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Abstract19

Although high flow velocity, low nutrients, and smooth concrete surfaces typically suppress benthic20

algae, the filamentous alga Cladophora formed extensive biofilms in a major water transfer canal un-21

der conditions typically unfavorable for benthic algal colonization, leading to filter clogging and chal-22

lenging the operational stability of drinking-water treatment for 180 million people. Here, we quanti-23

fied Cladophora biomass, extracellular polysaccharides (EPS), and nanoscale adhesion through field24

surveys along the 1197 km canal, laboratory P‑enrichment experiments. P enrichment increased25

acid‑extracted polysaccharides (APS) yield per biomass by 21.6 %, and native EPS–sediment adhe-26

sion reached 18.6 nN, with polysaccharide backbones contributing ~88%. Along the canal, APS and27

sediment P were positively associated (𝑝 < 0.01) and both peaked at 30–45 cm depth. These results28

support a positive feedback mechanism in which APS strengthens adhesion and promotes local reten-29

tion of P-bearing particles, potentially increasing phosphorus accessibility at the algal–matrix inter-30

face and further stabilizing the biofilm. The same biofilm can detach and cause downstream clogging.31

This self‑reinforcing mechanism explains the spatial persistence of Cladophora blooms and provides32

a predictive basis for managing risks in large‑scale water conveyance systems.33

Keywords: Long-distance water conveyance; Acid-extracted polysaccharides; Biofilm adhesion;34

Phosphorus sequestration; Filamentous green algae35
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1 Introduction36

Continuous conveyance flow, low bulk nutrient concentrations, and smooth concrete surfaces (Can-37

tonati and Lowe, 2014) typically constrain the initial attachment and retention of benthic algae. Yet38

under these apparently unfavorable conditions, extensiveCladophora biofilms developed on the walls39

of a 1197 km water-transfer canal in China and were periodically detached and transported down-40

stream (Supplementary Fig. 1A-B). The entry of these detached aggregates into the water treatment41

plant leads to clogging of both intake screens and sand filters, directly threatening drinking water42

safety by shortening the backwash time by 48% (Supplementary Fig. 1C). For the world’s largest wa-43

ter transfer project—serving 180 million people—this Cladophora bloom has implications for water44

supply security. The mechanisms by which the alga establishes and persists under high‑flow, nutri-45

ent‑poor, and hard‑surface conditions remain unknown.46

Cladophora is a widely distributed filamentous green alga capable of forming persistent mats across47

freshwater, brackish, and hypersaline environments. These mats can modify local physicochemical48

conditions, retain suspended material, and provide structurally complex habitats for associated or-49

ganisms, supporting the recognition of Cladophora as an ecosystem engineer (Prazukin et al., 2025;50

Prazukin et al., 2020; Wang et al., 2024; Wu et al., 2024). Across these contrasting systems, phos-51

phorus availability and underwater irradiance are major controls on seasonal biomass development52

(McCusker et al., 2023; Zulkifly et al., 2013).53

While this environment-forming capacity is well documented in natural systems, its expression54

in engineered canals—where smooth concrete and continuous flow provide minimal physical55

anchoring—depends critically on successful establishment at the algal–substratum interface. Sta-56

bilization of this interface is therefore particularly important during the initial attached stage.57

Physiological studies have shown that Cladophora secretes extracellular polymeric substances (EPS),58

within which acidic polysaccharides (APS) enriched in rhamnose, galactose, and xylose constitute an59

important component of the cell wall-associated and extracellular matrix. Their negatively charged60
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functional groups interact with multivalent cations to form cross-linked polymeric networks,61

thereby strengthening matrix cohesion, interfacial adhesion, and resistance to hydraulic disturbance62

(Ciancia et al., 2020; Srisai et al., 2024; Surayot et al., 2016). Such interactions may be particularly63

relevant in concrete-lined canals, where smooth surfaces provide limited mechanical anchoring,64

while Ca-bearing mineral phases at the concrete–water interface can facilitate ion-mediated matrix65

stabilization and phosphorus retention (Akula et al., 2020; Penn et al., 2007). EPS enhances shear66

resistance under low‑flow conditions (Bäcker et al., 2026; Ciancia et al., 2020). However, this67

knowledge comes predominantly from static or low‑velocity laboratory setups, or from natural68

habitats where irregular substrates provide physical anchoring. Whether Cladophora can actively69

modify its local environment to reinforce attachment on smooth, high‑shear concrete surfaces—and70

whether such modification creates a self‑sustaining positive feedback—has never been tested.71

We hypothesize that Cladophora colonization initiates a self‑reinforcing loop in which initial attach-72

ment stimulates APS secretion. The resulting polysaccharide-rich matrix strengthens adhesion and73

promotes the retention of P-bearing particles, generating locally enriched sediment-associated and74

EPS-associated phosphorus pools at the attachment interface. Although these pools are not neces-75

sarily immediately bioavailable, subsequent desorption, dissolution, mineralization, or matrix–water76

exchange may increase phosphorus accessibility near the algal surface. Increased phosphorus sup-77

ply may, in turn, promote further APS production and biomass accumulation, thereby stabilizing the78

biofilm under bulk oligotrophic and high-flow conditions. The same adhesive biofilm can, however,79

detach episodically during hydraulic fluctuations or seasonal senescence, and the released fragments80

cause downstream clogging. To test this hypothesis, we conducted a 1197 km field survey along a ma-81

jor canal, combined with laboratory phosphorus‑enrichment and light‑intensity experiments, and82

used atomic force microscopy (AFM) to measure nanoscale adhesion forces. Our integrated results83

support a positive‑feedbackmechanismof phosphorus‑driven, self‑reinforcing adhesion on hard sub-84

strata, providing a predictive basis for managing Cladophora risks in large‑scale water conveyance85

systems.86
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2 Materials and methods87

