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Figure 1-1. The effect of temperature on metabolic traits in fish. 

(A) Resting metabolic rate (RMR) exponentially increases with temperature. Maximum (aerobic) 

metabolic rate (MMR) exponentially increase with temperature, but MMR reaches a plateau. 

Absolute aerobic scope (AAS) is the difference between RMR and MMR. (B) Thermal sensitivity 

of AAS is described by the thermal performance curve, where AAS increases with temperature up 

to a peak (which is defined as the optimum temperature of aerobic scope, ToptAAS), and declines 

thereafter. Sub-optimal temperatures are known as pejus temperatures (Tpej) and critical 

temperature maxima (CTmax) is the highest temperature at which AAS is zero. 
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Figure 1-2. The relationship between swim speed and cost of transport (COT). 

(A) Metabolic rate increase with swim speed (U). Metabolic rate during swimming can be 

explained by the component of metabolic cost and swim cost. (B) When plotted in relation to U, 

COT is a J-shaped function. COT reaches a minimum and thereafter increases with U. The U at 

the bottom of the COT curve is defined as optimal swim speed (Uopt)  
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Table 2-1. The returning season of adult chum salmon in the Kitkami River Watershed 

Capture Location Prefecture Distance from river mouth (km) Catch season (Date at 50% adult returns)    Data source 

Shizukuishi Iwate 193.4 09/26–11/09 (10/16) Iwate Fisheries Technology Center 

Yana Iwate 191.45 09/29–11/06 (10/12) Iwate Fisheries Technology Center 

Hikobe Iwate 181.41 09/29–11/12 (10/17) Iwate Fisheries Technology Center 

Kuzumaru Iwate 168.76 10/12–11/18 (10/28) Iwate Fisheries Technology Center 

Hienuki Iwate 161.13 10/03–11/20 (10/20) Iwate Fisheries Technology Center 

Sarugaishi Iwate 150.41 10/08–11/08 (10/21) Iwate Fisheries Technology Center 

Toyosawa Iwate 147.98 10/06–11/12 (10/21) Iwate Fisheries Technology Center 

Iide Iwate 143.76 10/18–11/07 (10/24) Iwate Fisheries Technology Center 

Waga Iwate 133.51 10/12–11/14 (10/26) Iwate Fisheries Technology Center 

Nisawa Iwate 120.94 10/14–11/09 (10/25) Iwate Fisheries Technology Center 

Koromo Iwate 96.69 10/15–11/21 (10/29) Iwate Fisheries Technology Center 

Iwai Iwate 86.98 10/08–12/03 (11/01) Iwate Fisheries Technology Center 

Satetsu Iwate 76.14 10/18–11/29 (11/04) Iwate Fisheries Technology Center 

Konomi Iwate 67.28 — — 

Oozeki Miyagi 47.45 — — 

Kyu-Kitakami Miyagi 34 10/01–11/29 (10/25) the Fisheries Cooperative Association of the Kitakami River 

Distance from river mouth was calculated from the river mouth of the Kyu-Kitakami river. Chum salmon are not caught in the Konomi River and the Ozeki River. 
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Table 2-2. The profiles of animal-borne behavioural regcorders 
  Parameter  Size (mm) Mass (g) 

Recorder Maker data type Shape Φ, length or width, length, height in air 

W190-PDT Little Leonardo Temperature, Depth, Speed Cylinder 20, 115 45 

W380-PD2GT Little Leonardo Temperature, Depth, Speed, 2-axis Acceleration Cylinder 23, 123 55 

W380-PD3GT Little Leonardo Temperature, Depth, Speed, 3-axis Acceleration Cylinder 23, 123 55 

W1000-3MPD3GT Little Leonardo Temperature, Depth, Speed, 3-axis Acceleration, 3-axis Magnetic Cylinder 26, 175 140 

ORI400-PD3GTC Little Leonardo Temperature, Depth, Speed, 3-axis Acceleration, Salinity Cylinder 16, 74 29 

ORI400-3MPD3GT Little Leonardo Temperature, Depth, Speed, 3-axis Acceleration, 3-axis Magnetic Cylinder 17, 84 42 

Axy-Depth TechnoSmArt Temperature, Depth, 3-axis Acceleration Rectangular 12, 31, 11 6.5 

 



 27 

Table 2-3�Release information for tagged chum salmon in the Kitakami River. 
      Tracking  Duration for upriver Distance from  

Fish ID Device Sex FL (cm) BM (kg) Date released duration (days) Spawning ground migration (days) release site (km)  

KT1624 radio / logger Male 75.2  4.8  2016/11/09 3  — — 54 

KT1625 radio / logger Male 72.6  4.0  2016/11/23 4  Lower basin 1 13 

KT1626 radio / logger Female 64.3  2.7  2016/11/23 5  Oozeki River 1 13 

KT1628 radio / logger Female 73.2  3.3  2016/11/25 3  Konomi River 3 36 

KT1630 radio / logger Male 58.4  2.1  2016/11/27 2  Lower basin 1 13 

KT1701 radio Male 65.8  2.9  2017/10/01 6  Iwai River 5 53 

KT1702 radio Female 61.8  2.4  2017/10/01 6  Iwai River 5 53 

KT1703 radio Male 73.9  4.1  2017/10/01 6  — — 93 

KT1704 radio Female 70.6  2.9  2017/10/01 6  Iwai River 5 52 

KT1711 radio / logger Male 71.5  4.2  2017/10/02 3  — — 55 

KT1714 radio Male 68.9  3.1  2017/10/15 12  Iwai River <7 55 

KT1720 radio Male 59.2  2.4  2017/10/15 10  Middle basin <7 67 

KT1723 radio Male 70.1  3.6  2017/10/22 7  Narrow 3 48 

KT1726 radio / logger Male 81.1  6.6  2017/10/22 4  Konomi River 2 38 

KT1728 radio / logger Male 80.6  5.7  2017/11/03 3  Satetsu River 3 47 

KT1729 radio Male 74.7  4.3  2017/11/03 5  Satetsu River <5 53 

KT1730 radio Female 75.9  4.7  2017/11/03 3  Oozeki River 1 13 

KT1732 radio / logger Female 71.8  3.6  2017/11/03 2  Satetsu River 2 47 

Continue to the next page 
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Shaded lines indicate the individuals we could not track to spawning site. In the case of missing for tracking individuals, distance from release site shows the distance from release 

site to the last location. The sign of inequality in duration for upriver migration indicate the individuals which has already arrived at the spawning site. 
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Table 2-4�The summary of migration duration to arrive at each spawning site. 

