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As an important link in the global carbon cycle, the carbon sink function of inland water bodies has attracted much attention in recent years. In particular, the autochthonous production (AP) associated with aquatic photosynthesis in karst surface waters converts dissolved inorganic carbon (DIC) into autochthonous organic carbon (the “carbon sink by carbonate weathering coupled with aquatic photosynthesis, CCW”), which is the key to the formation of a long-term stable carbonate weathering sink. After nearly 20 years of development, the “CCW” theory, as a nature-based solution, has been found to have a win-win mechanism of sink enhancement and water environment improvement. The specific mechanism is that dissolved aquatic CO2 (CO2(aq)) fertilization can effectively alleviate the carbon limitation of the water body, promote the productivity of the water body to achieve carbon sink enhancement, and achieve the inhibition of eutrophication through the modification of the biological structure and the co-precipitation of CaCO3 and phosphorus to enhance the efficiency of phosphorus removal. In conclusion, the carbon fertilization of AP effect in karst surface water bodies has a huge carbon storage capacity and water environment improvement capacity. This paper reviews the detailed process of AP effect in karst surface waters, especially about the possibility of carbon sink and eutrophication mitigation win-win by CO2 fertilization of water bodies and its mechanism of action. Finally, based on the current research gaps, we outline the future research priorities of AP in karst surface water bodies. This study will provide new theoretical basis and scientific support for the regulation of carbon sinks and water quality safety in karst surface waters.
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INTRODUCTION
Global CO2 emissions have been on an upward trend since the industrial revolution. From the 1960s to the present, it has grown by an average of 2.2% per year (Friedlingstein et al., 2024). Data for 2024 suggests that global carbon emissions are still growing and that the 1.5°C target may no longer be achievable, but the 2°C target may still be (Deng et al., 2025). In order to respond to the threat posed by climate change to the survival and development of humankind, China has proposed a “dual-carbon” goal of reaching peak CO2 emissions by 2030 and achieving carbon neutrality by 2060. Currently, reducing carbon emissions and increasing carbon sequestration is one of the key research objectives of the scientific community. Nature-based Solutions (NbS) is gradually being widely recognized and accepted by the international community as an important concept and methodology that can synergistically address societal challenges and promote the harmonious coexistence of human beings and nature (Chang et al., 2024). Ecosystem carbon sinks, as a nature-based climate solution, are the greenest, most economical, and most scalable technological pathway to achieve carbon neutrality goals, and have attracted sustained attention from relevant researchers. In addition, based on modern carbon cycle research, it has been estimated that the amount of atmospheric carbon sources is larger than the amount of carbon sinks at the global scale, and there is an imbalance between the carbon sources and sinks, so the destination of this part of the “missing carbon sink” has become the focus of research in recent years (Houghton et al., 2018; Kirschbaum et al., 2019; Liu et al., 2018).
The global carbon cycle refers to the process of carbon transport, transformation and cyclic turnover among the various layers of the Earth (including the atmosphere, hydrosphere, biosphere, soil circle and lithosphere). Studies of the global carbon cycle have traditionally considered the vertical exchange of CO2 between two active compartments (land and oceans) and a third compartment (the atmosphere) (Middelburg, 2025). Inland waters, as an important link between land, oceans and the atmosphere, play a key role in the global cycling of elements that affect the biogeochemical balance between these systems (Webb et al., 2019). In addition, inland waters act as carbon sinks and sources by burying large amounts of carbon in reservoirs, lakes and flood plains and emitting large amounts of CO2 and methane (Cole et al., 2007). Thus, inland waters play an important role in the global carbon cycle. Additionally, previous studies of terrestrial carbon sinks have focused on soil and vegetation (Arneth et al., 2017; Pan et al., 2011), and the lithosphere, as the largest global carbon reservoir, has not received the attention it deserves (Liu et al., 2010; 2018; 2021). proposed and developed the theory of “the carbon sink by carbonate weathering coupled with aquatic photosynthesis, CCW” by integrating the processes of carbonate weathering, global water cycle and aquatic photosynthesis. The theory suggests that dissolved inorganic carbon (DIC) produced by carbonate weathering is not only an important inorganic carbon sink, but also can be converted into autochthonous organic carbon (AOC) by autochthonous production (AP) and buried in rivers, lakes and oceans, and ultimately enters the lithosphere to form a long-term stable carbon sink, which makes carbonate weathering have a role in controlling climate change on any time scale (Liu et al., 2018). The AP in inland waters refers to photosynthesis that is controlled by the concentration of nutrients (carbon, nitrogen, phosphorus, and trace elements, etc.), i.e., the process of biomass accumulation and the intensity of accumulation are influenced by the concentration of nutrients. The ability of carbonate weathering to form a lasting and stable carbon sink depends greatly on the efficiency of the AP, i.e., how much AOC is actually effectively preserved (Shao et al., 2025). Inland water bodies (rivers, lakes, reservoirs, etc.) are “active reactors” linking the two carbon pools of the Earth’s terrestrial and marine ecosystems and are actively involved in global carbon and nutrient cycling (Battin et al., 2023; Cole et al., 2007). Inland waters, as sites of AOC production and burial, have a disproportionate impact on the global carbon cycle compared to their size (Liu et al., 2025; Tranvik et al., 2009). Studies have shown that CO2 emission fluxes from some terrestrial waters have decreased globally (Finlay et al., 2015; Ran et al., 2021), and dissolved organic carbon (DOC) concentrations and organic carbon (OC) burial have increased over the past 60–150 years (Anderson et al., 2014). This change is mainly due to global warming and intensified human activities, with an increase in AOCs produced by photosynthesis in aquatic plants, i.e., caused by the enhanced AP effect (Liu et al., 2021). In the latest AOC estimates, carbon sinks from enhanced autochthonous production could range from 0.38 to 1.8 billion tons per year, and will become even more important in the context of future climate change and intensifying human activities (Liu et al., 2021).
