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PUBLIC SUMMARY
■   Canal waters accumulated more oxidized and recalcitrant DOM formulae.

■   DOM composition and bacterial communities showed homogenization in canal waters.

■   Microbial transformation drives canal DOM toward homogeneous and recalcitrant characteristics.
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Freshwater ecosystems contain a diverse mix of  dissolved organic matter
(DOM) molecules,  which play  a  significant  role  in  the  global  carbon cycle.
Here,  we  discovered  an  absorbing  pattern  of  DOM-microbe  interactions
along  the  Middle  Route  of  the  South-to-North  Water  Diversion  Canal  in
China, the largest water transfer project in the world. Using ultrahigh-reso-
lution  mass  spectrometry,  we  tracked  the  molecular  composition  of  DOM
along  the  canal  and  analyzed  its  relationship  with  planktonic  bacterial
communities and  physicochemical  conditions.  More  oxidized  and  recalci-
trant  DOM  formulae  were  accumulated  in  the  canal  waters,  inducing  the
enrichment of oligotrophic taxa. Homogenization of DOM composition and
bacterial  communities  was  observed  in  the  canal  waters.  Additionally,
negative  interactions  between  DOM  molecules  and  bacterial  taxa  were
more  abundant  in  the  canal  waters  (69.5%)  than  those  in  natural  waters
(32.2%).  These  results  together  suggest  that  the  semi-enclosed  nature  of
the canal and the sustained microbial and photochemical transformations
drive  DOM  toward  more  homogeneity  and  recalcitrance,  necessitating
systematic  quantification  of  carbon  emissions  specific  to  the  South-to-
North  Water  Diversion  project.  Incorporating  carbon  reduction  strategies
and  technologies  into  the  design  and  management  of  the  national  water
network is scientifically imperative.

 INTRODUCTION
Dissolved  organic  matter  (DOM)  is  a  fundamental  component  of  aquatic

ecosystems,  representing  a  substantial  active  carbon  reservoirs.1-3 This
complex  mixture  of  over  100,000  distinct  molecules  plays  a  pivotal  role  in
aquatic carbon dynamics and energy flow, influencing trophic transfer, green-
house gas emissions, and water quality.4-6 Microbial activity is a key driver of
DOM  transformation,  with  microbial  consortia  modulating  its  molecular
composition through the breakdown of larger molecules and the synthesis of
recalcitrant  compounds from labile  substrates.3,7,8 Furthermore,  DOM serves
as a vital metabolic substrate, shaping the diversity, structure, and function of
microbial  communities.9,10 Understanding  the  intricate  mechanism  of  DOM-
microbe interactions in  aquatic  ecosystems is  therefore  crucial  for  compre-
hending global carbon cycling and climate regulation, particularly in systems
impacted by anthropogenic activities.11,12

Anthropogenic activities,  including damming,13 water diversion,14,15 agricul-
tural  activities,16 and  groundwater  extraction/recharge,17 significantly  alter
DOM properties.  For  instance,  groundwater  extraction  can  release  photola-
bile  and  aerobically  biolabile  DOM  into  surface  waters,17,18 while  reservoir
impoundment can lead to the selective loss of aromatic organic matter and
enrichment  of  aliphatic  DOM.19 To  alleviate  water  scarcity  in  major  urban
centers, large-scale engineering projects, such as interbasin water transfer or
water  diversion,  are  implemented  to  transport  water  from  more  humid
regions  to  arid  regions  (e.g.,  California  and  Arizona).20,21 These  projects  are
integral  to  national  water  network  development,  aimed  to  safeguarding
national  water  security,  but  can  also  have  unintended  consequences  for
natural  biogeochemical  cycles.  Among these,  China’s  South-to-North  Water
Diversion (SNWD) project,  designed to transport  approximately 45 billion m3

of  water  annually  from  the  Yangtze  River  through  three  canal  and  pipeline
systems (eastern,  middle,  and western),  stands as  the  world’s largest  inter-
basin water transfer scheme and a crucial component of China nation's "Four

Horizontal  and  Three  Vertical"  water  network  framework.22 However,  the
impacts  of  the  SNWD,  particularly  the  Middle  Route,  on  canal  water  DOM
properties and the differences between canal and natural water DOM remain
poorly understood.

The  Middle  Route  of  the  SNWD  spanns  1,432  km,  with  approximately
83.5%  of  its  length  contructed  as  an  unshaded,  concrete-lined  open
canal.This  highly  engineered  system  presents  a  unique  and  underexplored
artificial  aquatic  environment.  The  absence  of  shading  may  enhance  DOM
photo-mineralization to carbon dioxide (CO2).23 Furthermore, the canal’s semi-
enclosed hydraulic design, characterized by limited exchange with surround-
ing  surface,  terrestrial  environments,  and  groundwater,  results  in  distinct
water residence times and potentially complex biotic and abiotic interactions.
These conditions may profoundly influence microbial respiration of DOM and
ultimately impact water quality within the system. In this study, we analyzed
DOC concentration and DOM molecular composition, alongside water chem-
istry and microbial community structure, along the Middel Route to elucidate
the  mechanisms  of  DOM-microbe  association.  Simultaneously,  we  also
collected corresponding natural water samples from rivers near the canal at
matching  latitudes  for  comparison.  We  hypothesize  that  the  semi-enclosed
concreted  channel  of  the  canal  would  promote  the  accumulation  of  more
recalcitrant DOM due to the sustained microbial and photochemical transfor-
mations, and that the river continuum along the canal would lead to different
DOM-microbe interactions compared to natural rivers. These insights aim to
provide  strategic  recommendations  for  optimizing  and  enhancing  the
sustainable  development  of  national  water  network  project,  particular
concerning long-term water quality and ecosystem health.

