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Chum salmon (Oncorhynchus keta) are predominantly located in the Bering Sea during summer and fall.
However, several studies have recently reported a different tendency as follows. Observed densities of
chum salmon were higher in the vicinity of the Bering Strait and the Chukchi Sea than the eastern Bering
Sea in September 2007, and Japanese chum salmon migrated to northern areas in the Bering Sea during
summer 2009. The sea surface temperature (SST) in the Arctic marginal seas has increased since the mid-
1960s, and especially since 2000. We speculated that the SST increase directly promoted salmon northing
from the Bering Sea to the Western Arctic. In this study, we estimated the potential habitat for chum sal-
mon in the Western Arctic using a bioenergetics model coupled with a three-dimensional lower trophic
ecosystem model (3-D NEMURO). ‘‘Potential habitat’’ was defined as ‘‘an area where chum salmon could
grow (i.e., the growth rate was positive)’’. In the bioenergetics model, the growth rate of an individual
chum salmon was calculated as a function of water temperature, salinity, and prey density, which were
obtained from the 3-D NEMURO model results. To evaluate the habitat responses under a global warming
scenario, we used the modeled monthly change of water temperature between 2005 (averaged from 2001
to 2010) and 2095 (averaged from 2091 to 2100) under the IPCC SRES-A1B scenario. Our calculations, fol-
lowing the global warming scenario, suggested that the potential habitat for chum salmon would expand
to the north due to the increase in water temperature and prey density. In contrast, south of 71�N during
summer, the potential habitat would shrink regionally because the water temperature exceeded the opti-
mal condition.

� 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Chum salmon (Oncorhynchus keta) are distributed widely in the
North Pacific, and represent an important commercial fishery
resource for North Pacific countries. Determining the distribution
and origins of chum salmon will provide valuable information to
help clarify stock-specific patterns of ocean migration for stock
assessment (Sato et al., 2009b). Chum salmon are predominantly
located in the Bering Sea during summer and fall (Sato et al.,
2009a; Urawa et al., 2009). However, several studies have recently
reported a different tendency. The observed densities of chum sal-
mon were higher in the vicinity of the Bering Strait and the Chuk-
chi Sea than the eastern Bering Sea in September 2007 (Moss et al.,
2009), and Japanese stocks migrated to northern areas (>60�N)
in the Bering Sea during summer 2009 (Sato et al., 2012).

Global warming has affected the growth and survival of Asian
chum salmon since the 1990s; and in the near future (�2095), a
shrinking of suitable habitat for chum salmon in the North Pacific
and a northward shift in distribution into the Chukchi Sea have
been projected under the Special Report on Emissions Scenarios
(SRES) A1B of the Intergovernmental Panel on Climate Change
(IPCC) (Kaeriyama, 2008). Fig. 1 shows the current sea surface tem-
perature (SST) in the Bering Sea, obtained from the World Ocean
Atlas 2005 (Locarnini et al., 2006), and the projected SST in 2095
(averaged from 2091 to 2100) simulated under a global warming
scenario (SRES A1B) (Kawamiya et al., 2005). The optimal temper-
ature for the growth and feeding of chum salmon ranges from 8 �C
to 12 �C, and the adaptable temperature for available habitats
ranges from 5 �C to 13 �C (Kaeriyama et al., 2012). In the Bering
Sea, the SST is at the optimal temperature under current condi-
tions, whereas the SST exceeds the optimum temperature during
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summer under the global warming scenario (SRES A1B). The SST in
the Arctic marginal seas has increased since the mid-1960s, and
especially since 2000 (Steele et al., 2008), and we speculate that
northerly distribution will expand with global warming. The SST
increase has directly affected the northerly extent of current chum
salmon distribution, and the northward migration would acceler-
ate with global warming. Therefore, we focused on chum salmon
migrating northward to the Western Arctic during summer and
fall.

Numerical modeling is one of the most powerful tools used to
estimate the impacts of global warming on marine ecosystems
(Harley et al., 2006; Yoon et al., 2013). Bioenergetics models of
chum salmon have been used to investigate the relationship
between environmental conditions (e.g., water temperature, salin-
ity, and prey density), and the growth rates and spatial distribu-
tions of chum salmon. Perry et al. (1996) used the bioenergetics
model developed by Ware (1978), which was developed as a gen-
eral relationship for pelagic fish, and parameterized for sockeye
salmon, to estimate the growth of the juvenile pink and chum sal-
mon during migrations along the coast of Vancouver Island, British
Columbia, Canada. Orsi et al. (2004) used the Wisconsin Bioener-
getics Model 3.0 (Hanson et al., 1997) to estimate zooplankton
prey consumption of juvenile chum salmon in southeastern Alaska.
Kamezawa et al. (2007) and Kishi et al. (2010) developed a bioen-
ergetics model for chum salmon to investigate the reduction in
body size of Japanese chum salmon from the 1970s to 1990s. Their
bioenergetics model was based on earlier fish bioenergetics models
(Ware, 1978; Rudstam, 1988; Beauchamp et al., 1989; Trudel et al.,
2004), and coupled with a three dimensional ecosystem model
(Aita et al., 2007). Kishi et al. (2010) also reported the impact of
global warming on chum salmon, including the migration of chum
salmon northward to the Arctic Ocean during summer and signif-
icant decreases in the carrying capacity in subarctic areas.

Previous studies of chum salmon have mainly been undertaken
in the North Pacific, which is a major rearing area, and have consid-
ered the habitat responses of global warming through only surface
thermal limits (i.e., SST), despite the importance of prey density
and the vertical migration of chum salmon. The extent of SST-
based habitats can be underestimated for fishes migrating verti-
cally, and can be overestimated by neglecting prey densities.
Therefore, in this study, we estimated the potential habitat for
chum salmon in the Western Arctic using a bioenergetics model
coupled with the output data from a three-dimensional lower
Fig. 1. Sea surface temperature (SST) in the Bering Sea (averaged over the region in
163.5�E to 200.5�E and 55.5�N to 65.5�N). Triangles indicate the current SST
obtained from World Ocean Atlas 2005 (WOA05) and circles indicate the projected
SST in 2095 (averaged from 2091 to 2100) simulated under a global warming
scenario (SRES A1B) by Kawamiya et al. (2005) (2095 (A1B)).
trophic ecosystem model, under both current conditions and a glo-
bal warming scenario.

