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   Dedication to Martin (Marty) Bergmann, 
February 19, 1956–August 20, 2011  

 Martin (Marty) Bergmann was Director of 
Canada’s Polar Continental Shelf Program 
(PCSP) of Natural Resources Canada when 
he died at the age of 55 in the First Air 
B-737 plane crash on August 20, 2011, at 
Resolute Bay, Nunavut, Canada. He was 
traveling to Resolute to escort Prime 
Minister Stephen Harper on a tour of 
Canada’s Arctic facilities. 

 Marty was a strong advocate for 
collaborative Arctic science and he was 
instrumental in developing the Pacifi c Arctic 
Group (PAG) in 2002, and he served as the 
forum’s fi rst Chair. PAG is an active nexus 
for international networking for marine 
programs in the Pacifi c Arctic region and the 
sponsor of this Springer volume. Marty 
worked diligently to provide opportunities 
for scientifi c interactions from all interested 
countries, including scientists, agency 
managers, politicians, and local community 
members. He facilitated many Arctic 
scientifi c programs leading up to the 



2007–2008 International Polar Year (IPY), 
some that continue today and many of the 
results from which are presented in this 
volume. Marty will be remembered for his 
unbounded energy and efforts to move our 
understanding of the Arctic System forward. 

 Prior to taking on a leadership role at 
PCSP, Marty served as Director of the 
National Center for Arctic Aquatic Research 
Excellence in Fisheries and Oceans Canada, 
managing the logistics for Arctic Ocean 
science aboard the Canadian Coast Guard 
fl eet. Marty had a suite of accomplishments, 
both in Canada through the highly successful 
IPY years and internationally by 
coordinating agreements to facilitate Arctic 
logistics and science activities with many 
countries, including Great Britain, the 
United States, China, Japan and the 
Republic of Korea. 

 In 2012 the Royal Canadian Geographical 
Society established the Martin Bergmann 
Medal for Excellence in Arctic Leadership 
and Science to recognize Marty’s leadership 
for advancing science in the Arctic. 
Specifi cally, the award recognizes 
“achievement for ‘excellence in Arctic 
leadership and science’. It celebrates 
“Marty” Bergmann, a public servant with an 
outstanding talent for networking that led 
him to connect scientists with resources and 
technology, to inspire business leaders, 
explorers and innovators towards new goals 
and to consider and attempt to meet the 
challenges inherent in opening up the Arctic, 
whether these were related to logistics, 
safety, resources, people, knowledge or will.” 



 Marty was posthumously awarded the 
inaugural medal at the 2012 International 
Polar Year Conference in Montreal, Canada. 

 With these memories of his efforts on 
behalf of Arctic science in our hearts and 
minds, we dedicate this volume to our friend, 
Marty Bergmann, as we work to better our 
understanding of the Arctic system for future 
generations. 

 Jackie Grebmeier
Chair of the Pacifi c Arctic Group (PAG) 

and Wieslaw Maslowski, co-editor 
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    Abstract     The Pacifi c Arctic region (PAR) is experiencing atmospheric changes, 
rapid seasonal sea ice retreat, seawater warming, regional ocean acidifi cation, 
along with other environmental changes and biological responses in lower to upper 
trophic organisms. Both physical and biogeochemical modeling indicate the poten-
tial for step-function changes to the overall ecosystem, both under current and in 
the projected conditions. This volume of synthesis papers was coordinated within 
the Pacifi c Arctic Group (PAG), a network of international partners undertaking 
and facilitating collaborative research in the Pacifi c infl uenced Arctic seas and 
basin. It also serves as a product of activities from the 2007–2008 International 
Polar Year. The topics range from atmospheric and physical sciences to chemical 
processing and biological response to changing environmental conditions. Physical 
and biogeochemical modeling results highlight the need for continued data collec-
tion together with interdisciplinary modeling activities to track and forecast the 
changing ecosystem of the Pacifi c Arctic in response to climate change.  

