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Goal:

The goal of this project is to understand how changing sea ice and other physical
variability in the Bering Sea is impacting biomass and community structure of both
phytoplankton and zooplankton. The project included in situ data collection of optical and
biological data that was used to refine satellite algorithms and validate acoustical models for
improved performance of phytoplankton and zooplankton community structure, respectively.
Satellite imagery of physical and biological parameters were used to characterize spatial and
temporal variability in the surface ocean while a coupled physical/ecosystem model is used to
mechanistically understand whole water column processes associated with the surface
variability.

This project aimed to address several research questions:
Question 1: How will changes in sea ice influence primary producers?

a) How does sea ice extent, concentration and rate of spring retreat affect phytoplankton
community composition and the allocation of primary production between different size
groups?

b) What are the dominant physical and chemical ice-mediated controls on phytoplankton
community structure and productivity and how are these controls changing with
decreasing sea ice?

¢) Is nitrate based new production significantly related to phytoplankton size-structure?

Question 2: What affect does changing sea ice dynamics play on zooplankton?
a) How does zooplankton size and community structure vary with sea ice mediated changes
in bloom timing?
i. Do phytoplankton blooms associated with late sea-ice retreat favor a zooplankton
community dominated by euphausiids?
ii. Do phytoplankton blooms associated with the early sea ice-retreat and ice free
conditions favor a zooplankton community dominated by copepods?

Question 3: Is there a clear relationship between phytoplankton bloom dynamics and community
composition, zooplankton biomass and community structure and sea ice dynamics?

a) How tightly coupled are these processes?

b) How have they changed over our data record and how may they change in the future?



PROJECT OVERVIEW

Major Findings - Cold Regime Variability

While secular trends in warming or sea ice cover have not yet been documented in the
Bering Sea, several decades of research have revealed significant differences in environmental
conditions and Bering Sea ecosystem function during warm and cold climatological regimes
(Stabeno et al., 2012a, b). Shifts between these regimes, driven mainly by meteorological and
atmospheric coupling with the Arctic (Hunt et al., 2010; Brown and Arrigo, 2012), typically
occur on 3-7 year time periods. During the past three decades, the Bering Sea experienced
distinct patterns of sea-ice melt-back associated with cold, followed by warm, and then cool
periods (Overland and Stabeno, 2004). An exception to this cyclical pattern was the short spell
of warm winter weather that followed the onset of the El-Nifio in 1997 (Stabeno and Overland,
2001) and the cold winter that followed during the La-Nifia of 1990. From 2000 to 2006 the
Bering Sea experienced a warming trend, followed by a series of cold years from 2008-2012.

A unique aspect of the datasets collected and investigated as part of this project is that
they were observed during a period of prolonged cold weather, during which the Bering Sea
experienced extensive sea-ice formation in winter. What is notable is that trends and the
behavior of sea-ice in the Bering Sea were in complete contrast to those observed in the Arctic
Ocean, which witnessed record losses of sea-ice over the same period. Integrating biologic and
hydrographic data from the mooring observations, has allowed the examination of the cold
regime interannual variability of production in the southeastern Bering Sea (Stauffer et al., in
prep). It was determined that interannual variability of primary and secondary production within
individual climatic regimes can be significant and have implications for trophic relationships.
Within the cold years included in this study, overall conditions in 2009 and 2011 were very
different from those in 2012, driven largely by differences in ice extent and thickness, dates of
ice retreat, and dates of increased stratification. Distinct differences were also apparent in the
maximum mid-column chlorophyll a concentrations (Chl a) observed in each year. Sigler et al.
(in review) suggested that the spring bloom occurs in April when ice is still present in that
month, which it was in all the years included in this study. In the present dataset, however, the
spring bloom, treated as a local maximum, only occurred in April in 2011, with shallow and mid-
column blooms nearly co-occurring. In contrast, in 2012 there was an initial increase in mid-
column Chl a in April, but maximum values were not attained until early May, and in 2009
biomass did not increase substantially until mid-May.

Each year, the extremely cold weather facilitated the formation of a “Cold Pool”
(seawater temperature <2°C), which was observed over the entire central Bering Sea shelf north
of 57°N (Goes et al. in press, Figures 1A,C). Although the presence of the “Cold Pool”
enhanced stratification to the benefit of large long-chained diatom blooms in the shelf region
(Stauffer et al., in review), it left the upper (<40 m) Bering Sea shelf water column completely
nutrient depleted to the detriment of further phytoplankton growth (Figure 1B,D). Phytoplankton
growth and biomass however varied greatly between years (Stauffer et al., in review) due to
differences in localized sea-ice conditions. The results of our study also showed that if the Cold
Pool was not eroded by energetic storms midway through summer, it acted as a barrier for
upward fluxes as well as cross-shelf transportation of nutrients leaving the upper 35m completely
devoid of nutrients. As a consequence, populations of large diatoms in the upper 35m were
replaced by smaller prasinophytes, cryptophytes, haptophytes and a small percentage of smaller



diatoms by mid-summer (Goes et al., in press, Figure 1E). Variable fluorescence measurements
confirmed that these populations were physiologically stressed (Figure 2B,D).