Chum salmon can be divided into Asian and North American
groups, with juveniles recruited into the North Pacific north of
33�N on the Asian coasts, and north of 43�N on the North American
coasts, respectively (Neave et al., 1976). Although chum salmon are
divided into several groups by spawning ground, we did not con-
sider the difference among the groups but considered all chum sal-
mon migrating northward from the Bering Sea to the Western
Arctic. This is because the available SST for all regional chum sal-
mon ranged from 5 �C to 12 �C in the North Pacific including the
Bering Sea during summer 1972–2002 (Nagasawa and Azumaya,
2009), and from 6.6 �C to 11.9 �C in the Bering Sea and the adjacent
North Pacific during summer and fall 2002–2004 (Sato et al.,
2009a), corresponding to the range of temperatures that may be
adapted to for available habitats (5–13 �C) reported by
Kaeriyama et al. (2012).
Model description

In this study, we used the chum salmon bioenergetics model
developed by Kamezawa et al. (2007) and Kishi et al. (2010) (see
detail in Section ‘Bioenergetics model’ and the Appendix A), and
applied three-dimensional lower trophic ecosystem model results
of Watanabe et al. (2012) as a simulated prey field for chum sal-
mon. Watanabe et al. (2012) used the coupled sea ice–ocean
model, which is composed of a physical ocean general circulation
model called the Center for Climate System Research Ocean Com-
ponent Model (COCO) (Hasumi, 2006), and a lower trophic marine
ecosystem component, called the North Pacific Ecosystem Model
for Understanding Regional Oceanography (NEMURO) (Kishi
et al., 2007). The model domain covers the entire Chukchi Sea
and the southern area of the Canada Basin (Fig. 2). The horizontal
resolution is approximately 2.5 km, and there are 25 vertical levels
(surface to 4000 m). The three-dimensional (3-D) NEMURO model
(i.e., the coupled COCO and NEMURO model) was run for 9 months
(from March to November 2003), without preceding spin-up run to
avoid unexpected influence of the lateral boundary conditions,
covering the entire period when chum salmon are present in the
Bering Sea (i.e., June to November) (Urawa, 2000; Azumaya and
Ishida, 2004). Furthermore, to evaluate the extent of potential
chum salmon habitat under global warming, the model was run
Fig. 2. Model bathymetry, together with two model output points (yellow circles of
CS (173�W 69�N) and BC (157�W 71.4�N) referred to in Figs. 9 and 12). Shading
indicates bathymetry (m).



Table 1
Parameter values used in the chum salmon bioenergetics model (Kamezawa et al.,
2007; Kishi et al., 2010).

Symbol Parameter description Value

Consumption, CMAX

ac Intercept for CMAX parameter 0.303
bc Coefficient for CMAX parameter versus weight -0.275
Vi Vulnerability constant 1.0
Ki Half saturation constant 0.15
xk1 Proportion of CMAX for te1 0.30
xk2 Proportion of CMAX for te2 0.98
xk3 Proportion of CMAX for te3 0.98
xk4 Proportion of CMAX for te4 0.5
te1 Temperature for xk1 3.0
te2 Temperature for xk2 5.0
te3 Temperature for xk3 10.0
te4 Temperature for xk4 12.0

Metabolism, R
ars Intercept for standard metabolic rate of 1 g fish at 0 �C 0.0799
br Coefficient for standard metabolism versus body weight 0.8
cr Coefficient for standard metabolism versus temperature 0.069
ara Intercept for swimming cost Eq. (A.16)
dr Coefficient for swimming cost versus body weight 0.44
er Coefficient for swimming cost versus temperature 2.42

Swimming speed, U
au Intercept for optimal foraging speed 20.3
bu Coefficient for swimming speed versus weight 0.132

Specific dynamic action, SDA
ss Coefficient for specific dynamic action 0.175

Egestion, F and Excretion, E
af Proportion of consumed food egested 0.16
ae Proportion of consumed food excreted 0.1

Caloric value
CALz Caloric equivalent of zooplankton 617.22
CALf Caloric equivalent of fish 1323.68
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under the IPCC SRES A1B (see detail in Section ‘Global warming
scenario’).

Bioenergetics model

The bioenergetics model was based on the model for Atlantic
herring proposed by Rudstam (1988). The growth rate of an indi-
vidual chum salmon was represented by the wet weight increment
per day:

dW
dt
¼ C � Rþ SDAþ F þ Eð Þ½ � � CALz

CALf
�W ð1Þ

where W is the wet weight of the fish (g wet weight; g WW or g
fish), C is the consumption (g prey g fish�1 d�1), R is the respiration
or losses through metabolism (g prey g fish�1 d�1), SDA is the spe-
cific dynamic action or losses due to the energy costs of digesting
food (g prey g fish�1 d�1), F is the egestion or losses in feces
(g prey g fish�1 d�1), E is the excretion or losses of nitrogenous
excretory wastes (g prey g fish�1 d�1), and CALz and CALf are the
caloric equivalent of prey (i.e., zooplankton) (cal g prey�1) and fish
(cal g fish�1), respectively:

