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Abstract: This study identified indicator species of aquatic macrophytes and examined their responses to environmental gradients and
spatial processes in typical tributaries of the middle and lower Yangtze River. We surveyed the Xiangjiang River, Hanjiang River, and
Ganjiang River using environmental DNA (eDNA) metabarcoding, combined with measurements of water quality, bioclimatic, and
topographic variables. We systematically analyzed the community structure and distribution patterns of macrophyte indicator species, as
well as the underlying driving mechanisms. Results showed clear differences in macrophyte community composition among the three
tributaries. After removing the effects of spatial structure, ammonium nitrogen was the only environmental variable that significantly
explained community variation. Variation partitioning analysis revealed that spatial variables contributed more independently to community

variation than environmental variables did. Significant residual spatial autocorrelation was also detected. These findings suggest that spatial

*2026-03-09 YtkH;2026-06-03 W5 E4A7;2026-06-04 S FH

[E 2K AT AU R TR (2022YFC32021000 FIHTTRFEBE I BHIR 5 AR A PR SR} 22 b 48 HE s Bt = 1Ot 72 5 4
(CKWV2025956/KY) Bt& %l

*EEIEE: E- mall.tzhangcwcjjnu.edu.cn



processes play a critical role in macrophyte community assembly. Indicator Species Analysis (IndVal) identified three valid indicator taxa.
Stuckenia pectinata was the indicator species for the Xiangjiang River, while Typha latifolia and Trapa bicornis were indicator species for
the Hanjiang River. Both generalized linear models (GLM) and random forest (RF) models showed distinct species-specific responses of
the three taxa to environmental and spatial factors. The distribution of S. pectinata was mainly affected by the ammonium nitrogen gradient.
The distribution of 7. latifolia was primarily shaped by spatial variables. The distribution of 7. bicornis was influenced by both
environmental and spatial factors, although the explanatory power of these factors was relatively low. Both models achieved reliable
predictive performance, confirming that combining environmental and spatial variables effectively explains the distribution patterns of
macrophyte indicator species. In addition, eDNA metabarcoding showed low consistency with traditional field surveys, but it provided
strong complementary effects and greatly expanded the coverage of species detection. This study demonstrates that the distribution of
aquatic macrophyte communities and their indicator species is codetermined by environmental filtering and spatial processes, rather than
by local environmental conditions alone. Spatial structure can modulate environmental signals and further influence species distribution.
These findings provide a theoretical basis for indicator species identification, exploration of assembly mechanisms in riverine macrophyte
communities, and application of eDNA metabarcoding in river ecological monitoring.
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Fig.1 Sampling locations of aquatic plants in Xiangjiang, Hanjiang and Ganjiang Rivers
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Tab.1 Assessment of consistency between eDNA and traditional survey methods

W TR E Wi Bk i 4 2(%) TR0 (%) eDNA i T 451 (%)
T 88 20 6 5.56 77.27 70.00
T 97 21 10 8.47 78.35 52.38
WL 42 20 5 8.06 52.38 75.00

2.1.2 KAEEMBEEH R LA BN AT DUTFEIT 35 ARFE s, T Zoofdiit Sk EE
YRS EEARRRIAFEDREHZER (Kruskal-Wallis 2 =9.85, P < 0.05) o BITAE APPSR
11,21, WHYTFIERTLAY 5029 9.45 A1 850 (B 2) o T Jaccard #H 25/ PERMANOVA Z-ir R, SCimk
RIS KA S A B m (R=0.150, F=2.825, P=0.001) .
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Fig.2 a-diversity of aquatic plants based on binary eDNA OTU data
FET Jaccard FEES ) partial dbRDA &5 W], (RS2 M), FREEIE 35X /K AR RE & AL RS
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CAP1 (9.01%)

P 3 3k T eDNA 70 OTU $dfi . 25401 2 (A 4544 5 (K1 7K AL AP BETR partial dbRDA 43-#7
Fig.3 Partial doRDA of aquatic plant communities based on eDNA-derived binary OTU data, controlling for spatial effects
2.2 FBRPMIEESESREF S0
FT s, KA IndVal.g J7iEN =S S0K A RS AT R A ke, LR 3 MR R
AR (£ 2, P<0.05) o BERILAR B B2 . DUL W 2 ANMasPFh, 43728 525 Trapa bicornis
(IndVal =0.648, P =0.033) #1% I #ii Typha latifolia (IndVal =0.727, P =0.003) , H1 55 MH-&FFH KT~
i, RIBESRIH N — B AR LB, MRS 1 AR R A E IR T3 Stuckenia pectinata
(IndVal = 0.648, P = 0.024) .
R 2 R IR R 4 R iR bR
Tab.2 Indicator Species Selection Results and Statistical Metrics

FaIRIT TaoRPFh St REE Indval Phi Z% pfH
DT eI A iE T. latifolia 0.673 0.786 0.727 0.575 0.003
T 13,3% T. bicornis 0.452 0.927  0.648 0370  0.033

FiibAR B UTHR 72 S.pectinata 0.462 0.909 0.648 0.377 0.024

BB T Phi MOCHERREOS WA AR S IR AFREAT 2047, 45 R SR WS MR IR B IE M) DR, A
BRSO R . BUIR TR ST R IEMSE (Phi=0.377,P=0.024) , %3% (Phi=0.370,P =0.033)
AEERAFH (Phi=0.575, P =0.003) 530TEEEIEMC, Hoim Al &5, Indval 5 Phi 4344
R 8 R EIRYFAME G Gt 2 B R R FINFEAE S oA b 2RI B S I SR AR A AR AIE
2.3 fRRMIINE S 2 EHE E N R AR R
2.3.1 MAMRGITHES L XRIE BTHETEESASGEHEE (DMEM) , 7 lk g LR
(GLM) HBEHUARMER (RF) , JFdid fE k 1538 XRAE =Fh e Fn it v R HEAT VAl . 2
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