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Investigation into the beginning of hypoxia expansion across the inner part of Ise Bay
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This study analyzed the dissolved oxygen concentration (DO) data recorded by the Mie Prefecture Fisheries Research Institute and
others at 1 m above the seabed of the inner part of Ise Bay from April 1956 to December 2016. Large areas of hypoxia water masses

(DO <3 mg/L) were not detected between 1956 and 1958. Long-term fluctuations in DO suggested that hypoxia began to affect a

large area of the inner part of Ise Bay at the end of the 1950s.
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Fig. 1. Locations of the observation stations for dissolved oxygen concentration in the inner part of
Ise Bay from April 1956 to December 2016. Open and solid circles: observation stations for 1956
1961 and 1967-2016, respectively. Number: station number. Dotted line: water depth. Shoreline

indicates the location of the shoreline in the 2010s.
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Table 1. Reference data and the measurement methods used to detect dissolved oxygen concentration (DO)

Month

Year
1 2 3 4 5 6 7 8 9 10 11 12

1956 \ I
1957-1960

1961 \
1962-1966

1967 I

1968-1971

1972 I

1973-1983

1984 v

1985-1992

1993 \Y%

1994-2001

2002 VI

2003-2016

I: DO data refers to the measurements taken by the Aichi Prefectural Fisheries Experimental Station, Owari Branch and the Mie
Prefectural Fisheries Experimental Station, Ise Bay Branch (1957); the Mie Prefectural Fisheries Experimental Station, Ise Bay
Branch (1959b-1961). DO was measured using the Winkler method. DO unit mL/L was converted to mg/L in this study.

II: DO data refers to the measurements taken by the Mie Prefectural Ise Bay Fisheries Experimental Station (1969-1971,
publication date unknown). DO was measured by the Winkler method. DO unit mL/L was converted to mg/L in this study.

III: DO data refers to the measurements taken by the Mie Prefectural Ise Bay Fisheries Experimental Station (1978-1981, 1984—
1985, unpublished data) and the Fisheries Research Institute of Mie (1986a, unpublished data). DO was measured by the Winkler
method. DO unit mL/L was converted to mg/L in this study.

IV: DO data refers to the measurements taken by the Fisheries Research Institute of Mie (1986a—1987, 1992a—1993, unpublished
data). DO was measured using YSI Co. Ltd. DO sensors.

V: DO data refers to the measurements taken by the Mie Prefecture Fisheries Research Institute (unpublished data). DO was
measured using YSI Co. Ltd. DO sensors and Sea Bird Co. Ltd. systems.

VI: DO data refers to the measurements taken by the Mie Prefecture Fisheries Research Institute (unpublished data). DO was
measured by Sea Bird Co. Ltd. DO sensors and systems.
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Fig. 2. Dissolved oxygen concentration (DO) in the inner part of Ise Bay from April 1956 to February 1961. Bold

solid line: median for DO at stations 3°,4°, 2, 3, 4, 6, 7, and 8. Dotted lines: maximum and minimum DO at these

stations.
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Fig. 3. Annual fluctuations in minimum dissolved oxygen concentration (DO) in the inner part of Ise Bay from April

1956 to December 2016. Open triangles, circles, and rectangles: 1956-1960 DO data for stations 6, 7, and 8§,

respectively. Solid circle and triangle: 1967-2016 DO data for stations 1 and 2, respectively.
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Appendix Table 1. Dissolved oxygen concentration (mg/L) at 1 m above the seabed in the inner part of Ise Bay from April 1956 to
February 1961

