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ABSTRACT: Sub-Arctic and Arctic regions are warming faster than nearly all other areas of the
global ocean, leading to significant changes in ice quality and the duration of ice-covered periods.
The impacts of this warming and sea ice variability on higher trophic levels in the Bering Sea is
well documented, but the effects on lower trophic levels are less well understood. Phytoplankton
biomass (as chlorophyll a [chl a]) and primary and nitrogen production measurements in the
Bering Sea are presented from 2006-2016, a period that covers relatively colder (2007-2012) and
warmer (2014-2016) temperature regimes. In warm spring periods, relative to cold spring periods,
the frequency of subsurface chl a maxima increased, but with no significant differences in inte-
grated chl a inventories. In contrast, cold fall periods were characterized by greater integrated chl a
inventories than warm fall periods. Integrated net primary production (NPP) increased from the
cold period (2007-2011) to the warm period (2014-2016). The difference in patterns in chl a and
NPP resulted in higher phytoplankton growth rates during warm periods. Nitrate uptake rates in-
creased from spring to fall during cold periods, while rates decreased from spring to fall during
warm periods, suggesting changes in the balance of new versus regenerated production. While
changes in phenological timing cannot be ruled out, changes in phytoplankton growth rate
appear more important than changes in chl a biomass underlying increasing daily NPP. This dis-
tinction directly impacts our understanding of the linkages between warming temperatures and
phytoplankton production and its implications in evaluating and understanding energy flow to
higher trophic levels.
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1. INTRODUCTION

Arctic and sub-Arctic seas (e.g. Norwegian/Green-
land Seas, Labrador Sea, and Bering Sea) are charac-
terized by high biological productivity and the sea-
sonal presence of sea ice (Hunt & Drinkwater 2005).
The Bering Sea region accounts for almost half of the
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annual US groundfish fishery catch (Overland & Sta-
beno 2004) and supports a productive benthic com-
munity (Grebmeier & Cooper 1995). In the southeast-
ern Bering Sea shelf ecosystem, the presence or
absence of seasonal sea ice is an important parameter
that determines the physical and biological structure
of the water column, not only in the spring, but for the
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remainder of the growing season (Hunt et al. 2002,
2008, Stabeno et al. 2010, 2012b). The Bering Sea and
other sub-Arctic and Arctic waters are predicted to be
among those most severely affected by increases in
ocean temperature, as relatively small changes in the
heat content of the water column can have a dispro-
portionately large effect on the spatial distribution
and dynamics of sea ice (e.g. Sarmiento et al. 2004,
Meier et al. 2005, Overpeck et al. 2005). Indeed, in-
creases in regional temperatures have begun to affect
the areal extent, concentration, and thickness of ice in
both polar regions and sub-Arctic seas (IPCC 2007),
and further changes in sea-ice extent due to either
climate oscillations or warming will likely have sig-
nificant impacts on these economically important
ecosystems (e.g. Napp & Hunt 2001, Schumacher et
al. 2003, Hunt et al. 2010, 2011).

From the 1970s to 1990s, there was a pattern of
annual variability in water temperature deviations
from the long-term mean in the southeastern Bering
Sea (Stabeno et al. 2012b, 2017), which synchronized
with a number of ecosystem parameters such as ice
algae production, phytoplankton primary produc-
tion, copepod production, and fisheries yield. Start-
ing in ~2000, a shift in the oscillatory water tempera-
ture pattern occurred, from annual to multi-year
stanzas of warm and cold periods relative to the long-
term mean temperature (Stabeno et al. 2012b). For
example, the years 2000-2005 were characterized by
consistently positive (warm) anomalies from the
long-term mean temperature, and the period 2007-
2012 was characterized by consistently negative
(cold) anomalies from the long-term mean (Stabeno
et al. 2012b, 2017). More recently, 2014-2016 and
2018-2019 were again characterized by positive
(warm) anomalies (Stabeno & Bell 2019). The ex-
tended warm period from 2000-2005 showed a de-
cline in the numerical abundance of small copepods
on the southeastern Bering Sea shelf, which contin-
ued into the cold period, yet their biomass remained
relatively constant due to changes in community
composition (Eisner et al. 2014). In stark contrast, the
numerical abundance of large copepods was low
during the warm period and increased over 4-fold, as
did their biomass, into the subsequent cold period.
These changes in copepod biomass rippled through
higher trophic levels, as exemplified by a reduction
in pollock production in warm years that recovered
somewhat in cold years (Eisner & Yasumiishi 2018,
lanelli et al. 2018). The interconnected pattern of
trophic interactions has been explained by the
revised oscillating control hypothesis (OCH; Hunt et
al. 2011). While the OCH does not explicitly include

a role for sea-ice algae, the primary production asso-
ciated with them is important for the ecosystem and
grazers (e.g. Grebmeier et al. 2006, Gradinger 2009,
Durbin & Casas 2014) and has recently been mod-
eled to increase substantially with decreases in ice
thickness (Tedesco et al. 2019). The OCH, while
focused on higher trophic levels, does describe varia-
tions in the timing of phytoplankton biomass and pri-
mary production maxima between warm and cold
periods. In cold years, it is hypothesized that biomass
and primary production peaks occur in association
with the melt-back of seasonal sea ice due to a com-
bination of salinity stratification of the water column
and sufficient solar irradiation, so there is adequate
light for algal growth. In warm periods, where sea-
sonal sea ice melts back early, it is hypothesized to
result in delayed phytoplankton biomass and pri-
mary production maxima, relative to cold years, due
to a lack of water column stratification and insuffi-
cient solar irradiation until later in the spring. These
differences in the temporal alignment of water col-
umn stratification and incident solar irradiation have
been hypothesized to impact the timing of the open-
water phytoplankton production, but there is cur-
rently no hypothesized impact on the magnitude of
phytoplankton biomass or rates of productivity.

Primary production measurements have been
made throughout the Bering Sea shelf (e.g. Springer
& McRoy 1993, Springer et al. 1996, Rho & Whitledge
2007); however, they are rarely consistent in seasonal
timing and/or sampling location, making it difficult
to directly assess production changes over time,
although such changes have been suggested based
upon impacts to other ecosystem components (e.g.
Schell 2000, Hirons et al. 2001, Grebmeier et al.
2006). Mooring time series have been used to look at
changes in the timing of blooms on the southeastern
shelf (Sigler et al. 2014), but questions remain about
converting biomass to primary production and the
spatial interpolation from a single location to broader
regions. Remote-sensing approaches have been em-
ployed to model primary production and thus resolve
the temporal/spatial ‘sampling’ limitations, and have
hypothesized that the loss of sea ice due to warming
would increase the length of the growing season and
thus annual net primary production (NPP; e.g. Loeng
et al. 2005).