2.1 Study site and sampling collection88

Thestudy canal is amajor inter-basinwater transfer trunkwith a trapezoidal cross‑section, basewidth89

15–30 m (varies along alignment), water depth 5–7 m, and concrete‑lined walls. Design flow rate de-90

creases from320m3 s-1 in the south to 165m3 s-1 in the north. This smooth, hard substratumprovides91

low initial roughness, so attached organisms depend on molecular adhesion. Between January 202092

andDecember 2024, about 150 sampling campaignswere conducted at ~30 stations spaced 30–50 km93

apart, with more frequent sampling during the algal growing season (July–September). Background94

environmental parameters (Supplementary Fig. 3, Supplementary Fig. 4, Supplementary Fig. 5) and95

basic water quality (Supplementary Table 1) were routinely recorded.96

In 2022, an unprecedented Cladophora bloom occurred. A full‑canal survey (July 5–8, including un-97

derwater robotic sampling) showed that the bloom was confined to the southernmost ~180 km reach.98

The survey also characterized the along‑canal and vertical distribution of biomass and morphology99

(Supplementary Fig. 12).100

To investigate the adhesion mechanism of Cladophora under contrasting hydraulic conditions, repre-101

sentative cross-sections were selected from the long-term monitoring network using a stratified sam-102

pling strategy. Site selection considered canal chainage, long-termobservations ofCladophora growth,103

and engineering hydraulic characteristics, including flow velocity, hydraulic structures, and deposi-104

tional conditions. Accordingly, the representative cross-sections were classified into an upstream105

reach (N01–N13), a hydraulic transition reach associated with the Yellow River crossing (N04–N05),106

and a downstream reach (N06–N13).Two additional sampling locations on the downstream branch107

canals were included in the depth-resolved survey, giving a total of 16 sampling locations (Supple-108

mentary Fig. 2). At each section, three points were sampled on the left wall, right wall, and channel109

center. Stratified samplingwas performed at six depths (15, 30, 45, 60, 75, 90 cm below the surface) on110

the sloping walls. At each depth, sediment total phosphorus (TP), Cladophora EPS, and algal biomass111
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were measured.112

Cladophora biomass was harvested by scraping a 30 cm × 30 cm quadrat on the concrete wall (0–30 cm113

below surface). Attached algaewere removedwith a stiff brush, surfacewater drained, andwetweight114

recorded. Surface water (0–50 cm), mid‑depth water (60–90 cm), near‑bottom water, and surface115

sediment (0–5 cm, collected with a Petersen grab) were also sampled. Part of the Cladophoramaterial116

was reserved for morphological observation; the remainder was stored at 4 °C for EPS extraction and117

chlorophyll‑a (Chl‑a) analysis.118

2.2 In‑situ water quality and laboratory analyses119

Water temperature, pH, dissolved oxygen (DO), conductivity, and turbidity weremeasured in the field120

with a YSI EXO2 multiparameter sonde. Cladophora biomass was recorded as wet weight.121

Chl‑a was determined by hot‑ethanol extraction and spectrophotometry. Fresh algae (~0.50 g wet122

weight) were blotted dry, transferred to a 15 mL centrifuge tube, and extracted with 10 mL of 90%123

(v/v) ethanol. The suspension was vortexed and incubated in the dark at 4 °C for 24 h with intermit-124

tent agitation. Samples were then heated at 80 °C for 15 min (protected from light), cooled to room125

temperature, and centrifuged at 8000 rpm for 10 min. The supernatant was adjusted to 10 mL with126

90% ethanol. Absorbance was measured at 665, 649, and 750 nm against a 90% ethanol blank. Tur-127

bidity‑corrected absorbances were 𝐴665(corr) = 𝐴665 − 𝐴750 and 𝐴649(corr) = 𝐴649 − 𝐴750. Chl‑a128

concentration (𝜇g mL-1) was computed as:129

Chl-𝑎 = 13.95 × 𝐴665(corr) − 6.88 × 𝐴649(corr) (1)

Final Chl‑a content is expressed as mg g-1 wet weight. All analyses were performed in triplicate (Sup-130

plementary Fig. 7).131

Water samples collected during each campaignwere analyzed for total nitrogen (TN), nitrate‑nitrogen132

(NO3
--N), ammonium‑nitrogen (NH4

+-N), total phosphorus (TP), and soluble reactive phosphorus133
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(SRP) following Chinese national standards: TN by alkaline potassium persulfate digestion‑UV spec-134

trophotometry (HJ 636‑2012), TP by ammonium molybdate spectrophotometry (GB 11893‑89), and135

chemical oxygen demand (COD) by potassiumdichromate oxidation (HJ 828‑2017). Sediment TPwas136

determined by HClO4–H2SO4 digestion followed by molybdate spectrophotometry; available phos-137

phorus (Olsen‑P) was extracted with 0.5 mol L-1 NaHCO3 and analyzed by the molybdenum‑blue138

method.139

2.3 EPS extraction and compositional analysis140

EPS was fractionated from Cladophora using a three-step sequential protocol. Soluble EPS (S-EPS)141

was obtained by suspending fresh algae in phosphate-buffered saline (PBS, pH 7.4) at a biomass-to-142

buffer ratio of approximately 40% (w/v), shaking at 100 rpm for 20 min, and centrifuging at 8000 rpm143

for 20 min; the supernatant was then filtered through a 0.22 μm membrane. Loosely bound EPS (LB-144

