Heterotrophic

The use of organic material to
supply energy and carbon for
synthesis of cellular
components.

Marine food web

A term used to refer to the
complex suite of
predator—prey interactions
among organisms in the ocean.

Protist

Assingle-cell eukaryote,
sometimes referred to as a
protozoan.
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ANALYSIS |

Microbial growth in the polar oceans
— role of temperature and potential
Impact of climate change

warm and ice coverage declines.

Heterotrophic bacteria are crucial components of
marine food webs and have key roles in controlling
carbon fluxes in the oceans. These bacteria are part
of the microbial loop, which consists of the produc-
tion of dissolved organic material (DOM) by phyto-
plankton and other organisms, uptake of DOM by
heterotrophic bacteria and consumption of bacteria
by protist grazers (FIG. 1). The material and energy
consumed by protozoan grazers can be transferred to
larger organisms or can be exported down to the deep
ocean, but much of the organic carbon is respired by
bacteria and grazers to carbon dioxide, whereas other
organic components are mineralized back to become
essential inorganic nutrients, such as ammonium and
phosphate. In a simplified view of the complex flows,
most of the carbon consumed by bacteria and the rest
of the microbial loop is carbon diverted from large
organisms and from export and storage in the deep
ocean. Consequently, microbial loop activity deter-
mines, in part, the response of oceanic ecosystems
and the carbon cycle to climate change.

Extensive analysis has shown that heterotrophic
bacteria often process the equivalent of about 50% of
primary production in coastal waters and low-latitude
oceans, although this fraction varies'. At one extreme
are data indicating high rates of bacterial production,
and even cases in which total consumption of organic
carbon exceeds contemporaneous primary produc-
tion?, although this finding is controversial®~. At
the other extreme, bacterial production can be low
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Abstract | Heterotrophic bacteria are the most abundant organisms on the planet and
dominate oceanic biogeochemical cycles, including that of carbon. Their role in polar waters
has been enigmatic, however, because of conflicting reports about how temperature and the
supply of organic carbon control bacterial growth. In this Analysis article, we attempt to
resolve this controversy by reviewing previous reports in light of new data on microbial
processes in the western Arctic Ocean and by comparing polar waters with low-latitude
oceans. Understanding the regulation of in situ microbial activity may help us understand the
response of the Arctic Ocean and Antarctic coastal waters over the coming decades as they

relative to primary production, such as during ‘phy-
toplankton blooms’ (large increases in phytoplankton
biomass), when primary production exceeds commu-
nity respiration®. Uncoupling the microbial loop from
phytoplankton in time and space leads to variation
in phytoplankton-bacteria relationships and in the
processing of primary production by heterotrophic
bacteria.

In part because of this high variability, it is not
clear if there are systematic differences between oce-
anic regions in microbial loop dynamics and in the
fraction of primary production processed by hetero-
trophic bacteria. The most likely difference is between
polar systems and lower-latitude waters. More than
20 years ago, Pomeroy and Deibel” postulated that low
bacterial growth in cold waters allows rapid growth of
larger organisms and vigorous fisheries in subarctic
waters. Consistent with this idea, the annual average
for bacterial production is in fact low in the Ross Sea®
and the ratio of bacterial production to primary pro-
duction in this Antarctic sea is among the lowest of all
marine systems®. Several other studies have cast doubt
on the Pomeroy hypothesis, however, and on whether
bacterial growth is actually lower in perennially cold
waters®!?.

New data on the role of temperature in the regula-
tion of bacteria—phytoplankton interactions'-'* and
on production rates and other key ecosystem proper-
ties in the western Arctic Ocean'*'* have recently been
published. These new data once again raise questions
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Primary production

The rate at which plant
biomass is produced. The
estimates discussed here
were derived using the '“C
method, meaning that the
rates are somewhere
between gross primary
production (without
subtracting any loss owing to
respiration) and net primary
production (for which
respiration is considered).

Bacterial production
Analogous to primary
production, bacterial
production is the rate at
which bacterial biomass is
produced in the absence of
mortality.

Uncoupling

Bacteria are coupled to
phytoplankton if their
production or biomass levels
co-vary over time and space
and if correlations between
the two are strong regardless
of the magnitude of the
production or biomass ratios.

