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ABSTRACT

The Alaskan Outer Continental Shelf (OCS) is in the midst of several important
environmental and social transformations, including climate-change pressures, increasing
maritime traffic, and exploration of offshore energy resources. In light of the potential impacts
associated with these changes, the Bureau of Ocean and Energy Management OCS Study BOEM
2014-668 (Biogeochemical Assessment of the Outer Continental Shelf Arctic Waters)
investigated the implications of two climate-change related processes on the carbon
biogeochemistry of the North Aleutian Basin and the Chukchi Sea.

This study began in the Bering Sea as a partnership with the Bering Sea Project (BSP),
which was funded by the National Science Foundation (NSF) and the North Pacific Research
Board (NPRB)). Several years of unprecedented reductions in areal coverage and persistence of
seasonal sea-ice led to shifts in important ecosystem variables, raising concerns about food
security and Bering Sea fisheries. This report quantifies the magnitude and fate of net
community production (NCP), the primary energy source for secondary producers and higher
trophic levels during 2008 and 2009. This study found that the outer edge of the Bering Sea shelf
exhibits a more pelagic character than the middle shelf, which is characterized by highly efficient
vertical export of NCP and strong energy delivery to benthic populations. It is expected that
pelagic energy pathways will strengthen for both the outer and middle shelf regions with ice
reduction.

In 2010, a partnership between BOEM and Fairweather, LLC expanded OCS Study
BOEM 2014-668 to the northeastern Chukchi Sea to consider the response and vulnerability of
the wider Alaskan OCS region to ocean acidification (OA), another manifestation of climate
change. Ocean acidification is caused by the buildup of anthropogenic CO, in ocean waters and
increases carbonate mineral corrosivity. In naturally vulnerable areas like the Alaskan OCS, OA
processes can cause substantial habitat stresses for marine organisms that build shells, skeletons,
and tests from calcium carbonate, like several commercially important species in the Bering Sea.
These observations show widespread evidence that anthropogenic OA dramatically increases the
intensity, spatial extent, and especially the duration of corrosive conditions over both the Bering
and Chukchi shelves. Extremely severe corrosive conditions occurred in conjunction with signs
of active carbonate mineral dissolution.
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EXECUTIVE SUMMARY

The living marine resources of the Eastern Bering Sea represent a vital part of the
Alaskan and US economy. The wholesale commercial fishing catch alone is consistently valued
above $3 billion annually, and subsistence activities nutritionally sustain 55,000 natives in more
than 30 coastal communities. However, this area is projected to experience rapid transitions in
response to climate change pressures. Of particular concern is that the ecosystem could shift to a
less economically favorable state. Attention is increasingly being focused on the responsible
environmental stewardship of this region, especially as reductions in seasonal sea ice have
permitted extensive increases in commercial activities.

In order to best manage, sustain, and grow this wealth of resources, it is critical to
understand how this region will respond to increasing climate change and human development.
This study, Biogeochemical Assessment of the Outer Continental Shelf Arctic Waters (OCS
Study BOEM 2014-668), was made possible through collaboration between the Bureau of Ocean
and Energy Management (BOEM; formerly the Minerals Management Service, MMS), the
Bering Sea Project (BSP; supported by the National Science Foundation (NSF) and the North
Pacific Research Board (NPRB)), and Fairweather, LLC. The project investigated the current
status of the biogeochemistry on the Alaska outer continental shelf (OCS), and the vulnerability
of these areas to two important climate change related pressures.

The initial phase of OCS Study BOEM 2014-668 explored the implications of present
and changing ocean physical processes on the magnitude and fate net community production
(NCP), an important ecosystem variable indicating the primary energy source that feeds
secondary producers and ultimately, upper trophic levels. Climate change is expected to increase
the heat content of Bering Sea waters, diminishing both the areal extent and the persistence of
seasonal sea ice. Warmer temperatures are expected to favor zooplankton development and,
resultantly, fuel greater zooplankton grazing of NCP. This maintains more of this energy source
in the surface layer, benefiting upper trophic levels in the pelagic environment. Colder
temperatures are expected to have the opposite effect, by inhibiting zooplankton development,
reducing grazing, and increasing export of carbon to the benthos.

During 2008 and 2009, cold conditions dominated the Bering Sea shelf. In support of the
alternating modes above, this study observed efficient vertical export of carbon to the benthos,
particularly in the middle shelf (along the 70m isobath). These observations also indicate that the
two primary physical drivers of NCP are the semi-permanent frontal structures that control the
distribution of nutrients and water column stability over the shelf, and the discharge of river
water to coastal regions. Macronutrient concentrations are higher nearer the basin, while
micronutrients are replete in coastal surface waters. The confluence of these occurs at the Central
Front, and produced the highest rates of NCP observed. Evidence suggesting terrestrial carbon
export was also observed in the coastal domain. Given that warming temperatures are also
melting permafrost and increasing riverine discharges of carbon, this signal may increase in the
future.
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In 2010, OCS Study BOEM 2014-668 was expanded to consider the biogeochemical
implications of ocean acidification on the Alaskan OCS. On a global scale, human development,
especially industrial processes over the last 200 years, has resulted in a 40% increase in
atmospheric carbon dioxide (CO;) concentrations with the oceans absorbing more than 25% of
all anthropogenically emitted CO,. Through a series of well-known chemical reactions, this has
resulted in dramatic changes in global ocean chemistry, reducing surface pH by about 0.1 units
(~30% increase in acidity relative to the pre-industrial era). Naturally occurring carbonate ions
partially neutralize this reaction. However, many marine organisms use carbonate ions to form
shells, skeletons, and tests, and are stressed by the reduced carbonate availability.

High-latitude oceans are naturally low in carbonate ion concentrations to begin with due
to natural circulation processes and cooler temperatures. The highly productive nature of the
Alaskan OCS, so vital to the extensive fisheries in the region, is also vulnerability. When the
massive amount of NCP is remineralized by bacteria, there is an accumulation of CO, which can
result in further reductions in pH. Sea-ice melt and river water have also been shown to increase
CO; concentrations and dilute carbonate ion concentrations. At a critical low threshold of
ambient carbonate ions, ocean chemistry favors the dissolution of solid carbonate minerals,
including those that form biological structures.

This study identified conditions potentially corrosive to carbonate minerals in bottom
waters over the shelf, where respiration processes are most prevalent. While river discharge and
sea ice melt are typically lower in pH than ocean surface waters, primary production utilized
CO;, at the surface layer and resulted in very low corrosivity. In both the Bering and the Chukchi
Sea, the contribution of anthropogenic CO, dramatically increased the severity, spatial extent,
and duration of corrosive conditions over both the Bering and Chukchi shelves. In areas where
corrosivity was particularly severe and sustained, we also observed some evidence of carbonate
mineral dissolution. These conditions were favored by strong respiration in relatively slow-
moving waters, where geostrophic flows and tides did not extensively dilute respiration products.

XXV



CHAPTER 1
Review of OCS Study BOEM 2014-668

1.1 Introduction

The Alaskan continental shelf is home to several of the most highly productive marine
ecosystems in the world’s oceans, supporting a rich and diverse food web that is both
economically and culturally important for Alaska. This expansive shelf area sustains the majority
of the US nesting seabird population, some of the highest benthic faunal biomass in the world’s
oceans (Grebmeier and McRoy, 1981; Grebmeier et al., 2006) and almost half of the total US
fish and shellfish landings annually. Over 40 species of fish and shellfish are commercially
harvested in the Bering Sea each year, and subsistence communities consume upwards of 36
million pounds of fish annually. In the 1990s and early 2000s, many changes in the character of
the system that supports these large fisheries were noted, including warming temperatures,
substantial seasonal sea-ice losses, and declines in Arctic species populations coupled with
increases in populations of temperate taxa (e.g., Overland et al., 2001; Stockwell et al, 2001;
Stabeno et al 2001, 2002; Hunt et al., 2002; Macklin et al., 2002; Napp et al., 2002; Bond et al.,
2003). Projections of major changes in sea-ice cover in the coming decades (Overland et al.,
2012; Stabeno et al., 2012a, b) have compounded concerns for the future of this commercially
important region.

In order to better understand and quantify these changes, the Bering Sea Project (BSP),
was conducted over three years to explore the impacts of climate change across the Bering Sea
ecosystem. The BSP was a combined effort of National Science Foundation funding the Bering
Ecosystem Study (BEST), and the North Pacific Research Board funding the Bering Sea
Integrated Ecosystem Research Program (BSIERP). At its core, the Bering Sea Project
hypothesized that climatic conditions and physical structure shape trophic relationships in the
Bering Sea, from phytoplankton to commercial and subsistence fisheries (Harvey and Sigler,
2012). Funding from these programs and in-kind contributions from other agencies enabled the
participation of over 100 principle investigators in nearly 175 days of ship time (Weise et al.,
2012) toward this regional effort.

In addition to concerns about food security and commercial investments in the Alaskan
fisheries, this region has also experienced substantial increases in maritime traffic. The Bureau of
Ocean and Energy Management (BOEM) pursues research efforts to refine the knowledge of
oceanographic and meteorological processes and to identify long-term changes in marine food
webs related to past or future human activities in order to support environmentally sound policy
decisions and management of offshore energy resources. In a partnership between the Bering Sea
Project, Fairweather, LLC and BOEM, OCS Study BOEM 2014-668 (Biogeochemical
Assessment of the Outer Continental Shelf Arctic Waters) investigated the current status of the
biogeochemistry on the Alaskan continental shelf, and vulnerability of these areas to climate
change related pressures.



1.1.1 Climate Change Impacts on Food Webs: Sea-ice

The emerging variability in Bering Sea-ice cover could have important implications for
the Bering Sea food web and its associated commercial and subsistence fisheries by changing the
character of the annual spring phytoplankton bloom. Net community production (NCP)—an
estimate of the seasonal average of phytoplankton production at the sea surface—forms the
primary energy source that feeds secondary producers like zooplankton, and propagates through
higher trophic levels including commercially important pelagic fish species (such as pollock;
Hunt and Stabeno, 2002; Hunt et al., 2002). When NCP occurs out of phase with grazing, this
organic carbon food supply is instead exported out of the pelagic layer, where it provides a
valuable food source for benthic populations. For example, zooplankton reproduction and growth
processes are limited during colder periods, prompting a decoupling between primary production
and significant export of organic matter to the sediments. This increased food supply favors the
commercially valuable red, king, and snow crab fisheries, over pelagic fish like pollock. The
same is true in the inverse scenario: warmer conditions favor rapid development of zooplankton
populations and coupled production and grazing processes. In this case, more phytoplankton
primary production is maintained in the pelagic layer.

The predominance of warm or cold modes of variability in the Bering Sea are strongly
linked to the spatial extent and timing of ice retreat. Colder conditions promote greater sea ice
extent, where ice can cover even the southern shelf completely, and long sea-ice persistence,
where ice persists over the shelf through April. By contrast, warmer temperatures lead to shorter
seasonal sea-ice persistence, and may enhance the coupling between NCP and grazing, energy
retention in the pelagic zone, and the presence of commercial fish. In scenarios where seasonal
sea-ice persistence is reduced by anthropogenic climate change processes, warm years favoring
stronger pelagic fish populations may increase, while commercial populations of important
benthic species could decrease.

1.1.2 Climate Change Impacts on Biogeochemistry: Ocean Acidification

In 2010, OCS Study BOEM 2014-668 was expanded to consider the impact of climate
change processes on the regional biogeochemistry. In Alaskan continental shelf waters, colder
temperatures and ocean mixing patterns result in naturally low in carbonate ion concentrations
available to buffer against changes in pH, meaning that even small changes in ocean acids and
bases could impact ocean chemistry. This limited buffering capacity is naturally tested by the
seasonal respiration of organic matter, which causes carbonate dioxide (CO,), a weak acid, to
accumulate in bottom waters. However, climate change processes are also altering the balance
between acids and bases on Alaskan continental shelves through several other pathways,
stressing this already limited resilience.

For example, increasing discharges of organic carbon from terrestrial sources due to the
melting of permafrost (Walvoord and Streigl, 2007; MacGuire et al., 2009; Waldrop et al., 2010)
could enhance respiration processes, increasing the accumulation of CO,. Release and
dissolution of methane hydrates, favored by warming ocean temperatures (MacGuire et al.,



2009), also contribute acids to the water column. Fresh water from sea-ice melt (McClelland et
al., 2006; White et al., 2007) dilutes naturally occurring bases. Lastly, since the beginning of the
Industrial Revolution, human activities such as the burning of fossil fuels and changes in land
use practices have increased carbon dioxide (CO,) levels in the atmosphere and caused an uptake
of approximately 2/3 of this carbon by the ocean (Sabine and Feely, 2007; Doney et al., 2009).
This increase in CO, concentrations has caused the average surface water pH of the ocean to
decrease by about 0.1 units (Feely et al., 2004; Feely et al., 2000) with the most dramatic
changes occurring in the last half century due to accelerating emission rates. This process,
described as ocean acidification, is a tangible manifestation of climate change.

When pH values are low enough, seawater can become corrosive to carbonate minerals.
Corrosivity is estimated by the calcium carbonate saturation state (Q2). When Q falls below a
value of 1, waters are said to be undersaturated with respect to carbonate minerals, and
potentially corrosive to carbonate mineral structures. In the Bering Sea, several commercially
important species build shells, skeletons, or tests from carbonate minerals including red and king
crabs (e.g., Long et al., 2013) and pteropods, a marine calcifying zooplankton that forms a large
portion of the pink salmon diet (Kruse et al., 1998; Aydin et al., 2005). Prolonged or severe
corrosive events can result in compounding detrimental effects for the associated food webs and
ecosystems (Feely et al., 2008; Ries et al., 2009; Bednarsek et al., 2012), and adversely impact
both the regional and national economy, as well as subsistence communities in Alaska that rely
on these fisheries as their primary source of protein (Cooley and Doney, 2009; Narita et al.,
2012; Mathis et al., 2014).

1.1.3 Linking the Bering and the Chukchi Seas: the Alaskan OCS as One System

The expansion of OCS Study BOEM 2014-668 also included exploration of carbon
biogeochemical processes and trends in the Chukchi Sea OCS in partnership with Fairweather,
LLC. This continuing effort provided an opportunity to develop a comprehensive understanding
of the Arctic and sub-Arctic shelf system and its vulnerability to ocean acidification. Bering Sea
shelf waters flow through Bering Strait, where they are then transported northward over the
shallow Chukchi Sea shelf (Coachman and Barnes, 1961; Overland and Roach, 1987; Roach et
al., 1995; Woodgate and Aagaard, 2005; Woodgate et al., 2005a, 2006b), where many of the
same biogeochemical conditioning processes occur, and where climate change risk factors are
similar.

This continuous modification over the continental shelf systems of the Alaskan OCS
ultimately could impact the Arctic Ocean. Pacific Ocean waters and freshwater inputs
biogeochemically modified over these shelves make up the majority of the upper water masses in
the western Arctic Ocean (Macdonald et al., 2002; Kadko and Swart, 2005; Cooper et al., 2008).
If the magnitude or fate of NCP changes in either the Bering or the Chukchi Sea, this could
change the amount and type of carbon exported into the Arctic Ocean basin. Increased
decoupling between production and grazing would favor benthic communities and the
accumulation of CO; in bottom waters, and could result in the transport of lower pH, CO,-rich



waters through Bering Strait and onto the Chukchi Shelf. Because this region supports one of the
most diverse and populous benthic ecosystems in the global oceans, these risk factors and
processes could have a substantial impact. The Arctic Ocean also contributes between 5% and
15% of the global ocean carbon CO; sink. Export of these CO,-rich waters into the basin could
lower the size of this sink.

1.1.4 Improving Predictive Capacity

One of the core challenges in assessing the impacts of ocean acidification for Arctic
regions is the overall lack of carbon system measurements available at sufficient space and time
resolutions. The expansion of this study also explored the use of a new empirical technique to
predict saturation states from commonly-measured hydrographic variables available in time
series records, like temperature, oxygen, and salinity. In a recent study of the central Oregon
upwelling region, an area recently noted to experience seasonal undersaturations of aragonite
(Feely et al., 2008), Juranek et al. (2009) used a multiple linear regression (MLR) approach to
model aragonite saturation states using observations of temperature and oxygen alone. This
approach was successful because of the underlying functional relationships that exist between
carbon system parameters and hydrographic variables. For example, Q (saturation state) is a
function of temperature, salinity, pressure, and the concentrations of calcium and carbonate of
seawater. When applied to hydrographic data collected by moorings or available in historical
records, these techniques provide an unprecedented time-series of aragonite saturation states
throughout the water column. A similar approach applied to the hydrographic data and carbon
system measurements in this study could dramatically expand the Arctic carbon data record.

1.1.5 OCS Study BOEM 2014-668: Report Content

Here, the annual magnitude, spatial variability, and fate of NCP for the Bering Sea during
2008-2010 are examined in order to understand the potential impacts of climate change on the
ecosystem. The biogeochemical variability in this region and in the northeastern Chukchi Sea in
2010 is assessed to determine and the potential impacts of ocean acidification. In the following
sections of this introductory chapter, the core hypotheses and objectives of the project as defined
in the original proposals are listed (Section 1.2). The methods and sampling strategy for these
studies are also described (Section 1.3), and the major results and conclusions of these analyses
are presented briefly in Sections 1.4 and 1.5, respectively. A summary of delivered products is
given in Section 1.6. Detailed presentation of this work was previously presented through ten
peer-reviewed publications which compromise Chapters 2-11 of this report.

1.2 Hypotheses and Objectives
The starting central hypothesis for this study was:

Inter-annual and spatial variations in physical forcing (particularly sea-ice extent and
late winter SST) would exert fundamental controls on the magnitude, timing, and fate of
NCP, with cascading effects through the entire southeastern Bering Sea Shelf ecosystem.



Two secondary hypotheses were also included:

Secondary Hypothesis A: Given early ice retreat, with elevated SST, late phytoplankton
blooms and high copepod biomass will be favored. Much of the NCP is transferred
through zooplankton to support forage fish recruitment, increasing the carrying capacity
for pelagic populations such as Pollock and herring. With less export of NCP to the
benthic infauna, there will be reduced carrying capacity for a variety of organisms,
including king crab and walrus.

Secondary Hypothesis B: Given late ice retreat (colder winter water), earlier bloom
development will lead to relatively lower copepod biomass. Much of the NCP over the
southeastern shelf will be deposited to the benthos. Pelagic ecosystems will be
impoverished, and demersal fisheries will thrive.

These hypotheses were assessed through two primary objectives:

Objective 1: Quantify upper ocean net community production by measuring seasonal
changes in the stock of inorganic carbon.

Objective 2: Employ elemental mass balance techniques to track the fate of NCP.

OCS Study BOEM 2014-668 was expanded in 2010 to include assessments of ocean
acidification for the Chukchi and Alaskan Beaufort OCS. This expansion also broadened the
spatial area of the study by leveraging new data collected in the Chukchi Sea with Fairweather,
LLC. The study included three additional hypotheses:

Hypothesis 2: Unique biogeochemical processes such as high river export and sea-ice
melt create conditions favorable to aragonite undersaturations in surface waters both on
the Chukchi shelf and in the deep Canada Basin that are distinctly different from other
ocean basins.

Hypothesis 3: The accumulation of remineralization products in the bottom waters of the
Bering, Chukchi, and Beaufort Seas, coupled with moderate upwelling, creates an
environment where carbonate mineral saturation states are sharply reduced, leading to
seasonal aragonite undersaturations in important benthic habitats.

Hypothesis 4: Considerable variability in key biogeochemical processes within sub-
regions of the western Arctic (e.g., Bering, Chukchi, Beaufort Seas and the Canada
Basin) will cause different responses to the biological community and inorganic carbon
system to coupled climate/OA perturbations.

These hypotheses were assessed through the completion of three additional objectives associated
with the expanded study:

Objective 3: Better constrain the impacts of low-alkalinity ice melt, high pCO, river
runoff, the remineralization of organic matter and the upwelling of deep Arctic basin



waters onto the Bering, Chukchi, and Beaufort shelves on saturation states in the surface
and bottom waters.

Obijective 4: Develop regionally-specific algorithms to relate saturation states to standard
hydrographic parameters for evaluation of trends in saturation states when full carbon
system measurements are absent. These algorithms could be applied to data collected on
autonomous moorings to provide empirically predicted aragonite saturation states at
unprecedented resolution.

Obijective 5: Constrain the biogeochemical feedbacks on saturation states by determining
how gradients in physical forcing (upwelling, ice melt, river discharge, major currents)
affect late season biological CO, uptake and export, and how primary production/export
in turn influence surface/subsurface saturation states.

1.3 Methods and Datasets
1.3.1 Hydrographic Structure of the Eastern Bering Sea Shelf

The annual formation and melting of sea-ice is one of the greatest contributors to water
column structure in the Bering Sea. The ~1700km advance and retreat of sea-ice over the Bering
Sea Shelf is the largest in any of the Arctic or Sub-arctic regions (Walsh and Johnson, 1979),
making it a significant source and sink for freshwater over the shelf. Increases in freshwater
content caused by melting modify the water column density gradients, contributing to the
maintenance of the summer stratification necessary for production (see Optimum Stability
estimates by Coyle et al., 2008). Because sea-ice retreat begins in the south (Pease, 1980;
Niebauer et al., 1990), ice persists longer over the northern shelf and northern bottom water
temperatures in summer and autumn are lower, leading to the division of the cross-shelf domains
at ~60° N (see Chapter 2, particularly Figure 2.1, for discussion of domains). Sea-ice persistence
also plays a role in the formation of a cold water mass (<2 °C; Maeda, 1977; Khen, 1998)
isolated by thermal stratification in the Middle Domain (Wyllie-Escheveria, 1995;Wyllie-
Escheveria and Wooster, 1998; Stabeno et al, 2002).

The other major contributor to hydrographic structure in this region is tidal mixing. As
the dominant source of total kinetic energy flow across the shelf (Coachman, 1986; Stabeno et
al., 2006), tidal forces typically mix the water column to about 40 m, creating a well-mixed
bottom layer in each domain. Because the Coastal Domain averages a depth of less than 50 m,
tidal energy and wind mixing completely over-turn the water column and prevent the formation
of strong stratification in summer. A well-stratified, two-layer system characterizes the Middle
(50-100 m) and Outer (100-180 m) Domains, where wind mixes the surface waters over a
denser, tidally mixed bottom layer. In the deeper Outer Domain the wind-mixed surface layer
and tidally-mixed bottom layer are separated by a sharp pycnocline (Stabeno et al., 2006).
Summertime stratification is typically strongest in the Middle Domain and weakest in the
Coastal Domain.



1.3.2 Sampling Strategy for the BEST Program on the Eastern Bering Sea Shelf

Our sampling strategy was linked to the overall BEST-BSIERP Project (see Figure 1.1),
which emphasized good cross-shelf and along-shelf coverage to observe the impacts of differing
physical controls on differing areas of the Bering Sea shelf. During the project, the “cold”
climatic pattern dominated the shelf, with several years of extensive ice extent and cooler spring
SSTs. However, the broad sampling pattern adopted here also provided an opportunity to assess
Secondary Hypotheses A and B from a spatial perspective. In particular, shorter sea-ice
persistence over the southern shelf relative to the northern shelf should have produced conditions
favorable for testing Secondary Hypothesis A, where early ice retreat, a later bloom, high
copepod biomass results in weak vertical transport of organic matter to the benthos. The
comparatively ice-rich northern shelf should have produced conditions favorable for Secondary
Hypothesis B, where late ice retreat, an early bloom, and low copepod biomass result in strong
transference of NCP to the benthos. This broad coverage also allowed for examination of
potential carbon transport from north to south.
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Figure 1.1. Proposed and executed hydrographic stations in the Bering Sea from 2008 — 2010. (Left) Proposed
hydrographic sections from the BEST program in black lines. (Right) Each station occupation From 2008-2010,
showing occupation of the proposed areas. Note that the names of the SM and SP lines changed to MN and NP.

Our original sampling strategy was focused along the southeastern shelf, as extensive and
similar historic data also exist for this area. However, this strategy evolved with the BEST
program. Limited ship time forced station spacing to widen considerably. Additionally, rather



than focusing on the CN-time-series-line, the BEST program also shifted focus to the 70M-time-
series-line. Several high-resolution mooring records and continuing research make the 70M-line
a valuable time-series resource. These modifications did result in lower-resolution coverage of
each line. Despite lacking occupation of the CN-line, good coverage over the southern shelf was
achieved (the NP-line was still occupied, and was bisected by the 70M-line), although some
sampling density was shifted to the northern shelf.

These lines were occupied during seven cruises between 2008 and 2010, with cruises
during each spring and summer, and one cruise of opportunity during autumn of 2009 (See Table
1.1). During 2008 and 2009, spring cruises took place during April and summer cruises during
June and July. During 2010, particularly extensive spring sea-ice delayed the spring cruise until
May and limited occupation of standard stations across some areas of the central and northern
inner shelf. The summer cruise in 2010 followed the same pattern as in 2008 and 2009. During
2008 and 2009, spring and summer occupations of each station took place between 30 and 50
days apart. During 2010, the delay in the spring cruise shortened this time period, and most
stations were occupied during summer between 20 and 35 days after the spring station
occupation.

Cruise Period of Record

I1.Y0802| O1 Apr 05 May 2008
I1I1.YO803 05 Jul 29 Jul 2008
I1.Y0902| 04 Apr 10 May 2009
KN195 22 Jun 12 Jul 2009
MFEFO204 | 26 Scp 09 Oct 2009
TN249 14 May 1 Jun 2010

TIN250 24 Jun 12 Jul 2010

Table 1.1. Individual Bering Sea cruises and respective period of record. HLY0802, HLY0902, and TN249
were all spring cruises, but note that TN249 took place approximately one month later than in previous years.
HLY0803, KN195, and TN250 took place during summer. MF0904 took place during fall.

The complete Bering Sea sampling strategy executed during this project is given in Table
1.2. Here, the complete length of each hydrographic line as it was occupied during each cruise is
highlighted. The cross-shelf lines (SL, MN, and NP) varied in length as deep, shelf-break
stations offshore were cut to provide time for other research activities. During the spring cruise
in 2010, sampling was particularly limited along the MN and SL-lines due to extensive ice cover.
In place of these samples, the BEST program occupied the CN-line



. 2008 2009 2010
TansectLine Spring | Summer | Spring | Summer | Fall | Spring | Summer
SL |Distance | 360km | 560 km | 550km | 360 km | 385km | 125 km | 260 km
Stations 16 16 14 12 11 5 13
Spacing 35km | 35km | 40km | 30km | 35km | 25km | 20km
n Samples 74 71 49 45 56 26* 41
MN |Distance 630 km 630 630km | 540 540 630 km
Stations 18 21 21 18 18 n/a 18
Spacing 35km | 30km | 30km | 30km | 30km 35km
n Samples 99 141 102 72 81 n/a 70
NP |Distance 385 | 450 km | 390 km | 390 km 390km | 390 km
Stations 11 20 13 13 nfa 13 13
Spacing 35km | 23km | 30km | 30km 30km | 30km
n Samples 59 160 49 61 n/a 49 51
70M |Distance 980km | 980 km | 980 km | 980 km | 980 km | 980 km | 800 km
Stations 28 28 28 28 25 20 20
Spacing 35km | 35km | 35km | 35km | 40km | 50km | 40 km
n Samples 151 184 78 75 67 60 63
CN |Distance 420km | 420 km
Stations n/a n/a nfa n/a 12 12 n/a
Spacing 35km | 35km
n Samples n/a na n/a n/a 47 48 n/a

Table 1.2. Sampling strategy for the Bering Sea. The overall distance of the hydrographic line, the number of
stations, the distance between stations (lateral resolution) and the total number of samples taken along each line
are indicated. Reductions in the length of each line indicate the occupation of fewer shelf break and basin
stations. Limited ship time during MF0904 prevented sampling of the NP-line, but this was replaced with the
CN-line. Late ice persistence during 2009 prevented sampling of the MN-line and diminished sampling along the
SL-line. This sampling was replaced with sampling along the CN-line.

1.3.3 Hydrographic Structure and Sampling Strategy for the Chukchi Sea Shelf

The expansion of OCS Study BOEM 2014-668 explored oil and gas leased areas in the
northeastern sector of the Chukchi Sea (Figure 1.2) during the open water season (July-
September) of 2010. Each of the three study areas (Klondike, Burger and Statoil) exhibit
differing physical and biogeochemical characteristics (Day et al., 2013), although they are all
dominated by classical pelagic-benthic coupling that is largely controlled by the annual advance
and retreat of sea-ice over the region. The Klondike study area borders the eastern edge of the
Central Channel, a northerly current pathway, and functions as amore pelagic- dominated
ecosystem, whereas the Burger study area lies south of Hanna Shoal and functions as a more
benthic-dominated ecosystem. The Statoil study area has both pelagic and benthic attributes,
although it is more like Burger than like Klondike. The high spatial-resolution of the study
allowed for determination whether these variations in benthic— pelagic coupling are large enough
to yield differences in the carbonate parameters at each study area and better elucidate the
controls on carbonate mineral saturations states in the region. Each lease site was sampled across
a rectangular grid covering approximately 3025 km? at 25 km spacing between stations across



three cruises (Table 1.3). All three study sites were sampled in August and September, while
only the Burger area was sampled during October.
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Figure 1.2. Map of the lease areas in the Chukchi Sea. The lease boundaries are indicated in dashed lines,
while gridded carbon sampling locations are given in black dots. The sampling grid was determined in
conjunction with Fairweather, LLC who provided sampling for the expansion of OCS Study BOEM 2014-668.

2010
5 Aug —28 Aug | 28 Aug — 18 Sept | 1 Oct— 6 Oct
wwi002 WWi1003 ww1004
Klondike |Area 250 km?2 250 km?2
Stations 12 13 n/a
Spacing 25km 25km
n Samples 72 78
Burger [Area 250 km?2 250 km?2 250 km?2
Stations 13 13 13
Spaang 25 km 25 km 25 km
n Samples 78 78 78
Stafoil |Area 250 km?2 250 km?2
Stations 11 11 nfa
Spaang 25 km 25 km
n Samples 66 66

Table 1.3. Sampling strategy for the Chukchi Sea by leased area and cruise. The period of record for
each cruise, the overall area of the lease site, the number of stations, the distance between stations (grid
resolution) and the total number of samples taken within each lease site are indicated. During October,
only the Burger lease site was occupied.
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1.3.4 Analytical Methods
1.3.4.1 Net Community Production (NCP): The Eastern Bering Sea Shelf

In order to assess the impacts of varying sea-ice regimes on the magnitude and fate of net
ecosystem production in the Bering Sea, the first objective was to quantify net ecosystem
production. These geochemical calculations are easily extrapolated across time and space,
enabling the type of high-resolution, shelf-wide estimates of ecosystem production necessary for
this project. NCP can be calculated by measuring seasonal changes in the stocks of
photosynthetic reactants and products, such as seasonal drawdown of carbon and nitrogen, or the
seasonal production of NCP is estimated most directly by measuring the biological drawdown of
dissolved inorganic carbon (DIC) and/or nitrate, as has been done in other high-latitude
environments (e.g., Codispoti et al. 1986; Karl et al. 1991; Hansell et al. 1993; Yager et al. 1995;
Bates et al. 1998, 2005) such that:

NCP = DICinitiaI - DICﬁna| = ADIC, or (Eq 1.1)
NCP = (NO3'initial — NO3final) X C:N assimilation ratio. (Eq. 1.2)

Measuring NCP using nitrate can often be problematic in highly productive ecosystems,
where nitrate stocks are low in the water column to begin with, and are drawn down to near-
undetectable levels during the production season. DIC concentrations are much higher than
nitrate, and allow for a more accurate reference for NCP. However, there are some challenges to
measuring NCP through DIC drawdown. The above equation reflects all seasonal modifications
to DIC, while only a portion of the seasonal drawdown can be attributed to biological production
in the Bering Sea. Sea-ice melt and terrestrial inputs can impact DIC concentrations in the upper
mixed layer. For example, the addition of sea-ice melt water with low concentrations of DIC
effectively dilutes the surface layer, decreasing concentrations of DIC. Because NCP also
decreases concentrations in the euphotic zone, ice melt can cause a false amplification of the
NCP signal. This dilution of DIC concentrations can be corrected by normalizing DIC to a
constant salinity of 35.

