
 

 

S1 

 

Supplementary Material 
 

Changes in a Generalist Predator’s Trophic Information Signals Ecological  

Resilience Erosion and Regime Shifts 

 

H. Wang1, 2, J. García Molinos3, P. Vasilakopoulos4, S. Xie1, P. Zhang2, H. Zhang2, and J. Xu1, 2 * 

 
1 School of Marine Biology and Fisheries, State Key Laboratory of Marine Resource Utilization in South China Sea, 

Hainan University, Haikou, Hainan 570228, China 
2 Institute of Hydrobiology, Chinese Academy of Science, Wuhan 430072, China 

3 Arctic Research Center, Hokkaido University, Sapporo, Hokkaido 001-0021, Japan 
4 European Commission, Joint Research Centre, Ispra 21027, Italy 

  



 

 

S2 

 

Table S1. Stable Isotope Values in Sampled Lakes 

Lake Name Species Name Mean d13C Mean d15N SD d13C SD d15N N 

1 Benthic prey fishes − 18.66 13.47 0.53 1.05 15 

1 Culter sp. − 20.50 12.79 0.46 0.71 16 

1 Pelagic prey fishes − 25.27 10.85 0.32 1.22 10 

1 Zoobenthos − 18.27 13.85 1.07 1.75 13 

1 Zooplankton − 25.34 5.59 0.54 0.59 11 

2 Benthic prey fishes − 18.71 16.52 0.44 0.93 19 

2 Culter sp. − 20.06 15.99 0.46 0.70 17 

2 Pelagic prey fishes − 26.24 10.68 0.45 0.76 15 

2 Zoobenthos − 21.14 12.81 0.91 2.45 10 

2 Zooplankton − 26.36 5.02 0.73 0.73 11 

3 Benthic prey fishes − 21.52 14.71 0.76 1.19 8 

3 Culter sp. − 20.83 14.26 0.52 0.49 14 

3 Pelagic prey fishes − 26.74 11.08 0.50 0.99 18 

3 Zoobenthos − 20.32 13.08 0.64 1.79 5 

3 Zooplankton − 27.08 7.60 1.38 1.15 13 

4 Benthic prey fishes − 23.66 15.15 0.91 0.64 5 

4 Culter sp. − 21.96 13.87 0.46 0.61 15 

4 Pelagic prey fishes − 26.95 11.63 0.39 0.82 16 

4 Zoobenthos − 22.34 14.77 1.00 1.44 14 

4 Zooplankton − 26.41 6.94 0.61 1.15 13 

5 Benthic prey fishes − 22.05 15.80 0.93 1.34 9 

5 Culter sp. − 22.30 12.56 0.49 0.44 8 

5 Pelagic prey fishes − 25.43 12.35 0.35 0.64 5 

5 Zoobenthos − 20.82 10.86 0.75 1.49 14 

5 Zooplankton − 25.75 6.66 0.75 0.47 13 

6 Benthic prey fishes − 18.71 13.07 0.47 1.01 13 

6 Culter sp. − 22.46 12.65 0.29 0.75 17 

6 Pelagic prey fishes − 25.34 11.72 0.71 0.47 17 

6 Zoobenthos − 22.53 12.85 0.70 1.46 12 

6 Zooplankton − 25.79 6.41 1.47 1.43 11 

7 Benthic prey fishes − 23.88 16.21 0.29 0.53 5 

7 Culter sp. − 25.12 13.37 0.68 0.52 8 

7 Pelagic prey fishes − 27.04 13.31 0.47 0.50 9 

7 Zoobenthos − 22.92 12.19 0.88 1.16 10 

7 Zooplankton − 25.42 6.16 0.40 1.14 5 

8 Benthic prey fishes − 19.32 16.87 0.75 0.69 14 

8 Culter sp. − 21.06 13.74 0.41 0.45 14 

8 Pelagic prey fishes − 26.64 10.80 0.99 0.73 19 

8 Zoobenthos − 21.35 11.49 0.76 1.87 9 

8 Zooplankton − 26.73 5.53 0.62 0.58 8 
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(Continued) 

Lake Name Species Name Mean d13C Mean d15N SD d13C SD d15N N 

9 Benthic prey fishes − 19.89 14.62 0.42 1.21 9 

9 Culter sp. − 20.04 13.20 0.34 0.85 10 

9 Pelagic prey fishes − 25.17 13.28 0.21 0.61 7 

9 Zoobenthos − 21.45 13.10 1.87 1.35 11 

9 Zooplankton − 26.52 6.65 1.10 0.91 13 

10 Benthic prey fishes − 22.44 13.45 0.38 0.90 14 

10 Culter sp. − 22.64 13.88 0.86 1.32 14 

10 Pelagic prey fishes − 26.08 12.73 0.61 0.31 8 

10 Zoobenthos − 22.29 11.95 0.90 1.27 14 

10 Zooplankton − 26.09 7.32 1.21 0.80 13 

11 Benthic prey fishes − 18.47 13.98 1.01 0.95 15 

11 Culter sp. − 21.73 12.24 0.29 0.47 17 

11 Pelagic prey fishes − 25.32 11.03 0.27 0.55 15 

11 Zoobenthos − 21.71 12.35 1.26 1.21 8 

11 Zooplankton − 24.87 7.68 0.79 0.51 13 

12 Benthic prey fishes − 23.62 14.20 0.25 0.98 6 

12 Culter sp. − 24.14 13.88 0.26 0.50 10 

12 Pelagic prey fishes − 26.42 13.27 0.55 0.86 14 

12 Zoobenthos − 21.79 11.64 0.87 1.55 6 

12 Zooplankton − 27.91 4.86 0.52 1.14 14 

13 Benthic prey fishes − 22.01 15.41 0.79 1.05 15 

13 Culter sp. − 22.43 12.31 0.71 0.70 9 

13 Pelagic prey fishes − 26.50 11.27 0.40 0.70 17 

