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ABSTRACT

Studies on phosphorus (P) distributions comparing planted and unplanted systems often lead to con-
troversial results regarding the importance and growth seasons of plants. In the present study, the
distribution and mobility of phosphorus fractionations (PFs) in eutrophic water and sediments were
investigated in the absence or presence of two macrophytes, that is, reed and cattail, in a constructed
wetland in autumn and spring. The removal efficiencies of total P in water, soluble reactive phos-
phorus and total dissolved phosphorous were 51.85%—63.75%, 74.52%-95.96% and 72.23%-83.02%,
respectively. PFs mainly presented in permanent forms in sediments. In the absence of macrophytes
in autumn, P in the overlying water was related to the mobile iron-bound phosphorus (Fe-P) in the
sediment. In the presence of macrophytes, P in the overlying water was related to stable occluded
phosphorus (O-P) in sediments which reduced the possibility of P release. In summary, macrophytes
contributed to the stability of P in sediments and limited the release of P from sediment to overlying

water, especially in spring.
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1. Introduction

Anthropogenic eutrophication is one of the major water
pollution problems in industrialized countries as well as in
the developing world. Phosphorus (P) has been regarded
as the common limiting factor responsible for eutrophica-
tion [1-7]. Based on literature review, P is accumulated in
sediments, which are considered as net sinks and sources
of many organic and inorganic compounds that include P
[6,8-11]. Therefore, P transformation, bioavailability and
exchange between sediment and the overlying water have
been extensively studied [12-14]. Sequential extraction
procedures were developed to elucidate the chemical
nature of P in sediments [2,13]. These fractionations are
P-forms binding to metals and to organic matter, measured
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by different sequential extraction schemes, so-called
phosphorus fractionations (PFs) [15].

Macrophytes in aquatic ecosystems were believed to
exert great influence on the release of P from sediments;
however, there has been a long debate on whether this
influence is positive or negative [16-18]. Many previous
studies focused on the effects of algal and submerged mac-
rophytes on removing P from water or distributions of PFs
[17,19-21]. Few studies have investigated the influences of
emergent macrophytes on P transformation. The emergent
macrophytes reed (Phragmites australis) and cattail (Typha
latifolia) have become two of the most frequently used and
widely distributed species in the rapidly developed con-
structed wetlands [22-26]. Previous studies have indicated
that reed or cattail performed very well in removing pollut-
ants from wastewaters, including metals [22,24] and P [27].
Moreover, reed proved to be efficient in the prevention of
contaminant release, including N and P [23]. The influences
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of reed and cattail on the phosphorus cycle were studied
in degraded, inundated peat soils without considering the
different PFs [26]. However, the accumulation and specia-
tion of PFs in sediments may differ among vegetated and
unvegetated sediments [27]. Studies comparing planted
and unplanted systems often lead to controversial results
regarding the importance of plants [28-31]. Moreover,
plants use P for growth but release P back into the water
column due to decomposition and nutrient leaching from
plant litter in different growth seasons [32]. Therefore,
as two of the most common wetland plants, the impacts
of reed and cattail on the removal of P and the release of
P from sediments are of significance for managing con-
structed wetlands. Nevertheless, there is lack of knowledge
on the different impacts of those two plants, especially tak-
ing seasonal differences into account.

In our previous study, reed and cattail were proved to
affect the PFs distributions by influencing the sediment
compositions, including organic matter, alkaline phospha-
tase activity, active Al and active Fe [33]. Here, the contri-
butions of P in sediments to P in the overlying water in the
presence of reed and cattail were studied and compared
with unplanted areas in a constructed wetland in autumn
and spring. The objectives of this study were to (1) inves-
tigate the spatial distribution of P in overlying water of
open water, reed and cattail community areas in different
seasons and (2) analyze the influences of reed and cattail
on the mobility of P in sediments and its contribution to
the P concentrations in the overlying water. The aim of this
research is trying to find the mechanism of the effect of
macrophytes on the distribution of P and to provide refer-
ences for species selection and management of constructed
wetlands.

