adjust
their growth rate and body size according to the
substrate concentration present (Wiebe & Pomeroy
1972, Novitsky & Morita 1976) and, in the absence
of temperature co-limitation, may be growing at
near-maximum rates in both eutrophic and oligo-
trophic environments. Resolution of this question
may await confirmed culture of the dominant bacterial
populations in the ocean as discussed below in
‘Methodological considerations’. Meanwhile, experi-
mental and observational data suggest that limiting
temperatures can affect substrate utilization by hetero-
trophic bacteria.

Observations and experiments

Two approaches are commonly used to ex-
amine the interaction of temperature with
other potentially limiting factors. One is ex-
perimental manipulation of either axenic cul-
tures of microorganisms or natural commu-
nities of microorganisms, and the other is a
statistical examination of large sets of obser- 10 -}
vations of events in natural waters. Using the
statistical approach, Cole et al. (1988) exam-
ined the literature on bacterial responses to
substrate concentration (or to net primary
production) without regard to temperature as
such, finding that in general there is a corre-
lation between bacterial production and
chlorophyll a (chl a) concentration (r* = 0.57).
Rivkin et al. (1996) reviewed bacterial pro-
duction versus temperature, without regard 10
to substrate concentration, from data in 68
previous publications. They reported a very
weak overall relation of bacterial production
to temperature. White et al. (1991) examined 0
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Using pure cultures in chemostat experiments,
Harder & Veldkamp (1971) ran 2-factor competition
experiments between a psychrophilic Pseudomonas
sp. and a psychrotolerant Spirillum sp. At 16°C, the
Spirillum sp. grew faster at all substrate concentra-
tions; at —2°C, the Pseudomonas sp. grew faster at all
substrate concentrations; at intermediate tempera-
tures, the psychrotolerant Spirillum sp. was able to
grow faster at low substrate concentrations and the
psychrophilic Pseudomonas sp. at high substrate con-
centrations. Although there were small differences in
slope of the response of growth rates of the 2 isolates,
the different responses were primarily the result of dif-
ferent inflection points in the Arrhenius plot. The psy-
chrotolerant strain had twice the linear temperature
range, but the psychrophile's range extended to the
freezing point of seawater. Experimenting with iso-
lates from Antarctic sea ice, Helmke & Weyland (1995)
showed that survival of psychrophiles in the ice
depends on their affinity for substrate at sea-ice tem-
peratures. Wiebe et al. (1992, 1993) measured growth
rates of bacterial isolates from subtropical to polar
environments in a matrix of substrate concentrations
and temperatures (Fig. 2). Every isolate shows a dis-
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the relationship between heterotrophic bac-
terial abundance, production, and water
temperature from data in 57 previous studies,
using chl a as a surrogate for substrate con-
centration. In marine waters, they found a
significant relationship between specific bac-
terial growth rate, temperature and chl a con-
centration (r? = 0.56).
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Fig. 2. Plots of growth rate versus temperature for 2 isolates from each of
3 locations, plus 1 from the Gulf Stream off Georgia, USA, grown in batch
culture at proteose-peptone-yeast extract concentrations of 0.15 mg 1!
(m, 0), 1.5mg 1" (&, ©),and 1500 mg 1! (A, A). The shaded areas delineate
the annual range of water temperature in the mixed layer at that location.
Filled and open symbols distinguish the 2 isolates in each case. Data from

Wiebe et al. (1992, 1993)
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tinct substrate-temperature interaction. These results
can be visualized as a response surface in 3-dimen-
sional plots, such as those in Fig. 3. The response sur-
face for Escherichia coli also has been shown in Fig. 1
of Wiebe & Pomeroy (2000). While all response sur-
faces have the same general form, the details are sig-
nificantly different. There is some combination of sub-
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Fig. 3. (a) Responses of isolates GG-7 from 40 m depth in the Gulf Stream
at 32°N, ambient temperature 20°C; (b) JW-4 from coastal Jamaica,
ambient temperature 26°C; and (c) BF9212-5 from the mouth of Wassaw
Sound, Georgia, ambient temperature 12°C, to experimental variations
in temperature and substrate concentration. See text for discussion. Data

from Wiebe et al. (1993)

strate and temperature at which each organism can
grow faster than the others. So, like the isolates of
Harder & Veldkamp (1971), there are combinations of
temperature and substrate favorable to each.

Experiments with natural communities also have
demonstrated temperature-substrate interactions. Gil-
lespie et al. (1976) found that uptake of “C-glutamic
acid (1 to 4 pg I'!) by Antarctic microbial com-
munities sampled at 60 to 65°S was a non-
linear function of temperature. Griffiths et al.
(1984) found a positive correlation between
temperature and percent respiration of glu-
cose or glutamate added to natural microbial
communities from the Beaufort Sea, with res-
piratory rates measurable down to -1.8°C.
Pomeroy et al. (1991) examined the effect of a
matrix of temperatures and substrate concen-
trations on respiratory rates of natural micro-
bial assemblages taken from Newfoundland
waters and found a significant temperature-
substrate interaction. In an alpine lake, Morris
& Lewis (1992) found evidence of a phos-
phorus-temperature interaction but not an
organic carbon-temperature interaction. This
latter study highlights the potential for inter-
actions of multiple limiting factors. Since most
of the experiments reported in the literature
consider 1 or at most 2 factors, this may ex-
plain some of the resulting inconsistencies.

In addition to the above demonstrations of
the interaction of metabolic activity of hetero-
trophic bacteria with substrate concentration
and temperature, the literature contains many
instances where this relationship apparently
does not appear to hold. Some of these investi-
gators failed to note that changes in substrate
concentration of orders of magnitude are often
necessary to maintain microbial activity at
temperatures near the lower temperature limit
for isolates or natural communities and thus
may have failed to add enough substrate in
their experiments to demonstrate increased
bacterial growth (e.g. Rivkin et al. 1991, Felip
et al. 1996, Autio 1998, Yager & Deming 1999).
Some investigators initially added excess sub-
10 strate and were thus unable to show any inhi-
bition of growth at lower temperature (Delille
& Rosiers 1995, Helmke & Weyland 1995).
Others made observations on potentially sub-
strate-rich and nutrient-rich systems such as
shallow water bodies and benthic sediments
where one might not expect to find substrate
limitations and a consequent sensitivity to
temperature changes (e.g. Deming & Yager
1992). In both sediments (Glud et al. 1998) and

°C
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eutrophic water (Li & Dickie 1987, Reitner et al. 1997)
some investigators found no relationship between
bacterial production and temperature, while others
(Bell & Ahlgren 1987, Robarts et al. 1991), investigat-
ing eutrophic lakes, did. Recently, Yager & Deming
(1999) performed a series of substrate-temperature ex-
periments with bacterial communities from the waters
of the Northeast Water polynya, some of which showed
a temperature-substrate interaction, while other sam-
ples did not. In this case, it should be noted that the
range of added amino acids was up to a maximum of
only twice that analytically present in the water, and
the experimental temperature range was only 6°C.
Thus, some responses by psychrotolerant populations
that were less sensitive to both temperature and sub-
strate concentration likely were missed.

