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INTRODUCTION

The Chukchi Sea is a highly dynamic region of the
Western Arctic Ocean that supports some of the
highest primary production rates and photosynthetic
biomass reported in oceanic environments (Springer
& McRoy 1993, Arrigo et al. 2012, 2014). The delicate
interplay of several water masses in the Arctic Ocean
and the seasonal progression of the icescape defines
the biogeochemistry, species composition, and over-
all productivity of the region. Nutrient-rich water
enters the Chukchi Sea through the Bering Strait due

to a sea-surface height differential (Weingartner et al.
2005). Additional nutrients are brought to the surface
by convective mixing on the Chukchi Shelf, fueling a
seasonal cycle of primary production as light avail-
ability increases during the spring− summer melt sea-
son. This broad, shallow continental shelf houses a
rich benthic ecosystem that supports local marine bird
and mammal populations (Grebmeier 2012).

The Arctic Ocean has experienced marked changes
in recent decades which have impacted the Chukchi
Sea. Documented changes include in creased atmos-
pheric and water temperatures, de creased ice thick-
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ABSTRACT: Climate warming is exerting significant change on the physical properties of the Arc-
tic Ocean, which in turn has marked consequences for the biology of the region. The Chukchi Sea
is notable for its species richness as a consequence of a nutrient-rich shelf region that supports
substantial primary production. However, little is known about the carbon transformations at the
base of the food web in the Chukchi Sea, and in particular the relative amounts of primary pro-
duction that are transferred directly to higher trophic levels or remineralized within the microbial
loop. We measured microbial standing stocks (bacteria to microplankton), phytoplankton growth
and mortality rates, and bacterial production and mortality rates at 10 stations in the Chukchi Sea
and Bering Strait during the spring−summer transition. Our study revealed that protistan grazers
consumed substantially more phytoplankton carbon than bacterial carbon. Phytoplankton growth
rates were variable, but at times considerable (range: −0.06 to 0.71 d−1), with protistan grazers con-
suming an average of 46% of the daily primary production. Heterotrophic protists exerted signif-
icant grazing pressure on phytoplankton despite low environmental temperatures. Bacterial pro-
duction and mortality rates were low (generally <1 µg C l−1 d−1) and at times in balance, but overall
bacterial production exceeded mortality. This study improves our understanding of carbon cycling
in the Chukchi Sea during the spring−summer transition, demonstrating a significant transfer of
primary production to heterotrophic protists at that time of year.
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ness and extent, reduced persistence of multi-year
ice, stronger wave activity re sulting in enhanced
coastal erosion, and predicted increases in precipita-
tion and riverine input (Arrigo 2015, Dickinson et al.
2016). These changes have potentially profound
implications for ecosystem function. Ice-free areas
tend to have higher area-normalized carbon fixation
rates than ice-covered areas (Brown & Arrigo 2013),
thus a decrease in sea-ice ex tent may result in higher
annual primary production (Arrigo & van Dijken
2015). Massive phytoplankton blooms have also been
reported under the ice in recent years, challenging
the paradigm that polar primary productivity is pri-
marily confined to margi nal ice zones and open
waters (Arrigo et al. 2012, 2014, Lowry et al. 2014). A
warming Arctic may also result in a tighter coupling
between primary producers and herbivorous protists
due to differential temperature effects on pho-
totrophic and heterotrophic protists (Rose & Caron
2007), and increased en counter rates between preda-
tors and prey due to greater water column stratifica-
tion (Behrenfeld & Boss 2014). Overall, climate
change is expected to strengthen the ‘microbial loop’
in Arctic ecosystems, with a greater proportion of pri-
mary production providing dissolved organic matter
for the growth of the heterotrophic bacterial assem-
blage (Kirchman et al. 2009b).

Protists are major sources of mortality for both
phytoplankton and bacteria in marine environments
(Sherr & Sherr 1994, 2002, Calbet & Landry 2004)
and are known to be important consumers in the Arc-
tic Ocean (Olson & Strom 2002, Sherr et al. 2009,
2013, Franzè & Lavrentyev 2014, 2017, Yang et al.
2014). Experiments that directly compare protistan
grazing on phytoplankton and heterotrophic bacteria
are rare, however, and to our knowledge no studies
of this sort have been conducted in the Arctic Ocean.
One study off East Antarctica indicated that, on aver-
age, roughly similar proportions of primary produc-
tion and bacterial production were consumed by pro-
tists, although there was considerable variability in
absolute values and their proportions (Pearce et al.
2010). In the Southern California Bight off the south-
western USA, phytoplankton were the dominant
prey source for protistan grazers nearshore where
nutrient concentrations were replete, yet roughly
equal proportions of phytoplankton and bacterial
carbon were removed at offshore locations (Connell
et al. 2017). Off coastal Newfoundland, phytoplank-
ton >0.7 µm were the primary prey source for protis-
tan grazers during the spring, while heterotrophic
bacteria and picophytoplankton were the primary
prey source during the winter and summer seasons

(Putland 2000). These results indicate shifting contri-
butions of protists to top-down control of phytoplank-
ton and bacterial assemblages, and a poor under-
standing of the relative contributions of these prey
assemblages to the diets of protists in the ocean.

We characterized microbial food web dynamics in
the Chukchi Sea during the spring−summer transi-
tion. Microbial abundances (bacteria to microzoo-
plankton), phytoplankton growth and mortality rates,
and bacterial production and mortality rates were
measured during May and June 2014 on the Chukchi
Shelf and in the Bering Strait. Measurements were
made as part of the Study of Under-ice Blooms In the
Chukchi Ecosystem (SUBICE) program, which sought
to characterize the spatial distribution of under-ice
phytoplankton blooms on the Chukchi Shelf and the
physical, chemical, and biological mechanisms that
control them. Phytoplankton growth and mortality
rates demonstrated high variability throughout the
region. Bacterial production and grazer-mediated
mortality were comparable at 6 of 10 study sites while
production exceeded mortality at 4 sites. Overall,
phytoplankton were the primary food source for pro-
tistan grazers during the spring− summer transition in
the Chukchi Sea, as substantially more phytoplank-
ton carbon was consumed than bacterial carbon.