2. Materials and methods
2.1. Study area

This study was conducted in a newly constructed wet-
land in two seasons, that is, autumn (end of October 2012)
and spring (end of May 2013). The wetland is in Tengzhou,
Shandong province, China. The study area lies in the south of
a warm temperate zone, in a semi-humid region. The warm-
est month is July with an average temperature of 26.9°C
while the coldest month is January with an average tempera-
ture of —1.8°C. The average annual precipitation in the region
is 773.1 mm. This wetland was constructed in 2009 from a
sunken coal mine. The total study area was around 0.2 km?
(Fig. 1). The inlet of the wetland came from the Cheng River
with characteristics shown in Table 1. The study area was the
same as described in [33].

2.2. Sampling strategy

In each season, seven transects were set following the
flow direction for sampling the sediments (0-5 cm of the
sediment surface) and overlying water (=30 cm under water
surface) (Fig. 1). Three kinds of surface sediments, that is,
sediments in open water areas (OWA, S1, S2... 57), sediments
in reed community areas (RCA, R1, R2... R7) and sediments
in cattail community areas (CCA, C1, C2... C7), were collected

in each transect. Three replicate samples were collected and
mixed together at each site. In total, 252 samples were taken
from both sediment and water from three areas (cattail, reed
and open water) during two seasons (spring and autumn),
over seven transects that represented various flow condi-
tions. The detailed descriptions for each sampling site can
be found in [33].

Water samples (1 L for each sample) were collected
with a columnar water harvesting device (WB-PM, China).
Sediments samples (~50 g) were collected with a stainless
steel grab bucket (Van Veen, the Netherlands). All the sam-
ples were kept in a dark cryogenic box (2°C-8°C) and brought
back to the laboratory to be measured as soon as possible.
In the laboratory, each bag with sediment was homogenized
manually to mix all three samples for each quadrant. Any
visible root or plant material was manually removed prior to
homogenization.

2.3. Analytical methods

The total phosphorous in water (TP ), soluble reactive
phosphorus (SRP), total dissolved phosphorous (TDP) and
total nitrogen (TN) were determined spectrophotometri-
cally after digestion with potassium persulfate [34]. TP was
measured directly while TDP and SRP were determined
after filtration through a 0.45-um cellulose acetate filtration
membrane. Briefly, 25 mL of the sample was digested in an
autoclave after adding 5% potassium persulfate. After cool-
ing down, 1 mL of 10% ascorbic acid and 2 mL of molybdate
solution were added to each of the sample. The samples were
measured at 700 nm using an UV-visible spectrophotometer
(Shanghai Qinghua Co. Ltd., China) after 15 min. The par-
ticulate phosphorus (PP) was calculated by the difference
between TP and TDP, that is, PP = TP - TDP.

The air-dried sediments for measuring the PFs were
ground into powder and passed through a 100-mesh sieve.
The classified extraction of PFs in this study was based on
Pierzynski’s method [35] combined with Bao method [36].
The process of extraction is shown in Fig. 2. The PFs included
exchangeable phosphorus (Ex-P), aluminum-bound phos-
phorus (Al-P), iron-bound phosphorus (Fe-P), occluded
phosphorus (O-P), calcium-bound phosphorus (Ca-P) and
organic phosphorus (Org-P). The total phosphorus in sed-
iments (TPs) was obtained from the sum of the six PFs.
Moreover, permanent phosphorus (Per-P), semi-permanent
phosphorus (Semi-Per-P) and reactive phosphorus (Rea-P)
were determined as follow: Per-P = Ca-P + O-P; Semi-Per-P =
Al-P + Fe-P + Org-P and Rea-P = Ex-P.