13 Zoobenthos − 18.62 12.63 1.15 2.25 13 

13 Zooplankton − 24.97 5.67 0.77 0.74 6 

14 Benthic prey fishes − 21.90 17.30 0.99 1.09 7 

14 Culter sp. − 21.52 14.00 0.84 0.59 19 

14 Pelagic prey fishes − 26.05 12.07 0.55 1.06 8 

14 Zoobenthos − 20.50 13.45 1.04 1.43 6 

14 Zooplankton − 27.39 5.48 0.80 0.92 11 

15 Benthic prey fishes − 18.57 13.55 0.59 0.66 13 

15 Culter sp. − 18.24 12.73 0.33 0.75 14 

15 Pelagic prey fishes − 26.30 10.77 0.65 0.59 19 

15 Zoobenthos − 18.14 12.20 1.48 1.67 14 

15 Zooplankton − 27.58 6.07 1.06 1.05 13 

16 Benthic prey fishes − 19.81 16.30 1.07 0.96 14 

16 Culter sp. − 19.74 12.83 0.54 0.57 17 

16 Pelagic prey fishes − 25.45 10.10 0.38 0.57 12 

16 Zoobenthos − 18.73 11.73 1.45 1.59 5 

16 Zooplankton − 26.19 5.78 1.32 0.47 14 
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(Continued) 

Lake Name Species Name Mean d13C Mean d15N SD d13C SD d15N N 

17 Benthic prey fishes − 21.25 16.58 0.29 1.21 17 

17 Culter sp. − 23.45 13.19 0.22 0.78 5 

17 Pelagic prey fishes − 26.12 11.85 0.88 0.65 9 

17 Zoobenthos − 22.17 12.54 0.94 1.85 11 

17 Zooplankton − 26.15 6.35 0.39 1.03 8 

18 Benthic prey fishes − 20.69 14.55 0.71 1.08 17 

18 Culter sp. − 22.03 13.83 0.42 0.50 16 

18 Pelagic prey fishes − 25.84 11.34 0.74 0.53 10 

18 Zoobenthos − 21.71 11.89 0.80 1.14 14 

18 Zooplankton − 25.81 6.72 1.04 1.41 14 

19 Benthic prey fishes − 20.55 17.06 0.81 1.10 7 

19 Culter sp. − 21.85 13.91 0.39 0.99 9 

19 Pelagic prey fishes − 26.49 11.94 0.27 0.55 12 

19 Zoobenthos − 22.07 13.9 1.01 1.95 5 

19 Zooplankton − 27.36 8.00 0.88 0.96 9 

20 Benthic prey fishes − 23.52 15.78 0.84 1.63 5 

20 Culter sp. − 23.62 15.15 0.35 0.62 16 

20 Pelagic prey fishes − 26.46 10.07 0.39 0.58 10 

20 Zoobenthos − 22.08 13.43 0.34 3.10 5 

20 Zooplankton − 27.46 7.58 0.69 0.89 12 

21 Benthic prey fishes − 21.91 13.47 0.79 0.81 10 

21 Culter sp. − 22.59 12.98 0.53 0.96 16 

21 Pelagic prey fishes − 26.09 12.65 0.43 1.07 12 

21 Zoobenthos − 21.77 13.21 1.04 2.51 6 

21 Zooplankton − 25.89 6.82 0.67 0.50 9 

22 Benthic prey fishes − 17.91 13.98 0.33 1.60 9 

22 Culter sp. − 19.16 12.17 0.53 1.07 13 

22 Pelagic prey fishes − 26.28 9.88 0.58 1.00 16 

22 Zoobenthos − 22.23 10.98 1.31 1.30 14 

22 Zooplankton − 25.31 5.97 0.89 0.65 8 

23 Benthic prey fishes − 21.01 16.79 0.82 0.82 14 

23 Culter sp. − 21.27 14.38 0.23 0.55 8 

23 Pelagic prey fishes − 25.19 11.29 0.33 1.09 15 

23 Zoobenthos − 18.44 12.24 1.14 1.52 11 

23 Zooplankton − 27.91 6.37 0.62 0.51 10 

24 Benthic prey fishes − 20.15 15.84 1.22 0.41 10 

24 Culter sp. − 20.77 13.40 0.48 0.41 16 

24 Pelagic prey fishes − 26.47 13.69 0.17 0.39 6 

24 Zoobenthos − 19.95 11.73 1.13 1.84 13 

24 Zooplankton − 26.61 8.14 1.37 0.48 10 
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(Continued) 

Lake Name Species Name Mean d13C Mean d15N SD d13C SD d15N N 

25 Benthic prey fishes − 19.37 13.62 0.78 0.79 17 

25 Culter sp. − 19.77 12.28 0.57 0.61 10 

25 Pelagic prey fishes − 25.07 10.47 0.47 0.61 13 

25 Zoobenthos − 22.64 13.00 1.32 1.39 12 

25 Zooplankton − 26.67 5.65 0.61 1.00 6 

26 Benthic prey fishes − 18.92 15.80 0.50 0.77 8 

26 Culter sp. − 21.63 13.66 0.51 0.86 9 

26 Pelagic prey fishes − 25.88 10.59 0.35 1.03 15 

26 Zoobenthos − 21.49 10.36 0.86 1.60 9 

26 Zooplankton − 25.92 7.28 1.24 0.60 11 

27 Benthic prey fishes − 19.57 15.39 0.46 0.88 9 

27 Culter sp. − 20.09 13.24 0.26 0.61 15 

27 Pelagic prey fishes − 25.84 12.62 0.28 0.38 12 

27 Zoobenthos − 22.16 14.09 0.64 1.18 5 

27 Zooplankton − 25.64 8.09 0.29 1.07 6 

28 Benthic prey fishes − 19.65 15.37 0.54 0.94 12 

28 Culter sp. − 23.48 14.62 0.31 0.76 16 

28 Pelagic prey fishes − 26.14 12.90 0.56 0.76 17 

28 Zoobenthos − 20.38 14.07 0.98 1.96 13 