The AP effect in karst surface waters not only acts as a carbon sequestration and stabilization process, but also is able to generate water environment effects through coupled physical-chemical-biological processes. This is mainly reflected in two aspects. On the one hand, the high pH characteristic of karst aquatic systems results in a low percentage of CO2 in the water in the DIC, and thus the AP efficiency may be CO2 limited, while CO2 is able to limit aquatic plant growth and influence community structure by regulating the carbon (C): nitrogen (N): phosphorus (P) stoichiometric ratio (Bao et al., 2020; Hammer et al., 2019; Shao et al., 2023a). It is important to emphasize that CO2 limitation (carbon limitation) here refers to the availability of free CO2 as a limiting factor for aquatic plant photosynthesis in karst water aquatic systems (see CO2 FERTILIZATION EFFECT AND ITS CARBON SINK for details). On the other hand, the high Ca2+ and DIC characteristic of karst surface water bodies makes AP produce more calcium carbonate deposits and contribute to co-precipitation with phosphate, forming a “self-purification mechanism” for the improvement of the water environment (Hamilton et al., 2009; He et al., 2025a; Sun et al., 2022). This mechanism may be important for water quality improvement (i.e., enhancement of the AP through DIC fertilization) in karst areas covering 15% of the global land surface. In conclusion, the effect of CO2 fertilization and its carbon sink mechanism based on carbon limitation in aquatic ecosystems and considering the mitigation of eutrophication by CO2 is the focus of future research on ecosystem services and management. This new knowledge will provide new scientific and technological support for surface waters to realize artificial carbon sinks and mitigate eutrophication.
This paper reviews the carbon fertilization of autochthonous production in karst surface waters and their roles in carbon reduction and eutrophication mitigation, with special emphasis on the win-win mechanism of carbon sink enhancement and water quality improvement where CO2 fertilization in karst surface aquatic ecosystems can effectively mitigate carbon limitation in the water body, promote productivity to achieve carbon sink enhancement in the water body, and achieve an inhibitory effect on eutrophication by changing the biotic structure and increasing the efficiency of phosphorus removal via co-precipitation of CaCO3 and phosphorus, and finally suggest future research priorities. These insights provide theoretical references for increasing carbon sinks and improving water quality.
INCREASING AUTOCHTHONOUS PRODUCTION IN INLAND WATERS
The AP in inland waters refers to photosynthesis controlled by nutrient concentration, i.e., the process of biomass accumulation and the intensity of accumulation is influenced by the control of nutrient concentration. Especially for karst aquatic systems, the AP effect is affected by free CO2 limitation (e.g., He et al., 2025b). That is, the higher the free CO2 concentration, the stronger the carbon stabilization process and the higher the carbon sink formation. Specifically, aquatic plants convert DIC (HCO3− or CO2) to autochthonous organic carbon (AOC) through the biological pump effect, part of which is further buried as a long-term stable carbon sink, and part of which is transported to downstream water bodies and eventually into the ocean after transformation by complex physicochemical and biological processes (Liu et al., 2010; Liu et al., 2018).
