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Fig. 1 Experimental flume

(a) side view of the flume; (b) main body of the flume; (c) light source.
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Fig.2 Optical attenuation curve
(a) red light; (b) blue light; (c) green light; (d) white light.
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Tab.1 Phototaxis and aggregation of H. molitrix under different illuminances and wavelengths
St B e 1x A B FXIATRRALLE s okt AR
light color illuminance desired position relative distributed t-test phototaxis aggregation extent
randomness

2% red light 10 0.748+0.050 0.037+0.008 P=0.001 1 1.750+0.156
100 0.908+0.097 0.010+0.014 P=0.495 0 1.950+0.289

1000 0.976+0.018 0.050+0.0170 P=0.016 1 1.213+0.039

Wt blue light 10 0.777+0.035 0.027+0.010 P=0.024 1 1.565+0.157
100 0.993+0.077 0.027+0.013 P=0.060 0 1.669+0.290

1000 0.934+0.045 —0.046+0.014 P=0.008 1 1.669+0.290

%45t green light 10 0.789+0.023 0.015+0.007 P=0.065 0 1.473+0.068
100 0.880+0.087 —0.003+0.019 P=0.897 0 1.473+0.068

1000 1.139+0.026 0.074+0.007 P<<0.001 1 1.421+0.049

F9%6  white light 10 0.822+0.016 0.039+0.004 P<<0.001 1 1.469+0.054
100 0.893+0.014 0.045+0.005 P<<0.001 1 1.301+0.020

1000 0.878+0.011 0.0450+0.008 P<<0.001 1 1.287+0.018

BN FoR B, ok TE k.

Notes: A phototaxis value of 1 indicates asymptotic, and a phototaxis value of 0 indicates nonasymptotic.
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(h) @ ()

E3 BEESSEXMIMIER
(@) 296 10 Ix, (b) £0% 100 Ix, (c) 056 1000 Ix, (d) 3% 10 1x, (e) 36 100 1x, (f) £86 10 1x, (g) %56 1000 Ix, (h) % 10 1x, (i) A6
100 1x, (G) E% 1000 Ix; B 5 1000 Ix 5 4¢5% 100 1x X35 A % R A0 70 A VDR S7AE, MO TR f 4 IX (8], A i) B SRR o

Fig.3 Distribution of H. molitrix in the test area

(a) red light 10 Ix, (b) red light 100 Ix, (c) red light 1 000 lx, (d) blue light 10 Ix, (e) blue light 100 Ix, (f) green light 10 Ix, (g) green light 1 000 Ix, (h)
white light 10 Ix, (i) white light 100 1x, (j) white light 1 000 Ix; in the figure, the relative distribution of H. molitrix in the region of blue 1 000 Ix and

green 100 Ix is negative, so their preference interval is not calculated, and no diagram is drawn to indicate it.

B2, o3BT [RDE BRER B0 s BR 1R e,
R BRI rhr, e 0 358 BRI TR JRE o = B 1
AFR B (K 5). FELDEMEREIHEE T,
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=2

BE7E % BE R K TR RF RESEE RRIFIEE

Tab.2 Preferred illuminance range and preference degree of H. molitrix under different illuminances and wavelengths

Juth

R /Ix

it X T)/m - PEC TR BRIV Fl/m iy MRSV ix P X G B /me X EL/% DX TR (5 b /% i R

light color _illuminance pljeference th'e length range in pre.ferre{i range of ' preference inter'val int.eljval . degree of
interval light attenuation illumination interval length ratio probability ratio preference
AR/ 10 0.000~0.220 1.100~1.320 5.444~3.269 0.220 11 25 2.294
red light 100 0.000~1.040 0.600~1.640 29.833~0.899 1.040 52 59 1134
1.640~2.000 2.240~2.600 0.316~0.100 0.360 18 20 1.097
1000 0.240~1.000 0.240~1.000 108.381~8.367 0.760 38 44 1.168
1.440~1.480 1.440~1.480 3.078~2.893 0.040 20 2 1.069
¥k 10 0.000~0.200 1.900~2.100 2.089-1.233 0.200 10 20 2.060
blue light 100 0.000~2.000 1.400~3.400 10.511~0.033 2.000 100 100 1.000
1000 — — — — — — —
Sl 10 0.040~0.180 1.340~1.480 6.994~3.776 0.140 7 14 2.049
green light 100 o - o o o o o
1000 1.460~1.860 1.460~1.860 9.833~4.095 0.400 20 29 1.469
ol 10 0.140~0.300 1.240~1.400 5.847~3.525 0.160 8 17 2.078
white light 100 0.140~0.360 0.840~1.060 47.058~11.059 0.220 11 17 1.505
1000 0.140~0.340 0.140~0.340 672.590~174.290 0.200 10 15 1.536