Station number

2' 3 4 1 2 3 4 5 6 7 8

Year Month Day

1956 4 5 14.15 10.87 13.10 12.80 1021 3.67 11.73
5 7 6.09 8.16 8.05 6.82 566 6.17 6.20  8.07 580 7.10
6 10 8.29 6.62 5.73 8.53 723 5.60 715 726  6.40 10.86  6.02
7 7 3.84 3.92 4.02 8.16 299  3.87 419 649 3.77 3.10  4.82
31 9.86 2.62 3.16 6.13 296 480 646 697 5.02 396 3.83
8 29 2.52 1.74 3.99 4.57 221 4.03 472 534 199 220 5.10
10 2 3.00 3.23 3.17 3.03 3.09 3.76 416 4.63 457 372 443
11 5 6.80 4.39 427 517 6.17 7.60 5.72 3.09 443
26 6.14 6.07 6.30 6.43 552 6.20 6.13 942  6.66 517  5.62
12 21 9.37 8.39 8.57 9.95 9.72 117 733 929  6.26 7.15 890
1957 4 18 7.16 7.96 7.22 7.97 749  8.16 792 862 7.62 726  7.73
5 24 8.65 6.93 8.17 7.52 7.00 7.32 8.35 6.43 582 757
6 19 5.06 6.67 6.53 6.07 523 572 707 737 526 582 649
7 18 6.95 8.83 7.86 6.77 7.77 557 5.82 5.72 7.03  5.64
8 29 343 3.69 4.13 420 410 4.90 3.63 3.86 4.12
9 18 5.82 5.06 6.17 3.93 4.69 513 497 489 484 419 547
10 17 4.99 7.70 4.03 5.70 356  8.26 546  7.62  6.87 6.02  7.25
11 21 5.02 6.33 6.06 4.64 550  6.07 567 755 7.03 757 436
12 19 8.43 7.72 7.15 8.96 593 839 6.83 885 7.86 573  7.29
1958 1 24 8.30 829 853 875 817 882 8.40 875
2 19 9.32 8.29 9.15 9.30 843 893 983 9.12  8.69 899  8.00
4 18 583 6.89 8.17 6.20 6.86  7.17
5 24 5.60 5.89 5.50 8.29 593 4.64 597 6.10 529 3.06 5.06
6 27 593 4.00 449 4.92 3.93 3.80  3.03
8 1 4.36 3.60 5.09 5.50 4.17  4.69 493 429 5092 3.63
29 4.07 4.49 3.63 3.66 4.46 503 543 429 3.09 297
9 29 5.46 3.86 4.54 5.03 552 3.79 6.62 429 549 5.00 393
10 24 7.35 6.03 6.17 7.89 512 4.64 6.57 5.83
11 19 7.43 8.25 8.35 6.50  8.17 6.80 8.96 843 633
12 17 8.20 8.32 7.83 832  8.46 893 857 7.76 7.72

Blank: no data.
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Appendix Table 1. Dissolved oxygen concentration (mg/L) at 1 m above the seabed in the inner part of Ise Bay from April 1956 to
February 1961 (continued)

Station number

Year Month  Day

2' 3 4 1 2 3 4 5 6 7 8
1959 1 21 7.26 8.29 6.57 8.19 8.72 10.00 7.75 8.55 8.95
2 25 9.29 8.63 6.99 9.32 9.03 8.19 8.55 8.95 8.29 8.09 5.83
3 24 8.69 8.85 7.86 8.45 8.06 7.09 7.83 7.96 6.39 12.09
4 15 6.22 8.15 6.09 5.56 7.15 5.93 8.72 5.97 7.35 5.36
5 20 6.52 7.72 5.86 7.35 593 7.35 5.92 6.43 6.13 3.93 7.29
6 16 6.17  4.50 6.13 5.03 4.49 3.86 7.29 3.10 5.79 5.64
7 17 4.50 1.86  4.09 1.80 1.21 3.07 0.99 3.72 1.94
8 29 3.57 2.14 494 1.63 1.23 3.00 2.23 0.63 3.89 1.80 0.49
12 8 5.57 6.12 8.00 593 7.29 7.00 5.03 8.69 8.07 6.43 6.22
1960 3 6.40 5.99 5.64 8.07 6.86 7.03 7.36 7.76 7.43 8.29 7.29

2
3 11 8.29 6.43 8.75 8.32 6.46 7.36 7.15
4 21 8.46 8.29 6.64 7.87 7.75 8.22 8.15 8.36 8.50 7.69
5 16 6.96 6.17 7.76 5.49 6.80 6.04 7.07
6 17 8.55 2.63 5.03 7.05 484  4.10 6.57 6.66 5.67 4.16 3.79
7 19 1.76 347  2.59 3.32 3.79 7.86 5.50 5.70 0.61 3.13 4.02
8 18 1.66 1.74  2.03 3.63 420 259  4.66 3.06 4.42 3.10 3.32
9 17 2.80 279 483 3.00 1.97 1.51 3.12 4.89 2.56 3.37 2.59
10 25 3.20 3.06 3.52 1.04 410 722 332 4.64 5.09 4.93 2.39
11 25 8.59 7.20 5.94 7.26 6.17 6.49 6.80 7.87 7.17 6.90 7.16
12 14 7.80 7.26 8.16 6.80 7.55 7.99 6.22 8.60 8.42 7.09 7.32
1961 1 28 9.60 9.37 9.53 9.65 9.77 9.45 9.32 9.42 9.05 9.36
2 20 10.06 9.53 9.07 10.37 9.95 9.36 9.50 9.55 10.06 9.40 9.29