Methodological considerations

A note of caution is necessary with regard to extrap-
olating responses of pure cultures to natural communi-
ties. In recent years, a new approach to identifying
bacterial species in the ocean has arisen using molecu-
lar methods. This approach has the advantage that
bacteria do not have to be cultured in order to be iden-
tified, and this is, perhaps, particularly important, since
in the early investigations only a few percent of the
bacteria counted by direct microscopic techniques
grew in culture media. Pioneer work by Fuhrman
(1992), Giovannoni et al. (1993), Fuhrman et al. (1993),
and DeLong et al. (1994) concluded that most of the
Bacteria (and Archaea) in the sea, as identified by a
variety of molecular techniques, do not belong to the
taxa grown on culture media. This finding tended to
reinforce the earlier observation that plate counts are
much smaller than direct counts (Jannasch & Jones
1959). Since these early molecular studies, other inves-
tigators (e.g. Eilers et al. 2000) have confirmed their
results, while some recent studies dispute them (Rehn-
stam et al. 1993, Gonzdlez et al. 1996, Gonzdalez &
Moran 1997, Pinhassi et al. 1997, Hagstrom et al. 2000,
Pinhassi & Hagstrom 2000).

Rehnstam et al. (1993) made 16S rRNA probes from
14 isolates from water at Scripps Pier in southern Cali-
fornia. When natural samples were challenged season-
ally with the probes, cultured organisms proved to be
dominant during the season of isolation and again at
the same season the following year. In the Northern
Baltic, Pinhassi et al. (1997) isolated 48 strains on
ZoBell agar (Marine agar, Difco Laboratories, Detroit,
MI, USA), labeled their DNA with 3?P, and hybridized
it with field samples. Their results suggested that the
majority of the dominant bacteria, most of the time,
were culturable on replete media. Rehnstam et al.

(1993) suggesed that the low plating efficiency that is
often observed may be the result of lysogenic viral
infections (e.g. Proctor & Fuhrman 1990), which may
enter a lytic phase upon a shift-up of bacterial metabo-
lism on culture media, rather than the result of specific
unmet culture requirements. This hypothesis would
seem to be compatible with the observations of Button
et al. (1993, 1998) that more species of bacteria can be
cultured on unamended seawater. Recently, several
investigators have suggested that communities of het-
erotrophic bacteria in the sea are dominated by rela-
tively few, mostly culturable, species which undergo
regular, repeatable seasonal successions (Gonzélez et
al. 1996, Gonzdlez & Moran 1997, Hagstrom et al. 2000,
Pinhassi & Hagstrom 2000). Significantly, all of these
studies were performed in coastal or estuarine waters.

The taxonomic discrepancies noted above are un-
resolved. Unfortunately, few of the ‘mew’ species of
Bacteria and Archaea have been isolated in pure
culture. The lack of isolation in culture presents a
potential problem, since investigators who make
observations about in situ bacterial growth and meta-
bolism use culture data to interpret their results, albeit
cultures isolated either from unamended seawater
(Button et al. 1993) or from aged seawater amended
with substrate concentrations in the analytical range of
those in seawater (Wiebe et al. 1992, 1993). If the bac-
teria that have been identified by molecular tech-
niques, but not subsequently isolated, do sometimes
comprise the majority of in situ bacterial biomass and
activity, and if they have physiological and biochemi-
cal characteristics different from bacterial cultures,
then there might be a mismatch of data which could
greatly affect the interpretation of bacterial metabo-
lism in the sea. Button et al. (1998) report that 85%
of the bacteria-like particles they detected by flow
cytometry are smaller than the smallest organism they
have thus far been able to culture, which could support
either the mismatch hypothesis or the starvation-sur-
vival hypothesis (Novitsky & Morita 1976). So it is
probably fair to report that currently there are 2 inter-
pretations of the existing data and experiments, insuf-
ficient evidence exists to falsify either one, and a num-
ber of contradictions need to be resolved. It may be, of
course, that some waters, under some conditions, con-
tain higher numbers of culturable bacteria than others
(e.g. eutrophic vs oligotrophic water, pre-bloom vs
post-bloom water). A ‘one size fits all' model may not
suffice.

In temperate regions of the ocean, there have been
some disagreements on the interpretation of in situ
bacterial metabolic data (e.g. Pomeroy et al. 1991,
Rivkin et al. 1996). While some of these disputes are
based on methodology, as discussed elsewhere in this
review, other problems may arise from the use of cul-
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ture data to interpret the in situ results. The discussion
that follows can only be based on present-day informa-
tion, but the reader should be aware of the possibility
that we are using a skewed representation of the
metabolism of the bacteria in the sea. Furthermore,
when investigators examine the cardinal temperatures
of those bacteria that can be isolated from permanently
cold areas of the ocean, a perplexing problem arises. In
many, but not all, cases in Arctic, Antarctic, and deep-
ocean waters, a preponderance of psychrotolerant bac-
teria are isolated, growing at temperatures well over
the 20°C maximum growth temperature that defines
psychrophiles (Wiebe & Hendricks 1974, Upton & Ned-
well 1989a, Ruger & Tan 1992). In a number of pure
culture studies, investigators have shown in a variety
of ways that, while psychrophiles appear to be better
adapted for permanently cold conditions, competitive
success depends upon available substrate concentra-
tions, with psychrotolerant isolates competing better at
the low substrate conditions that often prevail (e.g.
Harder & Veldkamp 1971).

Two factors could confound interpretation of the psy-
chrophile versus psychrotolerant data. First, until
recently almost all isolations of marine bacteria were
accomplished using standard culture media such as
ZoBell 2216 marine agar and broth, which contains 5 g

of peptone and 1 g of yeast extract per liter. It is now
recognized that many more bacteria can be cultured if
the nutrient concentration is reduced to the range of
substrate concentrations we expect to find in natural
seawater (Button et al. 1993; Table 1). These previ-
ously uncultured bacteria appear to have a versatile
metabolism (Upton & Nedwell 1989b, Button et al.
1993, 1998, Rutter & Nedwell 1994, Wiebe et al.
unpubl. data). Further, a much larger number of the
isolates from conventional media are psychrotolerants.
Thus, methodology that was more appropriate in the
pathology laboratory than in the ocean may have
skewed the results, and scrutiny of some older data is
warranted.

