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Abstract

:

Two of the most important CO2 sequestration processes on Earth are plant photosynthesis and rock chemical dissolution. Photosynthesis is undoubtedly the most important biochemical reaction and carbon sink processes on Earth. Karst geological action does not produce net carbon sinks. Photosynthesis and karstification in nature are coupled. Karstification–photosynthesis coupling can stabilize and increase the capacity of karstic and photosynthetic carbon sinks. Bidirectional isotope tracer culture technology can quantify the utilization of different inorganic carbon sources by plants. Bicarbonate utilization by plants is a driver of karstification–photosynthesis coupling, which depends on plant species and the environment. Carbonic anhydrase, as a pivot of karstification–photosynthesis coupling, can promote inorganic carbon assimilation in plants and the dissolution of carbonate rocks. Karst-adaptable plants can efficiently promote root-derived bicarbonate and atmospheric carbon dioxide use by plants, finally achieving the conjugate promotion of karstic carbon sinks and photosynthetic carbon sinks. Strengthening karstification–photosynthesis coupling and developing karst-adaptable plants will greatly improve the capacity of carbon sinks in karst ecosystems and better serve the “Carbon peak and Carbon neutralization” goals of China.
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1. Introduction


Since the Industrial Revolution, atmospheric carbon dioxide (CO2) concentrations have increased from 280 ppm before the Industrial Revolution to 421 ppm today, an increase of 50% [1]. Since 1850–1900, the global average surface temperature has risen by approximately 1 °C with the increase in atmospheric CO2 concentrations [2]. Human activities have become one of the driving forces of changes in the Earth system, alongside the sun and the Earth’s core, and the resulting global warming phenomenon has become a topic of major public concern. The impact of this phenomenon on the environment in which human beings live has become more direct. To prevent the occurrence of global warming, it is urgent to carry out research into effective and economical atmospheric carbon dioxide capture (carbon sequestration) pathways and take corresponding countermeasures. For this reason, China has made a commitment to reach carbon peak in 2030 and carbon neutrality in 2060, and to fulfill its responsibilities for the realization of global governance and the construction of a community with a shared future for humankind.



Karst is a general term for the geological effects of water on soluble rocks via mainly chemical dissolution, supplemented by mechanical actions such as erosion, latent erosion, and the collapse of flowing water, and the general term for the phenomena produced by these effects [3]. The global karst distribution area is nearly 22 million km2, accounting for approximately 15% of the planet’s land area, and the population living on karst areas is approximately one billion and is mainly concentrated in low latitudes, including Southwest China, Southeast Asia, Central Asia, the Mediterranean, the east coast of North America, the Caribbean, the west coast of South America, and the south of Australia. Concentrated contiguous karst is mainly distributed in southern Europe, eastern North America and southwestern China. Karst in Southwest China is known for its larger continuous distribution area and for being the complete development type, the beautiful landscape and the fragile ecological environment [4,5]. In the 1,071,400 km2 geographical range of 451 counties (cities) of Yunnan, Guizhou, Guangxi, Hunan, Guangdong, Sichuan, Chongqing, Hubei, and other provinces (autonomous regions and cities) centered on the Yunnan-Guizhou Plateau, the distribution area of carbonate rock is 450,800 km2, accounting for 42.08% of the total land area [6].



Two of the most important processes for absorbing carbon dioxide on Earth are the photosynthesis of plants (biological action) and the chemical dissolution of rocks (silicate and carbonate rocks) (geological action). Photosynthesis is undoubtedly the most important biochemical reaction and carbon sink process on Earth. Plants use sunlight energy through photosynthesis to assimilate inorganic carbon and water into organic matter, release oxygen, couple the water and carbon metabolism of plants, and connect the soil–vegetation and vegetation–atmosphere systems. The equation for the dissolution of silicate rocks is as follows: CO2 + Ca(Mg)SiO3 → Ca(Mg)CO3 + SiO2, and that for the dissolution of carbonate rocks (karstification) is as follows: Ca(Mg)CO3 + H2O + CO2 ⇆ Ca(Mg)2+ + 2HCO3−. The dissolution of silicate rocks is also undoubtedly a geological carbon sink process, but due to the low dissolution rate of silicate rocks [7], it is believed that silicate rock dissolution is only a carbon sink on a billion-year geological time scale [8], and has little impact on the carbon sink of the short-term time scale that human society is currently concerned about.