Karst regions account for about 15% of the global land area, and karst surface waters are characterized by high pH, Ca2+ and DIC due to the high weathering rate of carbonates. Studies have shown that the DIC content in karst aquatic ecosystems is 6–10 times higher than that in non-karst areas (Wang et al., 2024; Yi et al., 2021). Studies have shown that a strong AP also exists in karst surface aquatic ecosystems, where aquatic photosynthetic organisms fix part of the DIC produced by carbonate weathering through their own photosynthesis to form AOC that is buried in the sediment, forming a long-term stable carbon sink (Liu et al., 2010; Liu et al., 2018; Liu et al., 2021) (Figure 1). Aquatic photosynthetic organisms (phytoplankton, submerged plants, and microorganisms) convert DIC to AOC during photosynthesis through the AP, a process known as carbon stabilization. The production and burial of AOC from the AP is a net carbon sink, which is an important indicator for global carbon cycle studies (Liu et al., 2018; Shao et al., 2025). In karst surface aquatic ecosystems, the higher the concentration of dissolved inorganic carbon in the water column, the higher the aquatic productivity, the more organic carbon produced, and the existence of a significant AP DIC(CO2) fertilization effect (Chen et al., 2017; Lai et al., 2022; Yang et al., 2016; Zeng et al., 2019). Experimental studies at the large-scale karst water-carbon cycle simulation experimental site in Shawan, Puding, Guizhou showed that different land uses control the concentrations and ratios of inorganic nutrients, such as DIC, N and P, in exposed surface waters, which in turn affects the structure and productivity of aquatic plants in surface waters, and the biomass of submerged plants, as an important participant in AP, changes in tandem with the concentration of DIC in the water (Bao et al., 2020; Bao et al., 2022), and the AOC fixed by autochthonous production in surface water bodies increased with increasing DIC concentration, with a range of 156–493 t C km-2a −1 (Chen et al., 2017). Yang et al. (2016) showed that phytoplankton biomass and TOC concentration increased with increasing water column DIC concentration in the Pearl River, a typical karst river, and the contribution of AOC to TOC was 65%. These studies suggest that the study of AP in inland water bodies will be an important indication of the role of karst aquatic ecosystems in carbon sequestration. In addition, carbonate mineral-rich areas are similarly characterized by high pH and high DIC concentrations in their surface water bodies due to similarly controlled carbonate weathering (Zhang et al., 2015). Our recent study found the same AP effect in surface waters of the Loess Plateau, which is rich in carbonate minerals (Shao et al., 2023a; 2023b; 2024). In addition, similar autochthonous production has been found in European lakes (Nõges et al., 2016) and in the Mississippi River Basin in the USA (Waterson and Canuel, 2008). In recent decades, this autochthonous production seems to be increasing, corresponding to decreasing CO2 emissions from surface waters (Finlay et al., 2009; Jia et al., 2022; Ran et al., 2021) and increasing dissolved organic carbon storage and organic carbon burial (Anderson et al., 2014; Gilarranz et al., 2022; He et al., 2020; Mendonça et al., 2017),a trend that may be closely related to enhanced AP. Based on global-scale estimates, the strengthening AP in inland waters could achieve sequestration of 0.38–1.8 billion tons of carbon equivalent per year (Liu et al., 2021).
[image: Diagram illustrating the carbon cycle involving carbonate rocks. Chemical weathering produces dissolved inorganic carbon, which enters water. In water, autochthonous organic carbon from phytoplankton, submerged plants, and microbes is formed, affecting carbon export and burial. Carbon is exported as carbon dioxide or buried in sediment.]FIGURE 1 | A conceptual model for carbon sink by carbonate weathering coupled with aquatic photosynthesis autochthonous production (AP) (CaCO3+H2O + CO2→Ca2++2HCO3− →AP CaCO3+x (CO2+H2O)+(1-x) (CH2O + O2)). Specifically, aquatic plants (phytoplankton, submerged plants, and microbial) convert DIC from the chemical weathering of carbonate rocks (minerals) in water to autochthonous organic carbon (AOC) through the autochthonous production, part of which is further buried as a long-term stable carbon sink, and part of which is transported to downstream water bodies and eventually into the ocean after transformation by complex physicochemical and biological processes.CO2 FERTILIZATION EFFECT AND ITS CARBON SINK