2.4. Data analysis

Pearson correlation analysis was used to analyze the cor-
relations between PFs in sediment and overlying water at
5% and 1% levels of significance, as indicated by * (p < 0.05)
and ** (p < 0.01), respectively. One-way analysis of variance
(ANOVA) was used to analyze the influences of season and
presence of reed or cattail on P removal from overlying water.
The Pearson correlation analysis and one-way ANOVA were
conducted using the Statistical Package for the Social Science
software (SPSS 17.0, Chicago, IL, USA). The influence of sea-
sons and presence of reed or cattail on the ratio of nitrogen
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Fig. 1. Study area, vegetation distributions and sampling sites. The study site is in Tengzhou City, Shandong province, China. Differ-
ent colors represent different plants, and the location and area of each plant was recorded by GPS. S1-S7 (black four-pointed stars),
R1-R7 (blue five-pointed stars) and C1-C7 (pink triangles) represent the sites for sampling water and sediments in open water areas
(OWAs), reed community areas (RCAs) and cattail community areas (CCAs), respectively.
Lotus in the wetland only occurred in May and was harvested before October.

Table 1

Climate conditions, inflow characteristics and removal efficiency of the studied wetland, as well as the status of the reed and cattail
at the end of October 2012 and May 2013

Parameters End of October 2012 End of May 2013

Temperature (°C) 8-18 17-26

Daylight (h) 10.5 14.5

Vegetation density (plant/m?) Reed 76 + 26 Reed 160 + 79
Cattail 9 + 4 Cattail 58 + 24

Overground biomass (dry weight g/plant) Reed 31.14 +12.84 Reed 26.90 +2.21
Cattail 38.00 + 8.92 Cattail 37.38 +3.9

Inflow (average, mg/L)

COD 21.00 15.58

TP, 0.57 1.00

TDP 0.38 0.95

SRP 0.34 0.86

N 16.56 11.91

NO; 11.21 6.26

DO 14.06 26.62

pH 8.36 7.99

T (°C) 15.4 227
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to phosphorus was determined by two-way ANOVA in the
statistics program R (version 3.3.1). Post hoc comparisons
were applied using the Tukey HSD test at the 0.05 level of
significance.

Put 1.0 g ground sample into 100 mL centrifuge tube. ‘

Add 50 mL1 M NH,CI, vibration for 30 min, then
centrifuge at 5000 r/min for 20 min. Repeat once.

Add 50 mL1 M NH,F (pH=8.2), vibration for 60 min,
then centrifuge. Wash the left bottom sample with 25 mL | ———» A|p
saturated NaCl twice.

Add 20 mL 0.1 M NaOH, vibration for 17 h. Centrifuge
and wash.

— Ex-P

——— Fe-P

Add 40 mL0.3 M Na,C,H;0O,, 5 mL1 M NaHCO;, 1.0 g
Na,S,0,, 85 °C water bath, stir. Centrifuge and wash.

|

Add 50 mL 025 M H,SO,, vibration for 60 min.|—  , Ca-P
Centrifuge and wash.

Firing at 550 °C for 1 h. Add 50 mL1 M HCI, centrifuge.

—*> O-P

——» Org-P

Fig. 2. Process of extracting phosphorus fractionations (PFs)
according to published methods.
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3. Results and discussion

3.1. Spatial distribution and removal of phosphorus
in overlying water

Fig. 3 shows the distribution of P concentrations with
water flow in autumn and spring. The concentrations of TP,
SRP and TDP declined differently with flow in autumn and
spring (Fig. 3(A-C)). In autumn, TP , SRP and TDP did not
reduce in the first three transects. They began to decline from
the middle of the flow (the fourth transect) and then gradu-
ally decreased in further downstream. In contrast, in spring,
the declines in TP , SRP and TDP were remarkable in the first
two transects and then slowed in the subsequent transects.

The removal efficiencies are summarized in Table 2.
Like most wetlands, Qixinghu wetland can provide sig-
nificant phosphorous removal from wastewater through a
combination of physical, chemical and biological processes
[37]. On average, the removal efficiency of TP was lower
than that of SRP and TDP regardless of the season or the
impact of macrophytes. Considering seasonal impacts, the
average removal efficiencies of TP (p < 0.05 in OWAs) and
TDP (not statistically significant) in autumn were lower than
those in spring for the overlying water of OWAs, RCAs and
CCAs. The removal efficiency of SRP in the overlying water
of OWAs and RCAs was lower in spring than in autumn
(p <0.05); in overlying water of CCAs, it was higher in spring
than in autumn (p < 0.05).

