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Abstract

Three submerged macrophytes, Hydrilla verticillata, Vallisneria natans, and Potamogeton crispus, were planted in winter
and spring to investigate the environmental mechanism of phosphorus transformation during submerged macrophyte
growth periods. The experimental buckets each contained 4,832.80 g of dry sediment (depth: 10 cm) and 100 L water. The
phosphorus (P) fractions in the water and sediment were investigated along with the environmental factors, including
pH, dissolved oxygen (DO), and redox potential (ORP). The concentrations of the different forms of P in the water and
sediment were lower in the submerged macrophyte groups. Submerged macrophyte uptake was the primary reason for
the decrease in P in the water and sediment. At the end of the experiment, the total amounts of phosphorus accumulated
by H. verticillata, V. natans, and P. crispus were 156.05 g, 282.24 g, and 115.84 g, respectively, and the three submerged
macrophytes enriched P by 4.18%, 7.56%, and 3.10%. The levels of the environmental factors pH, DO, and ORP were
higher in the submerged macrophyte groups than the control groups. The environmental factors had different effects
on the different forms of P during growth of the submerged macrophytes. H. verticillata primarily acted on the soluble
reactive phosphorus (SRP) through environmental factors, while P. crispus acted on the dissolved total phosphorous,
SRP, dissolved organic phosphorus, and particulate phosphorous through these factors. V. natans had a weak impact on
P content in the water through the environmental factors. Hence, the transformation of P between the sediment and
water was affected by environmental factors. Overall, the results of this study reveal the effects of environmental factors
under submerged macrophyte growth on water purification as well as the migration and transformation of P in the sedi-
ment and on the surface and provide a theoretical basis for the ecological restoration of eutrophicated shallow lakes.
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1 Introduction

Lake eutrophication is a serious problem that is largely
caused by human modifications to the natural biogeo-
chemical cycles of nitrogen and phosphorus (P). P is a
primary cause of eutrophication because it amplifies
positive feedback in eutrophication [1]. One of the most
important factors influencing the P concentration of
overlying water is the release of P from sediment, which
may have a significant impact on water quality and result
in continuing eutrophication[2]. P in overlying water
may also be absorbed by sediment and accumulate on
the bottom of lakes. Therefore, the factors that affect P
transformation, bioavailability, and exchange between
sediment and overlying water have been studied exten-
sively. These factors have been identified as water tem-
perature, water pH, oxidation-redox potential (ORP),
dissolved oxygen (DO), and hydrological conditions [3].

Submerged macrophytes play an important role in
P cycling, especially in shallow lakes, and have there-
fore attracted the interest of many researchers [4]. Vari-
ous environmental factors, including pH, ORP, DO, and
hydrological conditions, are influenced by the growth of
submerged macrophytes and the mechanisms through
which submerged macrophytes can act as P regulators in
water have attracted considerable attention. It is gener-
ally accepted that submerged macrophytes reduce the
concentration of P in the overlying water, primarily by
the uptake of P from the water [5]. However, a recent
mass balance study found that the total amount of P
absorbed by submerged macrophytes was lower than
the total decrease in P in the water, suggesting that the
remaining P went into the sediment[6, 7]. P that has
been absorbed by sediment may be influenced by envi-
ronmental factors in submerged macrophyte-dominated
aquatic systems [8]. Thus, an understanding of the rela-
tionship between environmental factors and P transfor-
mation between the sediment and water is necessary
to study the influence of submerged macrophytes in
aquatic systems.

However, not all P fractions can transfer between
sediment and water. P remobilization from sediment
is likely controlled by speciation, and it is important
to know which portion of the stock can be mobilized
[9]. Chemical extraction can be used to divide the P in
sediment into different fractions [10], including labile,
reductant, metal bound, occluded, and organic P. Moreo-
ver, in terms of the potential bioavailability, metal oxide-
bound P, and calcium-bound P, the contents of differ-
ent P fractions are useful for evaluating the potential P
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bioavailability in sediment. P in water can be divided
into particulate phosphorous (PP) and dissolved total
phosphorous (DTP). DTP can be sub-divided into dis-
solved organic phosphorus (DOP) and soluble reactive
phosphorus (SRP). Although the phosphate absorption-
release characteristics of sediment from shallow lakes
have been extensively studied over the past 30 years,
the majority of these studies were based on water-sedi-
ment systems [11]. Moreover, sediment was typically
collected from lakes and delivered to the laboratory in
these studies, after which environmental factors were
controlled using chemical methods. Accordingly, many
investigations have only investigated the influence of
one environmental factor on P transformation, resulting
in overemphasis of the effects of individual environmen-
tal factors [12]. However, P transformation is affected by
a variety of factors, including pH, ORP, temperature, and
hydrological conditions. In addition, while the results of
these studies were based on water-sediment systems,
many lake systems are water-macrophyte-sediment
systems. Thus, these simulated laboratory results lack
instructional and practical meaning.

The present study was performed under controlled,
static conditions, with single species of macrophytes.
Therefore, while the indoor experiment could imitate the
condition of the field experiment, owing to the relatively
tiny simulation system, many elements were difficult to
regulate, resulting in fluctuations in many indicators of the
water body. This should be connected to the lesser buffer
capacity of the indoor simulation system.

