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Abstract: Understanding the spatial distribution patterns of aquatic environmental DNA (eDNA) is essential for standardizing
eDNA sampling protocols and for ensuring the reliability and comparability of aquatic biodiversity monitoring and ecological
assessments across studies. Deep reservoirs often exhibit pronounced vertical thermal stratification, and differences in the
distribution of aquatic organism eDNA among water layers may affect its applicability in aquatic ecological monitoring. However,

knowledge of the vertical distribution of benthic macroinvertebrate eDNA in deep reservoirs remains limited, and no consistent
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conclusions have yet been reached. In this study, four deep reservoirs in Wenzhou, China, were investigated in October 2023. A
total of 78 independent water eDNA samples were collected from the surface, middle, and bottom layers at 26 sampling sites,
along with four field negative controls; 10 physicochemical variables of surface water were measured simultaneously. After
sequencing, we obtained the raw sequences. Following bioinformatics analysis and quality control (removal of low-quality
sequences and contaminant/chimeric sequences), and species annotation based on the Chinese Freshwater Macroinvertebrate
Barcode Library (CMBL), we obtained 31,486 valid benthic macroinvertebrate sequences, which were clustered using a 97%
sequence similarity threshold to yield 255 operational taxonomic units (OTUs), representing 3 phyla, 6 classes, and 19 orders,
with Arthropoda being the dominant group (221 OTUs). Sequence abundance and OTU richness were slightly higher in the
surface layer than in the middle and bottom layers, although the differences among water layers were not statistically significant.
No significant differences in overall benthic macroinvertebrate community composition were detected among water layers,
whereas the composition of layer-specific OTUs differed significantly. The Shannon and Simpson diversity indices were higher
in the surface layer than in the bottom layer, with a significant difference detected for the Simpson index. Water-quality
assessments based on BMWP scores derived from eDNA communities in different water layers were generally consistent with
the surface-water Water Quality Index (WQI), and the overall water quality of all reservoirs was classified as  “good.” These
results indicate that benthic macroinvertebrate eDNA signals in the four reservoirs exhibited significant vertical differences in the
composition of layer-specific OTUs and the Simpson diversity index in October, whereas the eDNA-based biological assessment
using surface-water samples adequately reflected surface-water quality. Our study provides insights into understanding the
vertical distribution of benthic macroinvertebrate eDNA and optimizing biological monitoring strategies in deep reservoirs.
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Fig.1 Sampling sites at reservoirs of Zhao Shandu (ZSD), Qiaodun (QD), Zeya (ZY) and Shanxi (SX) in
Wenzhou city

1.2 FEREFNE

2023 4 10 A 15—25 H, FRAMEHERUKE ST (Mettler Toledo, SG 9) IIZMEKE (WT) .
AR (DOD  pH HATHL 33 (EC) o ARHE KRN K WS I 43 A1 75455 ) 38 P RO 6 3o 5 92 s e & (NTUD
Tl o AR R A 2R A 0 e e RV E B (TND , BHIREE /b BRIl B (TP) , IRkt
HEEETERA R (NHA-N) R, RAMBESEAENE AL H AT AE (BODs) , RHEHKRE
MEMFFTAE (COD) P4,
1.3 eDNA # R E&E

S8 (OKAEYIEEL DNA BMEAR T (DB32/T 4539-2023) ) K4 eDNA FE521, SRFERTX BT
HMEIAX AT DNA JRIEEFRACE, RAEN R — KT T B8, 8 S TR R K
Ft. 2% Lawson Handley S5 [ 7 1£20), &/MFE SRR IEARIR B K E FIKFE: BEAKIRZ) 1 m AR
JEKFE, DA VR TRA A KL s TR B KA RS Tk AR R 3 (AR RRIKIER ) 1/2) , RIZKFER



EFKET 0.5m 4o EZHERFEFFEAITFLERE. FEMKZEKEF eDNA F5 1 ERZER.
MNRERIKERE 3 A 500 mL AKFE, BIFELIEER—K 045 vm LA 4EJERE (Whatman
GF/F) L, iduE%:E N Nalgene 300-4100 iEyEss. IR MNEBBN 5 mL HIEE, MuFtsic, EBET
WAEF, RESLGESIE 20 C BB T RIF. WAh, FAKES ISR-BAUKETRBEE, ENEFsL
P R, T W DU SRAE AN 8 I R R e BE = AR V5 2, 26 MR SUE TR AR 82 NEFEE DNA B (78 A
IKIE KRN 4 ASBAYERT D

