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Fig.1 Experimental device in static water
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Fig.2 Generalized diagram of the fishway

1. rectangular weir; 2. perforated tracery wall; 3. concrete wall; 4. spill-
way; 5. power station; 6. fishway 2 in the center of river; 7. fishway 1

along the shore; 8. fishway entrance; 9. tail lock
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Tab.1 The design of L4(4°) orthogonal experiment

F & 5K Yo L PR AL 2
factors and levels corresponding treatment
w5 i [ SCI oL
no. A B c HE/(V/m)  Mi%/Mz % /ms

pulse pulse pulse

voltage frequency  width
— 1 1 1 120 2 10
- 1 2 2 120 4 12
= 1 3 3 120 6 14
L 1 4 4 120 8 16
i 2 1 2 160 2 12
N 2 2 3 160 4 14
t 2 3 4 160 6 16
AN 2 4 1 160 8 10
U 3 1 3 200 2 14
+ 3 2 4 200 4 16
+— 3 3 1 200 6 10
+= 3 4 2 200 8 12
+= 4 1 4 240 2 16
T 4 2 1 240 4 10
+H 4 3 2 240 6 12
TN 4 4 3 240 8 14

WK, SRIE D SR 30 min P S #0304 £ e A
(18 YRR S 36 8 3 o L S AT R B . O B Lk
U 0 77 £ T WP TSR 0 S 9 45 SR A T S, P
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SN E T B ER Sk, SRR
R 52 56 £ B RS A G B SR L T 7R 0
£510d, BERICFKISE MM RIS R KR T mE
JE . BT S hAE.

BEG U ME TR MO aK
L 3 DAy o £ 6T R SR T UK 1 0.6~0.8 IR

W B 0 B T R SR B AT R K R (9.80+
0.91) cm F % £a &)y £ 1) Il 5 Ui Uk 2 B ol (87.40+
9.67) cmy/s", PRI b A A S 1AL (14 0 5 | A T 7 42 Al

TE 0.47~0.78 m/s N'HL, A S HaHs £ 18 9 11 40 i
BEE N 0.5m/s, THE A KIEKE N 0.15m, 435
PEE T 3 FAE R (015, 0.25 F10.35 m/s)(3 2).
SERYHT SR K I AR R R R E R K R 4
RGP KE, HARRAERFE (20.2+0.5) °C, i#
T AT K A T NS L A TE R R )
et Y0 TR B SE IS T ALER . SE K R H
KK, SN 210 S /m.

*2 BEHOIBIRE

Tab.2 Test conditions for fishway entrance experiments

MBS
T I HE LR/ (m/s) TR/ (m/s) electric parameters
test conditions velocity at fishway entrance flow velocity of channel Jik v BB /(V/m) Tk i /Hz ke B2 /ms
pulse voltage pulse frequency pulse width
- 0.5 0.15 160 6 16
-t 0.5 0.15 0 0 0
= 0.5 0.25 160 6 16
0.5 0.25 0 0 0
i 0.5 0.35 160 6 16
N 0.5 0.35 0 0 0

SCGAE 8:00—13:00 AT o AT 77 3t AL
TEH 10 R AAERE A i ta gt T v 40 258
X NE N 20 min, AR IR RS, WA M
W, LESE A M TR b (A e A R R OG
M1y, FHAIR W45 22 G810 5% 30 min PN SZ58 4 19170
RN, VERxd B . BT IR rp BB AL E R 10 S
e R R Ll T TR R 2 R X PN 38 N
20 min, SRJ5 I G M (32 r A FR 2R SR
BEE J Kb R 160 Vim, Bk iR 6 Hz, ik
LR 16 ms), FFEEMR, FHOLA I RS0 %
30 min N SEIRF AT R RN o BEFR T 00 T Y 52560
WESIK, LA AEE M, SO E KR
M, EE RIS, SRR, BRI
i, BERR T SE 56 a5y BB © 45 18 753t
HOLEE 10 d, WER I SR SL B0 f I G % . 1Rk
W ARE . AHER S MRS

