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INTRODUCTION

Global climate change disproportionally affects po -
lar regions (Stocker et al. 2013), where average tem-
peratures have risen 3 times the global average (Pol -
ya kov et al. 2010). The Barents Sea, one of the most
productive polar shelf ecosystems (Ellingsen et al.
2008, Hunt et al. 2013), has been warmer in the last
decade than over the previous 110 yr of observation
(Boitsov et al. 2012) and has experienced an in crease
in heat transport from the Atlantic Ocean (Arthun et
al. 2012). Significant losses of sea ice (Kwok & Roth -
rock 2009) and a longer open-water season in the
Arctic (Arrigo & van Dijken 2011) have already led to
increased pelagic primary production (Slag stad et al.
2011, Brown & Arrigo 2012) with a larger contribu-

tion of small-sized phytoplankton (Li et al. 2009).
These changes are expected to bolster the pela gic
system at the expense of the benthic components,
with profound impacts on trophic structure and car-
bon fluxes (Wassmann & Reigstad 2011, Wassmann &
Lenton 2012). Therefore, the immediate fate of pri-
mary production can be as critical as its amount in
polar ecosystems, where higher trophic levels de pend
on efficient energy transfer (McBride et al. 2014), and
even minor climate effects at the base of food webs
can be amplified through trophic chains (Sarmento et
al. 2010).

The main goal of our study was to examine micro-
bial dynamics in the rapidly changing Barents Sea
environment with emphasis on the top trophic level
within the microbial food web, microzooplankton.
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Microzooplankton grazing is a main conduit for pe -
lagic primary production and bacterial carbon recov-
ered through the microbial loop in the ocean (Calbet
& Landry 2004, Caron & Hutchins 2013). The hypoth-
esized selective stimulating effect of higher tempera-
ture on the growth of heterotrophic protists is likely
to increase their importance as trophic intermedi-
aries (Rose & Caron 2007) and counterbalance in -
creased primary production (Chen et al. 2012). Based
on these predictions, Hypothesis 1 (H1) of our study
was that microzooplankton herbivory and its relative
impact on primary production will increase with tem-
perature. At the same time, polar microzooplankton
intrinsic growth is not constrained by low tempera-
tures more than that of phytoplankton (Franzè & Lav -
rent yev 2014). Further, polar protist ingestions rates
may be temporarily decoupled from their growth
(Rose et al. 2013). Therefore, our first null hypo thesis
(H10) was that temperature will have little or no ef fect
on microzooplankton herbivory rates and impact.

A 3D model of the Barents Sea ecosystem attaches
much importance to the microbial food web in ice-
free waters (Wassmann et al. 2006a). Its assumptions
are based on the dominance of small-sized phyto-
plankton in summer (Rat’kova & Wassmann 2002,
Not et al. 2005, Druzhkova & Makarevich 2008, Reig -
stad et al. 2011), elevated heterotrophic microbial
biomass (Hansen et al. 1996, Howard-Jones et al.
2002, Rat’kova & Wassmann 2002), and microzoo-
plankton herbivory rates measured along a single
north− south transect in July (Verity et al. 2002). These
observations led to H2 that microzooplankton capac-
ity to control phytoplankton growth will in crease in
ice-free waters. This prediction is not self-evident, as
microzooplankton in general, and dinoflagellates in
particular, are known to feed vora ciously on large
diatoms (e.g. Strom & Fredrickson 2008, Sherr et al.
2013), which dominate in the marginal ice zone. H20

was therefore that we would find no difference be -
tween herbivory in ice-covered and open waters in
terms of microzooplankton grazing.

The dynamics of Barents Sea plankton community
subjected to experimentally elevated temperatures
indicated a thermal threshold around 5 to 6°C be -
yond which plankton community metabolism be -
came net heterotrophic (Holding et al. 2013). In addi-
tion, experimental warming led to the replacement of
dominant diatoms by the pico-prasinophyte Micro-
monas and nano-flagellates (Coello-Camba et al.
2015). If similar thresholds occur under natural con-
ditions, the associated changes within the microbial
food web could cascade to its top trophic level, micro-
zooplankton, with potential consequences for the

entire pelagic ecosystem. Our H3 was that microbial
food web structure and dynamics will undergo an
abrupt change >5°C. Temperature-shift ex peri ments
have been criticized for having limited predictive
power for long-term adaptations (Kirchman et al.
2009, Tatters et al. 2013), as the sudden change in
temperature affects plankton in ways fundamentally
different from those likely to be experienced in real-
ity (Sarmento et al. 2010). H30 was thus that there
would be no temperature thresholds for microbial
food web dynamics and structure within the Barents
Sea ambient range.

Apart from expensive and logistically challenging
long-term observations, the only other way to assess
polar plankton responses to habitat changes over
time is through a substitution of space for time. In this
approach, diverse habitats across space are com-
pared to gauge possible future changes in the Arctic
(Nelson et al. 2014). Using this approach, we exam-
ined the structure and dynamics of natural microbial
plankton communities across a natural temperature
gradient during 3 critical phases in the seasonal
cycle: early bloom, late bloom, and post-bloom. As an
interface between the Atlantic and Arctic Oceans,
the Barents Sea shelf provides an ideal place for
examining plankton communities that are adapted to
different environments. It is the only Arctic region
that remains ice-free throughout the year up to 74−
75° N (Smolyar & Adrov 2003) due to the inflow of the
Atlantic Drift from the southwest. In the north, cold
Arctic Water (AW) flows through the opening be -
tween Spitsbergen, Franz Josef Land, and Novaya
Zemlia and meets relatively warm North Atlantic
Water (NAW), forming a distinct Polar Front (PF,
Niki forov & Shpaikher 1980). Above the PF, the dia -
tom bloom occurs in May in the marginal ice zone
and follows the receding ice edge, whereas the NAW
section exhibits a single vernal bloom followed by
secondary wind-driven peaks in production (Qu et al.
2006, Sakshaug et al. 2009). Once nutrients accumu-
lated during the winter and released from the melt-
ing ice have been exhausted, a deep chlorophyll a
maximum (DCM) forms near the pycnocline.