CALz ¼
2580 J

1 g prey
� 1 cal

4:18 J
¼ 617:22 cal g prey�1 ð2Þ

CALf ¼
5533 J

1 g prey
� 1 cal

4:18 J
¼ 1323:68 cal g fish�1 ð3Þ

The formulations for the individual processes were the same as
those reported in Kamezawa et al. (2007) and Kishi et al. (2010)
and are listed in the Appendix A; parameter values are given in
Table 1. The life stages of Japanese chum salmon were divided
into eight stages according to the age-specific habitat distribution
based on Urawa (2000): stage 1 (1–1.5 years old; the number of
years after fertilization) was in the Western North Pacific, stages
2 (1.5–2.0 years old), 4 (2.5–3.0 years old), 6 (3.5–4.0 years old),
and 8 (4.5–5.0 years old) were in the Bering Sea, and stages 3
(2.0–2.5 years old), 5 (3.0–3.5 years old), and 7 (4.0–4.5 years
old) were in the Eastern North Pacific (Fig. 3). According to their
results (i.e., Kamezawa et al. (2007) and Kishi et al. (2010)), the
stage-specific body weight of chum salmon was about 500 g
WW in stage 2, 1000–1500 g WW in stage 4, 1500–3000 g WW
in stage 6, and 2000–3500 g WW in stage 8. In this study, we
focused upon chum salmon migrating northward from the Bering
Sea to the Western Arctic, thus we used the parameter values for
stages 2, 4, 6, and 8, in which chum salmon were in the Bering Sea
between June and November. Using the bioenergetics model, the
growth rates of 100–4000 g WW chum salmon were calculated
for the entire model domain shown in Fig. 2, and vertically from
the surface to 100 m, because chum salmon migrate vertically to
below 100 m to control their body temperature and search for
prey (Walker et al., 2000; Ishida et al., 2001; Azumaya and
Ishida, 2005).

Inputs from the 3-D NEMURO model

The water temperature, salinity, and prey density values in the
bioenergetics model were obtained from the 3-D NEMURO model
results simulated by Watanabe et al. (2012). The NEMURO model
has three categories of zooplankton: (1) small zooplankton (ZS),
(2) large zooplankton (ZL), and (3) predatory zooplankton (ZP)
(Kishi et al., 2007). Kamezawa et al. (2007) and Kishi et al. (2010)
assumed that modeled chum salmon prey upon ZP because chum
salmon select their diets from gelatinous zooplankton and more
nutritious species (Tadokoro et al., 1996; Kaeriyama et al., 2004),
thus we followed the same assumption. ZP, as a top predator in
the NEMURO model, includes all carnivorous zooplankton (i.e.,
gelatinous zooplankton, euphausiids, and other large carnivorous
zooplankton), and these are not further resolved in the model.
The available prey field for chum salmon might be overestimated
by including non-prey species in ZP, although it has been reported
that chum salmon could shift their diets based on prey availability
and/or interspecific competition (Tadokoro et al., 1996; Kaeriyama
et al., 2004; Cook and Sturdevant, 2013) (see more in Section ‘Con-
clusions’). The NEMURO describes zooplankton density as nitrogen
density (lmol N L�1), and we converted it into wet weight follow-
ing Megrey et al. (2002):
14 l gN
1 l mol N

� 10�6 g
1 l g

� 1 g dry weight
0:07 g N

� 1 g wet weight
0:2 g dry weight

� 103 L
1 m3

ð4Þ

The modeled SST, chlorophyll a, and nitrate were found to show
good agreement with Moderate-Resolution Imaging Spectroradi-
ometer and World Ocean Atlas 2009 data (Watanabe, 2011;
Watanabe et al., 2012). However, the model validation of zoo-
plankton biomass remains to be completed, although the modeled
ZL biomass was compared with the copepod biomass obtained
from Campbell et al. (2009) (Watanabe et al., 2012). In Sec-
tion ‘Comparisons between observations and model results for
zooplankton biomass’, we compare the zooplankton biomass with
previous observations (Sherr et al., 2009; Campbell et al., 2009;
Hopcroft et al., 2010) and the model results by Watanabe et al.
(2012).



Fig. 3. Schematic view of the migration route of Japanese chum salmon (modified from Urawa 2000). The months in boxes indicate the period when chum salmon are
distributed in each sea. The numbers in boxes indicate life stages of chum salmon according to the age-specific habitat distribution: stage 1 (1–1.5 years old; the number of
years after fertilization) is in the Western North Pacific, stages 2 (1.5–2.0 years old), 4 (2.5–3.0 years old), 6 (3.5–4.0 years old), and 8 (4.5–5.0 years old) is in the Bering Sea,
and stages 3 (2.0–2.5 years old), 5 (3.0–3.5 years old), and 7 (4.0–4.5 years old) is in the Eastern North Pacific (Kamezawa et al. 2007; Kishi et al. 2010).
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Definition of potential habitat

We defined ‘‘potential habitat’’ as ‘‘an area where chum salmon
could grow (i.e., dW/dt > 0 in Eq. (1))’’. This definition was based on
the hypothesis that chum salmon would migrate for survival, feed-
ing, and growth to maturity except during their homing migration
(this study targeted on feeding migration only). In the bioenerget-
ics model reported in Kamezawa et al. (2007) and Kishi et al.
(2010), the weight-specific range of prey density (i.e., ZP biomass)
and water temperature for the positive growth potential of 100–
4000 g WW chum salmon at a salinity of 33.0 is shown in Fig. 4.
The contours indicate the conditions for the positive growth rate
of chum salmon of 500, 1000, 1500, 2000, 2500, 3000, and
3500 g wet weight, and the regions bounded by the contours indi-
cate the conditions for their ‘‘potential habitat’’ as: from violet to
orange, shading indicates the habitat for chum salmon below
500, 1000, 1500, 2000, 2500, 3000, and 3500 g WW, and the
red-shaded area indicates the habitats for all chum salmon of
100–4000 g WW. The temperature range where growth is possible
increases as the available prey density increases. The temperature
range where growth is possible for 500 g WW chum salmon ranges
from 3.3 �C to 12.1 �C under a prey density condition of
0.5 lmol N L�1, and its range decreases as the body weight
increases; 3.4 �C to 11.9 �C for 1000 g WW, 3.7 �C to 11.6 �C for
Fig. 4. Weight-specific prey densities (i.e., predatory zooplankton biomass, ZP) and
water temperatures required for positive growth potential (i.e., dW/dt > 0) of chum
salmon at a salinity condition of 33.0. The contours (dashed lines) indicate the
conditions for the positive growth rate of chum salmon of 500, 1000, 1500, 2000,
2500, 3000, and 3500 g wet weight, and the regions bounded by the contours
indicate the conditions for their ‘‘potential habitat’’ as: from violet to orange,
shading indicates the habitat for chum salmon below 500, 1000, 1500, 2000, 2500,
3000, and 3500 g WW, and the red-shaded area indicates the habitats for all chum
salmon of 100–4000 g WW. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
2000 g WW, and 3.8 �C to 11.4 �C for 3000 g WW chum salmon.
The minimum prey densities where growth is possible are 0.08,
0.11, 0.16, and 0.21 lmol N L�1 for 500, 1000, 2000, and 3000 g
WW chum salmon, respectively. The growth rate decreases as
the salinity increases due to the increased metabolism of the fish
(Eq. (A.16)).
Global warming scenario