 MATERIALS AND METHODS
 Study sites and sampling collection

To  evaluate  the  effects  of  the  South-to-North  Water  Diversion  (SNWD)
Middle Route on dissolved organic matter (DOM) composition and microbial
communities,  we  collected  water  samples  from  20  sites  along  the  canal,
spanning its entire course from the Danjiangkou Reservoir to the North China
Plain  and  encompassing  both  subtropical  and  warm-temperate  climatic
zones.  For  comparison,  20  additional  samples  were  collected  from  nearby
natural  rivers  located at  approximately  matching latitudes (with  comparable
climatic conditions), serving as references for background riverine conditions
unaffected by canal water inputs (Figure 1). Surface water samples (0-20 cm
depth)  were  collected  in  triplicate  at  each  site  and  combined  to  create  a
composite sample. This surface layer was chosen as it represents the photic
zone where significant photochemical and biological DOM transformation are
likely  to  occur.  Sampling  was  conducted  from  March  to  April  in  2023.  This
period  was  selected  to  capture  representative  conditions  during  the  typical
dry  season  before  the  onset  of  significant  summer  rainfall  and  associated
runoff, which would introduce substantial variability in water quality and DOM
characteriatsics.

Prior  to  water  collection,  in-situ measurements  of  physiochemical  vari-
ables,  including  temperature,  pH,  electrical  conductivity  (EC),  dissolved
oxygen (DO), and oxidation-reduction potential (ORP), were obtained using a
multi-parameter  instrument  (ProQuatro 606950,  YSI  incorporated,  USA).  For
subsequent chemical analyses, 1 L water samples were filtered through pre-
combusted  (450°C,  4  hours)  0.45  μm  (pore  size)  microporous  glass  fiber
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membrane  filters  into  acid-washed  amber  glass  bottles.  Chemical  analyses
included  chemical  oxygen  demand  (CODMn), total  nitrogen  (TN),  total  phos-
phorus  (TP),  ammonia  nitrogen  (NH4

+-N),  nitrate  nitrogen  (NO3
--N),  and

dissolved  organic  carbon  (DOC).  Detailed  results  of  these  analyses  are
provided in the Supplemental Information (Figure S1).

 DOM molecular characteristics
We  used  Fourier-transform  ion  cyclotron  resonance  mass  spectrometry

(FT-ICR-MS)  to  explore  the  molecular  composition  of  DOM  in  canal  and
natural water.24,25 Briefly, water samples were filtered through pre-combusted
(450°C,  4  hours)  0.45  μm  (pore  size)  microporous  glass  fiber  membrane

G
eo

science

 

X

X

X

X

X

X

X

X

X
X

X

X

X

X

X

X

X

X
X

X

X

X
X

X

X

X

X

X
X

X

X

X

X

X

X

X

X

X

X

X

^

C3
C2

C6

C8

C9

C7

C5

C4

C1

C20

C19

C18

C17

C16

C15

C14

C13

C12

C11

C10

N9

N8

N7

N6

N5

N4

N3
N2

N1

N20
N19

N18

N17

N16

N15

N14

N13

N11

N12

N10

117°0′0′′E114°0′0′′E111°0′0′′E

39
°0

′0
′′N

36
°0

′0
′′N

33
°0

′0
′′N

^

0 100 200 km50

Yell
ow

 R
ive

r

Danjiangkou
Reservoir

Yangtze River

Yellow River
 

Han River

^ Beijing

X Natural sites

X Canal sites

South-to-North Water Diversion

N

Figure 1.  Map of the sampling sites Purple diamonds are the canal water samples, and green diamonds are the natural water samples.
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filters  and  acidified  with  hydrochloric  acid  (1  mol/L)  to  pH  2.  Solid-phase
extraction  (SPE)  was  performed  using  a  reversed-phase  BondElut  PPL
cartridge (500 mg, 6 mL, Agilent Technologies).  Briefly,  cartridges were acti-
vated with 6 mL methanol (HPLC grade) and loaded with water samples by
gravity at  approximately 1 mL/min.  The cartridges were then rinsed with 18
mL of  acidified deionized water  (pH = 2)  and dried under  N2 gas.  DOM was
then  eluted  with  12  mL  of  methanol,  concentrated  to  near  dryness  with  N2

gas, and reconstituted in 1.0 mL of methanol in a GC vial.26,27 DOM samples
were  measured  with  a  Bruker  SolariX  FT-ICR-MS with  a  15.0  T  supercon-
ducting magnet with an ESI ion source in negative ion mode. The ESI needle
voltage was set to -3.8 kV. Two hundred scans with 8 M words of data were
collected  per  sample,  resulting  in  a  mass  resolving  power  greater  than
1,000,000 (at m/z 400). The lower and upper mass limits were set to mass-to-
charge  (m/z)  values  of  100  and  800,  respectively.  Raw  spectra  were
converted  to  a  list  of  m/z  values  using  DataAnalysis  software  4.2  (Bruker
Daltonik GmbH, Bremen, Germany) with a signal-to-noise of > 4 and a default
intensity  threshold  of  100.  Putative  chemical  formulas  were  assigned  using
software  from  the  Environmental  Molecular  Sciences  Laboratory  based  on
the compound identification algorithm,28 described by Kujawinki  and Behn.29

