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Chapter 1 

General introduction 
 
1.1. Basic concepts of marine ecosystem conservation 

The terrestrial and marine ecosystems provide food, shelter, recycling, and other 

support mechanisms that are valuable for human communities (Field et al., 2014). The 

ecosystem services, which are defined as benefits that human can obtain from such ecosystems, 

have currently been attracted a great deal of attention (Fisher et al., 2009). This is an important 

trend for ecosystem conservation where values are often difficult to describe in economic terms 

and rarely well-explained in natural resource decisions (Wallace, 2007). Although long term 

and continuous utilization of the ecosystems services is critical to human survival and 

well-being (Palmer et al., 2004), Millennium Ecosystem Assessment (MEA, 2005) reported that 

approximately 60% of the ecosystem services are degraded or used unsustainably. Therefore, 

managing an ecosystem for sustainable ecosystem services is one of the biggest challenges of 

current ecosystem science (Palumbi et al., 2009). However, the concept of ecosystem services 

has yet to gain full traction in the decisions and policies of environmental agencies (Munns et 

al., 2017), due to not only the lack of appropriate methods but also the spatial and temporal 

variability of ecosystems (Deininger et al., 2016), especially in the case of marine domain 

(Barbier, 2012).  

Ministry of the Environment (MOE), Government of Japan, has reported that there 

are several factors that affect or may affect on marine ecosystem: physical alterations that 

reduce habitats for organisms, pollution of marine environment that deteriorates the quality of 

ecosystems, excessive harvests that not only reduce the population size of fisheries resources 

but also change the species composition and even balance in the whole food web, intrusion of 

alien species that may disturb ecosystems, and impacts of the climate change that may affect the 

physicochemical environment or system of the ocean (MOE, 2011). The International Panel on 

Climate Change (IPCC) reported that climate change is projected to amplify existing risks and 

create new risks for marine systems (IPCC, 2014), and thus the concern about impacts of 

climate change on marine ecosystem recently became prominent (Gutiérrez et al., 2016; 

Hernández-Delgado, 2015). As the ecosystem services provided by marine ecosystem have been 

playing crucial roles in human-well being, such services must be sustained and handed down to 

the next generation. Hence, addressing our knowledge of marine ecosystem variations in 

response to climate change is garnering considerable attention for continuous sustainable usage 

of the blessing from marine ecosystems, and is now one of the most active research subjects not 

only in Japan but also around the world (MOE, 2011).  
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1.2. General fingerprints of climate change on marine environment 

Climate change has significantly affected marine environment. Ocean heat content 

has grown substantially since the 1950s, resulting in the increased heat content of the upper 700 

m of the global ocean by 14 × 1022 J since 1975 (Levitus et al., 2009). In addition, sea surface 

temperature (SST) increasing by approximately 0.2°C per decade (Hansen et al., 2006), and 

these trends in SST are driving elevated evaporation and precipitation rates, which cause fresher 

and saltier upper-ocean salinity in low-salinity regions and in high-salinity regions, respectively 

(Hoegh-Guldberg and Bruno, 2010). However, ocean warming is not spatially uniform owing to 

nonlinear interaction with natural modes of climate variability such as El Ninõ/Southern 

Oscillation (ENSO) and the North Atlantic Oscillation (Ishii et al., 2006), and affects regional 

wind patterns and thus ocean circulation (Auad et al., 2006; Roemmich et al., 2007). 

Furthermore, rising atmospheric carbon dioxide (CO2) and resulting increased oceanic CO2 

uptake are the predominant factors driving ocean acidification (Dore et al., 2009), with a steady 

decrease of 0.02 pH units per decade over the past 30 years and an overall decrease since the 

pre-industrial period of 0.1 pH units (Doney et al., 2009). Other than these factors, variations in 

a wide range of ocean proxies such as sea level rise, declining oxygen concentration and sea ice 

have also been reported (Hoegh-Guldberg and Bruno, 2010). Since these physical and chemical 

changes in marine environment likely have strong effects on marine ecosystems (Poloczanska et 

al., 2016), it is imperative to understand how variation in ocean condition driven by climate 

change affects marine ecosystem (Birchenough et al., 2015).  

 

1.3. Drastic changes in marine ecosystem in the Pacific Arctic 

The marine environment in the Arctic is particularly sensitive to climate forcing. 

Actually, the Arctic is experiencing significant ocean warming of approximately three times the 

global average (Steele et al., 2008). The most conspicuous sign of the warming is dramatic loss 

of sea ice, and the Arctic is expected to be ice-free during summer starting in the mid- to late 

twenty-first century (Polyakov et al., 2010). Reductions in sea-ice cover are being further 

amplified by increased volume fluxes of Pacific water into the Arctic through the Bering Strait 

(Woodgate et al., 2006, 2015, 2010; Woodgate and Weingartner, 2012) in addition to warming 

of North Atlantic water that is transported to the Arctic through the Fram Strait (Comiso, 2012), 

resulting in early sea ice retreat in spring and late sea ice growth in fall (Steele et al., 2008). 

Since these patterns indicate a shift towards an earlier spring transition between sea-ice-covered 

and sea-ice-free condition (Grebmeier et al., 2006), recent changes in the sea ice dynamics are 

driving variations in marine organisms that may signal marine ecosystem reorganization 

(Grebmeier, 2012). Notably, reduction of sea ice cover have been particularly significant in the 
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marginal seas of the Alaskan and Russian continental shelves (Steele et al., 2008), including the 

northern Bering and Chukchi Seas, and hence monitoring of ecosystem changes in response to 

climate change is a crucial issue in this region. 

A large continental shelf in the Pacific Arctic extending from the northern Bering 

Sea to the southeastern Chukchi Sea (hereafter, the Pacific Arctic) is one of the most 

biologically productive regions in the world’s oceans (Springer et al., 1989). The seasonal cycle 

of sea ice growth and melt provides suitable conditions for phytoplankton growth (Stabeno et al., 

2010); hence, large spring blooms occur at the marginal ice edge and under the ice (Laney and 

Sosik, 2014). This region has a unique food web structure where a large proportion of primary 

productivity generated in the surface layer falls directly to the sea floor with little or no 

zooplankton grazing (Campbell et al., 2009), and the strong pelagic–benthic coupling has 

maintained large areas of high benthic biomass in the Pacific Arctic. In particular, the patchy 

areas of remarkably high benthic biomass are called benthic hotspots (Grebmeier et al., 2015b), 

and these benthic hotspots are known as important foraging area for upper trophic level 

benthivores (Grebmeier et al., 2006). However, recent increased research activity in the Pacific 

Arctic is improving our knowledge about variations in benthivores. For instance, gray whales 

(Eschrichtius robustus) primarily used the Chirikov Basin in the northern Bering Sea with dense 

aggregations of amphipods in the 1980s (Highsmith and Coyle, 1992), whereas aerial surveys 

conducted in 2002 revealed a 3- to 17-fold decline in their population due to the reduction in 

prey biomass as much as 50% relative to the 1980s, resulting in an extension of their foraging 

area to the southern Chukchi Sea (Moore et al., 2003). In addition, spectacled eiders (Somateria 

fischeri), which overwinter in the open-water leads in pack ice south of St. Lawrence Island in 

the northern Bering Sea to feed on productive bivalve populations (Lovvorn et al., 2003), have 

drastically decreased their population size coincident with declines in prey density during the 

last few decades (Lovvorn et al., 2014). Overall, major benthivores in the Pacific Arctic have 

changed their abundance and distribution in this region, and these changes were strongly linked 

with variations in their prey availabilities (Moore et al., 2003; Lovvorn et al., 2003, 2014).  

 

1.4. Urgent issue for understanding ecosystem changes in the Pacific Arctic 

In the Pacific Arctic food web, even small changes in the lower trophic levels would 

have cascading effects on the higher trophic levels as a consequence of the short and efficient 

energy transfer pathways (Grebmeier et al., 2010), and thus the bottom-up control on higher 

trophic levels is crucial (Schonberg et al., 2014). Indeed, as mentioned above, there is growing 

evidence of the corresponded changes in benthivores and their prey. However, little is known 

about a detailed process of spatiotemporal variation in prey of benthivores, namely, benthic 
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macrofauna, although benthic macrofauna must be a key factor for better understanding about 

the changing ecosystem in the Pacific Arctic. This poor understanding of the process of 

macrofuanal variation likely to come from the reason that most of research has been focused on 

specific macrofaunal components (e.g., single species or life stages) or at assemblage levels, yet 

such assessments in isolation will have limited validity due to the trophic interaction through the 

entire food web, including pelagic components (Birchenough et al., 2015).  

Historically, bivalves, amphipods and polychaetes are major macrofaunal taxa in the 

Pacific Arctic, and average macrofaunal biomass in the region persistently exceeded 20 gC m−2 

for decades (Grebmeier et al., 2015c). Over the several decades, persistent seasonal in situ 

production and advected carbon from upstream sources, coincident with strong pelagic–benthic 

coupling processes, have maintained four major patches of relatively high macrobenthic 

community biomass in the Pacific Arctic, which refer to as benthic hotspots. These benthic 

hotspots occur on the continental shelf in the northern Bering Sea near the St. Lawrence Island 

Polynya, in the Chirikov Basin south of Bering Strait, in the southeastern Chukchi Sea, and in 

the northeastern portion of the Chukchi Sea (Grebmeier et al., 2006, 2015a; Grebmeier, 2012). 

However, time series observation in the regions indicates a latitudinal change in both biomass 

and composition of macrofaunal community. For example, some of macrofauna are showing 

significant declines in biomass from 2004 to 2012, both for the composite time-series sites and 

at select sites located within Anadyr Water (Grebmeier et al., 2015a). In addition, a shift in 

dominant species from larger bivalve Nuculana radiata to smaller bivalve Ennucula tenuis has 

occurred in south of St. Lawrence Island (Grebmeier, 2012; Lovvorn et al., 2009), although 

further large bivalve Macoma calcarea was dominant before 1980s (Lovvorn et al., 2003). 

Consequently, macrofaunal community in the Pacific Arctic has exhibited drastic changes, yet a 

large part of those processes still remain unknown. Thus, a process study that investigates links 

between macrofaunal community and its potential drivers, such as sediment and water column 

contexts (Cooper et al., 2015; Grebmeier et al., 2015a), would improve our understanding of 

ecosystem changes in the Pacific Arctic. 

 

1.5. Satellite-based approach for current issue in the Pacific Arctic 

Benthic macrofauna are normally stationary in marine sediments, and thus their 

community patterns are strongly impacted by organic carbon transport from the overlying water 

column as well as lateral advection (e.g., Lovvorn et al., 2013; Mathis et al., 2014; Grebmeier et 

al., 2015a). As the Pacific Arctic ecosystem has been characterized as tight pelagic–benthic 

coupling, variations in the amount of organic carbon transported to the seafloor could be linked 

strongly with surface phytoplankton production and/or community structure. However, the 
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spatiotemporal variations in phytoplankton and detailed processes of those influence on benthic 

organisms via benthic–pelagic coupling have not been well investigated yet and thus have 

remained as a missing link that is necessary for better understanding of changing Pacific Arctic 

ecosystems.  

Classical methods relying on ship-based observations have been very successful to 

date in understanding local and snapshot of ocean (Joint and Groom, 2000), although these have 

difficulty in assessing the fine-scale spatiotemporal variations. A single cell of phytoplankton 

only lives for a few days and thus population and composition of phytoplankton community 

fluctuate strongly in a matter of days to weeks (d'Ovidio et al., 2010), while many high latitude 

benthic macrofauna, especially bivalves, have life spans of years to decades (Ambrose et al., 

2006; Mullerlupp and Bauch, 2005). Hence, more adequate methods are required for optimal 

observation of spatiotemporal dynamics of phytoplankton assemblage. One of the solutions for 

this problem is to use satellite, which enables us to derive long-term variations of phytoplankton 

assemblage with fine-scale resolution in terms of both in space and in time. The chlorophyll-a 

(chla) concentration, which is an index of phytoplankton biomass, has been recognized as the 

most successful satellite product related to phytoplankton assemblage. While chla is still the 

major satellite product that is utilized by many scientists at various research fields (McClain, 

2009), recent efforts have further enabled to estimate not only chla but also taxonomic and size 

structure of phytoplankton community (Kostadinov et al., 2009; Mouw and Yoder, 2010; 

Brewin et al., 2011; Devred et al., 2011; Hirata et al., 2011; Roy et al., 2013; Wang et al., 2015) 

in addition to dominant taxa and size class (Sathyendranath et al., 2004; Alvain et al., 2005). 

Although satellite-based approaches are generally restricted themselves to only surface 

information owing to the characteristics, satellite products such as biomass and size structure of 

surface phytoplankton community could facilitate to understand the linkage between 

phytoplankton and benthic organisms via benthic–pelagic coupling. 

 

1.6. Objectives and organization of this dissertation 

As mentioned above, recent environmental variations are predicted to lead the loss of 

ecosystem services through the changes in ocean components. This study primarily utilized 

satellite products in addition to other adequate approaches such as in situ observations and 

laboratory experiments for understanding the process of ecosystem variation in the Pacific 

Arctic. The main goals of this study are to: 

[1] Understand variations in phytoplankton and benthic macrofaunal communities in the 

Pacific Arctic 

[2] Examine detailed process of variation in benthic macrofaunal community based on tight 
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pelagic–benthic coupling in the region 

[3] Forecast future changes in the Pacific Arctic ecosystem in response to ongoing climate 

forcing 

To achieve these objectives, in chapter 2, an approach for monitoring spatiotemporal 

variation in phytoplankton size structure based on satellite remote sensing was developed, and 

was used to demonstrate an example of application that has a potential for more adequate 

prediction of distribution shift in marine organisms. Chapter 3 investigated spatiotemporal 

variation in satellite-derived phytoplankton size structure and its impact on benthic macrofaunal 

community in the Pacific Arctic. Chapter 4 provides results that would explain the process of 

distributional shift in benthic macrofauna in the Pacific Arctic, which found in chapter 3, by 

conducting a factorial laboratory experiment in addition to in situ and satellite observations. 

Moreover, spatiotemporal variations in species invasion and diversity of benthic macrofaunal 

community in the Pacific Arctic were investigated in chapter 5. This chapter further examined 

those causes in terms of northward volume transports from the Pacific to the Arctic seas. Based 

on these results, overall conclusion in terms of past, current and future perspectives of the 

Pacific Arctic ecosystem were discussed in chapter 6.  
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Table 1.1. Summary of abbreviations used in this dissertation. 

Abbreviation Definition 
AFDW Ash-free dry weight 
AMP Arctic Marine Pulses 
ArCS Arctic Challenge for Sustainability 
AVISO Archiving, Validation and Interpretation of Satellite Oceanographic data 
AW Ash weight 
CAFF Conservation of Arctic Flora and Fauna 
CCGS Canadian Coast Guard Ship 
CDOM Colored dissolved organic matter 
Chirikov Chirikov Basin 
Chla Chlorophyll-a 
Chukchi Chukchi Sea 
CNES Centre National d'Etudes Spatiales 
CO2 Carbon dioxide 
CSD Chlorphyll-a Size Distribution 
CTD Conductivity–temperature–depth 
DAAC Distributed Active Archive Center 
DBO Distributed Biological Observatory  
DHA Docosahexaenoic acid 
DMSP Defense Meteorological Satellite Program 
DPA Diagnostic pigment analysys 
DW Dry weight 
EPA Eicosapentaenoic acid 
FA Fatty acid 
GCOM-C Global Change Observation Mission–Climate  
GRENE Green Network of Excellence 
GSFC Goddard Space Flight Center 
GSM Garver-Siegel-Maritorena 
IOP Inherent optical property 
IPCC International Panel on Climate Chamge 
JAXA Japan Aerospace Exploration Agency 
LRM Low Resolution Mode 
MEA Millennium Ecosystem Assessment 
MEXT Ministry of Education, Culture, Sports, Science and Technology of Japan 
MODIS Moderate Resolution Imaging Spectroradiometer 
NAP Non-algal particle 
NARR North American Regional Reanalysis 
NASA National Aeronautics and Space Administration 
NSF National Science Foundation 
NSIDC National Snow and Ice Data Center 
OBPG Ocean Biology Processing Group 
OC3M Chla 3-band ocean color algorithm for MODIS 
OC4L Chla 4-band linear ocean color algorithm 
PacMARS Pacific Marine Arctic Regional Synthesis 
PC Principal component 
PCA Principal component analysis 
PSD Particle Size Distribution 
PUFA Polyunsaturated fatty acid 
QAA Quasi-analytical algorithm 
RRMSE Relative root mean square error 
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Table 1.1. Continued. 

Abbreviation Definition 
SAR Synthetic Aperture Rader 
SBE Sea-Bird Electronics, Inc. 
SeaWiFS Sea-Viewing Wide Field-of-View 
SIC Sea ice concentration 
SLI St. Lawrence Island 
SOAR Synthesis of Arctic Research 
SWI Shannon-Weaver Index 
SWL Sir Wilfrid Laurier 
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Table 1.2. List of symbols and units. 

Symbol Description Unit 
𝜆 Wavelength nm 
𝑧 Depth m 

𝑅!" 𝜆  Remote sensing reflectance at 𝜆 sr-1 
𝐿! 𝜆  Water-leaving radiance at 𝜆 W m−2 sr−1 µm−1 
𝐿! 𝜆, 𝑧  Upward spectral radiance at 𝜆 at 𝑧 W m−2 sr−1 µm−1 
𝐸! 𝜆, 𝑧  Downward spectral irradiance at 𝜆 at 𝑧 W m−2 µm−1 
𝐸!" 𝜆  Above-water downward spectral irradiance at 𝜆 W m−2 µm−1 
𝐾! 𝜆  Diffuse attenuation coefficient of upward radiance at 𝜆 m−1 
𝑎!" 𝜆  Phytoplankton absorption coefficient at 𝜆 m−1 
𝑎!"
!"# 𝜆  Normalized phytoplankton absorption coefficient at 𝜆 Dimensionless 

𝑎!"#$ 𝜆  CDOM absorption coefficient at 𝜆 m−1 
𝑏!" 𝜆  Particle backscattering coefficient at 𝜆 m−1 
𝐷 Diameter m 
𝐷! Reference diameter m 
𝐷!"# Maximum diameter m 
𝐷!"# Minimum diameter m 
𝐷!,𝐷! Arbitrary defined diameter (𝐷! > 𝐷!) m 
𝑁 Number of particles within given size range Dimensionless 

𝑁 𝐷  Number of particles normalized by size bin width 𝐷 m−4 
𝑁! Reference 𝑁 at 𝐷! Dimensionless 
𝜉 Junge slope of the PSD Dimensionless 

Chl𝑎!"!#$ Total chla from 𝐷!"# to 𝐷!"# mg m−3 
Chl𝑎!"#$ Size fractionated chla within given size range mg m−3 
Chl𝑎! Reference chla at 𝐷! mg m−3 
𝜂 Junge slope of the CSD Dimensionless 

𝛽!,𝛽! Regression coefficients Dimensionless 
𝑆! i-th PC score Dimensionless 
𝑣! j-th variable Dimensionless 
𝑤!,! Loading factors for 𝑆! Dimensionless 
𝐶! Model coefficient for 𝑣! Dimensionless 
𝐹!"#$ Fraction of chl𝑎!"#$ within given range to chl𝑎!"!#$ % 
𝜃 Angle ° 
𝑉! Velocity of shift along 𝜃; Wind velocity along 𝜃 km decade−1; m s−1 
𝑆!" North–South spatial gradient km−1 
𝑆!" East–West spatial gradient km−1 
𝑙𝑎𝑡! Centroid of biomass-weighted latitude ° 
𝑙𝑎𝑡 Latitude at a sampling station ° 
𝑏𝑖𝑜𝑚 Macrofaunal biomass at a sampling station gC m−1 
𝑀𝑒𝑎𝑠 In situ measured CSD slope Dimensionless 
𝑆𝑎𝑡 Satellite-estimated CSD slope Dimensionless 
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Chapter 2 

Differences in rate and direction of shifts between 
phytoplankton size structure and sea surface temperature 

 
2.1. Introduction 

Improved understanding of how species shift their distributions is crucial for 

effective conservation under conditions of climate change (Dawson et al., 2011). Climate 

velocity representing horizontal velocity of temperature change is derived as the ratio of the 

long-term temperature trend to the two-dimensional spatial gradient in temperature, and it 

enables predictions regarding species migration and persistence as an expectation of how 

species track the location of their thermal niches (Loarie et al., 2009). In marine ecosystem 

research, climate velocity is calculated from sea surface temperature (SST); hence, I refer here 

to climate velocity in terms of SST. Some recent studies have exposed a complex mosaic of 

velocity of SST, suggesting non-uniform shifts in the global oceans with a wide range of rates 

and directions that deviate from simple poleward migration (Burrows et al., 2011). Therefore, 

the velocity of SST is expected to describe observed species shifts (Philippart et al., 2011; 

VanDerWal et al., 2012); however, unexpected shifts that are inconsistent with predictions 

generated by the velocity of SST have been reported for some species and in certain regions 

(Pinsky et al., 2013; Poloczanska et al., 2013).  

Phytoplankton plays numerous fundamental roles as primary producer in marine 

ecosystem. For instance, nitrogen fixation by cyanobacteria is an important process in the 

marine nitrogen cycle especially oligotrophic regions (Zehr et al., 2000). In addition, large 

species such as diatoms dominate in nutrient rich water, and their presence increases the 

efficiency of biological pump (Le Quéré et al., 2005). One of the most important functions of 

phytoplankton is to determine the energy transfer efficiency through the food web, which 

depends strongly on its size structure (Lalli and Parsons, 1997), and thus the size composition of 

phytoplankton community is expected to affect species distribution through changes in the food 

web structure. In addition, compared to ship-based in situ observations, satellite-based 

monitoring has advantage to make continuous, fine-scale measurements that allow the synoptic 

exploration of vast areas of the world ocean (Marchese et al., 2017). Since recent efforts 

enabled to derive size structure of phytoplankton community from ocean color data, 

satellite-based monitoring of phytoplankton size structure is likely to contribute better 

predictions of species shifts and ecosystem conservations. 

In the past decade, various methods have been developed for global estimation of 

phytoplankton size structure using satellite remote sensing based on optical properties such as 
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the phytoplankton absorption coefficient (𝑎!" 𝜆 ) and the particle backscattering coefficient 

(𝑏!" 𝜆 ) (Fujiwara et al., 2011; Kostadinov et al., 2009; Roy et al., 2013). Kostadinov et al. 