The second factor that could be operating is the con-
tinual rain of bacteria through the water column to the
deep, cold ocean attached to particulate matter origi-
nating in the surface waters. Many investigators have
measured quantitatively the descent of particles from
the surface, and these may contain surface-dwelling or
even terrestrial microorganisms (Billet et al. 1983,
Fuhrman & Azam 1983). Rex et al. (1993), and more
recently Cronin & Raymo (1997), documented that bio-
diversity of several taxa of abyssal benthic animals
shows a latitudinal gradient, with progressively fewer
species at higher latitudes, just as occurs in terrestrial

Table 1. Recent measurements of potentially labile constituents of organic matter in natural waters, sediments and ice. DFAA =

dissolved free amino acids; DCAA = dissolved combined amino acids; ‘Carbohydrates’ may be variously analyzed for one or a

spectrum of compounds. Original units of measure have been preserved, because conversion to a common metric would involve

assumptions about the molarity of mixed and sometimes undefined organic materials. Summaries of older data can be found in
Romankevich (1984) and Thurman (1985)

Location DFAA DCAA Carbohydrates Source

Delaware Bay, USA 50 nM-1.4 pM 100 nM-8 ptM Coffin (1989)

Plussee, Germany 11-38 nM 115-726 nM Chrést (1990)

Rade de Brest below Pont a Louppe 507 + 94 pg 1! Senior & Chevolot (1991)
Oosterschelde, The Netherlands 500-1600 nM Laanbroek et al. (1985)
Delaware Bay, USA 2-7 pM Keil & Kirchman (1991)
Stn P, North Pacific Ocean 0.3-0.5 uM Keil & Kirchman (1991)
Celtic and Irish Seas 550-700 nM Poulet et al. (1991)
Spring fast ice, Resolute Passage 243 pM Pomeroy et al. (1990)
Baltic Sea 36-277 nM Mopper & Lindroth 1982)
Mangrove sediments, Australia 300-900 ng ml! Stanley et al. (1987)
Lake Constance, Germany 1-5uM 1.3-3.6 pM Weiss & Simon (1999)
Bransfield Strait, Antarctica, Feb 333-5970 nM Haberstroh et al. (1987)
W. Sargasso Sea 40-100 pg C 1°t@ Burney et al. (1981)

E of Gulf Stream, 28°N 40-80pg C1°1@ Burney et al. (1981)

NW Caribbean Sea 80-140 pg C 1712 Burney et al. (1982)

Gulf of Mexico 12-67 nM Pomeroy et al. (1995)
Mississippi river plume 442 nM Pomeroy et al. (1995)
Chukchi Sea, Aug 29-1473 nM Cota et al. (1996)

Pacific Ocean off Baja California 29+0.14 pM 404 + 15 pM Henrichs & Williams (1985)
Pacific Ocean, 100 km N of Oahu 10-27 pM C Benner et al. (1992)

Gulf of Mexico 28.5uM C Pakulski & Benner (1994)
North Atlantic, 0-50 m 10.4 pM C Pakulski & Benner (1994)
Gerlache Strait, Antarctica, 0-50 m 16.9 uM C Pakulski & Benner (1994)
Equatorial Pacific, 0-50 m 21.5puM C Pakulski & Benner (1994)
“Monosaccharides only
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environments. They concluded that this must be rel-
ated to events in the upper mixed layer. Thus, not all of
the bacteria that we capture and culture may have
been long-time residents of the cold ocean but instead
may have recently arrived from the mixed layer or
elsewhere. Bacteria are redistributed in the ocean
much more rapidly than hydrography alone would
predict (Hagstrom et al. 2000).

Both of these factors could provide an explanation
for the presence of so many psychrotolerant isolates in
permanently cold waters. Nevertheless, the existing,
though limited, experimental data with axenic cultures
and natural bacterial communities suggest different
responses to temperature-substrate interaction by bac-
teria at different latitudes (Fig. 2) and even specific
location (Robarts et al. 1991). Interpreting the experi-
mental data in terms of real-world responses requires
knowledge of naturally occurring temperatures and
concentrations of labile substrates (Robarts et al. 1991).
While the latter cannot be known absolutely, it may
be possible to set some tentative limits on the basis of
the concentrations of dissolved free and combined
amino acids and monosaccharides in seawater. One
approach, short-term measurements of the fraction of
the pool of total dissolved organic matter that is uti-
lized, may be instructive, but the results have been
mixed (e.g. Wiebe & Smith 1977, Hansell et al. 1995,
Borsheim 2000). It appears that a pool of rapidly uti-
lized DOC is supplemented by varying amounts of less
labile DOC that may have turnover times of months or
longer.

Concentrations of available substrates cover a range
of several orders of magnitude in natural waters. In
estuaries, total amino acids, peptides, proteins, and
simple carbohydrates range from <10 pg C 1! to 4 mg
C I'! (Table 1). The experiments described in Fig. 2
offer a provisional model for evaluating temperature-
substrate interaction in a variety of situations, given
the approximately known range of substrate concen-
trations. In the ocean, the estimated range of total
amino acids, peptides, proteins, and simple carbohy-
drates is 50 to 250 pg C 1. Not all of these compounds
are readily labile, as estimated by short-term utiliza-
tion experiments, and the labile and semi-labile frac-
tions combined constitute perhaps <10 to >50 % of the
total concentration (Hansell et al. 1995, Weiss & Simon
1999, Sendergaard et al. 2000). The observed range of
concentrations of available substrates, based on the
above observations, covers a range similar to that used
in the enrichment experiments of Wiebe et al. (1992,
1993). Without knowing the substrate concentration
present in any specific environment at any particular
time, however, we can only speculate that the interac-
tion of temperature and substrate concentration con-
trols bacterial productivity near the low end of their

range of temperature tolerance, as has been shown
experimentally (Pomeroy et al. 1991, Wiebe et al. 1993,
Rutter & Nedwell 1994).