The  mass  error  for  a  given  chemical  formula  was  set  to  <  0.35  ppm.  DOM
formulas  were  categorized  to  seven  groups  based  on  oxygen-to-carbon
(O/C)  and  hydrogen-to-carbon  (H/C)  ratios:  lipid-like  (O/C,  0-0.3;  H/C,  1.5-
2.0), protein/amino sugar-like (O/C, 0.3-0.37; H/C, 1.5-2.2), carbohydrate-like
(O/C, 0.67-1.2; H/C, 1.5-2.2), highly unsaturated and phenolic-like (O/C, 0-0.1;
H/C, 0.7-1), lignin-like (O/C, 0.1-0.67; H/C, 0.7-1.5), tannin-like (O/C, 0.67-1.2;
H/C,  0.5-1.5),  and  condensed  aromatic-like  (O/C,  0-0.67;  H/C,  0.2-0.7)
compounds. The double bond equivalence (DBE), the nominal oxidation state
of  carbon  (NOSC),  the  Gibbs  free  energy  for  the  half-reaction  of  carbon
oxidation (ΔG), and the modified aromaticity index (AI) of each formula were
calculated as follows:

DBE= 1+
1
2
(2C−H+N) (1)

NOSC= 4− 4C+H−3N−2O−2S
C

(2)

ΔG= 60.3−28.5×NOSC (3)

AI=
1+C-0.5C-S-0.5H

C-0.5O-S-N
(4)

where C, H, O, N, and S refer to the number of atoms per formula of carbon,
hydrogen, nitrogen, oxygen, and sulfur, respectively. Additionally, the percent-
age  of  labile-like compounds  (molecular  lability  boundary,  MLB)  was  calcu-
lated by the number of molecules with H/C ≥ 1.5 divided by the total molecu-
lar number in the sample.30,31 The carbon use efficiency (Ymet), which refers to
the  thermodynamic  efficiency  of  metabolic  reactions  involved  in  biomass
production,32 was  calculated  following  the  R  code  supplied  by  Hu  et  al.33

Weighted  means  of  formula-based  molecular  traits  were  calculated  as  the
sum of the product of the trait value for each individual molecule and relative
intensity  divided  by  the  sum  of  all  intensities.33 Furthermore,  we  calculated
the  potential  biochemical  transformations  between  molecules  within  each
sample  based  on  the  mass  differences  between  FT-ICR-MS  peaks.34 All
possible pairwise mass differences were assigned to specific compounds in
a transformation database (https://github.com/danczakre/Meta-Metabolome_
Ecology). The energy changes involved in the molecule transformations (ΔG)
are defined as the differences in the Gibbs free energy of the molecule before
and after the transformation.35 The transformation with ΔG ≤ 0 could happen
spontaneously  in  thermodynamics  and  be  a  thermodynamically  favorable
process (TFP), while the transformation with ΔG > 0 requires external energy
and could be treated as a thermodynamically limited process (TLP).

 Microbial community composition
Approximately  1  L  of  water  sample  was  filtered  through  a  0.22  μm  filter

(Sterivex GP 0.22, Millipore), and the filter was used to extract microbial DNA
using the PowerWater DNA Isolation Kit (Qiagen, Shanghai, China). DNA quality
and concentration were assessed using a NanoDrop Spectrophotometer (ND-

2000,  Thermo  Scientific,  Wilmington,  DE,  US).  The  V3-V4  region  of  the  16S
rRNA gene was amplified by the primers 338F (ACTCCTACGGGAGGCAGCA)
and  806R  (GGACTACHVGGGTWTCTAAT).  The  details  of  the  polymerase
chain  reaction  are  provided  in  Supplementary  Information.  Amplicons  were
purified  and  sequenced  on  the  Illumina  Miseq  platform  with  2  ×  300-bp
paired-end  format  at  Majorbio  BioPharm  Technology  Co.  Ltd  (Shanghai,
China).