The dissolution of carbonate rocks has a profound effect on carbon sinks on short time scales [9,10,11,12,13]. From a short time scale, the development and utilization of fossil fuels released a large amount of carbon dioxide in advance due to human activities, especially the industrial revolution, which breaks the balance between the sequestration of carbon dioxide and the release of carbon dioxide, and conversely affects carbonate rock dissolution. Meanwhile, the lag in plant development and evolution has led to insufficient photosynthetic carbon sequestration. Therefore, the effect of carbonate rocks dissolution on carbon sinks is more profound on a short time scale.



Karstification by itself is a zero-carbon sink geological process, due to the balance of dissolution and the deposition of carbonate rocks on a billion-year-long time scale. Based on the models constructed from the deposition and burial of carbonates and organics, and the continental weathering of silicates, carbonates, and organics, as well as other factors such as volcanoes, diagenesis, and metamorphic degassing, scientists have found that after entering the ocean, HCO3− dissolved from carbonate will be transformed into carbonates in seafloor sedimentary rocks while releasing CO2. From the geological process of carbonate dissolution on land to marine sedimentation, karst geological action does not produce net carbon sinks [14,15,16].




2. Uncoupled Karstification Limits Photosynthetic Carbon Sequestration


2.1. Karst Drought


Drought is mostly caused by low precipitation, while karst drought are mainly caused by special geological environments, because the average annual rainfall in the karst region of Southwest China is sufficient, up to 1000~1800 mm [17]. Long-term strong karstification has caused the hydrogeological structure in karst areas to be a special spatial structure on the surface and underground. The underground river system in this area is very well developed, and the surface has developed a large number of karst landforms in different landscapes, such as caves, lysophores, lysses, funnels and sinkholes, and skylights. Because most of the rocks are exposed and soil formation is slow and the soil layer is shallow, rainwater quickly leaks into the ground, becoming deeply buried groundwater, forming a pattern of separation between water and soil, and the water covered by the thin soil is quickly evaporated, resulting in soil drought [18]. When torrential rains fall, the underground karst pipes do not provide sufficient drainage, resulting in flooding [19,20]. Karst drought causes the stomata of leaves to close, severely reducing the photosynthesis of plants, and it even causes the death of plants.




2.2. High pH, and High Bicarbonate and Calcium Contents


Most of the bedrock in karst habitats consists of carbonate rocks, and its main chemical components are soluble salts such as CaCO3 and MgCO3. Due to the continuous dissolution of carbonate rocks in these habitats, hydrogen ions were consumed, a large number of bicarbonate ions and calcium and magnesium ions were formed, and the cover soil was modified into an environment with a high pH and high content of calcium and bicarbonate that affected the nutrient uptake by plants [18,21,22,23].



The average pH of the soil in the karst area of Mulun National Nature Reserve was 6.96, the maximum value was 7.68, and the minimum value reached 5.76 [24]. The pH of the soil developed from limestone was 7.69, and that from dolomite was 7.85, which was significantly higher than that from shale (5.32), sandstone (5.44), and red clay (5.32) [25].



The average exchangeable calcium content in the soil of Puding, Huajiang, Libo, and Luodian in karst areas was 3612.43 mg·kg−1, which was seven times higher than the value of 519.33 mg·kg−1 found in the non-limestone soils of Fujian, and more than 250 times higher than the average of 14.22 mg·kg−1 in the non-limestone soils of hilly and mountainous regions in southern China [26,27,28].