  Keywords     Pacifi c Arctic Region   •   Physical forcing   •   Ecosystem response   •   Climate 
change  
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1.1       Introduction 

 The Pacifi c Arctic Region (PAR) synthesis effort presented in this volume is an 
ongoing contribution of the Pacifi c Arctic Group (PAG) to better understand the 
processes inherent in controlling and sustaining the marine ecosystem and projected 
drivers of change in the region. PAG is an international consortium of scientists, 
agency managers and organizations interested in scientifi c progress and collabora-
tion in the Pacifi c Arctic. The PAG defi nition of the Pacifi c Arctic extends from the 
northern Bering Sea into the Chukchi Sea and adjacent Arctic seas, and extending 
into the deep basins of the Arctic Ocean. 

 The core objectives of the PAR synthesis activities within PAG are to: (1) present 
new synthetic results from observational and modeling activities in the Pacifi c- 
infl uenced Arctic region, (2) characterize current status and trends of the ecosystem 
to improve our understanding of the state and key processes infl uencing the marine 
system, (3) use model projections to evaluate ongoing processes and future evolu-
tion of the physical, biogeochemical and biological system to guide new science 
activities, and (4) to identify critical marine components for further development of 
observational networks in the Pacifi c Arctic. 

 As a core contribution to the PAG synthesis efforts, PAG members initiated the 
current synthesis book. The chapters in this book are multi-disciplinary with a 
systems approach, including retrospective, fi eld, and modeling efforts. The chapter 
format is thematic in content, with spatial regions inside the chapters used as case 
studies to evaluate the Pacifi c Arctic region. The overarching themes are process- 
oriented, and consider both temporal and spatial scales. The modeling chapters 
cover a larger spatial domain, including the Pacifi c infl ow through the Aleutian 
Islands/southern Bering Sea (upstream), while maintaining the main focus on the 
northern Bering, Chukchi, and Beaufort Seas, western Arctic Ocean basin as well as 
the downstream connectivity of the Pacifi c to Atlantic side, including the Canadian 
Arctic Archipelago. 

 Multiple PAG workshops and contributions set the stage for the various synthesis 
chapters in this book. For example, the fi rst PAG workshop was held in Sanya, China, 
in January 2008, which resulted in a special issue in the Chinese Journal of Polar 
Science (Wang et al.  2008 ). The second PAG workshop, focused on biological pro-
cesses, was held in May 2009 in Seattle, Washington, USA, resulting in a feature 
article for EOS (Grebmeier et al.  2010 ) and a workshop report. The third PAG work-
shop was focused on the marine carbon cycle, and was held in June 2009 in Xiamen, 
China and resulted in a special issue of Deep-Sea Research II (DSR II; Cai et al. 
 2012 ). Another special issue of scientifi c fi ndings is being assembled in a DSR II 
special issue related to the Korean Arctic Expeditions during 2008–2010 (Sang    Lee 
et al. 2013, personal communication). We introduce here this current book volume of 
synthesis chapters. The book concept was endorsed by the International Arctic 
Science Committee (IASC), the past Arctic Ocean Sciences Board (AOSB, now the 
Marine Working Group of IASC), and the IPY project offi ce of the International 
Council of Science Unions (ICSU) also endorsed the volume as an IPY legacy effort. 
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 During the course of this synthesis effort other interdisciplinary programs have 
been carried out in various sections of the PAR, many providing data supporting 
the syntheses in this volume. These programs include, but are not limited to the 
Bering Sea Project (Weise et al.  2012 ), the Bowhead Whale Feeding Ecology 
Study (BOWFEST) project (Ashjian et al.  2010 ), Canada’s Three Ocean (C30) 
project (Carmack et al.  2010 ), the Chukchi Acoustic, Oceanographic, and 
Zooplankton (CHAOZ) study (Berchok et al.  2014 ), the Chukchi Sea Monitoring 
in Drilling Area-Chemistry and Benthos (COMIDA-CAB) project (Dunton et al. 
 2014 ), the Chukchi Sea Environmental Studies Program (CSESP; Day et al.  2013 ), 
the Distributed Biological Observatory (DBO) program (Grebmeier et al.  2010 ), 
the Impacts of Climate on the Eco-Systems and Chemistry of the Arctic Pacifi c 
Environment (ICESCAPE) project (initial results reported in Arrigo et al.  2012 ), 
and the Russian-American Long-term Census of the Arctic (RUSALCA) program 
(Bluhm et al.  2010 ), along with other multidisciplinary studies by PAG member 
countries and other international collaborators.  