Quantitative Insights Into Microbial Ecology 2 (QIIME2, version 2020.2) with
the DADA2 plugin was used to process raw reads.36 After checking the qual-
ity of  the acquired raw data,  the barcodes and primers were cut.  We further
trimmed the forward sequences to 280 base pairs and the reverse sequences
to 200 base pairs. The sequences were merged, denoised, and clustered into
amplicon sequence variants  (ASVs).  The  SILVA reference  database  (version
132)  was  used  to  assign  the  taxonomic  information  of  each  representative
ASV.37

 Statistical analysis
Relative intensities of molecules and relative abundance of microbial ASVs

were used for the analyses of DOM and microbial characteristics. Bray-Curtis
dissimilarities were used to assess the difference between canal and natural
samples,  and  the  results  were  visualized  by  principal  coordinates  analysis
(PCoA)  using  the  vegan  R  package.  One  multivariate  analysis  of  variance
(analysis of  similarity  [ANOSIM])  was used to  test  the  significance  of  differ-
ences between canal and natural water using the vegan R package. To evalu-
ate  the  composition  differences  among  canal  and  natural  water  across  all
sampling  sites,  we  calculated  two  values:  the  pairwise  dissimilarity  among
communities  and  the  dispersion  within  each  group  (the  multivariate
distances between individual samples and the sample centroids).38,39

We  quantified  the  relative  importance  of  stochastic  versus  deterministic
processes for the assembly of DOM molecules in canal and natural water via
a dendrogram-based ecological modeling approach.33,40,41 Briefly, we first built
a  molecular  dendrogram  from  13  functional  trains  of  DOM  molecules.  The
potential  molecular  similarities  between  chemical  formulae  were  calculated
to perform a UPGMA hierarchical cluster analysis using the “average” method
with  the  function “hclust” in  the  stats  R  package.  The  beta  mean  nearest
taxon  distance  metric  (βMNTD)  was  calculated  to  quantify  the  molecule
dendrogram-based  turnover,  which  estimates  the  mean  dendrogram
distance to the closest relative in a paired assemblage for all molecules. We
then  calculated  the  dendrogram-based  beta  nearest  taxon  index  (βNTI),
which  compares  the  observed  βMNTD  and  the  null  distribution  of  βMNTD.
For  this  calculation,  999  randomized  null  assemblages  were  generated  by
shuffling the tips of the dendrogram. A value of |βNTI| > 2 suggests that the
observed molecular assemblage differences are primarily governed by deter-
ministic processes, which can be divided into homogeneous (βNTI < -2) and
heterogeneous (βNTI > 2) selection. Stochastic processes are responsible if a
value of |βNTI| is less than 2. We further distinguished stochastic processes
by using the identity-based Raup-Crick (RC).  Null  communities were proba-
bilistically generated using 999 iterations per pairwise comparison based on
observed  molecular  assemblages.  The  null  distribution  of  the  Bray-Curis
dissimilarity  values  was  compared  to  the  observed  value  to  calculate  the
deviation from the null  expectation, termed as RCbray. A value of |RCbray| >
0.95 represents homogenizing dispersal (RCbray < -0.95) or dispersal limita-
tion (RCbray > 0.95). If a value of |RCbray| < 0.95, the molecular assemblages
were as different as would be expected by random chance.

A  null  model-based  analysis  of  phylogenetic  beta  diversity  was  used  to
estimate  the  potential  contribution  of  different  community  assembly
processes.42,43 For  each  pair  of  communities,  if  the  phylogenetic-based
βNTI >  2,  the  community  turnover  was  dominantly  governed  by  heteroge-
neous  selection.  If  βNTI  < -2,  homogeneous  selection  was  the  primary
assembly  process.  If  a  value  of  |βNTI|  ≤  2  and  the  taxonomic  dissimilarity
(Bray-Curtis) was significantly higher (the modified Raup-Crick metric based
on Bray-Curtis dissimilarity, RCbray > 0.95) or lower (RCbray < -0.95) than the
null  model  expectation,  the  community  turnover  would  be  controlled  by
dispersal  limitation  or  homogenizing  dispersal,  respectively.  If  a  value  of
|βNTI|  ≤  2  and  a  value  of  |RCbray|  ≤  0.95,  the  community  turnover  was
regarded as governed by stochastic drift,  diversification, weak selection, and
dispersal,  named ‘drift’ for  short.  These  analyses  were  performed using  the

ARTICLE

4  　　　The Innovation Geoscience 3(4): 100170, November 25, 2025 www.the-innovation.org/geoscience

https://github.com/danczakre/Meta-Metabolome_Ecology
https://github.com/danczakre/Meta-Metabolome_Ecology
https://github.com/danczakre/Meta-Metabolome_Ecology
https://github.com/danczakre/Meta-Metabolome_Ecology
https://www.the-innovation.org/geoscience
https://www.the-innovation.org/geoscience
https://www.the-innovation.org/geoscience


iCAMP R package.
To assess the relationship between variation in water physiochemical vari-