Additionally, the formation and dissolution of total alkalinity (TA) through biotic and
geochemical processes can also cause changes in DIC. This effect can be corrected by measuring
seasonal changes in TA (Codispoti et al., 1986; Lee, 2001). Approximately half of this change
can be estimated to affect DIC concentrations: ADICak = 0.5*%(AAlk+ANO3). By subtracting
this value from the change in normalized DIC, NCP is rendered the only significant process
affecting seasonal changes in DIC concentrations (Bates et al., 2005; Mathis et al., 2009).

The most common instrument used for DIC analysis is the single-operator multi-
parameter metabolic analyzer (SOMMA). Operation, accuracy, and precision of the instrument
have been well documented (Huffman, 1977; Johnson and Wallace, 1992; DOE, 1994; Johnson,
1995; Johnson, et al., 1999, 1993, 1987, 1985) and the SOMMA is the instrument recommended
for DIC analysis in the Guide to Best Practices for Ocean CO, measurements (Dickson, et. al,
2007). The SOMMA uses a coulometric titration system to strip the DIC out of solution and an
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inert carrier gas to deliver it to a coulometric titration cell. The system is calibrated by titrating a
series of gas loops with known amounts of CO, and by analysis of Certified Reference Material
(see Poisson, Culkin, and Ridout, 19903, b).

The Versatile Instrument for the Determination of Total inorganic carbon and titration
Alkalinity (VINDTA) coulometric system has been gaining in popularity in the global ocean
carbon community because of several advantages and improvements over the SOMMA. Firstly,
this system does not require the use of gas loops for calibration, which reduces start-up time with
little to no loss of instrument accuracy and precision, making overall analysis faster. Secondly,
the VINDTA can simultaneously measure DIC and TA.

Beyond providing an estimate of the geochemical contribution to ADIC and correcting
DIC measurements, co-analyzing TA along with DIC provides a secondary water mass tracer, as
well as a biogeochemical tracer of coccolithophorid production. Measuring both DIC and TA
also helps to resolve the overall carbon system, allowing for the calculation of the partial
pressure of carbon dioxide (pCO,), pH, and Q of important carbonate minerals like aragonite
(Qa) and calcite (Qc). These variables in turn provide some estimates of the impact of
biogeochemical processes—and thus ice regimes—on sea-air CO, fluxes, ocean acidity, and
calcium carbonate saturation states, which also have dramatic implications for the ecosystem.
The dynamic nature of the data obtained from this secondary analysis became an overall focus of
the project, and eventually motivated an extension of the study area further north into the
Chukchi Sea.

Due to these additional advantages, DIC and TA samples for this project were analyzed
with a VINDTA 3C. Routine analyses of Certified Reference Materials (CRMs, provided by
A.G. Dickson, Scripps Institution of Oceanography) ensured that the accuracy of the DIC and
TA measurements were within 0.1% (~2 pmol kg?) and stable over time. The VINDTA 3C
provides real-time corrections to DIC and TA values according to in-situ temperature, salinity,
and phosphate and silicate concentrations. These ancillary hydrographic data were accessed
through the EOL Bering Sea Project Data Archive for spring and summer of 2008 and 2009.

1.3.4.2 Elemental Mass Balances: The Eastern Bering Sea Shelf

We employed several mass balance techniques to track the pelagic and benthic
partitioning of NCP in the Bering Sea. Firstly, the seasonal change in surface estimates of total
organic carbon (TOC) was compared to estimates of NCP to determine the coupling between the
rate of organic carbon production and storage. Across the production season, tight coupling
between these two parameters indicates that most NCP produced remains in the surface (pelagic)
layer, and is available to grazers in this area. A strong uncoupling between these two parameters
suggests intense export, where most NCP is delivered quickly to the benthic environment. For
this project, TOC samples were analyzed using the Shimadzu TOC-V/CSN system. Low-carbon
reference standards for calibration and control of the instrument were analyzed every sixth
analyzed, providing a systematic reference for all samples analyzed. Using this method, the
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between-day precision in TOC measurements as 1-2 umol kg™ and long-term accuracy was
stable over time.

Working with a large, multidisciplinary project also enabled synthesis of this data with a
variety of other independent estimates of the various rate and budget components of the Bering
Sea shelf carbon cycle as a whole, and to conduct a more sophisticated carbon mass balance for
this system, similar to other estimates that have been calculated previously (e.g., Walsh and
McRoy, 1986). With this study, annual estimates of NCP were combined with net primary
production (NPP), vertical export production (Ceyp), and benthic carbon production (BCC)
estimates to calculate surface layer organic carbon retention, respiration, and lateral transport;
export to the bottom layer; carbon burial; and bottom layer respiration. These complex
techniques and calculations are described in much greater detail in Chapter 9.

1.3.4.3 Sea-Air CO; Fluxes: The Eastern Bering Sea Shelf

Because utilization of DIC as a photosynthetic reactant at the surface layer favors the
absorption of CO, from the atmosphere, sea-air CO, fluxes can add DIC back into the water
column. This can cause errors in the estimation of seasonal DIC drawdown and NCP. Originally,
sea-air CO, fluxes were to be calculated from direct measurements of pCO, for the surface
waters and atmosphere. However, this instrumentation was not available through the BEST
program. Instead, fluxes were estimated by calculating seawater pCO, using the CO2SYS
program, as listed above, and reconstructing atmospheric CO, through publically available
programs. Initial investigations also revealed that fluxes varied in response to other drivers than
NCP. Because fluxes drive changes in the local biogeochemistry, investigation of sea-air CO,
fluxes for the Bering and Chukchi Sea continued. Net sea-air flux is determined according to the
following formula:

F =ks(ApCO,) (Eq. 1.3)

where Kk is the transfer velocity, s is the solubility of CO,, and ApCO;, is the difference between
atmospheric and oceanic partial pressures of CO,. The ApCO, sets the direction of CO, gas
exchange while k determines the rate of sea-air CO, transfer. Here, gas transfer velocity-wind
speed relationships for long-term wind conditions were used based on a quadratic (U?)
dependency between wind speed and k to determine sea-air CO, fluxes, such that:

k = 0.39U%14(Sc/660)°° (Eq. 1.4)

where Ujg is wind speed corrected to 10m, and Sc is the Schmidt number for CO,. The Schmidt
number was calculated using the equations of Wanninkhof (1992) and s (solubility of CO, per
unit volume of seawater) was calculated from the observed temperature and salinity using the
equations of Weiss (1974). Additional details on sea-air flux calculations and wind products can
be found in Chapters 4 and 10.

There are many physical and biological processes that can influence seawater pCO, and
sea-air CO, gas exchange, but the major factors include warming/cooling, biological
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uptake/release of CO,, the balance of evaporation and precipitation, vertical and horizontal
mixing (including entrainment/detrainment, vertical diffusion, and advection), precipitation and
dissolution of alkalinity, and the process of sea-air gas exchange itself. The two major drivers of
pCO, variability in the global ocean are temperature change and ocean biology, with minor
contributions from the other processes listed here. Functionally, the relationship indicates that

ApCO; = ApCO;(temperature) + ApCO,(biology) (Eq. 1.5)

ApCO; (biology) can be determined by removing the effect of temperature from the net ApCO;
through a normalization process (Takahashi et al., 2002):

pCOZ at Tmean = pcoz(obs) X e(0.0423*(T(0bs)—T(mean))) (Eq. 1.6)

where T(obs) is the observed temperature and T(mean) is the annual average temperature for that
location. The difference between normalized pCO, and non-normalized pCO, then indicates the
thermodynamic effect of warming/cooling on seawater pCO5.

When computing an annual flux estimate for the Bering Sea, all researchers meet the
same eventual challenge: the Bering Sea shelf is very large, and sea-ice makes the region
inaccessible for long periods of time during the autumn, winter, and early spring. These
conditions limit spatially broad data collection and good temporal resolution when estimating
fluxes, and make extrapolation techniques an integral part of the analysis. During the course of
this analysis, two different types of extrapolation techniques were tested: one based simply on
spring and summer surface water data collected here, which ignores autumn, winter, and sea-ice
contributions to the analysis (Chapter 4); and another technique that synthesized this data with
new underway surface water pCO, records available through a different project with much
greater temporal resolution (Chapter 10). Chapter 4 specifically contrasts these two methods.
This secondary technique includes some autumn and winter data, and attempts to estimate the
actual effect of sea-ice on mechanical inhibition of CO; flux.

1.3.4.4 Ocean Acidification: Eastern Bering Sea and Western Arctic OCS

The central goal of the expansion of OCS Study BOEM 2014-668 into the Chukchi Sea
was to conduct the first comprehensive assessment of the impacts of physical and
biogeochemical processes on carbonate mineral saturation states and ocean acidification in the
western Arctic Ocean. Ultimately, the biological responses of natural systems to ocean
acidification (OA) in any system will be determined by the frequency, magnitude, and duration
of variability in carbonate chemistry that result in conditions crossing important thresholds for
specific biological organisms and life stages. These responses can be complex (broadly reviewed
by Fabry et al., 2008; Ries et al., 2009, 2011; Waldbusser and Salisbury, 2010) and specific
responses of the Bering Sea ecosystem are still being studied today (e.g., Long et al., 2013a, b).
Although some organisms may respond to conditions at different thresholds (Feely and
BednarSek, unpublished data; BednarSek et al., 2012), dissolution of carbonate minerals is

14



thermodynamically favored to begin at Q = 1. In order to consider the effects of ocean
acidification in this study, focus was placed on the intensity, duration, and extent of aragonite
undersaturation events. Geochemical evidence of carbonate mineral dissolution was also
investigated as a bulk mineral response in the system. It should be noted that this evidence of
dissolution does not indicate which species of carbonate were dissolving, nor the sources of these
minerals, whether sediments, dead calcifying plankton, or living organisms.

The intensity and spatial extent of OA was determined by assessing saturation states
during each cruise in the Bering and Chukchi Seas (see Chapters 3, 5, 7, and 8). DIC and TA
samples were used to calculate Qa using the CO2SYS program, as described above. In order to
estimate the effects of ocean acidification, the total content of anthropogenic CO, in the water
column as DIC and subtracted from the observed DIC value. Using this “pre-industrial” value of
DIC and holding other observed variables constant, Qa was recalculated. Where
undersaturations (Qa < 1) were absent using the preindustrial value but present using the
observed value, anthropogenic CO; was the driver pushing Qa over the saturation threshold.

In order to determine the duration of undersaturations over the Bering Sea shelf,
observational data were compiled with a time-series record of pCO; (see Chapter 8). From May
2011 to October 2011, OA instrumentation was deployed at the surface buoy and approximately
3m from the bottom at the M2 time-series mooring site. A Sunburst Sensors Submersible
Autonomous Moored Instrument for CO, (SAMI-CO2) was deployed at a depth of 67m, or
roughly 3m off the bottom. Calibration casts, using a profiling, 911-plus CTD, were made during
the mooring deployment (May 16, 2011) and retrieval (October 3, 2011), aboard the NOAA Ship
Oscar Dyson. In order to fully constrain the carbonate system, two of the five parameters must be
measured. In order to generate a record of Q from the SAMI pCO, data, an empirical
relationship between pCO, and Qa was determined from the wider DIC/TA record in the Bering
Sea. In addition to looking at the entire water column, empirical equations were also developed
for just the surface mixed layer (0-30 m) and the subsurface layer (30m to the bottom) in each
season to determine any biases in discrete water masses.

Dissolution events in the Bering Sea will result when undersaturations are sufficiently
severe and sustained. The length of time required for dissolution of available carbonates in the
water column can be estimated through the e-folding timescale, 1, such that:

1
T =
Kcacos, (1-QA)r

where r is the reaction order of dissolution and Kcaco, is the solubility of calcium carbonate. The
e-folding timescale describes the amount of time required for an exponentially decaying
concentration to decrease to 1/e of its previous value. After 1 1, approximately 37% of available
soluble carbonate minerals will have dissolved; after 5 t, approximately 99% of soluble
carbonate minerals will have dissolved. The duration of undersaturation events, calculated from
the pCO, time-series record, were compared to T to determine the percent dissolution favored to
occur in the water column.

(Eq. 1.7)
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Major uncertainties still exist concerning these reactions. Some experiments indicate that
dissolution of biogenic carbonates (particularly aragonite) exhibits a higher reaction order (e.g.,
Keir, 1980, Gehlen et al., 2005a, b), implying a non-linear dependence of the dissolution rate on
Q (that is to say, the dissolution rate increases exponentially with decreasing €, rather than
linearly). Because these reaction orders are often quite variable, many studies continue to use a
linear reaction order. Another common assumption is that dissolution is only dependent on Q in
undersaturated conditions, while some studies indicate that dissolution of extremely soluble
particles can occur when Q > 1 (Betzer et al., 1984; Feely and Bednardek, unpublished data.)
Dissolution rate constants for calcite are better resolved both in pure laboratory settings and in-
situ studies (as reviewed by Gangstg et al., 2008). As a result, many present models utilize
calcite dissolution rates to model aragonite dissolution.

In many cases, T is estimated based on Kcaco, Calculated from pure, reagent-grade
lithogenic calcite, which may not be the best approximation for naturally-occurring carbonate
minerals in the marine environment. Dissolution rate is a function of the surface area-to-volume
ratio (SA/V). The higher this ratio, the faster the particle will dissolve, and vice-verse. Studies
utilizing biogenic calcite aggregate an “observed” SA/V for biogenic carbonates that is more
accurate than artificial minerals or mineral powers. Dissolution rate constants based on CaCO3
dissolution observed in the field also have a second advantage, other than implying a real
average particle size: some factors like refractory biofilms (Dreybrodt et al., 1996; Hales and
Emerson, 1997; Morse and Arvidson, 2002) and “protection” mechanisms utilized by live
organisms (e.g., Long et al., 2013a, b; Feely and BednarSek, unpublished data) can inhibit the
rate of dissolution processes relative to theoretical values. An “average” inhibition effect is also
an emergent value of using rate constants derived from in-situ dissolution experiments. As a
result of varying particle size and solubility, dissolution rate constants based on biogenic
carbonates are slower than those calculated for the laboratory. Here, the reagent-grade
dissolution rate constant given by Hales and Emerson, 1997 in Chapter 4 (2.63 d*, or 0.38) is
compared to the observed biogenic calcite dissolution rate constant from Gehlen et al., 2007
(10.9 d*; or 0.092).

After determining whether or not the duration and intensity of undersaturation events was
sufficient for the dissolution of carbonates, the OCS Study also considered geochemical evidence
of actual dissolution. Given that the dissolution of 1 pumol CaCOg3 generates 2 mEq TA,
anomalously high TA concentrations relative to those predicted by a known conservative
relationship between TA and salinity could indicate carbonate mineral dissolution. In order to
isolate the effects of carbonate mineral precipitation on non-conservative TA variation, TA was
first corrected for other non-conservative processes that can impact TA concentrations, like TOC
accumulation and denitrification (TAc; see Chapter 7), and then compared the observed TA
concentrations to those predicted by conservative variability (TA = 68 x salinity; see Chapter 7),
such that:

ACaCO3 =0.5x (TAc -68 x S) (Eq. 1.8)
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The entire hydrographic dataset listed here was also utilized to develop an empirical
algorithm for prediction of Q. The approached used was similar to that employed for the central
Oregon coast by Juranek et al. (2009). The most robust regression for the Oregon upwelling
region was determined to have the following form:

Qa=ap+a1(02=02¢) +az (T=Ty) x (02 -02) (Eq. 1.9)

where coefficients are denoted by o, O, indicates oxygen concentrations, T indicates
temperature, and r subscripts represent the signatures of unmodified, upwelled source water
(Juranek et al., 2009). The calculated saturation states agree well with the measured values, and
predictions for the central Oregon coast indicate a tight coupling between upwelling dynamics,
biological activity, and saturation states in the region. Because biological and physical processes
should be inherently captured by the proposed measurement suite, a similar approach could be
pursued in the western Arctic. Potential predictor variables for the multiple linear regression
model were selected from pairwise regressions of Qa with the available hydrographic variables
temperature (T), salinity (S), oxygen (O;), and nitrate (NO3). Based on these results, MLR
parameterizations of various forms (linear, nonlinear interaction terms) were explored and these
outputs were evaluated using a suite of statistical and regression criteria (R?>, RMS error, co-
linearity tests and cross-validation).

1.4 Results and Discussion
1.4.1 Net Community Production in the Bering Sea

During 2008 and 2009, rates of NCP were calculated from the seasonal drawdown of
DIC between spring and summer of both years. The spatial distribution of these parameters along
each hydrographic line, as well as all relevant calculations, is given in detail in Chapters 2 and 6.
The rates of NCP calculated from normalized DIC drawdown and corrected for the precipitation
and dissolution of carbonate minerals are given in Figure 1.3.

During 2008 (Figure 1.3A), net community production rates across the Bering Sea shelf
estimated using the seasonal drawdown of DIC averaged 28+9 mmol C m? d*. Rates of NCP
varied across the biogeochemical domains (Figure 1.3); .NCP was lowest in the northern region
of the Coastal Domain and highest in the northern region of the Middle Domain (40 — 47 mmol
C m?d™). Limited sampling precluded calculation of an NCP rate for the northern section of the
Outer Domain. NCP in the southern half of the Outer Domain was similar to the high NCP in the
northern section of the Middle Domain. The high rates of NCP observed in the Middle and Outer
Domains coincide with a region of historically very high productivity known as the “Green
Belt.” Here, there is a strong confluence of shelf-derived iron and basin-derived nutrients near
the shelf break that provide an ideal environment for primary production. By integrating the
average rate of NCP of each domain over the area of each domain and the upper 30 m of the
water column estimated total production of organic carbon over the entire shelf (~8.8 x 10 m?)
at ~97 + 29.9 Tg C yr'’. This value is comparable to estimates reported by Springer et al. (1996)
of ~102 Tg C yr™.
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Figure 1.3. Net Community Production rates (NCP; mmol C m?2 d) for the Bering Sea shelf in 2008 and
2009. In each panel, the boundary between the northern and southern shelf domains is given by the dashed black line
at 60 °N. Bathymetric contours at 50m, 100m, and 250m denote the Inner, Coastal, and Shelf Break fronts and the
boundaries between the Coastal, Middle, and Outer Domains, respectively. Rates for 2008 are given in (A) and rates
for 2009 are given in (B). Despite greater extremes of these rates in 2009, average NCP rates and total annual NCP
was similar in both years.

Spatial distribution of NCP between 2008 and 2009 was very similar. Middle and Outer
Domain NCP rates were higher than Coastal Domain rates during both 2008 and 2009, and of a
similar magnitude during both years. During 2009, Middle and Outer Domain NCP averaged
~50 mmol C m? d™%. In these areas, individual NCP rates were as high as 92 mmol C m? d™ in
the vicinity of the Green Belt. However, negative rates of NCP were observed in the Coastal
Domain during 2009, indicating overall net heterotrophy. Average NCP in the southern Coastal
Domain was much lower than in the Middle and Outer Domains (~7 mmol C m? d*) and ~ -11
mmol C m?d™ in the northern area of this domain. During 2009, peak discharge was higher than
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in 2008, potentially delivering a higher load of carbon to the Coastal Domain. The
remineralization of this focused organic carbon deposition could have contributed to this net
heterotrophic signal. Despite localized variations in NCP rates between 2008 and 2009, the total
annual shelf-wide production in 2009 was within 5% of the shelf wide production calculated for
2008.

1.4.2 Export of Organic Carbon from the Surface Layer: The Eastern Bering Sea

Hansell and Carlson have shown that NCP is equivalent to the sum of the change in total
organic carbon (TOC) content in the surface layer and the change in particulate organic carbon
(POC) exported from the surface layer, such that NCP = ATOC + APOCe,. Therefore,
measuring the accumulation of TOC at the surface layer is a proxy for estimating the amount of
organic carbon exported to the benthos. During both 2008 and 2009, total organic carbon (TOC)
concentrations were measured throughout the water column, and these results are presented in
detail in Chapter 6. NCP and ATOC were not well correlated in either 2008 or 2009 (Figure
1.4A). Despite high rates of NCP in some regions, the accumulation of TOC between seasons
was relatively small (see Figure 1.4A). This suggests that TOC was a minor product of
phytoplankton photosynthesis, with a relatively large production of particulate organic carbon
exported to the benthos (~80%; Figure 1.4B). This percentage estimate compares well with other
studies conducted in arctic and sub-arctic ecosystems that indicate 60-80% of total primary
production was released as POC (e.g., Gosselin et al., 1997).
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Figure 1.4. Surface layer accumulation and export of NCP in 2008 and 2009. The relationship between NCP and
seasonally accumulated TOC (upper 30 m) is given in (A), and approximated values for exported POC calculated as
the difference between NCP and accumulated TOC are given in (B). 2008 values are indicated by open boxes, while
2009 values are indicated by closed circles. In 2008 and 2009, there was no relationship between NCP and
accumulated TOC (2008: R? = 0.12; 2009: R? = 0.18). By contrast, POC expy @and NCP are strongly correlated in both
years (2008: R? = 0.70; 2009: R* = 0.97)
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1.4.3 Integrated Assessment of the Eastern Bering Sea Carbon Budget

A clear advantage of working with a large, multidisciplinary research program like the Bering
Sea Project is the potential to create synthesis products. The calculation of major carbon
pathways and reservoirs was possible by combining NCP estimates from seasonal DIC
drawdown with Net Primary Production (NPP) estimates, NCP estimated from nitrate
drawdown, POC export measurements from sediment traps, and rates of benthic carbon
consumption by sedimentary respiration (BCC). Here, focus was placed on the overall supply of
carbon to the Bering Sea system by NPP, and estimated the size of the various subsequent carbon
reservoirs. At the surface layer, some NPP is transported laterally away from the area it was
originally produced, some is remineralized back into its inorganic constituents at the surface
layer, some is assimilated into upper trophic level biomass, and some is exported to bottom
waters through sinking processes. In the bottom layer, lateral transport, remineralization, and
assimilation in the water column also take place, but some carbon is permanently buried or
utilized by the benthic community. A schematic of these processes is given in Figure 1.5A.
Given the availability of data for the Bering Sea shelf, this analysis was only possible for the
southern region of each of the three along-shelf domains. The details of this analysis can be
found in Chapter 9.

Overall, annual production of carbon (g C m™ yr'*) was greatest in the Outer Domain and
decreased towards the Coastal Domain (black bars, Figure 1.5B). The relative sizes of these
sinks were different in the individual domains, and ultimately overbalanced the production of
carbon in the Coastal Domain (colored series, Figure 1.5B). Because of this overbalancing, it
was not possible to calculate the size of some reservoirs for the Coastal Domain. The relative
size of each carbon fate estimated for the Middle and Outer Domains is given in Figure 1.5C.
The green series charts show the relative partitioning of pelagic sinks, while the blue series show
benthic sinks. Assimilation by upper trophic levels was very small for both the Middle and Outer
Domains relative to the amount of NPP produced (Bio, Figure 1.5C). Approximately 30% of
NPP was also recycled at the surface layer in both domains (Ry, Figure 1.5C). Approximately
26% and 30% of NPP on the shelf is exported horizontally from the Middle and Outer Domains,
respectively (T, Figure 1.5C). This horizontal transport was the dominant mode of carbon export
in the Outer Domain, exceeding vertical export (sinking) by more than 30 g C m? yr™. In the
Middle Domain, vertical export was more prominent than lateral transport (Cexp, Figure 1.5C).
This indicates a more pelagic character for the Outer Domain relative to the Middle Domain.
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Figure 1.5. The fate of carbon in the southeastern Bering Sea system between 2008 and 2010. The left panel
(A) shows the potential sinks for Net Primary Production (NPP). In each panel, pelagic sinks are given in green and
benthic sinks are given in blue. In the bottom two panels, Ry indicates heterotrophic respiration, T indicates lateral
transport, Bio indicates upper trophic assimilation of NPP, BCC indicates consumption of carbon by the benthic
community, B indicates carbon burial, and R indicates the benthic remainder term, estimating Ry, T, and Bio in bulk
for bottom waters. The middle panel (B) shows the overall production of NPP within each domain (black bars), and
partitions this NPP by sink (colored bars). Note that the observed sinks outweighed the observed source of NPP at
the coastal domain, preventing estimation of calculated sinks. In the right panel (C), four charts show the relative
sizes of pelagic sinks (green charts) by %NPP and benthic sinks (blue charts) by %C., (Cexp = NPP supplied to the
benthos through vertical export). Outer Domain partitioning is given in the left panels and Middle Domain
partitioning is given in the right panels. The Middle Domain exhibits a stronger benthic character than the Outer
Domain, with a greater percentage of NCP vertically exported (Cey,), and more efficient utilization of this exported
NPP by benthic infaunal communities (BCC).

Vertically exported NPP was also more efficiently recycled and utilized by the benthos in
the Middle Domain than in the Outer Domain (BCC, Figure 1.5C). Approximately one quarter of
exported production is buried on the annual scale in both domains (B, Figure 1.5C). In the
bottom layer, it was not possible to distinguish between lateral transport, remineralization and
assimilation. This bulk “remainder” term was much larger in the Outer Domain than in the
Middle Domain. If the proportions between these terms are equivalent to those in the surface
layer, the majority of this remainder term is likely evenly split between lateral transport and
remineralization, with a small portion assimilated by upper trophic levels.
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The imbalance between carbon sources and sinks for the Coastal Domain indicates that
there must be an additional source of carbon to this domain other than locally produced NPP. It
was estimated that a minimum of 66 g C m? yr', or ~7.92 Tg C yr, would be required to
balance the offset between NPP, surface carbon utilization, lateral mass transport, and vertical
transport. Both organic matter contributed by terrestrial discharge (~1.27 Tg C yr'') and organic
matter contributed by north-south transport (1.1 Tg C yr™) were not large enough to cover this
deficit. This estimate of lateral transport from the Middle Domain above indicates that ~8.74 Tg
C yr is lost from this domain annually. This reservoir is more than large enough to cover the
Coastal Domain deficit, and indicates that the Middle and Coastal Domain carbon budgets are
only balanced when taken together.

1.4.4 Sea-air CO; Fluxes in the Bering Sea

Sea-air fluxes of CO, were calculated seasonally during 2008 (Chapter 4) and using
monthly climatologies of data synthesized from 2008 — 2012 in Chapter 10. When assessed on
the seasonal scale, relatively small sea-air CO, gradients resulted in near neutral fluxes during
spring. In summer, biological utilization of CO, in the surface layer led to strong
undersaturations of surface ocean CO, with respect to atmospheric CO, concentrations. This
effect was particularly pronounced in the Green Belt region, where NCP rates were observed to
be the highest. Here, pCO, values ranged from ~ —250 to —50 patm and surface waters had a
very strong potential to uptake atmospheric CO,. In contrast to the “green belt” of the shelf, the
innermost stations of the northern Bering Sea shelf and just south of the Pribilof Islands
exhibited surface seawater pCO, with high values (up to ~670 patm), indicating a strong
potential to release CO,. Temperature-normalization indicated at these stations that seasonal
warming outweighed any potential impacts of biological CO, drawdown and resulted in loss of
CO, to the atmosphere in these limited areas. In order to calculate an annual sea-air CO; flux, it
was assumed that the surface area of the Bering Sea shelf was ~500,000 km?, and that open
water conditions were typically present for 180 days, and that there was not significant gas
exchange during sea-ice cover. This resulted in an annual uptake of ~157 Tg C from the
atmosphere.

Subsequently, an annual estimate of sea-air CO, fluxes was also made using different
methods (Chapter 10). This reassessment was based on two important findings: firstly, that sea-
air fluxes can occur through ice (Else et al., 2011; Miller et al., 2011) and that CO, produced by
late-season processes can accumulate in ice-covered waters (Semiletov, 1999; Semiletov, et al.,
2004), potentially resulting in rapid outgassing upon ice retreat. CO, effluxes occurring during
this previously ignored winter period could result in a substantial decrease of the Bering Sea sink
for atmospheric CO,. New publically available data for winter provided an opportunity to assess
the potential impacts of autumn, winter, and early spring on CO; fluxes.

Using a monthly climatology, the influence of changing temperature was again observed
to slightly counteract the much stronger forcing by biological processes. On the shelf-wide scale,
temperature forcing outweighed biological processes during strong periods of cooling, where the
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resulting reduction in surface ocean pCO, overwhelmed limited respiration processes
concurrently driving pCO; increases. One important new finding gained from this analysis was
the observation of broad surface ocean supersaturations, leading to net shelf-wide outgassing
during autumn. Temperature normalization revealed that these supersaturations resulted from
CO, accumulation due to biological respiration processes. Overall, these late-season effluxes of
CO;, to the atmosphere balanced more than half of spring and summer CO,, influxes (Table 1.4).

Another important assessment from this secondary analysis was a substantial revision of
the annual CO sink to approximately 6.8 Tg C yr (see Table 1.4) compared to the previous
study. This is largely related to the method of extrapolation used for the shelf: synthesis studies
that use models, data syntheses and climatological approaches mask small-scale variability,
while those estimates that focus strictly around the extrapolation of observed data emphasize the
extremely rapid rates of exchange observed during blooms can be a full order of magnitude
higher.

Lastly, new autumn and early winter data included some ice-covered periods, allowing a
first-order estimate of the impact of ice cover on fluxes. Ice cover was observed to impact CO,
fluxes by limiting wind speed through enhanced surface roughness over ice compared to open
water, and by contributing to cooler temperatures over the shelf. Because these two parameters
limited potential CO, fluxes in ice-covered areas, a first-order estimation of the mechanical
inhibition of gas exchange by the ice matrix did not have a substantial impact on net fluxes (see
Table 1.4).

Annual Flux Observation Type mmolCmZd! TosCyrl
Codispoti et al., 1986 Summer Obs. -0.66 -2.01
Takahashi et al., 2009 Chimatology -1.2 -3.65

Walsh and Dieterle, 1994* Numencal Model -11.78 -35.61
Kaltin and Anderson, 2005% Synthesis— North -19.62 -59.72
Bates et al., 2011 Spring-Summer Obs. -22 -66.96

Cross et al.. 2014

F COAaw) Apnl - December Obs. -4.03 -12.27
Fonoae - ND Spring-Summer Obs. -7.48 -22.78
Fonaw + JFM Amnual Estimate -2.19 -6.66

F co2awice JEM Ice Correction -2.24 -6.81

Table 1.4. Sea-air CO, fluxes for the eastern Bering Sea. The type of measurements used for each study, the average
flux rate, and the total annual flux for each study is indicated. Previous studies are indicated in the upper rows while the
data from OCS Study BOEM 2014-668 are indicated in the lower rows (bold font). Note that the climatological
observations are much lower than observational syntheses and numerical model. Additionally, studies which do not
include critical seasonal data are also biased, such as the summer-only estimate given by Codispoti et al., 1986, which
misses the spring bloom. This was confirmed by the climatological data from OCS Study BOEM 2014-668 (bottom four
rows), which observed effluxes during fall. Averaging only the spring and summer observations provided a very high
estimate of sea-air CO, fluxes. Including fall observations of CO, efflux moderates this flux substantially (see April-
December observations). Estimating effluxes for January, February, and March moderates this flux even further. An
additional correction for the mechanical inhibition of sea ice did block some of this CO, efflux during winter, thereby

increasing the size of the CO, sink.