In this study, a water-submerged macrophyte-sediment
system was constructed and the P fractions and environ-
mental factors were investigated during the submerged
aquatic vegetation growth period to evaluate how P trans-
formation precedes in a submerged macrophyte-domi-
nated water environment. The specific aims of this study
were as follows: (1) to evaluate which forms of P in water
are affected by environmental factors under the growth
of submerged macrophytes; (2) to study the relationship
between environmental factors and P transformation; and
(3) to evaluate the phosphorus enrichment ability of dif-
ferent submerged macrophytes.

2 Materials and methods
2.1 Seasonal experiments: sediment

Samples from the top 20 cm of the surface sediments were
collected from the heavily polluted Linyi University Lake
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in Linyi, China (35°07'06.27"N, 118°16'54.39"E). The pollut-
ants in the lake mainly come from the domestic sewage
of the surrounding shops, and there were a few large sub-
merged macrophytes in the water, such as P. crispus. This
lake, which has a water surface area of 0.07 km? has TP and
TN concentrations of 0.74 and 38.92 mg L™, respectively.
The samples were collected using a core sampler that
contained a Plexiglas cylinder tube (50 cm length X 10 cm
diameter) in July 2020. Sediment samples were taken to
the laboratory in sealed plastic bags on ice. Upon arrival
at the laboratory, the samples were freeze-dried, passed
through a 0.5 cm sieve to remove coarse debris, then
mixed. The sand, slit, and clay of sediment were 9.71%,
79.49%, and 10.80%.

The homogenized sediment was added to high-density
polyethylene 15 buckets (top diameter=55 cm, bottom
diameter=45 cm, height=75 cm). Each polyethylene
bucket contained 4,832.80 g of dry sediment with a depth
of 10 cm. A total of 100 L of deionized water was slowly
added to the buckets, after which the sediments were
allowed to equilibrate for one month, at which time sam-
ples were collected.

2.2 Submerged macrophyte materials

Potamogeton crispus germinates in autumn and grows
during the winter and dies in the summer. Hydrilla verticil-
lata and Vallisneria natans germinate in spring and grow
during the summer and die in the autumn. So P. crispus
was planted at the beginning of winter and H. verticillata
and V. natans were planted in spring. The winter micro-
cosm experiment was conducted from December 10, 2020
until April 29, 2021. Plant propagules of the submerged
macrophyte, P. crispus, were collected from the Yi River in
Linyi, China (35°05'N, 118°19E) in May 2020. The prop-
agules were stored in a laboratory incubator away from
light until use. All of the plant propagules were centrifuged
for approximately 15 s, then brushed carefully to remove
adherent water and materials. Similarly, plant propagules
were selected to determine the initial fresh weight (aver-
age fresh weight 251.63 g m™2). After weighing, plant
propagules were assigned at random to plants in three
buckets that contained sediment, with 60 propagules
planted in each bucket (treatment condition). Addition-
ally, three buckets were left unplanted as controls. All
buckets received ambient greenhouse daylight and were
kept at ambient temperature (Fig. 1). Water temperature
did not differ by more than 2 °C among buckets. Losses in
culture volume due to evapotranspiration were countered
by the addition of deionized water to the original level
every month.

The spring microcosm experiment was conducted
from April 25, 2021 to September 12, 2021. The

submerged macrophytes, H. verticillata and V. natans,
were collected from the Yi River. The collected H. ver-
ticillata and V. natans had been cultured for more than
one year. In this experiment, similar cultured submerged
macrophyte apical shoots (30 cm long) were selected to
determine the initial fresh weight. All of the submerged
macrophytes were brushed carefully to remove adher-
ent water and materials. After weighing, the plants were
randomly assigned to buckets that contained sediments
with 37 H. verticillata (average fresh weight 188.73 g m™2)
and 17 V. natans (average fresh weight 188.73 g m™2) per
bucket. H. verticillata and V. natans have different quali-
ties. To ensure the same biomass in the experimental
group, H. verticillata and V. natans were planted in dif-
ferent numbers. H. verticillata and V. natans were planted
in separate buckets. They planted in the sediment. Addi-
tionally, three buckets were prepared for each treatment
and control (Fig. 1b).

All other procedures were conducted in the same man-
ner as for the winter experiment.

2.3 Sampling and analysis

Water samples were collected from 0.25 m below the
surface on days 1, 20, 40, 60, 80, 100, 120, and 140 dur-
ing the winter and spring experiments. One sample per
bucket. Water samples (50 mL) were collected from the
surfaces of the buckets and kept at 0-4 °C for analysis
within 24 h, after which an appropriate amount of deion-
ized water was added to compensate for the loss of water
and evaporation.