While dominant organisms can be selected season-
ally by temperature changes (Sieburth 1967), they do
so within limits (Fig. 2). In the tropics, heterotrophic
bacteria are mostly operating near their optimum tem-
perature for growth (Morita 1974). In the subtropics,
temperature is somewhat suboptimal in winter. In tem-
perate latitudes, bacteria may approach no-growth
temperature in winter, but heterotrophs may also be
limited by lower rates of production of DOC and par-
ticulate organic carbon (POC) by phytoplankton in
winter as the result of lower light intensity and deep
mixing, and these limiting factors may interact syn-
ergistically with lower temperature. In polar waters,
within the normal range of available substrates, het-
erotrophic bacteria rarely experience optimal temper-
atures for growth but may reach a no-growth condition
only when brine pockets freeze in winter sea ice
(Fig. 2). In other words, the ultimate limit for growth is
the presence of liquid water in and around bacteria.

A further methodological consideration involves
continuing modifications of the methods of measuring
bacterial production. To evaluate temperature effects
on natural bacterial communities, investigators com-
monly measure rates of bacterial production by the
incorporation of either tritiated thymidine (Tdr) or triti-
ated leucine (leu). Understanding and evaluating these
methods is an important issue for this review, since so
many investigators use them. It is now recognized that
early estimates of bacterial production, using either
Tdr or leu at final concentrations of 5 nM (and occa-
sionally less, e.g. Fuhrman & Azam 1980) did not satu-
rate uptake rates, and therefore the data in many pub-
lications were underestimates (Logan & Fleury 1993,
van Looij & Riemann 1993). While many of the early
Tdr uptake measurements used a conversion factor
developed by Fuhrman & Azam (1980), investigators
have begun calibrating Tdr uptake against dilution
experiments on the waters being studied following the
procedures of Kirchman et al. (1982). It should be rec-
ognized that using dilution cultures to ‘correct’ Tdr
assimilation amounts to using dilution cultures to esti-
mate bacterial production. When corrections are made
infrequently, significant error may be incorporated in
estimates of production based on Tdr uptake. It is
important when evaluating earlier work to take note of
methodology and to identify deviations from current
practice. Relative changes in Tdr or leu uptake within
a sequence of experiments may be significant even if
absolute concentrations of the tracer are in error. Also,
where older work is imprecise, the bounds of error
sometimes can be approximated, and very large differ-
ences may still have significance (Chranowski 1988).
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Before dismissing older data, we should examine them
critically and salvage what we can.

TEMPERATURE AND SUBSTRATES IN
NATURAL WATERS

A relatively small number of investigators have set
out to describe the interactions of temperature and
substrate concentrations on natural communities of
heterotrophic bacteria. However, a number of inves-
tigations having other principal goals also provide data
that may shed some light on this interaction. As Fig. 2
suggests, heterotrophic bacteria may be responding
differently in temperate water, permanently cold reg-
ions, and sea ice.

Temperate waters

If the relationships in Fig. 2 constitute a valid gener-
alization, interaction of temperature with substrate
availability should be most obvious in temperate
waters in winter; this is indeed a frequent finding (Car-
ney & Colwell 1976, Hagstrom & Larsson 1984, Admi-
raal et al. 1985, Bell & Ahlgren 1987, Scavia & Laird
1987, Nielsen & Richardson 1989, Malone & Ducklow
1990, Shiah & Ducklow 1994a,b). Since spring phyto-
plankton blooms commonly begin while the water
is still near its minimum temperature, our hypothesis
suggests that low bacterial production should be seen
in early stages of the spring bloom, and several exam-
ples have been reported (Billen & Fontigny 1987,
Lancelot et al. 1989, Nielsen & Richardson 1989, Bird &
Karl 1999). Reduced bacterial production in early
stages of phytoplankton blooms may involve not only
some inhibition by low temperature as a requirement
for a higher substrate concentration, sensu Nedwell
(1999), but also a lag phase prior to the onset of bacte-
rial division which may last from a day to a month (Hol-
libaugh 1979, Griffiths et al. 1982, Helmke & Weyland
1986, Lancelot et al. 1989, Autio 1998). It may also
reflect the presence of a relatively small population of
grazers in early stages of some temperate spring
blooms producing little regeneration of substrates by
way of excretion, defecation, and sloppy feeding as
suggested by Jumars et al. (1989).

Other factors also potentially complicate this para-
digm. One can argue, for example, that different bac-
terial phylotypes with different cardinal temperatures
will be dominant in temperate waters at different sea-
sons (Sieburth 1967, Poremba et al. 1999). Yet, the
above citations show many instances where bacterial
communities appear to be limited by the interaction of
seasonal changes in temperature with the availability

of substrates. Cotner et al. (2000) found that bacterial
production in Lake Michigan in mid-winter was raised
to rates comparable to mid-summer when sediments
were suspended following a storm. In the southeastern
USA, Pomeroy et al. (2000) found a marked seasonal
change in microbial respiratory rates in 5 Georgia
estuaries but no clear seasonal change in respiratory
rates in adjacent coastal water. Coastal water off
southeastern USA appeared to have a higher and more
constant rate of phytoplankton photosynthesis, while
the estuary was dominated by heterotrophic processes
in the intertidal sediments. These examples suggest
the inherent complexity of substrate-temperature int-
eractions.

Interaction of temperature with substrate concentra-
tions also appears to occur with nitrifying bacteria,
although, as above, the findings and interpretations
are somewhat mixed. In a seasonal study at an
organic-nutrient-poor site in Narragansett Bay, Ber-
ounsky & Nixon (1990) found a strong relationship
between nitrification and temperature, with rates
approaching zero in winter and a Qy of 6.8. A more
detailed study of nitrification in the Rhoéne estuary
(Bianchi et al. 1999) concluded that rates were depen-
dent only on salinity, although the graphics appear to
show quite a strong seasonal cycle. Bianchi et al. criti-
cized the methodology of Berounsky & Nixon and
questioned the high Qy, citing 2 studies of isolates in
culture, one of which (Helder & de Vries 1983) exam-
ined temperature and substrate concentrations sepa-
rately, while the other (Carlucci & Strickland 1968) cul-
tured only with excess substrate. From the present
perspective, all of these studies of 1 factor at a time
may have missed significant interactions.