To evaluate the habitat extent under global warming condi-
tions, we used the monthly changes in water temperature simu-
lated under the IPCC SRES A1B (Kawamiya et al., 2005), using the
Model for Interdisciplinary Research on Climate (Hasumi and
Emori, 2004). The monthly changes were calculated by subtracting
the simulated monthly temperature data in 2005 (averaged from
2001 to 2010) from those in 2095 (averaged from 2091 to 2100).
The changes were interpolated spatially to the COCO model grids
and temporally to the model time step, and they were then added
to the water temperature for calculation of biogeochemical pro-
cesses in the 2003 case simulated by Watanabe et al. (2012). Using
this water temperature, the 3-D NEMURO was run again to obtain
the ZP biomass (i.e., prey density) under the global warming sce-
nario. We changed only water temperature used for NEMURO cal-
culations in the global warming scenario: all other physical
conditions, such as atmospheric forcing, river runoff, sea ice, salin-
ity, and circulation patterns were identical between the current
and global warming scenario experiments. The monthly changes
in water temperature and normalized ZP biomass between the cur-
rent and global warming scenario are shown in Fig. 5(a) and (b),
and monthly water temperatures in 2003 and 2095 used in this
study are shown in Fig. 5(c) and (d). The values are expressed as
values averaged horizontally over the entire model domain as
shown in Fig. 2. The normalized change in ZP biomass was calcu-
lated as: (ZP in 2095)/(ZP in 2003) – 1, where (ZP in 2003) is the
ZP biomass in the 2003 case simulated by Watanabe et al. (2012)
and (ZP in 2095) is the ZP biomass in 2095 (averaged from 2091
to 2100) simulated in this study using the 3-D NEMURO. The
change in water temperature increases from June to July and
decreases from July to November with a minimum at a depth of
50–70 m (Fig. 5(a)). The change in ZP increases from June to August
for the surface to 40 m, to September for 40–60 m, to October for
60–80 m, and to November below 80 m (Fig. 5(b)).
Results and discussion

Comparisons between observations and model results for zooplankton
biomass

The zooplankton biomass in the Western Arctic has been stud-
ied previously. Sherr et al. (2009) and Campbell et al. (2009) inves-



Fig. 5. (a) Monthly change in water temperatures between 2005 (averaged from 2001 to 2010) and 2095 (averaged from 2091 to 2100) simulated under the SRES A1B by
Kawamiya et al. (2005), and (b) normalized change between the predatory zooplankton (ZP) biomass in the 2003 case simulated by Watanabe et al. (2012) and the ZP biomass
in 2095 simulated in this study under the global warming scenario SRES A1B, and water temperatures in (c) 2003 and (d) 2095 used in this study. The values are expressed as
values averaged horizontally in the entire model domain as shown in Fig. 2.
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tigated the zooplankton community in the upper 100 m of the
Chukchi and Beaufort shelf, slope, and basin regions during sum-
mer (the end of July to the middle of August) 2002 and 2004.
Sherr et al. (2009) estimated that the total ciliate biomass (corre-
sponding to ZS in the 3-D NEMURO) ranged to 0.5–25 lg C L�1,
and Campbell et al. (2009) estimated that the total copepod bio-
mass (corresponding to ZL) ranged from 2 to 5 g C m�2. Hopcroft
et al. (2010) conducted zooplankton sampling in the Chukchi Sea
in August 2004, and estimated that the total biomass of holozoo-
plankton was 42 mg dry weight m�3 (mg DW m�3), in which the
total copepod biomass was 30 mg DW m�3. Fig. 6 shows the
model-estimated mean August biomasses of ZS, ZL, and ZP under
current conditions. The model results are expressed as values are
averaged vertically over the upper 100 m to correspond to ocean
observations conducted from the surface to a depth of 100 m.
Fig. 6. Mean August small zooplankton (ZS), large zooplankton (ZL), and predatory zoop
Western Arctic under current conditions as simulated by Watanabe et al. (2012). ZS biom
observed in previous studies (i.e., Sherr et al. (2009) and Campbell et al. (2009) in the r
The rectangle and ellipse in each figure indicate the locations
observed in previous studies (i.e., Sherr et al. (2009) and
Campbell et al. (2009) in the rectangle, and Hopcroft et al. (2010)
in the ellipse). For the comparison between these observations
and model results, the unit of model results (lmol N L�1) was con-
verted into units of observational data (mg DW m�3, or lg C L�1, or
g C m�2) based on Eq. (4) and a Redfield ratio (C:N) of 106:16. In
the rectangular areas shown in Fig. 6, ZS ranges from 0.01 to
0.06 lmol N L�1 (1–5 lg C L�1), which corresponds to the range
of 0.5–25 lg C L�1 reported by Sherr et al. (2009), and ZL ranges
from 0.1 to 0.7 lmol N L�1 (0.8–5.6 g C m�2), which corresponds
to the range of 2–5 g C m�2 reported by Campbell et al. (2009). In
the area of the ellipse in Fig. 6, ZL ranges from 0.5 to 1.2 lmol N L�1

