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Abstract

Bicarbonate and calcium set bounds on photosynthesis and degradation processes in calcareous 

freshwaters. Charophytic algae use bicarbonate in photosynthesis, and direct variable proportions to

assimilate organic carbon and to precipitate calcium carbonate on their surfaces. To evaluate pools 

of organic carbon (Corg), carbonate carbon (Ccarbonate), and phosphorus (P) in dense charophyte 

vegetation, we studied apical and basal tissue and carbonate surface precipitates, as well as 

underlying sediments in ten calcareous ponds. We also quantified the release of calcium, 

bicarbonate and phosphate from charophyte shoots in dark experiments. We found that the 

Corg:Ccarbonate quotient in charophyte stands averaged 1.19 during spring and summer. The Corg:Ccarbonate

quotient in the sediments formed by dead charophytes averaged 0.97 in accordance with some 

respiratory CO2 release without carbonate dissolution to bicarbonate. The molar quotient of carbon 

to calcium was close to 2.0 in sediment and pond water. In dark incubations, shoots subjected to 

calcium carbonate dissolution released bicarbonate and calcium with a molar quotient of 2:1; 

lowered pH (7.0–8.0) increased the release. Thus, the carbonate surface crust on living charophytes 

was not inert, as hitherto anticipated. Phosphate dark release occurred from basal shoots only, was 

unrelated to pH, and may have derived from organic decomposition, rather than from carbonate 

dissolution. Extensive phosphorus pools were associated with the charophyte stands (200-600 mg 

m-2) and had about 2/3 incorporated in alga tissue and 1/3 in carbonate crust. Overall, the 

biogeochemistry of carbon, calcium and phosphorus are closely linked in calcareous charophyte 

ponds. Carbonate dissolution from charophyte crusts at night and continuously from sediment might

balance extensive carbonate precipitation during daytime photosynthesis. The substantial P-pool in 

charophyte stands may not derive from P-deprived water, but from P-rich sediment. Charophyte 

photosynthesis may still contribute to nutrient-poor conditions by forming carbonate-rich sediment 

of high P-binding capacity.



1 Introduction

According to old surveys, a dense vegetation cover comprised of submerged macroscopic 

charophytes (green algae) commonly developed in ponds and lakes throughout Europe (Joye et al., 

2002; Olsen, 1944; Sand-Jensen et al., 2000; Simons and Nat, 1996). Ponds rich in charophytes 

were abundant in the open agricultural landscape (Olsen, 1944), but many have been drained and 

many others have become polluted and have lost their charophyte vegetation (Biggs et al., 2017). 

Large clear-water lakes supported charophyte beds in deep water until cultural eutrophication 

around 1950 led to decline or local eradication of this conspicuous vegetation (Blindow, 1992; 

Baastrup‐Spohr et al., 2013; Sand-Jensen, 1997). However, oligo- and mesotrophic lakes still 

contain valuable but localized charophyte and angiosperm stands, as do ponds with transparent 

water (Baastrup‐Spohr et al., 2013; Pukacz et al., 2014a; Sand-Jensen et al., 2018b). Recent 

reduction of external nutrient input has led to charophyte reestablishment in some lakes (Hilt et al., 

2013; Murphy et al., 2018; Sand‐Jensen et al., 2017). Rapid colonization of charophytes has also 

been observed in new shallow lakes, groundwater-fed gravel pits and urban waters (Baastrup‐Spohr 

et al., 2013; Søndergaard et al., 2018)

Charophytes may attain high density in lakes and ponds with clear, nutrient-poor water (Sand-

Jensen et al., 2019). This scenario suggests that charophytes derive the majority of the nutrients in 

their biomass from sediment, but also that they are able either to prevent sediment nutrient release 

into the water or to scavenge the water for available nutrients. By forming nutrient sinks in the 

organic biomass and in calcium carbonate precipitates on their surfaces, dense charophyte stands 

may limit the growth of phytoplankton and epiphytes, and thus maintain suitable light conditions 

for their own development (Kufel and Ozimek, 1994; Vermeer et al., 2003). 

Among submerged macrophytes, particularly thick calcium carbonate deposits are known to form 

on charophytes surfaces and in the underlying lake sediments (Pełechaty et al., 2013; Pukacz et al., 

2014a). This has been linked to bicarbonate use in photosynthesis (McConnaughey, 1991; Sand-

Jensen et al., 2018a). Bicarbonate-users among angiosperms also precipitate calcium carbonate on 



their leaves, though to a smaller extent (Maberly and Madsen, 2002). Carbonate precipitation forms 

protons and releases CO2 from bicarbonate that may help sustain photosynthesis in dense stands by 

preventing excessive pH rise that inhibits further photosynthesis (McConnaughey, 1991; 

McConnaughey and Whelan, 1997). This offers a competitive advantage for charophytes, compared

with less calcifying angiosperms (Van den Berg et al., 2002). 

Calcification is also related to phosphate dynamics by adsorption processes and the formation of 

calcium-carbonate-phosphate minerals. Co-precipitation of phosphate in the carbonate matrix on 

charophyte and sediment surfaces (Jäger and Röhrs, 1990; Otsuki and Wetzel, 1972) may, thus, 

reduce growth and shading from phytoplankton and epiphytes (Kufel and Kufel, 2002). Phosphate 

deriving from sediment uptake and subsequent incorporation into the carbonate matrix on 

charophyte surfaces may also help to restrain epiphyte and phytoplankton development. This 

mechanism has never been explored, but is not unlikely, considering the commonly very low 

nutrient concentration in the water and the formation of calcium carbonate crusts by calcium efflux 

from cell surfaces and gradual outward crust growth (McConnaughey, 1991). 

With this background, we quantified the pools of carbon, calcium and phosphate in the organic 

biomass and carbonate surface crust on charophyte stands in several calcareous ponds (Christensen 

et al., 2013). The quotient of carbon in organic biomass to carbon in carbonate precipitates in new 

tissues (Corg: Ccarbonate) may provide a first impression of the photosynthetic processes in charophyte 

stands. At intermediate-high CO2 concentrations, charophyte photosynthesis may use CO2 (eq. 1) or 

bicarbonate (HCO3
-, eq. 2) as inorganic carbon sources and produce organic matter (CH2O) without 

precipitating carbonate (i.e., eq. 1: CO2 + H2O → O2 + CH2O; eq. 2: HCO3
- + H2O → O2 + CH2O + 

OH-; Figure 1). Both processes increase pH (eq. 1: removing CO2/H2CO3; eq. 2: releasing OH-) and 

gradually reduce photosynthetic rates due to direct pH inhibition and/or reduced proportions of CO2

and HCO3
- in dissolved inorganic carbon (DIC) as pH rises above pH 9 (Sand-Jensen et al., 2018a). 

In contrast, when charophytes use bicarbonate (HCO3
-) and simultaneously incorporate carbon into 

organic matter and calcium carbonate in equal proportions, pH does not rise and photosynthesis can 



proceed unaffected by pH changes (i.e., eq. 3: Ca2+ + 2 HCO3
- → O2 + CH2O + CaCO3; Figure 1; 

McConnaughey, 1991; Sand-Jensen et al., 2018c). This assimilation-precipitation process is 

prevalent among charophytes with intense photosynthesis at high bicarbonate and low-intermediate 

CO2 concentrations in the water (McConnaughey, 1991). Thus, charophytes from calcareous ponds 

incubated in illuminated bottles had Corg:Ccarbonate quotients of 2.13–2.43 for species with relatively 

low photosynthetic rates, but close to 1.0 for species characterized by high photosynthesis and 

calcification (Sand-Jensen et al., 2018a). In daytime field measurements in the charophyte ponds, 

the Corg:Ccarbonate quotient varied from 1.46 in one summer to 2.35 in another summer (Andersen et 

al., 2019). If no respiratory loss of organic carbon and no carbonate dissolution later take place, the 

carbon proportions in organic matter and carbonate may directly reflect the photosynthetic 

processes; i.e. all carbon is incorporated into organic matter according to eq. 1 and 2, or 1 mole Corg 

relative to 1 mole Ccarbonate are incorporated according to eq. 3. When processes 1 (or 2) and 3 run at 

equal rates, 2 mole Corg are incorporated relative to 1 mole Ccarbonate, but more mass still accumulates 

as precipitated calcium carbonate (100 g for 1 mole) than as organic carbon (60 g for 2 moles). This

would explain the dense carbonate encrustation formed on the surfaces of charophyte and other 

bicarbonate users. 