1.2     The Pacifi c Arctic Region 

 Pacifi c water transiting across the wide Bering, Chukchi and the eastern portion of 
the East Siberian shelves, and western portion of the Beaufort Sea, is a major driv-
ing force for the physical environmental state, ice extent and thickness, productivity 
and carbon transport in the Amerasian Arctic (Fig.  1.1 ). There are key physical, 
biogeochemical, and biological oceanographic features that distinguish the PAR 
from the rest of the Arctic Ocean. Hydrographic characteristics and distribution of 
Pacifi c water have important implications for shelf productivity as well as shelf- 
basin exchange at the continental margins, including the downstream infl uence that 
Pacifi c water has on the upper halocline below and sea ice above in the Arctic Basin 
as well as in the Canadian Arctic Archipelago.

1.3        Physical Processes, Hydrography and Sea Ice: Field 
and Modeling 

 The Bering Strait region is a major gateway from the perspective of transport of sea 
ice and ocean volume and properties, including heat, freshwater and nutrients, and 
fl uxes of atmospheric heat and moisture (Cooper et al.  1997 ; Overland and Stabeno 
 2004 ; Shimada et al.  2006 ; Woodgate and Aagaard  2005 ). It also plays a central 
role as a pathway for fl uxes of biological organisms and organic carbon 
(Grebmeier et al.  2006a ; Grebmeier  2012 ; Walsh et al.  2004 ). Seasonal evaluation 
of time series measurements (1990–2010) from the Bering Strait indicate annual 
variability in salinity, temperature, and transport (Woodgate et al.  2012 ). Recently 
it has been determined that the freshwater fl ux in Bering Strait has likely been 

1    The Pacifi c Arctic Region: An Introduction



4

underestimated and should be revised upwards (Woodgate and Aagaard  2005 ). 
While these estimates require further verifi cation (since continuous moored mea-
surements have been limited to deeper, more saline waters of Bering Strait) the 
newer fl ux estimates indicate that freshwater in Bering Strait may provide ~40 % of 
the total freshwater input to the Arctic Ocean (Woodgate and Aagaard  2005 ). 

 The nutrient-rich Pacifi c waters transiting through the Bering Strait are trans-
formed seasonally by oceanographic processes over the wide continental shelves 
south and north of the strait, with far-reaching implications for Arctic halocline 
formation and basin dynamics. Changes in the freshwater fl ux may also potentially 
infl uence thermohaline circulation in the global ocean. Both winter and summer 
Pacifi c Water types play variable, yet distinct roles in the transport of heat, freshwa-
ter, nutrients, carbon, and biological organisms northwards through the Bering 

  Fig. 1.1    Schematic of the Pacifi c Arctic Region, including the Bering, Chukchi, East Siberian and 
Beaufort Seas and the Arctic Ocean       
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Strait. Shimada et al. ( 2006 ) showed that summer Pacifi c water is a source of heat 
to the PAR and it is particularly signifi cant over the Chukchi Borderland. Winter 
Pacifi c water is infl uenced by ice formation and brine rejection, so the timing, extent 
and location of these processes are intimately tied to halocline formation. 

 The PAR is experiencing the greatest seasonal retreat and thinning of sea ice in 
the Arctic (Fig.  1.2 ). September 2007, at the start of IPY, at that point, marked the 
highest seasonal sea ice retreat on record (Stroeve et al.  2007 ); this record was 
eclipsed in 2012 (Stroeve et al.  2012 ). Changes in sea ice formation, extent and 
thickness infl uence albedo feedback, brine formation and halocline maintenance, so 
atmosphere-ice-ocean interactions and dynamics are extremely critical for regulat-
ing climatic conditions in the Arctic, and can have global ramifi cations. Exchange 

  Fig. 1.2    Mean and extremes for March and September sea ice extent in the Pacifi c Arctic Region. 
 Colour contour lines  represent respective SSM/I sea ice extents (defi ned as 15 % concentration) 
from Comiso ( 2012 )       
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of materials from shelf to slope and into the deep Arctic basin is also expected to be 
infl uenced by these changing conditions.

