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A B S T R A C T   

Biological carbon pumps (BCPs) convert dissolved inorganic carbon (DIC) into autochthonous organic carbon 
(AOC), which is the key to form long-term stable carbonate weathering-related carbon sink. The DIC fertilization 
may increase the strength of BCP. As a phase of BCP, eutrophication is one of the major problems in surface water 
environments which shows poor water quality with harmful cyanobacteria blooms. It is generally believed that 
the controlling elements of eutrophication are nitrogen (N) and phosphorus (P), while the controlling elements of 
BCP also includes carbon (C). Meanwhile P removal by BCPs through the coprecipitation of P with calcite and Fe 
(III) oxyhydroxide colloids decreases its content in water bodies and prevent water from cyanobacteria eutro-
phication. In the present study, we examine the seasonal variations of general physiochemical parameters of the 
surface water, DIC, total N and total P concentrations, chlorophyll concentrations in three karst river-reservoir 
systems (PZR, PDR and HFR) in Guizhou Province, Southwest China. The phytoplankton community structure 
dynamics and the settling flux of the total P and P fractions in the settling particulate matter in PZR and HFR 
were also examined. It was found that: (1) the nutrient limitations of BCPs shifted from C-limitation to N- or P- 
limitation after the rivers were dammed; (2) P removal by BCPs reduced the total P concentration and increased 
the stoichiometric N:P ratio in surface waters; (3) P removal by BCPs alleviated the development of eutrophi-
cation by decreasing the relative abundance of Cyanobacteria. Our results demonstrate that the damming of a 
river may shift the nutrient limitation patterns of dammed karst rivers and the P removal by BCP may retard the 
development of water body into Cyanophyta-type eutrophication. This may have important implications for 
eutrophication control (i.e., strengthening BCP effect via DIC fertilization) in HCO3-Ca type surface water, 
especially in karst areas, which cover about 15% of the world land surface.   

1. Introduction 

The biological carbon pump (BCP) in inland water bodies (rivers, 
lakes, and reservoirs) produced by aquatic photosynthesis can convert 
dissolved inorganic carbon (DIC) into autochthonous organic carbon 
(AOC) while simultaneously forming carbonates and autochthonous 
organic carbon (AOC) (Eq. (1), Liu et al., 2018). The AOC produced by 
BCPs is the key to forming long-term stable carbonate-weathering C 
sinks (He et al., 2020; Liu et al., 2010, 2018; Liu et al., 2015). Higher DIC 
concentrations can induce higher primary productivity of aquatic 

photosynthetic organisms (known as the BCP effect), which is referred to 
as DIC fertilization (Chen et al., 2017; Hammer et al., 2019; Kragh and 
Sand-Jensen, 2018; Yang et al., 2016; Zeng et al., 2019). Under higher 
DIC conditions, an efficient BCP may have the potential to cause 
eutrophication (Kragh and Sand-Jensen, 2018; Verspagen et al., 2014). 
Eutrophication, as a particular phase of BCPs, is one of the major 
problems in surface water environments and results in poor water 
quality and harmful cyanobacterial blooms (Schindler, 1974; Smith, 
2003). 

Ca2+ + 2HCO−
3 ⇒BCPCaCO3 + x(CO2 + H2O) + (1 − x)(CH2O + O2) (1) 
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Generally, eutrophication of freshwater bodies is believed to be 
limited by P, N, or both N and P (Abell et al., 2010; Conley et al., 2009; 
Correll, 1998; Paerl et al., 2011, 2016; Schindler, 1977; Schindler et al., 
2008, 2016; Smith et al., 2016; Sterner, 2008; Wang and Wang, 2009). 
On the other hand, C is generally considered to be the limiting nutrient 
for BCPs, especially in karst aquatic ecosystems (Chen et al., 2017; Liu 
et al., 2015; Yang et al., 2016; Zeng et al., 2019). It has long been 
thought that C is unable to limit aquatic photosynthesis in open water of 
lakes/reservoirs because these water bodies will tap into the atmo-
spheric reservoir of C to overcome these deficiencies (Schindler, 1977). 
However, CO2 diffusion in water is a slow process and cannot satisfy the 
demand for aquatic photosynthesis (Stumm and Morgan, 1981). Several 
studies have demonstrated the C limitation of phytoplankton photo-
synthesis (Hamdan et al., 2018; Hein, 1997; Hein and Sand-Jensen, 
1997; Riebesell et al., 1993; Verspagen et al., 2014; Van Dam et al., 
2018). CO2 is the favored substrate for aquatic photosynthesis (Ver-
spagen et al., 2014), and its concentration decreases due to the utiliza-
tion by phytoplankton for photosynthesis and an increase in pH, which 
changes the balance between all DIC species (DIC = CO2(aq) + HCO3

– +

CO3
2–) from CO2 to bicarbonate (HCO3

–) and eventually to CO3
2– 

(Andersen et al., 2019; Schulte et al., 2011). The C limitation of 
phytoplankton photosynthesis is very important, and a noticeable 
problem in karst aquatic ecosystems. It is well known that the water in 
karst basins has higher concentrations of DIC than in nonkarst catch-
ments because of the the rapid kinetics of carbonate mineral dissolution 
(Liu et al., 2011). But, the dissolved CO2 concentration is reduced 
because of the higher pH of the karst waters, and only 1% of the DIC 
concentration at pH 8.2 (Schulte et al., 2011). Furthermore, high con-
centrations of Ca2+ and HCO3

– in karst waters can promote calcium 
carbonate precipitation (Liu et al., 2006), and calcium carbonate pro-
duced by BCPs promotes coprecipitation of P in water, leading to the 
transformation of soluble to insoluble phosphate (PO4

3-) (Corman et al., 
2015, 2016; Hamilton et al., 2009; Kleiner, 1988; Murphy et al., 1983; 
Otsuki and Wetzel, 1972; Walsh et al., 2019). Otsuki and Wetzel (1972) 
found that>74% of phosphate ion was found to be precipitated with the 
carbonates. Hamilton et al. (2009) also found that the calcite sedimen-
tation was a major sink for added P, and about half of the added P was 
removed from the water column. The Fe(III) oxyhydroxide colloids, 
which are induced by BCPs due to the increasing pH and dissolved ox-
ygen (DO) concentration, can also absorb P to form coprecipitates 
(Gunnars et al., 2002; Hoffman et al., 2013; Mayer et al., 1982; Stauffer 
and Armstrong, 1986; Tang et al., 2019; Yuan et al., 2020). Therefore, P 
removal by BCPs may alleviate eutrophication (Chen and Liu, 2017). 