Previous researchers have apparently assumed that carbonate dissolution takes place solely in 

sediment, but not on the carbonate surface crusts (Andersen et al., 2017; Kufel et al., 2013). 

Charophytes are mostly exposed to water of intermediate to high pH, which favors carbonate 

precipitation rather than dissolution. However, during recurring daytime temperature stratification 

of water columns in dense charophyte stands in small lakes and ponds, pH may drop to 7.0–7.5 and 

CO2 may accumulate above 0.5 mM in bottom waters in the afternoon (Andersen et al., 2017). 

Those environmental conditions are conducive to carbonate dissolution in surface sediments 

(Andersen et al., 2019) and perhaps on basal charophyte parts as well. By analogy, in photic 

microbial mats in calcareous sediments, calcium carbonate precipitation is related to low CO2 and 

high pH during daytime photosynthesis, while nighttime carbonate dissolution is related to the 



respiratory generation of CO2 and lowering of pH (Corman et al., 2016). If this dark process takes 

place on charophyte surfaces as well, carbonate dissolution from both charophyte encrustations and 

sediments may balance the daytime photosynthetic loss of 20–40% of the calcium and inorganic 

carbon pools (DIC) in pond waters by photosynthesis and calcification in the illuminated surface 

canopies. Thus, the pools of calcium and DIC can be re-built and subsequently distributed by 

nocturnal vertical mixing for consumption by photosynthesis on the next day (Andersen et al., 2019;

Sand-Jensen et al., 2019). 

The possibility of a phosphorus sink associated with both the organic biomass and the carbonate 

surface crust of charophytes has been proposed by several authors (Kufel et al., 2013; 2016; Siong 

and Asaeda, 2006). The median phosphorus concentration was found to be 1.1 mg P g-1 DW (range: 

0.85–1.93, Kufel et al. 2013; 2016 in the combined organic biomass and carbonate precipitates of 

several charophyte stands in hard water lakes in Poland (Kufel et al., 2013; 2016). For a typical 

biomass of 500 g DW m-2 (sediment area), this would amount to a large phosphorus pool of 425–

965 mg P m-2 (sediment area), which exceeds 10-fold a phosphorus pool of 50–100 mg P m-2 in a 5–

10 m water column holding an upper threshold concentration of 10 mg P m-3 for oligotrophic lakes 

(Kalff, 2002). Phosphorus in charophyte tissue is supposedly supplied by rhizoid uptake from 

sediments, whereas phosphorus trapped in surface carbonate crusts is supposed to derive from the 

water (Sand-Jensen et al., 2019). However, Kufel et al. (2016) found low and unsystematic 

correlations between phosphorus concentrations in lake water and charophyte vegetation. Thus, 

phosphorus may leak from the charophyte surfaces and precipitate in the carbonate encrustation. 

Appreciable phosphorus concentrations in newly produced carbonate deposits on apical tissue in 

mid-summer at negligible lake water phosphate concentrations might indicate that sediment is a 

source of surface precipitates of P; if so, the precipitation process would occur via charophyte 

translocation. 



We studied carbon, calcium and phosphorus concentrations in apical and basal tissues and areal-

integrated pools in the stands of charophytes in ten calcareous ponds on Öland, SE Sweden, in 

summer 2018 and spring 2019. We quantified pools of organic carbon, calcium carbonate and 

phosphorus in the sediments. We also determined net release rates of calcium, bicarbonate and 

phosphate from apical and basal charophyte tissue in dark incubations as a function of pH, and 

compared those rates with sediment release. Our specific hypotheses were that (i) Corg: Ccarbonate 

quotients in charophytes and sediments reflect initial photosynthesis and subsequent respiratory 

processes, (ii) carbonate dissolution from charophyte crusts at night and continuously from 

sediment might balance extensive carbonate precipitation during daytime photosynthesis and, (iii) 

the substantial P-pool in charophyte tissues and crusts may not derive from P-deprived water, but 

from P-rich sediment.

2 Materials and methods

2.1 Study sites

All ponds are located in abandoned quarries on the Ordovician limestone island of Öland, SE 

Sweden. Three ponds (numbers 1–3) are located close to Kalmar Sound, Baltic Sea, whereas seven 

ponds (number 4–10) are further inland, on Räpplinge Alvar (Figure 2). All ponds are small (71–

10,000 m2) and shallow (0.2–1.5 m), and all fluctuate in size and depth depending on water supply 

and evaporation. Ponds 4–10 may partially dry out during summer droughts (Martinsen et al., 

2019), whereas ponds 1–3 have a permanent groundwater supply and a more stable water level.

All ponds have intermediate alkalinities (acid-neutralizing capacity, ANC, 1–2 meq. L-1) and clear, 

nutrient-poor water with phosphate, ammonium and nitrate concentrations close to zero in all spring

and early summer studies conducted to date (<5 µg PO4
3+-P L-1, < 10 µg total-P L-1, < 30 µg NH4

+-N

L-1 and < 20 µg NO3
—N L-1; Sand-Jensen et al., 2010; Christensen et al., 2013; Martinsen et al., 

2017). All ponds develop dense charophyte vegetation; Chara aspera predominates in ponds 4–10, 

whereas C. aculeolata, C.hispida and C. subspinosa grow intermingled with C. aspera in ponds 1–

3. The photosynthetic modes and carbonate deposition of the charophyte species resemble each 



other (Sand-Jensen et al., 2018c) and we made no attempt to include species difference in our 

analysis of charophyte stands.

2.2 Carbon, calcium and phosphorus pools

We dissolved the carbonate crust of charophytes in acetic acid. Acetic acid is a common organic 

molecule in algae, which is less likely, compared to mineral acids, to harm the underlying alga 

tissue by the treatment. We tested the influence of acid strength across a ten-fold concentration 

gradient (3.8% to 38% acidic acid) on the dissolution of the carbonate crust on four-five, pre-

weighed 5-cm long apical shoots of Chara aspera in each treatment; C. aspera was the most 

common species in the field. The dissolution took place in 30 ml of acid in beakers that were stirred

by a spatula. Initially, the carbonate was rapidly dissolved resulting in heavy CO2 bubbling, but 

after a while bubbling became weaker. The exposure was stopped when CO2 bubbling almost ceased

and the shoot was immediately transferred to water, carefully rinsed, blotted, reweighed and then 

dried. The carbonate dissolution went faster in 38% acetic acid (3.5–5 minutes) than in 3.8% acetic 

acid (5–7 minutes). The efficiency of the dissolution of the crust was analyzed by measuring 

calcium and ortho-phosphate in the acids after the dissolution as described below. Calcium 

concentrations were measured at 622 nm (Calcium-hydroxide band) on a Jenway PFP7 Clinical 

flame photometer (Cole-Parmer, Staffordshire, UK) using a concentration gradient of calcium in 

3.8% or 38% (depending on the treatment) acetic acid as standard curve. Ortho-phosphate was 

analyzed by the method of Strickland and Parsons (1968). In order to evaluate whether strength of 

the acid influenced the organic content of the alga tissue, loss on ignition (proxy of organic matter) 

was measured on the acid-treated, dried algae at 550 °C. In these tests, we found no significant 

differences in the amount of calcium and phosphate dissolved in the two acid treatments and the 

organic content of alga tissue remaining after acid treatment (Table 1). The same release of 

phosphate in the two treatments shows that the stronger acid did not dissolve the larger tissue-bound

phosphorus pool. In all treatments of collected algae, we used 10% acetic acid as a compromise 

between fast dissolution of the carbonate crust (mean 5 minutes) and minimal risk of harm to the 



alga tissue. Thus, this routine procedure dissolved the crust relatively fast without causing leakage 

of calcium, phosphate and organic matter from the alga tissue underlying the crust.

