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A B S T R A C T   

Land use change alters the hydrochemical features, nutrient outputs, and community structure of aquatic 
photosynthetic organisms in watersheds and has an important impact on C, N, and P biogeochemical processes. 
In shallow water environments, sediments are the most important burial sites for C, N, and P; however, the 
factors underlying the control of their deposition by land use changes remain unclear. In this study, the rela-
tionship among hydrochemical features, aquatic photosynthetic organism community structure, and C, N, and P 
deposition in surface waters associated with different land uses was studied at the Shawan Karst Water-Carbon 
Cycle Test Site, Puding, SW China, by combining field monitoring and laboratory experiments performed over a 
complete hydrological year from September 2018 to August 2019. The results indicate that (1) OC and TN 
deposition showed small differences among ponds associated with five land uses, while TP was significantly 
higher in ponds associated with shrubland and grassland than in ponds of cultivated land, bare soil, and bare 
rock. (2) Cultivated land increased OC and TN deposition by increasing N and P output and planktonic algae 
biomass in surface waters, while grassland and shrubland ponds mainly by increasing DIC output and macro-
phyte biomass. (3) Compared with cultivated land, grassland and shrubland significantly enhanced TP deposition 
by promoting the deposition of calcium-bound P and biogenic P from macrophytes and their epiphytic algae in 
surface waters. In conclusion, the shift of cultivated land and bare soil to grassland and shrubland may be 
conducive to the formation of benign aquatic ecosystems and stabilization of C, N, and P sinks in karst shallow 
surface waters.   

1. Introduction 

Land use and land cover change represents one of the main drivers 
underlying changes in the biogeochemical cycles of biogenic elements 
and the community structure of aquatic ecosystems (Howarth et al., 
2011; Hayes et al., 2015). Previous studies have shown that an increase 
in the proportion of cultivated and building land promotes the output of 
nitrogen (N) and phosphorus (P) in a watershed (Luo et al., 2020). 
Natural vegetation restoration or artificial forest and grass cultivation 
can reduce the output of N and P to a watershed, thereby increasing the 
dissolved inorganic carbon (DIC) concentration and water transparency 

(Cruz et al., 2015; Bao et al., 2020). Moreover, the physicochemical 
parameters of surface water, such as electrical conductivity (EC), calcite 
saturation index (SIc), and Ca2+, also show differences under different 
land use patterns (Zhao et al., 2010; Chen et al., 2017; Wang et al., 
2020b). As the N and P outputs to surface water in a watershed increase, 
the primary productivity of planktonic algae in rivers, reservoirs, lakes, 
and oceans significantly increases, which triggers eutrophication 
(Howarth and Marino, 2006; Schindler et al., 2016). In contrast, higher 
water transparency and DIC concentrations can promote macrophyte 
growth, thereby inhibiting the growth of planktonic algae to some extent 
(Jones et al., 2002; Dülger et al., 2017). Overall, changes in water 
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physicochemical parameters and nutrients mediated by different land 
use patterns may affect the biomass of phytoplankton and macrophytes 
and regulate the succession of biological structures (Hayes et al., 2015). 
Additionally, researchers have found that the succession of the aquatic 
photosynthetic community structure has an important influence on the 
burial of organic carbon (OC), N, and P in surface water systems 
(Brothers et al., 2013; Némery et al., 2016; Klamt et al., 2019). 

Lakes, reservoirs, and ponds are important sinks for C, N, and P in 
inland waters worldwide, thus reducing nutrient transport from inland 
to the ocean (Seitzinger et al., 2010; Némery et al., 2016; Rogers et al., 
2022). Reservoirs and lake water are relatively static, which promotes 
the growth of aquatic organisms and results in a higher proportion of 
autochthonous OC, N, and P burial in the sediment (Zhang et al., 2017; 
Huang et al., 2018; He et al., 2020). The large amounts of N and P 
entering surface waters during agricultural intensification have led to 
widespread eutrophication in European lowland lakes, and studies on 
lake sediments have found that eutrophication in these lakes has led to a 
four-to five-fold increases in OC stocks (Smith , 2003; Anderson et al., 
2014). Previous studies on total nitrogen (TN) in sediments shows that 
TN in different age layers generally shows a trend consistent with that of 
OC; thus, these elements presents a certain coupling relationship in the 
production and sedimentation processes (Némery et al., 2016; Huang 
et al., 2018; Zhao et al., 2021). However, P deposition is influenced by 
aquatic organisms and also co-precipitates with Ca2+, Al3+, and Fe 
(III)-humic complexes in water; thus, it generally shows different 
trends from OC and TN (O’Connell et al., 2020; Wen et al., 2022). Klamt 
et al. (2019) found that the shift from macrophyte to phytoplankton 
dominance led to a 1.8-fold increase in the sediment accumulation rate 
of total phosphorus (TP), especially biogenic P (NaOH-extracted NRP) 
and Al-bound P (NaOH-extracted SRP). In Taihu Lake, where macro-
phytes are dominant relative to phytoplankton, calcium-bound P (Ca–P) 
and residual P are the dominant elements in the sediment (Zhang et al., 
2017), which indicates that the biological structure of the waterbody has 
an important influence on the form and amount of P deposition (Brenner 
et al., 2006; Urbaniak, 2010; Yuan et al., 2020). Furthermore, studies of 
lakes and reservoirs in karst areas have indicated that the sediments 
contain high levels of Ca–P owing to the high content of Ca2+ and DIC in 
the surface water (Sun et al., 2022). Nevertheless, the influence of 
structural changes in aquatic photosynthetic organisms on C, N, and P 
deposition in karst shallow-water environments with high Ca2+ and DIC 
concentrations needs to be further elucidated (Bao et al., 2022). 