On the other hand, damming for hydropower generation and irri-
gation impedes the flow of nutrients (including C, P, and N) along river 
networks, leading to increased nutrient retention (Humborg et al., 1997; 
Maavara et al., 2014, 2015, 2020; Van Cappellen and Maavara, 2016). 
Dammed rivers evolve and form their own elemental biogeochemical 
cycles (Wang et al., 2018). Further, dammed karst rivers are usually 
canyon reservoirs with high DIC concentrations, pH, and obvious ther-
mal stratification during spring and summer (Wang et al., 2019). Sys-
tematic studies on the effects of nutrient limitation on BCP and the role 
of P removal by BCPs in eutrophication control are still lacking in 
dammed karst rivers (Bao et al., 2020; Zeng et al., 2019). 

In this study, we investigated three river-reservoir systems of the 
dammed karst rivers (Pingzhai Reservoir [PZR], Puding Reservoir 
[PDR], and Hongfeng Reservoir [HFR]) in Guizhou Province, Southwest 
China, from April 2018 to January 2019. We measured the concentra-
tions of HCO3

–, CO2(aq), total phosphorus (TP), total nitrogen (TN), and 
chlorophyll-a (Chl-a) concentrations, and assessed the phytoplankton 
community structure in the surface waters of rivers and dammed res-
ervoirs. We also determined the total P flux and the chemical fractions of 
P in sediment traps. Our aims were to investigate the following issues: 
(1) the dynamics of nutrient limitations on BCPs in rivers and dammed 
reservoirs, and the underlying mechanism; (2) the role of P removal by 
BCPs in preventing water bodies from cyanobacterial eutrophication, 

and the underlying mechanisms. 

2. Materials and methods 

2.1. Study area 

The PZR is a typical canyon-shaped reservoir located on the Sancha 
River at the source of the Wujiang River (Fig. 1). Water storage in the 
PZR commenced in 2015. It has a total capacity of 10.89 × 108 m3 and a 
mean depth of 50 m (maximum ~ 125 m). The PDR is located down-
stream of the PZR (Fig. 1) and began storing water in 1963. It has a 
surface area of 19.25 km2, a total capacity of 4.2 × 108 m3, and a mean 
depth of 15 m (maximum ~ 25 m). The Sancha River Basin 
(104◦54́–106◦24́E, 26◦06́-27◦00́N), situated in the northwest in the 
Guizhou Province, China, is a typical karst peak-cluster depression re-
gion with abundant carbonates (Hou and Gao, 2019; Gao and Wang, 
2019). The river basin is controlled by a subtropical monsoon climate, 
with an annual mean rainfall of 1100 mm concentrated between May 
and October. 

The HFR is located on the Maotiao River, a tributary of the Wujiang 
River (Fig. 1). The filling of the reservoir was completed in 1960. It has a 
water surface area of 57.2 km2, a storage capacity of 5.9 × 108 m3 at a 
normal water level, and a mean depth of 10.5 m (max ~ 45 m). The HFR 
encompasses the North Lake and South Lake, and the dam is in the east. 
The HFR has five main inflows, i.e., two into North Lake (Maiweng and 
Maibao Rivers) and three into South Lake (Yangchang, Maxian, and 
Houliu Rivers). The bedrock consists mainly of carbonate and clastic 
rocks. The mean annual temperature is 14.1 ◦C and the mean annual 
precipitation is 1,200 mm (Chen et al., 2020; Wu et al., 2017). 

Three sampling sites within the Pingzhai river-reservoir system 
(PZA, BXZ and PZ) and two sampling sites in the Sancha River (SCH and 
YCZ) were investigated. Four sampling sites were investigated within 
the Puding river-reservoir system (PDA, PDZ, PDM and PD); two sam-
pling sites in the Sancha River were investigated upstream of the 
reservoir (LC and MC), and one located downstream of the dam (PDX). 
In the HFR, two sites were located in the South Lake (NH and HW), one 
in the junction between the North and South Lake (HYD), another site in 
the North Lake (100 m from the dam) (HF), and two sites in North Lake 
(BH and TYH). One sampling site was investigated in the Yangchang 
River (HQQ) upstream of the South Lake (Fig. 1). The general infor-
mation of the sampling sites are given in Table S1. 

2.2. Field monitoring and in-situ titration 

Field monitoring was carried out in April, June, August, and October 
of 2018 and January 2019. The physiochemical parameters of the sur-
face water were measured in the field using a hand-held water quality 
meter (PONSEL ODEN, France), including temperature (T), pH, elec-
trical conductivity (EC, 25 ◦C), and DO, with resolutions of 0.01 ◦C, 
0.01, 0.1 μs/cm and 0.01 mg/L, respectively. Instruments were cali-
brated prior to deployment at pH 4, 7, and 10 and EC of 1413 μs/cm. The 
DO probe was calibrated using moist saturated air. Because of their 
instability, DIC concentrations were determined in situ by titration using 
an Aquamerck alkalinity test kit (Merck, Germany) with a resolution of 
0.05 mmol L-1; each sample was titrated two or three times (Liu et al., 
2007). 

2.3. Sample collection and sediment traps 

To study the nutrient limitation of BCPs and the P removal by BCP, 
the DIC concentrations (HCO3

– and CO2(aq)), concentrations of TN and 
TP, chlorophyll-a (Chl-a) concentration and phytoplankton density in 
the surface water, and the TP content and phosphorus fractions in the 
settling particulate matter, need to be determined. 

Water samples were collected 0.5 m below the surface. Samples for 
analyses of major cations and anions were collected in 20 mL acid- 
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washed high-density polyethylene bottles using 0.45-μm acetate fiber 
filters. Samples for cation analyses were acidified to pH < 2.0 using 
concentrated nitric acid to prevent precipitation and complexation. 
Samples for TN and TP analyses were stored in 100 mL acid-washed 
brown glass bottles with Teflon-lined screw caps. All bottles were 
rinsed three times and the filters were thoroughly flushed with sample 
water prior to sample collection. After sampling, all bottles were 
transported to the laboratory and kept away from direct sunlight before 
storing in the refrigerator, and analyzed at the earliest. Water samples (1 
L) were collected and filtered using a 47 mm GF/F filter to determine the 
chlorophyll-a (Chl-a) concentration. Phytoplankton samples were 
collected using a handheld phytoplankton net (64 μm mesh size) in 
surface waters, and water samples (1 L) were collected for its quanti-
tative analysis. Phytoplankton samples were preserved with Lugol’s 
iodine solution (2% final concentration). 

At PZR and HFR, cylindrical sediment traps (length = 1.4 m, diam-
eter = 14 cm) were deployed at PZA, BXZ, PZ, NH, BH, and HF to collect 
settling particulate matter. The traps were fixed at least 1 m above the 
sediment surface on ropes held by floats and anchored at the bottom of 
the reservoirs. The sediment traps were deployed during the period from 
April 2018 to January 2019. The duration time for collecting settling 
particulate matter was 2 to 3 months. 