VE: BRERFRRBELE %1 000 Ix 54856100 Ix X N TG M ET -

Notes: The horizontal line indicates that the H. molitrix shows no light preference between the blue light area (1 000 Ix) and the green light area (100 1x).

0.08 g
0.06 FCEEDE
=4k

red light
blue light Aa

green light
0.04 FrEmst  white light
0.02 r

Aa
ABa

002 e ABb
_0.04 Ripy (2 B 7| | B
-0.06 Bb
—0.08
—0.10 L L

10 100 1 000

F R B 5 /1x
illuminance
E4 SAEARREREKTHRHEEE
AEKE ZBRIR F — 6 A [ 8] 2 57 53 (P<0.05); AN[H
NG RER IR A G R R A 22 57 (B 3% (P<0.05); R IH .

Fig. 4 Stress degree of H. molitrix under

JSL R

stress degree

different illuminances and wavelengths

Capital letters indicate significant differences among different light col-
ors at the same light intensity, while lowercase letters indicate signific-
ant differences among different light intensities under the same light

color, the same below.

Ix: P=0.032; Z¢)%01x: P=0.012; %€ 10 Ix:
P=0.035), WG, 0 IS BRIELE B B
T, HAE 1000 Ix B A4 3 ok o B2 B 3 s T 0
1100 Ix (0 1x: P=0.044; 100 Ix: P=0.009), 1

[CJ40%  redlight
0.16 -CHDL  blue light Aa
T4 green light
0.14 FEEESE white light Aa,
Aa Aab ~I~
0.12
’Qg ABab
2 2 0.10 rAbababAa BP|”[Bb _IABI:
= 2 1 _} Ba .
= 2 0.08 1L Ba
® g
% g 0.06
:LY"H
=2 004
0.02
0 L . .
0 10 100 1 000
TR AR A /Ix
illuminance

5 BEEARERERKKTHERMYE
Fig. 5 Activeness of H. molitrix under

different illuminances and wavelengths

JeFREE T, EEIEBRPEASRE IR AR R ARk, 4%
FERE ()i vk G P T b 3 25 5 AN [R) JRBE SR v
fe 8 SR A2 6 K I R e R AN R A ] . 10
Ix K, SEAE WG AT I Tk o B I
TFTHAB W K (L6 P=0.044; 4%. P=0.048;
% P=0.011); 100 Ix /KFi}, SEZELETHRY
TEkGREE ek, 3R T FDE (P=0.029); 1000
Ix KB, BEFELTOG . BEYCRILRIE AR T i
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PO B = T Ot (At P=0.009; ¥
P=0.026; %t: P=0.035),

T S0 0 7E AN [R) ' BRI 58 A Y B
Pk, 3T BT A BREE 5 iR AKCE T Gz 3
R (] 6). Bt A REIGGR | i AY R YRR e
SGOCREFEAME TN B E TR (&L P=0.003;
%6 P=0.002), 10 Ix i ¥ 5 3 5 T 1 000 Ix
(B: P<0.001; FHYt: P=0.005), HEFIZ0E
10 Ix F1ZEE 1000 Ix 7K T B 6B 1 5351
R e RAE R/ IME, 53X T00F 250
T S2 56 DX T YR AN 5 378 25 5 YR A ) 2R A 6
N o FEREGAAFT, iR R GE e R fE
EFE, 10 Ix B AR 1 3 T 100 Ix (P=
0.014), [FMEEZE IR LA B Iox, BETE 10 Ix F1
100 Ix B 45 P K 1 ¥ 0 & 22 5% . BRE A1 000
Ix B, BEE LSRG R M B K T
WG DG (216 P<0.001; #56: P<0.001;
F%: P<0.001),