Karst landscapes are widely distributed and cover approximately 
15% of the global land surface area, and approximately 20% of the 
world’s population live within karst regions (Ford and Williams, 2013; 
Chen et al., 2020). The karst region of Southwest China (KRSC) is the 

largest continuous karst area in the world, and due to long-term high--
intensity human reclamation and destruction, a series of ecological and 
environmental problems, such as vegetation destruction, soil erosion, 
and productivity decreases, have become prominent (Yan et al., 2018; 
Chen et al., 2020; Li et al., 2021). In recent years, under the initiative of 
local governments, large-scale afforestation and farmland return to 
forest and grassland projects have been widely carried out (Yue et al., 
2020). Previous studies have extensively studied a series of soil 
ecological effects, such as soil erosion, nutrient loss, and soil carbon 
sequestration after revegetation, and found that fragile ecosystems are 
protected and restored by such projects ( Wang et al., 2004; Hu et al., 
2016; Tong et al., 2018). Moreover, researchers found that planting 
grassland and shrubland promoted C fixation and increased the biomass 
of submerged plants in surface waters (Chen et al., 2017; Bao et al., 
2022). However, the effects of vegetation restoration on C, N, and P 
deposition in aquatic ecosystems have not been extensively studied and 
require further in-depth research (Liu et al., 2021). 

Here, this study systematically investigated the hydrochemistry, 
nutrient, aquatic photosynthetic community, and C, N, and P deposition 
characteristics in the surface waters of five simulated spring-pond sys-
tems with different land use patterns (bare rock, bare soil, cultivated 
land, grassland, and shrubland) to answer the following three questions: 
(1) Does C, N, and P deposition differ under different land use patterns? 
(2) How is the structure of aquatic photosynthetic organisms correlated 
with C, N, and P deposition? (3) How does land use regulate C, N, and P 
deposition in shallow karst surface waters? And hypothesized that 
vegetation restoration is conducive to C, N, and P burial and stabiliza-
tion in karst aquatic ecosystems, which has significant implications for 
eutrophication control and carbon neutralization, thus representing a 
win-win situation. 

2. Materials and methods 

2.1. Description of the study site 

The Shawan Karst water-carbon cycle test site (26◦14′–26◦15′N, 
105◦42′–105◦43′E) is located at the National Observation Station of the 
Karst Ecosystem in Puding County, Guizhou Province, China (Fig. 1A). It 
has a typical humid subtropical monsoonal climate with a mean annual 
air temperature of 15.2 ◦C, mean annual precipitation of 1341 mm (80% 
of which occurs from May to August), and mean annual relative hu-
midity of 78% (Zhao et al., 2010). Five concrete tanks were built to 
simulate natural watersheds with identical hydrogeological conditions 
(bedrock and watershed boundaries) but different land covers: bare 
rock, bare soil, cultivated, grass, and shrub lands (Fig. 1B). Each 