Bacterial growth efficiency
The ratio of carbon used for
biomass synthesis to total
carbon use (synthesis and
respiration). In addition to
being a crucial parameter in
bacterial energetics, bacterial
growth efficiency is important
in determining how much
carbon taken up by bacteria
is passed on to higher trophic
levels versus that lost to
respiration.
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Figure 1 | Schematic of the microbial loop. All
components of the microbial loop are shown in blue.
‘Phytoplankton’ includes cyanobacteria, which are major
components of the phytoplankton community in some
oceans. Protists are single-cell eukaryotes. All organisms,
and not just bacteria, release CO, during respiration. The
‘loop’ refers to losses of dissolved organic carbon (DOC)
from all organisms and its recovery into the food web by
heterotrophic bacteria. Archaea are not abundant in the
waters considered in this Analysis.

about what controls microbial growth in polar waters.
In this Analysis article, we aim to integrate these new
data with similar data from other oceans and to com-
pare the western Arctic Ocean with the Ross Sea.
We have used estimates of dissolved organic carbon
(DOC) concentrations and other biogeochemical
data to explore the differences in microbial proper-
ties, such as growth rates and biomass levels, between
oceanic regions. The results described in this Analysis
article will lead to a reassessment of old hypotheses
about DOC-temperature interactions' in control-
ling microbial growth and provide some clues as to
how the Arctic Ocean and Antarctic coastal waters
might respond to the climate changes that are already
impacting these fragile ecosystems.

Data sets and methodology

Supplementary information S1 (table) summarizes
the data sets used for this Analysis article, includ-
ing geographical locations, the number of sampling
stations and important references. These data sets
were used because of their size, the range of oceanic
systems they covered and because virtually all of the
projects discussed here used the same methodology,
often by the same investigators. These similarities
allow us to compare microbial and biogeochemical
properties from diverse oceanic regions. The methods,
which are described in Supplementary information S1
(table), Supplementary information S2 (box) and in
more detail in the original publications referenced

in Supplementary information S1 (table), are commonly
used to study microbial oceanography.

Primary and bacterial production

We compared the western Arctic Ocean and the Ross
Sea with four lower-latitude oceans: the Equatorial
Pacific Ocean, the Arabian Sea, the North Atlantic

Ocean and the subarctic Pacific Ocean (Supplementary
information S1 (table)). Although principle compo-
nent analysis of abiotic properties indicated that the
six oceans are distinct (Supplementary information
S3 (figure)), all microbial properties differed more
between the polar environments and the other oceans
than among the lower-latitude oceans. The microbial
properties we considered in depth include bulk esti-
mates of biomass (mass of cellular carbon per square
metre), production (mass of cellular carbon produced
per day per square metre) and growth rates (per capita
daily change in abundance).

All of the properties examined here varied over
time and space within the six oceanic regions, but
the western Arctic Ocean and Ross Sea still differed
significantly from the four lower-latitude oceans for
two of the most basic properties of the plankton sys-
tem: primary production and bacterial production
rates (FIC. 2). Primary production estimates varied by
nearly 100-fold, but the median rate varied less than
fivefold, from about 20 mmol C m=? d™! in the west-
ern Arctic Ocean to about 90 mmol C m~ d™ in the
Equatorial Pacific and Arabian Sea (FIC. 2a). Primary
production in the western Arctic Ocean and Ross Sea
was statistically the same, and primary production in
both was significantly lower than in the other oce-
anic regions (based on analysis of variance (ANOVA);
P <0.001-0.02, depending on which two regions were
compared).

Bacterial production was also significantly lower in
the western Arctic Ocean and Ross Sea than elsewhere
(from ANOVA; p <0.001-0.01). Median rates in these
two polar regions were <2 mmol C m™ d™', which is
approximately fivefold lower than in the Equatorial
Pacific and Arabian Sea (FIG. 2b). Note, however, that
the maximum rates of bacterial production in both
polar regions overlapped with the minimum rates
measured for the low-latitude oceans, including the
Equatorial Pacific (FIC. 2b). Bacterial production was
therefore lower on average in polar waters, but the
high rates occasionally observed in perennially cold
environments hint that factors other than temperature
alone might control bacterial growth.