Aa
0.06 COZ00%  red light
5 Aa Adb UL blue light
E 0.04 Aa P Aa |:I9?7‘t green light
2 ’ Aa EE A6 white light
E=
i 0.02 Ab ABab Ab
#Hz U Ab
X8 Bb
%3 0
ol
wE o
£ 002t
=y
—0.04 .
10 100 1 000
A B T /1x
illuminance

6 AN [E B RUOK K T RIS RRR
Fig. 6 Light-oriented activeness of H. molitrix under

different illuminances and wavelengths
2.3 SEERXS & A EARRR M S W AL RR AR

SIS 06 £ 7 % S0 T8 A ) SRR
A3 M A AN [R) 0 RO IR BE T 39 90 1] /17 32 30 1Y
R (E 7). BER LIS R R, HoY
M A5 PR G A BE I 57 o FESRWE . Z05% 10 1 100
Ix 5% 1000 Ix F5 04T, b B RUR 2 i i K
B4R 2 AR (BRIS . P=0.013, 40% 10 Ix:
P<0.001; £15% 100 1x: P=0.001; 5% 1000 Ix:
P<0.001), & FELH]55. 7206 100 Ix
T, D AR AR M i A K I R T

5 BERR (86 100 1x: P=0.016), | IE3
e TR T A TR, FEL0E 1000 Ik, H#E
St 4% 10 F1 1000 Ix 5 16 100 1x &4 TF,
AR AR Z R . 7RG 10 Ix RF T,
I A RRURK 2 B R 4 K S S G KT
ik (P=0.019), 0.25~0.55 m/s 4 Vi A Bh T4 7+
A, ML RRE IR, B B A
A 52 P05 rp o S A, BERR R R, a0
MR AR MRS AL, HAE VA
0.15 5 0.35 m/s B 2 2 T F% (0.15 m/s: P=0.001;
0.35m/s: P<0.001), HAth =i 54T/ L
R PR 37 R SE i Ase /N, 645 IR BE W] 39 8
S BT b WA Y ) 55 7 [R] Bs
WEN KA K, MILER A, WEfst
FEAAE T B0 WA M R, o — 3
ZIE 10 5 100 Ix FEEE SO RN BAkR,
MUK SO, SETERE S 10 Ix, N
0.15~0.45 m/s (0.15 m/s: P<0.001; 0.25 m/s:
P=0.003; 0.35 m/s: P=0.005; 045 m/s: P<
0.001), LIKMEE A 100 Ix, Hi#E K 0.15 5 0.55
m/s (0.15 m/s: P=0.019; 0.55 m/s: P<0.001) T.
LT 1Y WA M B AR, 200X B i AR AR
PE A /E ] 2 ZARBLAE 0.45 5 0.55 m/s Jit il
AT o G A FH 0] [ B 5 R 0 3
M, HIEEE N 10 5 100 Ix B, HE7E 0.15 m/s
DT B AR PR S AL (10 Ix: P<0.001;
100 Ix: P=0.019), T4 4 1000 Ix A, fif
TE 0.65 m/s it T A b B B 14 2 AR (P=
0.037).
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F AT O R S 19 £ 288 A 7 Sk i) 7 R % B 1
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AR HE WS ITAL QR R
upstream swimming activeness index upstream swimming activeness index
(c) (d)

E7 SEEARIRE. FHKMME T LR mT
(@ 4%, (b) Et, (o) &%, (d) At KEFEAREKRE—JGREA GO ARRRENAE 0.05 KT Z7 B, NGFEAFRRF
T —RE AR FDERIAE 0.05 K FZEREE: A off SAFRRFE 6 —REA R @IITE 0.05 K ZER 2.
Fig.7 Upstream swimming activeness of H. molitrix under different illuminances, wavelengths and velocity

(a) red light, (b) blue light, (c) green light, (d) white light; different capital letters indicate that the same light intensity, the same light colour and differ-
ent flow rates are significantly different at the 0.05 level; different lowercase letters indicate the same light colour, the same flow rate and different light
intensity have significant differences at the level of 0.05; A, o different symbols indicate that there are significant differences between different light col-

ors at the level of 0.05 with the same light intensity and flow velocity.
A it A DI U 0 DR 39 A5 4 o i e 4
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*3 OLESIEMSRIT AN SRE b LTRSS E 0