Fig. 1. (A) Location of the Shawan Karst Water-carbon Cycle Test Site; (B) five tank watersheds with their different land uses: bare rock, bare soil, cultivated land 
(corn), grass land (alfalfa), and shrub land (Roxburgh roses); and (C) deposition traps and their deployment location (inlet, middle, and outlet). 
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concrete tank was 20 m long, 5 m wide, and 3 m deep, and they were 
coated with epoxy resin to avoid the influence of possible concrete 
erosion on the tank hydrochemistry and then filled with dolomitic 
limestone gravel (2.5 m) (Chen et al., 2017). The first of these tanks was 
used to simulate bare rocks; the second was filled with 0.5 m local soil on 
dolomitic limestone gravel to simulate bare soil, and the remaining three 
were filled with the above rocks, topped with 0.5 m local soil, and then 
planted with corn, alfalfa, and roses to simulate cultivated, grass, and 
shrubs, respectively. Details on the chemical composition of the rock and 
soil materials can be found in Zeng et al. (2017). Corn was planted 
annually and buried in the soil after harvest, and the alfalfa and Rox-
burgh roses were planted in January 2014. The corn plants grew from 
April to August and were treated with compound fertilizer (N + P + K ≥
45%, 0.01 kg m− 2) during the growth. Furthermore, water was drained 
with a polyvinyl chloride pipe at the end of each tank to simulate a 
natural karst spring to feed an artificial pond, which was 3 m long, 0.5 m 
wide, and 0.5 m deep (Fig. 1B). To ensure that the spring water main-
tained a perennial flow year-round, each drainage outlet was equipped 
with a flow regulator. Planktonic algae and submerged plants (mainly 
Chara spp.) were collected from a nearby river and transplanted them 
evenly into each pond to simulate a shallow natural lake or reservoir in 
August 2018. After the system was stabilized, deposition traps made of 
Plexiglas with a bottom diameter of 15 cm and a height of 10 cm to 
collect the deposition be placed at the inlet, middle, and outlet in each 
pond (Fig. 1C). More detailed information about the simulated 
ecosystem can be found in Bao et al. (2022). 

2.2. Field monitoring 

The study began in September 2018 and ended in August 2019. A 
sunny day was chosen for water monitoring and sample collection at the 
end of each month except for July 2019, when the instrument was 
damaged and needed repair. The hydrochemical parameters of tem-
perature (T), pH, electrical conductivity (EC, 25 ◦C), and dissolved ox-
ygen (DO) were monitored using a multiparameter water quality probe 
(Wissenschaftlich-Technische Werkstaetten Technology Multiline 350i, 
Germany) (Bao et al., 2020). The instrument was calibrated for pH, DO, 
and EC before each test. Moreover, DIC was titrated with an Aquamerck 
alkalinity test kit (Merck, Germany), and the estimated accuracy was 
0.1 mmol L− 1 (Zeng et al., 2017). 

2.3. Sample collection and laboratory measurements 

The water samples collected monthly from the spring and pond 
waters were measured for TN, TP, NO3

− , PO4
3− , chlorophyll-a (Chl-a), 

Ca2+, total OC (TOC), and δ13CDIC. Planktonic algal samples were 
collected during each season for qualitative and quantitative analyses. In 
addition, because of the large amount of planktonic algal biomass 
required to determine the molar C/N ratios and OC isotopes, the study 
combined planktonic algal samples from each sample pond collected 

over four seasons for measurement. Furthermore, the biomass, C/N, and 
OC isotopes of submerged plants be determined during two periods from 
September 2018 to March 2019 and from April to August 2019. Detailed 
collection and measurement methods can be found in Bao et al. (2022). 

Deposition samples were collected from the traps at the end of March 
and August 2019, transported to the laboratory to aspirate excess water 
with a syringe, and then freeze-dried. After the dry weight was 
measured, parts of the samples were obtained, ground evenly, and then 
filtered through a 200-mesh sieve. The sieved samples were then acid-
ified with 2 mol/L hydrochloric acid in a 50 ml centrifuge tube for 12 h, 
centrifuged, and washed with ultrapure water, and the cleaned samples 
were freeze-dried. After drying, the C/N and OC isotopes of the samples 
were determined using an Elementar Vario Macro cube (Elementar, 
Germany) and MAT-252/253 mass spectrometer (Thermo Fisher Sci-
entific Inc., USA) (He et al., 2020). Partially sieved samples were 
collected, and the TP concentration in the deposition was determined by 
the SMT method (Ruban et al., 2001). Based on the deposition of OC, TN, 
and TP and the bottom area of the trap, the amount of deposition per 
unit area were calculated. Finally, the Ca–P content of the deposition 
was determined by sequential extraction fractionation (Hupfer et al., 
1995). 

2.4. Data analyses 

Origin Pro2018 was used for correlation analyses and figure draw-
ing. The dissolved CO2 (CO2(aq)) concentration in the water was 
calculated using PHREEQC based on the pH, T, and HCO3

− concentra-
tions, whereas SIc was calculated using PHREEQC based on the pH, T, 
K+, Na+, Ca2+, Mg2+, HCO3

− , Cl− , SO4
2− , and NO3

− concentrations (Sun 
et al., 2022). Moreover, we used IBM SPSS Statistics 24 to perform 
one-way ANOVAs with the LSD test after passing the normal test and 
homogeneity of variance tests (P > 0.05). 