ables  and  variation  in  DOM  composition  or  microbial  communities,  we  first
used  Procrustes  analysis  and  Mantel  tests.44 Furthermore,  a  partial  Mantel
test was  used  to  assess  the  relationship  between  each  environmental  vari-
able  and  DOM  composition  or  microbial  communities.45 Statistical signifi-
cance  was  determined  using  999  permutations.  These  analyses  were
performed using  the  vegan  R  package.  We  further  quantified  the  associa-
tions between DOM molecules and microbial  ASVs using the co-occurrence
analyses following previous studies.8,33,46 Briefly, Spearman’s rank correlation
coefficient ρ between the relative abundance of each molecule and bacterial
ASV was calculated using the stats R package. For each DOM molecule, we
calculated the Spearman ρ difference (Δρ) by subtracting the mean absolute
coefficient value of all the negative correlations with individual bacterial ASVs
from the  mean of  the  positive  correlations.  Positive  and negative  Δρ values
suggest  a  more  strongly  positive  and  negative  correlation  between  DOM
molecules  and  bacterial  ASVs,  respectively.  We  visualized  the  Δρ  values
against the molecular H/C and O/C. In addition, we estimated the molecule-
ASV bipartite networks using SparCC (Sparse Correlations for Compositional
Data)  method  using  the  SpiecEasi  R  package.47 To  ensure  the  reliability  of
correlation calculation, a threshold of |ρ| = 0.40 was chosen to exclude weak
interactions. Negative and positive sub-networks were obtained on the basis
of negative and positive correlation coefficients (SparCC ρ < -0.40 or SparCC
ρ > 0.40). According to the resource-consumer relationship, negative interac-
tions likely indicate the degradation of larger molecules into smaller structures,
while positive interactions may suggest the production of new molecules via
degradation or biosynthetic processes.

 RESULTS
 Homogenization of DOM and microbe in canal

Fourier-transform  ion  cyclotron  resonance  mass  spectrometry  identified
13,649 unique molecular formulas in the canal and natural waters. Lignin-like
compounds were the most abundant in both systems, comprising for 83.2%
and 81.9%  of  molecular  formulae  in  the  canal  and  natural  waters,  respec-
tively  (Figure  2A).  Tannins-like  and  protein/amino  sugar-like  compounds
were  also  prevalent,  with  significantly  higher  percentages  of  tannin-like
compounds observed in canal water.  The mean ± standard deviation values
for  percentages  of  tannin-like  compounds  in  canal  and  natural  water  were
10.5 ± 3.5% and 6.3 ± 2.7%, respectively.

In parallel,  canal DOM exhibited greater recalcitrance compared to natural
DOM, as evidenced by higher values of M/Z, O/C, NOSC, and lower values of
ΔG (Figure 2B). Higher M/Z generally indicates larger molecules, while higher

O/C  and  NOSC  suggests  a  greater  degree  of  oxidation.  For  instance,  the
mean ±  standard  deviation  of  O/C was 0.505 ±  0.023 in  canal  water,  which
was significantly (p < 0.05) higher than that in natural water (0.467 ± 0.012).
Additionally,  as  shown  by  the  van  Krevelen  Diagram  in Figure  2C,  the  DOM
molecular formulae of canal and natural waters were highly divergent.  More
recalcitrant-like  compounds  with  higher  O/C  and  lower  H/C  values  were  in
canal DOM, whereas natural DOM was dominated by smaller, more bioavail-
able  compounds.  Consistent  with  this,  thermodynamic  spontaneity  analysis
revealed  a  significantly  higher  percentage  of  thermodynamically  favorable
processes  (TFP)  in  natural  waters  compared  to  canal  waters  (Figure  S2),
suggesting more recalcitrant and lower transformability of canal DOM.

We  further  visualized  the  differentiation  between  canal  and  natural  DOM
using  PCoA  based  on  Bray-Curtis  dissimilarity  and  found  that  canal  DOM
was  generally  separated  from  the  natural  DOM  (Figure  3A).  The  ANOSIM
results  further  indicated the separation between the canal  and natural  DOM
was significant (R = 0.1765, p = 0.001). Simultaneously, canal DOM exhibited
greater  homogeneity,  with  lower  within-group  dissimilarity  and  distance  to
centroid compared to natural DOM (Figures 3B-C).

Analysis of 16S rRNA gene sequences yielded 4,032,142 sequences, which
were clustered into 12231 amplicon sequence variants (ASVs). Bacterial rich-
ness, diversity, and evenness did not differ significantly between natural and
canal  waters  (Figure  4).  However,  significant  differences  in  community
composition were observed. Natural waters were dominated by Proteobacte-
ria (53.1%), Firmicutes (23.1%), and Bacteroidota (15.0%), which were signifi-
cantly (p < 0.05) more abundant than those in the canal waters (35.3%, 18.6%,
and 5.10%,  respectively).  The relative abundances of  the phylum Actinobac-
teriota  (31.7%),  Cyanobacteria  (5.12%),  and  Verrucomicrobiota  (3.94%)  were
significantly higher  in  canal  waters.  At  the  class  level,  the  relative  abun-
dances  of  Gammaproteobacteria  (47.2%)  and  Bacteroidia  (15.0%)  in  the
natural waters were higher than those in the canal waters (29.9% and 5.08%,
respectively),  whereas  other  dominant  classes,  including  Actinobacteria,
Acidimicrobiia, Cyanobacteriia, Verrucomicrobiae, and Deinococci, were more
prevalent in the canal waters. These shifts in microbial composition, with an
increase in Actinobacteriota known for their metabolic versatility, may reflect
an adaptation to the altered DOM characteristics in the canal. PCoA analysis
of  bacterial  ASVs  revealed  significant  clustering  based  on  water  source
(Figure 3D),  with an ANOSIM R value of 0.5977 (p = 0.001).  Similar  to DOM,
bacterial  communities  in  canal  waters  exhibited  greater  homogeneity
compared to natural waters (Figures 3E-F).