MATERIALS AND METHODS

Twenty shipboard incubation experiments were
conducted in May 2010, August to September 2010,
and June 2011 during 3 expeditions, which crossed
the PF from NAW in the south to AW in the north
(Fig. 1, and see Table 1). The locations of the main
water masses were determined from temperature
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and salinity (Loeng 1991, Vage et al. 2014). The May
and June cruises also included the marginal ice zone
and seasonal sea ice floes between Hopen Island and
Kong Karls Land. In May 2010, 1 experiment (Expt 1)
was conducted in Isfjorden, Spitsbergen, which is
influenced by AW.

At each station, seawater temperature, salinity, and
raw fluorescence were measured using a Seabird 911
Plus CTD system equipped with a fluorometer. Sea-
water was collected in 5 l Niskin bottles from the
DCM, carefully syphoned into a 20 l polycarbonate
carboy using submerged silicone tubing, and imme-
diately transported to a shipboard temperature-con-
trolled cold room (±1°C ambient sea temperature),
where all manipulations were conducted under dim
light. The collected seawater was added to triplicate
0.6 l Nalgene clear glass bottles. To avoid damaging
delicate microzooplankton (Gifford 1985) and alter-
ing phytoplankton composition, the samples were
not screened prior to incubation (Calbet et al. 2011a,
Sherr et al. 2013). Instead, larger zooplankton were
removed using a long glass pipette. Post-incubation
screening indicated that this technique was effective
in removing mesozooplankton.

Phytoplankton growth and grazing loss rates were
determined in 2-point dilution assays (Landry et al.
2008), where the grazing rate (g) was calculated as
the difference in prey growth (O) in undiluted and
highly diluted treatments. We selected this approach
be cause it provides the same growth and grazing rate

estimates as the original multi-point approach
(Strom & Fredrickson 2008) but is more effi-
cient and less affected by uncertainty in
changes in microzooplankton clearance and
growth rates, and trophic interactions across
a dilution gradient (Dolan et al. 2000, First et
al. 2007, Calbet & Saiz 2013). In addition, 2
concurrent microzooplankton studies in the
Bering Sea (Sherr et al. 2013, Stoecker et al.
2014a) also relied on the 2-point method and
provided a base for comparison.

The diluted treatments were prepared by
mixing 9 parts filtered seawater (0.2 µm large
volume Pall Science pleated capsules using
gravity flow) with 1 part whole seawater to
yield a 10% dilution. The capsules were pre-
soaked in 5% HCl and thoroughly rinsed
with deionized water prior to use. To equalize
plankton growth conditions, all samples ex-
cept for the whole seawater controls were
amended with dissolved nutrients to final
concentrations of 16 µM N (KNO3 + NH4Cl;
15:1 based on N) and 1 µM P (K2HPO4).

All bottles were screened with neutral density
filters to mimic 25% surface irradiance and incubated
in a deck incubator with running surface seawater for
24 h. During most experiments, temperature re -
mained within ± 0.5°C of the initial sea temperature.
The only exception was Expt 16 in September 2010,
when temperatures increased from 4.6 to 9.0°C due to
an unexpected early call in port. In May 2010, the in-
cubator included a plankton wheel; during the other
2 cruises, bottles were rotated periodically by hand.

Plankton samples were collected at T0 and T24. For
chlorophyll a (chl a) analysis, between 250 and 500 ml
of seawater were filtered onto 0.2 µm nylon mem -
brane filters, shock-frozen, and stored in liquid N2.
Phytoplankton and bacterial samples were preserved
with 0.2 µm-filtered formaldehyde (1% final concen-
tration) and frozen in liquid N2. Microzooplankton
samples were preserved in 2% (final concentration)
acid Lugol’s iodine, post-fixed with 1% (final concen-
tration) formaldehyde after 24 h, and stored at 4°C.
Additional plankton samples were fixed with 1% (fi-
nal concentration) formaldehyde for phytoplankton
and heterotrophic nanoflagellate (HNF) counts and
stored at 4°C.

Chl a was extracted in 90% acetone for 24 h at
−20°C and measured fluorometrically using the non-
acidic method (Welschmeyer 1994). Phototrophic
picoplankton was counted using a Partec CyFlow SL
flow cytometer with 1 µm inert beads added as a ref-
erence. Bacteria were counted after staining with
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Fig. 1. Experimental locations in the Barents Sea. See Table 1 for envi-
ronmental conditions during each experiment. Experiment numbering 

corresponds to Franzè & Lavrentyev (2014)
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SYBR Green I (Marie et al. 1997). The cell size of at
least 2000 DAPI-stained (Porter & Feig 1980) bacter-
ial cells was determined per sample using an image
analysis system, which consisted of an epifluorescent
microscope (1000×), a high-resolution digital camera,
and Image Pro Plus software (Media Cybernetics).
Bacterial volumes were then converted to carbon
(Norland 1993).

Phytoplankton size structure was characterized in
Expts 1 to 12 using an imaging-in-flow system (Flow-
CAM; Sieracki et al. 1998). Samples were processed
in the cell-triggered mode (emission >650 nm), and
the flow rate and particle concentrations were
adjusted to capture 1 particle of interest per frame on
average. Biovolumes of single cells were calculated
using their automatically measured linear dimen-
sions, whereas chain-forming diatoms were counted
as whole particles, and their volumes were deter-
mined automatically based on areal diameter (Jakob-
sen & Carstensen 2011). In addition, in Expts 3, 4, 7,
and 16, phytoplankton were counted and sized via
microscopy.

