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ARTICLE INFO ABSTRACT
Keywords: Phosphorus (P) is an essential element in the ecosystem and the cause of the eutrophication of rivers and lakes.
Phosphorus fractions The river-lake ecotone is the ecological buffer zone between rivers and lakes, which can transfer energy and
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material between terrestrial and aquatic ecosystems. Vegetation restoration of degraded river-lake ecotone can
improve the interception capacity of P pollution. However, the effects of different vegetation restoration types on
sediment P cycling and its mechanism remain unclear. Therefore, we seasonally measured the P fractions and
physicochemical properties of sediments from different restored vegetation (three native species and one inva-
sive species). The results found that vegetation restoration significantly increased the sediment total P and
bioavailable P content, which increased the sediment tolerance to P pollution in river-lake ecotone. In addition,
the total P content in sediments was highest in summer and autumn, but lower in spring and winter. The total P
and bioavailable P contents in surface sediments were the highest. They decreased with increasing depth, sug-
gesting that sediment P assimilation by vegetation restoration and the resulting litter leads to redistribution of P
in different seasons and sediment depths. Microbial biomass-P (MBP), total nitrogen (TN), and sediment organic
matter (SOM) are the main factors affecting the change of sediment phosphorus fractions. All four plants’
maximum biomass and P storage appeared in the autumn. Although the biomass and P storage of the invasive
species Alternanthera philoxeroides were lower, the higher bioavailable P content and MBP values of the surface
sediments indicated the utilization efficiency of sediment resources. These results suggest that vegetation
restoration affects the distribution and circulation of P in river and lake ecosystems, which further enhances the
ecological function of the river-lake ecotone and prevents the eutrophication and erosion of water and sediment
in the river-lake ecotone.

1. Introduction activities. Artificial vegetation restoration in the river-lake ecotone is
the most effective way to inhibit eutrophication and wetland degrada-
Phosphorus (P) is essential for biological growth and biogeochemical tion (Hilt et al., 2018; Li et al., 2021). Therefore, it is necessary to un-
cycles (Vitousek et al., 2010). Therefore, it is generally considered a derstand the effects of different vegetation restoration strategies on
limiting factor in natural ecosystems (Hou et al., 2020). Under the action sediment P dynamics to develop more effective vegetation restoration
of river runoff, numerous point-source and diffused source phosphates strategies.
have been partially input into the lake water, leading to different de- River-lake ecotone is the natural protective barrier of river and lake
grees of eutrophication of lakes and rivers (Schindler et al., 2016). The wetlands, which can carry out the exchange and transfer of capacity and
other part is input into the sediments of the river-lake ecotone, which material between terrestrial and aquatic ecosystems. It is an important
has shrunk wetland areas and degenerated hygrophytes due to human area for P transport and deposition. It is also one of the primary sources,

Abbreviations: P, phosphorus; MBP, microbial biomass phosphorus; AKP, alkaline phosphatase; BD, bulk density; MC, moisture content; SOM, sediment organic
matter; EC, electrical conductivity; T, sediment temperature; TC, total carbon; TN, total nitrogen; TS, total sulfur; TP, total phosphorus; Pi, inorganic phosphorus; Po,
organic phosphorus; dil. HCI-Pi, dilute HCI-Pi; conc. HCI-Pi, concentrated HCI-Pi; conc. HCI-Po, concentrated HCI-Po; Resid-P, Residual-P.
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sinks, and P converters in lakes and rivers (Johnson et al., 2014; Hon-
gthanat et al., 2016). Part of the phosphorus transported by the external
environment is absorbed into the biosphere by aquatic organisms, and
more P is deposited in the sediment (Tang et al., 2020). P is present in
organic and inorganic states in sediments, and sediment P dynamics is a
complex biogeochemical process (Fu et al., 2020; Wang et al., 2021). In
general, according to the degree of bioavailability, P fractions are
divided into labile P, moderately labile P, and non-labile P (Rodrigues
et al., 2016). Different P fractions generally reflect the effects of soil
nutrient utilization and environmental factors (Maranguit et al., 2017;
Wang et al., 2021). Labile P is often thought to be the P that plants can
use during the growing season and is biologically available P (Rodrigues
et al., 2016).

Vegetation restoration plays a crucial role in the dynamic changes of
sediment P (Fu et al., 2020). Plants can alter soil abiotic factors, such as
reducing soil pH and promoting the dissolution of numerous native
mineral P, etc. (Jin et al., 2022). Part of the released fraction of inorganic
P is absorbed and utilized by plants in the biosphere and then decom-
posed back into the sediment by falling matter (Dodd et al., 2018). At the
same time, plants can also alter the dynamics of soil biological variables,
such as changing sediment microbial community composition and
sediment phosphatase activity, thereby affecting the mineralization and
fixation of sediment P (Zhao et al., 2009; Fu et al., 2020). However, the
transformation of sediment P (including the fixation or decomposition of
different forms of P and adsorption or desorption) is also varied under
different vegetation types (Grafe et al., 2018; Fan et al., 2021; Luo et al.,
2021). For example, in the forest ecosystem, Fu et al. (2020) reported
that the water-soluble inorganic P and organic P in the soil of the natural
secondary forest after restoration were significantly higher than those of
the Eucalyptus forest because the natural secondary forest had a higher
litter decomposition rate than the Eucalyptus forest. In agroecosystems,
Crews and Brookes (2014) reported that the unstable organic P pool in
the soil of perennial grassland was significantly higher than that of
annual wheat, and the inorganic P in the soil of annual wheat was
significantly higher than in perennial grassland. It is possible that the
microbial biomass-P (MBP) in perennial grassland is an order of
magnitude greater than in annual wheat. These results suggest that the
effects of plants on sediment P dynamics in different ecosystems depend
on the plant type and growth properties. In addition, the river-lake
ecotone is one of the more invasive severe places for alien species.
Invasive species change the pattern of resource competition in the
original communities, which inevitably affects the dynamics of sediment
P (Wang et al., 2019). Therefore, understanding the dynamics of
wetland vegetation and sediment P, as well as the ecological factors
influencing river-lake ecotone, helps to promote vegetation restoration
and sediment P utilization in wetland ecosystems and is crucial to the
maintenance of ecosystem functions.