Sediment samples were collected using a hand-driven
polyethylene corer (patent number: ZL201420135437.1),
sealed in plastic bags and immediately taken to the labo-
ratory. One sample per bucket. Upon arrival in the labo-
ratory, samples were put on ice, freeze-dried, and sieved
(<2 mm). Sediment samples (depth 10 cm, approximately
10 g) were collected from near the plant roots. All sam-
ples were kept at 0 °C-4 °C until analysis. The water total
phosphorous (TP), particulate phosphorous (PP), dissolved
total phosphorous (DTP), dissolved organic phosphorus
(DOP), and soluble reactive phosphorus (SRP) in the water
samples were determined using the molybdenum blue
spectrophotometric method after filtration through a
0.45 um cellulose acetate membrane. The TP subtracted
from the DTP was defined as the sum of the PP fraction,
while the DTP minus the SRP was defined as the sum of
the DOP fraction. The detection limit for the SRP and DTP
concentrations in the overlying water was 1 ug L™". A con-
tinuous flow analyzer (FLOWSYS I, Systea, Italy) was used
to determine the P concentrations. All materials used for
these analyses were purchased from the Shanghai N&D Co.
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Fig. 1 Average water temperature and light intensity (a) of the experimental greenhouse and the graphic of the experimental design(b)

Ltd. (China). Triplicates of all the samples were analyzed,
and the data were expressed as the means.

The water level was monitored to maintain the quantity
after sampling and supplementation. The following equa-
tion was used to calculate the P concentration.

c C xV
- 1
TV Iy, M

where C,, is the actual P concentration at the nth sampling
time; Vis the volume of the overlying water; and V,, is the
volume of the deionized water added at the nth sampling
time.

The sediment P fractionation of the TP, extraction of
P with NaOH(NaOH-P), extraction of P with HCI(HCI-P),
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inorganic phosphorus (IP), and organic phosphorus (OP)
was conducted based on the standards measurements
and testing protocol, which consisted of three extrac-
tion procedures applied to 0.2 g aliquots of the sediment
samples [13]. The TP in the microcosms minus the TP in
water and sediment was defined as the sum of the TP in
the macrophyte.

2.4 Environmental factors and submerged
macrophyte biomass

The pH, (PHSJ-4A, Lei-ci, Shanghai, China), ORP (Lei-ci), and
DO (YSI 5750, USA) in the overlying water were measured
at 10:00 am prior to sampling using probes placed 0.25 m
below the water surface.
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The biomass could not be measured directly dur-
ing the experiment; therefore, it was calculated using
a model and data obtained in another experiment in
which H. verticillata and P. crispus were grown under
the same conditions as in this study(with similar light
and temperature conditions). This is a limitation of this
study. There is a certain deviation between the biomass
calculated by the model and the actual biomass, but
the error is within the acceptable range in the previous
study [14]. We compared the modeled biomass at the
end of the experiment with the measured biomass at
the end of the experiment. The error between modeled
biomass and the measured biomass of H. verticillata, V.
natans and P. crispus were 6.23%, 5.21%, 6.14%.

The measured length included branches of the sub-
merged macrophytes. The biomasses (W) of H. verticil-
lata and P. crispus were then obtained using a single
linear regression model (model 2):

W =aX+b, (2)

where W is the biomass of the submerged macrophyte; X
is the length of the submerged macrophyte; and a and b
are constants. The biomasses of H. verticillata and P. crispus
can be represented by:

Wi, erticiiata = 0-0198X + 0.5479R? = 0.86P < 0.05,  (3)

Wp ciopus = 0.0487X — 11699 R* =076 P <0.05. (4)

When compared to H. verticillata and P. crispus, the
canopy of V. natans differs in that leaves arise in clusters
from their roots. Thus, the biomass (W/qg), leaf length
(X,/cm), and width (X,/cm) of V. natans were recorded.
The biomass (W) of V. natans was obtained using a
binary linear equation regression model (model 5):

W=aX,+bX,+c (5)

where W is the biomass of the submerged macrophyte
V. natans; X, is the length of the submerged macrophyte
leaves; X, is the width of the submerged macrophyte
leaves; and a, b, and c are constants. The biomass for V.
natans can be represented by:

Wy 1atans = 0.0230X; + 0.2029 X, — 0.2576 R? = 0.76vP < 0.05.
(6)
Following incubation, the plants were dried at 70 °C
until they achieved a constant weight. The relative
growth rate (RGR) was then calculated as the ratio of
the difference between the dry weight at the end of
incubation and that at the beginning of the experiment
using Eq. 7.

RGR = (Wtend_ Wtbeginning)/Wtbeginning' (7)

where Wt,, 4 is the dry weight at the end of incubation
and Wty,eginning is the dry weight at the beginning of the
experiment.

2.5 Data analysis

In this study, the results are presented as an average of trip-
licates, and the significance of treatment effects was deter-
mined at a probability level of 0.05. Each sample was meas-
ured three times to get the average value after three samples
were gathered from each experimental group. To guarantee
the correctness of the data, the continuous flow analyzer sets
three repeated measurements, and the results used are the
average of the three measurement results. In addition, SPSS
16.0 was used to determine the Pearson correlation coeffi-
cients among different physical and chemical indicators. Prin-
cipal component analysis of the environmental factors was
also conducted. In addition, Z-score standardization of data
and one-way analysis of variance (ANOVA) were performed.

3 Results
3.1 The RGR of submerged macrophytes

In the winter experiment, P. crispus grew relatively rap-
idly with an RGR of 4.67. During the spring experiment, V.
natans had the highest RGR (10.75), while that of H. verticil-
lata was lowest (0.68).