EPS) was extracted by resuspending the pellet in Tris-HCl buffer (pH 8.0) containing 0.3% (w/v) EDTA145

at the same biomass-to-buffer ratio, sonicating in an ice bath for 5 min, and centrifuging at 8000 rpm146

for 30 min; the supernatant was retained. Tightly bound EPS (TB-EPS) was obtained by suspending147

the remaining pellet in 50 mM NaCl buffer (pH 6.8) containing 0.1% (w/v) cellulase, incubating at148

37 °C for 20 min and then at 40 °C for another 20 min, stopping the reaction by cooling on ice, and149

centrifuging at 12 000 rpm for 20 min. The three fractions were pooled, precipitated with 3 volumes150

of anhydrous ethanol at 5 °C for 12 h, collected by centrifugation at 5000 rpm, and lyophilized to151

obtain total EPS. Polysaccharide content was measured by the phenol‑sulfuric acid method (glucose152

standard); protein content by the Coomassie Brilliant Blue G-250 method (bovine serum albumin153

standard). Total EPS yield is reported as the sum of polysaccharide and protein (mg g-1 wet weight)154

(Supplementary Fig. 8).155

2.4 Light-intensity and phosphorus-supplementation experiments156

Cladophora filaments were pre-cleaned and acclimated in the laboratory. Uniform segments (initial157

wet weight 0.50 g) were transferred to 500 mL flasks containing 300 mL of half-strength BG-11 olig-158
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otrophic medium (all nutrients except the manipulated variable at standard levels). Wet-to-dry ratio159

was determined as 22.0 ± 2.0% (dried at 60 °C to constant weight) for conversion to dry weight (Sup-160

plementary Fig. 9).161

Light-intensity experiment: Five irradiance levels were used: 27, 54, 81, 108, and 135 μmol m-2 s-1162

(12 h:12 h light-dark cycle, 23 °C), with three replicates each. The attenuation of photosynthetically163

active radiation with depth was modeled by the Lambert–Beer equation:164

𝐼(𝑧) = 𝐼0 × exp(−𝐾𝑒 × 𝑧) (2)

where 𝐼0 is the incident subsurface irradiance (μmol m-2 s-1), 𝐾𝑒 is the diffuse attenuation coefficient165

(m-1), and 𝑧 is depth (m).166

Phosphorus-addition experiment: To determine whether phosphorus enrichment specifically en-167

hances APS allocation independently of algal biomass accumulation,Cladophorawas cultivated under168

two phosphorus regimes: a phosphorus-supplemented treatment (0.0875 mM P as K₂HPO₄) and a169

phosphorus-limited control, while all other nutrients were maintained at half-strength BG-11 levels.170

A total of 15 culture flasks were allocated for biological replication and temporal sampling, with three171

independent replicates for each treatment at each sampling endpoint. Cultures were maintained at172

23 °C under an irradiance of 80 μmol m-2 s-1 with a 12 h:12 h light-dark cycle for 52 days. Biomass173

was monitored every 48 h during medium renewal, and final biomass, EPS yield, APS content, and174

spore abundance were quantified at the end of the incubation. Accordingly, linear regression was175

used to compare the biomass–EPS and biomass–APS relationships, with differences in slopes indicat-176

ing changes in biomass-specific polysaccharide production.177

2.5 Atomic force microscopy force spectroscopy178

Nanoscale adhesion between Cladophora EPS and canal sediment surfaces (or simulated cement sub-179

strates representing the concrete wall) was measured with a Bruker Dimension Icon atomic force mi-180
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croscope in force-spectroscopy mode. Total EPS was deposited as a film on freshly cleaved mica sub-181

strates (Supplementary Methods S1.1). RTESPA-150 probes were used for the general EPS–substrate182

adhesionmeasurements, with calibrated inverse optical lever sensitivity and spring constant values of183

82 nm V-1 and 6.0 N m-1, respectively. BL-AC40TS probes were used for the chemical perturbation184

experiments, with corresponding calibrated values of 20 nm V-1 and 0.10 N m-1. Deflection sensitiv-185

ity and spring constant were calibrated for each probe before measurement.Detailed procedures for186

EPS-film preparation are provided in Supplementary Methods S1-S3.187

Measurements were conducted in PBS buffer (pH 7.4) at approach/retraction velocity of 1 μm s-1 and188

a trigger force of 5–10 nN. At least 10 random sites per sample were probed; at each site, 256 force-189

distance curves were acquired, with three independent biological replicates. Adhesion force (𝐹) was190

calculated as 𝐹 = 𝑘 ⋅ Δ𝑑, where 𝑘 is the spring constant and Δ𝑑 is the deflection change. All adhe-191

sion forces are reported as positive magnitudes. Raw force curves were processed with NanoScope192