The dynamic changes of sediment P are also affected by seasonal
changes in temperature and water composition, as well as rhythms in
plant growth and development, which also lead to noticeable seasonal
changes in sediment P dynamics (Norgbey et al., 2021). The seasonal
dynamics of plant communities depend on changes in plant phenology
(Makiranta et al., 2018). The microenvironment near the root system
also varies due to plant growth and root activity across different growing
seasons. Meanwhile, the quantity and quality of litter produced by
plants in different seasons are also different. The rate of decomposition
of this litter during different seasons and the rate of accumulation at the
surface affect the return of nutrients such as nitrogen, P, and other
substances to soil reservoirs (Mori et al., 2020). It is one of the critical
links of the P cycle in the river-lake ecotone. Furthermore, the distur-
bance to sediment wet-dry alternation caused by water level fluctuations
in different seasons can also affect the circulation of sediment P (Gao
et al., 2020). However, in previous studies, less attention has been paid
to the seasonal dynamics of sediment P in the river-lake ecotone and its
drivers, which may hinder the maximization of the benefits of wetland
ecological restoration.
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Excessive human exploitation and reclamation at the base of
Dongting Lake, the second-largest freshwater lake in China, have caused
significant damage to the ecosystem for nearly 60 years. Among them,
Lake Datong was separated from the mother lake, Dongting Lake, due to
reclamation projects, and the vegetation in the river-lake ecotone was
almost destroyed (Li et al., 2021). Since 2017, with the restoration of
vegetation and the invasion of alien species in the river-lake ecotone of
Lake Datong, it is ideal for us to study the dynamic changes of P fractions
of sediments in different vegetation types and growth periods. Four
major wetland vegetation types constructed from three native and one
invasive species as the dominant species were selected for this study,
respectively: native species Phragmites australis; Zizania latifolia;
Nelumbo nucifera; and invasive species Alternanthera philoxeroides. At the
same time, combined with different vegetation growth seasons and
sediment depths, sediment P was fractioned to study its spatial and
temporal variation. To this end, we have made the following
assumptions:

(1) Vegetation restoration would change the physicochemical prop-
erties of sediments, which in turn would affect changes in sedi-
ment P fractions.

(2) The impact of different vegetation types on sediment P fractions
is different, and exotic species could have a significantly different
impact on P resources than native species.

(3) Biological processes were the main driving factor changes in P
fractions in sediments.

2. Materials and methods
2.1. Study area and sample collection

Lake Datong (29°04'-29°22' N, 112°17'-112°42’ E) is a sub-lake of
Dongting Lake separated by dikes from the mother lake. It belongs to the
continental monsoon humid climate zone. The annual average temper-
ature is 16.5 °C, the annual average precipitation is 1240.8 mm, and the
annual total solar radiation is 105.1 cal cm™2. Among all the rivers
flowing into and out of Lake Datong, the largest river-lake ecotone
(sampled area) forms between the Jinpan Canal and Lake Datong
(Fig. 1). The restoration of artificial ecological vegetation began in
March 2017, and the primary vegetation needed to be restored were the
native species of P. australis, Z. latifolia, and N. nucifera. During the re-
covery period, a small amount of A. philoxeroides grew in the recovery
area and was manually removed during the recovery period. However,
due to its strong reproductive capacity and the many asexual repro-
ductive organs of A. philoxeroides, its remaining few reproductive organs
rapidly formed stable vegetation. The phenological phase and growth
habitats of these four plants are shown in supplementary Table S1. In
order to explore the effects of different vegetation restoration types and
different growth seasons on the P fractions of different sediment depths
and to identify the main driving factor among these influencing factors.
We selected the four dominant wetland vegetation types as the research
objects for this study. Before vegetation restoration, we sampled the
experimental field and measured the background value of sediment.
There was no significant difference in sediment nutrient content among
all the plots, with the nutrient contents of TN: 1.64 + 0.16 mg g%, TC :
20.38 & 1.11 mg g~ !, TP: 0.98 + 0.08 mg g ., respectively. After arti-
ficial restoration in 2017, all the four dominant planting types were
undisturbed. Detailed characteristics of the four plant community
structures are shown in Table S2.

Five fixed sampling areas (10 x 10 m?) were selected in each of the
four restored plant communities and the mudflat bare land without
vegetation cover. In order to minimize the impact of initial differences in
the initial environmental conditions, the straight-line distance between
the five sampling areas was less than 500 m. In 2020, we collected plant
and sediment samples for the four growth seasons of plants, including
the seeding period (spring, April), the growing period (summer, June),
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Five samples from the sampling area were
mixed into a single composite sample.