28 Zooplankton − 26.77 7.09 0.80 0.27 7 

29 Benthic prey fishes − 19.28 16.26 0.64 0.97 5 

29 Culter sp. − 23.07 14.99 0.39 0.84 7 

29 Pelagic prey fishes − 25.77 13.17 0.64 0.61 5 

29 Zoobenthos − 18.05 14.17 0.87 1.66 9 

29 Zooplankton − 25.51 5.39 1.17 0.29 5 

30 Benthic prey fishes − 19.01 14.88 1.05 1.10 14 

30 Culter sp. − 24.32 12.83 0.35 0.61 19 

30 Pelagic prey fishes − 25.76 11.57 0.51 0.42 17 

30 Zoobenthos − 21.96 11.46 1.70 1.16 12 

30 Zooplankton − 25.66 5.37 0.86 0.73 8 

31 Benthic prey fishes − 22.72 13.98 0.46 0.61 18 

31 Culter sp. − 23.37 10.69 0.63 0.39 15 

31 Pelagic prey fishes − 25.30 10.87 0.36 1.38 11 

31 Zoobenthos − 23.10 14.58 1.30 1.95 11 

31 Zooplankton − 26.98 6.56 0.41 0.66 6 

32 Benthic prey fishes − 17.56 14.64 0.66 0.79 10 

32 Culter sp. − 24.51 12.95 0.59 0.74 16 

32 Pelagic prey fishes − 26.18 13.02 0.33 0.88 18 

32 Zoobenthos − 22.65 12.53 1.70 1.06 14 

32 Zooplankton − 25.42 7.91 1.01 0.58 12 
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(Continued) 

Lake Name Species Name Mean d13C Mean d15N SD d13C SD d15N N 

33 Benthic prey fishes − 21.39 13.42 0.48 0.83 13 

33 Culter sp. − 24.32 12.77 0.42 0.55 17 

33 Pelagic prey fishes − 25.10 13.94 0.64 1.31 17 

33 Zoobenthos − 20.56 10.52 1.18 1.26 12 

33 Zooplankton − 25.34 7.14 1.72 0.74 5 

34 Benthic prey fishes − 19.99 14.87 0.74 0.92 5 

34 Culter sp. − 25.55 14.34 0.43 0.97 12 

34 Pelagic prey fishes − 26.06 13.68 0.20 0.61 7 

34 Zoobenthos − 18.66 14.65 1.48 1.50 13 

34 Zooplankton − 26.20 5.25 0.90 0.64 11 

35 Benthic prey fishes − 20.37 12.83 0.73 0.93 15 

35 Culter sp. − 23.72 10.76 0.69 0.74 7 

35 Pelagic prey fishes − 25.75 14.20 0.61 1.11 19 

35 Zoobenthos − 18.40 10.72 0.95 2.21 7 

35 Zooplankton − 27.01 6.24 0.94 0.44 9 

36 Benthic prey fishes − 21.24 14.84 0.59 1.04 17 

36 Culter sp. − 25.37 13.81 0.36 0.81 9 

36 Pelagic prey fishes − 26.04 13.50 0.67 0.39 19 

36 Zoobenthos − 23.04 14.89 1.35 1.22 13 

36 Zooplankton − 25.49 4.90 0.53 0.41 5 

37 Benthic prey fishes − 22.77 13.66 0.62 0.99 16 

37 Culter sp. − 21.64 13.90 0.21 1.00 7 

37 Pelagic prey fishes − 26.26 12.51 0.66 0.46 12 

37 Zoobenthos − 18.36 14.97 1.36 1.43 8 

37 Zooplankton − 25.52 6.39 0.60 0.72 9 

38 Benthic prey fishes − 20.19 15.62 0.44 1.32 13 

38 Culter sp. − 23.98 15.03 0.67 0.86 18 

38 Pelagic prey fishes − 25.32 13.39 0.37 0.42 14 

38 Zoobenthos − 20.44 12.07 1.25 1.61 13 

38 Zooplankton − 27.79 6.58 0.60 0.61 13 

39 Benthic prey fishes − 23.87 13.35 1.00 1.08 5 

39 Culter sp. − 21.45 13.88 0.55 0.51 8 

39 Pelagic prey fishes − 25.01 13.72 0.68 0.43 9 

39 Zoobenthos − 18.76 13.77 0.74 1.19 14 

39 Zooplankton − 26.22 6.75 0.52 0.59 9 

40 Benthic prey fishes − 18.37 15.69 0.79 0.97 9 

40 Culter sp. − 24.43 14.39 0.31 0.32 5 

40 Pelagic prey fishes − 25.04 12.89 0.47 1.25 9 

40 Zoobenthos − 22.40 10.84 0.76 1.36 12 

40 Zooplankton − 25.97 5.63 0.83 0.94 7 
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(Continued) 

Lake Name Species Name Mean d13C Mean d15N SD d13C SD d15N N 

41 Benthic prey fishes − 19.04 14.45 0.44 1.34 19 

41 Culter sp. − 24.95 13.32 0.51 0.51 5 

41 Pelagic prey fishes − 26.74 12.85 0.33 0.66 11 

41 Zoobenthos − 21.17 12.99 0.54 1.47 7 

41 Zooplankton − 26.81 5.19 0.77 0.78 10 

42 Benthic prey fishes − 19.89 14.16 0.80 1.28 18 

42 Culter sp. − 24.82 14.19 0.40 0.66 6 

42 Pelagic prey fishes − 25.94 11.64 0.73 0.69 18 

42 Zoobenthos − 21.04 13.52 1.74 1.30 10 

42 Zooplankton − 27.60 5.25 0.57 0.81 8 

43 Benthic prey fishes − 19.78 16.71 0.92 1.08 5 

43 Culter sp. − 25.36 10.97 0.35 0.64 8 

43 Pelagic prey fishes − 26.51 12.18 0.35 0.56 14 

43 Zoobenthos − 21.57 10.91 1.16 1.93 7 

43 Zooplankton − 26.16 6.80 0.60 1.19 14 