Additionally, the presence of the Cold Pool resulted in greater CDOM photodegradation
of the surface mixed layer in the summer that may have allowed light penetration to greater
depths into the Cold Pool, where with nutrient availability resulted in large subsurface
phytoplankton blooms (D’Sa et al., 2013). The phytoplankton communities at depth (~40m)
revealed the presence of large diatoms which accounted for >80% of the biomass which at times
was in excess of 20 mg m™ Chl a (Figure 1F). These populations were largely confined to the
sharp pycnocline located just above the Cold Pool and appeared to be remnants of diatom
blooms that had sunk out of the water column during spring. The existence of this Chl a and
diatom-rich layer over the entire Bering Sea layer led us (Goes et al. in press; in prep.) to posit
that in addition to preventing the exchange of nutrients in the upper water column, the Cold Pool
acts as a barrier for carbon export, preventing large diatoms from being available to benthic
populations.
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Analysis of our data has also led us to posit that temperature could be an important
determinant of the community structure of phytoplankton in the Bering Sea. Examination of
relative composition of phytoplankton in relation to temperature revealed that diatoms generally
preferred colder waters, in contrast to most other phytoplankton, which appeared to prefer
warmer waters. On the basis of these results, we have posited that if the Bering Sea were to
become warmer, benthic organisms would lose a key food source with potentially large
consequences for fisheries.
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The bulk of these subsurface blooms of
phytoplankton are inaccessible to ocean color
sensors (Arrigo et al., 2011), but their magnitude
in terms of Chl a and carbon biomass makes them
an extremely important community for understanding carbon cycling and the ecosystem
dynamics of the western Arctic Ocean. Our future plans are to use the method of Sathyendranath
and Platt (1989) that relies on remotely sensed Chl a signatures at the surface to infer
phytoplankton biomass at depth. While some knowledge of photo-adaptation and nutrient-
uptake kinetics is available for polar ice algae and under-ice phytoplankton, more realistic
physiological rate parameters that are specific for high latitude phytoplankton present at depth
will be required for estimating primary production and new production from space and for
coupled bio-physical modeling of the ocean biogeochemical cycle. Obtaining improved
estimates of phytoplankton physiological rate parameters for photosynthesis versus light (P vs.
E), nutrient uptake kinetics, etc. that are specific for cold water phytoplankton are necessary first
steps to assure that outputs from our coupled sea-ice ocean ecosystem model for the Arctic
Ocean are more robust.

Field Data Summary
Support from NASA allowed us to participate in five ship-of-opportunity cruises on
board U.S. and Japanese research vessels in the Bering Sea (2009-2012), and in two cruises on



board the Korean Ice Breaker R/V Araon in the Arctic Ocean (2012 and 2013). Datasets from
the cruises included inherent and apparent optical properties (Figure 3), continuous underway
fluorescence-estimates of chlorophyll a concentration (Chl a), three phytoplankton
phycobilipigment types and phytoplankton photosynthetic competency in the Bering Sea.
During these cruises seawater samples were also collected for microscopic identification of
phytoplankton and for High Precision Liquid Chromatography (HPLC) of pigments used for
identifying major phytoplankton groups. Year-round moorings (September 2008-August 2012)
equipped with active and passive acoustical instruments have allowed for the characterization of
zooplankton biomass and community structure from acoustic backscatter (Sv and % composition
time series) (Figure 4). Synthesis of these datasets have now aided in: 1) validation and fine-
tuning of a coupled sea-ice physical-biological model developed as part of this project (Wang et
al., 2013) (Figures 5, 6 and 7), 2) ocean color algorithm development for Chl ¢ and CDOM
(Naik et al., 2010, 2013; D’Sa et al., 2013) (Figure 8), and 3) constructing a comprehensive
picture of the spring-summer seasonality of phytoplankton and zooplankton communities
required for addressing questions outlined in our project.

a) How does sea ice extent, concentration and rate of spring retreat affect phytoplankton
community composition and the allocation of primary production between different size
groups?

b) What are the dominant physical and chemical ice-mediated controls on phytoplankton
community structure and productivity and how are these controls changing with decreasing
sea ice?