   Migration duration (days) 

Spawning site n Distance from release site (km) Average min max 

Iwai 3 (4) 52–55 (52–) 5.0  5 5 

Satetsu 2 (3) 47–53 (41–)  2.5  2 3 

Konomi 2 36–38 (32–) 3.5  3 4 

Ozeki 2 13 (13–) 1.0  1 1 

Middle basin (1) 67 (51–147) — — <7 

Narrow 1 48 (18–51) 3.0  3 3 

Lower basin 2 13 (0–18) 1.0  1 1 

The number between parentheses in n showed the total number of individuals included individuals that were 

not used in the calculation for migration duration. The number between parentheses in distance from release 

site indicated the distance from release site to the jointing points of each tributary or the range of each river 

basin in main stream.  
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Table 2-5�Release information for tagged chum salmon in the Kasshi river. 
      Tracking Duration for upriver Distance from  

Fish ID Device Sex FL (cm) BM (kg) Date released duration (days) migration (days (hour)) release site (km)  

KS1601 radio / logger Male 77.0  5.0  2016/12/10 4  <2 0.9  

KS1602 radio / logger Male 66.3  3.5  2016/12/10 4  <2 1.4  

KS1603 radio / logger Male 68.7  3.7  2016/12/15 7  1 0.7  

KS1604 radio / logger Male 65.3  2.7  2016/12/25 5  1 0.7  

KS1607 radio / logger Female 70.8  4.9  2016/12/28 3  1 0.6  

KS1704 radio / logger Female 66.2  3.4  2017/11/22 8  <1 (8) 1.0  

KS1705 radio / logger Female 61.8  2.1  2017/12/10 5  <1 (4) 0.6  

KS1706 radio / logger Male 79.2  4.4  2017/12/10 5  <1 (3) 0.7  

KS1707 radio / logger Female 68.5  2.8  2017/12/10 5  <1 (3) 1.1  

KS1708 radio / logger Male 81.5  5.3  2017/12/28 3  <3 0.5  

KS1709 radio / logger Female 73.4  4.0  2017/12/28 3  <3 0.9  

The number between parentheses in duration for upriver migration represent hours in case chum salmon reached spawning site within a day. The signs of 

inequality represent in case chum salmon reached spawning site within a day or the tracking of salmon is not performed on the previous day. 
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Table 2-6. The median temperatures for chum salmon tagged with animal-borne behavioural recorders in the Kitakami River 

FishID Log period Spawning site Experience temperature (°C) River temperature (°C) 

KT1624 11/09–11/12 — 7.2 (6.8–7.9) 7.6 (6.6–8.2) 

KT1626 11/23–11/28 Oozeki River 12.1 (11.2–12.4) 5.8 (5.4–7.1) 

KT1628 11/25–11/28 Konomi River 5.7 (5.2–7.2) 5.4 (5.3–5.7) 

KT1630 11/27–11/29 Lower basin 6.7 (6.0–7.0) 6.2 (5.7–6.8) 

KT1711 10/02–10/06 — 15.1 (14.7–15.8) 15.5 (15.0–15.8) 

KT1726 10/22–10/27 Konomi River 12.4 (12.2–13.1) 12.2 (11.9–12.6) 

KT1728 11/03–11/06 Satetsu River 11.6 (10.9–12.3) 12.0 (11.2–12.3) 

KT1732 11/03–11/05 Satetsu River 12.1 (11.7–12.4) 12.2 (12.0–12.4) 

The ranges between parentheses represent the interquartile ranges. 
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Table 2-7. The median temperatures for chum salmon tagged with animal-borne behavioural recorders in the Kasshi River 

FishID Log period (Month/Day) Spawning section Experience temperature (°C) River temperature (°C) 

KS1601 12/10–12/15 750–1000 10.7 (9.9–11.5) 6.7 (6.0–7.8) 

KS1602 12/10–12/18 1250–1500 7.7 (7.2–8.5) 6.8 (6.2–7.7) 

KS1603 12/15–12/18 500–750 9.4 (9.0–10.0) 6.8 (6.3–7.7) 

KS1604 12/25–12/30 500–750 9.2 (8.5–9.8) 6.5 (5.6–7.1) 

KS1607 12/28–12/31 500–750 9.4 (9.0–9.7) 5.5 (5.1–6.1) 

KS1704 11/22–12/03 750–1000 9.8 (9.3–10.3) 8.3 (7.8–9.1) 

KS1705 12/10–12/14 500–750 10.2 (9.4–10.5) 7.0 (6.4–7.5) 

KS1706 12/10–12/15 500–750 9.3 (9.0–9.9) 6.9 (6.3–7.3) 

KS1708 12/28–12/31 500–750 7.7 (7.0–8.4) 4.5 (4.2–5.2) 

KS1709 12/28–12/31 750–1000 7.5 (7.2–7.9) 4.5 (4.2–5.2) 

The ranges between parentheses represent the interquartile ranges. Spawning sections correspond with Figure 2-5� 
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Figure 2-1�Map of the study area. 

Solid lines represent the Kitakami River Watershed (red) and the Kasshi River (blue). The letters 

in the Kitakami River Watershed represent tributaries.  
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Figure 2-2. River temperature and catch of returning adults. 