1.2

SRP (mg/T.)
=

Transcets

Transcetls

Fig. 3. Variation of total phosphorous in water (TP, ) (A), soluble reactive phosphorus (SRP) (B), total dissolved phosphorous (TDP)
(C) and PP (D) with flow in the overlying water of open water areas (OWAs), reed community areas (RCAs) and cattail community
areas (CCAs) in autumn (close symbols) and spring (open symbols).
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Table 2
Removal efficiency of TP , SRP and TDP in the studied wetland
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Type of overlying ~ Season Removal efficiency (%)

water TP, SRP TDP PP

OWAs Autumn 53.86 + 4.40 AB 84.75+0.41 AB 75.68 £0.74 A 3.79+24.10 A
Spring 63.75 +0.44 a* 77.41 +0.63 a* 78.89+0.51a ND

RCAs Autumn 60.65+1.73 B 87.03+0.42B 7223 +0.50 A 43.12+3.12A
Spring 61.75+0.58 a 74.52 +1.98 a* 83.02+0.90 a -51.67+141a

CCAs Autumn 51.85+3.63 A 83.84+0.50 A 72.80+13.77 A 2.16 +44.97 A
Spring 60.17 +1.44 a 95.96 + 0.09 b* 81.45+5.56a -187.97 +18.46 a

Mean values + Standard Error (SE). ND, not detected, TP, total phosphorous in water; SRP, soluble reactive phosphorus; TDF, total dissolved
phosphorous; PP, particulate phosphorus. Significant differences were analyzed between different types of overlying water for TP, SRP and
TDP, respectively. * and different letters, that is, A/B or a/b, represent significant differences at least significant difference < 5% (SPSS 17.0).

Considering the influence of macrophytes on P removal,
it was found that the removal efficiencies of TP, and SRP in
overlying water of OWAs were not significantly different
compared with RCAs or CCAs, in either autumn or spring.
Thus, reed and cattail did not have a notable effect on P
removal from the water in this study. In contrast, reed and
cattail were reported to be of benefit for the removal of P from
water, which lowered the risk of P losses to adjacent water
courses during the growing season [26]. However, here, in
autumn, the removal efficiency of TP  and SRP in overlying
water of RCAs was significantly higher than in overlying
water of CCAs (p <0.05). In spring, the removal efficiency of
TP  from overlying water of RCAs was close to that of CCAs,
while the removal efficiency of SRP in the overlying water of
RCAs was significantly lower than that of CCAs (p <0.05).

Although both dissolved and particulate organic P may
be biologically broken down to inorganic phosphorous (min-
eralization) and subsequently removed through biological
and chemical processes [37], it seemed that PP was removed
from the overlying water in autumn, but increased in mac-
rophyte-covered areas in spring (Table 2). Most of the ana-
lyzed PP concentrations were from 0.1 to 0.2 mg/L (Fig. 3(D)).
Therefore, dissolved P in the overlying water was more effi-
ciently removed than PP and was better removed in spring
than in autumn. This result agreed with previous research in
a large-scale constructed treatment wetland receiving eutro-
phic lake water in the United States [38].

The ratio of nitrogen to phosphorus was largely affected
by the season (two-way ANOVA: F, ;= 30.598, p <0.001), but
not significantly influenced by type of sediment (F, ,, = 0.429,
p =0.655) or the interaction terms of seasons and the presence
of reed or cattail (F, ;, =0.403, p = 0.671). Redfield [39] reported
that the similarity between the average nitrogen-to-phospho-
rus ratio in plankton was N:P = 16:1 (by atoms). This ratio
ranged from 8.2:1 to 45.0:1 depending on the ecological con-
ditions [40]. In the present study, the N:P ratio in water (by
atoms) ranged from 78.6:1 to 81.8:1 in autumn and from 42.9:1
to 54.7:1 in spring (Fig. 4). It was close to the upper thresh-
old of the reported range in spring and was higher than the
reported range in autumn. Therefore, the present studied
wetland system was likely P limited according to stoichi-
ometry data. It is generally agreed upon that algal blooms
occur in water bodies when the concentration of TP reaches
0.02 mg/L [41]. In the present study, the TP concentrations