23



1.4.5 Ocean Acidification in the Bering Sea

Carbonate mineral saturation states were assessed during 2008, 2009, and 2010 (Chapters
3, 5, 7, and 8). Overall, remineralization of organic matter exported from surface waters rapidly
increases bottom water CO, concentrations during summer and autumn, suppressing Q values
for both calcite and aragonite. The removal of CO, from surface waters by high rates of
phytoplankton primary production increases € values between spring and summer, but these
increases are partly counteracted by mixing with sea-ice melt water and terrestrial runoff that
have low Q values. This divergent trajectory can be seen in Figure 1.6, which shows saturation
states along each of the major hydrographic lines during spring and summer of 2008.

Due to these respiration processes, the most severe undersaturations in each year were
observed in bottom waters. The area impacted by undersaturations expanded between spring and
summer in 2008 and 2009 (cool colors, Figure 1.7). During 2010, where extremely late ice
retreat impacted the timing of sampling missed the spring bloom, undersaturations were most
severe during the earlier cruise rather than the later cruise. During a cruise of opportunity during
the autumn of 2009 (see Chapter 5), saturation states were also observed to expand between
summer and autumn. The most severe undersaturations observed during this project took place
during this season. Figure 1.8 shows the autumn saturation states for two carbonate minerals, the
softer and more soluble aragonite and the much more resilient calcite. During this cruise,
corrosive conditions were severe enough to result even in calcite undersaturations in a limited
area of the northern middle shelf.

While environmental processes played a major role in creating these undersaturations, it
is the combination of anthropogenic CO, and natural processes that creates undersaturated
conditions in the Bering Sea. In order to determine whether any of these undersaturations are
natural, the concentration of anthropogenic CO; in the water column was subtracted from the
measured total CO, content, and saturation states were recalculated. While calculating the
anthropogenic CO, content of shallow waters in the Bering Sea is difficult, previous work has
estimated that the shelf waters were entirely saturated with ~45 pmol kg™ anthropogenic CO; in
1983 (Chen, 1993). Recently, the rate of absorption of anthropogenic CO, was constrained in the
sub-polar North Pacific between 1999 and 2006 (Watanabe et al., 2011) as 0.86 + 0.12 pmol kg™
yr't. Extrapolating this rate linearly across the 25 years between 1983 and 2009 indicated than an
additional 21.5 pmol kg™ anthropogenic CO, had been absorbed by the Bering Sea, resulting in
an estimate of ~66.5 pmol kg™ anthropogenic CO,. Based on this estimate, all aragonite
undersaturations in spring and summer and all calcite undersaturations in autumn resulted from
the additional presence of anthropogenic CO5,.
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Figure 1.7. Aragonite saturation states in bottom waters for spring and summer of 2008, 2009, and 2010.
Undersaturations are indicated in cool colors, the saturation horizon is indicated in white, and supersaturations are
indicated in warm colors. The location of the M2 mooring is given by the black diamond. Although much variability
is apparent, note the consistent appearance of intense summer undersaturations in the northernmost areas of the
shelf.
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Figure 1.8. Aragonite and calcite saturation states in bottom waters during autumn of 2009. Undersaturations
are indicated in cool colors, the saturation horizon is indicated in white, and supersaturations are indicated in warm
colors. The location of the M2 mooring is given by the black diamond. Note the calcite undersaturations observed in
conjunction with the lowest aragonite undersaturations in the northernmost area of the shelf.
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In order to determine the amount of time undersaturations were present over the Bering
Sea shelf, time-series measurements of pCO, data from bottom waters were combined with the
empirical relationship between pCO; and Qa from the calculations in this dataset (Figure 1.9A).
According to this relationship, Qa values of <I emerged near the start of the data record (495
patm, Figure 1.9B), and Qa values of 0.5 emerged in mid-June (1222 patm).At the lowest
observed undersaturations, the e-folding timescale for the dissolution of available aragonitic
solids (1) is approximately five days of sustained undersaturation, assuming a reaction order (r)
of 1 and a solubility (k¢,co,) of 0.38 (Hales and Emerson, 1997).
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Figure 1.9. An empirically derived time-series record of aragonite saturation states at the M2 mooring (See
Figures 1.7, 1.8). (A) empirical relationship between calculated bottom water pCO, and bottom water Q, from the
observational data in AK-08-12-03. The saturation horizon appears at ~495 uatm, while Q, crosses 0.5 at 1222
uatm. This relationship is applied to a time-series record of pCO, given in (B). The thresholds indicated in A are also
shown here. At Q5 = 0.5, 99% dissolution of available carbonate mineral solids should occur after five 22 day
periods (t), indicated by the grey bars. Although this period extends beyond the length of this dataset, it is likely that
undersaturations continued to persist through the end of the final t.
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However, this kcaco, is predicted using reagent-grade calcite powder. The observed
biogenic calcite kcaco,from Gehlen et al. 2007 represents a better estimate of dissolution in the
natural marine environment. Using this value, t is approximately three times slower than was
estimated using the Hales and Emerson dissolution rate constant in Chapter 7 (t=22dand t =5
d, respectively). However, relative to the extended period of undersaturations in the Bering Sea
(three months at Qa = 0.5 observed, Chapters 7 and 8), there is still sufficient time to dissolve
99% of the original stock of biogenic aragonite (i.e., 5t; 22d periods shown in Figure 1.9B). At
the observed calcite undersaturations (Qc= 0.8), T = 54 d and t = 13 d for the Gehlen and Hales
and Emerson constants, respectively. At 90 days of persistent calcite undersaturation at this level,
~85-99% calcite species can be expected to dissolve.

Overall, three unique cases of carbonate mineral precipitation and dissolution were
found: coccolithophore production, deep-water dissolution, and shallow-water dissolution.
Coccolithophore production drew TA concentrations down by as much as 59 umol TA kg™, or
~30 pmol CaCO3 kg™, similar to that of other studies of coccolithophore blooms (Harlay et al.,
2010, 2011; Suykens et al., 2010). In deep waters, ~40 pmol kg™ of dissolved CaCO; was
present, similar to the concentration of dissolved carbonates indicated by Chen (1993). The
observed calcite saturation horizon (Q¢ = 1; 250 m) was somewhat shallower than that observed
by Chen (400 m; 1993) which could indicate upward migration of the saturation horizon due to
anthropogenic CO; inputs, as has been observed in other systems (Feely and Chen, 1982; Byrne
et al., 2010; Feely et al., 2012). In shallow waters, approximately 20 umol kg™ of dissolved
carbonates were observed (Figure 1.10). These shallow-water dissolution products occurred in
conjunction with the lowest observed calcite and aragonite saturation states during autumn of
2009.

Ocean Data View
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Figure 1.10. Calculated concentration of shallow-water dissolved carbonate along the SL-line in autumn of
2009. The saturation horizon is given by a dashed black line. The greatest concentration of dissolved carbonates
was observed in areas where undersaturations were the most persistent through 2009 (seaward end of the
northernmost hydrographic line; northern middle domain, Figures 1.7, 1.8).
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It is most likely that anthropogenic CO, was the cause of shallow-water carbonate
mineral dissolution in this area. Based on the estimate of anthropogenic CO, above, an addition
11 pmol kg™ of anthropogenic CO, would be required to completely remove undersaturations of
aragonite in autumn. While this indicates that some carbonate mineral dissolution resulting from
natural carbonate mineral undersaturations is possible during the autumn season, it was
emphasized that the persistence of undersaturated conditions is substantially prolonged by
anthropogenic CO,, and most of the carbonate mineral dissolution results from anthropogenic
CO,. Accordingly, the dissolved CaCOgj calculated here provide the first evidence that
anthropogenic ocean acidification is causing carbonate mineral dissolution in the Bering Sea.

1.4.6 Sea-air CO;, Fluxes and Ocean Acidification in the Northeastern Chukchi Sea
During 2010, seasonal measurements of sea-air CO, fluxes and carbonate mineral
saturation states were made in the northeastern Chukchi Sea. As sea-ice retreated from the
Chukchi Shelf, primary production consumed DIC in the euphotic zone, causing pH and
carbonate mineral saturation states to increase over time at the surface layer (Figure 1.11). Much
of the organic matter produced during the bloom was vertically exported from the small study
area and remineralized back into DIC, causing concentrations to increase sharply and
suppressing the concentrations of carbonate minerals to the point that aragonite was broadly
undersaturated during October. As a result of primary production processes, net CO, uptake
processes were observed between August and October (Figure 1.12). Integrated over the three
study sites, total CO, flux was ~340,000 kg C. When these measurements are scaled up to the
area of the entire shelf, there is a net flux of ~31 Tg C yr into the region, which is consistent
with previous studies during the open water season.
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Figure 1.11. Monthly progression of aragonite saturation states in the Chukchi Sea during 2010. August
values are given in blue, September values are given in Green, and October values are given in red. Note the steady
increase of saturation states at the surface layer and the steady decline of saturation states in bottom waters, with
undersaturations resulting in October. The saturation horizon (Q=1) is given by a dashed black line.
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Figure 1.12. Monthly progression of sea-air CO, fluxes for the Chukchi Sea during 2010. The lease site areas
are outlined in the top panel. (A) August fluxes. (B) September fluxes. (C) October fluxes. Note the gradually
increasing rate of flux (cool colors) through each month.

Throughout the summer and early autumn months of 2010, saturation states for calcite
and aragonite ranged from 2.5 to 4.0 and 1.5 to 2.5, respectively, well above the saturation
horizon of 1.0. As the spring phytoplankton bloom progressed and respiration processes began in
bottom waters, the data showed a definitive seasonal progression of Q suppression. Conditions
become partially undersaturated with respect to aragonite along the bottom in September, and
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broadly undersaturated in October. As in the Bering Sea, low-Q sea-ice melt and river discharge
may have impacted the surface layer, but these processes were outweighed by the impacts of
primary production at the surface. No surface layer undersaturations were observed during this
study.

Ideally, the amount of anthropogenic CO;, in a given system can be estimated directly by
calculating the age of the water mass, but a paucity of data in this region prevents this approach.
However, based on the origin of the water on the Chukchi Sea shelf and the observed density
constraints, it is possible to approximate anthropogenic CO inventories for this region. Sabine et
al., 2004 estimated that ~35 pmol kg™ anthropogenic CO, has penetrated into waters of the
North Pacific Ocean to the 26 kg m™ isopycnal surface. Because the source waters of the western
Arctic Ocean are partially derived from the Bering Sea Shelf, a conservative assumption can be
made that there is at least 35 pumol kg™ of anthropogenic CO; in the water column of the
Chukchi Sea. As in the Bering Sea, subtracting this amount of CO, from the observed DIC
concentrations and recalculating saturation states is an indicator of the impact of anthropogenic
CO,. For the extent of this dataset, the entire water column became supersaturated with respect
to aragonite during all three months and in all areas. This calculation suggests that OA has
resulted in the seasonal aragonite undersaturations observed here.

The limited amount of data collected in the Chukchi Sea did not permit observations of
the duration of these undersaturation events. At the lowest observed undersaturations (Qa = 0.6)
and using the Gehlen constants from above, T = 27d. Despite the severe undersaturations
observed in this area, TA data from the Chukchi Sea did not indicate any evidence of
geochemical dissolution. This is likely because undersaturations in this area were not sustained at
these levels for long enough to produce significant dissolution. However, it is possible that these
conditions may have emerged later in the season if saturation states continued to exhibit similar
monthly declines to those observed here. Overall, undersaturations at 0.6 would need to be
sustained for at least 135 days to dissolve 99% of available carbonate minerals. A variety of
other factors could also influence the dissolution signal in the Chukchi Sea, including lower
overall concentrations of carbonate minerals in the sediments, or faster circulation processes that
disperse dissolution products and dilute the overall dissolution signal.

1.4.7 Empirical Algorithm Development

One advantage of algorithm development in the Oregon coast is the clear delineation of
water masses in the region with respect to many potential predictor variables. The upwelled deep
water in Oregon is easier to differentiate from shelf waters, and therefore allows for accurate
estimation of carbonate mineral saturation states in each particular water parcel. In order to
capitalize on this characteristic in the Bering Sea, the summer 2008 cruise in the Bering Sea was
used to build the model, where water masses were best delineated from each other (see Chapter
7). Unfortunately, the data collected here did not find clear relationships between Q and potential
predictor variables like nitrate, salinity, and temperature. Some correlation was apparent between
Q and oxygen and between Q and depth, but unfortunately not near the saturation horizon. A
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linearly additive conceptualization of the MLR model also did not reveal substantial predictive
power of nitrate, oxygen, temperature, salinity, and depth to calculate saturation states.

Subsequently, the same cruise was used to investigate the potential of temperature,
salinity, depth, oxygen, and nitrate to predict DIC and TA concentrations in hopes of using these
predicted variables to calculate saturation states using CO2SYS. A linearly additive MLR
conceptualization produced good results for predicting both of these variables; a combination of
salinity and nitrate predicted 85% of the variance in DIC concentrations in summer 2008.
Summer 2009 and 2010 data from the Bering Sea was used to test the model and found
consistent predictive power for DIC. Additionally, using salinity to predict TA concentrations
linearly explained 92% of the variation in TA concentrations using summer 2008 data to train the
model and 2009 and 2010 summer data to validate it.

While this represents an important step towards an empirical algorithm for saturation
states in the Alaskan OCS Region, considerable challenges also remain. For example, including
an additional 10% error in TA and 15% error in DIC concentrations results in an overall error of
20% error in calculating saturation states in CO2SYS. This represents considerable uncertainty
around the saturation horizon. Because it is critical to predict accurately both where and when
undersaturations appear, this additional 20% error could reduce the duration of undersaturations
by 1 — 2 1, or fail to resolve the appearance of undersaturations near the saturation horizon. An
additional limitation is that the strength of underlying biological and physical relationships
change in other seasons. A model trained and validated for summer may not be as predictive
during spring. For example, during spring of 2008, TA varies linearly within two discrete water
masses, while during summer this variation is exponential (see Chapter 7). Denitrification also
continues to increase between spring and summer, weakening the predictive power of nitrate in
MLR models throughout the year. Because of the complex biogeochemical and mixing
interactions that occur in the Bering and northeastern Chukchi Seas, it is unlikely that an
empirical MLR model will be capable of predicting Q for the Alaskan OCS region.

1.5 Conclusions
1.5.1 Fundamental Controls on the Magnitude and Fate of NCP in the Bering Sea

OCS Study BOEM 2014-668 confirmed the hypothesis that inter-annual and spatial
variations in physical forcing would exert fundamental controls on the magnitude and fate of net
community production (NCP), with cascading effects through the entire eastern Bering Sea
ecosystem. The two primary physical forces that impacted the magnitude and fate of NCP in the
Bering Sea during 2008 and 2009 were the major hydrographic frontal systems that delineate the
along-shelf domains and nutrient distributions in the Bering Sea, and the discharge of river
waters into the Coastal Domain at the inner shelf.

The unique hydrographic and biogeochemical characteristics that delineate each of the
six domains found on the shelf dictate the character and magnitude of productivity in each zone.
River discharge appeared to dominate the carbon cycle of the Coastal Domain, while biological
production likely exerts more control in the Outer and Middle Domains: The discharge of river
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waters with high inorganic carbon and labile organic carbon concentrations resulted in a net-
heterotrophic signal in the Coastal Domain in 2009. Macronutrient concentrations are higher
nearer the basin, while micronutrients are replete in coastal surface waters. The confluence of
these occurs at the Central Front, and produces the highest rates of NCP in the region. Despite
some inter-annual differences, the estimated total annual NCP over the entire shelf was
comparable between the two years and consistent with other measurements of production across
the shelf. Due to the timing of the spring cruise in 2010, calculation of NCP rates was not
possible during this year.

The fate of NCP also seemed linked to strong physical controls, with clear differences in
carbon cycling obvious between the Middle and Outer Domains. Over the entire shelf, most NCP
was found not to accumulate at the surface layer, indicating rapid heterotrophic utilization at the
surface or rapid export. Export production studies indicate that a higher proportion of NCP is
exported to the benthos in the Middle Domain, where shallower depths and slow currents allow
for highly efficient export. Of this exported carbon, more is also consumed by benthic
communities than in Outer Domain. By contrast, the Outer Domain exhibits a more pelagic
character, with a greater fraction of NCP estimated to be assimilated by higher trophic levels at
both the surface and in bottom waters. In this study, both wind and geostrophic transport exerted
significant control on the fate of carbon, with approximately 30% of NCP lost to lateral transport
in each domain.

Two secondary hypotheses also predicted a strong link between late winter temperatures,
sea-ice extent and the timing of ice retreat, and the magnitude and fate of NCP in the Bering Sea.
Because both of the years in this study fell in a period of colder winter-spring temperatures,
comparison between 2008 and 2009 did not allow for the testing of these hypotheses, An
alternative method for testing this hypothesis proposed to examine the southeastern shelf as a
separate system from the northern shelf, with southern shelf dynamics mimicking warmer
conditions, as ice melts first over the southern shelf, and the northern shelf with its greater sea-
ice persistence as indicative of cold year dynamics. Projections of future ice cover indicate that
this dichotomy may emerge (Stabeno et al., 20114, b) but presently there no statistical difference
between northern and southern shelf NCP or carbon partitioning in this data. Other recent studies
have pointed out that NCP would have to change by more than two-fold to discern statistical
differences over strong inter-annual variability (Lomas et al., 2012).

1.5.2 Duration, Intensity, and Extent of Undersaturation Events and Ocean Acidification

OCS Study BOEM 2014-668 was expanded in 2010 to assess carbonate mineral
saturation states and the present status of Ocean Acidification in both the Bering and the
northeastern Chukchi Seas. This expansion hypothesized that both biogeochemical and physical
controls on saturation states would lead to seasonal aragonite undersaturations in important
surface layer (Hypothesis 2) and benthic habitats (Hypothesis 3), with the manifestation of these
undersaturations and resultant impacts on the ecosystems dependent on spatial variability of
these driving mechanisms (Hypothesis 4).
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In both the Bering and Chukchi seas, the primary control on saturation states was the
biological pump, with phytoplankton utilization of CO, at the surface layer increasing pH and Q
and respiration processes causing the accumulation of CO, and subsequent suppression of pH
and Q in bottom waters. The timing of onset and the duration of undersaturation events were also
related to the biological pump, with most waters remaining supersaturated in spring, and some
undersaturations in vulnerable areas resulting from respiration processes in summer, supporting
Hypotheses 3 and 4. Other minor factors were also observed to contribute to variability in Q,
including low-Q river water, which induced undersaturations in near-shore waters even during
spring along the inshore of the northern shelf of the Bering Sea in 2008. Sea-ice melt water was
also found to be undersaturated in €, leading to carbonate mineral suppression at the surface
layer. However, this effect was clearly overshadowed by primary production even in the
northeastern Chukchi Sea, where ice melt and freshwater contributions were hypothesized to
exert a greater control (Hypothesis 2).

In confirming of Hypothesis 4, the intensity of these undersaturation events was greatest
in areas where circulation processes favored the accumulation of CO,. The spatial extent of
undersaturations increased with respiration processes between spring and summer over both the
Bering and northeastern Chukchi shelves in 2008 and in 2009, also supporting Hypothesis 3.
This effect was especially prevalent in the relatively slow-moving, shallow waters of the
northern Middle Domain. Here, the rapid production typical of the central front and Middle
Domain combined with the relatively slower along-shelf currents and tidal flows results in the
efficient retention of respiration products in bottom waters. It is possible that this effect is
enhanced by the relatively early onset of seasonal sea-ice cover, which prevents significant
outgassing of this accumulated CO, before seasonal ice advance.

This link between seasonal Q suppression and respiration was confirmed by a time-series
study at the M2 mooring site in the Bering Sea, which showed decreasing oxygen in conjunction
with increasing pCO,, and providing incontrovertible evidence in support of Hypothesis 3. An
empirical algorithm relating pCO, to Q also showed that the undersaturation events in the Bering
Sea persist for at least several months, and likely continued to remain past the end of the data
record. Relative to the intensity of undersaturation events observed in this area, the duration of
undersaturation conditions indicated sufficient time to dissolve 99% of available carbonate
mineral species, perhaps leading to impacts on the Bering Sea ecosystem. Geochemical evidence
of this dissolution was also observed.

In the northeastern Chukchi Sea, sufficient duration of undersaturated conditions to
dissolve carbonate minerals has not yet been observed. Although the timing of the cruises in the
northeastern Chukchi Sea were later than those in the Bering Sea, seasonal ice persistence also
dictates a much later “spring” period for the northeastern Chukchi Sea. It is likely that the
intensity, extent, and duration of undersaturated conditions continued to increase through the
northeastern Chukchi autumn season, well into November. This distinct regional delineation is
also evidence supporting Hypothesis 4.
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1.5.3 Linking OA processes in the Bering and Northeastern Chukchi Seas

Considering the Alaskan OCS, it is apparent that the dominant driver of spatiotemporal
variability in Q is the biological pump, favoring supersaturations in surface waters and
undersaturations in bottom waters during the production season. The differences between the
individual domains in the Bering Sea and between the Bering and northeastern Chukchi Seas are
primarily related to the controls on the biological pump. In linking these two seas together, it is
important to understand the process of gradual modification of water of the Bering and
northeastern Chukchi Sea shelves before lateral transport of these waters to downstream regions.
Seasonal sea-ice melts in the Bering Sea well before the northeastern Chukchi Sea, leading to a
much earlier onset of undersaturations. Given that the residence time of waters over the Bering
Sea shelf is typically ~3 months (Coachman, 1986), undersaturations produced during July
should reach the northeastern Chukchi Sea by October. While some of these undersaturations
may be mitigated by mixing processes that dilute CO, concentrations or loss of CO, to the
atmosphere through autumn storms and sea-air exchange of CO,, this CO,-rich water modified
over the Bering Sea shelf is likely the same water mass impacted by the spring bloom in the
northeastern Chukchi Sea. This continuing biogeochemical modification could increase the both
severity of existing undersaturations and increase the total volume of undersaturated water along
this flow path. Current efforts towards understanding the transport of undersaturated waters from
the Bering Sea shelf through Bering Strait, over the Chukchi Shelf, and into downstream
circulation areas such as the Arctic Ocean Basin, the Canadian Archipelago, and ultimately the
Atlantic Ocean, are currently underway (Mathis, Pickart, Bates, and Cross, unpublished data).

1.5.4 Towards Better Predictive Capacity for OA Processes

Owing to anthropogenically-induced acidification, large areas of the high latitude oceans
are projected to become persistently undersaturated with respect to aragonite as early as mid-
century, and even earlier in some locations (Fabry et al., 2009; Yamamoto-Kawai et al., 2009).
When atmospheric CO; increases to 552 ppm as under the A2 business-as-usual scenario from
the IPCC, 50% of the Arctic Ocean’s surface area is projected to become undersaturated with
respect to aragonite throughout the year. While no surface undersaturations were observed
during this study, this may be the result of limited data collection. Having the tools to predict Q
from more widely available historical data, such as temperature, salinity, oxygen, and nitrate
measurements may be better able to show potentially vulnerable areas of the surface ocean in the
Bering and Chukchi Seas. Given the complex hydrographic and biogeochemical processes
occurring in this region, the use of MLR models using these variables are unlikely to be
successful at predicting the necessary small-scale changes and threshold values. However, other
alternative approaches are also emerging.

Mobile and moored autonomous platforms including carbon sensors are becoming faster,
less expensive, and more reliable. These platforms and sensors are also capable of extremely
high-resolution data collection over much longer periods of time than would be possible using
ship-board measurements. Rather than predicting Q from spatially-limited ship-based historical
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data, autonomous platforms could enable the collection of new carbon system data at wide
spatial scales. However, one key operational challenge surrounding autonomous data collection
in the Arctic is sea-ice. Currently, seasonal ice cover prevents operation of mobile and moored
autonomous platforms around the ice edge. Understanding under-ice physical processes, such as
currents, the depth of sea-ice keels, and dynamic hazard avoidance are clear priorities for the
continuing development of these systems.

1.6 Summary of Delivered Products

The datasets collected have also been contributed as described in the original proposal to
the NCAR Earth Observing Laboratory Bering Sea Project data archive (available at
http://data.eol.ucar.edu/codiac/projs?BEST) and the Carbon Dioxide Information Analysis
Center (CDIAC, available at cdiac.ornl.gov/oceans/). Funding from this project supported PhD
student, Jessica N. Cross, who graduated from the University of Alaska Fairbanks in December
2013. In addition to publication in high-quality peer-reviewed journals, the work from these
projects has been presented at a variety of local, national, and international meetings, as listed in
below.

1.6.1 Presentations at National and International Meetings

Mathis, J.T.*, and Questel, J.M. “The impacts of primary production and respiration on the
marine carbonate system in the Western Arctic: Implications for CO, fluxes and Ocean
Acidification. Fairweather Science Meeting, Anchorage, AK, 2013.

Cross, J.N.*, “Integrated assessment of the carbon budget in the southeastern Bering Sea: from
the atmosphere to the sediment.” Alaska Marine Science Symposium, Anchorage, AK,
2013.

Cross, J.N.*, and Mathis, J.T. “Controls on carbonate mineral saturation states and ocean
acidification on the Southeastern Bering Sea Shelf.” Third International Symposium on
the Ocean in a High CO2 World, Monterey, CA, 2012.

Mathis, J.T.*, Cross, J.N., and Bates, N.R. Ocean acidification the suppression and
undersaturation of carbonate mineral saturation states in the Pacific-Arctic region. AGU
Ocean Sciences meeting, Salt Lake City, UT, 2012.

Cross, J.N.*, Mathis, J.T., and Bates, N.R. “Controls on Carbonate Mineral Saturation States and
Ocean Acidification in the Southeastern Bering Sea.” American Geophysical Union
Ocean Sciences Meeting, Salt Lake City, UT, 2012.

Cross, J.N.*, Mathis, J.T., and Bates, N.R. “Controls on Carbonate Mineral Saturation States and
Ocean Acidification on the Southeastern Bering Sea Shelf.” North Pacific Marine
Science Organization (PICES) ESSAS Ocean Sciences Meeting, Seattle, 2011.
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Cross, J.N.*, Mathis, J.T., Bates, N.R., Moran, S.B., Lomas, M.W., and Stabeno, P.J. “The
seasonal distribution of DIC and NCP on the Bering Sea Shelf.” American Geophysical
Union Ocean Sciences Meeting, Portland, OR, 2010.

1.6.2 Posters at National and International Meetings

Cross, J.N.*, and Mathis, J.T. “Ocean Acidification and Carbonate Mineral Saturation State
Suppression in the Eastern Bering Sea.” Woods Hole Oceanographic Institution Ocean
Carbon Biogeochemistry Workshop, Woods Hole, 2012.

Cross, J.N.*, and Mathis, J.T. “Nonconservative Variation of Total Alkalinity in the Subarctic
Pacific (Southeastern Bering Sea Shelf).” Bering Sea Project Principle Investigator
Meeting, Anchorage, AK, 2012.

Cross, J.N.*, Mathis, J.T., and Bates, N.R. “Controls on Carbonate Mineral Saturation States and
Ocean Acidification on the Bering Sea Shelf.” Woods Hole Oceanographic Institution
Ocean Carbon Biogeochemistry Workshop, Woods Hole, 2011.

Cross, J.N.*, Mathis, J.T., Bates, N.R., Moran, S.B., Lomas, M.W., and Stabeno, P.J. “The
Southeastern Bering Sea Shelf: seasonal distribution of dissolved inorganic carbon and
net community production.” Woods Hole Oceanographic Institution Ocean Carbon
Biogeochemistry Workshop, Woods Hole, 2009.

1.6.3 Local Presentations

Cross, J.N.*, and Mathis, J.T. Carbon biogeochemistry of the eastern Bering Sea shelf:
Mechanisms driving natural variability, anthropogenic perturbations, and some
consequences for the ecosystem. Institute of Marine Science Departmental Seminar,
Fairbanks, AK, 2013.

Mathis, J.T., and Cross, J.N. *, “Biogeochemical Assessment of the North Aleutian Basin
Ecosystem: Current Status and Vulnerability to Change.” Coastal Marine Institute,
Fairbanks, AK, 2012,

Cross, J.N.*, “Controls on Carbonate Mineral Saturation States and Ocean Acidification on the
Bering Sea Shelf.” Institute of Marine Science Departmental Seminar, Fairbanks, AK,
2011.
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CHAPTER 2
Seasonal distribution of dissolved inorganic carbon and net community production on the Bering
Sea shelf*

2.0 Abstract

In order to assess the current state of net community production (NCP) in the
southeastern Bering Sea, we measured the spatio-temporal distribution and controls on dissolved
inorganic carbon (DIC) concentrations in spring and summer of 2008 across six shelf domains
defined by differing biogeochemical characteristics. DIC concentrations were tightly coupled to
salinity in spring and ranged from ~1,900 pmoles kg™ over the inner shelf to ~2,400 pmoles kg™
in the deeper waters of the Bering Sea. In summer, DIC concentrations were lower due to
dilution from sea ice melt, terrestrial inputs, and primary production. Concentrations were found
to be as low ~1,800 pmoles kg™ over the inner shelf. We found that DIC concentrations were
drawn down 30-150 pmoles kg@ in the upper 30 m of the water column due to primary
production and calcium carbonate formation between the spring and summer occupations. Using
the seasonal drawdown of DIC, estimated rates of NCP on the inner, middle, and outer shelf
averaged 28 + 9 mmoles C m? d*. However, higher rates of NCP (40-47 mmoles C m? d*)
were observed in the “Green Belt” where the greatest confluence of nutrient-rich basin water and
iron-rich shelf water occurs. We estimated that in 2008, total NCP across the shelf was on the
order of ~96 Tg C yr*. Due to the paucity of consistent, comparable productivity data, it is
impossible at this time to quantify whether the system is becoming more or less productive.
However, as changing climate continues to modify the character of the Bering Sea, we have
shown that NCP can be an important indicator of how the ecosystem is functioning.

2.1 Introduction

The southeastern Bering Sea Shelf (Figure 2.1) is one of the oceans’ most productive
ecosystems, home to over 450 species of fish, 50 species of seabirds, and 25 species of marine
mammals (NRC, 1996). This expansive shelf area sustains almost half of the total U.S. fish
landings annually through massive Pollock (Theragra chalcogramma) and salmon populations,
the majority of the U.S. nesting seabird population, and some of the highest benthic faunal
biomass in the world’s ocean (Grebmeier and McRoy, 1981; Grebmeier et al., 2006).