 Mechanisms underlying DOM and microbial assembly
To  estimate  the  mechanisms  shaping  DOM  composition  and  microbial
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Figure 2.  Characteristics of dissolved organic matter (DOM) in natural  and canal  waters (A)  The relative abundance of  the seven subcategories in natural  and canal  waters
(condensed  aromatic-like  compounds,  carbohydrate-like  compounds,  lignin-like  compounds,  lipid-like  compounds,  protein/amino  sugar-like  compounds,  tannin-like
compounds, unsaturated hydrocarbon-like compounds). (B) The molecular traits of natural and canal DOM (M/Z, molecular mass; O/C, the ratio of O number to C number; H/C,
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communities,  Procrustes  analysis  and  Mantel  test  were  carried  out  among
the  environmental  variables,  DOM  molecules,  and  microbial  communities
(Figure  S3). The  results  revealed  a  significant  correlation  between  environ-
mental  variables  and  microbial  communities,  with  the  Procrustes  sum  of
squares M2 = 0.7911 (p = 0.001) and Mantel correlation coefficient R = 0.2286
(p = 0.001). However, the associations between DOM composition and envi-
ronmental variables,  as well  as those between DOM and microbial  commu-
nity,  were  not  significant.  Partial  Mantel  test  further  suggested  a  stronger
influence of environmental variables on microbial communities than on DOM
(Figure  5A).  Microbial  community  dissimilarity  increased  with  geographic
distance,  indicating  a  distance-decay  pattern  potentially  driven  by  spatial
constraints  on  dispersal,  whereas  no  clear  distance-decay  pattern  was
observed  for  DOM  (Figures  5B-C).  Furthermore,  environmental  variables
exerted a stronger influence in nature waters. In canal waters, DOM composi-
tion was primarily related to DOC concentration, and microbial community to
longitude (Figure S4). In natural waters, TP strongly correlated with DOM, and
longitude,  latitude,  EC,  ORP,  and  the  inorganic  nitrogen  with  microbial
communities  (Figure  S4), highlighting  the  influence  of  a  range  of  physico-

chemical factors in natural systems.
Null  model  analysis revealed distinct assembly mechanisms for microbial

communities  and  DOM  (Figure  6).  For  the  microbial  community,  the  βNTI
values were < 2 across all water samples, suggesting the negligible contribu-
tion of heterogeneous selection (HeS) for the microbial assembly (Figure 6A).
The deterministic homogeneous selection (HoS) accounted for 46.8% of the
patterns of compositional structure across natural waters and 67.9% across
canal  waters  (Figures  6B-C),  potentially  implying  that  similar  environmental
filtering  pressures  play  a  significant  role  in  shaping  microbial  communities.
The stochastic dispersal limitation (DL) and Drift (DF) also contributed to the
microbial assembly,  with 24.7% and 24.1% in natural waters,  and 17.0% and
15.1% in canal waters, respectively. Conversely, HeS was the primary driver of
DOM  assembly,  followed  by  homogenizing  dispersal  (HD).  The  relative
importance  of  HeS  for  DOM  assembly  in  natural  waters  was  85.4%,  which
was significantly larger than that in canal waters (69.3%). The relative impor-
tance of HD for canal DOM assembly was 29.4%, while the value was 14.6%
for natural DOM assembly.
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 Ecological networks between DOM and bacteria at a molecular level
To quantify  the  associations  between  DOM  and  bacteria,  we  first  calcu-

lated the Spearman correlation coefficients (ρ) between each DOM molecule
and bacterial ASV (Figure 7). According to potential resource-consumer rela-
tionships, negative and positive interactions may reflect microbial decompo-
sition  and  production  processes  of  organic  matter,  respectively.33 Distinct
DOM-microbe  interaction  patterns  between  canal  and  natural  waters  were
observed. Canal DOM molecules were more likely to exhibit negative correla-
tion with bacterial ASVs (p < 0.05), potentially reflecting microbial preference
for  or  association  with  the  transformation  of  larger  or  more  complex

molecules.  Natural  DOM  generally  showed  a  higher  proportion  of  positive
correlations  (p <  0.05),  indicating  potential  production  of  new  molecules.
Among  the  1,861  DOM  molecules  involved  in  the  canal  DOM-microbe
network,  567  molecules  exhibited  absolute  positive  correlations  and  1,294
molecules showed absolute negative correlations with bacterial ASVs. In the
natural DOM-microbe network, there were 1,921 DOM molecules, with 1,303
molecules showing absolute positive correlations and 618 molecules show-
ing absolute negative correlations.

