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Abstract 
Dissolved silica (DSi) is a key nutrient regulating riverine 

biogeochemical cycling, diatom productivity, and nutrient 

balance in downstream estuarine and coastal waters. 

However, how large cascade reservoirs modify DSi 

transport in the Yangtze River system remains 

insufficiently constrained, particularly in the lower Jinsha 

River where intensive hydropower development has 

recently occurred. Here, we combined field observations 

from three major Jinsha River cascade reservoirs, 

Baihetan, Xiluodu, and Xiangjiaba, in April 2025 with 

long-term monitoring and historical datasets from the 

Yangtze River main stem to evaluate reservoir-induced 

changes in DSi transport and their implications for nutrient 

connectivity.  

The Jinsha River reservoirs showed relatively stable DSi 

concentrations, with a mean value of 102.83 ± 1.37 μmol 

L⁻¹ and no significant difference among the three 

reservoirs, suggesting a high but spatially homogenized 

DSi background in this impounded upper reach. In 

contrast, long-term records from the Yangtze River main 

stem revealed pronounced spatial and temporal variability. 

DSi generally showed a high–low–high longitudinal 

pattern from the upper to middle and lower reaches, and a 

marked decline occurred in the middle reach around 2008. 

Decadal observations at Cuntan, Hankou, and Datong 

further indicated a gradual decrease in DSi over recent 

decades, with stronger reductions at downstream stations 

after the operation of the Three Gorges Dam and the Jinsha 

River cascade reservoirs. These patterns suggest that 



reservoir regulation is likely associated with weakened 

downstream DSi delivery through prolonged water 

residence time, reduced hydrological connectivity, 

enhanced particle settling, biological uptake of DSi, and 

subsequent burial of biogenic silica within impounded 

reaches. This study highlights the need to incorporate DSi 

and silica retention processes into long-term water-quality 

monitoring and ecological risk assessment for large 

regulated rivers. 

 

Keywords: dissolved silica; cascade reservoirs; nutrient 

connectivity; silica retention; Yangtze River; ecological 

risk 

 

1. Introduction 

 

Silicon (Si) is a major crustal element and an essential 

nutrient for many aquatic silicifying organisms, 

particularly diatoms that form biogenic silica (BSi). By 

regulating diatom production and carbon export through 

the biological pump, Si plays an important role in marine 

biogeochemical cycling (Brzezinski et al., 2024; Cassarino 

et al., 2024; Closset et al., 2025; Ragueneau et al., 2000). 

Rivers connect terrestrial and marine systems by delivering 

dissolved and particulate materials, including silicon, 

carbon, and other nutrients, to estuaries and coastal seas, 

where these inputs influence nutrient balance and 

biological productivity (De Melo et al., 2025; Jankowski et 

al., 2025; Ver, 1999). Riverine silicon delivery is controlled 

by natural processes such as rock weathering, hydrological 

transport, and climate-driven mobilization, but it is 

increasingly modified by human activities (Tréguer et al., 

1995; Bernard et al., 2010). Among these disturbances, 

dam construction has received particular attention because 

reservoirs can alter flow velocity, water residence time, 

sediment retention, and in-reservoir biological processing, 

thereby changing dissolved silica (DSi) transport from 

upstream river sections to downstream reaches (Humborg 

et al., 1997; Humborg et al., 2000). The rapid expansion of 

large and small dams has fragmented many river systems 

worldwide and weakened the natural continuity of material 

transport (Nilsson and Berggren, 2000; Laruelle et al., 

2013). Reservoir regulation affects silicon cycling not 

through a single pathway, but through coupled 

hydrodynamic and biogeochemical processes. Longer 

residence time, reduced turbulence, higher water 

temperature, and enhanced particle retention may together 

modify the transformation and downstream delivery of 

silicon and other nutrients (Klaver et al., 2007; Friedl and 

Wüest, 2002; Humborg et al., 2002; Burford, 2011). These 

effects are especially important in large dammed rivers, 

where multiple reservoirs may cumulatively reshape river–

ocean nutrient connectivity. 

The Yangtze River is a key land–ocean transport system in 

East Asia. It drains approximately 1.8 × 10⁶ km² and flows 

about 6,300 km from the Tibetan Plateau to the East China 

Sea, delivering large amounts of freshwater, sediment, and 

nutrients to the estuary each year (Li et al., 2007). These 

riverine inputs influence nutrient supply, primary 

production, and carbon fixation in the East China Sea and 

adjacent marginal seas. Dissolved silica (DSi) transport in 

the Yangtze River has therefore been widely studied, 

especially in relation to nutrient distribution, tributary 

inputs, and downstream fluxes (Liu et al., 2003). Previous 

work also showed that both DSi and biogenic silica (BSi) 

vary along the upper–middle reaches of the Yangtze, and 

that the Three Gorges Reservoir can modify silica transport 

through retention and sedimentation processes, with BSi 

generally showing stronger retention than DSi (Ran et al., 

2013). 