Analysis software. Results are presented as mean ± standard deviation.193

To identify the adhesive components within the EPS matrix, a stepwise perturbation experiment194

was conducted: (i) TFA hydrolysis, to disrupt the polysaccharide backbones; and (ii) subsequent β-195

glucuronidase digestion, to assess the additional involvement of residual glucuronic-acid-containing196

domains associated with acidic polysaccharides. Changes in adhesion force after each step were used197

to evaluate their relative involvement in EPS-mediated adhesion. Further methodological details are198

provided in Supplementary methonds S1.199

2.6 Data analysis200

Data were processed and analyzed using R version 4.3. One-way ANOVA followed by Tukey’s HSD201

test was used for multiple comparisons. Linear regression was applied to evaluate the association202

between log10(𝑃sed) and log10(APS); model fit is reported as 𝑅2 and 𝑝-value. Statistical significance203

was set at 𝑝 < 0.05 unless otherwise stated (Supplementary Fig. 10, Supplementary Table 2).204
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3 Results and discussion205

3.1 Spatiotemporal evolution of Cladophora growth in the conveyance206

canal207

Cladophora biomass and colonization patterns varied markedly along the canal. The 2022 full-canal208

survey showed that the major bloom was confined to the southernmost approximately 180 km of the209

1197 km canal. From the canal origin to 76 km, algal bands remained narrow and were concentrated210

in shallow, well-illuminated zones under relatively fast-flowing conditions (Reiss et al., 2023). Be-211

tween 76 and 92 km, flow velocity decreased from 0.74 to 0.62 m s-1, while sediment accumulation212

increased and algal bands widened markedly. This reach therefore represented the principal transi-213

tion from restricted shallow colonization to extensive biomass accumulation (Supplementary Fig. 11;214

Supplementary Fig. 12). Further downstream, attached biomass declined progressively, confirming215

that sustained proliferation was spatially restricted rather than uniformly distributed along the canal216

(Supplementary Fig. 11, Supplementary Fig. 12).217

The field survey also recorded a clear vertical organization of attached biomass. Cladophora was con-218

centrated within illuminated regions of the canal slopes, while biomass declined beyond the effective219

light-penetration depth. Underwater light availability therefore defined the vertical growth range,220

whereas local flow and sediment retention controlled biomass accumulation within that range. This221

spatial pattern provided the field basis for the subsequent light-intensity experiment and the calcula-222

tion of seasonally suitable colonization depths from water transparency. (Ben Salem et al., 2025; Xie223

et al., 2025; Yang et al., 2024).224

The spatial development of attached biomass directly affected downstream treatment infrastructure.225

Samples collected from water-treatment-plant intake screens and manual harvests showed that de-226

tached Cladophora entered the treatment stream as entangled filament–particle composites rather227

than as isolated filaments (Supplementary Fig. 1B). Continuous filaments formed the structural frame-228

work of these aggregates, while EPS retained biofilm fragments and associated particles, producing229
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a mesh-like structure that accumulated on intake screens and within rapid sand filters (Shekhar et230

al., 2017). Long-term filter records showed that Cladophora sloughing progressively shortened the231

backwash interval, with an average reduction of approximately 48% across two independent filter232

units by the end of the observation period (Supplementary Fig. 1C), thereby increasing backwashing233

frequency, water consumption, energy demand, and operational pressure (Azizi et al., 2021; Zhang234

et al., 2016). These results establish the canal-scale distribution and downstream consequences of235

Cladophora proliferation and lead to the centralmechanistic question addressed below: howphospho-236

rus supply and underwater irradiance support persistent biomass accumulation and APS production237

under oligotrophic, high-flow conditions.238

3.2 Co-regulation of Cladophorametabolism by phosphorus enrichment239

and light availability240

P enrichment increased extracellular polysaccharide production relative to Cladophora biomass241

accumulation, whereas underwater irradiance determined the vertical range over which this242

response could support Cladophora colonization. During the 52-day cultivation, biomass followed243

similar trajectories in the two treatments during days 0–20 and diverged during days 20–30. The244

P-supplemented group reached a stationary phase after approximately day 30, maintaining a biomass245

level consistently higher than that of the P-limited group throughout the remainder of the experiment.246

Notably, EPS and APS yields in the P-supplemented treatment remained approximately twice those247

in the P-limited treatment over the entire 52-day period, indicating that phosphorus enrichment248

enhanced extracellular matrix production beyond its effect on biomass accumulation (Fig. 1A–C).249

Regression analysis further distinguished extracellular matrix production from biomass accumula-250

tion. The EPS–biomass slope was 12.941 (R2 = 0.517) under P supplementation and 10.364 (R2 =251

0.346) under P limitation, corresponding to a 24.8% increase (Fig. 1E). The APS–biomass slope in-252

creased from 213.89 in the P-limited treatment to 260.02 in the P-supplemented treatment, repre-253

senting a 21.6 % increase (Fig. 1F). Thus, under P supplementation, each unit increase in biomass was254
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Fig. 1: Effects of phosphorus enrichment and irradiance on Cladophora growth, EPS secretion, and APS accumulation.
(Upper row) Temporal dynamics of biomass (dry weight) under P-supplemented (+P, orange) and P-limited (−P,
blue) conditions. (Middle left) Temporal dynamics of EPS yield. (Middle right) Temporal dynamics of APS yield.