To further  estimate  the  relationship  between  DOM  molecules  and  micro-
bial ASVs, we mapped the positive and negative correlation coefficients with
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the rRNA gene operon (rrn) copy number of each ASV, which could reflect the
growth  rate  and  nutrient  utilization  efficiency  of  individual  organisms.48 The
results  clearly  supported  that  the  prevalence  of  positive  ρ  values  was  less
than  negative  ρ  values  in  canal  waters,  whereas  the  reverse  pattern  was
observed in natural waters. The divergence between natural and canal waters
was more significant for the ASVs with larger rrn copy numbers. As species

with  high rrn copy  numbers  are  favored  in  copiotrophic  environments,  we
may infer  that  the  natural  waters  supplied  a  relative  copiotrophic  environ-
ment for  microorganisms,  whereas  the  canal  waters  were  relatively  olig-
otrophic. This result was also evidenced by the higher values of the community
rrn copy  number  (Figure  S5)  in  natural  waters  (mean  4.26)  than  those  in
canal waters (mean 3.17).
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We  subsequently  quantified  the  DOM-ASV  interactions  using  Sparse
Correlations  for  Compositional  data  (SparCC),  and  found  the  interactions
varied between the canal and natural waters. In canal waters, negative inter-
actions  were  dominant  between  the  molecules  in  lignin/tannins-like
compounds  and  the  bacteria  in  phyla  Firmicutes,  Alpha-Proteobacteria,  or
Gamma-Proteobacteria  (Figure  8A),  while  the  positive  interactions  involved
Actinobacteriota  or  Firmicutes  (Figure  8B).  In  natural  waters,  the  molecules
involved in the DOM-ASV interactions primarily belonged to the lignin-like or
protein/amino sugar-like compounds, and the bacteria were mostly belonged
to the phyla Alpha-Proteobacteria or Gamma-Proteobacteria (Figures 8C-D).
Comparing the DOM-ASV interactions in natural and canal waters, we could
observe  that  the  Gamma-proteobacteria  and  Bacteroidota  played  more
important  roles  in  natural  waters,  whereas  Firmicutes  and  Actinobacteriota
showed  more  associations  in  canal  waters.  Gamma-proteobacteria  and
Bacteroidota  are  fast-growing  copiotrophic  organisms  that  can  utilize  labile
organic substrates.49 The Firmicutes and Actinobacteriota are endowed with
numerous  enzymes  for  depolymerization  of  more  complex  organic
matter.50,51 These findings align with the observed recalcitrance of canal DOM,

suggesting lower bioavailability in this engineered system.

 DISCUSSION
The  observed  increase  in  DOM  recalcitrance  within  the  canal  waters,  as

evidenced by  higher  O/C,  NOSC,  and lower  ΔG values,  directly  supports  our
hypothesis  that  the  unique  environment  of  the  semi-enclosed  concreted
channel would promote the accumulation of more recalcitrant DOM. This is a
crucial finding with significant impacts on carbon cycling and water quality.52

The unshaded,  open design of  the canal  exposes the water  to  intense solar
radiation, which  likely  drives  photochemical  transformations  of  DOM.  Addi-
tionally,  the concrete lining of the canal creates a simplified ecosystem with
limited exchange, leading to repeated photochemical and microbial metabolic
transformations of DOM and the subsequent formation of refractory DOM.53

The increased availability of oxygen in the well-mixed canal waters may also
promote  oxidative  processes,  further  contributing  to  DOM  recalcitrance
through  the  formation  of  oxidized  organic  molecules.54 Furthermore,  the
limited input  of  fresh allochthonous organic  matter  from riparian  vegetation
and sediments in  the concreted canal  contrasts with natural  rivers,  where a
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contimuous supply of labile organic matter from terrestrial sources can dilute
the  pool  of  recalcitrant  DOM.  The  absence  of  this  input  in  the  canal  likely
leads  to  a  relative  enrichment  of  aged,  processed  DOM.  This  shift  towards
more recalcitrant DOM might also contribute to the observed greater homo-
geneity of  DOM canal  waters,  as the continuous processing might lead to a
more uniform pool of these compounds. The lower ΔG values in canal DOM
suggest  that  the  molecular  transformations  are  less  thermodynamically
favorable,  indicating  higher  stability  and  lower  reactivity  of  the  DOM
molecules.35 The  DOM recalcitrance  in  the  canal  waters  is  also  reflected  by
the greater relative abundance of Actinobacteriota. Studies have shown that
Actinobacteriota possess a diverse array of enzymes enabling then to prefer-
entially  metabolize  structurally  complex  and  recalcitrant  DOM  components,
such as lignin-derived compounds, indicating their potential specialization in
sustaining carbon turnover under low-nutrient conditions.13,50,51 This accumu-
lation of  recalcitrant  DOM in the canal  may have significant  implications for
the long-term management of the SNWD project and the quality of the water

it  delivers.  Recalcitrant  DOM  is  less  readily  utilized  by  microorganisms,
potentially  leading  to  a  lower  rate  of  microbial  respiration  and  a  slower
turnover  of  organic  carbon.55 The persistent  DOM  can  also  affect  the  avail-
ability  of  light  and  nutrients  for  other  aquatic  organisms.55,56 Moreover,  the
long-term accumulation of recalcitrant DOM may contribute to the formation
of  disinfection  by-products  during  water  treatment  processes,  potentially
requiring adjustments to treatment strategies.52