Without increases in nutrient recharge on the
southeastern shelf, this increased NPP must be sup-
ported by enhanced internal nutrient recycling.
Recent attempts to validate this hypothesis have met
with mixed results; Brown et al. (2011) estimated
increases in annual NPP of up to 40 % with the loss of
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sea ice, whereas Liu et al. (2016) suggested that dif-
ferences in annual NPP are smaller, ~10%, and not
significant due to the large spatial heterogeneity in
the system. At least 2 environmental interactions
affect the output of ocean color models used to esti-
mate annual NPP. First is the temperature depend-
ency of the biomass-specific maximum productivity
rate (P,°P"; Behrenfeld & Falkowski 1997); this is used
to calculate daily NPP. Second is the interaction
between stratification and vertical nutrient supply
and the potential formation of subsurface chlorophyll
maxima, which in turn impact the subsurface daily
production profiles. The lack of a robust time-series
of direct daily NPP measurements limits the ability to
verify remote sensing based models of daily NPP, and
thus annual NPP, associated with changes in the
Bering Sea climate regime and sea ice extent.

The goal of this paper is to present data on daily
rates of NPP and nitrogen (nitrate and ammonium)
productivity and size-fractionated chlorophyll a
(chl a) collected on cruises in the southeastern Bering
Sea between 2006 and 2016. The dataset in total pro-
vides a nearly decade-long view of spring and fall
NPP measurements during periods of colder than
average temperatures (2007-2012), and warmer than
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average temperatures (2014-2016). We asked the
following questions: (1) Are there differences in rates
of NPP between the cold phase and the warm phase
on the eastern Bering Sea shelf? Models suggest a
minimal (10 %, Liu et al. 2016) to >40 % (Brown et al.
2011, Brown & Arrigo 2013) increase in annual NPP
associated with warming on the Bering Sea shelf,
although net community production estimates sug-
gest that a 2-fold change in production will be re-
quired to be seen in the face of variability within the
ecosystem (Lomas et al. 2012). (2) How does chl a size
structure change between cold and warm periods,
and what is the relationship to NPP? (3) How does
nitrogen productivity change between cold and
warm periods, and are any observed changes in con-
cert with NPP?

2. MATERIALS AND METHODS
2.1. Sample collection

Samples were collected on cruises in the eastern
Bering Sea as part of the Bering Arctic Subarctic Inte-
grated Survey (BASIS), Ecosystems & Fisheries Oce-
anography Coordinated Investigations (Eco-
FOCI), and Bering Sea Ecosystem Study (BEST)
programs between 2006 and 2016 (Fig. 1).
While there were program-specific differences
in scientific mission, all cruises collected envi-
ronmental and baseline lower trophiclevel sam-
ples using similar protocols. For more detailed
information on these programs, please see their
respective websites: BEST (www.nprb.org/
bering-sea-project/about-the-project), BASIS
(www.fisheries.noaa.gov/alaska/population-
assessments/bering-arctic-and-subarctic-
integrated-survey), and EcoFOCI (www.ecofoci.
noaa.gov). Detailed information on the number
of stations for each cruise, incubation duration
information, and whether incubations were
size-fractionated is provided in Table 1. Hydro-
graphic data were collected using a Sea-bird
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Fig. 1. All surface and profile stations compiled in this dataset. Filled
circles are stations where only near-surface carbon and nitrogen pro-
ductivity measurements were made; open circles are stations where a
profile of 3-7 discrete samples for carbon and nitrogen productivity
were measured; and open triangles are stations where paired 6 h and
24 h incubations for carbon and nitrogen productivity were con-
ducted. Thin dashed lines are sea floor bathymetry as noted. The
thick dashed line denotes the 60° N ‘boundary’ where changes in an-
nual sea-ice extent are observed between warm and cold periods

(Stabeno et al. 2012a)

Electronics (SBE) 911lplus or SBE 25 CTD
equipped with a Wetlabs Wet-Star or ECO fluo-
rometer with either a Licor (with log ampli-
fier) or QSP2300 Biospherical photosyntheti-
cally active radiation (PAR) sensor (BASIS and
EcoFOCI cruises), and an SBE 911plus outfit-
ted with a Chelsea Aquatrack3 fluorometer
and Biospherical QSP2300 PAR sensor (BEST
cruises). CTDs and associated sensors were
calibrated prior to each field year. Discrete
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Table 1. Summary of metadata for each cruise included in this analysis. Environmental metrics are provided as the qualitative ‘Temperature’ anomaly and the average
temporal sea ice coverage (% of time) during March/April which reflect the overall condition of the Bering Sea during that year. Station distribution is described by the

number of stations north and south of the 60° N latitude which delineates the northern and southern shelf domains (Stabeno et al. 2012a)

Stations
w/size fractions

Sea ice Stations 6 h/24 h Profile
N/S of 60°N  incubations

coverage (%)