Blank: no data.
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Appendix Table 2. Dissolved oxygen concentration (mg/L) at 1 m above the seabed for station 1 in the inner part of Ise Bay from
June 1967 and December 2016

Year Month

1 2 3 4 5 6 7 8 9 10 11 12
1967 4.09 2.83 0.71 5.53
1968 4.29 2.44 2.94 2.96 6.13
1969 7.67 7.15 6.43 2.24 2.99
1970 8.47 5.83 2.94 11.43 6.75
1971 8.47 6.12 5.44 3.19 10.09
1972 8.10 11.72 8.17 5.94 2.64 2.86 3.49 4.02 2.73 3.60 6.96
1973 6.75 8.45 8.42 6.52 6.86 9.07 2.84 1.36 0.36 2.56 242 5.36
1974 8.77 8.97 8.60 5.52 5.70 1.44 1.93 1.56 1.34 0.39 7.79 7.80
1975 9.27 7.66 7.23 6.33 6.73 6.72 2.11 1.80 2.29 1.81 3.82 6.36
1976 6.95 7.89 7.96 7.05 6.07 3.77 4.10 2.72 3.82 2.57 5.64 6.24
1977 7.56 9.05 7.93 7.53 5.74 2.84 2.76 1.27 2.32 1.60 0.50 6.03
1978 6.92 8.77 10.99 6.76 4.80 4.17 1.59 1.03 0.43 0.76 3.92 6.69
1979 7.22 6.63 7.76 7.69 6.03 7.67 3.30 1.50 1.54 3.46 3.70 5.79
1980 7.72 8.60 8.29 7.93 6.39 5.56 1.96 1.50 2.70 3.74 5.83 6.09
1981 8.96 8.90 8.53 7.36 4.70 6.06 3.50 2.44 2.70 2.34 3.52 6.14
1982 7.12 8.07 8.23 7.02 5.69 2.96 7.26 1.33 3.36 1.04 3.49 5.46
1983 7.20 9.65 8.23 5.56 4.13 3.10 2.34 3.56 1.46 0.97 1.66 6.72
1984 7.86 8.37 8.12 8.16 6.49 5.23 4.30 3.76 2.17 1.7 9.0 7.4
1985 7.0 7.8 8.3 8.0 6.5 6.0 32 44 22 2.6 35 4.4
1986 8.0 7.7 11.3 8.1 6.1 6.20 2.9 5.1 3.0 0.7 5.0 7.6
1987 7.4 6.7 7.8 6.8 7.9 7.7 0.3 3.0 1.0 5.7 3.1 3.6
1988 8.0 8.6 9.3 8.1 7.8 6.8 4.0 22 5.6 1.4 6.6 6.6
1989 8.6 8.8 7.7 6.8 8.7 10.0 2.5 4.1 0.6 35 2.0 3.6
1990 6.6 5.0 5.3 5.7 5.6 5.4 3.8 1.6 2.7 1.6 3.0 4.2
1991 7.0 7.8 7.1 4.8 7.5 4.7 3.8 4.2 2.6 5.1 3.0 3.9

Blank: no data.
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Appendix Table 2. Dissolved oxygen concentration (mg/L) at 1 m above the seabed for station 1 in the inner part of Ise Bay from
June 1967 and December 2016 (continued)