100 - NA

$
=
[
80 A
60 A
.
40 A L
20 A
0

Autumn szl'ing Autumn Sprling Autumn Spliing
OWA RCA CCA

N:P
i

-

Fig. 4. Variation of N:P (by atoms) in the overlying water of open
water areas (OWAs), reed community areas (RCAs) and cattail
community areas (CCAs) in both autumn (gray bars) and spring
(white bars). Error bars show the SE (1 = 7). The analysis was car-
ried out by two-way ANOVA. Post-hoc comparisons were applied
using the Tukey HSD test at the 0.05 level of significance. NA, not
significant; *, significant level at 0.05; **, significant level at 0.01.

were found to exceed this critical concentration even after
decontamination of the wetland. However, in spite of high
TP, concentrations, no algal bloom was observed in the
Qixinghu wetland.

3.2. Influence of macrophytes on P mobility

The mobility of P in sediments was determined by ana-
lyzing the variation of three categories of phosphorus in the
present study, that is, Per-P, Semi-Per-P and Rea-P (Fig. 5).
In OWAs, the percentage of Per-P in the TPs increased grad-
ually with the water flow in both autumn and spring. Per-P
represented almost half of the TPs in autumn and more than
half in spring. Semi-Per-P also accounted for a large percent-
age of the TPs in autumn. In RCA, PFs distributions varied
a lot in different transects. At transect R1, in autumn, Per-P
was only about 10% of the TPs, while Semi-Per-P was about
90% of the TPs. Per-P increased to half or more of the TPs
in the following transects. In both autumn and spring, the
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Fig. 5. Percentage of Per-P (dark red bars), Semi-Per-P (orange bars) and Rea-P (yellowish-green bars) in TP in three types of sedi-
ments, that is, open water area sediments (A and B), reed community area sediments (C and D) and cattail community area sediments
(E and F) in both autumn (A, C and E) and spring (B, D and F) following the water flow direction. S1-S7, sample transects in open
water areas (OWAs); R1-R7, sample transects in reed community areas (RCAs); C1-C7, sample transects in cattail community areas

(CCAs).

highest Per-P in RCAs was found at transect R5, while in
OWAs it was found at transect S7. Thus, more Per-P was
locked in the middle of the flow in RCAs and it accumulated
at the end of the flow in OWAs. Considering CCAs, the vari-
ations of Per-P and Semi-Per-P in autumn were similar to
the results for RCAs. However, in spring, the percentages of
Per-P in TPs were more stable in CCAs than that in OWAs
and RCAs.

Soluble exchangeable phosphorus was the most imme-
diately available phosphorus within sediments [42], and
Ex-P is the best parameter for the assessment of the bio-
availability of phosphorus [43]. The most available form of

phosphorus in this study was the Rea-P (i.e., Ex-P) frac-
tion. The percentage of Rea-P in TPs ranged from 0.06%
to 8.45% (Fig. 5), which was much lower than Per-P and
Semi-Per-P. Relatively high Ex-P concentrations were
observed in OWAs, meaning that loosely exchangeable
phosphorus was readily available to algae, consequently
promoting blooms in these areas. In other words, in the
macrophyte-covered areas, the presence of macrophytes
resulted in a low Ex-P content and reduced the risk of P
release, especially in spring. These results supported the
seasonal management strategy of constructed wetlands for
the purpose of high efficiency [38].
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3.3. Contributions of PFs in surface sediments to P
in overlying water

3.3.1. Relationships between PFs and P in overlying water in
different seasons

In the macrophyte-free area, TP, TDP and SRP were
related to Fe-P in autumn (Table 3). This result was in line
with previous discussion about P release. As Fe-P is rather
active [4], its higher content indicated a higher risk of P
release. Therefore, the sediments in autumn seemed rather
mobile and have more potential for release than sediments
in spring.

