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Abstract: This study examined the effects of deep-water hypoxia induced by seasonal thermal stratification on the vertical and
horizontal distribution of fish. In 2025, hydroacoustic surveys and gillnet sampling were conducted at Lake Niutoushan Reservoir,
together with synchronous measurements of vertical profiles of water temperature and dissolved oxygen. We analyzed the
compression of vertical fish habitat and changes in fish spatial aggregation patterns. Conventional correlation analysis could not
effectively test whether the upward shift in fish distribution was driven by hypoxia avoidance. To address this issue, we
constructed null models to test whether fish used hypoxic water layers less frequently than expected by chance. We also converted
horizontal fish aggregation hotspots into station-scale aggregation intensity indices and applied multiple linear regression models

(LMs) to examine the relationships between fish aggregation intensity and water depth structure and hypoxia intensity. Results
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showed that vertical fish distribution patterns differed significantly among the four survey months (PERMANOVA, P = 0.001,
R== 0.277). During the thermal stratification period (May and October), the vertical centroid depth (Zc) of fish distribution
became significantly shallower and less dispersed, with a median depth of 7.54 m. In contrast, the median value was 12.19 m
during the water mixing period, representing an upward shift of 4.65 m (AZc = —4.65 m). Null model analysis confirmed that fish
used deep hypoxic layers less often than expected by chance under a dissolved oxygen threshold of 3 mg/L. Horizontally, fish
aggregation hotspots consistently appeared in the river—reservoir transition zone (site S3) across multiple survey months. The LM
results revealed an inverted U-shaped relationship between fish aggregation intensity and water depth, with an estimated optimal
depth (D*) of approximately 14.4 m. After controlling for water depth structure and seasonal differences, oxygen stress deficit
(DOger) showed a significant negative correlation with fish aggregation intensity (8 = —1.151 + 0.444, P = 0.022). This study
constructed an analytical framework combining null model testing and aggregation intensity quantification. The findings provide
clear evidence for identifying fish avoidance behavior toward hypoxia and their spatial aggregation responses. This framework
can support habitat monitoring and hypoxia risk assessment for fish communities in medium-to-deep valley-type reservoirs during
thermal stratification periods.

Keywords: Water-column thermal stratification; deep-water hypoxia; hydroacoustics; habitat compression; fish spatial

distribution; river—reservoir transition zone; null model
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Fig.1 Location and environmental setting of the Niutoushan Reservoir, together with monitoring transects (S1—
S6) for gillnet sampling and acoustic survey tracklines
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Fig.2 Monthly variations in surface - bottom temperature difference and mean dissolved oxygen in Niutoushan Reservoir in 2025
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Fig.3 Bathymetric and chlorophyll profiles of Niutoushan Reservoir in February, May, October, and November.
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Tab.2 Cumulative patch intensity, maximum patch intensity, and primary-patch dominance of primary and secondary fish aggregation

hotspots across survey months

Rz

2025-02
2025-05

2025-10
2025-11

Topl # A
MaxSUMp/CPI
(CPD) (MaxSUMp)
S3 (1005.3) S3 (1005.3) 1.00
S3 (3825.0) S3 (1542.3) 0.40
S3 (2357.3) S3 (744.3) 0.32
S3 (1794.1) S3 (1701.9) 0.95

Top2 #
MaxSUMp/CPI
(CPI) (MaxSUMp)
S4 (554.8) S4 (243.5) 0.44
S5 (2432.4) S5 (1689.0) 0.69
S2 (1938.6) S2 (651.4) 0.34
S4 (566.6) S4 (346.8) 0.61

e RFBEYERE (CPD HFHIEF . IRHAL: FRBEHERE (MaxSUMp) st Rk i o e K B — SRAR BEHL R 5 ¢
MaxSUMPp/CP1 AEBIE LS .

2.4 FARBIGER

SRR EOR, R TR E R E DR K B R A T AR R A, (R i 2 5 B R [ — 3L
PEBE R P AR T AL (B9, #3) . 7 3mg/l RET, fMmERESHRN . M1 1 M3 1
B E S B AR I SES<0, ffmZELLBI N 100%, SES WAr%isr il -1.632 A1 -1.502, Hfil
IR G AR BE K (P=0.015625) ; M2 1 83.3% A BONfumZE, SES FAHCN -0531, HAE
LFREKFE (P=0.109375) . 7E 5mg/L BIME R, MWz H MJSAGEE, (AER A —SHE5. M1 (1
i 2 Lo 94.1%, SES H{r#Ch -0.938, J7m—EMEE3E (P=0.000137) ; M2 Fl M3 Kyfifh% Lt
B4y 5N 64.7% F1 71.4%, SES H{i¥47lA -0.354 1 -1.091.
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Fig.9 SES distributions of the three null models under different hypoxia thresholds
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Tab.3 Summary of results from the three null models under different DO thresholds