Over the past several decades, the physical controls and biological character of the Bering
Sea shelf ecosystem have undergone a shift, including notable increases in the dominance of
temperate features coupled to the decline of arctic characteristics, changes in pelagic and benthic
ecosystem structure, and decreases in the abundance of commercially important organisms (e.g.,
Stabeno et al. 1999; Stockwell, et al., 2001; Hunt et al., 2002; Macklin et al., 2002; Bond et al.,
2003; Overland and Stabeno, 2004; Grebmeier et al., 2006;). While most of these changes have

! Mathis, J.T., Cross, J.N., Bates, N.R. Moran, S.B., Lomas, M.W., Mordy, C.W., and Stabeno, P.J., 2010.
Seasonal distribution of dissolved inorganic carbon and net community production on the Bering Sea
shelf. Biogeosciences, 7, 1769-1787. This work is freely available under the Creative Commons license
at http://dx.doi.org/10.5194/bg-7-1769-2010. (see Copyright notice) The content here has not been altered
from its original form except for formatting for presentation purposes.
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been observed on the southeastern shelf, there is some evidence of change on the northern shelf
as well (Overland and Stabeno, 2004; Grebmeier et al., 2006).
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Figure 2.1. Map of the Bering Sea showing the locations of the three domains, Outer, Middle and Coastal. The
dashed line at 60°N indicates the division between the northern and southern domains. The locations of the four
sampled lines are also shown as well as generalized surface circulation. During the winter, sea-ice covers much of
the Bering Sea shelf, but the advance is constrained by the presence of relatively warm water in the central and
southern Bering Sea. During winter, water-masses are confined to a small range of temperature-salinity through
mixing and homogenization by ventilation, brine rejection and mixing. During the summertime, sea-ice retreats into
the Chukchi Sea and Canada Basin of the Arctic Ocean.
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Recent ecosystem variability in the Bering Sea has been partly linked to global climate
change and recent fluctuations in sea ice extent (e.g., Francis et al., 1998; Springer, 1998;
Hollowed et al., 2001; Hunt et al., 2002; Rho and Whitledge, 2007). Due to amplification of the
global warming signal in Arctic and Sub-arctic regions (Bryan and Spelman, 1985; Roots, 1989;
Serreze and Francis, 2006; Turner et al., 2007), further changes to the physical forcing on the
shelf will likely result in continued ecosystem change in the Bering Sea (Stabeno et al., 1999;
Schumacher and Alexander, 1999; Hunt and Stabeno, 2002; Schumacher et al., 2002). Of
particular concern is the possibility that the ecosystem may transition to an alternative state,
which could be less economically viable for current fisheries (e.g., Parsons, 1996; Kruse, 1998;
Napp and Hunt, 2001; Scheffer et al., 2001; Hunt and Stabeno, 2002).

In addition to impacting the distribution and abundance of higher trophic levels, climate
change could be affecting pelagic phytoplankton net community production (NCP) and food web
dynamics (Hunt et al., 2002; Hunt and Stabeno, 2002). In order to assess the current state of
NCP in the southeastern Bering Sea, we describe the spatio-temporal distribution and controls on
dissolved inorganic carbon (DIC) concentrations across six domains defined by differing
biogeochemical characteristics. We then use the seasonal drawdown of DIC in the mixed layer to
estimate rates of net community production (NCP), which can be used as an indicator of
ecosystem functionality (e.g., Bates et al., 2005, Mathis et al., 2009). Because a number of
processes impact the cycling and fate of carbon in the ecosystem including the timing of sea ice
retreat, water temperature, stratification, and species abundance (Hunt and Stabeno, 2002), NCP
is a valuable tool in assessing net ecosystem production (NEP; Andersson et al., 2004).

2.2 Background
2.2.1 Hydrography of the Bering Sea Shelf
2.2.1.1 Geographic Domains and Frontal Systems

The >500,000 km? of the Bering Sea shelf is split into roughly six domains (Figure 2.1).
The entire shelf can be divided into northern and southern regions at approximately 60°N based
on the relative influence of sea ice on bottom water temperatures (e.g., Coachman, 1986; Ohtani
and Azumaya, 1995; Wyllie-Escheveria, 1995; Wyllie-Escheveria and Wooster, 1998; Stabeno
et al., 2002). Three along-shelf domains also exist, differentiated by frontal features imparted by
strong horizontal property gradients during summer (e.g., Kinder and Coachman, 1978;
Coachman and Charnell, 1979; Coachman, 1986; Kachel et al., 2002; Stabeno et al., 2002). The
“Inner Front”, overlying the 50 m isobath (Kachel et al., 2002), divides the “Coastal Domain”
from the “Middle Domain” (Figures 2.1, 2.2). The “Central Front”, a broad transitional zone
between the 80 m and 100 m isobaths (Coachman, 1986), separates the middle and outer
domains. The “Shelf-Break Front”, between the 170 m and 250 m isobaths (Schumacher and
Stabeno, 1998), divides the outer shelf from basin waters (Figure 2.2). In summer, these fronts
inhibit most cross-shelf advection and mixing (Coachman, 1986; Kachel et al., 2002; Stabeno
and Hunt, 2002).
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Figure 2.2. Biogeochemical features of the Bering Sea Shelf Domains.

2.2.1.2 Hydrographic Structure

The annual formation and melting of sea-ice is one of the greatest contributors to water
column structure in the Bering Sea. The ~1,700 km advance and retreat of sea ice over the
Bering Sea Shelf is the largest in any of the Arctic or Subarctic regions (Walsh and Johnson,
1979), making it a significant source and sink for freshwater over the shelf. Increases in
freshwater content caused by melting modify the water column density gradients, contributing to
the maintenance of the summer stratification necessary for production (see Optimum Stability
estimates by Coyle et al., 2008). Because sea-ice retreat begins in the south (Pease, 1980;
Neibauer et al., 1990), ice persists longer over the northern shelf and northern bottom water
temperatures in summer and fall are lower, leading to the division of the cross-shelf domains at
~60°N. Sea-ice persistence also plays a role in the formation of a cold water mass (<2°C; Maeda,
1977; Khen, 1998) isolated by thermal stratification in the Middle Domain (Wyllie-Escheveria,
1995; Wyllie-Escheveria and Wooster, 1998; Stabeno et al, 2002).

The other major contributor to hydrographic structure in this region is tidal mixing. As
the dominant source of total kinetic energy flow across the shelf (Coachman, 1986; Stabeno et
al., 2006), tidal forces typically mix the water column to about 40 m, creating a well-mixed
bottom layer in each domain. Because the Coastal Domain averages a depth of less than 50 m,
tidal energy and wind mixing completely overturn the water column and prevent the formation of
strong stratification in summer. A well stratified, two-layer system characterizes the Middle (50—
100 m) and Outer (100-180 m) Domains, where wind mixes the surface waters over a denser,
tidally mixed bottom layer. In the deeper Outer Domain the wind-mixed surface layer and
tidally-mixed bottom layer are separated by a sharp pycnocline (Stabeno et al., 2006).
Summertime stratification is typically strongest in the Middle Domain and weakest in the
Coastal Domain.
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2.2.1.3 Nutrients

Inorganic nitrogen is widely considered to be the limiting nutrient to primary production
over the Bering Sea shelf because surface layer concentrations are usually depleted to
undetectable levels by late spring or early summer (Hattori and Goering, 1981; Whitledge et al.,
1988; Niebauer et al., 1995; Whitledge and Luchin, 1999; Wong et al., 2002). Although cross-
shelf advection and diffusion are largely prohibited by strong stratification and frontal systems,
post-production inorganic nitrogen stocks can sometimes be minimally renewed by the
interaction of deep basin water with Bering Shelf water to produce brief summer-time blooms. In
addition, storms during the summer can mix nitrate from the bottom layer into the surface to
support short-term blooms over the Middle and Outer Domains. Shelf-break topography,
mesoscale eddies and summer storms can contribute small amounts of inorganic nitrogen as far
as the Coastal Domain through shelf-slope exchange, but nutrient content and renewal is
typically higher near the shelf break and slope due to proximity to basin waters (e.g., Sambrotto
et al., 1986; Whitledge et al, 1986; Schumacher and Reed, 1992; Schumacher and Stabeno, 1994
and 1998; Stabeno et al., 1999; Stabeno and van Meurs, 1999; Whitledge and Luchin, 1999;
Mizobata et al., 2002; Mizobata and Saitoh, 2004; Bond and Overland, 2005; Rho et al, 2005).

2.2.2 Primary Production in the Bering Sea

Because of the importance of Bering Sea shelf fisheries, there have been numerous
studies of pelagic primary production over the southeast shelf (Table 2.1). The first efforts in this
region began in the early 1960s, using the abundance of fish supported by the ecosystem to infer
the necessary amount of primary production (900 mg C m? d*; Graham and Edwards, 1962). By
the 1970s, the most common method for measurement of primary production (PP) became the in
situ *C technique developed by Sorokin (1960), which is still widely used today (e.g., Koblentz-
Mishke et al., 1970; Motoda and Minoda, 1974; McRoy and Goering, 1976; Saino et al., 1979;
Tsiban and Korsak, 1987; Sorokin, 1999; Rho and Whitledge, 2007). A comprehensive review of
primary production in the Bering Sea was published by Springer et al., 1996 (updated here),
which shows that production in the various domains across the shelf can be highly variable.

Production, mmol C m= 47
. Total Green Outer Middle Inmer
Imvestigator Year Method Bering Sea Belt Domain Domain Domain
Graham and Edwards 1962 Stock of Fish Supported 75
Koblentz-Mishke et al 1970 Radiocarbon incubations 13—42
Taguchi 1972 Radiocarbon incubations 7
Motoda and Minoda 1974 Radiocarbon incubations 42
McRoy and Goering 1976 Radiocarbon incubations 67
Saino ¢t al 1979 Radiocarbon incubations 0-342
Tsiban and K orsak 1987 Radiocarbon incubations 53
Springer et al. 1996 Assimilation of Data 51 33 31 17
Sorokin 1999 Radiocarbon incubations 117
Walsh and Dieterde 1994 Model 37
Rho and Whitledge 2007 1978-1981,  Radiocarbon Incubations 33 34 28
1997-2000

Table 2.1. Selected estimates of primary production in the Southeastern Bering Sea.
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2.2.2.1 Primary Production Variability within the Different Bering Sea Shelf Domains

Outer Domain. Although nitrate is present in sufficient concentrations to support
significant productivity in the outer domain of the Bering Sea Shelf, production is low in this
region compared to the middle shelf. This is likely due to iron limitation: in general, iron
concentrations tend to be highest nearer the coast, and decrease off the shelf where iron-deficient
basin waters have a greater influence on the water column (Fujishima et al., 2001; Suzuki et al.,
2002; Takata el al., 2005; Sambrotto et al., 2008). Over the Outer Domain, iron is not present in
high enough concentrations to allow complete drawdown of macronutrients, and some classify
this area as a High-Nutrient, Low-Chlorophyll system as a result (Banse and English, 1999; Fung
et al., 2000; Moore et al., 2002; Aguilar-Islas et al., 2007).

Other work suggests that in iron-limited HNLC systems, particularly those dominated by
basin waters, a secondary silicic acid limitation arises (Hutchins and Bruland, 1998; Koike et al.,
2001). This silicate limitation may further restrict the accumulation of phytoplankton biomass in
the outer domain.

Middle Domain. Macro- and micronutrient concentrations trend inversely to each other,
and sufficiently high concentrations of each seem to coincide at approximately the central front
where a highly productive region known as the “Green Belt” spans parts of both the Middle and
Outer Domains and the slope (Springer et al., 1996; Okkonen et al., 2004). Here, the confluence
of coastally derived iron from weak cross-shelf flows, bioavailable sedimentary iron from
Middle and Coastal Domain sediments mixed into the water column through tidal currents
during winter, and basin-derived nutrients from upwelled deep water supports a large
accumulation of biomass in summer (Simpson and McRoy, 1999; McRoy et al., 2001). Unique
fluid dynamics occurring at the Central Front may also trap phytoplankton in this idealized
regime (Sorokin and Mikheev, 1979; Mackas et al., 1985; Coachman et al., 1986; Franks, 1992;
Springer et al., 1996), contributing to the high primary production signal of the area. Annual PP
rates here are further bolstered by the continuous supply of both nutrients and iron throughout
the summer by eddies and mixing, which prolong the production season (e.g., Whitledge et al.,
1986; Springer et al., 1996; Rho et al., 2005).

Coastal Domain. Frontal systems block the Coastal Domain from such extensive
influence of high-nutrient basin water. Nutrient concentrations here are lower to begin the
production season, and mechanisms of nutrient resupply are limited except along the Inner Front,
where nutrients can be introduced from the nutrient rich bottom layer of the Middle Domain. In
contrast to the Middle and Outer Domains, the shallow, coastally influenced waters of the
Coastal Domain are iron-replete (Aguilar-Islas et al., 2007). Elevated iron concentrations permit
high rates of production early in the season, but nutrient exhaustion in the euphotic zone
typically prohibits extended periods of PP (e.g., Sambrotto and Goering, 1983; Sambrotto et al.,
1986; Whitledge et al., 1986; Hansell et al., 1993; Springer and McRoy, 1993; Bond and
Overland, 2005; Rho et al., 2005).
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2.2.2.2 Other Physical and Biogeochemical Controls on PP

Primary production in the Bering Sea tends to occur in two phases. Early in the season,
the melting of sea-ice and decreased wind mixing force the water column to stratify in the
marginal ice-edge zone. This fosters an intense bloom at the ice edge. However, following ice
retreat, wind mixing is sometimes sufficient to break down the density stratification imparted by
the fresh meltwater (e.g., Niebauer et al., 1990 and 1995; Lovvorn et al., 2005) and limit
continued open water PP. The second phase of PP occurs when solar radiation stabilizes the
water column enough to support an open-water bloom. Both pulses in the production cycle are
dependent on the timing of sea ice retreat. When sea-ice retreats early, light levels are
insufficient for production, and the bloom is delayed. During this lag, solar radiation increases
and heats the water column, providing ideal temperature conditions for zooplankton growth. By
the time the bloom develops, zooplankton biomass is high and heavy grazing pressure likely
reduces the amount of organic carbon exported to the benthos (Saitoh et al., 2002; Lovvorn et
al., 2005). When ice retreat comes later in the season, stratification and solar radiation do not
limit primary production. Additionally, colder water temperatures persist and limit zooplankton
development. With minimal grazing pressure on the bloom, the amount of carbon export to the
benthos increases. When sea-ice does not extend over a given area, solar radiation alone imparts
stratification much later in the season and production is consequently grazed heavily by
copepods, lending to a greater pelagic character.

2.2.3 Net Community Production

An alternative approach to direct-rate estimates of net primary production uses the
seasonal consumption or production of the reaction products of photosynthesis (e.g., dissolved
inorganic carbon, inorganic nitrogen, or dissolved oxygen, DO) to determine the annual net
drawdown of inorganic matter or accumulation of organic matter (e.g., Weiss et al., 1979;
Codispoti et al., 1982, 1986; Karl et al., 1991; Chipman et al., 1993; Yager et al., 1995; Bates et
al., 1998a; Lee, 2001; Lee et al., 2002; Bates et al., 2006). Here, the cumulative change in
surface layer concentrations of oxygen, inorganic nitrogen, phosphorus, silicate, or inorganic
carbon is calculated by measurement of pre-bloom and post-bloom (early spring and
midsummer) concentrations. Dividing this seasonal decrease in inventory by the amount of time
between observations provides an integrated geochemical estimate of the rate of NCP which is
conceptually equivalent to new production (Williams, 1993) estimated using NPP rates and f-
ratios (Eppley and Peterson, 1979; Hansell et al., 1993; Springer et al, 1996; Varela and
Harrison, 1999). Geochemical estimates of NCP can also be extrapolated across time and space
without introduction of significant errors, making high-resolution basin-wide estimates of
ecosystem production possible.

Few estimates of NCP have been conducted in the Bering Sea region, but there are
historical studies of dissolved oxygen, inorganic nitrogen, and inorganic carbon drawdown (e.g.,
oxygen: Ivenakov, 1961; Azova, 1964; Codispoti et al., 1982 and 1986; Hansell et al., 1993;
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Sapohznikov and Naletova, 1995). Estimation of NCP using oxygen and inorganic carbon
drawdown has given the highest and lowest production rates, respectively (Table 2.2).

Production, mmol ¢ m™ d?
Total Quter Middle Imner Northem Southern
Investigator Year Timing Method B;z:g Domain Domazin Domain Domain  Domain
Oxygen
Ivanenkov 1961 Anmal Modification 217
Oxygen
Azova 1904 Summer (July) Modification 667
Sapozhnikov and Oxygen
Naletova 1995 192 Summer () - ication o
Summer New Nitrate
Hansell et al 993 idoumma) Drodiction 340 17-29 <16 132
Codispoti et al. 1982 1930 Spring Bloom DIC/NCP 14-23
Codispoti, 1986 1980 Spring Bloom DIC/NCP 200
Codispoti, 1986 1981  Spring Bloom DIC/NCP 100

Table 2.2. Previous estimates of NCP in the Southeastern Bering Sea, calculated using the drawdown in oxygen,
nitrogen, and inorganic carbon. Estimates based on oxygen consumption were converted to carbon based production
values in the original work. Estimates of nitrate production were converted to carbon-based production within the
original study or by using f-ratios of 0.4 for the middle and outer domains and 0.3 for the inner domain.

2.3 Methods
2.3.1 Field Sampling

Physical, biogeochemical and biological measurements were made from the USCGC
Healy during two cruises to the eastern Bering Sea in 2008. During the spring (April-May) and
summer (June-July) cruises hydrographic stations were occupied on three east to west transect
lines and one north-south transect line (Figure 2.1). The SL line was the northern most transect
extending from near shore across the broad northern part of the shelf to a depth of ~90 m. The
central line (MN) extended roughly from the southern tip of Nunivak Island across the shelf
south of St. Matthew Island out to the shelf break (2000 m). The southern line (NP) extended
from the southern tip of Nunivak Island southwest past the 150 m isobath. The north-south line
followed the 70 m isobath for the length of the shelf southward from the SL line and ended
southeast of the NP line. At the beginning of the spring cruise, sea ice cover was near 100% at
all stations with the exception of some minor leads. During sampling of the SL, MN, and NP
lines significant sea ice was present. Towards the end of the spring cruise, sea ice started to
diminish. The southern half of the 70 m isobath line was ice free when sampled at the end of the
cruise. During summer, the entire Bering Sea shelf was sea-ice free.

At each hydrographic station, conductivity-temperature-depth (CTD) measurements were
collected using a Seabird 911-plus system with dual temperature, salinity and oxygen sensors.
Data were recorded during the downcast, with a decent rate of 15 m min™ to a depth of 35 m, and
30 m min™ below that. Salinity calibration samples were collected on most casts and analyzed
on a calibrated laboratory salinometer. Water samples for dissolved inorganic nutrients were
collected at each station using Niskin bottles. Nutrient samples were analyzed onboard for
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dissolved phosphate, silicic acid, nitrate, nitrite, and ammonia using protocols of Gordon et al.
(1993). In situ oxygen sensors were calibrated by the manufacturer prior to each cruise and
dissolved oxygen samples were collected onboard for sensor ground truthing.

2.3.2 Laboratory Analysis

All dissolved inorganic carbon (DIC) and total alkalinity (TA) samples were collected as
suggested by the Guide to Best Practices for Ocean CO, measurements (Dickson et al., 2007).
Accordingly, seawater samples were drawn from Niskin bottles into pre-cleaned ~300 mL
borosilicate bottles. After collection, all samples were poisoned with 200 pL of saturated
aqueous mercuric chloride (HgCl;) solution to halt biological alteration of DIC concentrations,
sealed, and returned to the lab for analysis.

DIC/TA samples were analyzed using a highly precise and accurate gas
extraction/coulometric detection system (~0.02%, <1 pmoles kg™; Bates, 2001). The analytical
system consists of a VINDTA 3C (Versatile Instrument for the Detection of Total Alkalinity)
coupled to a CO, coulometer (model 5012; UIC Coulometrics). Routine analyses of Certified
Reference Materials (CRMs, provided by A.G. Dickson, Scripps Institution of Oceanography)
and repeat sampling ensured that the accuracy of the DIC/TA measurements was within 0.05%
and was stable over time.

2.3.3 Estimates of NCP

In our approach, we exploit seasonal changes in biological reactants and products (i.e.,
DIC), to estimate rates of NCP and account for minor factors such as gas exchange. NCP is
calculated from the observed seasonal drawdown of DIC, according to the following equation
(Williams, 1993):

NCP = DICspring = DICsummer = ADIC (moles C per unit volume or area). (Eq. 1)

However, Equation 1 reflects all seasonal modifications to DIC, while only a portion of the
seasonal drawdown can be attributed to biological production in the Bering Sea. Sea-ice melt and
terrestrial inputs can impact DIC concentrations in the upper mixed layer. For example, the
addition of sea ice melt water with low concentrations of DIC effectively dilutes the surface
layer, decreasing concentrations of DIC. Because NCP also decreases DIC concentrations in the
euphotic zone (average depth ~30m), ice melt can cause a false amplification of the NCP signal.
This dilution of DIC concentrations can be corrected by normalizing DIC to a constant salinity of
35. The formation and dissolution of TA through biotic and geochemical processes can also
cause changes in DIC. However, this effect can be corrected by measuring seasonal changes in
TA (Codispoti et al., 1986; Lee, 2001). Approximately half of this change can be estimated to
affect DIC concentrations: ADICak = 0.5*(AAlk+ANO3). By subtracting this value from the
change in normalized DIC, we render NCP the only significant process affecting seasonal
changes in DIC concentrations (Bates et al., 2005; Mathis et al., 2009). The effects of air-sea
CO;, flux and vertical diffusion on ADIC are discussed in Section 2.5.3.
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2.4 Results
2.4.1 Frontal Systems and Hydrographic Structure

Temperature, salinity and density were used to identify frontal systems in both spring and
summer. In spring, closely packed vertical isopycnals indicated the presence of a front
approximately overlying the 50 m isobath, where lower coastal densities began to increase
offshore. Temperature and salinity, in addition to density, identified a front at the 100 m isobath.
Along the coast, waters were largely vertically mixed, exhibiting uniform temperature and
salinity from the surface to the bottom. At the 50 m isobath front, waters transitioned to a two-
layer system. Density frontal structure was least clearly defined along the SL line due weak tidal
flows and resultant lack of mixing, and was most developed along the MN line. Density frontal
structure was apparent between 58°N and 60°N along the 70 m line, with fresher surface water
and colder bottom temperatures to the north.

Summertime frontal systems were more clearly developed than in spring. Two-layer
stratification was evident in all three properties (temperature, salinity, and density). A front
overlying the 50 m isobath was clearly defined by temperature throughout the entire water
column along all lines. In contrast to spring, where well mixed coastal waters transitioned to a
two layer system much further seaward, the summertime transition to a two layer system
occurred approximately at this inshore front. Rapidly changing temperature gradients identified a
second front at approximately the 90 m isobath along the MN and NP lines, although this
structure was not apparent along the SL line and was much broader than the inshore front.
Summertime variance along the 70 m isobath was minimal, although a broad transitional zone in
temperature was apparent between 58.5°N and 59.5°N, and isohalines showed a front occurring
at approximately 61°N.

Stratification isolated a layer of cold bottom water between the inner front and the middle
front during summer. This cold pool extended from the bottom to approximately 25 m below the
surface on the MN and NP lines. A low salinity feature was also apparent in the summer surface
layer seaward of the inner front and centered over the central front, likely due to the influences of
fresh water from ice melt in May and June. With the weak winds of late spring, this fresher
surface water is not mixed vertically and thus a fresh water lens (~20 m deep) contributes to the
vertical structure over the northern shelf.

2.4.2 Spatial and Seasonal Distributions of Inorganic Nutrients: Nitrate, Phosphate, Silicate,
and Dissolved Oxygen

Spatially, changes in inorganic nutrients and DO concentration coincided with frontal
transition zones. In particular, nutrient concentrations followed isohalines very closely in spring
and isothermal lines in summer. Dissolved oxygen concentrations followed density structure, but
did not adhere to isohalines or isothermals as clearly as inorganic nutrient concentrations.

Three broad zones were apparent in both seasons, separated by the fronts. In spring,
inorganic nutrient concentrations inshore of the innermost front were lowest (nitrate: ~3.5
umoles kg*; phosphate: ~1.2 pmoles kg™; silicate: ~17 umoles kg™), while DO concentrations
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were highest in this region (~355 pmoles kg™). Nutrient concentrations increased off the shelf
seaward of this front and peaked in bottom waters of the outer domain (nitrate: ~28 umoles kg™;
phosphate: ~2 pumoles kg™; silicate: ~40 pmoles kg™) where DO concentrations were lowest
(~300 pmoles kg™). Springtime inorganic nitrogen concentrations were fairly uniform with
depth, while oxygen concentrations exhibited a two-layer system seaward of the 100 m isobath
front. Along the shelf, inorganic nutrient concentrations decreased to the south (e.g., nitrate: 15
umoles kg™ to ~10 pmoles kg™*) while oxygen concentrations increased (~325 umol kg™ to ~415
umoles kg™), as was apparent both on the 70 m line and in the variability between concentrations
along the cross-shelf lines (NP, MN, and SL). There were two low-nutrient (e.g., nitrate: ~5
umoles kg™) features in the surface layer along the 70 m line, at approximately 59°N and 56°N.

Summertime inorganic nutrient concentrations were consistently lower than springtime
concentrations. Inshore of the innermost front, inorganic nitrogen and silicate concentrations
were completely depleted throughout the entire water column. Seaward of this front, nitrate and
silicate concentrations were still depleted in the surface layer, although higher concentrations of
these nutrients were observed in bottom waters. Phosphate concentrations increased off the shelf,
but were not depleted below the detection limit inshore of the inner front or in the surface layer,
except in the surface layer near the shelf break. In summer, subsurface zones (~15 m to 50 m) of
high oxygen concentration (~400 pmoles kg™) were present across the entire shelf on the SL and
MN lines. Along the NP line, oxygen concentrations were highest throughout the water column
in the Coastal Domain (~380 pmol kg™). In general, oxygen concentrations were higher in
summer in the upper 50 m compared to spring, but were lower relative to spring concentrations
in the bottom waters over the shelf.

2.4.3 Spatial and Seasonal Distributions of DIC

Figure 2.3 shows the spatial distribution of spring DIC concentrations averaged over the
upper 30 m of the shelf. The highest surface layer concentrations were found in the inner domain
and the northern regions of the Middle Domain (~2100-2150 pmoles kg'). The lowest surface
layer concentrations occurred in the Middle and Outer Domains to the south (~2025 pmoles
kg™). Comparison of the variation of DIC concentrations with depth along the three sampling
lines (Figures 2.4A-2.4D) shows that concentrations throughout the water column were highest
in the northern region of the shelf (~2130 pmoles kg™). Concentrations along the 70 m isobath
line also showed higher concentrations north of 61°N (Figure 2.4D).

Across the shelf, there were three distinct regions of DIC concentrations during spring.
Concentrations on the inner shelf were fairly constant with depth. Coastal Domain DIC
concentrations rapidly decreased by ~50 pmoles kg™ through the inner front to the Middle
Domain. Middle Domain DIC concentrations were relatively low along all lines, but particularly
in the upper 10 m along the SL line. Seaward of the middle front, DIC concentrations increased,
and stratified into a two-layer system. DIC concentrations increased more rapidly below 40 m to
~2125 pmoles kg™ at 100 m, and to ~2225 pmoles kg™ at 250 m.
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Figure 2.3. Spring DIC concentrations in the upper 30 m. Spring DIC concentrations (umoles kg™)

averaged over the upper 30 m of the water column across the shelf.

Summertime concentrations of DIC averaged over the upper 30 m (Figure 2.5) were on
average lower than springtime concentrations by ~90 pumoles kg™ and decreased most in the
middle and outer domains. Inshore, concentrations of DIC were moderate (~2050 pmoles kg™)
and constant with depth. In contrast to spring, summer DIC concentrations horizontally stratified
into a two layer system in the middle domain (Figures 2.6A-2.6D). In the middle domain, the
upper layer (0-30 m) had a dramatically lower concentration (~1900 pmoles kg™) than the
slightly westward bottom 40 m of water (~2200 umoles kg™). This stratification was not present
seaward of the middle front along the SL line, where DIC concentrations were constant with
depth (~2050 pmoles kg™?). Along the MN and NP lines, Outer Domain DIC concentrations

increased with depth (~2050 umoles kg™ at 0 m to 2250 umoles kg™ at 250 m).
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2.4.4 Spatial and Seasonal Distributions of Alkalinity

In spring, TA ranged from 2150 pmoles kg™ to 2300 umoles kg™ over the shelf, with the
lowest concentrations observed inshore of the inner front along the MN line and the highest
concentrations observed in offshore bottom waters. Beyond the shelf break, high concentrations
(~2450 umoles kg™) were observed at depth and correlated with high salinity water. Inshore of
the inner front, TA was constant with depth except along the MN line. Concentrations were
higher along the NP line in the south (~2235 umoles kg™) than along the SL line in the north
(~2220 pmoles kg™). Along the MN line, surface layer concentrations were ~15 pmoles kg™
lower than bottom water concentrations. Through the inner front, TA was low along the SL line
(~2180 pmoles kg™) and NP line (~2170 pmoles kg™). Seaward of this front, TA stratified into a
two-layer system and increased along the SL and MN lines but decreased along the NP line.
Along all lines, concentrations increased with depth. TA appeared to follow frontal structure at
the 100m isobath along the MN line, but this feature was not evident in other lines. Along the 70
M line, TA exhibited a two-layer system south of 58.5°N, with surface layer concentrations ~20
umoles kg™ lower than bottom water concentrations.

Summertime concentrations of TA closely followed isohalines along all lines and
exhibited a wider range than in spring (~2050 pmoles kg™ to 2400 pmoles kg™). Inshore of the
inner front, concentrations were stratified along the SL line, where surface layer concentrations
averaged ~2135 pmoles kg™ and increased to ~2170 pumoles kg™ in bottom waters. Along the
MN line and NP lines, TA was constant with depth at ~2160 pmoles kg™. Concentrations
decreased through the inner front along the MN line (~2140 pmoles kg™), but increased along
the SL and NP lines. Between the 50 m And 100 m isobath fronts, TA was stratified along the
SL and MN lines, with higher concentrations in bottom waters. Along the MN line, surface layer
concentrations were particularly low (~2060 pmoles kg™). Seaward of the 100 m isobath front,
concentrations were stratified along all lines and peaked in bottom waters off the shelf. Along the
70M line, summertime TA was constant with depth in southern regions (~2160 pmoles kg™).
North of 59°N, TA was low in surface waters (~2100 pmoles kg™) and increased with depth
(~2185 pmoles kg™).