Year Month

1 2 3 4 5 6 7 8 9 10 11 12
1992 5.9 8.4 8.6 6.8 4.7 43 2.5 32 1.8 43 0.5 4.7
1993 7.8 7.5 7.7 6.5 5.4 32 4.3 4.10
1994 6.91 6.55 3.74 2.88 3.14 3.29 2.39 8.00
1995 12.56 8.21
1996
1997
1998
1999
2000
2001 7.16 4.29 2.99 3.02 5.83 3.29 0.43 4.29 7.49
2002 4.73 8.24 7.83 6.59 4.70 4.27 3.13 2.58 4.18 5.88 7.07
2003 8.24 8.94 7.43 8.10 5.95 4.24 1.76 3.65 2.07 2.47 2.02 4.40
2004 8.02 8.24 7.10 6.34 5.41 4.11 3.74 3.42 3.10 3.75 2.29 5.97
2005 8.06 8.91 8.11 6.02 5.79 4.99 2.81 2.99 1.83 7.83 7.01 7.38
2006 8.04 7.94 7.14 7.03 7.54 3.62 2.25 0.84 1.23 2.79 3.14 4.25
2007 5.62 7.93 6.17 7.29 7.56 5.83 4.01 3.10 3.21 1.40 7.82 5.44
2008 5.66 6.87 8.21 6.62 6.98 2.40 4.28 1.54 1.79 2.25 5.72 5.49
2009 8.42 7.28 8.59 6.53 5.48 3.62 0.73 4.83 3.28 2.50 5.23 2.79
2010 7.93 8.11 5.96 4.19 6.41 4.71 2.45 2.77 2.56 0.64 4.77 7.21
2011 6.15 8.75 8.19 5.15 6.91 4.02 1.97 1.01 2.73 1.46 4.13
2012 6.30 6.47 7.51 7.27 7.02 4.50 4.19 4.56 0.16 2.93 3.70 5.35
2013 8.17 6.74 7.13 7.55 8.70 6.04 5.10 3.51 2.38 5.25 2.86 5.04
2014 10.48 8.67 8.98 7.32 3.56 5.58 3.66 3.19 1.01 1.24 1.92 6.27
2015 9.04 8.99 6.87 7.20 8.54 6.09 7.12 241 3.21 1.14 7.16 7.08
2016 7.92 8.62 7.80 6.60 4.20 3.56 3.02 3.16 0.31 1.20 2.29 5.22

Blank: no data.
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Appendix Table 3. Dissolved oxygen concentration (mg/L) at 1 m above the seabed for station 2 in the inner part of Ise Bay from
May 1967 and December 2016

Year Month

1 2 3 4 5 6 7 8 9 10 11 12
1967 4.62 4.06 0.86 0.71 6.14
1968 4.84 2.60 0.30 3.82 7.33
1969 7.80 7.40 2.56 0.80 3.67
1970 8.67 4.73 5.13 11.43 7.13
1971 8.03 5.39 3.97 3.00 6.99
1972 8.20 11.72 4.43 3.79 1.19 1.16 1.63 2.21 8.27
1973 6.85 7.39 5.60 5.03 243 3.13 0.90 1.06 0.96 5.12 7.40
1974 8.49 8.96 8.47 5.94 3.17 1.33 1.21 0.24 0.79 1.63 5.46 6.27
1975 8.45 7.87 8.43 9.43 9.29 3.76 0.37 2.29 4.09 2.04 6.49
1976 7.82 7.67 7.47 6.80 5.73 3.99 2.84 1.51 2.36 2.76 5.43 6.37
1977 8.22 8.83 8.03 5.30 5.39 3.23 4.00 1.94 0.91 0.50 3.96 6.43
1978 7.57 8.70 8.36 7.19 3.96 2.29 0.00 0.61 2.44 0.66 4.99 6.96
1979 7.15 7.79 7.05 6.69 4.42 4.62 1.70 3.06 1.67 2.70 4.54 6.85
1980 7.79 8.26 8.56 6.04 5.60 5.23 1.71 3.52 2.50 4.73 5.62 4.90
1981 8.49 8.60 8.32 7.05 4.04 3.50 3.64 2.24 2.79 1.60 6.13 7.23
1982 8.07 8.39 8.65 6.73 5.39 2.84 2.69 0.87 2.39 4.49 4.70 6.34
1983 7.12 8.60 7.69 4.52 2.26 2.32 3.23 3.10 0.36 4.06 6.87
1984 8.09 9.55 7.52 7.57 2.83 2.54 5.52 0.30 1.1 3.6 6.7
1985 7.5 8.5 7.6 6.7 5.8 3.6 2.1 1.8 0.2 2.5 2.7 6.1
1986 7.8 8.5 104 8.0 4.5 4.45 0.5 1.6 0.3 22 5.2 6.6
1987 7.8 7.9 8.6 7.2 4.7 5.6 0.9 0.4 1.4 0.6 4.2 39
1988 7.6 7.9 8.6 7.1 5.3 32 4.8 2.9 1.3 1.8 5.1 7.2
1989 8.0 8.3 7.5 6.1 5.7 3.8 2.6 3.1 1.9 1.8 3.1 4.8
1990 7.5 5.6 5.1 5.2 3.0 1.6 1.4 0.1 0.1 1.1 33 3.7
1991 6.8 7.4 7.2 4.2 4.9 3.1 2.8 1.8 3.1 3.6 52 6.2