2.3. Deficiency of Available Nitrogen, Phosphorus, and Nutrient Elements


In karst areas, due to strong dissolution, many effective nutrient elements in the soil are lost. In addition, the high pH value and calcium concentration of the soil further reduce the effective the content of nutrient elements.



Due to the high pH value and high concentration of bicarbonate in soils of karst areas, ammonium nitrogen easily generates ammonia and enters the atmosphere [29]. Therefore, the content of ammonium nitrogen in karst areas is often lower than that in nonkarst areas, while the content of nitrate nitrogen is often higher than that in nonkarst areas. The average content of ammonium nitrogen from 20 soil samples in karst areas was 5.09 mg·kg−1, which is less than 70% of that of the Loess Plateau, while the average content of nitrate nitrogen was 13.60 mg·kg−1, which is 6.5 times that of the Loess Plateau [30,31]. A low content of ammonium nitrogen and a high content of nitrate nitrogen are typical characteristics of soil in karst areas.



The high pH value and calcium of soil in karst areas make it difficult for phosphorus and other nutrient elements in soil to move, resulting in a lack of available phosphorus and nutrient elements. The average value of available phosphorus in the soil in the limestone area was only 1/3 of that in the sandstone area [31]. The contents of available Zn, Cu, and B in calcareous soil in Guangxi were 1.48, 1.45, and 0.04 mg kg−1, respectively [32], while the contents of available Zn, Cu, and B in the topsoil of paddy soil measured in Yixing city, Jiangsu Province, in 1995 were 3.94, 5.12, and 0.28 mg kg−1, respectively [33]. Clearly, the contents of available Zn, Cu, and B in calcareous soil in Guangxi Province are significantly lower than those in paddy soil in Yixing city, Jiangsu Province.



Therefore, deficiencies in available nitrogen, phosphorus, and other nutrients in karst areas, which limit plant growth and development, are another limiting factor for plant photosynthetic carbon sequestration in karst areas.





3. Karstification–Photosynthesis Coupling Increases Karst Carbon Sinks


Plants (including microalgae) not only directly use carbon dioxide from the atmosphere, but also bicarbonate from soil (water bodies) [34,35,36,37,38,39,40], which transform bicarbonates from karstification into photosynthetic carbon sinks [35,41]. Both photosynthetic organisms in the ocean (or other water bodies) and terrestrial plants can “intercept” partial bicarbonate to form a photosynthetic carbon sink. Some bicarbonate dissolved from carbonate becomes sedimentary rock on the seafloor; however, a considerable amount of bicarbonate is involved in photosynthetic assimilation into organic matter. Aquatic photosynthetic organisms and terrestrial plants “intercept” inorganic carbon, which is then replenished with atmospheric CO2 to capture it. Therefore, the “interception” of bicarbonate by plants stabilizes the apparent karst carbon sink, results in the coupling of karstification and photosynthesis, and yields a net karst carbon sink.



In fact, photosynthesis and karstification in nature are coupled (Figure 1) [42,43,44,45]. Karstification–photosynthesis coupling has always constrained atmospheric CO2 concentrations. In geological history, higher concentrations of atmospheric CO2 occurred in periods of lagging photosynthesis development, high CO2 levels in the early Paleozoic era were associated with non-land plant continents, and low CO2 levels in the Permian-Carboniferous period were associated with the occurrence, development, and flourishing of vascular plants [14,46,47,48]. Karstification–photosynthesis coupling connects the atmosphere, hydrosphere, and lithosphere through the biosphere, attenuating long-term CO2 variability and resulting in the atmospheric composition remaining constant from pre-75 Ma to the Holocene (pre-Industrial Revolution) [49,50,51,52,53,54].