2.5 Discussion
2.5.1 Rates of Net Community Production

As discussed earlier, we normalized DIC concentrations in spring and summer to a
salinity of 35 in the estimate of NCP rates (Table 2.3). In the spring, nDIC concentrations ranged
from 2230 pmoles kg™ to 2330 umoles kg?, with an average nDIC concentration of 2284
umoles kg™. In summer, nDIC concentrations were lower, ranging from 2100 pmol kg™ to 2280
umoles kg, with an average nDIC concentration of 2197 pmoles kg™. Summertime drawdown
was on average ~90 pmoles kg™ (Table 2.3), and was highest in the Middle and Outer Domains
in the region of the “Green Belt.”
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The corrective effects of normalization on DIC concentrations can be seen in Figures
2.7A-2.7D. Here, DIC and nDIC are plotted relative to salinity in both spring and summer.
While the relationship between nDIC and salinity (Figures 2.7C and 2.7D) was similar to the
relationship between DIC and salinity (Figures 2.7A and 2.7B), the summertime dispersion of
nDIC was much more vertically distributed. In Figures 2.7C and 2.7D, the horizontal dispersion
of DIC concentrations once due to changing salinity has been removed by normalization, and
any dilutive effects on DIC concentrations have been eliminated. As a result, the effects of
biological processes and in-situ calcium carbonate mineral formation are isolated. In spring
(Figure 2.7C), nDIC concentrations were constrained within a small range of salinities. In
summer (Figure 2.7D), some nDIC concentrations were drawn down by primary production and
carbonate mineral formation, causing an increase in dispersion closer to the x-axis. Water
column and sedimentary remineralization and carbonate mineral dissolution raised
concentrations of nDIC in bottom waters, increasing the range of summertime dispersion in the
opposite direction.
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Figure 2.7. Spring and summer concentrations of DIC and nDIC (umoles kg™) relative to salinity. (A) Spring.
Bering shelf water salinity ranged 31.3 to 33, with concentrations of DIC from 1950 pmoles kg™ to 2170 umoles kg’
! Deep Bering Sea salinity ranged 33 to 35, with concentrations of DIC from 2140 umoles kg™to 2380 pmoles kg™.
(B) Summer. DIC concentrations (umoles kg™) relative to salinity. Arrows show the relative influence of freshwater
input, on both salinity and DIC, whereas productivity decreased DIC and remineralization increased DIC relative to
salinity. (C) Spring. Most nDIC concentrations fell within the range of salinities of 31 to 33. (D) Summer. nDIC
concentrations relative to salinity decreased from spring. NCP and carbonate mineral formation draws springtime
clustering down as DIC is consumed; remineralization distributes the clustering up, as DIC is produced by biological
processes and carbonate mineral dissolution. The effects of each process are shown by arrows.
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NCP is also apparent in Figures 2.8A and 2.8B, where nDIC is plotted relative to
inorganic nitrogen. In spring (Figure 2.8A), average nDIC concentration was approximately
2300 pmoles kg, as indicated by the dotted line, and most nDIC concentrations were well
constrained within a small range of inorganic nitrogen concentrations, indicated by the dotted
circle. In Figure 2.8B, the springtime average and clustering location is also shown relative to the
summertime nDIC concentrations. Dispersion beneath the dotted line and dotted circle increased
due to biological processes and carbonate mineral formation. As production and carbonate
mineral dynamics affect both axes, the vectors are skewed: primary production decreases both
nDIC and inorganic nitrogen, and dispersion increased with increasing nitrate+nitrite
concentration, whereas the production of nDIC and inorganic nitrogen through water column and
sedimentary oxidation of organic matter increases dispersion away from the origin.
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Figure 2.8. Spring and summer concentrations of nDIC (umoles kg™) relative to nitrate+nitrite (umoles kg™).
A) Spring. For nearly all concentrations of nitrate+nitrite, nDIC ranged ~2225 to 2350 pmoles kg™. Average spring
concentration (2300 pmoles kg™) is marked by the dotted line. B) Summer. nDIC concentrations decreased with
respect to nitrate, ranging from ~2050 umoles kg™ to 2350 umoles kg™. The springtime average (2300 pmoles kg™)
is also plotted here, showing that most summertime points fall below the springtime average due to primary
production and carbonate mineral formation.
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Inorganic nitrogen concentrations decreased to zero in summer at most locations in the
surface layer and caused an accumulation of points at and near the y-axis. In areas where nitrate
is not limiting, such as the high nutrient, low chlorophyll (HNLC) middle and outer domains,
nDIC concentrations are not clustered near the axes, but do accumulate below the spring average
concentration. There is also an increased dispersion to the upper right, due to some oxidation of
organic matter in bottom waters. This can be seen as an amplified DIC signal in the bottom
waters (most obvious in Figure 2.6A) beneath the areas of highest drawdown in the surface
waters. The coupling of NCP at the surface to increases of DIC in bottom waters has also been
observed in the Chukchi Sea (Bates and Mathis, 2009). Similarly, this remineralized DIC lowers
the pH of these bottom waters suppressing the carbonate mineral saturation states (Mathis et al.,
In Prep).

The relationships between nDIC and DO in spring and summer are shown in Figures
2.9A and 2.9B. The relationship between nDIC and DO is tightly clustered in spring, shown by
the dotted circle. The cumulative effects of biological processes and carbonate mineral dynamics
cause the increase in dispersion seen in summer, compared to the springtime cluster (again
indicated by the dotted circle). Production also affects both of these axes but the vectors are
opposite to those for the inorganic nitrogen vs. nDIC: production produces dissolved oxygen
while decreasing nDIC, and thus draws points towards the x-axis and away from the y-axis,
while nutrient regeneration increases nDIC and decreases DO, drawing points towards the y axis
but away from the x axis.

NCP estimates integrated over the upper 30 m calculated from nDIC (NCP.pic)
according to the equation 1 are shown in Table 2.3. The average time between station
occupations was ~100 days leading to an average nDIC drawdown of ~90 pmoles kg™, with a
subsequent average NCP of 27.6 + 9 mmoles C m d™*. However, rates of NCP varied across the
biogeochemical domains (see Table 2.4). NCP,pic was lowest in the northern region of the
coastal domain (22.0 + 6.0 mmoles C m? d*), and highest in the northern region of the middle
domain (33.1 + 12 mmoles C m® d). Limited sampling prevented calculation of a value for the
northern section of the outer domain, but NCP,p,c in the southern half of the outer domain was
similar to the high NCPpic in the northern section of the middle domain (27.6 + 9 mmoles C m™
d™). Limited sampling prevented calculation of a value for the northern section of the outer
domain, but NCPp\c in the southern half of the outer domain was similar to the high NCPpic in
the northern section of the middle domain (27.6 + 9 mmoles C m? d™).
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Figure 2.9. Spring and summer concentrations nDIC (umoles kg™) relative to DO (umoles kg™) A)
Spring. Most points clustered within the highlighted area of DO concentrations between 300 and 400
pumoles kg?, and DIC concentrations between ~2200 and 2450 umoles kg™. B) Summer. DIC
concentrations were much less clustered and mostly lower relative to DO concentrations in spring. For
ease of comparison, the springtime cluster is also shown in this figure (highlighted area). The arrows show
the effects of primary production and carbonate mineral dynamics between station occupations: NCP
draws values down and to the right, as surface layer DIC is consumed and DO is produced;
remineralization draws values up and to the left as DIC is produced and DO is consumed.
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Estimating NCP based on nDIC alone appears insufficient, however. Figure 2.10 shows
the change in TA in the upper 30m between spring and summer. In general, TA was lower in
summer except in a few areas. Because of this seasonal change, applying the correction factor for
the formation and dissolution of TA, as discussed in section 2.3.3, causes a change in NCP
estimates. As seen in Table 2.3, the change in TA was highly variable across the shelf.
Application of the correction factor for these changes in TA increases NCP in the northern
coastal domain (~4.5 mmoles C m? d™ on average) and the southern middle domain (~2.2
mmoles C m? d™* on average), while the correction decreases NCP in the southern coastal
domain (-1.1 mmoles C m™ d* on average), the northern middle domain (-3.6 mmoles C m? d™
on average), and the southern outer domain (-1.2 mmoles C m™? d™ on average). Overall, shelf-
wide NCP estimates decreased by 0.4 mmoles C m? d™*. The shelf-wide distribution of
carbonate-corrected NCP values (NCPpic-c) can be seen in Figure 2.11.
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Figure 2.10. Spring and summer concentrations of TA (umoles kg™) in the upper 30 m. Overall,
TA concentrations were lower in summer than in spring, although some summer values were higher.
This seasonal change necessitates the application of a correction factor to NCP estimates which
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accounts for the formation and dissolution of TA.
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Figure 2.11. Net Community Production in 2008. Estimates based on the seasonal consumption
of normalized DIC and corrected for the production of calcium carbonate minerals in mmoles C
m2d* across the shelf. Values were highest along the central front and lowest along the coast.

NCPpic-c in the northern Coastal Domain may have been low because of the low initial
stock of macronutrients relative to the remainder of the shelf. Although waters over the inner
domain were often mixed to depth, the Coastal Domain is the shallowest of the three along-shelf
zones. Despite mixing the available stock of nutrients in this smaller domain could not sustain
production, and macronutrients were completely depleted in both the northern and southern
halves of this domain. NCPpic.c in the southern coastal domain may have been bolstered by
additional nitrate provided through activity of a surface layer nutrient regeneration loop.

The high NCPpic.c of the Middle and Outer Domains may be due to the confluence of
shelf-derived iron and basin-derived nutrients at the shelf-break front that provide an ideal
environment for primary production. Eddies spawned along the shelf break and proximity to the
basin further supply nutrients well into the growing season, sustaining longer periods of primary
production relative to the zones to the east and west. Furthermore, POC produced in this region
is rapidly exported off the shelf, reducing any remineralization feedback that might be seen in
other domains.

NCP can also be calculated using the drawdown of other active components of
photosynthesis (Williams, 1993; Table 2.2). By measuring the seasonal change in concentrations
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of nitrate + nitrite, phosphate and silicate (Table 2.4), we can provide some additional insights to
NCP estimates across the shelf. Using a C:N ratio of 106:16, we found that NCP estimates based
on nitrate (NCPy) were ~8 mmoles C m? d™ less than NCPpic.c, suggesting an elevated
consumption of carbon compared to that of nitrate. This condition has been observed in a variety
of other high export coastal systems (e.g., Sambrotto et al., 2003), and attributed to the
production of nitrogen-poor, carbon-rich organic matter, and in-situ biological processes that
recycle carbon less efficiently than nitrogen. The particularly low NCPty values found in the
southern coastal domain suggest that this regeneration loop does play a large role in this
particular region. It has also been suggested in previous works that using a limiting nutrient to
estimate carbon production may result in significant underestimations of NCP (Sambrotto et al.,
2003). In contrast to the remainder of the shelf, NCP1y values were higher than NCPpicc in the
southern region of the outer domain, suggesting an elevated consumption of nitrate. This may be
due to the reverse of processes suggested above: the production of nitrate-rich organic matter, or
in-situ processes which recycle carbon more efficiently than nitrate. It is also possible that
NCPpic-c is low due to TA production in excess of our correction factor. As was noted earlier,
the outer domain of the southernmost sampling line (NP) was the only region where TA
increased from spring to summer.

. NCP e NCPanice NCPry NCPpos NCPgp NCPg;a
Domain mmolCm?*d’ mmolCm?*d’ mmolCm?d’ mmolCm*d’ mmolCm?*d’ mmolCm™d’
NC 220+6 175+4 14445 289+4 532421 20+8
SC 22514 23717 45+2 2617 2315 8712
NM 331112 36.7+ 11 286+3 37.0+4 79.7+17 299+¢6
SM 27048 248+ 10 15.6+15 234+16 440+30 16.5+11
SO 353+11 355+6 405+3 36.5+2 870+4 32612
Shelf 27619 212+4 199415 292+ 11 55.1+£30 207111

Table 2.4. Regional NCP from different sources. NCP in mmoles C m 2 d* by domain in 2008, where NC
indicates the northern coastal domain, SC indicates the southern coastal domain, NM indicates the northern middle
domain, SM indicates the southern middle domain, and SO indicates the southern outer domain. NCP estimates
were based on calcium-carbonate corrected seasonal drawdown of nDIC (NCP,pic—c), TN (Nitrate + Nitrite) at a
ratio of 106 C : 16 N (NCP+y), Phosphate at a ratio of 106 C : 1 P (NCPj), Silicate at a ratio of 106 C : 15 Si
(Brzezinski, 1985; NCPg;_3), and Silicate at a ratio of 106 C : 40 Si (Aguilar-Islas et al., 2007; NCPg;_,). Error
listed is one standard deviation from the mean.

NCP values calculated from phosphate (NCPp) were consistent with NCPpic-c, although
they were in all cases slightly higher. This suggests that phosphate is being consumed in excess
of the Redfield Ratio. However, because the deviation in NCP measurements is so small (~1
mmoles C m? d™), it is difficult to definitively quantify this deviation or speculate on its cause.
Table 2.4 shows two NCP estimates based on silicate drawdown, reflecting two different ratios
for the consumption of silicate to carbon. The traditional estimates of silicate to carbon ratios are
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106C:15Si (Brzezinski, 1985), but yield much higher estimates of NCP (NCPs;.s) compared to
NCPnpic.c across the shelf except in the southern coastal domain. An alternative ratio of
106C:40Si was suggested by Aguilar-Islas et al. (2007) for iron-limited systems. NCP estimates
based on this ratio (NCPs;.a) are lower across the entire shelf, but notably low through the
southern coastal domain. Comparing these two NCPg; estimates suggests that iron is not a
limiting nutrient in the southern coastal domain, but limits production in varying degrees across
the remainder of the shelf.

Other studies in the region show similar values of NCP (e.g., Springer and McRoy, 1993;

Springer et al., 1996; Rho and Whitledge, 2007). Springer and McRoy (1993) and Rho and
Whitledge (2007) used a combination of estimates from different times during the production
season across several years to obtain average annual measurements across the season. Despite
high error, average values from Rho and Whitledge were within 10 mmoles C m™ d* of the
estimates presented here. Springer and McRoy estimated production rates for the Coastal
Domain fell within 1.1 mmoles C m™ d* of our estimates. The average estimates taken from the
“Green Belt” literature review by Springer et al. (1996) also fell within 2.5 mmoles C m? d™* of
NCPhpic-c.

2.5.2 Estimates of Early Season NCP

The lack of DIC data on the Bering Sea shelf prior to the spring cruise makes it difficult
to determine rates of primary production in the early part of the growing season. However, DIC
concentrations were fairly consistent across most of the domains (Figures 2.4A-2.4D). nDIC
distributions did show locations along the southern end of the shelf where concentrations were
slightly lower in some places (Figure 2.7A), perhaps indicating early season NCP, but these
waters were still nutrient-rich (Figure 2.8A) and showed no signs of enhanced oxygen production
(Figure 2.9A) as in summer (Figure 2.9B). Sea-ice cover was also present at all sampled
locations in spring, further reducing the possibility that any significant production had occurred
due to limited solar irradiance. It is likely that any productivity that did occur prior to our initial
occupation in spring was limited to the water column-ice interface and did not significantly
influence our NCP estimates.

2.5.3 Assumptions and Caveats

We had to make several assumptions in order to use the seasonal carbon mass balance to
estimate NCP. This method does not independently take into account contributions of DIC to the
mixed layer through air-sea CO, gas exchange, vertical diffusion (Bates, 2006) and river
discharge. All of these processes do add DIC to the mixed layer, particularly as the season
progresses. Additionally, this method overlooks the circulation and movement of water masses.
Overall, we estimate that these assumptions may introduce ~15% combined underestimation in
NCP, suggesting that our NCP values are conservative.

Previous studies have indicated that the Bering Sea is a net sink for atmospheric CO,
during ice-free periods (Takahashi et al., 2002, 2009). Bates et al. (2005) determined that in the
Chukchi Sea, given a CO;, flux rate from the atmosphere to the surface ocean of ~5-10 mmoles
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CO, m™? d™the added contribution of DIC to the mixed layer would be on the order of ~5-10
umoles kg'd™. Assuming a similar flux into the Bering Sea would add ~4-8 mmoles m™ d™* to
our NCP estimates, an approximately 10-20% underestimation of NCP. This contribution is
likely smaller because the shelf was not 100% ice-free for the entire period between spring and
summer, which would have limited air-sea exchange. DIC concentrations were also not drawn
down as much over the Bering Sea shelf as over the Chukchi Sea shelf which would have
reduced the air-sea disequilibrium and further reduced the flux of CO..

Vertical diffusion of CO, across the interface between the mixed layer and bottom waters
would have also contributed only a minor amount (<1-2 pmoles kg) of CO, to the DIC pool in
the upper 30 m. Following the approach of Bates et al. (2005), we estimated vertical diffusivity
of CO, over the Bering Sea shelf as the product of the vertical diffusion coefficient K,, the
vertical gradient of inorganic carbon (3DIC/5z) below the mixed layer (i.e., vertical gradient in
DIC between 30-50 m), and the seawater density (Denman and Gargett, 1983). Even though K,
is variable, ranging from 0.2-80 cm? s™* (Denman and Gargett, 1983), and average K., of 30 cm?
s (Bates et al., 2005) increased the upper 30 m DIC pool by ~3.6 pmoles kg™ over a 100 day
period. Taking this flux into account would add ~0.7-1.25 mmoles C m* d™ to our NCP rates
estimates. However, the intense stratification that sets up between spring and summer between
the surface and bottom layers likely reduced this flux of DIC across the interface.

An overestimation of DIC may occur due to the contribution of DIC and TA contributed
by rivers. In order to best estimate this contribution, the volume fraction of river water and its
concentration of DIC is typically determined using 80™ samples, although these are
unfortunately unavailable for this particular dataset. However, the concentration of TA and DIC
in river waters discharged over the inner shelf is much lower compared to shelf concentrations,
and the dilution effect of these waters is likely much more dramatic than contribution of
dissolved contents. While it is not possible to accurately estimate the error that this may
introduce to our NCP estimates, we can assume that any error in the normalization processes is
likely isolated to the coastal domain, because strong frontal systems block significant cross-shelf
advection.

Circulation and movement of water masses over the shelf may have a significant impact
on our estimates of NCP. Coachman (1986) calculated the residence time of the outer domain at
approximately three months, and speculated that the residence time of waters in the middle and
inner domains were much longer due to reduced flow fields. The gap between our seasonal
sampling was ~100 days, which is slightly longer than the residence time reported for the outer
shelf, but likely shorter than the residence times for the middle and inner domains. However, the
spring distribution of DIC across the shelf was largely uniform so we can assume that inflowing
waters had a similar DIC to outflowing waters in the outer domain. It is unlikely that circulation
introduces large error to our domain-integrated estimates of NCP.

Although NCP should be conceptually equivalent to new production, as suggested by
Williams (1993), this may not be the case in the Bering Sea. Over this time period, some
remineralization of organic matter in the upper 30 m may occur. While most of the particulate
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organic carbon (POC) is exported in a highly productive sub-Arctic system (e.g., Mathis et al.
2007), the remineralization of highly labile dissolved organic carbon (DOC) between station
occupations (Hansell et al., 1997) can add DIC back into surface layer, decreasing the seasonal
drawdown signal. However, any significant contribution of DIC from remineralization directly
within the mixed layer seems unlikely given the slow rates of remineralization and the relatively
short time between station occupations. It has also been shown in other highly productive polar
seas (e.g., Mathis et al., 2006) that only a small fraction of NCP (~10%) is retained in the mixed
layer and is available for remineralization on time-scales longer than the difference between
measurements.

2.6 Conclusions

In the spring and summer of 2008, spatio-temporal variability of inorganic carbon and
NCP were measured for the southeastern Bering Sea Shelf region. Hydrographic and
biogeochemical characteristics divided this shelf into six distinct regimes. Bottom water
temperature and density split the shelf into northern and southern regimes at approximately
60°N. Frontal systems approximately overlying the 50m and 100m isobaths also divided the shelf
into three zones: the Coastal Domain (0 m-50 m water depth); the Middle Domain (50 m-100 m
water depth) and the Outer Domain (100 m—180 m water depth).

Biogeochemical characteristics were unique in each zone and dictated the character of
productivity in each domain. Macronutrient concentrations (i.e., nitrate) were higher nearer the
basin, while micronutrient (i.e., iron) concentrations were higher nearer to the coast. As
expected, the intersection of these inverse gradients at the Central Front produced the highest
rates of NCP in the region (~37 mmoles C m? d*). The limited availability of macronutrients in
the inner domain limited NCP to ~17.5 + 4.0 mmoles C m? d in the northern zone, while an
active regeneration loop and sufficient supply of iron likely bolstered inner domain productivity
to ~23.7 + 6.5 mmoles C m? d* in the southern zone. Outer Domain NCP rates (~35.5 + 6.0
mmoles C m™ d*) were very similar to Middle Domain NCP rates (~36.7 + 10.7 mmoles C m™
d-1 in the northern zone and ~24.8 + 10.0 mmoles C m™ d* in the southern zone), although
increased utilization of nitrate may indicate outer domain NCP rates are high, due to the
excessive formation of TA.

By integrating the seasonal consumption of normalized DIC over the upper 30 m of the
water column and the area of each domain and correcting for the formation of calcium carbonate
minerals (Table 2.5), we estimated a total production of organic carbon over the entire shelf
(~8.8 x 10" m? at ~97 + 29.9 Tg C yr'(1 Tg = 10* g) which is comparable to estimates
reported by Springer et al. 1996 of ~102 Tg C yr™*. Due to the paucity of consistent, comparable
productivity data over the shelf it is impossible at this time to quantify whether the system is
becoming more or less productive.

71



Domain Arca Springer efal., 1996  NCPpic NCP NCPpoy NCPg

m? Tg Cyr TgeCyr! TgCyr! TgCyr! TgCyr!
NC 27X 10" 20.68 17.05 33.89 23.59
SC 12X 10" 1247 2.35 13.82 455
Total 3.9X10% 320 331 19.4 47.7 28.1
NM 17X 10" 27.35 21.35 27.55 2227
SM 19X 10M 20.63 1298 19.46 13.75
Total 3.6X 10" 470 480 343 47.0 36.0
SO 1.3X 101 230 202 23.1 20.8 18.6

Table 2.5. Annual production of carbon for 2008. Annual production of organic carbon based on NCPnDIC—C,
integrated across the upper 30m and area of each domain compared to the annual production of organic carbon
reported by Springer et al., 1996. NC indicates the northern coastal domain, SC indicates the southern coastal
domain, NM indicates the northern middle domain, SM indicates the southern middle domain, and SO indicates the
southern outer domain.

In an ecosystem undergoing dynamic change like the southeastern Bering Sea, warming
temperatures and earlier retreat of sea ice could expose the surface layer to more wind mixing
and subsequent reductions in stratification, thereby decreasing productivity under certain climate
scenarios. Hunt et al. (2002) correlates the earlier retreat of sea-ice with higher export to the
benthos, thus strengthening the benthic ecosystem (i.e., crab fisheries) at a cost to the pelagic
fisheries such as Pollock. However, under another possible scenario, earlier retreat of sea ice
could increase the availability of solar radiation, stratify the water column and thus limit
production through decreased nutrient fluxes, resulting in a more pelagic-dominated shelf
ecosystem.

The impacts of changes in the character of productivity in the Bering Sea would likely be
felt downstream in the Chukchi Sea. Waters entering the Arctic Ocean through Bering Strait are
modified as they cross the Bering Sea shelf (e.g., Rudels, 1995). Increased rates of Bering Sea
shelf primary production could further increase nutrient depletion and limit productivity in the
western Arctic Ocean. Enhanced export production in the Bering Sea could also lower DIC
concentrations in the surface waters and thereby increase the CO, sink in the ocean.

We have shown here that NCP can be a valuable method for assessing primary
production over large areas of the Bering Sea. As environmental conditions in the region
continue to change, it will be important to monitor the rates of NCP and the fate of the organic
matter. Under certain climate scenarios, the vast and highly valuable fisheries of the Bering Sea
could be diminished or shifted northward.
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CHAPTER 3
Coupling primary production and terrestrial runoff to ocean acidification and carbonate mineral
suppression in the eastern Bering Sea®

3.0 Abstract

Water column pH and carbonate mineral saturation states were calculated from dissolved
inorganic carbon (DIC) and total alkalinity (TA) data collected over the eastern Bering Sea shelf
in spring and summer of 2008. The saturation states ({2) of the two most important carbonate
minerals, calcite (Qcaicite) and aragonite (Qaragonite) Were strongly coupled to terrestrial runoff from
the Yukon and Kuskokwim Rivers, primary production in the surface waters, and
remineralization of organic matter at depth over the shelf. In spring, before ice-melt occurred,
pH over the shelf was largely confined to a range of 7.9-8.1 and Qcajcite and Qaragonite ranged from
1.5-3.0 and 0.8-2.0, respectively. At stations closest to river outflows, aragonite was
undersaturated in the water column from the surface to the bottom. During the summer sea-ice
retreat, high rates of primary production consumed DIC in the mixed layer, which increased pH
and Qcaicite and Qaragonite.  However, Qcarcite and Qaragonite decreased by ~0.3 in the bottom waters
over the middle and outer shelf. Over the northern shelf, where export production is highest,
Qaragonite decreased by ~0.35 and became highly undersaturated. The observed suppression and
undersaturation of Qcarcite and Qaragonite 1N the eastern Bering Sea are correlated with
anthropogenic CO, uptake into the ocean and will likely be exacerbated under business-as-usual
emission scenarios. Therefore, ocean acidification could threaten some benthic and pelagic
calcifying organisms across the Bering Sea shelf in the coming decades.

3.1 Introduction

Since pre-industrial times, the oceans have absorbed approximately 127 Pg (Pg =10" g
C) of anthropogenically produced carbon dioxide (CO,) from the atmosphere (Sabine and Feely,
2007). While this has mitigated the increase in atmospheric CO, concentrations by ~55%
(Sabine et al., 2004; Sabine and Feely, 2007), it has changed the carbonate chemistry of seawater
chemical speciation (e.g., Caldiera and Wickett, 2003; Andersson and Mackenzie, 2004; Feely et
al., 2004; Orr et al., 2005; Millero, 2007) with potentially significant impacts to current and
future ocean biota (Fabry et al., 2008, 2009; Cooley and Doney, 2009). Most notably, the
absorption of atmospheric CO, by the ocean has resulted in a lowering of pH, especially over the
last few decades (e.g., Bates, 2007; Byrne et al., 2010), with a subsequent decrease in the
availability of carbonate ions ([COs%]) and a suppression of the saturation states (€2) of calcium
carbonate minerals (CaCOj3) which could result in a reduction of suitable habitat for marine
calcifiers. These processes, collectively termed ocean acidification (OA), have occurred naturally

! Mathis, J.T., Cross, J.N., and Bates, N.R., 2011. Coupling primary production and terrestrial runoff to
ocean acidification and carbonate mineral suppression in the eastern Bering Sea. Journal of Geophysical
Research, 116, C02030. (see Copyright notice).
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over geologic time scales (e.g. Zachos et al.,, 2005) but have been accelerated due to
anthropogenic emissions from industrial processes and changes in land use (Feely et al., 2004;
Sabine et al. 2004; Orr et al., 2005; Caldiera and Wickett, 2005).

As CO; levels rise in the atmosphere, the increased partial pressure of carbon dioxide
(pCOy) in seawater contributes to OA and the suppression of biologically important carbonate
mineral concentrations, such as calcite and aragonite, through a series of well-known reactions:

COypy © COy

(Eq.3.1)
CO,,, + H,0 & H,CO, (Eq. 3.2)
H,CO, < H* + HCO; (Eq. 3.3)
H'+HCO, & 20" +COY (Eq. 3.4)
CO; +Ca™ © CaCO,(s) (Eq. 3.5)

Following dissolution (Eq. 3.1), dissolved CO; undergoes hydration reactions to form carbonic
acid (Eg. 3.2), which rapidly dissociates to form carbonate and releases hydrogen ions (Egs. 3.3,
A-4). Almost all of the produced carbonate ions react with calcium to form mineral solids (Eq.
3.5), preventing this reaction from contributing to dissolved alkalinity. Further, most of the free
hydrogen ions produced react with the naturally dissolved alkalinity in seawater, reducing
carbonate ion concentrations. The remaining hydrogen ions contribute to the lowering of pH.
Carbonate mineral saturation states are dependent on the concentration of free carbonate ions
according to the following equations, such that a reduction in available COs*" (Eq. 3.5) decreases
the saturation states of both aragonite and calcite:

o _lcaicor]

aragoniie *
L (Eq. 3.6)
[Ca*1[CO; ]
Q e = Tk
P,

alcts (Eq. 3.7)

Cold ocean temperatures increase the solubility of CO, and precondition the seawater to
have lower calcium carbonate concentrations and saturation states compared to more temperate
ocean environments, leaving polar and sub-polar shelves particularly vulnerable to OA (Orr et
al., 2005; Bates and Mathis, 2009; Fabry et al., 2009; Steinacher et al., 2009). In addition to this
temperature effect, several other processes affect the carbonate system and can contribute to the
intensification of OA in polar and subpolar regions, including seasonally high rates of primary
production, river runoff, and sea-ice formation and melt processes (e.g. Bates and Mathis, 2009;
Bates et al., 2009). For example, seasonally intense periods of primary production are uncoupled
from grazing in most polar environments (e.g., Springer et al., 1996; Macdonald et al., 2009)
leading to high rates of organic matter export from the surface layer (e.g. Mathis et al., 2007).
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While this export production supports the biologically diverse benthic communities in these
regions it leads to elevated rates of remineralization in bottom waters and sediments (Grebmeier
and McRoy, 1989; Devol and Christensen 1993; Alonso-Saez et al., 2008; Christensen, 2008;
Garneau et al., 2009). Thus, ocean biology tends to drive seasonally divergent trajectories for
seawater chemistry, with primary production in the euphotic zone increasing Q in the mixed
layer while an accumulation of DIC in subsurface waters through remineralization suppresses Q
(Bates et al., 2009).

The reduction and undersaturation of carbonate minerals, particularly in bottom waters
of polar and subpolar seas could have profound implications for benthic ecosystems. The sub-
polar continental shelf of the eastern Bering Sea (Figure 3.1) sustains a vast and commercially
valuable benthic fishery (Cooley and Doney, 2009; Cooley et al., 2009) that produces
approximately 47% of the US fish catch by weight. This fishery is critical to both the regional
and national economy, and subsistence communities in Alaska, with some species already
potentially at risk (e.g., walleye pollock, pink salmon, king crab, tanner crab, ribbon seals)
(Boveng et al., 2008; Fabry et al., 2008; Fabry et al., 2009; Chilton et al., 2010). Further
decreases in pH and Q could have significant consequences for the benthic and pelagic
ecosystems in a region where organisms are already struggling to adapt to changing
environmental conditions (Lgvvorn et al., 2003; Moore et al., 2003; Overland and Stabeno,
2004; Grebmeier et al., 2006). Given the importance of the Bering Sea fishery, we must
determine the controls and extent of OA and carbonate mineral saturation states in this region.
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Figure 3.1. Map of the eastern shelf of the Bering Sea. Shown with generalized circulation
in solid arrows, the location of the Yukon and Kuskokwim Rivers in dashed lines, and the
four transect lines (SL, MN, NP, 70M) occupied in spring and summer of 2008 in dotted
lines. The Coastal, Middle, and Outer domains are labeled.
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Here, we describe the seasonal variability of the seawater carbonate system over the eastern
Bering Sea shelf in spring and summer of 2008, and investigate the impacts that primary
production, sea-ice processes, and terrestrial inputs have on carbonate mineral saturation states.

3.2 Background

The eastern Bering Sea contains a wide, shallow shelf covering over 500,000 km?
(Askren, 1972; Coachman, 1986) from the Aleutian Islands to Bering Strait (Figure 3.1). Semi-
permanent frontal structures associated with wind, tidal mixing and bottom topography naturally
divide the shelf into three along-shelf domains (Askren, 1972; Muench, 1976; Coachman, 1986;
Kachel et al., 2002; Stabeno et al., 1999, 2006) with differing vertical and horizontal structure
largely controlled by the penetration of atmospheric forcing and tidal mixing. The Coastal
Domain extends from the western shores of Alaska to the 50 m isobath. Within this region, wind
and tidal currents vertically mix the water column to the bottom, although some stratification
occurs in spring as the result of freshwater input from river runoff (Figure 3.1) and sea-ice melt.
The Inner Front constitutes the boundary between the Coastal Domain and Middle Domain and
approximately follows the 50 m isobath (Kachel et al., 2002). A well stratified, two-layer system
exists in the Middle Domain, where wind mixes the surface waters over a denser, tidally mixed
bottom layer. The Central Front generally follows along the 100 m isobath, marking a gradual
transition from the Middle Domain to the Outer Domain. A two-layer system is also present in
the Outer Domain, although the transition between the surface and bottom layers is more gradual
than in the Middle Domain. The Outer Domain is divided from the Bering Sea Basin at the shelf
break.

