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Abstract

Under the context of cascade reservoir systems, the impact of hydrodynamic and microtopographic
changes on the reproduction of fish species that produce drifting eggs has attracted increasing attention. The
reproductive process of such fish can be divided into two key stages: spawning and hatching. During the
spawning stage, suitable substrate conditions play a critical role in triggering and supporting spawning
behavior. In the hatching stage, drifting eggs rely on favorable hydrodynamic conditions to complete their
developmental drift. However, current research on the effects of substrate on spawning behavior remains
limited, particularly regarding the suitability of spawning habitats under the coupled influence of
hydrodynamic features and microtopography. Meanwhile, studies on the hatching stage primarily focus on
the suspension and settling of eggs in surface flowing water, often overlooking the potential for egg near-bed
drift. Consequently, egg settlement is commonly regarded as an irreversible endpoint leading to egg mortality.

To systematically investigate the impact of cascade reservoirs on the reproductive processes of fish, this
study focuses on two key aspects of rheophilic fish species that produce drifting eggs: spawning behavior
and egg transport characteristics. By integrating habitat modeling and laboratory experiments, a threshold
formula was developed to identify the near-bed drifting conditions of fish eggs, which was then used to define
the near-bed drifting threshold for drifting eggs. Based on this threshold, a drifting egg transport simulation
was conducted for a 165 km river reach in the Baihetan Reservoir from March to July 2020. Taking Coreius
guichenati, a representative rheophilic fish species, as the model organism, a spawning habitat suitability
model incorporating substrate conditions was established. This model was applied to assess habitat quality
in the Pingdizhen reach of the Jinsha River from March to July 2020 and was compared with a model that
does not account for substrate influence. The main results are as follows:

1. A threshold formula for the near-bed drift of drifting eggs was developed, and the near-bed drift
threshold was determined. Using dimensional analysis (IT theorem), a near-bed drift threshold formula was
derived based on flow velocity, the physical properties of drifting eggs (water density, egg density, diameter,
etc.), hydrodynamic characteristics (turbulence, Reynolds number), and bedform characteristics (ripple

Up?DR,

height, wavelength): & = arST_rg e

This formula comprehensively reflects the movement characteristics of

drifting eggs under hydrodynamic forces. Furthermore, a regression equation between the near-bed drift
threshold ¢ and the near-bed drift ratio R was established using quantile regression: &= —6.6223 + 14.5922R
(z=10.85,p < 0.05). The near-bed drift threshold was calculated as 0.6738.

2. A vertical velocity model for the backwater reach  was  established:



_ m
u=U,+U(l+m) (hh:lz) y>h,

u = Ub _’y<h2

. Egg drift simulations were conducted in the Baihetan Reservoir

from March to July 2020 for drifting eggs of different diameters (4 mm, 6 mm, 8 mm) and a density of 1.003
g/cm?®. The upstream area serves as a suitable region for fish egg drifting, with June to July identified as the
critical period. During this time, the proportion of suspended drifting and near-bottom drifting zones reaches
100% of the river segment, providing favorable conditions for egg survival. Comparatively, fish eggs with
larger diameters (6 mm and 8 mm) exhibit stronger suspension capabilities and higher hatching success rates.
Compared to suitability assessments based solely on the suspension-settling threshold, incorporating near-
bottom drifting significantly increases the proportion of suitable drifting areas, with the expanded zones
accounting for 10% to 80% of the modeled river segment.

3. During early and late May, WUA and OSI increased by 42.31% and 38.73%, respectively, while MSP
increased by 236.04% and 614.56%, respectively, When considering substrate conditions. This was attributed
to the improved suitability of riparian habitats, with habitat suitability index (HSI) increasing by
approximately 0.25. From May to July, the Pingdizhen reach of the Jinsha River served as the spawning
ground for Coreius guichenoti, with a peak spawning period in June. Suitable spawning areas were primarily
located in the riparian zone, and over time, these suitable areas gradually shifted toward the riverbanks.

From a management perspective, incorporating the near-bed drift behavior of fish eggs provides a
scientific basis for optimizing ecological flow regulation. Integrating substrate characteristics into spawning
habitat models enables a more comprehensive and objective evaluation of habitat quality. Targeted habitat
restoration measures—such as substrate enhancement in key river sections or inflow regulation—can further
improve the suitability of spawning habitats, offering new opportunities for ecological protection and

management in regulated river systems.