(2009) proposed a novel method to estimate phytoplankton size structure based on the particle 

size distribution (PSD) using the slope of 𝑏!" 𝜆 . As phytoplankton is the main particle 

component in the pelagic ocean (Bricaud and Morel, 1986), PSD can in turn be related to 

phytoplankton size distribution. The principle advantage of this approach is the arbitrariness of 

the arrangement of the size range, where other methods generally adopt a fixed target group or 

size class. However, 𝑏!" 𝜆  is affected not only by phytoplankton but also by non-algal 

particles (NAPs) (Stramski et al., 2004). To overcome this problem, Roy et al. (2013) 

reconstructed the PSD model using a chlorophyll-a (chla)-specific absorption coefficient 

(𝑎!"∗ 𝜆 ) at the wavelength of 676 nm. They successfully estimated the phytoplankton size 

structure; however, the retrieval of inherent optical properties (IOPs) at longer wavelength (such 

as 676 nm) is quite difficult because of the strong absorption by the water itself (Lee et al., 

2002). Some recent studies have demonstrated the utility of the principal component analysis 

(PCA) approach in deriving information on phytoplankton community structure (Bracher et al., 

2015; Craig et al., 2012; Wang et al., 2015). For example, Wang et al. (2015) developed a 

method to estimate phytoplankton size structure using the spectral features of normalized 

𝑎!" 𝜆  captured by PCA. Thus, a PCA approach based on PSD could constitute a powerful 

tool for the global estimation of the synoptic size structure of the phytoplankton community. 

The goal of this chapter is to clarify the similarities and differences between the 

changes in phytoplankton size structure and SST. To achieve this objective, a model for 

retrieving phytoplankton size structure was developed by quantifying the phytoplankton size 

distribution using spectral features of 𝑎!" 𝜆 . The developed model was applied to satellite 

remote sensing data to estimate the phytoplankton size distribution, and then velocity of the 

phytoplankton size distribution was compared with that of SST owing to demonstrate a 

potential of satellite-derived phytoplankton size structure regarding to better predictions of 

species distributional shifts occurring now and in the future. 

 

2.2. Materials and methods 

2.2.1. In situ data 

The dataset used in this chapter was obtained from a wide area following 23 cruises 

over a 16-year period (Figure 2.1, Table 2.1). At each station, size fractionated chla (chl𝑎!"#$), 

light absorption coefficient, and spectral radiation were measured, the detailed procedures of 

which are described below. Note that the spectral radiation was not observed at some stations. 

Seawater samples were collected from the sea surface (0 m) using a clean plastic bucket.  
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Various filters were used to obtain chl𝑎!"#$ during each cruise (Table 2.2). Seawater 

samples were filtered onto polycarbonate membrane or nylon mesh filters and GF/F filters 

under low vacuum pressure. After filtration, the filter was immediately soaked in 

N,N-dimethylformamide, and pigments were extracted for 24 h in the dark at −20°C (Suzuki 

and Ishimaru, 1990). The chla concentrations were determined by the fluorescence acidification 

technique (Holm-Hansen et al., 1965) during JARE-42, JARE-43, UM0203, 44Tangaroa and 

UM0405 and the non-acidification technique (Welshmeyer, 1994) during other cruises using a 

10-AU fluorometer (Turner Designs Inc., USA). 

To measure phytoplankton absorption spectra, particles in water samples were 

collected onto a GF/F filter. The optical density (OD) of particles on the filter was measured 

immediately after sampling using a MPS-2400 or a MPS-2450 spectrophotometer (Shimadzu, 

Japan) at wavelengths of 350–750 nm, and the absorption coefficient of the total suspended 

particles (𝑎! 𝜆 ) was determined from the OD according to the quantitative filter technique 

(Mitchell, 1990). The OD of the NAPs was then measured after soaking in methanol (Kishino et 

al., 1985) or sodium hypochlorite (Tassan and Ferrari, 1995), and the absorption coefficient of 

the NAPs (𝑎! 𝜆 ) was quantified as well as 𝑎! 𝜆 . Finally, 𝑎!" 𝜆  was obtained by 

subtracting 𝑎! 𝜆  from 𝑎! 𝜆 . 

In situ spectral distributions of the underwater radiation were acquired using a SMPR 

(Satlantic Inc., Canada), a HyperPro (Satlantic Inc., Canada) or a PRR-800/810 (Biospherical 

Instruments Inc., USA). The HyperPro measures underwater downward spectral irradiance 

(𝐸! 𝜆, 𝑧 ) and upward spectral radiance (𝐿! 𝜆, 𝑧 ) at 136 wavelengths between 350 and 800 nm. 

The SPMR and PRR800/810 measure those radiations at 13 and 17 wavelengths between 400 

and 705 nm and between 380 and 765 nm, respectively. These measurements were acquired at 

the same time as above-water measurements of downward spectral irradiance (𝐸!" 𝜆 ), which 

were taken using a sensor mounted on the ship deck. 

Remote sensing reflectance (𝑅!" 𝜆 ) was calculated as the ratio of the water-leaving 

radiance 𝐿! 𝜆  to 𝐸!" 𝜆 : 

𝑅!" 𝜆 = 𝐿! 𝜆 𝐸!" 𝜆 . (2.1) 

The 𝐿! 𝜆  was obtained from 𝐿! 𝜆, 𝑧  just beneath the water surface (𝐿! 𝜆, 0 − ), 

which was determined as the fitting coefficient of near-surface 𝐿! 𝜆, 𝑧  and the water-air 

interface propagation factor of 0.544 (Darecki and Stramski, 2004) as follows: 

𝐿! 𝜆 = 0.544 × 𝐿! 𝜆, 0 − , (2.2) 

𝐿! 𝜆, 𝑧 = 𝐿! 𝜆, 0 −  × exp −𝐾! 𝜆  × 𝑧 , (2.3) 
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where z and 𝐾! 𝜆  are the depth and diffuse attenuation coefficient of upward radiance, 

respectively. Then, 𝑅!" 𝜆  was resampled at 10 MODIS bands (412, 443, 469, 488, 531, 547, 

555, 645, 667, and 678 nm) from the original wavelength of the spectroradiometers using spline 

interpolation (Wang et al., 2015). To estimate 𝑎!" 𝜆  from in situ 𝑅!" 𝜆 , the latest version of 

the quasi-analytical algorithm version 6 (QAA-v6) (Lee et al., 2002, 

http://www.ioccg.org/groups/software.html) was applied to the observed 𝑅!" 𝜆 . 

 

2.2.2. Satellite remote sensing data 

The latest (R2014.0) level-3 standard mapped daily images of 𝑅!" 𝜆  derived by 

Moderate Resolution Imaging Spectroradiometer (MODIS)-Aqua were downloaded from the 

National Aeronautics and Space Administration (NASA) Ocean Biology Processing Group 

(OBPG) with 9 km spatial resolution. 𝑅!" 𝜆  at 10 bands (λ = 412, 443, 469, 488, 531, 547, 

555, 645, 667 and 678 nm) were obtained for 2002–2017. 𝑎!" 𝜆  at MODIS bands were 

derived from 𝑅!" 𝜆  using QAA-v6. Chla concentration was computed from Rrs(λ) using the 

OC3M algorithm (O’Reilly et al., 2000). Furthermore, monthly averaged SST data derived by 

MODIS-Aqua with 9 km spatial resolution were obtained for 2002–2017. These satellite data 

were resampled on a 1° × 1° grid and composited as monthly averages to minimize local and 

transient variabilities. 

 

2.2.3. Model description 

Assuming that the PSD follows the Junge-type power law size distribution (Barder, 

1970), the number of particles per unit volume of seawater normalized by the size bin diameter 

(D), 𝑁 𝐷 , can be expressed as follows: 

𝑁 𝐷 = 𝑁! 𝐷 𝐷! !! , (2.4) 

where ξ is the Junge slope of the PSD, and 𝐷! is a reference diameter at which 𝑁! = 𝑁 𝐷 . 

Therefore, the total number of particles in a given size range can be derived by integrating Eq. 

(2.4) from the minimum diameter (𝐷!"#) to the maximum diameter (𝐷!"#); thus, enabling the 

PSD to be partitioned into distinct classes described by 

𝑁 = 𝑁! 𝐷 𝐷! !!𝑑𝐷!!"#
!!"#

. (2.5) 

Given that the chla is particulate, and thus the chla size distribution (CSD) also 

follows the Junge-type power law distribution, the total chla (chl𝑎!"!#$) and chl𝑎!"#$ in a given 

size rage from 𝐷! to 𝐷! can be expressed using Eqs. (2.6) and (2.7) as follows: 



 14 

chl𝑎!"!#$ = chl𝑎! 𝐷 𝐷! !!𝑑𝐷!!"#
!!"#

, (2.6) 

chl𝑎!"#$ = chl𝑎! 𝐷 𝐷! !!𝑑𝐷
!!

!!
, (2.7) 

where chl𝑎! is the reference chla at 𝐷! (here, 0.7 µm), and η is the exponent of the chla size 

spectrum (hereafter, CSD slope). Larger magnitudes of the CSD slope indicate a large 

proportion of smaller phytoplankton, whereas smaller magnitudes suggest predominance of 

larger phytoplankton. In this chapter, 𝐷!"# and 𝐷!"# were assumed as the pore size of GF/F 

filter (i.e., nominal 0.7 µm) and 200 µm (Dussart, 1965), respectively. The CSD slope is derived 

as the slope of the liner regression in log-space between the inverse log-transformed median 

diameters from log-transformed 𝐷! to 𝐷! and chl𝑎!"#$ normalized by the size bin width. 

Note that the intercept of the liner regression showed significant (p < 0.05) negative relationship 

with the slope, suggesting the intercept and slope covary in response to the size structure of 

phytoplankton community.  

The chla fraction of an arbitrarily defined size rage (𝐹!"#$) can be derived using the 

CSD slope as follows: 

𝐹!"#$ =
!"#!!"#$
!"#!!"!#$

=
!"#!! ! !! !!!"!!

!!

!"#!! ! !! !!!"!!""
!!.!

=  !!
!!!!!!

!!!

!""!!!!!.!!!!
, (2.8) 

where the constants chl𝑎! and 𝐷! no longer exist in Eq. (8), such that only the CSD slope and 

diameter range are required for estimating each fraction of the phytoplankton size classes. 

Figure 2.2 is an example of the relationship between the CSD slope and Fsize. Here, 

phytoplankton was partitioned into three size classes: picoplankton (0.7–2.0 µm), nanoplankton 

(2.0–20.0 µm), and microplankton (20.0–200.0 µm). The microplankton dominate when the 

CSD slope is smaller than 1.0, nanoplankton dominate when the CSD slope value is 1.0–1.5, 

and picoplankton begin to dominate when the CSD slope extends beyond 1.5. 

 

2.2.4. Quantification of the CSD slope 

To quantify the CSD slope, I focused on the spectral shape of normalized 𝑎!" 𝜆  

(𝑎!"
!"# 𝜆 ). The 𝑎!"

!"# 𝜆  was derived from the wavelength mean and standard deviation of 

𝑎!" 𝜆  at 10 MODIS bands. The formula for 𝑎!"
!"# 𝜆  is shown below: 

𝑎!"
!"# 𝜆 = 𝑎!" 𝜆 −mean 𝑎!" 𝜆 std 𝑎!" 𝜆 , (2.9) 

where mean 𝑎!" 𝜆  and std 𝑎!" 𝜆  are the wavelength mean and standard deviation of 
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𝑎!" 𝜆 , respectively. Although the spectral shape of 𝑎!"
!"# 𝜆  vary with the phytoplankton size 

structure, the accuracy of satellite-derived 𝑎!" 𝜆  is generally pore in areas of low 

productivity, such as subtropical gyres. To overcome this problem, PCA was applied to 𝑎!"
!"# 𝜆  

together with chla. The input values for the PCA comprised a matrix (m × N) constituted of 

𝑎!"
!"# 𝜆  and chla, where m and N are the numbers of variables and samples, respectively. The 

resulting principal component (PC) scores were assumed to correlate with the CSD slope; hence, 

the CSD slope was quantified as a logistic-type regression model using the i-th PC score (𝑆!) 

and regression coefficients (𝛽! and 𝛽!) between the CSD slope and PC scores as follows: 

𝜂 = 𝛽! + exp 𝛽!!
!!! 𝑆!

!!
, (2.10) 

where k is the number of PCs. Here, 𝑆! can also be expressed as follow: 

𝑆! = 𝑣!𝑤!,!!
!!! , (2.11) 

where 𝑣! and 𝑤!,! are the j-th variables and the loading factors for 𝑆!, respectively. Thus, an 

equation was obtained by replacing 𝑆! in Eq. (2.10) with Eq. (2.11): 

𝜂 = 𝛽! + exp 𝐶!!
!!! 𝑣!

!!
, (2.12) 

𝐶! = 𝛽!𝑤!,!!
!!! . (2.13) 

Finally, the CSD slope is derived from Eq. (2.12) using the model parameters of 𝛽! 

and 𝐶!. To avoid unrealistic values of the CSD slope, the upper and lower limits of the CSD 

slope were defined as 3.0 and 0.0, respectively. These limits mostly corresponded to 90% of 

pico- and microplankton dominance to chl𝑎!"!#$. 

 

2.2.5. Evaluation of estimate accuracy of the CSD model 

The accuracy of the CSD model was evaluated by comparing in situ measured and 

satellite matchup CSD slope values. Satellite matchup CSD slope values were constructed using 

the single 9 km pixel from daily images based on sampling date and location. The relative root 

mean square error (RRMSE) was computed as relative values to provide equal weights to all 

samples and then expressed as percentages (Ciotti and Bricaud, 2006; Zhang et al., 2009), as 

described by 

RRMSE = 100× !
!

𝑀𝑒𝑎𝑠! − 𝑆𝑎𝑡! 𝑀𝑒𝑎𝑠! !!
!!! , (2.14) 

where 𝑀𝑒𝑎𝑠! and 𝑆𝑎𝑡! are the i-th measured and satellite machup values, respectively. 
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2.2.6. Velocities of the shift 

Velocities of the CSD slope, chla, and SST were derived following the method of 

Burrows et al. (2011). The velocity along angle θ (𝑉!), with 0° as North and 180° as South, was 

calculated on a 1° grid by dividing the temporal trend over the period 2002–2014 by the spatial 

gradient as follows: 

𝑉! = Temporal trend Spatial gradient (2.15) 

The long-term temporal trend was calculated as the slope of the linear regression 

between monthly anomalies and time. Note that the temporal trend was employed as an absolute 

value when the velocity was determined using Eq. (2.15) to clarify the local speed of shifting 

contours. The spatial gradient was derived as the vector angle given by the direction of the 

gradient, as described by 

Spatial gradient = 𝑆!" cos 𝜃 + 𝑆!" sin 𝜃, (2.16) 

where 𝑆!" is the North–South spatial gradient and 𝑆!" is the East–West spatial gradient. The 

North–South spatial gradient was calculated as the difference in the temporal average for each 

northern and southern pair divided by the distance between them. The East–West spatial 

gradient was calculated similarly for each eastern and western adjacent pair divided by the 

distance between the pixels in each pair. 

 

2.3. Results 

2.3.1. Retrieval of the CSD slope from in situ chlasize 

Various filters were used to obtain chl𝑎!"#$. In general, phytoplankton is partitioned 

into three size classes: picoplankton (0.7–2.0 µm), nanoplankton (2.0–20.0 µm) and 

microplankton (>20.0 µm). However, typical filters for dividing phytoplankton into the size 

classes have not been used during some cruises (e.g., UM0405, OS180 and KH-0904). This fact 

forces to employ specific combinations of filters used for obtaining chl𝑎!"#$, resulting in only a 

part of the dataset can be used together. Thus, the dataset could not be used in its entirely with 

typical methods such as Brewin et al. (2010) and Devred et al. (2011) that need to fix the size 

range of each phytoplankton size class. In contrast, it is possible to derive the CSD slope from 

any combination of chl𝑎!"#$; hence, the entire dataset was used successfully for developing a 

CSD model. 

To verify the robustness of the CSD slope values determined by various 

combinations of filters, the CSD slopes derived from different combination of chl𝑎!"#$ were 

compared. For this comparison, the data obtained during the MR12-E03 cruise were employed 

because filters with various pore sizes were used during this cruise. Figure 2.3 shows the 
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relationships between the CSD slope values derived from three typical chl𝑎!"#$ (0.7–2.0, 2.0–

20.0, and >20.0 µm) and different combination of chl𝑎!"#$. The resulting RRMSEs were 4.9% 

and 4.0%, and therefore the differences in the CSD slope among the combinations of filters 

were negligible. 

 

2.3.2. Empirical development of the CSD model 

The in situ CSD slope ranged from 0.42 to 2.43. Note that smaller CSD slope values 

indicate phytoplankton assemblages with larger size, and vice versa. Figure 2.4 shows the 

relationship between the CSD slope and spectral shape of 𝑎!"
!"# 𝜆 . It is clear that there are 

differences in 𝑎!"
!"# 𝜆  accompanying the variation of CSD slope. For instance, smaller CSD 

slope values show remarkably higher values of 𝑎!"
!"# 𝜆  between 400 and 430 nm than do 

larger values of the CSD slope. In addition, 𝑎!"
!"# 𝜆  values associated with smaller CSD slope 

values are higher than those of larger CSD slope values between 660 and 690 nm. These 

differences in 𝑎!"
!"# 𝜆  were mainly due to a coupling of the packaging effect and pigment 

component, which is strongly affected by phytoplankton cell size and species composition, as 

described by Ciotti et al. (2002) and Wang et al. (2015).  

In addition to 𝑎!"
!"# 𝜆 , chla was also employed to conduct PCA for capturing 

features of phytoplankton assemblage which vary with phytoplankton size structure. Initially, 

PCA was conducted for 𝑎!"
!"# 𝜆  at 10 MODIS bands and chla; however, the estimation 

accuracy of the QAA-v6 became quite poor at longer wavelengths such as 645, 667, and 678 

nm with huge RRMSE values of 67.2, 77.9, and 58.1%, respectively (Table 2.3). Therefore, 

only 𝑎!"
!"# 𝜆  at the seven shorter wavelengths of 412, 443, 469, 488, 531, 547, and 555 nm and 

chla were used as input values of 𝑎!"
!"# 𝜆  for developing the CSD model. 

To capture the variances in 𝑎!"
!"# 𝜆  and chla, PCA was conducted against these two 

parameters. The first four PC modes explained 98.9% of the total variance in these parameters. 

The first mode captured 83.1% and its variance was mostly driven by chla (Figure 2.5a). The 

second mode explained 10.7% of the total variance and 𝑎!"
!"# 𝜆  shows an positive peak at 443 

nm followed by slightly lower values at 412 and 469 nm (Figure 2.5b). The third mode 

explained 3.6% of the total variance in 𝑎!"
!"# 𝜆 . This mode shows both negative and positive 

peaks at 𝑎!"
!"# 443  and 𝑎!"

!"# 531  (Figure 2.5c). The fourth mode explained only 1.4% of the 

total variance with an obvious positive peak at 𝑎!"
!"# 412  (Figure 2.5d). 

The first four PC scores derived from 𝑎!"
!"# 𝜆  at the seven wavelengths and the chla 
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were used to fit the logistic-type function, following which the model parameters 𝛽! and 𝐶! 

were determined. Comparison between the CSD slopes determined from in situ chl𝑎!"#$ and 

model-derived CSD slopes estimated from in situ 𝑎!"
!"# 𝜆  and chla shows good agreement 

(RRMSE = 21.6%); however, data scattering for higher CSD slope values is apparent (Figure 

2.6a). This might be because single combination of regression coefficients cannot capture the 

entire relationship between phytoplankton size structure, 𝑎!"
!"# 𝜆  and chla. When focusing on 

the average 𝑎!"
!"# 𝜆  at the MODIS bands, the 𝑎!"

!"# 𝜆  at 412 nm was higher than at 469 nm 

for smaller CSD slopes, and vice versa. These spectral features were also found in previous 

studies, and they were attributed to differences in pigment composition related to phytoplankton 

cell size (Ciotti et al., 2002). For such practical considerations, the dataset for model parameters 

was divided into two, according to the relationship between 𝑎!"
!"# 𝜆  at 412 and 469 nm, and 

then determined the model parameters for each dataset. Thus, the CSD model is defined as 

summarized in Table 2.4. The resulting relationship between in situ and modeled CSD slopes 

shows better agreement, for which the RRMSE was reduced significantly to 12.9% (Figure 

2.6b). Note that sampling locations of these two dataset were randomly distributed in latitude 

and longitude, suggesting geographic bias seemed negligible. 

The performance of the CSD model was examined by comparing measured CSD 

slope values determined from in situ chl𝑎!"#$ and matched up MODIS-derived CSD slope 

values. The resulting RRMSE between the measured and modeled CSD slope values was 25.2% 

(Figure 2.7). Although the CSD model relies on both the chla and spectral shape of 𝑎!"
!"# 𝜆 , the 

accuracy of the modeled CSD slope values could improved when more robust IOP algorithms 

are developed, because estimation of IOPs from satellite is still challenging issue. 

 

2.3.3. Velocities of shifts in CSD slope and chla 

Figure 2.8 shows the average CSD slope and chla values during the period from 

2002 to 2014. It can be seen that smaller CSD slope values are present in coastal upwelling 

regions such as in the areas of the Benguela and Humboldt currents, whereas larger CSD slope 

values are found in oligotrophic regions, especially subtropical gyres. In general, these global 

patterns of CSD slope exhibit an inverse relationship with chla, suggesting areas of high and 

low productivity are associated with the relative dominance of larger and smaller phytoplankton 

assemblages, respectively.  

The temporal trend of CSD slope values was derived as a simple linear regression 

slope of the monthly anomaly of CSD slope against time. Overall, 38.7% of the global oceans 

had significant increases or decreases during 2002–2017 (Figure 2.9a). An decreasing trend in 
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CSD slope, indicating a change toward a larger phytoplankton community, was found for 79.3% 

of these regions. A significant increasing or decreasing trend in chla was found in 32.4% of the 

global oceans for 2002–2017 (Figure 2.10a), with 84.0% of these regions exhibiting a 

increasing trend. The spatial gradient of CSD slope was relatively large along coastal regions 

and subtropical gyres resulting from dynamic changes in CSD slope with modest spatial 

gradients (Figure 2.9b). This global pattern of spatial gradient was consistent with that of chla 

(Figure 2.10b). 

It appeared that the velocities of CSD slope and chla depended strongly on their 

spatial gradients rather than on their temporal trends because the velocities showed clear inverse 

distributions with the spatial gradients. When the rates of temporal change and spatial gradient 

of the CSD slope were combined, the resulting median velocity of the CSD slope across the 

ocean was 463.3 km decade−1. This value is slightly higher than that of 383.1 km decade−1 for 

chla, but these velocities are mostly within the range of observed distribution shifts of the 

phytoplankton community (469.9 ± 115.3 km decade−1) reported by Poloczanska et al. (2013). 

The directions of shifts both in CSD slope and in chla show a mosaic distribution, suggesting 

that spatiotemporal variations of CSD slope and chla are non-uniform across the oceans. As 

species response to climate forcing is specific to the regional scale (Thackeray et al., 2010), a 

complex mosaic of the spatiotemporal variations of CSD slope and chla has the potential for 

providing assessments of species shifts that are more accurate. 