(100–240 mg DW m�3), which is higher than the 30 mg DW m�3

reported by Hopcroft et al. (2010). In the same area, ZP is
lankton (ZP) biomasses (lmol N L�1) averaged vertically in the upper 100 m of the
ass is multiplied by 10. The rectangle and ellipse in each figure indicate the locations
ectangle and Hopcroft et al. (2010) in the ellipse).
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�0.4 lmol N L�1 (�80 mg DW m�3). If we assume that all zoo-
plankton, except for copepods in Hopcroft et al. (2010) are ZP,
the ZP/ZL ratio would be 0.4 (12 mg DW m�3/30 mg DW m�3),
which corresponds to the model result of 0.25–0.5. The above
results are summarized in Table 2. The model results in the north-
ern part of the Chukchi Sea show good agreement with previous
observations. The model results in the southwestern part are
within the same order of magnitude as the observations, although
the model results slightly overestimate observed values. Therefore,
we considered it to be appropriate to use the 3-D NEMURO model
results simulated by Watanabe et al. (2012) as input data for the
bioenergetics model of chum salmon to estimate their potential
habitat in the Western Arctic.
Potential habitat for chum salmon under current conditions

The estimated monthly weight-specific potential habitat is
shown in Fig. 7. The potential habitat of larger chum salmon includes
the habitat for smaller salmon. The potential habitat is restricted to
the southwestern Alaskan coast in June, and expands to the Chukchi
Table 2
Summary of observations and model results for zooplankton biomass in the regional area

Symbol Source Observation

ZSa Sherr et al. (2009) 0.5–25 lg C
ZLb Campbell et al. (2009) 2–5 g C m�

ZLc Hopcroft et al. (2010) 30 mg DW
ZPd 12 mg DW
ZP/ZLe 0.4

a Small zooplankton (ZS) in the rectangular area shown in Fig. 6.
b Large zooplankton (ZL) in the rectangular area shown in Fig. 6.
c Large zooplankton (ZL) in the ellipse shown in Fig. 6.
d Predatory zooplankton (ZP) in the ellipse shown in Fig. 6.
e The ratio between ZP and ZL in the ellipse shown in Fig. 6.
f The unit of model results (lmol N L�1) is converted into the unit of observational dat

106:16.
g lmol N L�1.

Fig. 7. Estimated weight-specific potential habitat for chum salmon at the maximum-g
conditions. The potential habitat of larger chum salmon includes the habitats for smaller
and red-shaded areas indicate the habitats for all chum salmon of 100–4000 g WW. (For
to the web version of this article.)
Shelf and along the northwestern Alaskan coast from July to Septem-
ber, and contracts in October. The potential habitat reflects the
warm and nutrient-rich Pacific water inflowing from the Bering
Strait. The northward Bering Strait through flow is diverted into
three branches following major features of the bottom topography
over the broad and shallow Chukchi Shelf. One branch flows north-
west, and the other two branches flow northeast through the central
channel of the Chukchi Shelf and along the Alaskan coastline, respec-
tively. The Pacific water transport reaches a maximum during late
summer and early autumn and is at a minimum in mid-winter
(Watanabe and Hasumi, 2009; Watanabe, 2011).

Fig. 8(a) shows the monthly mean maximum-growth depth
(MGD) for 500 g WW chum salmon in September, when the poten-
tial habitat area is the largest. The MGD changes due to environ-
mental conditions (i.e., water temperature and prey density), and
the body weight of chum salmon. In the southern part of the model
domain, the MGD is located near the surface where both water
temperature and prey density are higher. The MGD deepens with
increasing latitude (i.e., a decrease in water temperature and prey
density), because energy loss decreases in colder water (i.e., deeper
s shown in Fig. 6.

Model resultf

L�1 1–5 lg C L�1 0.01–0.06g

2 0.8–5.6 g C m�2 0.1–0.7g

m�3 100–240 mg DW m�3 0.5–1.2g

m�3 �80 mg DW m�3 �0.4g

0.25–0.5

a (mg DW m�3, or lg C L�1, or g C m�2) based on Eq. (4) and a Redfield ratio (C:N) of

rowth depth in the Western Arctic from June to November under current climate
salmon: violet-shaded areas indicate the habitats for 100–500 g WW chum salmon

interpretation of the references to colour in this figure legend, the reader is referred



Fig. 8. September mean (a) maximum-growth depth (MGD; m) of 500 g WW chum salmon, (b) the maximum growth rate (Gmax; % d�1), and (c) the temperature dependence
function for consumption (fc(T) in Eq. (A.4); dimensionless) and (d) the available consumption rate without temperature effects (q in Eq. (A.3); dimensionless) at the MGD
under current climate conditions. The inset graphs in (c) and (d) show the ranges of fc(T) and q.
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layers) (Eqs. (A.13)–(A.16)). The MGD is located at a depth of 80–
100 m in most of the northern part of model domain. Fig. 8 (b)
shows the September mean growth rate of 500 g WW chum sal-
mon at the MGD (i.e., the maximum growth rate; Gmax). Fig. 8 (c)
and (d) show the temperature dependence function for consump-
tion (fc(T) in Eq. (A.4)) and the available consumption rate without
temperature effects (q in Eq. (A.3)), respectively. Both an fc(T) and
q of 1.0 indicate that consumption is not limited by water temper-
ature and prey density. An fc(T) of 0.8 and q of 0.5 indicate that the
consumption is 80% limited by the water temperature and 50% lim-
ited by the prey density, thus consumption is only 40% of the max-
imum (i.e., the fc(T) � q = 0.4). Both the fc(T) and q decrease with
increasing latitude (i.e., a decrease in water temperature and prey
density), and are almost zero in the northern part of the domain.
Furthermore, north of Barrow Canyon in Fig. 8, the MGD is shal-
lower and Gmax, fc(T), and q are higher in a couple of eddies than
the surrounding basin area, because the shelf-break eddies trans-
port heat and nutrients originating in the shelf with high primary
productivity toward the Canada Basin (Watanabe et al., 2012;
Watanabe et al., 2014).