3. Results 

3.1. Physiochemical and aquatic photosynthetic parameter characteristics 
in water 

Considering the growth cycle of aquatic photosynthetic organisms, 
this study divided the experimental period into dormant period (from 
September 2018 to March 2019) and growth period (April to August 
2019). The physiochemical (T, pH, DO, EC, Ca2+, SIc, pCO2, DIC, N, and 
P) characteristics in the spring and pond waters under different land uses 
are shown in Tables S1 and S2. The water under shrubland and grassland 
showed higher HCO3

− , CO2(aq), and Ca2+ and lower TN and TP con-
centrations. Cultivated land showed lower HCO3

− , CO2(aq), and Ca2+

and higher TN and TP concentrations. Bare rock and bare soil showed 
low HCO3

− , CO2(aq), and Ca2+ and medium TN and TP concentrations. 
The aquatic photosynthetic parameter (biomass, C/N, and δ13Coc) are 
shown in Table 1. The highest accumulation of monthly Chl-a 

Table 1 
Aquatic photosynthetic community characteristics in pond water under five land uses.  

Physiochemical and 
biological parameters 

Bare rock Bare soil Cultivated 
land 

Grassland Shrubland      

Dormant 
period 

Growth 
period 

Dormant 
period 

Growth 
period 

Dormant 
period 

Growth 
period 

Dormant 
period 

Growth 
period 

Dormant 
period 

Growth 
period 

C/N algae 9.41 9.62 9.14 9.21 10.14 9.97- 10.88 12.75 10.35 11.87 
C/N plant 14.34 11.77 14.10 13.12 13.93 12.18- 17.30 16.28 25.68 23.28 
δ13Calgae (‰, VPDB) − 23.62 − 16.78 − 24.73 − 16.58 − 28.86 − 27.82 − 36.39 − 34.11 − 31.89 –32.13 
δ13Cplant (‰, VPDB) − 12.77 − 14.75 − 16.38 − 18.02 − 19.05 − 18.47 − 24.93 − 22.16 − 21.94 − 19.52 
accumulation of monthly 

Chl-a (ug L-1) 
3.43 6.22 4.39 9.15 7.28 8.58 4.35 5.18 3.82 5.45 

accumulation of monthly 
DW (mg cm-1) 

4.70 7.81 6.84 9.27 9.94 12.06 13.42 18.23 8.78 17.43 

DW is the dry weight of submerged plants. 
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concentration occurred in the cultivated land pond during growth 
period, with the value of 9.15 μg/L, while the grass and shrub lands 
showed lowest values with 5.18 and 5.45 μg/L, respectively. The highest 
accumulation of monthly biomass of submerged plants (18.23 mg/cm2) 
occurred in the grassland pond during growth period, while lower values 
were observed for bare rock and bare soil (7.81 and 9.27 mg/cm2), 
respectively. The C/N ratio of planktonic algae showed small differences 
under different land uses, with values ranging from 9.14 to 12.75. 

However, the C/N of submerged plants showed some differences, higher 
in grassland and shrubland, lower in bare rock and soil. Moreover, it 
found that the OC isotope (δ13Coc) values were slightly positive in 
cultivated land, bare soil, and bare rock ponds but more negative in 
shrubland and grassland ponds. 

Fig. 2. (A1, A2) OC deposition per unit area from September 2018 to March 2019 and April 2019 to August 2019, respectively; (B1, B2) TN deposition per unit area 
from September 2018 to March 2019 and April 2019 to August 2019, respectively; (C1, C2) TP deposition per unit area from September 2018 to March 2019 and 
April 2019 to August 2019, respectively. The different lowercase letters above the bars (for a, b, c, d) represent significant differences among the five ponds (one-way 
ANOVA with LSD test, P < 0.05). 

Fig. 3. (A) C/N (molar ratio) and (B) organic carbon isotopes of deposition under different land uses from September 2018 to March 2019 and April 2019 to 
August 2019. 
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3.2. Total deposition in surface water under different land uses 

The deposition samples and deposition amount per unit area are 
shown in Fig. S1. Fig. S1A shows that there was a large amount of 
submerged plant debris in the traps under grass and shrubs, while 
planktonic algae debris was mainly observed under cultivated land, bare 
soil, and bare rock. Moreover, there showed small differences in the 
deposition per unit area of surface water under the five land uses during 
both the dormant and growth periods (Figs. S1B and S1C). 

3.3. Characteristics of C, N, and P deposition 

By measuring the OC, TN, and TP concentrations of the deposition 
samples, the OC, TN, and TP deposition per unit area were calculated in 
the pond waters under the five land uses, as shown in Fig. 2. During the 
dormant period, OC deposition in the ponds under cultivated land and 
grassland was significantly higher than that under shrubland and bare 
rock (Fig. 2 A1). TN deposition in ponds under cultivated land and bare 
soil was significantly higher than that under shrubland and bare rock 
(Fig. 2 B1). During the growth period, it found that OC and TN depo-
sition exhibited similar characteristics in the five ponds (Fig. 2 A2, B2). 
The OC and TN deposition in the bare soil pond was significantly higher 
than that of the other four land uses, while that of the other four land 
uses did not show significant differences. 

