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INTRODUCTION

Dissolved organic carbon (DOC) in the sea repre-
sents a carbon pool that is comparable in size to carbon
dioxide (CO2) in the atmosphere, and CO2 in the
atmosphere is in equilibrium with the CO2 in surface
seawater (Hedges 2002). Thus, understanding the reg-
ulation of production and mineralization of DOC in
seawater is fundamental to comprehending the global
carbon cycle. Whereas all organisms produce DOC,
heterotrophic prokaryotes (hereafter called hetero -
trophic bacteria) are the main consumers of DOC.
Whether bacterial production is limited by the avail-

ability of carbon (C) or other factors will influence the
rate of DOC consumption, and thus CO2 production.
Consequently, whether or not C limits the growth of
heterotrophic bacteria is a key factor that determines
the extent to which the ocean acts as a trap for carbon.

Heterotrophic bacteria are normally limited by the
availability of phosphorus (P) in boreal lakes (Vadstein
2000). For brackish and marine bacteria fewer data
exist, and these data are not conclusive in terms of the
limiting factor for these organisms (e.g. Kivi et al. 1993,
Thingstad et al. 1993, Elser et al. 1995, Rivkin & Ander-
son 1997, Sala et al. 2002, Teira et al. 2010). Data for
polar marine areas are particularly scarce, and there

© Inter-Research 2011 · www.int-res.com*Email: olav.vadstein@biotech.ntnu.no

Large variation in growth-limiting factors for
marine heterotrophic bacteria in the Arctic waters

of Spitsbergen (78° N)

Olav Vadstein*

Norwegian University of Science and Technology (NTNU), Department of Biotechnology, 7491 Trondheim, Norway

ABSTRACT: Growth-limiting factors for heterotrophic bacteria were evaluated in euphotic coastal
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prised measurements of natural concentrations of nutrients, and bioassays in which changes in cell
numbers and biomass production were the response variables after the addition of glucose (C), inor-
ganic nitrogen (N; ammonium and nitrate) and inorganic phosphorus (P; phosphate), alone or in com-
bination. The temperature at all 5 stations was similar, and the concentrations of dissolved inorganic
N and P were so low that they could limit growth. Concentrations of particulate C, N and P were
higher at 2 northernmost stations, indicating higher total biomass and stronger competition between
bacteria and phytoplankton. The amendments did not elicit a response in terms of cell numbers,
probably due to longer response times or high mortality. For biomass production (leucine incorpora-
tion), significant effects of the amendments were observed at 3 out of the 5 stations. Mineral nutrient
limitation (N and P) was detected at the 2 high-biomass stations, and carbon limitation was detected
once. For the 2 coastal stations, more than 1 limiting factor (dual limitation) was recorded, with C and
P as secondary limiting factor. No correlation was found between the species composition of the com-
munities and the response in the bioassays. The spatial variability in the responses of heterotrophic
bacteria to the addition of resources within a narrow time window reveals that we have insufficient
knowledge to predict the consequences of a scenario in which warming occurs in Arctic areas. This
lack of knowledge makes it impossible to predict the type of interaction between heterotrophic bac-
teria and phototrophs, and thus the implications of warming for food web functionality and stability.
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is a discussion on which factors limit the activity of
 heterotrophic bacteria in these waters (e.g. Pomeroy &
Deibel 1986, Thingstad et al. 2002, Kirchman et al.
2009). In most marine areas, DOC accumulates in the
euphotic zone during the productive season to approx-
imately twice the level of that in the deeper waters
(see Thingstad et al. 1997). Thus, production of DOC
exceeds consumption, and as a consequence DOC is
buried in deep waters when the stratification is termi-
nated and the water column is mixed. Deep water may
therefore function as a carbon trap.

Arctic marine areas seem to have been among those
ecosystems that are the most responsive to ongoing
global warming, and a knowledge of the response of
these areas to changes in organic carbon load, and to
changes in the availability of inorganic nutrients, is
essential for predicting changes in the competition
between phototrophs and heterotrophic bacteria—and
for predicting effects on the global carbon cycle. These
regimes may change with warming due to an in -
creased input of DOC from rivers, reduced vertical
transport of inorganic nutrients (due to increased verti-
cal stability), and changes in the availability of light
due to reduced ice cover.