Fig. 9 shows seasonal transitions in the vertical potential habi-
tat, the MGD, the Gmax, and the fc(T) and q at the MGD, at two rep-
resentative points (i.e., CS and BC) in Fig. 2. CS is a point on the
northwest branch of the Bering Strait through flow on the Chukchi
Shelf, and was the location where the potential habitat persisted
through to November (Fig. 7). BC is a coastal point in the Barrow
Canyon which is an important passage for the transport of Pacific
water from the Chukchi Shelf to the Canada Basin (Watanabe
et al., 2012; Watanabe et al., 2014). At CS, a potential habitat forms
at the surface at the end of July, and disappears at the surface in
November, and the duration that the habitat remains suitable
shortens as the body weight increases (Fig. 9(a)). The MGD
gradually deepens as the upper layer cools from October. At BC,
the potential habitat forms at all depths at about the same time
in the middle of July, which is half a month earlier than at CS,
and then disappears in the beginning of October (Fig. 9(b)). The
MGD rapidly deepens with cooling in the surface and middle layers
in October, and the MGD is near the surface where prey density is
higher (but this is not as significant; data not shown) in November
when cold water reaches the bottom. The fc(T) is close to zero in
the beginning of June, and increases by almost 1.0 at both CS and
BC at the end of June due to the rapid warming associated with
the retreat of sea ice and the Pacific water inflow (Fig. 9(c) and
(d)). The high fc(T) continues to November at CS and August at
BC, and then rapidly decreases in October at BC. The q begins to
increase from June due to the increase in prey density with increas-
ing water temperature, but the prey density is not sufficient for the
growth of chum salmon by the beginning of July. This explains why
CS and BC do not constitute a potential habitat, although the fc(T) is
almost 1.0 at the end of June to the beginning of July. When the q is
above about 0.35, a potential habitat for 500 g WW chum salmon
forms. The q reaches a maximum of about 0.7 in October at CS
and 0.65 in September at BC.

Our results are supported by previous studies. Echave et al.
(2012) identified the essential fish habitat (EFH) for five species
of Pacific salmon, including chum salmon in the US Exclusive Eco-



Fig. 9. Seasonal transitions in the vertical potential habitat (color-shaded areas), the maximum-growth depth (MGD; m) of 500 g WW (black solid line in (a) and (b)) and
2000 g WW chum salmon (dotted line), the maximum growth rates of 500 g WW (Gmax500; % d�1; black solid line in (c) and (d)) and 2000 g WW chum salmon (Gmax2000; %
d�1; black dashed line), and the temperature dependence function for consumption (fc(T); dimensionless; red line) and the available consumption rate without temperature
effects (q; dimensionless; blue line) at the MGD at two model output points (CS and BC in Fig. 2) from June to November under current conditions. Shading is same as in Fig. 7.
The model results are expressed as daily mean values. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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nomic Zone using catch, maturity, salinity, temperature, and depth
obtained from multiple data sources (e.g., Bering-Aleutian Salmon
International Survey transect data, Southeast Alaska Coastal Mon-
itoring data, Canadian Fisheries and Oceans salmon data, Coastal
Gulf of Alaska data, and many other coastal salmon survey data).
Their EFH for chum salmon also includes the Chukchi Sea. Sato
et al. (2012) surveyed the chum salmon distribution from the Ber-
ing Sea to the Chukchi Sea during the periods of 15–24 July and 30
July to 9 August, 2009. From their results, the mean catch per unit
effort (CPUE) was about 165.7 in the Bering Sea (52�N to 58�N),
301.0 in the Northern Bering Sea (59�N to 63�N), 4.2 in the Bering
Strait (64�N to 65�N), and 3.7 in the Chukchi Sea (67�N to 70�N).
Morita et al. (2009), which is the same observation as Sato et al.
(2012), also reported that four large chum salmon (more than
2000 g) were caught in the Chukchi Sea (68�N to 70�N)
(CPUE = 1.3), which corresponds to the potential habitat in July
and August. The CPUE was lower in the Chukchi Sea than in the
Bering Sea, however, which is important evidence that chum sal-
mon can migrate from the Bering Sea to the Chukchi Sea during
summer. Morita et al. (2009) and Nagasawa and Azumaya (2009)
reported that the trend in distribution appeared to be for larger
chum salmon to be found further to the north in the Bering Sea
and the North Pacific. Larger chum salmon must have been distrib-
uted further to the cooler north due to the increase in water tem-
perature because the maximum water temperature for positive
growth rate of larger chum salmon is lower than that of smaller
chum salmon (Fig. 4). On the other hand, modeled potential habi-
tats for larger chum salmon are restricted to more southerly
regions in the Western Arctic (Fig. 7) because the minimum water
temperature for positive growth of larger chum salmon is higher
than that of smaller chum salmon (Fig. 4).
Potential habitat under the global warming scenario

Under the global warming scenario, the potential habitat
expands to the north compared with that under the current condi-
tions, due to the increase in water temperature and prey density
(Fig. 10). In contrast, south of 71�N during summer (July to Sep-
tember), the potential habitat shrinks regionally because the water
temperature exceeds the optimal condition (5 �C to 10 �C in which
the fc(T) is almost 1.0). South of 71�N, the potential habitat
decreases in areas where the water depth is shallower than 30 m
in July and August, but increases in areas where the water depth
is deeper than 50 m. The reason for this is that the shallow area
is easy to heat, even in the bottom layers, but the deep area retains
optimal conditions in the middle or bottom layers despite the sur-
face heating. In areas where the water depth is 30–50 m, the
potential habitat increases for smaller chum salmon (�2000 g
WW), but decreases for larger chum salmon (P2500 g WW)
because the range of optimal conditions of larger chum salmon is
narrower than that of smaller chum salmon. The changes in poten-
tial habitat due to global warming is mainly affected by the water
depth in July and August, whereas those in September seem to
affected by the longitude because oceanic conditions change with
changing longitude. In September, the potential habitat increases
west of 170�W with decreasing water temperature (i.e., the water



Fig. 10. Same as in Fig. 7 but for the global warming scenario (SRES A1B).
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temperature does not exceed the optimal condition), and decreases
east of 170�W where the water temperature is still high compared
with that under the current conditions.