These datasets have been quality controlled and submitted to SeaBASS and are available
to the community for ocean color algorithm development and validation activities. The Physical
model code is maintained open source at: http:/www.glerl.noaa.gov/about/pers/
profiles/wang.html/CIOM/, whereas our Biological model code is currently being archived on
SourceForge which is a web-based source code repository (see http://sourceforge.net).

Prior to this study, no database existed anywhere for the archiving of acoustic backscatter
data obtained from scientific echosounders. Acoustic data is challenging to archive, as the
datasets are large and multidimensional. Co-PI Jennifer Miksis-Olds worked closely with Chris
Proctor at the NASA GSFC Ocean Biology Processing Group to create an additional database
within the larger NASA SeaBASS database to accept and make acoustic backscatter data and all
its accompanying metadata publically available.
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Figure 4. The combination of multiple datasets obtained from the M2 regions in
the Bering Sea from 2009-2011. Detailed information is available to describe ice

dynamics, physical features of the water column (temperature and salinity), and

zooplankton/fish dynamics (level and community structure). The Chl a time series
represents the level of primary production, but there is no information on
phytoplankton community structure and photosynthetic competency to explain the
dramatic shifts in zooplankton community structure during times of relatively

stable levels of acoustic backscatter (Sv) and Chl a.



Modeling Summary

Over the course of this project, we established a coupled ice-ocean-ecosystem model
(CIOM) and ice-ocean-ecosystem model (Physical-Ecosystem Model, PhEcoM) in the Bering-
Chukchi-Beaufort seas and ran the model for the field study years 2007-2013, and validated the
model using both satellite and in situ measurements. The results of this effort are published for
the 2007-2008 period (Wang et al., 2013). Another manuscript is planned that utilizes the field
survey years (2010-2012) of this project and the NASA satellite standard data products and those
developed as part of this project. Adding tides to investigate nutrient transport into the Chukchi
Sea from the Bering Sea will further refine the ecosystem model.
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Figure 7. Model data chlorophyll comparisons. A) Model simulated, B) SeaWiF$S
estimated, and C) surface in situ chlorophyll a measured in August 2008. Note



that the near continuous measurements of chlorophyll at the surface (C) show the
high chlorophyll patch that is reproduced by the model (A) near the shelf break,
although the satellite-measurement (B) is not visible due to cloud cover. D)
Model-domain averaged chl-a, as simulated by the PhEcoM (solid/black line) and
measured by SeaWiFs (red circles). The vertical bars denote the monthly maxima
and minima derived from the 2000-2010 data.

Satellite Summary

An absorption budget was determined (phytoplankton, non-algal particles (NAP) and
colored dissolved organic matter (CDOM)) for the eastern Bering Sea during the summer that
indicated the strong influence of CDOM absorption on the remote sensing reflectance and light
attenuation in the water column. Results of our study indicated that for the standard OC4
algorithm, chlorophyll-a is overestimated at low concentrations due to higher CDOM absorption
and underestimated at high concentrations due to specific absorption coefficient associated with
phytoplankton package effect and size. A chlorophyll algorithm for the eastern Bering Sea for
the summer was developed for MODIS using a 3-band algorithm (Naik et al., 2013; Figure 3).
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We are also continuing evaluation and refinement of a variety of ocean color inversion
algorithms (similar to Mouw et al., 2013) allowing for improved simultaneous retrieval of Chl a,
CDOM and NAP that are needed to accurately retrieve changes in remote sensing reflectance
associated with phytoplankton size structure (following Mouw and Yoder, 2010).
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Education and Outreach Summary
The following table outlines the post-doctoral scholars (2), graduate (7) and undergraduate
students (7) that have been involved with the project.

Post-docs Graduate students Undergraduates
Michigan Tech Brice Grunert (Ph.D.)
University
Columbia Beth Stauffer Andrew Gross
University Ariel Tarell
Maeve O’Connell
Louisiana State Puneeta Naik Puneeta Naik (Ph.D.)
University Ishan Joshi (Ph.D.)
Rajkumar Parthasarathy (M.S.)
Prabakar Gunashekar (M.S.)
Pennsylvania Samuel Denes (Ph.D.) Nicole Marusco
State University Julia Vernon (Ph.D.) Samantha Tufano
Amanda Murphy
Michael Bollinger
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2010 Keynote Talk.
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received a travel award from the NSF to present his work at the ASLO meeting in
Portland, Oregon, February, 2010
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