Zizania latifolia

Phragmites australis
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Fig. 1. Long-term sampling sites in the river-lake ecotone formed by Lake Datong and Jinpen Canal in the Dongting Lake Basin in China. The capital letters A, B, C, D
in the figure represent the locations of the four plant communities. A is the Phragmites australis, B is the Zizania latifolia, C is the Nelumbo nucifera, D is the Alter-

nanthera philoxeroides and E is the mudflat bare land.

the flowering and fruiting period (autumn, September), and the decay
period (winter, December). Above all, a quadrangle (1 x 1 m?) was set in
the sampling division to collect the plants’ biomass. Then, sediment mud
columns with a depth of 0-40 cm and a diameter of 5.95 cm were
collected from five randomly selected points using a soil column sampler
(Corer, Uwitec, Austria). Five samples from each sampling area were
mixed and homogenized to form a single composite sample. The fresh
sediment samples were screened through 18 mesh holes (1 mm pore) to
remove impurities such as small stones, plant roots and shells of benthic
animals. After screening, sediment samples were divided into two parts.
One part was stored at 4 °C for measuring microbial biomass-P (MBP)
and alkaline phosphatase activities (AKP). Another part was used to
measure the physicochemical indicators and the P fractions of the
sediment after drying in the shade.

2.2. Determination of the physicochemical properties of the sediment

Separately, another unmixed sediment column was taken to measure
the sediment bulk density (BD). The 0-10 cm soil layer was measured
using a column of sediment samples taken from the sampling tube (Zhou
et al., 2016). The volume of removed sediment could be measured by
backfilling it with a known volume of water, and the remaining three
layers of sediment BD could be measured by the cutting ring method.
Sediment moisture content (MC) was measured by drying at 75 °C for 48
h. Sediment organic matter (SOM) content was measured by the loss of
sediment samples after 6 h of combustion at 550 °C in a muffle furnace
(KSL-1200X, HF-Kejing, China). A pH meter (Hanna Instruments
HI99121, Italy) was used to measure sediment pH, and a WET sensor
(Delta-T Devices, Cambridge, UK) was used to determine electrical
conductivity (EC) and temperature (T). The contents of sediment total
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carbon (TC), total nitrogen (TN) and total sulfur (TS) were measured by
an elemental analyzer (Elementar UNICUBE, Germany).

2.3. Determination of P fractions and total P in plants and sediments

The sediment phosphorus fractions are determined by the modified
Hedley Fractionation Technique (Tiessen and Moir, 1993). The specific
process is shown in Fig. S1. The method is to extract sediment P in
sequence from weak to strong extractants, which are anion resin ex-
change membrane (0.9 x 0.62 cm, bicarbonate form), 0.5 M NaHCO3,
0.1 M NaOH, 1 M HCI, hot concentrated HCI and concentrated HySO4
with 30% H30,. Weighed 0.5 g of dry soil through a 100-mesh sieve.
After the extraction agent was used to extract and adjust the pH, the
concentration of inorganic P (Pi) in each extract was determined by the
molybdate-ascorbic acid method, and the concentration of total P (TP)
in the extract was determined by persulfate digestion. The difference
between TP and Pi is the organic P (Po) content. Nine different sediment
P fractions can be obtained by sequence extraction, which are Resin-Pi,
NaHCOs3-Pi, NaHCO3-Po, NaOH-Pi, NaOH-Po, dilute HCI-Pi (dil.
HCI-Pi), concentrated HCI-Pi (conc. HCI-Pi), concentrated HCI-Po (conc.
HCI-Po) and Residual-P (Resid-P). The roles of these nine P fractions in
biogeochemical cycles are shown in Table S3. In addition, the plants
were washed with deionized water and dried to a constant mass (75 °C,
48-72h). After weighing, the plants were digested with sulfuric acid and
30% hydrogen peroxide. The concentration of P was determined by the
molybdate/ascorbic acid method (Yan et al., 2021). Sediment total P
was measured by the Standard Measurements Testing Program of the
European Union (SMT) (Ashraf P et al., 2006). Each of the above indexes
was repeated three times.

2.4. Determination of sediment AKP and MBP assay

The sediment AKP activity is determined by the p-nitrophenyl
phosphate disodium method. We took 1 g of fresh sediment sample, used
p-nitrophenyl phosphate (pNPP) as the substrate, performed the enzy-
matic reaction at 37 °C, pH = 11 buffer, stopped the reaction with 3 mol
NaOH after 1 h, and centrifuged at 4000 rpm for 20 min. Then we took
the absorbance of the supernatant at 410 nm to determine the sediment
AKP activity and expressed it as mg p-nitrophenol kg~! dry soil h™2.

Sediment MBP was determined by chloroform fumigation and
NaHCOs extraction of inorganic phosphorus (Chen et al., 2016). Three
fresh 10 g sediment samples were taken, and the first part was added to
0.5 mol NaHCOs at a soil to water ratio of 1:20 (W: V), shaken for 1 h
(200 rpm), and filtered to determine the P content. The second part was
added to chloroform and fumigated at 25 °C in the dark for 24 h and then
followed the same procedure as the first part. The third part was
extracted by adding 0.5 mol KH,PO4 and 0.5 mol NaHCOs3 to determine
the recovery rate of the added orthophosphate inorganic P to correct the
absorption and fixation of the MBP released by the fumigation treatment
of the sediment. The MBP is quantified using the following equation:

MBP=E,/(K, X R,:)

where the E,; is the difference between the second fumigation part and
the first non-fumigation part. Ry is the difference between the third
addition to the orthophosphate part and the first non-fumigation part. K,
is the conversion factor, which is 0.40 (Jenkinson, 2004).