 

2.3.4. Comparison of velocities derived from CSD slope, chla and SST 

The SST shows significant temporal change in 40.3% of the global oceans, of which 

regions of warming and cooling account for 86.1 and 13.9%, respectively. The global median 

velocity of SST was 71.2 km decade−1 and this is approximately one fifth that of the CSD slope 

and chla, suggesting a modest movement of the isotherms compared with the shifts in CSD 

slope and chla. Note that the velocity of SST in this study was more than three times that 

reported in Burrows et al. (2011). This discrepancy was caused by differences in methods; i.e., 

this study used only significant trends (p < 0.05), and non-significant trends that result in low 

velocities were excluded. In fact, the median velocity of SST in this study was 39.1 km decade−1 

when both significant and non-significant trends were included. 

Although the direction of shift in SST also shows a complex pattern, which clearly 

differs from a simple poleward migration (Figure 2.11d), there are obvious regional differences 

in the directions of velocities among the CSD slope, chla, and SST. For instance, the directions 

of shifts in CSD slope and chla are largely consistent (Figure 2.12a), whereas the direction of 

shift in SST deviates from those of CSD slope and chla (Figure 2.12b and c), as shown in 
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histograms of angle differences between each pair of these parameters (Figure 2.13). Note that 

74.7% of angle difference between CSD slope and chla were within the range of ±45°, whereas 

those of CSD slope and SST, and chla and SST were 52.0 and 54.4%, respectively. The 

direction of shift in SST shows a patchy pattern in which some areas are comparable and others 

dissimilar to those of both CSD slope and chla, and specific patterns were not found in this 

study. Thus, the rates and directions of shifts in CSD slope and chla could explain the variations 

in species distribution that deviate from that of SST (Pinsky et al., 2013; Poloczanska et al., 

2013). 

 

2.4. Discussion 

2.4.1. Advantage of the CSD model for retrieving phytoplankton size structure  

Satellite-based estimation of spatiotemporal variation in phytoplankton size structure 

can contribute to better understanding of the biogeochemical and ecological responses to recent 

climate forcing (McClain, 2009). In this study, a CSD model was developed based on empirical 

relationships between the size distribution of chla, the spectral shape of 𝑎!"
!"# 𝜆  and chla 

concentration. This method enabled to derive the synoptic size structure of the phytoplankton 

community with sufficient accuracy using satellite remote sensing, based on the dataset 

obtained from a wide area of the North Pacific, Southern Ocean and Western Arctic Ocean, 

despite approximately one third the samples being obtained from the optically complex waters 

of the Western Arctic Ocean (Cota and Ruble, 2005; Matsuoka et al., 2011). It should be noted 

that the global distribution of 𝑎!" 𝜆  includes uncertainties in clear waters due to the 

estimation error by QAA. Although other IOP algorithms for 𝑎!" 𝜆  estimation such as 

Garver-Siegel-Maritorena (GSM) model might perform well, even in the clearest waters, the 

fixed shape estimation of 𝑎!" 𝜆  is not applicable to the CSD model. 

Compared with existing models, the CSD model has several advantages. First, the 

CSD model can avoid the estimation errors of 𝑎!" 𝜆  because the method requires 𝑎!" 𝜆  at 

shorter wavelengths, while the model proposed by Roy et al. (2013) depends on the accuracy of 

the 𝑎!" 𝜆  estimation at 676 nm, which generally contains significant error because of strong 

absorption by pure seawater (Lee et al., 2002). Second, the use of the spectral shape of 𝑎!"
!"# 𝜆  

enables to reduce the influence of non-algal components, whereas the 𝑏!" 𝜆 -based approach 

(Kostadinov et al., 2009) can be affected not only by phytoplankton but also by all other 

suspended particles (Stramski et al., 2004). In addition, the fraction of user-defined 

phytoplankton size classes can be derived with the CSD model according to Eq. (2.8), while 

most other models can retrieve only predefined size classes. Furthermore, the CSD model has 
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been developed using chl𝑎!"#$, which was determined by size-fractionated filtration. Although 

diagnostic pigment analysis (DPA) is frequently applied to classify phytoplankton size classes 

based on the photosynthetic pigment composition (Brewin et al., 2011; Hirata et al., 2011; Roy 

et al., 2013; Wang et al., 2015; Zhang et al., 2009), Brewin et al. (2014) reported that the DPA 

method had significant uncertainties. Therefore, the size-fractionated filtration-based method 

could be useful for obtaining more accurate phytoplankton size structure. Finally, the CSD 

model can represent the synoptic size structure of the phytoplankton community with one 

component, and hence the CSD slope is easily applicable to ocean biogeochemical models for 

retrieving efficiency of the biological pump, and productivity of the marine ecosystem. 

 

2.4.2. Potential of the velocity of shift in phytoplankton size structure 

Species distributional shifts have been reported for a variety of organisms such as 

mollusks, fish, birds, and mammals (Grebmeier et al., 2015a; Przeslawski et al., 2012), and their 

shifts have often been linked to temperature increases as expectations include simple poleward 

migration (Chen et al., 2011; Parmesan, 2007). However, in terms of a warming perspective, 

unexpected equatoward and shallower migrations have been observed (Bates et al., 2014; 

Lenoir and Svenning, 2015); thus, the complex mosaic of local velocity of SST is believed to 

represent a powerful tool for evaluating the variability in species distribution (Burrows et al., 

2011). Recent studies have applied the velocity of SST to the expectation of species range shifts 

(Pinsky et al., 2013; Poloczanska et al., 2013). They found that some distributional shifts could 

be explained clearly by the velocity of SST, whereas others shows independent changes, 

attributable to the difference sensitivities and strategies of marine organisms (Philippart et al., 

2011). VanDerWal et al. (2012) reported that the expectation of shifts in species distributions 

driven by temperature alone is likely to underestimate the actual shifts. Moreover, Sunday et al. 

(2015) revealed that the velocity of SST explained some of the variation in the range of shifts; 

however, including species traits more than doubled the explained variation. These facts suggest 

that adopting an approach that is more practical than the velocity of SST is required for better 

prediction of species shifts. 

Trophic transfer efficiency describes the efficiency with which energy is transferred 

from one trophic level to the next (Lalli and Parsons, 1997) and it might control species 

distribution through changes in the food web structure (Kędra et al., 2015). As the size structure 

of the phytoplankton community can have considerable effect on determining trophic transfer 

efficiency, the spatiotemporal variations of CSD slope and chla are considered as important 

factors that could potentially cause species distribution shifts. In this study, both the rates and 

directions of the velocities of CSD slope and chla showed clear regional differences with those 
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of SST. These findings imply that the velocities of CSD slope and chla could constitute 

powerful tools for predicting species distribution shifts that deviate from isothermal movement. 

Furthermore, an approach that combines the velocity of phytoplankton size structure with SST 

might contribute to predicting species distribution shifts that are more accurate than existing 

approaches, which consider only variations in species thermal niches. 

Numerous time series are currently being stored with the aim of monitoring the 

effects of climate change. Although species responses to climate change have been extremely 

variable across ocean regions and taxonomic groups (Parmesan and Yohe, 2003; Poloczanska et 

al., 2013), understanding the pattern of variation and identifying where and when species will 

respond to climate forcing is essential for managing proactively changes in fisheries resources 

and to meet conservation goals (Sunday et al., 2015). In consequence, as large proportions of 

species within marine ecosystem undergo distributional shifts (Sunday et al., 2012), the 

provision of a cost-effective and relatively rapid integrated assessment of such shifts will be 

required (Van der Putten et al., 2010). Therefore, techniques for assessing species distribution 

shifts are currently garnering considerable attention (Bates et al., 2013; Lenoir and Svenning, 

2015). In addition to the challenges involved in predicting species shifts, large gaps remain in 

the knowledge of species responses to climate change. This study provides compelling evidence 

regarding the potential for using phytoplankton size structure in assessing the persistence and 

migration of species distributions, which could contribute to the generation of global and 

regional maps of the expected rates and directions of species shifts that have improved 

accuracy. 

 

2.5. Conclusions 

This chapter proposed a CSD model to derive the synoptic size structure of the 

phytoplankton community using satellite remote sensing data. The CSD model is based on the 

relationship between phytoplankton size structure and its spectral absorption properties. The 

validation results showed that the CSD model performed with sufficient accuracy. Although 

satellite-derived CSD slope contains uncertainties, especially in clear waters, the CSD model 

has been demonstrated as a powerful tool for monitoring marine ecosystems through the 

synoptic size structure of the phytoplankton community. Recent evident deviations from 

uniform species shifts appear related to various environmental drivers, suggesting that a 

multifaceted approach, rather than using the velocity of SST, is probably required to assess 

species migration and persistence properly. Therefore, a new approach combining the velocity 

of phytoplankton size structure with other factors, including the velocity of SST, might 

contribute toward producing predictions of species distribution shifts with improved accuracy. 
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Overall, these results could help generate global and regional maps of the expected rates and 

directions of species shifts.  
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Table 2.1. Cruises information and number of data obtained during each cruise. 

Cruise period Cruise ID Vessel name 
Number of data 

Water 
sample 

Spectral 
radiation 

22 Nov.–12 Dec. 2000 JARE-42 JMSDF Shirase 19  6 
 16–25 Feb. 2002 JARE-43 JMSDF Shirase 10  9 
 25 Jan.–9 Feb. 2003 UM0203 T/S Umitaka-maru 15  14 
 22 Feb.–6 Mar. 2003 JARE-44 R/V Tangaroa 9 

 
6 

 1–21 Jan. 2005 UM0405 T/S Umitaka-maru 16  11 
 5–22 Jan. 2006 UM0506 T/S Umitaka-maru 10  7 
 25 Jul.–14 Aug. 2007 OS180 T/S Oshoro-maru 20  20 
 27 Dec. 2007–12 Feb. 2008 UM0708 T/S Umitaka-maru 21  15 
 13–25 Jan. 2009 UM0809 T/S Umitaka-maru 9  7 
 18 Aug.–18 Sep. 2009 KH-09-4 R/V Hakuho-maru 16  16 
 11 Sep.–10 Oct. 2009 MR09-03 R/V Mirai 12  12 
 03 Jun.–07 Jul. 2010 OS216 T/S Oshoro-maru 21  17 
 04 Sep.–13 Oct. 2010 MR10-05 R/V Mirai 28  28 
 09–11 May 2011 KT-11-07 R/V Tansei-maru 8  7 
 08 Jun.–07 Jul. 2011 OS229 T/S Oshoro-maru 25  24 
 17–18 Jun. 2012 US260 T/S Ushio-maru 8  7 
 06–08 Aug. 2012 US263 T/S Ushio-maru 10  8 
 13 Sep.–02 Oct. 2012 MR12-E03 R/V Mirai 12  12 
 23 Jun.–17 Jul. 2013 OS255 T/S Oshoro-maru 26  24 
 31 Aug.–04 Oct. 2013 MR13-06 R/V Mirai 32  32 
 10–12 Oct. 2013 ARAON-EJS Icebreaker ARAON 9  7 
 08–30 Jun. 2014 Mu14 R/V Multanovski 16  16 
 08–23 Mar. 2015 KH-15-1 R/V Hakuho-maru 12   12   
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Table 2.2. Summary of filters that were used to obtain chl𝑎!"#$ during each cruise. 

Cruise ID 20 µm 10 µm 5 µm 2 µm GF/F 
JARE-42 × ×  × × 
JARE-43 × ×  × × 
UM0203 × ×  × × 
JARE-44 × ×  × × 
UM0405  ×  × × 
UM0506  ×  × × 
OS180 × 

 
× 

 
× 

UM0708 ×  ×  × 
UM0809  ×  × × 
KH-09-4 

 
× 

 
× × 

MR09-03 
 

× × × × 
OS216 

 
× × × × 

MR10-05 
 

× × × × 
KT-11-07 

 
× × × × 

OS229 
 

× × × × 
US260 

 
× 

 
× × 

US263 
 

× 
 

× × 
MR12-E03 × × × × × 

OS255 × 
  

× × 
MR13-06 × × 

 
× × 

ARAON-EJS × 
  

× × 
Mu14 × 

  
× × 

KH-15-1 ×     × × 
 

Table 2.3. Summary of performance of QAA-v6 at MODIS bands. R2 and RRMSE were 

calculated in log10 space after omitting minus values. 

 
Wavelength [nm] 

 
412 443 469 488 531 547 555 645 667 678 

Number of minus value 31 31 36 28 78 77 86 14 44 83 

R2 0.68 0.71 0.59 0.61 0.57 0.62 0.57 0.00 0.01 0.01 

RRMSE [%] 20.3 19.0 19.7 21.2 20.5 15.8 15.4 67.2 77.9 58.1 
 

Table 2.4. Model parameters for Eq. (2.12). Note that coefficients for 𝑎!"
!"# 𝜆  at MODIS 

bands are from 𝐶! to 𝐶!, and coefficient for chla is 𝐶!. 

 
Model parameters 

 
𝛽! 𝐶! 𝐶! 𝐶! 𝐶! 𝐶! 𝐶! 𝐶! 𝐶! 

𝑎!"
!"# 412  ≥  𝑎!"

!"#469 -0.209 0.426 -0.567 0.312 -0.185 0.523 -0.092 -0.418 0.064 
𝑎!"
!"# 412  <  𝑎!"

!"#469 -0.285 0.215 -0.457 0.404 -0.128 0.300 -0.059 -0.275 0.100 
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Figure 2.1. Location of sampling stations where in situ data were obtained for this study. 

 

Figure 2.2. Variations in the chla fractions of the three phytoplankton size classes 

(microplankton (Fmicro), nanoplankton (Fnano) and picoplankton (Fpico)) as a function of the CSD 

slope. 
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Figure 2.3. The comparison of CSD slope derived from three typical chl𝑎!"#$ which were 

divided by the filters of 0.7, 2.0 and 20 µm pore size, and two different combinations of 

chl𝑎!"#$: (a) chl𝑎!"#$ divided by the filters of 0.7, 2.0 and 10 µm pore size; and (b) 0.7, 5.0 and 

20 µm pore size. Solid and dashed lines represent the 1:1 agreements and regression lines, 

respectively. 

 

Figure 2.4. The relationship between 𝑎!"
!"# 𝜆  spectra and CSD slope. Colored solid lines 

represent average 𝑎!"
!"# 𝜆  for each CSD slope values; cool colors indicate larger 

phytoplankton size structure, and vise versa.   
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Figure 2.5. Loading factors of the first four PC modes derived from 𝑎!"
!"# 𝜆  and chla. CR 

represents the contribution rate of variance.  

 

Figure 2.6. Comparison between in situ and modeled CSD slope using the CSD slope: (a) 

before; and (b) after involving a condition branch. Black and red solid lines represent the 1:1 

agreements and regression lines, respectively. Dotted and dashed lines represent ±20% and 

±35% ranges.  
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Figure 2.7. Comparison of in situ CSD slope values determined from in situ chl𝑎!"#$ and 

matched CSD slope derived from MODIS-observed satellite data. Black and red solid lines 

represent the 1:1 agreements and regression lines, respectively. Dotted and dashed lines 

represent ±20% and ±35% ranges.  

 

Figure 2.8. Global distribution of average (a) CSD slope and (b) chla over 2002–2017. 
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Figure 2.9. Global distribution of (a) temporal trend (b) spatial gradient (c) velocity and (d) 

direction of CSD slope. White shows the area with non-significant (p > 0.05) temporal trend for 

the period 2002–2017. 
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Figure 2.10. Global distribution of (a) temporal trend (b) spatial gradient (c) velocity and (d) 

direction of chla. White shows the area with non-significant (p > 0.05) temporal trend for the 

period 2002–2017. 
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Figure 2.11. Global distribution of (a) temporal trend (b) spatial gradient (c) velocity and (d) 

direction of SST. White shows the area with non-significant (p > 0.05) temporal trend for the 

period 2002–2017. 
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Figure 2.12. Distribution patterns of differences in direction of velocity between: (a) CSD slope 

and chla; (b) CSD slope and SST; and (c) chla and SST. White and gray areas show the area 

with non-significant (p > 0.05) trend in both and either of two velocities, respectively.  
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Figure 2.13. Histograms of angle differences shown in Figure 2.12: (a) CSD slope and chla, (b) 

CSD slope and SST, and (c) chla and SST.   
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Chapter 3  

Impact of spatiotemporal variability in phytoplankton size 
structure on benthic macrofaunal community 

in the Pacific Arctic 
 

3.1. Introduction 

Growing evidence of changes in the marine environment for the last several decades 

in the Pacific Arctic has been the focus of the international Distributed Biological Observatory 

(DBO; Moore and Grebmeier 2017). Recent reductions in Arctic sea ice cover have been most 

pronounced in the continental shelf region of the Pacific Arctic (Steele et al., 2008; Frey et al., 

2015), accompanied by increased ocean temperature, freshwater content, and Pacific water 

inflow (Wood et al., 2015; Woodgate and Weingartner, 2012). These variations within the 

marine environment influence the biomass and size structure of the phytoplankton community 

(Li et al., 2009; Wassmann et al., 2011). In the Pacific Arctic food webs, even small changes in 

the lower trophic levels would have cascading effects on the higher trophic levels owing to the 

short and efficient energy transfer pathway (Grebmeier et al., 2010); thus, bottom-up control on 

higher trophic levels is crucial (Schonberg et al., 2014). However, current knowledge on the 

changes in phytoplankton community structure and their impact on higher trophic levels is quite 

scarce. To fully understand the linkages and processes of ongoing changes in the Pacific Arctic 

ecosystem, it is necessary to clarify the complex biological interactions among the trophic levels. 

To this end, the spatiotemporal variability of phytoplankton assemblages and their impact on 

benthic organisms should be investigated.  

Benthic macrofauna are normally stationary in marine sediments, and thus their 

community patterns are strongly impacted by organic carbon transport from the overlying water 

column as well as lateral advection (e.g., Lovvorn et al., 2013; Mathis et al., 2014; Grebmeier et 

al., 2015b). Over the last several decades, the high macrofaunal biomass observed in benthic 

hotspots, ranging from southwest of St. Lawrence Island to Barrow Canyon, have been 

maintained by transport of large amounts of organic carbon into the sediments (Grebmeier, 

2012). Arctic benthic macrofauna rapidly consume the input of fresh algae (McMahon et al., 

2006; Sun et al., 2007; Morata et al., 2015); however, several studies have found that the input 

to the sediment is not consistently consumed by benthic organisms but rather is buried as a food 

bank by bioturbation or sedimentation (Josefson et al., 2002; Hansen and Josefson, 2003; 

Pirtle-Levy et al., 2009). In both cases, monitoring of the variations in phytoplankton, which is 

one of the primary organic carbon materials exported to benthic macrofauna, is a crucial issue to 

better understand the processes of occurring in changing Arctic ecosystems, although the food 
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bank process is likely to be dominant in the Pacific Arctic (McTigue and Dunton, 2014; North 

et al., 2014). 

Satellite ocean color remote sensing has been used to address a wide assortment of 

investigations ranging from local to global scales with various time series data sets (McClain, 

2009). Recent efforts have enabled us to monitor the spatiotemporal dynamics of phytoplankton 

size structure from space as well as chlorophyll-a (chla) content (Fujiwara et al., 2011; Hirata et 

al., 2011). It has been well documented that the inherent optical properties (IOPs) of seawater, 

such as the phytoplankton absorption coefficient (aph(λ)) and the particle backscattering 

coefficient (bbp(λ)), are strongly affected by the size structure of the phytoplankton community 

(Bricaud and Morel, 1986; Ciotti et al., 2002). In the last decade, various IOP-based methods 

for retrieving the phytoplankton size structure have been proposed and are anticipated to 

contribute to a better understanding of the diverse responses of marine ecosystem components 

to climate forcing and associated potential feedback (Wang et al., 2015; Fujiwara et al., 2016). 

In chapter 2, the chla size distribution (CSD) model which estimates the synoptic size structure 

of phytoplankton community based on the spectral feature of aph(λ). Although this model 

performs well in the global ocean, the IOPs are specific to regional water and vary with 

associated water mass components. A series of papers has suggested that the IOPs of Arctic 

waters are significantly different from those of temperate waters. For example, Matsuoka et al. 

(2007) reported that the relative contribution of aph(λ) to total non-water absorption is only 16% 

at 443 nm, whereas the contribution of absorption by colored dissolved organic matter (CDOM), 

aCDOM(λ), accounts for 76% of the total non-water absorption at that wavelength. They also 

revealed that the different pigment packaging and pigmentation prevail at higher latitudes 

compared with those in temperate waters (Matsuoka et al., 2007). Thus, the IOP-based methods 

developed in other areas should be optimized using in situ data obtained from the Pacific Arctic. 

In this chapter, influences of surface phytoplankton size structure on benthic 

macrofaunal biomass and distribution were investigated in the Pacific Arctic. A CSD model for 

the Pacific Arctic was developed using a dataset obtained in this region to retrieve the size 

structure of the phytoplankton community from space. In addition, the phytoplankton growth 

season was divided into two periods (i.e., bloom and post-bloom period), and the relationships 

of satellite-derived phytoplankton size structure during these two periods with the amount of 

organic carbon in the sediments were investigated. Based on the relationships, the impact of 

spatiotemporal variations in phytoplankton size structure on benthic macrofauna was evaluated.  
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3.2. Materials and methods 

3.2.1. In situ dataset for optimizing CSD model 

The CSD model for the Pacific Arctic was developed using in situ data collected 

during six cruises primarily occurring during late summer from 2007 to 2013 (Table 3.1). The 

sampling stations were widely spread from the sub-Arctic Bering Sea to the Beaufort Sea 

(Figure 3.1a). At each station, size fractionated chla (chlasize), aph(λ) and spectral radiance were 

measured. Seawater samples were collected from the sea surface using a clean plastic bucket. 

Seventy percent of these data were randomly selected for model tuning and the rest were 

preserved for model validation. Further details of in situ dataset for model development are 

described in section 2.2.1.  

 

3.2.2. In situ dataset for evaluating changes in benthic macrofauna 

Benthic macrofaunal biomass, sediment chla (top 0–1 cm of sediments), bottom 

water temperature and salinity were downloaded from the Pacific Marine Arctic Regional 

Synthesis (PacMARS) archive (http://pacmars.eol.ucar.edu) or the National Science Foundation 

(NSF) Arctic Data Center (https://arcticdata.io/). The dataset was obtained during the Canadian 

Coast Guard Ship (CCGS) Sir Wilfrid Laurier (SWL) cruise. In this chapter, macrofaunal dry 

carbon biomass (using conversion values from wet mass, formalin-preserved samples) was used 

to reduce the bias of calcium carbonate on the weight values (Grebmeier et al., 2015b). Detailed 

descriptions of the methods used for determining the macrofaunal biomasses and conversion 

factors are provided in Grebmeier and Cooper (2014a,b, 2017) and Grebmeier et al. (2015c). 