MATERIALS AND METHODS

Study site and environmental characterization

Microbial community composition and rate pro-
cesses were measured from 16 May to 17 June 2014
as part of the SUBICE expedition. Sampling was con-
ducted at 10 stations in the Pacific Sector of the Arctic
Ocean aboard the R/V ‘USCG Healy’: 9 on the
Chukchi Shelf and 1 in the Bering Strait (Fig. 1). Sta-
tion numbers were kept consistent with the original
numbering scheme from the SUBICE expedition and
thus are nonconsecutive (total of 209 station numbers
designated on the cruise).

Water was collected using the ‘Healy’s’ 12-position,
30 l Niskin bottle system mounted on a CTD rosette.
The research vessel was anchored in extant leads to
enable CTD sampling of the water column despite
the heavy ice cover present at most stations. A sub-
surface chlorophyll (chl a) maximum, visualized
using real-time fluorescence data from the CTD
downcast, was only detectable at 3 stations (29, 132,
and 209). Water was collected from the surface
(mean = 2.6 m) or at the subsurface chl a maximum
(Stn 29; 10 m) on the CTD upcast. Seawater for com-
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munity composition and incubation experiments was
transferred from the Niskin bottles into acid-rinsed
(5% HCl), 23 l polycarbonate carboys with care
taken to minimize bubbling that can damage delicate
microzooplankton. Carboys were then transported to
a low-light (~10 µmol photons m−2 s−1), 0°C tempera-
ture-controlled room for experimental set-up and
sampling. Water used to determine bacterial produc-
tion rates was collected directly from the Niskin bot-
tles into 20 ml scintillation vials.

Temperature and salinity were measured using
dual temperature and conductivity sensors (SBE3/
SBE4; Sea-Bird Electronics) on the CTD rosette, with
the data quality-controlled post-cruise. Satellite sea
ice concentrations were extracted for each station
using SSM/I imagery at 25 km resolution as de -
scribed in Arrigo & van Dijken (2015). Minimum dis-
tance (km) of each station from the shore was calcu-
lated to assess the potential impact of terrigenous
input on microbial standing stocks and rate pro-
cesses. Spearman’s rank order correlation analysis
with Bonferroni correction was conducted to deter-
mine significant relationships among all biological
parameters (microbial abundances, phytoplankton
growth rates, phytoplankton mortality rates, bacter-
ial production rates, bacterial mortality rates), and all

environmental parameters. Correla-
tions between biological and environ-
mental parameters were conducted on
a per-volume basis.

Community composition and
 biomass

Picoplankton abundances (prokary-
otic and eukar yotic cells, 0.2 to 2.0 µm
in size) were determined for each sta-
tion from triplicate samples collected at
the beginning of the dilution experi-
ments. Sample water was pre-filtered
through 20 µm Nitex mesh, preserved
with 1% formalin (final concentra tion),
flash-frozen in liquid nitrogen, and
stored at −80°C until flow cytometric
analysis using a FACSCalibur flow
cyto meter (Becton Dickinson). Abun-
dances of photo trophic pico eukar yotes
were enumerated and distinguished
from other picophyto plank ton popula-
tions using the auto fluorescence of the
photo syn thetic pigments and forward
scatter. Phyco erythrin-containing cells

consistent with Synecho coccus were detected at some
stations, which is in ac cordance with previous reports
of Synechococcus in the region (Cottrell & Kirchman
2009, Laney & Sosik 2014). However, abundances
were too low to reliably measure via flow cytometry
and thus Synechococcus was not included in our
analyses. Abundances of heterotrophic bacteria (Bac-
teria + Archaea, although we considered Archaea to
be minor contributors to pro karyotic abundances in
our samples, as ob served in Wells & Deming 2003 and
Garneau et al. 2006) were measured by flow cyto -
metry using a standard SYTO13 (S7575; Thermo -
Fisher Scientific) staining procedure (del Giorgio et al.
1996).

Abundances of nanoplankton (microbial eukary-
otes, 2 to 20 µm in size) were determined for each sta-
tion from formalin-preserved samples collected at
the beginning of the dilution experiments (1% final
conc.). Slides for microscopy were prepared using
30 ml aliquots of the preserved seawater filtered
down to ~1 ml onto 25 mm diameter, 0.2 µm black-
ened polycarbonate filters, and stained with 50 µl of
a 1 mg ml−1 working solution of 4’,6’-diamidino-2-
phenylindole (DAPI; D9542; Sigma-Aldrich). Sam-
ples were then filtered down, rinsed with deionized
water, and filters were placed onto glass slides with a

Fig. 1. Study location in the Chukchi Sea, Pacific Arctic Ocean, with bathy -
metry lines (color bar). Samples for microbial community composition and
trophic activities were taken from 1 station in the Bering Strait (Stn 8) and 9
stations on the Chukchi Shelf. Station numbers follow the Study of Under-ice
Blooms In the Chukchi Ecosystem (SUBICE) expedition site designations
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drop of immersion oil and a sealed coverslip. Slides
were prepared in triplicate for each station and stored
at −20°C until analysis by epifluorescence micro  scopy
at 1000× magnification. Phototrophic (possibly mixo-
trophic) and heterotrophic nanoplankton were dif -
ferentiated by the presence or absence of chlorophyll
autofluorescence when viewed under blue-light
excitation.

Abundances of microplankton (microbial eukar y -
otes, 20 to 200 µm in size) were determined using
inverted light microscopy. Formalin-preserved sam-
ples (1% final conc.) of seawater were collected at
the beginning of the dilution experiments for each
station. Aliquots (25 to 250 ml) of the preserved sea-
water were settled for 24 to 48 h in Utermöhl cham-
bers and the abundances of diatoms, dinoflagellates,
and ciliates were enumerated at 400× magnification
(Utermöhl 1958).