The direct determination of carbonate rock dissolution or changes in bicarbonate seems to reflect the ability of carbonate rock to capture CO2. However, due to the high variability of carbonate rock dissolution and carbonate rock deposition, as well as the resulting high temporal and spatial heterogeneity of bicarbonate, the application of the carbonate-rock-tablet test, solute load method, and maximum potential dissolution method is limited [11]. Even if the dissolution amount of carbonate can be determined by the carbonate-rock-tablet test, this can only partially reflect the weathering of carbonate (apparent karst carbon sink). In addition, even if changes in the bicarbonate of karstic catchments can be determined via the solute load method or the maximum potential dissolution method, this only partially reflects the instantaneous apparent karst carbon sink capability. The ability of terrestrial and aquatic plants to “intercept” (assimilate) bicarbonates, i.e., net karst carbon sinks, is difficult to obtain using these methods. However, the amount of bicarbonate utilized by plants can represent the net karst carbon sink capacity due to karstification–photosynthesis coupling in nature (Figure 2).



Stable isotope techniques are widely used in tracing geological and biological processes [55]. Moreover, they can also successfully identify the role of plant photosynthesis, respiration, and water metabolism, and have become an important tool for studying the relationship between water and carbon in ecosystems [56,57,58,59,60]. However, due to the continuous conversion of various inorganic carbons and the continuous exchange of isotopes, conventional stable isotope technology is difficult to trace, and it is more difficult to quantify the utilization information of specific inorganic carbon sources. Therefore, to solve the problem of signal interference during inorganic carbon conversion and isotope exchange, we successfully developed a bidirectional isotope tracer culture technology. Bidirectional isotope tracer culture technology is used to simultaneously label and culture two identical plants with two kinds of bicarbonates at different stable carbon isotope ratios (the difference being more than 10‰), respectively, eliminate signal interference in the process of inorganic carbon transformation and isotope exchange by using parallel isotope difference signals, and finally, analyze and quantify the utilization information of different inorganic carbon sources. Now, bidirectional isotope tracer culture technology has become a promising technique for analyzing and quantifying the utilization of different inorganic carbon sources. Using this technique, combined with metabolic regulation technology (such as applying specific inhibitors), bicarbonate and CO2 utilization by plants were quantified [34,36,37,38,40,41]. This technique was even used to successfully quantify the karstification and photosynthesis of microalgae [35,39,61]. Therefore, by comprehensively applying bidirectional isotope tracer culture technology, metabolic regulation technology, and physiological biochemistry, the stoichiometric relationship between karstification and photosynthesis, and HCO3− and CO2 utilization by plants under karstification–photosynthesis coupling can be accurately quantified.



Bicarbonate utilization depends on the plant species and the environment. Isotopic techniques can be used to obtain the share of bicarbonate utilization by plants, and many studies have confirmed that karst-adaptable plants cope with karst adversity by increasing the share of bicarbonate utilization. The effect of sodium bicarbonate (10 mM) on photosynthetic carbon metabolism in karst-adaptable plants (Broussonetia papyrifera) using bidirectional isotope tracing culture techniques was studied [34]. The results showed that after 20 days of sodium bicarbonate treatment, the total photosynthetic rate of Broussonetia papyrifera was 2.65 µmol(CO2) m−2·s−1, of which the share of bicarbonate utilization accounted for 30%, while the total photosynthetic rate of mulberry trees (Morus alba) was 2.55 µmol(CO2) m−2·s−1, of which the utilization share of bicarbonate ions accounted for 0. Hang and Wu (2016) quantified the effects of different concentrations of sodium bicarbonate on photosynthetic carbon metabolism in the karst-adaptable plant Orychophragmus violaceus, using bidirectional isotope tracing culture techniques. The results showed that when concentrations of bicarbonate were 5, 10, and 15 mM, the share of bicarbonate utilization to the total carbon assimilation in Orychophragmus violaceus was 5.4%, 13.5%, and 18.8%, respectively. The bicarbonate utilization of Brassica juncea accounts for less than 5% of the total carbon assimilation [36].