Microbial loop fluxes

We used the ratio of bacterial production to primary
production to explore how the fraction of primary
production processed by the microbial loop varies
among the oceanic systems examined here. High bac-
terial production to primary production ratios would
suggest that the microbial loop consumes a large
fraction of primary production if bacterial growth effi-
ciency (BGE) does not vary systematically over these
gradients (an assumption discussed below in detail).
Overall, we found that bacterial production correlated
with primary production (r = 0.48; p <0.001; n = 223),
but the bacterial production to primary production
ratio varied substantially. This ratio was lowest in the
Ross Sea and Arctic Ocean (medians less than 0.05),
whereas it equalled or exceeded 0.1 in the other oceans
(Supplementary information S4 (figure)).
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Correlation analysis

A method for examining
whether two factors co-occur
(r=1, if they do so perfectly,
whereas r= —1, if they vary
inversely to each other) that
is often used in field studies
to explore possible causal
relationships that cannot be
examined by direct
experimentation.

Euphotic zone

The upper sunlit layer of the
ocean, which extends down
to a depth where light is 1%
of the surface intensity.
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Figure 2 | Box and whisker plot of biomass
production integrated through the euphotic zone in
six regions. Primary production (a) and bacterial
production (b). The ranges of the original data (not log
transformed) are represented by points (5-95%), bars
(10-90%) and boxes (25-75%). The line in the box
represents the median. Values for regions with the
same letter are not significantly different (p >0.05)
according to pair-wise, post hoc analysis of variance
(ANOVA) analyses of log-transformed data.

Possible factors that affect the bacterial produc-
tion to primary production ratio were explored with
correlation analyses using data from all oceans. The two
factors with the highest correlations were the euphotic
zone depth (r = 0.52; p <0.0001; n = 212) and tem-
perature (r = 0.42; p <0.0001; n = 204). If bacterial
production decreases less with depth than primary
production, as is often the case because of the depend-
ence of primary production on light'é, there would
be a high positive correlation between euphotic zone
depth and the bacterial production to primary pro-
duction ratio. The relationship between the bacterial
production to primary production ratio and tempera-
ture is more complicated than implied by a simple
linear correlation.

The bacterial production to primary produc-
tion ratio increases with temperature, but only sub-
stantially for temperatures less than approximately
4 °C (FIC. 3a). In the low temperature range of -1.8-4 °C
in the Arctic Ocean and the Ross Sea, bacterial
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production to primary production ratios vary greatly,
from 0.01 to >0.2. These two cold systems have the
lowest average bacterial production to primary
production ratios, but several values are as high, or
higher, than estimated for the warmer oceans. For
waters warmer than approximately 4 °C, the bacterial
production to primary production ratio does not vary
systematically and remains at approximately 0.10.
Although 0.10 seems small, in fact it implies that het-
erotrophic bacteria process a large percentage — over
50% — of primary production in the oceans, assum-
ing that the BGE is approximately 0.15, which is the
average for the oceans'’.

Regardless of the exact percentage, variation in the
bacterial production to primary production ratio as
a function of temperature has profound implications
for the processing of organic carbon by heterotrophic
bacteria and the rest of the microbial loop. The data
imply that the fraction of organic carbon consump-
tion by these microorganisms is insensitive to temper-
ature, except for temperatures below approximately
4 °C. Variation in this fraction is mainly driven by
changes in organic carbon consumption rates, not pri-
mary production, as the relationship between bacte-
rial production and temperature (Supplementary
information S5 (figure)) is similar to that depicted in
FIG. 3a. We focus on the bacterial production to pri-
mary production ratio because it reveals more about
the structure of marine food webs and carbon cycling
than the bacterial production data alone. The data in
FIC. 3a imply that a lower fraction of primary produc-
tion is consumed by bacteria in cold polar waters than
in warmer systems, pointing to fundamental differ-
ences in how carbon flows in these systems. However,
these differences are not driven by temperature, as
discussed below.