The aim of the present study was to investigate
which chemical macronutrient(s) limit the growth of
heterotrophic bacteria in Arctic marine waters, and to
evaluate the extent to which bacterial community
structure correlates with the growth-limiting factor.
The investigation was carried out at 5 stations, on the

coast and in fjords, at Spitsbergen (78° N). Limiting fac-
tors were evaluated by measurements of natural con-
centrations of nutrients and by nutrient amendment
bioassays. Bioassays monitored the response to the
addition of organic carbon, inorganic nitrogen and
inorganic phosphorus. The composition of the bacterial
community was characterized by using denaturing
gradient gel electrophoresis (DGGE) to analyze the
polymerase chain reaction (PCR) products obtained by
amplifying a fragment of the 16S rRNA gene.

MATERIALS AND METHODS

Localities and sampling. The stations were selected
to cover a limited area, with both coastal and fjord
waters sampled within a short period of time. All sta-
tions were on the west coast of Spitsbergen (Fig. 1),
with 2 coastal stations (Stns C1 and C2) and 3 fjord sta-
tions (Stns F1, F2, F3). All stations were located
between 78 and 79° N, and samples were taken within
1 wk (2 to 9 August 2007). Water was collected be -
tween 06:00 and 11:00 h at a depth of 3 to 5 m, trans-
ferred to acid-washed and station-water-rinsed bottles,
protected from direct sunlight, and kept at ambient
temperature. Note that, at these locations, there are
24 h of sunlight at this time of the year. At the coastal
stations, water was collected with a submersible cen-
trifugal pump, with no metal parts in contact with the
water-flow, whereas water from Stns F2 and F3 was
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Fig. 1. Svalbard, with insert showing the part of Spitsbergen where the samples were taken. The sampling stations were: F1
(Kongsfjord, 78° 59’ N, 11° 47’ E), F2 (Isfjord, 78° 17’ N, 15° 26’ E), F3 (Nordfjord, 78° 27’ N, 15° 04’ E), C1 (Coast Kongsfjord, 

78° 55’ N, 10° 27’ E) and C2 (Coast Isfjord, 78° 07’ N, 12° 42’ E); for more information see Table 1
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collected with a Rutner sampler. Water was collected
from Stn F1 for a mesocosm experiment (Thingstad et
al. 2008). Translucent polyethylene tanks (volume
1 m3) were filled with water from the fjord to a volume
of 700 l using a submersible centrifugal pump, brought
to shore, and sampled the following day. The differ-
ences in sampling procedure are assumed not to affect
the results.

Bioassay incubation for evaluation of limiting fac-
tor. The effect of adding organic carbon (C; glucose),
inorganic nitrogen (N; ammonium + nitrate in a 1:1
molar ratio) or inorganic phosphorus (P; orthophos-
phate) was examined using bacterial production as a
response variable. Water (0.5 l) was added to 5 plastic
bags within 1 h of sampling. One of the bags served as
a control, with zero addition. One bag received carbon
(C; 480 μM), another received nitrogen (N; 10 μM), and
a third received phosphorus (P; 5 μM); the final bag
received all 3 nutrients (CNP; 480, 10 and 5 μM). The
amounts of added nutrient were sufficient for several
doublings in biomass. The samples were incubated at
in situ temperatures for 22 h before measurements of
bacterial production and sampling for counts of bacte-
ria. Previous experiments have shown no significant
differences between replicates in such bioassay exper-
iments (author’s unpubl. results); thus, only analytical
replication was done.

Analytical methods. Dissolved inorganic ammonia, ni-
trate and phosphate were measured in samples filtered
through pre-combusted (450°C, 4 h) and acid-washed
(10% HCl) GF/F glass-fibre filters (Whatman). Samples
were kept frozen (–20°C) until analysis, in accordance
with Grasshoff et al. (1983). For analysis of particulate
carbon, nitrogen and phosphorus, the material collected
on the GF/F glass-fibre filters was used (stored at –20°C).
Carbon and nitrogen were analyzed with a Carlo Erba
Element Analyser, and phosphorus was analyzed in ac-
cordance with Grasshoff et al. (1983).

For quantification of bacterial densities, water was
fixed with paraformaldehyde (0.5% final conc.), frozen
in liquid nitrogen, and kept at –20°C before process-
ing. The abundance of heterotrophic bacteria was
quantified, after the DNA was stained (SYBR Green I,
Molecular Probes), in a FACSScan flow cytometer
(Becton Dickinson) equipped with a laser supplying
15 mW at 488 nm and with a standard filter set-up
(Marie et al. 1999). The clear bimodal distribution of
DNA fluorescence intensity was used to classify bacte-
ria into 2 categories: cells with a high content of DNA
and cells with a low content of DNA. To calculate bio-
mass from cell densities, 0.02 pg C per cell was
assumed (author’s unpubl. results).