2.4. Analysis strategies and calculation of dissolved CO2 concentrations 

Cation concentrations (K+, Na+, Ca2+, and Mg2+) were determined 
by an inductively coupled plasma optical emission spectrometer (Vista- 
MPX, Varian). Anion concentrations (Cl-, SO4

2-, and NO3
–) were deter-

mined using an ion chromatography (ICS-90, Dionex) . The experi-
mental minimum detection limit of these ions was 0.01 mg L-1. Chl-a 
concentrations were determined using an ultraviolet spectrometer after 
extraction in 90% hot alcohol (Pápista et al., 2002). The preserved 
phytoplankton samples were concentrated to 30 mL. After mixing, 0.1 
mL concentrated samples were counted and identified directly using a 
phytoplankton counting chamber at 400 × magnification. 

After freeze-drying, the settling particulates collected by the sedi-
ment traps were weighed and passed through a 200 mesh for further 
analysis. The total P content was determined from dried settling par-
ticulate matter using the SMT method (Ruban et al., 2001). The chem-
ical fractions of P were determined using the sequential extraction 
fractionation described by Hupfer et al. (1995). The following P frac-
tions were extracted: NH4Cl-P, BD-P, NaOH-SRP, NaOH-NRP, HCl-P, 
and Res-P. Generally, HCl-P is regarded as a Ca-bound P compound, BD- 

P is associated with Fe hydroxides (Jensen and Thamdrup, 1993), and 
NaOH-SRP is the form of P that is bound to metal (mainly Fe and Al) 
oxides (Kozerski and Kleeberg, 1998). 

The dissolved CO2(ag) concentrations were calculated using 
PHREEQC Interactive 3.4.0 (Parkhurst and Appelo, 2013). The 
measured pH, T, and the K+, Na+, Ca2+, Mg2+, HCO3

–, Cl-, SO4
2-, and 

NO3
– concentrations were used as inputs. 

2.5. Statistical approach of the data 

The correlations between the nutrient, the ratios of nutrients, and the 
Chlorophyll a, were depicted using SigmaPlot 12.5; the correlations 
between TN/TP and the relative abundance of Cyanobacteria were also 
depicted using SigmaPlot 12.5. 

3. Results 

3.1. Spatio-temporal variations in physiochemical parameters 

The physiochemical parameters of the three river-reservoir systems 
exhibited significant spatial and seasonal variations (Figs. 2 and 3). The 
T of the river-reservoir systems exhibited significant seasonal variation 
characterized by the highest temperatures in summer (August 2018) and 
lowest in winter (January 2019). The T at the river sampling sites ranged 
from 9.55 ◦C to 26.52 ◦C, with an overall mean of 16.42 ◦C, and that at 
reservoir sampling sites was 7.4–29.07 ◦C, with an overall mean of 
19.48 ◦C. The T variation range at PZR and PDR was larger than at the 
river sampling sites. The pH of the rivers ranged from 7.62 to 8.72 
(mean = 8.04), and did not show a clear seasonal variation; however, 
the pH of the reservoirs ranged from 7.35 to 9.18 (mean = 8.37), and did 
show higher values during spring-summer and lower during autumn–-
winter. The pH at reservoir sampling sites also varied a larger range than 
those at the river sampling sites. 

The Ca2+ concentrations from the rivers to reservoirs showed clear 
decreasing trend, especially in PZR and HFR. The highest decrease 
occurred during the summer, with Ca2+ concentrations decreasing from 
67.12 mg/L (YCZ) to 25.14 mg/L (PZA) in PZR, and from 53 mg/L 
(HQQ) to 25.04 mg/L (NH) in HFR. The largest decrease in Ca2+ con-
centrations may be due to the great increase in precipitation of CaCO3 
when the BCP effect was the strongest during the summer. 

DIC concentrations in the rivers do not exhibit clear seasonal varia-
tion patterns, and the variation amplitudes were only 6 mg/L, 12 mg/L, 
and 7.2 mg/L at sites SCH, LC, and HQQ, respectively (Figs. 2 and 3). By 

Fig. 1. (a) Study area and (b) sampling sites of the river-reservoir systems, Guizhou province, southwest China.  
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contrast, the DIC concentrations in the reservoirs exhibited considerable 
seasonal patterns, with the highest values in winter (January 2019) and 
lowest in summer (August 2018), with ranges of 10.8–31.2 mg/L, 
19.2–32.4 mg/L, and 14.4–32.4 mg/L for PZR, PDR, and HFR, respec-
tively. The DIC concentrations in the reservoirs were always lower than 
those in the river. The CO2(aq) concentrations ranged from 9.79 μmol/L 

to 100.99 μmol/L in river sampling sites, with little variation. By 
contrast, the CO2(aq) concentrations in the reservoirs ranged from 2.31 
μmol/L to 301.7 μmol/L, with significant seasonal patterns (i.e., lower in 
April, June and August 2018, and higher in October 2018 and January 
2019). The largest seasonal variation occurred at PZ with 300.3 μmol/L 
(4–304.3 μmol/L), which mainly came from the largest CO2(aq) 

Fig. 2. Seasonal variations in the physiochemical parameters of the Pingzhai (PZR) and Puding river-reservoir (PDR) systems.  
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concentrations in winter due to the decomposition of organic matters. 
As shown in Fig. 2, TP concentrations in the Pingzhai river-reservoir 

system show clear seasonal variations, with the highest values (180.5 
μg/L and 94.9 μg/L in the river and reservoir, respectively) in June 2018 
and the lowest values (67.8 μg/L and 9.9 μg/L in the river and reservoir, 
respectively) in August 2018. Similar to the PZR, TP concentrations in 

the HFR were highest (mean = 42.78 μg/L) in June 2018, and lowest 
(mean = 19.96 μg/L) in August 2018; and TP concentrations in the river 
sampling site (HQQ) ranged from 29.32 μg/L to 94.27 μg/L, with the 
highest and lowest values in April and October 2018, respectively. In the 
Puding river-reservoir system, TP concentrations had no clear seasonal 
variations, and ranged from 19.10 μg/L to 149.05 μg/L (mean = 51.79 

Fig. 3. Seasonal variations in the physiochemical parameters of the Hongfeng river-reservoir (HFR) system.  
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μg/L). 
The TN and NO3

– concentrations in river sampling sites were 
2.76–4.86 mg/L (mean = 3.78 mg/L) and 8.78–19.36 mg/L (mean =
13.76 mg/L), respectively, with no obvius difference between the two 
rivers. The TN and NO3

– concentrations in HFR were lower than those in 
PZR and PDR. The mean concentrations in the HFR (1.49 mg/L and 3.02 
mg/L, respectively) were lower than those in the PZR (3.18 mg/L and 
10.98 mg/L, respectively) and PDR (3.50 mg/L, and 12.07 mg/L, 
respectively). In general, TN and NO3

– were highest in winter (January 
2019) and lowest in summer (August 2018) in the Pingzhai and Hon-
gfeng river-reservoir systems. Contrary to that in the PZR and HFR, the 
TN and NO3

– concentrations in the Puding river-reservoir system 
exhibited opposite seasonal variation patterns, with the highest con-
centrations in summer and lowest in winter. 