Some of the controversy surrounding temperature-
substrate interactions at low temperature has focused
on research in Conception Bay, Newfoundland (Wiebe
& Pomeroy 2000). Pomeroy et al. (1991) postulated that
changes in bacterial production in Conception Bay,
which has a seasonal surface temperature range of
—-1.8 to 14°C and is thus a temperate body of water,
could be produced by temperature-substrate interac-
tions. Inferred low substrate concentrations at the
onset of the spring phytoplankton bloom in late March,
at a water temperature of —1.8°C, were postulated to
result in low pre-bloom and early bloom rates of bacte-
rial growth and respiration in late winter and early
spring. Pomeroy et al. (1991) carried out experiments
in which the natural microbial community in Concep-
tion Bay water at —1.8°C was supplied with a range of
concentrations of substrate, incubated at several tem-
peratures, and changes in the microbial respiratory
rate measured. Respiratory rates were found to in-
crease with increases of either substrate concentration
or temperature. Bacterial production was also mea-
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sured during the spring bloom, with water tempera-
tures at the annual minimum (Pomeroy et al. 1991).
The Tdr method showed low uptake at the start of the
bloom, except at the depth of the chlorophyll maxi-
mum. Because Pomeroy et al. (1991) were using a final
concentration of 5 nmol Tdr and the Fuhrman & Azam
(1980) conversion factor, their Tdr uptake measure-
ments probably underestimated bacterial production.
Moreover, respiration and growth are different para-
meters of bacterial activity and are not necessarily cor-
related (Christian & Wiebe 1974, Yager & Deming
1999)

Rivkin et al. (1996) later measured bacterial produc-
tion at the same Conception Bay station for 18 mo, also
using 5 nmol Tdr, but using dilution cultures each
month to create a conversion factor. Rivkin et al. (1996)
reported very little seasonal change in bacterial pro-
ductivity in the mixed layer. However, their correction
factors showed a seasonal trend, highest in winter,
suggesting to us that bacterial substrate affinity must
have been reduced in winter. Moreover, a new sea-
sonal data set from nearby Logy Bay, Newfoundland
(Putland 2000), using dilution culture estimates of bac-
terial production, showed a seasonal change in bacter-
ial production of an order of magnitude and a substan-
tial correlation with temperature (r> = 0.73). While
Logy Bay is not a deep fjord like Conception Bay and
contains water of somewhat different origins, this
would seem at least to leave open the question of what
is the normal seasonal regime of bacterial production
in the Newfoundland fjords and coastal waters.

Permanently cold waters

A number of investigators have interpreted the work
of Pomeroy et al. (1991) in Newfoundland as predicting
low rates of bacterial production in polar waters, possi-
bly because of the presence of the Labrador Current in
Conception Bay and along the Newfoundland coast at
depths below 125 m and the presence in spring of
some sea ice and icebergs of more northern origin (e.g.
Kottmeier & Sullivan 1988, Robinson & Williams 1993,
Glud et al. 1998, Psenner & Sattler 1998, Thamdrup &
Fleischer 1998). Moreover, several commentators have
wrongly located Newfoundland in the Arctic (e.g.
Delille & Rosiers 1995, Nedwell 1999, 2000, Deming &
Huston 2000). At latitude 48° N (approximately equiv-
alent to that of Seattle or Paris), Conception Bay has a
marine temperate climate and a 15°C annual tempera-
ture range in the upper mixed layer. It is thus within
the northern temperate latitudes, delineated in the
original hypothesis of a differential rate of primary pro-
duction and heterotrophic consumption during spring
blooms (Pomeroy & Wiebe 1988). The use of the term,

‘cold-ocean paradigm’ by Rivkin et al. (1996) to
describe our hypothesis of temperature-substrate int-
eraction directs attention toward low temperatures and
away from interaction with substrates. Permanently
cold environments, with an annual range in tempera-
ture <4°C, which include the high polar regions and
much of the deep ocean, represent, in some respects, a
different case from seasonally cold temperate waters, a
distinction recognized by Christian & Wiebe (1974)
and Karl (1993). In polar waters, and perhaps even in
abyssal waters receiving a seasonal rain of detritus
(Billett et al. 1983), there is evidence for a seasonal shift
from a winter early bloom regime with little microbial
activity to a summer late bloom regime, in which both
zooplankton grazing and microbial loop activity are
major processes (Turley & Lochte 1990, Conover &
Huntley 1991, Thingstad & Martinussen 1991, Carlson
et al. 1998, Bird & Karl 1999).

For more than 100 yr, investigators have known that
some bacteria are capable of metabolic activity at tem-
peratures as low as 0°C (Fischer 1888, ZoBell 1934).
The earliest measurements of bacterial activity in polar
seas, using radioactive substrate uptake as a proxy for
activity, demonstrated a range of bacterial metabolic
rates comparable to those found in temperate oceans
(Gillespie et al. 1976, Morita et al. 1977). Virtually
every measurement of polar summer bacterial activity
since Morita's has shown growth rates within the
normal summertime ranges found at all latitudes, and
these measurements are now quite numerous. They
include many measurements in water and sediments
with an annual temperature range <4°C. Bacterial
metabolic activity in polar waters in winter in the mar-
ginal ice zone is sometimes similar to that of summer
(Rivkin et al. 1989, Cota et al. 1990, Sullivan et al. 1990,
Mordy et al. 1995). In other instances very low rates
are seen, although little seasonal temperature change
occurred (Griffiths et al. 1978, Pomeroy et al. 1990,
Karl 1993, Carlson et al. 1998, Bird & Karl 1999). Rates
of bacterial growth and respiration may, of course, be
limited by the availability of organic substrates, by the
availability of inorganic nutrients (Reay et al. 1999,
Kirchman 2000), or by interactions of both with tem-
perature. Processes in the marginal ice zone, around
the edge of sea ice, may be quite different from those
in open ocean water. For example, an order of magni-
tude increase in chl a occurs near the ice in summer (cf.
Fig. 1 of Le Fevre et al. 1998).

To progress from simple experimental systems, such
as those utilized by Quinlan (1980, 1981) and Harder &
Veldkamp (1971), who developed theoretical princi-
ples of temperature-substrate interaction, to interpre-
tations of complex events in natural microbial commu-
nities is a considerable challenge. Although we can
measure temperature easily, quantifying the sub-
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strates available to heterotrophs in natural waters or
sediments remains impossible at present. Qualita-
tively, as noted above, some environments may contain
excess substrates (e.g. most sediments, sediments sus-
pended in water by wind or tide, water in some small
or shallow lakes, regions of organic pollution) and
therefore show less temperature sensitivity. Such ex-
cesses can, of course, be site-variable, as in the case of
the subantarctic Marion Island lakes, where Robarts et
al. (1991) found a lake enriched by seal feces to have
high microbial activity, while an adjacent lake without
seals did not. Moreover, if affinity for substrates is tem-
perature-related, then at seasonally minimum temper-
atures there can be a pool of substrate that is labile but
physiologically inaccessible to bacteria at those tem-
peratures (Nedwell 2000).