Temperature

Ship Date range

Program Cruise name

stations

anomaly

17/0
0/17

3/14

6.1

Transition

19 Aug-11 Sep 2006
12 Apr-10 May 2007

25 Aug-22 Sep 2007
2 Apr-1 May 2008

BASIS2006
HLY 07-01

BASIS

17

4/13
14/10

6.5

Cold

USCG Healy

BEST

23/0

Cold

BASIS2007
HLY 08-02

BASIS
BEST

0/10 10

4/6
0/11

8.6

Cold

USCG Healy

11/0
0/18

Cold

12-26 Sep 2008
8 Apr—9 May 2009

BASIS2008
HLY 09-02

BASIS

18
13

7/11
12/11

7.5

Cold

USCG Healy

BEST

23/0

Cold

5-13 Sep 2009

13-28 Mar 2010
23 Aug-4 Oct 2010

BASIS2009
Psea 10-01
BASIS2010
BASIS2011

BASIS

0/5
21/0
13/0

4/0

5/0

3/3

5/0

6/0

9/2

140/55

5/0

9/12

7.7

Cold

USCG Polar Sea

BEST

20
18

Cold

BASIS
BASIS

1/17
0/5
1/4
0/6
1/4
0/6

0/11

61/141

6.5

Cold

25 Aug-18 Sep 2011

4.9

Warm

9-14 May 2014
21-25 Sep 2014

R/V Oscar Dyson

DY 14-05

EcoFOCI

Warm

R/V Oscar Dyson

DY 14-08

EcoFOCI

5.1

Warm

1-8 May 2015
24-30 Sep 2015
5-12 May 2016

25 Sep—2 Oct 2016

R/V Oscar Dyson

DY 15-04

EcoFOCI

Warm

R/V Oscar Dyson

DY 15-08

EcoFOCI

Warm

R/V Oscar Dyson

DY 16-06

EcoFOCI

11
140

Warm

R/V Oscar Dyson

DY 16-10

EcoFOCI

Totals

water samples for rate process incubations
and chl a measurements were generally col-
lected at specific light depths. Based upon the
PAR profile from the CTD downcast, samples
were collected from depths corresponding to
approximately 1.5, 3-5, 6-9, 13-17, 25-33,
50-55, and 100% of surface incident PAR
(these depths were chosen to match screening
in simulated in situ deckboard incubations).
When possible, casts were conducted within
several hours of local sunrise, and incubations
were conducted around local solar noon. At
some stations and on some cruises, primary
productivity incubations were conducted on a
subset of the above referenced depths.

2.2. Chlorophyll

Samples for total chl a analysis were col-
lected at each depth where samples for rate
process incubations were collected, and at
some stations/depths, samples for size-frac-
tionated chl a were also collected. Total chl a
samples were collected by filtering a whole
volume of water onto a Whatman GF/F filter
(nominal pore size 0.7 pm). Size fractionation
of chl a samples was done using slightly dif-
ferent protocols between cruises. On BASIS
cruises in 2011 and all EcoFOCI cruises, sam-
ples were filtered sequentially through a
stacked 10 pm polycarbonate filter and a
Whatman GF/F filter (nominal pore size
0.7 pm) to estimate the ‘large’ fraction chl a
(>5 and >10 pm) and the ‘small’ fraction (0.7-
10 pm) chl a, respectively, and the 2 values
were summed to yield total chl a. On BEST
cruises, total chl a was sampled as previously
stated, while a separate sample was filtered
through a 5 pm polycarbonate filter to yield a
‘large’ size fraction. The ‘small’ fraction was
calculated by difference between the 'large’
fraction and total chl a. BASIS 2006-2010
followed the same protocol as BEST, but
used a 10 pm polycarbonate filter to estimate
the large size fraction. All chl a samples were
immediately frozen (-80°C) on board ship
and analyzed within 6 mo with a Turner
Designs (TD-700 or 10-AU) bench top fluoro-
meter using the acidification technique (Par-
sons et al. 1984) and calibrated against a
commercial chl a standard (Sigma-Aldrich
P/N 10-850).
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2.3. Nutrients

Samples for nutrient analysis were collected at
the same depths as chl a and rate process incuba-
tion samples. Samples were syringe filtered using
0.45 pm cellulose acetate membranes, and collected
in 30 ml acid-washed, high-density polyethylene bot-
tles after 3 sample rinses. On the BASIS and Eco-
FOCI cruises, samples were stored frozen at —-80°C
and analyzed later at the shore-based facility, while
samples from the BEST cruises were stored at 4°C
until analysis at sea, usually within 12 h of collection.
Phosphate, nitrate, nitrite, and ammonium concen-
trations were determined using a combination of
analytical components from Alpkem, Perstorp, and
Technicon. World Ocean Circulation Experiment-
Joint Global Ocean Fluxes Study (JGOFS) standardi-
zation and analysis procedures (Gordon et al. 1993)
were closely followed, including reagent prepara-
tion, calibration of lab glassware, preparation of pri-
mary and secondary standards, and corrections for
blanks and refractive index. Nutrient data from the
Bering Sea program cruises were accessed from the
Bering Sea Project Data Archive (Stabeno et al.
2013a,b), and data from the BASIS and EcoFOCI
cruises were provided by co-author C.W.M.

2.4. Primary production incubations

Samples for primary production incubations on the
BASIS and EcoFOCI cruises were comprised of pro-
files ranging from 3-4 (2006-2011) or 5-6 (2014-
2016) light depths. For the limited profile incuba-
tions, samples were collected from every other light
depth at stations during 2006-2011 (excluding 2008).
For resolved profile incubations, samples were col-
lected from 5-7 light depths (0-40 or 0-50 m) as
mentioned above. For all incubations, 500 ml or 11
clear polycarbonate incubation bottles were triple-
rinsed and filled with water from the appropriate
depth, and inoculated with a final concentration of
200 pM NaH*CO; (99.99%). This resulted in ca.
10% atom% enrichment of the ambient carbon di-
oxide pool. Samples for analysis of *C natural abun-
dance were immediately filtered onto pre-combusted
(450°C, 4 h) Whatman GF/F filters. All incubation
bottles were placed in screen bags simulating the
light depth from which the samples were originally
collected, and incubated for ca. 6 h encompassing
solar noon in deck-board acrylic tanks cooled with
flowing surface seawater. In most cases, incubations
were terminated by filtering half of a sample onto a