Solid lines represent daily means of river temperatures (red/blue) in October (Kitakami River) 

and December (Kasshi River). The shaded areas indicate the interquartile ranges (dark red/blue) 

and the maximum and minimum (light red/blue) temperature. The histograms show the 

proportion of weight average number of adults returning out of the total number of adults caught 

at spawning grounds in each river from 2013 to 2016 in 5 day periods. 
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Figure 2-3. Locations of fish release in the Kitakami River Watershed and the result of 

tracking. 

(A) Maps of the Kitakami River Watershed. Numbers along the river indicate the distance from 

the release point (km). (B) Chum salmon captured with a dip net in Wakuya Araizeki, which is 

an overfall weir, approximately 35 km from the mouth of the Kyu-Kitakami River. (C) The result 

of tracking chum salmon to each spawning area.  
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Figure 2-4�The devices using this survey 

(A) Tracker. (B) Marker attached to chum salmon. (C) VHF transmitter used in this survey. (D) 

VHF vehicle magnetic mount antenna. (E) Yagi antenna. (F) Chum salmon attached the marker. 

(G) Chum salmon attached the marker and VHF transmitter. (H) Chum salmon attached the 

marker and retrieval tag package composed with VHF transmitter and animal-borne data-logging 

devices. (I) Chum salmon attached the marker, VHF transmitter and animal-borne data-logging 

devices. 
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Figure 2-5. Locations of fish release in the Kasshi River and the result of tracking. 

(A) Map showing the locations of the capture point (set net), the release points, mobile tracking 

area, and temperature measurement point (thermal logger). Numbers along the river indicate the 

distance from the release point (m). (B) Set net settled in the Kasshi River. (C) The result of 

tracking chum salmon to each spawning site. 
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Figure 2-6�River temperature and ambient temperature for chum salmon migrating upriver in the Kitakami River Watershed in 2016. 

Time-series showing experience temperature for chum salmon (red), river temperature (grey) measured at Tome (see Figure 2-1). Arrival for spawning 

site pale grey.  
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Figure 2-7�River temperature and ambient temperature for chum salmon migrating upriver in the Kitakami River Watershed in 2017. 

Time-series showing experience temperature for chum salmon (red), river temperature (grey) measured at Tome (see Figure 2-1). Arrival for spawning 

site pale grey. 
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Figure 2-8�River temperature and ambient temperature for chum salmon migrating upriver in the Kasshi River in 2016. 

Time-series showing experience temperature for chum salmon (red), river temperature (grey). Arrival for spawning site pale grey. 
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Figure 2-9�River temperature and ambient temperature for chum salmon migrating upriver in the Kasshi River in 2017. 

Time-series showing experience temperature for chum salmon (red), river temperature (grey). Arrival for spawning site pale grey. 
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Figure 2-10�Ambient temperature of electrically tagged chum salmon in the Kitakami River and the Kasshi River. 

Box plots show the median value, range 25th and 75th percentiles, and outliers. 

 



 43 

3  
 

3–1   
  2 10

 12

 (Fig. 2-10)

  (population)  (Tpej range) 

 

  

(Eliason et al., 2011; Eliason et al., 2013; Lee et al., 2003)

 (AAS)  

 

 (Eliason et al., 2011; 

Eliason et al., 2013; Lee et al., 2003)  

  

 

 

 

 (Schmidt-Nielsen, 1997; 

Willmer et al., 2005)  

 ( )  (thermal compensation) 

 (Schmidt-Nielsen, 1997; Willmer et al., 2005)  

 (RMR)  (MMR) 

AAS  (Norin 

et al., 2014; Sandblom et al., 2014)   (Salmo salar) 

  

 (Anttila et al., 2014) Anttilla

 (12°C)  (20°C) 



 44 

  

 (Anttila et al., 2014)  

  AAS

1

Fraser – AAS

AAS  (Eliason et al., 2011) 

Fraser  (Eliason et al., 2013)   (Raby 

et al., 2016)  (Clark et al., 2011)  

ToptAAS  

 AAS

  AAS

  

 

 

 

3–2  
 

2015 2018

 ( ) 2

250-liter 500-liter

 500-l  ( 1.05 m  0.75 m) 

 1–2  (n=20; Table 3-1) 

2016 2017 6  10 4 18 5–7

 3 12.4–19.6°C

 (n=23; Table 3-1)  2015 12 16 2016 1 9 2017 12

7 2018 1 9 7.0–12.0°C

250-l 1  30  



 45 

  FA100

 0.5 ml l–1 FA100 6

 (Hayashida et al., 2013) 

6   

  

 (Relative ventricle mass RVM) RVM (%) 

: 

 !"# = 0.1 × (#v/#b) (3.1) 

Mv  (g) Mb  (kg)  

 

 

2

 10

 12

 

 (http://tohokubuoynet.myg.affrc.go.jp/)  

(http://www.suigi.pref.iwate.jp/)  1

2016 2017 2  2013 2017 5

1  

 

 

  (

  )  (Fig. 3-1) 250 

l 95 cm 26 cm 30 cm

   



 46 

 (Firesting O2 PyroScience GmbH Aachen Germany) 

 

AAS (AAS = MMR – RMR)  RMR MMR 5

 12°C 8°C

 12 14 16 20 

24°C (1 n = 3–5) 8 12 16 20 22°C (1

n = 3–5)  

8–16°C  1  

  0.3 FL sec–1 5–8

 

 20°C  1

20°C

 (Eliason et al. 2011) Eliason 2011

 8–16°C 20°C  

16°C 1  1

 4°C h–1  

 (Eliason et al. 2011) 

 (Clark et al. 2011; Eliason et al. 2011) 

2°C h–1  15–24°C

RMR RMR  (Q10) 3.6

 

 (Steinhausen et al. 2008)  3

 0.3 FL s–1  ( ) 

3  RMR RMR   

(critical swim test)   MMR

 