Four random biomass samples were collected in the established charophyte vegetation in four ponds

in summer 2018, and six ponds in spring 2019. Two ponds (numbers 2 and 3) were included in both 

samplings and two ponds (8 and 9), located only 20 m apart, resembled each other in vegetation 

development. Green, photosynthetic vegetation above sediment was retrieved from 10 x 10 cm 

quadrates by cutting through the vegetation with a long knife and then removing and rinsing the 

shoots. To determine dry weight (DW), the material was dried at 105 °C and organic dry weight was

measured on subsamples as loss on ignition at 550 °C, with mineral content assessed as the weight 

remaining after combustion.

Dry weight, organic dry weight, calcium and phosphorus content were analyzed in apical parts 

(upper 10 cm) and basal parts (lower 10 cm) of four samples of entire shoots (including surface 

carbonate crust) as well as in the surface crust (only 2019) and in the algae after crust removal (both

2018 and 2019; Figure 1). The carbonate crust was removed by inserting pre-weighed apical and 

basal shoots in 10% acetic acid in beakers until CO2 bubbling almost stopped as described above. 

The remaining alga tissue, looking fresh and green, was immediately rinsed in water, blotted and 

dried for further analysis. Organic content and mineral content of shoots with and without carbonate

crust were measured by combustion at 550 °C. The mineral content after combustion was dissolved 

in 1 M HCl at 120 °C for 1 hour in an oven and then diluted with distilled water. Calcium was 

analyzed in the sample by titration with EDTA (Rand et al., 1971) and phosphate by 

spectrophotometric analysis (Strickland and Parsons, 1968).

In 2018 measurements, calcium carbonate in the surface crust was calculated by converting calcium

content in the crust (= calcium in intact shoots (including crust) – calcium in algae (crust removed 

by acidification)) to calcium carbonate. The reliability of those calculations was supported by the 

observed very close match between the mineral content of whole shoots versus the mineral content 

of the algae and the calcium carbonate content of the crust. Phosphorus content in the crust was 



estimated by subtracting the content in the algae (with crust removed) from the content in the entire 

shoots (with crust).

In 2019, calcium, and phosphate as well as nitrate in the carbonate crust were measured directly by 

dissolving it in 10% acetic acid. The acid was diluted and calcium and phosphate were analyzed as 

already described, whereas nitrate was analyzed on an AA3 HR Autoanalyzer (Seal analytical, 

Wisc., USA) using standard protocols. All measurements of nitrate were zero, which implies that 

the crust does not contain precipitated calcium nitrate or any other minerals with nitrate. The blanks

of acetic acid contained no calcium, phosphate and nitrate. All calcium, phosphate and nitrate 

analyses were made in duplicate on individual samples.

In all calculations on charophytes and sediments, organic carbon was assumed to represent 40% of 

organic matter (CH2O). Mineral carbon represents 12% of calcium carbonate (CaCO3) by mass 

according to stoichiometry. 

2.3 Sediment pools of carbon and carbonate

Analyses of sediment depth, organic carbon and carbonate in a total of 60 locations in five ponds 

(numbered 5–9) were previously published in Martinsen et al. (2019). As the carbonate crust in 

charophytes incorporated into the sediments upon senescence was almost pure calcium carbonate, 

when calculating sediment carbonate and calcium content, we assumed that almost all carbonates 

were calcium carbonate. From the calcium content, the molar quotient of carbon to calcium in 

organic matter could be calculated in all 60 sediment samples and compared with the dissolved 

inorganic carbon and calcium quotient in the water. In this study, we analyzed the dried sediment 

samples for organic content and phosphorus in 5–6 locations in each of five ponds (a total of 28 

locations) using the same methods as applied for charophytes. Annual net sediment deposition of 

organic carbon and calcium carbonate carbon per surface area was estimated by multiplying the 

mean content for the upper 3 cm by the mean sediment depth relative to 3 cm depth and, finally, 

dividing by 30 years, the approximate time since the ponds on Räpplinge Alvar were established.

2.4 Calcium, ANC and phosphate release



In spring 2019, release rates of calcium, bicarbonate and phosphate from apical and basal shoots of 

C. aspera from Pond 9 were measured in water from the same pond. Four apical and four basal 

parts (5 cm long) and six blanks were incubated under stirred conditions in the dark in 50 ml glass 

bottles over 12 hours at five initial pH levels (7.0, 7.5, 8.0, 9.8 and 10.1). Pond water at the time of 

collection in spring had high daytime pH (>9), medium alkalinity, medium carbonate alkalinity, 

medium calcium and low phosphate (ANC: 1.203 meq. L-1 (±0.009, 95% CI), carbonate alkalinity: 

1.153 meq. L-1 (±0.009), Ca2+: 0.555 mmol L-1 (±0.022), PO4
3--P: 3.95 µg P L-1 (±1.50)). The molar 

quotient of inorganic carbon to calcium was close to 2.0. Lower pH (8, 7.5 and 7.0) was generated 

by adding HCl, while preventing CO2 loss. Acidification to pH 8.0, or lower, generates CO2 

supersaturation, which may promote the dissolution of carbonate minerals. Reduction to pH 7.0 

releases 220 µM CO2. Eight to ten-fold CO2 supersaturation (120–150 µM CO2) is maintained when

mean pH during incubation rises from 7.0 to 7.2–7.3 (Rebsdorf, 1972). The bottles were filled with 

water, (and two glass beads added to further aid stirring), stoppered and mounted on a rotating 

wheel (8 rpm) in a temperature-constant incubator (20 °C). After incubation, calcium was measured

by EDTA titration and phosphate by spectrophotometric analysis, as already described. Alkalinity 

(ANC) was measured by Gran titration (Gran, 1952) with 0.1 M HCL. All measurements in 

samples, blanks and the initial incubation water were made in duplicate. No difference was 

observed between the blanks and the initial composition of the incubation water. 

Release rates of ANC, calcium and phosphate were calculated for each incubation bottle with C. 

aspera as the final content in samples minus the mean content in blanks relative to alga dry weight 

and incubation time. Release rates were compared with mean pH in the bottles during incubation. 

Mean pH was calculated as the mean pH in the water before and after incubation (pH electrode 

VWR, Penn., USA and Radiometer, Copenhagen, Denmark). 

Release rates of ANC and calcium were calculated as ion equivalents and calcium mass. If the 

release is caused by CaCO3 dissolution, the process CaCO3 + CO2 → Ca2+ + 2 HCO3
- results in a 1:1 

stoichiometry between ANC-equivalents and Ca2+-equivalents and a molar stoichiometry of HCO3
- 



and Ca2+ of 2:1. The stoichiometry was tested further by triplicate incubations of 1, 2, 4 and 8 C. 

aspera shoots at an initial pH of 7.0 over 12 hours as described above, followed by measurements 

of changes in ANC, Ca2+ and pH. 

2.5 Statistical methods

To investigate differences in charophyte composition, expressed as percentage weight distribution 

between alga parts (apical and basal) and season (spring and summer), we used beta-regression as 

implemented in the R package betareg (Zeileis et al., 2010). We applied linear models to investigate

the relationship between calcium dark release and pH in apical and basal parts of C. aspera and 

variations in phosphorus concentrations among alga parts and seasons. Normality was assessed 

using the Shapiro-Wilks test and variables were square-root or log-transformed when necessary. 

Potential interactions were tested using the anova function. For post-hoc examination of contrasts, 

we used the R package emmeans (Lenth, 2018). Differences in the average areal mass of algae and 

encrustations in charophyte stands were tested using the Mann-Whitney U-test. Differences in 

quotients from the expected mean were tested using a one-sample t-test. The same test was used to 

compare calcium and phosphorus release by dissolution of carbonate crusts in 38 and 3.8% acidic 

acid as well as the release of ANC, calcium and phosphorus from apical and basal parts in dark 

incubations over 12 hours. All statistics were computed in R (R Core Team, 2018).