44 Benthic prey fishes − 19.63 15.77 0.94 0.95 7 

44 Culter sp. − 24.18 13.20 0.62 0.88 11 

44 Pelagic prey fishes − 26.39 13.82 0.46 0.79 19 

44 Zoobenthos − 21.15 11.45 0.98 1.96 14 

44 Zooplankton − 27.15 5.61 0.68 0.61 13 

45 Benthic prey fishes − 20.69 13.75 0.95 0.90 14 

45 Culter sp. − 24.69 13.46 0.37 0.62 6 

45 Pelagic prey fishes − 25.52 12.21 0.62 0.96 12 

45 Zoobenthos − 18.99 13.29 1.58 1.53 14 

45 Zooplankton − 26.59 6.29 1.00 0.55 12 

46 Benthic prey fishes − 18.61 14.29 0.67 0.96 14 

46 Culter sp. − 25.34 11.18 0.55 0.85 9 

46 Pelagic prey fishes − 26.51 10.46 0.68 0.77 9 

46 Zoobenthos − 18.87 11.11 0.90 1.60 11 

46 Zooplankton − 27.32 7.81 0.85 0.83 14 

47 Benthic prey fishes − 20.73 15.10 0.53 1.36 17 

47 Culter sp. − 24.50 12.88 0.74 0.96 15 

47 Pelagic prey fishes − 25.50 12.59 0.56 0.43 5 

47 Zoobenthos − 21.72 11.58 1.19 1.20 14 

47 Zooplankton − 24.80 6.50 1.81 0.37 6 

48 Benthic prey fishes − 18.24 16.10 0.48 0.72 9 

48 Culter sp. − 23.56 14.29 0.30 0.47 16 

48 Pelagic prey fishes − 26.98 10.53 0.33 0.52 13 

48 Zoobenthos − 19.40 14.80 1.00 1.02 14 

48 Zooplankton − 26.73 6.81 0.76 0.91 13 
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(Continued) 

Lake Name Species Name Mean d13C Mean d15N SD d13C SD d15N N 

49 Benthic prey fishes − 18.81 15.10 0.49 0.83 8 

49 Culter sp. − 23.89 11.74 0.57 0.40 5 

49 Pelagic prey fishes − 26.72 12.11 0.52 0.99 19 

49 Zoobenthos − 22.29 15.10 1.20 1.28 5 

49 Zooplankton − 27.05 7.46 0.48 0.69 11 

50 Benthic prey fishes − 19.31 15.71 1.07 0.78 12 

50 Culter sp. − 20.67 11.05 0.37 0.67 15 

50 Pelagic prey fishes − 25.53 10.68 0.41 0.64 14 

50 Zoobenthos − 19.37 13.64 1.40 1.16 14 

50 Zooplankton − 27.24 6.12 0.73 0.89 11 

51 Benthic prey fishes − 18.28 16.39 0.73 0.95 14 

51 Culter sp. − 24.28 13.97 0.35 0.68 8 

51 Pelagic prey fishes − 26.05 10.96 0.29 0.69 15 

51 Zoobenthos − 19.54 15.23 1.26 1.53 11 

51 Zooplankton − 27.57 5.05 1.18 0.52 8 

52 Benthic prey fishes − 18.94 14.91 0.84 0.90 13 

52 Culter sp. − 24.23 12.54 0.84 0.65 9 

52 Pelagic prey fishes − 26.09 12.71 0.37 0.58 18 

52 Zoobenthos − 22.39 10.59 1.97 0.70 6 

52 Zooplankton − 25.96 5.70 0.65 0.42 12 

53 Benthic prey fishes − 22.48 14.82 0.28 0.84 16 

53 Culter sp. − 25.12 13.98 0.31 0.72 8 

53 Pelagic prey fishes − 25.42 13.49 0.34 0.90 6 

53 Zoobenthos − 20.88 13.60 0.96 1.02 13 

53 Zooplankton − 27.65 5.05 1.32 0.55 7 

54 Benthic prey fishes − 18.69 15.66 0.27 1.07 15 

54 Culter sp. − 24.15 11.21 0.54 1.08 8 

54 Pelagic prey fishes − 26.05 10.54 0.38 1.13 18 

54 Zoobenthos − 21.78 12.92 0.97 1.01 6 

54 Zooplankton − 27.72 8.08 0.59 1.45 6 

55 Benthic prey fishes − 22.56 14.05 1.03 1.37 13 

55 Culter sp. − 23.38 10.65 0.46 0.67 19 

55 Pelagic prey fishes − 25.32 10.27 0.61 0.49 14 

55 Zoobenthos − 21.16 15.22 1.02 1.03 10 

55 Zooplankton − 26.22 6.18 0.79 0.26 5 

56 Benthic prey fishes − 18.95 14.90 0.92 1.24 10 

56 Culter sp. − 24.22 13.22 0.52 0.64 15 

56 Pelagic prey fishes − 25.26 12.08 0.54 0.66 10 

56 Zoobenthos − 19.49 14.17 1.65 0.98 13 

56 Zooplankton − 27.08 6.45 1.62 1.31 6 
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(Continued) 

Lake Name Species Name Mean d13C Mean d15N SD d13C SD d15N N 

57 Benthic prey fishes − 19.48 16.93 1.25 0.87 14 

57 Culter sp. − 24.23 14.31 0.54 0.72 17 

57 Pelagic prey fishes − 25.72 11.11 0.52 1.30 7 

57 Zoobenthos − 20.85 14.50 1.11 3.09 12 

57 Zooplankton − 24.99 5.91 1.14 1.02 5 

58 Benthic prey fishes − 21.31 13.96 1.35 1.19 17 

58 Culter sp. − 24.03 13.83 0.81 0.92 11 

58 Pelagic prey fishes − 24.92 13.42 0.93 0.46 14 

58 Zoobenthos − 19.15 13.91 0.74 2.24 13 

58 Zooplankton − 27.82 6.89 0.58 0.49 14 

59 Benthic prey fishes − 22.34 14.22 0.82 0.79 12 