Microzooplankton were settled onto Utermöhl
chambers (50−100 ml) and counted under an in -
verted microscope equipped with differential inter-
ference contrast (DIC) and fluorescence. The entire
surface area of a chamber was scanned at 200×. At
least 40 individual cells within each abundant taxon
were sized with an eyepiece micrometer at 400−600×
and converted to carbon based on approximated
geo metric shapes and volume to carbon conversions
(Putt & Stoecker 1989, Menden-Deuer & Lessard
2000). All ciliates were included in microzooplank-
ton, whereas dinoflagellates <20 µm in maximum
dimension were allocated to nanoplankton (Møller et
al. 2006). Ciliates and dinoflagellates were examined
for chloroplasts in formaldehyde-preserved samples
using DIC and chl a autofluorescence and allocated
into heterotrophs and mixotrophs (i.e. pigmented cil-
iates and dinoflagellates). Mixotrophic chl a content
was calculated based on their volume (Montagnes et
al. 1994), assuming that the volume to chl a relation-
ship is similar to that in autotrophic plankton (Dolan
& Perez 2000). HNF were counted using black 0.8 µm
filters, DAPI, and an epifluorescent microscope at
500 to 1000× as described above. Cells were exam-
ined for the presence of flagella and chl a autofluo-
rescence, and biomass was calculated based on
Menden-Deuer & Lessard (2000).

Prey apparent growth rates were calculated as -
suming exponential growth: μ = ln(Nt/N0)/(t/24),
where: μ = growth rate (d–1), N0 and Nt = prey abun-
dance at the beginning and end of the experiment,

respectively, and t = time (h). Grazing mortality rates
(g) were determined as the difference between μ
measured in the diluted (μ10%) and whole (μWSW) sea-
water samples: g = μ10% − μWSW. The percentage of
the initial standing stocks of prey removed by grazers
was calculated as {[(C0eµ − C0) − (C0e(µ−g) − C0)]/C0eµ}
× 100, where C0 is prey abundance or concentration
(µg chl l−1), at time zero in the whole seawater treat-
ments (Anderson & Rivkin 2001). In the experiments
where prey grew slower in diluted samples, or were
not significantly different from the whole seawater
treatment, g was not calculated and is reported as 0
(Stoecker et al. 2014a), whereas the growth of prey
was reported from the whole seawater treatment. If
prey concentrations declined in all treatments, their
growth was also reported as 0.

Microzooplankton community secondary produc-
tion (MzP, µg C l−1 d−1) was calculated by summing
the secondary production of individual taxa (Nielsen
& Kiørboe 1994, Levinsen et al. 1999), which was cal-
culated from their initial population biomass (b0, µg C
l−1) and the instantaneous growth rates (r, d−1) ob -
served in the simultaneous experiments (Franzè &
Lavrentyev 2014): MzP = Σ r × b0. The microzoo-
plankton community daily specific growth rate was
then calculated by dividing production by total initial
community biomass (B0): MzP/B = MzP/B0. The per-
centage of growing microzooplankton was calcu-
lated as the ratio between the initial biomasses of
microzooplankton that grew during a given incuba-
tion and total microzooplankton.

Standard deviation was used as a measure of dis-
persion throughout the study. Differences between
diluted and undiluted samples were analyzed using a
2-tailed t-test assuming unequal variances and
among microbial parameters in different water
masses using ANOVA and Fisher’s LSD test. Rela-
tionships between plankton characteristics and water
temperature were examined using Pearson correla-
tion and least square linear regression. All statistical
analyses were conducted using Minitab 17.

RESULTS

Environmental data

Ambient sea temperatures varied between −1.8 and
8.6°C (Table 1) and showed a strong latitudinal trend
(r = 0.93, p < 0.005), which was little affected by sea-
sonality. Five stations had temperature and salinity
typical for AW (−1.3 ± 0.22°C and 34.4 ± 0.20, respec-
tively); 4 of them were ice-covered, whereas Isfjorden
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was ice-free. Four stations on the At-
lantic side and 1 on the Arctic side rep-
resented the PF (1.99 ± 1.82°C, 34.7 ±
0.10). Seven experiments were con-
ducted in NAW (5.24 ± 1.24°C, 35.3 ±
0.31), and the 3 southernmost stations
off the Finnmark coast were affected
by coastal water (CW, 7.73 ± 0.76°C,
34.6 ± 0.25) to varying degrees.

Plankton community structure

In May and June, phytoplankton
peaked under the ice (chl a up to 5 µg
l−1, Table 1), mostly due to large and
chain-forming diatoms such as Thalas-
siosira spp., Thalassionema spp., Frag-
ilariopsis cylindrus, Rhizo solenia styli-
formis, and Chaetoceros spp. In
Expt 4, we also found colonies of the
ice diatom Nitz schia frigida. Phyto-
plankton >50 µm ESD formed be -
tween 70 and 80% of total phytoplank-
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Expt         Date         Temp.  Salinity   Depth       Water         Ice          Chl 
                                    (°C)                       (m)           mass                       (µg l−1)

