
1. Introduction
Ocean primary production plays a major role in the global carbon cycle, accounting for about half of the world's 
carbon fixation (Falkowski et  al.,  1998). Primary production rates vary with temperature, nutrient, and light 
conditions (Bouman et al., 2018; Moore et al., 2013), and influence biogeochemical cycles and marine ecosys-
tem productivity (Falkowski et al., 1998). Measures of gross primary production (GPP), net primary production 
(NPP), and net community production (NCP) rates, and phytoplankton community growth rates (𝐴𝐴 𝐴𝐴𝑏𝑏

opt
 , i.e., the 

normalized primary production rates relative to chlorophyll-a, Chl-a) provide key metrics for assessing the fate 
of energy production by phytoplankton, energy availability to heterotrophs (e.g., bacteria, zooplankton, and fish) 
and the amount of organic carbon available for export (Cassar et  al.,  2015; Stanley et  al.,  2010). GPP is the 
amount of energy produced by primary producers (e.g., phytoplankton, ice algae) during a given time. NPP is the 
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opt
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phytoplankton community growth rates may be influenced by nitrogen limitation. Our analyses revealed that 
the majority of gross primary production (GPP) and net community production occurs in association with 
the spring phytoplankton bloom. After the bloom, the water column generally experienced low GPP and net 
biological carbon consumption. Phytoplankton growth rates were commonly suppressed in late summer due to 
apparent nitrogen depletion. Using high temporal resolution vertically resolved measurements of O2 and Chl-a, 
our analyses provides important insight into how biogeochemical cycles, phytoplankton community growth 
rates, and carbon available for export vary seasonally in the southeastern Bering Sea.
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climate warming and the consequent loss of sea ice. How such changes affect the growth and composition 
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community production rates in the surface ocean in the southeastern Bering Sea over four years (2016–2019), 
using a moored Profiling Crawler that samples temperature, salinity, oxygen, and chlorophyll-a data over 
the top 50 m. We then assessed seasonal and shorter-term variations in phytoplankton production rates. Our 
analyses showed that the majority of phytoplankton production and organic carbon available for leaving the 
upper ocean occurs during the phytoplankton spring bloom. After the bloom, phytoplankton production was 
low for most of the summer, with phytoplankton growth rates limited by nutrient availability in late summer. 
Our high temporal resolution and vertically resolved measurements from the Profiling Crawler provide new 
insight into the seasonal primary production cycle in the southeastern Bering Sea.
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difference between GPP and autotrophic respiration, while NCP is GPP minus respiration from both autotrophic 
and heterotrophic organisms.

The eastern Bering Sea shelf is a highly productive seasonal system with a dominant spring bloom that has 
long-lasting effects on the biological production of both pelagic and benthic consumers (Sigler et  al.,  2016; 
Springer et al., 1996). Primary production rates vary substantially across the shelf from the most productive areas 
along the shelf break (Codispoti et al., 2013; Lomas et al., 2020; Springer et al., 1996) to the lower productivity 
inner shelf regions (Cross et al., 2014; Mordy et al., 2012). Across the whole region, most carbon is produced 
during the spring bloom (Sigler et  al.,  2014) whose timing is well correlated with the timing of ice retreat, 
except in years when ice retreat occurs before mid-March (Brown & Arrigo, 2013; Sigler et al., 2014). Diatoms 
dominate spring blooms and provide an important, temporary, nutritional resource for both benthic and pelagic 
consumers, including benthic invertebrates (Copeman et al., 2021), and micro and meso-zooplankton grazers 
(Kimmel et al., 2018; Stoecker et al., 2014). During summer, the eastern Bering Sea shelf also experiences long 
periods of high stratification and depleted nitrogen concentrations in the surface waters (Hansell et al., 1993; 
Mordy et al., 2012) that suppresses phytoplankton growth and influences phytoplankton composition (Lomas 
et al., 2020; Moran et al., 2012; Sambrotto et al., 2008), with dinoflagellates and smaller phytoplankton becoming 
abundant in the surface waters (Moran et al., 2012). However, storms and wind mixing events interrupt these low 
production regimes by supplying nutrients from below the mixed layer to the surface ocean, supporting subse-
quent pulses of primary production (Eisner et al., 2016; Sambrotto et al., 1986; Stabeno et al., 2007). At the end 
of summer, a fall bloom commonly forms (Sigler et al., 2014) which enhances plankton production and provides 
critical dietary reserves for many organisms, such as copepods, prior to overwintering (Coyle & Gibson, 2017).

A long history of in situ sampling, has provided a fundamental understanding of the overall seasonal cycle (Lomas 
et  al., 2020; Sambrotto et  al., 1986; Sigler et  al., 2014) and spatial variability of production rates (Codispoti 
et al., 2013; Springer et al., 1996) in the eastern Bering Sea ecosystem. Yet, fewer studies have estimated primary 
production dynamics at sub-seasonal resolution (days to weeks). By providing full seasonal estimates of GPP, 
NCP, and NPP rates, our study fills that gap, and aims to provide an improved understanding of how biogeo-
chemical cycles, phytoplankton community growth rates, and community production of organic carbon vary 
during the growing season on the southeastern Bering Sea middle shelf. We quantify primary production over 
4 yr (2016–2019) and NCP over 2 yr (2018–2019). Dissolved oxygen (O2) is used to estimate GPP and NCP, 
and Chl-a, surface temperature and irradiance to model NPP. Data were collected from late April through early 
October using a Profiling Crawler (Prawler, Osse et al., 2015) that collects continuous vertical profiles of physi-
cal, dissolved oxygen, and Chl-a data from the surface to 50 m, typically in 2 hr intervals. In addition, data from 
moored sensors deployed at fixed depths during the cold season (October–April the following year) and in situ 
measurements collected from spring and fall research surveys were included. Our goals are to:

1.  estimate GPP and NPP during 2016–2019, and NCP during 2018 and 2019 to assess phytoplankton produc-
tion and carbon export fluxes at a high temporal resolution;

2.  compare calculated phytoplankton community growth rates (𝐴𝐴 𝐴𝐴𝑏𝑏
opt

 ) from the Prawler and more than 200 histor-
ical in situ values collected over 10 yr, and contrast these data with 𝐴𝐴 𝐴𝐴𝑏𝑏

opt
 values derived from functional rela-

tionships based on temperature and Chl-a measurements (e.g., Behrenfeld & Falkowski, 1997; Kameda & 
Ishizaka, 2005);

3.  assess to what extent summer phytoplankton community growth rates may be influenced by nitrate limitation.