The dataset was obtained at 16 fixed, time series observation stations (SLIP1–5, UTBS1–4, and 

UTN1–7) (Figure 3.1b, Table 3.2) using the Coast Guard icebreaker Sir Wilfrid Laurier that 

were collected during summer 2000–2013, except in 2009 (Table 3.3). Note that since 2010 

these time series stations have been occupied annually as part of the Distributed Biological 

Observatory (DBO) Sir Wilfrid Laurier field program (Moore and Grebmeier, 2017).  

 

3.2.3. Satellite remote sensing data 

The latest (R2014.0) level-3 standard mapped images of remote sensing reflectance 

(Rrs(λ)) derived by Sea-Viewing Wide Field-of-View Sensor (SeaWiFS) and Moderate 

Resolution Imaging Spectroradiometer (MODIS)-Aqua were downloaded from the National 

Aeronautics and Space Administration (NASA) Ocean Biology Processing Group (OBPG). The 

data durations of Rrs(λ) were 1998–2007 and 2003–2013 for SeaWiFS and MODIS, respectively. 

As there are slight differences in the observation bands between SeaWiFS and MODIS, 

SeaWiFS-derived Rrs(λ) (λ = 412, 443, 490, 510, 555 and 670 nm) were resampled at 10 
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MODIS-bands (λ = 412, 443, 469, 488, 531, 547, 555, 645, 667 and 678 nm) using spline 

interpolation. In addition, the gaps in Rrs(λ) at each wavelength between the two different 

sensors were corrected following the method of Fujiwara et al. (2016) to avoid inter-mission 

bias. The 2003–2007 dataset was selected for the correction, which was the overlap period 

between missions. The aph(λ) values were derived from Rrs(λ) using the modified version of 

quasi-analytical algorithm. These aph(λ) values were then used as input parameters for the CSD 

model to derive the CSD slopes indicating the synoptic size structure of the phytoplankton 

community. In addition, chla concentration was computed from Rrs(λ) using the Arctic-OC4L 

algorithm (Cota, 2004). All ocean color products are daily averaged values with a 9 km 

resolution. 

Daily sea ice concentrations gridded at a 25 km resolution, which were derived from 

the Special Sensor Microwave Imager (SSMI)-Defense Meteorological Satellite Program 

(DMSP) using enhanced NASA Team algorithm (Cavalieri, 2000), were obtained from the 

National Snow and Ice Data Center (NSIDC) for 2000–2013. Sea ice concentrations were 

converted to 9 km resolution using nearest-neighbor interpolation to align the spatial resolution 

of the satellite data (Perrette et al., 2011). 

 

3.2.4. Optimizing of the CSD model 

The optimum CSD model for the Pacific Arctic was developed by same procedure 

with section 2.2.3 using in situ data obtained in the Pacific Arctic (Figure 3.1a; Table 3.1). 

Briefly, the principle component analysis (PCA) was applied to normalized aph(λ) (𝑎!"
!"# 𝜆 ) and 

then the CSD slope was quantified as a logistic-type regression model using the i-th principle 

component (PC) score (𝑆!) and regression coefficients (𝛽! and 𝛽!) between the CSD slope and 

PC scores as follows: 

𝜂 = 𝛽! + exp 𝛽!!
!!! 𝑆!

!!
, (3.1) 

where η and k represent the CSD slope and the number of PCs, respectively. Here, 𝑆! can also 

be expressed as follow: 

𝑆! = 𝑤!,!𝑎!"
!"# 𝜆!!

!!! , (3.2) 

where 𝑤!,!  and 𝑎!"
!"# 𝜆!  are the loading factors for 𝑆!  and 𝑎!"

!"# 𝜆  at wavelength j, 

respectively. Thus, an equation was obtained by replacing 𝑆! in Eq. (3.1) with Eq. (3.2): 

𝜂 = 𝛽! + exp 𝐶!!
!!! 𝑎!"

!"# 𝜆!
!!

, (3.3) 
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𝐶! = 𝛽!𝑤!,!!
!!! . (3.4) 

Finally, the CSD slope is derived from Eq. (3.3) using the model parameters of 𝛽! 

and 𝐶!.  

 

3.2.5. Evaluation of changes in benthic macrofauna 

To evaluate long-term changes in macrofaunal community biomass at the benthic 

hotspots, average macrofaunal biomass was derived as the mean value of macrofaunal biomass 

obtained at the benthic hotspots each year from 2000 to 2013. In addition, the centroid of 

macrofaunal habitat as an indicator of the synoptic macrofaunal distribution, based on biomass, 

was calculated by following the method described in Pinsky et al. (2013). The latitudinal 

centroid of the macrofaunal habitat was defined as the biomass-weighted average latitude (latc) 

and was obtained from 16 fixed stations for individual years as follows: 

𝑙𝑎𝑡! = 𝑏𝑖𝑜𝑚! ∙ 𝑙𝑎𝑡!!"
!!! 𝑏𝑖𝑜𝑚!

!"
! , (3.5) 

where biomi and lati are macrofaunal biomass and latitude at the ith station, respectively. Note 

that the latc calculation strongly relies on the range of input values. As lati varies within a 

narrow range from 62.01 to 68.00°N (Table 3.2), the variation in lati tends to be less sensitive to 

variations in macrofaunal biomass. Thus, a magnitude of shift in latc is not as important as the 

temporal trend for evaluating synoptic variation in the macrofaunal distribution. 

In this chapter, phytoplankton size structure during the bloom and post-bloom period 

were focused on. Because the sea ice-associated spring bloom generally lasts for two weeks 

(Niebauer et al., 1995), the bloom period was defined as 14 days from the date of sea ice retreat. 

In contrast, the post-bloom period was defined as the period from the end of the bloom period to 

the date of sea ice production. The date of sea ice retreat and sea ice production were defined as 

the last date when the sea ice concentration fell below 10% (Fujiwata et al., 2016) and one day 

after the last date when the sea ice concentration below 10% after the sea ice retreat. The CSD 

slopes during the bloom and post-bloom periods were calculated using daily satellite data across 

the Pacific Arctic, and the average values within 3 × 3 pixel (27 × 27 km) subsets centered on 

the macrofaunal sampling location were extracted to investigate the relationships of these 

satellite-derived CSD values with in situ macrofaunal biomass and sediment chla. Additionally, 

to evaluate the relationship between macrofaunal distribution and the phytoplankton size 

structure during the bloom and post-bloom periods, the latitudinal centroid values of the CSD 

slope during these two periods were also derived by Eq. (3.5) using the extracted CSD slope 

values during the two periods at the macrofaunal sampling location instead of macrofaunal 

biomass. Note that a variation in latc of the CSD slope tends to be unremarkable compared with 
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the macrofaunal biomass because the range of CSD slope values is much narrower than that of 

macrofaunal biomass. 

 

3.3. Results 

3.3.1. Development of optimized CSD model 

A total of 97 of the 139 samples were used to optimize the performance of the CSD 

model in the Pacific Arctic. PCA was applied to 𝑎!"
!"# 𝜆  and the first four PC scores were used 

to determine the model parameters β0 and Cj by logistic-type multiple regression analysis. The 

resulting model parameters are summarized in Table 3.4.  

The performance of the optimized CSD model was examined by comparing the 

measured CSD slope, which was determined from in situ Chlasize, and the modeled CSD slope, 

which was estimated from in situ Rrs(λ), using the rest of the 42 samples (Figure 3.2). The 

resulting relative root mean square error (RRMSE) between the measured and modeled CSD 

slope was 21.6%, which is slightly lower than the RRMSE of 25.2% reported in chapter 2. In 

addition, no significant relationship was found between RRMSE and aCDOM(λ) (p = 0.21). 

Moreover, the CSD model successfully retrieved the CSD slope within ±20% and ±35% ranges 

from measured the CSD slope value for 71.4% (30 of 42 samples) and 95.2% (40 of 42 

samples) of the validated data, respectively. Thus, the CSD model performed with sufficient 

accuracy for assessing the CSD slope in the Pacific Arctic. 

To reduce inter-mission uncertainties, a bias correction was conducted for ocean 

color products derived from the MODIS and SeaWiFS sensors. Bias and RRMSE were used to 

evaluate the effect of the conversion. Although there were apparent differences in ocean color 

products between the MODIS and default SeaWiFS data, the gaps in ocean color products 

between the MODIS and modified SeaWiFS data decreased after the bias correction (Table 3.5). 

Thus, an average of the MODIS and modified SeaWiFS data was used for the overlap period 

between the 2003–2007 missions. In addition, the modified SeaWiFS and MODIS data were 

adopted for 1998–2002 and 2008–2013, respectively. 

Figure 3.3 shows the distribution of the CSD slope and chla values during the bloom 

and post-bloom periods in the Pacific Arctic averaged for 2000–2013. In general, the CSD slope 

values during both periods were high/low and coincided with the low/high chla values. In 

addition, the CSD slope during the bloom period (Figure 3.3a) was apparently lower than that 

during the post-bloom period (Figure 3.3b). On the other hand, chla was higher during the 

bloom period (Figure 3.3c) than that during the post-bloom period. (Figure 3.3d) As a 

higher/lower CSD slope indicates smaller/larger phytoplankton size structure, the pattern in the 

CSD slope and chla suggests that higher chla is consistent with larger phytoplankton size 



 41 

structure, and vice versa. Overall, the spatiotemporal variations in CSD slope, namely 

phytoplankton size structure and chla, showed good agreement in the Pacific Arctic. 

 

3.3.2. Evidence of distributional shifts in benthic macrofauna 

Macrofaunal sampling was conducted at the benthic hotspots located on the 

continental shelf south of St. Lawrence Island (SLI), the Chirikov Basin (Chirikov), and the 

southeastern Chukchi Sea (Chukchi). These three benthic hotspots showed different patterns of 

temporal variation in average macrofaunal biomass between 2000 and 2013, with a significant 

decline south of SLI (Figure 3.4a), an increase further north in Chukchi (Figure 3.4c), and no 

significant trend in Chirikov (Figure 3.4b). Average macrofaunal biomass across these three 

regional hotspots exceeded 20 g C m−2 during 2000–2013 (Figure 3.4d, Table 3.6), with a 

significant (p < 0.05) increase for the combined dataset. However, average biomass at Chukchi 

in 2013 was an extreme outlier compared with the other years. A relatively short time series is 

prone to endpoint bias, which can occur when the first or last points of the time series are 

exceptionally high or low relative to the series as a whole (Gregg and Rousseaux, 2014). If the 

2013 value was removed from the trend analysis at Chukchi and the entire region, the average 

biomass across the whole region showed an insignificant trend for 2000–2012, whereas that of 

Chukchi held a significantly increasing trend. Consequently, average macrofaunal biomass 

across these three regional hotspots exceeded 20 g C m−2 during 2000–2013 (Figure 3.4d), 

accompanied by significant decreasing and increasing trends south of SLI and at Chukchi. 

These variations in macrofaunal biomass with time resulted in a significant northward shift in 

the latitudinal centroid of the macrofaunal habitat between 2000 and 2013 at these sites (Figure 

3.5), indicating that macrofaunal biomass across the Pacific Arctic is persistently high, but the 

latitudinal habitat of benthic macrofauna shifted toward the north at a rate of 0.05°N year−1 

during the study period. 

 

3.3.3. Relationship between CSD slope and sediment chla 

In situ sediment chla values obtained at the same stations as the macrofaunal samples 

ranged from 1.00 to 44.29 mg m−2 and were compared with the satellite-derived CSD slope and 

chla values during both periods. The satellite-derived CSD slope during the bloom and 

post-bloom periods varied from 0.36 to 1.01 and from 0.51 to 1.79, respectively. 

Satellite-derived chla was between 2.03 and 57.49 mg m−3during the bloom period, and 1.05 to 

18.01 mg m−3during the post-bloom period. The average CSD slope during the bloom period for 

2000–2013 was significantly (p < 0.05) lower than that during the post-bloom period. On the 

other hand, the average chla value during the bloom period from 2000 to 2013 was significantly 
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(p < 0.05) higher than that during the post-bloom period. Overall, a higher phytoplankton 

biomass was associated with a larger phytoplankton assemblage during the bloom period. Then 

phytoplankton biomass decreased with the decline in the proportion of larger phytoplankton to 

total phytoplankton during the post-bloom period. The satellite-derived CSD slope and chla 

during the two periods were significantly (p < 0.05) correlated with in situ sediment chla 

(Figure 3.6). However, Spearman’s rho statistic indicated that the satellite-derived CSD slope 

during the post-bloom period was better correlated with in situ sediment chla than with the 

others. This finding indicates that the spatiotemporal patterns in the size structure of 

phytoplankton are strongly related to patterns in the sediment chla. Therefore, the CSD slope 

during the post-bloom period was considered as an important correlate of the amount of food 

supplied to benthic macrofauna. 

 

3.3.4. Impact of phytoplankton size structure on macrofaunal distribution 

Temporal trends in the CSD slope during the bloom period at each benthic hotspot, 

and in the combined dataset, showed clearly increasing trends, except at the Chirikov hotspot 

(Figure 3.7), suggesting that the size structure of the phytoplankton community shifted toward 

smaller assemblage. On the other hand, the CSD slope during the post-bloom period 

significantly increased and decreased south of SLI and at Chukchi, whereas no variation was 

observed at Chirikov and the whole region. These results suggest that the phytoplankton 

assemblages south of SLI and Chukchi shifted toward domination by smaller and larger cells 

during 2000–2013, respectively. Specifically, the CSD slope values during the post-bloom 

period in 2000 and 2013 were 0.90 ± 0.17 and 1.29 ± 0.15 south of SLI, and 0.99 ± 0.10 and 

0.64 ± 0.07 at Chukchi, indicating that the Fmicro value derived using Eq. (2.8) decreased from 

0.48 ± 0.12 to 0.24 ± 0.08 south of SLI and increased from 0.41 ± 0.07 to 0.65 ± 0.04 at 

Chukchi. Consequently, the latitudinal centroid of the CSD slope during the post-bloom period 

shifted southward (Figure 3.8b) owing to the increasing and decreasing trends south of SLI and 

at Chukchi (Figure 3.7), whereas no significant variation was observed in the latitudinal 

centroid of CSD slope during the bloom period (Figure 3.7a). 

A significant relationship was detected between the CSD slope during the 

post-bloom period and macrofaunal biomass, although the relationship was not consistent over 

the Pacific Arctic owing to outliers observed at Chukchi: extremely high macrofaunal biomass 

(> 70 gC m−2) was observed at UTN-5 in 2006–2013 and UTN-2–4 in 2013 (Figure 3.9a). A 

direct comparison of the latitudinal centroid of the macrofaunal habitat with that of the CSD 

slope during the post-bloom period showed a clear inverse relationship (Figure 3.9b). These 

results suggest that macrofaunal biomass co-varied with phytoplankton size structure during the 
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post-bloom period and was strongly related with the spatiotemporal pattern in sediment chla. 

Additionally, the impact of variations in bottom water temperature and salinity on the 

macrofaunal biomass distribution was also investigated; however, no observable relationship 

was observed between the spatiotemporal variations of these factors and macrofaunal biomass 

due to the negligible temporal variation in both bottom temperature and salinity at each hotspot 

during 2000–2013 (Table 3.7). 

 

3.4. Discussion 

3.4.1. Remote estimation of phytoplankton size structure 

Because the size structure of phytoplankton is one of the most important factors 

affecting biogeochemical processes, various local and global methods for retrieving 

phytoplankton size structure from satellite data have been developed in the last decade. For 

example, an algorithm for deriving the ratio of algal biomass larger than 5 µm to the total 

phytoplankton biomass in the Pacific Arctic was developed by Fujiwara et al. (2011) and was 

used to understand the spatiotemporal variation in phytoplankton size structure in response to 

environmental changes (Fujiwara et al., 2016). However, this kind of knowledge is quite limited 

in the Pacific Arctic. Therefore, the results found in this chapter will contribute to a better 

understanding of the spatiotemporal variation in the phytoplankton size structure in the Pacific 

Arctic. 

A modified version of the CSD model was developed to successfully estimate the 

phytoplankton size structure in the Pacific Arctic from satellite data. In general, owing to the 

large amount of CDOM in coastal waters, the retrieved inherent optical properties, such as 

aph(λ) and bbp(λ), tend to include more errors in coastal areas compared with those in open ocean 

areas (Kostadinov et al., 2007). As the Pacific Arctic receives large amounts of freshwater 

containing CDOM delivered from rivers and the Bering Sea (Holmes et al., 2002; Eisner et al., 

2012), global bio-optical algorithms do not often perform well in this region (Wang and Cota, 

2003; Matsuoka et al., 2007). In this study, a modified version of the quasi-analytical algorithm 

proposed by Fujiwara et al. (2016) was applied to estimate aph(λ), and the validation results 

suggest that the modified CSD model performed with sufficient accuracy regardless of the 

magnitude of aCDOM(λ) (Figure 3.2). It has also been reported that pigment packaging and 

pigmentation at higher latitudes are different from those in temperate waters (Matsuoka et al., 

2007), resulting in estimation errors of the satellite algorithm based on inherent optical 

properties. The CSD model depends on the spectral shape of normalized aph(λ) for estimating 

the size structure of phytoplankton, and the variation in normalized aph(λ) is mainly caused by a 

coupling of the packaging effect and pigment composition (Wang et al., 2015). Because the 
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modified CSD model was developed using a dataset that covers a wide area and over several 

seasons in the Pacific Arctic (Figure 3.1a, Table 3.1), the model comprehensively captures the 

relationship between phytoplankton size structure and normalized aph(λ) controlled by the 

packaging effect and pigment composition in the study area. Therefore, the modified CSD 

model could be a powerful tool to estimate spatiotemporal variation in phytoplankton size 

structure in the Pacific Arctic.  

 

3.4.2. Current and future perspective of variations in phytoplankton community 

Micro-sized diatoms dominate the community composition during the spring bloom 

(Aizawa et al., 2005; Sukhanova et al., 2009), and a large part of annual primary production in 

the Pacific Arctic occurs at this time (Sakshaug, 2004). Therefore, the phytoplankton size 

structure during the bloom period was initially expected to largely be responsible for the amount 

of sediment chla. Nevertheless, the phytoplankton size structure during the bloom period was 

not well correlated with sediment chla (Figure 3.6a). Instead, a clear relationship was observed 

between phytoplankton size structure during the post-bloom period and sediment chla (Figure 

3.6b). Two factors could help explain this difference. First, the possibility that the difference in 

sediment chla was driven not by the amount of transported chla during the bloom period but 

that during the post-bloom period. The CSD slope during the bloom period was significantly (p 

< 0.05) lower than that during the post-bloom period. In addition, the range of the CSD slope 

values was relatively narrow during the bloom period (0.36–1.01) than that during the 

post-bloom period (0.51–1.79), and coefficients of variation in the CSD slope across the whole 

region were significantly (p < 0.05) lower during the bloom period than those during the 

post-bloom period, with averages for 2000–2013 of 20.0% and 26.2% during the bloom and 

post-bloom periods, respectively. These findings suggest that the large phytoplankton size 

structure was distributed homogeneously during the bloom period, whereas that of the 

post-bloom period exhibited a large variation among stations. The uniformly large 

phytoplankton size structure during the bloom period could have potential to transport chla to 

the sediments at all stations, resulting in a comparable distribution of sediment chla due to the 

equivalent ability of the biological pump. In contrast, the CSD slope during the post-bloom 

period varied within a wide range, and differences in phytoplankton size structure among 

stations could drive variations in sediment chla at each station. Based on these results, efficient 

carbon transport to the sediments driven by uniformly large phytoplankton size structure may 

occur all over the Pacific Arctic during the bloom period, and regionally small/large size 

structure of phytoplankton community could restricts/allows further carbon transport at the 

region in the post-bloom period. Second, the bloom and post-bloom periods were defined as 14 
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days from the date of sea ice retreat, and from the end of the bloom period to the date of benthic 

sampling, respectively. As benthic sampling was conducted in mid to late July (Table 3.3) and 

the sea ice retreated before mid-May in the study area, the time lag between the end of the 

bloom period and the date of benthic sampling was generally more than 1 month. During this 

time, benthic organisms would quickly assimilate some of the freshly settled chla during the 

bloom period (Ambrose and Renaud, 1995), and the rest could be buried as a food bank by 

bioturbation or sedimentation (Josefson et al., 2002; Hansen and Josefson, 2003; Pirtle-Levy et 

al., 2009). Sediment chla was determined by surface (top 0–1 cm) sediment samples; hence, 

chla content in the deeper layers was not reflected as sediment chla. 

Chla during both periods showed significant but weak relationship with sediment 

chla (Figure 3.6). In the Arctic, the seasonal drawdown of nutrients drives the seasonal shift in 

the phytoplankton sizes structure, from larger assemblage dominating in the spring to smaller 

assemblages in the summer (Moran et al., 2012). These variations in size structure associated 

with changes in species composition are linearly related with total biomass of the phytoplankton 

community (Eisner et al., 2016). However, Brugel et al. (2009) reported an exception of a 

different proportion of larger cells (>5 µm) in the phytoplankton community despite the same 

amount of its biomasses, suggesting that the typical relationship between biomass and size 

structure of a phytoplankton community does not always hold true. These findings may explain 

the reason why chla was less correlated with sediment chla than CSD slope, which is a more 

direct index of phytoplankton size structure. It is noteworthy that, according to Stoke’s Law, 

terminal velocity of sinking particle increases with the square of particle diameter if other 

parameters such as density and fluid of the particles are constant. Indeed, the CSD slope during 

the post-bloom period south of SLI varied from 1.04 ± 0.13 in 2000–2006 to 1.15 ± 0.17 in 

2007–2013 (Table 3.6), representing the terminal velocity became approximately one quarter in 

2007–2013 compared with in 2000–2006. Similarly, the CSD slope during the post-bloom 

period at Chukchi varied from 1.02 ± 0.14 in 2000–2006 to 0.79 ± 0.14 in 2007–2013 (Table 

3.6), indicating the terminal velocity in 2007–2013 was more than two and a half times as large 

as that in 2000–2006. These facts exhibit the importance of phytoplankton size structure in 

terms of phytoplankton settlement to the seafloor. 

Consequently, these findings suggest the importance of monitoring phytoplankton 

size structure in terms of the biogeochemical cycle in the Pacific Arctic. Notably, several 

studies have revealed continuous increases in annual primary production associated with a 

reduced extent of sea ice and the longer phytoplankton growth season in the Arctic (Arrigo et al., 

2008; Arrigo and van Dijken, 2011, 2015); however, it may not be directly linked with increases 

in food supply for benthic organisms because of the importance of the phytoplankton size 
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structure to organic carbon influx to the sediments. Although the spatiotemporal monitoring of 

phytoplankton size structure via satellite remote sensing has not been widely used in the Pacific 

Arctic, it has the potential to provide more effective conservation and prediction of marine 

ecosystem function. Moreover, modeling approaches integrating these satellite and field 

findings will be able to better address the response of the marine ecosystem to ongoing 

environmental changes associated with warming temperatures (Woodgate and Weingartner, 

2012; Woodgate et al., 2015) and sea ice loss (Stroeve et al., 2014). 