1            04/05/10        −1.3       34.4          17       AW-Fjord       No          1.64
3            07/05/10        −1.3       34.6          10            AW           Yes         3.19
4            08/05/10        −1.8       34.4          2            AW           Yes         3.52
5            09/05/10        0.3       34.9          35          AW-PF         No          1.37
6            24/08/10        8.6       34.3          10       NAW-CW       No          1.91
7            26/08/10        7.2       34.7          10       NAW-CW       No          1.82
8            27/08/10        7.4       34.8          30       NAW-CW       No          1.58
9            30/08/10        7.5       35.0          20           NAW          No          1.20
10          01/09/10        5.6       35.0          10           NAW          No          1.77
11          02/09/10        7.0       35.1          25           NAW          No          0.79
12          04/09/10        4.2       34.6          20        NAW-PF        No          2.18
13          07/09/10        3.1       34.7          20        NAW-PF        No          0.67
14          09/09/10        2.4       34.7          20        NAW-PF        No          0.38
15          10/09/10        4.9       35.1          20           NAW          No          0.10
16          12/09/10        4.6       35.1          20           NAW          No          1.61
17          21/06/11        4.0       35.1          35           NAW          No          1.86
18          22/06/11        −1.8       34.1          30            AW           Yes         5.19
19          24/06/11        −0.5       34.5          44            AW           Yes         1.32
20          26/06/11        0.0       34.7          38          AW-PF         No          1.37
21          27/06/11        4.0       35.9          20           NAW          No          1.44

Table 1. Environmental conditions during the experiments. Expt 2 (Franze &
Lavrentyev 2014, see our Fig. 1) was conducted in the Greenland Sea and,
therefore, is not included in this paper. AW: Arctic Water; NAW: North Atlantic
Water; PF: Polar Front; CW: Coastal Water; Chl: chlorophyll a. Dates are given 
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Fig. 2. (a) Phytoplankton size structure and (b) microbial grazer composition across the temperature gradient (note that data
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ton volume in AW (Fig. 2a). In June, single cells and
colonies of the haptophyte Phaeocystis pouchetii oc -
curred in the marginal ice zone. In the open water,
ex cept Isfjorden, the DCM was primarily formed by
smaller phytoplankton, including diatoms and crypto -
phyte and chrysophyte flagellates; Micro mo nas oc -
curred in the ice-covered and open waters.

Bacterial biomass ranged from 2.5 µg C l−1 in May
to 36.2 µg C l−1 in June, with both extreme values
recorded under the ice (Tables 1 & 2). In the open
waters, bacterial biomass increased with tempera-
ture (r = 0.67; p < 0.005) due to both their abundance
and cell volume (Table 2). The HNF abundance (0.05
and 0.98 × 106 cell l−1) mostly consisted of chryso-
phytes, with minor contributions from choanoflagel-
lates and bodoniids. HNF biomass (0.38 to 5.49 µg
C l−1) in creased with temperature (r = 0.77; p < 0.005)
and was dominated by nano-dinoflagellates and, in
warmer waters, by the kathablepharid Leucocryptos
marina. The contribution of HNF to total grazer bio-
mass (i.e. microzooplankton + HNF) increased with
temperature and reached its maximum of 75% in the
warmer NAW in August (Fig. 2b, at 7.5°C). In the
ice-free waters, the HNF to bacteria biomass ratio
 in creased with temperature (r = 0.64, p < 0.05,
Table 2).

Microzooplankton biomass (1.36 to 93.3 µg C l−1,
Table 2) peaked under the ice in May and on the At-
lantic side of the PF in June and August and de clined
at temperatures >6°C. The microzooplankton biomass
to chl a ratio was significantly higher at the intermedi-
ate temperatures (31:1) than in AW (10:1) and NAW
>5°C (11:1, Fisher’s LSD test, p < 0.05). The contribu-
tion of ciliates to microzooplankton biomass (Fig. 2b)
mostly depended on the large mixotrophic oligotrichs
Laboea strobila, Strombidium conicum, and S. wulffi
and peaked within the PF. Plastidic Mesodinium cells
ranged from 15 to 55 µm ESD and probably included
different species (Garcia-Cuetos et al. 2012). However,
the most abundant and common form was 28−35 µm
ESD and fit the description of M. rubrum. It was pres-
ent at most stations, contributing, on average, under
2% of microzooplankton biomass. In June, M. rubrum
peaked on the Atlantic side of the PF and contributed
up to 44%. Among dinoflagellates, Gyrodinium spi-
rale and Proto peri di ni um bipes dominated under the
ice, whereas Gymno dinium heterostriatum, Dinoph-
ysis nor vegica, Ceratium arcticum, and C. fusus were
common in NAW. The contribution of microzooplank-
ton <25 µm ESD (mostly ciliates Lohmanniella ovi-
formis, Balanion comatum, and S. epidemum and the
dinoflagellates Amphidinium sphenoides, G. arcti cum,

Expt           Biomass (µg C l−1)                         Abundance (cell l−1)                             Bac       HNF:     Mz:     MixChl:   MzP:
               Bac       HNF      Mz          Bac     HNF      Dino     Ciliates   M. rubrum       volume      Bac      Chl         Chl          B
                                                         ×109     ×106      ×103       ×10 3           ×103              (μm3)                                      