pre-combusted Whatman GF/F filter, representing
total NPP, while the other half was sequentially fil-
tered through a 10 pm polycarbonate filter followed
by a pre-combusted Whatman GF/F filter (represent-
ing the small cell fraction). The large cell fraction was
estimated by the difference between the total and the
small cell fraction rates. The only exception to the
above protocol was for cruises in the spring of 2014,
when material was rinsed off the 10 pm polycarbon-
ate filter and filtered onto a pre-combusted GF/F fil-
ter to measure the large cell fraction directly. In all
cases, samples were frozen at —80°C until analysis.
The areal coverage of the spring EcoFOCI cruises
was limited by ice in the cold period. Filling this
spring data gap required inclusion of primary pro-
duction incubations, and also *C incubations, con-
ducted during the BEST program (2007-2010; down-
loaded from the Bering Sea Project data archive,
http://data.eol.ucar.edu/; Sambrotto 2011a,b); how-
ever, these incubations were 24 h incubations as
described in the US JGOFS methods manual. On
EcoFOCI cruises, a small number of incubations
were conducted where half of the incubation volume
was filtered at ~6 h and the remaining volume
filtered at ~24 h. The incubations were highly cor-
related (see Fig. S1 in the Supplement at www.
int-res.com/articles/suppl/m642p039_supp.pdf), and
clearly showed ca. 20% 'loss’ of primary production
during the 24 h incubation that was similar across all
incubation depths. This ‘loss’ is in general agreement
with rates of phytoplankton respiration (Tang &
Peters 1995, Lefevre et al. 1997), but also likely in-
cludes some level of microzooplankton grazing loss
(e.g. Sherr et al. 2013, Stoecker et al. 2014). Regard-
less of the specific loss process, these data are valu-
able to allow the intercomparison of incubations of
different duration in the same region. These spring
primary production data have been previously pub-
lished, and details on the incubations can be found in
Sambrotto et al. (2016). As described by Sambrotto
et al. (2016), primary production incubations were
either 24 h when nitrate concentrations were high
and chl a concentrations were low, or ~6 h when
nitrate concentrations were low and chl a concentra-
tions were high. All spring NPP rates published by
Sambrotto et al. (2016) are presented as daily rates.
Samples from the BASIS cruises collected from
2006-2011 were analyzed within 6 mo at the Univer-
sity of Alaska Fairbanks (UAF) Stable Isotope Facility
using a continuous-flow isotope ratio mass spectrom-
etry (CFIRMS) with a Delta V interfaced with a
Costech ESC 4010 elemental analyzer. Quality control
involved analyzing tin capsule blanks and laboratory
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working standards. Blanks were analyzed every 20
samples, and working standards were analyzed every
10 samples. Twice per year, the laboratory working
standards were compared to NIST standards to con-
firm quality assurance. Samples from the EcoFOCI
cruises collected from 2014-2016 were analyzed
within 6 mo at the Bigelow Laboratory Analytical
Services facility on a Delta V CFIRMS integrated with
a Costech 4400 elemental analyzer. The mass spec-
trometer was standardized on each analytical run us-
ing an 8-point mass-dependent curve using USGS40
(L-glutamic acid). The deviation in measured isotopic
value from expected isotope value as a function of
mass was used to correct the measured isotopic value
of each sample depending upon the mass of each
sample. Data from both instruments were reported in
terms of atom% for each sample. All samples were
corrected for natural abundance isotopic blanks com-
prised of filtered, but not incubated, seston collected
at several stations on each cruise. Rates of primary
production were calculated as in Collos & Slawyk
(1985), using salinity to estimate the ambient carbon
dioxide pool (Parsons et al. 1984). All NPP rates were
corrected for dark carbon uptake, which was always
<5% of the rate measured in the light. All rates pre-
sented herein are reported as daily rates. Rates de-
rived from 6 h incubations were first expressed as
hourly rates and then multiplied by total number of
daylight hours during the day of the incubation calcu-
lated from the NOAA daylength calculator (www.esrl.
noaa.gov/gmd/grad/solcalc/sunrise.html).

2.5. Nitrogen productivity incubations

Nitrogen productivity incubations were conducted
as dual isotope incubations with the 3C primary pro-
duction incubations on the BASIS, EcoFOCI, and
BEST cruises. On the BASIS and EcoFOCI cruises,
nitrate and ammonium (99.99 % enriched) were ad-
ded to 0.1 and 0.04 nM, respectively, as there was no
means to measure ambient nutrient concentrations in
real time. This resulted in a median atom% enrich-
ment of 3 and 9 % for nitrate and ammonium, respec-
tively. Incubation conditions and incubation termina-
tion were as described for primary production
incubations, and rates were calculated as in Dugdale
& Wilkerson (1986). Details of nitrogen incubations
and rate calculations on the BEST cruises are as
described by Sambrotto et al. (2016). Briefly, nitrate
and ammonium daily uptake rates from the BEST
cruises were calculated from hourly rates by multi-
plying by 12 and 18, respectively. From the remain-

ing cruises, rates were calculated by multiplying
hourly rates by the daylength as for the primary pro-
duction rate calculations.

2.6. Data analysis and statistical analyses

For this manuscript, it is important to define warm
and cold periods, and we used the approach of
Stabeno et al. (2012b). Briefly, data from the M2
mooring (58.87° N, 164.05° W) were used to calculate
a long-term mean from 1996-2016, and then individ-
ual daily temperatures were compared to the mean
to determine '‘warm' (positive deviations from the
mean) and ‘cold’ periods (negative deviations from
the mean). As shown by Stabeno et al. (2012b), 2001-
2005 was a warm period, 2006-2012 was a cold
period, and as we observed here, 2014-2016 was an-
other warm period (Duffy-Anderson et al. 2017, Sta-
beno et al. 2017).

Integrations of volumetric primary production,
nitrogen productivity rates, and chl a were conducted
to 50 m, to provide consistency in integration across
all profiles, using a trapezoidal integration. Where
replicate samples at a given depth were measured,
they were averaged prior to integration. For profiles
that did not sample to a depth of 50 m, the parameter
value measured at the deepest sampled depth was
assumed to remain constant to a depth of 50 m. Ap-
plying this calculation approach to a subset of profiles
that did sample to 50 m, suggests a potential overesti-
mation of primary production and chl a by <5 %, and
by 5-10% for nitrogen productivity. Profiles were not
corrected for any potential overestimation.

All statistical analyses were conducted using
Sigma-Stat v.3.5 (Systat Software). For each analysis,
normality of data distribution was always tested.
When normality tests failed, non-parametric statisti-
cal tests were used rather than transforming the data.
Where significant differences are referred to in the
results, the specific test used is stated.

3. RESULTS

In this study, we compiled a total of 140 primary
production profiles distributed over a range of
cruises in cold and warm, and spring and fall periods
(Table 1, Fig. 1). In addition, there are 71 stations
where only 1 or 2 depths were sampled, which pre-
cludes the estimation of an integrated value at those
stations; however, they do provide information on
surface-only comparisons. Production measurements
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were primarily made in the southeastern Bering Sea
shelf (61 of the 202 stations). Equally, the dataset is
more heavily skewed to sampling in the cold period,
with only 38 of 201 stations sampled during the warm
period, although size-fractionated NPP experiments
were only conducted during the warm period. Over-
all, this data set allows for a meaningful direct com-
parison of changes in NPP in the southeastern Bering
Sea between cold and warm periods over the past
decade.

