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Abstract: The effects of submerged plant-induced calcium and phosphorus coprecipitation on the
phosphorus cycle in aquatic environments and interspecific differences are still unclear. Herein,
we selected Ceratophyllum demersum L. and Potamogeton crispus L. to construct a sediment–water-
submerged plant system. We examined how phosphorus concentrations in the water, sediment, and
plant ash changed over time with different phosphorus and calcium treatments and explored the
effects of photosynthesis-induced calcium and phosphorus coprecipitation on water’s phosphorus
cycle and variations between different submerged plant species. The main results were as follows:
(1) The phosphorus reduction in the P. crispus system was less than that in the C. demersum system.
(2) P. crispus had higher total ash phosphorus (TAP) values than C. demersum. (3) The sediment total
phosphorus (STP) and its fractions with P. crispus were most affected by phosphorus concentration
while those with C. demersum were most affected by time. Overall, the two submerged species
exhibited different calcium and phosphorus coprecipitation levels and had distinct effects on the
water-to-phosphorus cycle. When submerged plants are introduced to reduce and stabilize the phos-
phorus levels, plant interspecific differences in their induced calcium and phosphorus coprecipitation
on water and phosphorus cycling must be fully assessed.

Keywords: submerged plants; calcium and phosphorus coprecipitation; plant ash phosphorus;
phosphorus cycle in water

1. Introduction

Worldwide, lakes have ecological functions, which include regulating water volume,
maintaining biodiversity, and providing water sources. However, with the rapid societal
development, the eutrophication of water bodies is increasing, and the ecological func-
tions of shallow lakes are becoming increasingly threatened [1]. All life activities require
phosphorus as a vital element. An imbalance in the biogeochemical cycle of phosphorus in
aquatic environments is a significant factor contributing to ecological issues in lakes [2].
The phosphorus cycle in water is a process involving various biotic and abiotic phosphorus
migrations in water columns and the corresponding sediments [3]. Sediments, existing in
various forms, including inorganic and organic forms, serve as phosphorus storage materi-
als in lakes [4]. Among these processes, phosphorus adsorption/desorption on the clay
and metal oxides in sediments is the main abiotic microscopic process of the phosphorus
cycle in water [5].
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In shallow lakes, submerged plants can effectively reduce the phosphorus levels in
overlying water during the growing season [6] and affect the movement and transformation
of phosphorus at the sediment–water interface [7–9]. Submerged plants remove phosphorus
from water in three main ways: surface adsorption to form adsorbed phosphorus (H2O-
P), plant absorption to form sodium hydroxide-extractable phosphorus (NaOH-P), and
coprecipitation with supersaturated CaCO3 to form calcium phosphorus (CaCO3-P) [10–13].
In most studies, researchers have used the removal rate of phosphorus in water or the total
phosphorus concentration relative to the dry weight to characterize the enriching effect
of plants on the phosphorus content in water. Generally, plants with high removal rates
and a high rate of phosphorus concentration relative to their dry weight are considered
to have good phosphorus removal effects. However, some researchers have noted that
phosphorus can be removed from water by chemical precipitation alone or biological
calcification to induce calcium–phosphorus coprecipitation [10]. Furthermore, the response
and enrichment characteristics of submerged plants with respect to phosphorus in water
vary with season, species, and environmental conditions [12–14].

The co-occurrence of dissolved phosphorus and calcite during vigorous photosynthe-
sis has been documented in numerous shallow lakes worldwide [15,16]. According to [17],
coprecipitation is widely regarded as a significant method for lake water purification. The
precipitation of CaCO3 in lakes and the formation of autogenic precipitates of extracellular
CaCO3 are caused primarily by the microenvironment created by the photosynthesis of
submerged organisms or by an excess of Ca2+ in local water bodies [18,19]. For example,
when CaCO3 is supersaturated in water (SI > 1), an increase in the P content in the water
lead to a fourfold increase in the inorganic phosphorus content in the ash phosphorus of
Chara vulgaris and more than 60% of the ash phosphorus precipitated into calcium carbonate
phosphorus [20]. This indicates that an increase in the phosphorus concentration in water
with high Ca2+ concentrations can enhance the formation of calcium and phosphorus copre-
cipitates. Furthermore, ref. [21] reported the coprecipitation of carbonate and phosphorus
in a lake that was primarily inhabited by the submerged plant Potamogeton crispus L., which
was significantly influenced by the Ca2+ concentration and pH.

