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Abstract In this work, sediments were treated with calcium
nitrate, aluminum sulfate, ferric sulfate, and Phoslock®, re-
spectively. The impact of treatments on internal phosphorus
release, the abundance of nitrogen cycle-related functional
genes, and the growth of submerged macrophytes were inves-
tigated. All treatments reduced total phosphorus (TP) and sol-
uble reactive phosphorus (SRP) in interstitial water, and alu-
minum sulfate was most efficient. Aluminum sulfate also de-
creased TP and SRP in overlying water. Treatments signifi-
cantly changed P speciations in the sediment. Phoslock®
transformed other P species into calcium-bound P. Calcium
nitrate, ferric sulfate, and Phoslock® had negative influence
on ammonia oxidizers, while four chemicals had positive in-
fluence on denitrifies, indicating that chemical treatment could
inhibit nitrification but enhance denitrification. Aluminum
sulfate had decreased chlorophyll content of the leaves of
submerged macrophytes, while ferric sulfate and Phoslock®
treatment would inhibit the growth of the root. Based on the
results that we obtained, we emphasized that before applica-
tion of chemical treatment, the effects on submerged macro-
phyte revegetation should be taken into consideration.

Keywords Chemical treatment . Eutrophication . Internal
phosphorus . Nitrification . Denitrification . Submerged
macrophytes

Introduction

Phosphorus (P) control is critical for mitigating eutrophica-
tion, because P is usually the limiting factor of primary pro-
ductivity in freshwater ecosystems (Carpenter 2008; Schindler
et al. 2008). However, after external P loading been blocked,
internal P loading can delay the recovery of shallow lakes
from cultural eutrophication for decades (Søndergaard et al.
2003; Welch and Cooke 2005). Therefore, the control of in-
ternal P release is of great importance for the success of reme-
diation projects.

Internal P loading can be controlled by physical manipulation
of the lake environment (e.g., aeration and dredging) and chem-
ical treatment (e.g., oxygenates and active capping agents)
(Hickey and Gibbs 2009; Welch and Cooke 2005; Zamparas
and Zacharias 2014). Unlike physical measures, chemical treat-
ment can be cost-effective, can cause less disturbance to water
ecosystem, and can be easily applied without complex equip-
ments and specialized machineries (Hickey and Gibbs 2009).
Previous research has considered a number of chemical restora-
tion agents, including oxygenate (e.g., calcium nitrate, perman-
ganate, and hydrogen peroxide) and active capping agents (e.g.,
alum salt, iron salt, allophane, modified zeolite, and Phoslock®)
(Hickey and Gibbs 2009; Welch and Cooke 2005; Zamparas
and Zacharias 2014). Among chemical oxygenate, calcium ni-
trate has been frequently studied and applied to polluted sedi-
ments in many cases (Hemond and Lin 2010; Schauser et al.
2006). The added nitrate can act as an electron acceptor and
participate in redox reactions in sediments. Fe(II) (e.g., FeS) is
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oxidized to FeOOH, and then, phosphate can combine with
FeOOH and be removed from water (Yamada et al. 2012).
Alum and iron salts are also commonly used in P inactivation
(Liu et al. 2009). After adding to the water, the dissolved Al3+

and Fe3+ form Al(OH)3 and Fe hydroxides (e.g., FeOOH),
which precipitate with P into the sediment (Guzmán et al.
2016; Li and Davis 2016). Phoslock®, a lanthanum modified
bentonite clay, was invented for trapping P in aqueous solutions
(Douglas et al. 1999). Phoslock® could reduce dissolved P by
the formation of highly insoluble lanthanum–phosphate com-
plex (Reitzel et al. 2013).

Chemical agents will affect the physicochemical environ-
ment of the sediment, such as pH (e.g., alum and iron) and
redox potentials (e.g., calcium nitate) (Hickey and Gibbs
2009; Welch and Cooke 2005; Zamparas and Zacharias
2014), which could change the activities of microbial commu-
nities and thus affects the biogeochemical processes
(Barcenas-Moreno et al. 2016; Fierer and Jackson 2006;
Jeanbille et al. 2016; Lipson et al. 2015). Moreover, the intro-
duction of metal ions (e.g., Al3+ and La3+) may exert direct
toxic effects to microorganisms and thus affect their commu-
nity structures and function (Amonette et al. 2003; Spears
et al. 2013; Yaganza et al. 2004). Among those biogeochem-
ical processes, nitrogen (N) cycling is mainly mediated by
microorganisms (Chen et al. 2016). However, little is known
about the impact of chemical treatment for P inactivation on N
cycling-associated microorganisms.