Compared with the middle and lower Yangtze River, the 

upper reaches have received less attention in DSi studies, 

particularly the Jinsha River. This region is characterized 

by steep topography, strong erosion, and active rock 

weathering, making it a potentially important source area 

for riverine DSi. In recent decades, the Jinsha River has 

been increasingly regulated by a series of large hydropower 

projects, including Wudongde, Baihetan, Xiluodu, and 

Xiangjiaba. The scale of this cascade development 

indicates that its influence on water residence time, 



sediment retention, and nutrient transport may be 

comparable to that of major downstream reservoirs (Zhu et 

al., 2017). However, field-based evidence from the Jinsha 

River reservoir reaches remains limited. Additional 

observations are therefore needed to clarify how upstream 

cascade regulation affects DSi dynamics and downstream 

silica delivery in the Yangtze River. 

We surveyed three large cascade reservoirs in the lower 

Jinsha River (Baihetan, Xiluodu, and Xiangjiaba) and 

measured dissolved silica (DSi). We combined these 

observations with long-term datasets from the upper, 

middle, and lower Yangtze River to analyze DSi changes 

before and after cascade reservoir construction and to 

examine possible mechanisms. This work addresses a key 

data gap in the Jinsha River reach and improves 

understanding of how dam regulation affects the silicon 

cycle. Specifically, our objectives were to: (1) characterize 

the spatial distribution of dissolved silica (DSi) in the data-

scarce Jinsha River reach; (2) analyze changes in DSi 

before and after dam construction in the Yangtze River; and 

(3) examine how dam construction alters DSi transport and 

retention mechanisms and evaluate its implications for 

basin-scale silicon cycling, thereby providing scientific 

support for regional water resources management. 

 

2. Study Area and Methods 

2.1 Sample Collection 

Water samples were collected on 18–19 April 2025 from 

three cascade reservoirs in the lower Jinsha River: 

Xiangjiaba Hydropower Station (XJB), Xiluodu 

Hydropower Station (XLD), and Baihetan Hydropower 

Station (BHT) (Fig. 1). Prior to fieldwork, permission to 

collect water samples at all sampling sites was obtained 

from the relevant reservoir management authorities, and all 

sampling activities were conducted in accordance with 

relevant institutional and national regulations. At each site, 

2 L of water was collected, of which 1 L was used for 

laboratory analysis of water-quality parameters, kept at 4 

°C, transported to the laboratory under refrigerated 

conditions, and analyzed for water-quality parameters 

within one week. A total of 26 samples were collected, 

including 9 from XJB, 9 from XLD, and 8 from BHT. 

Laboratory analyses were conducted using an automated 

discrete multi-parameter water analyzer (SmartChem 200) 

and a UV–visible spectrophotometer, following the 

standard methods in Monitoring and Analytical Methods 

for Water and Wastewater (State Environmental Protection 

Administration of China, 2002).  

Figure 1. Sampling sites in the Yangtze River Basin and the Jinsha River. 



 

2.2 Sample Analysis and Data Acquisition  

 

In the laboratory, 1 L of water sample was filtered through 

a Whatman GF/F glass fiber filter with a nominal pore size 

of 0.7 μm. After filtration, the filter was wrapped in 

aluminum foil and stored in the dark at low temperature 

until analysis. The filtrate was stored at 4 °C and 

subsequently used for the determination of dissolved silica 

(DSi, SiO₃²⁻) concentration. DSi concentration was 

determined using a SmartChem 200 fully automated 

analyzer via the molybdenum blue spectrophotometric 

method, with a precision greater than 97%. 

2.3 Data Processing and Analysis 

 

To characterize spatiotemporal variation in DSi along the 

Yangtze River main stem, we combined field 

measurements from the Jinsha River cascade reservoirs 

with multi-year DSi datasets compiled from the upper, 

middle, and lower reaches of the Yangtze River. These 

datasets were used to examine long-term spatial and 

temporal patterns in main-stem DSi. All variables were 

standardized before analysis. Differences in DSi among the 

upper, middle, and lower reaches were tested for 

significance. We also compared DSi before and after dam 

construction and between upstream and downstream 

sections relative to the dams. Period-based differences 

shown in boxplots were evaluated using Mann–Whitney U 

test, with statistical significance set at p < 0.05. Data 

analysis and figure preparation were mainly performed 

using Grapher 12, R (v3.2.2), and ArcMap 10.7. 

 

3. Results  

 

3.1 Spatial Variations of DSi in the Cascade Reservoirs 

of the Jinsha River 

 

The DSi concentrations in the three cascade reservoirs of 

the Jinsha River averaged 102.83 ± 1.37 μmol L⁻¹ (Fig. 2). 

Among them, the Xiluodu Hydropower Station exhibited 

relatively lower DSi (102.1 ± 1.45 μmol L⁻¹), while the 

Baihetan Hydropower Station showed 103.38 ± 1.13 μmol 

L⁻¹. Overall, no significant differences in DSi were 

observed among the three reservoirs (Fig. 2). 

Figure 2. DSi concentrations in the Baihetan, Xiluodu, and Xiangjiaba reservoirs of the Jinsha River. 

 

3.2 Long-term Spatial Variations of DSi Along the 

Main Stem of the Yangtze River 

Using the conventional division into upper, middle, and 

lower reaches, DSi was generally elevated in the upper 

reach relative to the middle and lower reaches (Fig. 3). 



From 1997 to 2018, the spatial pattern of DSi changed from 

year to year. In 1997, DSi was much higher in the upper 

reach, and the middle reach had the lowest values. In 2004, 

spatial differences were weak. In 2006, DSi decreased first 

and then increased toward the estuary. The 2008 pattern 

was broadly similar to that in 1997. In 2017, differences 

among the three reaches were relatively small, although 

DSi still showed an overall downstream decrease along the 

river. 