In hard-water environments, most aquatic plants can precipitate carbonates
(CaCO3) [10,22] and exhibit calcification. Liu et al. [23] found that the precipitates on
the surface of P. crispus leaves were carbonate-containing hydroxylapatite by scanning
electron microscopy (SEM) and energy-dispersive X-ray spectrometry (EDX). Furthermore,
the photosynthesis-induced calcium and phosphorus coprecipitation of submerged macro-
phytes, showed as calcium phosphorus (HCl-P) in total ash phosphorus [10], can effectively
reduce the phosphorus content in water [14,21], and there are significant interspecific
differences in the HCl-P between Ceratophyllum demersum L. and P. crispus [14]. However,
the effect of calcium and phosphorus coprecipitation caused by submerged macrophytes
on the composition of phosphorus in the sediment and variations among different species
is unclear. In this study, the submerged plant C. demersum, which has underdeveloped
roots, and the submerged plant P. crispus, which has developed roots, were selected for the
construction of a sediment–water–submerged plant system (Figure 1). This study involved
the addition of varying levels of phosphorus and calcium ions to overlying water. We
aimed to examine how the composition of phosphorus in the overlying water, sediment,
and plant ash changed over time under different concentrations of phosphorus and calcium.
Additionally, we explored the impact of the Ca and P coprecipitation induced by plants on
the P cycle in water and the interspecific variations in these processes.
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2. Materials and Methods
2.1. Plant Materials, Sediments, and Their Preculture

Both P. crispus L. and C. demersum L. are submerged plants frequently employed for
ecological restoration in eutrophic environments [24,25]. In the spring of 2018, P. crispus
and C. demersum were collected and precultured according to the methods by [26]. On
5 March 2018, plants with good growth status that were approximately 5~8 cm in size
were selected and rinsed with deionized water, after which the leaf surfaces were gently
brushed to eliminate dirt or algae. The washed plants were stored in a transparent plastic
box. Simultaneously, a 0.45 µm glass fiber membrane was used to filter the water samples,
eliminating algae and sizable particles. Subsequently, the strained water samples were
transferred into the plastic boxes containing the plants. A preculture of the plants placed in
the plastic boxes was carried out in a light incubator (light–dark ratio = 12:12, temperature
= 15 ◦C). The growth substrate of the plant had been obtained from the sediment of Liangzi
Lake by a Peterson sampler, and the sampling depth had been no less than 20 cm. After the
surface water and large particles were removed, the sediment was mixed evenly and used
as the plant growth substrate.

2.2. Experimental Design

In the present research, we utilized a 3 × 2 factorial design involving the addition of
phosphorus and Ca2+ to study the effect of the coprecipitation of calcium and phosphorus
induced by submerged plants on the water-to-phosphorus cycle. Phosphorus was added
at three treatment levels: 0 mg L−1 (no additional P), 0.2 mg L−1 (0.2 mg L−1 P added as
K2HPO4), and 2.0 mg L−1 (2.0 mg L−1 P added as K2HPO4). Additionally, the Ca2+ concen-
trations included two levels: 0 mg L−1 (no additional Ca2+) and 100 mg L−1 (100 mg L−1

Ca2+ added as CaCl2). Therefore, six treatments were established: 0-0 (no addition of
P or Ca2+), 0.2-0 (additional 0.2 mg L−1 P), 2-0 (additional 2 mg L−1 P), 0-100 (additional
100 mg L−1 Ca2+), 0.2-100 (additional 0.2 mg L−1 P and 100 mg L−1 Ca2+), and 2-100
(additional 0.2 mg L−1 P and 100 mg L−1 Ca2+). Under each treatment, 3 cylindrical plastic
buckets (d = 0.80 m, H = 1.0 m) with P. crispus or C. demersum were utilized to compare the
effects of the treatments. Additionally, two cylindrical plastic bucket (d = 0.80 m, H = 1.0 m)
with no plants were used to monitor the variations in the solution over time. In all, 38 cylin-
drical plastic buckets with 300 L of tap water (P = 0.02 mg L−1, Ca2+ = 20 mg L−1) were
placed (as shown in Figure 1) in a greenhouse located at the College of Environmental
and Water Conserve Engineering of the Hubei University of Technology. Each bucket had
5 plastic cups (d = 0.17 m, H = 0.15 m) filled with P. crispus or C. demersum, and each cup
was covered with a 15 cm deep substrate from Liangzi Lake. On 11 April 2018, the tops
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of the plants were transplanted into cylindrical plastic buckets filled with tap water. In
all, 5 plants for each species were used for each cylinder, and 15 plants were used for each
treatment. One week after plant transplantation, K2HPO4 and CaCl2 were added to the
water at the concentrations established in the experimental treatments.