Key words: Cascade reservoirs; drifting eggs; microtopography; near-bed drift threshold; spawning habitat

model.



E3x

e et E ettt R et A bt R et et s et et s et et ann et I
N 0 ] g T A RPN II1
5 57U A
B LB 2B et 1
R T a0 OO 1
1.2 S GRAIE TE IR A STHRZEIR oo 2
1.2.1 S2MAFZEFZ N BITIF T T2 oottt s 2

1.2.2 FZEFZ GG K B AT TCIE T oo 4

1.2.3 JR 5 M2 GEHLHI R FE IR G IERE oo, 5

1.3 EERUE IR ZNHLIR AT TEIIR oottt 6
1.3.1 AL TS E BT T TR G AL oo 6

1.3.2 A G ERRE M ST EET IS BT EEM oo 7

1.3.3 FREEAME DR 25060 8 B ELIZ B IIFZIMA oo 8

1.3.4 SR ETRIZ B I T JTVE oo 9
R T 10

LS FEARBBEZL oottt ettt 11

A R 1 By PP 12
B RS N | SO 12

I I - B O 12

202 MMM ZERGE oo ess et 14

I BT LK OO 14

R i oSO 15
221 BEBYGERA L EL oo 16

D22 HIBETTIE oo st 17
I S OO 17
2.3.1 BRI GER K ITTBAESZIR oo 17

2.3.2 I BT SR BRI TE ©vvoeveeeveeeeeeeee et 20

2.3.3 B UM I I EEFE B oot 22

2.3.4 T T B JE AR TR TR FH oo 28

g I o T o0 1 = OO 35



3 BERLGIPTIRZE T oo 35

B2 BB TN oottt 36
I IR N B[S i = L = OO 37
B ZSEEIINGE oo 39
4 T AT I oottt 40
4.1 ZEIKTAT B TE ZRVTTE AR oottt 40
4.2 FAHHE E DX R JETTEIB AT oo 41
4.3 FARSME ZE DL B EEETIUMRII oottt 43
B ZRFEIINGE oo 46
55 B R HIBEI B BURAL oo 47
5.12020 4F 3-7 H I BK 8 71 55 SR FURFAE oo, 47
5.2 B AR A K 3 B KAE AT i B A A 2 B S HE TR v, 49
5.3 BTN AR AL R BUBEE 73T e 50
5.4 ZREEIINGE oo 52
A = PPN 53
0.1 ZETR oottt et ettt ettt 53
0.2 BT I ettt et bttt 54
LTI 232 OO 54
e 22| NN 55
BRSPS 64
L OO 65

Vi



CHRE s BAFRFHLEFMIR

F1E #HL

LIAREBEEEENX

T L A 35 2 i B SRR R A A AT B AR . IR, i NSRS AN
IR, JCHAE KA TRER B, ARZ AL IG B RS & BREALSE — R 5
A R4 AR, JGHR KV Bt IX /K BIT R, ROV SEII i AR S R G B 2L
R —. LR, BEERIKIE. ML ARME. 5 ARESEK RS A 45 H
AR K P26 e a e PR R E S g VDT A sk R K 2 AT B AR 25 AR G (e P A ke 35 H 2 in e
XA T U B O S S R A R U A, P E R MR I A . B
B 1571,

BN VIR R ESRERSY IR U R S EP SN N i) T buR e sk SR A IR I
WPANE B HAXPIAN B B S2 B K PR TR B S MAF AR 2 2 22 5 o 7 IR Ik DI (1 16 2R E
FRORI, TR S BRI R PR R A A R0 100, ki K R et R fid 7 B AT O Y
W ELEAFUL 12 g, IR AT AE A2 B ) £ 587 O ) s BEAR AR OIS, SR, K
AT S BUE XOKIRAA . P FEAR RO AR AT K I R e -7 22107 181, [ I i ot
BRI R 1024, IX AL 1 5877 B P A 1 AR 25 260,

57O B, ALY B AR S U0 7 B KRR R IR ROR R E . AL
RORMAT T K PCESE AR A ST Bl B3 (A 3R 127290, {H, K I B KA e 1
T B AR, BT BRI AR N K BREZ it AR AR 18300, SN 1 £ 1
PRI AT, 38 208D WA P 75 (R 0T I AR A2 DI f g A e 27, 31,320,