The deposition of TP was significantly different from that of OC or 
TN and shown in Fig. 2C. In the dormant period, TP deposition in the 
shrubland pond was significantly higher than that in the cultivated land, 
bare soil, and bare rock ponds, whereas that in the grassland pond was 
not significantly different from that of the shrubland and cultivated land 
ponds (Fig. 2 C1). Moreover, TP deposition in the ponds under bare soil 
and bare rock was significantly lower than that under the other three 
land uses. During the growth period, TP deposition in the shrubland and 
grassland ponds were significantly higher than that in the cultivated 
land pond, which was significantly higher than that of bare soil and bare 
rock ponds (Fig. 2 C2). 

3.4. C/N, organic carbon isotope, and Ca–P content in deposition 

To examine the sources of OC and N in the deposits, the C/N and OC 
isotopes (δ13Coc) of the deposits were measured in the five land use 
ponds, and the results are shown in Fig. 3. In the dormant period, the 
average values of C/N deposition exhibited the following trend: shrub-
land > grassland > cultivated land > bare rock > bare soil. During the 
growth period, the average values of C/N deposition exhibited different 

trends: grassland > shrubland > bare soil > cultivated land > bare rock. 
In general, the values of C/N deposition in the ponds under grassland 
and shrubland were higher than those under the other three land uses 
(Fig. 3A). As shown in Fig. 3B, the δ13Coc values of the deposits under the 
five land uses showed the same trend during the two sampling periods. 
Grassland and shrubland were more negative than cultivated, bare soil, 
and bare rock. 

In Fig. 2, the deposition of TP showed a different trend from that of 
OC and TN. Furthermore, the co-precipitation of calcium carbonate and 
phosphorus in karst surface waters makes an important contribution to 
the deposition of TP, the Ca–P content in the deposits were measured 
and shown in Fig. 4. In the dormant period, the Ca–P content in the 
grassland and shrubland ponds were significantly higher than that of 
and cultivated land pond, and the latter was significantly higher than 
those of the bare soil and bare rock ponds (Fig. 4A). During the growth 
period, the Ca–P deposition trends under different land uses differed 
from that of the dormant period. The Ca–P content in grassland and 
shrub ponds were significantly higher than that of the bare soil, bare 
rock, and cultivated land ponds (Fig. 4B). Interestingly, the deposition of 
both TP and Ca–P were high in grassland and shrub ponds with 
extremely low phosphorus concentrations in the water (Table 1, 
Fig. 2C). 

4. Discussion 

4.1. Influence of phytoplankton and submerged plants on OC and TN 
deposition in pond 

Generally, OC and TN in sediment are mainly derived from terrestrial 
plants, soil, plankton, and macrophytes (Huang et al., 2020). In inland 
waters, OC and TN derived from aquatic photosynthetic organisms 
represent an important part of the sediments, especially in karst lakes, 
where autochthonous OC has been shown to account for more than 60% 
(Huang et al., 2018; He et al., 2020). Moreover, researchers found that 
OC and TN burial is influenced by the succession between macrophyte 
and phytoplankton communities (Brothers et al., 2013; Wang et al., 
2016). Our results showed that the relationship between the cumulative 
planktonic algal biomass (accumulation of monthly Chl-a values) and 
deposited OC or TN content per unit area (r2 = 0.61, P < 0.01; r2 = 0.57, 
P < 0.01) was better than that in submerged plants (P > 0.05) (Fig. S2). 
Although planktonic algae tend to be decomposed faster than sub-
merged plants, the high productivity of algae can also lead to greater 
organic matter deposition (Enríquez et al., 1993; Hilton et al., 2006). 
Moreover, the reason for the high productivity of planktonic algae is that 

Fig. 4. Calcium-bound phosphorus (Ca–P) deposition per unit area under different land uses from September 2018 to March 2019 (A) and April 2019 to August 2019 
(B). The different lowercase letters above the bars (for a, b, c) represent significant differences among the five ponds (one-way ANOVA with LSD test, P < 0.05). 
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these organisms are more competitive than plants in terms of light and 
nutrients (O’Hare et al., 2018). Thus, our preliminary results support 
Downing et al. (2008)’s view that OC and TN in deposition are mainly 
derived from planktonic algae. However, studies have found that 
different degradation rates of planktonic algae and submerged plants 
could lead to differences in the OC and TN contents in sediments (Asaeda 
et al., 2007; Thomas et al., 2011). Therefore, the relationship between 
cumulative biomass and OC or TN deposition in this study may not truly 
reflect the contribution of planktonic algae and submerged plants to OC 
and TN deposition; thus, these relationships require further study. 