 0.9 FL s–1

 15  0.3 FL s–1  

!MO2 



 47 

 10

 

  

 

 1

  500-l  

 ( )  ( )  

(Δ|O2|) : 

 

 (3.2) 

 

 [O2]  (mgO2 l–1)  tmes  (min) Vch

 (l) Vb  (l  1 kg l–1

) Mb  (kg)  

 

 (CTmax)  

 

24  16°C  1

  (CTmax)  4°C h–1

CTmax 10  

CTmax   (<12°C) 

 1

 (Firesting O2 PyroScience GmbH Aachen Germany) 

1  

 

  

R RMR

 (Generalized liner model GLM) RMR

!MO2 
!MO2 

!MO2 

Δtmes
!MO2 

!MO2 
=

Δ[O2]
Δtmes

Vch −Vb( )
Mb



 48 

 e  (Akaike’s Information 

Criterion AIC) MMR

   (non-liner regression) 

RVM CTmax  Mann–Whitney U-test

 

AAS CTmax AAS

 Deutsch  (2008) Payne  (2016) 

 : 

 

 (3.3) 

ToptAAS  

T  ToptAAS AAS  σ

 CTmax AAS 0  S AAS  (AASmax) 

CTmax AAS 0

R nls   (Tpej range) AAS AASmax 90%

 90% Tpej,Lower Tpej,Upper  

  

3–3  
 (RMR)  (MMR) 

RMR  (Q10) 

 2.6±0.5 (mean±s.d.) 2.3±0.4 RMR

 RMR

 (Fig. 3-2A) GLM  RMR

 (Fig. 3-2A Table 3-2) RMR  (T) 

 RMR = 0.707e0.088T  RMR = 0.915e0.088T

AAS =
S×e

−
T−ToptAAS

2σ
⎛
⎝⎜

⎞
⎠⎟
2

                           ...T ≤ToptAAS

S× 1−
T −ToptAAS

ToptAAS −CTmax

⎛

⎝
⎜

⎞

⎠
⎟

2⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟
     ...T >ToptAAS

⎧

⎨

⎪
⎪
⎪

⎩

⎪
⎪
⎪



 49 

MMR  20°C  

MMR 16°C  (Fig. 3-2A) 

 

CTmax  

CTmax 27.8°C (n=4; Fig. 3-2B) 24.9°C (n = 5; 

Fig. 3-2B) CTmax  (Mann–Whitney U-

test: U=0 P<0.05)  

 

AAS   

AAS  

ToptAAS 17.6°C 14.0°C  (Fig. 3-3 Table 3-3) Tpej,Upper

Tpej,Lower  (Table 3-3) 2

 AASmax  (Table 3-3)

AAS  

AAS  (Fig. 3-3) 10

 10 ToptAAS 

(17.6°C)  (Fig. 3-4) 80%AASmax  (9.1°C) 

 (Fig. 3-4)  

  (Fig. 3-3)  11 12

 ToptAAS (14.0°C) 60%AASmax  (6.8°C) 

 (Fig. 3-4) 

 

ToptAAS   

AAS  

 AAS

 2 RMR MMR

ToptAAS  RMR MMR



 50 

 (Fig. 3-3A)  GLM RMR

  (Table 3-4)  

MMR RMR  (Factorial aerobic scope 

FAS)  MMR RMR 2 FAS ToptAAS

 (Fig. 3-5B) FAS 2.0 5.9 FAS

2.2 5.2  

 

 

 (median=0.185% n=20; Table 3-1) 

 (median=0.192% n=23; Table 3-1)  

 (Mann–Whitney U-test: U=195 P=0.087)  

 

3–4  
  

 (O gorbuscha) 2 (Salo 1991)  

AAS  (Chen et al. 2015; Clark et 

al. 2011; Eliason et al. 2011; Lee et al. 2003a; Raby et al. 2016)  

 1

  (Eliason and 

Farrell 2016)   (O keta)  

 

 

   (e.g

 )   (e.g  ) 

 

  

0.2–5%  (Brenner et al. 2012;  



 51 

2016; Keefer and Caudill 2013)  

  

 2

 (Table 2-3 Fig. 2-3)

  

(Tsukagoshi et al. 2017) 10

 (Table 2-3 Fig. 2-3)  

 

  

12 1

 

 2  

11 1  

 (Fig. 2-10)  

  

   

 (Eliason and Farrell 2016; 

Eliason et al. 2011)  

 

 (Eliason et al., 2011; Lee 

et al., 2003)  2

  

 

 

AAS  

 10 12

 (Fig. 3-2)  



 52 

  

 (Fig. 3-2)

 

 

15%  13–19°C  

(Tanaka et al. 2000)  

(Table 3-3, Fig. 3-3)  2 10

 10 ToptAAS AAS

80%  (Fig. 3-4)  

2

 (Table 2-7, Fig. 2-8, 2-9) 7°C  (Fig. 

3-3) 60%AASmax (6.8°C)  

 60–90%AASmax

 

 12

 AAS  

  

 (Fig. 3-3, Fig. 3-4)  

 (Salo 1991)  km

 (Aoyama 2017) 2  12

1  (Table 2-5)

   

 (  1999)  (Kusakabe et al., 2019; Osanai et al., 1972) 

 

  

90%AASmax  



 53 

 70%AASmax

 (Eliason et al. 2011; Farrell et al. 2008)  

 AAS

 AAS

 AAS

 (Wagner et al. 2006)  AAS

 1  

AAS  

 

  

RMR  RMR

3°C

 (Fig. 3-2)  AAS

ToptAAS Tpej range CTmax,pc ( CTmax) 

3°C  (Table 3-3) 2  RMR MMR

 

RMR MMR ToptAAS  RMR

MMR  (Fig. 3-3 Table 3-4)  

 

  (thermal 

compensation)    