The first water sample was taken at 9:00 on April 18, and the following water samples
were taken every 7 days. Two weeks later, on May 1, a plastic cup with plants was randomly
and completely removed from each cylindrical bucket when the water sample was taken,
and it was used to analyze the phosphorus composition of the plant ash and surface
sediments. After this point, the phosphorus content in the water, the composition of the
plant ash phosphorus, and the surface sediment phosphorus were measured every 7 days.
The experiment was carried out from 11 April 2018 to 27 May 2018. In all, six water samples
were collected, and four samples were collected from the plants and sediments.

2.3. Experimental Measurements

The water samples were collected by siphon extraction. Equal volumes of water
(200 mL) from 20 cm, 40 cm, and 60 cm below the water surface were mixed evenly
(600 mL), after which the concentrations of TP and SRP in the overlying water were de-
termined. The total phosphorus (TP) concentration in the water was determined by the
ammonium molybdate spectrophotometric method, while the molybdenum–antimony anti-
colorimetric method (GB11893-89 [27]) was used to determine the concentration of soluble
reactive phosphorus (SRP). Plant ash was obtained by muffle furnace incineration (550 ◦C,
1 h) to determine the composition of ash phosphorus. According to the methods of [14],
ash phosphorus was divided into water-soluble phosphorus (H2O-P), organic phosphorus
(NaOH-P), and calcium phosphorus (HCl-P). After the sediment was loaded into a nickel
crucible and air-dried, it was dried in an oven at 105 ◦C for 24 h to a constant weight. The
crucible was then removed from the oven and placed in a dryer for cooling. After the samples
were cooled to room temperature, they were ground and passed through a 100-mesh sieve.
The filtered powder was used for the classification of total phosphorus in the sediment. Phos-
phorus fractionation of sediments was performed using the SMT method [28,29], and this
protocol has been demonstrated to effectively separate the P phases into 5 fractions of NaOH-
extracted phosphorus (Fe/Al-P), HCl-extracted phosphorus (SCa-P), inorganic phosphorus
(SIP), organic phosphorus (SOP), and total phosphorus (STP) in the sediment.

2.4. Data Analyses

A two-way repeated measures analysis of variance (RM-ANOVA), with sampling
time and the experimental treatments as factors, was used to analyze the treatment and
sampling time effects on plant ash phosphorus and the phosphorus composition in the
ash (H2O-P, NaOH-P, and HCl-P), as well as on the STP and its fractions (SOP, SIP, SCa-P,
Fe/Al-P). The data were log-transformed before statistical analyses to achieve a normal
distribution and homogeneity of variance. A paired t-test was applied for the pairwise
differences between the treatments. All processing and analyses were performed using
SPSS 26. Images were constructed using Origin 9.

3. Results
3.1. Variation in TP and SRP in the Overlying Water

The concentrations of TP and SRP in the overlying water of P. crispus plants treated
with 0.2 and 2 mg L−1 phosphorus decreased significantly. Compared with that in the 2-0
group, the TP concentration decreased more in the 2-100 group (p < 0.05). The TP levels in
the 2-0 and 2-100 treatment groups decreased by 43.33% and 73.03%, and those in the 0.2-0
and 0.2-100 groups decreased by 86.4% and 88.11%, respectively (Figure 2a). In the 2-0 and
2-100 groups, the SRP concentration decreased by 42.47% and 72.09%, and that in the 0.2-0
and 0.2-100 groups decreased by 99.28% and 98.83%, respectively (Figure 2b).
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Figure 2. Changes in TP and SRP with time under different concentrations of PO4
3−-Ca2+ treatment.

(a,b) are the TP and SRP of the overlying water with P. crispus, and (c,d) are the TP and SRP of the
overlying water with C. demersum (n = 3, t-test, p < 0.05).

On the third week, the phosphorus concentration in the water overlying the C. demer-
sum plants treated with 0.2 and 2 mg L−1 phosphorus decreased significantly. Compared
with that in the 2-0 group, the reduction in the TP concentration in the 2-100 group was
greater (p < 0.05). In the 2-0 and 2-100 treatment groups, the TP concentration decreased by
94.14% and 98.69%, and, in the 0.2-0 and 0.2-100 groups, TP concentration decreased by
94.30% and 96.92%, respectively (Figure 2c).

The SRP content of the 2-0 and 2-100 treatment groups decreased by 95.43% and
99.88%, while the SRP in the 0.2-0 and 0.2-100 groups decreased by 97.37% and 97.61%,
respectively (Figure 2d). When the phosphorus level was 2.0 mg L−1, the decreases in TP
and SRP in the water overlying C. demersum were significantly greater than those in the
water overlying P. crispus.