Tab.3 Covariance analysis of the effect of light-mediated fish behavioural response and flow velocity on

the upstream swimming activeness in H. molitrix

LA YE  upstream swimming activeness

Ei=ga

index VIF F P
VHERME  activeness 1.027 0.657 0.418
FIFERE  stress degree 1.008 17.396 P<0.05
HEA M light-oriented activeness 1.030 26.523 P<0.05
it flow velocity 1.000 1.036 0.395
THERTEXPIIFERE  activenessxstress degree — 0.731 0.393
TEERTE AL activenessxlight-oriented activeness — 1.571 0.210
TR PEXIIE  activenessxflow velocity — 1.843 0.102
IR xR M stress degreexlight-oriented activeness — 28.555 P<0.05
NBFEREXJIH  stress degreexflow velocity — 1.702 0.132
YRR EXFHE  light-oriented activenessxflow velocity — 0.944 0.452

e VIENTTZIKREL P<O.0SHRARELR, < FRR " ENZEAER, “—RoRisha LI 21K 250

Notes: VIF is variance expansion coefficient, P<0.05 means significant, "x" indicates the interaction between the two, "—" indicates that this metric has

no variance inflation factor.

AR
upstream swimming activeness

8 FIRENEERRMSRMEERZEERY
LSRR
Fig. 8 Interactive effect of normalised light-oriented
activeness and stress degree on

upstream swimming activeness
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FUXHE ] BEBE OB R TE R 2 AR50k
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I CIREFRRE o 2106 10 1x T e Ry SR B 4G
Tie R A G TR G B A8k, X 3.268~5.444 1x HR
BE I B Am . 24REEE SN 100, 1000 1x B, 75K
PER AR TE, FREEmAFIE G . #0610 Ix i),
TEHR R, MR EERAL, TORIRANREE . 100
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BER PR RIS &, RamfulatE, £k, 6
X G R AT 22 IR O 0.033~10.511 1x, #H
BEVE I 2 7= A HE R O o 2856 10 Ix B, B fY
Uig ok 55 PR E OK - T0 R 35 25 5, IO UORE B I A1 o
100 Ix A, 6 3% BR MR B v, R R B P 4
1000 Ix B, SER RS KIRREAS, TEERIER &,
Tt I R EE T HE R = R . Z5 1, 0.367~74.489
Ix 1 3.776~9.833 1x 43 5 Ay i v] 42 57 A5 55 (w4
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Effects of light environment on behavioral traits and
upstream swimming activeness of juvenile Hypophthalmichthys molitrix
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Abstract: This study investigates the effects of phototaxis and behavioral traits of fish under different light conditions on their
upstream swimming activeness to facilitate fish migration past dams and improve the efficiency of fish passage facilities in
China. The experiment used juvenile Hypophthalmichthys molitrix, a key economic fish species in China, as the test subject. By
analyzing their phototaxis, stress degree, activeness, and light-oriented activeness under varying light wavelengths and illumin-
ance levels, we assessed how these factors influence upstream swimming activeness at different flow velocities. (O Under red
light, the preferred illuminance range for H. molitrix was 3.268-5.444 Ix; under blue light, the acceptable illuminance range was
0.033-10.511 Ix; under green light, the acceptable and preferred illuminance ranges were 0.367-74.489 1x and 3.776-9.833 Ix,
respectively; under white light, no distinct preference or acceptable illuminance range was observed. @ The stress degree of H.
molitrix under red and green light initially increased and then decreased with rising illuminance, whereas under blue light, it
increased monotonically. The activeness of H. molitrix under red and green light increased steadily with illuminance, while
under blue light, it exhibited a fluctuating upward trend. 3 The upstream swimming tendency of H. molitrix was primarily
influenced by light preference and stress degree. When stress degree was low, upstream swimming activeness increased with
higher light-oriented activeness; conversely, when stress degree was high, upstream swimming activeness decreased as light-
oriented activeness increased. To optimize fish passage efficiency, we recommend: a 10 1x red light source at the facility
entrance can attract fish. Shaded areas inside the passage, combined with intermittent 1 000 Ix green light sources, can promote
sustained upstream movement. Near hazardous turbine intake zones, a combination of 1 000 Ix blue light and a 0.35 m/s flow
velocity can deter fish from approaching. This study provides theoretical and data-driven support for optimizing fish protection

engineering in various fish passage scenarios.
Key words: Hypophthalmichthys molitrix; light environment; flow velocity; upstream swimming efficiency; fish passage
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