(D) Boxplot of wet-weight distribution across five irradiance levels (27, 54, 81, 108, 135 μmol m-2 s-1). (E)
Allometric scatter plot and linear regression of biomass versus EPS (orange = +P, blue = −P). (F) Allometric scatter
plot and linear regression of biomass versus APS. (G) Seasonal migration of optimal growth depth (bar chart) and

(H) seasonal variation in the diffuse attenuation coefficient (Ke).

associated with greater EPS and APS production. This response is consistent with the capacity of255

Cladophora to acquire and retain phosphorus beyond its immediate growth demand (Stevenson and256

Stoermer, 1982). Because acidic-polysaccharide-rich domains contribute to the structural integrity257

and interfacial adhesion of the EPS matrix, the increase in APS production links elevated P supply to258

the development of an adhesion-supporting extracellular matrix (Li et al., 2022).259

Irradiance determined the light conditions under which biomass development was maximized.260
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Across the five tested irradiance levels, biomass reached its maximum at 81 μmol m-2 s-1, with a261

mean wet weight of 0.314 g (Fig. 1D). This irradiance was therefore defined as the optimal growth262

irradiance under the tested oligotrophic conditions. The decrease in biomass above this level was263

consistent with the nutrient-dependent light response reported for green macroalgae (Oikawa et al.,264

2022; Park et al., 2025).265

Seasonal simulations using twelve months of monitoring data translated this experimentally deter-266

mined optimum into a vertical colonization depth (Fig. 1G, H). The predicted optimal depth reached267

4.79 m in April and 4.32 m in October, when underwater light attenuation was lowest, and shifted up-268

ward to 0.93m inDecember as attenuation increased. The resulting seasonal range of 0.93–4.79mwas269

comparable to the reported 0.5–5.0 m colonization range of Cladophora in large freshwater systems270

(Dodds et al., 1999; Zribi et al., 2023) (Supplementary Table 3, Supplementary Fig. 13). These results271

establish water transparency as a quantitative predictor of the canal-slope depth at which irradiance272

is most favorable for Cladophora growth.273

The seasonal displacement of the predicted growth depth reflects compensation for changes in un-274

derwater irradiance. Irradiance near 81 μmol m-2 s-1 provides light conditions associated with high275

photochemical performance and net primary productivity in attached algae (Chua et al., 2024; Schu-276

bert et al., 2024). During biomass accumulation, canopy self-shading further reduces the irradiance277

received by underlying filaments (Kirk, 1975), whereas senescence and decomposition increase or-278

ganic matter and turbidity, strengthen light attenuation, and contract the illuminated growth zone279

(Yunev et al., 2007). These biomass-mediated changesmodify the realized vertical distribution around280

the transparency-derived optimum and support the use of seasonal light attenuation for identifying281

canal-slope zones vulnerable to Cladophora colonization.282
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3.3 Spatial coupling and vertical stratification of sediment phosphorus283

and APS284

Sediment phosphorus (Psed), EPS, and APS exhibited spatially related but non-identical longitudinal285

and depth-dependent distributions along the canal (Fig. 2A–C). Across all sites, the 30 cm layer had286

the highest mean concentrations of EPS (21.12 μg g-1), APS (0.42 μg g-1), and Psed (40.63 mg kg-1), and287

also showed the greatest among-site variability. This layer therefore represented the principal depth288

at which sediment-P accumulation and extracellular-matrix retention overlapped. Sediment-derived289

EPS and APS are expressed per unit dry sediment mass, whereas the cultivation data in Section 3.2290

were normalized to wet algal biomass.291

The longitudinal maxima of sediment P and APS were spatially offset. At 30 cm, Psed reached 102.54,292

99.87, and 91.32 mg kg-1 at N01, N02, and N03, respectively, defining the principal upstream P-293

enrichment zone. APS did not peak at these P-rich sites; instead, its maximum concentration of 1.19294

μg g-1 occurred at N05, where Psed was 66.78 mg kg-1. At the same site, EPS increased from 10.12 μg295

g-1 at 15 cm to 27.37 μg g-1 at 45 cm, locating the major extracellular-polymer retention zone within296

the 30–45 cm interval.297

Theoffset between the upstreamPsed maxima and the APSmaximum atN05 defined a transition from298

P-rich sediment accumulation to localized polysaccharide retention. Across the canal, the strongest299

overlap amongPsed, EPS, andAPSoccurred at 30 cm,whereas their relative distributions varied across300

deeper layers and downstream reaches. The following subsections therefore examine this spatial pat-301

tern along two complementary dimensions: depth-resolved stratification and longitudinal variation302

in relation to canal hydraulics.303

3.3.1 Depth profiles and vertical stratification304

Vertical profiles from 16 sites showed distinct depth distributions of sediment phosphorus (Psed) and305

APS (Fig. 3A, B).Mean Psed reached amaximumof 39.8mg kg-1 at 30 cm and decreased to 26.3mg kg-1
306

at 90 cm. The 30 cm layer also exhibited the widest among-site distribution, indicating that spatial307
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Fig. 2: Spatial–vertical distributions of EPS, APS, and sediment phosphorus along the canal. The blue curve denotes the
canal route; filled circles mark sampling cross-sections (N01–N13). Horizontal bar charts adjacent to each

cross-section display depth-stratified distributions at 15, 30, 45, 60, 75, and 90 cm, with colour gradation from
shallow (light) to deep (dark). (A) EPS content (μg g-1); (B) APS content (μg g-1); (C) sediment total phosphorus Psed