 

3.4.3. Factors driving the temporal variation in phytoplankton size structure 

Phytoplankton blooms in the seasonally ice-covered area in the Arctic were believed 

to begin after the sea ice retreats and the water column stratifies, providing sufficient light for 

photosynthesis (Sakshaug, 2004; Hill et al., 2005). In this chapter, the bloom period was defined 

as 14 days from the date of sea ice retreat to detect the blooms occurring in the marginal ice 

zone, which is the area where ice melt has just recently occurred. However, the recent shift from 

multi-year ice to thin first-year ice (Comiso et al., 2008; Stroeve et al., 2014) accompanying a 

significantly higher melt pond fraction in the Pacific Arctic (Polashenski et al., 2012) allows 

sufficient sunlight to penetrate for phytoplankton growth in the water column under the ice 

(Frey et al., 2011). Accordingly, a massive under-ice phytoplankton bloom has been frequently 

detected and widely occurs in recent years (Arrigo et al., 2012; Lowry et al., 2014), implying 

that under-ice phytoplankton blooms may utilize nutrients in the surface layer before the sea ice 

retreats (Fujiwara et al., 2016). This observation likely explains why the phytoplankton size 

structure during the bloom period shifted toward a smaller assemblage in the Pacific Arctic 

(Figure 3.7). Although the under-ice bloom has been growing in importance in this area, direct 

observations of the under-ice bloom from a satellite are a technically difficult issue. Therefore, a 

novel approach to monitor the spring bloom occurring under the sea ice could improve our 

knowledge of the biogeochemical and ecosystem dynamics in this region. 

Temporal trends in the phytoplankton size structure showed regional patterns during 

the post-bloom period (Figure 3.7). The phytoplankton size structure shifted toward a smaller 

assemblage with time south of SLI, whereas the opposite pattern was found in Chukchi. In the 

northern Bering Sea shelf south of the SLI hotspot, a less sharply stratified water column 

permits entrainment of nutrients into the surface layer in response to wind-induced mixing 

(Stabeno et al., 2010). As such a physical process is one of the most important factors related to 

biomass and size structure of the phytoplankton community in the region (Eisner et al., 2016), 

variations in the wind field would explain the variation in phytoplankton size structure south of 

the SLI hotspot. On the Chukchi shelf, Danielson et al. (2017) suggested a positive relationship 



 47 

between nutrients and northward volume flux through the Bering Strait. As the annual average 

volume flux through Bering Strait exhibited an increase in northward transport of ~50% from 

2001 to 2013 (Woodgate and Weingartner, 2012; Woodgate et al. 2015), the Chukchi hotspot 

could receive more nutrients from the northern Bering Sea shelf over time. Therefore, this 

increasing nutrient availability would support a larger size structure of the phytoplankton 

community in this region.   

 

3.4.4. Response of benthic macrofauna to food input 

There is a clear relationship between the phytoplankton size structure during the 

post-bloom period and macrofaunal biomass distribution in the Pacific Arctic, suggesting that 

the continuous influx of organic carbon to the seafloor through the bloom and post-bloom 

periods has an important influence on macrofaunal biomass in this region. In this study, 

higher/lower macrofaunal biomass was observed in the hotspot areas with larger/smaller size 

structure of coincident phytoplankton during the post-bloom period (Figure 3.9). However, 

extremely high macrofaunal biomasses were found at Chukchi during 2006–2013. In the Pacific 

Arctic, in addition to export of organic carbon from the overlaying water column to benthic 

organisms, lateral advection of organic carbon also plays important roles as a food source for 

benthic organisms (Grebmeier et al., 2015a,b; Lovvorn et al., 2016; Moore et al., in press). 

Strong currents through the Bering Strait slow down at Chukchi, and advected organic carbon 

from the Bering Sea is deposited to the seafloor at this site. Notably, stations that observed 

extremely high macrofaunal biomass are located at the western part of Chukchi, which are 

strongly influenced by productive Anadyr Water (Grebmeier et al., 2015b), resulting in a large 

amount of advected organic carbon settling in the sediments at the stations (Grebmeier et al., 

2015b). Considering recent increases in the northward flow through the Bering Strait 

(Woodgate et al., 2012, 2015), a combination of influx from the overlaying water column and 

lateral advection may explain the unclear process of extremely high macrofaunal biomass at 

these stations. 

The latitudinal centroid of the macrofaunal habitat shifted northward (Figure 3.5) 

because of the significant decrease and increase south of SLI and at Chukchi, respectively, with 

an insignificant trend at Chirikov during 2000–2013 (Figure 3.4). It is noteworthy that the pace 

of the northward shift in the macrofaunal habitat at the rate of 0.05°N year−1 was much faster 

than that of marine taxa in temperate regions of ~0.015°N year−1 (Pinsky et al., 2013), 

suggesting a drastic shift in macrofauna habitat in the Pacific Arctic compared with the global 

average. These spatiotemporal variations were clearly opposite to the phytoplankton size 

structure during the post-bloom period; namely, a significant decrease and increase in the 
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phytoplankton size structure south of SLI and at Chukchi, respectively (Figure 3.7). As the size 

structure of the phytoplankton community during the bloom period was homogeneously large 

(Figure 3.3 and 3.6), the continuous influx of organic carbon throughout the bloom and 

post-bloom periods could occur at the region that also exhibits a large phytoplankton size 

structure during the post-bloom period. During the ice-covered season, benthic macrofauna in 

the Pacific Arctic must rely on the food bank produced during in ice-free season and/or lateral 

advection of organic carbon from the ice-free area (Pirtle-Levy et al., 2009; Grebmeier et al., 

2015b), although the food bank likely predominates as the food source because of the negligible 

upstream production in winter (Shiomoto et al., 2002). Therefore, it is logical that the 

macrofaunal habitat shifted along with the variation in phytoplankton size structure during the 

post-bloom period to satisfy their year-round food demand. 

Based on the food bank hypothesis, the results found in this chapter suggest the 

importance of continuous influx of organic carbon for benthic macrofuana through a longer 

period in the Pacific Arctic. However, a conflicting hypothesis is the quick consumption of 

newly settled algae by benthic organisms. McMahon et al. (2006) and Sun et al. (2007) reported 

rapid consumption of fresh algae by benthic organisms in the Svalbard archipelago. 

Furthermore, Morata et al. (2015) reported results consistent with previous studies that benthic 

organisms increase their activities in response to the addition of fresh algae resulting in quick 

consumption of the input in the same region. Although the cause for these different hypotheses 

has not been provided, such findings seem reasonable for both hypotheses: most of the settled 

organic carbon is likely preserved in the sediments as a food bank for later utilization by benthic 

organisms based on the food bank hypothesis, whereas continuous influx of organic carbon may 

continue to satisfy the food demand of benthic organisms despite rapid consumption of fresh 

algae by benthic organisms based on conflicting studies. Overall, many intricacies exist in the 

benthic community in the Arctic and require integrated process studies to properly evaluate the 

dynamics of the food web, community structure, and the ocean system. 

 

3.5. Conclusions 

The Pacific Arctic has a unique food web structure in which a large proportion of 

primary productivity generated in the upper layer falls directly to the sea floor with little or no 

zooplankton grazing, resulting in a high benthic biomass and thereby a large proportion of 

benthic-feeding species. There was a significant relationship between sediment chla and 

phytoplankton size structure during the post-bloom period, suggesting that the continuous influx 

of organic carbon to the sediments during the bloom and post-bloom periods provides more 

food for benthic macrofauna. Indeed, the latitudinal shifts in macrofauna and phytoplankton size 
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structure were well correlated during 2000–2013. These results indicate that bottom-up forcing 

by the size structure of the phytoplankton community via vertical transport of surface organic 

carbon to the seafloor influences the benthic macrofaunal and, therefore, potentially impacts the 

upper trophic levels, such as marine mammals and diving seabirds, in the Pacific Arctic. 

Consequently, remote estimates of phytoplankton size structure will contribute to our 

understanding of the response of the Pacific Arctic ecosystem to ongoing environmental 

changes. 
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Table 3.1. Cruise information and number of samples (N) obtained during each cruise where 

size fractionated chlorophyll-a (chlasize), the phytoplankton absorption coefficient (aph(𝜆)), and 

spectral radiance of a total of 139 samples were collected. Note that the cruise period indicates 

the data span. 

Cruise period Cruise ID Vessel name N 
25 Jul.-14 Aug. 2007 OS180 T/S Oshoro-maru 20 
11 Sep.-10 Oct. 2009 MR09-03 R/V Mirai 13 
04 Sep.-13 Oct. 2010 MR10-05 R/V Mirai 28 
13 Sep.-02 Oct. 2012 MR12-E03 R/V Mirai 12 
23 Jun.-17 Jul. 2013 OS255 T/S Oshoro-maru 35 
31 Aug.-04 Oct. 2013 MR13-06 R/V Mirai 32 

 

Table 3.2. List of station names and locations of the sampling stations for the benthic 

macrofaunal and environmental data at each hotspot. 

Hotspot Station Latitude (°N) Longitude (°W) 
SLIP SLIP1 62.01  175.06  

 
SLIP2 62.05  175.21  

 
SLIP3 62.39  174.57  

 
SLIP5 62.56  173.55  

 
SLIP4 63.03  173.46  

Chirikov UT-BS5 64.67  169.92  

 
UT-BS2 64.68  169.10  

 
UT-BS4 64.96  169.89  

 
UT-BS1 64.99  169.14  

SECS UTN1 66.71  168.34  

 
UTN2 67.05  168.73  

 
UTN3 67.30  168.97  

 
UTN4 67.50  168.91  

 
UTN5 67.67  168.96  

 
UTN6 67.74  168.49  

 
UTN7 68.00  168.93  
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Table 3.3. Cruise information and number of data (N) for benthic macrofaunal biomass and 

conductivity–temperature–depth (CTD) data used in this study for the Canadian Coast Guard 

Ship (CCGS) Sir Wilfrid Laurier (SWL) cruises from 2000 to 2013 (excluding 2009, no data 

collected). CTD data were used for determining bottom water temperature and salinity. 

Cruise period Cruise 
N 

Infauna CTD 
19–23 Jul. 2000 SWL00 16 15 
17–20 Jul. 2001 SWL01 16 16 
15–18 Jul. 2002 SWL02 16 16 
14–18 Jul. 2003 SWL03 16 16 
15–19 Jul. 2004 SWL04 16 16 
14–18 Jul. 2005 SWL05 16 16 
12–17 Jul. 2006 SWL06 16 16 
14–17 Jul. 2007 SWL07 16 16 
16–21 Jul. 2008 SWL08 15 15 
16–19 Jul. 2010 SWL10 16 16 
15–18 Jul. 2011 SWL11 16 16 
14–16 Jul. 2012 SWL12 16 16 
13–20 Jul. 2013 SWL13 16 16 

 

Table 3.4. Model parameters (β0 and Cj in Eq. (3)) for estimating the CSD slope using 𝑎!"
!"# 𝜆 . 

 
Model parameters 

β0 C1 C2 C3 C4 C5 C6 C7 
aph(412) > aph(443) -0.291 0.324 0.018 -0.921 0.203 1.720 -0.194 -1.313 
aph(412) < aph(443) -0.342 0.302 0.031 -0.723 0.196 1.842 -0.201 -1.289 
 

Table 3.5. Statistics of differences in ocean color products between the SeaWiFS and MODIS 

data; average ± standard deviation. Original SeaWiFS and modified SeaWiFS represent 

differences in each product derived from the SeaWiFS data against the MODIS products before 

and after bias correction, respectively. Statistics of chla and aph(443) were compared in log10 

space.  

Product Original SeaWiFS Modified SeaWiFS 
Chla 0.07 ± 0.15 0.02 ± 0.12 
aph(443) -0.05 ± 0.16 -0.03 ± 0.13 
CSD slope -0.08 ± 0.08 0.00 ± 0.06 
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Table 3.6. Statistics of macrofaunal biomass (gC m-2), CSD slope during the bloom and 

post-bloom periods at each hotspot and the entire region; average ± standard deviation 

(coefficient of variance). 

Hotspot 
Macrofaunal biomass [gC m−2] 

CSD slope [no unit] 

Bloom period Post bloom period 

2000–2006 2007–2013 2000–2013 2000–2006 2007–2013 2000–2013 2000–2006 2007–2013 2000–2013 

South of SLI 19.1 ±3.9  
(20.4) 

15.7 ± 7.3 
(46.5) 

17.5 ± 6.0  
(34.3) 

0.72 ± 0.15 
(20.8) 

0.84 ± 0.12 
(14.3) 

0.78 ± 0.15 
(19.2) 

1.04 ± 0.13 
(12.9) 

1.27 ± 0.11 
(8.9) 

1.15 ± 0.17 
(14.8) 

Chirikov 23.5 ± 10.5  
(44.7) 

18.9 ± 13.5 
(71.4) 

21.5 ± 12.2 
(56.7) 

0.60 ± 0.11 
(18.3) 

0.65 ± 0.16 
(24.6) 

0.62 ± 0.14 
(22.6) 

0.76 ± 0.11 
(14.5) 

0.83 ± 0.12 
(13.9) 

0.80 ± 0.12 
(14.8) 

Chukchi 28.0 ± 15.2 
(54.3) 

40.7 ± 35.5 
(80.8) 

33.8 ± 27.3 
(80.8) 

0.64 ± 0.13 
(20.3) 

0.73 ± 0.14 
(19.2) 

0.68 ± 0.14 
(20.6) 

1.02 ± 0.14 
(13.7) 

0.79 ± 0.14 
(17.9) 

0.91 ± 0.18 
(20.0) 

Whole 24.1 ± 12.2 
(50.6) 

27.5 ± 27.5 
(100.0) 

25.7 ± 20.8 
(80.9) 

0.65 ± 0.12 
(18.5) 

0.74 ± 0.15 
(20.3) 

0.70 ± 0.14 
(20.0) 

0.96 ± 0.17 
(18.2) 

0.95 ± 0.25 
(26.4) 

0.96 ± 0.25 
(26.2) 

 

Table 3.7. Temporal trends in bottom water temperature and salinity at each hotspot and the 

entire region for 2000–2013. 

Hotspot 
Temperature [˚C] Salinity [psu] 

Slope Y-int. r2 p Slope Y-int. r2 p 
South of SLI -0.01  25.6 0.02 0.64 0.00  35.2 0.00 0.92 

Chirikov 0.00  9.5 0.00 0.95 -0.02  63.1 0.07 0.37 
Chukchi -0.04  73.1 0.02 0.64 -0.01  58.6 0.09 0.32 
Whole -0.02   38.5 0.01 0.71 -0.01   52.3 0.08 0.36 
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Figure 3.1. In situ observation stations for (a) optimizing the chlorophyll-a (chla) size 

distribution (CSD) model and (b) evaluating of changes in biomass and distribution of the 

benthic macrofauna. 

 

Figure 3.2. Comparison of in situ CSD slope values determined from in situ chlasize and 

modeled CSD slope derived from estimated 𝑎!"
!"# 𝜆  through a modified quasi-analytical 

algorithm using the in situ PRR data. Black and red solid lines represent the 1:1 agreements and 

regression lines, respectively. Dotted and dashed lines represent ±20% and ±35% ranges. Color 

of markers represents in situ measured aCDOM(443). 
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Figure 3.3. Average CSD slope and chla during the bloom and post-bloom periods for 2000–

2013: (a) The CSD slope during the bloom and (b) post-bloom periods, and chla during (c) the 

bloom and (d) post-bloom periods. Crosses represent the location of the time series observation 

stations. Here, the post bloom-period was defined as the period from the end of the bloom 

period to the date of sea ice was produced. 
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Figure 3.4. Temporal trends in the average macrofaunal biomass with standard error bars at (a) 

south of SLI, (b) Chirikov, (c) Chukchi, and (d) the whole region during 2000–2013. Solid and 

dashed lines indicate significant (p < 0.05) and insignificant (p ≥ 0.05) trends, respectively. 

Statics and regression lines in (c) and (d) were derived as time-series of 2000–2012 because 

outlier was observed at Chukchi in 2013. 

 

Figure 3.5. Temporal variation in the latitudinal centroid of the macrofaunal habitat. Black line 

and annotations represent regression line and statistics for 2000–2012 because outlier was 

observed at Chukchi in 2013. 
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Figure 3.6. Relationship of in situ sediment chla (top 0–1 cm of sediments) with the 

satellite-derived CSD slope during (a) the bloom and (b) post-bloom periods and 

satellite-derived chla during (c) the bloom and (d) post-bloom periods. 

 

Figure 3.7. Temporal trends in the average CSD slope during the bloom (upper row) and 

post-bloom period (lower row) with standard error bars at south of SLI (a, e), Chirikov (b, f), 

Chukchi (c, g), and the entire region (d, f) for 2000–2013. Solid and dashed lines indicate 

significant (p < 0.05) and insignificant (p ≥ 0.05) trends.  
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Figure 3.8. Tenporal trends in latitudinal centroid of CSD slope during (a) the bloom and (b) 

post-bloom periods. Solid and dashed lines indicate significant (p < 0.05) and insignificant (p ≥ 

0.05) trends. 

 

Figure 3.9. Relationships between (a) macrofaunal biomass and CSD slope during the 

post-bloom period, and (b) latitudinal centroids of the macrofaunal habitat and CSD slope 

during the post-bloom period. Latitudinal centroids in 2013 were removed in (b). 
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Chapter 4 

Growth and physiological responses of a common Pacific 
Arctic bivalve to different food supplement patterns 

 

4.1. Introduction 

Climate warming has accelerated over the past several decades, causing increases in 

global surface temperatures of about 0.2 °C per decade (Hansen et al., 2006). The greatest 

changes have been recorded in the Arctic, where the temperatures have risen at approximately 

three times the global average rate (Steele et al., 2008). Such ocean warming promotes 

shrinking ice coverage (Comiso et al., 2008) and earlier ice retreat in the Arctic (Perovich and 

Richter-Menge, 2009). The initiation of sea ice retreat is important for the timing, quality and 

quantity of primary production, and subsequently food webs by influencing the standing stock 

of zooplankton (Hunt et al., 2002; 2011), which will in turn affect the direct, ungrazed 

deposition of phytoplankton and subsequently benthic organisms (Grebmeier, 2012; Nelson et 

al., 2009). Indeed, Moran et al. (2012) reported that with sea-ice cover the spring blooms were 

characterized by a less recycling with little or no grazing by zooplankton and greater export and, 

therefore, stronger pelagic–benthic coupling; on the contrary, in the case of open-water 

conditions, blooms were characterized by a greater carbon cycling in the water column via 

grazing impact of zooplankton and lower export to the seafloor, and consequently reduced 

pelagic–benthic coupling. Historically, the Pacific Arctic is characterized by tight pelagic–

benthic coupling (Grebmeier and McRoy, 1989; Grebmeier et al., 1988) and up to 70% of 

primary production reached the seafloor in the Chukchi Sea (Walsh et al., 1989), while ongoing 

reduction of sea ice and earlier sea ice retreat would result in more intensive grazing by 

zooplankton and then less fresh algal settles to the bottom (Grebmeier et al., 2006; Lalande et 

al., 2007). Thus, the character of food web structure in the Pacific Arctic is expected to shift 

toward pelagic-oriented because of the earlier onset of ice melt (Kędra et al., 2015).  

Dependence of benthic macrofauna on a large pool of persistence sediment organic 

matter referred to as a food bank has been documented in a range of environments at polar 

latitudes (Byrnes, 2006; Josefson et al., 2002; Mincks et al., 2005; North et al., 2014). However, 

fresh ice algae and phytoplankton may be important sources of certain essential fatty acids 

(FAs) required for benthic macrofaunal growth and reproduction (Hayakawa et al. 1996, 

McMahon et al. 2006, Sun et al., 2007, 2009), whereas reworked organic matter comprising 

major part of food bank are less nutritious than fresh microalgae, with higher C:N ratio (Turner, 

2002) and lower content of polyunsaturated fatty acids (PUFAs) (Najdek et al., 1994). Although 

major pulses of settling fresh algae had little effect on the consistent fraction of sediment 
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organic matter assimilated by benthic deposit-feeders year-round (North et al., 2014), variation 

in pattern of phytoplankton settled to the seafloor could be crucial factor in terms of biomass 

and abundance of benthic macrofauna in the Pacific Arctic. 

In chapter 3, the size structure of phytoplankton during the post-bloom period was 

significantly correlated with sediment chlorophyll-a (chla) concentration, suggesting that the 

amount of phytoplankton settlement to the seafloor was strongly related to phytoplankton size 

structure after the spring bloom. In addition, the distribution of benthic macrofuna was shifted 

toward north for 2000–2013 in the Pacific Arctic, which was well correlated with the 

phytoplankton size structure during the post-bloom period. Following two processes would 

explain this fact. First, more food bank that supports more benthic macrofaunal biomass could 

be made in the region where larger phytoplankton size structure was maintained not only during 

the bloom period but also during the post-bloom period, and vice versa. Second, larger 

phytoplankton size structure during the post-bloom period could keep providing PUFAs by 

continuous influx of fresh phytoplankton for longer duration, resulting in better growth and 

reproduction succession of benthic macrofauna. To the best of current knowledge, it is remain 

unclear that either or both of these two processes have driven distributional shift in benthic 

macrofauna, but the issue is required for better understanding about variations in marine 

ecosystem in the Pacific Arctic.  

The goal of this chapter is to examine the effects of variation in food availability on 

the growth and physiological condition of benthic macrofauna in the Pacific Arctic. To 

investigate the response of benthic macrofauna to different patterns in availability, in addition to 

in situ and satellite observations, a factorial experiment was conducted exposing a common 

Pacific Arctic bivalve Macoma calcarea (Gmelin, 1791) to differences among several 

experimental setups. The density of M. calcarea is a key indicator of food availability for 

benthivorous upper trophic levels in both the northern Bering Sea (Jay et al., 2012) and northern 

Chukchi Sea (Beatty et al., 2016; Young et al., 2017); hence, understanding growth and 

physiological response of M. calcarea to environmental variations is considered as one of the 

most crucial factors for evaluating changes in marine ecosystem in the Pacific Arctic. 

 

4.2. Materials and methods 

4.2.1. Study site 

Field observations were conducted at the Pacific Arctic around St. Lawrence Island, 

Chirikov Basin, and Bering Strait during a cruise of the T/S Oshoro-maru in the summer 2017. 

During the cruise, bivalve was collected at five stations (Figure 4.1, Table 4.1) using a Smith 

McIntyre Grab sampler. At each station, at least three grabs were collected for bivalve 
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collection. In addition, conductivity–temperature–depth (CTD) measurements were collected 

with a calibrated Sea-Bird Electronics, Inc. (SBE) CTD sensor from 5 m above of seafloor to 5 

m beneath of sea surface at each station.  