Cell abundances were converted to carbon bio-
masses using carbon conversion factors obtained
from the literature for appropriate Arctic ecosys-
tems. Bacterial abundance was converted to carbon
biomass using a conversion factor of 15.2 fg C cell−1

(Ortega-Retuerta et al. 2012). The abundances of
the other microbial groups were converted to
carbon biomasses by applying the conversion factors
used in Terrado et al. (2008) for the Beaufort Sea:
0.49 pg C cell−1 for phototrophic picoeukaryotes,
5.8 pg C cell−1 for phototrophic/mixotrophic and het-
erotrophic nano  plankton, 242 pg C cell−1 for ciliates
and dinoflagellates, and 113 pg C cell−1 for diatoms.
Dinoflagellates can have a diverse array of nutritional
modes (photo trophic, mixotrophic, hetero trophic;
Taylor et al. 2008) that were not distinguished in
this study. Dinoflagellate biomass was thus split
evenly be tween phototrophic and heterotrophic
nutritional modes when calculating total phyto-
plankton biomass or total heterotrophic grazer bio-
mass. The choice of these carbon conversion factors
gave an average C:chl a ratio of 41 for our study,
which falls within the range of commonly observed
C:chl a factors for the Western Arctic Ocean (i.e. 30
used by Sherr et al. 2009; 88.5 used in Ortega-
Retuerta et al. 2014).

Size-fractionated chl a was also measured at each
station. Four size fractions (unfiltered seawater,
<200, <20, and <5 µm filtrate) were prepared by se -
quentially filtering water collected at the beginning
of the experiments through in-line filters equipped
with 200, 20, and 5 µm Nitex mesh, and collecting the
filtrate in darkened, polycarbonate bottles. Sample
water (100 to 250 ml) was then filtered in triplicate
onto 25 mm GF/F filters (nominal pore size 0.7 µm).

Filters were extracted in 5 ml of 90% acetone for
24 h, in the dark, at 0°C. Samples were processed
using a calibrated Turner 10-AU fluoro meter (Turner
Designs) and the acidification method (Holm-Hansen
et al. 1965, Arar & Collins 1997).

Protistan growth and herbivory by dilution
 experiments

The growth and grazing mortality rates of the
total phytoplankton community (using chl a as a
proxy for phytoplankton biomass) and the photo -
trophic pico eukar yotes (using flow cytometry)
were determined using a modified dilution method
(Landry & Hassett 1982, Landry et al. 1995). The
dilution method en ables simultaneous measure-
ment of the nutrient-  en riched growth rates (μn),
intrinsic (unenriched) growth rates (μ0), and grazing
mortality rates (m) of the phytoplankton community
(as well as specific phytoplankton groups) through
the sequential dilution of unfiltered seawater with
0.2 µm diluent prepared from the same seawater.
A 5 point dilution series (100, 80, 60, 40, and 20%
unfiltered seawater) was prepared in triplicate in
acid-rinsed 1.2 l polycarbonate bottles at low light
in a 0°C cold room. Nutrient stock (1 ml) was
added to the bottles in the dilution series at a final
concentration of 10 µM NaNO3, 1 µM NH4Cl, and
0.7 µM NaP2PO4·H2O to prevent nutrient-limitation
of phytoplankton growth (Landry et al. 1995). A
treatment of unenriched, unfiltered sea water was
also prepared in triplicate to enable the calculation
of intrinsic phytoplankton growth rates (μ0) and to
assess the impact of nutrient addition on the phyto-
plankton assemblage. In addition, <200 µm filtrate
was prepared using an acid-rinsed in-line filter
equipped with 200 µm Nitex mesh and incubated
in triplicate 1.2 l bottles without the addition of
nutrients to determine the grazing impact of pro-
tistan grazers (nano- and microzooplankton) in the
absence of mesozooplankton.

Bottles were transferred to an on-deck, flow-through
incubator maintained at in situ temperatures and
incubated for 24 to 72 h, depending on the initial chl a
concentration (see Table S1 in the Supplement at
www. int-res. com/ articles/ suppl/  m602 p049_ supp. pdf).
Neutral-density screening covered the bottles to
mimic in situ light conditions (Table S1), as photo-
adaptation of the phytoplankton can result in erro-
neous estimations of μ when using chl a as a proxy of
phytoplankton biomass. The extent of photoadapta-
tion experienced by the phytoplankton during the
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incubation period was measured using fast repetition
rate fluorometry (FRRf) to monitor changes in the
maximum efficiency of photosystem II (Fv/Fm) (Kolber
et al. 1998) (for details, see text in the Supplement).

Chl a concentrations and phototrophic picoeukary-
ote abundances were measured in all dilution exper-
iments. Triplicate chl a samples and triplicate flow
cytometry samples were analyzed from the initial
unfiltered seawater, <200 µm filtrate, and <0.2 µm
filtrate. Duplicate chl a samples and a single flow
cytometry sample were analyzed from each of the
triplicate bottles within each treatment at the end of
the experiment.

Model I linear regressions of plots of the apparent
growth rate (y-axis) against the dilution factor (x-axis)
were used to calculate μn (y-intercept of the re -
gression) and m (slope of the regression) of the total
phytoplankton and phototrophic picoeukaryotic as -
sem blages (Landry & Hassett 1982). μ0 of these
assem blages were determined from growth in the un-
enriched treatment and the mortality rate (Landry et
al. 1995). Comparisons of the rates derived from these
regression analyses were performed using t-tests.
Non-linear dilution curves indicative of grazing satu-
ration were detected for the total phytoplankton com-
munity at Stns 29 and 186; for these stations, regres-
sions to determine μ and m were obtained from the
3 highest dilution levels (Gallegos 1989). Grazing sat-
uration was not ob served for the phototrophic pico -
eukaryotes. Differences in the phytoplankton growth
rates between the μn and μ0 treatments, as well as dif-
ferences in apparent growth rate between the unfil-
tered seawater and <200 µm filtrate unenriched
treatments were asses sed using Welch’s 2-sample
t-tests.

The percentage of primary production removed
daily was calculated as m:μ0 ratio × 100 (Calbet &
Landry 2004). The daily percent standing stock re -
moval of the total phytoplankton (chl a-based) and
phototrophic picoeukaryotic assemblages (%SS) was
determined according to the following equations:

%SS = G × (100 / C0) (1)

G = m × Cm (2)

Cm = C0[e(μ0−m)t − 1] / (μ0 − m)t (3)

where μ0 and m are the respective rates per day, t is
length of the incubation (d), C0 is the initial chl a con-
centration (or phototrophic pico eukaryote abun-
dance), Cm is the mean chl a concentration (or pho-
totrophic picoeukaryote abundance) during the
incubation, and G is the grazing impact of the con-
sumers (Calbet & Landry 2004).