Blank: no data.
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Appendix Table 3. Dissolved oxygen concentration (mg/L) at 1 m above the seabed for station 2 in the inner part of Ise Bay from
May 1967 and December 2016 (continued)

Year Month

1 2 3 4 5 6 7 8 9 10 11 12
1992 6.8 8.0 9.4 6.4 4.6 1.8 1.7 0.0 1.6 3.9 3.3 5.4
1993 5.4 7.5 7.6 7.2 52 3.3 4.42 3.30
1994 7.89 5.98 1.95 1.10 0.95 2.35 6.26
1995 11.69 7.48 493 3.22 2.77 3.14 4.47 8.72
1996 10.36 8.10 5.53 4.12 3.69 1.14 0.63 1.30 5.03 5.46
1997 6.51 7.15 7.36 4.54 6.61 0.50 0.10 2.21 0.85 3.57 5.83 6.30
1998 6.85 7.47 6.30 4.09 4.23 4.26 391 0.05 1.55 0.29 5.27 7.06
1999 8.27 8.05 6.93 6.19 5.03 3.83 2.92 222 0.78 0.68 5.21 6.90
2000 7.10 7.67 8.08 5.62 4.81 3.08 2.84 0.35 1.19 4.69 6.90
2001 8.14 7.74 7.43 5.29 3.52 3.32 0.18 3.40 2.78 0.45 2.71 6.17
2002 5.20 8.04 7.24 6.26 3.83 3.58 2.51 1.12 0.39 1.07 6.68 7.44
2003 7.90 8.87 7.26 6.44 5.53 4.98 0.42 3.98 2.30 0.63 4.50 6.26
2004 8.12 8.16 7.36 6.96 4.28 3.81 2.62 1.76 4.01 4.40 4.02 3.64
2005 7.96 8.08 7.60 5.98 3.16 2.85 1.54 0.10 1.43 1.39 3.32 7.16
2006 8.37 7.80 791 6.68 3.37 3.81 2.76 0.24 0.17 2.78 2.82 6.09
2007 7.21 6.78 7.11 6.98 5.37 4.51 2.01 2.44 0.96 1.13 6.13 5.58
2008 5.77 7.64 7.35 5.77 5.13 1.65 2.48 0.26 1.23 2.27 6.62
2009 7.74 7.93 7.00 5.02 3.72 3.45 1.11 0.63 3.05 4.16 4.96 5.81
2010 7.31 8.23 7.22 4.30 3.47 2.68 2.17 1.11 0.01 0.08 4.93 7.03
2011 7.17 8.53 8.12 7.11 4.84 4.95 1.20 2.71 2.76 2.00 3.26
2012 6.28 6.97 6.13 6.45 5.57 3.15 2.76 4.05 0.88 2.93 4.56 6.03
2013 7.29 7.53 8.27 6.12 4.00 222 3.00 3.58 0.15 0.75 5.69 6.19
2014 8.17 8.05 6.18 6.35 2.98 2.34 1.38 421 2.19 0.25 2.86 6.93
2015 8.76 8.99 7.02 4.70 3.42 221 3.52 1.53 1.09 1.46 1.52 6.51
2016 7.57 7.88 6.53 6.00 3.76 2.48 2.08 2.83 1.64 0.61 3.90 6.91

Blank: no data.
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Appendix Table 4. Means and standard deviations of water depth (m) in each station

Station number*?

Reference™ 2' 3 4 1 2 3 4 5 6 7 8 1 2

| 2.9 3.2 3.8 5.4 134 9.1 7.6 4.8 19.0 20.7 7.3
@1 (0 (©7) @12 (31 (L7 (09 (15 (190 (26) (L0

1 9.0 23.5

1.4) (2.0

11 8.6 22.5

12 (13

v 7.9 22.3

(0.7)  (0.8)

\Y% 8.1 22.0

(0.7)  (0.8)

VI 8.3 22.7

05) (0.7)

*I Numbers correspond to references in Table 1. > Numbers correspond to station numbers in Figure 1. Numbers in parentheses:

standard deviation. Blank: no data.

66