3.2. Changes in Ash Phosphorus Composition

Plant total ash phosphorus (TAP) is composed of H2O-P, NaOH-P, and HCl-P. RM-
ANOVA showed that the H2O-P, NaOH-P, HCl-P, and TAP in the two submerged species
were significantly affected by phosphorus concentration, calcium addition, and time.
Among the factors, phosphorus concentration had the greatest impact on the TAP of
P. crispus (67.54%), while the TAP of C. demersum was affected mainly by phosphorus
concentration (45.16%) and time (34.11%) (Table 1). The TAP content of P. crispus was the
highest in the 2-100 treatment group among the four samples (Figure 3a), except for that in
the sixth week, and the TAP content in C. demersum was the highest in the 2-0 treatment
group (Figure 3b).
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Table 1. Percentage of explained variance based on a two-way analysis of variance with repeated mea-
sures of time, phosphorus, calcium, and their interactions on plant ash phosphorus and its composition.

Plant Species Parameters
Percentage of Explained Variance

Ca2+ P Time (T) Ca2+ × P Ca2+ × T P × T Ca2+ × P × T Error

P. crispus

TAP 1.16 *** 67.54 *** 5.17 *** 3.39 *** 7.31 *** 6.42 *** 9.00 *** 0.01
H2O-P 1.12 *** 30.73 *** 39.91 *** 4.09 *** 5.21 *** 5.91 *** 12.94*** 0.09

NaOH-P 0.28 *** 55.36 *** 13.92 *** 4.97 *** 6.19 *** 7.51 *** 11.60 *** 0.17
HCl-P 3.21 *** 36.10 *** 48.31 *** 0.93 *** 4.48 *** 3.97 *** 2.91 *** 0.09

C. demersum

TAP 3.56 *** 45.16 *** 34.11 *** 1.13 *** 4.48 *** 7.54 *** 4.01 *** 0.01
H2O-P 0.30 *** 54.29 *** 24.95 *** 0.30 *** 10.97 *** 3.81 *** 5.37 *** 0.01

NaOH-P 2.27 *** 1.79 *** 80.07 *** 2.84 *** 2.60 *** 2.22 *** 8.20 *** 0.01
HCl-P 1.01 *** 67.87 *** 9.96 *** 1.53 *** 3.67 *** 6.94 *** 8.93 *** 0.09

(***, p < 0.001).
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In the third and fourth weeks, the 2-0 group exhibited the highest levels of H2O-P and
NaOH-P for P. crispus, while the 2-100 group had the highest content of HCl-P. During the
fifth week, the 2-0 group exhibited the highest concentration of HCl-P, whereas the 2-100
group had the highest level of H2O-P and NaOH-P. During the sixth week, the 2-100 group
exhibited the highest levels of H2O-P, NaOH-P, and HCl-P, as shown in Figure 3a.

At the initial sampling time (i.e., the third week), the 2-0 group exhibited the highest
H2O-P content for C. demersum, while the 0.2-100 group had the highest NaOH-P and
HCl-P contents. During the fourth week, the 0-100 group exhibited the highest levels of
H2O-P and NaOH-P, while the 2-100 group had the highest concentration of HCl-P. In the
fifth week, the 2-100 group exhibited the highest levels of H2O-P, NaOH, and HCl-P. In the
sixth week, the 2-100 group exhibited the highest levels of H2O-P and HCl-P, whereas the
2-0 group had the highest levels of NaOH-P (Figure 3b).

For P. crispus, phosphorus concentration had the greatest impact on the NaOH-P
content (55.36%); phosphorus concentration influenced the H2O-P and HCl-P contents
(H2O-P 30.73%, HCl-P 36.10%); and time played a significant role in the variations in H2O-P
(39.91%) and HCl-P (48.31%). Time had the greatest impact on the NaOH-P content in
C. demersum (80.07%), whereas phosphorus concentration influenced the H2O-P (54.29%)
and HCl-P (67.87%) contents (Table 1).

3.3. Changes in the Phosphorus Concentration in the Sediments

The concentrations of STP and its fractions were significantly affected by phosphorus,
calcium, and time. A repeated measures analysis of variance showed that the phosphorus
concentration had the greatest effect on the STP content (56.03%) and SIP content (49.77%),
while time had the greatest effect on the SOP content (28.72%) with P. crispus. In the
classification of IP, phosphorus concentration had the greatest influence on Fe/Al-P (43.55%)
and SCa-P (27.91%). The STP content (71.98%), SIP content (32.14%), and SOP content
(87.32%) of C. demersum were most affected by time. Among the SIP classifications, Fe/Al-P
(58.19%) was most affected by time (Table 2).