C/N and carbon isotopes are commonly used tools to study the 
sources of OC and N in sediments (Meyers, 1994; He et al., 2020). To 
further study the effects of planktonic algae and submerged plants on OC 
and TN deposition, this study analyzed the OC isotope and C/N of 
planktonic algae and submerged plants, as shown in Fig. 5. The C/N 
ratio of planktonic algae (r2 = 0.71, P < 0.01) and submerged plants (r2 

= 0.60, P < 0.01) had a significant linear positive correlation with the 
C/N ratio of deposition (Fig. 5 A1, A2). However, the C/N ratio of 
submerged plants was generally higher than that of planktonic algae and 
deposition. Moreover, the ANOVA results showed that the C/N ratio of 
submerged plants was significantly different from C/N deposition (P <
0.05), while the C/N ratio of planktonic algae and deposition were 
similar and did not show a significant difference (P > 0.05) (Fig. 5 A3). 
Anderson et al. (2014) found that algal blooms in recent European lakes 
led to a three-to four-fold increase in the OC in sediments. This study 
also indicates that the OC in the deposition may be mainly from 
planktonic algae. In addition, it found that the δ13Coc values of plank-
tonic algae (r2 = 0.79, P < 0.01) and submerged plants (r2 = 0.61, P <
0.01) also showed a significant linear positive correlation with deposi-
tion (Fig. 5 B1, B2). However, an interesting phenomenon was observed: 

although planktonic algae and submerged plants showed significant 
differences in OC isotope values, neither of them showed a significant 
difference from the deposition values (Fig. 5 B3). Hunter (1976) re-
ported that the values of C/N could decrease from 19.3 to 8.3 during the 
decomposition of Chara spp. Moreover, ponds with lower planktonic 
algal biomass and higher submerged plant biomass did not show sig-
nificant differences in OC deposition from ponds with higher planktonic 
algal biomass and lower submerged plant biomass (Table 1, Fig. 2 A, B). 
Therefore, we inferred that OC in the deposits was contributed by both 
planktonic algae and submerged plants and the relative biomass of 
planktonic algae and submerged plants determines the main source of 
OC. Finally, we believe that the major source of TN deposition per unit 
area in this study was the same as that of OC because TN and OC 
generally have similar trends in sediments (Huang et al., 2018; Liu et al., 
2021, Fig. 2 A, B). Although Brothers et al. (2013) found that the shift 
from macrophyte to phytoplankton dominance enhances carbon burial 
in a shallow eutrophic lake, our previous study (Bao et al., 2022) and 
this study suggested that higher DIC concentrations in karst shallow 
surface waters can enhance OC and TN deposition by increasing sub-
merged plant biomass, and such dynamics should be considered when 
studying autochthonous OC and TN sinks in sediments. 

4.2. Influence of phytoplankton and submerged plants on P deposition in 
ponds 

As a major limiting nutrient for primary productivity in inland water, 
P can promote the proliferation of planktonic algal biomass and lead to 
the formation of algal blooms (Carvalho et al., 2013; Schindler et al., 
2016). Aquatic photosynthetic organisms also contribute to P sinks in 
reservoirs and lakes by absorbing phosphorus in water and becoming 

Fig. 5. Relationships between the C/N and organic carbon isotopes values (δ13Coc) of planktonic algae (A1, B1) and submerged plants (A2, B2) in the pond water and 
the C/N and organic carbon isotopes (δ13Coc) of deposition, respectively. A3 and B3 present the ANOVA analysis results for C/N and δ13Coc in planktonic algae, 
submerged plants, and deposition, respectively. * Significant difference; P > 0.05 indicates no significant differences. 
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incorporated in sediments after death (Carpenter et al., 1992; O’Connell 
et al., 2020). Moreover, Klamt et al. (2019) found that the shift from 
macrophyte to phytoplankton dominance could change the P form and 
burial. We studied this shift, and the results are shown in Fig. S3. We 
found that the cumulative submerged plant biomass showed a signifi-
cant linear positive correlation with TP deposition per unit area (r2 =

0.46, P = 0.03), whereas planktonic algae did not show a significant 
correlation with this factor (P > 0.05). This finding indicates that sub-
merged plants appear to contribute more to TP deposition. This 
conclusion was supported by the fact that TP deposition was signifi-
cantly higher in the ponds with low algae and high submerged plant 
biomass (Table 1, Fig. 2C). However, previous studies have found that 
planktonic algal blooms significantly increase phosphorus burial in 
sediments (Yuan et al., 2020; Rogers et al., 2022), which may be 
explained by the differences in the size of phytoplankton and submerged 
plant biomass and their influence on the production of different forms of 
phosphorus (Brezonik and Engstrom, 1998; Klamt et al., 2019). Phos-
phorus contributed by algal debris is mainly in the form of biological P 
(NaOH–P), which easily returns to the water column in the form of 
active P during microbial degradation (Zhang et al., 2017). Due to the 
slow degradation rate of debris, submerged plants can promote the 
binding of some P released from iron-bound P and biological P to cal-
cium complexes by producing large amounts of O2, absorbing HCO3