When using polyethylene glycol 6000 (PEG 6000) to simulate karst drought to study the inorganic carbon assimilation response of Orychophragmus violaceus and Brassica juncea to PEG 6000, it was found that when the concentrations of PEG 6000 were 0, 10, 20, and 40 g·L−1, the shares of bicarbonate utilization to the total carbon assimilation of Orychophragmus violaceus were 6.7%, 13.1%, 17.6%, and 47.7%, respectively, and those of Brassica juncea were 2.9%, 7.6%, 7.7%, and 5.9%, respectively [62]. When the concentrations of PEG 6000 were 0, 100, and 200 g·L−1, the shares of bicarbonate utilization to the total carbon assimilation of Camptotheca acuminata were 10.34%, 20.05%, and 16.60%, respectively [37]. Under a simulated karst environment, after the 180-day growth phase, the shares of bicarbonate utilization to the total carbon assimilation of Orychophragmus violaceus, Brassica juncea, and Euphorbia lathyris were 11.45%, 10.39%, and 9.44%, respectively [38].



The degree of karstification–photosynthesis coupling and the net karst carbon sink capacity of ecosystems varies depending on land use. Table 1 shows the rate of dissolution measured via the carbonate-rock-tablet test method for different land use types. Table 2 shows carbon sink fluxes measured via the solute load method from several different karst catchments.



Dissolving 1 mol of carbonate rock can consume 1 mol of CO2 from the atmosphere, contributing to the decline of atmospheric CO2 concentration. Therefore, the rate of carbonate rock dissolution can reflect the karst carbon sink intensity. As seen from Table 1, the rate of dissolution varies depending on land use, different types of vegetation, or the same vegetation type for different observations. Karst carbon sink intensities range from 0.65 tCO2 km−2 y−1 to 557.26 tCO2 km−2 y−1, with an average value of 98.60 tCO2 km−2 y−1 and a median of 28.81 tCO2 km−2 y−1, which is only 2% of the average carbon sink capacity of karst forests (1447.05 tCO2 km−2 y−1) [70]. As seen from Table 2, carbon sink fluxes are different at different times and catchments, and even in the same catchments, with an average of 36.33 tCO2 km−2 y−1 in the five catchments, which is only 2.5% of the average carbon sink capacity of karst forests [70]. Plants have a much greater ability to “intercept” (assimilate) bicarbonates than the karst carbon sink intensities measured via the carbonate-rock-tablet test method or carbon sink fluxes measured via the solute load method. For example, the average share of bicarbonate utilization by Camptotheca acuminata in July was 13.6%, and that in August was 18.8%. The average share of bicarbonate utilization by Platycarya longipes in July was 15.3%, and that in August was 14.3% [71]. It can be seen that net karst carbon sinks account for more than 80% of apparent karst carbon sinks.



The positive vegetation succession of the ecosystem represents an increase in karstification–photosynthesis coupling. Table 3 shows the distribution of net primary productivity and carbon sink capacity at various stages of karst vegetation succession in Maolan. Maolan karst vegetation is divided into five successional stages: herbaceous community, shrub–scrub community, shrub community, subclimax community of evergreen–deciduous broadleaved mixed forests, and climax community of evergreen–deciduous broadleaved mixed forests. The strongest karstification–photosynthesis coupling occurs in the climax community of evergreen–deciduous broadleaved mixed forests, and the weakest karstification–photosynthesis coupling occurs in herbaceous communities. The stronger the karstification–photosynthesis coupling between the plant community and carbonate rocks is, the greater the carbon sink in karst ecosystems [72].