Table 2. Percentage of explained variance based on a two-way analysis of variance with repeated measures
of time, phosphorus, calcium, and their interactions on the soil total phosphorus and its composition.

Plant Species Parameters
Percentage of Explained Variance

Ca2+ P Time (T) Ca2+ × P Ca2+ × T P × T Ca2+ × P × T Error

P. crispus

STP 10.89 *** 56.03 *** 14.01 *** 4.67 * 1.56 ** 7.78 *** 4.67 * 0.39
OP 1.73 * 15.15 *** 28.72 * 7.96 ** 11.12 *** 26.90 ** 5.18 * 13.2
IP 5 ** 49.77 *** 20.32 *** 3.97 * 5.47 ns 11.85 * 1.4 ns 0.47

SCa-P 16.57 *** 27.91 *** 24.82 *** 7.3 *** 25 * 10.41 ** 1.8 ns 8.69
Fe/Al-P 0.3 *** 43.55 *** 15.53 *** 12.88 *** 6.31 ns 14.18 ** 6.82 *** 0.44

C. demersum

STP 0.13 *** 5.36 ** 71.98 *** 1.4 * 5.86 ** 9.8 *** 4.12 ** 1.37
OP 0.44 *** 0.39 ns 87.32 *** 1.06 * 4.13 * 3.49 ** 1.86 * 1.32
IP 0.37 * 32.14 * 18.54 *** 7.17 *** 4.4 * 23.08 *** 11.89 ** 2.41

SCa-P 6.14 *** 9.84 ns 22.7 *** 13.58 ** 5.72 ns 23.10 * 13.70 * 5.23
Fe/Al-P 2.01 *** 22.44 *** 58.19 *** 3.21 * 1.67 *** 7.62 *** 4.28 *** 0.57

(***, p < 0.001; **, p< 0.01; *, p< 0.05; ns: not significant).

For the STP, with P. crispus, the highest value was in the 0.2-0 treatment group in the
third week, while the highest value was in the 2-100 treatment group in the latter three
weeks. In the third week, the SIP was the highest in the 2-0 group, and the OP was the
highest in the 0.2-0 group. In the fourth week, the SIP and SOP were highest in the 2-100
groups. In the fifth week, the SIP was the highest in the 2-100 group, and the SOP was the
highest in the 0-0 group. In the sixth week, the SIP and SOP were the highest in the 2-100
group (Figure 4a).
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The majority of the inorganic phosphorus was attributed to Fe/Al-P, which was signifi-
cantly greater than that in SCa-P (P < 0.05). In the third week, the 0.2-0 group exhibited the
highest Fe/Al-P levels, whereas the 2-0 group exhibited the highest SCa-P levels. In the latter
two weeks, the 2-0 group exhibited the highest Fe/Al-P and SCa-P levels. The 2-100 group
exhibited the highest Fe/Al-P and SCa-P levels in the sixth week (Figure 4b).

For the STP, with C. demersum, the highest value was in the 2-100 group in the third
week; one week later, the STP was the highest in the 0.2-0 group. In the fifth and sixth
weeks, the STP was the highest in the 2-0 group. In the third week, the SIP was the highest
in the 2-100 group, and the SOP was the highest in the 0-100 group. One week later, the
SIP was the highest in the 0-0 group, and the SOP was the highest in the 0.2-100 group.
Two weeks later, the SIP and SOP were the highest in the 2-0 group. In the sixth week,
the SIP was the highest in the 2-100 group, and the SOP was the highest in the 2-0 group
(Figure 4c). The main portion of inorganic phosphorus was attributed to Fe/Al-P, which
exhibited higher values than SCa-P (P < 0.05). In the third week, the 2-100 group exhibited
the highest levels of Fe/Al-P and SCa-P. Two weeks later, the 2-0 group exhibited the
highest levels of Fe/Al-P, while the SCa-P was the highest in the 0.2-100 group. In the sixth
week, the Fe/Al-P compound exhibited the highest levels in the 2-0 group, while the SCa-P
was the highest in the 2-100 group (Figure 4d).
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4. Discussion
4.1. Variations in TP and SRP in the Overlying Water