Most studies of eutrophication in water bodies have focused on the limiting effects of N and P on the primary production of phytoplankton. Since the 1980s, evidence of consistent relationships between phosphorus in the water column and phytoplankton biomass in different study areas has supported the “phosphorus limitation paradigm” (Edmondson, 1970; Hecky and Kilham, 1988; Schindler and Fee, 1973). In contrast, C has long been generally not recognized as a limiting factor for aquatic primary production (Conley et al., 2009; Elser et al., 2009). This understanding is based on two common misconceptions. 1. CO2 in freshwater waters is sufficiently high to meet the carbon needs of aquatic plants for photosynthetic growth because many surface water bodies are often supersaturated with CO2 (Cole et al., 1994) and because atmospheric CO2 is continuously replenished. 2. Although CO2 accounts for only a small fraction of DIC in most cases, many photosynthetic organisms have a carbon concentrating mechanism (CCM) that uses HCO3− as a source of carbon in addition to CO2 directly, so CO2 does not limit aquatic primary productivity in water bodies. In fact, for the first view, even if pCO2 is high, it does not necessarily mean that the actual concentration of CO2 in water is high. Especially in high pH karst aquatic ecosystems, where the carbonate equilibrium system is dominated by HCO3− or CO32−, the CO2 concentration in the water is often less than 1% of DIC (Liu et al., 2018) (Figure 2). Coupled with intense photosynthesis can easily turn the water column into an unsaturated state (Visser et al., 2016) resulting in a high pH and carbon-limited aquatic environment. In addition, CO2 exchange between water and air is an extremely slow process, and the diffusion rate of CO2 in water is only one ten-thousandth of that in the atmosphere (Stumm and Morgan, 1983) and the rate of CO2 replenishment in water is much smaller than the rate of CO2 fixation by aquatic plants. For the second scenario, although CCM mechanisms are prevalent, the use of HCO3− requires additional energy and nutrients, which makes the affinity of many photosynthetic organisms for HCO3− significantly lower than for CO2. In addition, C-N-P concentrations and ratios in aquatic ecosystems are changing under the continuing influence of human activities (Elser et al., 2022; Elser et al., 2000). In particular, anthropogenic-mediated increases in N and P effectiveness in water bodies can make C limitation and CO2 fertilization effects more pronounced (Hammer et al., 2019; Zagarese et al., 2021). Studies have shown that in eutrophic freshwater systems, a doubling of atmospheric CO2 can increase productivity by more than 50%, and that aquatic photosynthetic carbon sinks may increase more than expected (Schippers et al., 2004). In addition, CO2 can contribute to the primary productivity of water bodies in supersaturated lakes. For example, Jansson et al. (2012) found that productivity in CO2 supersaturated lakes (even in the presence of P limitation) reached even 10 times the productivity of lakes in equilibrium with atmospheric CO2. In addition, in a study of hard-water lakes and pilot experiments in Denmark, it was found that phytoplankton biomass was significantly higher than in soft water, and that their growth was co-limited by C-P (Kragh and Sand-Jensen, 2018). In another study from an eutrophic lake with different alkalinity, significant CO2 limitations were found for phytoplankton photosynthesis, growth rate, maximum biomass and organic carbon production (Hammer et al., 2019). These results suggest that alkaline surface water bodies are more susceptible to carbon limitation than soft water environments, highlighting the advantages of karstic water bodies in enhancing carbon sinks. The CO2 fertilization effect of AP and its resulting AOC have received much attention for their important contribution to the global missing carbon sink, which is often overlooked in discussions of freshwater ecosystems’ contribution to the global carbon sink due to the traditional view that AOC are structurally simple and easily consumed by bacterioplankton. However, recent studies have revealed that recalcitrant DOC (RDOC) similar to that in the ocean exists in inland water ecosystems, and in particular, the unique water chemistry of karst regions (high Ca2+, DIC and pH) favors the formation and accumulation of RDOC (Shao et al., 2024; Xia et al., 2022).
[image: Diagram illustrating the carbonate cycle in surface water and sediment. It shows CO2 gas exchange between the atmosphere and water, forming carbonic acid (H2CO3) which dissociates into bicarbonate (HCO3-) and carbonate ions (CO32-). Organic carbon (OC) undergoes photosynthesis, respiration, sedimentation, and burial. Chart shows the proportion of dissolved inorganic carbon species across pH levels, highlighting CO2(aq), HCO3-, and CO32-.]FIGURE 2 | Schematic diagram of carbon cycling in inland waters (modified from Raymond and Hamilton, 2018), with inset plots of the proportion of dissolved inorganic carbon fractions (CO2(aq), HCO3−, and CO32−) as a function of pH (25°C, freshwater) (modified from Zeng et al., 2019). The process of water-air exchange in which surface water absorbs or releases CO2 from or to the atmosphere. When the CO2 concentration in surface water exceeds the equilibrium concentration of dissolved CO2 in water and gas, CO2 escapes from seawater and is discharged into the atmosphere. When the primary production of surface water is