In macrophyte-covered areas (RCAs and CCAs), O-P
was significantly related to TP , SRP and TDP in spring
but not in autumn (Table 3). However, there were some
differences between relationships in RCA sand CCAs,
indicating the different effects of reed and cattail. The
relative coefficients between O-P and PFs in RCAs were
higher than in CCAs. This might be due to the different
structures of these two plant species. Reeds benefit from
an extensive root and rhizome system and have a high
plasticity with respect to variable nutrient conditions
[44-46]. The relatively low P demand of reed compared
with other fast-growing species allows this species to have
higher production rates at lower P stocks (i.e., lower P
concentrations) [26]. SRP was positively related to Ex-P in
RCAs while PP was negatively related to AI-P and Fe-P
in CCAs (details in Table 4). It is suggested that higher
exchangeable P in the sediment might cause the increase
of SRP in the overlying water of RCAs, which does not
benefit from the P retention. However, further experimen-
tation is required to explain the relationship between PP
and Al-P/Fe-P.

Comparing the macrophyte-free area and macro-
phyte-covered area, it was found that O-P in sediments
was related to P in overlying water in the macrophyte-cov-
ered area in spring, but not in autumn, or in the macro-
phyte-free area. Meanwhile, only Fe-P was related to P in
overlying water in the macrophyte-free area in autumn.
The results indicate that the presence of reed and cat-
tail resulted in the variation of P forms transformation
between water and sediments. Furthermore, this impact
was greater in spring when the plants entered the growing
season.

Table 3

3.3.2. Relationships between PFs and P in overlying water
regardless of season

Regardless of the season, O-P was found to be sig-
nificantly related to P in overlying water in both macro-
phyte-free and macrophyte-covered areas (Table 5). The
forms of P related to O-P were TP and TDP, TP and SRP
and TDP; and SRP and TDP in overlying water of OWAs,
RCAs and CCAs, respectively. However, the relationships
between O-P and P in overlying water were negative in
macrophyte-free areas, and positive in macrophyte-covered
areas (Table 6).

Aside from O-P, the only relationship between Ex-P
and SRP was found in the reed-covered areas (Table 5).
As previously discussed, Ex-P is exchangeable and eas-
ily released into overlying water once environmental
conditions permit. SRP has often been used to study the
influence of environmental factors on the interactions at
the sediment-water interface and the further impact on P
release [17,18]. In lakes, the relative contribution of roots
to phosphorus uptake (P) depends on the relative SRP con-
centrations of the sediment and the overlying water [47]. It
can be estimated from the concentrations of dissolved reac-
tive phosphorus in the sediment pore water (s) and over-
lying water (w) by P = 99.81/1 + 2.66 (s/w)™*% [47]. In the
present study, from the second to sixth transect, the SRP
concentrations in spring were lower than those in autumn.
This was probably due to the uptake of soluble phosphate
by sorption into plant biofilms. At the onset, there may be
some sorption of negatively charged phosphate particles to
the bottom soil liner particles. Then, the insoluble organic
phosphate was transformed into a soluble inorganic form
by microorganisms. Once the phosphate was available to
the plants, its uptake occurred during the growing season.
But during the senescence stage of the plants and in the
winter, the uptake decreased until plant death and decom-
position followed [37].

Through further analysis, it was found that some relation-
ships disappeared if seasonal influence was not considered.
For example, Fe-P in sediments was no longer related to P in
the overlying water of OWAs, and Al-P in sediments was no
longer related to PP in the overlying water of CCA. However,
some new relationships appeared, including the negative rela-
tionship between O-P in sediments and P in the overlying water

Pearson correlations among PFs in sediments and P in overlying water of open water areas (OWAs), reed community areas (RCAs)

and cattail community areas (CCAs) regard to season

OWAs RCAs CCAs

Autumn Spring Autumn Spring Autumn Spring
TP Fe-P* Oo-p** O-P**
SRP Fe-P* Ex-P*, O-P** O-P**
TDP Fe-P* Oo-p** O-P**
PP Al-P**, Fe-P**