1.4 DNA 12BN, 85N

VERE B 4EM eDNA Bt Ezup AHZhW3E N4l DNA fRRAEHRI, $ ARy S i 1 58 i
i Fl 38 51 % mlCOIintF / jgHCO2198 ¥ 3 £k #i & COI 2 [H, IE [ 54N mICOlntF: 5 -
GGWACWGGWTGAACWGTWTAYCCYCC-3> kom0 A jgHC02198:5’-
TANACYTCNGGRTGNCCRAARAAYCA - 3°, BHArHBKELN 313 bp?7 2, X510 5 Kimis
T 8 MEERRAS, AR AMTHNARFEFEG . AR 25 ul )RR R: 12.5 lLMIX CIE3CERL, 4
F#MIXD + 9.5uLDEPC 7K (BT | 1uL IEMSIH (10pMD « 1pl K514 (10 M) F1 1 uLDNA
MR, Y IFEF AR : 94 °C, Smin; 16 ME¥F: 95 C, 10s, 62°C, 30s, 72°C, 60s; 25 MigHk: 95 C,
10s, 46°C, 30s, 72 C, 30s; 65 ‘C, 5min. &> eDNA F¥ 54T 3 X PCR HAHEE, PCR /=¥yl
I BB 2% B RERE R KA CH AR ISR HEE —) J5, K E—FEa 3 IR PCR - ¥)4%E
RA . A EIRE R B R R R AR A R A A i AR IRY 48/5, 7€ Illumina HiSeq 2500 “F
& 250 bp PE B NEEATIR . MFFREMAECH 85 A (& 4 ANEFSMNHHEXIRAN 3 4 PCR ¥ B PR
B, 43 3 AN SCRESE RN T, B SCEE NP AN 4X 10 reads, “FIMFIREZIA 1.41 X 10%reads/
P AR ARBEIMIEE DNA HEHZ H (extraction blank) S HEEGE FEIFAT s, AAM R FEZ —.
1.5 BI|AH

2% Chen HM AP RAMGEEFAN, FTEAFEUTSE: (D FHIHHE:, SXCHERGT 5

(paired-end reads) HEATHHE, REEZKAE>10 bp BHHERIINTFH, HRFHT UM, (2) FiE
], KA 10 bp W0 2P F AT S, @R E O EE <30 MFHs RN K E <
50 bp. EAHAERIE, BEIMXIEBEEIE>2 KT, (3 FEASRSEIER, RIBFEAR R
Tt A HEAT 200, HEVIRR SRR KB T4, SR EHEAG TS (4 ekl KA UCHIME
FIEM AT A AR S R BRBY, (5D OTU %28, KA UCLUST H3EdHR 97% /7 4R 5
X R BT AT T2, IR W 1E /3 25 %58 (Operational Taxonomic Units, OTUs) 21, (6) y544/7 4
7, % Keck ZEHITTIEBY, 1 SeHIBRAT— BT IR AT LEB] > 0.1%K0 OTU, HkEBRHF%] OTU
FARXF LT 0.005% HHKFEE OTU, f&)a HIBRFE s 5 8551 8UKT 1000 reads HR/TF 5 EFEA
291, (7) KR, KIS OTU KA BLASTn 8315 b [ /K KRR TS B HESh ) 4 T RS B0
J% (https:/cfmlib.njau.edu.cn) FEATELXT, CREFHIFLIE =95% (BH KB uEnEEs%) HE
FTIE =50% oS u T IS S A FIAR SR S0 520,

T30 BB N F A R ES S A%, KA Kruskal - Wallis AEZ 5056 P DY e 7K (] 31 5%
FFH 2704, 4 Kruskal - Wallis #5045 I8 R B2 KPE, #E—DRAPM Wilcoxon FRAKL AT
HEE, KA Benjamini - Hochberg (BH) 77924 2 & LL# P HIATRIER30), S TR T4 tHBR [
TP ¥#E (<0.01 mg/L) , R HRA—F, Bl 0.005 mg/L FHATGH 447,

IK PR 43 5 R K i & 16 %0 WQI (Water Quality Index, WQI) FHEAIZIY BMWP (Biological
Monitoring Working Party) f54(0%, WQI fa¥ulid 84 2 ANKm SO R —Fabr (AT , HT
PR 2 S HAR NS 2, FHAR SRR SRR FURGLI AT LE . 2% Hu SRR, WQI $850K
BP0 J73 N (90-100) « K (70-90) . (50-70) . # (25-50) FIfEZE (0-25) .