2. Methods
We estimated GPP, NPP, and NCP in the southeastern Bering Sea, using sustained observations from the M2 
mooring site (56.87°N, 164.07°W, Figure 1). This sampling site provides a good representation of biophysical 
conditions over the middle shelf (50–100 m depth) of the southeastern Bering Sea (Stabeno et al., 2001). Starting 
in 2016, a surface buoy was deployed adjacent to M2 in spring and summer (∼late-April to early-October). A 
Prawler attached to the buoy mooring line collected vertical profiles of physical and biological data. The Prawler 
provided water column profiles of Chl-a (μg l −1, Wetlabs EcoFlourometer FLNTU), O2 (μmol O2 kg −1, Aanderaa 
4330 or 4330F), temperature (°C), pressure and conductivity (SeaBird Electronic (SBE) Prawler-CTD), from the 
surface to ∼50 m every 2 hr. Chl-a was calculated from fluorescence volts using factory calibrations. For these 
deployments, the Prawler was operated in two descending modes: a continuously descending profiling mode, 
and a “stop and hold” mode (only in 2018 and 2019). In the continuously descending mode, typically performed 
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every 2 hr, the Prawler provides measurements at ∼1 m vertical resolution as 
it descends from the surface to 50 m over a few minutes. In this mode, lags in 
both the salinity and O2 optode sensors (Bittig et al., 2014) introduce errors 
at and below depths with thermal and oxygen stratification. Oxygen measure-
ments below the mixed layer in these profiles were used for qualitative inter-
pretation only. In the stop-and-hold mode, typically performed twice daily, 
the Prawler stops for several minutes during descent at a coarser series of 
fixed depths (∼5 m resolution). The below mixed layer, salinity and O2 data 
in this mode were considered reliable as the sensors had time to equilibrate at 
each depth. Data from a surface irradiance sensor (Eppley PSP, W m −2) was 
also available during summer deployments.

During the cold season (∼early-October to late-April), data from fixed 
moorings) provided Chl-a (from fluorescence, Wetlabs EcoFlourometer 
FLNTU), O2 (Aanderaa 3835 or 4831), temperature, pressure, and conductiv-
ity (SBE16, SBE37) measurements in the upper water column (∼10–13 m). 
Discrete O2 samples were collected at and around the M2 mooring during 
mooring deployment and recovery (April/May and September/October), 
and used to correct the moored O2 sensor data (discussed below). Similarly, 
discrete surface (<10 m) Chl-a samples were collected and filtered through 
25 mm Whatman GF/F filters (nominal pore size 0.7 μm). Filters were stored 
frozen (−80°C) and analyzed within 6 months with a bench top fluorometer 
following standard methods (Parsons, 1984). In association with the discrete 
samples, CTD casts also provided continuous vertical profiles of Photosyn-
thetically Available Radiation (PAR, μmol photons m −2  s −1), temperature, 
pressure, and conductivity.

Lastly, we included data collected on the southern Bering Sea middle shelf, 
from more than 200 historical near-surface (<10 m) stable isotope (NaH 13CO3) 
deck incubations for in situ primary production and Chl-a discrete depth data 

from 2006 to 2019 (data presented in Lomas et al., 2020). These measurements were used to calculate phyto-
plankton photosynthetic capacity (𝐴𝐴 𝐴𝐴𝑏𝑏

opt
 i.e., the normalized primary production to Chl-a ratio). The 𝐴𝐴 𝐴𝐴𝑏𝑏

opt
 from these 

discrete samples was compared to Prawler-calculated 𝐴𝐴 𝐴𝐴𝑏𝑏
opt

 (GPP/Chl-a) and model derived 𝐴𝐴 𝐴𝐴𝑏𝑏
opt

 based on Chl-a and 
temperature (Kameda & Ishizaka, 2005) or temperature alone (Behrenfeld & Falkowski, 1997).

2.1. O2 Data Processing

Pressure and salinity corrections were applied post-recovery to the oxygen concentration reported from each 
optode instrument. O2 data were then processed to remove outliers, or due to sensor failure, or fouling, and 
corrected for slow multiyear decreases in instrument gain/sensitivity that occur with time and usage in this sensor 
type (Bittig et al., 2018). This correction was done by adjusting for the offset of the prawler O2 concentration 
values, relative to in situ discrete water samples for O2 (Figure S1 and Table S1 in Supporting Information S1), 
measured using Winkler titration techniques during the time of the deployments (1–2  days). All O2 correc-
tions resulted in increased sensor gain, consistent with the drift observed in other optode instruments (Bittig 
et  al.,  2018). In deployments where comparisons were available at mooring recovery, and residual drift was 
apparent, we assumed that the sensor gain declined linearly in time during deployment. While the decrease in 
optode sensitivity is not necessarily linear in time (Bittig et al., 2018, Figure 7), the time scales of drift are suffi-
ciently long that assuming a linear decrease in sensitivity introduces only a very small amount of error. In addi-
tion, periods of the O2 time-series showing abnormally high diel swings that could not be attributed to biological 
production or accounted for by physical processes were removed (see details in the Supporting Information S1).

Corrected O2 data from each down cast Prawler profile that passed these quality checks and were not affected by 
optode sensor lags, were used to calculate the average O2 of the surface mixed layer for that specific time point. 
On the southeastern Bering Sea middle shelf, the pycnocline and thermocline are coincident (Kara et al., 2000; 
Ladd & Stabeno, 2012), thus the mixed layer was defined as the depth at which there was a 0.2°C difference rela-
tive to the 5 m temperature measurement (Stabeno et al., 2010). The 5 m reference depth was chosen to reflect 

Figure 1. Map of the eastern Bering Sea showing the M2 mooring location 
(56.87°N, 164.05°W), and contours showing 50, 100, and 200 m (shelf break).
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a shallowest consistent depth at which Prawler profile data were available. Average surface to mixed layer O2 
concentrations from each two hourly profile were then linearly interpolated to hourly intervals to produce full 
daily O2 concentration cycles necessary for the GPP Fourier calculations. Similarly, quality assessment, average 
calculations, and hourly interpolation were done for Chl-a, temperature, and salinity. The fixed mooring O2 data 
were quality corrected in a similar way, except no water column averaging over the mixed layer was done, and 
15 min measurements were averaged to form hourly estimates.

2.2. Primary Production Calculations

Our analysis consisted of estimates of GPP, NPP, and NCP. Note that in most cases the estimates were smoothed 
using 5-day averaging, or calculated as weekly or monthly estimates. Such averaging was considered appropriate 
when comparing different production terms that may integrate over slightly different time-scales. For compari-
son between O2 derived (GPP, NCP) and carbon derived (NPP) production estimates we used a photosynthetic 
quotient (PQ) conversion factor of O2:C of 1.4:1 (Freitas et al., 2020; Hedges et al., 2002). Throughout, 𝐴𝐴 𝐴𝐴𝑏𝑏

opt
 values 

were calculated as the quotient of normalized production to Chl-a, in units mg C mg Chl-a −1 hr −1. PAR was 
estimated in μmol photons m −2 s −1 by converting from measured short-wave downwelling radiation (Watts m −2), 
using a conversion factor of 4.57, and assuming that 43% of shortwave radiation was available for photosynthetic 
organisms (Jerlov, 1976). Daily production estimates were calculated as a volumetric average (NCP and GPP: 
mmol O2 m −3 day −1 and NPP: mg C m −3 day −1) from the surface to the depth of the mixed layer, while integrated 
production values (m −2 day −1) were calculated, by integrating the volumetric averages from the surface to the 
mixed layer depth.