The biomasses of H. verticillata, V. natans, and P. crispus
reached their maximum values on day 140 of the experi-
ment (705.16+15.21 g, 994.53+20.45 g,and 354.34+8.01 g,
respectively, means £ SD). The rapid growth periods for H.
verticillata and V. natans were days 20-60 and 20-80, respec-
tively, while days 40-80 were the rapid growth period for
P. crispus (Fig. 2). At the end of the experiment, the total P
accumulated by H. verticillata, V. natans, and P. crispus was
156.05 mg, 282.24 mg, and 115.84 mg, respectively.

This study compared and analyzed the growth status
of H. verticillata, V. natans, and P. crispus to compare and
analyze the growth rates of plants growing in warm sea-
sons and cold seasons. It was discovered that P. crispus can
grow quickly and has a significant growth rate when the
temperature rises in spring.

3.2 P concentration of water
3.2.1 Spring experiment

During the experimental period, P in the overlying water
of the different experimental seasons exhibited different
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Fig.2 Biomass of H. verticillata, V. natans, and P. crispus. The results are the mean + standard deviation

regulations. In the spring microcosm experiment, the
TP, DTP, PP, and DOP in the control group reached maxi-
mum values of 0.24+0.01, 0.09+0.01, 0.18+0.01, and
0.07+£0.00 mg L™, respectively, during days 0-40, then
gradually fell to 0.09+0.01, 0.03+0.00, 0.09+0.01, and
0.02+0.00 mg L during days 40-140 (Fig. 3a, b, ¢, d and
e).
The P concentration was low in the treatment groups.
In the V. natans group, TP and PP exhibited an increase
during the early growth stages (first 40 days), whereas DTP,
SRP, and DOP exhibited a decrease in the same period.
Thus, the increased amount of TP in the microcosm water
was primarily affected by PP. A gradual decline in TP and
PP from 0.18 +£0.02 t0 0.07 +0.01 mg L™" and 0.16+0.02to
0.03+0.00 mg L™, respectively, occurred during days
40-80. The DTP remained stable (0.02-0.03 mg L™") dur-
ing days 0-60, increased to 0.04 +0.00 mg L™' on day 80
and then decreased to 0.01+0.00 mg L™' on day 140.
The SRP exhibited a downward trend, decreasing to
0.0051+0.0011 mg L™ by the end of the experiment.
The DOP maintained relatively stable levels during the
experiment.

In the H. verticillata group, the change in TP concentra-
tion was different than in the V. natans group. The TP exhib-
ited a downward trend, decreased to 0.01+0.00 mg L™
during days 0-40 and then increased during days 60-100.
At the end of the experiment, the concentration of TP
in the water was 0.11+0.01 mg L™". The DTP decreased
t0 0.02+0.00 mg L™" at the end of the experiment. The
changes in the SRP were similar to those in the TP. Specifi-
cally, the SRP decreased to 0.0020+0.0001 mg L™ during
days 0-40, then increased during days 60-100. At the end
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of the experiment, the concentration of SRP in the water
was 0.0062+0.0012 mg L™". The PP increased during the
experimental period, with a sharp increase occurring after
day 60. The concentration of PP was 0.09+0.01 mg L' at
the end of the experiment. The change in the DOP con-
centration in the H. verticillata group was similar to that in
the V. natans group and remained relatively stable during
the experiment.

A one-way ANOVA (1-140 day)revealed that the con-
centrations of TP, SRP, PP, and DOP were significantly lower
in the H. verticillata group than the control group (Table 1).
However, the DTP did not differ significantly between the
H. verticillata and the control group. The SRP and DOP were
significantly lower in the V. natans group, while the TP, DTP,
and PP exhibited no significant difference between the V.
natans and the control group. The SRP and DOP in all of
the treatment groups differed significantly from those of
the control (SRP F=14.60, P=0.00; DOP F=5.77, P=0.01).

3.2.2 Winter experiment

In the winter microcosm experiment, the TP, DTP, SRP, and
DOP in the control group reached maximum values of
0.21+0.01,0.18+0.01,0.10£0.01 and 0.08+0.01 mg-L™",
respectively, during days 0-100, then gradually fell to
0.14+0.01,0.10+0.01, 0.09+0.01, and 0.02+0.00 mg L™
during days 100-140. The PP exhibited a downward trend
and decreased to 0.03+0.00 mg-L™" by the end of the
experiment (Fig. 3f, g, h,iand j).

The opposite situation occurred in the P, crispus group,
with the concentration of TP decreasing sharply from
the beginning of the experiment to a minimum value of
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Table 1 One-way ANOVA of P concentrations in overlying water in different treatment groups of the experiment time (mean+SD, n=24)

P species  Spring experiment Winter experiment

H. verticillata V. natans Control F P P. crispus Control F P
TP 0.0661+0.0445b 0.0941+0.0483ab 0.1375+0.0728a  2.83 0.09 0.0538+0.0267b 0.1513+0.0368a 36.78 0.00
DTP 0.0217+0.0071a  0.0249+0.0071a  0.0392+0.0303a 1.79 0.19 0.0287+0.0111b 0.0952+0.0554a 11.07 0.00
SRP 0.0061+0.0028b 0.0071+£0.0018b  0.0175+0.0068a 14.60 0.00 0.0067+0.003b  0.058+0.0376a 14.81 0.00
PP 0.0443+0.0466b 0.0692+0.0506ab 0.1018+0.0533a  2.30 0.13 0.0257+0.027b  0.0561+0.0222a  6.04 0.03
DOP 0.0142+0.0073b  0.0164+0.007b 0.0357+0.0202a 577 0.01 0.022+0.0117a 0.0372+0.0223a 292 0.11