The MGD of 500 g WW chum salmon in September is deeper
than under current conditions due to the high water temperature
in the upper layer, in the southern parts of the model domain.
There is an exception for locations near the coast, where the cool-
Fig. 11. Same as in Fig. 8 but for the gl
ing is faster because of the shallow water depth, and the water
temperature decreases to below optimum conditions at the surface
(Fig. 11(a)). On the other hand, in the northern parts the MGD
becomes shallower with increasing water temperature and prey
density. The Gmax increases, except for locations east of 170�W
and south of 71�N where the water temperature still exceeds the
optimal conditions under the global warming scenario
obal warming scenario (SRES A1B).



Fig. 12. Same as in Fig. 9 but for the global warming scenario (SRES A1B).
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(Fig. 11(b)). The fc(T) increases to become close to 1.0, except for
locations east of 170�W and south of 71�N (Fig. 11(c)). The q also
increases, especially in the northern part of the domain, but not
as significantly in the southern part (Fig. 11(d)).

At CS, the potential habitat forms from the middle of July and dis-
appears at the surface in the middle of November (Fig. 12(a)). The
MGD gradually deepens with surface heating from June, becomes
shallower with cooling from September, and deepens again from
the beginning of November because the water temperature
decreases to below the optimal condition in the upper layer. The
fc(T) is almost 1.0 throughout the model experiment period
(Fig. 12(c)). The q is slightly higher than under current conditions
and reaches 0.35 in the middle of July, which is about 10 days earlier
than under current conditions (the significance of a value of 0.35 was
discussed in Section ‘Potential habitat for chum salmon under cur-
rent conditions’). At BC, the potential habitat forms from the sub-
surface to the bottom at the end of June and disappears at the begin-
ning of November (Fig. 12(b)). Changes in the MGD at BS are sharper
than at CS because it is in the shallower area where changes in water
temperature have more impact. The MGD rapidly deepens with sur-
face heating at the end of June and becomes shallower with cooling
in the middle of September. It deepens by 10–15 m where the water
temperature is lightly warmer than at the surface. The fc(T) rapidly
increases by 1.0 at the beginning of June, but decreases during sum-
mer due to the water temperature exceeding the optimal conditions
(Fig. 12(d)). The q reaches 0.35 10 days earlier, but is almost the
same as that under the current conditions.
Conclusions

This study focused on chum salmon migrating northward from
the Bering Sea to the Western Arctic and conducted a numerical
modeling study to estimate the potential habitat for chum salmon
in the Western Arctic. ‘‘Potential habitat’’ was defined as ‘‘an area
where chum salmon could grow (i.e., the growth rate was posi-
tive)’’. The growth rate was calculated using a bioenergetics model
coupled with a three-dimensional lower trophic ecosystem model,
considering the prey density and vertical migration of chum sal-
mon as well as the water temperature.

The potential habitat under current conditions was restricted to
the southwestern Alaskan coast in June, but expanded to the Chuk-
chi Shelf and along the northwestern Alaskan coast from July to
September, and receded again in October. Under the global warm-
ing scenario, the potential habitat for chum salmon expanded to
the north due to the increase in water temperature and prey den-
sity. In contrast, south of 71�N during summer, the potential hab-
itat shrunk regionally because the water temperature exceeded the
optimal condition. This indicated that the water temperature could
also exceed the optimal conditions in the Bering Sea, and the main
habitat of chum salmon could move from the Bering Sea to the
Western Arctic during summer.

This study is the first attempt to estimate the potential habitat
for chum salmon in the Western Arctic using a bioenergetics
model. Although we did not discuss the difference in the growth
rate of chum salmon between the Bering Sea and the Western Arc-
tic, this topic needs to be considered to clarify whether chum sal-
mon migrate to the Western Arctic and if so when. Further
modeling should be performed with a wide model domain includ-
ing the Gulf of Alaska, the Bering Sea, and the Chukchi Sea using an
individual-based model, which is a useful modeling tool to repre-
sent the behavior of individual fish, such as searching for a habitat
(Tyler and Rose, 1994).

In the NPZD ecosystem model such as NEMURO, the top preda-
tor (ZP in our model: prey for chum salmon) usually includes all
predators higher than predatory zooplankton. In our model, ZP bio-
mass must include not only carnivorous zooplankton, but also the
higher predators such as whales or salmon themselves. Therefore,
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considering prey for chum salmon, future model developments
should divide ZP into several categories. In addition, the conversion
of model biomass units from nitrogen to wet weight needs to
account for the difference in water content and nitrogen content
between gelatinous zooplankton and crustacean zooplankton.
Dividing ZP into several categories will be necessary to account
for this in future model analyses. Moreover, global warming is
associated with concurrent shifts in water temperature, salinity,
sea level, fresh water input, stratification, circulation patterns,
and so on in marine system (Harley et al., 2006; Doney et al.,
2012; Yoon et al., 2013). Although we considered only water tem-
perature used for the NEMURO formulations in the global warming
scenario, responses of chum salmon migration to the other ocean-
ographic conditions should be taken into account in future model
developments. Furthermore, many salmon research cruises have
been conducted in the Bering Sea, but the survey area should be
expanded into the Chukchi Sea to respond to global warming.
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Appendix A: Formulations for the individual processes in the
chum salmon bioenergetics model

Consumption rate (C) was estimated as the proportion of the
maximum daily rations for chum salmon at a particular mass
and temperature (Megrey et al., 2002; Beauchamp et al., 1989;
Ito et al., 2004):

C ¼ CMAX � q � f cðTÞ ðA:1Þ

CMAX ¼ ac �Wbc ðA:2Þ

q ¼
PD�Vi

Ki

1þ PD�Vi
Ki

ðA:3Þ

where CMAX is the maximum consumption rate (g prey g fish�1 d�1),
q is the available consumption rate without temperature effects,
fc(T) is a temperature dependence function for consumption, T is
water temperature (�C), ac is the intercept of the mass dependence
function for a 1 g fish at the optimum water temperature, bc is the
coefficient of the mass dependence, PD is the density of prey
(g wet weight m�3 or g prey m�3), Vi is the vulnerability at stage i
(no dimension), and Ki is the half saturation constant (g prey m�3).