2.5. Statistical analysis

We used a three-way analysis of variance (ANOVA) to test the effects
of growth season (GS), vegetation restoration type (VR), and sediment
depth (SD) on the sediment P fractions dynamic in the river-lake
ecotone. The differences in sediment physicochemical properties of
different restoration types and sediment depths were tested by Duncan’s
test for multiple comparisons. Before the data analysis, a logjo(x)
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transformation was performed to satisfy the normal distribution. Dif-
ferences were considered significant at P < 0.05. This part of the data
analysis was carried out using SPSS 23.0 (SPSS, Chicago, Illinois, USA).
We then used the “vegan” package for a redundancy analysis (RDA) to
study the potential sediment physicochemical properties that affect the
dynamic changes of sediment P fractions. Meanwhile, a hierarchical
analysis was performed using the “rdacca. hp” package to obtain the
contribution of the physicochemical properties of individual sediments
to the changes in sediment P fractions (Lai et al., 2022). Pearson cor-
relation analysis was used to study the relationship between sediment P
fractions and sediment properties. All regressions and correlations were
considered significant at P < 0.05. Data analysis in this section was
performed using R software (version 4.0.3).

3. Results
3.1. Seasonal variations in vegetation biomass and P stocks

The temporal dynamics of the aboveground and belowground
biomass of the four plants during the growing season are shown in
Fig. 2A, with a typical single-peak curve. Plants grow rapidly from June,
and the biomass reaches its maximum in September. Among them,
P. australis had the largest aboveground biomass, attaining 3862.75 g
m~2, and N. nucifera had the largest belowground biomass, reaching
387.37 g m~2 (Fig. 2A). The P storage in planting objects showed
apparent seasonal variation (P < 0.05) (Fig. 2B). The minimum value of
aboveground P storage appeared in April, and the minimum value of
belowground P storage appeared in December. The maximum value of
aboveground and belowground reserves both occurred in September.
There were also significant differences in P storage among plants (P <
0.05) (Fig. 2B). The pattern of P storage was the same as that of plant
biomass, and the aboveground part of P. australis had the maximal P
storage, reaching 19.55 mg per unit area, and the belowground part of
N. nucifera had the maximal P storage, reaching 1.44 mg per unit area
(Fig. 2B).

3.2. Sediment physicochemical properties

The vegetation restoration types had significant effects on the
physicochemical properties of the sediment (P < 0.05, Table 1).
Compared with bare land in mudflats, vegetation restoration signifi-
cantly increased the content of sediment MC, SOM, TN, TC, and TP.
Among all vegetation restoration types, the nutrient TN, TC, and TP
content of sediment restored by N. nucifera were the highest, and the pH
was the lowest (P < 0.05, Table 1). In addition, there were significant
differences in the physicochemical properties of different depths of
sediments across all vegetation restoration types. The contents of nu-
trients (TN, TC, and TP), MC, and SOM in the 0-10 cm surface layer were
the highest, which decreased significantly with the increase of depth,
while pH, EC, and BD increased significantly with the increase of depth
(P < 0.05, Table 1).

3.3. Sediment P dynamics

The results of a three-way analysis of variance showed that, except
for conc. HCI-Pi/Po, the three factors, including vegetation restoration
types, growing seasons, and sediment depth, and the interaction of the
three factors had significant effects on the remaining P fractions (P <
0.05, Table 2). The maximum and minimum values of the total P of the
sediments appeared in the growing period (June) and decay period
(December) of plants, respectively, as shown in Fig. 3. The sum of P
fractions in sediments near N. nucifera roots was the highest at the
seeding period and the flowering and fruiting period, and in sediments
near A. philoxeroides roots was the highest at the growing period and
decay period. While the sum of P fractions in the sediment of mudflat
bare land was the lowest throughout the year. With the increase of
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Fig. 2. Seasonal dynamics of aboveground and belowground biomass and phosphorus storage per unit area of different vegetation in the river-lake ecotone. (A)
shows the aboveground and belowground biomass, and (B) shows the phosphorus storage per unit area.

sediment depth, the total P fractions of the sediment were shown to
decline, and the values of 0-10 cm in the surface layer were relatively
the largest (Fig. 3). Among all the P fractions, Resin-Pi had the largest
difference between surface and lower layers, with a content of 0-10 cm
in the surface layer of 29.06 mg kg !-165.12 mg kg, and the content in
the lower layer of 30-40 cm was only 10.46 mg kg 1-86.26 mg kg L. The
contents of labile P and moderately labile P and non-labile P in all
samples were 26.24 mg kg~ '-426.15 mg kg~! and 386.32 mg kg1
1012.20 mg kg ! and 210.12 mg kg~ '-345.93 mg kg~ ?, respectively.
Among all the P fractions, the total amount of inorganic P accounted
for 85.58-95.72% of the total P fractions, and the total amount of
organic P accounted for only 4.28-14.42% of the total P fractions
(Fig. 4). The proportions of Resin-Pi, NaHCO3-Pi, NaHCO3-Po, NaOH-Pi,
NaOH-Po, dil. HCI-Pi, conc. HCI-Pi, conc. HCI-Po and Resid-P in the total
P fractions were 1.08-10.58%, 2.06-17.01%, 0.22-2.92%,
3.86-31.17%, 0.49-10.90%, 26.81-57.11%, 7.13-15.95%, 2.50-9.87%
and 5.67-20.03%, respectively. Furthermore, the proportion of labile P
fraction of Resin-Pi and NaHCO3-Pi/Po was significantly higher than
that of mudflat bare land in the unrestored area, especially in 0-10 cm
surface sediments. On the contrary, the P fractions of dil. HCI-Pi, conc.
HCI-Pi/Po and Resid P, the proportion of non-labile P in the mudflat
bare land were significantly higher than that in the sediment of vege-
tation restoration. With the increase in sediment depth, the proportion
of labile P in all sediments tended to decrease, while the proportion of
non-labile P increased. Moreover, the proportion of labile P in the
sediment was the largest in the growing period and the smallest in the
decay period. The proportion of non-labile P was reversed (Fig. 4).