Different letters indicate significant differences among treatments (P <0.05)

0.02+0.00 mg L™ on day 60. The TP gradually increased
to 0.08 £0.04 mg L™" during days 60-140. The DTP and
DOP remained stable in the first 60 days of the experi-
ment, increased to peak levels (DTP 0.05+0.01 mg L’
and DOP 0.04+£0.01 mg L on day 100, then gradually
decreased. The PP decreased sharply from days 0-60 (PP
0.01+0.00 mg L' on day 60), then remained stable from
days 60-140.

A one-way ANOVA (Table 1) indicated the TP, DTP, SRP,
and PP were significantly lower in the P. crispus group than
the control group. The DOP did not differ significantly
between the P. crispus and the control group. This has a
direct connection to the experiment’s later decomposition
and release of some phosphorus from P. crispus’s bottom
leaves.

3.3 P concentration in sediment

The concentrations of the different P fractions are pre-
sented in Fig. 4. In the spring microcosm experiment, the
TP, NaOH-P, HCI-P, IP, and OP were reduced in the treatment
groups during the experimental period. Similar results
were observed in the winter microcosm experiment.

In the spring microcosm experiment, the TP was sig-
nificantly lower in both the H. verticillata and V. natans
groups. At the end of the experiment, the TP varied
greatly between the three treatment groups, ranging from
713.25 mg kg™ (H. verticillata group) to 773.92 mg kg™’
(control group) in the following order: control group > V.
natans group > H. verticillata group. The NaOH-P was sig-
nificantly decreased in the V. natans group, but there was
no significant difference between the H. verticillata and
the control group. Compared to the control groups, the
HCI-P was lower in the submerged macrophyte treatment
groups, but there was no significant difference among
treatment groups. The IP and OP were similar to the HCI-P
and were lower in the submerged macrophyte treatment
groups, but not significantly different among treatment
groups(Fig. 4a, b, c,d and e).
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In the winter microcosm experiment, nearly all of the P
fractions showed no significant differences between the P,
crispus and the control groups throughout the experimen-
tal period. The IP was significantly reduced in the P. crispus
group. Overall, the P fractions in sediment from different
treatment groups occurred in the following order: IP > OP,
HCI-P > NaOH-P (Fig. 4f, g, h, i and j). The winter and spring
experiments indicated that the submerged macrophytes
greatly reduced the NaOH-P and IP in the sediment.

3.4 Water environmental factors

In the spring and winter microcosm experiments, the DO
and ORP were significant higher (P<0.05) in the treat-
ment groups than the control during the experimental
period (Fig. 5a, b and c). There was no significant differ-
ence in pH between the treatment and control groups in
the spring microcosm experiment. However, the pH was
significantly increased (P <0.05) in the treatment groups
during the winter microcosm experiment (Fig. 5d, e and f).
The DO, pH, and ORP showed upward trends in the treat-
ment groups; however, the DO, pH, and ORP of the control
groups slowly rose or remained steady.

3.5 Phosphorus distribution

During the growth of submerged macrophytes, P in the
sediment and overlying water accumulates in the plant.
Therefore, the distribution ratios of P in the water and
sediment in these experiments changed from the origi-
nal sediment-water two-phase to the submerged mac-
rophyte-sediment-water three phase. At the end of the
experiment, the percentages of P in the three groups were
as follows: H. verticillata, water 0.26%, submerged mac-
rophytes 4.18%, and sediment 95.56%; V. natans, water
0.16%, submerged macrophytes 7.56%, and sediment
92.28%; and P. crispus, water 0.21%, submerged macro-
phytes 3.10%, and sediment 96.69% (Fig. 6).
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Fig.5 Changes in environmen-
tal factors of water during the
study period. The results are
the mean +standard deviation.
Y axes have different scales
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3.6 Relationship between environmental factors
and various forms of phosphorus based
on principal component analysis

To study the relationship between environmental fac-
tors and different forms of P in water, the environmen-
tal factors of the treatment group were analyzed using
principal component analysis. One environmental factor
(E) was extracted from each plant treatment group, and
the eigenvectors were determined (Table 2). E represents
the combined effect of the environmental factors, pH,
DO, and ORP.
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Time (d)

—B— P crispus —e— control

E4verticitiata = Principal component of the environmen-
tal factors in the H. verticillata group; E,, ,5:ans = Principal
component of the environmental factors in the V. natans
group; Ep ¢ispys = Principal component of the environmen-
tal factors in the P. crispus group.