59 Culter sp. − 20.44 13.50 0.33 1.09 19 

59 Pelagic prey fishes − 25.35 12.92 0.41 0.73 9 

59 Zoobenthos − 18.72 13.91 1.53 1.02 5 

59 Zooplankton − 25.11 4.98 0.72 0.60 9 

60 Benthic prey fishes − 22.32 14.22 0.89 1.91 9 

60 Culter sp. − 22.56 14.51 0.83 0.61 7 

60 Pelagic prey fishes − 25.62 10.90 0.39 0.72 10 

60 Zoobenthos − 22.33 9.89 1.30 2.27 12 

60 Zooplankton − 26.70 7.54 1.21 0.32 7 

61 Benthic prey fishes − 19.08 16.02 0.42 0.85 7 

61 Culter sp. − 23.20 15.41 0.45 0.85 13 

61 Pelagic prey fishes − 24.95 13.56 0.37 0.60 10 

61 Zoobenthos − 21.82 12.11 1.19 1.07 10 

61 Zooplankton − 27.30 8.26 1.49 0.44 13 

62 Benthic prey fishes − 21.11 15.80 0.64 0.95 11 

62 Culter sp. − 21.84 11.19 0.87 0.62 9 

62 Pelagic prey fishes − 26.74 11.77 0.40 0.67 14 

62 Zoobenthos − 21.52 10.54 1.49 0.91 11 

62 Zooplankton − 27.73 4.94 0.93 0.54 6 

63 Benthic prey fishes − 23.17 14.00 0.31 1.35 15 

63 Culter sp. − 23.17 12.67 0.25 0.77 7 

63 Pelagic prey fishes − 25.08 12.56 0.43 0.29 16 

63 Zoobenthos − 22.29 14.22 1.53 1.69 8 

63 Zooplankton − 26.08 7.89 0.84 1.10 14 

64 Benthic prey fishes − 19.32 13.22 0.88 1.12 10 

64 Culter sp. − 20.89 13.48 0.72 0.84 5 

64 Pelagic prey fishes − 26.79 11.31 0.59 0.90 19 

64 Zoobenthos − 21.72 14.45 1.29 1.61 13 

64 Zooplankton − 27.55 5.87 0.57 0.59 9 
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(Continued) 

Lake Name Species Name Mean d13C Mean d15N SD d13C SD d15N N 

65 Benthic prey fishes − 23.94 14.56 0.94 0.81 11 

65 Culter sp. − 26.08 13.66 0.28 0.48 13 

65 Pelagic prey fishes − 27.19 9.59 0.82 1.17 10 

65 Zoobenthos − 19.44 14.42 1.17 1.21 7 

65 Zooplankton − 26.14 7.67 0.83 0.66 7 

66 Benthic prey fishes − 21.88 16.56 0.82 1.00 18 

66 Culter sp. − 25.62 12.05 0.50 0.80 10 

66 Pelagic prey fishes − 26.15 10.21 0.56 1.16 8 

66 Zoobenthos − 21.68 12.82 0.65 1.03 11 

66 Zooplankton − 26.87 5.88 0.58 0.65 8 

67 Benthic prey fishes − 22.17 14.52 0.82 0.85 11 

67 Culter sp. − 22.32 13.94 0.92 0.87 15 

67 Pelagic prey fishes − 25.09 10.77 0.63 0.45 17 

67 Zoobenthos − 18.21 16.17 1.76 0.89 7 

67 Zooplankton − 25.63 5.69 0.70 0.71 9 

68 Benthic prey fishes − 21.72 14.10 0.72 1.67 5 

68 Culter sp. − 23.50 14.21 0.80 1.01 16 

68 Pelagic prey fishes − 26.03 11.40 0.53 0.82 14 

68 Zoobenthos − 21.33 14.47 0.56 1.03 7 

68 Zooplankton − 27.20 4.60 1.28 0.70 7 

69 Benthic prey fishes − 23.48 13.68 0.36 0.82 8 

69 Culter sp. − 24.56 12.51 0.42 0.67 14 

69 Pelagic prey fishes − 26.29 12.16 0.58 0.58 11 

69 Zoobenthos − 19.97 10.67 0.97 1.20 13 

69 Zooplankton − 27.47 7.12 0.96 1.15 12 

70 Benthic prey fishes − 18.95 14.54 0.93 1.40 16 

70 Culter sp. − 22.58 13.45 0.64 1.06 18 

70 Pelagic prey fishes − 25.73 12.31 0.31 0.73 9 

70 Zoobenthos − 20.99 12.15 0.96 2.27 8 

70 Zooplankton − 24.91 8.28 0.70 0.59 7 

71 Benthic prey fishes − 23.33 13.27 0.85 0.86 16 

71 Culter sp. − 25.82 13.31 0.30 1.03 6 

71 Pelagic prey fishes − 26.37 12.49 0.34 0.50 18 

71 Zoobenthos − 22.10 11.05 0.80 1.54 14 

71 Zooplankton − 25.17 7.13 0.54 1.35 12 

72 Benthic prey fishes − 19.03 16.54 0.73 0.89 15 

72 Culter sp. − 26.40 15.53 0.52 0.74 16 

72 Pelagic prey fishes − 26.88 11.83 0.76 0.70 5 

72 Zoobenthos − 18.09 13.11 0.89 1.24 12 

72 Zooplankton − 27.21 7.14 1.00 0.65 5 
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(Continued) 

Lake Name Species Name Mean d13C Mean d15N SD d13C SD d15N N 

73 Benthic prey fishes − 18.78 13.56 0.64 0.82 7 

73 Culter sp. − 22.40 13.49 0.51 0.62 7 

73 Pelagic prey fishes − 25.72 11.43 0.42 0.93 17 

73 Zoobenthos − 20.88 12.00 0.69 0.93 6 

73 Zooplankton − 26.49 4.94 1.02 0.38 7 

74 Benthic prey fishes − 22.34 16.43 0.52 0.91 15 

74 Culter sp. − 24.91 14.80 0.76 0.52 15 