WQI ot H A

Z?i:l}(cipi)

WQI =
Z?L‘zl} PL'

(M


https://cfmlib.njau.edu.cn/

Xt n RSEWEIPKASEEE, | 2% i VKRS ¢ £ i ASBWRETS, P 258 i A
SHINE (SERSREMA L T ERLRE T .

T BMWP $8 50 RIRHR 43 28800 IR AMER B ORA BRI AR TG : WK AEZE IS5 PE6 GR
A7) ) (HJ1295—2023) WO, k4 BMWP 483, —RENZIBETEAFEL EHR, 8% T eDNA
FHiEENSEREZEERERENIAL, ZR&IHE BMWP $8 501 & ER G 2K U E M AT LA, Serrana
LRIE DNA SHEEIREAR CEIEI T, EARRADVHN LB+, eDNAOTU B 2R K1 Lk &
TR P B A AR 3,

BMWP $RE0 AR T

BMWP = Z F; (2

b Nz R RB G i 2E  ARL FiRR @ BIES (BURED

KM Shannon ZHEYERREL (H' O A1 Simpson ZFEMEARE (D) tHEIET FHIMN F IR E 2 FE
P, Az FeA,

Shannon Z FEMEFRH(H) 1A

H’=—Zf:1PilnPi (3

Simpson ZHEMEFREL (D) THHEARK:
p=1-%5, P} )
A, PRBEETE i OTU MIMIX FRIERL, S A OTUs £,

BETH OKBE) 3 B ITFHIAEX 2 EHE M R AR EA R S OKED (811 Bray - Curtis AH5: 14
TEBUE B RS, B AEEL 4R ESHT (Non-metric Multidimensional Scaling, NMDS) A ¥ AL AN [A) R 5
OKJE) [RIBEIE AR A4, R B # £ 077 %2 81 (Permutational Multivariate Analysis of Variance,
PERMANOVA) taie AEZKEE . K OKJED [ FTA FIREA BEE 2 2 5 . 2% 8 3 IR )06 07 51
BURRA B, B0 HAT rarefaction $i°FALRE, T HEIE BG4 A 8UE B R BGE AL IR
R AR SR AT rarefaction $i°F, WA T /G0 OTU K BEMIARXS 2 FE £ 04T 5 82504

K 5G4 R4 HT - (Canonical Correspondence Analysis, CCA) R FUHE R T 5 R MEREE < FR. N
FRARIA A B W] 2 S L 2R MR, N 7 Z KK (Variance Inflation Factor, VIF) #5363 5% K] 7 (6] 1)
LM, Sk VIF> 10 MEHE (R IL 1), PR 0 B VA 45 15 1 2. 38 MR F B 3 0 ik AT 7
1481, ARG, W REICTF Y2 EHREHET Hellinger ¥4t NHBRENMBEREESR, WHEEE
HEAT Z-score priEALALERIT,

KM IR S RN (Linear Mixed-Effects Model, LMM) ¥ A [El 7K )2 5t IR Wi ¥ 8£ 7% Shannon A1
Simpson ZFEHEFREZIANSOL, 1F OTU AT FIEE T M EEdE, B ERHIs, Hit
KA I AR )T MR 5118 (Negative Binomial Generalized Linear Mixed Model, NB-GLMM) 43
HIARFKZEXT OTU B A7 B semalsol, 75 FRp-AMEE T, /K29l 8 88, 7K PE BRI . BT
Hotrsgmid vegan EHAEIE R (v4.1.0) HHSEHIB!S2L,

2 R

2.1 IFEET
Kruskal - Wallis #5645 B EoR, ANRKERKE. B, pH. ¥, BODs. &I:hiElr (TN, TP
MEA) WHEESEZER (F D, BHEE (H=3.615, P=0.306) M COD (H=7.331, P=0.062) #



AR P Wilcoxon #RAIRIFE BH ALIEfE AL, IHE/K BRI W2 o TR0 e A aE Al TN 9K
JERZACT RO MRHSAPERE; &AM BODs BN TRALEAME: & ILEKE TP &35 THrHH
FIHE . MFEUKFER DO RFCTIHEKE (EID .