Therefore, the relationship between the principal com-
ponents of the environmental factors and each index can
be expressed as follows:

Bt verticitlata = 0-59Zpy + 0.58Zpg + 0.57Zqgp (8)



SN Applied Sciences (2023) 5:111

| https://doi.org/10.1007/542452-023-05334-7

Research Article

[ vater Cd plant [ sediment
_011%  0.09%  0.03%  0.11%
100 0.25% 0.35% 0.29% 0.26%
= | | 2207

1.32%

2.41%

3.07%
3.36%

©
o
1

0,
3.78% 3.97% 4.18%

99.89% )

98.59% I

97.55% |

H.Verticillata
Percentage of total phosphorus (%)

96 96.81%
96.39%
95.87%
o | 95.74%| [ o5 560
T T T T T T T T
100 = pLl%  018% 026% (109 _ 0.36% _ 018% _ 0.16%
0.49%
. 0.84% -
Q\o 99
N
é 98 3.51%
£ o971 5.88% ) 6.02%
g Z 040% |1 6 4905 .
8 o 7.56%
= = 96
S a
L= 954[9989%
~ 2 98.98%
8
SG—= 94
5 9
o 96.00% [
&0 93
£
0
5 021 9386% | o3 4190 | [ g5 1605 | |240%
5 92.28%
A 91+
90 T T T T T T T T
100 - 016% _ 007% __0.05% _ 010%  0.15%
025% [ Foerr 0.18% [ ] 021%
-22% | | 0.57%
1.24%
1.43%
99
3 230%
B 2.79%
N 3.10%
© 98
R

99.75% | |99.62%
99.36%

)
O812% | 98 479,

97.55%

96 97.04%
96.69%

Percentage of total phosphorus (%)

95 T T T T T T T T
1 20 40 60 80 100 120 140

Time (d)

Fig.6 Percentage of phosphorus in sediment-submerged macro-
phytes water. The Y axes are cut off and do not start at zero

Table 2 Principal component eigenvectors of the environmental
factors of the three treatment groups

Index EH.VerticiIIata E\A natans EP. crispus
pH 0.59 0.50 0.60
DO 0.58 0.66 0.53
ORP 0.57 0.57 0.61

EV.HGI‘GI"IS = O'SOZPH + 0'66ZDO + 0'57ZORP, (9)

Ep. crispus = 0.60Zp + 0.53Zp5 + 0.61Zgp, (10)

where Z,, Zpo, and Zogp are the pH, DO, and ORP after
Z-score standardization, respectively.

Correlation analysis showed that the principal com-
ponent, E, of the environmental factors was significantly
negatively correlated with the different sediment P, sedi-
ment P percentage, and water SRP in the H. verticillata
and P. crispus groups (Table 3). The correlation coefficients
between E and the different forms of P in the water and
sediment were low in the V. natans group. Correlation
analysis showed that the environmental factors had an
important impact on the content of P in the water and
sediments, as well as on the distribution of P between the
sediments and water. Therefore, the environmental factors
influenced the transformation of P between the water and
sediments in the H. verticillata and P. crispus groups. The
environmental factors in the V. natans group had no sig-
nificant effect on P content and P transformation, possibly
because of the higher biomass of V. natans or the crown
morphology of the plants.

Correlation analysis showed that the environmental
factors had different effects on different forms of P dur-
ing the growth of submerged macrophytes. H. verticillata
primarily acted on the SRP through environmental factors,
while P, crispus acted on the DTP, SRP, DOP, and PP through
these factors. V. natans had a weak impact on the water P
content due to environmental factors.

4 Discussion

4.1 Effects of submerged macrophytes
on phosphorus concentration in water
and sediment

In the spring experiment, H. verticillata and V. natans
entered a vigorous growth period after day 20 of the
experiment, while P. crispus entered a vigorous growth
period after day 40 in the winter experiment. This experi-
mental system was a relatively closed environment that
did not receive exogenous P, which is an important rea-
son explaining why submerged macrophytes reduced the
concentration of various forms of P in the overlying water.
Uptake by submerged macrophytes was the primary rea-
son for the decrease in P in the water and sediment in the
vegetated macrocosms. Although plant uptake played a
significant role in the removal of P, it did not account for all
of the P loss from the system. At the end of the submerged
macrophyte growth period, the biomass changed slightly,
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Table 3 Pearson correlation coefficients among different physical and chemical indicators and principal components of environmental fac-

tors, E
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# p<=0.05 ** p<=0.01

E=principal component of environmental factors; Water TP =total P in water; Sediment TP =total P in sediment; water% =mass percentage
of P in water of the experimental system; plant% =mass percentage of P in plants of the experimental system; sediment% =mass percent-
age of P in the sediment of the experimental system

but the P concentration in the overlaying water remained
low, indicating the possibility of biochemical and physico-
chemical processes functioning in the system.

Among the effects of submerged macrophytes on the

sediment IP, the effect on NaOH-P was greater than that
on HCI-P. This result was primarily related to the binding
properties of sediment P. NaOH-P is P combined with
iron, aluminum oxides, or hydroxides, which are prone
to reduction in sediments. This portion of P is gener-
ally considered to be easily released and utilizable by
organisms [15]. Nearly all of the root growth of the sub-
merged macrophytes occurred in the sediments. During
root growth, oxygen transport in roots increases the dis-
solved oxygen around the roots. This causes changes in
the environmental factors around the roots (e.g., pH and
ORP), which causes oxidization of the sediments around
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the roots. Hence, a change in environmental factors will
inevitably affect the release of NaOH-P in sediments [16].
Studies have shown that a higher ORP and lower pH can
promote the release of NaOH-P [171]. In this study, the sedi-
ment pH of the submerged macrophyte group showed a
downward trend, while the ORP showed an upward trend.
Hence, NaOH-P can be released in large quantities from
sediments and used by submerged macrophytes.