3 Results

3.1 Mass and carbon distribution

In all samplings of charophyte stands, the percentage of alga biomass in apical and basal parts of 

total mass (= alga + carbonate crust) was markedly lower (21.7–39.5%, mean 28.2%) than the mass 

of carbonate crust (Figure 3, upper panel). During early spring growth, charophytes shoots were 

typically 20-cm long, carbonate crusts were heavy (Figure 1) and the percentage of alga biomass in 

apical parts was not significantly different from that percentage in basal parts (mean 26.3%; linear 

beta model, P = 0.89). Later in summer, shoots were typically 35–55 cm long and young apical 



parts had significantly higher percentages of alga mass (mean 34%) than now-older basal parts 

(mean 28%, linear beta model, P < 0.0001). Furthermore, the percentage of alga mass of total mass 

(alga + carbonate crust) was higher in apical parts during summer compared to the basal parts 

during spring (P < 0.0001). The composition of basal parts in summer resembled that of charophyte 

shoots in spring. Differences between apical and basal parts in summer were consistent across 

stands in different ponds and within stands from the same pond.

The quotient of organic carbon in algae relative to inorganic carbon in the carbonate surface crust 

(Corg:Ccarbonate) reflects the mass distribution of alga and crust (Figure 3, middle panel). The quotient 

for both apical and basal parts in all charophyte stands averaged 1.19 (range: 0.96–1.59). Quotients 

in apical (1.08) and basal parts (1.07) resembled each other in spring and were significantly higher 

in apical parts in summer (mean 1.57; linear beta model, P < 0.0001), but not in basal parts (mean 

1.13). 

From spring to summer, the average mass in charophyte stands relative to sediment surface area 

increased significantly in both the organic alga parts (94 to 397 g DW m-2, Mann-Whitney U-test, P 

< 0.01) and in the inorganic carbonate crusts (397 to 885 g DW m-2, Figure 3, lower panel, Mann-

Whitney U-test, P <0.01). The summer values underline the high areal density of charophyte stands.

We confirmed that the crust consisted almost totally of calcium carbonate by demonstrating that the 

sum of independent measures of alga organic mass, alga mineral mass and calcium carbonate crust 

was 98.2% (±2.7 SD, n = 16) of total charophyte mass. Thus, minerals and organic matter other 

than calcium carbonate (i.e., 100–98.2 = 1.8%) contributed very little to surface encrustation. 

3.2 Mass distribution in sediments

The organic mass accumulated in the sediments over 30 years averaged 2760 g DW m-2, the calcium

carbonate mass was 11540 g DW m-2 and the phosphorus mass was 4.39 g DW m-2 (Table 2). These 

values were about 10-fold higher than the maximum summer mass in charophyte stands. Thus, the 

annual net deposition of organic carbon, calcium carbonate and phosphorus corresponded to 

approximately one-third of the maximum charophyte mass. The mean carbon quotient in organic 



matter relative to carbonate in the pond sediments was 0.97 (±0.12, 95% CI), which is lower than 

the mean quotient in the charophyte stands (1.19±0.14, 95% CI). The molar quotient of carbon in 

organic matter plus carbonate expressed relative to calcium in calcium carbonate in sediments 

averaged 2.05 (±0.17, 95% CI) and was not significantly different (t-test) from 2.0, which 

corresponds to the mean molar quotient of dissolved inorganic carbon to calcium in water in Pond 9

in spring 2019 (Table 2).

The estimated annual mean burial rates of carbon, calcium and phosphorus in the sediments were 83

g C m-2, 136 g Ca m-2 and 146 mg P m-2. The mean sediment depth among ponds was 6.2 cm, but 

only the upper 3 cm were analyzed (Table 3). Thus, assuming a constant deposition rate over time 

the upper 3 cm represents the last 15 years’ deposition.

3.3 Charophyte dark release

Release of calcium from freshly collected C. aspera shoots in spring increased ten-fold, as mean pH

during incubation was reduced from 10 to 7.2 (linear model, log-transformed y, P < 0.0001, Figure 

4). The release of calcium- and ANC-equivalents followed each other closely across the pH range. 

Release of calcium- and ANC-equivalents approximated a 1:1 relationship at low pH, while a low 

calcium release, but no ANC release, was recorded at high pH. Calcium release was, on average, 

1.59 times higher from young apical parts than older basal parts of C. aspera. However, this 

difference was not significant (linear model, P = 0.25). No difference in the Ca2+ release versus pH 

was observed between apical and basal parts (linear model, no interaction, P = 0.17). 

Incubation of increasing numbers of C. aspera shoots exposed to a mean pH of 7.2 released 

calcium- and ANC-equivalents with a mean quotient close to 1 (linear model, slope [95% CI], 0.86 

[0.72, 1.0], Figure S1). This quotient corresponds to the dissolution of calcium carbonate to Ca2+ and

2 HCO3
- and is in agreement with the above-mentioned results at low pH.

Phosphate exchange was insignificant between water and apical parts (median: 4 ng P mg-1 DW day-

1, day = 24 hours). A significantly positive phosphate release from basal parts (median: 240 ng P 

mg-1 DW day-1, 95% CI: 80–720 ng P mg-1 DW day-1, P < 0.01, z-test on log-transformed data) as 



well as a significantly higher phosphate release from basal than apical parts were observed (Mann-

Whitney U-test, P < 0.05). Phosphate release was independent of water pH (linear regressions, P > 

0.10). Phosphate release from entire shoots was also low (mean: 92 ng P mg-1 DW day-1, 95% CI: 

30–154 ng P mg-1 DW day-1) and close to the mean of apical and basal parts. Phosphate exchange 

rates are subject to considerable statistical error because they are calculated from small changes of 

phosphate concentration. Despite statistical error, calculations showed phosphate release from basal 

parts and entire shoots in all 26 incubations.

3.4 Phosphorus in whole shoots, algae and surface crusts

Phosphorus concentrations were significantly higher in apical than older basal parts of charophyte 

shoots (linear model, P = 0.016) and higher in spring than summer (Figure 5, linear model, P < 

0.0001). Those differences were consistent among whole shoots, algae and surface crusts. 

Phosphorus concentrations relative to dry weight were typically 1.6–2.4 times higher in apical than 

basal parts of whole shoots (+ surface crust) and algae alone, while concentrations were between 

1.6 and 3.2 times higher in spring than summer. As a consequence, phosphorus pools in the 

charophyte stands, relative to sediment area, were only 1.5-fold higher in summer than in spring, 

although biomass and carbonate mass were much higher in summer compared with spring.

With one exception (Pond 4 in summer), phosphorus was always present in the carbonate crust, 

though at 3–5-fold lower concentrations compared with the alga tissue. Phosphorus concentrations 

in the crust and in the alga tissue below the crust showed a significant positive relationship (linear 

model, x and y square-root transformed, P = 0.024) with a modest coefficient of determination (r2 = 

0.25, Figure 6). On average, about 30% of the phosphorus pool was present in the crust due to its 

much higher mass compared with alga tissue. Large phosphorus pools between 200 and 600 mg m-2 

were associated with the charophyte stands (Figure 5). In comparison, phosphorus pools in the 

shallow water column of the ponds were very small, at most attaining 5 mg P m-2 or 40–120 times 

less than phosphorus bound in the charophyte stands. 

3.5 Carbon balances of charophytes and sediments



Carbon in organic matter and carbonate changes characteristically from charophyte summer stands 

to sediment (Table 3). Charophytes are enriched in organic carbon relative to carbonate carbon 

across all ten ponds (mean Corg: Ccarbonate = 1.19) compared with a mean quotient close to 1.0 for all 

60 sediment samples together (0.97). Thus, organic carbon undergoes a preferential degradation 

relative to carbonate dissolution in sediments of deposited charophyte tissues averaged across all 

ponds. Organic carbon degradation also exceeds carbonate dissolution in Pond 9 (1.22) according to

previous sediment degradation experiments at 15 °C (esp. Table 5 in Kragh et al. (2017). If the 

experimental sediment release rates of carbon in Pond 9 are extrapolated to an entire year and the 

maximum charophyte mass is regarded as potential annual input to the sediment, the annual 

sediment input is balanced by sediment incorporation plus sediment degradation for all ponds 

(Table 3).