1               9.48     1.80     16.2          0.39      0.11       2.43        4.10            0.28                0.11        0.19      9.88        8.98       0.33
3               2.50     1.03     22.2          0.13      0.05       2.00        1.66            0.10                0.08        0.41      6.95        4.46       0.27
4               3.36     1.76     18.6          0.13      0.43       2.40        2.06            0.40                0.12        0.52      5.27        3.74       0.08
5               5.24     0.38     10.9          0.21      0.09       1.60        0.91            0.01                0.11        0.07      7.97        4.21       0.07
6             16.1       4.67     11.0          0.70      0.68       1.98        2.98            0.02                0.10        0.29      5.79        3.66       0.06
7             23.2       2.49     19.6          0.69      0.27       7.26        5.18            0.04                0.17        0.11    10.79        6.76       0.09
8             12.2       5.49       3.86        0.58      0.67       1.98        1.40            0.02                0.09        0.45      2.44        2.43       0.10
9             22.1       4.18       1.36        0.97      0.98       0.66        0.58            0.00                0.10        0.19      1.14        1.13       1.60
10           32.8       3.51     29.2          0.90      0.33       5.66        4.36            0.12                0.19        0.11    16.53      15.30       0.22
11           21.8       3.39       3.66        0.84      0.51       1.66        1.90            0.02                0.12        0.16      4.61        2.96       0.14
12           24.7       1.76     24.2          0.85      0.33       1.96        2.14            0.04                0.14        0.07    11.12      14.35       0.65
13           12.5       1.23     35.2          0.41      0.10       2.96        1.58            0.00                0.15        0.10    52.41      33.25       0.08
14             9.34     1.02     17.4          0.36      0.24       0.78        1.18            0.02                0.12        0.11    45.91      27.79       0.04
15           18.7       2.26       3.96        0.72      0.52       0.78        0.54            0.02                0.12        0.12    39.57      27.91       0.04
16           17.2       0.50     19.8          0.66      0.11       4.90        4.66            0.08                0.12        0.03    12.33      13.95       0.07
17           10.4         nd      41.0          0.40       nd        2.46        5.10            2.46                0.12         nd     22.03      18.95       0.23
18           36.2       0.56     18.3          1.48      0.07       3.66        9.68            1.02                0.11        0.02      3.53        2.83       0.13
19           16.7       0.87     11.3          0.64      0.29       3.80        3.22            0.04                0.12        0.05      8.57        7.03       0.15
20           31.4       1.19     32.9          1.48      0.29       5.04        6.44            0.16                0.09        0.04    24.00      20.24       0.07
21           15.9       1.90     93.3          0.52      0.31       3.08      13.62            8.66                0.15        0.12    64.82      49.46       0.19

Table 2. Microbial parameters and their ratios at the experimental stations. Bac: bacteria; HNF: heterotrophic nanoflagel-
lates; Mz: microzooplankton; Dino: Dinoflagellates; M. rubrum: Mesodinium rubrum; MixChl: calculated mixotrophic
chlorophyll a; Chl: extracted chlorophyll a; MzP: microzooplankton secondary production; B: microzooplankton biomass; 

nd: no data. The ratios are based on biomass values
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and Torodinium sp.) to total microzooplankton bio-
mass increased with temperature (r = 0.84; p < 0.05)
from 3 to 40%. The relative biomass of heterotrophic
taxa (including ciliates, dinoflagellates, and HNF) to
total grazer biomass steadily in creased with tempera-
ture >2°C (r = 0.83, p < 0.01). Mixotrophic chl a varied
between 1.13 and 49.5% of total extracted chl a across
the shelf (Table 2). Significantly higher values were
measured within the PF (26.0 ± 12.5%) than in AW
and the warmer NAW (7.36 ± 6.06 and 5.37 ± 5.21%,
respectively).

Microbial food web dynamics

No nutrient-stimulated growth was observed for
phytoplankton based on chl a, but picophytoplank-
ton responded positively to fertilization in Expts 3, 8,
9, and 21. The chl-based phytoplankton growth rates
(Fig. 3a) displayed strong seasonality (0.38−0.87 d−1

in May, 0.02−0.16 d−1 in June, and 0.03−0.55 d−1 in
August and September), but no apparent tempera-
ture trend. No picophytoplankton growth was meas-
ured in AW incubations (with the exception of the PF
in May, Expt 5, 0.44 d−1 at 0.27°C). In NAW, pico -
phyto plankton growth rates were higher (t-test; p <
0.05) than those based on chl a (0.40 ± 0.20 d−1 and
0.19 ± 0.10 d−1, respectively). Grazing mortality of
phytoplankton (Fig. 3b) increased with temperature
(r2 = 0.69 and 0.48 for picoplankton and chl a, respec-
tively; t-test, p < 0.005). Picoplanktivory was de -
tectable even when the picoplankton numbers de -
clined during AW incubations. The average grazing
rate on the latter group exceeded that based on chl a
in NAW (t-test, p < 0.05, 0.56 ± 0.28 and 0.28 ±
0.16 d−1, respectively), whereas AW rates were simi-
lar (0.13 ± 0.06 and 0.19 ± 0.08 d−1, respectively).

The proportion of heterotrophs in the total biomass
of microbial grazers (i.e. microzooplankton plus

HNF) correlated with herbivory rates across the tem-
perature gradient (Fig. 4a). A similar relationship
was found between herbivory and the relative bio-
mass of microzooplankton cells <25 µm ESD
(Fig. 4b). On average, grazers consumed, respec-
tively, 15.5 ± 13.2% and 26.8 ± 20.9% chl a and pico-
phytoplankton standing stocks daily (including 0 val-
ues). All of the above percentages were higher in
NAW than AW, particularly at CW-affected stations.
The percentage of chl a and picoplankton standing
stocks removed by grazers increased with tempera-
ture (r = 0.68 and 0.87, respectively, p < 0.01). In addi-
tion, the percentage of primary production consumed
(g:μ ratio) correlated with the percentage of growing
microzooplankton (Fig. 4c).
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Microzooplankton secondary production (MzP)
varied from 0.15 to 17.5 µg C l−1 d−1 (Fig. 5), with
maximum rates measured in NAW and the PF (17.5
and 15.6 µg C l−1 d−1 in June and August, respec-
tively). The average rates were not statistically differ-
ent between AW and NAW (2.85 ± 1.99 and 4.57 ±