 

4.2.2. Bivalve collection and pre-experimental holding conditions 

A common Pacific Arctic bivalve Macoma calcarea was employed in this chapter as 

one of the most typical benthic macrofauna in the Pacific Arctic. At least 20 individuals 

obtained at each five station were immediately stored frozen for post-cruise measurements. The 

rest of clams collected at sea were maintained in groups at most 50 individuals in 10 L tanks 

with bubbling at 4 °C for the reminder of the cruise. Daily maintenance for the bivalves 

included alternating water changes, in which half the volume of water was removed every other 

day and replaced with fresh seawater. During the cruise and also post-cruise experiment, 

artificial seawater, made from Instant Ocean™ (Spectrum Brands, Inc., Blacksburg, Virginia) 

sea salt and then controlled to be a similar salinity (32.5 psu) as the bottom water in which the 

clams were collected, was used.  

 

4.2.3. No-incubation measurements 

Shell length and weight of in situ obtained clams were measured at laboratory. Shell 

length (to the nearest hundredth of a mm) was measured as length from anterior to posterior side 

using a stainless steel digital caliper for three times and the mean of three lengths was employed 

in this chapter. In addition, ash-free dry weight (AFDW) calculated by subtracting the ash 

weight (AW) from the dry weight (DW) was used as weight of clams. AFDW is typically 

regarded as the most accurate predictor of macrofauna biomass, as it only includes biologically 

active tissue, although AFDW determinations require the incineration of dried samples in a 

furnace at high temperature, adding considerable time and costs to analyses. Additionally, 

AFDW/DW ratio was also calculated as an index of physiological condition of clams. 

Determinations of AFDW and DW were processed based on the procedures of Eklöf et al. 

(2017). Following size measurements, the measured individuals were transferred to pre-dried 

and -weighted (to the nearest hundredth of a mg) porcelain crucibles. Samples were then dried 

at 60 °C for >48 h (until constant biomass), and then cooled to room temperature in a desiccator 

before weighting of DW. After DW measurements, the crucibles were transferred to a muffle 

furnace, incinerated (550 °C for 3 h), cooled and weighted again for AW measurements. Finally, 

AFDW was determined as DW minus AW. AFDW/DW ratio was derived as AFDW divided by 

DW and expressed in %. 

To compare shell length and weight of clams obtained at each station with spatial 



 61 

distribution of phytoplankton size distribution during the post-bloom period, the chla size 

distribution (CSD) model developed in chapter 3 was applied to satellite data. Details of 

material and methods were as described in section 3.2, but the period was expanded to 1998–

2017 in this chapter. As high latitude bivalves have lifespans of decades (Ambrose et al., 2006; 

Carroll et al., 2011) to centuries (Butler et al., 2009, 2011; Schöne et al., 2005, 2011; 

Wanamaker et al., 2008), the CSD slope during the post-bloom period was averaged for 1998–

2017. Then the average value within 3 × 3 pixel (27 × 27 km) subsets centered on the bivalve 

sampling station were extracted and then compared with shell length and weight of clams. 

 

4.2.4. Factorial incubation measurements 

A factorial experiment involving exposure clams to four different setups was run 

from August 19 to November 4 (eleven-weeks duration) at laboratory. Clams were randomly 

assigned to one of four 40 L tanks controlled at 4 °C. Within each tank, 25 polyethylene 

containers (5 cm diameter × 10 cm height) filled to the rim with sand collected from the Pacific 

Arctic were established and assigned one individual for each plastic container (25 individuals 

per tank). Prior to begin the experiment, the sand was rinsed with deionized water three times 

and then was soaked for 72 h in Instant Ocean™ seawater to acclimate it to experimental 

conditions and to allow for development of microbial flora associated with the incubated 

bivalves (Goethel et al., in press). Tanks were covered with polyethylene covers to reduce 

evaporation and endure in dark. Moreover, seawater within each tank was kept circulating 

moderately by pump and was kept bubbling over the course of the experiment. 

Here, 2 × 2 factorial experiments were conducted as follows: a tank with a strong 

pulse of phytoplankton supplement for the first two weeks and also large amount of continuous 

influx of phytoplankton for subsequent period (treatment A); a tank without a strong pulse of 

phytoplankton supplement and instead high amount of continuous influx of phytoplankton 

throughout the experiment period (treatment B); a tank with a strong pulse of phytoplankton 

supplement for the first two weeks without phytoplankton supplement for subsequent period 

(treatment C); a tank with neither a strong pulse of phytoplankton supplement nor continuous 

influx of phytoplankton throughout the experiment period (treatment D). Long-term food bank 

in the Pacific Arctic is believed that is generally formed during ice-related bloom, including 

under-ice and ice-edge blooms (Hansen and Josefson, 2003; Josefson et al., 2002; Pirtle-Levy et 

al., 2009), and the sea-ice associated bloom typically lasts for two weeks (Niebauer et al., 1995). 

In chapter 3, the chla concentration during the bloom period was 15.53 ± 1.35 mg m−3 at the 

benthic hotspots. In addition, the highest chla concentration during post-bloom period was 

found at the southeastern Chukchi Sea hotspots at the average for 2000–2013 of 3.17 ± 1.35 mg 
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m−3. These chla concentrations corresponded with 270 and 50 µL of Shellfish Diet 1800™ per 

10 L of seawater. Therefore, the tanks categorized as presence of strong pulse of phytoplankton 

supplement was fed 270 µL of Shellfish Diet 1800™ per 10 L of seawater during the first two 

weeks, and the tanks with continuous influx of phytoplankton were fed 50 µL of Shellfish Diet 

1800™ per 10 L of seawater for the period without strong pulsed phytoplankton supplement. 

Feeding was conducted every other day (totally 38 times). Half the volume of seawater within 

each tank was removed every other day and replaced with fresh seawater. Prior to water 

replacements, bubbling and circulation were stopped for 3 h to sink the phytoplankton within 

seawater in order to reduce phytoplankton discharge from tanks accompanying with water 

exchange. Note that the amount of Shellfish Diet 1800™ fed on treatment B and C were 1.89 

and 1.90 mL per 10 L of seawater, respectively, indicating that total amount of Shellfish Diet 

1800™ fed on these tanks was mostly consistent. 

Changes in shell length and weight of clams were determined by differences between 

directly before and after experiment. Shell length was measured by same procedure with 

no-incubation samples and percent change in shell length over the course of the experiment was 

calculated as follows: 

Change in shell length = !"#$% !"#$$ !"#$%&!!"#$#%& !"#$$ !"#$%&
!"#$#%& !"#$$ !"#$%&

×100. (4.1) 

Following size measurements before and after experiment, each clam was patted dry 

with a paper towel and then weighted. A similar percent change formula to Eq. (4.1) was 

applied to wet weight. Furthermore, AFDW/DW ratio of each clam was derived after the 

experiment based on same procedure of no-incubation samples. 

 

4.3. Results 

4.3.1. Linkage between body size of bivalve and phytoplankton size structure 

There were significant differences in shell length, AFDW and AFDW/DW ratio 

among the sampling stations (Steele-Dwass: p < 0.05) (Figure 4.2). The largest shell length and 

AFDW were observed at St001 located at the north of Bering Strait, with second and third 

largest values were observed at Chirikov Basin (St007) and west of St. Lawrence Island (St019), 

respectively. These values observed southeast and south of St. Lawrence Island (St021 and 

St023) were relatively lower than others. On the other hand, AFDW/DW ratio showed inverse 

relationship with both shell length and AFDW. This is because that, in general, the proportional 

mass of biologically active vs. non-active tissue (shell, hard mouth parts, etc.) decreased with 

body size (Eköf et al., 2017), and thus body size is often used as conversion factor of 

AFDW/DW ratio in macrofauna studies (e.g., Brey et al., 1988; Ricciardi and Bourget, 1998). 
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Hence, spatial pattern in AFDW/DW ratio was not appropriate as an index of physiological 

condition owing to significant variations in size and weight of bivalve among the stations. 

Figure 4.3 shows the distribution of CSD slope during the post-bloom period 

averaged for 1998–2017. As the CSD slope during the post-bloom is an important index of the 

amount and/or continuous phytoplankton settlement to the seafloor, the lower/higher CSD slope 

(i.e., larger/smaller phytoplankton size structure) during the bloom period suggests the region 

that bivalve enable to obtain more/less fresh phytoplankton from overlying water column. 

Obviously, the CSD slope during the post-bloom period exhibited clear contrast between 

western and eastern side of the region and lower/higher CSD slope were found in 

western/eastern side. Such pattern consists with typical water mass distribution in the Pacific 

Arctic: nutrient-rich Anadyr Water flows along the eastern coast of Siberia, nutrient-poor 

Alaskan Coastal Water passes along the western coast of Alaska, and those mediated Bering 

Shelf Water flows toward north between Anadyr Water and Alaskan Coastal Water (Coachman 

et al., 1975). 

The CSD slope during the post-bloom period was ranged from 0.72 ± 0.02 to 1.17 ± 

0.11 at the locations of bivalve sampling stations, indicating that the fractional contribution of 

microplankton (>20 µm) to the total phytoplankton assemblage derived using Eq. (2.8) varied 

from 0.60 ± 0.01 to 0.24 ± 0.02, respectively. The lowest and highest CSD slope during the 

post-bloom period was found at St001 and St023, where the highest and smallest body size in 

clams was observed. Despite of the very small number of samples (N = 5), the CSD slope 

during the post-bloom period showed significant (spearman’s ρ = −1.00, p < 0.05) relationship 

with shell length and AFDW. These results clearly indicate that the larger shell length and 

weight were associated with a larger amount and/or continuous influx of phytoplankton to the 

seafloor in the Pacific Arctic. Note that bottom water temperature observed just before the 

bivalve sampling showed insignificant relationship with shell length (p < 0.133) and AFDW (p 

< 0.133). However, ship-based observed bottom temperature was a snapshot condition at the 

stations, whereas the bivalve in the Pacific Arctic could have longer lifespan of decades to 

centuries (Ambrose et al., 2006; Schöne et al., 2005, 2011; Wanamaker et al., 2008; Butler et al., 

2009, 2011; Carroll et al., 2011). Thus, the linkages of habitat environment with body condition 

of bivalve should be evaluate more appropriately in terms of time scales of lifespan. 

 

4.3.2. Growth and physiological conditions of bivalve 

No significant difference among treatments was confirmed in both shell length and 

wet weight (one-way ANOVA: shell length, p = 0.72; wet weight, p = 0.83) before the factorial 

experiment. Thus, the difference in AFDW/DW ratio associated with body size could be 
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negligible though it was unable to measure and verify the statistical difference in AFDW/DW 

ratio among the treatment before the experiment. Comparing changes in shell length and wet 

weight before and after the experiment, there were significant differences in both of them 

among treatments (one-way ANOVA: p < 0.05) (Figure 4.5). Growths in shell length and wet 

weight were clearly consistent with each other: the largest growths in both shell length and wet 

weight were found in treatment A, followed by treatment B, C, and D. In addition, AFDW/DW 

ratio also showed same pattern that the largest and lowest values were observed in treatment A 

and D, respectively, suggesting that better physiological condition promotes growth in shell 

length and weight of clams. Furthermore, these differences in growth and AFDW/DW ratio 

were likely to be attributed to the positive influences of the amount of phytoplankton 

supplement during the bloom and continuous influx of phytoplankton during the post-bloom 

period (two-way ANOVA: p < 0.05), without the interaction between them (two-way ANOVA: 

changes in shell length, p = 0.78; changes in wet weight, p = 0.64; AFDW/DW ratio, p = 0.99), 

indicating that both the amount of phytoplankton supplement during the bloom and continuous 

influx of phytoplankton during the post-bloom period were important for bivalve in terms of its 

better growth and physiological condition. It is noteworthy that treatment B showed better 

growth and physiological conditions than those of treatment C (Table 4.3), suggesting that the 

continuous influx of phytoplankton during the post-bloom period was more important for 

growth and physiological condition of bivalve than strong pulse of phytoplankton supplement 

during the bloom period.  

 

4.4. Discussion 

4.4.1. Spatial pattern in body size of bivalve and its potential drivers 

The shell length and AFDW of M. calcarea collected from the five sites between 

south of St. Lawrence and Bering Strait showed clear spatial differences. Larger body size (i.e., 

larger shell length and AFDW) of clams found at the northern two stations (St001 and St007) 

may be a result of the larger amount and/or continuous influx of fresh phytoplankton to the 

seafloor. Because the high latitude regions including the Pacific Arctic has established 

long-term food bank, settled phytoplankton to the sediment has been preserved for several 

weeks to months and support high benthic macrofaunal biomass year-round (Hansen and 

Josefson, 2003; Josefson et al., 2002; Pirtle-Levy et al., 2009). However, much of settled 

phytoplankton as food bank is processed by bacteria or by repeated passage through the guts of 

deposit-feeders before being assimilated by macrofauna in the Pacific Arctic (Lovvorn et al., 

2005; North et al., 2014), and thus food bank likely to be less nutrition than fresh ice algae and 

phytoplankton. The long-chain eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) 
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are omega-3 fatty acids produced exclusively by marine algae, and these PUFAs play a key role 

in reproduction, growth, and physiology for all organisms in marine ecosystems not only 

bivalve (Hayakawa et al. 1996; McMahon et al. 2006; Sun et al., 2007, 2009). The size structure 

of phytoplankton community during the post-bloom period can be an important index of the 

amount of settled phytoplankton to the seafloor as well as the continuous influx of 

phytoplankton to the sediment during the period, and it was not clear which process primary 

drove spatial pattern in body size of clams found. Consequently, the only certain was the results 

in section 4.3.1 support the findings of chapter 3 that benthic macrofaunal biomass shifted 

toward north accompanied by the variation in the phytoplankton size structure during the 

post-bloom period. Note that the influence of bottom water temperature should be also 

considered as one of the factors affecting spatial pattern in body size of bivalve in the region. As 

shown in Table 4.1, bottom water temperatures at the bivalve sampling stations were varied 

from −1.26 to 3.38 °C. Growth and survival rate of bivalve often well correlate with 

temperature especially during the growing season (Dekker and Beukema, 1999) and thus the 

spatial pattern in body size of bivalve may reflect the variation in water temperature, while 

intra- and interannual variations in bottom water temperature were not investigated. In the 

Pacific Arctic, the ice-derived cold pool (defined as the region in which the early summer 

bottom temperature is <2 °C) expands over the entire middle shelf from Bering Strait almost to 

the Alaska Peninsula especially in cold years (Stabeno et al., 2012), and may have restricted 

bivalve growth at St019, St021 and St023 owing to the presence of cold bottom water 

throughout the year. In addition, the impact of zooplankton grazing on the amount of 

phytoplankton settlement to the seafloor has not been considered in this chapter. Although 

several factors including bottom water temperature and grazing impact of zooplankton could 

affect directly or indirectly on growth and in turn body size of bivalve, the significant 

relationship between the size structure of phytoplankton community during the post-bloom 

period and body size of bivalve is one of the important findings in this chapter. 

 

4.4.2. Responses of bivalve to different food availability 

Growths in shell length and wet weight of bivalve as well as AFDW/DW ratio 

showed statistically similar and/or different variations among treatments (Table 4.4). These 

facts indicate a relative importance of continuous influx of phytoplankton during the post-bloom 

period than the strong single pulse of phytoplankton settlement such as ice-edge bloom 

occurring in spring (Niebauer, 1981; Sakshaug, 2004; Perrette et al., 2011), although both of 

these phytoplankton supplies contributed better growth and physiological condition of clams 

without specific interaction. Sun et al. (1993) reported half-life of sediment chla (probably also 
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be true of PUFAs such as EPA and DHA) was within 31 d at 5 °C, and thus there was enough 

time during the experimental period to be degraded and decomposed the single pulse 

supplement of phytoplankton provided for the first two weeks at 4°C. Therefore, it is considered 

that bivalve in treatment C seemed to less assimilate nutrition required for better growth and 

physiological condition when comparing with treatment B, which was continuous influx of 

fresh phytoplankton but without strong pulse. Indeed, growth and physiological condition of 

bivalve in treatment A, which was same level of continuous fresh phytoplankton supplement as 

treatment B in addition to strong pulse for the first two weeks, showed the best growth and 

physiological condition than the others. Hence, continuous influx of phytoplankton to the 

sediment and then longer duration of fresh phytoplankton availability likely to be important for 

both growth and physiological condition of bivalve in the Pacific Arctic, and the amount of 

reworked and less nutritious food bank in the sediment might be less important. Note that the 

Shellfish Diet 1800™ is a mixture of PUFA-rich algae such as diatoms and flagellates 

(Hayawaka et al., 1996; Falk-Petersen et al., 1998, Leu et al., 2006, Sun et al., 2007), and the 

diet likely to contain more PUFAs than natural phytoplankton even when the same level of chla 

concentration. Thus, changes in shell length and weight in addition to difference in 

physiological condition among the treatments were likely to be emphasized than natural 

condition for the same level of phytoplankton availability and the same duration. 

 

4.4.3. Implications of benthic macrofaunal community in the future Pacific Arctic 

Coupling between phytoplankton and zooplankton stocks during spring bloom is 

likely to be particularly weak when water temperature are cold (<2 °C), as under-ice and 

ice-edge blooms, because zooplankton reproduction and population growth will be retarded 

(Napp et al., 2000). In contrast, in the case of open water bloom that occurs in warm water 

temperature (>4 °C), zooplankton reproduction and population growth will become higher rates 

(Hunt et al., 2002; 2011). In the Pacific Arctic, tight pelagic–benthic coupling processes 

associated with ice related blooms have been believed that it maintained benthic hotspots in the 

Pacific Arctic (Grebmeier et al., 2015a). The results found in this chapter demonstrated the 

importance of continuous influx of phytoplankton than single-pulsed supplement of 

phytoplankton to the sediment in terms of growth and physiological condition of benthic 

macrofauna, although the presence of these two food sources was more appropriate than alone 

either of two. Therefore, shift in character of food web structure from pelagic–benthic to 

pelagic-oriented system likely to be not directly fatal for benthic macrofauna in the Pacific 

Arctic, if only they able to obtain continuous influx of phytoplankton from overlying water 

column and/or by lateral advection. However, on average, increased standing stock of 
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zooplankton in summer following the spring bloom consume large part of the daily primary 

production resulting in less phytoplankton flux to benthic organisms than during the spring 

bloom when the grazers unable to control prodigious growth of phytoplankton population 

(Springer et al., 1989), and it is uncertain that benthic macrofauna in the Pacific Arctic can 

obtain continuous influx of phytoplankton during the post-bloom period. If it were impossible, 

long-term food bank would support high biomass of benthic macrofauna, although the nutrition 

required for growth and reproduction such as DHA and EPA likely to be less contain in it. It 

should be noted that the several studies suggested the strong influence of earlier sea ice retreat 

on size structure and species composition of phytoplankton community not only during the 

bloom period but also during the post-bloom period (Li et al., 2009; Fujiwara et al., 2014, 2016). 

As the species composition of phytoplankton community varies with the phytoplankton size 

structure (e.g., Vidussi et al., 2001; Hirata et al., 2011), both sinking rate and PUFAs content 

likely to be determined by the size structure of phytoplankton community. Thus, variations in 

size structure of phytoplankton community should be considered for assessing the impact of 

climate change on benthic macrofaunal community in the Pacific Arctic. 

 

4.5. Conclusions 

Historically, the Pacific Arctic has been characterized by tight pelagic–benthic 

coupling processes that a large part of water column production will be transported to the 

seafloor with little or no grazing by zooplankton, resulting in persistent high benthic 

macrofaunal biomass in the region; however, recent studies have expected that the character of 

food web structure at the area shifts toward pelagic-oriented in near future owing to climate 

forcing such as drastic reduction of sea ice and warming water temperature. The results in this 

chapter provides useful evidences that growth and physiological condition of a common Pacific 

Arctic bivalve M. calcarea reflect a duration of fresh phytoplankton availability rather than total 

amount of organic material, suggesting that the shift in food web structure from pelagic–benthic 

to pelagic–pelagic system likely not to be directly fatal for benthic macrofauna in the Pacific 

Arctic if only benthic macrofauna able to obtain continuous influx of phytoplankton from 

overlying water column and/or by lateral advection. Since climate forcing significantly affects 

on ocean properties including sea ice dynamics and in turn phytoplankton community not only 

during the bloom period but also the post-bloom period, focused experimental studies on 

biological and physiological responses of sentinel species, such as bivalves, are needed to 

forecast future marine ecosystem structure. Such experimental work in addition to in situ 

observation would enable more accurate evaluation of detailed mechanisms that have occurred 

or would occur in the Pacific Arctic. 
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Table 4.1. General information of sampling stations. Bottom water temperature and salinity 

were determined by a calibrated SBE CTD sensor as the deepest value acquired a few meters 

above the bottom.  

Station Date Latitude 
[°N] 

Longitude 
[°W] 

Depth 
[m] 

Bottom water 
Temperature [°C] Salinity [psu] 

St001 09 Jul. 66.2758 66.2758 57 3.38  32.7 

St007 12 Jul. 65.0622 65.0622 51 3.76  32.9 

St019 19 Jul. 63.4992 63.4992 66 −0.60  32.5 

St021 20 Jul. 62.9102 62.9102 56 −1.26  32.2 

St023 21 Jul. 62.1665 62.1665 47 −1.07   32.0 
 

Table 4.2. Statistics of shell length, AFDW, AFDE/DW ratio, and post-bloom CSD slope at 

each station; average ± standard deviation (median).  

 Length AFDW AFDW/DW Post-bloom CSD slope 

St001 28.08 ± 2.10 
(28.66) 

0.32 ± 0.06 
(0.34) 

20.08 ± 2.25 
(20.24) 

0.75 ± 0.03 
(0.75) 

St007 21.73 ± 4.41 
(22.89) 

0.18 ± 0.16 
(0.11) 

23.10 ± 3.10 
(21.41) 

0.87 ± 0.03 
(0.87) 

St019 19.49 ± 2.42 
(19.47) 

0.11 ± 0.04 
(0.10) 

28.44 ± 1.33 
(28,22) 

1.04 ± 0.05 
(1.04) 

St021 14.48 ± 0.89 
(14.54) 

0.05 ± 0.01 
(0.05) 

30.01 ± 0.89 
(29.48) 

1.11 ± 0.05 
(1.10) 

St023 14.42 ± 2.10 
(13.34) 

0.04 ± 0.02 
(0.03) 

32.88 ± 2.94 
(30.90) 

1.17 ± 0.11 
(1.16) 

 

Table 4.3. Statistics of changes in shell length and wet weight, and AFDE/DW ratio at each 

treatment; average ± standard deviation (median). 

 Change in AFDW/DW ratio [%] 
 Shell length [%] Wet weight [%] 

A 1.58 ± 1.75 
(1.30) 

2.19 ± 2.41 
(1.30) 

25.53 ± 2.89 
(24.90) 

B 0.92 ± 1.36 
(0.57) 

1.05 ± 0.72 
(1.48) 

24.25 ± 2.64 
(24.61) 

C 0.38 ± 1.33 
(0.26) 

0.43 ± 1.54 
(0.39) 

23.74 ± 2.93 
(23.00) 

D −0.13 ± 0.97 
(−0.20) 

−0.38 ± 1.59 
(−0.26) 

22.48 ± 2.45 
(21.46) 
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Figure 4.1. Location of sampling stations that bivalve was collected during the cruise. 