Estimates of GPP were done using high-frequency Fourier analysis of O2 (Cox et al., 2015). This method follows,

GPP(𝑡𝑡)
_

≈ 2𝜔𝜔1
sinsin 𝜃𝜃 − 𝜃𝜃 coscos 𝜃𝜃

𝜃𝜃 −
1

2
sin 2𝜃𝜃

Ao2, (1)

where θ = πfDL, with fDL being the fraction of hours during the day where light is present, and ω1 the diurnal 
frequency (hours) and Ao2 the Fourier amplitude (∆O2) at the diurnal frequency (Cox et al., 2015). The Fourier 
amplitude thus represents the intensity of the recurring O2 signal at 24 hr (i.e., diurnal frequency, Cox et al., 2015). 
Community respiration is here assumed to be constant and thus does not contribute to the diel amplitude in the 
24 hr frequency domain. For a full explanation of the method see Cox et al. (2015). Implementation was done 
using the r-package “GPPfourier” (Cox, 2017) on the hourly O2 data, and using a complex demodulation smooth-
ing technique which lowers the influence of short-term physical processes on the O2 concentration time series 
(Cox et al., 2017). Uncertainties of the GPP Fourier estimates were calculated using a Monte Carlo simulation 
approach that included independent random noise terms for O2 vertical gradients and within-day variation of 
community respiration, sensor correction, air-sea flux, and turbulence (Figure S2 in Supporting Information S1); 
see Supporting Information S1 for full details.

2.3. NPP Estimation

NPP calculations were done using the daily mooring data applied to the productivity model from Behrenfeld and 
Falkowski (1997), following:

NPP = Chl × 𝑝𝑝𝑏𝑏opt × DL ×

[

0.66125 × 𝐸𝐸0

𝐸𝐸0 + 4.1

]

 (2)

where, Chl is the surface ocean Chl-a, 𝐴𝐴 𝐴𝐴𝑏𝑏
opt

 the biomass-specific photosynthesis capacity, DL is the day length in 
hours and Eo is averaged daily surface PAR. Estimates were calculated as the volumetric average within the mixed 
layer. The Eo was based on the average daily PAR calculated from measurements at the top of the mooring buoy 
approximately 3 m above the sea surface. We derived daily 𝐴𝐴 𝐴𝐴𝑏𝑏

opt
 estimates using the approach recommended by 

Kameda and Ishizaka (2005) that relates both temperature and Chl-a biomass levels to photosynthetic capacity. 
This approach, is based on the premise that periods with large Chl-a biomass are also commonly dominated by 
large cells that tend to have higher photosynthetic capacity (Uitz et al., 2008), something that is the case on the 
eastern Bering Sea shelf, particularly during bloom periods (Eisner et al., 2016; Lomas et al., 2020). Uncertain-
ties of the NPP estimates were calculated using a Monte Carlo simulation approach (Supporting Information S1).
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2.4. NCP Estimation

NCP was estimated by comparing the change of surface O2 concentration at longer than diel time scales to the 
cumulative addition or removal of oxygen due to physical processes; the difference between these is equated to 
net biological (community) production (Emerson & Stump,  2010). The mixed layer balance considered here 
included physical inputs due to surface gas exchange with the atmosphere (GE), turbulent exchange between the 
mixed layer and interior (TE), and vertical fluid motion relative to the mixed layer base (FMLB; i.e., entrainment 
or de-trainment):

NCPML =
𝜕𝜕[O2]𝑎𝑎

𝜕𝜕𝜕𝜕
− GE − TE − FMLB, (3)

where [O2]a is the average O2 concentration within the mixed layer. The parameterization of each term and the 
methods used in their estimation are described in detail in Supporting Information S1. Time-varying values for 
each physical term on the right-hand side of Equation 3 were used to estimate the residual NCPML, which was 
subsequently low-pass filtered with a 60 hr half-cosine filter and subsampled at daily intervals. Horizontal advec-
tion was not considered due to lack of information on horizontal O2 gradients, and because mean flows on the 
southeastern Bering Sea shelf near M2 are generally weak in the summer months (Stabeno et al., 2010). This term 
is therefore likely to be small relative to the magnitude of NCP. Surface GE was estimated using the parameter-
ization of Liang et al. (2013), where the partially and fully collapsing bubble flux terms in this parameterization 
were reduced by multiplying by a constant factor of 0.37, following Emerson et al. (2019). Turbulent exchange 
was parameterized using time-varying diffusivity (Kz) values that were estimated as a residual in the correspond-
ing mixed layer temperature balance (Cronin et al., 2015) using the Prawler data. The resulting diffusivities are 
of order 10 −5–10 −4 m 2 s −1, which is typical of values within the stratified lower oceanic boundary layer (Sun 
et al., 2013, see also the Supporting Information S1). Upwelling at the mixed layer base was assumed to be driven 
by Ekman pumping or suction, which was determined using wind stress curl from the ERA5 atmospheric reanal-
ysis (Hersbach et al., 2018). Vertical gradients in O2 for NCP calculations were estimated using stop-and-hold 
profiles. The availability of the stop-and-hold data also facilitated water column integrated NCP estimates from 
the surface to 72 m (the water depth at the deployment site in 2018 and 2019):

NCP72 =
𝜕𝜕[O2]int

𝜕𝜕𝜕𝜕
− GE − UPW − FSED, (4)

where here, [O2]int is the vertically integrated, full-depth oxygen content, UPW represents upwelling due to 
local wind stress curl, and FSED represents the flux of oxygen at the ocean bottom which is assumed to be 
down ward and sufficient to balance the consumption of oxygen within the sediments (Cross et al., 2014; Rowe & 
Phoel, 1992). Specifically, rates of respiration reported for the middle shelf in 2008–2010 by Cross et al. (2014) 
were used as the bottom boundary condition in the 72 m oxygen balance. Mixed layer NCP was estimated from 15 
May to 29 September 2018 and from 2 May to 7 July 2019. Full-depth NCP in 2018 was estimated from 2 May to 
27 August (final stop-and-hold profile) in 2018 and from 2 May to 7 July 2019. Uncertainties of the NCP calcula-
tions were estimated using a Monte Carlo procedure (500 iterations, Pelland et al., 2018), which considered errors 
due to O2 sensor accuracy, gas exchange, vertical gradients, diffusivity, sediment respiration, estimation of local 
rates of change, and unresolved advection (in Supporting Information S1).