3.2. Spatio-temporal variations in Chl-a and DO concentrations in the 
reservoirs 

The Chl-a and DO concentrations in the Pingzhai river-reservoir and 
Hongfeng river-reservoir systems exhibited clear seasonal variations, 
with higher concentrations in summer and lower in winter (Figs. 2 and 

3. Within the PZR, the Chl-a and DO values ranged from 0.5 to 15.7 μg/L 
(mean = 6.84 μg/L) and 67.3–202.4% (mean = 129.5%), respectively. 
Within the HFR, the Chl-a concentrations and DO were 1.85–15.0 μg/L 
(mean = 8.04 μg/L) and 55.6–154.4% (mean = 118.5%), respectively. 
In the Puding river-reservoir system, the Chl-a concentrations in the 
rivers were relatively stable and exhibited no clear seasonal variations, 
the mean concentration was 1.40 μg/L. The Chl-a concentration in the 
PDR also showed no obvious seasonal variations and ranged from 0.75 
μg/L to 9.29 μg/L (mean = 3.45 μg/L). Contrary to Chl-a, the DO con-
centrations in the PDR exhibited season variations with higher values 
during spring-summer (April, June, and August 2018) and lower during 
autumn–winter (October 2018 and January 2019), ranging from 85.7% 
to 202.1%, with a mean value of 132.3%. 

Spatially, the Chl-a concentrations were higher in reservoirs and 
lower in rivers. The DO concentrations were higher in reservoirs than in 
rivers during spring and winter; conversely, in autumn and winter, the 
DO concentrations in reservoirs were lower than in rivers. 

3.3. Phytoplankton community structure dynamics in the reservoirs 

We recorded six phytoplankton groups in PZR and HFR (Fig. 4). The 

Fig. 4. Variations in the phytoplankton community structure in the PZR and HFR between April 2018 and January 2019.  
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phytoplankton community structure varied markedly with time and 
space. In PZR, the dominant groups Bacillariophyta and Chlorophyta, 
Bacillariophyta appeared mainly in October 2018 and January 2019; 
Chlorophyta appeared from April to August 2018; Cyanophyta had a 
relative abundance lower than 20% in PZR. Cyanophyta was not 
observed at PZ, which was located downstream of PZR. In HFR, the 
phytoplankton community was dominated by Bacillariophyta in June 
and October 2018 and January 2019; however, the relative abundance 
of Cyanophyta (54.54%) was higher than that of Bacillariophyta in 
August 2018. 

3.4. The TP fluxes and phosphorus fractions in settling particulates 

Fig. 5a shows the TP fluxes in settling particulates at PZR and HFR, 
ranging from 1.46 mg/m2⋅d to 32.88 mg/m2⋅d, and highest at PZR. The 
mean values of TP flux are 15.29 mg/m2⋅d in PZR and 4.88 mg/m2⋅d in 
HFR, respectively. The TP fluxes in seetling particulates show significant 
spatial variations, which gradually decreased downstream. 

Fig. 5b shows the P fractions in settling particulates during June- 
August 2018. HCl-P is regarded as a Ca-bound P compound which is 
related to the coprecipitation of P with calcite; BD-P as P associated with 
Fe hydroxides; and NaOH-SRP as P bound to metal oxides (mainly of Fe 
and Al) (Kozerski and Kleeberg, 1998). Both of the latter two parts are 
related to the coprecipitation of P with soild Fe(III) oxyhydroxide. So, 
we consider that the summation of the proportions of HCl-P, BD-P and 
NaOH-SRP equals to the mean proportion of P removal by BCPs. The 
HCl-P, BD-P, and NaOH-SRP ranges are 5.72–41.38% (mean = 15.78%), 
11.37–21.43% (mean = 16.35%) and 13.85–41.83% (mean = 33.20%), 
respectively. 

4. Discussion 

4.1. Seasonal variations in TN, NO3
–, and TP concentrations at river 

sampling sites 

Seasonal variations in TN, NO3
–, and TP concentrations at river 

sampling sites can be attributed to human activities such as N and P 
fertilizer application, wastewater disposal, and land-use patterns and 
practices (Galloway et al., 2008; Carpenter et al., 1998; Vitousek 
et al.,1997). The variations in NO3

– concentrations correlate with the 
variations in TN, which indicates that NO3

– was the main component of 
TN in water, and accounted for a mean of 80.3% of TN (Figs. 2 and 3). 
NO3

– enters rivers mainly through agricultural runoff (David and 
Gentry, 2000; Kemp and Dodds, 2001). The seasonal variations in NO3

– 

concentrations in midstream of the Sancha River (sites LC, MC, and PDX) 

were higher in June 2018, which was mainly attributed to fertilizer 
application and the erosion of agricultural land in the vicinity of the 
river (Chen et al., 2010; Kemp and Dodds, 2001; Zhang et al., 2020). In 
contrast, the NO3

– concentrations in the upper sections of the Sancha 
River (sites SCH and YCZ) and Yangchang River (site HQQ) were lower 
in August 2018, which may have contributed to the combined effect of 
the dilution of rainfall and phytoplankton utilization, which is stronger 
than the effect of agricultural land erosion (Stelzer et al., 2020; Zhang 
et al., 2007; Zeng et al., 2019). 

The TP concentration in river sampling sites also displayed seasonal 
variation, and was higher in April and June 2018, mainly due to the 
application of P fertilizer (Boardman et al, 2019; Heathwaite et al., 
2005; Sharpley et al., 2000; Withers and Jarvie, 2008). 

4.2. Mechanisms for the seasonal variations in DIC, TN, and NO3
– 

concentrations in reservoirs 

Seasonal variations in DIC concentration in reservoirs may be 
controlled by dilution of rainfall, aquatic photosynthesis, and decom-
position of organic matter (Liu et al., 2007; Yang et al., 2012; Yang et al., 
2015). In reservoirs, the decrease in DIC concentrations in summer may 
have been attributed to the dilution effect after rainfall (Liu et al., 2007). 
However, in comparison with that in reservoirs, the minor variation 
amplitudes of DIC in rivers indicate that the dilution effect is not the key 
factor controlling the seasonal variations. Thus, the seasonal variations 
in DIC in reservoirs mainly contribute to the utilization of aquatic 
photosynthesis (Bao et al., 2020; Müller et al., 2016; Nõges et al. 2016; 
Yang et al., 2020; Zeng et al., 2019). Here, we used Chl-a and DO to 
characterize aquatic photosynthesis. The lowest DIC values were 
observed in summer (Aug. 2018), accompanied by the highest Chl-a and 
DO concentrations, demonstrating that the decrease in DIC was mainly 
caused by phytoplankton utilization (Figs. 2 and 3). 