Bacterial production and bacterivory rates

Bacterial production using radiolabeled leucine

Bacterial production rates were measured in tripli-
cate at each station based on the incorporation rates
of 3H-leucine according to the centrifugation protocol
(Smith & Azam 1992), as detailed in the text in the
Supplement. Data were converted from pmol Leu l−1

h−1 to units of bacterial carbon using a conversion
factor of 1.5 kg C mol−1 of 3H-leucine, which has pre-
viously been used in the Chukchi Sea and Western
Arctic Ocean (Kirch  man et al. 2009a, Ortega-
Retuerta et al. 2014).

Bacterial grazing mortality by fluorescently labeled
bacteria disappearance

Bacterial grazing mortality was determined by fol-
lowing the disappearance of fluorescently labeled
bacteria (FLB) in natural seawater samples. FLB
were prepared from a culture of Dokdonia dongha -
ensis as detailed in the text in the Supplement. FLB
disappearance experiments consisted of 2 sets of
triplicate 1.2 l polycarbonate bottles, one containing
unfiltered seawater (to assess FLB disappearance
attributable to grazing) and the other containing
0.2 µm filtrate (to serve as a control for non-grazing
losses of FLB in the bottles). FLB aliquots were vig-
orously vortexed and passed through a 3.0 µm poly-
carbonate filter to remove clumps before their addi-
tion to experimental bottles at ~20% of the natural
bacterial abundance (mean T0 FLB abundance =
1.07 × 105 FLB ml−1, mean T0 natural bacterial abun-
dance = 5.78 × 105 cells ml−1, which are the abun-
dances at the beginning of the incubation). FLB dis-
appearance experiments were incubated alongside
the dilution experiments in the on-deck, flow-
through incubator and were exposed to the same
incubation temperatures, light conditions, and incu-
bation lengths detailed in the ‘Protistan growth and
herbivory by dilution ex periments’ section. Changes
in the FLB abundances in the unfiltered seawater
treatment were used to calculate bacterial removal
due to grazing (taking into account the non-grazing
changes in abundances measured in the control
treatment). Samples for flow cytometry were collected
at the beginning of each experiment im mediately
after the addition of FLB, and at the end of each
experiment. Samples were preserved in 1% forma-
lin (final conc.), flash-frozen in liquid nitrogen, and
stored at −80°C until analysis by flow cytometry.
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Bacterial mortality rate (g ; d−1) was calculated ac -
cording to the following equation,

g = ln(Ft / F0) × (−1 / t) (4)

where F0 is the number of FLB added at the begin-
ning of the incubation and Ft is the number of FLB re -
maining at the end of the incubation (Marrasé et al.
1992). Bacterial consumption rate (µg bacterial C
consumed ml−1 d−1) was calculated by multiplying the
bacterial grazing mortality rate (d−1) by the bacterial
standing stock (µg C ml−1) at each station.

RESULTS

Environmental conditions during 
the spring–summer transition

Water temperatures ranged from −1.74 to −0.84°C
(mean = −1.58°C) throughout the study region, and
salinities ranged from 31.90 to 32.49 (mean = 32.2)
(Fig. 2). The water column was isothermal at the ma-
jority of stations (n = 9). Water column depths ranged
from 32 to 63 m (mean = 45.7 m), and ice cover from
46 to 100%, with more than 90% ice coverage at 7 of
the 10 stations (see Fig. S1 in the Supplement). A late
season snowfall (between 4 and 8 June) delayed the
onset of the melt season compared to previous years,
reducing light availability below the ice. Macronutri-

ents were replete at most stations during the cruise
(Fig. 2). Dissolved N:P ratios were low (mean = 6),
and initial chl a concentrations among the experi-
ments ranged from 0.04 to 3.49 µg l−1 (mean = 1.10 µg
l−1) and were negatively correlated with ammonium
(ρ = −0.78, p < 0.01), phosphate (ρ = −0.81, p < 0.01),
and silicate (ρ = −0.83, p < 0.01) concentrations. Ni-
trate drawdown was ap parent at Stns 29 and 132
(Fig. 2). Chl a concentration was not correlated with
the percentage of ice cover at each station.

Abundances and standing stocks of the microbial
assemblage

The standing stock of carbon for the microbial com-
munities varied greatly by station (range = 7.29 to
347 µg C l−1; Fig. 3a), with differences largely driven
by variability in diatom abundances between stations
(coefficient of variation of 151%; Fig. 3a). Total
microbial standing stock was negatively correlated
with distance from shore (ρ = −0.81, p < 0.01), but was
not correlated with the percentage of ice cover at
each station. The highest microbial standing stocks
observed during our study were located off Point Lay,
Alaska, at Stns 132 and 29; the lowest were recorded
at the most northerly stations (Stns 64 and 93; Fig. 1).

Heterotrophic bacterial abundances ranged from
1.8 × 105 to 1.1 × 106 cells ml−1, which corresponds to
bacterial biomass values of 2.68 to 16.3 µg C l−1

Fig. 2. Mean (vertical black bars)
and station-specific (color-coded
symbols) values for environmen-
tal para meters measured during
the study. Environmental para -
meters include temperature (°C),
salinity (PSS-78), chl a at the
beginning of the incubation (T0

chl a; µg l−1), ammonium (µM),
nitrate (µM), phosphate (µM), 

and silicate (µM)



Connell et al.: Microbial dynamics in the Chukchi Sea 55

(Fig. 3a). Bacteria were generally <20% of the total
microbial biomass except at the low chl a stations
where they constituted more than half of the micro-
bial community biomass (Fig. 3b).