1.4 HIELIE

A I AT G TS 56 R A R T 19 30
min P38 I 42 A A B, DL OO IR 4 Al
J&i 30 min P S5 £ 38 1o 4 A0 B OB, 22t
T OB B s A Bk N I B Her, s
et M A AR L OB A A
LA =2 (), D2 81 b o 35 2k 5 S 2 e H 3 8
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WL () 0 R SE I A T R R
30 min PN A9 38 35 B ORI IS 42 A F A 30 min
PRS2 50 £ R o B E A e e BRR () 52 R
SO A0 A Bk SN A B AR TR R A A
30 min P SC5 058 i A A 43t DA ()
SR bR B R A E A SE 5 Y BE AR . B
R, WD Bk R, Fone
B s R Ay, A

i (%) = T/N x 100%;

1 (%) = S/N x 100%;

n(%) = (1 —i — p) x 100%

K, NSRRI R £ A E AT 30 min P 525K £ 58
A RE, 7RI R AEHE 30 min
PRSI 6 £ 3 a2t B A OB, S RoR TR 440
HLMEIS 30 min P S50 F A ek SO AIRE,
B 7 22 0 HT A (One-Way ANOVA) 43 #r
T A A S 00 A . $E A
LA T I i S 6 £ 3 5 924 A e M i
UCE L B 7= A B SR B2 B 1) 25 S 15 i
48 1T i FHOF ¥ {H 5 #E 1R (meantSE) £ K
P<0.05 R ZERMERE . A RTEA LA P
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G, IRz gl & 0 H T i i R8s
B IEATHE .

P TE HE DA =1 m B TR X R
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FaT
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FUA 8507 0 X B AL, F, #4286 P BT
TENX I B R S AL T R R — 4 SE
56 v R Ty W 1% R S £ R AT AR DX kA R
(B TA] T 3R 7R B 4 92 56 v S50 0 I 4R 1 3 3] 51
Y4B SR A RTTE], B 30 min,

AR ST, BTt B R T A9 30
min A O R, 5 P, UNEAEBEMITEZ
Ji 30 min NIESE W) R, 5 P, FFX T A 1L
SR A TR R I 2 08T, St e+
PRETR (meantSE) /R, SZUGEHE R F Excel 2003 .
SPSS 19.0 etk kAT b 3

2 4

2.1 Bk SLIE & RYREKITA

Pt AT R Z 0, SEd fh fE KR 2 B A
EERVTRmINUE IO B = E SR ER Dl VAR o 5
FEL AR A S 11 S 6 A I R 1 R, T4 AR
R RS 8 LA 8 A ) B K 8 0k B K L
By X AT R — B R, Stk
A Fh 0 sl AR A 0 0 M i o 2 fr A, Y AR
ey R I 3 S 6 £ 2 57 RIVRRAR D e G s 4
M5 P S A 2 Ui 1] 422 £ A b ) DI, DA
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By Bgn, 0Bt P 52 31K b L 37 G R R
P2 T Bk SO, 25 5 AT A LA el o 2 50
Kt BT TR TSRS, S 2 i
ik SEER AN AU K S BT A B IR AL
BIRFFEEE 10d, Fr A S m) s R 548 100%,
PRETCH N . AHER B AP

22 FKPAEILIATE&BEMMNERLYEIT
ARFNE

FESLI T 16 AR ES M TR,
LN NRTIRUR & I S L BUR/ & & 1T E ¥ (e
AT S 22 e M s A 3 5 B (P<0.05). FF R 42
M e A e Tl — ., . =AU YE
T R E T HAB A (P<0.05), EAaLhafE T
B ST R B R R, T = Bk
BRZ, 28 M &R REHER B % & T HAb T4
(P<0.05), TEFFHEATHY 16 41 T0 v, 20 i 7E
THAE (ke R 160 Vim, ik ih#ii% 6 Hz, ko
TEHE 16 ms) N, X E L P R s, it
IF B B2 R i i, 38 o 3 S B ok R A X AR
(K 3).