Two seasonal variation patterns were evident in TN and NO3
– con-

centrations in reservoirs. TN and NO3
– concentrations in the surface 

water of the PDR exhibited strong seasonality, characterized by high 
concentrations in summer (June 2018) and low in winter (January 
2019). The highest TN and NO3

– concentrations reflect the influence of 
rivers that introduce large amounts of N to the reservoir (Bode and 
Dorth, 1996), because N leaches from surface soil to river water by 
runoff during the rainy season (Chen et al., 2010; Zhang et al., 2020). In 
the Puding river-reservoir system, croplands are abundant in the vicinity 
of the river channels and make a disproportionately high contribution to 
the TN and NO3

– concentrations in rivers due to their proximity to river 
channels that are affected by river hydrology (Boardman et al., 2019). In 
contrast, the PZR and HFR exhibited high concentrations in winter 

Fig. 5. The flux of total phosphorus (TP) and its chemical fractions in settling particulates.  
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(January 2019) and low in summer (August 2018). The lowest TN and 
NO3

– concentrations in the PZR and HFR may reflect the seasonal 
variation in N uptake and dilution effect of rainwater that contains lower 
N concentrations (Stelzer et al., 2020; Zeng et al., 2019; Zhang et al., 
2007). 

4.3. Spatial variations in TP concentrations in surface water of reservoirs 
and P removal by the BCP 

The TP concentrations in surface water of PZR exhibited significant 
spatial variations, with gradual decrease along the longitudinal transect 
from upstream to downstream. For example, the TP concentrations 
decreased from 94.92 μg/L upstream to 37.36 μg/L downstream in June 
2018, and about 60% of the TP is removed from the surface water 
(Fig. 2). Contrary to the PZR, the TP concentrations in surface water of 
HFR did not show clear spatial variations (Fig. 3). The largest spatial 
variation occurred in June 2018 when the TP concentrations decreased 
from 63.28 μg/L upstream to 38.69 μg/L downstream, and about 40% of 
the TP removed. Except for June 2018, the spatial variations of TP in 
HFR were small, not exceeding 6 μg/L. 

The gradual decrease of TP concentrations along the longitudinal 
transect was partly attributable to the P uptake by phytoplankton 
(Boardman et al., 2019), but mainly the rapid sedimentation of P-con-
taining particulates caused by the P removal by the BCP, which is shown 
in Fig. 5a (Chen and Liu, 2017; Straškrabová et al., 1994; Walsh et al., 
2019). In PZR, the fluxes of P in settling particulates can reach 32.88 
mg/m2⋅d with a mean value of 28.51 mg/m2⋅d in the upper section of 
the river. 

The BCPs in karst surface aquatic ecosystems can produce calcite and 
O (Liu et al., 2018). The calcite promotes the coprecipitation of P in 
water (Murphy et al., 1983; Otsuki and Wetzel, 1972;), which can also 
bind to Fe(III) oxyhydroxide colloids and consequently coprecipitate by 
oxidation of Fe(II) (Gunnars et al., 2002; Hoffman et al., 2013; Hongve, 
1997). Moreover, Fe(III) oxyhydroxide colloids can also absorb P from 
water to form coprecipitates due to the large specific surface area (Chen 
and Liu, 2017). We considered the HCl-P, BD-P, and NaOH-SRP chem-
ical fractions that were related to BCP. The proportion of three fractions 
range from 65.92% to 71.12% (mean = 68.96%) in PZR, and 54.35% to 
66.60% (mean = 61.72%) in HFR (Fig. 5), implicating that the mean 
proportions of P removed by BCPs are approximately 68.96% and 
61.72% in the PZR and HFR, respectively. Thus, BCPs play an important 
role in P removal in reservoirs. 

4.4. Effect of P removal by BCP on nutrient limitations of phytoplankton 
primary productivity 

Phytoplankton primary productivity and BCPs can be controlled by 
N, P, or both (Conley et al., 2009; Paerl et al., 2016; Schindler et al., 
2008; Smith et al., 2016). In recent years, the C limitation of phyto-
plankton primary productivity has attracted increasing attention, espe-
cially in karst surface waters where the dissolved CO2(ag) may constitute 
< 1% of the DIC, and HCO3

− is the dominant component (Bao et al., 
2020; Kragh and Sand-Jensen, 2018; Hammer et al., 2019; Zeng et al., 
2019). Yang et al. (2016) found that phytoplankton biomass and the DIC 
concentration were positively correlated in the Pearl River, indicating 
the DIC fertilization effect on aquatic photosynthesis. Zeng et al. (2019) 
found that organic C production in the ponds of spring pond systems at a 
karst test site was limited by C, whereas Bao et al. (2020) found that the 
phytoplankton density in the ponds of the same system was mainly 
related to CO2(aq) in January (the dormant period), and NO3

– and PO4
3- 

in July (the growth period). In karst cascade reservoirs, Wang et al. 
(2018) found that water temperature and CO2(aq) and Si concentrations 
were the controlling factors of algal succession. However, the above 
studies identified the C limitations of phytoplankton primary produc-
tivity through mesocosm studies at karst test sites, or only evaluated the 
C limitations on algal succession in reservoirs (Bao et al., 2020; Hammer 

et al., 2019; Wang et al., 2018; Zeng et al., 2019). The BCP effect could 
also be influenced by other environmental factors (water temperature, 
light intensity) and hydrodynamic conditions (flow velocity, discharge), 
espically the highly dynamic discharge conditions in karst regions (Liu 
et al., 2017; Wang et al.,2018; Yang et al., 2016; Yang et al, 2020). In 
this study, we focus on the nutrient limitations on primary productivity 
in karst river-dammed reservoirs under the effect of P removal by BCP. 

Ecological stoichiometric ratios have been widely used to study the 
effects of nutrient limitation on primary productivity in aquatic eco-
systems (Elser et al., 2009; Rhee, 1978). In this study, to clarify which 
element play a key role in phytoplankton primary productivity, stoi-
chiometric C, N, and P ratios (molar ratio) were used. Chl-a concen-
trations were used to represent phytoplankton primary productivity or a 
BCP. 