3.4. MBP content and AKP activity

Both the MBP content and AKP activity varied significantly between
vegetation types and growth seasons. Under A. philoxeroides vegetation,
MBP content and AKP activity were significantly higher than those of
other vegetation types during most of the growth season, while MBP
content and AKP activity were lower than those of other vegetation
types on mudflat bare land almost all year round (Fig. 5).

Sediment MC and temperature had a significant positive correlation

with sediment AKP activity, with correlation coefficients of r = 0.57 and
r = 0.45, respectively. Except for that pH, EC and BD had a significant
negative correlation with MBP, the other sediment physicochemical
properties all had a significant positive correlation with sediment MBP,
and there was also a significant positive correlation between AKP ac-
tivity and MBP, with a correlation coefficient of r = 0.47 (Fig. 6).

3.5. Correlations related sediment properties to P fractions

The results of the redundancy analysis showed that the first two axes
of the redundancy analysis accounted for 68.10% of the dynamic
changes of the sediment P fractions (P < 0.001) (Fig. 7A). For individual
sediment physicochemical properties, MBP (R? = 0.12) contributed the
most degree of variance of the all the physicochemical properties, fol-
lowed by TN (R? = 0.11), SOM (R? = 0.09), TS (R? = 0.07), pH (R? =
0.07), MC (R? = 0.07), BD (R? = 0.06), TC (R? = 0.06), AKP (R = 0.02),
and EC (R = 0.01) (Fig. 7B). Except for the three sediment physico-
chemical properties, pH, BD and EC, which were negatively correlated
with sediment P fractions, all other sediment physicochemical proper-
ties were positively correlated with the sediment P fractions. MBP and
MC showed a significant positive correlation with all sediment P frac-
tions (P < 0.05) (Fig. 6).

4. Discussion

4.1. Effects of vegetation restoration on the physicochemical properties of
the sediment

Vegetation restoration has received much attention, as an essential
measure to reduce soil erosion and pollutant interception in the river-
lake ecotone (Cerda et al., 2021; Xiao et al., 2021). In addition to pre-
venting soil erosion and reducing pollution runoff, vegetation restora-
tion can alter sediment soil ecosystem processes (Zhang et al., 2019).
Studies have shown that vegetation restoration can reduce soil erosion
and improve the quality of sediment-soils (Albaladejo et al., 1998; Su
and Zhao, 2003; Gao et al., 2014). Meanwhile, vegetation restoration
improves soil aggregate structure, nutrient status, sediment pH and
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Table 1
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Comparison of sediment physicochemical properties of vegetation restoration types and sediment depths during the plant growing season.