R VYRR BN (A S 22 57

Tab.1 Characteristics and differences in environmental variables among the four reservoirs

A RN i A iz H P

WT (°C) 22.87+0.32b 25.98+0.41 25.20+0.20° 26.26+0.272 16.398 <0.001
DO (mg/L) 8.69+0.042® 6.79+0.54° 8.13+0.020 8.12+0.31¢ 15.301 0.002
pH 7.11+0.152 6.89+0.09¢ 6.86+0.02¢ 7.03+0.132 10.545 0.014
Turbidity (NTU) 20.34+1.142 10.20+3.922 7.47+0.73¢ 6.55+1.53¢ 11.408 0.010
EC (pS/cm) 52.67+4.74 53.10+8.53 46.45+7.71 46.07+8.11 3.615 0.306
NH+-N (mg/L) 0.083+0.009° 0.064+0.011° 0.032+0.0042® 0.033+0.0052 15.294 0.002
TN (mg/L) 0.90+0.022 0.77+0.07 0.86+0.09* 0.44+0.05> 19.425 <0.001
TP (mg/L) 0.037+0.006* 0.020+0.000° 0.006+0.003¢ 0.015+0.006° 15.810 0.001
COD (mg/L) 13.67+0.58 11.75+0.96 13.75+4.43 11.00+0.93 7.331 0.062
BODs (mg/L) 3.00+0.102 2.88+0.132 3.25+0.93% 2.56+0.12> 10.454 0.015
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Tab.2 Results of negative binomial generalized linear mixed models (NB-GLMMs) assessing the effects of

different water layers on OTU richness and sequence counts

fabs OTU % & 22k
LR R 2 KERALN 2 vs RE  EE vs RE  KEBEMN FE vs B2 EE vs RE
A — -0.030 -0.076 — -0.189 -0.124
it

7 =0.679 z=-0321 z=-0.819 7 =0.802 z=-0.880 z=-0.575
)

PH 0.712 0.748 0413 0.670 0.379 0.565
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Fig.2 OTU sharing relationships and composition of layer-specific taxa among water layers.

(a) OTU sharing patterns among water layers ; (b) Order-level composition of layer-specific OTUs
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Fig.3 Non-metric multidimensional scaling (NMDS) and canonical correspondence analysis (CCA) ordinations of

benthic macroinvertebrate eDNA community composition among different water layers in four reservoirs

ET LMM &R %L, AFEJKZEE Shannon 1HE (F=3.299, P=0.043) # Simpson &% (F
=3.668, P=0.031) WHFEREER. RE/KIKK Shannon FEHL (3.90+0.27) 1 Simpson f&% (0.863+
0.039) W& TE)E/KA (Shannon: 3.55+0.27; Simpson: 0.815+£0.039) . F/E L HEELEEREN, &£
JE/KAR ) Simpson F530E 3 & T RE /KK (P=0.032) . 2 E/K4AM Shannon $5$7E$0il b TR E K4,
HERRIEHGITFEEEZ KT (P=0.052) ; EAKERMNZERBHAREE (P>0.05) .
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Tab. 3 Results of linear mixed models (LMMs) for diversity indices among water layers

Shannon 1§41 Simpson F§%L

EasdiSE IKEBEAR KL DL FE vs. KE  KE vs. RKE KEBBEYN F2 vs RE  RE vs £F

i THE — -0.048 -0.345 — -0.010 -0.048
GitE(FD  F=330 t=-0.332 t=-2383 F=3.67 t=-0.548 t=-2.581
P1E 0.043* 0.941 0.052 0.031* 0.848 0.032*
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F 4 KE WQI FEEMAFKZEKAE BMWP FEEPFAN 4R
Tab.4 Water quality assessment of reservoirs and three water layers based on BMWP and WQI
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Attached Tab.I The relative weights and the normalization factors of parameters for WQI calculation