In permanently cold surface waters with a tempera-
ture span <4°C, the highly stenothermic isolate of
Christian & Wiebe (1974) showed that, given the
appropriate substrate, it could remain active through-
out the year. While temperature is always an underly-
ing factor in metabolic activity, as Morita (1974) and
others have demonstrated, it need not stop bacterial
growth in polar waters. Fig 2 illustrates that bacteria in
polar waters, at least those we have been able to cul-
ture, are always living at temperatures well below
their optima for growth, which implies a higher con-
centration threshold for utilization of dissolved sub-
strates. During polar winter, or under thick, snow-cov-
ered sea ice, substrate might become limiting, if the
data of Pomeroy et al. (1990) and Wiebe et al. (1992)
are generally applicable. The lack of any unusual
accumulation of dissolved organic matter in polar sea-
water shows that marine heterotrophic bacteria do uti-
lize labile DOC down to nanomolar concentrations at
-1.8°C.

Microbial processes in the Arctic Ocean and the
Southern Ocean appear to differ in some respects.
Measurements of summertime rates of bacterial pro-
duction and respiration in the Arctic Ocean suggest
that bacterioplankton should exhaust the organic mat-
ter originating from autochthonous primary production
well before the end of winter (Cota et al. 1996, Rich et
al. 1997). Similarly, during winter in the Antarctic,
Helmke & Weyland (1995) found very low bacterial
production beneath the pack ice. In contrast, Mordy et
al. (1995) found that bacterial production in water near
the ice margin during winter was equivalent to 44 % of
primary production. This bacterial activity in winter
likely reflects the fact that there is some year-round
phytoplankton photosynthesis in most of the Southern
Ocean, and it is enhanced near the ice edge even in
winter (Cota et al. 1992). Differences seen in winter
microbial activity between the 2 polar regions may
relate in large to differences in latitude. The high Arc-

tic is in complete darkness for 3 mo, while only the
most southern parts of the Southern Ocean are south of
the Antarctic Circle. Thus, the different findings in
Arctic versus Antarctic regions may result from sea-
sonal changes in photosynthesis and the resultant sub-
strate supply to an oligotrophic environment. The
effects of temperature on polar photosynthesis have
been variously interpreted (Neori & Holm-Hansen
1982, Cota 1985, Tilzer et al. 1985, Kottmeier & Sulli-
van 1987, Robinson et al. 1995), but it is clear that
phytoplankton photosynthesis occurs near Antarctic
ice margins essentially all year round.

Ice and snow cover also affect photosynthesis and
thus substrate supply for bacterioplankton and other
consumers. Pomeroy et al. (1990) attempted to mea-
sure production of heterotrophic bacterioplankton in
June, before spring melt had begun, at the Canadian
Ice Island (then located at 79°37.3'N, 108°51.2' W), a
drifting tabular iceberg in the Arctic Ocean north of
Ellef Ringness Island. Because of its location in the
Canadian Basin gyre, this region is covered by a mean
ice thickness of 6 m (Maykut 1985). Except for scat-
tered leads, water under the ice was still in darkness in
June, and water temperature was —1.8°C. At an initial
concentration of 5 nM Tdr, bacterial production may
have been underestimated, but if we assume underes-
timation by an order of magnitude, then the bacterial
production under the ice in June was 270 pg C m=> d?
near the surface and 1.1 at the top of the halocline.
Such rates would be more than 3 orders of magnitude
less than the mixed-layer rates measured by Rich et al.
(1997) and Cota et al. (1996) in summer in the Chukchi
Sea, so the measurements at the Ice Island in June sug-
gest the presence of an inactive bacterial community
prior to spring melt and the onset of summer primary
production.

In the Antarctic, in the largely ice-covered Ross Sea,
Carlson et al. (1998) found that pre-bloom DOC con-
centrations and bacterial production rates in surface
water of the Ross Sea polynya were comparable to
those at depths of 1000 m and were described as back-
ground rates. Two weeks later, during the Phaeocystis
bloom, bacterial production had risen an order of mag-
nitude, but concentrations of DOC were essentially
unchanged, presumably because of rapid utilization by
heterotrophs. Carlson et al. postulated that Antarctic
bacterioplankton production is carbon-limited. In
these polar situations with nearly invariant tempera-
ture, bacterioplankton are well below their tempera-
ture optimum, as illustrated by Fig. 2, and may there-
fore have a lower substrate affinity, or may have a long
lag period before commencing growth (Lancelot et al.
1989, Ducklow 1999, Ducklow et al. 1999). Obviously,
these problems do not prevent bacteria from maintain-
ing viable populations and using all labile substrates.



Pomeroy & Wiebe: Temperature-substrate interactions as limiting factors to bacteria 197

The results of the RACER program in Bransfield
Strait, west of the Antarctic Peninsula (Karl et al. 1991,
Karl 1993) present another case of low bacterial activ-
ity in spring. Although the annual cycle of abundance
of biomass covered 2 orders of magnitude (Tien et al.
1992), and concentrations of free amino acids in the
water were high (Haberstroh et al. 1987), bacterial pro-
duction did not begin to rise from very low winter val-
ues until approximately a month after the onset of the
spring bloom. Bird & Karl (1991) suggested that tem-
perature as such may be the underlying factor in the
observed slow response. Karl (1993) suggested that
DFAA may have been present in concentrations that
saturated bacterial affinity during the bloom, so that
temperature had no effect. Based on the model devel-
oped in their Fig. 2, observed dissolved free amino acid
(DFAA) concentrations appear to have been, at most,
sufficient to stimulate growth of psychrotolerant bacte-
ria at —1°C (Table 1). Although winter data are rela-
tively scarce in the high latitudes, they suggest that
low or non-existent primary production during winter,
depending on ice thickness and latitude, sometimes
results in the reduction of available substrates to the
minimal concentrations at which they can be assimi-
lated from seawater, with bacteria entering the starva-
tion-survival mode (Griffiths et al. 1978, Tien et al.
1992). An alternative hypothesis is that of Jumars et al.
(1989) that most of the substrates resulting from
blooms are released by the processing of phytoplank-
ton by zooplankton, so a delay might occur between
phytoplankton production and bacterial production
because of the need for processing phytoplankton
through the food chain.