HCI-P primarily refers to the existing form of sedimen-
tary P related to P containing minerals, such as authigenic
apatite, sedimentary calcium carbonate, and the biological
skeleton, which primarily originate from the deposition
of biological particles and fluorapatites formed by early
diagenesis [18]. Although this is a relatively stable form of
P in sediments, HCI-P can also be released from sediment
when the pH is low. Under the experimental conditions,
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the pH in the overlying water was alkaline, while the pH
in the sediment was maintained at a neutral level. Hence,
there was no obvious fluctuation in HCI-P in the sediment.
[71.

OP includes a refractory organophosphorus fraction
composed of terrestrial emissions and a degradable organ-
ophosphorus fraction composed of dead aquatic residues.
The OP in lake sediments has partial activity, but its struc-
ture is relatively stable. As a result, plant utilization is rela-
tively difficult and the release rate of OP is small [19]. This
may be one of the primary reasons for the small change in
OP during the experiment. Most sediment OP appears in
the form of phosphate esters (including inositol hexaphos-
phate), phospholipids, nucleic acids, phosphoproteins,
phosphosaccharides, and some unknown compounds.
Inositol hexaphosphate is an important form of organic P
in sediments that is effectively mineralized into inorganic P
during aerobic degradation, and its mineralization degree
and rate are closely related to redox conditions [20].

Previous investigations of factors that affect the release
of P from the sediment have revealed that they include
temperature, pH, ORP, and DO [21].

Submerged macrophytes can absorb P in the overlying
water and sediments through the stems, leaves, and roots
to synthesize proteins, nucleic acids, and enzymes [22].
Therefore, plants will accumulate a large amount of P in
their biomass during growth [23]. Following the experi-
ment’s conclusion, the amount of phosphorus in water
and sediment decreased; therefore, using the total phos-
phorus balance, the amount of phosphorus accumulated
by plants can be calculated. At the end of the experiment,
the total amounts of P accumulated by H. verticillata, V.
natans, and P. crispus were 156.05 g, 282.24g,and 115.84 g,
respectively. Overall, these findings indicate submerged
macrophytes accumulate P from sediments and the over-
lying water, reducing the total amount of P involved in
the exchange between sediments and water. This subse-
quently affects P transformation between sediments and
water.

Performing an indoor experiment enabled analysis of
the effects of the growth of submerged macrophytes on
the transformation of P between the sediment and water.
Although the study showed that the transformation of P
was closely related to environmental factors, the interac-
tion of the environmental factors had complex effects on
the migration and transformation of P in the water. Hence,
the micro mechanisms of these relationships require fur-
ther investigation. Because of the complex environmental
conditions and numerous influencing factors, it is impos-
sible to observe the P transformation process at the micro
level. Therefore, more detailed experiments are required
to observe the process of P migration and transformation.

4.2 Effects of environmental factors on phosphorus
transformation

The release of endogenous P is affected by water environ-
mental conditions, such as temperature, DO, ORP, pH, and
disturbance [24]. Large aquatic botanical species, espe-
cially submerged macrophytes, have important impacts
on water environmental conditions [25]. Under the experi-
mental conditions, the DO, pH, and ORP of the overlying
water in the submerged macrophyte groups were higher
than those in the control group in both the winter and
spring experiments. A higher DO, pH, and ORP in water
can inhibit the release of P in sediments, while each index
has different effects on P migration [26].

The pH of the overlying water was alkaline during the
submerged macrophyte growth period. This experiment
showed that, when submerged macrophytes are pre-
sent, an increase in pH caused by their growth led to a
decrease in sediment P, which should be closely related
to an increase in DO and ORP in the overlying water dur-
ing the growth of submerged macrophytes. These results
showed that an increase in DO and the ORP can effec-
tively inhibit the release of P in sediments [27]. Therefore,
increasing pH did not lead to increased P concentrations
in the overlying water owing to the combined action of
different environmental factors during the growth of sub-
merged macrophytes [28].

The growth of submerged macrophytes also changes
the environment around plant roots, thereby affect-
ing the rate of diffusion of interstitial water to overlying
water. Submerged macrophytes with developed roots
can reduce the difference in the concentration of the P
content between the interstitial water and the overlying
water through absorption of P in the interstitial water by
roots, which affects the rate of diffusion of interstitial water
to overlying water [29]. This is one of the primary ways
that submerged macrophytes with developed roots influ-
ence P content in overlying water. Although submerged
macrophytes with degenerated roots can absorb P in inter-
stitial water to some extent, the amount of absorption is
relatively small; therefore, it has little effect on the rate of
diffusion from the interstitial water to the overlying water.
Accordingly, submerged macrophytes with degenerated
roots primarily affect the levels of various forms of P in
overlying water through absorption by stems and leaves.