Figure 3. Spatial variation in dissolved silica (DSi) concentrations along the Yangtze River main stem. The dataset covers 

1997–2025. Data for April–May 1997 were from Liu et al. (2003); data for March–October 2004 were from Ran et al. 

(2022); data for 2005 were from Ran et al. (2013); data for April–October 2006 were from Ran et al. (2017); data for 

2008–2018 were from Ran et al. (2022); and data for 2025 were generated in this study. Orange inverted triangles mark 

the five major hydropower stations along the Yangtze River main stem, and blue diamonds mark the boundaries between 

the upper, middle, and lower reaches. 

 

Following dam construction, formerly free-flowing river 

reaches are transformed into lentic reservoir systems, 

substantially increasing water residence time. Extended 

residence times enhance the settling of particulate diatom-

derived silica and the burial of biogenic silica (BSi), 

thereby promoting DSi retention within reservoirs and 

reducing the downstream DSi flux (Harrison et al., 2012). 

The Three Gorges Dam is a major hydraulic project on the 

Yangtze River. Construction of the Three Gorges Project 

officially started on 14 December 1994, and the reservoir 

began to provide power generation and navigation benefits 

in June 2003 (Niu, 2022). Using 2003 as the breakpoint, 

we tested whether DSi in the upper, middle, and lower 

reaches of the Yangtze River main stem differed before and 

after the Three Gorges Dam began operation (Fig. 4). 

Overall, DSi remained relatively high in the upper reach, 

while values in the middle and lower reaches tended to 

decrease after dam construction. In 2008 (Fig. 4b), DSi in 

the middle reach was significantly lower than in the upper 

reach and then increased toward the lower reach. 

 

 

 

 

 

 



 

Figure 4. DSi concentrations in the upper, middle, and lower reaches of the Yangtze River main stem. Data for April–

May 1997 in panel (a) were from Liu et al. (2003), and data for 2008 in panel (b) were from Ran et al. (2022). Significant 

differences among the upper, middle, and lower reaches were tested according to the boundary cities defining each reach 

using the Mann–Whitney U test. Asterisks indicate significance levels: *** P < 0.001, ** 0.001 < P < 0.01, * P < 0.05, 

and ns indicates no significant difference. 

 

 

3.3 Long-term (Interannual to Decadal) Variations of 

DSi in the Yangtze River Main Stem 

 

Since 1960, DSi concentrations have generally declined 

across the upper, middle, and lower reaches of the Yangtze 

River, with the decrease becoming stronger after the 1980s 

(Fig. 5). In the early 1960s, DSi concentrations were close 

to 270 μmol L⁻¹ at Hankou and approximately 200 μmol 

L⁻¹ at Cuntan, this suggests that DSi levels in the Yangtze 

River were relatively high in the 1960s. DSi then declined 

over time as human activities intensified, including dam 

construction, land reclamation, and urban expansion (Fig. 

5a). A comparison of DSi changes before and after the 

construction of the Three Gorges Dam shows that DSi at 

Cuntan (upstream of the dam) did not change markedly 

(Fig. 5b), whereas DSi at Hankou and Datong (downstream 

of the dam) exhibited a significant decreasing trend after 

dam construction (Fig. 5c). These results indicate that the 

Three Gorges Dam has altered downstream DSi fluxes 

through a retention effect. 

 

 



Figure 5. Multi-year changes in DSi in the upper, middle, and lower reaches of the Yangtze River main stem. (a) Temporal 

trends in DSi at Cuntan, Hankou, and Datong since 1960. (b) Changes in DSi at Cuntan before and after the construction 

of the Three Gorges Dam. (c) Changes in DSi at Hankou and Datong before and after the construction of the Three Gorges 

Dam. 

 

4. Discussion 

 

4.1 Spatiotemporal Variations in DSi in the Yangtze 

River and Potential Mechanisms 

 

Variations in dissolved silica (DSi) concentrations are 

controlled by both natural climatic factors and human 

disturbances. At the basin scale, DSi dynamics are closely 

related to silicate-rock lithology and weathering rates 

(Chetelat et al., 2008), and may also be affected by forest 

cover (Conley et al., 2008). In the Yangtze River basin, 

previous work suggested that a 1 ℃ increase in mean 

annual air temperature could raise silicate chemical 

weathering rates by ~9 %; this is similar in magnitude to 

the observed warming from the 1960s to the 2000s and may 

therefore be an important driver of DSi-load change in the 

Yangtze River (Ran et al., 2022). Deforestation and 

agricultural expansion can also change the Si cycle by 

increasing erosion and promoting dissolution of 

amorphous silica (ASi), which may increase riverine DSi, 

whereas crop harvesting removes Si from soils and may 

reduce riverine DSi export (Conley et al., 2008; Sarath et 

al., 2022). Silica retention in river bends and dammed 

reaches can further enhance deposition and lower DSi 

concentrations in the water column (Ran et al., 2016; Xiao 

et al., 2019). In line with this mechanism, DSi showed a 

significant decreasing trend after dam construction (Fig. 

5c), suggesting that the Three Gorges Dam reduced 

downstream DSi fluxes through retention. 