Vegetation type ~ Depth Sediment physicochemical properties
pH MC EC (ms-m™ 1) SOM (mg-g’l) BD (g~cm’3) TN (mg-kg’l) TC (mg-kg’l) TP (mg-kg’l)
A. philoxeroides 0-10 8.13 + 0.63 + 95.75 + 106.22 + 0.73 + 2337.00 + 25396.25 + 1480.47 +
0.02Ca 0.01Cc 1.16Ba 0.04BCc 0.01Ba 14.43Ba 28.87Ba 69.52Ca
10-20 8.25+ 0.52 + 116.31 + 78.01 + 0.75 + 1927.25 + 23307.00 + 1085.70 +
0.01Cb 0.00Cb 0.76Bb 2.78BCa 0.01Bb 20.21Bb 58.31Bb 57.41Cb
20-30 8.49 + 0.42 + 118.63 + 84.79 + 0.82 + 1710.50 + 21237.25 + 860.57 +
0.01Cc 0.01Ca 1.02Bc 0.16BCb 0.02Bc 10.97Bc 51.38Bc 39.76Cc
30-40 8.61 £ 0.41 + 119.06 + 83.88 + 0.88 £ 1592.75 + 19848.50 + 809.25 +
0.01Cd 0.00Ca 1.61Bd 0.22BCb 0.01Bd 16.17Bd 69.28Bd 36.39Cc
Z. latifolia 0-10 8.12 + 0.60 + 92.44 + 114.32 + 0.73 + 2513.00 + 26627.25 + 1303.44 +
0.02ABa 0.00Dc 1.06Da 0.07Cd 0.01Ca 20.21Da 50.81Ca 73.38Ca
10-20 8.22 + 0.49 + 124.69 + 100.46 + 0.82 + 2141.25 + 24019.50 + 958.70 +
0.02ABb 0.00Db 0.62Db 0.54Cc 0.02Cb 16.17Db 57.16Cb 50.32Cb
20-30 8.33 % 0.48 + 131.06 + 81.28 + 0.87 + 1732.25 + 22516.00 + 874.74 +
0.01ABc 0.00Da 0.97Dc 0.15Ca 0.01Cc 14.43Dc 63.51Cc 45.91Cc
30-40 8.47 + 0.47 + 133.88 + 83.65 + 0.94 + 1746.00 + 22743.75 + 898.00 +
0.01ABd 0.00Da 0.04Dd 0.23Cb 0.01Cd 19.05Dd 43.30Cd 47.13Cc
P. australis 0-10 8.22 + 0.53 + 104.06 + 91.50 + 0.80 + 2164.18 + 25996.14 + 987.74 +
0.01Ba 0.01Bc 0.87Ea 0.04Bd 0.01Da 18.48Ca 39.26Da 55.80Ba
10-20 8.23 + 0.45 + 130.02 + 0.65 85.96 + 0.86 + 1865.50 + 24544.25 + 879.07 +
0.01Bb 0.01Bb Eb 1.10Bc 0.01Db 12.70Cb 45.03Db 52.65Bb
20-30 832 £ 0.44 + 130.75 + 80.78 + 0.90 £ 1836.25 + 24312.75 + 856.77 +
0.01Bc 0.01Ba 0.63Ec 0.09Ba 0.01Dc 14.43Cc 63.51Dc 48.90Bc
30-40 8.42+ 0.42 + 132.94 + 83.11 + 0.98 + 1852.25 + 24279.00 + 853.51 +
0.01Bd 0.01Ba 0.92Ed 0.41Bb 0.01Dd 19.63Cd 37.53Dd 48.37Bc
N. nucifera 0-10 8.10 + 0.63 + 95.38 + 97.44 + 0.67 + 2638.75 + 26125.50 + 1444.06 +
0.01Aa 0.01Ec 1.19Ca 0.49BCa 0.02Aa 14.43Ea 69.28Ea 50.67Da
10-20 8.24 + 0.57 +0.01 112.81 + 84.82 + 0.72 + 2446.50 + 25494.50 + 1280.94 +
0.01Ab Eb 2.12Cb 7.81BCa 0.01Ab 10.39 Eb 46.19 Eb 58.66Db
20-30 8.30 + 0.54 + 123.13 + 88.78 + 0.78 + 2139.00 + 24534.00 + 1115.56 +
0.03Ac 0.01Ea 1.71Cc 1.22BCa 0.01Ac 12.70Ec 32.91Ec 43.55Dc
30-40 8.41 + 0.51 + 126.63 + 84.81 + 0.86 + 1942.00 + 23920.00 + 847.36 +
0.02Ad 0.02Ea 1.69Cd 0.07BCa 0.02Ad 8.50Ed 23.09Ed 44.47Dc
Mudflat 0-10 8.18 + 0.51 + 83.94 + 76.24 + 0.82 + 1589.50 + 22378.50 + 912.02 +
0.03Ca 0.01Ac 1.59Aa 0.65Ad 0.01Ea 11.55Aa 46.19Aa 47.87Aa
10-20 8.26 + 0.43 + 100.13 + 70.74 + 0.87 + 0.02 1434.25 + 21172.25 + 709.31 +
0.01Cb 0.01Ab 1.68Ab 0.48Ac Eb 9.24Ab 63.51Ab 37.23Ab
20-30 8.44 + 0.39 £ 116.69 + 59.81 + 0.94 + 1171.75 £ 19425.50 + 603.28 +
0.02Cc 0.01Aa 1.84Ac 0.05Aa 0.02Ec 15.01Ac 51.96Ac 31.66Ac
30-40 8.53+ 0.43 + 119.94 + 61.99 + 1.00 + 1001.25 + 18240.25 + 625.09 +
0.01Cd 0.01Aa 1.37Ad 0.34Ab 0.01Ed 12.70Ad 45.03Ad 32.81Ac

Note: pH, sediment pH; MC, sediment moisture content; EC, electrical conductivity; SOM, sediment organic matter; BD, bulk density; TN, total nitrogen; TC, total
carbon; TP, total phosphorus.
Data indicates Means 4 Standard error (SE).
Different capital letters indicate significant measured values within among different vegetation types in the same depth and different lowercase letters indicate sig-
nificant measured values among in different sediment depth in same vegetation type (Duncan’s test, P < 0.05).

Table 2

Effects of growth seasons (GS), vegetation restoration types (VR) and sediment depth (SD) on the sediment phosphorus fractions in the river-lake ecotone using three
-way ANOVA (values in bold are below the significance level of 0.05).

GS VR SD GS x VR GS x SD VR x SD GS x VR x SD
F P F P F P F P F P F P F P
(3,160) (4,160) (3,160) (12,160) (9,160) (12,160) (36,160)
Resin-Pi 2158.87 <0.001 1331.92 <0.001  2067.80 <0.001 398.74 <0.001 129.72 <0.001 182.79 <0.001 50.06 <0.001
NaHCO3- 342.7 <0.001 594.50 <0.001  964.97 <0.001 164.32 <0.001 42.29 <0.001 63.69 <0.001 19.52 <0.001
Pi
NaHCO3- 20.22 <0.001 11.69 <0.001 6.30 <0.001 4.92 <0.001 3.28 0.001 2.37 0.008 3.08 <0.001
Po
NaOH-Pi 607.35 <0.001 1957.87  <0.001  2652.92 <0.001 602.47 <0.001 81.89 <0.001 183.89 <0.001 69.22 <0.001
NaOH-Po 9.19 <0.001 6.99 <0.001 57.46 <0.001 15.25 <0.001 5.15 <0.001 8.01 <0.001 4.80 <0.001
dil. HCl- 49.49 <0.001 44.43 <0.001 111.31 <0.001 38.10 <0.001 14.5 <0.001 17.91 <0.001 9.48 <0.001
Pi
conc. 9.99 <0.001 37.86 <0.001  26.89 <0.001 2.64 0.003 2.49 0.011 2.57 0.004 0.68 0.910
HCI-Pi
conc. 2.63 0.052 12.64 <0.001 3.64 0.014 2.71 0.002 0.68 0.731 4.11 <0.001 0.90 0.639
HCI-Po
Resid-P 12.89 <0.001 78.87 <0.001 155.30 <0.001 20.85 <0.001 3.99 <0.001 15.19 <0.001 4.64 <0.001
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Fig. 4. The percentage of sediment phosphorus fractions relative to total phosphorus fractions under different growth season, vegetation restoration type and

sediment depth in the river-lake ecotone.