 (Sandblom et al. 2014; Schmidt-Nielsen 1997; Willmer et al. 2005) Fraser

 

 (Anttila et al. 2014)   (Salmo salar) 

 

  



 54 

 

2

  (McGeer et al. 1991) 

AAS  (Raby et al. 2016)

11 1  10

11

 

 (Raby et al. 2016)  

 

(Kitagawa et al. 2016; Tanaka et al. 2000)  

  

7 4–9°C  

 9–10

20°C  (Azumaya and Ishida 2005)

60–90  (Azumaya and 

Ishida 2005; Tanaka et al. 2005) 

 2

 

 2

  CTmax

  

 

 (Anttila et al. 2014)

  

  (e.g  Fundulus heteroclitus: 

Fangue et al. 2006;  Gadus morhua: Lucassen et al. 2006;  



 55 

Oncorhynchus mykiss: Chen et al. 2015 2018; Narum et al. 2013)

  

 

 

 

 

ToptAAS  

   

 (Farrell 2016)  

 

  (Tanaka et al. 

2000)   

 

 

 

  

 

 

  RMR

 (Fig. 3-2A)  

  

  

 

 

 AAS

 

 ToptAAS

 ToptAAS  (Fig. 3-4)



 56 

AAS  ToptAAS

 (Fig. 3-4) AAS  

RMR Fraser

 (Eliason et al., 2013)  (Raby et al., 2016) 

 (Clark et al., 2011) AAS

 AAS

 

 

3–5  
AAS

 

  

 

 

  

 

 

 

 AAS

AAS  ToptAAS

 

 4

 

  

 



 57 

Table 3-1 Median fork length, body mass and ventricle size for early-run and late-run chum 

salmon 

    
Ventricle size 

Population N Fork length (cm) Body mass (kg) Mass (g) RVM (%) 

Kitakami 20 71.8 (66.4–73.1) 3.4 (2.7–3.8) 6.8 (5.2–7.6) 0.19 (0.18–0.22) 

Kasshi 23 65.8 (62.0–67.7) 2.7 (2.4–3.0) 4.9 (4.1–5.8) 0.19 (0.17–0.20) 

RVM, relative ventricular mass. The interquartile range is given in parentheses. 
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Table 3-2 Generalized linear model of the effect of independent variables on resting 

metabolic rate (RMR; mgO2 kg–1 min–1 ) in chum salmon 
 Estimates   

Parameters AIC ΔAIC P-Value 

Temperature + Population 69.96  0.00  <0.01 

Temperature 80.09  10.13  <0.01 

Null model 126.79  56.84   

A likelihood ratio test was used to test the significance of the fixed effects 

compared with the null model. Bold indicates a selected model. 
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Table3-3�Summary of two-part performance curve fitting to aerobic scope data collected from chum salmon populations 

Population ToptAAS (°C) Tpej,Lower (°C) Tpej,Upper (°C) CTmax,pc σ AASmax Tpej breadth 

Kitakami 17.6  12.8  20.8  27.8  7.4  10.7  8.0  

Kasshi 14.0  10.7  17.5  25.2  5.1  10.3  6.8  

Estimates were generated from individual fish data using a two-part performance curve. Using these equations, ToptAAS was defined as the temperature with maximum aerobic 

scope, upper and lower Tpej were defined as the maximum and minimum temperature at which absolute aerobic scope (AAS) remained above 90% of the maximum AAS 

(AASmax ), and CTmax,pc was defined as the maximum temperature at which AAS was zero for the performance curve. 
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Table3-4 Generalized linear model of the effect of independent variables on RMR (mgO2 kg–

1 min–1 ) in chum salmon, after RMR was aligned to ToptAAS in each population 
 Estimates   

Parameters AIC ΔAIC P-Value 

Temperature + Population 69.96  1.15   

Temperature 68.81  0.00  <0.01 

Null model 126.79  57.98   

A likelihood ratio test was used to test the significance of the fixed effects 

compared with the null model. Bold indicates a selected model. 
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Figure 3-1  Respirometer used for this study.  

(A) Swim tunnel respirometer (view from side). (B) Schematic diagram of the respirometer. The 

flow velocity is controlled by propeller. Dissolved oxygen concentration in the chamber was 

measured using a fibre optic oxygen meter with automatic temperature compensation.  

Oxygen sensor
Temperature sensor

Propellar

BBAA
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Figure 3-2 Comparison of metabolic traits and critical thermal maxima (CTmax), between 

Kitakami River chum salmon and Kasshi River chum salmon. 

(A) Resting metabolic rate (RMR; open triangles) and maximum metabolic rate (MMR; filled 

squares) in Kitakami River (red) and Kasshi River (blue) chum salmon (Kitakami River: n=16, 

Kasshi River: n=18). Upper and lower curves indicate estimated MMR and RMR, respectively. (B) 

CTmax of each population (Kitakami River: n=4, Kasshi River: n=5). Box plots show the median 

value, range, 25th and 75th percentiles, and outliers. Asterisk denotes a significant (P≤0.05) 

difference between populations. 
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Figure 3-3 Aerobic scope of Kitakami River chum salmon and Kasshi River chum salmon. 

Solid lines represent a two-part performance curve fitted for each population. The data for CT 

max were assigned to zero for absolute aerobic scope (AAS). The frequency histograms show the 

distribution of mean river (light red/blue) and sea surface temperatures (dark red/blue) from 2013 

to 2017 in October (Kitakami River and Shiogama Bay) and December (Kamaishi Bay). 

Temperatures in the Kasshi River were collected from 2016 to 2017. 
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Figure 3-4. Comparison between ambient temperature and thermal performance of AAS for 

chum salmon migrating upriver. 

Box plots show ambient temperature of electrically tagged salmon migrating upriver  

Box plots show the median value, range, 25th and 75th percentiles, and outliers. Asterisk denotes 

a significant (P≤0.05) difference between populations. The shaded areas indicate the Tpej ranges. 