HAr, BRCAHADRTERIEI O BT, (HERZRETKE. MES
KB ST RFAEXS 7 B A FEN 100 9% T ST 7 B i R R 8 8D, JCH RS IRHIE S
Tl 2R 5k 7 DR S ) 52 i BF 9 BE O [BE 2 33350, RV I AR ORAT — SRR U SRR
YRS SHHLEREAT 7R, (HERZ RN RE BT, Rr A X K3 TR AL 5 ot 3
M T 7T )™ E AN 20637, KRR IT T ORVE M I AE R 2 K T R B TR, AR
% J8 A YN AE SLBRK SN 0 46 T BOIE R R AT 28 DAL SRR A sk it 2
A VE-UU B B, 10 3L A JER AT 1 A I 38R i 8 D AE 30 JE 2 7K U BT S B0 0 s ¢ 25 1
B e AL B AE

N T SEAERA M B K P A S BT B S IR, R R R B R SR A
YRANERIZ BN IREM, DU BT I R BUE GRS T R, it — D BN S 3



CHRE s BAFRFHLEFMIR

KREFHM LRG0

[ ARt PR e B, FONBGE R, R, SRRIRE KRR R BB B KL
LA I, G oM T VTR eV TLmEK ERE R & B s, (5] 4R
S S B 7 RO, R SR T RRESA0T, RO AR S K SRR K P AR A T
FE iy A W ppian 421, JeF DL B¥ 5, (B VA f.(Coreius guichenati) 1% B 5 Xt 5

AW FCAE BT AR SR FEA b, R Ak OR 2K R A OIS A 0 M P A, TR
SHIAR Y Ko 3 N SRS, A3 AT AN [FIZK B 7 A 3 a5 A T P R O £ 2SR B A R A
o BRI SRR, X — B T — R s oK FE RN S A AR W S AL, sk
PrAz A DRI AR SR BRI R IR AR kYR, SIS REME R KR

1.2 ;2R T SRR SR BR B SRR SR

R P RE SRR« RS TR BRI S5 2 4E B A S R 1 A R 4 . AR AR
M5, JRBAE P N B, HARRIPLH E R Ao DR R S0 Je o o Vi 128 B
FRONSEM R OCHE B, AR, H RSN O R R E R, JE R B Z XK B 1
ik 5 ot 3 o R A AR . BRI, BRZUK I & /KB AT Ja B X R FURFIE 5 7K
i VE S IR AR RS S L 7 B S i S )y /2t — DA 7 .

1.2.1 & K =M R G E

7 YUAT N 52 B 2 PR SEIA 7 (52, W UL O K A B0 S A R A
IKASFA TR EERB . N 7R A I S R R, EENINESMEE, =
W BUABHSEA A TR 7 RERAT . Tk, BEAEME SR, JoH2
B TR RO S R R A B, ST AR PR S N AR R R B S S
eI

FF AN A e 1 AR NI SRR AR AR G 7T 7 3%, R S UE AN Kb 78 SE 50 S W 7T
PR SR G S BN BB R A, W TT N DA RE 8 ELRR SR 4 2 O Y SE B
KRG HE . WUEMRHAE . JRBRAAEE R, o BRI T #1287 O 5 A 5
TS AR, [ Y S £ 2R GRIA B (B AN AR R RE . BT T E
R PR S 0 [ A e B S S P BN P g AT Sesb i &, R BKIR S Ik R FURTK
TR R R #1287 BRAT O ) BB R 1Ol o, KV B R, TR K A
PRI AKIRAT A B R, A 18220 2 [ F N IE EH Y.