The production of biomass by heterotrophic bacteria
was estimated by incorporation of 3H leucine into
macromolecules (protein biosynthesis). Radioactive

leucine was added to the samples at a final concentra-
tion of 20 nM, incubated for 1 h at ambient tempera-
ture (±1°C), stopped by addition of trichloracetic acid
(TCA), and processed by the centrifugation method
(Simon & Azam 1989). Incorporation of 3H was quanti-
fied by liquid scintillation counting, and the production
of biomass by heterotrophic bacteria was quantified on
a carbon basis and calculated in accordance with
Kirchman (1993).

Characterization of the bacterial community struc-
ture. For the characterization of bacterial community
structure by DGGE, a 50 ml sample was concentrated
by filtering onto a 0.2 μm Dynagard hollow-fibre sy-
ringe filter (Microgon). Care was taken to remove ex-
cess water, and samples were stored at –20°C before
processing. DNA was isolated from the Dynagard filter
using the DNeasy Tissue Kit (Qiagen). A modified ver-
sion of the DNeasy bacteria protocol was used by in-
cluding an extra initial lysis step (enzymatic lysis buffer
with 20 mM Tris-HCl [pH 8.0], 2 mM EDTA, 1.2% Tri-
ton X-100 and 20 mg ml–1 lysozyme) and 2 elutions of
the Dynagard filter and the DNeasy column. The DNA
concentration in the extracts was measured with a Nano -
Drop spectrophotometer (Thermo Fisher Scientific).

The V3 region of bacterial 16S rDNA was amplified
using PCR with the forward primer 338f (5’-ACT CCT
ACG GGA GGC AGC AG) (Øvreås et al. 1997) and the
reverse primer PRU517r (5’-ATT ACC GCG GCT GCT
GG) (Muyzer et al. 1993). A 40-nucleotide GC clamp
(5’CGC CCG CCG CGC GCG GCG GGC GGG GCG
GGG GCA CGG GGG G) (Muyzer et al. 1993) was
attached to the 5’ end of the forward primers. The 50 μl
reaction mixture contained sterile distilled water, 10×
PCR buffer (Promega), deoxynucleoside triphosphates
(200 nM each), primers (2 μM each), 7.5 μg bovine
serum albumin (Sigma), 0.5 mM MgCl, 0.04 U Taq
DNA polymerase (Promega), and 2.5 μl template
(~10 ng). The PCR amplification was performed with
an initial denaturation step of 95°C for 4 min, followed
by 30 cycles of denaturation at 95°C for 30 s, annealing
at 55°C for 1 min, and an elongation step of 72°C for
1.5 min. Each reaction ended with an elongation step
at 72°C for 30 min to avoid duplex bands (Janse et al.
2004). The amplification products were checked for
length and purity on a 1.5% agarose gel.

The DGGE was performed with an Ingeny phorU
system (Ingeny). PCR products were loaded onto 8%
(w/v) polyacrylamide gels in 0.5× TAE buffer cast with
a stacking gel (0% denaturant) on top of a denaturing
gradient from 40 to 60%. The electrophoresis was run
at a constant voltage of 100 V at 60°C for 17 h in 0.5 ×
TAE buffer, and post-stained for 1 h with SYBR Gold
(1:10 000 dilution, Molecular Probes). The gel was
visualized and photographed with a G-box (Syngene).
The band pattern for each sample was quantified using
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the program Gel2k provided by Svein Norland (Dep -
artment of Biology, University of Bergen, Norway), and
values for each peak were transformed to a percentage
of the sum peak intensity.