In recent years, DSi concentrations in the Yangtze River 

basin have shown a persistent decline (Fig. 5a). Besides 

natural climatic effects such as drought (Ran et al., 2022), 

this trend is likely linked to multiple human activities. 

Agricultural expansion may reduce riverine DSi by 

changing biogeochemical Si cycling pathways (Conley et 

al., 2008; Struyf et al., 2010). Large-scale deforestation is 

also important because vegetation removal weakens 

biological Si cycling (Carey & Fulweiler, 2012). 

Meanwhile, paddy fields and dry croplands can increase 

soil erosion and runoff, which may raise the proportion of 

particulate silica (PSi) and reduce the relative contribution 

of DSi (Struyf & Conley, 2012). In the middle and lower 

Yangtze, rice cultivation has expanded, and this may 

further reduce downstream DSi supply, because more Si is 

stored in crop biomass and removed during harvest (Song 

et al., 2012). Together with the construction of cascade 

reservoirs along the Yangtze River main stem, these 

processes have ultimately led to a marked decline in DSi 

flux to the river mouth, with important ecological effects 

on Si-limited phytoplankton (e.g., diatoms) in the East 

China Sea, including potential shifts in community 

structure. 

 

4.2 Impacts of Dam Construction on DSi in the Yangtze 

River Main Stem 

 

Dam construction can change downstream silica cycling 

and nutrient limitation patterns, and it may also delay 

downstream responses. Dams increase hydraulic residence 

time and retain biogenic silica (BSi), which can reduce 

downstream DSi concentrations and make a relative 

“silica-deficient” condition more likely during high-flow 

periods. Meanwhile, reservoir-induced DSi retention may 

shift nutrient limitation patterns across seasons and may 

lead to seasonal changes in algal community composition 

(Makareviciute-Fichtner et al., 2024; Ran et al., 2013). 

In recent decades, growing socio-economic demand has 

promoted large-scale dam construction, which has changed 

both the amount and composition of materials delivered 

from rivers to the ocean (Ittekkot, 2012; Ittekkot et al., 



2000) and has also altered natural river environments 

(Humborg et al., 2006; Milliman, 1997). After 

impoundment began at the Three Gorges Dam in 2003, two 

major reservoirs in the Jinsha reach—Xiangjiaba and 

Xiluodu—were impounded and entered operation in 2012 

and 2013, respectively (Lu et al., 2019). Together with the 

Wudongde Reservoir (operational since 2020) and the 

Baihetan Reservoir (impounded in 2021), they constitute 

the world’s largest cascade reservoir system (Lu et al., 

2019). This large reservoir cascade strongly affects 

nutrient retention and river ecology in the Yangtze River, 

which is likely to influence DSi dynamics. 

Cascade reservoir development increases the retention and 

sediment burial of silica in multiple forms, including 

particulate silica (PSi) and dissolved silica (DSi). We tested 

this by comparing DSi across the upper, middle, and lower 

Yangtze before and after the Three Gorges Dam began 

impoundment. (Figs. 5b and 5c), we found no significant 

change in DSi at Cuntan (upstream of the dam) (Fig. 5b). 

In contrast, significant declines were observed at Hankou 

and Datong downstream of the dam after its construction 

(p < 0.01), indicating that damming can exert a strong 

influence on riverine DSi. The reduction in riverine DSi is 

associated with both physical trapping by dams and 

transformations among silica pools (Fig. 6). On the one 

hand, large dams convert fast-flowing river reaches into 

lentic, low-velocity reservoir environments, promoting the 

settling of particulate silica and enhancing biological 

uptake of DSi, which can subsequently be converted into 

BSi and buried in reservoir sediments (Maavara et al., 

2020). Reservoirs also extend water residence time, which 

can support algal growth and increase the conversion of 

DSi to biogenic silica (BSi). Much of this BSi is then 

retained through sedimentation, and only a small part may 

return to the water column through re-dissolution and be 

transported downstream. Over time, reservoirs can 

therefore act as long-term sinks for DSi (Maavara et al., 

2020; Nelson et al., 1995).  

 

Figure 6. Effects of dam interception on silica cycling. In panel (a), DSi denotes dissolved silica, BSi biogenic silica, LSi 

lithogenic (terrestrial) silica, ASi amorphous silica, and PSi particulate silica. Panel (a) shows silica burial processes after 

dam construction, and panel (b) shows changes in DSi before and after cascade reservoir construction in the Jinsha River，

Pre-dam DSi data were obtained from Liu et al. (2003) for 1997 and Ran et al. (2022) for 2008 and 2017, using 

measurements collected at sites located more than 2,800 km upstream of the Yangtze River mouth. Post-dam DSi data 

were obtained from the present study. 

 

 Over the past decades, DSi concentration in the middle and 

lower Yangtze River have both decreased markedly, and 



dam construction appears to be a major cause. Cascade 

reservoirs extend water residence time, which promotes 

biological uptake of DSi and BSi burial, particulate silica 

settling, followed by conversion to BSi and burial in 

sediments, and these processes together reduce 

downstream transport. In the Yangtze River, dam-related 

DSi decline is likely associated with reservoir trapping, 

enhanced sedimentation, and in-reservoir biogeochemical 

transformations. This may further disturb downstream 

Si:N:P stoichiometry, reduce the competitive advantage of 

diatoms, and contribute to ecosystem changes in the East 

China Sea. A common consequence of river 

“reservoirization” is higher water transparency and longer 

hydraulic residence time. These conditions can support 

greater diatom biomass, and the subsequent deposition and 

preservation of biogenic remains can cause temporary or 

permanent BSi burial in reservoirs, which increases total 

DSi retention and is often described as the “reservoir 

retention effect” (Fig. 6) (Beusen et al., 2009; Humborg et 

al., 1997; Ran et al., 2017). 