SR, R — B AR B AT AT HE DL 4 S e # 28= B I B 2, JC R AE R REER)
25 AR TR AZAL R, B A0 AR 2 21219 PR AN A B e s 1 R #1471 PRIk, SRR
HIWFFEIT AR 45 & B AN R B 5 HAb T, nsege S ulin M Bes @, DRSS #ER 1Y)

2



CHRE s BAFRFHLEFMIR

é:é[: -L/l:\J [48, 49] R

W WREAE MR AR R, REE AN R IA B 2% 1 X 8287 54T O
RISEM o SRR SE S PR KR . s el SRR, WA R IRTIX
SEIA R RVE AR H IR S S O AT O B AR DO, i, 2B IS it
=AU T 1 KR AR DU R St O SR H R BRAT N2, 5 SRR KR
T B 2 A R B R, I hni = B A

= ARG IE AT LR — s FE L B HRBR MR B TP, ARGt A A 7 B 7% £
KOS . 2RI, BN BN RORZE R, UK e SR A
LA S HARERZRAERA, AL st R PE2 28— RFI5Y. Kk, =Wkl
HISE RIEH TE SN AN S, JREE RS B R AT 0 .

bt TH SR HLBOR AN B AR VR A AR, B At 2l ok e 48 58877 B ) i 22
Bz —o AR, W RESAE A T I B A MAEMEOL T, BRI AEL
7502700 Z M HIOR A o & L B A A A 355 [l A AR AR L - 7K SR R AT K Ao
PUEDS. 00, AR, BRI G IR R A SR SRS e B R, DUSE 4 i i o A
ARG PR 5 3ot e BN R 2 057 581, i, 5K 5% 57 SRR AT DA AR AL A 1 KGR
P s G IESE Ao I3 A i B PR S, 25 SRR WY, KGR AN IR S 7 B 3 ) e 4
HARELW . BEAh, ARARR 7 G A9 A5 R Wi AR g0 AR 36, F 2 B 7T
T T KUR T e PR AR A A DR 300t B0 S SR A 0 ) T 40160 o1, X SR AU HR R
PRBE DR o0t £ 2 B K BAR AR FH AL S 00 1 B T

REAL GBCARE RN GE T 70 M U5 ik R 4 s B 87 O A S LA, (BIXEB Tk
AEATARIR TS B O B Nt i DOSEX PR S5 AR A o g AN S PR AT P02 SRR
BT RORT 12 58 BV JS A TR SR AT O R R 3K A e A R R T S8 DR 1 AR A Y
S GINB RSB, REV AL B IR IA 1 22 18] A AN B E PR SO, JCHE R
A S L 38 AT PR AT 9 AR L6265

TR N S AR R T LU S ZRAEIN 1, WoKiR . S JRB. B
FEAE, b S i) E B AR BT SR A PRAET . A T AR GBI, ROE AR A
RIRENSARAE A [ 3 AN S5 1 Bt — D BORME BOa B VF o, I A W #2737 (1
& EAESS, N, BT E O AT 45 SRR . AR R, T A ]
R E AT & BRI, RIIX — U7 VR R B A U AN [R] A 58 PR 1 1 58 ELAF:
W ORI 10 2877 B 37 4R LR SRR

BRAL, TS R RO 2 R AL A BE BN 2 VG A B A A #1258 B JS b A
BN . Gl SNBSS A ARG B T30, BTN B BE 08 TN AR ORI 26 AF T
RIS, K AR AN BR M ATIE I S50,



CHRE s BAFRFHLEFMIR

1.2.2 8 2R E R Rt R

1= ORAT AR VR K PR 508 B R R B R EYEAT N, BER VIR R &
BRI N AESE R, 2 B PRI R 20 . SR 5E O IRAT AR AT PR R K B
s, FEEAEZKIR . ARSI T R N, IR G & g AT 7= o

Horb, KRR S EVE IR R E OG- o8 TR B 2 08 (AR DR PR IR K
F OO, R, ARESA TS, B D8 AR R B BRI BT EE A
REHEZEL, KBS ZMMEREE S, WERSSERRER . YR B2 AR T
B2 A7 S 35 A S 60 08, 691 (b A, KR XoF 7 B0 O - A (1 ke i ik 2 2l P 8 R
TR KBS0 43 3] 7 56 iELe0. o 701,

KR A IR R G, EERERE T 0K OAT NI R A 58 A [F] o
FEOR KR B R B . B0, DY M7 s B R N2 181108, T £ ()&
KRN 192000, DL REKE RG], KIEBKE, FEX NUHLE VYRS M 1= op
[AHER 145 40 KU, FoKIEEE R —Im A8, R0 OE shies ko 5 A £ )
YRIm AR 1700, (£ 192200 BEJERI N, P ORE s ATEER, 25000 7= B 2> 58
éﬁa;ﬂ: [59, 73] .