As an important component of lake ecosystems, submerged plants serve as the key
interface of lake ecosystems and play an important role in regulating productivity, materials’
circulation, and energy flow in lake ecosystems [8]. Numerous studies have demonstrated
that, during the growing season, submerged plants can effectively reduce the TP and SRP
in water [21,30–32]. In our study, both P. crispus and C. demersum effectively reduced the TP
(p < 0.05) and SRP (p < 0.05) in the overlying water, with C. demersum showing a greater
impact on reducing the SRP and the TP than P. crispus (Figure 2). The removal rate of
phosphorus from water varies among different submerged plants due to variations in the
demand, absorption, and utilization of phosphorus in the plants [33]. In the East Lake
area, under simulated spring and autumn conditions, C. demersum was more effective
in phosphorus’ removal from water than P. crispus [11,25]. One possible reason is that
C. demersum lacks real roots and has a high specific surface area; as a result, it has a greater
capacity to extract nutrients from the water column [11,25,34]. Moreover, the presence
of Ca2+ further intensified the decreases in both the TP and SRP at two different P levels
(0.2 mg L−1 and 2 mg L−1) for both submerged species (Figure 2). An explanation for this
phenomenon could be the increase in a water body’s pH caused by plant photosynthesis,
which leads to the coprecipitation of calcium and phosphorus. This was further evidenced
by the lower SRP in the water body (Figure 2), because the phosphorus bound by calcium
and phosphorus coprecipitation is usually in the SRP form [15]. For P. crispus, the higher
HCl-P content found at high Ca2+ concentrations and the SEM images of the precipitates
on the surface of P. crispus confirmed the coprecipitation of carbonate and phosphorus
(Figures 3a and 5b). When a certain amount of exchangeable calcium was added to the
sediment with P. crispus, plants could effectively remove the phosphorus in the water
through the coprecipitation of CaCO3-P [21].
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4.2. Composition and Variation in Ash Phosphorus

Submerged plants exhibit high absorption rates of nutrients. When they are dominant
among a lake’s primary producers, they can effectively accumulate phosphorus in the
water [35,36]. Based on reports by Chen and Wang [14], in the present study, plant total ash
phosphorus (TAP) was divided into three components: H2O-P, NaOH-P, and HCl-P. Among
them, H2O-P was used to characterize the adsorption of the phosphorus in the water by
plants. After the death of submerged plants, as a result of reversible adsorption reactions,
H2O-P re-enters a water body in the form of soluble phosphorus and is directly utilized
by other aquatic organisms [12,13], while NaOH-P becomes soluble inorganic phosphorus
through microbial decomposition [37,38]. This could explain the sharp increase in water
phosphorus content after a decline in submerged vegetation [6,8]. Compared with H2O-
P and NaOH-P, HCl-P is not easily dissolved or adsorbed under normal circumstances,
and phosphorus is difficult for organisms to dissolve and adsorb. After plant death, this
phosphorus undergoes a series of migrations and transformations and is ultimately buried
in the sediments in a stable form; this phosphorus is completely removed from the lake
water’s phosphorus pool.

In the present study, phosphorus concentration had the greatest impact on the TAP of
P. crispus and C. demersum (Table 1), and a greater TAP was found in the high-P group (2-0
or 2-100) (Figure 3). This indicates that both P. crispus and C. demersum strongly enriched
the phosphorus in the water during the growth stage. The results for TP and SRP are
shown in Figure 2. Similar results were reported in other studies [7,11,14,32]. However,
P. crispus had a greater TAP than C. demersum (p < 0.05) (Figure 3a,b). This suggested that
the enrichment capacity of P. crispus for phosphorus as determined by the ash phosphorus
content was better than that of C. demersum. These findings aligned with the outcomes
of Chen and Wang [14]’s study. For P. crispus, at a high calcium level (100 mg L−1), the
TAP increased significantly with increasing phosphorus concentrations, and the highest
value was observed in the 2-100 treatment group at the four sampling times (Figure 3a).
Clearly, the change in TAP with the phosphorus concentration, at low Ca2+ concentrations,
was different from that at high Ca2+ levels. This suggested that additional Ca2+ increased
the TAP of P. crispus. For C. demersum, a greater TAP was found in the 2-100 group (in the
third, fourth, and fifth weeks) (Figure 3b) or 2-0 group (in the sixth week). The two species
exhibited different responses to additional Ca2+ in the TAP.

Specifically, the composition of TAP, i.e., H2O-P, NaOH-P, and HCl-P, varied signifi-
cantly with P, Ca2+, and time (Figure 3, Table 1). However, the effects of P, Ca2+, and time
on the three components of TAP differed, and there were specific differences. The NaOH-P
content of P. crispus was most affected by the phosphorus concentration (55.36%), while
the NaOH-P content in C. demersum was most affected by time (80.07%). For P. crispus,
the HCl-P content was affected by the phosphorus concentration (36.10%) and increased
slightly with time (Figure 3a, Table 1). In the sixth week, a higher HCl-P content was found
at high Ca2+ levels. This indicated that more calcium phosphorus (CaCO3-P) was enriched
in P. crispus with the addition of Ca2+. The same results have been proven by Chen and
Wang [14]. According to Liu et al. [23], the precipitates on the surface of P. crispus were
carbonate-containing hydroxylapatite. The difference in the SEM images of the precipitates
on the surface of the two species (Figure 5) confirmed the specific differences in calcium
and phosphorus coprecipitation.