 

4.3 Impacts of Reduced Riverine Silicon Inputs on 

Marine Ecosystems 

 

Silicon is the second most abundant element in the Earth’s 

crust and an important nutrient in the ocean. It is required 

for the growth of diatoms and some sponges, and it is also 

used by radiolarians, silicoflagellates, and several groups 

of flagellates (Tréguer & Rocha, 2013). Diatoms are 

among the most widespread in the modern ocean and 

contribute more than 40% of total marine primary 

production (Malviya et al., 2016; Nelson et al., 1995).  

In the absence of substantial human perturbation, silicon in 

the modern ocean is estimated to have a residence time of 

about 15,000–17,000 years (Laruelle et al., 2009; Tréguer 

et al., 1995), which suggests a near steady-state system 

under natural conditions. However, increasing evidence 

shows that human activities are changing this cycle, 

including dam construction that lowers DSi concentrations 

in rivers and estuaries (Laruelle et al., 2009). Along the 

land–ocean aquatic continuum (LOAC), Si is transported 

and supports freshwater and marine food webs. Because 

dams slow transport and increase residence time in the 

LOAC, many dammed rivers function more like “in-stream 

reactors”. With longer residence time, more nutrients can 

be converted from dissolved to particulate forms through 

primary production, and these particles are more likely to 

settle and be retained, thereby altering nutrient delivery to 

coastal waters. (Maavara et al. 2020;Fig. 6). 

The Yangtze River is about 6,300 km long, with a 

discharge of about 900 km³ yr⁻¹, ranking fourth globally. It 

delivers large nutrient loads to the estuary and adjacent 

seas and is an important material source for the East China 

Sea and adjacent western North Pacific marginal seas, 

where river inputs strongly affect coastal ecosystems 

(Chen et al., 2002; Li et al., 2007). The Three Gorges Dam 

on the main stem began impoundment in 2003. In the 

Jinsha River reach, the Xiangjiaba and Xiluodu reservoirs 

were impounded and began operation in 2012 and 2013, 

respectively (Lu et al., 2019). Further upstream, the 

Wudongde and Baihetan reservoirs began operation in 

2020 and 2021, respectively. Together, these four projects 

form the world’s largest cascade reservoir system (Lu et al., 

2019). 

 

5. Conclusions 

 

In April 2025, we investigated DSi in three reservoirs on 

the Jinsha River (Baihetan, Xiluodu, and Xiangjiaba) to 

elucidate DSi dynamics and underlying mechanisms in the 

cascade-reservoir system of the upper Yangtze River. We 

further compiled field survey data (1997–2025) along the 

Yangtze River main stem from the upper to lower reaches, 

together with available historical records, to examine DSi 

transport and variability before and after cascade-reservoir 

construction and to assess the roles of natural processes and 

anthropogenic influences. 

Spatial-scale patterns. DSi showed different spatial 

patterns along the Yangtze River main stem in different 

years. Before the Three Gorges Dam began operation 



(1997), DSi did not differ significantly among the upper, 

middle, and lower reaches. By 2008, DSi in the middle 

reach had decreased significantly, indicating a dam-related 

spatial decline in DSi. 

Decadal-scale trends. Long-term records from Cuntan, 

Hankou, and Datong show a gradual decline in DSi from 

the 1960s to the present. After Three Gorges Dam 

impoundment, DSi decreased significantly at Hankou and 

Datong (both downstream of the dam), while no significant 

change was detected at Cuntan (upstream). DSi also 

decreased significantly after cascade reservoirs were built 

in the Jinsha River reach, suggesting that dam construction 

can substantially reduce riverine DSi. 

Implications of cascade reservoirs for land–sea Si export. 

Six large cascade reservoirs are distributed along the 

Yangtze River main stem. Reservoir formation can play an 

important role in nutrient uptake and burial—particularly 

of silica—thereby reducing riverine Si fluxes to the ocean 

and potentially affecting marine ecosystems. Further 

studies are needed to quantify the amount of Si (across 

different forms) sequestered by cascade-reservoir 

construction and to evaluate its ecological impacts, 

especially in the East China Sea. 

Declaration of Generative AI and AI-assisted technologies 

in the writing process: During the preparation of this 

manuscript, GPT was used for partial translation and 

language polishing. After using this tool, the authors 

carefully reviewed and edited the manuscript and take full 

responsibility for the accuracy, originality, and final 

content of the work. 

 

 

 

References  

Bernard, C. Y., Laruelle, G. G., Slomp, C. P., & Heinze, 

C. (2010). Impact of changes in river fluxes of 

silica on the global marine silicon cycle: A model 

comparison. Biogeosciences, 7(2), 441–453. 

https://doi.org/10.5194/bg-7-441-2010.  

Beusen, A. H. W., Bouwman, A. F., Dürr, H. H., 

Dekkers, A. L. M., & Hartmann, J. (2009). Global 

patterns of dissolved silica export to the coastal 

zone: Results from a spatially explicit global model. 