Large-scale circulation on the Bering Sea shelf is dominated by the advection of Pacific
Ocean water from the Alaskan Stream and tidal energy dominates most of the shelf circulation,
although some along shelf flow following the bathymetry to the northwest is evident in the
Coastal and Outer Domains (Coachman, 1986, 1993; Overland and Roach, 1987, Stabeno et al.,
1999). In addition, there is some seasonal cross-shelf flow directed onshore in the Outer Domain
during spring as a result of eddies and the funneling of water through submarine canyons
(Coachman, 1982, 1986; Schumacher and Stabeno, 1998; Stabeno and Van Meurs, 1999;
Mizobata and Saitoh, 2004). Upwelling of deep Bering Sea water can occur over the northern
shelf as a result of shoaling topography (Nihoul et al., 1993). On-shelf flow contributes nutrients
to the shelf (Nihoul et al., 1993; Stabeno et al., 1999; Stabeno et al., 2006), while tidal mixing
transports coastally derived iron offshore towards the deep Bering Sea (e.g. Aguilar-Islas et al.,
2007). The highest concentrations of iron and macro-nutrients tend to coincide at the Central
Front, producing a region of elevated phytoplankton production known as the “Green Belt” (e.g.
Springer et al., 1996; Aguilar-Islas et al., 2007; Mathis et al., 2010).

The physical environment of the Bering Sea shelf is seasonally dominated by sea-ice
advance and retreat (Walsh and Johnson, 1979; Luchin et al., 2002). Sea-ice is produced in the
northern Bering Sea and advected southward by winds (Stabeno et al., 2007). Large-scale
atmospheric forcing manifested in winter storm tracks generally dictate the extent of sea-ice
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cover and the timing of sea-ice retreat for a particular year, causing large interannual variations
(Wyllie-Escheveria, 1995; Neibauer, 1998). Over the long-term, maximum sea-ice extent
coincides with the negative phase of the Pacific Decadal Oscillation (PDO), although changes in
the Arctic Oscillation (AO) and annual oscillations of the Aleutian Low are also causally related
to recent changes in sea-ice extent (Stabeno et al., 1998, 2001; Stabeno and Overland, 2001).
Because of the relatively long flushing time (>3months) (Coachman, 1986) of the Middle
Domain, the formation and melting of sea-ice usually results in the formation of a cold pool of
bottom water isolated to the Middle Domain (Wyllie-Escheveria and Wooster, 1998; Kachel et
al., 2002).

Sea-ice melt is the primary source of freshwater that influences the Central and Outer
Domains (Aguilar-Islas et al., 2008). However, like most other arctic and subarctic shelves, the
eastern Bering Sea receives a disproportionately large volume of freshwater input from rivers
along the coast (Opsahl and Benner, 1997; Wheeler et al., 1997; Opsahl et al., 1999; Peterson et
al., 2002; Hansell et al., 2004). The principle sources of terrestrial runoff onto the Bering Sea
shelf are the Yukon and Kuskokwim Rivers (Lisitsyn, 1969) (Figure 3.1). The Yukon River
Basin spans 853,300 km?. In conjunction with this expansive area, the Yukon is the fifth largest
drainage basin in North America in terms of average annual discharge (Brabets et al., 2000;
Schumm and Winkley, 1994), delivering ~200 km® water into the northern Bering Sea annually
(Brabets et al., 2000; Striegl et al., 2005; Stabeno et al., 2006). The Kuskokwim River Basin is
somewhat smaller (130,000 km?) and contributes a smaller amount of runoff to shelf (34 km®
annually), but has a greater impact over the southern and central parts of the eastern Bering Sea
(Feely et al., 1981). Seasonal discharge peaks during May and June for both rivers, in
conjunction with peak snowmelt (Brabets et al., 2000; Dornblaser and Striegl, 2007). A
secondary pulse of increased discharge occurs in August due to peak glacial melt in the Yukon
River basin (Dornblaser and Striegl, 2007).

Shelf circulation of river discharge is primarily restricted to the coast by a series of
persistent near shore fronts. The runoff from the Kuskokwim River enters Kuskokwim Bay and
flows along the shelf to the north, directed by tidal and wind driven currents (Feely and Cline,
1976) (Figure 3.1). A semi-permanent front at the mouth of Kuskokwim Bay restricts cross shelf
flow south of Nunivak Island (Belkin and Cornillon, 2005; Danielson et al., 2006). At Nunivak
Island, a portion of the flow breaks away from the coast and passes along the western side of the
island as it travels north. In contrast, flow from the Yukon River is less restricted to the coast.
Although most Yukon River discharge is directed into Norton Sound, a front at the mouth of the
sound directs some flow directly towards Bering Strait (Figure 3.1).

Overall, river runoff is mostly isolated to the Coastal Domain by the Inner Front. Its
influence is extensive enough to significantly impact the vertical structure in the Coastal Domain
(Coachman, 1986; Kachel et al., 2002), especially during seasonal periods of increased discharge
(May—June) (Brabets et al., 2000). Mixing of this water with Bering Shelf water produces a
unique, low-salinity water mass known as Alaskan Coastal Water (ACW) (Coachman, 1986) and
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limited westward penetration of discharge from both rivers can occur under certain wind forcings
(Amos and Coachman, 1992; Coachman and Shigaev, 1992; Danielson and Kowalik, 2005).

3.3 Methods
3.3.1 Cruise Information and Water Column Sampling

Physical, chemical and biological measurements were made from the USCGC Healy
during spring (April/May) and summer (July) cruises to the eastern Bering Sea in 2008 as part of
the Bering Ecosystem Study (BEST) project. Stations were occupied on three east-west transect
(SL, MN and NP lines) lines and one north-south transect along the 70 m isobath (Figure 3.1).
The SL line was the northernmost line extending from near shore across the broad northern part
of the shelf to a depth of ~90 m. The central line (MN) extended roughly from the southern tip
of Nunivak Island, across the shelf south of St. Matthew Island and terminated at the shelf break
(2000 m deep). The southern line (NP) extended from the southern tip of Nunivak Island
southwest past the 150 m isobath. The north-south line followed the 70 m isobath (70M) down
the length of the shelf from the SL line and ended southeast of the NP line. At the beginning of
the spring cruise, sea ice cover was near 100% at all stations with the exception of stations at the
southern end of the 70M line and some minor leads, particularly around the islands. Towards the
end of the spring cruise, sea ice had diminished and the southern stations of the 70M line were
sea-ice free when sampled. During summer, the entire Bering Sea shelf was sea-ice free.

At each CTD/hydrocast station, water samples were collected for salinity, inorganic
nutrients (ammonium, nitrate, nitrite, phosphate, reactive silicon, and urea), DIC, total alkalinity
(TA) and dissolved oxygen (DO). Seawater samples for DIC/TA were drawn from Niskin bottles
into pre-cleaned ~300 mL borosilicate bottles. These samples were subsequently poisoned with
mercuric chloride (HgCl,) to halt biological activity, sealed, and returned to the laboratory for
analysis. Sea-ice cores were collected at seven locations across the Bering Sea shelf during the
spring cruise. Cores were partitioned into 10 cm sections and kept frozen until analysis. Cores
were allowed to thaw and the melt water was transferred into borosilicate bottles, poisoned with
HgCl, and analyzed for DIC and TA. All sampling and analysis was performed in compliance
with the guide to best practices for ocean acidification research and reporting (Riebesell et al.,
2010).

3.3.2 Laboratory Analysis and Calculation of Carbonate Parameters

DIC and TA samples were analyzed using a highly precise and accurate gas
extraction/coulometric detection system (Bates, 2001). The analytical system consists of a
VINDTA 3C (Versatile Instrument for the Detection of Total Alkalinity;
http://www.marianda.com) coupled to a CO, coulometer (model 5012; UIC Coulometrics). TA
samples were also determined by potentiometric titration using the VINDTA 3C. Routine
analyses of Certified Reference Materials (CRMs, provided by A.G. Dickson, Scripps Institution
of Oceanography) ensured that the accuracy of the DIC and TA measurements were within
0.05% (~1 pmoles kg™*) and stable over time.

88



Seawater pH and CaCOj; saturation states for calcite (Qcaicite) and aragonite (Qaragonite)
were calculated from DIC, TA, temperature, salinity, phosphate, and silicate data using the
thermodynamic model of Lewis and Wallace (1995). The carbonic acid dissociation constants of
Mehrbach et al. (1973; as refit by Dickson and Millero, 1987; i.e., pK; and pK;) were used to
determine the carbonate parameters. The CO, solubility equations of Other Physical and
Biogeochemical Controls on PP Weiss (1974), and dissociation constants for borate (Dickson,
1990), silicate and phosphate (Dickson and Goyet, 1994) were used as part of the calculations.
Uncertainty in the calculation of Qcajcite and Qaragonite Were ~0.02.

3.4 Results
3.4.1 Seasonal Variability in Seawater Carbonate Parameters

TA in spring across the shelf and throughout the water column ranged from ~2150
umoles kg™ to ~2440 umoles kg™ over a salinity range of 31 to 34.5 (Figure 3.2). In summer,
TA was reduced by as much as 100 pmoles kg™ in the surface layer (salinity 29.5-31; Figure
3.2). In general, TA was higher over the northern regions of the shelf (>60°N) and offshore in
spring (Figure 3.3A). TA decreased the most between spring and summer over the northern part
of the shelf (Figure 3.3B) and was higher over the southern shelf in summer. A similar trend was
observed in DIC, where the highest drawdown between spring and summer occurred over the
northern shelf (Mathis et al., 2010).
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Figure 3.2. Distribution of TA (upmoles kg') plotted against salinity for spring and
summer of 2008. The black arrow shows the impact that ice melt and freshwater inputs have
on TA, particularly in the upper water column.
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In spring, pH ranged from ~7.87 to 8.30 over the shelf, with most values falling between
8.0 and 8.1. In summer, pH increased in the surface waters by as much as 0.2. However, pH
decreased in bottom waters by as much as 0.3. In surface waters, there was a gradient with pH
increasing along all three transect lines moving offshore in spring (Figure 3.4A). Between spring
and summer, pH increased in surface waters at all stations (Figure 3.4B).
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Increasing pH in surface waters over the shelf between spring and summer caused an
average increase in Q (Table 3.1; Figures 3.5A and B) for both Qcaicite and Qaragonite- 1N SPring,
Qcalcite and Qaragonite ranged from 1.5-3.0 and 0.8-2.0, respectively. For Qaragonite, N€ArlY the entire
water column exhibited Q near the saturation horizon. Average Qaragonite Was 1.25, although
undersaturation was evident at the surface in some areas (Figure 3.5A). In summer, Qg,cite and
Qaragonite Fanged more widely, from 1.1-4.5 and 0.65-3.2 (Figure 3.5B). Increasing saturation
states were particularly pronounced in the surface waters. In the upper 30 m of the water column,
Qcalcite and Qaragonite INCreased by ~1.5 and ~1 between spring and summer, respectively (Table
3.1). Bottom water saturation states decreased by ~0.20, in comparison.

Domain NCP Rate AL, aeonite A e
mmol Cm? d’ Summer - Spring Summer - Spring
N C 19 0.08 0.12
s C 23 0.74 1.17
N M 37 0.97 1.55
S M 26 0.94 1.49
s O 34 1.38 2.2

Table 3.1. A comparison of the rate of average net community production and the average changes in
aragonite and calcite saturation states between spring and summer in the upper 30 m of the water column.
The greatest changes in saturation states occur in conjunction with high rates of net community production and warm
sea surface temperatures. The lowest changes in saturation state are seen in the northern coastal domain, near the
outlet of the carbonate-poor discharge of the Yukon River.
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Figure 3.5. Calcite and aragonite saturation states (Qcacie aNd Qaragonite)
plotted against depth (m). The upper 300 m over the shelf of the Bering Sea are
show for (A) Spring and (B) Summer of 2008.
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In spring, along the northern most transect line (SL, Figure 3.1), bottom waters were
undersaturated (€2<1) with respect to aragonite from the Coastal Domain to the Inner Front
(Figure 3.6A). At the central front (SL 10 and 11), the water column was undersaturated with
respect to aragonite from the surface to the bottom (Figure 3.6A). During this time, the water
column was vertically stratified at the Central Front, which likely lead to mixing of
remineralized DIC from the bottom waters and the sediment. High silicate concentrations
throughout the water column at the Central Front compared to the surrounding water masses
indicated a strong benthic remineralization signature. Along the SL Line in summer, aragonite
saturation states increased at the inshore stations with the exception of SL 1, where the water was
undersaturated from the surface to the bottom. On either side of the central front (SL 7-14) the
bottom waters (40-85 m) were undersaturated (Qaragonite <0.7) in aragonite. However, in the
surface waters above this feature, Qaragonite Values had increased (Qaragonite <2.5) relative to spring
values (Figure 3.6B).

In spring, along the central transect line (MN), the water column was also vertically
stratified. At the inshore stations (MN1 and 2) the water column was undersaturated with respect
to aragonite from the surface to the bottom. Saturation states increased offshore with the highest
values (Qaragonite >1.5) present in the surface waters of the outer domain (Figure 3.6C). In
summer, the entire water column of the Coastal and Middle Domains were saturated with respect
to aragonite likely due to the drawdown of DIC throughout the water column (nitrate was
depleted from the surface to the bottom in this region). Qargonite IN the surface waters of the outer
domain had also increased (Qaragonite > 2.5). However, the saturation states in the bottom waters
at the Central Front (MN 13) and in the Outer Domain decreased (Q2 = 1 at 80 m; Figure 3.6D).

The water column along the NP line in spring was supersaturated with respect to
aragonite (Figure 3.6E). These saturations states increased during summer throughout the entire
water column from the coast to the Central Front. However, the saturation horizon for aragonite
outcropped to within 40 m of the surface (NP14-16), likely due to upwelling of deep Bering Sea
water along this part of the shelf (Figure 3.6F).

An analysis of saturation states from north to south along the 70 m isobath (70M)
showed that there was a gradient between the northern and southern parts of the shelf. Saturation
states for aragonite were lower north for 60°N, with undersaturated conditions present in the
bottom waters at stations 50-58. Q undersaturations were also observed in the southern part of
the shelf in the bottom waters at stations 4 and 8, but these conditions were less prevalent than
those in the north (Figure 3.6G). In summer, saturations states increased, with the exception of
persistent undersaturations at station 58. The increase was greatest (Qaragonite > 2.5) in the surface
waters of the northern shelf (Figure 3.6H).
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3.4.2 Carbonate Parameters in Sea Ice

Sea ice cores were collected across the shelf in spring of 2008 and analyzed for DIC and
TA. Both DIC and TA increased with increasing salinity in these cores (Figure 3.7A) with the
lowest concentrations found closest to the sea-ice/atmosphere interface and the highest
concentrations observed near the ice-water interface, where brine concentration is highest. DIC
and TA were tightly correlated at all locations, exhibiting consistent TA:DIC ratios of ~1.14,
similar to the ratios obtained by Rysgaard et al. (2007; Figure 3.7B). This indicates that in-ice
productivity was at a minimum, while brine rejection had a substantial effect on the DIC/TA
concentrations in the ice. These DIC and TA data were used to calculate the saturation states in
the melt water. Q values were low for both aragonite and calcite, ranging from 0.05-1.35 and
0.08-2.25, respectively (Figure 3.7C). All of the cores exhibited both calcite and aragonite
undersaturation, except near the ice-water interface. The degree of undersaturation was not
correlated to sampling location.
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Figure 3.7. Geographically and vertically integrated carbonate parameters of seven ice cores
collected across the Bering Sea shelf in spring of 2008. (A) DIC and TA (umol kg?) plotted
against salinity. Both parameters consistently decrease with increasing salinity. (B) DIC (umol kg™)
plotted against TA (umol kg), showing a strong correlation between these two parameters (R® =
0.97). (C) Saturation states for calcite (Qcaicite) @nd aragonite (Qaragonite) Plotted against salinity. The
dotted line indicates the saturation horizon (Q = 1).
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3.5 Discussion

Using the data collected in 2008 and historical observations from the Yukon and
Kuskokwim Rivers, we can describe the influence of phytoplankton primary production, river
runoff, and sea ice processes on pH and CaCO3; mineral saturation states across the shelf. The
controls and impacts on the carbonate system in surface waters are described in Section 3.5.1,
and the processes driving saturation states of subsurface waters are discussed in Section 3.5.2.
The unique processes controlling carbonate chemistry in the nearshore environment are
discussed in Section 3.5.3. Finally, we discuss how the conditioning of waters over the Bering
Sea shelf might influence seawater carbonate chemistry in the western Arctic Ocean in Section
3.5.4,

3.5.1 Carbonate Chemistry of the Surface Waters

In early summer, the combination of nutrient-rich slope waters, winter-renewed iron
concentrations, nearly continuous solar irradiance, and consistent stratification over the eastern
shelf of the Bering Sea creates one of the world’s most productive environments (Walsh et al.,
1989). In spring of 2008, DIC concentrations ranged from 1900-2400 umoles kg™ (Mathis et al.,
2010) but were drawn down in the mixed layer by as much as 150 pmoles kg™ in summer.
Meanwhile, DIC concentrations increased in bottom waters likely due to the remineralization of
exported organic matter (Mathis et al., 2010). From this seasonal change in DIC concentrations,
shelf-wide average net community production (NCP) was estimated at 28 + 10 mmoles C m? d*
in 2008 with the highest rates observed in the “Green Belt” at the Central Front (40-47 mmoles
C m?d™), where micro- and macronutrient inputs as well as stratification are usually at their
peak during late spring and summer (Springer et al., 1996; Mathis et al., 2010). In contrast to
these highly productive regions, phytoplankton blooms in the Coastal Domain tend to rapidly
deplete all available nitrate shortly after ice retreat (Walsh et al., 1989), thereby limiting total
production. NCP (Mathis et al., 2010) in the Outer Domain is also limited, due to low
micronutrient concentrations (i.e., iron: Aguilar-Islas et al., 2007). In 2008, there was a north-
west gradient in productivity, with higher NCP trending towards northern regions in the Outer
and Middle Domains, and towards southern regions in the Coastal Domain (Mathis et al., 2010).
A summary of domain-specific rates of productivity is given in Table 3.1.

Large phytoplankton blooms consume DIC in the surface layer, thereby raising pH and
increasing Q. Figure 3.8 shows the changes in aragonite saturation states between spring and
summer along the four transect lines. Increases in € can be seen in the surface waters along
each line, and were particularly pronounced above the Central Front and in the northern regions
of the 70M line, where our previous work indicated the highest NCP (Mathis et al., 2010). The
greatest increases in Q between spring and summer corresponded to regions where dissolved
oxygen (DO) concentrations were highest in summer, further indicating the coupling between
productivity and increased Q.
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transect line. (D) 70M transect line. The dashed contour lines represent locations where the observed
saturation states were negative, indicating a suppression of Q. The major domains, fronts, and station
numbers are identified at the top.

Table 3.1 shows a comparison between the rates of net community production and the
change in saturation states in the upper 30 m. A loose trend between the rate of productivity and
the increase in surface layer saturation states is obvious: The lowest change in saturation states
(~0.1) is coincident with the lowest rate of productivity on the shelf, in the northern outer
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domain; and the greatest change in mixed layer saturation states occurs in the southern outer
domain, in conjunction with the second-highest rate of production, in the southern outer domain.
However, the drastically low change in saturation state in the northern coastal domain seems too
great to be completely due to low rates of production, and the inconsistent relationship between
higher rates of productivity and greater increases in saturation states indicate that other factors
must be influencing saturation states in the surface waters. Warming sea surface temperatures
between spring and summer may also be contributing to the increases in saturation states.
Increased temperatures raise the partial pressure of carbon dioxide, promoting outgassing events,
which decrease the concentration of carbon dioxide in the surface layer, in turn increasing
saturation states. These effects are particularly dominant in the southern outer and middle
domains (Bates, Mathis, and Jeffries, 2010), which may contribute to the particularly high
increases in surface layer saturation states in these regions.

These effects may be mitigated in some regions by the influence of ice melt (e.g., Bates
et al., 2009; Yamamoto-Kawai et al., 2009). Both DIC and TA are rejected with brine during the
formation of sea-ice (Glud et al., 2002; Papadimitriou et al., 2003; Delille et al., 2007; Rysgaard
et al., 2007) and contribute substantially to the high latitude carbon pump (Kelley, 1968; Gibson
and Trull, 1999; Anderson et al., 2004; Semiletov et al., 2004; Omar et al., 2005; Rysgaard et
al., 2007). As the ice ages throughout the winter, in-ice productivity and brine rejection can
substantially alter the carbonate parameters in sea-ice (Gleitz et al., 1995; Glud et al., 2002).
Together, nutrient exhaustion and brine rejection precondition melt waters to have particularly
low DIC and TA concentrations (Table 3.2), which leads to suppression and undersaturation of
Qaragonite and Qcacite 1N the ice (Figure 3.7). During the melt period, the mixing of melt waters
with low Qaragonite and Qcarcite With the surface layer likely created a divergent trajectory for Q in
the surface waters as NCP increased Qaragonite and Qcarcite. The increases in Qaragonite ODSErved in
the surface layer in 2008 (Figure 3.8) were likely moderated by melt water.

Yukon Kuskokwim  Sea lce
Striegl etal., 2007 Wang, 1999 This Study
DOC pmoles kg™ 900+7 199.8 -
DIC pmoleskg™! 1480+ 4.2 - 3848
pCO, patm 1530+ 95 - -
pH 7.8 8.1 -
TA  pmoles kg™ 6194 6394 424.6

Table 3.2. A comparison of the carbonate parameters for the Yukon and Kuskokwim Rivers and sea ice.
DOC and pH in the Kuskokwim River are higher than in the Yukon while DIC concentrations are lower,
indicating a shorter time for remineralization to occur. Due to near shore estuarine modification, the net effect of
the discharge of both rivers should be similar despite these differences. Comparatively, the freshwater input from
ice melt to the shelf has a much lower DIC and TA.
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Unlike the Arctic, there is no perennial sea-ice in the Bering Sea so there will not be an
expansion of the influence of the low Qaragonite and Qcarcite Melt water in response to decreases in
seasonal sea ice cover. However, as surface waters continue to absorb CO, from the atmosphere
the seasonal levels of Qaragonite and Qcaicite Prior to water column productivity will continue to
decrease. Because this is a macro- and micro- nutrient-limited system, the removal of DIC
through NCP each year will not compensate for the anthropogenically induced increases in
seawater pCO,. Therefore, as OA continues to decrease Qaragonite and Qcaicite, the onset of ice melt
each year could cause Qanagonite 10 become undersaturated. This effect may be particularly
apparent over the inner and outer shelf where NCP is reduced, much like the undersaturations
observed in the oligotrophic Canada Basin in the Arctic Ocean (Yamamoto-Kawai et al., 2009).

3.5.2 Carbonate System of the Subsurface Waters

In response to high export production, the remineralization of organic matter increases
the concentration of DIC and pCO, in bottom waters and suppresses carbonate mineral saturation
states to a varying degree across the shelf. Over the northern part of the shelf and through the
Central Front, where bottom temperatures are lowest and export production is highest, we
observed the strongest seasonal suppression of aragonite (~ —0.35; Figures 3.8a and b) in
subsurface water. This suppression of Qamagonite COrresponded to high Apparent Oxygen
Utilization (AOU) values and elevated silicate in the bottom waters indicating both pelagic and
benthic remineralization. The subsurface effects of remineralization can be especially significant
during periods of intense production when Q increases at the surface. These biologically driven,
seasonally divergent trajectories of Q, or the “Phytoplankton-Carbonate Saturation State”
(PhyCaSS) Interaction, have been observed in the Chukchi Sea (Bates et al., 2009; Bates and
Mathis, 2009), and are likely typical of highly productive polar and sub-polar shelves.

The PhyCaSS Interaction could be particularly influential on benthic calcifiers (i.e. crabs)
in the Bering Sea because the lowest € coincide with areas of highest export production and the
bottom water cold pool. It appears that the export production which provides the food source at
the bottom is causing the undersaturation that could inhibit shell and test growth in calcifying
organisms. However, because the Bering Sea has been highly productive since well before
industrial times, we must quantify whether the observed undersaturations are a natural
phenomenon or due to the absorption of anthropogenic CO, emissions.

Ideally, the amount of anthropogenic CO, in a given system can be estimated by directly
calculating the age of the water mass, but a paucity of data in this region prevents this approach.
However, based on the origin of the water on the Bering Sea shelf and the observed density
constraints, we can approximate anthropogenic CO, inventories to evaluate the pre-industrial
state of the carbon cycle in the Bering Sea. Sabine et al. (2004) estimated that ~ 35 umoles kg™
anthropogenic CO, has penetrated into waters of the North Pacific Ocean to the 26 kg m™
isopycnal surface. Because the source waters for the Bering Sea Shelf are derived from the North
Pacific Ocean and the density of waters we sampled ranged from 23.6 kg m™ to 27.71 kg m?,
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and averaged ~25.5 kg m™ for both spring and summer, we assume that the concentrations of
anthropogenic CO in this region is ~35 pmoles kg™

To determine the impact of OA due to the uptake of anthropogenic CO,, we subtracted 35
umoles kg™ from our DIC observations while keeping the remaining parameters constant (TA,
salinity, etc.) and recalculated the seawater Qaragonite aNd Qcaicite USING the thermodynamic model
of Lewis and Wallace (1995). In this scenario, the entire water column over the shelf was
supersaturated with respect to aragonite in both spring and summer. The only aragonite
undersaturations present were below 100 m at the shelf break of the NP line. While there are a
number of weaknesses associated with this first order approximation, the calculation suggests
that OA has resulted in persistent aragonite undersaturation in northern domain bottom waters
and within the Coastal Domain and a suppression of Qcacite across the shelf. As atmospheric CO,
concentrations increase, it is likely that these undersaturations will spread across the bottom
waters of the shelf for at least parts of the year.

The timing of sea-ice retreat may also have a substantial effect on Q in subsurface waters.
Ice retreat exerts a significant control on the fate of the organic matter produced during the
phytoplankton blooms (Hunt et al., 2002). Zooplankton grazing of seasonal production is
minimal during blooms associated with colder surface water temperatures favoring the benthic
ecosystem. In contrast, warmer years increase zooplankton production by up to 50% (Coyle and
Pinchuk, 2002). Thus, colder waters are expected to be associated with higher export production
to the benthos, and large remineralization signals will be generated at depth, corresponding to
increases in pCO; and decreases in Q. Warmer water blooms will retain carbon in the mixed
layer and contribute to increased pelagic production and reduced bottom water remineralization.

Variation in the timing of sea-ice retreat could change the mode of production over the
shelf. The earlier retreat of sea ice in recent years (Overland and Stabeno, 2004; Grebmeier et al.,
2006; Moore and Laidre, 2006) indicates that the blooms have been occurring in colder water,
favoring export production. The biological effects of this retreat have been documented in the
benthos of the southern shelf, although the effect may be impacting the northern shelf as well
(Grebmeier et al., 2006). If ice continues to retreat earlier in the spring it could lead to a
dichotomy for benthic scavengers such as crabs. On the one hand, higher rates of export
production should lead to increased food supply and an expansion of biomass. However, if high
rates of export production coupled to increasing anthropogenic CO, inventories over the shelf
cause expanded aragonite undersaturations it could lead to a reduction in habitat.

3.5.3 The Carbonate System of the Near Shore Waters of the Bering Sea Shelf

The near shore waters of the Bering Sea shelf are seasonally dominated by terrestrial
runoff from both the Yukon and the Kuskokwim Rivers (Figure 3.1), and it is likely that the
complete aragonite undersaturation of the inner stations along the MN and SL lines is the result
of freshwater influence. Chemical processes occurring in both rivers precondition runoff waters
to have low pH and Q. Furthermore, the influence of productivity indicated by the divergent
trajectories of Q and AOU in the waters of the middle and outer shelf are absent in the inshore
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region (Table 3.1; Figure 3.8) leading us to conclude that biology is not the dominant control on
Q in the near shore environment.

In 2008, pH values in the Coastal Domain closely matched the pH values of river
discharge (Figure 3.4A and B) during both spring and summer, indicating that even minimum
rates of discharge (Dec-Apr) (Brabets et al., 2000) have a significant impact on the pH in the
Coastal Domain. Seasonal variability in the rates of discharge exerts some control over the
carbonate parameters within the river (Table 3.3) (Striegl et al., 2005). During spring, seasonal
peaks in glacial melt and precipitation significantly dilute TA and DIC values. This dilution of
DIC is minimally balanced through summer and autumn through the remineralization of peak
dissolved organic carbon (DOC) concentrations resulting from increased soil drainage (Streigl et
al., 2005, 2007). Increased soil drainage in summer does not increase TA significantly as the
drainage basin for both rivers is relatively carbonate-poor (Cai et al., 2008; Brabets et al., 2000;
Cooper et al., 2008; Dai and Trenberth, 2002), with the exception of White River, which is
carbonate-rich but only accounts for ~10% of the total Yukon River discharge (Eberl, 2004;
Brabets et al., 2000). DIC concentrations reach a maximum during winter, when ice cover over
the river reduces air-sea exchange causing high concentrations of pCO, and low pH (Table 3.3).

Reference Spring Summer-Autumn  Winter
DOC pmoleskg™ 90017 430+ 10 220+£2.7
Striegl etal, 2007 DIC pmoleskg™ 1480+42 1890+ 3.0 4100+ 19
pCO, pmoleskg™ 1530+95 1650+ 240 8280+ 3.6
PARTNERS pH 18 79 7
TA  pmoles kg™ 0194 898.6 1300.8

Table 3.3. Seasonal variation of the carbonate parameters at the mouth of the Yukon River. DIC,
DOC, and pCO, data are taken from Striegl et al., 2007. pH and TA estimates are taken from the Pan-
Arctic River Transport of Nutrients, Organic Matter, and Suspended Sediments (PARTNERS) provisional
online data set (accessed 2009). DIC and pCO, concentrations peak in winter due to ice cover and
continuous remineralization, creating a pH minimum.

Although there is a paucity of carbonate data in the Kuskokwim River, basin lithology
links the Yukon and the Kuskokwim drainage areas (Gallant et al., 1995) and processes
occurring during downstream transport should be similar. However, the shorter length of the
Kuskokwim limits the amount of preconditioning that waters can undergo. For example, summer
pH, TA and organic carbon are higher in the Kuskokwim River (Table 3.2), suggesting less
remineralization occurs during downstream flow. In the Yukon, nearly all organic carbon that
reaches the coastal margin is nonlabile, as is typical in other high latitude shelves (Fahl and
Stein, 1997; Neumann, 1999; Boucsein and Stein, 2000; Fernandes and Sicre, 2000;
Krishnamurthy et al., 2001; Dittmar and Kattner, 2003). However, because of the shorter length
of the Kuskokwim River, some labile organic carbon may reach the coastal margin, where it is
likely remineralized in near shore estuaries rather than during downstream transport. While the
mouth of the Kuskokwim River may exhibit higher pH and lower DIC values, we expect that
coastal modification processes, such as primary productivity and remineralization, will balance
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these differences, and the net effect of Kuskokwim waters discharged to the inner shelf should be
comparable to that of the Yukon River.

Overall, these processes precondition the freshwater discharge of the Yukon and
Kuskokwim Rivers to have particularly low Q for two different reasons: (1) When river
discharge rates are relatively low, DIC concentrations are highest and the shelf is covered with
sea-ice, (Makkaveev, 1994) and outgassing of high pCO, water is prevented at the air-sea
interface, maintaining supersaturation with respect to carbon dioxide. (2) When river discharge
rates are highest, the low alkalinity of river waters effectively causes the greatest dilution of shelf
alkalinity (Salisbury et al., 2008).