Changes in environmental factors also have impor-
tant effects on the migration and transformation of dif-
ferent forms of P in sediments [30]. The NaOH-P repre-
sents P bound to metal oxides (primarily Al and Fe) that is
exchangeable with OH™ and other inorganic P compounds
that are soluble in base [31]. In the present study, the
NaOH-P decreased significantly in the treatment groups
during the experimental period, likely in response to an
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increase in the pH induced by the submerged macro-
phytes. The majority of the sediment IP in the studied sam-
ples was NaOH-P, and the concentration of NaOH-P in the
treatment groups was significantly reduced compared to
the control group. Taken together, these findings indicated
that the uptake of P by the submerged macrophytes was
important to this process. HCI-P represents the P fraction
that is sensitive to low pH and assumed to primarily con-
sist of apatite P (natural and detritus), including P bound
to carbonates and traces of hydrolysable organic P. This
P fraction is deemed a relatively stable fraction of IP in
sediment [32]. Therefore, the concentration of HCI-P did
not differ significantly between the treatment and control
groups. NaOH-P and HCI-P comprised the primary P frac-
tion of IP; thus, IP was caused by NaOH-P and HCI-P. OP
is considered largely refractory, and only the labile por-
tion can be released from surface sediment by bacterial
re-mineralization [33]. Because this P fraction is relatively
stable in sediment, the concentration of OP did not differ
significantly between the treatment and control groups.

In the spring and winter experiments, the DO and ORP
were higher in the treatment groups and were signifi-
cantly increased by the submerged macrophytes. During
the growing season, rooted macrophytes can transfer
oxygen to roots through shoots and rhizomes [34]. There-
fore, sediment near the roots can be oxidized by 02 and
reduce P release. Oxygen near roots results in a higher
ORP, which increases the oxidation of Fe(lll) from Fe(ll) to
Fe(OOH). Under oxic and aerobic conditions, phosphate
can bind with Fe** to form Fe,(PO,);. At the same time, dis-
solved phosphate in the overlying water can be adsorbed
by Fe(OH); in the sediments. As a result, P was not easily
released from the sediment in this aerobic system.

The DO in the water body increases as a result of the
oxygen produced by the photosynthesis of submerged
macrophytes and the oxygen transport of submerged
macrophyte roots during the growth period. These
changes in the redox conditions and pH value of the sedi-
ment have an impact on the absorption and release of
phosphorus in the sediment. To make their rhizosphere
microenvironment more oxidizing, the roots of submerged
macrophytes can secrete oxygen and other oxidizing
agents like oxidase. This can encourage metal ions to tran-
sition from a reducing state to an oxidizing state, such as
oxidizing Mn?* and Fe?* to form an iron and manganese
oxide film, which can significantly increase the adsorp-
tion of phosphorus by the soil and decrease the release
of phosphorus [35]. Diverse submerged macrophytes
have varying capacities for releasing oxygen. Our stud-
ies have demonstrated that compared to H. verticellata
and P. crispus, V. natans has roots that may release more
oxygen, and the sediment in its root zone exhibits higher
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oxidation. As a result, V. natans is a better option for shal-
low lake ecological restoration.

During the growing season of submerged macrophytes,
the pH of the water was alkaline. According to Jin et al.
[36], phosphorus will be released from the sediment as
the pH rises, however in our experiment, the concentra-
tion of different types of phosphorus in the water under
the submerged macrophytes group did not substantially
increase. This research assumes that the experimental
setup is responsible for this. According to Jin's study strat-
egy, other parameters like DO, ORP, etc. are controlled
inside, and only the effect of pH on sediment phospho-
rus at the water and soil interface is taken into account.
This technique ignores the complexity of different envi-
ronmental elements that affect submerged macrophytes
development.

This experiment demonstrates that, in the presence
of submerged macrophytes, the rise in pH brought on
by their development does not result in the release of
phosphorus into the sediment, although this should hap-
pen given the rise in DO and ORP in the water above the
submerged macrophytes. The study demonstrates that an
increase in DO and ORP can successfully prevent phos-
phorus from releasing from sediment and can encourage
sediment to adsorb phosphorus from overlying water. As a
result, under the overall influence of various environmen-
tal factors during the development of submerged macro-
phytes, an increase in pH did not increase the concentra-
tion of phosphorus in the water above.

Overall, the existence of submerged macrophytes
reduced the internal loading of P. The DO and ORP were
higher in the treatment groups than in the control groups,
indicating that they influenced the P concentration in the
overlying water. Submerged macrophytes can maintain a
clear water state through various buffering mechanisms.
In our experiments, submerged macrophytes maintained
a low P level relative to the control group because of the
changing environmental factors.

5 Conclusions

Submerged macrophytes reduced the different forms
of P in the overlying water and sediment during the
growth period, and the metabolism and photosynthesis
of the submerged macrophytes significantly altered the
surrounding environmental factors. These environmen-
tal factors had different effects on different forms of P
transformation.

The growing submerged macrophytes absorbed a large
amount of P from the water and enriched plant P, which
reduced the P content in the water and sediments. At the
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end of the experiment, the total P accumulated by H. ver-
ticillata, V. natans, and P, crispus was 156.05 mg, 282.24 mg,
and 115.84 mg, respectively.

The submerged macrophytes affected the migration
and transformation of P between the overlying water and
sediment by increasing the DO, ORP, and pH in the overly-
ing water. H. verticillata primarily acted on the SRP through
environmental factors, while P. crispus acted on the DTP,
SRP, DOP, and PP through these factors. V. natans had a
weak impact on water P content through environmental
factors.
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