ZH Pi 100 90 80 70 60 50 40 30 20 10 0
WTI/(C) 21/16 22/15 24/14 26/12 28/10 30/5 32/0 36/2 40/-4 45/-6 >45/<-6
DO/( mg/L) =75 >7 >6.5 >6 >5 >4 >3.5 >3 >2 =1 <1
pH 7 7-8 7-85 7-9 6.5-7 6-9.5 5-10 4-11 3-12 2-13 1-14
Turbidity/(NTU) <5 <10 <15 <20 <25 <30 <40 <60 <80 <100 >100
EC/ (uS/em) <750 <1000 <1250 <1500 <2000 <2500 <3000 <5000 <8000 <12000 >12,000
TN/(mg/L) <0.1 <0.2 <0.35 <0.5 <0.75 <1 <1.25 <15 <1.75 <2 >2
TP/(mg/L) <0.01 <0.02 <0.05 <0.1 <0.15 <0.2 <0.25 <0.3 <0.35 <04 >0.4
NH4*-N/(mg/L) <0.01 <0.05 <0.1 <0.2 <0.3 <0.4 <0.5 <0.75 <1.0 <125 >1.25
COD/(mg/L) <5 <10 <20 <30 <40 <50 <60 <80 <100 <150 >150
BODs/(mg/L) <0.5 <2 <3 <4 <5 <6 <8 <10 <12 <15 >15
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Attached Tab.II Kruskal-Wallis tests and BH-adjusted pairwise Wilcoxon comparisons of environmental factors among reservoirs

WP & Kruskal-Wallis H P ®XIE-HFH P adj &XILTEEME P_adj ILIE-HHE P adj HFIB—EME P adj HFE-E P adj ZEHMEIHHE P adj

WT 16.398 <0.001* 0.062 0.062 0.026* 0.053 0.158 0.017*
DO 15.301 0.002* 0.062 0.062 0.061 0.061 0.019* 0.132
pH 10.545 0.014* 0.096 0.096 0.449 1.000 0.096 0.085
Turbidity 11.408 0.010* 0.104 0.104 0.055 0.470 0.120 0.176
EC 3.615 0.306  0.881 0.565 0.565 0.565 0.565 0.881
NH4+-N 15294 0.002* 0.134 0.078 0.026* 0.061 0.018* 0.685
N 19.425 <0.001* 0.078 1.000 0.017* 0.135 0.009* 0.009*
TP 15.810 0.001* 0.045% 0.0499* 0.030* 0.035* 0.160 0.035*
COD 7.331 0.062  0.208 1.000 0.051 1.000 0.375 0.655
BOD:s 10.454 0.015* 0.533 1.000 0.024* 1.000 0.024* 0.758

i BAZERRA Kruskal-Wallis A-Z50i650; /KR PIH ELECR A Wilcoxon BRI, JRH] Benjamini-Hochberg (BH) J7iERIEL HELE P . & P_adj v BH KRIE/ER P {4,
* ROR P<0.05. TP FPIRTAG i R A #2460 Hh BRI — - HEAT e Tt 20 #T o
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Attached Tab.III Sequence and OTU distribution statistics of eDNA samples from different water layers

7515 T OTU #t
KE FEAHL RENA AL o OTU %k o
GHME bRk Z) (KIE EARUEZD
RIZ KM 25 12,084 4831394 175 43+11
R Z KA 24 9,565 3994342 184 42+12

JERJZ KA 24 9,837 410£317 175 4014
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Attached Tab.IV PERMANOVA and pairwise comparison results for the composition of water-layer-specific OTUs

I B Df R F s P AH BH KiEj§ P 4%
EKE vs FE 1 0.043 1.344 0.002 0.003 e
RE vs JKE 1 0.049 1.450 0.003 0.003 e
HE v RE 1 0.048 1.507 0.001 0.003 e
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Attached Tab.V PERMANOVA results for overall OTU community composition

Al Df R’ F P {a g
KE 2 0.017 0.594 0.972 NTES
IKJEE 3 0.424 16.901 0.001 2

o 0%

VINESYINESSEuN Bt 11 0.469 4.900 0.001
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Attached Fig.I Taxa composition of benthic macroinvertebrates at order-level (left) and family-level (right) detected in different water layers
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Attached Fig.Il Taxa composition of benthic macroinvertebrates at order-level detected in different water layers of each reservoir

(ZSD: Zhao Shandu reservoir; QD: Qiaodun reservoir; ZY: Zeya reservoir; SX: Shanxi reservoir)
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