Our analysis uses a single BGE value because there
is no clear evidence that BGE varies with temperature
or systematically among oceanic regions. Some studies
found a negative correlation between BGE and tem-
perature'®*, whereas others found no significant rela-
tionship'”*'%. Unfortunately, most of these studies did
not examine the low temperatures (-1.8 to 4 °C) of the
perennially cold environments considered here, where
bacterial production to primary production ratios vary
the most (FIG. 3a). A study in the western Arctic Ocean
did not observe a significant temperature effect on
BGE, which averaged 0.069 + 0.090 (n = 11)"°. Other
estimates of BGE in polar waters include 0.24 + 0.10
(n = 3) in the Arctic’s Kara Sea?* and 0.25 + 0.13
(n = 6) in the Ross Sea?. These values are similar
(bearing in mind experimental uncertainties) to those
observed in warmer, lower-latitude systems'”.

Control by bottom-up factors

Why is bacterial production lower in the west-
ern Arctic Ocean and the Ross Sea than in the four
lower-latitude oceans (FIC. 2b)? The answer seems to
involve both bacterial biomass and, as suggested by
the Pomeroy hypothesis’, growth rates. To examine
this hypothesis, growth rates of the total bacterial
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QIO

The factor by which a rate
increases after a 10 °C
increase in temperature.
Many biological reactions
have a Q,, of 2, which is
roughly equivalent to an
activation energy of 50 kJ
mol-"at 20 °C.
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Figure 3 | Effect of temperature on the bacterial
production to primary production ratio and the
bacterial growth rate. a | Ratio of bacterial production
to primary production as a function of temperature. Each
point is the estimate for a sampling station in the
indicated marine region. The lines are based on a
segmented regression analysis that determined the break
point to be 3.9 + 2.8 °C (+ the standard error). The slopes
of log(bacterial production:primary production) versus
temperature for temperatures below and above the break
pointare 0.111 + 0.056 and 0.000679 + 0.0065 per degree,
respectively. b | Bacterial growth rate as a function

of temperature. Each point is the average growth rate and
temperature for the euphotic zone at a sampling station
in the indicated marine region. The solid lines were
derived from two linear regression analyses (-1.8 to 3.9 °C
and >3.9 °C). Growth rates from -1.8 to 3.9 °C changed
more than expected based on temperature alone; the
actual change was 0.237 £ 0.037 per degree (solid line),
whereas the change predicted from the temperature is
0.045+0.011 per degree (dashed line). The predicted
rates were calculated using the average activation energy
estimated experimentally (TABLE 1). The slope of the
log(growth rate) versus temperature was 0.016 + 0.003
per degree for temperatures greater than 3.9 °C.

community were estimated from integrated bacte-
rial production divided by integrated bacterial bio-
mass, yielding an average growth rate for the euphotic
zone. Bacterial production in the Ross Sea and the

western Arctic Ocean, which had virtually the same
growth rates, was significantly lower than in the
other oceanic systems (on the basis of ANOVA; p
<0.03-<0.0001). Bacterial growth rates in the Arctic
were 0.038 + 0.047 d! (n = 94), which was threefold
lower than in the Equatorial Pacific, for example,
where rates averaged 0.12 £ 0.049 d™' (n = 65).

We used correlation analyses and multivariable
analyses to explore which microbial and biogeochemi-
cal properties might control growth rates of hetero-
trophic bacteria. The highest correlation was between
growth rates and temperature (r = 0.71; p <0.001;n =
231). However, the relationship was not linear (FIC. 3b).
Growth rates increased from -1.8 to approximately
4 °C, but increased tenfold less, based on the slopes
of the regression lines, as temperatures continued to
warm to 28 °C. The lowest rates were found in the
coldest waters of the Ross Sea and the western Arctic.
Yet a substantial number of the growth rate estimates
for these two polar systems were as high as those
observed in the warmer waters of the low-latitude
oceans, such as the Equatorial Pacific (FIC. 3b). The
nonlinear relationship between temperature and bac-
terial activity has been observed before in temperate
estuaries®®?, but growth rates levelled off at approxi-
mately 12 °C, or more than 10 degrees warmer than
indicated in our global analysis. Another analysis of
several marine systems® found a similar nonlinear
relationship between growth and temperature, with
rates reaching a maximum at approximately the same
temperature (2 °C) as in our analysis.