− , 
and providing adsorption sites, thereby producing refractory P fractions 
(including HCl–P and residual P) (Urbaniak, 2010; Xu et al., 2013; Klamt 
et al., 2019). Previous studies indicated that large amounts of calcite 
precipitation occur during biological carbon pumping (BCP) in karst 
surface waters (Liu et al., 2018), which promoted the co-precipitation of 
large amounts of active P with calcite (Murphy et al., 1983). Sun et al. 
(2022) found that Ca-bound P (Ca–P) in lakes and reservoirs in karst 

areas accounted for more than 40% of the total phosphorus deposited. 
Thus, submerged plants may contribute to the formation of more Ca–P 
by mediating calcium carbonate precipitation, thereby increasing the TP 
content in the sediment (Brenner et al., 2006; O’Connell et al., 2020). 

To confirm these conclusions, we investigated the relationship be-
tween the aquatic organism structure and Ca–P deposition (Fig. 6). As 
shown in Fig. 6 A, B, we used the HCO3

− , CO2(aq), and Ca2+ concen-
trations of the spring water minus the pond water to represent con-
sumption and added up the monthly consumption for the two study 
periods to represent the cumulative consumption and found that the 
cumulative consumption of HCO3

− , CO2(aq), and Ca2+ was higher in 
pond water with a higher biomass of submerged plants but lower 
biomass of algae. Moreover, the calcite saturation index was higher than 
zero, suggesting that frequent calcium carbonate precipitation occurred 
in the surface water (Tables S1 and S2; Jiang et al., 2013). Researchers 
have reported that most submerged plants can use HCO3

− in water as an 
inorganic carbon source for photosynthesis, even after CO2(aq) is 
consumed, thus facilitating the precipitation of calcium carbonate 
(Dülger et al., 2017; Bao et al., 2022). In addition, the cumulative 
consumption of Ca2+ showed an extremely significant linear positive 
correlation with Ca–P (r2 = 0.78, P < 0.01), which indicated that higher 
deposition of Ca–P occurred in ponds with high Ca2+ concentrations, 
with more submerged plant biomass producing more Ca–P precipitation 
by mediating greater precipitation of calcium carbonate (Fig. 6C). This 
conclusion is supported by the significantly higher Ca–P content in 
ponds with higher submerged biomass (Table 1, Fig. 4). Zhang et al. 
(2017) reported that the sediment of Taihu Lake, which is dominated by 
planktonic algae, was dominated by biogenic P, whereas the sediment of 
a lake dominated by submerged plants was dominated by 
calcium-bound P and residual P. Ca–P is redox-insensitive and hardly 

Fig. 6. Cumulative consumption of HCO3
− , CO2(aq), and Ca2+, and cumulative biomass of planktonic algae and submerged plants in the pond water from September 

2018 to March 2019 (A) and April 2019 to August 2019 (B); (C) relationship between the cumulative consumption of Ca2+ and Ca–P deposition per unit area. 
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soluble; thus, it is considered to be a stable form of P (Parsons et al., 
2017; Klamt et al., 2019). Wen et al. (2022) found that submerged 
plant-derived humic acid is more conducive to phosphate retention in 
sediments than planktonic alga-derived humic acid. Brenner et al. 
(2006) reported that the productivity of submerged plants and the 
periphyton communities could also promote P deposition. Additionally, 
submerged plants promote dissolved oxygen production, which drives 
the co-precipitation of calcium carbonate with P released from Fe-bound 
P and biogenic P (Xu et al., 2013; Bai et al., 2020). Therefore, submerged 
plants can promote more P deposition and stabilization than planktonic 
algae in some cases (Carey and Rydin, 2011; Kufel et al., 2013; Zhang 
et al., 2017). 

4.3. Effect of land uses on the burial potential of OC, N, and P in karst 
shallow surface water 

Land use change alters the export of DIC, N, and P from watersheds, 
thereby affecting the biomass and community structure of aquatic 
photosynthetic organisms in surface waters (Hayes et al., 2015; Luo 
et al., 2020; Wang et al., 2020a). Previous study showed that ponds 
associated with grassland and shrubland were characterized by higher 
DIC and Ca2+, lower N and P, lower planktonic algae biomass, and 
higher submerged plant biomass, whereas ponds associated with culti-
vated land and bare soil were characterized by relatively lower DIC and 
Ca2+, higher N, and P, lower submerged plant biomass, and higher 
planktonic algae biomass (Bao et al., 2020, 2022). This research found 
that OC and TN deposition in shrubland and grassland ponds showed 
small difference from that in cultivated land and bare soil ponds (Fig. 2). 
However, previous studies have shown that cultivated land increases the 
export of N and P to water, thus causing eutrophication and increasing 
the deposition of nitrogen and phosphorus (Downing et al., 2008; Huang 
et al., 2018; Rogers et al., 2022). We think that this discrepancy is 
mainly due to the water in these previous studies reaching eutrophic 
levels and presenting Chl-a concentrations above 20 μg/L, whereas the 
water in the cultivated land ponds in our study had not yet reached 
eutrophic levels and presented Chl-a concentrations of only approxi-
mately 3 μg/L; thus, lower OC and TN deposition was observed (Huang 