2.5. Nitrogen Stress Calculations

To assess if phytoplankton production appeared to be nitrogen limited during the growing season we calculated 
a probability index of apparent nitrogen stress, by calculating the difference between phytoplankton nitrogen 
demand and nitrogen availability. Nitrogen demand was calculated based on both Prawler GPP estimates and 
previous in situ measured carbon-based production rates (mg C m −3 day −1), and convered to N production rates. 
The GPP estimates from the Prawler, were converted to carbon-based production assuming a PQ of 1.4:1 ratio, 
and assuming an NPP:GPP ratio of 0.7 (Carvalho et al., 2017; Spilling et al., 2019). The production data, both the 
in situ measured and prawler based rates, were then converted to nitrogen production (mg N m −3 day −1) assuming 
a particulate organic nitrogen (PON) to particulate organic carbon (POC) ratio of 0.115. PON:POC ratio data 
were calculated based on the sum of ammonium (NH4 +) and nitrate (NO3 −) uptake rates using stable isotope 
primary production data from past research cruises (data presented in Lomas et al., 2020).
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Nitrogen availability, determined using concentrations (mg N m −3), was obtained from long-term monitoring 
efforts. This includes 3,672 previously collected samples in the upper (≤10 m) water column on the southern 
(55°–60°N) shelf between 2003 and 2018. The different expeditions, protocols, and techniques used to collect 
and process samples for dissolved inorganic nitrogen (NO3 − and NH4 +) are described in Mordy et al.  (2021). 
Historically, sampling of discrete primary production and nutrients data has been concentrated around spring 
(April–May) and late summer/early fall (August–September), thus our analyses included more values from those 
months. For all empirically measured nitrogen concentrations, primary production and PON:POC ratios, we used 
data from the southeastern Bering Sea middle shelf (<60°N, 50–100 m isobaths) from surface to 10 m.

Data on both nitrogen inventories and production were strongly non-normal in their distribution. We therefore 
used a bootstrap approach that simulated the probability that any nitrogen production value was above or below 
a given nitrogen concentration measurement. Resampling with replacement was done for each month and run 
for 1,000 simulations. The output of these analyses was considered a probability of phytoplankton experiencing 
nitrogen stress, with values of 0 indicating no stress and a value of 1 suggesting full nitrogen stress. Because 
archived in situ data covered over a decade of observations, the analysis of nitrogen stress provided an average 
categorization of the seasonal cycle across multiple years. All data analyses were performed with the statistical 
software R 3.6 (R Core Team, 2018) or MATLAB version R2020a (The Mathworks, Inc.).

3. Results
Prawler profiles from surface to 50 m clearly illustrated the seasonal bloom progression. The formation of a 
clear two-layer system with typical surface mixed layer depths of 8–25 m was common for all years in early 
summer (Figure 2). Surface temperatures in all 4 yr reached 12°C–14°C during summer and bottom tempera-
tures in summer were typically 2°C–5°C, except in 2017, the year with the greatest southward sea-ice extent, 
where temperatures were closer to 0°C. O2 saturation values, were highest (>120%) in the upper mixed layer and 
during the peak of the spring phytoplankton bloom. In 2017, Prawler measurements commenced after the spring 
bloom but noticeably high O2 saturation remained in surface waters to a depth of ∼30 m. After the bloom, O2 
saturation values were close to 100% in the upper ocean, while O2 saturation values below the mixed layer depth 
were commonly 75%–95%. During the spring bloom, Chl-a reached high values (>10 μg l −1) in the upper ocean 
(Figure 2); these elevated values were visible from the surface to the mixed layer depth. After the main spring 
bloom peak, Chl-a levels were generally low (<2–3 μg  l −1), and commonly with the highest values near the 
thermocline suggesting that small subsurface Chl-a maxima were common throughout summer. Following the 
bloom, some brief periods of more modest Chl-a accumulation and elevated O2 saturation were also apparent in 
some years (e.g., early September 2017, late August 2018; Figure 2). While the bloom in 2017 occurred prior to 
the Prawler deployment, the main bloom was visible in a fluorometer (∼11 m deep) on the fixed winter mooring 
(Figure 3). In 2017, the only year where sea ice reached as far south as M2, elevated Chl-a values were present at 
depths from ∼25 to 40 m (also seen in a fixed fluorometer at 40 m deep) for over 4–7 weeks following the spring 
bloom maximum (Figure 2).

3.1. Seasonal Cycles and Weekly Averaged Production Estimates

Chl-a concentrations and O2 derived GPP measurements in the upper mixed layer during summer and those 
derived from fixed moored sensors during winter (Figure  3) showed spring bloom peak timing around 9 
May (2016), 25 April (2017), 1 June (2018), and 8 May (2019). These analyses also showed that the bloom 
in 2016 and 2017 occurred just prior to the Prawler deployment, as high Chl-a and O2 values were captured 
by the overwintering fixed depth mooring instrumentation. GPP during the spring bloom varied from ∼35 to 
70 mmol O2 m −3 day −1 across all 4 yr, while smaller short-term peaks usually reached around 15–20 mmol O2 
m −3 day −1 at times throughout the summer. Background levels during non-bloom conditions were ∼5–10 mmol 
O2 m −3 day −1.

3.2. Water Column Integrated NCP Rates

Surface mixed layer (surface to the mixed layer depth) and full water column (surface to 72 m) integrated NCP 
rates were calculated for 2018 (May–September) and 2019 (May–July, Figure 4). In the mixed layer balance, GE 
is the dominant resolved physical term in both years (Figures S3a–S3b in Supporting Information S1). Local 
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accumulation of oxygen in the ML does occur during the bloom period, but declines seasonally thereafter as the 
surface ocean warms. The TE and FMLB terms are secondary in the ML overall, but can be important for brief 
periods of abrupt changes in MLD (e.g., near 1 June 2018, Figure S3a in Supporting Information S1). In the 
full-depth balance, GE and loss of oxygen from the water column are both leading terms, with the assumed loss 

Figure 2. Prawler profiles of temperature, O2 saturation, and chlorophyll-a for 2016–2019. In all plots, the gray line denotes the mixed layer depth estimated as 
δT = 0.2°C difference from 5 m temperature.
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to sediments, FSED, a secondary but persistent term that provides an offset by the end of summer 2018 (Figures 
S3c–S3d in Supporting Information S1). Highest NCP rates occurred during the spring bloom, reaching above 
400 (2018) and 600 (2019) mmol O2 m −2 day −1. The similar magnitudes of the surface and full water column 
NCP rates during the bloom indicated that most community production of organic carbon occurred in the surface 
ocean. After the spring bloom, NCP rates were generally low (<100 mmol O2 m −2 day −1) and at times negative in 
the surface layer. When differences between the mixed layer and full water column rates of NCP were apparent, 
for example, June 2018, the full water column rate was almost always lower or more negative than the mixed layer 
rate, indicative of net respiration of O2 between the mixed layer and the bottom (Figure 4). Following the spring 
bloom, full water column NCP values were most commonly negative indicating net heterotrophic conditions 
(Figure 4).

3.3. GPP, NPP, and NCP Carbon Budgets

Weekly averages of GPP, NPP (2016–2019), and NCP (2018 and 2019) upper water column production rates 
aligned with overall expectations (Y. Huang et al., 2021; Spilling et al., 2019), as GPP was greater than NPP, 
which in turn was greater than or equal to NCP (Figure 5). In the years 2018 and 2019, when the Prawler fully 
captured the spring bloom period, GPP rates reached 350–450 mg C m −3 day −1 (Figures 5c and 5d, Table 1). In 
2016, the Prawler captured the latter part of the bloom with values close to 200 mg C m −3 day −1 (Figure 5a), while 
in 2017, the Prawler was deployed after the spring bloom (Figure 5b). NPP rates reached 150 mg C m −3 day −1 
in 2016, 200 mg C m −3 day −1 in 2018, and ∼280 mg C m −3 day −1 in 2019. During the bloom period, NCP rates 
reached ∼190 mg C m −3 day −1 in 2018 and ∼280 mg C m −3 day −1 in 2019 (Figures 5c and 5d). After the bloom, 
GPP generally varied from 100 to 200 mg C m −3 day −1, while NPP remained below 70 mg C m −3 day −1 except in 
August–October of 2018. Common for 2017 were low NPP above the mixed layer (Figure 5b), mainly due to low 
Chl-a levels in the surface ocean (Figures 2 and 3).