4 Discussion

4.1 Carbonate precipitation and dissolution

Charophyte photosynthesis was accompanied by the formation of extensive surface crusts of 

calcium carbonate in the ponds, which contributed an average of 72% to the mass in charophyte 

stands. Dense carbonate encrustations on charophyte and angiosperm stands are common in alkaline

lakes (Sand-Jensen et al., 2019). In a compilation of 79 charophyte stands in North European lakes, 

carbonate encrustations constituted, on average, 64% of the total charophyte mass (Herbst et al., 

2018a; 2018b; Kufel et al., 2013; 2016; Pełechaty et al., 2013; Pukacz et al., 2014b; 2016a; 2016b; 

Urbaniak, 2010). Development of high water pH (9–10) due to intensive photosynthesis – of 

phytoplankton and littoral stands of charophytes and plants – may also lead to calcite crystal 

formation and sedimentation from the water column (Kalff, 2002; McConnaughey et al., 1994; 

Müller et al., 2016). In our shallow charophyte ponds, photosynthesis and calcification during 

daytime in summer can remove up to 40% of the dissolved calcium and inorganic carbon (DIC) 



pools in the surface waters, while respiration and carbonate dissolution day and night in colder 

bottom waters followed by nocturnal mixing regenerate the carbon pools (Andersen et al., 2019). 

We had assumed that calcium carbonate dissolution was confined to sediments that are exposed to 

particularly low pH and high CO2 concentrations (> 500 µM) in bottom waters below the dense 

surface canopy (Andersen et al., 2017; 2019). However, the presented experiments with C. aspera 

show that what looks like a solid carbonate crust on charophyte surfaces can itself undergo 

dissolution. The release of bicarbonate and calcium with a molar quotient of 2:1 and higher release 

as pH is reduced below 8.0 and CO2 is elevated confirm that calcium carbonate is being dissolved. 

Because our experiments were conducted in the dark, our results probably include the extent to 

which respiration contributes locally, at the alga surface, to increasing CO2, promoting dissolution 

of carbonate. Thus, carbonate dissolution on basal charophyte parts that are shaded by a dense 

apical canopy, and on apical charophyte parts at night, might contribute to the regeneration of 

bicarbonate and calcium and add to the carbonate dissolution in the sediment (Kragh et al., 2017).

Previous summer measurements in dense charophyte stands in Pond 9 show that net calcification 

during daytime can remove up to 3.2 g calcium m-2 (Andersen et al., 2019). Daily sediment release 

of calcium measured at 15 °C in sediment cores from Pond 9 was about 0.72 g m-2 (Kragh et al., 

2017). At higher summer temperatures of 25 °C, daily sediment decomposition may be double of 

that at 15 °C and reach 1.44 g calcium m-2. The mean dissolution rate of calcium from the surface 

crust of charophytes from Pond 9 in experiments at pH 7.6–8.0 in the dark was 0.88 mg g-1 shoot 

DW h-1. In the field on a charophyte stand with a density of 397 g DW m-2, measured at the same 

time as the dissolution experiment, this calcium release rate might correspond to 2.1 g m-2 during a 

6-hour-long night period of reduced pH. These estimates suggest that sediments and charophyte 

stands together may account for calcium and bicarbonate regeneration, and that recently 

precipitated carbonate can be re-dissolved on surfaces of both charophyte and sediment.

A  stoichiometric  evaluation  supports  the  scenario  that  calcium  carbonate  precipitation  and

carbonate dissolution are more dynamic than hitherto believed.  Equal  rates of  assimilation and



precipitation of photosynthesis in eq. 3 (Figure 1) lead to a Corg:Ccarbonate quotient of 1.0 or 0.4 by

mass in charophytes. Dark respiratory loss of organic carbon would reduce the quotient day-by-day

if  precipitated  calcium carbonate  is  inert,  and  would  lead  to  gradually  lower  quotients  in  the

charophytes over time. The quotients remained above 1.0, however, and averaged 1.19 across all

studied  charophyte  stands.  Indirectly,  this  finding  supports  the  notion  that  part  of  the  calcium

carbonate pool is re-dissolved concurrent with respiratory CO2 loss. We propose that this dissolution

may in part  take place at  the charophyte surface and generate  high bicarbonate concentrations,

which may spark photosynthesis when light returns. By analogy, calcium carbonate precipitation in

photic microbial mats in calcareous environments is related to low CO2 and high pH during daytime

photosynthesis, while nighttime carbonate dissolution is related to the respiratory generation of CO2

and lowering of pH (Borovec et al., 2010; Corman et al., 2016). Our dark experiments showed a

release of calcium and bicarbonate from charophytes as well,  such that carbonate dissolution in

sediments  and on charophyte  surfaces  in  pond ecosystems may  contribute  both  to  balance  the

intensive photosynthetic loss of the calcium and DIC pools in the water and to re-build them for

photosynthesis and calcification in the illuminated surface canopies (Andersen et al., 2019; Sand-

Jensen et al., 2019). 

4.2 Carbon dynamics in ecosystems

Bicarbonate and calcium are the major ions in the freshwater that enters charophyte ponds from 

calcareous catchments on Öland. These ions, which appear in equivalent concentrations, are formed

as a result of calcium carbonate dissolution by aggressive CO2 in the soils (i.e., CaCO3 + CO2 + H2O

→ Ca2+ + 2 HCO3
-) and they leave the soils dissolved in drainage water entering the ponds. The 

same stoichiometric input exists for numerous lakes and ponds in calcareous catchments around the 

world (Iversen et al., 2019). This ionic composition sets bounds on photosynthesis and, in 

particular, on quotients of produced organic carbon relative to precipitated calcium carbonate when 

carbon acquisition is based on bicarbonate use, which is the case for charophytes and half of the 

angiosperms (Madsen and Sand-Jensen, 1991; Sand-Jensen et al., 2018c). When calcification 



accompanies carbon assimilation the net process is the formation of calcium carbonate and free CO2

available for assimilation as organic carbon (i.e., Ca2+ + 2 HCO3
- → CaCO3 + CO2). When additional

CO2 is supplied to pond ecosystems from the atmosphere and in water input, or via terrestrial 

organic input that is degraded into CO2 in the pond, there may be a net gain in organic carbon, 

relative to carbonate carbon, in charophyte stands due to direct CO2 use in photosynthesis (eq. 1). 

During maximum photosynthesis and charophyte growth in spring and early summer, ponds 

develop a high surface pH (8–10). High pH generates CO2 undersaturation and net uptake from the 

atmosphere (Andersen et al., 2019; Christensen et al., 2013), which in turn may contribute to the 

mean Corg:Ccarbonate quotient of 1.19 in the charophyte stands, which exceeds 1.0 as a consequence of 

net CO2 input to photosynthesis. Bicarbonate use in photosynthesis without concomitant 

calcification represents a similar condition and elevates pH by release of hydroxyl ions (i.e., HCO3
- 

→ CO2 + OH-). The Corg:Ccarbonate quotient was higher in apical shoots in charophyte stands in 

summer (mean 1.57) than in spring (1.08) thus pointing to a preferential CO2 enrichment of the 

organic biomass from spring to summer. Although previous measurements have shown gas 

exchange velocities in the ponds to be generally low (Kragh et al., 2017; Martinsen et al., 2019), 

high pH will increase net CO2 influx from the atmosphere by chemical enhancement; i.e., CO2 

reacting directly with OH- and converting it to HCO3
- (Bade and Cole, 2006). In contrast, during late

summer, autumn and winter, charophyte stands degrade, CO2 becomes supersaturated and is 

released from the pond to the atmosphere (Christensen et al., 2013), as a result of higher 

degradation of organic carbon than calcium carbonate dissolution. Preferential degradation of 

organic carbon relative to carbonate dissolution during charophyte senescence and subsequent 

sediment degradation may account for the lower Corg:Ccarbonate quotient in the sediments (mean 0.97) 

compared to the charophyte stands in summer (mean 1.35). The sediment experiments in Pond 9 

support this scenario as the sediment release had a quotient of 1.22 (Kragh et al., 2017).