Solid lines indicate represent ToptAAS (dark colour), the temperatures where AAS become 

80%AASmax (pale colour). Dashed lines indicate the temperatures where where AAS become 

60%AASmax.  
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Figure 3-5 Relationship between metabolic traits and the difference from optimum 

temperature of AAS (ToptAAS) in chum salmon. 

(A) Open triangles indicate indicate RMR of the Kitakami River (red) and Kasshi River (blue) 

salmon aligned to the difference from ToptAAS (experimental temperature ToptAAS). MMR is 

represented by filled red (the Kitakami River) and blue (the Kasshi River) squares. Upper and 

lower curves represent the fitted curves for MMR and RMR, respectively. The best GLM 

estimation for thermal sensitivity of RMR after the alignment was without the effect of population 

(see Table 5). However, even if the estimation for RMR included the effect of population, the effect 

was negligible. (B) Filled circles represent the factorial aerobic scope (FAS=MMR/RMR) for the 

Kitakami River (red) and the Kasshi River (blue) salmon and solid lines indicate the moving 

average of FAS for the Kitakami River (red) and the Kasshi River (blue) salmon. 
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 (Fig. 4-8B) COTmin (Fig. 4-8C) 

Uopt Ucrit 1.0–1.1 m s–1  (Fig. 4-8A) AAS

61%AASmax 24°C 0.8 m s–1 Uopt Ucrit
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 (Fig. 4-8A)

75% 1.2–1.3 m s–1  (Fig. 4-8A) 24°C 1.0 

m s–1 75%  (Fig. 4-8A)

24°C

 (Fig. 4-8B)  

 (4.12) COTmin  (Fig. 4-8C)

Uopt Ucrit  (Uc<1.0 m s–1) COTmin 0.5 

kJ km–1 kg–1  (Fig. 4-8C) Uopt Ucrit

 (Uc≥1.0 m s–1) COTmin ToptAAS

1.0 m s–1 Tpej, Lower ToptAAS Tpej, Upper COTmin

7.6, 7.6, 9.1 kJ km–1 kg–1 1.5 m s–1 16.1, 16.9, 19.1 kJ km–1 kg–1

 (Table 4-2) COTmin 80%AASmax

 (22.2°C)  (10.6°C) COTmin 1.5 

m s–1 5.0 kJ km–1 kg–1  (Table 4-2)  

80 90 100%AASmax  (10.6, 12.8, 

17.6°C) COTmin  (Uc<0.5 m s–1) 

COTmin  (Uc>1.0 m s–1) 90%AASmax

COTmin  (Table 4-2)  

 

 

Figure 4-6B

2.2 m 3.8 m  (Fig. 

4-6B) 0.5 m s–1 1 m s–1

2 m

0.7 m s–1 1.5 m s–1 

 (Fig. 4-6B)  
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6  (Table 4-3, Fig. 4-9A)

Section 1, 2 ( 2–27 km)  (

) 1.24–2.10 km h–1  (Table 4-3) Section 3  ( 27 km) 

0.19–0.82 km h–1  (Table 4-3) Section 3

26.5–47.7%  (Table 4-3, Fig. 4-9D)  

 ( ) 

Section 1, 2 0.6–0.7 m s–1 (Fig. 4-9B, C)

Section 3 0.5 m s–1  (Fig. 4-9B, C)

UcritE 2.5–

8.2%  (Table 4-3, Fig. 4-9D)  

 

4–4  
AAS

AAS

AAS

COT

Pcrit AAS

 

 

  

Pcrit

COT  (Martin et al., 2015) 3

AAS AAS

COT  

Pm (RMR) PAAS (AAS) Pcrit  (12.8–20.8°C) Ucrit

 (4.16) 
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Ucrit PAAS COT

COT PAAS

COT  (Table 4-2)

PAAS

Pm  (Fig. 4-8A) Pm

COT COT

COTmin

PAAS  (Table 4-2)

Ucrit

 

COT Pcrit

 ( ) COT

 (1.0–1.5 m s–1)

 (Table 4-3, Fig. 4-8C)  

10  (Raby 

et al., 2016)  (Clark et al., 2011) ToptAAS

ToptAAS

 

COT

COT

Fraser

Tpej, Upper Tpej, Lower Tpej, Upper

Tpej, Lower Tpej, Upper

ToptAAS Tpej, Lower
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1100 km 5 MJ kg–1

 (Rand et al., 2006) COTmin

1.25 m s–1 2.3 kJ km–1 kg–1 1.25 m s–1

100 km 230 

kJ kg–1 Fraser

 (Rand et al., 2006)

 

 

 

COTmin

1 10

COTmin

 (Fig. 4-9)

0.3–1.2 m s–1 0.5–1.5 m s–1  (Fig. 4-6)

1.0 m s–1

 (Makiguchi et al., 2008)

1.0 m s–1  (Fig. 4-6) 1.0 m s–1

 

Ps Ucrit15 1.8 m s–1

Ucrit15 0.8–1.2 m s–1

 (Makiguchi et al., 2008; Miyoshi et al., 2014)

UcritE 0.9 m s–1
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0.8–1.2 m s–1  (Fig. 4-

4C) Ucrit  

Ucrit

COTmin COT

 

 

 

 (4.15) (4.16) Ucrit Pt Pcrit Pt Pm

Ps Pm Pm

Ps Ucrit KT1711

 ( – ) 0 m s–1 Uopt

0.64–0.78 m s–1 KT1711 0.5–

0.7 m s–1 Ps

Pcrit

Pcrit MMR Pcrit

MMR  

MMR

 ( )  (Kitaoka et al., 2011; Vinetti et al., 2017) Pcrit

 (Vinetti et al., 2017)

 

75%

50%  (Loon et al., 2001)  (Seriola quinqueradiata) 

Ucrit  (Tsukamoto, 1984)

 