The temperature effect implied by the field data
for the lowest temperature range (<4 °C) is larger
than that observed in short-term experiments, in
which temperature is experimentally increased. The
apparent activation energy calculated using the field
data in FIG. 3 exceeds 125 k] mol™! for a temperature
below 4 °C (TABLE 1), which is larger than the values of
44-96 k] mol™ estimated by controlled experiments
of Arctic and Antarctic waters'***. The implied
activation energy for the North Atlantic was also
high (249 + 45 k] mol™), whereas the value from the
Equatorial Pacific for in situ communities (TABLE 1)
was close to that estimated experimentally®' and was
roughly equivalent to a Q , of 2. The experimentally
determined activation energy suggests that growth
rates vary less with temperature than is actually the
case (FIG. 3b). It is conceivable that bacteria in regions
estimated to have a high activation energy from in situ
data, such as in polar waters, are more sensitive to tem-
perature than those observed in experiments. However,
it seems more likely that some other controlling
factor co-varies with temperature.

We suggest that this other factor is the supply
and concentration of labile DOM. Unfortunately,
microbial ecologists do not have a good integrating
measurement of DOM supply, and are forced to use a
proxy, such as the rate of primary production, which
is the ultimate source of most organic material in the
sea. Bacterial growth rates were highly correlated
with primary production for the six marine systems
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Semi-labile DOC

One simple model of oceanic
DOC divides it into three
parts: the labile fraction used
by bacteria on the day to
week timescale; the
refractory fraction that
bacteria need from years to
millennia to degrade; and the
semi-labile fraction that is
used on timescales between
the extremes set by the other
two DOC parts. Because
labile DOC concentrations
are trivial, the size of the
semi-labile DOC pool in
surface waters can be
estimated from the difference
between total DOC and
deep-water DOC
concentrations. DOC at
depths below about 1,000 m
is refractory and has turnover
times that exceed

1,000 years.
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Figure 4 | Bacterial growth rate as a function of
semi-labile DOC concentrations. Each point is the
average growth rate and concentration for the
euphotic zone at a sampling station in the indicated
marine region. Dissolved organic carbon (DOC) data
are not available for the North Atlantic and subarctic
Pacific Ocean. The line was determined by fitting the
bacterial growth rate data (#) to the Monod equation:
p=p, > SIK+S), inwhichyu isthe maximum
growth rate and K_is the concentration (S) at which
the growth rate is half of 4 . Nonlinear regression
analysis yielded estimatesof 4 =0.104 £0.018 d™!
and K =4.6 + 4.4 uM C (+ standard error).

examined here (r = 0.55; p <0.0001; n = 222), which is
consistent with the idea that DOM supply is impor-
tant. Data on labile DOM concentrations are available
only for a few of the oceans examined here*»*, and
may not be informative anyway because the concen-
trations were so low**. However, concentrations of one
DOC component, semi-labile DOC, are high, and data
are available from four of the six oceans examined
here; data are not available for the subarctic Pacific
and the North Atlantic oceans. In a three-pool model
of DOC¥, semi-labile DOC is calculated from the
difference between total DOC and refractory DOC
because labile DOC concentrations are negligible.
Concentrations of refractory DOC were assumed
to be equal to concentrations of deep-water DOC*,
which is >1,000 years old*”” and is not used by bacteria
on relevant timescales. We found that the correlation
between semi-labile DOC and bacterial growth rates
was 0.50 (p <0.001; # = 199), which further supports
the DOM hypothesis.

But the relationship was not linear. Growth rates
increased with increasing semi-labile DOC in the Ross
Sea, then reached an average for all regions of about
0.1 per day for semi-labile DOC concentrations that
exceeded approximately 5 uM C (FIC. 4). The variabil-
ity of semi-labile DOC in the Ross Sea reflects the sea-
sonal cycle of its production and consumption®. Most
interestingly, growth rates in the Arabian Sea and the
Equatorial Pacific were slightly above the average,
whereas growth rates from the western Arctic Ocean
were below the average. Growth rates in the Arctic were
about the same as in the Ross Sea, but were shifted
by about 25 uM C in the growth rate versus semi-labile
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DOC graph (FIG. 4). This 25 uM C shift seems to be
due to the input of refractory terrestrial DOC, which
is high in the Arctic, but trivial in other oceans.
The estimate of 25 pM C is similar to independ-
ent estimates of terrestrial DOC concentrations
in basins of the Arctic Ocean®*.