et al., 2014). Moreover, because the bedrock in the karst area is car-
bonate rock, the strong soil respiration of shrubland and grassland 
causes the groundwater to exert a strong dissolution effect on the 
bedrock, thereby raising the DIC concentration of surface water, which 
promotes the increase in submerged plant biomass and OC and N 
deposition; thus, these land uses do not show significant differences in 
OC and N deposition from that of cultivated land (Table 1, Fig. 2, Dülger 
et al., 2017; Bao et al., 2022). 

In this study, the P content in the deposits to ponds associated with 
five land uses exhibited different characteristics from the OC and TN 
content (Fig. 2). TP and Ca–P were generally higher in the deposits 
under grassland and shrubland. This finding was attributed to the 
increased export of DIC and Ca2+ from the groundwater, which pro-
moted the biomass of submerged plants and precipitation of calcium 
carbonate in the corresponding surface water, ultimately resulting in 
increased biogenic P and Ca–P contributed by submerged plants and 
their periphyton communities (Table 1, Fig. 6, Brenner et al., 2006; 
Jiang et al., 2013; Zhang et al., 2017; Klamt et al., 2019). It is worth 
noting that despite the low concentrations of N and P in the surface 
water of shrublands and grasslands, the biomass of submerged plants 
remained high, which was mainly because submerged plants can rely on 
both sediment and water to absorb nutrients (Barko et al., 1991; Barbosa 
et al., 2020). 

Karst landscapes are widely distributed in China; however, their 
fragile habitats have been severely damaged by human reclamation 
(Tong et al., 2018; Li et al., 2021). Under governmental initiatives, 
large-scale projects to return cultivated land to forests and grasslands 
have been widely carried out (Yue et al., 2020). In this study, it found 
that OC and TN deposition in ponds associated with shrubland and 
grassland in karst areas showed small differences from that in ponds 
associated with cultivated land and bare soil, whereas TP deposition was 
significantly higher in the ponds associated with shrubland and grass-
land, which was caused mainly by differences in the physiochemical 
parameters in the surface water and the community structure of aquatic 
photosynthetic organisms. Based on the above discussion, this study 
suggest that natural or artificial restoration of degraded cultivated and 
bare soil to grassland and shrubland is conducive to the formation of 

Fig. 7. Conceptual model diagram showing the effects of land use management: the shift of cultivated land to grassland and shrubland by natural vegetation 
restoration is conducive to the formation of benign aquatic ecosystems and stable organic carbon, nitrogen, and phosphorus sinks in karst surface water due to DIC 
fertilization. 
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benign aquatic ecosystems and stable OC, N, and P sinks in karst shallow 
surface waters, and the specific mechanism is shown in Fig. 7. 

5. Conclusion 

In this study, the characteristics and mechanisms of OC, TN, and TP 
deposition were investigated in karst shallow surface water under five 
different land uses. Our results showed that OC and TN deposition 
showed small differences among ponds associated with the five land 
uses, whereas TP and Ca–P deposition was significantly higher in the 
shrubland and grassland ponds than the cultivated land and bare soil 
ponds. The analysis indicated that the cultivated land, shrubland, and 
grassland ponds showed small differences in terms of OC and N depo-
sition because the high DIC in the water of the shrubland and grassland 
ponds promoted submerged plant biomass and OC, TN deposition. 
Moreover, this study also found that the increased export of DIC and 
Ca2+ from grassland and shrubland groundwater promoted the growth 
of submerged plants and the precipitation of calcium carbonate in the 
corresponding surface waters, thereby increasing the biogenic P and 
Ca–P contributions, which ultimately resulted in higher TP and Ca–P 
deposition in the traps of ponds associated with shrubland and grassland 
than with the other three land uses. This suggest that effective land use 
management (such as the shift of cultivated land and bare soil to 
grassland and shrubland) is conducive to the formation of benign 
aquatic ecosystems and stable OC, N, and P sinks in karst surface waters. 
Additionally, This study may provide further guidance for regulating the 
burial and stability of OC and nutrients in karst shallow surface waters 
through land use management at the watershed scale, which has sig-
nificant implications for eutrophication control and carbon 
neutralization. 
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