4. Carbonic Anhydrase, a Key Pivot of Karstification–Photosynthesis Coupling


Carbonic anhydrase (CA, EC 4.2.1.1) specifically and efficiently catalyzes the reversible conversion of bicarbonate to CO2 at 107 times the rate of the nonenzymatic reaction, being one of the fastest enzymatic reactions. CA is continuously distributed in the rock–soil interface and surface soil–vegetation ecosystems, and is widely present in various organisms in the soil, water, and rock surface layers [73,74,75,76,77]. Different organisms, and even the same organism, have different CA isoenzyme types and activities in different environments; therefore, CA has high heterogeneity [78,79,80,81]. Characterized by its continuous distribution, abundance, specificity, and efficient and rapid catalysis of the unique mutual conversion reaction between CO2 and HCO3− in karst ecosystems, carbonic anhydrase is the only key biological enzyme that can closely couple karstification with photosynthesis, that is, inorganic and organic carbon between carbonate rocks–soil–vegetation–atmosphere. On the one hand, CA catalyzes the dissolution of carbonate rocks and the deposition of calcium carbonate to regulate karstification at the rock–soil interface. On the other hand, CA catalyzes the reversible conversion between carbon dioxide and bicarbonate in the soil solution and plants to regulate the photosynthesis and respiration of plants (Figure 3). Carbonic anhydrase is highly spatiotemporally heterogeneous and sensitive to the environment, and is dubbed the karstification “mortise”, catalyzing the biogeochemical cycle of water–carbon, and even other elements, regulating the migration and transformation of substances between different interfaces, and maintaining the biodiversity and stability of the system [35,40].



4.1. Carbonic Anhydrase Controls the Transport of Water and Inorganic Carbon at the Carbonate Rocks–Soil–Atmosphere Interface by Catalyzing Carbonate Dissolution and Carbon Dioxide Hydration


The kinetically slow reaction CO2 + H2O ↔ H+ + HCO3− plays an important role in controlling the dissolution and precipitation of carbonate rocks in H2O-CO2-CaCO3 systems [82]. Carbonic anhydrase, on the one hand, can quickly catalyze the CO2 hydration reaction and improve the conversion rate between CO2 and H+ and HCO3−; on the other hand, the diffusion rate of related ions is affected by catalysis of the use of HCO3− and Ca2+ by organisms in the soil, thereby catalyzing the dissolution and sedimentation of carbonate rocks [83]. Exogenous CA, algal CA, and extracellular CA of microorganisms can promote the dissolution of carbonate rocks [61,83,84,85]. The flux of CO2 in soil is also controlled by CA [86,87,88].




4.2. Carbonic Anhydrase Promotes Inorganic Carbon Assimilation in Plants


After plants experienced karst adversity, the stomatal conductivity was reduced or the stomata were closed, the atmospheric CO2 supply was insufficient, and the absorption and transportation of water in roots were blocked. In response to water and CO2 deficiencies, plants rapidly upregulated the gene expression of specific CA isoenzymes in leaves [40,89,90], increased the activity of corresponding CA isoenzymes [81,91], converted HCO3− from soil into water and CO2, supplemented them to photosynthetic organs, improved the water supply and water efficiency, and increased the utilization of atmospheric CO2 and HCO3− [34,36,37,38,40].



Carbonic anhydrase catalyzes the dissolution and sedimentation reaction of carbonate rocks at the rock–soil interface, which affects the concentration of HCO3− in soil controlled by the CA of plants and soil, and in turn affects the utilization of HCO3− by plants. Bicarbonate utilization not only provides plants with metabolic water (intracellular water), increases stomatal opening, and directly increases the assimilation of CO2, but also increases the photosynthetic area by increasing the adaptability and promoting the growth of plants [40]. In addition, the concentration of bicarbonate in soil can also affect CO2 fluxes in soil, which are also regulated by CA [77,92].





5. Carbon Sequestration and the Enhancement Effect of Karst-Adaptable Plants during Karstification–Photosynthesis Coupling


After the Industrial Revolution, buried fossil fuels were exploited in large quantities, releasing a large amount of carbon dioxide over a short time, while plant adaptive evolution and development lagged behind, resulting in karstification–photosynthesis decoupling, which eventually led to a global increase in carbon dioxide. After karstification–photosynthesis decoupling, karst-adaptable plants evolve gradually to adapt to karst environments of karst drought, high pH, and high contents of calcium and bicarbonate, and their unique adaptation mechanisms and strategies in turn can accelerate to reach a new degree of karstification–photosynthesis coupling [40,93,94].