Phytoplankton biomass and composition varied
greatly between sites. Diatom biomass ranged from
0.31 to 316 µg C l−1, constituting between 4 and 93%
of the total microbial standing stocks among the sta-
tions (Fig. 3). Phototrophic (including mixo trophic)
nanoplankton and picoeukaryote standing stocks
were smaller and more consistent between sites,
ranging from 0.19 to 2.43 and 0.02 to 1.57 µg C l−1, re-
spectively. Eukaryotic phytoplankton <20 µm in size
never exceeded ~5% of the total microbial biomass
(Fig. 3b). The predominance of large phytoplankton
during our study was also highlighted by the size-
fractionated chl a concentrations. Phytoplankton
>20 µm (predominantly diatoms) constituted ≥50% of
the total chl a at 9 of 10 stations (Fig. 4a). A total of 23
distinct diatom genera were observed in the study re-
gion (Fig. 4b). Fragillariopsis and Navicula septentri-
onalis, which are morphologically similar and were
grouped to reduce misidentification, were the most
abundant diatoms at 9 of 10 stations. Melosira varians
was also abundant at half of the stations, especially
those with high chl a concentrations. Diatom abun-
dances were negatively correlated with ammonium,
phosphate, and silicate concentrations (see Table S2).

The total biomass of heterotrophic grazers ranged
from 2.55 to 11.1 µg C l−1 and constituted between 6.4
and 37% of total microbial community standing stocks

(Fig. 3). Heterotrophic nanoplankton biomass (range =
2.47 to 9.78 µg C l−1) exceeded microzooplankton bio-
mass (ciliates and dinoflagellates; range = 0.08 to
4.79 µg C l−1) at all stations except Stn 29, where ciliate
biomasswasmaximum(4.26µgCl−1).Totaldinoflagel-
late biomass consistently fell below 1 µg C l−1 (assum-
ing half the cells were photo trophic, hetero trophic
dinoflagellate biomass was <0.5 µg C l−1).

Neither heterotrophic nanoplankton biomass nor
dinoflagellate biomass were correlated with prey
biomasses. However, ciliate biomass was positively
correlated with bacterial (ρ = 0.65), phototrophic
picoeukaryote (ρ = 0.70), and diatom biomass (ρ =
0.78) (all p < 0.05).

Microbial rate processes

Phytoplankton growth and mortality rates

Unenriched μ0 of the total phytoplankton commu-
nity (based on chl a) ranged from −0.06 to 0.71 d−1

(mean = 0.47 d−1; Table 1). Fv/Fm values were relatively
high and unwavering throughout the incubation
period in all experiments, indicating that phyto-
plankton growth rates were not impacted by light-
stress (Table S1). Nutrient addition significantly en -
hanced phytoplankton growth rates only at Stn 132
(Table S3). Phytoplankton growth rates (both μ0 and
μn) were not correlated with any of the environmen-
tal factors (Table S2).

Fig. 3. (a) Absolute (µg C l−1) and (b) relative (%) contributions of the microbial assemblages to living carbon biomass at each
station. Stations are arranged by descending chl a concentration (left to right). Microbial assemblages measured include bac-
teria, phototrophic (P.) picoeukaryotes, photo trophic/ mixo trophic (P./M.) nanoplankton, heterotrophic (H.) nanoplankton, 

ciliates (loricate + aloricate), dinoflagellates, and diatoms
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Mortality rates of the total phytoplankton commu-
nity ranged from undetectable to 0.73 d−1 (mean =
0.25 d−1), and accounted for the removal of approxi-
mately half of the daily primary production (mean =
46% d−1; excluding Stn 132 where values were
>>100%) and approximately one-third of the daily

phytoplankton standing stock (mean = 30% d−1)
(Table 1). Phytoplankton mortality rates were compa-
rable to phytoplankton unenriched growth rates at
only 2 of the 10 stations (Fig. 5a). Grazers removed
>100% of the daily primary production at the stations
with the highest chl a concentrations (Stns 29 and

Station     Date        T0 chl a    Temp           Total phytoplankton (chl a)                       Phototrophic picoeukaryotes
                                  (µg l−1)      (°C)       m (d−1)   μn (d−1)   μ0 (d−1)   %PP   %SS         m (d−1)   μn (d−1)    μ0 (d−1)   %PP    %SS

8          16-May-14      1.67        −1.34       0.32*       0.44       0.71      45       39               ns          0.42         0.62        0         0.0
29        20-May-14      1.91        −1.74      0.73**      0.33       0.70     104      72               ns        −0.35       −0.41        0         0.0
42        23-May-14      0.04        −1.71       0.1**       0.33       0.32      31       14               ns        −0.05         0.06        0         0.0
64        27-May-14      0.04        −1.69      0.26**      0.44       0.50      52       38               ns          0.12         0.36      119        39
93        01-June-14      0.06        −1.72         ns          0.54       0.57      0.0      0.0           0.66**       0.63         0.92       72        2.2
105      04-June-14      0.34        −1.73      0.18**      0.30       0.26      69       20               ns          0.06         0.09        0         0.0
132      08-June-14      3.49        −0.84       0.19*       0.20       −0.06   >>100    17               ns          0.21         0.51        0         0.0
151      10-June-14      0.85        −1.72      0.31**      0.55       0.67      46       46           0.36**       0.20         0.31      116        34
186      14-June-14      0.90        −1.69       0.41*       0.42       0.61      67       51            0.55*       0.17         0.17      324        39
209      17-June-14      1.71        −1.59         ns          0.40       0.45      0.0      0.0              ns          0.10         0.16        0         0.0

                Mean          1.10        −1.5         0.258       0.40       0.47      46       30             0.20         0.15         0.28       63         11
                (±SD)        (±1.11)   (±0.28)    (±0.22)   (±0.11)   (±0.24)  (±33)  (±23)        (±0.27)   (±0.26)    (±0.36) (±104)   (±18)

Table 1. Initial chlorophyll a (chl a) concentrations (µg l−1), temperatures (°C), grazing mortality rates (m), nutrient-enriched
growth rates (μn), intrinsic (unenriched) growth rates (μ0), and the percentage of daily primary production (%PP) or standing
stock (%SS) removed for the total phytoplankton community (based on chl a) and the phototrophic picoeukaryotes (based on
flow cytometry) for each station sampled during the study period. The m and μn rates were calculated using model I linear re-
gressions; μ0 were adjusted from μn values. Mean values (±SD) of each parameter are contained in the bottom row. Asterisks in-
dicate significance of the model I linear regression at the denoted p-value (*p < 0.05, **p < 0.01, ns: non-significant); ns values 

were included as ‘zeros’ when calculating mean mortality rates for each assemblage