The similarity in bacterial growth in the Ross Sea
and the western Arctic becomes even more striking in
light of the DOC data. The Ross Sea has lower DOC
concentrations than the Arctic Ocean because there
are no riverine inputs to Antarctic seas. The higher
DOC concentrations in the Arctic do not lead to
higher bacterial growth rates because terrestrial DOC
does not support much microbial growth; the turn-
over time of terrestrial DOC is now approximately
7 years in the Arctic Ocean®. The slow degradation
rates could be due to cold temperatures, and experi-
ments have revealed that microbial activity increases
after these waters are warmed***'. However, given the
long turnover times in the Arctic Ocean, terrestrial
DOC is unlikely to support much bacterial growth
even if Arctic waters were substantially warmed.
High riverine inputs of particulate organic material*’
to the Arctic Ocean also do not seem to result in high
growth rates, nor do they affect microbial communi-
ties far from coastal regions that are directly impacted
by river discharge®.

The standard explanation for the low growth in
polar waters is that heterotrophic bacteria are limited
by some combination of temperature and low DOM
concentrations’, a hypothesis that is supported by
laboratory work'>** and experimental studies in the
Arctic*. However, the data in FIC. 3 are not consistent
with this explanation. By comparing rates predicted
from temperature alone (dashed line in FIG. 3b) with
actual data (solid line in FIG. 3b), we estimated that
only 20% of the variation in bacterial growth rates
below 4 °C could be due to temperature. Furthermore,
the data are not consistent with a prediction by the
temperature-DOM hypothesis that bacterial growth
is more sensitive to temperature when DOM levels
are low. By contrast, the relationship between bacte-
rial growth rates and temperature was similar for low
and high levels of semi-labile DOC and a proxy of the
DOM supply (primary production) (data not shown).
Finally, the activation energies and Q,, values meas-
ured experimentally are similar for both cold and
warm ocean systems (TABLE 1). In summary, although
temperature effects cannot be ignored, there seems
to be no need to evoke any special effects to explain
microbial dynamics in polar waters.

Control of bacterial biomass

In addition to growth rates, the difference in bacterial
production between polar waters and elsewhere was
also due to biomass levels. Bacterial biomass varies
significantly among the six marine systems exam-
ined here (FIG. 5), whereas phytoplankton biomass did
not (Supplementary information S6 (figure)), with
the unsurprising exception that the North Atlantic,
represented here by data from a spring bloom, had

NATURE REVIEWS ‘ MICROBIOLOGY

VOLUME 7 [ JUNE 2009 | 455



ANALYSIS

Top-down

Top-down factors, such as
grazing and viral lysis, affect
biomass levels, whereas
bottom-up factors, such as
temperature and nutrient
concentrations, control
growth rates.

Bacteriovore

Any organism that eats
bacteria. In lakes and the
oceans, bacterivores are
mostly protists.

Table 1| Summary of activation energies for bacterial growth rates (per day) as a function of temperature

Regime Temperature range Activation energy  Standard error Refs
(°C) (k] mol™?) for the activation
energy
In situ variation*
Global: all 4t028.5 11 1.9 D.LK., X.A.G.M. and
H.D., unpublished
observations
Equatorial Pacific 23.5t027.8 40 7.7 D.LK, X.A.G.M.and
H.D., unpublished
observations
West Arctic -1.8t09.4 47 12 13
West Arctic -1.8t00 212 43 13
North Atlantic 9.6t013.6 249 45 D.LK, X.A.G.M. and
H.D., unpublished
observations
Ross Sea -1.9t0 0.6 316 44 D.LK., X.A.G.M. and
H.D., unpublished
observations
Global: cold -19to4 127 21 D.LK, X.A.G.M. and
H.D., unpublished
observations
Experimental*
Arctic 0to5 44 23 29
Antarctica -2to8 96 77 64
Antarctica —0.6t0 0.4 52 58 11

*There was no significant relationship between temperature and growth rates for the Arabian Sea (temperature range of 20.5 to
27.9 °C) and the subarctic Pacific Ocean (5.3 to 10.4 °C). *The activation energy was calculated from experiments in which
temperature was experimentally increased (given as the ‘temperature range’), whereas the other values were calculated from in
situ variation in temperature. Ducklow et al.”® did not observe any change in growth rates with a 2 °C increase in temperature

in two Ross Sea experiments.

the highest average phytoplankton biomass of the six
marine systems. Integrated bacterial biomass was sig-
nificantly lower in the Ross Sea and western Arctic
Ocean than in the other oceanic regions (FIC. 5), which
contributed to the lower production rates observed
in these two polar systems. The average bacterial bio-
mass was 29 + 23 mmol C m™? (n = 54) and 35 + 17
mmol C m™ (n = 100) for the Ross Sea and western
Arctic, respectively. This was substantially lower
than, for example, in the Equatorial Pacific Ocean,
which has a bacterial biomass of 67 £ 17 mmol C m™
n=71).