Our estimates of annual net sedimentation of organic carbon and carbonate carbon were 32% of the 

maximum charophyte mass for all ponds. The difference between maximum charophyte stand mass 



and net sedimentation (68%) must be degraded in the water and the sediments. In principle, if the 

sediment degradation rate is consistent across all ponds, then this surplus could be degraded within 

the ponds. Complete or partial desiccation of the ponds would expose the sediment and markedly 

increase release directly to the atmosphere of CO2 that derives from the degradation of organic 

matter, with presumably little contact with and dissolution of calcium carbonate. Repeated air 

exposure of sediments in shallow water would supposedly enrich carbonate carbon relative to 

organic carbon in the sediments (Martinsen et al, 2019).

Precipitation and dissolution of calcium carbonate have additional ecosystem consequences. 

Precipitation of calcium carbonate during daytime CO2 assimilation, and carbonate dissolution 

during dark respiration, function like a pH-stat that restricts pH increase during photosynthesis and 

restricts pH decrease during respiration. The pH-stat is less effective during photosynthesis because 

the buffer capacity of carbonate alkalinity is lost by carbonate precipitation, while buffer capacity is

gained by carbonate dissolution in respiration when released CO2 (acting as an acid) is neutralized 

by carbonate dissolution to bicarbonate. The pH stabilization has a positive influence on 

photosynthesis of charophytes (Christensen et al., 2013; Sand-Jensen et al., 2018a). It seems 

reasonable to expect that pH stabilization has wider implications for all aquatic organisms and 

biological processes by keeping pH within narrower ranges around 8.0 in calcareous waters than 

would otherwise occur without carbonate precipitation and dissolution. In ponds with medium 

alkalinity of 1.0 meq. L-1 and 1.0 mM DIC at pH 8.0, for example, photosynthetic assimilation of 

0.3 mM DIC will increase pH to 10.0 when no calcification takes place, while pH would rise to 9.57

at equal rates of assimilation and calcification. Release of 0.18 mM CO2 by dark respiration would 

reduce pH from 8.0 to 7.0 with no carbonate dissolution taking place, but to 7.3 when half of the 

CO2 release dissolves carbonate (see calculation tables in Rebsdorf (1972). 

The stoichiometric coupling of carbon to calcium is apparent both in the primary weathering of 

calcium carbonate by CO2 in calcareous soils in the catchments and in the formation of calcareous 

lake sediments accompanied by CO2 release in the reverse process. In freshwaters with a restricted 



net exchange of organic matter and CO2 with the surroundings on a long-term basis, the CO2 release

by permanent carbonate formation in the sediment can support a similar net sedimentation of 

organic carbon. This will result in a molar quotient in sediments of about 2.0 between carbon in 

organic matter and carbonate relative to calcium in carbonate, which is similar to the stoichiometry 

in the incoming water. Thus, the processes between catchment soils, lake water and lake sediments 

might be simplified as: Org-C (CH2O) + CaCO3 (in soils) → CO2 + H2O + CaCO3 (in soils) → Ca2+ 

+ 2 HCO3
- (in lake water) → CaCO3 + CH2O (in lake sediments), while maintaining a constant 

C:Ca molar quotient of 2.0. The processes in the study ponds on Öland may be unique because the 

ponds are located on thick Ordovician limestone covered by thin organic soils. The water input is 

dominated by dissolved bicarbonate and calcium, the organic input is likely small and the processes 

in the ponds are dominated by intensely calcifying charophytes. Thus, our findings of the 

characteristic carbon-calcium stoichiometry in water, charophytes and sediments await comparison 

with lakes and ponds located in other widely distributed calcareous catchments before broad-scale 

generalization of biogeochemistry can be made. 

4.3 Phosphorus in charophytes

Phosphorus had accumulated in substantial quantities in the charophyte stands (app. 200 to 600 mg 

P m-2 (sediment surface)) and 30% of the pool was, on average, bound in carbonate precipitates on 

their surfaces. In photic microbial mats on calcareous sediments, phosphate may precipitate with 

calcium carbonate through adsorption onto mineral grains or incorporation into the mineral matrix 

during daytime and subsequent phosphate release during nighttime (Borovec et al., 2010; Noe et al.,

2001). Phosphorus concentrations per dry mass were markedly higher in apical than basal tissue, 

suggesting phosphorus translocation from old to young tissue in active growth or phosphorus loss 

by decomposition in old tissue. Higher phosphorus concentrations in spring than summer tissues 

suggested phosphorus dilution by extensive biomass growth over the period. 

Phosphorus in charophyte tissue is likely supplied by rhizoid uptake of released P from organic 

phosphate and calcium phosphate in the sediments (Wuestenberg et al., 2011). Water concentrations



and depth integrated pools of phosphorus in the pond water are very low (< 5 mg P m-2, Martinsen 

et al., 2017), whereas pools are 103-fold higher (4390 mg P m-2) in the sediments. Four additional 

conditions suggest that phosphorus in the carbonate crust also may derive from the sediment via 

translocation through the algae rather than co-precipitation from the water. Firstly, in three of the 

four studied ponds, 33–43% of the phosphorus pool in summer was located in the carbonate crust of

charophyte stands, even though lake water phosphate concentrations were negligible. Secondly, 

phosphorus concentrations were 6–13-fold higher in the crust on apical than basal parts, which may 

suggest that the main phosphorus source is leakage from apical alga tissue in active growth having 

higher phosphorus concentrations. Thirdly, phosphorus concentrations in the crust were indeed 

significantly positively related to concentrations in the algae below. Fourthly, according to the 

carbon acquisition scheme of (McConnaughey, 1991), the carbonate crust grows from below 

through calcium efflux such that cell leakage of phosphate and incorporation in the calcium 

carbonate matrix may accompany crust formation. High pH (e.g. 10) in the zones on the cell surface

with calcium carbonate precipitation relative to lower cellular pH (e.g. 7) may greatly promote 

passive efflux of HPO4
2- and H2PO3

- from the cytoplasm through the cell membrane to the alkaline 

outer surface and incorporation into the carbonate crust as calcium-hydroxy-apatite 

(McConnaughey, 1989). Moreover, the poor and unsystematic correlation between phosphorus 

concentrations in the lake water and in the charophyte vegetation (Kufel et al., 2016) suggests that 

the sediment rather than lake water is the main source of phosphorus found in the crust. However, 

these scenarios need to be tested, for example by culturing charophytes with access to sediment 

phosphorus across a phosphate concentration gradient in the water. 

If our interpretation is valid, the charophyte stands may actually enhance phosphorus acquisition 

from the sediment via rhizoid uptake and apical translocation, while the scavenging effect of the 

surface carbonate crust on phosphate in the water is small. As a consequence, the dominance of 

charophytes in lakes and ponds would be susceptible to eutrophication via hydrological input of 

phosphate (Blindow, 1992), while they would be able to scavenge phosphate when it is translocated 



from the sediment and trapped in the carbonate matrix upon cellular leakage. The induction of high 

pH and calcite formation in the water via intensive charophyte photosynthesis would still offer a 

phosphate scavenging mechanism for transfer of dissolved phosphate in the water to strongly 

calcite-bound phosphate in the sediment (Kufel et al., 2016). Thus, charophytes would still 

contribute to the maintenance of clear water by forming highly calcareous sediments with strong 

phosphate-binding capacity.

Acknowledgement 

This work was conducted in the Freshwater Biological Laboratory, University of Copenhagen, 

Denmark and in laboratory facilities established on Öland, Sweden close to the study sites. The 

work was supported by a Carlsbergfondet grant (CF17-0119) to KSJ. KTM was supported by 

COWIfonden and TK and EK by Aage V. Jensen Nature Foundation. We are indebted to insightful 

comments on the manuscript by Lech Kufel and David Sturligros; DS also did proof writing.

References

Andersen MR, Kragh T, Martinsen KT, Kristensen E, Sand-Jensen K. The carbon pump supports 

high primary production in a shallow lake. Aquatic Sciences 2019; 81: 24.

Andersen MR, Kragh T, Sand-Jensen K. Extreme diel dissolved oxygen and carbon cycles in 

shallow vegetated lakes. Proceedings of the Royal Society B 2017; 284: 20171427.

Bade DL, Cole JJ. Impact of chemically enhanced diffusion on dissolved inorganic carbon stable 

isotopes in a fertilized lake. Journal of Geophysical Research: Oceans 2006; 111.