strong, the partial pressure of CO2 on the surface of surface water decreases, more atmospheric CO2 enters the seawater, and the inorganic carbon content of surface water increases until a new round of dissolution equilibrium is reached. Aquatic plants convert DIC (CO2) in water into autochthonous organic carbon (AOC) through the biological pump effect, part of which is further buried as a long-term stable carbon sink, and part of which is transported to downstream waterbodies and ultimately to the oceans after transformation through complex physicochemical and biological processes. The inset shows that in karst surface waters, carbonate equilibrium favors HCO3−, resulting in a lower concentration of dissolved CO2.MECHANISMS OF MITIGATION OF EUTROPHICATION OF WATER BODIES BY AUTOCHTHONOUS PRODUCTION
Impacts of carbon limitation from autochthonous production on aquatic plant community cpmposition and succession
Phytoplankton and submerged plants are the main primary producers in freshwater aquatic systems, and the stoichiometric ratios and growth of their organisms are regulated by environmental inorganic elements due to the different nutrient requirements and uptake of different algae and submerged plants (Iversen et al., 2019; Sardans et al., 2012). Previous studies have focused on the regulation of biological structures by N and P, with little consideration of the effects of C (King, 1970; Velthuis et al., 2022 showed that elevated CO2 increased phytoplankton C:N by 4% and C:P by 9% and growth rate by 6% under nutrient-sufficient conditions, while nutrient-limited conditions amplified the effects of CO2 on C:N and C:P, which increased by 27% and 17%, respectively. In addition, studies have shown that decreases in CO2 in the water column often correspond to algal bloom (Visser et al., 2016) and lead to the dominance of a few algal species, such as cyanobacteria (due to their having almost the most effective CCM). In fact, most phytoplankton have CCM (Giordano et al., 2005; Price et al., 2008; Shi et al., 2016), but there are differences in inorganic carbon utilization model between cyanobacteria and eukaryotic algae. Carbon acquisition pattern for CO2(aq) and HCO3− varied among the same phytoplankton species, and in descending order were: diatoms, coccolithophores, chlorophytas, and cyanobacteria (Low-Decarie et al., 2015; Low-Decarie et al., 2011). Compared with most planktonic algae, the more efficient CCM of cyanobacteria can convert more HCO3− to CO2 to maintain the carbon demand for photosynthesis and growth in C-limited waters, which greatly improves their photosynthetic performance and survival under CO2 limitation, and thus makes them easy to become dominant species (Visser et al., 2016). In addition, it was found that the CCM was inhibited when cells were P-limited, suggesting that P plays an irreplaceable role in maintaining the normal functioning of the CCM (Reinfelder, 2011), which gives cyanobacteria a more competitive advantage in eutrophic and C-limited water bodies and may further develop into cyanobacterial blooms. However, CCM is an active uptake energy-consuming process, and cyanobacterial HCO3− acquisition mechanisms include BicA, SbtA, and BCT1, all of which are highly energy-consuming (Shibata et al., 2001), and when the DIC of the water body is elevated, especially when CO2 is added to the water body, algae that originally had a weak CCM or did not have a CCM will gain a new competitive advantage, causing the proportion of cyanobacteria in the whole community to decrease, and the eutrophication hazard was reduced (Shi et al., 2016). In addition, in terms of the chemical composition of phytoplankton, more carbon is required for the growth of green algae relative to cyanobacteria, and thus differences in their chemical elemental compositions may also result in a competitive advantage for carbon (King, 1970; Rojo et al., 2020; Townsend et al., 2007). Recent work suggests that phytoplankton community composition may vary with CO2 concentration gradients, and that taxa with inefficient CCMs or their RuBisCO low affinity for CO2 are more dominant in high CO2 environments (Cabrerizo et al., 2020; Katkov et al., 2020). Over the years, our studies at the Shawan Karst Large-scale Analog Test Site have found that high C:N and C:P drive green algae and diatoms to have a competitive advantage over cyanobacteria (Bao et al., 2020; Bao et al., 2021). In addition, using a typical karst shallow lake, we found that the limiting threshold of CO2 concentration for planktonic algae was 15 μmol/L in the Erhai Sea of Yunnan (Lai et al., 2022),and 30 μmol/L in the Caohai lake of Guizhou, and that the cyanobacterials relative to the green algae when the water body C(CO2):N > 0.2 (molar ratio) and C(CO2):P > 10 and diatoms decreased (Zhang et al., 2023). It is hypothesized that high CO2 concentrations may raise the competitive advantage of algae other than cyanobacteria, thus helping to control cyanobacterial outbreaks in the early stages of eutrophication and mitigating eutrophication of water bodies.