The low levels of bacterial biomass in polar waters
could be due to top-down control and exceptional rates
of grazing and viral lysis. In support of this hypo-
thesis, an experimental study in waters off Livingston
Island (Antarctica) argued that fast growth by grazers
prevents heterotrophic bacteria from responding to
phytoplankton blooms*. Also, the number of poten-
tial bacteriovores was found to be high, relative to bac-
terial abundance, in West Antarctic Peninsula coastal
waters*. However, other work indicates that grazing
on bacteria is low during phytoplankton blooms in
McMurdo Sound (Antarctica)?’, as is bacteriovore
abundance in the Ross Sea*, and Rose and Caron*
argue that heterotrophic protists are sensitive to low
temperatures, at least compared with phototrophs.
Viral lysis probably accounts for the missing mortality

in polar waters®®®!, although one study found that
viral lysis was insignificant in the Chukchi Sea of the
western Arctic®.

The few relevant data gathered to date cannot be
used to rule out the possibility that top-down control
of bacteria is fundamentally different in polar waters.
Still, we think it is unlikely that grazing and viral lysis
are more effective in the Arctic Ocean and Ross Sea
than elsewhere and that high mortality rates explain
the low levels of bacterial abundance and biomass in
these systems. What seems more likely is the most
parsimonious explanation: low bacterial abundance
is tied to the same factors, DOM supply and, to some
extent, temperature, causing growth rates to be low
in polar waters.

Implications for climate change

A rigorous understanding of how climate change
affects material and energy flow in the oceans
requires models that adequately represent the essen-
tial features of oceanic physics, biology and chem-
istry. Still, some speculation here may help the
development of these models and the identification
of crucial questions that need to be addressed. We
focus on the Arctic Ocean, where climate change is
already evident, but this discussion also applies to
Antarctic seas that are also affected by global warm-
ing. The temperature of the Arctic system has been
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Benthos
The community of organisms
that live at the sea floor.

250 1
a b bc c d e
£ 2001
v o
E
150 1
=
-
@
£ 100 S
9 o
0
s o
o 501
i é
1%} o
5
@ [¢]
o1
T L £g§ £U I°) cu
» 5% B5v sEg o £¢
2 &L c P s o<
g 3% < ¥ 5 £
5 N

Figure 5| Box and whisker plot of bacterial biomass
integrated through the euphotic zone in six regions.
The ranges of the original data (not log transformed) are
represented by points (5-95%), bars (10-90%) and boxes
(25-75%). The line in the box represents the median.
Values for regions with the same letter are not significantly
different (p >0.05) according to pair-wise, post hoc
analysis of variance (ANOVA) analyses of log-transformed
data.

increasing over the past 100 years, and the sea sur-
face of some regions was warmer by as much as 5 °C
in 2007 compared with the previous 13 years®. That
year also saw a record low for sea ice coverage™ and is
part of a trend that some models predict will end with
an ice-free Arctic Ocean in summer by 2040 (REF. 55).
Decreasing ice coverage lessens the contribution by
sea ice algae and could affect the timing of spring
phytoplankton blooms because of changes in mixing,
but these and other processes are difficult to quantify.
We know more about the potential impact of climate
change on light and nutrient supplies, as summarized
in FIG. 6.

The data presented in FIC. 3, if taken at face value,
suggest that a warming of Arctic surface waters by even
a few degrees could lead to substantially more carbon,
and other elements, being processed by the microbial
loop and potentially less going to higher trophic levels
and export to the deep sea and the benthos. However,
all of the experimental work conducted to date sug-
gests that the direct effect of temperature would be
minimal (TABLE 1). Even the direct temperature effect
suggested by temperature-shift experiments may be
an overestimate, because of adaptations by microbial
communities to higher temperatures and limitations
by other factors. The other factors that we suggest
are more crucial than temperature include light for
phytoplankton and inorganic and organic nutrients
for phytoplankton and heterotrophic bacteria,
respectively.