- DO Bl S % SES L4l SES Bl TR
(mg/L) Kin GIhETY BUME TSN P
M1 3 6 1.000 -1.632 -2.103 -0.281 0.015625
M1 5 17 0.941 -0.938 -2.100 0.896 0.000137
M2 3 6 0.833 -0.531 -0.784 0.152 0.109375
M2 5 17 0.647 -0.353 -0.715 0.510 0.166153
M3 3 6 1.000 -1.502 -2.900 -0.935 0.015625
M3 5 14 0.714 -1.091 -1.480 1.392 0.089783

T ML OEEGREI R R, M2 il 2 IRAREER AR BRI, M3 3R b ELE R RSB, SES<0 m Al Bl
BB AR S LG T SBT3 AL 402 B il o3 o M S 0 U 46 5 P S B
2.5 Lk EYIFER (Multiple Linear Regression, LM) Z58
AT REABEHRR 5 KIR 2 IR R B2 IO R, RIS TF, SRKIR(DY)ZIA 14.4m(95%

Cl: 138—15.1m) (10D . fEMEEAN L, DOger HIMIHRECNH (P=-1.15120.444, p=0.022) , 1k
AT G E SRR, A BRI 2 TR % . Bootstrap /TR, DOger R T 0] AR PR EF
Jth, ESHFEEAR. 474 bootstrap il 95% & {5 [X [ A[-2.108, 1.039], H&F{H; uhiMKE
bootstrap J5, EFX A LREGEZE (0.193) , HHZARKXARGE—CEAFE. ML T, A chl,
IR AR IR B E MR (p=0.351) , TEAE DOger G —MA Chl R BEREHE (p=
0.364) .

A

D*=144m

A PBIBEHERE loglpCPI
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E
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Fig.10 Relationship between site depth and log-transformed cumulative patch intensity [log1p(CPI)]. The black line represents the fitted

quadratic relationship with water depth, and D* indicates the estimated optimal depth
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Tab.4 AlCc comparison and incremental tests of added terms for the candidate set of quadratic water-depth LM models

BERY BRI ZE AIC, A AIC, B p
mo y ~ D¢ + D2 + Month 96.48 3.47

m1 m, + DOdef 93.01 0.00 0.022
m2 m, + Chl, 99.97 6.96 0.351
m3 m, + DOdef + Chl, 97.34 433 0.364

FH p LSRR LR (LM E F RS o DT EARR (m1-m2) , p iR AR BT A T A
mO MRS : FELA DOger MIZLAHIT (M3, p H97E ml (DS DOG ) Sl L HHHAS R I R DO oM R
IS W, mil.

3 g
3.1 AP ESREIRTH & B8]

AW RIS 253k L 7K PE BB A3 AT AFAE ZE T PR IR 2 1) 3 A 5 7K SF 3 A 4 SR S o 1 o 76 B e 1) A
POy B, B RO, ZEW Zc H1 1219 m B&F] 754 m, AZc=-4.65m. MAEEEKT
itk FRE, Ak (LK BRI PRI s S5 Fp K IR IX B, e E S AR it . LM BEEIR
R A SRR YR E KR 208 U BB, TR /KIRD 4 14~15m. Z&5 R Lin SR% =k
JELIE A BB ARG — B, R TAIR— P X o R 4 £ SRR T i L AR, HLAa 2K A A A
UF 10~20 m (M HHERAER B, BIMIEE EoR, FSkiiKE, 6, SFEE QR e & e B A YRS
FRE, AHT 5T 7S S Fa 5 0T Ae 22 B S s S PR A A BRI B, (H R T BT S TRIA SE R 2 2, AR R
TEAEANH i 1120
L1 EMBEMELEEMATRBEA  NOKERGEMRBR AR DAF, 4Kk R R 5 A
R A MAIN Y E— AT 5T . SF/KIRTEE M Z 0 SRR R AR ERY, 4 HEKERDZ
B, 5 ARANRHESERE, 10 ARKKRESERTEARNRE, 11 AKgERTETRS (B 2, £
D . Zc SRKELFRE (thermUpper) 2B EME, RUMEFRKE LFY6F, SRR HAEL
Wbz B (E5) . iX—455 Flood SRTER Y 47 W0 S 0 e B — 3, RO E A B 2 Wi
£ 2RI EF G SR IR T ANFMIZ, Flood SR 78IV KIRARNS B —, 10 AHF 703 4R kil kK
e B BE M RIKIREE, HAY R (10 A R B RRKRAE R XX S ERKEN B 5K
TKAR ST FL o3 A1 DA DTRRSR (I T B80T AR BERE S 5. 10 H Al 80% 4% .0 43 A7 IX ] (1 321 %t B [
DO i %k 2.52 mg/L, Ui I A 3 Z S KE OB B 2 NMRA A X . WEEER IS RE, W
TR B EUZ & LS AT B AL EE o 37 A S I R ot A G L 3 31 L 0 o R 17 5 A gt ek
AN BUAE AT Rt A AR R A SR I128, 78 3mg/L BIME T, =REMABRIUNFMmZET R, Hh M1
A M3 X EIGTH R E KT, M2 BEMFBEBEREREE KT, e T iR LR T BRI
RUREPEAS, ARBAYE RGN, Brooks SF12915¢ T~ RAMAIZ SR FE R B, 3 mo/L IR FE vl B U e
He R A RISk LK R R K AT B K R, 3o 215 R KR BN IR Bh g B
SHRAEZ AR AL RT3, 48 T 3 ) m R P Az 355 05-6.29 , st St v e R B AT — e flUsé 4, 7E S mg/L
BUE T, fmZET AR, (B M2 FI M3 Fufl 28 77 10— E0PE R B, 2 I 0 oot 4 5 A Ul 1 BRI 1)
[FEE A E . HTEERRE T, 3 mo/L TEEL B AR MNE 4, AEls L B ORI A Z M B B
[F138E; T 5 mo/L W R AEARER WIS B A A A X ), A0 2R T Rl K 2 58 ] B8 52 B A Fr 2 1]
KB EYIRIR. PR R R MR G M R R IR AL