Elevated CO2 in the water column not only affects planktonic community structure but also promotes the growth of submerged plants (Pagano and Titus, 2004). To alleviate CO2 limitation, many submersed plants already have the ability to utilize HCO3− (Maberly and Gontero, 2017). However, unlike phytoplankton algae, submerged plants are less capable of inorganic carbon utilization and light energy acquisition than phytoplankton, and they are more carbon limited and light limited in the water column (Allen and Spence, 1981). In general, the CO2 threshold at which phytoplankton begin to utilize HCO3− as a primary carbon source is 10–15 μm (Van Dam et al., 2018), whereas submersed plants such as Verticillium brasiliensis begin to utilize HCO3− as a carbon source at 50 μm (Bao et al., 2021), which puts submerged plants are often at a competitive disadvantage in eutrophic waters. Submerged plants have higher C:N and C:P ratios than phytoplankton in terms of their elemental chemical count ratios (e.g., C:N:P = 160:23:1 for cyanobacteria (King, 1970), and C:N:P = 582:82:1 for charophyte (Rojo et al., 2020)). Thus, submerged plants are better adapted to grow in C-rich environments (Iversen et al., 2019). Studies have shown that submerged plants can support higher productivity in high DIC environments than in low DIC environments when water body N:P increases (Kaijser et al., 2021). Therefore, the CO2 fertilization effect of AP may be more conducive to promoting the primary productivity and growth of submerged plants and solidifying their dominant position. Submerged plants are the main primary producers in shallow lakes and play an important role in water quality restoration and eutrophication management. Dense submerged plants can provide complex ecological niches for macrofauna, compete with algae for nutrients, promote sedimentation and reduce sediment re-suspension, improve the underwater light environment, and secrete chemosensory substances to inhibit algal growth, leading to more favorable water quality conditions (Scheffer et al., 2001). Taken together, carbon limitation of biological pumps may favor submerged plants to gain an advantage in competition with planktonic algae or enhance the competitive advantage of algae other than cyanobacteria (Shi et al., 2016), which is important for mitigating cyanobacterial-type eutrophication in water bodies.
Autochthonous production effectively promote the co-precipitation of CaCO3 with dissolved phosphate
The carbon fertilization of AP mitigates eutrophication of water bodies in addition to altering the structure of aquatic organisms. In addition, the AP forms AOC and promote carbonate deposition, of which carbonate deposition has a significant P removal function (Hamilton et al., 2009; Murphy et al., 1983). CaCO3 precipitation is regulated by coupled inorganic chemical and biological effects. However, most studies have focused on the effect of inorganic chemistry on CaCO3 precipitation, and the role of biology in it has not attracted enough attention. However, it has been found that biological effects can effectively induce CaCO3 precipitation. For example, indoor experimental studies showed that there was no calcite precipitation at the water-gas interface in the water column without organisms, despite the water column being supersaturated due to degassing, and that calcite precipitation did not occur at the bottom as it normally does in rivers, whereas calcite precipitation occurred in the presence of biofilm (Rogerson et al., 2008). In addition, laboratory studies have found that cyanobacteria are capable of inducing calcite deposition (Obst et al., 2009), photoheterotrophic bacteria are capable of inducing calcite precipitation and the rate of calcite precipitation is controlled by the growth rate of the bacteria, similar to that of cyanobacteria and anaerobic phototrophic bacteria (Bundeleva et al., 2012). Field studies have shown that photosynthesis in aquatic plants induces CaCO3 precipitation (De Montety et al., 2011; Nimick et al., 2011), especially in karstic surface waters with high DIC, Ca2+ and high pH, where aquatic photosynthetic organisms utilize the DIC produced by carbonate weathering to be converted to autochthonous organic carbon via the autochthonous production (AP) (AOC-organic carbon pump, AOCP) and accompanied by precipitation of secondary calcium carbonate (inorganic carbon pump) (CaCO3+H2O + CO2→Ca2++2HCO3− →AP CaCO3+x (CO2+H2O)+(1-x) (CH2O + O2)) (Liu et al., 2010). Aquatic photosynthetic organisms are the nexus of coupled AOC and inorganic carbon pumps in surface water AP. Their photosynthesis produces AOC while leading to an increase in pH, raising the concentration of CO32− and causing CaCO3 supersaturation, which in turn promotes CaCO3 precipitation (Figure 3). Non-calcareous algae (including diatoms, cyanobacteria, and green algae) and microorganisms have been observed to cause CaCO3 precipitation in freshwater environments (e.g., lakes, rivers) over the past few decades (Gomez et al., 2018; Müller et al., 2016), which may be closely related to enhanced autochthonous production in inland waters.