Complete undersaturation of MN 1 and 2 (Figure 3.6C) occurs in spring, and may
indicate the influence of peak concentrations of high pCO, water in Kuskokwim River outflow
beneath the sea-ice over the shelf. Primary productivity occurring in the Coastal Domain draws
down DIC values in summer, mitigating the springtime undersaturation caused by river
discharge. In contrast, undersaturation at SL 1 (Figure 3.6B) occurs during summer, indicating
that primary productivity cannot balance the carbonate mineral suppression caused by the
dilution of alkalinity through river discharge (Table 3.1). Therefore, we can assume that peak
river discharge exerts the greatest influence over shelf carbonate parameters in summer, and that
the dilution of alkalinity is the primary driver of riverine carbonate mineral suppression on the
inner Bering Sea Shelf. Based on these observations, it is likely that the coastal waters from
Kuskokwim Bay to Bering Strait, including Norton Sound are undersaturated in aragonite at least
part of the year due to the direct influence of river discharge.

3.5.4 Preconditioning Surface Waters of the Western Arctic Ocean

Model predictions indicate that the Arctic Ocean will experience the impacts of OA
before other areas due to colder water temperatures, the loss of sea ice, and high volumes of
terrestrial runoff (Orr et al., 2005; Salisbury et al., 2008). Our observations in the Bering Sea
show that biogeochemical preconditioning of Pacific Ocean inflow that occurs during transport
to the Arctic could also contribute significantly to OA. The seasonal drawdown of DIC in the
mixed layer, coupled with terrestrial runoff and remineralization processes, has a major impact
on the carbonate chemistry of the Bering Sea shelf and may strongly influence the Arctic Ocean.
Bering Sea shelf waters flow through Bering Strait, where they are then transported northward
over the shallow Chukchi Sea shelf (Coachman and Barnes, 1961; Overland and Roach, 1987;
Roach et al., 1995; Woodgate and Aagaard, 2005; Woodgate et al., 2005a, 2005b) where the
PhyCaSS Interaction further suppresses bottom water Q by as much as 0.34 on a seasonal basis
(Bates et al., 2009; Bates and Mathis, 2009).

Pacific Ocean waters and freshwater inputs biogeochemically modified over these
shelves make up the majority of the upper water masses in the western Arctic Ocean (Macdonald
et al., 2002; Kadko and Swart, 2004; Cooper et al., 2008). Furthermore, the suppression of Q is
expected to continue to increase, especially due to the increasing phytoplankton primary
production observed in the western Arctic Ocean resulting from reduced sea-ice cover and a
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lengthened production season (Arrigo et al., 2008). Additionally, carbonate-poor river discharge
typical of the Arctic Ocean is also increasing (McClelland et al., 2006; White et al., 2007),
further diluting TA. These mounting drivers of OA may have negative consequences for benthic
calcifying biota in the region (Buddemeier et al., 2008; Kuffner et al., 2008; Fabry et al., 2008,
2009; Bates et al., 2009; Bates and Mathis, 2009; Doney et al., 2009). Aragonite undersaturation
has already been observed in the Canada Basin halocline (e.g., Jutterstrém and Anderson, 2005;
Bates et al., 2009). However, as mentioned in Section 3.1, these effects may be mitigated by
reduced sea ice cover and warmer sea surface temperatures. Near the Aleutian Islands, surface
temperatures have been high enough to induce outgassing of carbon dioxide, which raises
saturation states in these isolated areas (Bates, Mathis and Jeffries, 2010). Further, evidence of
northward penetration of warmer sea surface temperatures within the Bering Sea has already
been documented (Overland and Stabeno, 2004; Grebmeier et al., 2006). As sea surface
temperatures in the Arctic and subarctic continue to warm, it is possible that temperature effects
on carbon dioxide and calcium carbonate saturation states may be significant further and further
northward. Due these and similar complex feedbacks in the region, estimation of future changes
in saturation states is at best uncertain.

3.6 Conclusions

Our observations have shown that freshwater inputs from the Kuskokwim and Yukon
Rivers seasonally suppress Q in the coastal waters of the eastern Bering Sea while
remineralization of organic matter in bottom waters across the shelf reduces Qaragonite and Qcaicite
by ~0.20 and pH by ~0.25 causing areas of aragonite undersaturation. In spring, when the water
column under the ice was vertically stratified aragonite undersaturations reached all the way to
the surface in an area where NCP is the highest. In summer, primary production in surface
waters significantly raises Qaragonite and Qcaicite @nd pH, particularly in the highly productive
“Green Belt.” Our analysis shows that both persistent and seasonal undersaturations are likely a
result of the uptake of anthropogenic CO, in the region. Under business-as-usual projections for
CO; emissions (IPCC, 2007), it has been estimated that the surface ocean will absorb an
additional 50-100 pmoles kg™ of anthropogenic CO, over the next 100 years resulting in further
suppression of carbonate mineral saturation states. As this happens, seasonal processes like the
suppression of Q from sea-ice melt could have a more substantial impact on the surface waters of
the Bering Sea.

Current and future reductions in pH and Q could have significant effects on the Bering
Sea and its associated economy and subsistence inhabitants. In addition to impacting the ability
of calcifying organisms to maintain and form shells and tests, reductions in pH could elicit
physiological responses from non-calcifying organisms through less obvious pathways. Of great
concern is that climate forcing and the uptake of anthropogenic CO, could result in an ecosystem
wide shift in speciation which could be less economically viable for current fisheries. Although
several current estimates of the effects of ocean acidification on economic systems have been
published (Cesar et al., 2002; Burke et al., 2004; Stern Review, 2006; Cooley and Doney, 2009),
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predictions of the future effects of changing climate and biogeochemistry on the Bering Sea shelf
ecosystem and economy remain unclear. However, we should not wait until a major shift occurs
to prioritize this region for expanded study.
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CHAPTER 4
Air-sea CO fluxes on the Bering Sea shelf*

4.0 Abstract

There have been few previous studies of surface seawater CO, partial pressure (pCO5)
variability and air-sea CO, gas exchange rates for the Bering Sea shelf. In 2008, spring and
summertime observations were collected in the Bering Sea shelf as part of the Bering Sea
Ecological Study (BEST). Our results indicate that the Bering Sea shelf was close to neutral in
terms of CO, sink-source status in springtime due to relatively small air-sea CO, gradients (i.e.,
ApCO,) and sea-ice cover. However, by summertime, very low seawater pCO, values were
observed and much of the Bering Sea shelf became strongly undersaturated with respect to
atmospheric CO, concentrations. Thus the Bering Sea shelf transitions seasonally from mostly
neutral conditions to a strong oceanic sink for atmospheric CO, particularly in the “green belt”
region of the Bering Sea where there are high rates of phytoplankton primary production (PP)
and net community production (NCP). Ocean biological processes dominate the seasonal
drawdown of seawater pCO, for large areas of the Bering Sea shelf, with the effect partly
countered by seasonal warming. In small areas of the Bering Sea shelf south of the Pribilof
Islands and in the SE Bering Sea, seasonal warming is the dominant influence on seawater
pCO,, shifting localized areas of the shelf from minor/neutral CO; sink status to neutral/minor
CO, source status, in contrast to much of the Bering Sea shelf. Overall, we compute that the
Bering Sea shelf CO, sink in 2008 was 157 + 35 Tg C yr' (Tg = 10* g C) and thus a strong sink
for CO,.

4.1 Introduction

The Bering Sea shelf is one of the most productive marine ecosystems in the global
ocean. Physical processes and seasonal sea-ice advance and retreat in the Bering Sea play a
major role in controlling water mass properties and shaping the character of pelagic and benthic
ecosystems found on the shelf. On the extensive continental shelf (Figure 4.1), seasonally high
rates of pelagic phytoplankton primary production (PP) supports large populations of marine
mammals and seabirds, and coastal fisheries of Alaska. On the outer shelf of the Bering Sea, a
region of elevated phytoplankton biomass termed the “green belt” has been observed in spring
and summer for many decades (Hansell et al., 1989; Springer et al., 1996; Okkonen et al., 2004;
Mathis et al., 2010). Extensive, but sporadic blooms of coccolithophores, which are CaCOg3-
producing phytoplankton (class Prymnesiophyceae), have also been observed in the SE Bering
Sea shelf (e.g., Stockwell et al, 2001; Broerse et al., 2003; Merico et al., 2004, 2006). In contrast

! Bates, N.R., Mathis, J.T., and Jeffries, M.A., 2011. Air-sea CO, fluxes on the Bering Sea shelf.
Biogeosciences, 8, 1237-1253. This work is freely available under the Creative Commons license at
http://dx.doi.org/ 10.5194/bg-8-1237-2011 (see Copyright notice). The content here has not been altered
from its original form except for text formatting and presentation purposes.
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to the shelf, the open ocean regions of the western Bering Sea is much less productive and has
been described as a high nutrient, low chlorophyll (HNLC) region (Banse and English, 1999).

Over the last few decades, many studies have been conducted on the physical and
biological character of the Bering Sea, but there have been few studies of the marine carbon
cycle, air-sea CO, exchange rates or the potential impact of ocean acidification on the chemistry
of shelf waters and ecosystems of the Bering Sea. In the open-ocean region of the Bering Sea,
observations of seawater pCO, (i.e., partial pressure of CO,) and dissolved inorganic carbon
(DIC) have been collected close to the western Aleutian Islands (e.g., Murphy et al., 2001;
Nedashkovkii and Sapozhnikov, 2001; Murata and Takazawa, 2002; Wong et al., 2002) or
outside the Bering Sea in the subarctic gyre of the North Pacific Ocean (e.g., Midorikawa et al.,
2002). On the Bering Sea shelf, a few studies have shown that high summertime levels of
phytoplankton primary production observed in the “green belt” result in a drawdown of seawater
inorganic nutrients and DIC (and pCO;) (e.g., Kelley and Hood, 1971; Park et al., 1974,
Codispoti et al., 1982, 1986; Chen and Gao, 2007; Mathis et al.,, 2010). Extensive
coccolithophore blooms on the SE Bering Sea shelf should also seasonally decrease total
alkalinity (TA) and DIC of seawater (as observed in other coastal seas and oceans; e.g.,
Robertson et al., 1994; Bates et al., 1996a), but at present, there has only been model
assessments of the impact of coccolithophores on the ocean carbon cycle of the Bering Sea
(Merico et al., 2004, 2006). Unlike other taxonomic classes of phytoplankton blooms,
coccolithophores can increase seawater pCO, content and thus contribute to a negative
coccolithophore-CO, feedback (Riebesall et al., 2000; Zondervan et al., 2001; Ridgewell et al.,
2007) that has potentially important implications for the role of the global ocean in the uptake of
anthropogenic CO,, modulation of atmospheric CO, and climate responses over the next few
centuries.

The contribution of the Bering Sea to the global ocean uptake of CO; is also highly
uncertain. Early studies based on observations (Codispoti et al., 1982, 1986) and models (Walsh
and Dieterle, 1994; Walsh et al., 1996) suggested that the entire Bering Sea was a potential sink
for atmospheric CO,. More recently, it has been reported that the Bering Sea acts as a net annual
oceanic sink of CO, on the order of 200 Tg C yr' (Tg = 10* g C; Chen et al., 2004) and thus a
significant contributor (>10%) to the annual global uptake of CO, (~1.4 Pg yr''; Takahashi et al.,
2009). However, the seawater pCO, datasets of Takahashi et al. (2002; 2009) suggest that the
open-ocean Bering Sea exhibits seasonal changes from a CO, sink in springtime (due to
phytoplankton primary production) to a CO, source to the atmosphere in summertime
(Takahashi et al., 2002). But, important caveats to note are that the seawater pCO, climatology
has a coarse spatial resolution of 4° x 5° and data was primarily collected from a relatively small
open-ocean region of the Bering Sea (just north of the Aleutian Islands). Indeed, in the recent
Takahashi et al. (2009) seawater pCO, climatology, only one cruise dataset across the Bering
Sea shelf was deemed of sufficient quality to be included in the climatology.

Given the above uncertainties about the contribution of the Bering Sea shelf to the global
ocean uptake of CO,, it is important to improve assessments of the rate of air-sea CO, exchange
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for this coastal sea. In this paper, we examine the seasonal variability of inorganic carbon for the
Bering Sea shelf observed in 2008 and determine the magnitude and timing of ocean CO; sinks
and sources. We compare our observations with average conditions using the seawater pCO,
climatology of Takahashi et al. (2009) and a seawater pCO, climatology based on a multiple-
linear regression (MLR) model. Such assessment also serve as a baseline for understanding the
potential changes in ocean CO, sinks and sources in responses to changes in physical forcing
(e.q., circulation and mixing; nutrient supply; sea-ice advance/retreat timing and sea-ice extent;
summer heating/winter cooling) and marine ecosystems (e.g., the rate, extent, timing and
community structure of the spring phytoplankton bloom; presence/absence of coccolithophores,
Stockwell et al., 2001). In companion papers, the rate of net community production (NCP;
Mathis et al., 2010) and the impact of ocean acidification on the seawater carbonate chemistry of
the Bering Sea shelf (Mathis et al., 2011) have been reported.

4.2 Methods
4.2.1 Physical and Biological Setting of the Bering Sea

The subpolar Bering Sea is a semi-enclosed basin (Figure 4.1) with an extensive
continental shelf in the east and deep open-ocean to the west. Physical processes and seasonal
sea ice cover in the Bering Sea play a major role in controlling water mass properties and
shaping the character of shelf pelagic and benthic ecosystems (e.g., McRoy and Goering, 1974;
Wyllie-Echeverria and Ohtani, 1999; Stabeno et al., 2002; Grebmeier et al., 2006a,b). During the
winter, sea-ice covers much of the Bering Sea shelf, but the advance is constrained by the
presence of relatively warm water in the central and southern Bering Sea. During winter, water-
masses are confined to a small range of temperature-salinity through vertical homogenization by
ventilation, brine rejection and mixing. During the summertime, sea-ice retreats into the Chukchi
Sea and Canada Basin of the Arctic Ocean. The extent of sea-ice cover and ecosystem structure
undergoes significant interannual changes (e.g., Stabeno et al., 2001; Macklin et al., 2002; Hunt
et al., 2002) that appear related to climatological changes in the Pacific Decadal Oscillation
(PDO), Arctic Oscillation (AO) and El Nifio-Southern Oscillation (ENSO), as well as long-term
reduction in sea-ice extent (e.g., Springer, 1998; Hollowed et al., 2001; Hunt et al., 2002; Rho
and Whitledge, 2007) that is linked to amplification of warming in the Arctic and sub-Arctic
with subsequent reductions in sea-ice extent and thickness (e.g., Serreze et al., 2007).
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Figure 4.1. Bering Sea shelf station location map. The approximate positions of the North Line, Middle Line,
South Line, and Along Shelf Line transects are shown on the figure. Approximate locations of the Coastal, Middle
and Outer domains of the shelf are also shown.

An extensive (>1000 km length) and broad (>500 km width) shelf, winter-time cross-
shelf renewal of nutrients, vertical stability imposed by the flux of river runoff from the continent
as well as by sea-ice formation and melt, and long hours of irradiance throughout the spring and
summer, makes the Bering Sea shelf one of the most productive marine ecosystems in the world
(e.g., Springer et al., 1996; Grebmeier et al., 2006a,b; Rho and Whitledge, 2007). Over the past
decade, the character of the marine ecosystem in the Bering Sea has exhibited considerable
change (e.g., Stabeno et al., 2001; Macklin et al., 2002; Hunt et al., 2002; Bond et al., 2003;
Bond and Overland, 2005; Grebmeier et al., 2006b; 2008). Cold-water, Arctic species have been
replaced by organisms more indicative of temperate zones and reduced sea-ice cover has been
proposed to favor a ‘phytoplankton-zooplankton’ dominated ecosystem over the more typical

118



‘sea-ice algae—benthos’ ecosystem indicative of Arctic Ocean shelves (including the northern
Bering Sea shelf) in particular (Piepenburg et al., 2005). Large, sweeping populations of jellyfish
have come and gone (Napp et al., 2002), and coccolithophorid blooms that had become regular
features of the SE Bering Sea (e.g., Stockwell et al, 2001; Broerse et al., 2003; Merico et al.,
2004, 2006) have also been absent over the last few years. Further changes in physical forcings
to the Bering Sea (Stabeno et al., 2001) will likely lead to further dynamic changes in the marine
ecosystem, with uncertain feedbacks to the marine carbon cycle.

4.2.2 Marine Carbon Cycle Measurements and Considerations

Physical and biogeochemical measurements (including marine carbon cycle observations)
were collected in the Bering Sea shelf from the US Coast Guard Cutter Healy during two cruises
in 2008 as part of the Bering Sea Ecological Study (BEST) program. During spring (March 27—
May 6; HLY 08-02) and summer (July 3-31; HLY 08-03) cruises, 67 and 84 CTD-hydrocast
stations were occupied across the Bering Sea shelf on three east to west transects (North Line,
Middle Line and South Line) and one north-south transect (Figure 4.1; Mathis et al., 2010).
These transects sampled the shallow Coastal (<50 m deep); Middle (~50-100 m deep) and Outer
(>100 m deep) domains of the Bering Sea shelf (Figure 4.1). At each hydrocast station,
conductivity-temperature-depth (CTD) profiles were collected using Seabird SBE-911 sensors
while seawater samples were collected from Niskin samplers at representative depths for a suite
of biogeochemical measurements (i.e., dissolved oxygen, inorganic nutrients). Shipboard sea-ice
observations were retrieved from field reports (http://www.eol.ucar.edu/projects/best/). Sea-ice
cover was typically in the range of 90-100% at most stations (with the exception of minor flaw
leads; and south of the Pribilof Islands and SE Bering Sea) during the spring cruise while the
summer cruise was sea-ice free.

Samples for seawater carbonate chemistry were taken at most CTD/hydrocast stations on
both spring and summer cruises. DIC and TA samples were drawn from Niskin samplers into
clean 0.3 dm® size Pyrex glass reagent bottles, using established gas sampling protocols (Bates et
al, 1996a; Dickson et al., 2007). A headspace of <1% of the bottle volume was left to allow for
water expansion and all samples were poisoned with 200 pl of saturated HgCl, solution to
prevent biological alteration, sealed and returned to UAF for analysis. DIC was measured by a
gas extraction/coulometric technique (see Bates et al., 1996a,b for details), using a VINDTA 3C
instrument (Marianda Co.) that controls the pipetting and extraction of seawater samples and a
UIC CO, coulometer detector. The precision of DIC analyses of this system was typically better
than 0.05% (~1 pmoles kg™). TA was determined by potentiometric titration with HCI (see Bates
et al., 1996a,b for details) using the VINDTA system. Seawater certified reference materials
(CRM’s; prepared by A.G. Dickson, Scripps Institution of Oceanography) were analyzed to
ensure that the accuracy of DIC and TA was within 0.1% (~2 pmoles kg™).

The complete seawater carbonic acid system (i.e., CO,, H,CO3, HCO3", CO3%, H") can
be calculated from two of five measureable carbonate system parameters (i.e., DIC, TA, pCO,,
pH, and more recently CO3%), along with temperature and salinity (Zeebe and Wolf-Gladrow,
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2001; Dickson et al., 2007). The carbonic acid dissociation constants (pK; and pK;) of
Mehrbach et al. (1973), as refit by Dickson and Millero (1997), were used to calculate seawater
pCO, and other carbonate parameters, using the equations of Zeebe and Wolf-Gladrow (2001).
In addition, the CO, solubility equations of Weiss (1974), and dissociation constants for borate
(Dickson, 1990), and phosphate (Dickson et al., 2007) were used. The calculation of seawater
pCO, has an error of ~5-10 patm depending on pK; and pK; used (Mehrbach et al. 1973, as
refit by Dickson and Millero, 1997; Goyet and Poisson, 1989; Roy et al., 1993; Millero et al.,
2006). These calculations were cross-checked with the CO2calc program (Robbins et al., 2010).
The difference in calculated seawater pCO, using different pK; and pK, was relatively small
(<5 patm) at temperatures less than 0°C (Bates, 2006), increasing to ~10-15 patm in warmer
waters (8-12°C). Overall, the mean difference in calculated seawater pCO, was small (<10
patm) compared to the large range of seawater pCO, values (>200 ptm) observed across the
Bering Sea shelf.

4.2.3 Calculation of Air-sea CO, Gas Exchange Rates
The net air-sea CO;, flux (F) was determined by the following formula:

F =ks (ApCO,) (Eq. 4.1)

where Kk is the transfer velocity, s is the solubility of CO2 and, ApCO;, is the difference between
atmospheric and oceanic partial pressures of CO2. The ApCO,, or air-sea CO, disequilibrium,

sets the direction of CO, gas exchange while k determines the rate of air-sea CO, transfer. Here,
gas transfer velocity-wind speed relationships for long-term wind conditions based on a
quadratic (U?) dependency between wind speed and k (i.e., Wanninkhof, 1992) were used to
determine air-sea CO, fluxes:

k =0.39 Uyo? (Sc /660) °° (Eq. 4.2)

where Uy is wind speed corrected to 10 meters, and Sc is the Schmidt number for CO,. The
Schmidt number was calculated using the equations of Wanninkhof (1992) and s (solubility of
CO; per unit volume of seawater) was calculated from the observed temperature and salinity
using the equations of Weiss (1974). Estimates of net air-sea CO, flux rates for the Bering Sea
shelf were made using two methods: (1) calculating net air-sea CO, flux rates at each hydrocast
station using seawater pCO, and ApCO, data, and: (2) using interpolation and extrapolation
techniques, and a multiple linear regression (MLR) method to produce modelled maps of
seawater pCO, and ApCO;, from which air-sea CO, flux rates were computed across the Bering
Sea with a spatial resolution of 1° and temporal resolution of 1 month (Section 4.2.4).
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Net air-sea CO, flux rates were computed at each hydrocast station using surface
seawater observations and atmospheric pCO, data to compute ApCO, values. Atmospheric pCO,
data were determined using monthly-resolved latitudinal marine boundary layer atmospheric
CO, distribution extrapolated to all longitudes. These values were obtained from
GLOBALVIEW (http://www.esrl.noaa.gov/gmd/ccgg/globalview/; GLOBALVIEW-CO,, 2007;
Figure 4.2), and corrected for water vapor pressure. Although synoptic meteorological data
(including windspeed) was collected from the USCGC Healy during the cruises (Figure 4.3), it
was not used to calculate air-sea CO; flux rates. Instead, ApCO, values and daily averaged 6-
hourly wind speed data from the NCEP (National Centers for Environmental Prediction)/NCAR
(National Center for Atmospheric Research) reanalysis 2 data assimilation model was used to
calculate k values (http://www.cdc.noaa.gov/cdc/data.ncep.html) and net air-sea CO, flux rates.
NCEP/NCAR Reanalysis 2 (NNR) data was used rather than shipboard meteorological data
reports in order to allow estimates of air-sea CO, fluxes across the Bering Sea to be made. The
spatial resolution of the NNR data assimilation model windspeed dataset is 2.5° by 2.5°. In
regions where 1° x 1° ApCO; values overlapped the 2.5° by 2.5° NNR data, the average NNR
windspeed data was used.

GLOBALview data from 58°15' N

392

390 |

388 |-

386 |

Spring BEST cruise
Summer BEST cruise

384

382

Atmospheric pCO: (ppm)

380

378

2008 2008.1 2008.2 2008.3 2008.4 20085 2008.6 2008.F 2008.8 2008.9 2009
Decimal Year

Figure 4.2. Atmospheric CO, values (ppm) for the Bering Sea from GLOBALVIEW for 2008
(http://www.esrl.noaa.gov/gmd/ccgg/globalview/). The shaded areas represent the periods of time
that the cruises were taking place. Atmospheric CO, values were then interpolated to the time
each CTD hydrocast was conducted.
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Figure 4.3. Surface windspeed observations (m s™) from the USCGC Healy for both the spring
(top plot) and summer (bottom plot) 2008 BEST cruises. In each plot, the original hourly wind
data is shown in blue (spring) and red (summer) with the 6-hour running mean shown in green. The
grey lines indicate times of CTD casts.

4.2.4 MLR Based Model Considerations

Inorganic carbon observations of the global ocean typically have limited temporal and
spatial coverage compared to other hydrographic properties such as temperature, salinity,
dissolved oxygen and inorganic nutrients. Due to data limitations, multiple linear regression
(MLR) approaches have often been used to interpolate and extrapolate available inorganic
carbon data to ocean basins and the global ocean (e.g., Goyet and Davis, 1997; Goyet et al.,
2000; Lee, 2001; Lee et al., 2002; Bates et al., 2006a,b). Similar interpolation and extrapolation
techniques have been used to yield global estimates of air-sea CO, exchange rates using
available surface seawater pCO, observations (Takahashi et al., 2002; 2009). In this study, we
compared our calculated seawater pCO, with the data-based seawater pCO, climatology of
Takahashi et al. (2009) that has a spatial resolution of 4° x 5°. In addition, we also compared
calculated seawater pCO, data with a MLR-based model, similar to other studies (e.g., Lee,
2001; Lee et al, 2002; Bates et al., 2006a,b; GLODAP), to produce a data-based seawater pCO,
climatology map of the Bering Sea shelf with improved spatial resolution (i.e., 1° x 1°).

Using MLR methods, interpolation of DIC and TA distributions from other hydrographic
properties such as temperature, salinity, and inorganic nutrients has an uncertainty of ~5-15
umoles kg™ when applied to data below the mixed layer (e.g., Goyet and Davis, 1997; Sabine et
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al., 1999; Sabine and Feely, 2001; Coatanoan et al., 2001; Key et al., 2004). In the mixed layer,
the interpolation of DIC and TA has larger uncertainty due to seasonal variability. Here, a MLR-
based model is used to interpolate DIC and TA data from observed hydrographic properties
using observed seawater carbonate chemistry data collected in the Bering Sea shelf in 2008.
Interpolated data were then extrapolated to the entire Bering Sea shelf using climatological
hydrographic data from the World Ocean Atlas (WOA, 2005) that has a spatial resolution of 1° x
1°, vertically differentiated into 14 layers in the upper 500 m with a temporal resolution of 1
month. Climatological surface seawater pCO, maps for the Bering Sea shelf were then
calculated from these DIC and TA fields (using the same approach outlined in Section 4.2.2 and
4.2.3). The seasonal and annual rates of air-sea CO, exchange were then compared with data-
based seawater pCO, climatology maps (Takahashi et al., 2002; Takahashi et al., 2009). Given
that our data collection during 2008 was shelf-based, we do not report seawater carbonate
chemistry extrapolated to the western open-ocean Bering Sea.

4.2.4.1 Interpolation and Extrapolation Techniques

Several interpolation schemes were investigated using the Bering Sea shelf DIC and TA
data including variables such as: temperature (T), salinity (S), oxygen anomaly (O»a), nitrate
(NO3), phosphate (PO,), silicate (SiO4), depth (z), latitude and longitude. The oxygen anomaly
was defined as the dissolved oxygen minus the oxygen saturation where the saturation level was
calculated from the bottle temperature and salinity data. Different combinations of parameters
were tested in order to improve the quality of fit and to reduce the residual errors between the
synthetic and measured data. The optimal fit was determined by examining the RMS error, the
comparison of the synthetic versus measured data and the spatial pattern of the residuals. We
found that the optimal interpolation with the lowest associated uncertainties for DIC and TA
(generally for the 0-500 m depth) were a function of the following properties:

DIC=a; +a,T +a3z S+ay4z +aslat + ag NO3 + a;0,a + ag8SiO, (Eq. 4.3)

TA=bs +byT + b3S + bz + bslat + bgNO3 + b;05a + bgSiO4 (Eq 4.4)
where a and b are the regression coefficients for DIC and TA respectively. Inclusion of PO, or
longitude did not improve the regressions. For 2008 spring BEST data, the best-fit MLR
regression had an uncertainty of ~12.7 and 8.4 umoles kg, for DIC and TA, respectively

(Figure 4.4). For summer data, the best-fit MLR regression had an uncertainty of ~27.9 and 6.7
umoles kg™ for DIC and TA, respectively (Figure 4.4).
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Figure 4.4. Interpolation of observed DIC and TA using MLR approaches for the 2008 spring and summer
BEST cruises. a. Interpolation of observed DIC using MLR approaches for the 2008 spring BEST cruise (std. dev.
12.7 pmoles kg™; r? = 0.63; n = 368); b. Interpolation of observed TA using MLR approaches for the 2008 spring
BEST cruise (std. dev. 8.4 umoles kg™; r* = 0.78; n = 368); c. Interpolation of observed DIC using MLR approaches
for the 2008 summer BEST cruise (std. dev. 27.9 umoles kg™; r* = 0.76; n = 582); d. Interpolation of observed TA
using MR approaches for the 2008 summer BEST cruise (std. dev. 6.7 pmoles kg™; r* = 0.92; n = 582).

MLR regression coefficients were then applied to the World Ocean Atlas 2005
(WOAZ2005) data for temperature (Locarnini et al, 2006), salinity (Antonov et al, 2006), oxygen
(Garcia et al, 2006a) and inorganic nutrient (Garcia et al, 2006b) climatology datasets. This
provides extrapolated MLR based maps of mean DIC and TA for the Bering Sea shelf that had a
spatial resolution of 1° x1° and temporal resolution of 1 month. The modelled MLR data has a
vertical resolution of 14 layers in the upper 500m and typically 4-10 layers (~30-200 m) for the
Bering Sea shelf. Surface seawater pCO; fields for the Bering Sea were then calculated from
MLR based model DIC and TA maps (using the same approach as outlined in Section 4.2.2 and
4.2.3). An important consideration is that modeled MLR maps of DIC, TA and pCO, provide a
climatological view of seawater carbonate chemistry conditions in the Bering Sea shelf rather
than a model simulation of 2008 conditions. The MLR regression coefficients are based on
observed DIC, TA and hydrographic data, but the MLR model extrapolation uses climatological,
mean values of temperature, salinity, dissolved oxygen and inorganic nutrients from the World
Ocean Atlas (WOAZ2005) to compute climatologically based DIC and TA maps. Errors in the
MLR analysis arise from a combination of interpolation and extrapolation errors. Interpolation
errors stemmed from the goodness-of-fit of the empirical linear function, where one standard
deviation was used to quantify the error. Extrapolation errors arose from applying the regression
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coefficients to areas of the Bering Sea that have inadequate spatial coverage of data (i.e., open-
ocean).

Net air-sea CO, flux rates were also computed using surface seawater pCO, and pCO,
maps derived from MLR interpolation and extrapolation. Marine boundary layer atmospheric
CO, distributions extrapolated to all longitudes were obtained from GLOBALVIEW
(GLOBALVIEW-CO,, 2007). Daily averaged 6-hourly NNR wind speed data was used to
calculate k values.

As mentioned earlier, there are many sources of error in an analysis such as this and how
they are propagated through the analysis determines how large the error will be on the final air-
sea CO, flux estimates. Quantifying the error of the interpolation comes directly from the
regression models (RMS) where a Monte Carlo method was used to propagate the error from the
DIC and TA fields creating a reliable error estimate for the seawater pCO;, field. For each point,
we calculated the pCO a thousand times while randomizing the error at each DIC and TA node.
Using an analysis such as this, the mean of the simulation should converge on the estimated
pCO, field with a reliable error estimate without having to use a brute force method that would
maximize the error. Because there was an error estimate for every estimated DIC and TA point
from the MLR analysis, there is an associated unique pCO error for every point as well. It was
found that the average seawater pCO, error for the Bering Sea shelf was 15.2 patm, relatively
small compared to seasonal changes of seawater pCO5.