NPP:GPP (average ± SD) during the 2 weeks centered around the spring bloom were 0.83 ± 0.26, 0.49 ± 0.12, 
and 0.63 ± 0.23 for 2016, 2018, and 2019, respectively (Table 1). NCP:GPP ratios during the 2 weeks centered 
around the spring bloom were 0.38 ± 0.17 and 0.50 ± 0.16 in 2018 and 2019, respectively. During non-bloom 
conditions, monthly NPP:GPP commonly ranged from 0.30 to 0.60 during the 4 yr (Table 1). Exceptions were 
low NPP:GPP ratios (<0.2) occurring in May and June 2017, when almost all Chl-a was present below the mixed 

Figure 3. Seasonal profiles of chlorophyll-a (μg l −1, blue), and gross primary production (GPP, mmol O2 m −3 day −1, red) based on the average of data from surface 
to the mixed layer depth for summer (May–September). Measurements from winter deployments, (January–April and October–December) used data from a fixed 
sensor (depth range among years: 9–13 m). Points denote daily estimates, black lines denote 5-day smoothed averages. Yellow circles denote average (±SD) (top panel) 
discrete sample chlorophyll-a (ug l −1) or (bottom panel) primary production  13C bottle measurements converted to mmol O2 m −3 day −1, from mg C m −3 day −1, using 
O2:C of 1.4:1.
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layer, and in September 2018 when the NPP:GPP ratio was greater than 0.7. 
Monthly NCP:GPP ratios in non-bloom conditions were generally below 
0.16 for 2018–2019 (Table 1).

During the 2  weeks centered around the bloom, autotrophic respiration 
(GPP minus NPP) rates were 32–181  mg  C  m −3  day −1 for 2016–2019, 
while community respiration rates were 201 and 206  mg  C  m −3  day −1 in 
2018 and 2019, respectively. In all the years, monthly averaged autotrophic 
respiration rates during non-bloom conditions commonly ranged from 25 
to 80  mg  C  m −3  day −1. Monthly averaged community respiration during 
non-bloom conditions ranged from 53 to 127 mg C m −3 day −1 in 2018 and 
2019, respectively. A comparisons using data from 2018, showed that esti-
mates of community respiration (GPP minus NCP) aligned well with esti-
mates based on daily night time O2 rate of change (Figure S5 in Supporting 
Information S1). Weekly averaged Chl-a and NCP:GPP ratios, and Chl-a and 
NCP were positively correlated (Figure 6), indicating a greater efficiency of 
net carbon fixation relative to primary production in the upper ocean with 
increasing Chl-a. These relationships also indicated that, eventually, NCP 
reaches a threshold of ∼50%–60% of GPP, and furthermore that there is a 
minimum GPP threshold before any noteworthy NCP occurs.

3.4. Photosynthetic Capacity (𝑨𝑨 𝑨𝑨𝒃𝒃

opt
 ) and Nutrient Stress Calculations

Prawler photosynthetic capacity (𝐴𝐴 𝐴𝐴𝑏𝑏
opt_prawler

 ) was calculated using the Prawler 
GPP estimate derived from the O2 data and Chl-a concentrations. The aver-
age derived 𝐴𝐴 𝐴𝐴𝑏𝑏

opt_prawler
 generally increased from spring (∼2.5–3.0) to summer 

(except in 2017), remaining relatively high (3.5–6.0) into June and July 
because of relatively low Chl-a values (Figures 3 and 7a–7d, red bars). Later 
in summer, lower 𝐴𝐴 𝐴𝐴𝑏𝑏

opt_prawler
 values (<2.5) were commonly observed but at 

variable time periods during July–September. 𝐴𝐴 𝐴𝐴𝑏𝑏
opt_prawler

 values were lowest 
during August–September in 2016, 2017, and 2018. Exceptions to these 
general patterns were high (>9) May and June 𝐴𝐴 𝐴𝐴𝑏𝑏

opt_prawler
 values in 2017, driven 

by the high GPP and low Chl-a surface values. Comparisons to 𝐴𝐴 𝐴𝐴𝑏𝑏
opt

 values derived from temperature or from Chl-a 
and temperature showed the largest discrepancy in late summer, indicating that factors other than temperature and 
phytoplankton biomass regulated growth (Figures 7a–7d). The same pattern of depressed phytoplankton growth 
in late summer to early fall was also visible in the compiled historical 𝐴𝐴 𝐴𝐴𝑏𝑏

opt
 data based on discrete sample measure-

ments between 2006 and 2019 (Figure 7e). The 𝐴𝐴 𝐴𝐴𝑏𝑏
opt

 values derived from models using temperature or Chl-a and 
temperature relationships aligned fairly well with discrete sample estimates in spring and mid-summer, but were 
substantially higher (>4.0) in late summer compared to the historical (<2.5) 𝐴𝐴 𝐴𝐴𝑏𝑏

opt
 discrete sample values (Figure 7e).

To assess if phytoplankton growth was nitrogen limited we calculated apparent nitrogen stress as a probability 
index of nitrogen demand exceeding nitrogen availability (Figure 7f). For the Prawler based estimates, nitrogen 
stress was low in spring before increasing in June and remaining above 0.5 until September (Figure 7f). Nitrogen 
stress values from the discrete sample data were low from April to July, before increasing in August and Septem-
ber. However, the number of estimates from June (N = 6) and July (N = 10) were low and based on data from 
a few cruises in 2008–2010. Overall, the nitrogen stress estimates suggest that the primary period of apparent 
nitrogen limitation for phytoplankton growth appears to occur during mid to late summer.

4. Discussion
Continuous temporal physical and biological measurements from moored instruments, as utilized here, allowed 
the quantification of seasonal variations in GPP, NPP, and NCP rates. In most cases, the three productivity metrics 
aligned well with general expectations in terms of production magnitudes (Codispoti et al., 2013; Giesbrecht 
et al., 2019; Springer et al., 1996) and the balances between each term (Y. Huang et al., 2021; Regaudie-de-Gioux 

Figure 4. Vertically integrated net community production (NCP, mmol O2 
m −2 day −1) in the upper ocean (surface to mixed layer, blue) and from surface 
to 72 m (red), for (a) 2018 and (b) 2019. Dashed line is used to designate 
positive (net autotrophic) and negative (net heterotrophic) NCP. Shaded areas 
show bootstrap estimated uncertainties.
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& Duarte, 2013). Overall, our analyses showed clear agreements in the estimates of peak bloom timing based 
on GPP, NPP, NCP rates, and standing stock of Chl-a. High NCP values, and high NCP:GPP ratios (>0.4), are 
consistent with the majority of the production of organic carbon occurring in association with the spring bloom 
period, as also observed previously (Prokopenko et al., 2011; Sambrotto et al., 1986). The variable but general 
reduction of primary production rates in late summer and early fall appeared to be due to nitrogen limitation.