At the river sampling sites, the DIC/TN, DIC/TP, and TN/TP have 
positive relationships with Chl-a, and the correlation between Chl-a and 
DIC/TP (R2 = 0.14, P > 0.05) is higher than that between Chl-a and DIC/ 
TN (R2 = 0.03, P > 0.05) or TN/TP (R2 = 0.12, P > 0.05) (Fig. S1). The 
resultts indicates that C was the main factor controlling primary pro-
ductivity in rivers in this study. Our findings are consistent with the 
result in the Pearl River (Yang et al., 2016) and further confirms that 
primary productivity in rivers is mainly controlled by C. 

Dams impede the flow of essential nutrients, including C, N, and P, 
leading to increased nutrient retention (Maavara et al., 2020). However, 
BCP removed the P from the surface water, and probably changed the 
nutrient limitation pattern from C-limitation to P-limitation. To study 
the effect of P removal by BCP on nutrient limitations of phytoplankton 
primary productivity, the relationships of Chl-a, nutrients and the stoi-
chiometric ratios of nutrients were researched. In this study, all the 
reservoirs had clear thermal stratifications in the spring and summer, 
which gradually disappeared in the autumn and winter. The thermal 
stratification period corresponds to the phytoplankton growth period, 
while the mixing period corresponds to the dormant period. Hence, the 
nutrient limitation of phytoplankton during the growth and dormant 
periods are discussed separately. 

In the PZR and PDR, Chl-a shows negative relationships with DIC and 
NO3

–, and a positive relationship with TP during the growth period 
(Fig. 6). The relationship between Chl-a and DIC was inversely related to 
the positive relationship between the river sites in our study, which was 
also found in the Peal River (Yang et al., 2016). However, we consider 
these results not contradictory. In rivers, DIC and Chl-a showed a posi-
tive relationship because the DIC consumed by phytoplankton can be 
rapidly compensated. However, the rapid consumption of DIC by 
phytoplankton in reservoirs cannot be promptly balanced, resulting in a 
decrease in DIC concentration in response to the negative correlation 
(Wang et al., 2018). The positive relationship between DIC and Chl-a in 
rivers and the negative relationship in reservoirs both demonstrate the C 
limitation of phytoplankton primary productivity. To better evaluate the 
nutrient limitations in PZR and PDR, the stoichiometric ratios of C, N, 
and P were used, and the cross-plots of Chl-a with CO2(aq)/NO3

–-N, CO2 

(aq)/TP, and NO3
–-N/TP in the growth and dormant periods are dis-

played in Fig. 6 and Fig. S2. Fig. 6 shows negative relationships between 
Chl-a and CO2(aq)/NO3

–-N, CO2(aq)/TP, and NO3
–-N/TP during the 

growth period, and the correlations between Chl-a and CO2(aq)/TP (R2 =

0.68, P < 0.0001) were higher than those between Chl-a and CO2(aq)/ 
NO3

–-N (R2 = 0.66, P < 0.0001) and NO3
–-N/TP (R2 = 0.40, P < 0.01) 

(Fig. 6). The results indicate that TP was the main factor influencing 
phytoplankton productivity during the growth period, followed by N 
and C. Inverse to the growth period, Chl-a exhibits a positive relation-
ship with NO3

–-N during the dormant period, which indicates that the 
phytoplankton productivity is limited by N (Fig. S2). 

For HFR, Chl-a shows a negative relationship with DIC, TN, and TP 
during the growth period, indicating that phytoplankton productivity is 
controlled by C, N, and P (Fig. 7). The Chl-a also showed positive re-
lationships with DIC/TP and TN/TP, suggesting that the effects of N and 
C on phytoplankton productivity were greater than that of P (Fig. 8). 
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Combining the negative relationship between Chl-a and CO2(aq)/TN, the 
phytoplankton productivity of the HFR during the growth period is 
mainly controlled by N. In the dormant period, phytoplankton produc-
tivity is mainly controlled by P, followed by C and N (Fig. S3). 

There were significant differences in nutrient limitation patterns 
among the PZR, PDR and HFR sites. During the growth period, phyto-
plankton primary productivity in the PZR and PDR showed significant P- 
limitation, whereas that in the HFR showed N-limitation. We consider 
that the P-limitation in the PZR and PDR can be mainly attributed to the 
P removal by BCP (Chen and Liu, 2017; Straškrabová et al., 1994; Walsh 
et al., 2019) (Fig. 5). Under the stronger P removal by BCP, TP con-
centrations in the surface of PZR show a gradual downstream decrease 
(Figs. 2 and 5), opposite to the TN:TP ratios of downstream increase 
(Fig. S4). In August 2018, the TN:TP (molar ratio) increases from 149 
upstream to 421 (PZA) downstream (PZ) in the PZR. During the growth 
period, the mean TN:TP ratio reaches 207. Elser et al. (2009) found that 
phytoplankton were consistently P-limited when TN:TP (molar ratio) 
was > ~110. Under the effect of P removal by BCP, the phytoplankton 
primary productivity of PZR shows significant P-limitation (Fig. S4). For 

the HFR, P removal by BCP is weaker, and the mean flux of TP in 
sediment traps is 4.88 mg/m2⋅d, which is only about one third of the PZR 
(15.29 mg/m2⋅d) (Fig. 5). The decrease of TP in HFR is not obvious, 
following the non-significant TN:TP ratio downstream increase (Fig. S4). 
The TN:TP ratio (molar ratio) increases from 100 to 103, 62 to 83, and 
170 to 180 in April, June, and August 2018, respectively (Fig. S4). 
Evidently, P removal by the BCP in the HFR was less efficient than that in 
the PZR, and the phytoplankton primary productivity of HFR in the 
growth period exhibited N-limitation. 

4.5. Effect of P removal by BCP and the role in alleviating eutrophication 

Cyanobacteria dominance in eutrophic lakes/reservoirs is a major 
problem to human and ecosystem health (Downing et al., 2001). 
Nutrient concentrations control phytoplankton growth, and the stoi-
chiometric ratio of N to P (N:P) can favor Cyanobacteria dominance 
(Downing et al., 2001; Smith, 1983). Smith (1983) found that Cyano-
bacteria tended to be rare when the TN/TP (by weight) exceeds 29:1. To 
evaluate the effect of P removal by BCP on the control of Cyanobacteria 