74 Pelagic prey fishes − 25.55 12.04 0.46 1.04 9 

74 Zoobenthos − 20.25 15.17 0.66 1.36 7 

74 Zooplankton − 26.97 5.95 0.46 0.62 8 

75 Benthic prey fishes − 23.56 16.01 0.93 0.68 17 

75 Culter sp. − 22.19 14.19 0.44 0.97 18 

75 Pelagic prey fishes − 25.72 10.07 0.60 0.61 11 

75 Zoobenthos − 20.65 10.03 1.10 1.51 7 

75 Zooplankton − 24.53 7.83 1.44 0.65 10 

76 Benthic prey fishes − 22.16 14.98 0.73 1.23 17 

76 Culter sp. − 25.29 13.93 0.67 0.65 5 

76 Pelagic prey fishes − 25.48 9.67 0.60 0.86 13 

76 Zoobenthos − 20.11 14.96 0.54 0.87 13 

76 Zooplankton − 27.62 6.39 1.27 0.88 10 

77 Benthic prey fishes − 22.58 15.44 0.55 0.97 19 

77 Culter sp. − 24.26 14.12 0.48 0.93 12 

77 Pelagic prey fishes − 26.91 13.02 0.75 0.36 8 

77 Zoobenthos − 20.78 11.74 1.34 1.95 6 

77 Zooplankton − 27.16 6.81 0.52 0.78 13 
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Table S2. Diet Composition of Cultrichthys erythropterus (n = 192) 

Food Item  O% N% W% IRI IRI% 

Rotifera 18.00 5.75 0.70 116.10  1.04  

Keratella 16.20 3.34 0.40 60.59  0.54  

Brachionus 14.80 2.41 0.30 40.11  0.36  

Cladocera 52.00 65.00 14.00 4108.00  36.92  

Daphnia 49.00 33.00 8.00 2009.00  18.05  

Bosmina 31.00 11.00 2.10 406.10  3.65  

Ceriodaphnia 27.00 7.00 1.50 229.50  2.06  

Monia 18.00 6.00 1.10 127.80  1.15  

Diaphanosoma 22.00 5.00 0.90 129.80  1.17  

Chydorus 26.00 3.00 0.40 88.40  0.79  

Copepods 35.00 29.00 12.00 1435.00  12.90  

Calanoida 33.00 18.00 6.10 795.30  7.15  

Cyclopoida 28.00 6.00 4.30 288.40  2.59  

Nauplius 13.00 5.00 1.60 85.80  0.77  

Remain 91.00 0.25 73.30 6693.05  60.15  

Fish 79.00 0.12 27.50 2181.98  19.61  

Shrimp 76.00 0.08 45.40 3456.48  31.06  

Aquatic insects 7.30 0.03 0.20 1.68  0.02  

Chironomidae larvae 13.00 0.02 0.20 2.86  0.03  
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Table S3. Accuracy of Bayesian Stable Isotope Mixing Models 

MaxE MinE MSE RMSE NRMSE MAE MAPE SMAPE Goodness. 

of. Fit 

R Nmix DIC DICcor Cover- 

age90 

Lake 

Name 

0.648 − 2.292 0.607 0.779 0.022 0.584 58.4 4.002 0.998 0.094 16 78.958 68.053 100 1 

− 0.435 − 3.879 4.443 2.108 0.055 1.938 193.8 11.804 0.986 0.528 17 379.061 129.086 100 2 

− 1.168 − 3.135 5.234 2.288 0.061 2.231 223.1 13.235 0.983 0.498 14 148.368 126.136 100 3 

0.030 − 3.033 3.173 1.781 0.047 1.532 153.2 7.816 0.990 0.239 15 141.109 109.729 100 4 

0.308 − 1.810 0.690 0.831 0.023 0.716 71.6 4.150 0.998 0.035 8 52.914 39.130 100 5 

0.626 − 2.009 0.842 0.918 0.025 0.683 68.3 5.115 0.997 0.161 17 77.141 66.920 100 6 

1.120 − 1.663 0.810 0.900 0.022 0.765 76.5 4.780 0.998 0.054 8 54.527 40.880 100 7 

0.950 − 1.082 0.318 0.564 0.016 0.460 46.0 2.608 0.999 0.029 14 66.691 48.190 100 8 

0.465 − 3.316 4.546 2.132 0.060 1.830 183.0 9.861 0.984 0.260 10 93.917 81.085 100 9 

0.762 − 4.769 4.501 2.122 0.052 1.814 181.4 11.521 0.987 0.484 14 129.752 119.306 100 10 

0.521 − 1.227 0.192 0.438 0.012 0.343 34.3 2.371 0.999 0.035 17 52.697 44.569 100 11 

0.278 − 3.100 2.702 1.644 0.042 1.251 125.1 9.314 0.993 0.270 10 64.951 52.275 100 12 

0.949 − 1.458 0.579 0.761 0.021 0.588 58.8 3.861 0.998 0.046 9 50.964 43.337 100 13 

0.811 − 3.482 1.582 1.258 0.033 0.951 95.1 4.898 0.995 0.159 19 128.534 111.847 100 14 

− 0.222 − 3.756 6.678 2.584 0.079 2.342 234.2 14.007 0.972 0.660 14 154.007 125.834 100 15 

0.539 − 2.517 1.625 1.275 0.037 1.037 103.7 5.73 0.994 0.164 17 116.873 98.882 100 16 

0.156 − 1.708 0.638 0.799 0.021 0.541 54.1 3.797 0.998 0.032 5 28.782 18.785 100 17 

0.416 − 2.212 1.192 1.092 0.029 0.896 89.6 6.144 0.996 0.179 16 126.045 82.417 100 18 

1.062 − 2.319 2.080 1.442 0.039 1.336 133.6 7.307 0.994 0.110 9 77.349 63.848 100 19 

0.160 − 3.107 2.952 1.718 0.043 1.346 134.6 9.019 0.992 0.391 16 125.730 93.398 100 20 