   Key physiographic features of the shelf-slope region of the East Siberian, 
Chukchi and Beaufort Seas also infl uence shelf-basin exchange. In particular, 
Herald Valley/Canyon and Barrow Canyon are key conduits for transformed 
Pacifi c water and associated organisms that transit the Chukchi shelf to the deep 
Arctic Basin. Eddy formation and fl uxes, boundary current dynamics, and advec-
tion are some of the critical transport mechanisms at the shelf-basin interface that 
facilitate the transfer of freshwater/salt, heat, nutrients, and various forms of 
organic and inorganic carbon that dictate the current state of the Arctic Ocean. 
Recent fi ndings show increased northward heatfl ow within the Atlantic water 
transiting through Fram Strait into the deep Arctic Basin (Walczowski et al.  2012 ), 
which may increase advection of warmer Atlantic water and its impacts along the 
continental margins of the Chukchi and Beaufort seas (Pickart et al.  2011 ; Schulze 
and Pickart  2012 ). 

 Arctic systems can be rich and diverse habitats for marine life in spite of the 
extreme cold environment (Grebmeier et al.  2006a ,  2010 ). Biogeochemical cycling 
processes and biological communities are directly infl uenced by changing sea ice 
extent, light availability, seawater hydrography (nutrients, salinity, temperature, 
density), currents, and water column production. Earlier seasonal sea ice melt and 
retreat in the Bering Sea and western Arctic will have dramatic impacts on the bio-
logical system, such as changes in overlying primary production, altering organic 
carbon transformation, pelagic-benthic coupling, and benthic production and 
community structure that could have cascading effects to higher trophic levels, 
which are of importance for local indigenous residents of the Arctic. Some specifi c 
examples of biological changes include time-series observations that indicate 
declines in bottom-dwelling clam populations and diving seaducks over the last 
few decades (Grebmeier et al.  2006b ). In addition, a decline in benthic amphipod 
populations in the Chirikov Basin just south of Bering Strait has likely infl uenced 
the movement of migrating gray whales to feeding areas north of Bering Strait 
during this time period (Moore et al.  2003 ; Moore  2008 ). 

 Retreating sea ice and warming temperatures have increased coastline erosion 
of terrigenous materials into the coastal environment. An increased seasonal open 
water period in the Arctic results in increased wave fetch, leading to additional 
shoreline erosion. The subsequent input of old, terrestrially-produced carbon into 
the ocean could alter microbial transformation processes as well as dilute the labile 
marine carbon pool with less-usable terrigenous material, with a potential negative 
impact on food availability to marine organisms. The cycling of carbon (particulate, 
dissolved, inorganic) is a key concern in these extremely productive regions of the 
Arctic Ocean. Changes in these processes will have cascading impacts to all com-
ponents of the ecosystem (from bacteria to man). Ocean acidifi cation is a potential, 
large-scale negative impact on the Arctic marine carbon system since increased 
atmospheric CO 2  will reduce the buffering capability of seawater and increase 
corrosive trends (Mathis et al.  2007 ). 
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 The following summaries highlight fi ndings in each of the subsequent chapters 
of this book from atmospheric and physical forcing, biogeochemical cycling, bio-
logical processes and modeling efforts.  