Tpej, Lower ToptAAS

!VO2max

!VO2max

!VO2max

!VO2max
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0.2–0.8 km h–1  (Table 4-3)

1/200 1/1000

0.3–0.8 km h–1  ( , 2009)

1/2000–1/3000 1/800–1/1500

 (0.8–1.1 km h–1, Øklamd et al., 2001)  (0.4–1.3 km h–1, Keefer et al., 2004)

 (0.7–1.6 km h–1, English et al., 2005) 

 

UcritE

Section2  (Fig. 4-8A)

 (1) Ucrit Uopt

Uopt  (Fig. 4-8A) (2) Ucrit

Uopt

 (Fig. 4-8A) 2  

Secion3

0.5 m s–1
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 (Tsuda et al., 2006)

 (Makiguchi et al., 2009)

CP

AAS

 

 

4–5  

Ucrit15

 (Makiguchi et al., 2007) COT

COT  

CP Pcrit 3

AAS AAS

ToptAAS
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Table 4-1�Parameter estimates for the model 

Symbol Description Value Unit Reference 

c0 Intercept for maintenance rate 42.4 mgO2 h-1 kg-1 Chapter 3 

d Temperature exponent for maintenance rate 0.088 — Chapter 3 

c1 Intercept for swimming cost 420.6 mgO2 h-1 kg-1 m–γ Martin et al., 2015 

M Body mass 3.6 kg Martin et al., 2015 

β Mass exponent for mass-specific swim costs –0.369 — Martin et al., 2015 

γ Velocity exponent for mass-specific swim costs 2.13 — Martin et al., 2015 

Nmax Anaerobic work capacity 103 mgO2 kg-1 Martin et al., 2015 

yr Recovery yield 1.82 — Martin et al., 2015 
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Table 4-2. Predicted values of minimum COT (COTmin) at the temperatures where AAS become 80%, 90% and 100% of maximum value. 

    Predicted COTmin (kJ km–1 kg–1 ) 

Temperature (°C) %AASmax RMR (kJ kg–1 day–1) Uc = 0 m s–1 Uc = 0.5 m s–1 Uc = 1.0 m s–1 Uc = 1.25 m s–1 Uc = 1.50 m s–1 

 22.2 80 101.3 2.3 (0.4) 4.0 (0.5) 10.8 (3.1) 16.2 (3.5) 21.1 (4.2) 

Tpej, Upper 20.8 90 89.5 2.2 (0.3) 3.8 (0.3) 9.1 (1.4) 14.5 (1.8) 19.1 (2.2) 

ToptAAS 17.6 100 67.6 1.9 (0.0) 3.5 (0.0) 7.6 (0.0) 12.7 (0.0) 16.9 (0.0) 

Tpej, Lower 12.8 90 44.3 1.5 (-0.4) 3.2 (-0.3) 7.6 (0.0) 12.2 (-0.5) 16.1 (-0.9) 

�  10.6 80 36.5 1.4 (-0.5) 3.1 (-0.4) 8.1 (0.5) 12.3 (-0.3) 16.1 (-0.8) 

The number in baskets represent the difference between the Predicted COTmin at ToptAAS and that at each temperature. Shaded lines indicate the Uopt need to rest. 

 



 86 

Table 4-3�Proportions of time occupied by high-intensity swimming (Over UcritE) and resting. 

 Distance from  Time proportion Time duration 

Sections release site (km) Ground speed (km h–1) Over UcritE  Resting Over UcritE (min) Swimming (h) Resting (h) Total (h) 

Section 1 2–25 1.24  2.52% 0.1% 18.0  11.9  0.0  11.9  

Section 2 25–27 2.10  6.00% 0.0% 3.6  1.0  0.0  1.0  

Section 3 27–48 0.82  4.37% 17.1% 54.3  20.7  4.3  25.0  

Section 4 48–52 0.19  5.38% 47.7% 28.6  8.9  8.1  17.0  

Section 5 52–55 0.74  6.48% 43.1% 11.0  2.8  2.1  5.0  

Section 6 55– – 8.23% 26.5% 66.8  13.5  4.9  18.4  

Time proportion of Over UcritE indicate the proportion of time occupied by Over UcritE during swimming. Time proportion of resting indicate the proportion of time occupied by total 

time. Sections correspond with Figure 4-9. 
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Figure 4-1. The effect of current on cost of transport (COT) and optimal swim speed (Uopt). 

(A) The relationship between swim speed (Us) and total power (Pt). The amount of work per unit 

distance covered is at a minimum at Uopt. Theoretically, Uopt increase with head current (Uc). 

(B) Under head current condition, the COT curve shift to upper right. 
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Figure 4-2. Schematic diagram of critical power model (CP model).  

(A) Total power (Pt) as a function of swim speed (Us). Power supplied from aerobic metabolism 

has a maximum limit. In Martin et al., 2015, critical power (Pcrit) was assumed it was equal to the 

maximum aerobic power, that is MMR. (B) When fish work over Pcrit, the overhead power was 

supplied from anaerobic metabolism. Anearobic work capacity (Nmax) is limited. Therefore, the 

time duration fish continue to swim is limited when fish work over Pcrit. 
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Figure 4-3�The relationship between dynamic acceleration and swim speed in electrically 

tagged salmon. 

(A) Example of power spectral density (PSD) calculated from lateral accelerations obtained from 

chum salmon (KT1711). (B) Dynamic and static accelerations are separated from entire 

acceleration. (C) VeDBA was calculated from 3-axis dynamic acceleration obtained from 

migrating salmon, and the swim speed was predicted from VeDBA. 
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Figure 4-4�Resting behaviour of chum salmon and environmental critical swim speed (UcritE) . 