3.1. Chlorophyll

Profiles of chl a concentration at primary produc-
tion stations are summarized by year and season in
Fig. S1. Within a season, there was often a high de-
gree of variability in absolute concentrations be-
tween stations, with this being most pronounced dur-
ing the spring. Subsurface chl a maxima were
observed in both in warm and cold spring and fall
seasons (Table S1). In both warm and cold spring

seasons, a near-benthos associated maximum was
observed in 11-12% of the profiles. In contrast, a
near-benthos associated maximum was observed in
38 % of profiles in the cold fall and no profiles in the
warm fall. In all seasons, the majority of profiles
either had no vertical structure or declined with
depth (Table S1). Comparison of surface chl a data
for total and the large size classes between seasons
(spring and fall) and warm and cold periods found
significant differences only between warm springs
and all other combinations (cold spring, cold fall,
warm fall; Fig. 2A). Chl a concentrations measured
during the warm spring period for both the total and
the large size fraction were higher than concentra-
tions in the same fraction during the cold spring
period (Kruskal-Wallis 1-way ANOVA on ranks,
Dunn's test for pairwise comparisons with uneven
sample sizes, p < 0.05). Median values of total surface
chl a were ca. 0.6-0.7 ug 1"! higher, roughly 2-fold, in
warm spring periods than cold spring periods,
although the seasonal comparison was not significant
due to high variability. In addition, the large size
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Fig. 2. Total and large size-fractioned chlorophyll (chl a) in (A) surface waters and (B) integrated over 0-50 m, binned by sea-

son and cold/warm period. Boundaries of the box denote the 25" and 75™ percentiles, the line within the box denotes the me-

dian, whiskers denote the 10™ and 90" percentiles, and data outside the 10-90™ percentile range (outliers) are shown by black

circles. Significant differences (Mann-Whitney rank sum test, p < 0.05) between seasons and cold/warm periods for total and
large fractions are shown by different letters above each plot
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fraction as a fraction of total chl a was higher in warm
spring (not shown).

For the subset of stations where both chl a and NPP
were measured, comparison of the 0-50 m integrated
chl a concentrations for the total and large size
classes between seasons and warm and cold periods
also found few significant differences (Fig. 2B). Total
chl a was significantly higher in cold fall periods than
all other seasons/periods, and large size fraction chl a
was lower in cold spring periods than all other
seasons/periods (Kruskal-Wallis 1-way ANOVA on
ranks, Dunn's test for pairwise comparisons with un-
even sample sizes, p < 0.05).

3.2. NPP

Regardless of season or year, nearly all NPP pro-
files exhibited highest values at the surface, which
decreased with light level (Fig. S2). A small percent-
age of the profiles showed minor (~10 %) increases in
rates of NPP at the deeper light depths (generally
5-30% surface irradiance), consistent with the small
percentage of profiles demonstrating subsurface chl a
maxima, suggesting that these subsurface chl a max-
ima are physiologically competent. Rates at near sur-
face depths (50-100 % light depths) were highly vari-
able and often spanned 2 orders of magnitude from
1to 100 mg C m=3d!, butin spring, variability could
reach 3 orders of magnitude (e.g. spring 2008 and
2009).

Despite the wide range in rates of NPP in the sur-
face layer, these rates were a reasonable predictor of
0-50 m integrated NPP (Fig. 3). Data in both spring
and fall were significantly (Pearson product moment
correlation, p < 0.05) predictable from surface (100 %
light depth) NPP rates with similar variance ex-
plained. The slope of the relationship was greater in
the fall, suggesting a deeper distribution of biomass
leading to a greater rate of increase in biomass for a
given surface value.

Paired comparison of hourly rates of NPP termi-
nated after 6 and 24 h showed a highly significant
(Pearson product moment correlation, p < 0.001) rela-
tionship over several orders of magnitude, with
~96 % of the variance in 24 h rates explained by 6 h
rates (Fig. S3A). The slope of the relationship was
0.79, suggesting an overall consistent 21 % loss in 3C
isotope content of the particulate matter over the
longer incubation. Comparison of individual depths
confirms a depth independence of the relationship
between rates calculated from 6 and 24 h incuba-
tions. A comparison of daily rates, from the 24 h incu-
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Fig. 3. Bivariate plots of 0-50 m integrated net primary pro-
duction (NPP, mg C m~2 d!) versus surface (100 % incubation
irradiance) NPP (mg C m~3 d™!) for (A) spring and (B) fall data.
The solid line is the Pearson correlation and the dashed lines
are the 95 % confidence intervals. The information at the bot-
tom of each panel is the description of the correlation line

bations, with the hourly rates from the 6 h incuba-
tions, also showed a high degree of correlation
(Fig. S3B). The slope of this relationship was ~11,
which is similar to the overall daylength observed in
the field when the incubations were conducted
(12-13 h). This observation provides additional confi-
dence in multiplying hourly rates from short-term
incubations by the daylength to yield daily rates. This
result also confirms the validity of combining
datasets with different incubation duration once cor-
rections for respiratory and excretion losses during
each incubation are made.

Rates of NPP were initially separated by region,
north and south of 60° N, but there were insufficient
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stations to the north in the warm period (2014-2016)
to evaluate changes over time in these broad latitudi-
nal regions, and thus all data were pooled for all fol-
lowing statistical comparisons. Rates of NPP in the
near-surface (<5 m) incubation depths did not sig-
nificantly change, increase or decrease, with year
(Fig. 4A; Model I linear regression, p > 0.05), although
there was a slight trend to decreasing rates of NPP
throughout the cold phase. In contrast, 0-50 m inte-
grated rates of NPP showed a trend of significantly in-
creasing rates over the entire period from 2006 to
2016 (Fig. 4B, Model 1 linear regression, p < 0.01), at
an annual rate of 98.6 + 35.6 mg C m2d"! (mean + SD)
year-over-year, or ~20 % annual increase. Of particu-
lar interest is a significant reduction in variance be-
tween stations during the warm periods, both spring
and fall.