5.97 µg C l−1 d−1, respectively), resulting in a shelf-
average of 3.96 ± 4.94 µg C l−1 d−1, including 1.04 µg
C l−1 d−1 due to M. rubrum. Production of the latter
species peaked at 11.5 µg C l−1 d−1 in Expt 21. Ciliates
contribution to MzP exceeded that of dinoflagellates
in AW (69%) and was nearly equal in NAW (48%);
mixotrophic taxa accounted for 74% of total MzP in
AW. The proportion of heterotrophic taxa in MzP in -
creased with temperature at nearly the same rate in
AW and NAW (Fig. 6), with the exception of the 2
warmest stations (Expts 6 and 9), where mixotrophic
dinoflagellates were responsible for almost all MzP.
Between 0 and 5°C, MzP correlated with chl a (r =
0.80, p < 0.01).

The ratios of MzP (without M. rubrum) to chl a and
chl a consumed (µg C µg chl l−1 d−1) were much
higher in the PF and colder NAW than in AW and
warmer NAW-CW (Fig. 7a). The first ratio, indicating
the level of microzooplankton productivity relative to
the concentration of their potential prey, correlated
negatively with the relative biomass of grazers
<25 µm ESD (Fig. 7b). The second ratio, indicating
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the level of microzooplankton productivity relative to
the consumed prey, increased with biomass of mixo-
trophic ciliates (Fig. 7c).

On average, the percentage of growing microzoo-
plankton was 32 ± 23% and 33 ± 28% in AW and
NAW, respectively. This proportion correlated with
chl a (r = 0.55, p < 0.05) at chl a < 3 µg l−1. The com-
bined MzP:B ratio of growing populations varied be -
tween 0.22 and 0.94 (0.47 ± 0.19 shelf-wide). The rest
of the microzooplankton either declined or, in many
cases, did not change significantly during the 24 h in -
cubations, resulting in the average community MzP:B
ratio of 0.16 ± 0.14 (Table 2). The maximum ratio of
1.60 in Expt 9 (7.5°C) was due to the remarkably fast
growth of mixotrophic dinoflagellates and was con-
sidered an outlier.

DISCUSSION

Temperature and food web structure

The dynamics of sea temperature and ice cover act
as a pivot point through which changes in climatic
patterns are translated to the marine ecosystems
(Montoya & Raffaelli 2010). Bottom-up and top-down
controls of microbial plankton will likely co-vary in
response to these dominant abiotic factors. For exam-
ple, phytoplankton composition plays a central role
in determining microzooplankton composition (Ca -
ron & Hutchins 2013). Similar to the distribution
 patterns observed in this study, large ciliates and het-
erotrophic dinoflagellates usually form microzoo-
plankton biomass (e.g. Lovejoy et al. 2002, Olson &
Strom 2002, Sherr et al. 2013) and are the primary
herbivores in diatom-dominated polar waters (Sherr
et al. 2009, 2013). On the other hand, the higher con-
tribution of small microzooplankton in NAW corre-
sponded to an increase in microzooplankton pico-
planktivory, which outpaced the temperature-driven
increase in herbivory rates based on chl a.

Given tight trophic coupling between microzoo-
plankton and planktonic copepods in the Arctic
(Levinsen et al. 2000a, Campbell et al. 2009, Saiz et
al. 2013), top-down control also appears to be a likely
scenario, especially for NAW. The southern Barents
Sea experiences large-scale advection of Atlantic
zooplankton (Wassmann et al. 2015). The dominant
Atlantic expatriate Calanus finmarchicus is an oppor-
tunistic omnivore that feeds on both phytoplankton
and ciliates (Ohman & Runge 1994). Its Arctic con-
gener C. glacialis exhibits similar feeding behavior
(Levinsen et al. 2000a, Campbell et al. 2009). How-

ever, in the open Barents Sea waters dominated by
small phytoplankton, large copepods are more likely
to increase their reliance on microzooplankton for
food (Wassmann et al. 2006b), raising the possibility
of cascading effects in the microbial food web.

These intricately intertwined factors make it diffi-
cult to separate direct and indirect temperature ef -
fects in field experiments, particularly at the con-
sumer level. Nevertheless, temperature was the only
factor that consistently correlated with microbial
parameters in this study. The effect of temperature
on microzooplankton structure and dynamics was
evident in August, when most stations were domi-
nated by small phytoplankton. Further, changes in
the microbial food web observed across the tempera-
ture gradient in the Barents Sea remained distinct
when the data from all cruises were combined. This
is remarkable given the pronounced seasonality in
phytoplankton composition and productivity. The
temperature-linked increase in bacterial biomass
correspond well to temperature responses of bacter-
ial production (Sturluson et al. 2008, Børsheim &
Drinkwater 2014) and grazing mortality rates meas-
ured in the Barents Sea (Lara et al. 2013) and the
adjacent Greenland Sea waters (Boras et al. 2010).
Combined with the increased relative biomass of
HNF and heterotrophic microzooplankton, it may
indicate that more carbon is channeled through the
microbial loop in warmer NAW. This trend appears to
correspond to the results of the temperature-shift
experiments mentioned earlier (Holding et al. 2013,
Coello-Camba et al. 2015). However, no temperature
thresholds in microbial dynamics or structure were
apparent during our study (H30). These findings cor-
roborate the conclusions of a recent modeling-meso-
cosm study in Kongsfjorden (Larsen et al. 2015),
where a resilient microbial food web was found
when plankton were allowed to adapt to temperature
change.