(A) Time-series showing lateral acceleration and swim speed predicted from dynamic body 

acceleration. Low activity phase was observed during recording period. (B) Histogram of the 

duration of the predicted swim speed below 0.5 ms–1. The event numbers decreased with the 

duration longer. The reduction was gentle around the duration of 35 sec (yellow arrow). (C) 

Histogram of the predicted swim speed after removal of resting behaviour. Yellow arrow indicates 

the drop point of swim speed (0.9 ms–1).  
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Figure 4-5�The measurement for flow velocity. 

(A) The current meter used in the present study. For the proppellear logger facing current of river, 

tail was attached to the current meter. In addition, weight also was attached so as not to float. (C) 

The current meter took down with rope on the bridge. 
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Figure 4-6�The measurement point of current and the distributions of flow velocity.  

(A) The measurement of flow velocity was performed at four bridges. (B) The distributions of 

flow velocity at the bridges. Colour represent flow velocity and the filled circles indicate the 

measured values with current meter. Colour meshes created using two-dimensional linear 

interpolation. 
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Figure 4-7�Swimming model and simulation. 

(A) Power supplied from aerobic metabolism is limited. In the present study, we assumed critical 

power (Pcrit) is equal to the maximum aerobic power. (B) The curvilinear relationship between 

swim speed and the time for which is can be sustained when fish swimming over Ucrit.(C) COT 

increase sharply over Ucrit, because fish need to rest. (D) Pcrit and Pm were predicted using 

parameters estimated in chapter 3. (E) Ucrit was predicted with Pcrit. Grey arrow indicates Tpej range. 

(F) Cost of transport (COT) as a function of the speed the fish swims under no current velocity. 

Colour indicates water temperature. Filled circles denote the COT minimizing swim speed at each 

temperature. (G) COT as a function of the speed the fish swims at ToptAAS. Colour indicates flow 

velocity. Filled circles denote the COT minimizing swim speed at each flow velocity. 
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Figure 4-8. Optimal swim speed (Uopt) and energy costs of swimming as a function of 

temperature and flow velocity in the swimming model. 

Coloured lines indicate predicted (A) optimal swim speed, (B) optimal migration speed, and (C) 

minimum cost of transport at a temperature. The colours indicate temperature. 
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Figure 4-9 Swimming behaviour of chum salmon during upriver migration. 

(A) Time-series data of the swim speed predicted using VeDBA (obtained from KT1711) are shown. Grey and red bars above the time-series data 

indicate the resting and the swim speed over 0.9 ms–1 (UcritE), respectively. The time-series data were classified with positioning of chum salmon through 

radio telemetry tracking. (B, C) Frequency of the swim speed of chum salmon migrating upriver shown on (B) absolute scale and (C) logarithmic scale. 

(D) Time proportion of time occupied by over UcritE during swimming and time proportion of time occupied by total time in each section. 
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AAS  (Clark 
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5-2   
A

 ( 2 3 ) 10

 (ToptAAS– Tpej, Lower) 12

 (Fig. 3-5) 々 ToptAAS

 (Eliason 

et al., 2011; Raby et al., 2016)

AAS  

(Eliason et al., 2011) 4  (Rand et al., 2006) 

 (resilience) 

 (Clark et al., 2011) AAS  (Eliason 

et al., 2013; Norin et al., 2014) 

ToptAAS AAS

 (Raby et al., 2016) 4

ToptAAS

 

AAS

A  (Eliason and Farrell, 2016)

1

1 AAS

4

 (Fig. 4-8, Table 4-2)

 (Fig. 4-8, Table 4-

2)

AAS
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AAS

 

AAS

AAS

1 AAS

 (Auer et al., 2015)

 

 (Dicentrarchus labrax) 

1 RMR RMR

 (Killen et al., 2011) RMR

，

 

(Auer et al., 2015)  ‘Context 

dependence’  (Burton et al., 2011)

A

 ( , 2019) Tpej, Lower ToptAAS  (12.8–17.6°C) 

RMR 1.5  (44.3–67.6 kJ kg–1 day–1, Table 4-2)

。 。 AAS

 

1

AAS  (Fig. 3-5) 3

 

(Kusakabe et al., 2019) AAS
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AAS

AAS

3

 

 

5-3   
々 RMR

 (Schmidt-Nielsen, 1997; Willmer et al., 2005) AAS MMR

 (Sandblom et al., 2014)

RMR 23% 3

4 〜

RMR

10

 

3 AAS MMR 1

3

1

 (Anttila et 

al., 2014) 1  

(Raby et al., 2016) A
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2019 1 々  

AAS Absolute aerobic scope  

AASmax Absolute aerobic scope maxima  

AIC Akaike information criterion 

CT Critical temperature  

CTmax Critical temperature maxima  

CTmax, pc Critical temperature maxima of performance curve  

COT Cost of transport 

COTmin Minimum cost of transport 

CP model Critical power model 

Nmax Anaerobic work capacity 〜

!̇O2 Oxygen consumption rate 

Mb Body mass 

MMR Maximum (aerobic) metabolic rate  

Mv Ventricle mass 

FAS Factorial aerobic scope  

RMR Resting metabolic rate 

RVM Relative ventricle mass 

OCLTT Oxygen capacity limited thermal tolerance  

PAAS AAS power 

Pm Metabolic power 

proptr Proportion of recovery time 

Ps Swim power 

Pcrit Critical power 

T Temperature 

te Exhaustion time 
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tmes Measurement time 

ToptAAS Optimal temperature for AAS 

tr Recovery time 

Tpej Pejus temperature   

Tpej range Tpej range  

Tpej, Lower Lower pejus temperature   

Tpej, Upper Upper pejus temperature   

Uc Current speed 

Ucrit Critical swim speed 

Ucrit15 Critical swim speed for 15 min ，

UcritE Ecological critical swim speed 

Ug Ground speed  

Uopt Optimal swim speed 

Us Swim speed  

Maximum oxygen consumption rate 

Vb Volume of body 

Vch Volume of chamber 

VeDBA Vectorial Dynamic Body Acceleration  

 

!VO2max
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