Fig. 4. Phytoplankton community composition based on (a) size-fractionated chl a, represented as percentage of the total chl a
concentration detected in each size fraction, and (b) diatom group abundances, represented as the percentage of the total 

dia tom community constituted by each group. Stations are arranged by descending chl a concentration (left to right)
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132; Table 1), which were both located closest to land
near Point Lay, Alaska. Interestingly, the intrinsic
phytoplankton growth rate was high at Stn 29
(0.70 d−1), which showed moderate drawdown of ni-
trate and silicate concentrations, but negligible at Stn
132 (−0.06 d−1), which had the lowest nitrate concen-
tration and highest chl a value (Table 1, Fig. 2).
Phytoplankton mortality rates were undetectable (re-
gressions were non-significant) at 2 stations (93 and
209). Phytoplankton mortality rate was not correlated
with any of the environmental factors (Table S2).

Intrinsic growth rates of the phototrophic pico -
eukar yotes were highly variable, ranging from −0.41
to 0.92 d−1 (mean = 0.28 d−1; Table 1). Nutrient addi-
tion did not significantly affect the growth rates of the
phototrophic picoeukaryotes in any of the experi-
ments conducted (Table S3). Mortality rates of the
phototrophic picoeukaryotes averaged 0.20 d−1, but
were non-significant at 7 stations (Table 1). The 3 sta-
tions yielding detectable phototrophic pico eukar -
yotic mortality rates averaged 0.52 d−1 (0.36 to
0.66 d−1). Grazers removed between 72 and 324% of
the daily phototrophic picoeukaryotic production
and between 2.2 and 39% of the phototrophic stand-
ing stock per day at those stations.

Generally, removing metazoan grazers did not im -
pact the apparent growth rates of the phytoplankton.
This result is not unexpected given the time of year
(microzooplankton would be expected to play a
larger role as summer progresses). However, appar-
ent growth rates in the <200 µm, unenriched treat-
ment (without metazoan grazers) were significantly
higher than apparent growth rates in the unfiltered,

unenriched treatment (100%) (with metazoan graz-
ers) for the total phytoplankton community at Stn 42
and for the phototrophic picoeukaryotes at Stns 186
and 209 (Table S3). Ciliate biomass and phytoplank-
ton mortality rate were positively correlated (ρ = 0.56,
p < 0.05), but no significant relationship could be
detected between dinoflagellate biomass or hetero-
trophic nanoplankton biomass and the mortality
rates of the total phytoplankton community or the
phototrophic picoeukaryotes.

Bacterial production and mortality rates

Bacterial production rates ranged from 0.10 to
1.38 µg C l−1 d−1 (mean = 0.52 µg C l−1 d−1), which
corresponds to bacterial growth rates of 0.01 to
0.12 d−1 (Table 2). Both bacterial standing stocks
and rates of bacterial production were significantly
higher at stations that were closer to the shore
based on linear regressions of those variables
against minimum distance from shore (p < 0.05).
Bacterial production rate also correlated positively
with chl a concentration (Table S2). Bacterial graz-
ing mortality rates were low throughout the study,
ranging from 0.01 to 0.11 d−1 (mean = 0.03 d−1;
Table 2), with the highest rate observed in the
Bering Strait. These values corresponded to bacter-
ial carbon consumption rates of 0.11 to 0.65 µg C
l−1 d−1 (mean = 0.31 µg C l−1 d−1). Bacterial mortality
rate was not correlated with total heterotrophic
grazer biomass or with the biomass of individual
grazer groups.

Fig. 5. Comparisons of growth and mortality for the phytoplankton and bacterial assemblages. (a) Phytoplankton unenriched
growth rate (d−1) vs. phytoplankton mortality rate (d−1), and (b) bacterial production rate (µg C l−1 d−1) vs. bacterial consumption 

rate (µg C l−1 d−1) at the 10 stations sampled. Black dashed line represents a 1:1 relationship
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Rates of carbon production by bacteria and bacter-
ial carbon consumption by grazers were relatively
balanced at 6 of 10 stations (mean = 0.31 vs. 0.33 for
production and grazing, respectively, for those 6 sta-
tions; Table 2, Fig. 5b) but bacterial production rates
clearly exceeded bacterial consumption rates at 4

stations (mean = 0.84 vs. 0.28, respectively
for those 4 stations). Overall, protistan con-
sumption of bacterial carbon (mean =
0.31 µg C l−1 d−1) removed an average of
60% of the mean bacterial production,
which was 0.52 µg C l−1 d−1.

Carbon flow to higher trophic levels

Daily phytoplankton carbon removal by
grazers was quite variable between sites,
ranging from 0 to 76.7 µg C l−1 d−1 (mean =
19.1 µg C l−1 d−1), while daily bacterial car-
bon removal by grazers was much more
constant in comparison, ranging from 0.11
to 0.65 µg C l−1 d−1 (mean = 0.31 µg C l−1

d−1). Substantially more phytoplankton car-
bon was consumed daily than bacterial car-
bon at most stations where phytoplankton
grazing mortality rates could be detected
(Fig. 6, Table 1). The average ratio of daily
phytoplankton carbon consumption to bac-
terial carbon consumption was 62 during
the study.