*, p <0.05 *, p<0.01. n =7. TP , Total phosphorous in water; SRP, soluble reactive phosphorus; TDF, total dissolved phosphorous; PP,
particulate phosphorus; Fe-P, iron-bound phosphorus; Ex-P, exchangeable phosphorus; O-F, occluded phosphorus; Al-P, aluminum-bound

phosphorus.
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Correlations among all measured PFs in sediments and P in overlying water of open water areas (OWAs), reed community areas
(RCAs) and cattail community areas (CCAs) with regard to season

Ex-P Al-P Fe-P o-P Ca-P Org-P TPs

OWA

Autumn TP 0.648 0.773 0.839* —0.582 0.181 0.617 0.500
SRP 0.578 0.674 0.841* -0.508 0.124 0.630 0.461
TDP 0.637 0.721 0.808* -0.501 0.134 0.594 0.463
pp 0.233 0.256 0.404 -0.689 0.368 0.302 0.369

Spring TP -0.053 0.061 0.037 -0.636 -0.660 -0.054 -0.340
SRP -0.222 -0.106 -0.124 -0.529 -0.716 -0.163 -0.478
TDP -0.177 -0.055 -0.086 -0.599 -0.697 -0.046 -0.432
pp 0.488 0.360 0.404 0.427 0.713 0.019 0.625

RCA

Autumn TP 0.236 0.127 0.091 -0.621 -0.382 0.270 -0.034
SRP 0.267 0.194 0.267 —-0.679 —-0.248 0.180 0.046
TDP 0.191 0.120 0.178 -0.706 -0.259 0.126 -0.036
PP 0.240 0.086 -0.183 -0.160 -0.514 0.493 -0.019

Spring TP, 0.683 —-0.569 -0.278 0.909** —-0.265 0.541 -0.200
SRP 0.809* -0.414 -0.226 0.954** -0.462 0.728 -0.368
TDP 0.720 -0.515 -0.220 0.904** -0.202 0.510 -0.131
pp -0.477 -0.082 -0.217 -0.327 -0.248 -0.038 -0.314

CCA

Autumn TP 0.307 -0.237 -0.159 0.217 0.046 0.442 -0.085
SRP 0.429 0.065 0.136 0.237 0.041 0.356 0.164
TDP 0.421 0.222 0.296 0.291 0.074 0.200 0.301
PP -0.152 -0.900** -0.876** -0.095 -0.044 0.537 -0.736

Spring TP, —-0.554 -0.218 -0.003 0.776* -0.108 -0.152 -0.158
SRP -0.660 -0.242 0.053 0.810% -0.020 0.063 -0.049
TDP -0.635 -0.330 -0.083 0.794* -0.061 -0.087 -0.125
pp 0.748 0.681 0.385 -0.591 -0.157 -0.213 -0.061

*, p<0.05;**, p <0.01. n=7. Ex-P, exchangeable phosphorus; Al-P, aluminum-bound phosphorus; Fe-P, iron-bound phosphorus; O-P, occluded
phosphorus; Ca-P, calcium-bound phosphorus; Org-P, organic phosphorus; TPs, total phosphorous in sediments; TP , total phosphorous in
water; SRP, soluble reactive phosphorus; TDP, total dissolved phosphorous; PP, particulate phosphorus.

Table 5

Pearson correlations among PFs in sediments and P in overly-
ing water of open water areas (OWAs), reed community areas
(RCAs) and cattail community areas (CCAs) regardless of season

OWAs RCAs CCAs
TP, O-P* O-P*

SRP Ex-P**, O-P* O-P*
TDP O-P* O-p* O-P*

PP

*, p <0.05; **, p <0.01. n = 14. TP , total phosphorous in water; SRD,
soluble reactive phosphorus; TDP, total dissolved phosphorous;
PP, particulate phosphorus; Ex-P, exchangeable phosphorus; O-P,
occluded phosphorus.

of OWA. The stable O-P in sediments in macrophyte-free areas
originated from P in the overlying water; thus, the removal of P
in macrophyte-free areas was carried out by deposition effects.
In the macrophyte-covered areas, the removal of P was mainly
a function of macrophytes and possibly microorganisms. In
this case, the removal of P did not cause an increase of O-F,
and might reduce O-P. The detailed processes of P exchange
between sediment and water need further research.