Calculations and statistics. Specific growth rates
(d–1) of the bacterial communities were calculated as
the natural logarithm of the ratio (biomass + produc-
tion h–1):(biomass × 24). The relative responses in
leucine incorporations (R) were calculated for any
amended treatment (A) in a way that assigned treat-
ment Z to 0 and treatment CNP to 1, according to:

(1)

Comparisons of stations and treatments were made
using analysis of variance (ANOVA). When indications
of differences between stations were detected, a multi-
ple comparison test was done using the Tukey proce-
dure. For evaluation of leucine incorporation in the
bioassays, ANOVA was performed directly on the
leucine incorporation data. For evaluation of responses
to nutrient additions, the hypothesis of no response
compared to the no-addition treatment (Z) was tested
by calculations of contrast. For calculations of dissimi-
larity of DGGE patterns we used the Bray-Curtis index.
ANOVA and Bray-Curtis analysis were carried out
using Systat (version 12). To compare similarity in
DGGE patterns versus responses to nutrient amend-
ment, a Mantel test was performed. For the bioassay
data, both the original data and the relative responses
(excluding Z and CNP treatments, as they are identical
for all stations) in leucine incorporation were used as
input data, and calculations were done in R using the
vegan package (Oksanen et al. 2008).

RESULTS

Physicochemical characteristics of the localities

The temperature at the 5 stations averaged 7.1°C,
with a span of <1°C, whereas the salinity varied

between 29 and 33 psu and averaged 31 psu (Table 1).
The tidal range in the area was 1.0 to 1.5 m during the
investigation period. At all stations the ammonium
concentration was below the limit of detection (<1 μg
N l–1); moreover, the concentrations of PO4

3– and NO3
–

(Table 1) were so low that they potentially could be
limiting for growth (Reay et al. 1999, Vadstein 2000).
The concentrations of particulate C and P varied 2-fold
(ranges 127 to 289 μg C l–1 and 3.7 to 7.6 μg P l–1,

respectively), whereas particulate N
varied 3-fold (range 18 to 51 μg N l–1)
(Fig. 2A). A general trend was that
concentrations were higher at the 2
northernmost stations (Stns F1 and
C1). For particulate C and N this differ-
ence was statistically significant, and
concentrations at Stn F1 were also sig-
nificantly higher than at Stn C1. For
particulate P, only Stn F1 had signifi-
cantly higher concentrations compared
with the other stations. Elemental
ratios of particulate matter showed lit-
tle variation (maximum range 37%),

R =
A – Z

CNP – Z
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Stn Location Position Temp. Salinity PO4 NO3

(°C) (psu) (μg P l–1) (μg N l–1)

F1 Kongsfjord 78° 59’ N, 11° 47’ E 7.1 29.0 <0.3 5.2
C1 Coast Kongsfjord 78° 55’ N, 10° 27’ E 7.2 31.9 0.5 4.4
C2 Coast Isfjord 78° 07’ N, 12° 42’ E 7.2 33.1 0.5 3.6
F2 Isfjord 78° 17’ N, 15° 26’ E 6.7 31.6 <0.3 3.7
F3 Nordfjord 78° 27’ N, 15° 04’ E 7.5 30.1 <0.3 3.8

Table 1. Overview of location, position, surface temperature, salinity and dis-
solved inorganic nutrients (orthophosphate and nitrate) for the sampled stations.
The limit of detection for orthophosphate is 0.3 μg P l–1. Ammonia was below the 

limit of detection at all stations (<1 μg N l–1)
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Fig. 2. (A) Concentrations of particulate carbon (C), nitrogen
(N) and phosphorus (P). (B) Elemental ratios for the different
stations: ratios for N:C on left axis, and P:C and N:P on right
axis. (For details of the sampling stations see Fig. 1.) Error 

bars are ±SE
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and averaged 173 ± 16 μg N (mg C)–1, 23 ± 1.4 μg P (mg
C)–1 and 6.3 ± 0.7 μg P (μg N)–1 (±SD; Fig. 2B). This cor-
responds to an overall average atomic C:N:P ratio of
112:14:1.

Characterization of the bacterial community

Bacterial densities were in the range 0.6 to 1.4 × 109

cells l–1 (Fig. 3), corresponding to biomasses between
12 and 29 μg C l–1 (assuming 0.02 pg C per cell). As for
concentrations of particulate constituents, the highest
densities were observed at the 2 northernmost stations.
The fraction of cells with a high content of DNA, an
indicator of activity (Gasol et al. 1999), varied between
0.15 and 0.34, and was linearly related to cell densities
(R2 = 0.931, p = 0.008). The composition of the bacterial
community, as judged by DGGE, revealed a total of 33
distinct bands, of which none were unique for any
sample. Twelve bands were found in all samples, and 2
were found in all but 1 sample (Fig. 4). Two bands
were detected only at the 2 northernmost stations, and
1 was detected only in fjord samples.