 

Figure 4.2. Boxplots of shell length (a), AFDW (b) and AFDW/DW ratio (c) at each station.  
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Figure 4.3. Average CSD slope during the post-bloom period for 1998–2017. Red plots 

represent the location of the bivalve sampling stations. 

 

Figure 4.4. Relationships between the CSD slope during the post-bloom period and (a) shell 

length, and (b) AFDW at each station.   
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Figure 4.5. Boxplots of changes in shell length (a) and AFDW (b), and AFDW/DW ratio (c) at 

each treatment.  
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Chapter 5 

Species invasion and diversity in benthic macrofaunal 
community in the Pacific Arctic 

 
5.1. Introduction 

The Bering Strait, where narrow (~85 km wide) and shallow (~50 m depth) channel, 

is the only ocean gateway between the Pacific and the Arctic ocean (Figure 5.1). Although the 

current through the strait is modest in global term, the impact of the Bering Strait throughflow is 

substantial in the Arctic (Woodgate et al., 2015). For instance, the heat flux through the Bering 

Strait acts as a trigger for sea-ice retreat in the Chukchi and western Arctic, and a major source 

of heat to about half of the Arctic Ocean (Woodgate et al., 2010). In addition, the freshwater 

flux in Bering Strait takes account ~40% of the total freshwater input to the Arctic Ocean 

(Aagaard, 2005). Beside its physical function, the Pacific water transiting across the Bering 

Strait also plays central roles in biogeochemical and biological environmental state in the 

Pacific Arctic. Water masses through the Bering Strait include the relatively colder, saltier and 

more nutrient-rich water of the Anadyr Current in the west, Bering Shelf water in the middle, 

and warmer, fresher and nutrient-poor Alaskan Coastal Current waters in the east (Pickart et al., 

2010). The area, which are to a largely influenced by high nutrient concentrations in Anadyr 

Water, have comparatively higher standing stocks of phytoplankton, benthic macrofauna and 

demarsal fish (Grebmeier et al., 2015a). 

Time series data obtained by the recent high-resolution mooring arrays indicate the 

Bering Strait throughflow increases ~50% from 2001 (~0.7 Sv) to 2013 (~1.1 Sv) (Woodgate 

and Weingartner, 2012). It has been believed that the variation in northward flow through 

Bering Strait is set by the sea level pressure gradient between the Pacific and Arctic oceans, 

often termed as pressure head, and local wind (Danielson et al., 2014; Woodgate and Aagaard, 

2005; Woodgate and Weingartner, 2012). The pressure head primarily drives the background 

flow to the north through Bering Strait, whereas strong wind forcing in this region resulting in 

short term transport variability which is much larger than the background flow (Coachman and 

Aagaard, 1966). More specifically, the pressure head and local wind account for 2/3 and 1/3 of 

the variation in northward volume transport, respectively (Woodgate and Weingartner, 2012) 

By a recent study of Danielson et al. (2014), an integrated conceptual model of the 

Bering-Chukchi circulation was constructed: the northward transport through Bering Strait 

changes on inter-annual time scales in response to meridional sea level gradient associated with 

pressure head variations, where synoptic to monthly time scale variations in shelf currents result 

from local wind forcing as well as remotely generated continental shelf waves. Consequently, 
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there are growing knowledge on the processes of resent variation in Pacific water transport 

through the Bering Strait to the Arctic. 

Climate changes are affecting polar ecosystems faster and stronger than the 

ecosystems in other regions (Doney et al., 2012), and climate-forced distribution shifts are 

likely to present a major challenge in the Arctic (Mueter, 2008). One of the logical predictions 

for a future Arctic characterized by increased northward volume transport is that new taxa will 

expand or invade Arctic ecosystem. Since the Arctic ecosystem is characterized as a low 

biodiversity relative to temperate and tropical communities (Hueffer et al., 2011; Kutz et al., 

2013), the communities should be less resistible to invasion because of a less complete 

utilization of resources (Byrnes, 2006). However, well-documented examples are still scarce 

because of the very small number of time-series measurements in the Arctic, particularly for 

benthic organisms (Renaud et al., 2015). Although benthic organisms are normally stationary 

and less mobile than fish, it seems relevant that benthic organisms with pelagic life stages will 

be less limited in their expansion abilities than those with benthic dispersal stages (Renaud et al., 

2015). Shifting species have potential to seriously affect biological system by robbing of food 

and/or habitat of native species, resulting in disruption of existing biological interaction and 

food web (Sorte et al., 2010). Since the Pacific Arctic is important foraging area for benthic 

feeding species (Grebmeier et al., 2006), the impact of changes in benthic community can 

propagate to upper trophic levels through the trophic cascades. Thus, evaluating these changes 

is crucial for better understanding about the Pacific Arctic ecosystem. 

In this chapter, the variations in benthic community and those relationships with the 

volume transport of Pacific water into the Arctic were investigated. To achieve this objective, 

the spatiotemporal variations in benthic biomass, number of benthic taxa and species diversity 

for evaluating the species invasion was examined. In addition, temporal variations in meridional 

sea level gradient and local wind as indices of the northward volume transport of Pacific water 

were also investigated. Finally, this chapter examined the impact of SSH and local wind on 

benthic community in the Pacific Arctic. 

 

5.2. Material and methods 

5.2.1. Benthic macrofaunal data 

Benthic macrofaunal biomass, number of family, biomass-based Shannon-Weaver 

diversity index (SWI) from the Pacific Marine Arctic Regional Synthesis (PacMARS) archive 

(http://pacmars.eol.ucar.edu) or the National Science Foundation (NSF) Arctic Data Center 

(https://arcticdata.io/). The dataset was obtained during the Canadian Coast Guard Ship (CCGS) 

Sir Wilfrid Laurier (SWL) cruise. In this chapter, macrofaunal dry carbon biomass (using 
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conversion values from wet mass, formalin-preserved samples) was used in order to reduce the 

bias of calcium carbonate on weight values (Grebmeier et al., 2015b). Detailed descriptions of 

methods used for determining macrofaunal biomasses and conversion factors are provided in 

Grebmeier and Cooper (2014a,b, 2017) and Grebmeier et al. (2015c). SWI is a commonly used 

diversity index that takes into account both the type (e.g. number of family or species) in a data 

set and evenness of those types (e.g. abundances in each family) present in the community. The 

value of a diversity index increases both when the number of types (families) increases and 

when evenness of entities measured (e.g, abundance within each family) increases. The data 

was obtained at 16 fixed, time series observation stations (SLIP1–5, UTBS1–4, and UTN1–7) 

(Figure 3.1, Table 3.1) using the SWL that were collected during summer 2000–2013, except 

the year 2009 (Table 3.1). Note that since 2010 these time series stations have been occupied 

annually as part of the Distributed Biological Observatory (DBO) SWL field program (Moore 

and Grebmeier, 2017). 

 

5.2.2. Satellite altimetry data 

Monthly mean gridded satellite altimetry data for 2000–2013 were downloaded from 

the Archiving, Validation, and Interpretation of Satellite Oceanographic (AVISO) data website 

(http:// www.aviso.oceanobs.com/), which combines data from the Topex/Poseidon mission 

along with other satellites to generate global gridded sea surface height (SSH) anomalies. The 

merged data are mapped on a 1/3° global grid. These data was provided by the Centre National 

d'Etudes Spatiales (CNES). This processing also includes an extended Low Resolution Mode 

(LRM) and a Doppler Synthetic Aperture Rader (SAR) pseudo-LRM mode, which allow 

extended high latitude coverage over seasonally ice-covered shelves. Expected accuracy (<2 

cm) is <5% of the signal variance for multi-satellite month-long averages (Le Traon and 

Dibarboure, 1999), but variance increases in seasonally ice-covered waters and many grid cells 

therefore contain no usable data. The annual cycle was removed by subtracting each month’s 

mean at each grid cell from the appropriate time steps (Danielson et al., 2014).  

 

5.2.3. Atmospheric reanalysis data 

The North American Regional Reanalysis (NARR) model (Mesinger et al., 2006) 

computes variable products containing temperatures, winds, moisture, soil data, and dozens of 

other parameters on a ~35 km grid with 3 h time steps from 1979–2014. The data was obtained 

from the National Climate Data Center’s National Operational Model Archive & Distribution 

System (http://nomads.ncdc.noaa.gov/) for 2000–2013, and used daily averaged values of 10 m 

height wind vector components (u and v) for the region. 
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5.3. Results 

5.3.1. Regional differences in benthic macrofaunal community among hotspots 

Macrofaunal sampling was conducted at benthic hotspots located on the continental 

shelf in south of St. Lawrence Island (south of SLI), the Chirikov Basin (Chirikov), and the 

southeastern Chukchi Sea (Chukchi). Average macrofaunal biomass for 2000–2013 (Figure 

5.2a–c) was significantly (p < 0.05) high at Chukchi (33.8 ± 12.5 gC m−2), followed by Chirikov 

(21.5 ± 4.8 gC m−2) and south of SLI (17.5 ± 3.1 gC m−2). In addition, Chirikov hotspot 

exhibited the significantly (p < 0.05) largest average number of macrofaunal family of 39.9 ± 

3.02 (Figure 5.2e), whereas those of south of SLI  (Figure 5.2d) and Chukchi  (Figure 5.2f) 

were 37.8 ± 3.58 and 34.8 ± 3.34, respectively. Furthermore, average SWI (Figure 5.2g–i) was 

the significantly (p < 0.05) highest at south of SLI (2.70 ± 0.11), with the second highest SWI of 

2.20 ± 0.20 at Chirikov and the lowest SWI of 1.97 ± 0.19 at Chukchi. Overall, south of SLI 

was the region where the highest benthic macrofunal diversity among the three benthic hotspots 

accompanied with the lowest macrofaunal biomass, although the number of family was highest 

at Chirikov hotspot. On the other hand, both number of family and diversity were the lowest at 

Chukchi, while the macrofaunal biomass was the highest at the region. 

 

5.3.2. Spatiotemporal variations in benthic macrofaunal community 

There were significant (p < 0.05) increasing and decreasing trends in average 

macrofaunal biomass at Chukchi and south of SLI for 2000–2013, with insignificant temporal 

trend at Chirikov. At south of SLI and Chirikov, average number of family showed significant 

(p < 0.05) increasing trend over the period, while that of Chukchi exhibited no significant 

increase or decrease. On the other hand, Chukchi was the only region where showed significant 

(p < 0.05) temporal variation in SWI for 2000–2013: average SWI at Chukchi showed 

significant decreasing trend, whereas the rest of hotspots exhibited no significant trends (p = 

0.18 and 0.11 at south of SLI and Chirikov, respectively). Since the number of family and 

evenness of biomass within each family drive a variation in SWI, a decreasing trend in SWI at 

Chukchi indicates a shift of macrofauna community from balanced biomass among each family 

to predominance of certain family in biomass. In contrast, insignificant variations in SWI were 

found at south of SLI and Chirikov where number of family showed increasing trend for 2000–

2013, indicating that new families come into the regions but the biomass of these families were 

negligible and less affect on SWI. Note that the decrease in biomass at south of SLI might have 

been drove by uniform reduction in biomass within each family rather than reduction in biomass 

within certain family, because SWI showed insignificant temporal trend despite increase and 

decrease in number of family and whole biomass at the region. 
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5.3.3. Long-term variations in meridional sea level gradient and local winds 

Figure 5.3a shows the difference in SSH between 2000 and 2013, suggesting a broad 

area of higher SSH in 2013 compared with that of 2000. Indeed, temporal variation in SSH was 

significant in the North Pacific and Aleutian Basin, whereas the continental shelves extending 

from the northern Bering Sea to the Chukchi Sea exhibited insignificant trend over the period 

(Figure 5.3b). Thus, when investigating variations in difference in SSH (ΔSSH) between the 

Aleutian Basin (SSHAB; 50°–55°N and 170°E–180°) and southwestern Chukchi Sea (SSHCS; 

66–70°N and 180°–170°W), there was a significant (p < 0.05) increasing trend in ΔSSH (Figure 

5.4) due to the increased SSH in the Aleutian Basin with negligible trend in southwestern 

Chukchi Sea. These spatiotemporal patterns in SSH represent increased meridional sea level 

gradient down to the north, suggesting that greater annual mean northward volume transport 

from the Pacific to the Arctic oceans. Additionally, long-term variations in local winds at each 

benthic hotspot were also investigated. According to previous studies, there are slight 

differences in surface wind direction that gives the best correlation with the northward current 

(Danielson et al., 2012; Woodgate et al., 2005). Hence, temporal variations in local winds 

heading 315°, 330° and 0° were examined at south of SLI, Chirikov and Chukchi hotspots, 

respectively. Comparing the local winds at each hotspot between 2000 and 2013, it was clear 

that opposite and compatible winds toward the best correlate directions were declined and 

increased in 2013 than 2000 (Figure 5.5), respectively. There were significant increased winds 

heading toward the best correlate directions within three regions (Figure 5.6). These results 

suggest that the reductions in the opposite wind stress against the northward currents at each 

hotspot, which indicate increased northward currents at the regions. Consequently, the 

northward volume transport at each region could exhibit increasing trend for 2000–2013 due to 

the positive impacts of variations in meridional sea level gradient and local winds. 

 

5.3.4. Relationship between number of macrofaunal family and physical forcing 

Direct comparisons between number of macrofaunal family and the meridional sea 

level gradient showed significant positive relationships at south of SLI and Chirikov hotspots 

(Figure 5.7), where the regions exhibited increasing trends in number of family for 2000–2013 

(Figure 5.2). On the other hand, relationships between number of family at each hotspot and 

local winds at the regions were significant south of SLI and Chirikov, whereas Chukchi showed 

insignificant relationship between them during the study period (Figure 5.7). These results 

suggested that the increased northward volume transport associated with increased meridional 

sea level gradient and decreased southward winds promoted introduction of new macrofaunal 

organisms from southern region into the Pacific Arctic. 
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5.4. Discussion 

5.4.1. Evidence of species invasion in benthic macrofaunal community 

In this chapter, increasing trends in number of benthic macrofaunal family at the 

south of SLI and Chirikov Basin were found in accordance with the increased meridional sea 

level gradient as well as decreased opposite local winds. Since variation in northward flux at the 

Bering Straight is primary controlled by the meridional sea level gradient and local winds 

(Woodgate et al., 2015; Woodgate and Weingartner, 2012), the findings of the increased 

trans-basin sea level gradient and decreased opposite local winds could result in increased 

northward volume flux from south to north at each hotspot. To the best of our knowledge, this 

chapter reported the species invasion of benthic macrofauna in the Pacific Arctic for the first 

time, suggesting the benthic macrofaunal community in this region may be experiencing the 

beginning of community reconstruction from Arctic to sub-Arctic in response to increased 

Pacific water transport. However, it could not distinguish which family joined the benthic 

macrofaunal community and where is the origin. Additionally, this chapter could not preclude a 

possibility that not only invasion of exotic family but also withdraw of native family have been 

occurred in benthic macrofaunal community at the Pacific Arctic. These issues should be 

regarded as future research needs in the Pacific Arctic. 

One of the possible reasons of insignificant variation in number of family at Chukchi 

is that larval settlement of benthic macrofauna could be occurred before arriving Chukchi 

hotspot. Many benthic invertebrate species have a dispersive larval stage in their life cycles 

(Thorson, 1950). Although larvae of benthic invertebrates in a water column behave as passive 

particles that are transported to a given site on large spatial scales, larvae can reject one site and 

select another appropriate site for settlement (Qian, 1999). Settlement and subsequent 

metamorphosis in marine invertebrates typically occur in response to environmental, chemical 

and physical cues and involve extremely rapid and irreversible changes in both morphology and 

habitat (Hadfield et al., 2001), suggesting settlement of exotic larvae transported from southern 

region could have been triggered in response to a common cue or a mixture of cues emitted at 

south of SLI and/or Chirikov hotspots. Numerous studies have demonstrated macrofaunal 

composition vary regionally due to current structure that influences sediment grain size in the 

Pacific Arctic (Blanchard and Feder, 2014; Grebmeier et al., 2015b; Schonberg et al., 2014). 

Both the south of SLI and Chukchi hotspots have fine-grained, silty and clayey sediments that 

are dominated by bivalves and polychaetes, whereas the macrofaunal community of the 

Chirikov hotspot occurs in sandy-mud sediments and are dominated by amphipods along with 

bivalves (Grebmeier et al., 2015b). Since the bottom environment is similar between south of 

SLI and Chukchi hotspots, larvae appropriate such environment could be triggered the cues at 
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south of SLI and the rest of larvae could be triggered the cues at Chirikov.  

 

5.4.2. Benthic macrofaunal diversity associated with species invasion 

Variations in SWI that represents biomass-based diversity in macrofaunal 

community showed regional differences, as with number of macrofaunal family. At south of 

SLI and Chirikov hotspots, SWI showed insignificant variation in spite of increased number of 

macrofaunal family, suggesting biomasses of invaded macrofauna into the regions seemed to be 

negligible compared with total macrofaunal population and resulted in quite little or no 

variation in evenness of each family’s biomass. Following two factors could help explain the 

negligible variation in evenness of each family’s biomass observed at south of SLI and Chirikov. 

First, the exotic families come from southern region could not be able to reproduce at the 

Pacific Arctic because of difficulty in survive within an extreme environment at the region. 

Foremost, the near-bottom water with temperatures less than 2°C associated with sea ice 

formation, which is commonly called as cold pool, persists from winter until the water column 

is homogenized in the fall by wind mixing and cooling. The cold pool acts as a barrier to many 

temperate species that are intolerant of the low temperatures of ice-associated bottom water 

(Sigler et al., 2016), and therefore determines the boundary between arctic and subarctic 

communities (Grebmeier et al., 2006; Wyllie-Echeverria and Wooster, 1998). Indeed, Fetzer 

and Arntz (2008) reported that nearly half of larvae of benthic organisms found in the Kara Sea 

are not represented in the adult communities of the region, indicating that arrival of propagules 

alone is not sufficient for successful colonization (Renaud et al., 2015). Thus, pelagic dispersal 

of larvae is only able to bridge the barrier of cold pool and doesn’t always succeed in survival 

and reproduction at the region. Second possible cause is the population would be regulated by a 

carrying capacity of benthic macrofaunal population. In chapter 3, strong relationship between 

the amount of food supply and macrofaunal biomass have been reported, suggesting the 

carrying capacity in benthic macrofaunal community at the Pacific Arctic has been determined 

by food availability rather than spatial margin. Therefore, decreasing and consistent carrying 

capacities at south of SLI and Chirikov hotspots have prevented from growing of each family’s 

population because of a complete utilization of food material by well-established native 

population.  

A decreased SWI observed at Chukchi could not have been drove by decreased 

number of family, but by decrease in evenness of each family’s biomass without decline in 

number of family. Considering the fact that macrofaunal biomass at Chukchi has increased for 

2000–2013, this decrease in evenness of each family’s biomass likely to be driven by drastic 

increase in biomass of specific family. At Chukchi hotspot, increased food supply 
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accompanying with shift toward large size structure of phytoplankton community (chapter 3) 

and also gyre structure trapping food materials (Sirenko and Gagaev, 2007) likely to support 

higher carrying capacity in terms of food availability that promote increment of macrofaunal 

biomass. Although it was impossible to distinguish which family exhibited drastic increase in 

their biomass in this chapter, feeding strategy likely to be important in deciding the winner the 

race to secure supplies of foods and other resources (North et al., 2014). Therefore, not only in 

situ time-series observations but also laboratory experiments dealing such difference among 

different feeding strategy would be largely improve our understanding of ongoing ecosystem 

variations in benthic macrofaunal community in the Pacific Arctic. 

 

5.4.3. Increased northward volume transport and its subsequent impacts 

Danielson et al. (2014) reported that eastward displacement of the Aleutian Low into 

the Gulf of Alaska from over the Bering Sea results in more northward volume transport at 

Bering Strait owing to combination of two factors: the increased the Pacific-Arctic basin 

dynamic height at inter-annual timescales, and increased southeasterly wind over the Bering 

shelf on synoptic storm timescales. There was a significant relationship of meridional sea level 

gradient and number of benthic macrofaunal family south of SLI and Chirikov where the areas 

would be exposed to species invasion from southern region, although local winds are significant 

only south of SLI. As meridional sea level gradient and local winds account for 2/3 and 1/3 of 

the variation in northward volume transport at Bering Strait (Woodgate and Weingartner, 2012) 

and probably also at each hotspot in the Pacific Arctic, number of macrofaunal family could be 

associated with meridional sea level gradient that is the most important factor controlling 

northward volume transport at each hotspot. In addition, such increased volume transport may 

influences on population composition of benthic macrofauna. Several studies reported that 

community pattern of benthic macrofauna varies regionally due to varying strength of the flow 

field that influences sediment grain size (Grebmeier and McRoy, 1989; Schonberg et al., 2014). 

As the increased volume flux would flush out fine-grained, silty and clayey sediments, benthic 

community likely to shift from deposit feeding species to suspension feeding species. Thus, not 

only species diversity but also population composition of benthic macrofaunal community in the 

Pacific Arctic will vary or have already varied in response to increased northward volume flux. 

There is evidence of ~50% of the heat flux and ~90% of the freshwater flux changes 

are due to changes in the volume flux at Bering Strait, suggesting the heat and freshwater flux 

through Bering Strait has increased over the last decade (Woodgate and Weingartner, 2012). 

Physiological constrains associated with cold temperature in the Arctic has been one of the most 

obvious barriers for boreal organisms (Renaud et al., 2015). Even small levels of ocean 



 80 

warming, however, could reduce physiological barriers for boreal immigrants. Aronson et al. 

(2007) predicted a rise in bottom temperatures of only 1 °C would be sufficient for invasion of 

decapod predators with a feeding strategy unknown to shelf regions around Antarctica. At the 

same time, a warming Arctic can present novel problems for resident Arctic fauna adapted to 

low temperatures. High-latitude taxa have temperature ranges of two to six times smaller than 

temperate and tropical taxa (Peck and Conway, 2000). Projected temperature increases in 

shallow (<200 m) waters of many Arctic’s marginal seas exceed 2–3 °C by 2100 (Renaud et al., 

2015), suggesting thermal conditions may soon become suitable and may inadequate for boreal 

and arctic taxa, respectively. Invaders might have competitive advantages over resident fauna if 

the latter have physiological constraints in adjusting to warmer temperatures (Peck and Conway, 

2000). Therefore, warming of ocean temperature in the future Arctic will have significant 

implications for immigrant and resident Arctic benthos both directly and indirectly through 

species interactions (Renaud et al., 2015). 