H AR K SCHT X £ 287 U B 25 A K SO R, Rl 2 Bk /2, X 2k
UIH REE SR XTImO s, koK A fd ok O 1) BB R =0,
B 5 Bk KRR S I TR A SR . OB 0, R E A 2 I H B K R A3 T
UBAk, R PR I BN SR I  BRAT NI R AR TR OK I R, K B AR AL [E A
REAEAE 7 O AT 9, el e AE KR B BRI IG 00 b 0 o 8 6l 2 7R 3 1 3 e £ SR 1Y)
LGB,

T RO A B, KT KA IEE RN, W2
M) 72 B9 F = 7K ST -2 — 1401, i o f 7= D S ARORE T 4RF 2 B0 2 1, MidEy 1.4
m/s I, FPEERESAER KAE: AT, T 1.6 m/s B, FRERTE sha B 2 2
[51] .

BBAL, IKIRXS AR 0 () 7 BRAT 9t B — 5 B Ao i, (5 1 i) R o
GUKZRA 0.4-3.95 ml*3, fi PY K 5K 8 DU BE & B AR 12.77-19.93m KGR I BBl 9 = R0, 7K
IR HAB R F B 25 ma = 04T . N, R RS ma P iR Y R A2 770,

375 B 0T 0 27 B 1) S M AN 2R A . DY K SR P KR R Bk K S AR 2 B L
&R P IE I G L O 5.1-14.5 emU8. S RHTEE Q015) BT TR R, S VDT B A
[ 1% b 7K AR i B R B R 35 AR DG, 150 B O B R O R T R R 7 O AR A T

JRF R RN EE AR R —, EaRNEEYHEEEEAA., &5
[0 B 02 2% A %) £ 2 72 AT O B 2 25 2 e 11310 3 i Y R JER IO T B ) Al AR 35 T DA Ay



CHRE s BAFRFHLEFMIR

KRG IR AL B, PEARI AL RE T S2 O, [R] I JER o K 1 2 B T LA A 7
GRA SRR 1 RES FrISO-8A, AN, R AR E PR WK AE R AR A, B 2 £ S
%Q[SS] .

123 RRS & X~ IRHINA IR SER

IR INAT N 52 B 2 MRS T2, e ROKIR . TR KRB 1%
fil, XA Z— BRI FC A 5 A6 871 BT AR ST SR AR T S SOKIR A B A R 5 a2k
PERR A B SR IMLEEDE 7T, A0k R s i 5 O AR TR 100, R PR o 11k i Bl A P 52 i S5 052
T R A s L0 61 700, iR pe A i £ SR R A R R KR R RS T, IR AR i
e\ KV 7K LI AR SE AR SRR A T SR GRS 741

JRE KR PSR S 7 A 50t #5877 B I e #R S L 3 RE,  (EJR R AR
PRI DR TT . AW ORI, RS R IO OR #5817 O B A 5 25
& B SR B SR A B T S B A B AN EAL, SR RESE s ERILRYT, IR OF 3245 10
DR I80-841 A5 5 [ JER o AR A g e — B R ITT 1k DN 11 5877 B ) O B TR 2R 186 881, RV I — W
FRAEFEUTIE OR B SR BT 7 P A3 2 IR UE, (EN TSR O SR 7 BN, TR 5 R A
BERIRANIRY . RO TR Z /IR T @M dr, shZEEus. i, B O b
AR B R RIS, i U K 5K U B 5 XD J e v R A R 5 761, (B SB AT FEAN IS
L SRR 40 25 B s (Rt T RN B R JTORS £8. 2887 B ) B AR A

it 55 90 8 7K PR AR RO T A 70 DX TRT B PR R JER o 5 4 32 1) 7 TR IZE [0 R Mg [19-21. 89-920,,
BAE R IX e v I AR AR PR 5T R AR HRDRE AR A7 32 W 55 A N TR )=
JiR 73 AR B0 ) SN2 XA AR A BRI A B #1288 B 7 B R M T R 7 AR TR R
EHA S SR BE =