It is well known that the presence of macrophytes causes
variations of sediment environment and results in different
sediment ecosystem structures, such as changes in microor-
ganisms, benthic algae and protists, which play an important
role in the interactions at the sediment-water interface [5]. In
detail, the presence of macrophytes in aquatic systems can
impact phosphorus release from the sediment into the lake



188

Table 6
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Correlations among all measured PFs in sediments and P in overlying water of open water areas (OWAs), reed community areas

(RCAs) and cattail community areas (CCAs) regardless of season

Ex-P Al-P Fe-P O-p Ca-P Org-P TPs
OWA TP, 0.218 0.271 0.261 -0.591* -0.063 0.154 0.081
SRP 0.168 0.189 0.210 -0.489 -0.119 -0.043 0.001
TDP 0.105 0.149 0.154 -0.536* -0.209 -0.006 -0.077
PP 0.342 0.266 0.264 0.435 0.335 0.200 0.358
RCA TP 0.626 -0.136 -0.152 0.746** -0.003 0.367 0.081
SRP 0.686** -0.066 -0.078 0.794** -0.323 0.463 -0.219
TDP 0.659 -0.142 -0.105 0.789** -0.180 0.311 0.056
PP -0.418 -0.381 -0.397 -0.183 -0.096 —-0.259 -0.226
CCA TP 0.026 -0.183 -0.170 0.521 0.208 0.088 0.122
SRP -0.102 -0.027 0.063 0.594* -0.022 0.103 -0.008
TDP -0.024 -0.016 0.018 0.580* 0.151 0.040 0.142
PP 0.334 0.017 0.196 -0.316 -0.256 -0.055 -0.188

*, p <0.05 **, p <0.01. n = 14. Ex-P, exchangeable phosphorus; Al-P, aluminum-bound phosphorus; Fe-P, iron-bound phosphorus; O-P,

occluded phosphorus; Ca-P, calcium-bound phosphorus; Org-P, organic phosphorus; TPs, total phosphorous in sediments; TP

total phos-

w

phorous in water; SRP, solubility reactive phosphorus; TDP, total dissolved phosphorous; PP, particulate phosphorus.

water at low levels, by creating oxygen in the sediment, estab-
lishing an oxidized barrier to P diffusion, raising sediment Eh,
lowering pH and filterable Fe and P percentages and finally
enhancing sediment P retention [16-18,48]. Moreover, the mac-
rophyte species producing specific biogenic P compounds, the
biomass and the community structure can also lead to dispar-
ity of P distribution [49]. To reveal the mechanisms of reed
and cattail in removing P from sediment and water, P content
in the biomass of reed and cattail as well as the influence of
microorganisms should be considered in future research.

4. Conclusions

In the present study, the influence of seasons and macro-
phytes on the removal of P from eutrophic water and the mobil-
ity PFs in surface sediments were investigated in a P-limited
constructed wetland. It was found that TP , especially dissolved
P was more efficiently removed in spring than in autumn.
Reed and cattail performed differently in SRP removal in the
overlying water. The removal efficiency of SRP in CCAs was
significantly higher than that in RCAs and OWAs in spring.
The presence of macrophytes reduced the risk of P release, as
indicated by the low percentage of Rea-P in TPs, especially
in spring. Among all the PFs in sediments, O-P in sediments
was most related to P in the overlying water, regardless of sea-
son. However, considering the seasonal differences, Fe-P was
related to P in the overlying water in the macrophyte-free areas
in autumn, but not in the macrophyte-covered areas. Thus, the
presence of macrophytes induced variation of sediment-water
P transformation which further influenced the bioavailability
of PFs and reduced the potential of P release into water.
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