The replicated sampling of Stn F1 (F1a and F1b)
revealed a Bray-Curtis dissimilarity of 0.16 (Table 2); in
the following dissimilarities >2× this value is consid-
ered to be significantly different. On this basis, half of
the comparisons between stations revealed no differ-
ence. The northern stations are similar, as are the 2
coastal stations. Moreover, Stn F3 is similar to the 2
coastal stations.

Bioassay experiments

Variation in cell densities at the termination of the
bioassay experiments was 8 to 19% (mean 15%), be -
tween the highest and lowest counts, within 1 experi-
ment (data not shown). No significant differences due
to amendments were observed; thus, the numerical
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Fig. 3. Concentrations of heterotrophic bacteria (bars) and the
share of bacteria with a high content of DNA (curve) for the
different stations. (For details of the sampling stations see 
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Fig. 4. Banding pattern obtained with denaturing gradient gel
electrophoresis (DGGE) for the different stations. (For details
of the sampling stations see Fig. 1.) For Stn F1, 2 independent 

samples were analyzed

Stn F1a F1b C1 C2 F2

F1b 0.159
C1 0.318 0.266
C2 0.399 0.309 0.241
F2 0.555 0.520 0.451 0.361
F3 0.370 0.337 0.256 0.266 0.500

Table 2. Calculated Bray-Curtis dissimilarity coefficients for
the composition of the communities of bacteria based on
denaturing gradient gel electrophoresis (DGGE) band pat-
terns (Fig. 4). Station abbreviations are explained in Table 1.
Stns F1a and F1b are independent replicates taken from
Stn 1 (see ‘Results’). Significant dissimilarities (>0.318) are

indicated in bold (see ‘Results’)
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response was unsuitable as a response parameter
under the conditions used. In contrast, bacterial pro-
duction varied considerably within stations (Fig. 5A).
For the unamended (Z) treatments, again, the north-
ernmost stations deviated by having 4 to 13× (mean
5×) higher production compared with the other 3 sta-
tions. Specific growth rates of the bacterial communi-
ties were in the range 0.3 to 2.1 d–1, assuming that the
Z treatment represents natural conditions. The growth
rates were >2 and <1 d–1 for northern and southern
 stations, respectively.

The response to the additions of nutrients varied
considerably between stations, from no response to
more than a doubling in the production compared to
the Z treatment. The CNP addition resulted in a >2.3×

increase in production, compared to the Z treatment,
for the 2 coastal stations, a 1.4× increase in the north-
ern fjord station, and no response for the 2 southern
fjord stations (Stns F2 and F3). To visualize the effect of
the treatments for each station, responses were nor-
malized in a manner which assigns the values 0 for the
Z treatment (zero addition) and 1 for the CNP treat-
ment (Fig. 5B; however, be aware of the masking of the
absolute effect size). For the 2 coastal stations (Stns C1
and C2), more than 1 element seemed to give a
response.

ANOVA revealed no statistically significant effect of
nutrient additions for the 2 southern fjord stations
(Stns F2 and F3; p > 0.7), whereas for the other 3 sta-
tions the effects were significant (p < 0.03; Table 3). For
the northern fjord station (Stn F1) a clear P limitation is
indicated (Table 3). For the 2 coastal stations, positive
responses were recorded for both carbon and mineral
nutrient additions (Table 3). For the northern coastal
station (Stn C1), adding N gave a stronger response
than adding C, whereas for the southern station
(Stn C2) the community responded more strongly to C
than to P addition. For 2 of the stations (Stns F1 and C2)
the response to addition of the limiting nutrient was
larger than, or comparable to, the response to the addi-
tion of CNP (relative response ≥1), whereas for Stn C1
the relative responses were <30% of responses to the
CNP treatment (Fig. 5B). Thus, only 2 of the 5 stations
showed the same type of response (i.e. Stns F2 and F3,
with no effect); for the rest of the stations the limitation
varied considerably—both with respect to addition of
the limiting factor and the response to the CNP
 treatment.