4.3 Results
4.3.1 Seawater pCO, and ApCO, Variability on the Bering Sea Shelf
4.3.1.1 Spring Observations of Seawater pCO; and ApCO,

Spring observations of surface (upper 10 m) seawater pCO, ranged from ~180 patm to
~520 patm across the Bering Sea shelf. ApCO,, values ranged from ~ -200 patm to ~ +130 patm
(Figure 4.5) with large spatial variability in the potential for uptake of atmospheric CO, or
release of CO, from the ocean to the atmosphere. In those regions where the potential to uptake
atmospheric CO, existed, the SE Bering Sea shelf exhibit the strongest air sea CO, gradients
with surface seawater pCO, values very low (~180-200 patm) and ApCO, values highly
negative (~ -200-180 patm). Elsewhere across the Bering Sea shelf, particularly between
Nunivak Island and the Pribilof Islands, and the outer shelf west of St. Matthew Island, seawater
pCO, values typically ranged from ~260-330 patm and ApCO; values were negative (~ -130 to
-55 patm). For comparison, Chen (1993) observed wintertime ApCO, values of ~ -50 to -70
patm in the region west of St. Matthew Island (~58°N-62°N/171°W to 179°W) in 1983. In most
other regions, seawater pCO, values from the spring 2008 BEST cruise were similar to
atmospheric pCO, values. In the northern Bering Sea shelf, seawater pCO, values ranged from
~340-520 patm. ApCO, values were positive close to Nunivak Island (~ +60-80 patm), just
west of St. Matthew Island (up to +130 patm), at the outermost shelf stations of the northern line
(up to +90 patm), and at a few deep (offshelf) Bering Sea stations. As such, these surface waters
had the potential to release CO, to the atmosphere.
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Figure 4.5. Surface seawater pCO, (calculated from DIC and TA) and ApCO, values observed at hydrocast
stations in spring and summertime during the 2008 BEST program. a. Calculated surface seawater pCO, during
the 2008 spring BEST cruise; b. Calculated seawater ApCO, station during the 2008 spring BEST cruise; c.
Calculated seawater pCO, during the 2008 summer BEST cruise; d. Calculated seawater ApCO, during the 2008

summer BEST cruise.

In comparison to the observations, the MLR based model maps of surface seawater pCO,
indicate that Bering Sea shelf waters typically ranged from ~350-450 patm (ApCO, values of
~ -50 to +50 patm) increasing from the inner shelf to the outer shelf and deep Bering Sea (Figure
4.6). There were large differences evident between the 2008 spring (and summer) observations
and the MLR based model maps. An explanation for the difference is that the MLR model maps,
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which are based on mean hydrographic values reported in the WOA2005 climatology rather than
actual observed hydrography in the Bering Sea in 2008, simulate a “mean” state or climatology
for seawater pCO, rather than a simulation of 2008 conditions driven by actual hydrography.
Thus, calculated pCO, values were much lower in 2008 for springtime compared to MLR based
Bering Sea shelf seawater pCO, that is based on a hydrographic climatology.
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Figure 4.6. Surface climatological maps of seawater carbonate properties and air-sea CO, flux determined
using the MLR-based model. a. springtime DIC (umoles kg™); b. summertime DIC (umoles kg™); c. springtime
seawater pCO, (uatm); d. summer seawater pCO, (patm); e. springtime air-sea CO, flux (mmoles m? d™); f.
summertime air-sea CO, flux (mmoles m? d?).

4.3.1.2 Summertime Observations of Surface Seawater pCO, and ApCO,
Summertime observations of surface seawater pCO, exhibited a greater range (~130
patm to ~640 patm) than springtime with most of the Bering Sea shelf strongly undersaturated
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with respect to the atmosphere (Figure 4.5). The lowest surface seawater pCO, values were
observed in the “green belt” of the middle and outer shelf between the northern and southern
Bering Sea shelf (between Nunivak Island and the Pribilof Islands). In this regions, ApCO,
values ranged from ~ -250 to -50 patm and surface waters had a very strong potential to uptake
atmospheric CO. In these areas, rates of NCP ranged from ~22-35 mmoles C m? d™* (Mathis et
al., 2010). In the SE Bering Sea, in contrast to the “green belt” of the shelf, surface seawater
pCO, had increased from springtime values of ~180-200 patm) patm to ~330-425 patm
reducing the driving force for uptake of atmospheric CO,. At the innermost stations of the
northern Bering Sea shelf and just south of the Pribilof Islands, surface seawater pCO, had high
values (up to ~670 patm). Thus in contrast with much of the shelf, these relatively small areas
had a strong potential to release CO,.

In comparison to the observations, the MLR based maps indicate that summertime Bering
Sea shelf waters typically ranged from ~200-300 patm (ApCO, values of ~ -150 to -100 patm),
increasing from the inner shelf to the outer shelf and deep Bering Sea (Figure 4.6), and also in
the SE Bering Sea shelf region. Calculated pCO, values were much lower in 2008 in
summertime compared to the MLR based Bering Sea seawater pCO climatology.

4.3.2 Air-sea CO; Fluxes on the Bering Sea Shelf
4.3.2.1 Springtime Air-sea CO, Fluxes

In springtime, potential air-sea CO, flux rates in the northern Bering Sea shelf varied
between ~0 and -10 mmoles CO, m™ d* (negative values denote ocean CO5 sink), with the outer
stations exhibiting the potential for efflux of CO, up to ~+25 mmoles CO, m? d* (Figure 4.7).
In the middle Bering Sea shelf, potential air-sea CO, flux rates were close to neutral (between ~0
and -10 mmoles CO, m™? d*) particularly to the west of St. Matthew Island. There were localized
areas of surface water that acted as potentially larger sinks of CO, (~170°W) with the strongest
potential efflux closest to shore (i.e., Nunivak Island; Figure 4.7). In these regions, an important
caveat is that the presence of sea-ice forms a barrier to air-sea gas exchange. Given that the sea-
ice % cover varied between ~90% and 100% and open water area was <10%, the actual air-sea
CO, flux rates would likely be much smaller (<0-3 mmoles CO, m™ d™) similar to other studies
of sea-ice covered Arctic Ocean waters (e.g., Bates, 2006; Bates and Mathis, 2009). We
recognize however that some studies suggest that sea-ice allows gas exchange (Gosink et al.,
1978; Semiletov et al., 2004; Delille et al., 2007; Nagurnyi, 2008) and so wintertime/springtime
air-sea CO;, flux rates may be higher during sea-ice covered conditions.

Over the southern Bering Sea shelf, where sea-ice cover was much less, surface waters
between Nunavak Island and the Pribilof Islands had modest influx rates of ~ -10 to -25 mmoles
CO, m?d™. In comparison, our MLR based model climatological maps showed mostly low rates
of air-sea CO, exchange (-10 to +10 mmoles CO, m™ d™*) across much of the shelf regions, with
higher efflux rates occurring in the outershelf (particularly north of St. Matthew Island as in
observations), and also offshore (Figure 4.6).

128



thew
. L

B2°N| £
L] *re L™
. ]
* =9 sea-ica cover
L
.
EUEN'! . sesse agllages -i.‘
. .. .
[ ", ##0% sea-ice cover
e ¥
58°N} Sl €000 )
2= 0-80% Sea-on COVRT™_ & ="
- Ty L
<10% sea-ice cover - .
"'"&'1_”:
EB°ME <10% saa-ice cover TN esadog cover |

A

180°W 176°W  172°W 168°W  184°W

B2°N} 4 Ml . 4 P

BO°NE w s
. !
= .
58°N| . e
L] .. L ) ™
hod v .t .
ff b . ....
S6°Nf é . "

180°W  176°W  172°W _ 168°W _ 164°W
— T T——
-120 100 -80 -60 40 -20 0 +20
Air-sea CO: flux (mmoles C m*d")

Figure 4.7. Air-sea CO, flux values calculated at each CTD/hydrocast station in spring and summertime
during the 2008 BEST program. a. Estimated air-sea CO, flux (mmoles CO, m? d*) during the 2008 spring BEST
cruise; b. Estimated air-sea CO, flux (mmoles CO, m? d) during the 2008 summer BEST cruise. Approximate
sea-ice cover in shown in panel a. The influence of sea-ice as a barrier to gas exchange is discussed in Section 4.2.1.

4.3.2.2 Summertime Air-sea CO; Fluxes

During the summertime cruise, sea-ice was absent and the Bering Sea shelf had
transitioned from mostly neutral conditions to a strong oceanic sink for CO,. In the northern
Bering Sea, the rates of air-sea CO, flux rates varied from -15 to -60 mmoles CO, m? d*
(Figure 4.7). The exception to this general observation was a small region of CO, efflux at the
innermost shelf station (up to +30 mmoles CO, m™ d™). Previous studies have suggested that the
nearshore waters were influenced by river runoff (Mathis et al., 2011) which in rivers draining
the Arctic landmasses tend to have higher seawater pCO, values than the atmosphere (e.g.,
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Salisbury et al., 2008). Along the shelf to the west of St. Matthew Island south to the Pribilof
Islands in the region of the Bering Sea “green belt” and high rates of NCP (Mathis et al., 2010),
air-sea CO, flux rates varied, mostly between -15 and -60 mmoles CO, m? d™* with some areas
of higher influx (-120 mmoles CO, m™ d™) between Nunivak Island and the Pribilof Islands.
However, close to the Pribilof Islands, air-sea CO, flux rates were much reduced (-5 to -25
mmoles CO, m? d™), but a region of CO, efflux was observed south of the Pribilof Islands (up
to +60 mmoles CO, m? d™). In the SE Bering Sea, air-sea CO, flux rates were close to neutral
with no net influx or efflux of CO,. In comparison, our MLR model of climatological air-sea
CO;, flux showed that much of the Bering Sea shelf was typically a modest sink for CO, (with
air-sea CO, flux rates of -10 to -30 mmoles CO, m™? d™). In similarity to observational based
estimates, there was an air-sea CO; efflux offshore and at the nearshore stations (Figure 4.6).

4.4 Discussion
4.4.1 Potential Controls on Seawater pCO, and Air-sea CO, Gas Exchange across the Bering
Sea

There are many physical and biological processes that can influence seawater pCO, and
air-sea CO, gas exchange but the major factors include warming/cooling, the balance of
evaporation  and  precipitation,  vertical and  horizontal  mixing  (including
entrainment/detrainment; vertical diffusion, and advection), biological uptake/release of CO, and
alkalinity (which are influenced by processes such as surface layer net pelagic phytoplankton
primary production, respiration and calcification, export of organic carbon from the surface,
subsurface remineralization, and in a systems framework by the balance of net autotrophy versus
heterotrophy; Ducklow and McAllister, 2005), and the process of air-sea gas exchange itself. In
nearshore and shallow coastal seas, the contributions of river runoff and sedimentary
uptake/release of CO, and alkalinity (e.g., Thomas et al., 2009) have more importance. In
seasonally sea-ice covered waters, sea-ice can act as a barrier to gas exchange (note that there is
significant disagreement on this process, Gosink, 1976; Delille et al., 2003; Semiletov et al.,
2007), carbon export can be facilitated via brine rejection during sea-ice formation (e.g., Omar et
al., 2005) and sea-ice melt properties and sea-ice biota can significantly modify surface
inorganic carbon properties. Here, we examine the effect of temperature change and ocean
biology on seawater pCO, and air-sea CO, gas exchange rates on the Bering Sea shelf following
a simple empirical analysis similar to methods used to determine the primary controls on
temporal and spatial variability of global ocean pCO, (Takahashi et al., 2002; 2009).

As shown in other studies, the Bering Sea shelf exhibits seasonal spring to summer
warming of up to 10°C. In order to remove the temperature effect from the calculated pCO,,
seawater pCO, values are normalized to a constant temperature of 0°C using the equation
(Takahashi et al., 2002):

pCO; at 0°C = pCO,™ x exp[(0.0423(T**-0°C))] (Eg. 4.5)

where T js the observed temperature. This normalization procedure accounts for the

130



thermodynamic effect of warming/cooling on seawater pCO, which has been experimentally
determined at about 4.23% change in pCO, per °C change (Takahashi et al., 1993).

Seawater pCO, temperature normalization can be used to assess the impact of
temperature and ocean biology on the seasonal changes in pCO; observed over the Bering Sea
shelf between spring and summer. For regional interpretation, we compute the mean calculated
seawater pCO, difference between spring and summer (SpCO,P"9*™ ™" and change in pCO;
due to spring-summer changes in temperature (i.e., SpCO,® ™" computed using equation 6)
for five different regions of the Bering Sea shelf, including; (1) the North Line; (2) the Middle
Line; (3) between Nunavak Island and Pribilof Islands, (4) south of the Pribilof Islands, and; (5)
SE Bering Sea shelf. The unknown term, pCO,”°°¥, which is the change in seawater pCO, due
to spring-summer changes in ocean biology, is solved from the following equation:

Spcozspring—summer= Spcoztemperature+ SDCOQbiOIOgy (Eq 4.6)

This approach follows the empirically based method of Takahashi et al. (2002) in which the term
SpCO,”PY approximates the “net biology” effect or the net balance of photosynthesis and
respiration or net community production (NCP).

For the Bering Sea shelf, the “net biology” term largely reflects NCP. However, an
important caveat is that the “net biology” term also includes minor contributions from alkalinity
changes due to CaCOj; production/dissolution and nitrate utilization, and vertical/horizontal
contributions from mixing with subsurface waters or offshore waters, and air-sea CO, gas
exchange. In their estimates of Bering Sea shelf NCP rates, Mathis et al. (2010) calculated that
CaCOs production, and vertical diffusion contributed ~1.5%, and 2.5-4.5% to estimates of NCP
from DIC changes. Salinity changes as a result of evaporation and precipitation also have very
minor impact on seawater pCO; since DIC and total alkalinity are changed in equal proportion.
Sea-ice melt and river runoff were also considered very minor contributors to the “net biology”
term across most of the shelf with only the nearshore areas with salinities lower than 30 showing
evidence of minor contributions from river runoff and sea-ice melt (Mathis et al., 2011). In
addition, the contribution of advection to the “net biology” term is likely minor given that the
water residence time of the outer shelf is 3 months with longer residence times in the middle and
inner domains of the Bering Sea shelf (Coachman, 1986). In summary, the inherently simple
construct of this approach allows a general view of how seasonal warming or “net biology” (i.e.,
NCP) influences the CO, sink or source status of the Bering Sea shelf. As in the Takahashi et al.
(2002) approach, we assess whether the effects of seasonal temperature changes on seawater
pCO, exceeds the biological effect (e.g., as in the North Atlantic Ocean subtropical gyre) or the
opposite (i.e., “net biology” > temperature; e.g., Ross Sea).

4.4.1.1 Northern and Central Bering Sea Shelf

Over the northern and central Bering Sea shelf, there was a seasonal (spring to summer)
drawdown of surface seawater pCO, of ~100 patm (Figure 4.8 and 4.9). In the North Line, mean
surface seawater pCO, declined seasonally from 387.5 + 85.2 patm to 283.8 = 123.5 patm.
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Similarly in the Middle Line and between Nunivak Island and the Pribilof Islands, mean surface
seawater pCO, declined seasonally from 367.4 + 56.2 patm to 219.0 £ 58.0 patm, and 329.0 +
35.9 patm to 270.8 = 108 patm, respectively. In comparison to seawater pCO, changes,
temperature corrected seawater pCO, decreased seasonally by ~200 patm (Figures 4.8a and
4.8b), and up to 300 patm lower within the “green belt” area by the summertime. Thus, in these
regions, the “net biology” effect strongly dominated the seasonal change in surface seawater
pCO, compared to warming (Figure 4.10).
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Figure 4.8. Temperature correction of surface seawater pCO, for the northern Bering Sea Shelf. Surface
seawater pCO, (panel a) and temperature corrected seawater pCO, (panel b) plotted against longitude for the
northern Bering Sea shelf at the North Line (red symbols) and Middle Line (green symbols). Temperature corrected
seawater pCO, was based on corrected to 0°C using the empirical relationships of Takahashi et al., 2002. Spring and
summer data was shown with closed and open symbols respectively. In the panels, the nearshore to offshore
transition is shown from right to left (i.e., east to west).
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Figure 4.9. Temperature correction of surface seawater pCO, for the southern Bering Sea Shelf. Surface
seawater pCO, (patm; panel a) and temperature corrected seawater pCO, (patm; panel b) plotted against longitude
for the southern Bering Sea shelf for the following regions: (1) between Nunavak Island and Pribilof Islands (pink
symbols); (2) south of Pribilof Islands (blue symbols), and; (3) SE Bering Sea shelf (turquoise symbols).
Temperature corrected seawater pCO, was based on corrected to 0°C using the empirical relationships of Takahashi
et al., 2002. Spring and summer data was shown with closed and open symbols respectively. In the panels, the
nearshore to offshore transition is shown from right to left (i.e., east to west).

The 2008 BEST data indicates that the “net biology” effect seasonally decreases seawater
pCO, by ~150 to ~230 patm (Figure 4.10) with this drawdown only partially compensated for by
an increase in seawater pCO, due to seasonal warming. For comparison, the Takahashi et al.
(2002) climatology suggests that the seasonal drawdown of seawater pCO, associated with “net
biology” effects is ~130-170 patm. Furthermore, Mathis et al. (2010) show that large seasonal
drawdown of DIC results from high rates of NCP particularly within the “green belt” area of the
Bering Sea shelf.
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Figure 4.10. Temperature and the “net biology” effects on seasonal change in calculated seawater pCO,
(uatm) by region: (1) the North Line; (2) the Middle Line; (3) between Nunavak Island and Pribilof Islands, (4)
south of the Pribilof Islands, and; (5) SE Bering Sea shelf. In the bar chart, the black column denotes the mean
observed change in seawater pCO, for each region (i.e., SpCO,**""*"™™" in equation 7), while the red and green

columns indicates the changes imparted by temperature (8pCO,°™*“™) and “net biology” (3pCO,"""°%),
respectively.

Analysis of seasonal changes in DIC, nitrate and silicate indicated mean Bering Sea shelf
NCP rates of ranged from ~20 to 55 mmoles C m? d* (Mathis et al., 2010, their Table 4). Within
the *“green belt” area, NCP rates computed from DIC changes ranged from 25 to 47 mmoles C
m d* (their Table 3). Given typical mixed layer depth of 30 m and growing season of 80-120
days, the above NCP rates would decrease seawater pCO, by between ~100 to ~210 patm
similar to our values reported for the “net biology” effect. Our data provides further evidence
that “net biology” (which is a near approximate of NCP) dominates the seasonal drawdown of
seawater pCO, for large areas of the Bering Sea shelf. Indeed, seasonal “net biology” effects or
spring-summer NCP shifts much of the Bering Sea shelf from a neutral CO; sink/source status in
spring to a strong sink for CO, by summertime. The vertical export of organic carbon (as a result
of high rates of NCP) and it’s remineralization back to CO; in the subsurface appears to result in
a buildup of pCO;, in the subsurface (Mathis et al., 2011). Late season mixing and water-column
homogenization thus likely restores the Bering Sea shelf to near neutral CO, sink status in the
fall before the wintertime return of sea-ice provides a barrier to further CO, gas exchange.

4.4.1.2 Southern Bering Sea Shelf

In contrast to the northern and central Bering Sea shelf, warming appears to dominate the
seasonal changes of seawater pCO; for small areas south of the Pribilof Islands and in the
SE Bering Sea shelf region. In these two regions, mean surface seawater pCO: increased
seasonally from 297.1 # 33.0 patm to 338.2 + 137.8 patm, and from 293.0 + 55.2 patm to
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3249 + 63.2 patm, respectively. In these two regions, temperature corrected seawater
pCO2 decreased seasonally by less than ~50 patm (Figure 4.9). South of the Pribilof Islands,
the seasonal “net biology” effect of ~50 patm was about half of the increase of seawater
pCO2 caused by warming (Figure 4.10). In these regions, Mathis et al (2010) compute
relatively low rates of NCP of ~12 to 30 mmoles C m2 d-1. In the SE Bering Sea shelf region,
there was no seasonal “net biology” effect, and the increase in seawater pCO> was due to
warming only.

Surface nitrate data in the SE Bering Sea shelf region were typically below 1 pmoles kg’
! for both spring and summer cruises. This suggests that the typical “spring” phytoplankton
bloom observed in the SE Bering Sea shelf had occurred earlier than the spring cruise, and that
ocean biology had minimal impact on seawater pCO, and air-sea CO, fluxes in the spring-
summer period. This region also exhibits episodic coccolithophore blooms (e.g., Merico et al.,
2004, 2006) that can increase seawater pCO, (e.g., Bates et al., 1996; Harley et al., 2010).
However, there was no evidence in the BEST alkalinity (TA) data for significant impact of
coccolithophore blooms in 2008. In all regions, there were no statistically significant changes in
salinity normalized TA (i.e., here defined as nTA+NQOj3 to account for the contribution of nitrate
to alkalinity; Brewer and Goldman, 1978) from spring to summer (Figure 4.11). nTA+NO3 were
slightly lower south of the Pribilof Islands and in the SE Bering Sea shelf compared to other
regions which suggests that if coccolithophores contributed significantly to the *“spring”
phytoplankton bloom, this occurred earlier than the spring cruise. In summary, in contrast to
most of the Bering Sea shelf, seasonal warming shifted localized areas of the shelf from
minor/neutral CO; sink status to neutral/minor CO;, source status.
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Figure 4.11. Spring to summer changes in observed surface nTA+NO; (umoles kg™) by region: (1) the North

Line; (2) the Middle Line; (3) between Nunavak Island and Pribilof Islands, (4) south of the Pribilof Islands, and; (5)
SE Bering Sea shelf.
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4.4.2 2008 BEST Data in Context of Seasonal Changes in Seawater pCOz and Annual Air-sea
CO; Fluxes
On the Bering Sea shelf, previous studies have shown inorganic carbon data distributions

(e.g., Park et al., 1974; Codispoti et al., 1982, 1986; Mathis et al., 2010) but there is very limited
data on seawater pCO, (Kelley and Hood, 1971; Chen, 1993). Several studies report northern
Bering Sea shelf seawater pCO, but these data were collected north of St. Lawrence Island
(Murata, 2006; Chen and Gao, 2007) outside the domain of our study. The Takahashi et al.
(2009) seawater pCO, climatology shows a seasonal change of ~50-80 patm for the Bering Sea
shelf with a spring-summer drawdown (Figure 4.12) that causes the shelf to act as a CO; sink
(~1-2 mol C m? yr). However, an important caveat is that the seawater pCO, climatology is
based on very limited data (1 cruise), and thus it is difficult to draw firm conclusions about the
seasonal and annual CO; sink-source status of the Bering Sea shelf.

The Takahashi et al. (2009) seawater pCO, climatology has four 4° x 5° areas that
overlie the Bering Sea shelf (Figure 4.12). For July, average ApCO; values range from -20.8 to -
44.7 patm for these four. In contrast, the 2008 BEST summer mean ApCO, values ranged from -
110.8 patm to -170.4 patm for the same areas, indicating that the shelf was much more strongly
undersaturated than the seawater pCO, climatology suggests. As a consequence, the mean July
air-to-sea CO, fluxes calculated here were about 5 times higher (~ -16.3 to -24.2 mmoles m? d*})
than the Takahashi et al. (2009) seawater pCO, climatology.

Early model studies of Walsh and Dieterle (1994), using data collected by Codispoti et al.
(1986), indicated that the annual CO sink was ~4.3 mol C m? yr'! (Table 4.1). Based on the air-
sea CO; flux rate reported by Walsh and Dieterle (1994) and surface area for the Bering Sea
shelf, we calculated that the net annual CO; sink for the Bering Sea shelf was ~3.4 Tg C yr
! (Table 4.1). In this and subsequent calculations, we assumed that the surface area of the Bering
Sea shelf was ~500,000 km?, that sea-ice free, open water conditions were typically present for
180 days a year, and that there was not significant gas exchange during sea-ice cover. More
recently, Chen and Borges (2009) summarized coastal air-sea CO, fluxes, reporting springtime
and summertime fluxes of ~ -1.2 mmol C m™ d* (Nedashkovskii and Sapozhnikov, 2001) and
0.66 mmol C m? d* (Codispoti et al., 1986), respectively. If we scale up these flux rates,
accounting for Bering Sea surface area and period of open water conditions, we estimate a net
annual CO, sink of ~11 Tg C yr™. Similarly, scaling our observations and the climatology of
Takahashi et al. (2009), we compute that the Bering Sea shelf CO, sink was 157+ 35 Tg C yr*
and ~37 Tg C yr, respectively (Table 4.1). The primary difference between the 2008 BEST
datasets and Takahashi et al. (2009) seawater pCO, climatology relates to the much larger
undersaturation observed in surface waters during summertime in 2008 (Figure 4.12). Our annual
estimate of 157 + 35 Tg C yr, compares to the estimates for the entire Bering Sea of 200 Tg C
yr'! previously reported by Chen et al. (2004). In comparison, annual rates of NCP or PP have
been estimated at 99 + 29 Tg C yr' (Mathis et al., 2010) and 102 Tg C yr™, respectively
(Springer, 1986). Thus the gas exchange term appears to be ~50% higher than the NCP term, at
least for 2008.
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Figure 4.12. Comparison of Takahashi et al. (2009) surface seawater pCO, and temperature corrected
seawater pCO, climatology for the Bering Sea shelf with observations from the 2008 BEST spring and summer
cruises. The Takahashi et al. (2009) data have a spatial resolution of 4° x 5° and monthly resolution. 2008 BEST
spring and summer are binned and averaged within each of four Takahashi et al. (2009) 4° x 5° that are defined for
the Bering Sea shelf. Please note that the mean values for observed data from the two 4° x 5° areas have been
slightly offset in time to allow for easier interpretation of data. (a) surface seawater pCO, for the 58°N-
62°N/170°W-175°W (black symbols), and 58°N-62°N/175°W-180°W (green symbols) areas. In each of the panels,
Tahahashi et al. (2009) climatology data are shown by open symbols while 2008 BEST spring and summer are
shown as closed symbols (mean and 1 std deviation); (b) surface temperature corrected seawater pCO,, for the 58°N-
62°N/170°W-175°W (black symbols), and 58°N-62°N/175°W-180°W (green symbols) areas; (c) surface seawater
pCO, for the 54°N-58°N/165°W-170°W (black symbols), and 54°N-58°N/170°W-175°W (green symbols) areas;
and; (d) surface temperature corrected seawater pCO, for the 54°N-58°N/165°W-170°W (black symbols), and
54°N-58°N/170°W-175°W (green symbols) areas. For the temperature corrected seawater pCO, datasets, both
Takahashi et al. (2009) and 2008 BEST spring and summer data were corrected to 0°C using the empirical
relationships of Takahashi et al. (2002).
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Daly Flux Amnual Flux Bernng Sea Annual Flux

Study mmoles CO, m? d? moles CO;m? d’ Tg Cyr?!
Walsh and Dieterle 1994 n/a 4.3 34
Chen and Borges -1.2% and 0.66" n/a 11
Takahashi et al., 2009 2 n/a 37
This Study 22+ 3 n/a 157+ 35
Chen ¢t al., 2004 n/a n/a 200

Table 4.1. Estimates of the annual air-sea CO, flux on the Bering Sea shelf, assuming 500,000 km? of shelf area,
and 180 days of open water. ®Nedashovkskii and Spaozhnikov (2001); "Codispoti et al. (1986).

There are many caveats in scaling any of the above flux data to annual CO, flux rates and
caution must be considered in undertaking this scaling up and interpreting such results. If the
2008 BEST datasets are indeed representative of typical conditions, then the Bering Sea shelf is a
much larger CO, sink than previously thought. At the very least, such uncertainties in providing
an accurate assessment of the annual CO; sink-source status of the Bering Sea shelf, requires
future long-term monitoring efforts for this important shelf region. It should also be noted that an
extensive coccolithophore bloom was not observed in the Bering Sea in 2008, but this
phenomena has been observed in prior years (e.g., Merico et al., 2004, 2006) and in 2009. Since
coccolithophore calcification can result in an increase of seawater pCO; (e.g., Bates et al., 1996;
Harley et al., 2010), the Bering Sea shelf CO, sink may be much reduced in those years with
significant coccolithophore bloom events.

4.5 Conclusions

Spring observations in 2008 of surface seawater pCO, ranged from ~180 patm to ~520
patm across the Bering Sea shelf but the presence of sea-ice and relatively small ApCO,
gradients suggest that much of the Bering Sea shelf was close to neutral in terms of CO, sink-
source status. Summertime observations of surface seawater pCO, exhibited a greater range
(~130 patm to ~640 patm) than springtime with most of the Bering Sea shelf strongly
undersaturated with respect to the atmosphere, and the Bering Sea shelf had transitioned from
mostly neutral conditions to a stronger oceanic sink for atmospheric CO,. Our data further
suggests that biological processes (as evidenced by high rates of NCP for the shelf; Mathis et al.,
2010) dominates the seasonal drawdown of seawater pCO, for large areas of the Bering Sea
shelf during late spring and summer, with the effect partly countered by seasonal warming,
particularly in the southeastern Bering Sea. Thus seasonal “net biology” effects strongly shift
much of the Bering Sea shelf from a neutral CO, sink/source status in spring to a strong oceanic
sink for CO, by summertime. Although our data does not include fall or winter data, we
anticipate that late season mixing restores the Bering Sea shelf to near neutral CO, sink status
before sea-ice provides a barrier to further CO, gas exchange. In small areas of the Bering Sea
shelf south of the Pribilof Islands and in the SE Bering Sea, seasonal warming is the dominant
influence on seawater pCO,, shifting localized areas of the shelf from minor/neutral CO, sink
status to neutral/minor CO, source status, in contrast to much of the surrounding Bering Sea
shelf. Overall, the Bering Sea shelf appears to be a stronger sink for atmospheric CO, than
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previously suggested by the Takahashi et al. (2009) seawater pCO, climatology. Given that
Bering Sea shelf is the largest U.S. coastal shelf sea, we suggest that future long-term monitoring
of the region is critical for assessments of the contribution of the Bering Sea shelf to regional
carbon budgets and evaluation of seasonal and interannual variability in response to natural and
anthropogenically influenced climate change.
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CHAPTER 5
The role of ocean acidification in systemic carbonate mineral suppression in the Bering Sea*

5.0 Abstract

Ocean acidification driven by absorption of anthropogenic carbon dioxide (CO;) from
the atmosphere is now recognized as a systemic, global process that could threaten diverse
marine ecosystems and a number of commercially important species. The change in calcium
carbonate (CaCOj3) mineral saturation states (€2) brought on by the reduction of seawater pH is
most pronounced in high latitude regions where unique biogeochemical processes create an
environment more susceptible to the suppression of Q values for aragonite and calcite, which are
critical to shell building organisms. New observations from the eastern Bering Sea shelf show
that remineralization of organic matter exported from surface waters rapidly increases bottom
water CO, concentrations over the shelf in summer and fall, suppressing Q values. The removal
of CO, from surface waters by high rates of phytoplankton primary production increases Q
values between spring and summer, but these increases are partly counteracted by mixing with
sea ice melt water and terrestrial river runoff that have low Q values. While these environmental
processes play an important role in creating seasonally low saturation states, ocean uptake of
anthropogenic CO; has shifted Q values for aragonite to below the saturation horizon in broad
regions across the shelf for at least several months each year. Furthermore, we also report that
calcite became undersaturated in September of 2009 in the bottom waters over the shelf. The
reduction in CaCO3z mineral saturation states could have profound implications for several
keystone calcifying species in the Bering Sea, particularly the commercially important crab
fisheries.

5.1 Introduction

It has been widely shown that the uptake of anthropogenic CO, by the oceans [Sabine et
al., 2004; 