The entire dataset was parsed by season and
cold/warm period to determine if there was a season-

ality to the observed changes. Significant differences
in 0-50 m integrated rates of NPP between cold and
warm periods were found in both spring and fall,
where integrated rates of NPP in warm spring peri-
ods (1758 + 1670 mg C m™2 d~!) were significantly
greater than in cold springs (834 + 1612mg C m—2d7};
Fig. 5; Dunn's test for uneven variances, p < 0.001).
Rates of integrated NPP in fall were also significantly
different between the warm (1127 + 978 mg C m™
d™') and cold (440 = 326 mg C m~2 d™') periods. Fur-
thermore, during cold years, there was a significant
seasonal increase in integrated rates of NPP from
spring to fall (Dunn's test for uneven sample sizes,
p < 0.001), but there was no significant seasonal
increase from spring to fall in warm years (Dunn's
test for uneven sample sizes, p = 0.40). Size-fraction-
ated primary production data are only available for
the warm period, and thus no warm/cold period com-
parison can be made to know if there are differences
in size structure of primary production
during the late summer period, a criti-
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Fig. 4. (A) Surface and (B) 0-50 m integrated net primary production (NPP) as
a function of time. Open symbols represent stations north of 60°N, and filled
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ducted on integrated NPP data (panel B) south of 60° N after the data were log-
normal transformed to meet assumptions of normal data distribution. Regres-
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with regression statistics

fall seasons (2.6 + 3.8 ng N 1! a7,
Fig. 6A). The same patterns, including
significant differences, were observed
when examining 0-50 m integrated
NOj;™ uptake rates (Fig. 6B).
Comparing surface uptake rates of
NH,*, we only observed a significant
difference between cold spring sea-
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Fig. 5. Integrated (0-50 m) net primary production rates
parsed by season and cold/warm period. Description of box
plot parameters as in Fig. 2 (except that outliers are shown as
open circles). Letters along the top of the plot denote statisti-
cally significant differences between seasons and cold/warm
periods (Kruskal-Wallis 1-way ANOVA on Ranks, Dunn's
test for pairwise comparisons with uneven treatment group
sizes; p < 0.05)
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Fig. 6. (A) Surface (100% incubation light level) NO;3;~
uptake rates (ug N 17* d7!) and (B) 0-50 m integrated NO;~
uptake rates (mg N m~2 d~!). In both panels, data are parsed
by season and cold/warm period. Description of box plot
parameters as in Fig. 5. Letters along the top of each panel
denote statistically significant differences between seasons
and cold/warm periods (Kruskal-Wallis 1-way ANOVA on
Ranks, Dunn's test for pairwise comparisons with uneven
treatment group sizes; p < 0.05)

sons (mean + SD; 0.84 + 1.26 pg N 17! d°!) and warm
spring seasons (11.06 + 34.44 pg N 1" d!), as cold fall
(14.70 + 21.70 pg N 1"' d™!) and warm fall (18.62 +
27.30 pg N 17! d7') seasons were not significantly dif-
ferent (p = 0.38, Student's t-test; data not shown). In
both warm and cold periods, rates measured in the
fall were significantly (p < 0.05, Student's (-test)
greater than rates measured in the corresponding
spring in response to higher water temperatures, but
also showing the seasonally increasing importance of

reduced nitrogen sources to system nitrogen metab-
olism. This is commonly observed, and indeed inclu-
sion of NH,* uptake rates greatly improves predic-
tions of measured NPP in summer (Sambrotto et al.
2008). While not significantly different, warm fall
NH,* uptake rates were on average 30% greater
than in cold fall, again showing the increased im-
portance of regenerated nitrogen with increases in
seasonal, and perhaps annual mean, temperatures.
There were far fewer profiles of NH,* uptake rate
measurements, thus limiting statistical comparisons
that could be made for integrated data. Specifically,
there were only enough data for statistical compar-
isons during the spring season. There was no signifi-
cant difference (Kruskal-Wallis 1-way ANOVA on
ranks, Dunn's test; p = 0.79) between cold spring
(25.6 + 33.5 mg N m~2 d°') and warm spring (42.1 +
47.9 mg N m~2 d~') NH,* uptake rates. Overall, inte-
grated NH,* uptake rates were much higher in the
fall; the single value in the cold fall period was
605 mg N m~2d~!, with a similarly high value of 405 +
367 mg N m™ d! in the warm fall period.

3.4. Carbon:nitrogen productivity ratios

To evaluate the coupling of carbon and nitrogen
cycling, the ratio of integrated NPP and nitrogen
uptake rates was calculated. Mean 0-50 m inte-
grated NPP:NO;~ uptake ratios (mol:mol) were
within a factor of 3 of the Redfield ratio (6.6) for
cold and warm spring periods and the cold fall
period, but ~5-fold greater than the Redfield ratio
in the warm fall period, showing the strong impor-
tance of NOj3;™ as a nitrogen source in the Bering
Sea system during colder periods (Fig. 7A). The
high variance between stations/years makes a sta-
tistical evaluation of differences within this dataset
difficult; however, the NPP:NO;™ ratio in the warm
fall period was significantly greater than the Red-
field ratio.

Given the importance of integrated NH,* uptake,
this is warranted for inclusion in calculating the C:N
uptake ratio. This NPP:dissolved inorganic nitrogen
(DIN) calculation reduced the magnitude of the ratio
closer to the Redfield ratio in all seasons and cold/
warm periods where NPP:NOj™ ratios were greater
than the Redfield ratio (Fig. 7B). In fact, in the warm
fall season, the inclusion of NH,* uptake rates re-
duced the NPP:DIN ratio sufficiently that the median
value was now lower than the Redfield ratio, and
there was no longer a significant difference from the
Redfield ratio.
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Fig. 7. 0-50 m integrated (A) net primary production
(NPP):NOj3~ uptake ratios (mol:mol) and (B) NPP:dissolved
inorganic nitrogen (DIN) uptake ratios (mol:mol). DIN up-
take represents the sum of NO3;~ and NH,* uptake rates. In
both panels, data are parsed by season and cold/warm pe-
riod. Description of box plot parameters as in Fig. 5. Letters
along the top of each panel denote statistically significant dif-
ferences between seasons and cold/warm periods (Kruskal-
Wallis 1-way ANOVA on ranks, Dunn's test for pairwise com-
parisons with uneven treatment group sizes; p < 0.05).
Redfield ratio indicated by solid horizontal lines

4. DISCUSSION

Given the ecological and economic importance of
the southern Bering Sea, and the rapid changes it is
experiencing, direct observations of phytoplankton
biomass and productivity responses to climate re-
gimes are important pieces of information to under-
stand future responses.