4.1. Uncertainties of Production Estimations

Analyses of continuous O2 and Chl-a data to derive measures of production, as done here, are promising ways 
to enhance understanding of seasonal phytoplankton dynamics. Nonetheless, there are uncertainties with our 
analyses. Though the majority of production occurs in the upper part of the water column (Lomas et al., 2012), 
our analyses, except for NCP, did not capture processes below the mixed layer due to difficulty in accounting 
for optode sensor lag times during each Prawler downcast. Analyses of GPP using diel O2 fluxes assume that 
this signal is primarily due to biological processes, however, physical processes have small but variable influ-
ences on the O2 fluxes throughout the year (Staehr et al., 2012). The GPP Fourier method assumes that there 
are no systematic diurnal variations in respiration rates, O2 fluxes through boundary layers, and that there are no 
O2 gradients in the upper mixed layer (Cox et al., 2015). The error from the vertical O2 gradients in the upper 
mixed layer was low (∼5% of total error) except for during the bloom. Overall, the influence of these combined 
sources of error was about 15%–20% of the total GPP estimates. However, community respiration, which was 
the largest source of uncertainty (∼50% of all errors), can be higher during the daytime hours (Mesa et al., 2017; 
Regaudie-de-Gioux & Duarte, 2012) introducing additional uncertainty particularly during the bloom period. If 
respiration was consistently higher during the day time this may have led to underestimations in GPP estimates. 
Another source of uncertainty arises from the fact that PQ values (O2:C ratios) vary depending on the nitrogen 
substrate fueling production (Laws, 1991). For the open ocean, these values range from 1.1 to 1.4 (Laws, 1991), 

Figure 5. Comparison of weekly upper ocean averages of the 5-day smoothed estimates of gross primary production 
(GPP, red), net primary production (NPP, green), and net community production (NCP, blue, only 2018–2019) in units of 
mg C m −3 day −1 for (a) 2016, (b) 2017, (c) 2018, and (d) 2019. Discrete sample primary production measurements taken near 
the mooring site are shown by yellow dots (mean ± 1 SD). Shaded areas for GPP, NPP, and NCP show bootstrap estimated 
uncertainties. Dissolved oxygen units were converted to carbon using a 1.4:1 conversion coefficient.
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while values in more productive arctic and sub-arctic systems appear to be closer to 1.4 (Freitas et al., 2020; Platt 
et al., 1987). Here, we used a constant PQ value for GPP conversion of 1.4. While we did not have data to feasibly 
use a time-varying PQ value, it is indeed likely that, PQ values vary seasonally. In the Bering Sea PQ values are 
likely closer to 1.4 in spring (nitrate fueled) and closer to 1.1 in summer (ammonium fueled, Cheng et al., 2016; 
Mordy et al., 2012). A test, using the 2018 analyses showed that changing the GPP PQ value, from 1.4 to 1.2, 
resulted in higher total carbon derived GPP by ∼16%. Similarly, it decreased NPP: GPP and NCP:GPP ratios by 
16%. Despite these uncertainties, our GPP and NPP values derived from O2 and Chl-a measurements appeared to 
align well, and similarly, ratios among GPP, NPP, and NCP were within expected ranges (Y. Huang et al., 2021; 
Prokopenko et al., 2011; Stanley et al., 2010), except for a few cases in late summer.

For the NCP calculations, we assumed constant benthic carbon consumption rates, an assumption that is 
supported by previous Bering Sea estimates (Cross et al., 2014). We tested this assumption by allowing all oxygen 
demand to have occurred from 2 May to 7 June but leaving the integrated FSED value unchanged. That leaves 
the full-depth summer-integrated NCP unchanged, but increases the net NCP prior to 7 June by 0.9 mol O2 m −2 
(an increase of ∼30%). The net NCP then decreased by the same value following this date, adding to the weak 
net water column oxygen consumption observed overall in 2018 post-bloom. These modifications, which assume 
an extreme partitioning of sedimentary respiration seasonally, did not qualitatively alter the comparison between 

Table 1 
Overview of Bloom and Monthly Average Surface to Mixed-Layer, Production Rates, Ratios and Respiration Rates (mg C m −3 day −1, Mean ± Standard Deviation 
[SD])

Year Seasons GPP ± SD N NPP ± SD N NCP ± SD N NPP:GPP ± SD N NCP:GPP ± SD N Condition