1.047 − 2.558 1.044 1.022 0.027 0.834 83.4 5.296 0.997 0.141 16 117.340 90.508 100 21 

0.328 − 3.516 5.322 2.307 0.068 2.030 203.0 12.104 0.978 0.482 13 147.387 113.047 100 22 

− 0.710 − 2.836 2.471 1.572 0.043 1.445 144.5 9.361 0.992 0.166 8 90.494 52.539 100 23 

0.720 − 2.437 1.437 1.199 0.033 0.953 95.3 4.898 0.995 0.118 16 98.178 80.761 100 24 

− 0.202 − 3.667 5.484 2.342 0.069 2.033 203.3 11.401 0.979 0.332 10 103.777 82.607 100 25 

0.132 − 2.665 1.930 1.389 0.038 1.090 109.0 7.538 0.994 0.160 9 84.494 55.406 100 26 

1.090 − 3.009 3.756 1.938 0.055 1.567 156.7 8.004 0.986 0.297 15 110.353 101.468 100 27 

0.582 − 3.742 2.719 1.649 0.041 1.232 123.2 8.624 0.993 0.381 16 90.944 83.348 100 28 

1.138 − 4.154 5.043 2.246 0.056 1.749 174.9 12.162 0.986 0.295 7 58.241 48.372 100 29 

1.054 − 3.451 2.590 1.609 0.041 1.256 125.6 9.815 0.992 0.555 19 139.271 108.827 100 30 
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(Continued) 

MaxE MinE MSE RMSE NRMSE MAE MAPE SMAPE Goodness. 

of. Fit 

R Nmix DIC DICcor Cover- 

age90 

Lake 

Name 

0.904 − 2.557 1.304 1.142 0.032 0.903 90.3 4.759 0.996 0.098 15 86.135 79.058 100 31 

1.954 − 2.195 1.112 1.055 0.026 0.908 90.8 5.404 0.997 0.129 16 128.853 92.018 100 32 

1.271 − 1.631 0.535 0.731 0.019 0.598 59.8 3.693 0.998 0.074 17 118.107 73.992 100 33 

3.454 − 4.436 6.402 2.530 0.059 2.394 239.4 13.178 0.984 0.402 12 120.669 112.326 100 34 

1.468 − 0.952 0.568 0.754 0.021 0.609 60.9 4.102 0.998 0.040 7 39.989 33.934 100 35 

1.847 − 3.336 2.470 1.572 0.038 1.457 145.7 8.489 0.994 0.148 9 75.830 67.462 100 36 

0.386 − 2.517 1.656 1.287 0.035 1.128 112.8 7.244 0.995 0.097 7 67.562 43.363 100 37 

1.300 − 4.909 5.558 2.358 0.056 1.867 186.7 12.833 0.985 0.820 18 141.294 133.984 100 38 

− 0.703 − 2.311 2.705 1.645 0.045 1.572 157.2 9.548 0.991 0.158 8 82.217 61.425 100 39 

1.898 − 3.861 6.532 2.556 0.064 2.365 236.5 15.924 0.983 0.280 5 51.152 45.846 100 40 

2.078 − 2.572 3.328 1.824 0.046 1.752 175.2 11.263 0.991 0.137 5 47.222 41.213 100 41 

1.381 − 4.796 6.930 2.632 0.065 2.267 226.7 16.157 0.982 0.380 6 58.466 49.663 100 42 

1.700 − 0.808 1.241 1.114 0.030 0.964 96.4 5.209 0.996 0.053 8 55.952 45.840 100 43 

1.363 − 2.534 1.471 1.213 0.031 1.045 104.5 7.144 0.996 0.156 11 76.888 65.014 100 44 

2.163 − 3.095 4.182 2.045 0.052 1.971 197.1 12.616 0.989 0.201 6 56.638 51.589 100 45 

2.901 − 2.189 3.255 1.804 0.046 1.495 149.5 7.729 0.990 0.126 9 71.340 66.025 100 46 

2.073 − 3.005 2.097 1.448 0.036 1.294 129.4 7.738 0.994 0.223 15 120.220 107.349 100 47 

0.546 − 3.604 3.589 1.894 0.048 1.433 143.3 10.601 0.990 0.548 16 93.229 86.904 100 48 

0.982 − 1.053 0.295 0.543 0.015 0.432 43.2 2.789 0.999 0.015 5 25.151 18.558 100 49 

1.816 − 2.880 3.061 1.750 0.052 1.472 147.2 8.104 0.988 0.274 15 107.743 103.137 100 50 

1.701 − 4.193 4.922 2.219 0.055 1.981 198.1 13.614 0.987 0.354 8 74.341 59.522 100 51 

2.060 − 2.328 1.882 1.372 0.035 1.185 118.5 7.94 0.994 0.150 9 70.319 61.638 100 52 

1.382 − 4.190 4.172 2.043 0.050 1.750 175.0 12.153 0.989 0.306 8 66.508 57.504 100 53 

2.029 − 1.213 0.680 0.825 0.022 0.621 62.1 4.532 0.998 0.088 8 44.176 39.041 100 54 

2.070 − 1.418 0.679 0.824 0.023 0.661 66.1 4.684 0.998 0.183 19 95.342 89.720 100 55 

2.227 − 2.766 2.693 1.641 0.042 1.535 153.5 9.678 0.992 0.315 15 121.024 104.223 100 56 

2.457 − 3.446 4.186 2.046 0.050 1.907 190.7 11.851 0.989 0.530 17 149.040 134.828 100 57 

2.009 − 2.753 2.584 1.607 0.040 1.386 138.6 9.174 0.993 0.246 11 84.117 78.706 100 58 

1.697 − 2.191 1.247 1.117 0.031 0.995 99.5 6.388 0.996 0.207 19 157.674 113.836 100 59 

− 0.523 − 4.501 8.706 2.951 0.076 2.650 265.0 18.136 0.975 0.513 7 73.489 68.168 100 60 
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(Continued) 

MaxE MinE MSE RMSE NRMSE MAE MAPE SMAPE Goodness. 