4.3. Composition and Variation in Phosphorus in Sediments

Currently, the predominant technique employed for sediment analysis is the sequen-
tial extraction method, which is focused on determining the various forms of phosphorus.
In this study, the different types of phosphorus in the sediments were examined using SMT,
which was established by The European Standardization Committee as a benchmark for an-
alyzing phosphorus forms in shallow lake sediments [29]. The SMT method demonstrated
that inorganic phosphorus is the primary constituent of TP in the sediments of lakes within
the Yangtze River Basin [39].
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The presence of submerged macrophytes can impact changes in the different types
of phosphorus present in sediments; macrophytes achieve this by controlling the redox
potential at the interface between sediment and water through the absorption of phosphorus
by roots, as well as by the release of oxygen and the secretion of secondary metabolites from
roots [40–42]. In previous studies, submerged plants were shown to have different effects on
different pools [43] and significantly affect the Fe/Al-P forms of inorganic phosphorus [44].

In the presence of oxygen, surface sediments sequester phosphorus through powerful
binding by iron oxides. Conversely, in the absence of oxygen, a breakdown in iron oxides
results in the liberation of phosphorus and ferrous ions into the water-filled spaces between
sediment particles, which subsequently move upward into the water column [45]. As a
labile inorganic P fraction of soil inorganic phosphorus, Fe/Al-P is usually more susceptible
to environmental changes [46]. For example, the redox potential alters the migration and
transformation of phosphorus between overlying water and sediments by altering the
mutual transformation reactions of reduced Fe2+ and oxidized Fe3+ [47]. Many studies
have shown that the reduction of iron oxides containing phosphorus is a primary process
for the liberation of phosphorus in sediments [48–50]. In the present study, Fe/Al-P was
found to be highest at high P levels (2-0 or 2-100 group) for sediments with P. crispus
at each sampling point, except for the first sampling point (the third week), when the
Fe/Al-P content was found to be the highest in the 0.2-0 group (Figure 4). This may have
occurred because the fine clay particles present in sediments can adsorb phosphate from
overlying water [51]. The decrease in TP and SRP (Figure 2) confirmed this phenomenon.
The oxidation of Fe2+ in sediments occurs mainly by the release of oxygen from the roots of
submerged plants and usually affects the sediments near the roots of submerged plants [40].
These newly generated Fe3+ oxides in the sediments provide additional adsorption sites
for unstable P and further increase the concentration of P bound to Fe3+ oxides, which
decreases the concentration of unstable P in the sediments [49]. According to our results, in
the presence of P. crispus, the Fe/Al-P concentration was mainly affected by the P content
(43.55%), while, with C. demersum, it was mainly affected by time (30.7%) (Table 2). Some
possible reasons for the differences between the two species may be that P. crispus has
greater root porosity and radial oxygen secretion capacity [42,52], the Fe3+ oxides in the
sediments with P. crispus are stable, and P rerelease into overlying water is inhibited.

Typically, phosphorus is a trace component in overlying water, whereas carbonate is
consistently present. Phosphorus and CO3

2− compete for Ca2+ [53–56]. Therefore, CaCO3-P
coprecipitation requires appropriate temperature, pH, and Ca/P ratio conditions [15,19,21].
In the present study, with P. crispus, P had the greatest influence on the Ca-P concentration
(27.91%) in the sediments. With the addition of Ca2+, the highest SCa-P was found in
the 2-100 treatment group (Figure 4b, Table 2). This may have occurred because of the
following reason: when exogenous phosphorus enters overlying water, more inorganic
phosphorus is adsorbed by CaCO3 crystals to form calcium–phosphorus coprecipitates.
Some of these precipitates remain on the surface of plant leaves ([21]; Figure 5b), as shown
by the Ca-P in plant ash (Figure 3a), and some settle on the surface of the sediments, as
shown by SCa-P (Figure 4b).

In contrast to the SCa-P content in the presence of P. crispus, SCa-P with C. demersum
had significant time-dependent properties but was not influenced by P (Table 2). A variation
with time was mainly observed in the SCa-P content in the high-phosphorus treatment
group (2 mg L−1), which was greater than that in the two low-phosphorus treatment groups
(0 and 0.2 mg L−1) and increased with time (Figure 4d). Because of its undeveloped roots,
C. demersum tends to adsorb phosphorus from water rather than from the sediments [34].
This could partly explain the small change in SCa-P in the two low-phosphorus groups
(0 and 0.2 mg L−1). As mentioned above, the increase in Ca-P in the C. demersum high-P
group (Figure 3b) could partly explain the greater SCa-P in the high-P group (Figure 4d).
In other words, for C. demersum, elevated Ca-P in plant ash resulted in greater SCa-P.