Grazing rates

The observed increases in microzooplankton graz-
ing rates and relative impacts with temperature sup-
port our H1 and correspond to the temperature−her-
bivory relationship reported from the Barents Sea
earlier (Verity et al. 2002). Herbivory also correlated
with the relative biomass of heterotrophic microzoo-
plankton. Thus, our study appears to support the con-
tention that heterotrophic plankton will respond to
climate change faster than their autotrophic prey
(Rose & Caron 2007). At the same time, Arctic protists
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display broad thermal tolerance (Hansen et al. 1996,
Levinsen et al. 1999, Franzè & Lavrentyev 2014). The
practically overnight increase in temperature by
4.5°C in Expt 16 did not induce significant changes in
microzooplankton production and feeding rates com-
pared to other experiments at similar starting tem-
peratures.

The g:μ ratios based on water mass means (includ-
ing 0 values) indicate that grazing mortality and
growth rates of phytoplankton were nearly balanced
in the PF and NAW, whereas grazing exceeded
phytoplankton growth in NAW-CW. In ice-covered
waters, herbivores consumed 57% of daily phyto-
plankton production. Whether this difference was
due to temperature, phytoplankton composition, or
their combined effect, H2 is well supported by the
obtained data. The resulting shelf-wide average of
92% corresponds to predictions that microzooplank-
ton herbivory is a key factor in both diatom- (Hansen
et al. 1996) and flagellate-dominated waters of the
Barents Sea (Wassmann et al. 2006b). Combined
with published data obtained in other parts of the
Arctic (Table 3), these results also corroborate the
idea that microzooplankton herbivory is a leading
top-down control on phytoplankton growth in polar
waters (Sherr et al. 2013).

Mixotrophy

Mixotrophy is prevalent in the Arctic, where plas-
tidic ciliates form a large fraction of microzooplank-
ton (Putt 1990, Levinsen et al. 2000b, Seuthe et al.
2011b, Stoecker et al. 2014b). The calculated contri-

bution of mixotrophs to total chl a (Table 2) is signifi-
cant, given that we collected our samples in the
DCM, where phytoplankton peak in the water col-
umn. These estimates are likely conservative be -
cause the concentration of mixotrophic ciliates in the
sub-surface layer was typically higher than in the
DCM (P. Lavrentyev & G. Franzè unpublished data).
In the Bering Sea, the calculated ciliate chl a was
sometimes >50% of total chl a (Stoecker et al. 2014b).
The chl a cellular quota calculated for the common
oligotrich ciliate Strombidium conicum (30 000 µm3,
55 pg chl cell−1) in this study matched that measured
directly in the Barents Sea (48 pg chl cell−1, Putt
1990). However, oligotrich chl a content can be much
higher (Stoecker et al. 1988, McManus et al. 2012).

In contrast to the receding ice-edge in spring, the
Barents Sea PF does not stimulate phytoplankton
productivity in summer (Reigstad et al. 2011, Erga et
al. 2014). The elevated MzP:chl a ratio and the signif-
icant correlation between MzP and chl a in this
region suggest some degree of food limitation. Under
such conditions, mixotrophy can provide an advan-
tage over strict heterotrophy. The same oligotrich
species dominated summer microzooplankton in the
Bering Sea (4−8°C, Stoecker et al. 2014b) and the
Pechora and Kara Seas shelf (8−12°C, Lavrentyev
2012). Therefore, top-down pressure is the most plau-
sible explanation for their sharp decline >5°C. In a
companion study in the Barents Sea, mixotrophic cili-
ates were selectively grazed by copepods (P. J. Lav -
rent yev et al. unpubl.). Nevertheless, the in crease in
heterotrophic microzooplankton relative production
with temperature in both AW and NAW leaves open
the possibility of a direct temperature effect.
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Region                                         Temp. (°C)     Chl (µg l−1)       μ (d−1)             g (d−1)           % pPP      Reference

Barents Sea                                 −1.6 to 7.4      0.66 ± 0.20  0.32 ± 0.13   0.24 ± 0.11     64 to 97     Verity et al. (2002)
Barents Sea                                 −1.8 to 8.9      1.70 ± 1.14  0.23 ± 0.22   0.18 ± 0.16   14 to >100   This study
Kara Sea and Yenisei Gulf        8.3 to 9.5      1.63 ± 1.31  0.43 ± 0.10 0.50 ± 0.06   85 to >100   Lavrentyev (2012)
Greenland Sea/Arctic Ocean    −1.5 to 7.5      3.62 ± 2.72  −0.04 ± 0.13   −0.09 ± 0.13           0           Calbet et al. (2011a)
W Greenland Sea                       3.6 to 5.2      1.33 ± 0.56  −0.01 ± 0.16   0.12 ± 0.14   87 to >100   Calbet et al. (2011b)a

Baffin Bay and Jones Sound            nd            2.17 ± 2.68  0.21 ± 0.08   0.13 ± 0.03   36 to >100   Paranjape (1987)
Beaufort/Chukchi Sea               −1.7 to 5.2      2.61 ± 3.91  0.18 ± 0.13   0.05 ± 0.05   8 to >100   Sherr et al. (2009)b

SE Bering Sea                           1.5 to 10.5    1.40 ± 1.10  0.53 ± 0.21   0.43 ± 0.28   31 to >100   Olson & Strom (2002)
SE Bering Sea                           9.3 to 13.4    1.43 ± 1.02  0.34 ± 0.26   0.13 ± 0.08   3 to >100   Strom & Fredrickson (2008)
Bering Sea                                   −1.6 to 3.5      7.34 ± 9.20  0.20 ± 0.13   0.09 ± 0.10     26 to 86     Sherr et al. (2013)
E Bering Sea                               2.3 to 7.9      0.59 ± 0.19  0.26 ± 0.09   0.24 ± 0.05   67 to >100   Stoecker et al. (2014a)

aData from the inner fjord and glacier are not included 
bNon-significant and negative rates are included as zero values