1.4     Atmospheric Forcing and Sea Ice 

 In Chap.   2    , Overland et al. ( 2014 , this volume) discuss the meteorological setting 
of the Pacifi c Arctic as the transition zone between the relatively warm and moist 
air mass of the North Pacifi c and cold and dryer air mass of the Arctic. The north-
ern part of the PAR is dominated by high surface atmospheric pressure, but low- 
pressure cyclonic systems can propagate from the south, where the semi-permanent 
low pressure center, the Aleutian Low, is located. This latitudinal sea level pressure 
gradient results in predominantly easterly winds, which generate upwelling favor-
able conditions along the Beaufort and Chukchi continental slopes. Climate change 
in the Pacifi c Arctic is not occurring in a single phase, as the western Arctic Ocean 
proper has experienced warming and retreating sea ice cover in summer that has 
accelerated since the late 1990s, while the Bering Sea has had extended sea ice 
cover and much colder temperatures in winter and spring since 2006. Overland 
et al. also review coupled climate model predictions of climate change, which sug-
gest increased interannual variability but relatively slow changes in seasonal sea 
ice cover trends and temperature in the Bering Sea during its sea ice covered sea-
son. This is in contrast to model predictions of a signifi cant reduction of, or no, 
seasonal sea ice cover in the Chukchi Sea from July to November within the next 
couple decades. These changes will have major ecological impacts and could also 
lead to increased commercial activities that will take advantage of longer open-
water seasons. 

 In Chap.   3    , Frey et al. ( 2014 , this volume) continue this theme of understanding 
the variability in sea ice conditions in the PAR, by synthesizing observational data 
and model results, and discuss the range of effects from the minimal change in the 
northern Bering Sea to the rapid and dramatic decline of sea ice cover in the Bering 
Strait region north of St. Lawrence Island, the Chukchi Sea and Canada Basin. Both 
earlier spring breakup and later sea ice formation occur in these seasonally chang-
ing sea ice regions, with portions of the Chukchi Sea experiencing the most extreme 
trends. Another common characteristic of the region is the widespread transition 
from multi-year ice to thinner, fi rst year ice. Frey et al. discuss the implications of 
reduced sea ice areal coverage, age, and thickness on the overall productivity of the 
ecosystem that are discussed in more detail in later chapters of this book. 

 In Chap.   4    , Wang et al. ( 2014 , this volume) consider large-scale atmospheric pat-
terns and how these patterns infl uence sea ice decline and other changes in the 
Pacifi c Arctic. In particular, they argue that in addition to the Arctic Oscillation 
(AO), the Dipole Anomaly (DA), which is a second mode of northern hemisphere 
sea level pressure variability, might be driving declines of sea ice cover. Wind 
anomalies associated with DA are typically meridional (north-south), hence their 
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impact on sea ice distribution (e.g. its northward retreat or export through Fram 
Strait) may be more signifi cant than the larger variability associated with zonal 
winds, which are driven by the AO. Meridional wind anomalies can also affect 
northward advection of warm Pacifi c water across the Chukchi shelf and reduction 
or persistence of landfast ice along the Beaufort and Chukchi coast. Wang et al. sug-
gest a possible air-ice-sea feedback loop in the western Arctic involving DA, how-
ever the origins and controls of these modes require further investigations, including 
observations and modeling of the fully coupled Arctic System at process scales.  

1.5     Physical Processes and Modeling 

 In Chap.   5    , Maslowski et al. ( 2014 , this volume) review the regional ocean circula-
tion over an extended PAR, starting from the northern North Pacifi c into the western 
Arctic Ocean. They argue that upstream circulation of the Alaskan Stream and vari-
ability in fl uxes across the Aleutian Island passes not only regulate the hydrology of 
the deep Bering Sea but also infl uence characteristics (especially salinity) of water 
advected onto the Bering Shelf and crossing Bering Strait. They envision the Bering 
Slope Current as more of a system of eddies generated along the slope rather than a 
continuous current. Year-round high eddy kinetic energy along the slope and in 
Anadyr and Bering straits is simulated just upstream of highly productive regions 
along the outer Bering shelf, in the Chirikov Basin that is north of St. Lawrence 
Island and again north of Bering Strait. This suggests strong regional biophysical 
coupling and indicates needs for development of improved modeling capabilities. 
Further downstream, in the Chukchi Sea, Maslowski et al. emphasize the impor-
tance of the Alaska Coastal Current in transporting heat via warm shelf waters into 
the Arctic Ocean basin. They fi nd little or no correlation between modeled heat 
fl uxes through Bering Strait and those entering the Beaufort Sea, which implies that 
most of the heat transiting across Bering Strait exchanges heat by melting ice or by 
transfer to the atmosphere within the Chukchi shelf. The water exported into the 
Beaufort Sea is instead warmed locally due to insolation, which increases with ear-
lier retreat of sea ice cover. Winds and eddies distribute warm water further north 
and often under the ice cover. The authors hypothesize that some of the heat associ-
ated with this water (in particular that available below the shallow mixed layer) is 
not removed to the atmosphere during freeze up and instead it has been accumulat-
ing below the mixed layer in the western Arctic Ocean. This ‘new’ source of heat is 
available year around for entrainment into the mixed layer to reduce sea ice growth 
in winter and to accelerate its melt in summer. 