[image: Illustration depicting a process involving chemical weathering of carbonate rock, producing calcium ions and bicarbonates. These are absorbed by eCAs and iCAs in phytoplankton, increasing pH and carbonate levels. The formation of calcium carbonate occurs through CaCO3 and AOC pumps, expressed as an organic-inorganic hybrid, leading to burial. A chemical equation at the bottom represents this transformation.]FIGURE 3 | Sedimentation mechanism of aquatic photosynthetic organisms in karstic surface waters utilizing DIC produced by carbonate weathering converted to autochthonous organic carbon (AOC-Organic Carbon Pump, AOCP) accompanied by secondary calcium carbonate (Inorganic Carbon Pump) via the autochthonous production (AP). The double-pumping effect of organic carbon pump and inorganic carbon pump generates organic-inorganic hybrid that are further buried to form carbon storage.The carbon fertilization of AP is not only a key mechanism for carbon sequestration and stabilization during carbonate weathering carbon sinks in terrestrial surface ecosystems, but also influences the cycling processes of other elements, including phosphorus (P), which has a controlling effect on eutrophication (Sun et al., 2022). The AP process can produce CaCO3 crystallization and precipitation. During calcium carbonate precipitation, dissolved phosphate co-precipitates with calcite, resulting in the conversion of soluble to insoluble phosphorus in water (Otsuki and Wetzel, 1972). Meanwhile, CaCO3 crystals have a large specific surface area and more surface adsorption sites, which can make soluble reactive phosphorus (SRP) adsorbed on the surface of calcium carbonate crystals through adsorption or coordination. Co-precipitation of SRP with calcium carbonate and adsorption on the surface of calcium carbonate crystals can remove SRP from the water body, thus alleviating the development of eutrophication, which is considered to be an important “self-purification mechanism” for eutrophic water bodies (Lin and Singer, 2006). Kamiya et al. (2004) and Liu et al. (2016) used X-ray diffraction (XRD) techniques to analyze the products of CaCO3 after immersion in (NH4)2HPO4 solution as well as foliar precipitates in water, respectively, and found that these products are the most thermodynamically stable hydroxyapatite (HAP)-containing carbonates.
It was found that aquatic organisms in karst surface water bodies further increased the pH value of water bodies under photosynthesis, which induced the co-precipitation of SRP and CaCO3 in the water, and more than 74% of the phosphorus co-precipitated with calcium carbonate when the pH value was between 9.5 and 10, and that the co-precipitation of calcium carbonate and phosphate in karst lakes due to the increase in pH value caused by enhanced AP could be used to control the lake’s eutrophication (Otsuki and Wetzel, 1972). This was confirmed by Dittrich and Koschel (2002) that the P removal by CaCO3-P co-precipitation is more pronounced when photosynthesis is strong in water. Similarly, the Sicilian reservoirs in Italy had contingency plans to stop cyanobacterial outbreaks by spreading lime powder to the reservoirs to remove P, which proved to be highly effective (Naselli-Flores et al., 2003). In addition, Hamilton et al. (2009) conducted a nutrient-enriched enclosure experiment on a nutrient-poor lake and showed that added P promoted increased productivity and exacerbated CaCO3 precipitation, but that much of the added P ended up being deposited back into the sediment as co-precipitation with CaCO3, creating a negative feedback mechanism on lake eutrophication (Corman et al., 2015; 2016). in river studies also found that co-precipitation of phosphate with calcium carbonate reduced P levels in the water column and increased the N:P ratio of the water column, making the primary productivity of the river P-limited, while the reduction in the P concentration in the water column may reduce biological N uptake. In summary, in karst aquatic systems, this carbon sink mechanism can synergize with the efficient carbonate pump (CP) to significantly contribute to the removal of phosphorus (P). Based on this concept, we propose the “AOCP -CP removal hypothesis”: Phosphorus uptake and utilization by organic processes will synergize with inorganic mechanisms (i.e., adsorption and co-precipitation of phosphorus by the carbonate pump) (He et al., 2025a) (Figure 4). In addition, for water containing a certain concentration of iron, high redox potential makes iron ions show high valence, high pH is conducive to the formation of iron hydroxide (Fe(OH)3) colloid, (Fe(OH)3) colloid has a large surface area, which can promote P adsorption on iron oxide/ferric hydroxide and co-precipitation occurs together. Moreover, Ca-P can be converted to Fe-P with lower activity, thus realizing the purpose of P removal (He et al., 2025b; Hoffman et al., 2013) (Figure 4). In summary, in addition to its role in carbon sequestration and carbon stabilization, the carbon fertilization of AP can play a key role in the restoration of ecosystems in eutrophic water bodies.
[image: Diagram illustrating the interaction between karst groundwater, river inputs, and the aquatic environment. It shows chemical reactions like CO2 with CaCO3 and processes like photosynthesis. Elements involved include calcium ions, bicarbonate, phosphate, and iron. Areas are labeled for karst groundwater inputs, river inputs, strengthening AP, and carbon and phosphorus burial. The background includes mountains and vegetation.]FIGURE 4 | The strengthening autochthonous production (AP) on P scavenging in karst lake ecosystems (modified from He et al., 2025a).CONCLUSION AND FUTURE RESEARCH DIRECTIONS
In karst surface water ecosystems, phytoplankton and submerged aquatic plants can fix part of the carbonate weathering carbon sink through photosynthesis, forming a stable carbon sink. The higher the concentration of dissolved inorganic carbon (DIC), the higher the aquatic productivity, and there is a “DIC (CO2) fertilization effect”. At the same time, AP in karst surface water has the effect of improving the water environment. The CO2 fertilization of water bodies based on the carbon limitation of biological pumps, as a natural land-based solution, can be the focus of future research on carbon sequestration and eutrophication mitigation in water bodies, which can provide a new research framework to realize the win-win situation of carbon sequestration and eutrophication mitigation. The breakthrough of this theoretical mechanism will provide a new theoretical support for future artificial carbon sinks and water quality control.