Table 3. Chlorophyll a-based phytoplankton growth (μ) and grazing mortality rates (g) and percentage of primary production 
consumed (% pPP) measured in dilution experiments in different Arctic and sub-Arctic seas; means ± SD; nd: no data
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Microzooplankton production and microbial food
web efficiency

To our knowledge, this is the first field study to ex -
perimentally examine polar microzooplankton pro-
ductivity across a broad range of environmental con-
ditions. The fact that only about a third of the
community grew in any given experiment reflects
asynchronicity in the growth of dominant species.
Due to their competitive and/or predator−prey inter-
actions, multiple populations comprising microzoo-
plankton may oscillate out of phase, whereas short-
term incubations provide only a snapshot of these
dynamics. The correlation between the percentage
of growing microzooplankton and the g:μ ratio indi-
cates that microzooplankton growth has a direct
effect on their trophic activities at the community
level, even though growth and grazing may be de -
coupled short term at the population level.

The average daily MzP:B coefficient (0.16 ± 0.14,
excluding the extreme value in Expt 9), combined
with the average microzooplankton biomass of 1.0 g
C m−2 in the Barents Sea (Rat’kova & Wassmann
2002, P. Lavrentyev & G. Franzè unpublished data),
yields production of 24 g C m−2 for the growing sea-
son (May to September). This value is more than
twice the combined annual copepod and krill pro-
duction (~10 g C m−2 yr−1, Sakshaug & Kovacs 2009)
and ca. 23% of annual primary production in the Bar-
ents Sea (103 g C m−2 yr−1, Ellingsen et al. 2008,
Reigstad et al. 2011). These estimates are likely con-
servative. Microzooplankton survive through the
long polar winter (Druzhkov & Druzhkova 1998,
Møller et al. 2006), including mixotrophic oligotrichs
and Mesodinium rubrum (Levinsen et al. 2000b), and
increase rapidly in response to increased chl a in
April (Levinsen et al. 2000b, Seuthe et al. 2011a).

The shelf-wide average MzP measured in the DCM
during our study (2.93 ± 3.53 µg C l−1 d−1, excluding
M. rubrum) was similar to rates estimated for the mar-
ginal ice zone in the Barents Sea in spring (Hansen et
al. 1996) and the ice-free Bering Sea in summer
(Stoecker et al. 2014a). We calculated a micro zoo -
plankton ingestion rate (I) of 9.62 µg C l−1 d−1 based
on the average chl a standing stock re moval rate of
0.24 µg chl l−1 d−1 measured in this study and the
phytoplankton C:chl a ratio of 40 in the DCM (Sak-
shaug et al. 2009). The resulting MzP:I ratio of 30%
corresponds to the average gross growth efficiency
commonly reported for zooplankton (Straile 1997). In
the warm (>7°C) NAW-CW off the Finnmark coast,
this ratio was considerably lower (6%). Given the
increased contribution of HNF and smaller microzoo-

plankton in these waters, it could indicate a multi-
level microbial food web. Combined with mixotro-
phic bacterivory reported for Micro monas (Sanders &
Gast 2012), the high rates of pico planktivory may
indicate the potential importance of carbon recov-
ered through the microbial loop for microzooplank-
ton in NAW. In AW, the MzP:I ratio was also rela-
tively low (17%) compared to NAW, the PF, and
Isfjorden (60, 72, and 59%, respectively). The ele-
vated production:ingestion ratios are likely due to a
high degree of mixotrophy among microzooplank-
ton, since large mixotrophic ciliates can enhance the
energy transfer efficiency through the pelagic food
web (Stoecker et al. 2009).

CONCLUSIONS

Although the effects of temperature were con-
founded by seasonality and complex biotic interac-
tions among plankton, we observed several distinct
changes within the microbial food web across the
temperature gradient: (1) the relative biomass and
production of heterotrophic microzooplankton, as
well as the relative biomass of small microzooplank-
ton and heterotrophic nanoflagellates, increased
with temperature; (2) the rates and relative impact of
microzooplankton herbivory also increased with
temperature; (3) microzooplankton removed a signif-
icant proportion of phytoplankton standing stock and
primary production in NAW, their impact was lower
but considerable in ice-covered AW; (4) mixotrophic
ciliates made a large contribution to microzooplank-
ton biomass and total chl a, particularly in the PF.
Overall, microbial food web structure changed grad-
ually in response to temperature and was character-
ized by tight trophic linkages within the dominant
water masses in the Barents Sea.

The Barents Sea ecosystem is distinct from other
polar systems because of its productivity and strong
Atlantic influence (Hunt et al. 2013). However, the
obtained data reveal a common pattern with other
polar seas in that microzooplankton play a major role
in the pelagic food web. The elevated role of micro-
zooplankton has important implications for pelagic
carbon flux in the Arctic. Primary production con-
sumed by protists is channeled to mesozooplankton
and remineralized in the water column. As microzoo-
plankton do not produce rapidly sinking fecal pellets
(some even feed on copepod fecal pellets, Svensen et
al. 2012), the net effect is carbon retention in the
mixed layer. Thus, the elevated role of microbial
plankton in an ice-free Arctic may benefit the pelagic
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food web (e.g. Levinsen et al. 2000a) and lead to
weaker pelagic−benthic coupling (Kedra et al. 2015)
and decreased benthic secondary production (Degen
et al. 2016). Given the scale of carbon flux through
microzooplankton, including mixotrophy, this critical
pelagic food web component must be incorporated
into models predicting the potential effects of climate
change on polar marine ecosystems.
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