 In Chap.   6    , Williams et al. ( 2014 , this volume) focuses on shelf-break exchanges 
and associated processes within the Pacifi c Arctic. In particular, the authors consider 
ocean dynamics along the continental slope in the Bering, and in the Chukchi and 
Beaufort Seas, which defi ne the southern and northern edges of the shelf system, 
respectively, that separate the North Pacifi c from the Arctic Ocean. Ocean on- shelf 
transport of volume and properties in the Bering Sea is concentrated in submarine 
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canyons, especially in Zhemchug and Bering canyons, where mesoscale eddies 
within the Bering Slope Current are commonly observed (via remote sensing) and 
can also be modeled. Similarly on the northern end of the Bering-Chukchi shelf sys-
tem, Herald and Barrow Canyons control the outfl ow into the deep basin. This out-
fl ow interacts with the shelf-break jets, resulting in instabilities and eddies, which in 
addition to wind-driven cross-slope fl uxes in the Ekman (surface and bottom) bound-
ary layers determine shelf-basin exchange along the Chukchi and Beaufort slopes. In 
addition, on-shelf upwelling of Atlantic water due to easterly winds in summer and 
the outfl ow of dense shelf water formed in polynyas due to brine rejection in winter 
can further affect shelf-basin exchange. Even though numerical models are the pri-
mary tool in quantifying such exchanges and their variability, models need to be 
evaluated and constrained by observations, which is why the authors argue for new 
fi eld programs focused on shelf-break and processes there. 

 In Chap.   7    , Clement-Kinney et al. ( 2014 , this volume) focus on the fl ow 
through Bering Strait, the only connection between the Pacifi c and the Arctic. The 
physiographic narrow and shallow features of the strait has been challenging to 
apply to ocean general circulation models, using relatively coarse grids, and to 
realistically represent volume and property fl uxes. A synthesis of observations 
and models presented in this chapter includes quantifi ed fl uxes of heat and fresh-
water and their seasonal and interannual variability. The models give reasonable 
estimates of volume transport compared to observational estimates, but uncer-
tainty still remains in both. It is likely the existing models do not simulate well the 
narrow (10 km wide) fl ow of Alaska Coastal Current on the eastern margin of the 
strait where there is signifi cant horizontal and vertical velocity shear and may be 
due to the lateral and vertical boundary conditions used. However, the available 
continuous observations are still limited as they do not measure the upper part of 
the water column with higher freshwater fractions and observational fl ux estimates 
assume homogeneity of the fl ow at all locations in the strait. Clement-Kinney et al. 
expect that further refi nements of both model and observational estimates of volume 
fl ux at Bering Strait are needed, including higher spatial model resolution (both 
horizontal and vertical) and increased numbers of moorings. Since property fl uxes 
are dependent on the volume transport, improved volume fl ux estimates are expected 
to reduce uncertainty of property fl uxes.  

1.6     Carbon Transformations and Cycling 

 In Chap.   8    , Cai et al. ( 2014 , this volume) evaluate the infl ow of dissolved inorganic 
carbon (DIC) from the Pacifi c Ocean into the Pacifi c Arctic and the transformation 
processes occurring as the water transits both into the Arctic Ocean and east into the 
Canadian Arctic Archipelago (CAA) and to a limited extent, west into the East 
Siberian Sea (ESS). Available data indicate that the Chukchi Sea is the dominant 
PAR region for atmospheric carbon dioxide (CO 2 ) uptake, while the Beaufort Sea 
(BS) and CAA remove comparatively less CO 2 , and the CAA and ESS are weak 
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seasonal sources of CO 2 . With the extensive reduction of sea ice in the deep Canada 
Basin (CB), CO 2  uptake has increased in the summer period. There is a small 
positive- sign export of DIC, indicating that the CB is a net heterotrophic system. 
The marginal seas can seasonally produce labile organic carbon from primary pro-
duction and biological processing of carbon, riverine input and coastal erosion that 
are also recycled within and in transit out of the ecosystems, with the potential of a 
warming climate causing an increase in the production and export of DIC. 
Uncertainty remains as to whether a changing climate will make the PAR a sink or 
source of CO 2  in the future. 