Biggs J, von Fumetti S, Kelly-Quinn M. The importance of small waterbodies for biodiversity and 

ecosystem services: implications for policy makers. Hydrobiologia 2017; 793: 3-39.

Blindow I. Decline of charophytes during eutrophication: comparison with angiosperms. Freshwater

Biology 1992; 28: 9-14.



Borovec J, Sirová D, Mošnerová P, Rejmánková E, Vrba J. Spatial and temporal changes in 

phosphorus partitioning within a freshwater cyanobacterial mat community. 

Biogeochemistry 2010; 101: 323-333.

Baastrup‐Spohr L, Iversen LL, Dahl‐Nielsen J, Sand‐Jensen K. Seventy years of changes in the 

abundance of Danish charophytes. Freshwater Biology 2013; 58: 1682-1693.

Christensen J, Sand‐Jensen K, Staehr PA. Fluctuating water levels control water chemistry and 

metabolism of a charophyte‐dominated pond. Freshwater Biology 2013; 58: 1353-1365.

Corman JR, Moody EK, Elser JJ. Calcium carbonate deposition drives nutrient cycling in a 

calcareous headwater stream. Ecological Monographs 2016; 86: 448-461.

Gran G. Determination of the equivalence point in potentiometric titrations. Part II. Analyst 1952; 

77: 661-671.

Herbst A, Henningsen L, Schubert H, Blindow I. Encrustations and element composition of 

charophytes from fresh or brackish water sites–habitat-or species-specific differences? 

Aquatic Botany 2018a; 148: 29-34.

Herbst A, von Tümpling W, Schubert H. The seasonal effects on the encrustation of charophytes in 

two hard‐water lakes. Journal of Phycology 2018b; 54: 630-637.

Hilt S, Köhler J, Adrian R, Monaghan MT, Sayer CD. Clear, crashing, turbid and back–long‐term 

changes in macrophyte assemblages in a shallow lake. Freshwater Biology 2013; 58: 2027-

2036.

Iversen LL, Winkel A, Baastrup-Spohr L, Hinke AB, Alahuhta J, Baattrup-Pedersen A, et al. 

Catchment properties control photosynthetic trait composition of freshwater plant 

communities. Science 2019; 366: 878-881.

Joye DA, Castella E, Lachavanne J-B. Occurrence of Characeae in Switzerland over the last two 

centuries (1800–2000). Aquatic Botany 2002; 72: 369-385.

Jäger P, Röhrs J. Phosphorfällung über Calciumcarbonat im eutrophen Wallersee (Salzburger 

Alpenvorland, Österreich). Coprecipitation of Phosphorus with Calcite in the Eutrophic 



Wallersee (Alpine Foreland of Salzburg, Austria). Internationale Revue der gesamten 

Hydrobiologie und Hydrographie 1990; 75: 153-173.

Kalff J. Limnology: Inland Water Ecosystems. New Jersey: Prentice Hall, 2002.

Kragh T, Andersen MR, Sand-Jensen K. Profound afternoon depression of ecosystem production 

and nighttime decline of respiration in a macrophyte-rich, shallow lake. Oecologia 2017; 

185: 157-170.

Kufel L, Biardzka E, Strzałek M. Calcium carbonate incrustation and phosphorus fractions in five 

charophyte species. Aquatic Botany 2013; 109: 54-57.

Kufel L, Kufel I. Chara beds acting as nutrient sinks in shallow lakes—a review. Aquatic Botany 

2002; 72: 249-260.

Kufel L, Ozimek T. Can Chara control phosphorus cycling in Lake Łuknajno (Poland)? 

Hydrobiologia 1994; 275-276: 277-283.

Kufel L, Strzałek M, Biardzka E. Site-and species-specific contribution of charophytes to calcium 

and phosphorus cycling in lakes. Hydrobiologia 2016; 767: 185-195.

Lenth R. emmeans: Estimated Marginal Means, aka Least-Squares Means, R package version 1.2.2,

2018.

Maberly SC, Madsen TV. Freshwater angiosperm carbon concentrating mechanisms: processes and 

patterns. Functional Plant Biology 2002; 29: 393-405.

Madsen TV, Sand-Jensen K. Photosynthetic carbon assimilation in aquatic macrophytes. Aquatic 

Botany 1991; 41: 5-40.

Martinsen KT, Andersen MR, Kragh T, Sand-Jensen K. High rates and close diel coupling of 

primary production and ecosystem respiration in small, oligotrophic lakes. Aquatic Sciences 

2017; 79: 995-1007.

Martinsen KT, Kragh T, Sand-Jensen K. Carbon dioxide fluxes of air-exposed sediments and 

desiccating small lakes. Biogeochemistry 2019; 144: 165-180.



McConnaughey T. Biomineralization Mechanisms. In: Crick RE, editor. Origin, Evolution, and 

Modern Aspects of Biomineralization in Plants and Animals. Springer US, Boston, MA, 

1989, pp. 57-73.

McConnaughey T. Calcification in Chara corallina: CO2 hydroxylation generates protons for 

bicarbonate assimilation. Limnology and Oceanography 1991; 36: 619-628.

McConnaughey T, Whelan J. Calcification generates protons for nutrient and bicarbonate uptake. 

Earth-Science Reviews 1997; 42: 95-117.

McConnaughey TA, LaBaugh JW, Striegl RG, Reddy MM, Schuster PF, Carter V. Carbon budget 

for a groundwater‐fed lake: Calcification supports summer photosynthesis. Limnology and 

Oceanography 1994; 39: 1319-1332.

Murphy F, Schmieder K, Baastrup-Spohr L, Pedersen O, Sand‐Jensen K. Five decades of dramatic 

changes in submerged vegetation in Lake Constance. Aquatic Botany 2018; 144: 31-37.

Müller B, Meyer JS, Gächter R. Alkalinity regulation in calcium carbonate‐buffered lakes. 

Limnology and Oceanography 2016; 61: 341-352.

Noe GB, Childers DL, Jones RD. Phosphorus biogeochemistry and the impact of phosphorus 

enrichment: Why is the Everglades so unique? Ecosystems 2001; 4: 603-624.

Olsen S. Danish Charophyta: Chorological, ecological and biological investigations. Copenhagen: 

Det Kongelige Danske Videnskabernes Selskab, 1944. 

Otsuki A, Wetzel RG. Coprecipitation of phosphate with carbonates in a marl lake. Limnology and 

Oceanography 1972; 17: 763-767.

Pełechaty M, Pukacz A, Apolinarska K, Pełechata A, Siepak M. The significance of Chara 

vegetation in the precipitation of lacustrine calcium carbonate. Sedimentology 2013; 60: 

1017-1035.

Pukacz A, Pełechaty M, Frankowski M. Carbon dynamics in a hardwater lake: effect of charophyte 

biomass on carbonate deposition. Polish Journal of Ecology 2014a; 62: 695-705.



Pukacz A, Pełechaty M, Frankowski M. Depth-dependence and monthly variability of charophyte 

biomass production: consequences for the precipitation of calcium carbonate in a shallow 

Chara-lake. Environmental Science and Pollution Research 2016a; 23: 22433-22442.

Pukacz A, Pełechaty M, Frankowski M, Kowalski A, Zwijacz-Koszałka K. Seasonality of water 

chemistry, carbonate production, and biometric features of two species of Chara in a 

shallow clear water lake. The Scientific World Journal 2014b; 2014.

Pukacz A, Pełechaty M, Frankowski M, Pronin E. Dry weight and calcium carbonate encrustation 

of two morphologically different Chara species: a comparative study from different lakes. 

Oceanological and Hydrobiological Studies 2016b; 45: 377-387.

R Core Team. R: A language and environment for statistical computing. Vienna, R Foundation for 

Statistical Computing, 2018.

Rand M, Greenberg AE, Taras MJ. Standard methods for the examination of water and wastewater. 

American Public Health Association, 1971.

Rebsdorf A. The carbon dioxide system in freshwater: a set of tables for easy computation of total 

carbon dioxide and other components of the carbon dioxide system. Copenhagen: 

Freshwater Biological Laboratory, 1972.

Sand-Jensen K. Eutrophication and plant communities in Lake Fure during 100 years. In: Sand-

Jensen K, Pedersen O, editors. Freshwater Biology: Priorities and development in Danish 

research. Gad Publishers, Copenhagen, 1997, pp. 26-38.