23 EERRadREREIHN SN

iUV QU LS 1B SN QUL I WU E k= EEN
BHE2 A 22 40 W 25 s, X T S8 B K 0
T, A B E A J RSN Sy ik i > e A > ik
G RE . Mk eb I E A 160 Vim, Jik R
96 Hz, kb SE R K 16 ms I, 42410 A i % 2 4h
BRI A (35 3).

24 FEEMEENRNAFESTRERERES
ER R

VSRR L 03 SUIE RGN ke 22 25 SO R S o] S N
VYRR Pl G R AR AR R A AR
Wi, X IE S8 SEER A5 SR AT T 22500 (R 4)0 MRAEAS
R ZE W FAER/N, 52 ma T Sy ok o g e >fik i 45
TSP Ge s, BLa5ie S R as g e —k.
3N ZE P ko R B AR SRR kR |
V-S43 0ok R4 3 SR AR A B3 SR (P<0.05), T
Ik e 23 T o RSP 2 BH A R 1) R
HRTC IR R K R L bk e AR K v T
S5 3 A PR 2R 0T A ) 0 7 258 ok AR A R
i) (P<0.05).
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Fig.3 Times of experimental fish crossing, attempting to cross electrified barrier and producing stupefaction reactions

[. the times of crossing the electrified barrier with electrified barrier off; 1I. the times of crossing the electrified barrier with electrified barrier on; III. the
times of attempting to cross the electrified barrier with electrified barrier on; IV. the times of experimental fish having stupefaction reactions with electri-
fied barrier on; different lowercase letters in the same group indicate significant difference (P<0.05), and the different uppercase letters in the different

groups indicate significant difference (P<0.05)

®3 EaBiiNEagerBEEENRESN

Tab.3 Range analysis of the effect of electrified barrier on fish-blocking rate

. L FEbR R \ B
izl HES the index summation Wz FERKF AEHA
indicators electric parameters range importance optimum combination
k, k, ks Ky

SRR 2% Jik o e /(V/m) (A) 74.00 87.93 84.28 76.75 13.93 A>B>C A,B;C,
average blocking rate

Jikrf$ii 2 /Hz (B) 79.01  80.60 8239  79.82 3.39

Jik 1 5 i /ms (C) 80.67  80.60  80.17  81.00 0.83

S EE GRS, AR EM, Mkl ER 160
V/m [ BHF2 R 5 kb S 200 V/m (7 B3 R 22
SR B E (P>0.05), 1B 160 V/im /KAy Bk K
LT 200 Vim 5 240 Vim K, PR B A Bk
W 2R 160 Vim, HIR K 200 Vim, AR PEFH
R, AT DL R Bk RGO £ e Al
AIBHEA RO G, L, B AHE4LE R ABsCy,
Rk e 2R 160 Vim, Bk pAsi s k6 Hz . kb 5
JE K 16 ms.