4.1. Chlorophyll

While significant differences were found only for
warm springs when comparing surface chl a values,
generally warm periods were characterized by
higher concentrations. This observation is consistent
with previous findings based upon moorings (e.g.
Stabeno et al. 2012b, 2017, Sigler et al. 2014) and
ocean color algorithms (e.g. Brown et al. 2011, Liu et
al. 2016). Indeed, for ocean color derived chl g, values
at the eastern edge of the shelf break and the ‘green-
belt’ were up to 2 ug 17! higher in the warm years
which occurred at the end of the analyzed data re-
cord (2009), while other portions of the shelf and
shelf break were much lower (Brown et al. 2011). The

data presented here are part of a larger sampling
effort over the eastern Bering Sea shelf. When exam-
ining the chl a dataset for 2003-2012, Eisner et al.
(2016) found significantly higher chl a concentrations
on the outer shelf and some regions in the middle
domain during warm years (2003-2005), but no sig-
nificant differences between thermal regimes in the
northern (>63° N) Bering Sea. They found that those
regions with higher total chl a in warm years were
also characterized by a higher proportion of large-
size fraction chl a. These elevated total chl a and
large-size fraction chl a concentrations were posi-
tively associated with wind mixing and temperature,
suggesting strong bottom-up controls at the time of
sampling. There appears to be some debate about
decreases in stratification in warm periods, due to
warming of bottom waters and vertical salinity struc-
ture, that facilitates wind-induced upwelling of nutri-
ents (e.g. Ladd & Stabeno 2012, Brown & Arrigo
2013), leaving precise mechanisms leading to en-
hanced chl a in question. A likely explanation for the
lack of significant differences in our dataset is the
high variance associated with the ‘random' sampling
of stations with bloom and non-bloom levels of chl a
and spatial variance. These results suggest that
changes in phytoplankton biomass (chl a) in and of
themselves may not be the strongest driver of any
potential changes in NPP.

4.2. NPP

The rates of NPP reported herein fall well within
the range of incubation-derived spring (200-4100 mg
C m2d™'; McRoy et al. 1972, Whitledge 1989, Rho &
Whitledge 2007, Lomas et al. 2012) and fall (5600-
3000 mg C m~2 d~!; Rho & Whitledge 2007, Sambrotto
et al. 2008) values reported by prior researchers. Us-
ing the remotely sensed chl a-based primary produc-
tion algorithm (Pabi et al. 2008), Brown et al. (2011)
reported climatological (1998-2007) daily rates of pri-
mary production that ranged from ~750-1250 mg C
m~2 d! in the spring and ~500-750 mg C m™2 d~! in
the fall, generally in good agreement with direct ob-
servations. Similarly, the remotely sensed carbon-
based model (Westberry et al. 2008) also yields NPP
values in the range of direct incubation-based obser-
vations. Given the high spatial variability, no differ-
ences in magnitude are readily apparent between di-
rect observations and model results.

What environmental or biological parameters are
correlated with this increase in NPP from cold to
warm periods? Plotting integrated NPP against
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depth-weighted 0-50 m temperature for each profile
showed that temperature was not a significant ex-
planatory variable (Pearson product moment correla-
tion; R = 0.04; p = 0.67; Fig. S4). Further, correlations
with residual nitrate and DIN (nitrate + nitrite +
ammonium) inventories showed no significance
(Pearson product moment correlation, R < 0.02 and
p > 0.9 in both instances). In fact, the only variable
that was significantly correlated with integrated NPP
was integrated chl a (Pearson product moment corre-
lation, R = 0.56, p < 0.001). However, this correlation
is driven by the broad overall range of integrated
NPP values in the dataset, as average integrated chl
a was not significantly higher for warm than cold
periods, suggesting that additional environmental
and/or biological (e.g. change in taxonomic composi-
tion of phytoplankton community) factors may be
behind the increasing rates of NPP.

As our interest is in comparing data from cold and
warm years, the data presented by Rho & Whitledge
(2007) is the only other observational dataset of which
we are aware that may allow a comparison of rates of
NPP during a given season between cold years and
warm years, although it is worth pointing out that the
‘warm’ period studied by Rho & Whitledge (2007) (i.e.
1980-1981; <0.5°C positive temperature anomaly)
was not as anomalously warm as the 2014-2016 pe-
riod (>1°C positive temperature anomaly) studied
here. Rho & Whitledge (2007) found that during the
spring period (April and May), rates of NPP were
~500-1500 mg C m~2 d~! greater during the warm pe-
riod studied (1979-1981) than during the cold period
(1997-2000). The observed difference increased from
~500 mg C m™ d~! for incubations conducted on the
inner shelf to 1500 mg C m~2 d! for incubations con-
ducted on the middle and outer shelf. These differ-
ences represent a 50-400 % increase in daily produc-
tivity estimates from cold to warm spring periods. Our
observations suggest up to 100% increase in inte-
grated rates of NPP between cold and warm spring
periods, consistent with these earlier observations.
Unfortunately, there is insufficient data coverage
during fall in prior studies to assess differences be-
tween warm and cold fall periods. Brown et al. (2011)
suggested an increase in annual NPP of 43 % during
the cold to warm transition that occurred from
1998-2007, although 2007 is classified as a cold year
(Stabeno et al. 2012b). Using the data presented by
Brown et al. (2011), we calculated that daily rates of
integrated NPP increased ~33 %, and thus most of the
increase in annual NPP from cold to warm years is
due to increased length of the growing season. It is
worth noting that Brown et al. (2011) did not observe

a significant increase in daily rates of NPP over time
as observed in the current study. A similar modeling
study by Liu et al. (2016) found the increase in daily
rates of integrated gross primary production between
warm years (2000-2006) and cold years (2007-2010)
was only ~10 %, as primary production loss rates also
increased from cold years to warm years. Taken to-
gether, these prior results suggest little change in
physiological growth rates and/or biomass levels be-
tween warm and cold years, with any changes in NPP
driven primarily by changes in the duration of the
open water growing season. In contrast, our direct
observations suggest there are differences in specific
carbon uptake rate (d7!), a proxy for growth rate
(Fig. 8). Estimated growth rates were significantly (1-
way ANOVA, Dunn'’s test, p < 0.05) higher in warm
spring periods (0.24 + 0.20 d™!) than cold spring peri-
ods (0.10 + 0.08 d7!), and warm fall periods (0.35 +
0.27 d°') were significantly higher than cold spring
and fall periods (0.14 + 0.13 d7!). The faster growth
rates in warm spring versus cold spring periods is in
part due to significantly higher temperatures (cold:
-1.45 + 0.87°C; warm: 2.76 = 2.28°C), but there is also
a well-recognized physiological difference in growth
rate between phytoplankton taxonomic groups (Kre-
mer et al. 2017). For example, at the same tempera-
ture, ‘green’ flagellates grow ~0.3 d°! faster than di-
atoms, thus changes in taxonomic composition may
also be reflected in these changes in observed growth
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Fig. 8. Carbon-specific uptake rate as a proxy for growth
rate (d71). (A) Data compiled for cold and warm spring peri-
ods, and (B) data compiled for cold and warm fall periods.
Description of box plot parameters as in Fig. 2. Significant
differences were determined by Kruskal-Wallis 1-way
ANOVA on ranks followed by Dunn's test for pairwise com-
parisons with uneven treatment group sizes. Significant dif-
ferences (p < 0.05) between seasons and cold/warm periods
are shown by different letters
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rates. Resolving biomass control and growth rate con-
trol on primary production will be important to under-
stand future changes in NPP in this region, as well as
the recognized changes in phenological timing.