The majority of phosphorus (P) in sediments is organic phosphorus (OP), which
plays a crucial role in the biogeochemical cycling of P in numerous lakes [57] because
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most OP can be hydrolyzed into bioavailable P and taken up by organisms (including
phytoplankton and submerged plants) [58]. The process by which OP is adsorbed into
sediments is comparable to the process of inorganic P adsorption into sediments [59].
Typically, changes in OP are influenced mainly by the death of phytoplankton or aquatic
macrophytes and organic matter degradation (remineralization) (e.g., [60,61]). For both
species, the OP significantly varied with time (Figure 4a, Table 2). Specifically, the OP
associated with C. demersum changed little in the third, fourth, and fifth weeks. This
difference might indicate the slow mineralization of microorganisms during the growth
period of submerged macrophytes [62]. Similarly, the variation in OP with P. crispus
over time suggested that the mineralization rate differed because of differences in the
rhizosphere oxygen secretion capacity of the two species, as discussed above. For the sixth
week, the increase in OP might be ascribed to the abscission of linear leaves of C. demersum
as the decomposition of plant residues increases the proportion of OP [6].

In this particular investigation, both P. crispus and C. demersum had notable impacts on
the STP and its corresponding portions (Figure 4). In the third week, the STP content was
greater in the 0.2-0 group for P. crispus than in the 2-0 group for C. demersum (Figure 4a,c).
Considering the distribution of phosphorus in the overlying water, plants, and sediment,
the phosphorus added in this study had three destinations: it could remain in the overlying
water, be adsorbed into and or be absorbed by plants, or settle on the sediments. Therefore,
the lower STP observed in the 2-0 group for P. crispus suggests that more phosphorus
remained in the overlying water (Figure 2a,b) and was taken up by plants (Figure 3a). The
differences in STP may further indicate that the two plant species had different effects on
the phosphorus cycle.

With time, the STP of P. crispus decreased (Figure 4a), while the TAP of P. crispus
slightly increased (Figure 3a), except for the 2-100 group. Moreover, except for those in the
2-100 group, the TP and SRP in the overlying water varied very little. This may indicate
that, in these treatments, the P. crispus plants absorbed and utilized phosphorus from
the sediment. In the 2-100 group, the TP and SRP decreased with time (Figure 2a,b). A
greater STP was found in these groups than in the other groups. This can be ascribed to the
coprecipitation of carbonate and phosphorus, as mentioned above.

Overall, when exogenous phosphorus and calcium enter the responses in STP and
its composition with P. crispus to the addition of phosphorus and calcium in water differ
from those of C. demersum. Generally, C. demersum plants are more inclined to use inorganic
phosphorus in overlying water due to their undeveloped roots, while P. crispus can simul-
taneously use phosphorus in the overlying water and sediments. This difference might
lead to differences in the effects of exogenous phosphorus on the phosphorus fractions in
sediments containing different submerged species.

During the experiment, the concentrations of TP and SRP in water overlying the two
plant species decreased significantly, and the reduction increased after the addition of
calcium ions. The decreases in TP and SRP in water overlying C. demersum were greater
than those in water overlying P. crispus. Compared with C. demersum, P. crispus was more
strongly enriched in phosphorus during the experiment. The Ca-P concentration in the
ash phosphorus of P. crispus gradually increased over time, reaching its peak in the high-
phosphorus and high-calcium groups (2-100). Because of their different abilities to induce
carbonate and phosphorus coprecipitation, the two submerged species exhibited different
responses to phosphorus and calcium addition. Furthermore, due to differences in root
development, P. crispus and C. demersum had distinct effects on sediment phosphorus
fractions. These findings suggest that, when submerged vegetation is introduced to reduce
and stabilize the phosphorus levels in shallow lakes, plant interspecific differences in
induced calcium and phosphorus coprecipitation on water and phosphorus cycling must
be fully assessed.
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5. Conclusions

(1) During the experiment, the decrease in TP and SRP in overlying water with C. de-
mersum was higher than that with P. crispus. And, this reduction increased after the
addition of calcium ions.

(2) Compared with C. demersum, P. crispus enriched more phosphorus during the experiment
because of its higher abilities to induce carbonate and phosphorus coprecipitation.

(3) When exogenous phosphorus and calcium are added, two submerged species show
differentiated responses and effects on sediment phosphorus fractions.
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