Global Biogeochemical Cycles, 23(4), GB0A02. 

https://doi.org/10.1029/2008GB003281.  

Brzezinski, M. A., Johnson, L., Estapa, M., Clevenger, 

S., Roca-Martí, M., & Romanelli, E. (2024). 

Physical mechanisms sustaining silica production 

following the demise of the diatom phase of the 

North Atlantic spring phytoplankton bloom during 

EXPORTS. Global Biogeochemical Cycles, 38(7), 

e2023GB008048. 

https://doi.org/10.1029/2023GB008048. 

Burford, M. A., Revill, A. T., Palmer, D. W., 

Clementson, L., Robson, B. J., & Webster, I. T. 

(2011). River regulation alters drivers of primary 

productivity along a tropical river-estuary system. 

Marine and Freshwater Research, 62(2), 141–151. 

https://doi.org/10.1071/MF10224. 

Carey, J. C., & Fulweiler, R. W. (2012). Human 

activities directly alter watershed dissolved silica 

fluxes. Biogeochemistry, 111(1), 125–138. 

https://doi.org/10.1007/s10533-011-9671-2. 

Cassarino, L., Pickering, R. A., Zhang, Z., & Liguori, B. 

(2024). The silicon cycle in the ocean. Frontiers for 

Young Minds, 11, 1178327. 

https://doi.org/10.3389/frym.2023.1178327. 

Chen, J., Wang, F., Xia, X., & Zhang, L. (2002). Major 

element chemistry of the Changjiang (Yangtze 

River). Chemical Geology, 187(3–4), 231–255. 

https://doi.org/10.1016/S0009-2541(02)00032-3. 

Chetelat, B., Liu, C. Q., Zhao, Z. Q., Wang, Q. L., Li, S. 

L., Li, J., & Wang, B. L. (2008). Geochemistry of 

the dissolved load of the Changjiang Basin rivers: 

Anthropogenic impacts and chemical weathering. 

Geochimica et Cosmochimica Acta, 72(17), 4254–
4277. https://doi.org/10.1016/j.gca.2008.06.013. 

Closset, I., Baronas, J. J., Torricella, F., De Tombeur, F., 

Liguori, B. T. P., Petrucciani, A., Bryan, N., 

López-Acosta, M., Churakova, Y., Thielecke, A. 

U., Zhang, Z., Llopis Monferrer, N., Pickering, R. 

A., Guyomard, M., & Zhu, D. (2025). Silicification 

in the ocean: From molecular pathways to 

silicifiers’ ecology and biogeochemical cycles. 

Ocean Science, 21(6), 3427–3470. 

https://doi.org/10.5194/os-21-3427-2025. 

Conley, D. J., Likens, G. E., Buso, D. C., Saccone, L., 

Bailey, S. W., & Johnson, C. E. (2008). 

Deforestation causes increased dissolved silicate 

losses in the Hubbard Brook Experimental Forest. 

Global Change Biology, 14(11), 2548–2554. 

https://doi.org/10.1111/j.1365-2486.2008.01667.x. 

De Melo, M., Fink-Mercier, C., Galindo, V., Gosselin, 

M., Neumeier, U., Xie, H., & Del Giorgio, P. A. 

(2025). Riverine influence on coastal 

biogeochemistry along a 400-km latitudinal 

gradient in eastern James Bay. Journal of 

Geophysical Research: Biogeosciences, 130(8), 

e2025JG008793. 

https://doi.org/10.1029/2025JG008793. 



Friedl, G., & Wüest, A. (2002). Disrupting 

biogeochemical cycles: Consequences of damming. 

Aquatic Sciences, 64(1), 55–65. 

https://doi.org/10.1007/s00027-002-8054-0. 

Harrison, J. A., Frings, P. J., Beusen, A. H. W., Conley, 

D. J., & McCrackin, M. L. (2012). Global 

importance, patterns, and controls of dissolved 

silica retention in lakes and reservoirs. Global 

Biogeochemical Cycles, 26(2), GB2037. 

https://doi.org/10.1029/2011GB004228. 

Humborg, C., Blomqvist, S., Avsan, E., Bergensund, Y., 

Smedberg, E., Brink, J., & Mörth, C. M. (2002). 

Hydrological alterations with river damming in 

northern Sweden: Implications for weathering and 

river biogeochemistry. Global Biogeochemical 

Cycles, 16(3), 1039. 

https://doi.org/10.1029/2000GB001369. 

Humborg, C., Conley, D. J., Rahm, L., Wulff, F., 

Cociasu, A., & Ittekkot, V. (2000). Silicon 

retention in river basins: Far-reaching effects on 

biogeochemistry and aquatic food webs in coastal 

marine environments. AMBIO: A Journal of the 

Human Environment, 29(1), 45–50. 

https://doi.org/10.1579/0044-7447-29.1.45. 

Humborg, C., Ittekkot, V., Cociasu, A., & von 

Bodungen, B. (1997). Effect of Danube River dam 

on Black Sea biogeochemistry and ecosystem 

structure. Nature, 386(6623), 385–388. 

https://doi.org/10.1038/386385a0. 