Fig. 6. Relationships between DIC, NO3
–, TP, CO2(aq) -C/NO3

–-N, CO2(aq) -C/TP, NO3
–-N/TP, and Chl-a in the Pingzhai Reservoir (PZR) and Puding Reservoir (PDR) 

during the growth period. 
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dominance by nutrient stoichiometry (N:P), we studied the phyto-
plankton community structure in the PZR and HFR. Fig. 8a shows the 
spatial–temporal variations in relative abundance of cyanobacteria in 
PZR and HFR. In PZR, the relative abundance of Cyanobacteria de-
creases toward the dam due to the increase of TN/TP ratio caused by 
significant P removal (Fig. S4); moreover, no cyanobacteria were pre-
sent in the dam site (PZ). In contrast, the relative abundance of Cya-
nobacteria in HFR are higher, and the relative abundance at the dam site 
HF is the highest during summer due to the weakened P removal (Fig. 5). 
Fig. 8b shows a negative relationship between relative abundance of 
Cyanobacteria and stoichiometric ratios of TN to TP (TN:TP) in the 
surface water of the HFR and PZR, which indicates that the ratio TN:TP 
can favor Cyanobacteria dominance in lakes/reservoirs. Fig. 8b also 
shows that an apparent boundary was evident between a region where 
Cyanobacteria tends to dominate (TN:TP < 200 by molar) or be rare 
(TN:TP > 200 by molar). Our results confirm the view that cyanobac-
teria dominance can be controlled by the stoichiometric ratio of TN to 
TP (Smith, 1983). 

These results demonstrate that P removal by BCPs plays a key role in 
controlling Cyanobacteria dominance and can alleviate the 

development of Cyanobacteria-type eutrophication in water bodies. 
In karst area, higher concentrations of HCO3

– and Ca2+ due to the 
rapid kinetics of carbonate mineral dissolution can promote the BCP 
effect (calcite precipitation and the primary productivity of aquatic 
phototrophs) (Liu et al., 2011, Yang et al., 2016; Zeng et al., 2019; Bao 
et al., 2021). Then, the coprecipitation of P with calcite and soild Fe(III) 
oxyhydroxide which is accelerated by the promoted BCP effect make 
algal growth in karst waters tends to be strongly P-limited (Hamilton 
et al., 2009); the increased TN/TP ratio caused by significant P removal 
change the structure of phytoplankton community through making the 
relative abundance of Cyanobacteria decreases. As a result of P removal, 
the proceeding of eutrophication (the primary productivity and the 
structure of phytoplankton community) is alleviated. In the latest 
research, Bao et al. (2021) found that the natural restoration of vege-
tation, or injecting CO2 into water, which results in higher C but lower 
N-P loading, may promote the BCP effect. Therefore, the eutrophication 
in karst area can be alleviated by the promoted BCP effect through the 
restoration of vegetation, or injecting CO2 into water, and a win–win 
status of water quality safety and carbon sink in the water body could be 
achived. 

Fig. 7. Relationships between DIC, NO3
–, TP, CO2(aq) -C/NO3

–-N, CO2(aq) -C/TP, NO3
–-N/TP and Chl-a in the Hongfeng Reservoir (HFR) during the growth period.  
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5. Conclusions 

In this study, we documented the spatial–temporal variations in 
physiochemical parameters and Chl-a in dammed karst rivers. BCPs 
were mainly controlled by C in rivers and by P in the PZR and PDR, and 
by N in the HFR. By analyzing the TP content of settling particulates in 
sediment traps, we found a downstream decrease in TP fluxes in the PZR 
and HFR. The rapid sedimentation of P-containing particulates then 
caused a gradual decrease in TP concentrations and a gradual increase in 
the stoichiometric ratio of TN to TP (TN:TP) in the surface water of the 
PZR and HFR. The fluxes of total P in setting particulates of the PZR were 
approximately three times larger than those in the HFR. The P-limitation 
of BCP in the PZR mainly contributed to the decrease in TP concentra-
tions and increase in the stoichiometric ratio of TN to TP (TN:TP) caused 
by the stronger P removal by BCP. The P fractions revealed that the 
proportions of P removed by the BCPs were approximately 68.9% and 
61.7% in the PZR and HFR, respectively. The increase in the TN:TP ra-
tios in surface water further influenced the phytoplankton community 
structure in the PZR and HFR. The relative abundance of Cyanobacteria 
generally showed a downstream decrease due to the increase of TN:TP 
ratios caused by P removal by the BCP. In particular, no Cyanobacteria 
were present at the PZR dam. This study demonstrated that nutrient 
limitation patterns of a BCP shift from C-limitation to N- or P-limitation 
after the rivers were dammed. Under the effect of P removal, the BCP of 
PZR was significantly P-limited. Phosphorus removal by BCPs can be 
used to evaluate the development of eutrophication by decreasing the 
relative abundance of Cyanobacteria. This study may have important 
implications for the eutrophication control in HCO3-Ca type surface 
waters, especially in karst areas, which cover about 15% of the world 
land surface. In karst water bodies (rivers, lakes and reservoirs), high 
concentrations of Ca2+ and HCO3

– due to the rapid kinetics of carbonate 
mineral dissolution may promote calcite precipitation, then promote the 
coprecipitation of P with calcite; the high concentrations of DIC may 
also promote the primay productivity and increase the pH and DO 
concentrations of the karst waters which promote the the coprecipita-
tion of P with Fe(III) oxyhydroxide colloids. It is predicted that the 
proceeding of eutrophication in HCO3-Ca type surface waters (lakes/ 
reservoirs), with Ca2+ the major cation, and HCO3

– the major anion, 
may be retarded through regulating the phytoplankton productivity and 
the relative abundance of Cyanobacteria caused by the P limitation and 
relatively higher TN:TP ratios deriving by P removal by BCPs. 
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Ruban, V., López-Sánchez, J.F., Pardo, P., Rauret, G., Muntau, H., Quevauviller, P., 2001. 
Development of a harmonised phosphorus extraction procedure and certification of a 