(mg kg-1).

differences in sediment-P accumulation were most strongly expressed at this depth.308

APS exhibited a deeper maximum than Psed, reaching 0.35–0.45 μg g-1 within the 45–60 cm interval.309

Thevertical offset between the twomaximadefined a stratified retention structure: P-bearing particles310

were concentrated primarily near 30 cm, whereas APS was retained more strongly within the deeper311

45–60 cm layer. Reduced exposure to near-surface disturbance at these depths favors the preservation312

of cohesive polysaccharidematrices, while adsorption and physical entrapmentwithin thematrix can313

prolong the residence of associated particles (Boult et al., 2006; Clarke, 2002; Gerbersdorf et al., 2009).314

Site-specific profiles showed that the position of this interface varied along the canal. At N05, APS315

reached 1.19 μg g-1 at 30 cm and EPS increased from 10.12 μg g-1 at 15 cm to 27.37 μg g-1 at 45 cm,316

while the non-monotonic Psed profile indicated sediment redistribution through resuspension and317
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Fig. 3: Depth-resolved and spatial distributions of sediment phosphorus and APS along the 1197 km trunk canal. (A)
Boxplot of Psed across sampling depths (15–90 cm) on a logarithmic y-axis (10^x), with grey scatter points

showing raw data dispersion. (B) Boxplot of APS content across sampling depths, illustrating vertical
stratification of polysaccharide components. (C) Longitudinal trend of Psed (0–1250 km) with blue gradient

indicating concentration intensity. (D) Longitudinal trend of APS with canal length; inset shows localized APS
elevation associated with micro-gastropod proliferation. (E) Log-transformed regression between Psed and APS.

The black line indicates the fitted regression and grey shading denotes the 95% confidence interval.

redeposition (Guo et al., 2022; Xu et al., 2020). At N13, APS shifted from 0.17–0.25 μg g-1 at 15–30318

cm to 0.46–0.55 μg g-1 at 60–90 cm, confirming that the depth of polysaccharide preservation was not319

uniform among reaches.320

The vertical profiles therefore define a stratified attachment interface in which sediment-P accumu-321

lation was concentrated primarily near 30 cm, whereas APS preservation extended into the 45–60322

cm layer. Their overlapping distributions across 30–60 cm identify this interval as the principal zone323

where particle deposition and extracellular-matrix retention converged (Battin et al., 2016). The lon-324

gitudinal variation in the position and magnitude of this interface is examined below in relation to325

canal hydraulics.326
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3.3.2 Longitudinal patterns and hydrodynamic modulation327

Along the canal, sediment P and APS also varied with hydraulics (Fig. 3C,D). At 30 cm, Psed reached328

102.54, 99.87, and 91.32 mg kg-1 at N01, N02, and N03, respectively, defining the principal upstream329

P-enrichment zone. APS did not reach its maximum at these P-rich sites. Instead, the highest APS330

concentration occurred at N05 (484 km), where APS reached 1.19 μg g-1 and Psed was 66.78 mg kg-1.331

The offset between the Psed and APS maxima marked a transition from upstream P-rich sediment332

accumulation to localized polysaccharide retention.333

The APS maximum at N05 coincided with a local proliferation of small gastropods with shell lengths334

below 1 cm. Gastropod grazing, nutrient recycling, surface disturbance, and mucus production can335

modify periphytic biomass and extracellular-matrix composition (Arakelova, 2010; Armenio et al.,336

2015; Liegertová and Malý, 2023). These processes provide an ecological context for the local APS337

maximum, although the relative contributions of algal APS and gastropod-derived polysaccharides338

were not quantified. More broadly, the N05 transition is consistent with the combined regulation of339

periphytic biomass by nutrient supply, light availability, and near-bed disturbance (Bravo et al., 2019;340

Che et al., 2022; Flynn et al., 2018; Hui et al., 2021).341

In the terminal reach (1026–1119 km), lower conveyance energy allowed suspended particles and nu-342

trients to settle, creating a stable substrate for attachment. Together with light conditions near the343

optimal irradiance (81 μmol m-2 s-1), this favored persistence of filamentous green algae. Across all344

sites, Psed and APS showed a significant positive relationship in log-transformed space: log10(𝐴𝑃𝑆) =345

0.4606 log10(𝑃𝑠𝑒𝑑) − 1.124, 𝑅2 = 0.2508, 𝑝 < 0.01 (Fig. 3E). P-enriched sediments are thus gener-346

ally associated with more APS (Li et al., 2015). However, the moderate R2 and wide scatter indicate347

that sediment P alone does not control APS accumulation (Paul et al., 2012). Instead, APS integrates348

effects of P availability, hydrodynamic retention, and algal biomass persistence (Flemming and Win-349

gender, 2010). The moderate correlation (compared to the strong P-dependence in laboratory cul-350

tures, +21.6 % APS per biomass) shows that hydraulics and physical disturbance substantially modu-351

late this biochemical response in situ. APS-rich matrices may retain P-associated particles through352
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electrostatic interactions, complexation, and physical entrapment, supporting localized phosphorus353

buffering at thewater–alga–sediment interface rather than uniform sequestration across the canal (Lu354

et al., 2016).This field-scale spatial relationship provides the basis for the subsequent analysis of the355

mechanical contribution of the retained polysaccharide matrix to Cladophora attachment.356