hydrothermal conditions. As well as organic matter, sediment microbial
and enzyme activities increased (Zhang et al., 2019; Ovsepyan et al.,
2020). In this study, there were significant differences in the dynamics of
pH, MC, EC, SOM, BD, TN, TC and TP content of sediment in the

unrestored mudflat land and sites of different vegetation restoration
types. The soil fertility of sediment was significantly higher after vege-
tation restoration than in the mudflat bare land. The content of SOM was
also the lowest in mudflat bare land. This is because the accumulation
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and mineralization of dead leaves and roots decomposing materials
generated by plant growth in sediments enhance the organic matter in
sediments, and the sediments TN, TC and TP are strongly correlated with
organic matter. After all, they are mainly derived from organic matter in
sediments (Cleveland and Liptzin, 2007). The physicochemical proper-
ties of sediments also differ significantly among different vegetation
types, indicating the heterogeneity in the impact of different vegetation
types on sediments (Fu et al., 2020). These differences can help clarify

A.philoxeroides  Z.latifolia

T T T
P.australis ~ N.nucifera Mudflar

the impact of vegetation ecological restoration on the sediment devel-
opment path of the river-lake ecotone.

4.2. Effects of vegetation restoration on P content and fractions of
sediment

In this study, the total P content in sediments increased significantly
after vegetation restoration compared with unrestored mudflat bare
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land. The proportion of bioavailable labile P and moderately labile P
increased significantly in the sediments. These results indicate that
vegetation restoration can effectively increase the P content in the
sediments so that the P fractions can gradually migrate in a direction
more beneficial to plant growth and absorption. The impact of this
change is significant. Due to the unique geographical location of the
river-lake ecotone, environmental changes and human disturbances
often occur. Geochemical behaviors such as material migration and

nutrient conversion occur between the interface of sediment and water,
and sediment acts as the “source and sink” of material (Krishna Prasad
and Ramanathan, 2008), and the content of P stored in sediments is also
constantly changing. Vegetation restoration increases the P storage ca-
pacity of sediments in the river-lake ecotone. It better plays to the
ecological function of adsorption, settlement, and interception of nu-
trients in the ecotone, thus further reducing the nutrient input from land
to water and ensuring the safety of lake water.
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At the same time, the study also found that the proportion of dil. HCI-
Pi content in the sediment was lower than in the unrestored mudflat bare
land after vegetation restoration. As a non-labile P, the dil. HCI-Pi is not
easily absorbed and utilized directly by plants, but the content of dil.
HCI-Pi is consumed by the restoration of vegetation. Previous studies
have shown that HCI-P concentrations are deficient in acidic environ-
mental sediments (Fu et al., 2020). This study found that vegetation
restoration could control the variation of sediment pH. Plant root se-
cretions, litter decomposition and microbial activities reduce the pH of
sediment (Vincent et al., 2011; Jin et al., 2022), and the acidic envi-
ronment caused by the pH reduction dissolves the apatite, which is less
resistant to weathering, resulting in the release of a large amount of dil.
HCI-Pi from the sediment (Li and Brett, 2013). The released dil. HCI-Pi
has three directions in the wetland sediments of the river-lake
ecotone. One part enters the lake water through the interstitial water;
the other part is absorbed by metal oxides such as iron, aluminum, and
manganese in the sediment and becomes metal-bound P, but this part of
P is challenging for plants to absorb and utilize. Another part is absorbed
and utilized by plants and microorganisms to become biomass P (Pang
et al., 2009). It returns to the sediments in the form of organic P through
litter decomposition after the death of the organisms (Zhu et al., 2021).
These also explain the phenomenon mentioned above that the propor-
tion of labile P increases after vegetation restoration.

There were also significant differences in sediment P fractions under
different vegetation types, and the differences are mainly reflected in the
labile and moderately labile P in sediments. In general, the difference in
sediment P fractions caused by such differences between vegetation
types is due to the applicability of different plant species to the avail-
ability of sediment resources, which strongly influences the dynamics of
local sediment resources (Zhu et al., 2021). In this study, sediment MBP
was found as the largest explanatory factor for the dynamic changes in
all sediment P fractions, and showed a significantly positive correlation
with all P fractions. MBP is the P contained in the living microorganisms
in the sediment (Achat et al., 2010). The correlation between MBP and P
fractions in sediments indicates that the P fractions in sediments are
mainly driven by biological processes dominated by plant microorgan-
isms (Achat et al., 2010; Fan et al., 2021). Our conclusions are similar to
those of some previous studies, indicating that differences in the mi-
crobial characteristics of the sediment across different vegetation types
may be an essential factor affecting the P fractions. At the same time,
combined with the AKP activity, MBP content and the proportion of
each P fraction in the surface layer of 0-10 cm sediments, it was found
that the enzyme activity and MBP content of the mudflat bare land
sediments were significantly lower than those in the sediment under
vegetation cover. This further indicates that vegetation regulates the
transformation of different P forms in the sediment by influencing mi-
crobial bioactivity in rhizosphere sediments, and further determining
the bioavailability of P in sediments (Zhong et al., 2021; Fan et al.,
2021). In addition, the study also found that the AKP activity and MBP
content under the A. philoxeroides are significantly higher than those
under the native vegetation, indicating that A. philoxeroides has high
phosphorus utilization efficiency and advantages in maintaining sedi-
ment fertility (Dassonville et al.,, 2008). It should be noted that
A. philoxeroides is an exotic species, and these advantages may be
responsible for its strong adaptability and invasive ability.