BEAh, KB RS o 3 AR & A R 27 B R M ) 2 H AT R4S 21 7e
T, WEIURW], FEREWMRE £, PURS A S 2 45 25 il o 20 BURTHIL Sk 35 B AT e ik
A PR E K A BE P O S0, A #B0 6 FIEL ALATE ), GRS AE, WK
HIARE . A A5 5KRMAZEAE M, BEWS T BRAN A K 3 D X 4, X 2 X 09 I i 1t
R R GRS A 7 EAR R0 ST, BRI, K-S RS AR LA RS 7 IR R A S
AP R, JCHREERIIKSCRAT T, WobSi ks /1 Km0, AT REfE
EENIPSS b e Y SP S IS

IR, BRI B A KIR . IR SRR JP R AR B S B R, T
X R SR OB FTATI AR X 8 2D, JE L K B F3 R Ik - Bl 350 R 45 X6 7 B AV S 2t 8 S i R
BRFE R EA . ARKAIHETTRLEINTE K 77 5 Wb B EAF K RS T, IR
PRI O f A St B o e, o S b R A 5 RS B YR A R AL T RS o 1 EE R
SCHFo



CHRE s BAFRFHLEFMIR

1.3 R IRIE SN IR AV A 5T IR

myizg R AR RGN, BUFEEA SR EESE, mEE. 5
oy GBERTESE, W2 BSNERIAS AT AL, WOKSh ). O SUSAEATUK IR . 1R
B, A RE s AR AR A E T, e BRI . WK B S AUKIE
FEELEHEVIM G, Bk, WAL R Mg s HLEE, REs 4R 2R
FEAT ONRIANTS, DK BHIRE AN AL S R R At R AR . SR, HATR T AONE
SHHLER (AT T A TR B B Rl AERE K BRI S2 R, BIE T 1 R T8 2 SR £
URAEA R KR 261 MR “I RIS 7 R . Bk, HKRAAEZLEIFELE, f
G RE S K IR UIRES CA R I s U dn ], 31X — AT A AR BOR AN E 1, R 5 ik —

ﬁﬁﬁﬁ"‘i[%, 34, 87,96, 97]
1.3.1 ZERMIIEHTNARBEES R E

AR, KT MIREEHLE I RIS 7 — €, JoHRAEKIR S A B AR
FAMI T« K35 B FLER HR AE L BRIZ B R AR . 5 ma R 3R B FLAE /KR A (14T o s
i, SR IX SEAfF FL 245 R e @ e B B, ELATO T I — SR m) 3, AR5 ) 2 FE R K
PERERZI T, AN IR IR MRS B R R .

LA FE A N, RIS B 52 KT8 FE () S M K o TR AR, R R 2
JEHR; VA R, O B R R KRR . E CEEQOI)RI, SR AT,
1 G R AU FE 20 K ) 0.73 4%, JCHAERIEART 0.93m/s B, FUIRILH B
[ e ia 254 I — R 32 B £8 5P ()38 B AN 2 KU BE 2, 385 7K AR AL B )
FHOG . SRIEIR(2022)FF 53R B, TEARYISIBN S AE T, FOP 2 1) B 7K T P 1
0.83 & 0.84 %, UiHAMIPISHN S5 AR AN T 55 R A % VI8 R 1%,

JRAE KPS 2] 1 72 B9, SR f O E 2 4R R A5 B 78 A ORE
FIRIGERR . WETEA RS KMAMHEAER, X s sh Pl Mt i 2 o0 H
B fihn, AR X IB0R] e T B0 O ITR, T I DX U R e R A £ O Bk ER BRIV
B4, SR, IA WK 2 oKk B A IX LBt SR A X 8 BIS B I s2 e, 3 BT 7 45 R 1)
& 52 B R )33

Ty AN R AR R i) R A BN I IR IS, P ORI fR 2 P
TE SE VT R 3B 1R 7K 2 B K R 3l 1) A o BRI 9 B 38 o $8 75 /K 3l 0 46 AF e A2 A%
PR, UL RE BSHE 43 4 7 i 1 A U0 e 75 BB NI R IR S IR A4 4F . X — I RAEK
PERERI BN A W R U N EL, TR K IRk 3)) AT e s e £ B0 (132 Bl 510308 J Ak i Dy #0081
WF 7T HE 0 B0 22 AR Al AL BN 0.2-0.7m/s, (HIX BURIF 57 K 25 F& 1 G 3T Jes YA i A
[96. 991051, W E BRI K FERF IR, KR ARIF RIS TN A%, # 0P “IT RIS ML B

6