While the magnitude of bacterial growth and metab-
olism must be directly or indirectly associated with the
amount of primary production or chl a (Cole et al. 1988),
there are times when, as in the Bransfield Strait, there is
little direct relationship between primary producers
and heterotrophic bacterial consumers, particularly at
the onset of spring blooms (Azam et al. 1981, Billen &
Fontigny 1987, Lancelot et al. 1989, Pomeroy et al.
1991, Karl 1993, Bird & Karl 1999) or later in summer
(Fiala & Delille 1992). While it is self-evident that phyto-
plankton provide the organic carbon for heterotrophic
bacterial growth, it is clear that in many circumstances
they do not do so directly to any large extent. Except
when they are nutrient-limited or otherwise stressed,
phytoplankton are often found to release as DOC <15 %
of carbon fixed by photosynthesis (Larsson & Hagstrom
1982, Wood et al. 1992, Murray 1995) — although this is
highly variable. This potentially rapid transfer of or-
ganic matter from photoautotroph to bacterial con-
sumer usually falls short of supplying enough organic
carbon to meet the observed rates of bacterioplankton
production and respiration, so additional connections

between phytoplankton and bacterioplankton con-
sumers have been proposed. Phytoplankton may lyse,
either because of viral infections or as a result of the
onset of nutrient deficiency (Agusti et al. 1998, Agusti
& Duarte 2000). Lysis can release DOC and POC to
bacterioplankton consumers (Jassby & Goldman 1974,
Lancelot & Billen 1984). As noted above, another tro-
phic connection between phytoplankton and bacterio-
plankton is the excretion, defecation, and sloppy feed-
ing of microzooplankton (Jumars et al. 1989) and
protists (Sherr et al. 1982, Sherr & Sherr 1989). Unlike
the release of low molecular weight DOC during photo-
synthesis, both of the latter processes incur some delay
between primary production and the availability of the
DOC. In a broader sense, there is experimental support
for the view that grazing, viral infection, or autolysis of
phytoplankton is necessary for initiating significant
bacterial activity for the microbial loop (reviewed by
Nagata 2000).

The delay in the onset of bacterioplankton produc-
tion following spring phytoplankton blooms, which
Pomeroy & Deibel (1986) suggested might be the result
of a differential response of phytoplankton and bacte-
ria to low spring temperatures, thus appears to be a
frequent occurrence but to have multiple causes (Sherr
& Sherr 1996). A lag in the supply of suitable substrates
may be a more significant deterrent to bacterioplank-
ton production in those situations than seasonally low
temperature. However, the lags between the peaks of
phytoplankton and bacterioplankton production tend
to be longer at higher latitudes, and experimental evi-
dence suggests that production of the dominant bacte-
rioplankton at high latitudes would be greater if the
temperature were higher, although how much higher
would seem to depend on local conditions. Li & Dickie
(1984) showed that the dominant bacteria in water
samples in the Canadian Arctic survived and increased
their metabolic rates when warmed to 30°C. This
response was also seen in the Arctic isolates of Wiebe
et al. (1992), which had higher affinity for low concen-
trations of substrates at 15 to 30°C than at tempera-
tures near 0°C. Hodson et al. (1981) found maximum
uptake rates for glucose, leu, Tdr, and ATP at 5°C dur-
ing austral summer in McMurdo Sound, and Azam et
al. (1981) found maximum uptake at 7°C in the Scotia
Sea. Gillespie et al. (1976) found psychrophile domi-
nance at some Antarctic stations and psychrotolerant
dominance at others. Simon et al. (1999) found a gradi-
ent of bacterial temperature optima from >18°C at the
polar front to 4-8°C at the ice edge. The experiments
of Harder & Veldkamp (1971) and Helmke & Weyland
(1986) suggest how the history of a water mass and its
bacterial flora may lead to different population trajec-
tories in polar waters so that either psychrophiles or
psychrotolerants may be locally dominant, especially
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during the polar summer. Additional limits, such as
iron availability, also may control bacterial production
in Antarctic waters (Pakulski et al. 1996).

Sea ice

Sea ice is a major component of both polar regions,
covering millions of km? even at the end of polar sum-
mer (Horner et al. 1992). It is variable in structure and
content, depending on conditions under which it forms
and melts, and there may even be characteristic differ-
ences between Arctic and Antarctic sea ice (Legendre
et al. 1992). Sea ice is one of the coldest Earth environ-
ments, with temperatures <-30°C near the upper sur-
face during winter (Vincent 1988, Thomas et al. 1995).
While living organisms can be found throughout sea
ice, distinct communities tend to be concentrated in
one or more horizontal bands in the most porous ice,
either near bottom, near top, or near the level of the sea
surface (Fritsen et al. 1994, Arrigo et al. 1998). Very
high rates of primary production have been reported
(McMinn et al. 2000). However, sea ice is a highly vari-
able environment, and it is difficult to generalize about
ice biota. Arrigo et al. (1998) approached this problem
for Antarctic ice algae by modeling algal distribution
in time and space. The complexities of the model
included temperature, salinity, nutrients, photosyn-
thetically active radiation and its modification by sea-
son, location, snow, ice, inclusions and biota. The
model indicates that first-year ice supports 75 % of total
primary production in Antarctic ice, of which 50 % is in
the Weddell Sea. The model was insensitive to temper-
ature, because the temperature range was small. A
major variable was flooding resulting from snow load-
ing, which renewed nutrients and increased primary
production in the ice.

Most sea ice, whether it is land-fast or pack ice, is
formed annually, and enclosed bacterial populations
undergo a process of selection, based on their ability
to sequester substrates at increasingly lower temp-
eratures (Helmke & Weyland 1995). Newly formed
pancake ice contains largely psychrotolerant bacteria,
while winter ice contains largely obligate psychro-
philes (Grossmann 1994, Grossmann & Dieckmann
1994, Helmke & Weyland 1995). Phytoplankton under-
go a similar selection, after which a few species appear
to be responsible for most of the biomass and produc-
tion. In winter, much of the biomass is in brine pockets
within the central mass of the ice. In spring, a dense
community sometimes develops at the bottom of the
ice, where the ice algae can extract nutrients continu-
ously from the underlying water. When the snow melts
from the ice surface in spring, solar radiation begins to
warm the brown, diatom-rich layer at the bottom of the

ice, which then falls through the water, providing the
first pulse of primary production in the water column.
This process is especially characteristic of land-fast ice
(Smith et al. 1988, Staley & Gosink 1999). Pack ice
sometimes develops a layer of algae in porous ice at
the level of the water surface which persists into the
polar summer and is released if the ice melts (Arrigo et
al. 1998).