2.5 el aiEEnFaEnFm
Wit T G Y Y, 4 A A E T S AT
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T J5 B A0 ) 0 AE A 3507 10 XS N P 5 R 2
PR e n 5 s kA, (RS AR L FR AN
E (P>0.05), M4IE K 0.15 m/s B, 240 H
1T )3 BE 8 1 35 4 = 7T 4 f0 Y f O g 1S AR R
(P<0.05), T 4 iE i S 0.25, 0.35 m/s i, JF
Ja £ A B e — o R L B R R gl A TR A ARG
I IEER, HETHARE (P>0.05)(4 4),
R FT7 22 01 7R 28 o IR T i e
FER AR B2 S TARTF R sl (P<0.05),
T 52 30 JT 48 B 194 i R S B A A ) 5 Wi A i 5
(P>0.05), it 3 A4 £ R A R 22 1) ) 22 AR A
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x4 FEBEMNERGSNEENRNGES R
Tab. 4 Variance analysis of the effect of electrified barrier on fish-repelling
LT T3 ZHRIR IR J7 Al H ¥175 FlE P
indicators source type Il sum of squares df mean square F value
FHJEHES  average blocking rate ik e R /(V /) 433.456 3 144.485 16.883  0.002
Jik A Hz 25.075 3 8.358 0.977  0.464
Jik i 58 FE /ms 2.587 3 0.862 0.101 0.957
R 51.348 6 8.558
“FHEIRZE  average stupefaction rate Jok st L /(V/m) 531.905 3 177.302 37.573 0.000
Jik A Hz 13.685 3 4.562 0.967  0.467
Jik i 58 FE /ms 28.071 3 9.357 1.983 0.218
R 28313 6 4719
“EHydt % average passing rate Jok st L /(V/m) 0.079 3 0.026 266.785  0.000
Jik A Hz 0.001 3 0.000 4963 0.046
Jik i 58 FE /ms 0.003 3 0.001 10.044 0.009
R 0.001 6 9.90x10°
x5 EXTEHRHRRZELR
Tab.S Multiple comparisons and statistics of three factors in the orthogonal experiment
SN 2 GEE THIBR /% T2 R % TR R/ %
related factors treatments average blocking rate average stupefaction rate average passing rate
JikH B /(V/m)  pulse voltage 120 74.07£3.19° 0.00£0.00° 25.93£3.19°
160 86.72+1.48° 0.59+0.35° 12.69+2.17°
200 84.28+1.98" 7.15+1.08° 8.57+0.79°
240 76.75£3.17° 14.21£2.02° 9.04+1.16°
ik 45i%/Hz  pulse frequency 2 79.00+3.75 5.41+3.53 15.58+4.92°
4 80.60+2.95 5.23+£2.74 14.17+4.39®
6 82.3943.15 4.3742.77 13.24+3.75°
8 79.8242.83 6.944+4.63 13.24+3.39"
Jikvh %6 B /ms  pulse width 10 80.67+3.78 3.48+2.39 15.85+4.76"
12 79.98+2.74 5.1443.08 14.88+4.28"
14 80.1743.46 6.84+4.50 12.99+3.96°
16 81.01+2.96 6.50+3.52 12.50+3.34°

e YNNG PRI RIZOR A — B R AR 257 22

Notes: Different lowercase letters longitudinal indicate significant difference of the same factors’s at different level processing

ANEE (P>0.05)(3 6),

FEFE A0 R M IS AT, Bl T T O A 3
) 0 A0 T 45 R A (] LG 3R IR S in
fyass, HYHE R 0.25, 0.35 m/s T fiE
BE 45 B I 1) L 25 0.15 m/s Y£R8 B 1145 B2 it
] FER AR LG, 284 T (P<0.05)(&] 5), =M
WP Z )5, BE& WEE S e, g
T 11455 B I fR) BL 3R S B KR e N B R
{HAH B 2 0] 22 S P JF AN B3 (P>0.05)0 XA F 5
ZaHr s, ZRRIETGE R EN I, FFE
2= £ F A £ 3 17455 B I TR] BE RS e AN L 3
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(P>0.05), T L3 ot #1081 11 5% B 1] L 2658 i) Jgd
F(P<0.05), I A fn e AT S 22 R A2 B
F AR 2 (P>0.05)(3% 6). 4T3 i # o~ 0.15
m/s I, 4240 A Y O I RS 3 4R i B A g £
() £8 38 HE 101455 B4 B[R] B 2R (P<0.05), T 24 30] 38 i
B 025, 035 my/s B, FRRE e — e R
R A A £ B £ R 1 R IR LR, (HR
TR (P>0.05)(1&] 5). U4 HT 245 5 K BH
M IE R 0.35 m/s B, 4G ZFK P HL
() A B8 22 1) 2 Bl 2 0 3 0 11 1915 f0 7K O
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100 O <ttt  electrified barrier off

o0 | WMIFEEMAM  electrified barrier on
80
o 70t A
. 2 Ab a
SE g0t Aa
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:H&K £ 50 + Aa
‘ﬁ\”é 40 | Aa
< 30t
20
10
0 I I
0.15 0.25 0.35
T IE I/ (m/s)

channel velocity
B4 BEaoayarEamMABaIEE
BEHOLHIBER
[F— A P A FNE R 0K 22 B 1k 3 (P<0.05), ANEA )
AR KRS FRERIRAEA R 2 b 22 57 B3 (P<0.05): T [A
Fig. 4 Attraction rate of fish at fishway entrance at
different channel velocities with
electrified barrier on or off