4.3. Effects of different growth phases and depths on the P content and
fractions of sediment

Some studies have shown that the content and morphological
changes of sediment P are jointly affected by the following factors such
as geochemical processes, soil parent material (Mage and Porder, 2013),
soil age (De Schrijver et al., 2012), climate (Vincent et al., 2014), bio-
logical activities (De Feudis et al., 2016) and soil physicochemical
properties (Vincent et al., 2011). In this study, the sampling sites were
close, and the temporal and spatial changes in sediment P content and
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fractions caused by differences in soil parent material and age can be
ignored. Therefore, we can better compare the effects of different plant
growth seasons and depths on the P fractions of sediments in the
river-lake ecotone. This study found that the contents of total P and
labile P in the sediments increased gradually from the seedling period to
the growing period, and decreased gradually from the flowering and
fruiting period to the decay period, showing a single-peak type change.
The seasonal differences are the result of a combination of biological
factors. First, there are different temperatures in different seasons. In
this study, the sediment temperature was significantly positively
correlated with AKP and MBP, while it was significantly negatively
correlated with SOM. Both AKP and MBP are mainly affected by tem-
perature and moisture content (Fang et al., 2015). The temperature
gradually increases from the seeding period to the growing period, while
the lake enters the rainy season. The lake water moistens the river-lake
ecotone, and the sediments reach the appropriate temperature and hu-
midity. Microorganisms rapidly decompose the litter accumulated in
winter, and the AKP enzyme also accelerates the promotion of organic
phosphate mineralization. (Nannipieri et al., 2011). However, as the
gradual decrease in temperature and the arrival of the dry season led to
the drying up of wetlands in the river-lake ecotone, plant life history also
moved from the flowering and fruiting period to the decay period, which
reduced microbial activity and quantity. Secondly, the assimilation of
plants is one of the factors affecting the changes in labile phosphorus
(Unger et al., 2010). Throughout its life cycle, vegetation continuously
absorbs phosphorus nutrients from sediments, and different growing
seasons produce litter of varying quantities and quality (Mori et al.,
2020). These lead to the redistribution of total phosphorus content and
phosphorus fractions in different seasonal sediments (Chen et al., 2021).
At the same time, the belowground root activity of plants also varies in
different seasons. During spring and summer, the roots grow rapidly and
have vigorous activity that can secrete numerous organic acids to reduce
the pH of the rhizosphere sediments, activate the non-labile P fraction in
the sediments and promote the change of the P fraction by dissolving
iron and aluminum oxides in the sediments and forming chelates of iron,
aluminum and calcium plasma (Landeweert et al., 2001).

There were significant vertical distribution differences existed in the
depth of the P fraction content in the sediment. The total P content in the
surface layer (0-10 cm) is the highest, and the P available for plant
absorption and utilization decreases with the increase in depth. The
main reason for this result is that the surface sediments are most affected
by organisms and have more residues from plants and microorganisms
than the deeper layers. This part of the decomposition process produces
more unstable organic P. A portion of organophosphorus can be con-
verted into bioavailable P through decomposition and mineralization
processes (Yuan et al., 2020). Secondly, the reduction of the P content in
the lower layer is also due to the leaching of organic acids generated
after the decomposition of litter residues into the lower layer, resulting
in the release of P in the lower layer. Part of the released Ps is returned to
the surface of the sediment (Ippolito et al., 2010). Another reason is the
pumping effect of the surface vegetation, which also leads to the
continuous transfer of P from the lower layer to the surface layer
(Jobbagy and Jackson, 2004). This result can further prove the effect of
vegetation restoration on the dynamics of sediment P fractions.

5. Conclusion

In conclusion, the values of total P and bioavailable P in the sedi-
ments during the vegetation restoration were significantly higher than
those in the unrestored mudflat bare land, indicating vegetation resto-
ration’s effect on the migration and transformation of P within the
sediments. This change can protect lake water from the threat of
eutrophication in the river-lake ecotone. It reflects the ecological func-
tion of vegetation and the river-lake ecotone. In addition, there were
also significant differences in sediment P fractions among different
vegetation types, vegetation growing seasons and sediment depths. This
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suggests that the ability of plants to influence the P fractions of sedi-
ments depends on plant type and growth characteristics. Although the
total biomass and P storage per unit area of the invasive plants were the
lowest among the four species, the contents of AKP and MBP in the
sediments near their roots were the highest among the four species.
These results suggest that the efficient utilization of P resources may be
one of the secrets of the highly competitive and successful invasion of
invasive plants. The different growing seasons and sediment depths
reflect the effects of different environmental and biological factors. It is
the role of temperature, moisture content, plants, microorganisms and
extracellular enzymes in the biogeochemical cycle of sediment P.
Through these fundamental studies, vegetation restoration and pro-
moting the sediment P cycle can be better selected to improve the
ecological functions of wetlands in the degraded river-lake ecotone in
the process of ecological restoration.
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