 In Chap.   9    , Mathis et al. ( 2014 , this volume) discuss the chemical and biological 
components infl uencing the Arctic marine carbon cycle, including primary produc-
tion, carbon transformations, and export production that are sensitive to sea ice loss, 
warming temperatures, changes in the timing and location of primary production, 
freshwater inputs, and ocean acidifi cation. Seasonal variability in dissolved organic 
carbon (DOC) and particulate organic carbon (POC) production are key compo-
nents of the marine carbon cycle, which vary with seasonal gradients in light, ice- 
cover and riverine input to the Arctic Ocean and to marginal seas. Secondary 
production and microbial processes in the water column, along with microbial pro-
cessing in the underlying sediments, are key elements of the marine carbon cycle. 
Regions within the PAR are experiencing seasonal ocean acidifi cation and decreas-
ing pH. This is reducing the saturation states of calcium carbonate, which could 
have detrimental impacts on calcifying fauna, both in the water column and in sedi-
ments. Since these organisms are important prey for upper trophic level predators, 
additional studies of key biochemical and biological processes in the marine carbon 
cycle are necessary in a rapidly changing Arctic.  

1.7     Lower and Upper Trophic Levels and Ecosystem 
Modeling 

 In Chap.   10    , Nelson et al. ( 2014 , this volume) evaluate the changes occurring in 
lower trophic level productivity, composition and biomass in the PAR, including 
northward range extensions of certain species. Variability in species composition 
can impact primary production, trophic connectivity and carbon cycling that infl u-
ence ecosystem dynamics in the PAR. This chapter includes information on the 
distribution and abundance of microbes, zooplankton, and benthic organisms, 
including their potential response to increasing seawater temperature, freshwater 
content, lower pH, and changes in sea ice dynamics. Smaller organisms, such as 
microbes and microzooplankton, are most susceptible to environmental changes 
and are expected to respond at a faster rate. Changes in the species composition and 
productivity of benthic organisms in the PAR will affect the roles played by this 
diverse fauna in carbon cycling and as a prey items. Multidisciplinary studies of the 
linkages between lower tropic species ecology, physics and geochemistry are 
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enhancing our understanding and capacity to predict the future status of PAR marine 
ecosystems during this period of rapid change. 

 In Chap.   11    , Moore et al. ( 2014 , this volume) provide an overview of the key 
components of upper trophic level groups, including fi sh, seabirds and marine mam-
mals, which are top predators in the Arctic system. These organisms can respond to 
environmental variability and specifi c examples in this chapter outline species 
responses to ecosystem change. For example, some fi sh and snow crab are being 
found now further north in the PAR, while seabirds and marine mammals have 
changed their phenology and diet to respond to variability in sea ice and lower tro-
phic level prey. Since migrating species have the ability to identify variation in 
dense prey, upper trophic level organisms can refl ect ecosystem shifts by changing 
migration routes, abundance levels, diet, reproduction and body condition. 
Partnerships between local indigenous arctic residents and scientists are enhancing 
our understanding of the biophysical links between sea ice conditions and migrating 
species. Continued collaborations are an important need for understanding upper 
trophic level resources, habitat use and ecological relationships. 

 In Chap.   12    , Deal et al. ( 2014 , this volume) discuss ongoing and developing 
marine biogeochemical and ecosystem models in the PAR. This includes the com-
plexities associated with different scales of modelling, from one-dimensional to 
regional and global Earth System scales, and combining physical forcing with bio-
logical and chemical processes. Models are being used to evaluate benthic, pelagic 
and sea ice impacts on ecosystem dynamics with the objective of building scenarios 
of ecosystem response to climate impacts. The authors highlight the importance of 
capturing the timing and location of the ice edge and open water blooms, including 
the subsurface chlorophyll maximum layer, for simulating the food web structure. 
Deal et al. emphasize the need for continued biogeochemical observations to use as 
input into modeling efforts that improve our understanding and forecasting of eco-
system dynamics for policy decision making.  