3.4 Macroscale biofilm accumulation and engineering implications357

Submerged attachment plates provided a standardized measure of biofilm accumulation and reten-358

tion along the canal, complementing observations of the pre-existing natural algal bands. Visible359

Cladophora attachment occurredwithin the upstream0–400kmreach,whereas the 400–559kmreach360

was characterized by erosion scars and sparse algal cover (Fig. 4A). Recolonization occurred down-361

stream of 731 km, and the highest plate-associated biomass was recorded in the terminal 1119–1197362

km reach. This longitudinal sequence delineated an intermediate erosion-dominated reach and down-363

stream retention zones, where reduced conveyance energy coincided with increased particle settling364

and filament accumulation (Cembella et al., 1984; Serrano-Ruiz et al., 2011).365

To see how local hydrodynamics affect matrix preservation, we compared Psed, APS, and EPS on the366

front and side faces of the plates (Fig. 4B–D). Psed differed little between side and front (31 vs. 29367

mg kg-1), indicating comparable P backgrounds. But APS and EPS were clearly higher on the side368

face: 0.63 μg g-1 and 35 μg g-1, respectively. Thus local matrix accumulation depends not just on P369

availability but on surface exposure and retention capacity. The front face, hit by flow, turbulence,370

and sediment abrasion, has short particle residence and loses loosely attached algae and EPS. In con-371

trast, lateral flow creates sheltered side-face microzones; repeated abrasion also forms pits, grooves,372

and roughened protrusions that anchor residual or dormant Cladophora filaments. Their retention373

favors APS preservation and EPS accumulation, which in turn strengthens algal–substrate adhesion374

and traps P-associated particles via electrostatic attraction and physical filtration (Chen et al., 2020;375

Kawaguchi and Decho, 2002; Murugavel et al., 2008). Hence side-face enrichment of APS/EPS shows376

that local hydrodynamic sheltering and roughened attachment sites, not P alone, control the persis-377

tence of polysaccharide-rich layers. Sheltered side microzones not only allow initial colonization but378
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Fig. 4: Macroscopic morphology of attached biofilms and AFM-measured nanoscale adhesion at representative
sampling sites. (A) Spatial distribution of sampling sites (blue curve = canal route, 0–1440 km; red circles = sites
with photographic documentation) and macroscopic photographs of biofilm morphology at different depths

(15–90 cm). (B–D) Comparison of Psed (B), APS (C), and EPS (D) contents between the top (high-shear) and side
(low-shear) surfaces of attachment plates. (E) Representative AFM force–distance retraction curves of native EPS

and EPS films treated with TFA hydrolysis or β-glucuronidase digestion.

also promote self-reinforcing adhesion: once APS accumulates, it increases surface roughness and379

electrostatic binding, further enhancing particle retention and EPS production independent of bulk380

P concentration.381

Atomic force microscopy (AFM) force spectroscopy distinguished the structural and chemical382

contributions ofCladophora EPS to nanoscale adhesion during the substrate-attached stage. Among383

the tested groups, native EPS exhibited the highest mean adhesion force of 18.62 nN (Fig. 4E). Se-384

quential deconstruction was applied. Trifluoroacetic acid (TFA) hydrolysis, which breaks long-chain385

polysaccharides, reduced the force from 18.62 to 2.25 nN (a loss of 16.37 nN). This large drop shows386

that the extended polysaccharide network dominates interfacial energy dissipation. Subsequent387

β-glucuronidase treatment further lowered residual adhesion to 1.76 nN (an additional 0.49 nN).388

This smaller but measurable decrease suggests that glucuronic-acid-containing domains contribute389

to residual specific adhesion after backbone disruption, but are not the sole adhesive determinant390

(Alfinaikh et al., 2025; Wang et al., 2026). The AFM results thus indicate a hierarchical adhesion391
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mechanism: the polysaccharide backbone provides the main mechanical framework for interfacial392

toughness, while acidic groups aid localized substrate recognition and residual binding.393

Though 18.6 nN is a nanoscale force, micrometre-scale contact spacing suggests EPS-mediated con-394

tacts could reach ~1012 m-2 on biofilm surfaces (Neu and Lawrence, 2006; Staudt et al., 2004). This395

scaling supports the relevance of nanoscale adhesion to attachment-layer persistence, though direct396

microscopic validation is needed. From a biogeochemical view, this nanomechanical reinforcement397

may stabilize the organic–inorganic interface at the sediment surface and promote retention of P-398

bearing fine particles, providing a microscale explanation for the field-observed link between APS399

enrichment and Psed accumulation (Li et al., 2025).400

3.5 Mechanistic synthesis and management implications401

Integrating laboratory, field, and AFMevidence, we propose amechanistic sequence linking phospho-402

rus supply, extracellular-matrix production, attachment-layer stabilization, and downstream trans-403

port.TheAPS-richmatrix strengthens adhesion and promotes retention of P-bearing particles, enrich-404

ing an EPS-associated P pool at the algal–substratum interface. Once retained, organic P within this405

pool may be hydrolyzed by extracellular phosphatases secreted by Cladophora and its associated epi-406

phytes (Song et al., 2017), thereby increasing local inorganic P availability under phosphate-deficient407

conditions. This enzymatic pathway thus complements physical P retention (Fig. 5). Initial attach-408

ment on smooth concrete relies on EPS. Where phosphorus is available, Cladophora increases APS409

secretion by 21.6 % per unit biomass under P enrichment. The APS‑rich matrix strengthens algal–410

substratum adhesion to 18.6 nN, with polysaccharide backbones contributing about 88% of this force.411