The different lowercase letters in the same group indicate significant dif-
ference (P<0.05), and the different uppercase letters in the different

groups indicate significant difference (P<0.05); the same below

I B X TR

S5 235 R S 5 £ 5 R A B FR L 4 )
BIRMEL 10 d, FTA SE5 M 0 S R0 100%,
RERTC I HHER I AER S,

3 e

3.1 AEEFSHAh T @Bt a R
ik s A2 A D £ A S kol L

HL AR, 3 E K T A A TR i H I LA

R derze . BUARS, Mkt —8E
W, TR IR AL e, SEkERY,

DLk g2 Ik E Y, AR, #Kak
PR RIF R ey, SCaG DL E K AR
DA, HoERR B % R
M2 5, 16 Fl T 00T AY 38 i BCER . KT
IR m it (&1 3), SCa a2k f i as
U, 10 BH S 56 e K rp R I A UER R S5
1 1) BE AR - 328 28 B A 8 T L 3, X PR Ry f
KA IAVE T A B " 5 ik b B H
UK A 35 ) L 2R S R A kP R L Bk e R
FIUPK M58 B o AR R e 3 M L 3 e, ik vl
FEAE A B E LA S, i K g
HLE AN, 0 B i 42 R DA e A a2 )
G AHIFFE R A 25 A3 AT RN T 25 43 AT 4 R
I, ke X SO R R (6 3, 4 4).
ok i B 2 5 ik v i A 5 W) £ A B 3 TR BB
R kv st £ S Jk b 10 FL A S I R
HUR, SR IS TR £ e MG B £ %R B n
B2 KA B2 SR AR R S i A A
W2t R . e B AN B, FEAG bk nh
HIE TAERMET, Mk bR R 10~20 ms. fik
TEE R 5~10 Hz IF, 3K 47 %5 B X e 2 28 A 1R
UF 0 IR EE AR o OF B ASE U R Ik b BE R AR
15~20 ms. Jok S5 3R AE 5~14 Hz BF, 78 bk o el 301
e QN £ WA e Y AN i 0 B S i U W R
— Bt e, fa N REAR ROk, N B a2 Az F)
Wi . AW A, TERKEERE A 160 V/im,
Pk N 6 Hz, kol 96 B 0 16 ms B,
FRK A5 T 2 A B M 4 ) 42 A SR e
I S SAIBH A 28k 88.67%+1.10%., [AM, 1EiX
A S HNA AT, AL r ) &k
Al A XA AR 1.38%+0.98%, I H. 3¢ 4142 fa H 4t
— B fE, A4l RENS SRR, BIEUIAR 10d
Ja, FAAL AR RIE RN 100%, RETHIMm, £
WIS IS . XULHERHZ B ES BT

6 EEBMAMEREN&EH]ODFENENHWHNEFHESH

Tab. 6 Two-way ANOVA of aggregation rate and average retention time ratio of C. idella behavioural tests under

various electrified barrier and environmental velocity conditions

» . . RS- " . "
2 eSS MWBETH gwme sy P
; ype [l sum ! P
parameter source of variance df  meansquare F
of squares
R PAEMITE ST electrified barrier 1215.779 1 1215779 9.305 0.006
aggregation rate N
JAEJ#E  environmental velocity 425.322 2 212,661 1.628 0.217
A BHbIERE  electrified barrier x environmental velocity 174.370 2 87.185 0.667 0.522
TS5 45 B N () L 22 EHEMITE S5 electrified barrier 212.534 1 212.534  4.016 0.056
average retention time ratio
TEIE  environmental velocity 565.895 2 282,947  5.347 0.012
Ao M IERIE  electrified barrier x environmental velocity 57.177 2 28.589  0.540 0.590
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Fig. 5 Average retention time ratio of fish at fishway
entrance at different channel velocities with

electrified barrier on or off

A E A AR R 2R R A . — e AT A )
TGS, KA E R A S 500 kb B H
P AR S i . X PTRESE i Tk e
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MR, 2 RACRFEIRE 62%""; 73 [ 3
Thye], M Ao e M K b R R S E O 125 VL ikl
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Blocking efficiency of electrified barrier for guiding juvenile grass carp
(Ctenopharyngodon idella) by pulsed direct current with different
electric parameters at different flow velocities