DISCUSSION

This study provides unique insight into
microbial standing stocks and rate pro-
cesses during the spring−summer transi-
tion in the Chukchi Sea, a season which
has been historically under-sampled due to
heavy ice cover. Phytoplankton μ0 were
highly variable (range of −0.06 to 0.71 d−1;
Table 1) across the shelf during this period.
The mean μ0 reported in our study
(0.47 d−1) was higher than other mean μ0

reported for the Chukchi and Bering seas
during the spring− summer transition
(means of 0.20 d−1, Sherr et al. 2009; and
0.19 d−1, Sherr et al. 2013 for growth rates
measured be tween April and June), but
within the range of values re ported for
polar regions (Schmoker et al. 2013).
Phytoplankton growth rates appeared not

to be limited by macronutrients on the shelf during
our study, as nutrient amendments did not signifi-
cantly in crease phytoplankton growth rates in the
majority of experiments (see Table S3 in the Supple-
ment). Fv/Fm values were also indicative of a healthy
phytoplankton assemblage (Table S1) (Suggett et al.
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Fig. 6. Mean daily carbon removal (µg C l−1 d−1) by protistan grazers from
the phytoplankton (gray columns) and heterotrophic bacterial (black
columns) assemblages at each station. Stations are arranged by descend-
ing chl a concentration (left to right). Insert depicts the same data on a dif-
ferent y-axis scale to provide visual clarity for low carbon removal values

Station                m (d−1)            μ (d−1)                 Consumption      Production
                                                                                                                                                             (µg C l−1 d−1)     (µg C l−1 d−1)

8                            0.11                0.08                 0.65                   0.53
29                          0.04                0.05                 0.59                   0.75
42                          0.00                0.01                 0.11                   0.11
64                          0.01                0.02                 0.18                   0.11
93                          0.01                0.04                 0.12                   0.10
105                        0.01                0.02                 0.34                   0.26
132                        0.04                0.09                 0.60                   1.38
151                        0.01                0.12                 0.15                   0.89
186                        0.02                0.09                 0.24                   0.56
209                        0.01                0.09                 0.13                   0.55

Mean ± SD      0.03 ± 0.03    0.06 ± 0.04      0.31 ± 0.22        0.52 ± 0.41

Table 2. Rates of bacterial grazing mortality (m; d−1), bacterial growth (μ;
d−1), bacterial carbon consumption by grazers (consumption; µg C l−1 d−1),
and bacterial production (production; µg C l−1 d−1) at each station sur-
veyed during our study. Bacterial grazing mortality rates were measured
using the disappearance of fluorescently labeled bacteria, and bacterial
production rates were measured using 3H-leucine incubations. Bacterial
carbon consumption rates and bacterial growth rates were then calculated
from these measurements as detailed in the ‘Materials and methods’
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2009), suggesting that light limitation may have been
the primary factor controlling phytoplankton growth
during the spring−summer transition. We did not
detect a correlation between phytoplankton growth
and percentage of ice coverage (Table S2), but the
percentage of ice coverage extracted from SSM/I
satellite images does not take into account several
factors that may impact light availability, including
the ice thickness and the snow thickness atop the ice.

Massive under-ice phytoplankton blooms have
been reported in the Chukchi Sea (Arrigo et al. 2012,
2014), as thin, first-year ice cover and extensive melt
pond formation both allowed greater light pene -
tration into the water column. This phenomenon has
been detected annually in the satellite record from
1998 to 2012 (Lowry et al. 2014). A late season snow-
fall during the present study delayed the formation of
melt ponds and the establishment of under-ice
blooms, in agreement with previous results (Fortier
et al. 2002) (see Fig. S1). However, continual de -
creases in ice thickness and extent are anticipated to
increase light availability for phytoplankton in the
future Arctic Ocean. This may result in higher annual
primary productivity in the region, with a greater
proportion of ice-free areas that support high area-
 normalized carbon fixation rates (Brown & Arrigo
2013), as well as more thin, melt-pond covered ice that
would foster under-ice blooms (Arrigo et al. 2014).

The highest chl a concentration reported in this
study (3.49 µg l−1) was in a marginal ice zone (Stn
132; 52% ice coverage) near Point Lay, Alaska. High
chl a and diatom abundances have been reported
previously near Point Lay in May and June 2002
(Sukhanova et al. 2009), as coastal regions along the
eastern border of the Chukchi Sea tend to experience
early season ice melt due to the heat content of the
Alaska Coastal Current (Wood et al. 2015). Negative
phytoplankton growth rates (−0.06 d−1) coupled with
positive phytoplankton mortality rates (0.19 d−1) as
well as nitrate drawdown at Stn 132 (Table 1, Fig. 2)
suggested we were measuring the phytoplankton
population during its decline.

Phytoplankton growth rates were significantly
higher than bacterial growth rates during the spring−
summer transition on the Chukchi Shelf (means of
0.47 and 0.06 d−1, respectively). Bacterial abun-
dances were in good agreement with previous re -
ports in Arctic regions (mean = 5.8 × 105 cells ml−1)
(Garneau et al. 2008, Terrado et al. 2008, Ortega-
Retuerta et al. 2014), as were bacterial production
rates (range = 0.10 to 1.38 µg C l−1 d−1; Table 2) and
bacterial growth rates (range = 0.01 to 0.12 d−1)
(Kirch man et al. 2005, 2009a,b, Garneau et al. 2008,

Ortega-Retuerta et al. 2014). Low bacterial growth
rates during the spring−summer transition ostensibly
resulted from low environmental temperatures,
which have been shown to limit bacterial production
in polar regions compared to temperate or subtropi-
cal regions (Kirchman et al. 2009b). Limited phyto-
plankton production and riverine input at this time of
year may also have restricted the availability of labile
organic matter for bacterial growth. A significant
positive relationship between bacterial production
rate and chl a concentration, and significant negative
relationship between bacterial production rate and
the distance of the station from shore, support the
contention that dissolved organic matter limited bac-
terial growth rates during our study, as was observed
for under-ice Arctic microbial communities during
spring by Niemi et al. (2014).

Phototrophic picoeukaryotes were a minor compo-
nent of the phytoplankton community in our study,
making meager contributions to total photosynthetic
biomass (mean = 2.9%; Fig. 3). To our knowledge,
this is the first early season (May−June) assessment
of phototrophic picoeukaryote growth and mortality
rates in the Chukchi Sea. The mean phototrophic
picoeukaryote intrinsic growth rate at this time of
year (0.28 d−1; Table 1) was similar to those reported
for other Western Arctic Regions (0.22 and 0.24 d−1)
(Liu et al. 2002, Strom & Fredrickson 2008) and dur-
ing summer on the Chukchi Shelf (0.39 d−1) (Yang et
al. 2014).