DISCUSSION

Assessment of growth-limiting factors for popula-
tions and communities is crucial for an understanding
of the ecology and functioning of ecosystems. For
planktonic heterotrophic bacteria in marine systems
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Treatment Stn F1 Stn C1 Stn C2

C 0.368 0.017 0.005
N 0.208 0.001 0.115
P 0.003 0.150 0.017
CNP 0.022 0.017 0.014
ANOVA p 0.0013 <0.0001 0.0317

Table 3. p-values from comparisons with the zero addition (Z)
treatments of responses for the different nutrient addition
treatments in cases where analysis of variance (ANOVA) indi-
cated inhomogeneity. p-values from ANOVA for Stns F2 and
F3 were 0.771 and 0.734, respectively. Station abbreviations

are explained in Table 1
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this is of particular interest due to the fact that they are
major producers of CO2 globally (del Giorgio & Duarte
2002), and that DOC consumption and respiration, ver-
sus DOC accumulation, may affect CO2 levels in the
atmosphere. Moreover, the functionality of the inter -
action between phytoplankton and heterotrophic
 bacteria (competition/commensalism/mutualism) has
major implications for the structure and function of the
food web. From a paradigm with carbon/energy-lim-
ited heterotrophic bacteria acting as CO2 producers
and re-mineralizers of inorganic nutrients, the last 3
decades have advanced and balanced our comprehen-
sion of growth limitation of heterotrophic bacteria. It is
now established that mineral nutrient limitation is a
normal phenomenon in many planktonic systems, and
heterotrophic bacteria often compete with phytoplank-
ton for mineral nutrients (Thingstad et al. 1998, Vad-
stein 2000). However, data on the limiting factors in
Arctic systems are scarce (Thingstad et al. 2002).

It is not straightforward to assess growth-limiting
factors (Hecky & Kilham 1988) as regulation occurs
from the level of the gene to the level of the ecosystem.
In this study, concentrations of nutrients (dissolved and
particulate nutrients) and bioassays were used in the
assessment. In the bioassays, bacterial production was
a better response variable than biomass increase,
which may be due to both a too short time for response
in cell densities (Olsen et al. 2006) and a strong regula-
tion of bacterial biomass due to grazing or viral infec-
tions (Thingstad 2000).

Concentrations of inorganic N and P point to these
mineral nutrients as possible limiting resources. For
both ammonium and phosphate, the concentrations
were below, or close to, the detection limits of 1 μg N
l–1 and 0.3 μg P l–1, respectively, whereas nitrate was
around 4 μg N l–1. All of these concentrations are in the
range of those measured in strongly nutrient-limited
bacterial cultures (Reay et al. 1999, Vadstein 2000). No
attempts were made to measure DOC, as these mea-
surements are hard to interpret in terms of concentra-
tions of substrates that are easily accessible for bacte-
ria (Søndergaard & Middelboe 1995), and terrestrial
DOC probably affected the stations differently. The
elemental ratios of the particulate matter were fairly
close to the Redfield ratio, with deviations of –2, +9
and –12% for N:C, P:C and N:P ratios, respectively.
This suggests a tendency towards N limitation of the
system, but both particulate carbon and nitrogen are
probably more affected by detritus than is particulate
phosphorus (Olsen et al. 1986), and heterotrophic bac-
teria have far higher requirements for P than do pho-
totrophs (Gismervik et al. 1996, Vadstein 2000). It is
thus fair to conclude that the chemical variables mea-
sured are inadequate for evaluation of limiting factors,
but they rule out neither N nor P limitation.

The bioassays indicate clear P limitation in 1 fjord
sample (Stn F1) with an increase in the bacterial pro-
duction due to P addition which was comparable to the
nutrient-sufficient situation (100% relative response).
For the 2 coastal stations, mineral N limitation was
strongest for Stn C1, and C limitation was strongest for
Stn C2. There were also significant responses to the
addition of C and P, respectively, at these 2 stations.
Thus, mineral nutrient limitation was more prominent
than carbon/energy limitation at the localities investi-
gated. Previous studies tend to suggest that C limita-
tion is more common in polar waters (Church et al.
2000, Graneli et al. 2004), but numerical modelling and
data reveal that the question of mineral nutrient versus
carbon limitation depends on structuring bottom-up
(resource) and top-down (predation) factors (Thingstad
et al. 2002, 2008). An idealized size-structured food
web model predicts mineral nutrient limitation of het-
erotrophic bacteria in situations with low predator bio-
mass 3 trophic levels above the bacteria (specifically,
copepods), resulting in low predation of phytoplankton
and low regeneration rates of mineral nutrients
(Thingstad et al. 2002). For the present study, no data
exist on the biomass of competitors and predators.
However, it is interesting to note that the 2 cases with
mineral nutrient limitation (Stns F1 and C1) had higher
concentrations of seston than did the cases with carbon
limitation, or with no detected limitation. A high con-
centration of seston is an indication of a high biomass
of phytoplankton due to low predation by copepods
(Olsen et al. 2006), and thus our data support the
model’s predictions. A review by Kirchman et al.
(2009) discusses limiting factors for heterotrophic bac-
teria in polar oceans, and concludes that temperature
is a regulating factor at temperatures <4°C and that
the concentration of labile DOC (L-DOC) is a second
regulating factor. As the concentration of DOC, and
most likely L-DOC, increases during the productive
season (see Thingstad et al. 1997) one can hypothesise
that seasonal carbon limitation is more likely to occur
early, and mineral nutrient limitation late, in the pro-
ductive season. Moreover, large calanoid copepods,
such as the genus Calanus, migrate down around mid-
season, which, again, may increase the probability of
mineral nutrient limitation as predation on phyto-
plankton is relieved and competition increases. Our
August data are in accordance with such a hypothesis.