Karst-adaptable plants efficiently use bicarbonate, compensatorily absorb nitrate nitrogen, and attain higher photosynthetic carbon sequestration capacity at a lower cost [95], thereby stimulating plant growth, increasing the photosynthetic area, and then promoting root-originated bicarbonate and atmospheric carbon dioxide use by plants, further enhancing photosynthetic carbon sinks. Moreover, karst-adaptable plants reduce the content of bicarbonate in rhizosphere soil during the use of bicarbonate. As a result, the dissolution effect of carbonate rock is further strengthened to supplement bicarbonate into the soil, which further promotes the karst carbon sink capacity, promotes root-originated bicarbonate use by plants, and finally achieves the conjugate promotion of karst carbon sinks and photosynthetic carbon sinks. In fact, karstification that is not coupled with photosynthesis has a limited carbon sink capacity, but if karstification has a high degree of coupling with photosynthesis, its carbon sink capacity is extremely huge. Theoretically, the carbon sink capacity of an 8-year woody plant with karstification–photosynthesis coupling of 10% will be twice that without karstification–photosynthesis coupling. The carbon sink capacity of a 10-year woody plant with a karstification–photosynthesis coupling of 10% is 1.6 times that with a karstification–photosynthesis coupling of 5% (1.1010/1.0510); thus, the karst carbon sink capacity is 3.2 times that of the latter.




6. Conclusions and Outlook


Karst geological action by itself is a zero-carbon sink process on a billion-year long time scale. Uncoupled karstification limits photosynthetic carbon sequestration by plants. Karstification–photosynthesis coupling, driven by the bicarbonate utilization of plants and pivoted by carbonic anhydrase, can promote inorganic carbon assimilation in plants and the dissolution of carbonate rocks, thereby stabilizing and increasing the capacity of karst carbon sinks and photosynthetic carbon sinks. Karstification–photosynthesis coupling determines the carbon sink of karst ecosystems. Full use of the adaptation strategies of karst-adaptable plants with high karstification–photosynthesis coupling can maximize carbon sequestration and the enhancement effect of plants in karst areas. Finally, a carbon sequestration system encompassing ecological restoration, rocky desertification control, and the sustainable use of plant resources can be developed.
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Figure 1. Karstification–photosynthesis coupling processes and their role in the water–carbon balance in nature. Carbonate rocks (lithosphere) are dissolved under the action of water (hydrosphere) and carbon dioxide (atmosphere) to form Ca2+ and bicarbonate (biosphere) (carbon sink process). Ca2+ combines with bicarbonate to precipitate calcium carbonate (CaCO3) into the lithosphere (carbon source process). Plants split bicarbonate and water to release oxygen and carbon dioxide, then assimilate carbon dioxide to form carbohydrates (CH2O) (biosphere) (carbon sink process). Finally, organisms utilize oxygen to decompose carbohydrates into carbon dioxide that enters the atmosphere, and water that enters the hydrosphere (carbon source process). 
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Figure 2. The determination principle of karstification, photosynthesis, and net karst carbon sink under karstification–photosynthesis coupling (example uses are terrestrial plants; aquatic plants replace soil with water bodies), where ki is the amount of root-originated HCO3− used by plants, ki/p is the share of plant utilization of root-originated HCO3−, ki/(p − ki) is the stoichiometric ratio of root-originated HCO3− and atmospheric CO2 utilized by plants, p is the photosynthesis of plants, and k + ki is the karstification of carbonate rocks. It should be noted here that from the initial process of carbon sequestration, p − ki is the photosynthetic carbon sink of plants, k + ki is the apparent karst carbon sink of carbonate rocks, s is the carbon sink of soil, and (k + ki)/(p − ki) is the stoichiometric ratio of karstification and photosynthesis under karstification–photosynthesis coupling. From the substantial process of carbon sequestration, p is the photosynthetic carbon sink of plants, which includes the direct carbon sink p − ki and the indirect carbon sink ki, k + ki is the apparent karst carbon sink of carbonate rock, which includes the apparent karst basic carbon sink k and the intermediate carbon sink ki from karstification–photosynthesis coupling, and k/p is the stoichiometric ratio of karstification and photosynthesis under karstification–photosynthesis coupling. It can also be seen that the karstification–photosynthesis coupling system not only increases the carbon sink of the system as a whole, but also increases the stability of the carbon sink in karst ecosystems, because the photosynthetic carbon sink is more stable than HCO3−. 
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Figure 3. Carbonic anhydrase is pivotal in karstification–photosynthesis coupling. Carbonic anhydrase (CA) catalyzes the dissolution of carbonate rocks at the rock–soil interface, the hydration of CO2 in the soil solution and soil–atmosphere and soil–vegetation interface, the photosynthesis of plants, etc. 
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Table 1. Dissolution of different land use types.
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	Land Use
	Average Dissolution Rate