Stronger adhesion reduces shear-induced detachment and promotes the retention of P-bearing par-412

ticles, enriching an EPS-associated extractable P pool near the algal–substratum interface and po-413

tentially increasing local P accessibility. The resulting P retention–APS production feedback may414

reinforce biofilm accumulation even under bulk oligotrophic and high-flow conditions.Because the415

presentwater-column, sediment-associated, and EPS-associated Pmeasurements characterize spatial416

P enrichment and association rather than the chemical speciation or direct assimilation of the retained417
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phosphorus, the inferred increase in local P accessibility should be interpreted as a mechanistic infer-418

ence. Further integration of P-fractionation, release-kinetics, and algal-uptake measurements would419

help determine which retained P pools contribute most directly to sustaining this feedback.420

Once established, the polysaccharide matrix prolonged the residence of fine particles and associated421

P at the algal–substratum interface through electrostatic association, complexation, and physical422

entrapment. Organic P retained within or adjacent to the matrix may subsequently be hydrolyzed423

by extracellular phosphatases, thereby increasing local inorganic-P availability under phosphate-424

deficient conditions (Song et al., 2017). The combined effects of physical retention and enzymatic425

mobilization may support further biomass and matrix production. However, the measured water-426

column, sediment-associated, and EPS-associated P pools characterize spatial enrichment and427

association rather than the chemical speciation, release, or direct algal assimilation of the retained P.428

Further P-fractionation, release-kinetics, and algal-uptake measurements are therefore required to429

identify which retained P pools contribute directly to sustaining this feedback.430

This retention-based feedback promotes persistent colonization undermoderate-flow conditions but431

also increases downstream risk when the attachment layer is destabilized. Flow fluctuations, main-432

21



tenance flushing, and seasonal senescence can detach mature biofilm fragments ranging from indi-433

vidual filaments to mesh-like filament–particle composites. Once mobilized, these aggregates are434

transported downstream and accumulate on intake screens and within rapid sand filters, increasing435

clogging and backwash demand. The mechanism therefore links two canal-scale observations: persis-436

tent Cladophora accumulation in reaches where hydraulic retention and P availability support matrix437

development, and elevated treatment-plant maintenance following episodic detachment and down-438

stream transport of adhesive biomass.439

Based on the proposed P retention–APS production feedback,management should focus on interrupt-440

ing local P accumulation and biofilm maturation before the adhesion cycle becomes self-reinforcing.441

In the historical bloom core within the southernmost approximately 180 km, particularly the depo-442

sitional reach at 76–92 km, underwater surveys should be conducted in April, followed by targeted443

sediment removal and slope cleaning in May–June before the principal July–September growth pe-444

riod. Inspection should cover the predicted seasonal colonization range of 0.93–4.79 m, with priority445

given to the 30–60 cm attachment interface where sediment P and APS were concentrated. A follow-446

up survey in October could identify residual mats associated with deeper light penetration.447

Hydraulic regulation should avoid prolonged low-flow deposition and uncoordinated high-shear448

flushing. Where water-delivery requirements permit, sustained velocities at or below approximately449

0.5 m s-1 should be avoided in recurrent depositional reaches, while a provisional operating range of450

0.60–0.70 m s-1 may limit fine-particle settling without the energy demand of whole-canal high-flow451

operation. Sectional flushing of established mats should be coordinated with temporary interception452

at downstream control structures and forebays, followed by intensified mechanical removal at canal453

screens and treatment-plant intakes. This integrated strategy combines depth-guided monitoring,454

localized desilting and slope cleaning, hydraulic regulation, and canal–plant interception to reduce455

both biofilm development and downstream clogging.456
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4 Conclusion457

Across the 1197 kmwater-transfer canal, recurrentCladophora colonizationwas concentratedwithin458

the first ~180 km, where underwater irradiance, local hydraulics, and P availability jointly favored459

the establishment of substrate-attached biomass. Laboratory experiments further showed that P reg-460

ulated not only biomass development but also extracellular-matrix production, as indicated by a 21.6461

% increase in the APS–biomass regression slope under P supplementation. This enhanced capacity for462

matrix formation was functionally linked to attachment: disruption of the extended polysaccharide463

network reduced mean EPS adhesion from 18.62 to 2.25 nN, demonstrating its central role in sta-464

bilizing the attached layer. Combined with the field association between sediment P and APS, these465

findings support a self-reinforcing P retention–matrix production mechanism in which P promotes466

biomass and adhesive-matrix formation, while the retainedmatrix stabilizes colonization and concen-467

trates P-bearing material at the algal–concrete interface, potentially supporting further matrix devel-468

opment. This mechanism provides a coherent explanation for the recurrent occupation of favorable469

canal-wall habitats under oligotrophic and continuously flowing conditions. Accordingly, manage-470

ment should focus on interruptingmatrix establishment and interfacial P retention in hotspot reaches471

before mature biomass detaches, complemented by downstream interception to protect treatment fa-472

cilities.473
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