Temperature dependence in the bioenergetics model, fc(T), is
generally modeled as a dome-shaped curve as proposed by
Thornton and Lessem (1978). The Thornton and Lessem function
is the product of two sigmoid curves: one fits the increasing seg-
ment (gcta) and the other fits the decreasing segment (gctb) of
the temperature dependence function:

f cðTÞ ¼ gcta � gctb ðA:4Þ

(The increasing segment)

gcta ¼ ðxk1 � t4Þ
ð1:0þ xk1 � ðt4� 1:0ÞÞ ðA:5Þ
t4 ¼ e½t5�ðT�te1Þ� ðA:6Þ

t5 ¼ tt5 � ln 0:98 � ð1:0� xk1Þ
ð0:02 � xk1Þ

� �
ðA:7Þ

tt5 ¼ 1
ðte2� te1Þ ðA:8Þ

(The decreasing segment)

gctb ¼ ðxk4 � t6Þ
ð1:0þ xk4 � ðt6� 1:0ÞÞ ðA:9Þ

t6 ¼ e½t7�ðte4�TÞ� ðA:10Þ

t7 ¼ tt7 � ln 0:98 � ð1:0� xk4Þ
ð0:02 � xk4Þ

� �
ðA:11Þ

tt7 ¼ 1
ðte4� te3Þ ðA:12Þ

where te1 and te2 are the lower and higher water temperatures in
the increasing segment, in which the temperature dependence is
the small fraction xk1 and the large fraction xk2 of the maximum
consumption rate, respectively. te3 and te4 are the lower and
higher water temperatures in the decreasing segment, in which
the temperature dependence is the large fraction xk3 and the small
fraction xk4 of the maximum consumption rate, respectively.

Respiration rate (R) was estimated as the amount of energy
used for routine metabolism, and depends on body weight, ambi-
ent temperature, and activity (swimming speed) (Trudel et al.,
2004; Ware, 1978):

R ¼ ðRsþ RaÞ � 5:258 ðA:13Þ

Rs ¼ ars �Wbr � eðcr�TÞ ðA:14Þ

Ra ¼ ara �Wdr � Uer ðA:15Þ

ara ¼ ð2:71� 10�4Þ � ð4:96� 10�6 � TÞ þ ð5:63� 10�8 � T2Þ

þ ð5:74� 10�7 � SÞ � 7:72� 10�9 � S2
� �

ðA:16Þ

U ¼ au �Wbu ðA:17Þ

where Rs is the standard metabolism (g O2 g fish�br d�1), ars is the
oxygen consumption rate of a 1 g fish at 0 �C (which depends on
temperature), br is a coefficient relating the body weight to the
standard metabolism, cr is a coefficient relating temperature to
the standard metabolism, Ra is the activity metabolism when the
fish moves (g O2 g fish�dr d�1), ara is the oxygen consumption rate
of 1 g fish at 0 �C which depends on activity, dr is a coefficient relat-
ing the body weight to the activity metabolism, er is a coefficient
relating the swimming speed to the activity metabolism, S is salin-
ity, U is the swimming speed (cm s�1), au is the intercept of the
mass dependence function for optimal foraging speed, and bu is a
coefficient relating the body weight to the swimming speed. A coef-
ficient of 5.258 in (A.13) is used to convert (g O2 g fish�1 d�1) into
(g prey g fish�1 d�1) (Megrey et al., 2002):

13560 J
1 g O2

� 1 cal
4:18 J

� �
� 2580 J

1 g prey
� 1 cal

4:18 J

� �
¼ 5:258 g prey g O�1

2

ðA:18Þ

Kamezawa et al. (2007) changed the parameters reported in
Trudel et al. (2004), but this was not mentioned in their paper.
We used the same formulations and parameters reported in
Kamezawa et al. (2007), thus we need to indicate the difference



Fig. A.1. Relationship between the body weight and the oxygen consumption
calculated using the formulations of Kamezawa et al. (2007) (for chum salmon;
solid line), Trudel et al. (2004) (for sockeye salmon; dashed line), and Megrey et al.
(2002) (for Pacific herring; dotted line).
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in respiration between Kamezawa et al. (2007) and Trudel et al.
(2004) as follows. Fig. A.1 shows the relationship between the body
weight (g wet weight) and the oxygen consumption (g O2 individ-
ual�1 d�1), which were calculated using the formulations of
Kamezawa et al. (2007) (for chum salmon; solid line), Trudel
et al. (2004) (for Pacific salmon; dashed line), and Megrey et al.
(2002) (for Pacific herring; dotted line). The oxygen consumption
of Kamezawa et al. (2007) is lower for fish below 1350 g, but higher
for fish above 1350 g than the values used in Trudel et al. (2004),
and the difference becomes larger as the body weight increases.

Specific dynamic action (SDA) and excretion (E, nitrogenous
waste) were estimated as a proportion of assimilated energy, and
egestion (F, fecal waste) was estimated as a proportion of con-
sumption (Megrey et al., 2002):

SDA ¼ ss � ðC � FÞ ðA:19Þ

F ¼ af � C ðA:20Þ

E ¼ ae � ðC � FÞ ðA:21Þ

where ss is the coefficient for specific dynamic action, and af and ae
are the constant proportions of consumed food that are egested and
excreted, respectively.
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