mg cm−2 y−1
	Karst Carbon Sink Intensity

tCO2 km−2 y−1
	Depth of the Underlying

Carbonate-Rock-Tablet

cm
	Reference





	Woodland
	1.01
	4.69
	10
	[63]



	Dry land
	4.25
	19.72
	60
	



	Paddy land
	0.14
	0.65
	46
	



	Shrub
	0.61
	2.83
	50
	[64]



	Dry land
	5.27
	24.45
	50
	



	Paddy land
	3.05
	14.15
	50
	



	Woodland
	7.61
	35.31
	50
	[65]



	Grassland
	8.89
	41.25
	50
	



	Vegetable-planted land
	6.21
	28.81
	50
	



	Tilled land
	11.0
	51.04
	20
	[66]



	Tilled land
	14.9
	69.14
	50
	



	Shrub
	0.5
	2.32
	20
	



	Shrub
	2.6
	12.06
	50
	



	Woodland
	68.7
	318.77
	20
	



	Woodland
	18.7
	86.77
	50
	



	Orchard
	87.7
	406.93
	20
	



	Orchard
	120.1
	557.26
	50
	










[image: Table] 





Table 2. Carbon sink fluxes (CSFs, tCO2 km−2 y−1) from several different karst catchments.
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	Catchment Name (Location)
	CSFs
	Reference
	Catchment Name (Location)
	CSFs
	Reference





	Banzhai (Libo)
	28.84 ± 3.04
	[67]
	Huangzhou River (Shibing)
	36.43
	[68]



	Huanghou (Libo)
	32.81 ± 4.70
	
	Chenqi (Puding)
	55.07
	[64]



	Houzhai (Puding)
	39.13 ± 7.56
	
	Houzhai (Puding)
	25.70
	[69]
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Table 3. Distribution of net primary productivity (t hm−2 y−1) and carbon sink capacity (tCO2 km−2 y−1) at various stages of karst vegetation succession in Maolan.






Table 3. Distribution of net primary productivity (t hm−2 y−1) and carbon sink capacity (tCO2 km−2 y−1) at various stages of karst vegetation succession in Maolan.















	Succession Stage
	Arbor Layer
	Shrub Layer
	Herbal Layer
	Coarse, Medium Root
	Fine Roots
	Total
	Carbon Sinks 1





	Climax community of evergreen-deciduous broadleaved mixed forests
	7.01
	0.25
	0.04
	1.51
	4.72
	13.58
	2240.70



	Sub-climax community of evergreen-deciduous broadleaved mixed forests
	5.09
	0.32
	0.09
	0.71
	2.52
	8.73
	1440.45



	Scrub–shrub community
	1.39
	0.79
	0.06
	0.57
	3.27
	6.08
	1003.20



	Herb–scrub community
	
	1.03
	0.60
	0.85
	2.10
	4.58
	755.70



	Herb community
	
	
	1.19
	0.12
	1.42
	2.73
	450.45







1 Note: The conversion factor for converting plant net primary productivity into plant carbon sinks is 165.
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