3.1.2 AEATRER AT LMBERGERER, MAERERTEKERE URKR, WML
KK (D*) %14 14.4m (95% Cl, 13.8~15.1m) , FRIALEMMNEE R, ZKERTEE PR REN B & o
JER AR, KA T E 5 AR ACPYEE R RERE R M KR (DOdef: B=-1.15140.444,
P=0.022) , FRIURLAATRELHITS AR e SN, HEgRZREARRER . 724 MATH B
W, S3 DL I il R R B A B IR AR X I, X NI REAN S3 T X I AL W FE I W IEE 6. 5 H
PRI S3 ) S5 RIS, S5 b SUAMIFTIIAEIX . X LRI YSI BB A 0,
S3 AR EARMEN 091 mg/(L « m), BIEET S5 ¥ 0.32mg/(L - m), VLHH S3 JKIRVEMRAEN
FIETRER, EHSET 2R ERES. Mk T, S5 REKEER, HEEEBLREE, Hh 2
FIRIZROEARE T AN GG E A, AR AR A T R 1 S 8, A S L
E, AERGRERMBIRE ), HEE . BEECRING S Mk £ o FE S (i 056 fa B 2 AR BT BT bR 2 [R) 20T
3B, X —H %5 Brooks 51T B S ESE T ta 2B SR N A RAT — 0 B4 R S
Hh 527 T EAVIRE L FIBR A, £ 2 n] 5 38 0 e B RS AR G B Kk . SZAFIRZ, AL
KPS HE bR S W B B AR 3 a5 R R L R R AR R A S (BT A0 AT, RSN MA RS Sz sh il . [
P K A S RO R 0, AR A A BRI, HOSM B R 5KIE. BE. =
S TR I A OGRS S AR, KR R R AR R M A M AR A R, AR
PRI B ORI AR, R 2050 T R 3 A7 S 2 )R KPR RS )
3.2 FRAFHER S EEHIA RN FEER

IKFE R IR U i KA I S A R BT S AR R, O 2N T A RK AR BRI SR
fls A Ak SRt FL 98, A AU R T B AT IR AR A S R RS PR F I S ih 0B,
{BTE Gy R R AL R F R AR e, e ) F.0 RS BERTRE SRAIA TR THA %, Al ReRIn 52
FEIKIRZE T RS B A S B 08 U5 A% A 55 DR 2R g 7:20-10,32-331 {5 A9 43 1 ] 00 384K 3R 2 P L
Bl R Bl 0 B A AT S IR BRI T HIAH GG R, A DX AR S E I R BT A B S E AR