Although some progress has been made in AP’s pollution reduction and sink enhancement studies. However, there are still some limitations in this case study. First, most of the current studies have been carried out independently for a single region and a single period of time, and there is a lack of broad global studies and high-frequency, time-scaled monitoring. Secondly, most of the previous studies have focused on CO2, and quantitative studies on biogeochemical processes associated with emissions of other greenhouse gases (methane and nitrous oxide) need to be strengthened. Finally, the mechanisms of AP-related carbon sinks and eutrophication mitigation effects should be further elucidated. In summary. The study of CO2 fertilization and its carbon sink and eutrophication mitigation effects on AP in karst surface waters needs to be further strengthened, especially in the research direction, theory and methodology, which still need to be further improved and systematically elucidated.
Based on the review in this paper, we suggest that future research should focus on the following aspects.
Establishment of a network for momtoring carbon fluxes in karst surface waters
The processes of horizontal carbon exchange and vertical carbon burial are two key processes for carbon storage in karst surface waters. Accurate measurement of the fluxes of the above processes is the basis for assessing the AP-related carbon sinks in karst surface waters. Future studies should use hydrological modeling, radioisotopes, stable carbon isotopes, and machine learning to accurately quantify the lateral transport fluxes and vertical carbon burial fluxes in karst surface waters, to study their transport and transformation mechanisms, and to trace the sources of different carbon.
Enhance quantitative studies of biogeochemical processes associated wit mathane (CH4) and nirtrous qxide (N2O) emissions
As potentiated greenhouse gases (GHGs), CH4 and N2O are of great significance to the global carbon cycle. Previous studies related to AP have mainly focused on CO2 fluxes and their influence mechanisms. In order to more accurately assess the AP-related carbon sinks in karst surface waters, the emission fluxes of CH4 and N2O need to be comprehensively considered, especially the microbial contributions to the carbon cycle and their emission fluxes of methane and nitrous oxide. Future studies could quantify the biogeochemical processes associated with methane and nitrous oxide emissions through field investigations combined with remote sensing techniques.
Feedback mechanisms between dic fertilization in AP and its carbon sink and eutrophication mitigation effects with climate, land use and lithology
In order to systematically elucidate the DIC fertilization and its carbon sink and eutrophication mitigation effects on the productivity of karst surface waters at the global scale, we need to consider different climatic (temperature and precipitation differences), land use (N-P nutrient inputs), and lithological (carbonate-silicate rock pH and DIC differences) conditions in an integrated manner in the future. In particular, the following scientific questions need to be further investigated: (1) What are the mechanisms and conditions under which surface water body DIC contributes to AP fertilization? (2) What are the coupling relationships and mechanisms between C:N:P:Si and phytoplankton-submerged plant community structure in surface waters? (3) What are the carbon sink and eutrophication mitigation effects of AP under DIC fertilization in surface waters? The solution of the above questions is of great significance for the promotion of DIC (CO2) fertilization of AP and its carbon sink and eutrophication mitigation effects in a wider range of inland water bodies.
Study on the enhancement potential of sriticial interventions on carbon sinks and water environment effects
Enhanced rock weathering (ERW) has been rapidly developed in recent years as an important technology for anthropogenic capture of atmospheric CO2. Due to the rapid kinetic characteristics of carbonate dissolution, carbonate rock-based enhanced rock weathering (ECW) techniques has become an important development direction for ERW. We provide a preliminary quantitative assessment of the carbon sink potential, implementation cost, and carbon footprint generated by ECW, and conduct a comprehensive study on the sink enhancement efficiency (stability) of ECW implementation and its potential environmental impacts. On the basis of ECW, we propose that a new model of enhanced carbonate rock weathering (ECCW) coupled with photosynthesis of aquatic organisms should be developed, with particular emphasis on the important contribution of the carbon fertilization of AP in inland waters in stabilizing large-scale CO2 removal by ECW. In the future, sink enhancement efficiency should be a key concern for future ECW implementation, and the goal should be to convert a greater proportion of dissolved inorganic carbon (DIC) from enhanced rock weathering into endogenous organic carbon sequestration through synchronized regulation of aquatic photosynthesis to stabilize carbon sinks generated by ECW towards 100%.
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