4.3. Nitrogen productivity and C:N uptake ratios

Integrated NO3;~ uptake rates measured in this
study, when converted to the same units, agree well
with previous ranges of NO3;™ uptake rates, generally
between 3 and 30 mmol m™2 d~! but skewed to the
lower end of the range, measured in the southern
Bering Sea (e.g. Whitledge et al. 1986, Rho et al. 2005,
Sambrotto et al. 2008, 2016). The data presented here,
however, are the first of which we are aware that di-
rectly compare NO;3;™ uptake rates between warm and
cold periods, thus making comparison to prior obser-
vations challenging. The higher rates of NO3;™ uptake
in warm spring periods are correlated with warmer
mean temperatures (data not shown, Pearson product
moment correlation, p < 0.05), which is consistent
with a positive physiological temperature response
(e.g. Lomas et al. 2002), although changes in NO3™ in-
puts cannot be ruled out due to lack of appropriate
data. Similarly, the lower NO;3;™ uptake rates in warm
fall periods cannot be conclusively related to NO3™ de-
pletion or elevated concentrations of NH,* (e.g.
Lomas & Glibert 1999), both of which could reduce
NO;™ uptake. However, quantifying changes in NO3~
and NH,* uptake are needed to understand the
nature of primary production, new or regenerated.

Carbon to nitrogen productivity ratios can illumi-
nate the coupling of elemental cycles. The high vari-
ance between stations/years makes a statistical eval-
uation of differences within this dataset difficult;
however, the NPP:NO;™ ratio in the warm fall period
is significantly greater than the Redfield ratio. While
NPP:NO;™ ratios are not commonly reported in the
literature, the data presented here (Fig. 7A) gener-
ally agree with the observations of Sambrotto et al.
(2008), who reported NPP:NO;™ uptake ratios of ~7-
12 during the cold summer of 1981, and slightly higher
values of 11-17 during the warm summer of 2004.
The one exception during 2004 was at thermohaline
fronts, where vertical injection of nutrients led to ele-
vated NO;~ uptake rates and reduced NPP:NOj3;~
ratios to ~7. The inclusion of NH,* uptake in calculat-
ing the C:N uptake ratio shows the potential impor-
tance of recycled nitrogen in climatologically warm
seasons (e.g. Hansell et al. 1989, 1993, Varela et al.
2013), with important implications for the quantity and
quality of material flow to higher trophic levels.

5. SUMMARY

The change in the thermal regime over the eastern
Bering Sea shelf from annual variability to multi-year
stanzas of colder and warmer than average periods
has clear impacts at higher trophic levels, but the im-
pacts at the lower trophic levels, and on productivity,
are less clear. Indeed, the OCH only refers to
changes in timing, not magnitudes of chl a or NPP.
Furthermore, it is not known if the physical driver
underlying this shift is a temporary change or a new
normal (Stabeno et al. 2017). The warm stanza stud-
ied here (2014-2016) has been related, to varying
degrees, to a greater northward flow of warm Gulf of
Alaska water, periods of warm northward winds dur-
ing winter, and 'residual heat' from prior years, all of
which reinforce warm conditions and reduce sea ice
(Stabeno et al. 2017, Stabeno & Bell 2019). These
warming conditions impact water column stratifica-
tion, especially in the northern Bering Sea, where
salinity plays an equal role with temperature to strat-
ify the water column (Stabeno et al. 2012a). Increases
in stratification can reduce the flux of nutrients from
depth, which can lead to reduced net community
production and has been linked to low condition in
age-0 pollock (e.g. Sambrotto et al. 1986, Mordy et al.
2012, Gann et al. 2016). However, NPP can still in-
crease due to increases in the importance of regener-
ated nitrogen sources (e.g. ammonium and dissolved
organic nitrogen).

This study shows that while there are differences in
production between warm/cold phases for a given
season, differences are not as dramatic as perhaps
models have suggested (Brown et al. 2011). One
explanation could be changes in the form of nitrogen
supporting primary production. The importance of
regenerated nitrogen sources to supporting primary
production is clear; however, use of reduced nitrogen
sources creates a disconnect in the foodweb between
lower and higher trophic levels. While primary pro-
duction supported by regenerated nitrogen may re-
main high, it does so by increasing growth rate/
recycling rather than by increasing biomass and thus
actually makes less organic material, in a net sense,
for transfer to higher trophic levels. Another possible
explanation for higher primary production is that
when sea ice is present in March/April, an active sea-
ice algae community will consume some of the nutri-
ents from the water column (Gradinger 2009), which
is rapidly exported to the benthos when the ice melts
(Baumann et al. 2013), thus limiting the nutrients to
be recycled in the water column later in the year. A
comparison of traditional primary production meas-
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urements with net community production measure-
ments may shed some light on the variability of the
southeastern Bering Sea shelf ecosystem to transfer
carbon and energy to higher trophic levels, and thus
support higher production at higher trophic levels.
Indeed, it has been shown that late summer condi-
tions influence lipid storage in age-0 Walleye pol-
lock, and that this represents a critical window for
energy allocation and overwinter survival to age 1
(Heintz et al. 2013, Siddon et al. 2013). Furthermore,
these studies have shown that energy densities are
generally lower in age-0 pollock during warm late
summer periods. Further study of carbon and nitro-
gen productivity is warranted to understand how
changes in nitrogen sources and cycling can create
disconnects between phytoplankton productivity and
that of higher trophic levels.
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