Sand-Jensen K, Andersen MR, Kragh T, Kristensen E, Martinsen KT. Calcification, photosynthesis 

and binding of phophorous in small charophyte lakes. Vand & Jord; 3: 101-104 (in Danish) 

2018a.

Sand-Jensen K, Andersen MR, Martinsen KT, Borum J, Kristensen E, Kragh T. Shallow plant-

dominated lakes – extreme environmental variability, carbon cycling and ecological species 

challenges. Annals of Botany 2019; 124: 355-366.



Sand-Jensen K, Bruun HH, Nielsen TF, Christiansen DM, Hartvig P, Schou JC, et al. The dangers of

being a small, oligotrophic and light-demanding freshwater plant across a spatial and 

historical eutrophication gradient in southern Scandinavia. Frontiers in Plant Science 2018b;

9: 66.

Sand-Jensen K, Baastrup-Spohr L, Winkel A, Møller CL, Borum J, Brodersen KP. Ett kalkbrott på 

Ölands alvar. Svensk Botanisk Tidskrift 2010; 104: 23-30 (in Swedish).

Sand-Jensen K, Jensen RS, Gomes M, Kristensen E, Martinsen KT, Kragh T, et al. Photosynthesis 

and calcification of charophytes. Aquatic Botany 2018c; 149: 46-51.

Sand-Jensen K, Riis T, Vestergaard O, Larsen SE. Macrophyte decline in Danish lakes and streams 

over the past 100 years. Journal of Ecology 2000; 88: 1030-1040.

Sand‐Jensen K, Bruun HH, Baastrup‐Spohr L. Decade‐long time delays in nutrient and plant 

species dynamics during eutrophication and re‐oligotrophication of Lake Fure 1900–2015. 

Journal of Ecology 2017; 105: 690-700.

Simons J, Nat E. Past and present distribution of stoneworts (Characeae) in The Netherlands. 

Hydrobiologia 1996; 340: 127-135.

Siong K, Asaeda T. Does calcite encrustation in Chara provide a phosphorus nutrient sink? Journal 

of Environmental Quality 2006; 35: 490-494.

Strickland JD, Parsons TR. A practical handbook of seawater analysis. Ottawa: Fisheries Research 

Board of Canada, 1968.

Søndergaard M, Lauridsen TL, Johansson LS, Jeppesen E. Gravel pit lakes in Denmark: Chemical 

and biological state. Science of the Total Environment 2018; 612: 9-17.

Urbaniak J. Estimation of Carbonate and Element Content in Charophytes-Methods of 

Determination. Polish Journal of Environmental Studies 2010; 19: 413-417.

Van den Berg MS, Coops H, Simons J, Pilon J. A comparative study of the use of inorganic carbon 

resources by Chara aspera and Potamogeton pectinatus. Aquatic Botany 2002; 72: 219-233.



Vermeer CP, Escher M, Portielje R, de Klein JJM. Nitrogen uptake and translocation by Chara. 

Aquatic Botany 2003; 76: 245-258.

Wuestenberg A, Poers Y, Ehwald R. Culturing of stoneworts and submersed angiosperms with 

phosphate uptake exclusively from an artificial sediment. Freshwater Biology 2011; 56: 

1531-1539.

Zeileis A, Cribari-Neto F, Grün B, Kos-midis I. Beta regression in R. Journal of statistical software 

2010; 34: 1-24.



Figures

Figure 1. Sketch of 20-cm long charophyte shoot in spring and 40 cm-long shoot in summer. Apical 

and basal parts, both being10-cm long, were examined in both seasons. Insert shows a shoot 

fragment with thick calcium carbonate surface crust. The content of C, Ca and P was analyzed in 

the original sample (alga+crust), in the alga (after crust removal by acid treatment) and in the acid. 

Photosynthesis modes without carbonate precipitation and associated pH increase are shown in eq. 

1 (based on CO2 use) and in eq. 2 (based on bicarbonate use). Photosynthesis with carbonate 

precipitation and no pH increase is shown in eq. 3 (based on bicarbonate use). Original drawing of 

Chara aspera and photo by Jens Chr. Schou.





Figure 2. Location and surface outline of the ten studied ponds located along the East coast of 

Öland, SE Sweden



Figure 3. Charophyte stands in ten shallow ponds on Öland, Sweden in summer 2018 and spring 

2019. Upper panels: Percentage of alga tissue of total charophyte mass (including carbonate crust) 

in apical and basal parts (mean ± SD, n = 4). Middle panels: Quotient of Corg to Ccarbonate in apical and

basal parts (mean ± SD, n = 4). Lower panels: Total mass of charophyte stands relative to sediment 

surface area with carbonate encrustation in white and alga tissue in grey



Figure 4. Release rates of calcium-equivalents and ANC-equivalents from apical and basal parts 

measured in dark incubations at different water pH averaged during incubation



Figure 5. Phosphorus (P) concentrations and pools in charophyte stands in ten shallow ponds on 

Öland, Sweden in summer 2018 and spring 2019. First panels from above: P concentrations in 

apical and basal parts (including encrustation; mean ± SD, n =4). Second panels: P concentrations in

alga tissue in apical and basal parts (mean ± SD, n = 4). Third panels: P concentrations in carbonate 

encrustation on apical and basal parts (mean ± SD, n = 4). Fourth panels: P pools and proportions in

carbonate encrustation (white) and alga tissue (grey)



Figure 6. Relationship between phosphorus concentration in carbonate crust and in the underlying 

alga tissue. The regression equation was (95 % CI reported in square brackets): √ Pcrust = 0.47 [-

0.07, 0.88] √ Palgae – 0.08 [-0.55, 0.40] (P = 0.024, r2 = 0.25). CIs (95%) are grey-shaded along the 

bold regression line



Tables

Table 1. Release of calcium and ortho-P by dissolution of the carbonate crust in 3.8% and 38% 

acetic acid on apical shoots of Chara aspera. Release is expressed relative to initial wet weight 

(WW) and dry weight (DW) of algae. Also shown is loss on ignition of dried algae after acid 

treatment. Mean calcium release was not significantly different between 3.8% and 38% acetic acid 

treatments (t-test, p = 0.15). Values are shown as means (±SD, n =4 or 5)

Acetic acid n Calcium Calcium Ortho-P Ortho-P Ortho-P LOI
(%) (mg g-1 WW) (mg g-1 DW) (g g-1 WW) (g g-1 DW) (g g-1 Ca) (%)

3.8 5 70.6 (±23) 233 (±12.9) 30.61 (±5.20) 105 (±17.2) 468 (±83) 23.1 (±13.4)
38 4 94.3 (±18.6) 261 (±14.9) 32.05 (±4.81) 91 (±21.8) 347 (±73) 25.8 (±11.3)



Table 2. Sediment pools of Corg, Ccarbonate and phosphorus as well as Corg:Ccarbonate and [Corg+Ccarbonate]:Ca

quotients. Mean values and 95% CIs for 60 locations for carbon, calcium and carbonate and 28

locations for phosphorus distributed in five ponds

Corg Ccarbonate

Calcium
carbonate

Corg:Ccarbonat

e

[Corg+Ccarbonate]:C
a

Phosphoru
s

g C m-2 g C m-2 g m-2 mol:mol mol:mol g P m-2

1103
(±106)

1385
(±204) 11540 (±1700)

0.97
(±0.12)

2.05 (±0.17) 4.39
(±0.93)



Table 3. Average budgets for Corg, Ccarbonate and their sum in five ponds on Räpplinge Alvar. 

Maximum summer biomass, annual net sedimentation, difference between maximum summer 

biomass and annual net sedimentation, and annual sediment degradation

Biomass
maximu

m

Net
sedimentatio

n

Differenc
e

Sediment
degradation

*

g C m-2 g C m-2 y-1 g C m-2 y-

1 g C m-2 y-1

Corg 147 37 110 96

Ccarbonate 109 46 63 79

Corg+ Ccarbonate 256 83 173 175

*Using 365 days per year and 15 °C (Pond 9, Kragh et al. (2017)).