Data from the 2 coastal stations suggest ‘dual limita-
tion’, meaning that more than 1 factor limited produc-
tion—as revealed by single additions giving a signifi-
cant response. Although dual limitation is a possibility
for an organism on the scale of physiological adapta-
tions, only 1 factor can limit biomass production in a
population (Egli 1995). However, the systems studied
here are communities composed of approximately 20
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dominating bacterial populations (Fig. 4), and dual
limitation is thus a possibility as different populations
of the community may be limited by different factors.
In such a case one would expect neither of the single
limiting factors to give a response similar to the full
(CNP) treatment. This was the case for Stn C1,
whereas for Stn C2 the response to C or P addition,
alone, was not different from the full treatment. The
reason for this observation is unclear.

Growth rates of 0.3 or 1.0 d–1 were observed for the 2
stations where no limiting factor was detected (Stns F2
and F3, respectively). Thus, the growth of these com-
munities was below the maximum growth rate ob-
served for the CNP treatment in the bioassays, and,
consequently, was most likely limited by some resource
not tested, and not by temperature. Limitation by mi-
cro-mineral nutrients (e.g. iron) is not likely, as both of
these stations are fjord stations and therefore influ-
enced by fresh water (Table 1). No hypothesis for the
limiting factor can be provided, but experimental arte-
facts (like >24 h response time) cannot be ruled out.

No clear pattern was observed between the Bray-
Curtis dissimilarity coefficients calculated from DGGE
patterns and the responses to C, N and P amendments.
The northern mineral-nutrient-limited stations (Stns F1
and C1) and the 2 dual-limited coastal stations (Stns C1
and C2) have low dissimilarity, but this is also the case
for Stn F3 with a lack of limitation. This was confirmed
using a Mantel test (r = 0.234, p = 0.293 and r = –0.0175,
p = 0.562 for original data and relative data, respec-
tively). Surprisingly, this indicates that the different nu-
trient regimes which produced different limiting factors
did not significantly affect either the inventory or dom-
inance of species. Thus, factor(s) other than resource
competition and competitive exclusion were controlling
the community structure of the heterotrophic bacteria.
Factors that could explain the composition of the com-
munity are viral infections (according to the ‘Killing the
Winner Hypothesis’; Thingstad 2000), the ‘Intermediate
Disturbance Hypothesis’ (Connell 1978), or neutral the-
ory (Hubbell 2001).

Both the experimental data and mathematical mod-
elling reveal that heterotrophic bacteria may be lim-
ited by mineral nutrients under many food-web config-
urations and carrying capacities (trophic states) (Olsen
et al. 2002, Thingstad et al. 2002, Vadstein et al. 2003).
The data presented here reveal limitation by mineral
nutrients at 2 of the 3 stations with detected resource
limitation (Stns F1 and C1), and mineral nutrient/car-
bon dual limitation for the third (Stn C2). A capacity for
increased consumption of DOC was indicated for 2 of
the 5 stations (Stns C1 and C2). Spatial variability in
the responses of heterotrophic bacteria to the addition
of resources, within a narrow time window, reveals
that we do not have the knowledge required to predict

the consequences of a scenario in which Arctic areas
undergo warming. This includes the phytoplankton–
bacteria interaction and its consequences for the struc-
ture and functioning of the food web. Thus, we need
more knowledge on carbon versus mineral nutrient
limitation of heterotrophic bacteria in Arctic marine
systems to be able to evaluate the role of heterotrophic
bacteria for the global carbon cycle in a changing
world.
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