Both light levels and the inorganic nutrient supply
are likely to change in the Arctic in the future, but
possibly in opposite ways. Less ice means more light
penetration into surface waters, whereas it is more
difficult to predict how nutrient supply may change.

ANALYSIS

In the western Arctic Ocean, most of the external
or ‘new’ nutrients currently come from the North
Pacific Ocean through the Bering Strait*. Nutrients
from this source may decrease as the North Pacific
water column heats up and becomes more stable,
allowing more removal of nutrients from surface
waters™*® before they reach the Arctic Ocean. In fact,
concentrations of nitrate, phosphate and silicate were
lower in 2004 than in 2002 in the western Arctic,
probably because North Pacific waters entering the
Arctic were warmer and poorer in nutrients in 2004
(REF. 59). However, the nutrient supply from internal
Arctic sources may increase if climate change leads to
the thawing of frozen tundra soils and more nutrients
in rivers and run-off feeding into the Arctic Ocean.
Less sea ice could allow more wind-driven upwelling
of nutrient-rich deep water to the surface layer at the
shelf break®.

FIGURE 6 suggests that the possible negative effect on
phytoplankton growth of lower nutrient inputs might
be compensated for by the positive effect of more light
reaching an Arctic Ocean with less sea ice. This seems
to have been the case recently for the western Arctic
Ocean. Even though nutrient inputs and concentra-
tions were lower in 2004 than in 2002, primary pro-
duction rates were higher in 2004, probably because
of the increase in availability of light made possible
by the lower ice and snow coverage in that year'.
Bacterial production was also higher, as were ratios
of bacterial production to primary production, bring-
ing these values closer to those observed in lower-
latitude oceans. FIGURE 6 also illustrates the potential
negative effect of higher microbial loop activity on
other marine food webs. Reminiscent of the Pomeroy
hypothesis, climate change may lead to higher micro-
bial activity and less energy and material for supporting
larger organisms and higher trophic levels.

Climate change is likely to have several other
impacts on polar marine food webs that cannot be cap-
tured in a simple diagram such as FIC. 6. These impacts
include changes in microbial community structure
and cell size, which would affect production rates and
the coupling between primary production and hetero-
trophic microorganisms, the biogeography of microbial
species, the timing and spatial extent of phytoplankton
blooms and the export of primary production to the
benthos as the ice-free surface layer moves north into
the Arctic basins®. Higher inputs of terrestrial organic
material are unlikely to alter the metabolic balance
of the Arctic Ocean, although work in freshwaters®
suggests that oceanic microorganisms might use this
material more readily in a warmer Arctic.

Although all of these complicated processes and
impacts should be examined in more detail, we sug-
gest that the data on microbial biomass and produc-
tion presented here capture many important features
of oceanic food webs. The data and our analyses
revealed fundamental differences between the two
polar systems and the rest of the oceanic regions,
but few differences in microbial properties between
the Ross Sea and the western Arctic Ocean. Bacterial
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Figure 6| Possible responses in the oceanic microbial food web and fluxes owing to climate change in polar
systems. We postulate that compared with current conditions (a) decreasing ice and higher temperatures will lead to
more light and higher primary production even though fluxes of new nutrients will be lower owing to a more stable water
column (decreased mixing) (b). With these changes, more carbon will be routed through dissolved organic carbon (DOC)
and bacteria, as indicated by the thicker font, at the expense of other food webs with larger organisms.

growth and microbial loop activity are substan-
tially lower in the two polar systems than observed
elsewhere, in part owing to cold temperatures, but
mainly owing to lower DOM inputs. The Ross Sea and
Arctic Ocean may soon diverge, as the Ross Sea is
not currently warming or losing ice®’, whereas the

marine ecosystem of the western Antarctic Peninsula
is changing as rapidly as the Arctic®. Our findings
suggest that microbial processes in polar systems are
particularly sensitive to small changes in their envi-
ronment and have potentially large impacts on carbon
flows and other ecosystem functions.
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