2016 Bloom (9 May) 197.0 ± 57.8 12 167.3 ± 69.5 6 0.83 ± 0.26 6

2018 Bloom (1 June) 308.6 ± 126.6 14 145.4 ± 48.0 14 107.5 ± 59.4 14 0.49 ± 0.12 14 0.36 ± 0.17 14

2019 Bloom (8 May) 423.8 ± 128.6 14 242.5 ± 45.7 14 217.8 ± 112.4 14 0.63 ± 0.23 14 0.49 ± 0.16 14

2016 May 138.7 ± 70.4 27 71.8 ± 74.1 20 0.50 ± 0.27 20 End of bloom

2016 June 60.8 ± 17.4 12 20.8 ± 4.0 18 0.38 ± 0.11 12 Post bloom

2016 July 83.5 ± 6.5 14 29.0 ± 5.8 29 0.32 ± 0.06 14 Post bloom

2016 August 52.3 ± 8.3 27 26.6 ± 10.7 31 0.47 ± 0.17 27 Post bloom

2016 September 43.1 ± 6.3 15 16.6 ± 2.3 17 0.39 ± 0.08 15 Post bloom

2017 May 67.6 ± 41.4 28 7.6 ± 3.5 31 0.14 ± 0.08 28 Post bloom a

2017 June 95.4 ± 42.1 30 14.9 ± 7.8 30 0.16 ± 0.04 30 Post bloom a

2017 July 51.5 ± 10.7 31 26.9 ± 7.5 31 0.55 ± 0.20 31 Post bloom

2017 August 52.7 ± 13.4 31 24.9 ± 6.3 31 0.48 ± 0.09 31 Post bloom

2017 September 78.6 ± 20.7 20 43.9 ± 13.3 23 0.60 ± 0.17 20 Post bloom

2018 May 137.8 ± 120.9 30 51.1 ± 56.4 31 64.5 ± 61.5 18 0.33 ± 0.10 28 0.34 ± 0.16 18 Pre bloom

2018 June 141.6 ± 115.8 30 57.8 ± 56.8 30 29.9 ± 46.4 30 0.39 ± 0.19 30 0.15 ± 0.19 30 Bloom

2018 July 144.7 ± 49.4 31 31.2 ± 9.3 31 14.0 ± 19.8 31 0.23 ± 0.09 31 0.11 ± 0.15 31 Post bloom

2018 August 139.4 ± 31.0 24 73.6 ± 24.4 28 18.1 ± 28.5 26 0.47 ± 0.15 16 0.14 ± 0.22 24 Post bloom

2018 September 85.1 ± 26.7 28 63.2 ± 13.2 31 14.6 ± 19.3 29 0.80 ± 0.20 26 0.16 ± 0.22 28 Post bloom

2019 May 288.9 ± 183.4 130.1 ± 106.7 31 32 120.7 ± 125.9 25 0.49 ± 0.25 25 0.32 ± 0.35 25 Bloom

2019 June 60.7 ± 18.9 29 27.1 ± 8.4 30 8.0 ± 10.9 30 0.46 ± 0.13 29 0.14 ± 0.16 29 Post bloom

2019 July 34.6 ± 18.6 31

2019 August 20.7 ± 11.1 31

2019 September 24.3 ± 7.3 19

Note. N denotes the number of daily measurements in each month. Bloom data in 2016, 2018, and 2019 denote the 14 average rates and ratios centered around the spring 
bloom peak timing (date noted in table). In 2016, the Prawler just covered the latter part of the bloom reducing N for gross primary production (GPP) and net primary 
production (NPP). There are no bloom estimates from 2017 as the spring bloom occurred prior to the Prawler deployment. Conditions denote the month relative to the 
time of the spring bloom. NCP is calculated only for 2018 and 2019.
 aDenote a post-bloom with a subsurface chlorophyll-a maximum.
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full-depth and mixed layer NCP which assumed a constant benthic carbon consumption rates. Overall, by incor-
porating realistic uncertainty estimates and excluding data when clear physical influences (e.g., advection) were 
present, our analyses using O2 and Chl-a data show that profiling moorings are well suited for retrieving concur-
rent estimates of GPP, NPP, and NCP at daily to weekly seasonal resolutions.

4.2. GPP, NPP, and NCP Rates During Spring and Summer

The spring bloom period is crucial for fueling higher trophic-level production (Hunt et  al.,  2011; Sambrotto 
et al., 1986). Between 2016 and 2019, the timing of the spring bloom peak varied between 25 April and 1 June 
and there were good agreements between estimates of the peak timing based on available estimates of GPP, NPP, 
NCP, and Chl-a standing stock biomass. Except for 2017, these years had no sea ice present in the southeastern 
Bering Sea at M2 (Stabeno & Bell, 2019). In the eastern Bering Sea the spring bloom timing has historically been 
linked to ice retreat, though the bloom may occur later when ice break up is early (before mid-March), or ice is 
nonexistent and prior to the cessation of winter storm events (Brown & Arrigo, 2013; Sigler et al., 2014). During 
the peak of the spring bloom in 2018 and 2019, rates for GPP were equivalent to 350–450 mg C m −3 day −1, NPP 
were equivalent to 200–250 mgC m −3 day −1, and NCP were equivalent to 100–150 mg C m −3 day −1. Primary 
production rates, calculated based on the estimated volumetric rates and integrated from surface to the mixed 
layer depth, were generally comparable to previously reported primary production estimates. For example, for 
2016–2019, our spring integrated NPP estimates in May, which include the spring bloom period, ranged from 
1,100 to 1,900 mg C m −2 day −1 and are within previously reported ranges for discrete rates (700–2,000 mg C m −2 
day −1, Rho & Whitledge, 2007) and slightly higher than climatological estimates (400–1,200 mg C m −2 day −1, 
Brown et  al.,  2011). Our NPP estimates of the period July–August (∼270–790  mg  C  m −2  day −1), compared 
well to climatological average estimates for July–August (∼500–750  mg  C  m −2  day −1) reported in (Brown 
et al., 2011), and discrete samples (Lomas et al., 2020, 2012). Overall, similar NPP values were reported for the 
Northern Bering Sea (Giesbrecht et al., 2019), though the range across years appears to be larger from 200 to 
1,000 mg C m −2 day −1.

High water column integrated NCP rates during the peak bloom in both 2018 and 2019 highlight the importance 
the spring bloom has on community production of organic carbon. In the open ocean, at sufficiently large time 
and space scales, NCP is commonly assumed to be in approximate equilibrium with the downward export of 
carbon from the surface ocean (Brix et al., 2006). On the Bering Sea shelf, the fate of NCP appears more complex, 
with carbon exported laterally as well as vertically, and some accumulating in the biomass of higher trophic 
level organisms not captured by measures of POC or dissolved organic carbon (Baumann et al.,  2013; Cross 
et al., 2014). At sub-seasonal scales, the relationship between NCP and vertical export flux will depend on how 

Figure 6. Weekly averages of (a) Chlorophyll-a plotted against the ratio of NCP:GPP (p < 0.01, degrees freedom (df) = 26), 
and (b) net community production (NCP) (p < 0.01, df = 25) for 2018 (circles) and 2019 (triangles). Trend lines plotted as 
(a) a saturating function and (b) sigmoid relationship based on functional relationships shown in previous analysis (K. Huang 
et al., 2012). Dissolved oxygen units converted to carbon using a 1.4:1 conversion coefficient.
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organic carbon is partitioned between these various sinks, which may vary over time. Direct measurements of 
POC vertical fluxes suggest that 30%–50% of the carbon from primary producers can reach the benthos (Moran 
et al., 2012). Though as noted above, POC can also be transported across the shelf (Baumann et al., 2013), and 
evidence for respiration between the mixed layer and bottom in this study suggests that some of this flux may be 
reduced as it sinks. Our estimates of high carbon production associated with the spring bloom appear to occur 
during a span of 2–3 weeks. For carbon that does reach the seafloor, 50–121 mgC m −2 day −1 based upon bloom 
NPP and 30%–50% of NPP exported to the benthos, this “pulse” deposition is likely substantial enough to provide 
abundant dietary resources for benthic consumers, which may range from 35 to 221 mg C m −2 day −1 (Mordy 
et al., 2017; Rowe & Phoel, 1992). In addition, during the unusual year, 2017, the high phytoplankton biomass 
persisting below the mixed layer (∼30–50 m deep or more) for 6–7 weeks after the spring bloom may also have 
been highly beneficial for grazing organisms.

Bloom NPP:GPP ratios were within the range of 0.5–0.9, in agreement with data from other coastal seas (Carvalho 
et al., 2017; Y. Huang et al., 2021; Spilling et al., 2019). NCP:GPP ratio estimates were as high as ∼50% during 
the spring bloom period, values that align well with estimates based on POC data (Moran et  al.,  2012) and 
within the range of 0.2–0.6 as estimated previously (Prokopenko et  al.,  2011). As expected NCP:GPP ratios 