Phytoplankton mortality rates were substantial,
albeit spatially variable during this study (mean =
0.25 d−1; range = non-significant to 0.73 d−1; Table 1),
and generally greater than bacterial mortality rates
(mean = 0.03 d−1; range = 0.01 to 0.11). Published
phytoplankton mortality rates for the spring−summer
transition in the Chukchi Sea (mean = 0.07 d−1, Sherr
et al. 2009) and Bering Sea (mean = 0.09 d−1, Sherr et
al. 2013) are lower than those reported in the present
study. However, our mean mortality rate (0.25 d−1) is
less than average mortality rates reported for temper-
ate-to-tropical ecosystems (Calbet & Landry 2004,
Schmoker et al. 2013), as might be expected due to
low water temperatures during our study. On aver-
age, protistan grazers consumed a sizeable fraction
(mean = 46%) of daily phytoplankton production
(Table 1), in relative agreement with the median
value of 57% of reported for polar arctic regions
(Schmoker et al. 2013).

Relatively few studies have quantified bacterial
mortality in polar regions. Vaqué et al. (2008) meas-
ured a rate of removal of bacterial carbon of 0.29 µg C
l−1 d−1 in Franklin Bay, Northwest Territories, Canada,
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during spring, on the same order as the mean re -
ported in this study (0.31 µg C l−1 d−1; Table 2).
Sanders & Gast (2012) measured low rates in the
Beaufort Sea and Canada Basin, where bacterivory
removed an average of <5% of the bacterial standing
stock per day. Our daily average removal rate was
also a minor component of the standing stocks of bac-
terial carbon present in the water (standing stocks
ranged from 2.68 to 16.3 µg C l−1). Thus, it appears
that bacterial mortality rates are depressed in polar
regions relative to lower latitudes during the spring−
summer transition, where bacterial standing stock
 re moval is often ~30% d−1 (Marrasé et al. 1992,
Fuhrman & Noble 1995, Boras et al. 2009, Connell
et al. 2017). Nonetheless, bacterial grazer-mediated
mortality was in relative balance with bacterial pro-
duction at 6 of 10 stations in the present study (Fig. 5b,
Table 2). Production was substantially higher at 4 of
the stations, resulting in averaged bacterial production
values exceeding grazing losses (Table 2).

Phytoplankton were the dominant carbon source
for protistan grazers in the Bering Strait and Chukchi
Sea during our study (Fig. 6). Diatoms persistently
dominated the phytoplankton assemblage, as evi-
denced by their contribution to community biomass
(Fig. 3) and chl a in the larger size-fractions (Fig. 4).
The dominance of diatoms on the Chukchi Shelf is
well known (Sherr et al. 2009, Sukhanova et al. 2009,
Laney & Sosik 2014, Yang et al. 2014) and presum-
ably reflects the influx of nutrient-replete waters
through the Bering Strait (Fig. 2) (Weingartner et al.
2005). The large contribution of phytoplankton car-
bon to the overall diet of protistan grazers was due to
a combination of higher phytoplankton biomass
(Fig. 3) combined with higher phytoplankton mortal-
ity rates than bacterial mortality rates (Tables 1 & 2).

Although phytoplankton clearly dominated the car-
bon source for protistan grazers in the present study,
it is likely that bacterial carbon contributes a greater
percentage of total carbon consumed by protistan
grazers as the season progresses into summer. Dilu-
tion experiment data compiled for the Western Arctic
Ocean indicate that the mean monthly phytoplankton
intrinsic growth rate does not change significantly
from spring (April μ0 mean = 0.20 ± 0.14 d−1) to mid-
summer (June μ0 mean = 0.25 ± 0.20 d−1) to late sum-
mer (August μ0 mean = 0.22 ± 0.16 d−1) (Sherr et al.
2009, 2013, Yang et al. 2014, present study). A rela-
tively constant mean phytoplankton  intrinsic growth
rate may reflect a relatively quick transition from a
light-limiting environment for phytoplankton in the
spring to a nutrient-limiting environment in the sum-
mer. In contrast, Kirchman et al. (2009a) observed

that bacterial production rates were 3-fold greater
during the summer than during the spring in the
Chukchi Sea. Increased bacterial production rates in
the summer, coupled with relatively constant phyto-
plankton growth rates, would result in bacterial prey
carbon contributing a larger proportion of consumer
diet in the summer season.

Microzooplankton dominated phytoplankton and
bacterial mortality during the present study. Differ-
ences among dilution experiment treatments that in-
cluded or excluded mesozooplankton did not indicate
significant grazing activity by mesozooplankton (see
Table S3). Additionally, ciliates were the only grazer
assemblage whose biomass was significantly corre-
lated with diatom biomass (the dominant phytoplank-
ton group at most stations). Heterotrophic dinoflagel-
lates are generally considered to be the principal
protistan consumer of diatoms (Sherr & Sherr 2007);
however, Sherr et al. (2013, and references therein)
have reported episodic importance of large ciliates as
grazers on diatom genera in both polar and temperate
seas. It is possible that ciliates were consuming di-
atoms during our study, potentially grazing down sin-
gle-cells and leaving behind the large diatom chains
that were observed. It is also possible that dinoflagel-
lates may have been the primary grazers of diatoms in
the study, but their abundances were lower than those
of ciliates as a result of preferential grazing by meso-
zooplankton on the dinoflagellates (Levinsen et al.
2000, Campbell et al. 2009, Saiz et al. 2013).

This study, to our knowledge, presents the first di-
rect comparison of phytoplankton and bacterial car-
bon consumption in a marine polar ecosystem. Phyto-
plankton, particularly diatoms, were the primary
source of prey carbon for higher trophic levels during
the spring−summer transition on the Chukchi Sea
Shelf. Bacterial contributions to higher trophic levels
were small during our study (<1 µg C l−1 d−1). An un-
derstanding of the relative importance of these pro-
cesses is fundamental to our assessments of carbon
available to higher trophic levels or export out of the
euphotic zone. The prevalence of the grazer-based
food web in the Arctic provides the energy necessary
to foster a wide variety of invertebrates, fish,
seabirds, and marine mammals (Grebmeier 2012).
Nonetheless, species size and composition may shift
as a consequence of climate change. For example,
phytoplankton cell size decreased in the Canada
basin in response to increased seawater tempera-
tures, freshwater input, and stratification (Li et al.
2009). Our study provides a baseline for Chukchi Sea
food web dynamics, which may experience similar
shifts in food web structure in the coming years.
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