M EFAER, FHEBMNETE TIAE T RFLHBAELS, (F 3155080 5 5B o s LA IR 25 4 77 1)
A ) O — B0 R 75 T L[l 81 S T AR AN A IR e K —— 15 LA IR 12, 55 DU IF e ASU K 50 3 )
BAGBAE S T AN, AR S R AE S ] T [0) A0 A ORI R4 T, B FEAL S 555 2, RS
B AR AR TN . =R AR R ) — St w2 45 5, 358 1 (RS AR /KR B
BRIEAL BRSO IX — R RAE W AR @ e . ASCE—20 R, 7E D BA5E 5 T AN ) AA 55008 Be il b, A
A FH -6 56 0 B OIS 5 10 S B AL U ) [R5 5 o A SR B3 i s A B8 1, |l T
Kalyuzhny 3l H (4 307 8% T R R 1 R 1m0 42 1T 50 N AL BE M B 0T, AL 3 T 2 S 7 8 P2 (1 23R L%
2 b REAFFM T HwZ T S —E, SIHIRERH T BEARE 584 B T8 sl SR SR, %
A FHRTI T RE R E P EEMAREER . Bk, 276G TR E— A 5 N AR W R 46 1078 7
AL AR P B el () B 7 g -612:13.291
33 BEEBRSMRER
3.3 1 EE A Skl /K BRI AF SRR 3 G O S5 F BUR R ARK I . TEAFRBTAI AT =T, 52
RAMEEA KRB CRRBERD » S B A A S JEE3e, LA R, B
B EREKZFE TN o 2 AR 2 A 0 0% DA R R, FRKE 20 14~15 m /KERTE 5 S3 3l 2143
PERNE SRR G. BNTESEREY (5 ) SREEEE (10 B 1&&5H 55 8N, KAz
VAFE 5305 NR & S S VP AL TR ALK R T8, 75 2 Bt S A K = A RiHe T, REE G KR KA LS
AR IR S . 5H A RKER KB KR AL, A4Sk K gz a2 — e ek, OF
AR, KEHND BRI R, 8 SR KR 1 1E B %7 ) 52 0 f 2 5 R 6 )
B, AR XA S R Y . A R B KR B 28, AR TR A T AE SR AN
FHIREE T g RIS B K 43 T2 i 0 A 5 b JXURG: TR 31 60 o O B e R e 3R 2 . X T iR/K B L KRR
BN REA I BB R DU IR SR SR K EE , B 32 B KR RS [ 8 R (i A0 74
BB TS E SRR . K3 i R R0 0 TR 2 R AR M




3.3. 2R BB BRI S, AL FEERAESTBIMERE. SRR AMBARSHHELE N fE—
B, IR O PIW BAT B R s (B SET R, SR SE A BB A (V0 22 5 B R R bR B [N
RO BB, (AT REZ AR A BRI B EIRH. AN AR, JEa M BEr YR e &
TFIFED B SR SRR a JKF, i, S IR A AR 5HIg A =l e 2 R AR B B /3389, L
B R M S KA [ K S 17 R I Bt e 2 R s, (HAEARSCH log(Chla)FFRx LM B (LR
I ERE (AAICc=6.96, P=0.351) . HJGKTIREE, fofif. SF% S5afp Y& 55.31% MIEHL
T, PSR (FPCM. FPUA) fRfE— & mzB2040, [HR a2 R TAEAR (n=20) , LM BRI DLk —
AR SRR AP RS AT R BE I BAE A o e SklKEE R, T 3mo/L (R ERIE B —
HMRA R S, (HZKFEZIERR, YR 2 5 Ik Im T s — A5 2 88 [X 30442, SRR B 4 &
eDNA ZZ TG, faG@ M (/s 2epnic) PAE 2 A 22 0 RIS, ST A R ThRE RE 250 4 2
B EUBAE 10 2 Ak R B0AL48 e ik, AR FATFIRE T 4 AMLIRIGKFE 2R A, XL R AT AR AN A #
SERPIRA T IARER I R 43, AEAT 3 LU HE 2o 25 V5 A Iod o e £ B 40 A1 R SR sl A i 147481, oSy 4
& TR E B Tl B S S MR A, SR O B R E S A R S BT R AT N e R 4 R
;LE_ ﬁ% [30,47] .

4 LEig

SEMEERRSAREOEE L, Zc PAKEEAHIN 12.19m BE5EE 7.54m, 80%Z% 05 A
(X 1] R AR e FE AR, 32 BRI KA SR T o) f e o) 9 5 2 () A B AR . KA b, iR g
SR TR SR Y B AT TR K IR X SR B, SR A BB HOKIR 2 U BUSER, Bk
IKIREIR 144 m; EREHIKIRGMAZEN 2R IG, KA 7 B o fi REPEHE T 2 60 X R,
VI #3248 f A2 ) ] R Kt ] B 1 55 F At =) b 2 () ) 3 S R R S, R i £
THEAE AN [R) R — 4 A% A 00 AR SR B e 2 ) 237 20 i
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