of. Fit 

R Nmix DIC DICcor Cover- 

age90 

Lake 

Name 

1.204 − 4.782 4.234 2.058 0.049 1.544 154.4 10.464 0.989 0.434 13 86.904 82.315 100 61 

1.475 − 3.273 2.707 1.645 0.047 1.268 126.8 6.611 0.990 0.131 9 64.523 59.045 100 62 

0.744 − 1.448 0.641 0.801 0.021 0.730 73.0 4.273 0.998 0.032 7 42.100 34.869 100 63 

− 1.103 − 3.657 6.480 2.546 0.071 2.416 241.6 14.442 0.978 0.220 5 55.920 48.805 100 64 

2.339 − 2.623 4.085 2.021 0.050 1.978 197.8 12.058 0.990 0.390 13 115.893 108.851 100 65 

2.444 − 1.505 1.816 1.348 0.034 1.181 118.1 6.437 0.995 0.099 10 70.908 66.593 100 66 

1.881 − 3.558 1.738 1.318 0.033 1.080 108.0 6.959 0.995 0.209 15 107.309 98.129 100 67 

1.378 − 4.121 3.524 1.877 0.046 1.494 149.4 10.240 0.990 0.487 16 123.079 115.016 100 68 

0.837 − 2.289 1.201 1.096 0.028 0.844 84.4 6.320 0.997 0.190 14 77.690 67.656 100 69 

1.217 − 4.174 1.737 1.318 0.033 0.990 99.0 6.684 0.995 0.274 18 114.459 108.275 100 70 

1.900 − 3.579 4.350 2.086 0.051 1.920 192.0 12.411 0.989 0.216 6 57.330 52.430 100 71 

4.117 − 4.429 12.156 3.487 0.080 3.429 342.9 19.403 0.972 1.082 16 177.263 170.818 100 72 

0.546 − 3.710 3.895 1.974 0.052 1.567 156.7 12.002 0.988 0.285 7 52.806 46.780 100 73 

2.349 − 3.158 3.840 1.960 0.047 1.787 178.7 11.075 0.990 0.428 15 126.383 119.365 100 74 

− 0.169 − 4.605 5.234 2.288 0.059 1.927 192.7 13.422 0.984 0.830 18 172.171 140.740 100 75 

2.377 − 3.473 4.804 2.192 0.053 2.032 203.2 13.204 0.988 0.196 5 48.737 44.568 100 76 

0.850 − 4.004 2.556 1.599 0.039 1.196 119.6 8.414 0.993 0.275 12 77.251 70.784 100 77 
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Table S4. The Evaluation Results of Discontinuous Relationships 

Indicator R2
adj Deviance Explained GCV 

Reliance on benthic prey fishes 0.35 36.20% 4.38E-03 

Reliance on pelagic prey fishes 0.23 23.90% 4.38E-03 

Reliance on zoobenthos 0.10 10.80% 2.95E-03 

Reliance on zooplankton 0.35 35.40% 1.83E-03 

Shannon entropy of benthic prey fishes  0.09 10.00% 8.20E-05 

Shannon entropy of zooplankton  0.04 5.23% 5.98E-05 

Turbidity 0.59 59.10% 57.80 

Chl a 0.77 77.30% 0.24  

Note: The evaluation results of discontinuous relationships between the trophic information of redfin culter and ecosystem stressors (i.e., 

eutrophication), reliance on four prey resource groups, Shannon entropy of benthic prey fishes and zooplankton, chl a and turbidity were 

used as response variables and the eutrophication status (PC1str) was used as the explanatory variable to fit the LM. 
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Figure S1. Flow chart of the analysis process. (A) Experimental design. (B) Integrated resilience ssessment (IRA). (C) 

Trophic information and traditional indicators be compared as regime shift indicator. 

  



 

 

S18 

 

 
 

Figure S2. All stable-isotope values are reported in the δ notation. (A) Each organism in the ecosystem has its specific 

δ13C and δ15N ratio, and such ratio difference can be enriched regularly along the food chain. (B) Stable isotope 

technology can be used to analyze the species and proportion of long-term food sources of fish and reflect the nutritional 

niche information of different predators. 
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Figure S3. The results of PCA. Multivariate analysis and complexity reduction capturing a high proportion of the 

information contained in the original variables with first two individual components 31.1% and 30.6%, respectively. The 

majority of these two individual components showed the detection of system gradients separately as eutrophication 

variable (PC1str) and habitat complexity variable (PC2str). Abbreviations are perimeter:area ratio (RPA), total nitrogen 

(TN), total phosphorus (TP) and TN:TP ratio (RNP). 
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Figure S4. The results of LM, with eutrophication and habitat complexity as explanatory variables, and reliance on prey 

resources as response variables. The LM of eutrophication (left column) and habitat complexity (right column) and 

reliance of redfin culter on benthic prey fishes (A and B), pelagic prey fishes (C and D), zoobenthic prey (E and F) and 

zooplankton (G and H). Significant relationships were found between eutrophication and reliance on four prey resource 

groups. Points in the figure represent mean proportion of the resource reliance, thick error bars represent 75% credible 

intervals and thin error bars represent 95% credible intervals calculated from Bayesian mixing model of stable isotopes 

(see Methods). Regression lines with associated standard error envelopes are also shown. 
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Figure S5. The results of LM, with eutrophication and habitat complexity as explanatory variables, and Shannon entropy 

of prey as response variables. The LM of eutrophication (left column) and habitat complexity (right column) and Shannon 

entropy of benthic prey fishes (A and B), pelagic prey fishes (C and D), zoobenthic prey (E and F) and zooplankton (G 

and H). Significant relationships were found between eutrophication and reliance on benthic prey fishes and zooplankton. 

Points in the figure represent mean proportion of the resource reliance, thick error bars represent 75% credible intervals 

and thin error bars represent 95% credible intervals calculated from Bayesian mixing model of stable isotopes (see 

Methods). Regression lines with associated standard error envelopes are also shown. 

 