Humborg, C., Pastuszak, M., Aigars, J., Siegmund, H., 

Mörth, C. M., & Ittekkot, V. (2006). Decreased 

silica land–sea fluxes through damming in the 

Baltic Sea catchment: Significance of particle 

trapping and hydrological alterations. 

Biogeochemistry, 77(2), 265–281. 

https://doi.org/10.1007/s10533-005-1533-3. 

Ittekkot, V. (2012). The silicon cycle: Human 

perturbations and impacts on aquatic systems. 

Island Press. 无 DOI. 

Ittekkot, V., Humborg, C., & Schäfer, P. (2000). 

Hydrological alterations and marine 

biogeochemistry: A silicate issue? BioScience, 

50(9), 776–782. https://doi.org/10.1641/0006-

3568(2000)050[0776:HAAMBA]2.0.CO;2. 

Jankowski, K. J., Johnson, K., Lyon, N. J., Bush, S. A., 

Julian, P., Sethna, L. R., et al. (2025). GlASS: 

Global aggregation of stream silica. Scientific Data, 

12(1), 1658. https://doi.org/10.1038/s41597-025-

05937-2. 

Klaver, G., Van Os, B., Negrel, P., & Petelet-Giraud, E. 

(2007). Influence of hydropower dams on the 

composition of the suspended and riverbank 

sediments in the Danube. Environmental Pollution, 

148(3), 718–728. 

https://doi.org/10.1016/j.envpol.2007.01.037. 

Laruelle, G. G., Roubeix, V., Sferratore, A., Brodherr, 
B., Ciuffa, D., & Conley, D. J. (2009). 

Anthropogenic perturbations of the silicon cycle at 

the global scale: Key role of the land-ocean 

transition. Global Biogeochemical Cycles, 23(4), 

GB4031. https://doi.org/10.1029/2008GB003267. 

Laruelle, G. G., Heinze, C., & Meysman, F. J. R. (2013). 

Anthropogenic perturbation of the carbon fluxes 

from land to ocean. Nature Geoscience, 6(8), 597–
607. https://doi.org/10.1038/ngeo1830. 

Li, M., Xu, K., Watanabe, M., & Chen, Z. (2007). Long-

term variations in dissolved silicate, nitrogen, and 

phosphorus flux from the Yangtze River into the 

East China Sea and impacts on estuarine ecosystem. 

Estuarine, Coastal and Shelf Science, 71(1–2), 3–
12. https://doi.org/10.1016/j.ecss.2006.08.013. 

Liu, S. M., Zhang, J., Chen, H. T., Wu, Y., Xiong, H., 

& Zhang, Z. F. (2003). Nutrients in the Changjiang 

and its tributaries. Biogeochemistry, 62(1), 1–18. 

https://doi.org/10.1023/A:1021162214304. 

Lu, C., Dong, X., Tang, J., & Liu, G. (2019). Impacts of 

large cascade reservoirs on runoff and sediment 

load variations in Jinsha River Basin. Science of 

Soil and Water Conservation, 17(5), 36–43. 

https://doi.org/10.16843/j.sswc.2019.05.005. 

Maavara, T., Chen, Q., Van Meter, K., Brown, L. E., 

Zhang, J., Ni, J., & Zarfl, C. (2020). River dam 

impacts on biogeochemical cycling. Nature 

Reviews Earth & Environment, 1(2), 103–116. 

https://doi.org/10.1038/s43017-019-0019-0. 

Makareviciute-Fichtner, K., Matthiessen, B., Lotze, H. 

K., & Sommer, U. (2024). Nutrient enrichment 

alters phytoplankton biomass and composition via 

silicon limitation. Frontiers in Marine Science, 11, 

1289768. 

https://doi.org/10.3389/fmars.2024.1289768. 

Malviya, S., Scalco, E., Audic, S., Vincent, F., 

Veluchamy, A., Poulain, J., et al. (2016). Insights 

into global diatom distribution and diversity in the 

world’s ocean. Proceedings of the National 
Academy of Sciences, 113(11), E1516–E1525. 

https://doi.org/10.1073/pnas.1509523113. 

Milliman, J. D. (1997). Blessed dams or damned dams? 

Nature, 386(6623), 325–327. 

https://doi.org/10.1038/386325a0. 

Nelson, D. M., Tréguer, P., Brzezinski, M. A., Leynaert, 

A., & Quéguiner, B. (1995). Production and 

dissolution of biogenic silica in the ocean: Revised 

global estimates, comparison with regional data 

and relationship to biogenic sedimentation. Global 

Biogeochemical Cycles, 9(3), 359–372. 

https://doi.org/10.1029/95GB01070. 

Niu, X. (2022). The Three Gorges Project. Engineering, 

15, 17–23. 

https://doi.org/10.1016/j.eng.2022.05.001. 

Nilsson, C., & Berggren, K. (2000). Alterations of 

riparian ecosystems caused by river regulation: 

Dam operations have caused global-scale 

ecological changes in riparian ecosystems. 



BioScience, 50(9), 783–792. 

https://doi.org/10.1641/0006-

3568(2000)050[0783:AORECB]2.0.CO;2. 

Ragueneau, O., Tréguer, P., Leynaert, A., Anderson, R. 

F., Brzezinski, M. A., & DeMaster, D. J. (2000). A 

review of the Si cycle in the modern ocean: Recent 

progress and missing gaps in the application of 

biogenic opal as a paleoproductivity proxy. Global 

and Planetary Change, 26(4), 317–365. 

https://doi.org/10.1016/S0921-8181(00)00052-7. 