SHI Xunlei '*, HU Cheng®’, DA Wa’, NIMa’, WANG Qingfu®, SHI Xiaotao "*, LIU Guoyong "**

(1. Hubei International Science and Technology Cooperation Base of Fish Passage,
China Three Gorges University, Yichang 443002, China;
2. College of Hydraulic and Environment Engineering, China Three Gorges University, Yichang 443002, China;
3. Tibet Water Conservancy and Hydropower Planning Survey and Design Institute, Lasa 850000, China,
4. College of Biological and Pharmaceutical Sciences, China Three Gorges University, Yichang 443002, China)

Abstract: The necessity for fish to migrate safely is a key requirement for the existence of many fish populations.
Anthropogenic constructions, such as dams and weirs, that block rivers, make it difficult, if not impossible, for fish
to reach their upriver spawning grounds. Also, these constructions are also very dangerous for fish moving down
the river because dams are built associated with hydroelectric power station intakes where fish are injured or killed
on the gratings, pump screens, and in turbine chambers. Mild fields of pulsed, direct current (DC) electricity have
been used extensively in deterring invasive fish species as well as in reservoir fishery, but directional fish guid-
ance using electric deterrence arrays to guide fish toward desirable passage locations or away from dangerous areas
has received little attention. The effectiveness of the electrified barriers is quite variable and testing is often lack-
ing for a variety of water velocity conditions. To explore the effects of different electric parameters of electrified
barriers on the avoidance behavior of the juvenile grass carp C. idella with body length of (10.22+2.01) cm and
body mass of (34.25+3.62) g, a double-row type of electrified barrier based on pulsed direct current electricity was
established and orthogonal designed experiment of three factors, including pulse voltage, frequency and width,
four levels was adopted to optimize the blocking performance of the electrified barrier under the static water condi-
tion. To explore the effects of water flow conditions on the blocking efficiency of electrified barriers using the
optimized electric parameters recommended for static water conditions, three flow conditions at a generalized
model of fishway entrance were utilized to test the attractive efficiency of fishway entrance. The results showed
that, under static water conditions, the working condition 7 had the highest blocking rate (88.67+1.10)% and lower
average stupefaction rate and that the factors affecting blocking efficiency are pulse voltage, pulse frequency and
pulse width respectively. Determined by analysis of variance and multiple comparison, the optimal electric para-
meters under static water conditions for blocking efficiency were the pulse voltage of 160 V/m, the pulse frequency of
6 Hz and the pulse width of 16 ms. Under the optimal electric parameters, the experimental fish had minimal injur-
ies when subjected to electrified barriers. By employing the optimum electric parameters recommended for static
water conditions, the active electrified barrier can dramatically boost the aggregation rate and average retention
time ratio at the fishway entrance when the channel velocity was 0.15 m/s. When the channel velocity was 0.25
m/s and 0.35 m/s, the aggregation rate and average retention time ratio with the active electrified barrier were not
enhanced significantly compared with those in the inactive electrified barrier. Therefore, the recommended elec-
tric conditions for optimal blocking effect is to set the pulse voltage of 160 V/m, the pulse frequency of 6 Hz and
the pulse width of 16 ms under static conditons. The attractive effects of fishway entrance could be enhanced by
the active electrified barriers with the best flowing water velocity being 0.15 m/s. These results will have import-
ant reference significance for the practical engineering of the electrified barrier arrangement. The pulsed direct cur-
rent electric systems have the potential to improve fish passage at anthropogenic barriers. Additional research
should investigate the effectiveness at variable electric field voltage and various water flow velocities for fish of
various sizes and shapes depending on the species and its ethology.

Key words: juvenile grass carp Ctenopharyngodon idella; pulsed direct current; electrical parameters; water velo-
city; electrified barrier
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