 

5.5. Conclusions 

The Pacific Arctic has been exhibited drastic variation in macrofaunal community in 

response to increased northward volume transport from the Pacific to Arctic. This chapter 

reported the species invasion of benthic macrofauna in the Pacific Arctic for the first time, 

suggesting the benthic macrofaunal community in this region may be experiencing the 

beginning of community reconstruction from Arctic to sub-Arctic in response to increased 

Pacific water transport. Shifting species have potential to seriously affect biological system by 

robbing of food and/or habitat of native species, resulting in disruption of existing biological 

interaction and food web. As the Pacific Arctic is important foraging area for benthic feeding 

species, the impact of changes in benthic community can propagate to upper trophic levels 

through the trophic cascades. It is likely the future Pacific Arctic ecosystem will be very 

different from the past ecosystems before the major wave of biological invasions of the benthic 

macrofauna, which plays important roles in the food web structure in the Pacific Arctic 

ecosystem. 
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Figure 5.1. Schematic of general current patterns in the Pacific Arctic sector (Moore et al., in 

press). 

 

  
2015). The striking seasonal and inter-annual variability of sea-ice
cover, Bering Strait inflow and riverine discharge provides the founda-
tional biophysical setting for marine ecosystem processes in the Pacific
Arctic, extending from primary production (ice algae and phytoplank-
ton) to lower trophic (zooplankton, benthic invertebrates and fishes),
upper trophic (marine birds and mammals) animals and humans.

The biophysics and marine ecology of the Pacific Arctic region
represent a study in contrasts, resulting from differing processes that
dominate the broad and shallow shelves of the northern Bering,
Chukchi and East Siberian seas, compared to the narrow shelf, steep
slope and deep basin of the Beaufort Sea (Carmack and Wassman,
2006). Food webs are generally short, a simplicity that belies the
biophysical complexity underlying trophic linkages from primary
production to humans (Moore and Stabeno, 2015). Because dynamic
ocean processes are not depicted in most arctic food web schematics,
the ecosystems appear static rather than typified by extremes in
seasonal and inter-annual variability. Fortunately, the dynamic nature
of arctic marine ecosystems is becoming better understood, with
several peer-reviewed volumes describing biological responses to the
recent extreme physical changes (e.g. Wassman et al., 2011, 2015;
Moore and Stabeno, 2015; Grebmeier and Maslowski, 2014; Kulkarni
et al., 2012).

The Arctic Marine Pulses (AMP) conceptual model was introduced
by Moore and Stabeno (2015) and adopts four contiguous ecological
domains, defined by Carmack and Wassman (2006), as a framework to
link annual biophysical events, or 'pulses', in the Pacific Arctic region
(Fig. 2a). Pulses are processes that occur on spatial and temporal scales
extending from 1 to 1000 km over days to months during an annual
cycle, as depicted on a ‘Stommel’ diagram of ocean dynamics (Fig. 2b).
The Pacific Arctic domain is the ‘focal’ area for the AMPmodel, wherein
biophysical processes associated with the Seasonal Ice Zone domain,
the Marginal domain (i.e, the shelf-break and slope), and the Riverine
Coastal domain act to guide ecological outcomes. The AMP model
combines existing models describing (a) pelagic-benthic coupling
processes (Grebmeier et al., 2012, and references therein) and (b)
advective processes (Grebmeier et al., 2015c, and references therein) to
capture the interconnectivity of these processes, while placing an
emphasis on the annual timing of biophysical pulses in the Pacific
Arctic region. This emphasis on phenology is key, given the myriad

ecosystem responses already identified in this period of rapid physical
alteration of the Pacific Arctic region (Grebmeier and Maslowski 2014;
Frey et al., 2015; Arrigo and van Dijken, 2015; Wood et al., 2015).

Here, we further develop the AMP model by providing an overview
of the phenology of biophysical pulses in the Pacific Arctic region,
followed by examples of how studies including upper-trophic species
provide a means to explore how the marine ecosystem responds to
these events. We then suggest possible next-steps for further develop-
ment of the AMP model in the Pacific Arctic and suggest that it might
be a useful paradigm for other Arctic marine ecosystems. We then
describe how the AMP model, with its focus on phenology, might
facilitate communication between conventional science approaches to
marine research and seasonal-cycle-based indigenous knowledge of
marine ecosystems. The goal of improving our understanding of the
state and variability of the Pacific Arctic marine ecosystem is a shared
one and we conclude with views on how the AMP model can support
that goal while contributing to the development of a pan-Arctic
ecosystem model.

2. The Pacific Arctic Region: a realm of strong biophysical
pulses

2.1. Initiating pulse of Pacific Water at Bering Strait

The Pacific Arctic domain is defined by waters entering the Arctic
Ocean through Bering Strait, which circulate anticyclonically within the
Beaufort Gyre at depths between 40 and 280 m, then exit via the
Canadian Archipelago and Fram Strait (Carmack and Wassman, 2006).
This domain is the focal area for the Pacific Arctic region, wherein the
three other domains interact. The summer peak in northward transport of
Pacific Water through Bering Strait, the result of the relatively invariant
pressure head-driven transport dominating seasonally weak wind-driven
transport (Danielson et al., 2014; Woodgate et al., 2015), is the initiating
event for the Pacific Arctic advective model (Grebmeier et al., 2015c) and
therefore the AMPmodel (Moore and Stabeno, 2015). This seasonal pulse
of three water masses (ACW, BSW, AW) into the Chukchi Sea essentially
‘sets the stage’ for subsequent biophysical processes downstream.
Specifically, sediment structure and occurrence patterns of benthic fauna
and zooplankton are related to circulation and flow speed of the three
water masses (Pisavera et al., 2015). In general, epi- and macrofaunal
suspension feeders are associated with high-flow regimes, with deposit
feeders common in weaker flow areas. Furthermore, pelagic fish and
zooplankton assemblages can be linked to specific water masses, with
large zooplankton taxa (e.g., copepods and euphausiids) associated with
BSW and high salinity ACW (Eisner et al., 2013). Finally, the seasonal
advection of nutrients and zooplankton in the cold high-salinity AW is key
to the distribution and productivity of seabirds in the Chukchi Sea (Piatt
and Springer et al., 2003), while also providing feeding opportunities for
gray and bowhead whales in the southern Chukchi and western Beaufort
seas, respectively (Bluhm et al., 2007; Ashjian et al., 2010).

Woodgate et al. (2015) provide a synthesis of transport measure-
ments from moorings deployed in Bering Strait from 1990 to 2014 and
report an overall increase from ~0.7 Sv to ~1.1 Sv in volume flux from
2001–2013, with marked inter-annual variation. The roughly 50%
increase in volume flux brings corresponding changes in heat flux and
freshwater, with the latter increasing from 2000–2500 km3 y-1 in 2001
to 3000–3500 km3 y-1 in 2011. The increased inflow also results in a
decreased residence time of waters entering the Chukchi Sea, resulting
in a “significant change in the timing of water with different properties”
entering the Arctic Ocean (Woodgate et al., 2015: page 51); i.e. the
advective conveyor belt is moving faster now than during the latter half
of the 20th century.

While the interplay of forcing mechanisms that introduce variability
in the timing and magnitude of the Pacific Water pulse through Bering
Strait remains a subject of active research, Danielson et al. (2014)
provide evidence that variability in northward transport is strongly

Fig. 1. Pacific Arctic marine ecosystem, as described in Grebmeier and Maslowski
(2014), depicting maximum (March) and minimum (September) sea ice extent, major
currents, rivers and topographic features (modified from Moore and Stabeno, 2015).
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Figure 5.2. Temporal trends in the average macrofaunal biomass (a–c), number of taxa (d–f), 

and SWI (g–i) with standard error bars at south of SLI (left), Chirikov (middle), and Chukchi 

(right) during 2000–2013. Black lines indicate regression lines for 2000–2013. Solid and dashed 

lines indicate significant (p < 0.05) and insignificant (p ≥ 0.05) trends, respectively. 
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Figure 5.3. (a) The difference in SSH between 2000 and 2013 (SSH2013 – SSH2000), and (b) 

temporal trend in SSH for 2000–2013. White in (b) shows the area with non-significant trend (p 

≥ 0.05).  

 

Figure 5.4. Temporal trend in ΔSSH derived as ΔSSH = SSHAB – SSHCS for 2000–2013. Solid 

line represents regression line. 
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Figure 5.5. Histograms of local wind velocities along best correlate directions (Vθ) at (a) south 

of SLI, (b) Chirikov, and (c) Chukchi. θ were 315°, 330° and 0° for south of SLI, Chirikov and 

Chukchi. Red and blue bars represent winds in 2000 and 2013, respectively.  

 

Figure 5.6. Temporal trends in local wind velocities along best correlate directions (Vθ) at (a) 

south of SLI, (b) Chirikov, and (c) Chukchi for 2000–2013. θ were 315°, 330° and 0° for south 

of SLI, Chirikov and Chukchi. Black solid lines represent regression lines. 
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Figure 5.7. Comparison results between number of taxa and ΔSSH derived as ΔSSH = SSHAB – 

SSHCS (a–c), and number of taxa and Vθ (d–f) south of SLI (left), at Chirikov (middle) and 

Chukchi (right) hotspots. Black lines indicate regression lines. Solid and dashed lines indicate 

significant (p < 0.05) and insignificant (p ≥ 0.05) trends, respectively.  
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Chapter 6 

Overall discussion and conclusions 
 

6.1. Summary and synthesis of individual chapters 

Finally, this chapter combines the results and insights derived from individual 

chapters to provide a holistic discussion. This work documented reliable evidences of 

relationships between phytoplankton and benthic macrofauna, and also species invasion at 

benthic hotspots in the Pacific Arctic. The findings of this work could fill the lack of knowledge 

about the detailed processes how phytoplankton community influence on benthic macrofauna 

via benthic–pelagic coupling, and would contribute to offering a solid foundation for assessing 

future changes in the area. Thus, integrating the results provided in individual chapters arranges 

biological and ecological implications vital in making informed management decisions. 

In chapter 2, a chlorophyll-a size distribution (CSD) model was developed by basing 

on biomass and optical property of phytoplankton, and enabled to derive the synoptic size 

structure of the phytoplankton community with sufficient accuracy using satellite remote 

sensing. Compared with existing models, the CSD model has several advantages: use of 

phytoplankton absorption coefficients (aph(𝜆)) at shorter wavelengths that reduce uncertainties 

by strong absorption by pure seawater, employment of the spectral shape of aph(𝜆) avoiding the 

influence of non-algal components, retrieval of user-defined phytoplankton size classes 

calculated from the CSD slope, development by using size fractionated chlorophyll-a (chla) 

without the use of the diagnostic pigments such as fucoxanthin and peridinin, and user-friendly 

index that the CSD slope represent the synoptic size structure of the phytoplankton community 

with one component. In consequence, satellite-based estimation of spatiotemporal variation in 

phytoplankton size structure by the CSD model can contribute better understanding of the 

biogeochemical and ecological responses to recent climate forcing. In fact, chapter 3 built a 

constructive linkage between phytoplankton size structure and biomass of benthic macrofauna 

at the benthic hotspot in the Pacific Arctic. As the Pacific Arctic has a tight pelagic–benthic 

coupling that surface production directly transported to the sediment with little or no grazing by 

zooplankton, spatiotemporal variation in satellite-derived phytoplankton size structure was an 

important index of pattern in food supply to benthic macrofauna. Although average macrofaunal 

biomass through three benthic hotspots in the Pacific Arctic, i.e., south of St. Lawrence Island 

(south of SLI), Chirikov Basin (Chirikov), and southeastern Chukchi Sea (Chukchi), sustained 

high value (> 20 gCm-2) throughout 2000–2013, those observed south of SLI and Chukchi 

showed decreasing and increasing trends for the period. Coincidently, size structure of 
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phytoplankton during the post-bloom period shifted smaller and larger community south of SLI 

and Chukchi, respectively, suggesting that the macrofaunal distribution seemed to be driven by 

the amount of settled phytoplankton to the sediments and/or continuous supplement of fresh 

phytoplankton. To examine which or both of these processes contribute to determining 

spatiotemporal variations in macrofaunal biomass at benthic hotspots in the Pacific Arctic, a 

factorial laboratory experiment, in addition to in situ and satellite observations, was conducted 

in chapter 4. Spatial distribution in body size of a common bivalve in the Pacific Arctic 

Macoma calcarea showed significant relationship with size structure of phytoplankton 

community during the post-bloom period, supporting the results in chapter 3 that higher benthic 

macrofaunal biomass coincide with larger phytoplankton size structure during the period. In 

addition, the factorial experiment suggested that growth in body size and physiological 

condition of M. calcarea reflected the available duration of fresh phytoplankton rather than total 

amount of available organic materials. These results further imply that the shift in food web 

from pelagic–benthic to pelagic-oriented system likely not to be directly fatal for benthic 

macrofauna in the Pacific Arctic if only benthic macrofauna able to obtain continuous influx of 

phytoplankton from overlying water column and/or lateral advection. Moreover, chapter 5 

demonstrated that the species invasion seemed to have been already occurred in benthic 

macrofaunal community in the Pacific Arctic, accompanying with increasing northward volume 

transport controlled by meridional sea level gradient and local winds. As the variation in 

northward volume transport has been expected to keep increasing, species invasion could be 

amplified in future. 

 

6.2. Current status and trend of marine ecosystem in the Pacific Arctic 

The quality and quantity of primary production, including ice algae and 

phytoplankton, reaching the seafloor have a strong impact on benthic communities (McMahon 

et al., 2006; Sun et al., 2007, 2009; North et al., 2014), which further cascades on upper trophic 

levels such as diving spectacled eiders (Somateria fischeri), bearded seals (Erignathus 

barbatus), walrus (Odobenus rosmarus) and grey whales (Eschrichtius robustus) (Lovvorn et 

al., 2003; Grebmeier et al., 2006; Grebmeier, 2012). During the spring bloom period, almost 

70% of the water column organic carbon reaches the seafloor in the Pacific Arctic characterized 

by tight pelagic–benthic coupling owing to high primary production and low grazing by 

zooplankton (Walsh et al., 1989), supporting high biomass of benthic macrofauna (Grebmeier 

and McRoy, 1989). In contrast, theoretical grazing of phytoplankton by zooplankton may reach 

up to 50–150% of the daily water column primary production in the Pacific Arctic (Springer et 

al., 1989), suggesting the amount of daily influx of phytoplankton to the sediment would much 
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lower than that of during the bloom period because of relatively lower primary production and 

high grazing by zooplankton. In addition to these facts, a robust food bank theory lead recent 

trend in way of thinking that water column primary production especially in spring supports 

persistent benthic hotspots in the Pacific Arctic; however, this work revealed a shift in benthic 

macrofaunal biomass coincided with phytoplankton size structure during the post-bloom period 

in the Pacific Arctic because of positive influences of continuous influx of fresh phytoplankton 

on growth and physiological condition of a common bivalve in the Pacific Arctic Macoma 

calcarea. As the high sinking rate likely allow escaping from grazing by zooplankton, it is 

considered that larger phytoplankton size structure leads substantial settlement of fresh 

phytoplankton even if zooplankton-rich water during the post-bloom period. In areas with 

reduced summer sea ice, grazing pressure by zooplankton will be higher resulting in 

pelagic-oriented systems (Kędra et al., 2015). The Pacific Arctic, where is experiencing drastic 

sea ice reduction (Steele et al., 2008), is one of the areas that food web structure may shift from 

pelagic–benthic to pelagic-oriented systems. Indeed, it is regarded as a mainstream prediction 

that biomass and abundance of benthic organisms decrease in future Pacific Arctic in response 

to ongoing sea ice reduction (Kędra et al., 2015), although this study propose an alternative 

hypothesis that the region exposed large phytoplankton size structure during the post-bloom 

period (e.g., southeastern Chukchi hotspot) may not drive decreasing in benthic biomass even if 

in pelagic-oriented systems.  

Recently, fall blooms have been observed in wide regions of the Arctic Ocean. In 

temperate regions, wind-driven mixing and the incidental upward supply of nutrients trigger fall 

blooms (Chiswell et al., 2013), whereas the presence of sea ice prevents wind-driven mixing 

even during strong storms in the Arctic. However, the impact of local storms on the upper ocean 

is becoming more prominent due to the drastic reduction of sea ice extent (Rainville and 

Woodgate, 2009). In fact, weak but evident fall blooms have already been observed in the 

eastern Bering Sea and the southern Chukchi Sea (Sigler et al., 2014; Nishino et al., 2016). 

While the present pattern of single phytoplankton blooms occurred in spring is currently the 

major primary production period in the Pacific Arctic, phenological shifts from single to double 

blooms (i.e., both spring and fall) may be amplified in the future (Ardyna et al., 2014). 

Although this work have not examined occurrence of fall blooms at benthic hotspots in the 

Pacific Arctic, such event promote fresh phytoplankton settlement into the sediment and hence 

encourage the hypothesis that pelagic-orient food web may no directly drive decrease in 

biomass and abundance of benthic organisms in the Pacific Arctic. 

Another logical prediction for a future Arctic characterized by increased Pacific 

water intrusion into the Arctic (Woodgate et al., 2010, 2015; Woodgate and Weingartner, 2012) 
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and reduced sea ice (Steele et al., 2008) is that new taxa will expand or invade Arctic seafloor 

habitats (Renaud et al., 2015). While it remains unclear that which family joined benthic 

macrofaunal community and where is the origin, this work proposed a possibility that new 

macrofaunal taxa have already invaded benthic macrofaunal community in the Pacific Arctic. In 

general, the alien species have potential to seriously affect biological system by robbing of food 

and/or habitat of native species (Sorte et al., 2010), and therefore disruption of existing linkage 

in food web may occur in the Pacific Arctic in near future as a consequence of reconstruction 

from Arctic to sub-Arctic community. Furthermore, there is a possible prediction that benthic 

community in the Pacific Arctic shift from deposit feeding species to suspension feeding 

species in response to varying sediment grain size, suggesting not only species diversity but also 

population composition of benthic macrofaunal community in the Pacific Arctic will vary or 

have already varied in response to increased northward volume flux. As the Pacific Arctic is 

important foraging area for benthic feeding species (Grebmeier et al., 2006), the impact of 

changes in benthic community can propagate to upper trophic levels through the trophic 

cascades. Indeed, gray whales primarily used the Chirikov Basin with dense aggregations of 

amphipod (Highsmith and Coyle, 1992), whereas population of gray whales decline their 

population in 2002 due to the reduction in prey biomass as much as 50% relative to the 1980s, 

resulting in an extension of their foraging area to the southern Chukchi Sea (Moore et al., 2003). 

In addition, spectacled eiders, which overwinter in the open-water leads in pack ice south of St. 

Lawrence Island to feed on productive bivalve populations (Lovvorn et al., 2003), have 

drastically decreased their population size coincident with declines in prey density during the 

last few decades (Lovvorn et al., 2014). Although it remain unclear that declines in prey 

availability were directly linked with species invasion and/or variation in community 

composition, these facts substantially suggest that benthic community pattern strongly 

influences on biomass and distribution of upper trophic levels. Therefore, if the alien species 

replace native species and subsequently disrupt existing linkage in food web, marine ecosystem 

in the future Pacific Arctic will be considerably different than those we see today. 

 

6.3. Research needs and ways forward 

There is a sturdy prediction that the duration of open water in the Chukchi and 

Beaufort seas shifts from 3 to 4 months in 2010 to a projected ~5 months by 2040s (Wang and 

Overland, 2015), and a sea ice free Arctic in summer may occur as early as the late 2020s 

(Wang and Overland, 2009). In addition, time series data obtained by the recent high-resolution 

mooring arrays indicate the Bering Strait throughflow increases ~50% from 2001 (~0.7 Sv) to 

2013 (~1.1 Sv) (Woodgate and Weingartner, 2012). To understand the response of marine 
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ecosystem to such extreme events, a novel conceptual model named the Arctic Marine Pulses 

(AMP) model has developed (Moore et al., in press) in the course of the Synthesis of Arctic 

Research (SOAR) project focusing on an integrated synthesis of conditions in the Pacific Arctic. 

The AMP model depicts biophysical pulses by linking processes such as sea ice dynamics, 

pelagic–benthic coupling and also lateral advection on spatiotemporal scales extending from 1 

to 1000 km over days to months during an annual cycle (Moore et al., in press). In the model, 

timing and pace of sea-ice retreat across the Chukchi Sea drives pulses of organic material 

either to the benthos, or toward the pelagic system; however, the results reported in chapters 3 

and 4 imply that not only pulse of organic material influx occurred in blooms but also that of 

during the post-bloom period is substantially important for benthic community at benthic 

hotspots in the Pacific Arctic. Therefore, in addition to pulsed influx of organic materials during 

the bloom period, continuous influx of organic materials after the bloom should be considered 

as one of the important sources of organic materials in the Pacific Arctic. Such improvement of 

the AMP model would facilitate holistic understanding of ocean dynamics and complex trophic 

linkages from primary production to humans providing a foundation required for policy 

decisions of the sustainable ecosystem services in the Pacific Arctic. Note that this dissertation 

did not examine the influence of advected organic carbon brought into the region by Pacific 

water transiting northward from upstream sources, although such process as well as in situ 

production likely to important for the persistence of benthic hotspots especially sea ice covered 

seasons (Grebmeier, 2012; Grebmeier et al., 2015a,b). 

Compared with other trophic levels such as phyto- and zooplankton, fish, seabirds, 

and marine mammals, basic information of benthic organisms in the Arctic is largely unclear, 

especially reproduction strategy (Fetzer and Arntz, 2008), while those could clearly important in 

modeling and predicting benthic community structure as well as whole ecosystem. Some studies 

suggest that temperature and salinity may trigger reproduction of benthic organisms 

(Hoegh-Guldberg and Pearse, 1995), whereas conflicting study reported that water temperature 

has no direct effect on timing of reproduction (Pearse and Lockhart, 2004). Hence, more 

detailed quantifications of the timing of reproduction in benthic organisms are necessary to 

obtain a broader view of Arctic life history strategies (Kuklinski et al., 2013); however, 

year-round monitoring of benthic community is not easy owing to sea ice dynamics and extreme 

storms in the region. One of the solutions is a long-term laboratory experiment. To the best of 

my knowledge, Goethel et al. (in press) is the only example of laboratory experiment in the 

Pacific Arctic, examining the response of growth in bivalve to different PH conditions. Because 

such experiments improve our understanding about detailed response of target organisms to 

experimental conditions, we need more effort on laboratory experiment especially for benthic 
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organisms.  

The Conservation of Arctic Flora and Fauna (CAFF) placed that ecosystem services 

in the Arctic are important economically, environmentally and culturally (CAFF, 2013). These 

services not only benefit for Arctic residents directly, providing essential food and cultural 

keystones (Moore and Stabeno, 2015). In addition, the Arctic ecosystem also serves the rest of 

the world, as a destination for tourism in various forms and icons of the Arctic region, and by 

providing a large amount of food from commercial fisheries (CAFF, 2013). Recognition of the 

importance of these services, and an assessment of how they are changing, is vital to design 

effective Arctic conservation strategies (CAFF, 2013). Consequently, to facilitate development 

of management strategies now and in the future, research strategies should focus on process 

studies investigating the detailed processes of ecosystem variations via trophic interaction 

and/or cascading impact, as well as monitoring observations and development of conceptual 

models. 
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