1.8     Summary 

 The PAR is currently experiencing the largest sector changes in Arctic seasonal sea 
ice extent and thickness, but with different responses within the ecosystem. A chal-
lenge to both the modeling and observational community is to develop workable 
scenarios to investigate:

    1.    How will changes in the fl ow-through dynamics of what can be termed the 
Bering Strait continental shelf complex affect downstream Arctic ecosystems?   

   2.    Will changes in the timing and extent of ice formation infl uence halocline forma-
tion and thickness, and if so, what are the ramifi cations of a reduction in the 
density gradients across the halocline?   

   3.    Will an increase in freshwater and heat fl ux through Bering Strait move the PAR 
to a new stable state and what consequences would this have for the infl uence of 
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nutrients, heat, and freshwater on near-fi eld (Pacifi c Arctic region) ecosystems 
and downstream (Arctic basin and Canadian Archipelago) ecosystems?   

   4.    How will physical and biogeochemical fl uxes vary in the Pacifi c Arctic Region 
in concert with lower latitude climate variability and change?     

 Determining the key drivers and responders to change in this region are essential 
in order to determine the downstream impacts on the Arctic system, including its 
connectivity to the world ocean. A hierarchy of models, including process, regional 
Arctic and global climate and Earth System scales (GC/ESMs) are needed to address 
these and other PAR related questions. 

 Early season ice retreat infl uences timing of the spring bloom and associated 
lower trophic level consumption of organic carbon. Changes will have cascading 
effects to benthos and higher trophic organisms. There are indications of increased 
freshwater fl ux and summer seawater temperatures, both that infl uence biological 
processes, and changes in the timing of productivity over the shelf and slope regions 
that will rapidly impact trophic structure and carbon transport from shelf to basin. 
Sea-ice free areas will allow for biological northward expansion of fi sh, but could 
have negative impacts on competing, benthic-feeding marine mammals. Impacts on 
marine mammals harvested for subsistence could also be affected. 

 The need remains for pan-Arctic comparative studies with standardized data 
collections to allow compare/contrast evaluations and projection of various scenarios 
of Arctic change. Ultimately, the need is to determine whether observed changes are 
due to climate warming or natural variability. These research needs are best met by 
collection of long-term time-series data at key select sites, integrated with relevant 
process and coupled modeling studies. Newly evolving programs, such as the 
Distributed Biological Observatory (Grebmeier et al.  2010 ) will help to fi ll these 
observational gaps, but could be supplemented with efforts in different regions, 
seasons and climate regimes. 

 Modelling approaches discussed in this volume renew a call for process-level 
understanding of the coupled Arctic climate system and improved modeling capa-
bilities to advance knowledge and prediction of climate change in the Pacifi c Arctic. 
There is a clear need for eddy- resolving, coupled physical and biogeochemical 
modeling capabilities. Success with these approaches will lead to better understanding 
of critical physical processes, potential feedbacks between them and their overall 
impact of the whole ecosystem. Current global models still have signifi cant limita-
tions with regard to representing the Pacifi c Arctic. In particular, challenges are 
associated with representing processes, such as surface mixed layer, eddies, cold 
halocline, seasonal pycnocline, near surface temperature maximum as well as sea 
ice thickness distribution, deformation and drift. Regional climate system models, 
with high spatial and temporal resolution and focus on the Arctic or Pacifi c Arctic 
region are key requirements (Maslowski et al.  2012 ). An Arctic System Model 
(ASM) should readily allow addition of new system components, such as marine 
biogeochemistry, ice- sheet/ocean interaction, etc. A fully coupled ASM should 
allow resolving processes and feedbacks between them. Along with the develop-
ment of ASMs, observations to constrain and evaluate them are as critical.     
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