Figure 7. Barplots of average (±SD) photosynthetic capacity (𝐴𝐴 𝐴𝐴𝑏𝑏
opt

 , mg C mg Chl-a −1 hr −1) for each month, based on 
Prawler GPP and chlorophyll-a (red), chlorophyll-a and temperature (green, Kameda & Ishizaka, 2005), temperature (blue, 
Behrenfeld & Falkowski, 1997) for (a) 2016, (b) 2017, (c) 2018, (d) 2019. (e) Historical in situ data for 2006–2019 in the 
southeastern Bering Sea, with orange colors being in situ production and Chl-a, 𝐴𝐴 𝐴𝐴𝑏𝑏

opt
 , estimates, and green and blue the 

Behrenfeld and Falkowski (1997) and Kameda and Ishizaka (2005) model derived 𝐴𝐴 𝐴𝐴𝑏𝑏
opt

 values. (f) The apparent nutrient stress 
based on nitrogen (nitrate + ammonium) availability and nitrogen demand from Prawler (red), and discrete sample (orange) 
nitrogen production calculations from data measured on the southeastern Bering Sea middle shelf, ranging from 0 (no 
nitrogen stress) to 1 (full nitrogen stress).
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were posi tively associated with higher standing stock Chl-a biomass (Eppley & Peterson, 1979), and followed 
an expected saturating function (K. Huang et al., 2012). Post bloom, we found low NCP:GPP ratios, and low or 
negative NCP rates indicating net heterotrophy. These results concur with previous analysis (Mordy et al., 2012), 
and suggest that after the bloom, carbon from primary producers is usually efficiently recycled in the upper 
ocean (Lomas et al., 2020). Overall, our analyses using daily to weekly data appeared to well capture the seasonal 
production cycle, and show that a large fraction of the primary production and potential resultant carbon export 
occurs in association with the spring bloom period.

4.3. Limited Phytoplankton Growth During Summer

Nutrient limitation directly reduces marine phytoplankton growth (Marañón et al., 2014) and previous in situ 
discrete data suggest nitrate limitation is a common occurrence in late summer on the shelves of the Bering 
(Lomas et al., 2012), and the Chukchi seas (Lewis et al., 2019). Our findings that phytoplankton growth capac-
ity (𝐴𝐴 𝐴𝐴𝑏𝑏

opt
 ) was low and that nutrient stress was probable in mid to late summer, indicate that primary production 

is primarily limited by nitrogen availability, rather than by temperature and irradiance levels during this time, 
consistent with previous observations (Lomas et al., 2012). Our nutrient stress calculations are based on meas-
urements of apparent nitrate demand and availability. These calculations, also assume that nutrient recharge from 
deeper waters and recycling is not a major influencing factor, something that is probably a reasonable assumption 
for the M2 area in summer (Granger et al., 2013). It is well known that phytoplankton community compositions 
also shift as the ocean stratifies and nutrients are depleted in the surface layer during the growing season (Irwin 
et al., 2006). In the eastern Bering Sea, diatoms are abundant in spring and early summer, while dinoflagel-
lates and smaller phytoplankton become more abundant later in the year (Moran et al., 2012). In addition, data 
from the Bering Sea also show that when nitrogen availability decreases, the relative fraction of smaller-sized 
picoplankton commonly increases (Eisner et al., 2016; Lomas et al., 2020). Such shifts in species composition 
influence community phytoplankton growth rates since the functional growth response to temperature in diatoms 
are almost three times that of dinoflagellates (Kremer et al., 2017). Cold water diatoms may respond even faster 
to enhanced temperature (Krause & Lomas, 2020). Smaller phytoplankton cells generally flourish in warmer and 
more stratified, low-nutrient waters (Irwin et al., 2006). Thus, the influence of nutrient limitation acts on both 
the individual phytoplankton species level as well as altering community growth rates (Kremer et al., 2017). Our 
results indicate that the apparent reductions in phytoplankton photosynthetic capacity (𝐴𝐴 𝐴𝐴𝑏𝑏

opt
  < 2.5) occurs during 

periods of higher probability of nutritional stress. In summer, these periods of lower 𝐴𝐴 𝐴𝐴𝑏𝑏
opt

 and nutritional stress are 
a common and important feature of the production dynamics, and likely influences plankton size composition on 
the eastern Bering Sea shelf (Eisner et al., 2016; Lomas et al., 2020).

4.4. Improving Large-Scale Primary Production Estimates

Studies based on satellite ocean color data and discrete data, have suggested that NPP increases with warming 
temperatures in the Bering (Brown & Arrigo, 2013; Lomas et al., 2020) and Chukchi seas (Lewis et al., 2020). 
However, increasing phytoplankton production does not necessarily imply more production to fuel the ecosystem, 
particularly if warming also enhances the ratio of regenerated to new production, as suggested by nitrate uptake 
rates being lower during warm compared to cold years (Lomas et al., 2020). Our findings suggesting reduced 
phytoplankton production rates due to nitrogen limitation, highlight the need to develop ways to incorporate more 
realistic growth parameterizations for modeling primary production dynamics at larger scales on the Bering Sea 
shelf during summer, as has been noted elsewhere (Lee et al., 2015). Our comparisons were restricted to 𝐴𝐴 𝐴𝐴𝑏𝑏

opt
 

parameters used in global remotely sensed frameworks derived from temperature and Chl-a biomass (Kameda & 
Ishizaka, 2005) and temperature alone (Behrenfeld & Falkowski, 1997). Such approaches have been questioned 
in terms of the accuracy of the 𝐴𝐴 𝐴𝐴𝑏𝑏

opt
 parameters (Regaudie-de-Gioux et al., 2014). Our analyses suggest that these 

global scaling relationships align well with the Prawler and discrete sample estimates of 𝐴𝐴 𝐴𝐴𝑏𝑏
opt

 in spring and early 
summer. However, the low 𝐴𝐴 𝐴𝐴𝑏𝑏

opt
 values, estimated from the Prawler and historical discrete sample data, commonly 

observed in late summer and early fall suggest that not accounting for apparent nutrient limitation in estimates 
of 𝐴𝐴 𝐴𝐴𝑏𝑏

opt
 may result in systematic overestimation of summer primary production rates in the eastern Bering Sea. 

Pinpointing the onset of nutrient limited growth conditions, which vary inter-annually in terms of timing, could 
be done using mooring techniques as shown here, or from satellite techniques approximating nitrate concentra-
tions (Goes et al., 2000). In addition, NPP frameworks that aim at incorporating nutrient limitation by including 
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dynamic carbon to Chl-a ratios (Silsbe et al., 2016; Westberry et al., 2008) may also better capture the reduced 
summer primary production dynamics. Alternatively, shifts in phytoplankton community size spectra observed 
using remote sensing algorithms (Brewin et al., 2011; Hirata et al., 2008; Waga et al., 2017) may provide an indi-
cation of overarching community compositional changes. This type of information would further allow adjust-
ment of phytoplankton growth parameters based on community compositional information (Kremer et al., 2017; 
Lewis et al., 2019). Overall, the fusion of detailed process information from high temporal resolution, vertically 
resolved measurements of O2 and Chl-a and improved large-scale production models (Y. Huang et al., 2021; 
Silsbe et al., 2016) will allow for better understanding of how the eastern Bering Sea shelf ecosystem will respond 
to ongoing climatic change.

Data Availability Statement
The in situ production data used here are available in Lomas et al. (2020). Prawler and weather data used for the 
analysis are available at https://data.pmel.noaa.gov/pmel/erddap/tabledap/ecofoci_prawler.html and https://data.
pmel.noaa.gov/pmel/erddap/tabledap/weatherpak_m2.html. All other data use for the analyses in the paper are in 
Supporting Information S1.
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