H. Sun et al.                                                                                                                                                                                                                                     

https://doi.org/10.1360/N972017-00298
https://doi.org/10.1360/N972017-00298
https://doi.org/10.1016/j.agee.2020.106862
https://doi.org/10.1007/s10661-009-1159-3
https://doi.org/10.1007/s10661-009-1159-3
https://doi.org/10.1126/science.1167755
https://doi.org/10.1126/science.1167755
https://doi.org/10.1007/s10533-015-0156-6
https://doi.org/10.1002/ecm.1229
https://doi.org/10.2134/jeq1998.00472425002700020004x
https://doi.org/10.2134/jeq1998.00472425002700020004x
https://doi.org/10.2134/jeq2000.00472425002900020018x
https://doi.org/10.2134/jeq2000.00472425002900020018x
https://doi.org/10.1139/f01-143
https://doi.org/10.1139/f01-143
https://doi.org/10.1126/science.1176199
https://doi.org/10.1126/science.1136674
https://doi.org/10.1016/j.catena.2018.08.035
https://doi.org/10.1139/F09-003
https://doi.org/10.1111/fwb.v64.1110.1111/fwb.13385
https://doi.org/10.1111/fwb.v64.1110.1111/fwb.13385
https://doi.org/10.1016/j.scitotenv.2020.137539
https://doi.org/10.1016/j.scitotenv.2020.137539
https://doi.org/10.1016/j.scitotenv.2005.02.034
https://doi.org/10.1046/j.1365-2427.1997.00180.x
https://doi.org/10.1046/j.1365-2427.1997.00180.x
https://doi.org/10.1038/41457
https://doi.org/10.1139/cjfas-2012-0391
https://doi.org/10.4319/lo.1997.42.4.0635
https://doi.org/10.1007/s11442-019-1608-z
https://doi.org/10.1038/386385a0
https://doi.org/10.4319/lo.1995.40.3.0610
https://doi.org/10.4319/lo.1995.40.3.0610
https://doi.org/10.1007/BF00050721
https://doi.org/10.1002/iroh.19980830109
https://doi.org/10.1002/iroh.19980830109
https://doi.org/10.1007/s10498-005-2962-2
https://doi.org/10.1016/j.jhydrol. 2007.01.034
https://doi.org/10.1016/j.jhydrol. 2007.01.034
https://doi.org/10.1016/j.earscirev.2010.03.001
https://doi.org/10.1016/j.apgeochem.2011.03.085
https://doi.org/10.1016/j.apgeochem.2011.03.085
https://doi.org/10.1016/j.jhydrol.2015.01.011
https://doi.org/10.1016/j.jhydrol.2015.01.011
https://doi.org/10.1016/j.earscirev.2010.03.001
https://doi.org/10.1002/2014GB004875
https://doi.org/10.1073/pnas.1511797112
https://doi.org/10.1038/s43017-019-0019-0
https://doi.org/10.1016/0043-1354(82)90137-3
https://doi.org/10.1016/0043-1354(82)90137-3
https://doi.org/10.4319/lo.1983.28.1.0058
https://doi.org/10.4319/lo.1983.28.1.0058
https://doi.org/10.1002/lno.10213
https://doi.org/10.1002/lno.10213
http://refhub.elsevier.com/S0022-1694(22)00055-5/h0260
http://refhub.elsevier.com/S0022-1694(22)00055-5/h0260
http://refhub.elsevier.com/S0022-1694(22)00055-5/h0260
https://doi.org/10.4319/lo.1972.17.5.0763
https://doi.org/10.4319/lo.1972.17.5.0763
https://doi.org/10.1016/j.watres.2010.09.018
http://refhub.elsevier.com/S0022-1694(22)00055-5/h0275
http://refhub.elsevier.com/S0022-1694(22)00055-5/h0275
http://refhub.elsevier.com/S0022-1694(22)00055-5/h0275
http://refhub.elsevier.com/S0022-1694(22)00055-5/h0275
https://doi.org/10.1023/A:1021329602685
https://doi.org/10.3133/tm6A43
https://doi.org/10.4319/lo.1978.23.1.0010
https://doi.org/10.4319/lo.1978.23.1.0010
https://doi.org/10.1038/361249a0
https://doi.org/10.1038/361249a0


Journal of Hydrology 607 (2022) 127480

13

sediment reference material. J. Environ Monit. 3, 121–125. https://doi.org/ 
10.1039/B005672N. 

Schindler, D.W., 1974. Eutrophication and recovery in experimental lakes: implications 
for lake management. Science 184 (4139), 897–899. 

Schindler, D.W., 1977. Evolution of phosphorus limitation in lakes: Natural mechanisms 
compensate for deficiencies of nitrogen and carbon in eutrophied lakes. Science 195 
(4275), 260–262. https://doi.org/10.1126/science.195.4275.260. 

Schindler, D.W., Hecky, R.E., Findlay, D.L., Stainton, M.P., Parker, B.R., Paterson, M., 
Beaty, K.G., Lyng, M., Kasian, S.E.M., 2008. Eutrophication of lakes cannot be 
controlled by reducing nitrogen input: Results of a 37 year whole ecosystem 
experiment. Proc. Natl. Acad. Sci. 105 (32), 11254–11258. https://doi.org/10.1073/ 
pnas.0805108105. 

Schindler, D.W., Carpenter, S.R., Chapra, S.C., Hecky, R.E., Orihel, D.M., 2016. Reducing 
phosphorus to curb lake eutrophication is a success. Environ. Sci. Technol. 50 (17), 
8923–8929. https://doi.org/10.1021/acs.est.6b02204. 

Schulte, P., van Geldern, R., Freitag, H., Karim, A., Négrel, P., Petelet-Giraud, E., 
Probst, A., Probst, J.-L., Telmer, K., Veizer, J., Barth, J.A.C., 2011. Applications of 
stable water and carbon isotopes in watershed research: weathering, carbon cycling, 
and water balances. Earth-Sci. Rev. 109 (1-2), 20–31. https://doi.org/10.1016/j. 
earscirev.2011.07.003. 

Sharpley, A.N., Foy, B., Withers, P., 2000. Practical and innovative measures for the 
control of agricultural phosphorus to water: an overview. J. Environ Qual. 29 (1), 
1–9. https://doi.org/10.2134/jeq2000.00472425002900010001x. 

Smith, V.H., 1983. Low nitrogen to phosphorus ratios favor dominance by blue-green- 
algae in lake phytoplankton. Science 221 (4611), 669–671. 

Smith, V.H., 2003. Eutrophication of freshwater and coastal marine ecosystems: A global 
problem. Environ. Sci. Pollut. Res. 10 (2), 126–139. https://doi.org/10.1065/ 
espr2002.12.142. 

Smith, V.H., Wood, S.A., McBride, C.G., David, J.A., Hamilton, P., Abell, J., 2016. 
Phosphorus and nitrogen loading restraints are essential for successful 
eutrophication control of Lake Rotorua. New Zealand, Inland Waters 6 (2), 273–283. 
https://doi.org/10.5268/IW-6.2.998. 

Stauffer, R.E., Armstrong, D.E., 1986. Cycling of iron, manganese, silica, phosphorus, 
calcium, and potassium in two stratified basins of Shagawa Lake. Minnesota. 
Geochim. Cosmochim. Acta 50, 215–229. https://doi.org/10.1016/0016-7037(86) 
90171-7. 

Stelzer, R.S., Parr, T.B., Coulibaly, M., 2020. A ten year record of nitrate retention and 
solute trends in a Wisconsin sand plains stream: temporal variation at multiple 
scales. Biogeochemistry 147 (2), 125–147. https://doi.org/10.1007/s10533-019- 
00631-z. 

Sterner, R.W., 2008. On the phosphorus limitation paradigm for lakes. Int. Rev. 
Hydrobiol. 93 (4-5), 433–445. https://doi.org/10.1002/iroh.v93:4/510.1002/ 
iroh.200811068. 
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