Our  findings  revealed  a  notable  homogeneity  in  both  DOM  molecular
composition  and  microbial  community  structure  within  the  canal  waters
compared to the natural river systems. This pattern suggests that the canal
environment,  as an engineered system with a more stable and less variable
flow regime,  exerts  a  strong selective pressure,  leading to a convergence of
ecological characteristics such as the types of DOM molecues and the domi-
nant  microbial  taxa.57 Several factors  could  contribute  to  this  homogeniza-
tion.  Firstly,  the  consistent,  controlled  flow  regime  within  the  canal,  as
opposed  to  the  more  fluctuating  hydrological  conditions  of  natural  rivers,
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reduced  environmental  heterogeneity.58 This  changeless  environment  may
favor  a  specific  subset  of  microbial  taxa  and  DOM  molecules  that  are
adapted to these consistent conditions, leading to a reduction in overall diver-
sity  and  an  increase  in  similarity  across  sampling  sites.58 Secondly,  the
concrete lining of  the canal,  which eliminates interactions with natural  sedi-
ments and riparian vegetation, may further homogenize the aquatic environ-
ment.  The  absence  of  diverse  allochthonous  inputs  and  the  reduction  of
natural  biogeochemical  processes  likely  contribute  to  a  more  uniform  DOM
composition  and  microbial  community.  In  this  enclosed  ecosystem,  DOM
may  undergo  repeated  microbial  and  photochemical  degradation,  gradually
converging  toward  more  similar  properties  along  the  canal’s  course.  The
higher  homogeneity  of  microbial  communities  in  the  canal  may  also  reflect
the selective pressure of the canal’s physical and chemical conditions.57 For

instance, the consistent sunlight exposure and potential for increased photo-
oxidation  may  select  for  specific  phototolerant  microbial  taxa,  as  evidenced
by the higher abundance of Cyanobacteria in canal waters.59 Furthermore, the
relative  limited  nutrient  variability  and  the  consistent  water  source  from  the
Danjiangkou  Reservoir  may  also  contribute  to  a  more  uniform  microbial
community composition throughout the canal system.

Even though homogeneity in both DOM molecular composition and micro-
bial community  structure  was  observed,  the  underlying  ecological  mecha-
nisms were different.  The null  model revealed that the homogeneity in DOM
was  attributed  to  the  reduced  heterogeneous  selection  and  the  increased
homogenizing  dispersal,  whereas  homogeneous  selection  governed  the
microbial assembly in canal waters and induced the homogeneity.42 Homog-
enizing dispersal  is  generally  driven by  the  physical  movement,  such as the
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consistent water flow in the canal, while homogeneous selection refers to the
process  where  similar  environmental  conditions  across  different  habitats
select for  similar  microbial  communities.  Our  findings  suggest  that  homo-
geneity in DOM molecules was primarily due to the consistent flow regime in
canal waters.  Additionally,  our  findings  suggested  that  environmental  vari-
ables play more significant roles in shaping microbial communities than the
DOM compositions.  Thus,  the  DOM  homogeneity  may  also  be  a  conse-
quence of the microbial transformation.

This  observed  homogenization  may  have  important  implications  for
ecosystem  functioning.  Modifications  to  within- and  between-community
trait  composition  will  probably  impinge  upon  community  and  ecosystem
function, and resistance to environmental change. A decrease in community
diversity may reduce overall community and ecosystem functioning, stability
and resistance to environmental perturbations by simply narrowing the avail-
able  range  of  species-specific  responses.46,57-59 Thus, the  more  homoge-
neous microbial assemblages in the canal water may exhibit lower functional
redundancy, limiting its capacity to buffer against abrupt changes in nutrient
availability or contaminant inputs. Additionally,  the reduced diversity of DOM
molecules may limit  the  range of  microbial  metabolic  pathways and poten-
tially  affect  the  overall  carbon  cycling  within  the  canal  or  the  receiving
waters.60 Furthermore,  distinct  microbe-DOM  interaction  networks  were
observed between canal and natural  waters,  with canal ecosystems exhibit-
ing  a  higher  prevalence  of  competitive  microbial  relationships.  This  finding
potentially  suggested  microbial  decomposition  processes  may  dominate
over  organic  matter  production  within  the  canal  system,  likely  driven  by  the
optimal  conditions for  photo-mineralization  in  the  unshaded canal.  Whether
this  process  would  influence  CO2 emissions  from  canal  waters  should  be
evaluated by integrating in situ monitoring with controlled light-exposure and
microbial incubation experiments in further studies.

Taken  together,  the  eco-environmental  trade-offs  of  water  diversion
require  careful  consideration in  the  SNWD project.61 If water  transfer  infras-
tructure is proven to elevate carbon emissions, policy-makers should recon-
cile the environmental ramifications of water diversion with the fulfillment of
water demand. It is recommended to implement dynamic control systems to
optimize water  flow  rates  and  strategically  enhance  nighttime  water  trans-
fers, Furthermore, it is imperative to urgently prioritize the sustainable infras-
tructure designs, such as underground pipelines, to mitigate the exacerbating
effects of climate change, which still requires scientific verification. Addition-
ally,  pollution  reduction  measures  should  be  introduced  at  critical  nodes
along  the  transfer  route.  More  broadly,  Integrating  the  carbon  reduction
strategies  and  technologies  into  the  future  construction  of  national  water
network  represents  a  critical  advancement  towards  ensuring  sustainable
water resources management in  the face of  increasing environmental  pres-
sures.
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