Because of the porosity of sea ice during its forma-
tion and degradation, the phytoplankton and bacteria,
which grow in the ice as it freezes or erodes, accumu-
late nitrogen, phosphorus, and organic carbon from
the water that is flowing past (Cota et al. 1987), simi-
lar to the way that communities of coral reefs concen-
trate nutrients from flowing oligotrophic water. Sea
ice accumulates atmospheric fallout, although the
quantitative significance of that source is unknown.
‘Dirty ice' also accumulates inclusions of bottom sedi-
ments (Dayton et al. 1969) or suspended sediments
(Sherwood 2000). In these ways, sea ice accumulates
more organic matter than the underlying water. Also,
as sea ice freezes and solidifies, salt, and probably
DOC, are extruded into the sea, while salt and DOC
are also concentrated in brine pockets which retain a
functioning food web that recycles substrates and
nutrients. Some of the psychrophiles in the brine
pockets will function nearly down to a temperature at
which virtually no liquid water remains (Staley &
Gosink 1999, Deming & Huston 2000). Rivkina et al.
(2000) found that little bacterial activity occurred in
permafrost at temperatures less than -10°C, which
they attribute to liquid-water problems. The few mea-
surements of DOC and POC in sea ice suggest that its
content varies widely, depending on the type of ice,
layering within ice, its manner of formation, its
current state of freezing or thawing, and the devel-
opment, or not, of communities of living microorgan-
isms. Grainger (1977) reported that inorganic nitrate
and phosphate were concentrated in the lower layers
of ice in Frobisher Bay but not near the top. Mel'nikov
& Pavlov (1978) found increased POC concentrations
in Arctic sea ice but little increase in DOC. Pomeroy
et al. (1990) found high concentrations of DFAAs in
melting spring fast ice at Resolute, Nunavut, and
Thomas et al. (1995) found high concentrations of
DOC in multi-year ice in Fram Strait at 80 to 81°N.
These studies emphasize the inherent heterogeneity
of sea ice that must result from different local condi-
tions.

Bacterial production in Arctic fast ice in spring was
found to be only 3% of the primary production within
the ice (Smith et al. 1989). This is surprising, consider-
ing that DFAAs can be 3 orders of magnitude more
concentrated in fast ice than in Arctic seawater
(Pomeroy et al. 1990, Cota et al. 1996). It is not clear
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why the sea-ice bacteria cannot use a greater fraction
of the accumulated DOC, assuming that they are in the
same places within the ice.

Based on all of the information discussed above, we
postulate that although bacteria can grow over part of
the range of temperature of sea ice, they do not appear
to be able to utilize available substrates below the high
concentrations sometimes present in the ice. Deming &
Huston (2000) suggested that bacteria in sea ice pro-
duce copious amounts of exoenzymes to compensate
for the suboptimal temperature. However, exoenzymes
have been found to have activity optima even higher
than those of psychrophilic bacteria (Helmke & Wey-
land 1991, Vetter & Deming 1994). Thus, the brine
pockets within sea ice may accumulate high concen-
trations of amino acids because of reduced substrate
affinity by heterotrophic bacteria. A number of investi-
gators have concluded that low temperature is not
limiting to ice bacteria because growth can be dem-
onstrated throughout the winter. These investigators
either conducted their experiments utilizing the natu-
rally high substrate concentrations present in the sea
ice environment or conducted experiments with con-
ventional laboratory media, which have even higher
substrate concentrations. Bacteria in sea ice are not
absolutely growth-limited by temperature or substrate
concentration (Smith et al. 1989, Cota et al. 1990,
Helmke & Weyland 1995, Delille & Rosiers 1995), but
clearly they would function better at an elevated tem-
perature. Indeed, they do much better in surface melt-
water ponds at temperatures near 0°C (Palmisano &
Garrison 1993).

CONCLUSIONS

1. Substrate concentration and temperature interact
in all bacterial populations at all temperatures and
substrate concentrations. Experimental evaluations of
this interaction under conditions similar to those in nat-
ural waters are few, and the potential for such work
may be limited by our ability to culture dominant
groups of marine heterotrophic bacteria. Substrate-
temperature interactions appear to become a dominant
factor in growth and fitness only at the extremes of the
ranges of concentrations and/or temperatures in any
environment where responses depart from Arrhenius
Law relationships. This non-linear response tends to
confuse interpretations of ‘temperature effects' and
correlations of other factors with temperature. The fact
that we cannot, at present, quantitatively define the
available substrate concentration for natural popula-
tions or communities of bacteria further exacerbates
attempts to interpret our observations of real-world
events.

2. Experimental data suggest that temperature-sub-
strate relationships of heterotrophic bacteria differ
with the temperature regime. Tropical organisms
mostly function at, or near, their temperature optima
for growth and assimilation. Temperate organisms,
although there is acclimation and seasonal succession,
operate relatively near their optima in summer and
near their no-growth temperatures in winter, except
when substrate concentrations are mg 1. In polar
environments, psychrotolerant and psychrophilic bac-
teria operate far below their temperature optima at all
times. Although the data are sparse, psychrophiles
appear to become the dominant populations in sea ice.

3. Experiments with isolates indicate that continued
growth at temperatures approaching those at which
growth ceases requires an increase in substrate con-
centration of several orders of magnitude. Some
attempts to ascertain temperature effects versus sub-
strate concentration may have failed because an insuf-
ficient range of substrate concentrations was used.

4. Heterotrophic bacteria can physiologically adapt
to low temperature in a variety of ways, all of which
have limits (Nedwell 1999, 2000). At the freezing point
of seawater, bacteria appear to function quite well,
although there have been suggestions that their affin-
ity for DFAAs is affected. At the temperatures experi-
enced within sea ice, bacteria still function, at least
down to -5°C, and probably somewhat lower. Their
affinity for substrates at these temperatures may be
strongly affected, as indicated by the residual concen-
trations of DFAAs and DOC in sea ice.

5. The one situation in nature where dissolved
organic matter may accumulate at least in part
because of the lower substrate affinity of heterotro-
phic bacteria is in sea ice. Some, but not all, of the very
few measurements of DOC or DFAA in sea ice show
concentrations orders of magnitude greater than in
seawater. Additional data are needed.

6. Heterotrophic bacterial processes are ancient
and fundamental components of virtually all extant
ecosystems. It is difficult to conceive how an ecosystem
without active heterotrophs would function, but the
accumulation of dissolved amino acids in some sea ice
is suggestive of a system-level problem that would
arise without functioning heterotrophic bacteria.
Although it has sometimes been suggested that bacte-
ria are less active in polar oceans (e.g. Sorokin 1971),
extant evidence suggests that with the possible excep-
tion of sea ice, inhibitory effects are not sufficient to
alter overall ecosystem function.
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