Ran, X., Liu, J., Yu, Z., Yao, Q., Guo, H., & Chen, H. 

(2017). Distribution, transport and retention of 

silica in the main channels of the Yangtze River in 

an exceptionally low water discharge year. Journal 

of Lake Sciences, 29(3), 740–752. 

https://doi.org/10.18307/2017.0324. 

Ran, X., Liu, S., Liu, J., Zang, J., Che, H., Ma, Y., & 

Wang, Y. (2016). Composition and variability in 

the export of biogenic silica in the Changjiang 

River and the effect of Three Gorges Reservoir. 

Science of the Total Environment, 571, 1191–1199. 

https://doi.org/10.1016/j.scitotenv.2016.07.125. 

Ran, X., Wu, W., Song, Z., Wang, H., Chen, H., Yao, 

Q., Xin, M., Liu, P., & Yu, Z. (2022). Decadal 

change in dissolved silicate concentration and flux 

in the Changjiang (Yangtze) River. Science of the 

Total Environment, 839, 156266. 

https://doi.org/10.1016/j.scitotenv.2022.156266. 

Ran, X., Yu, Z., Chen, H., Zhang, X., & Guo, H. (2013). 

Silicon and sediment transport of the Changjiang 

River (Yangtze River): Could the Three Gorges 

Reservoir be a filter? Environmental Earth 

Sciences, 70(4), 1881–1893. 

https://doi.org/10.1007/s12665-013-2275-5. 

Sarath, P. K., Mangalaa, K. R., Cardinal, D., 

Gurumurthy, G. P., Dapoigny, A., Sarma, V. V. S. 

S., & Riotte, J. (2022). Seasonal, weathering and 

water use controls of silicon cycling along the river 

flow in two contrasting basins of South India. 

Chemical Geology, 604, 120883. 

https://doi.org/10.1016/j.chemgeo.2022.120883. 

Song, Z., Liu, H., Si, Y., & Yin, Y. (2012). The 

production of phytoliths in China’s grasslands: 
Implications to the biogeochemical sequestration 

of atmospheric CO₂. Global Change Biology, 
18(12), 3647–3653. 

https://doi.org/10.1111/j.1365-2486.2012.02780.x. 

State Environmental Protection Administration of China. 

(2002). Monitoring and analytical methods for 

water and wastewater (4th ed.). China 

Environmental Science Press. 无 DOI. 

Struyf, E., & Conley, D. J. (2012). Emerging 

understanding of the ecosystem silica filter. 

Biogeochemistry, 107(1–3), 9–18. 

https://doi.org/10.1007/s10533-011-9590-2. 

Struyf, E., Smis, A., Van Damme, S., Garnier, J., Govers, 

G., & Van Wesemael, B. (2010). Historical land 

use change has lowered terrestrial silica 

mobilization. Nature Communications, 1(1), 129. 

https://doi.org/10.1038/ncomms1128. 

Tréguer, P., Nelson, D. M., Van Bennekom, A. J., 

DeMaster, D. J., Leynaert, A., & Quéguiner, B. 

(1995). The silica balance in the world ocean: A 

reestimate. Science, 268(5209), 375–379. 

https://doi.org/10.1126/science.268.5209.375. 

Tréguer, P. J., & De La Rocha, C. L. (2013). The world 

ocean silica cycle. Annual Review of Marine 

Science, 5, 477–501. 

https://doi.org/10.1146/annurev-marine-121211-

172346. 

Ver, L. M. B. (1999). Biogeochemical responses of the 

carbon cycle to natural and human perturbations: 

Past, present, and future. American Journal of 

Science, 299(7–9), 762–801. 

https://doi.org/10.2475/ajs.299.7-9.762.  

Xiao, W., Huang, Y., Mi, W., Wu, H., & Bi, Y. (2019). 

Variation of diatoms and silicon in a tributary of 

the Three Gorges Reservoir: Evidence of 

interaction. Water, 11(7), 1369. 

https://doi.org/10.3390/w11071369. 

Zhu, L., Dong, X., & Chen, Z. (2017). Sediment 

deposition of cascade reservoirs in the lower Jinsha 

River and its impact on Three Gorges Reservoir. 

Journal of Yangtze River Scientific Research 

Institute, 34(3), 1–7.  

https://doi.org/10.11988/ckyyb.20160007 
 

Acknowledgments 

This project was supported by the Yunnan Provincial 

Department of Science and Technology Project 

(202301BA070001-098) and the Department of Education 

of Yunnan Province (JG2023216). 

 

Author contributions  

Qian Ma: Investigation, methodology, writing – original 

draft, and manuscript revision.Peisheng Yan: 

Conceptualization, writing – review and editing, and 

supervision.Tao Ma and Xuemei Zhang: Investigation and 

methodology.Jing Fan, Da Liu, Rui Wang, and Yali Li: 

Investigation, data acquisition, and data analysis. 

 

Competing interests 

The authors declare no competing interests. 

 

Data availability 



All data generated or analysed during this study are 

included in this published article and its supplementary 

information files. 

 

 

 

 



Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

DSiApril2025.xlsx

https://assets-eu.researchsquare.com/files/rs-10926140/v1/1812fad7142117fccba2e16c.xlsx