Chemical treatment methods can be effective in P in-
activation in the short term, but revegetation of the sub-
merged macrophytes is crucial for the restoration of the
impaired aquatic ecosystem. Submerged macrophytes can
provide the essential habitats for fish and invertebrates
and thus keep the balance of aquatic ecosystem.
Besides, submerged macrophytes can reduce phytoplank-
ton biomass by competing for nutrients and light, secret-
ing allelochemicals, and providing refuge for herbivorous
zooplankton, which contribute to the improvement of wa-
ter quality (Ogdahl and Steinman 2015; Rodrigo et al.
2015; Zhu et al. 2015). However, it is currently unclear
whether the chemical treatment can affect the subsequent
submerged macrophyte revegetation.

In this work, four chemicals, including calcium ni-
trate, aluminum sulfate, ferric sulfate, and Phoslock®,
were investigated. The aims of this study were to (1)
evaluate and compare the abilities of the four chemical
agents for P inactivation, (2) evaluate the effects of the
four chemicals on the abundance of nitrification- and
denitrification-related functional genes, and (3) explore
the effects of the four chemicals on the growth of sub-
merged macrophytes using Hydrilla verticillata as an
example. Results from this work contribute to a better
understanding of the efficiency and influence of chem-
ical treatment on the restoration of aquatic ecosystem.

Materials and methods

Materials and chemicals

Water sample and sediment sample were collected from East
Lake (30° 32′ 54.91″ N, 114° 21′ 15.61″ E) in Wuhan, China.
Water sample was collected with a plexiglass hydrophore, and
sediment sample was collected with a stainless steel grab sam-
pler. After transferring back to the laboratory, the sediment
sample was homogenized and passed through the 60-mesh
sieve to remove coarse particles. Water content, total organic
carbon (TOC), total Kjeldahl nitrogen (TKN), and total phos-
phorus (TP) of the homogenized sediment were
70.01 ± 2.07 %, 3.39 ± 0.12 %, 4.56 ± 0.16 mg N/g, and
1.28 ± 0.02 mg P/g, respectively. The concentrations of
NH4

+-N and NO3
−-N of the sediment were 0.11 ± 0.003 and

0.11 ± 0.015 mg N/kg, respectively. Total nitrogen (TN), TP,
NH4

+-N, and soluble reactive phosphorus (SRP) of the water
sample were 3.22 ± 0.17, 0.14 ± 0.011, 1.09 ± 0.04, and
0.03 ± 0.002 mg/L, respectively.

All chemicals used in the experiment are of analytical-
reagent grade. Ferric sulfate (Fe2(SO4)3) is supplied by
Tianjin Kermel Chemical Reagent Development Center.
Phoslock® (lanthanum-modified bentonite containing 5 %
lanthanum) was supplied by the Phoslock® Water Solutions
Ltd. Other chemicals were purchased from Sinopharm
Chemical Reagent Co., Ltd.

Sediment treatment experiment

Water/sediment microcosms were setup in 500-mL glass bea-
kers with a height of 15 cm and a diameter of 7 cm. A total of
30 beakers and five plastic containers were prepared. Beakers
were each filled with 6-cm sediment (equal to about 247-g wet
sediment) and 8 cm lake water and then were separated into
five plastic containers (55 cm × 35 cm × 35 cm) (one for the
control and four for treatments). Mixed lake water and tap
water (1:1) were added to the plastic container to a height of
20 cm. Chemicals selected for the investigation were first
prepared to solutions or slurries and then added to the surface
of the sediment without agitation to avoid disturbing the sed-
iment. An aliquot of 1 g of calcium nitrate, aluminum sulfate,
Fe2(SO4)3, and Phoslock® was each added to beakers for
corresponding treatments. No chemical was added in beakers
for the control.

Microcosms were maintained at 24 ± 2 °C with a 12-h
light/12-h dark cycle. Three beakers were retreated from each
group on day 30 and on day 60 after incubation. Overlying
water was siphoned into a sampling bottle. Then, a 50-mL
syringe with an upper-end cut was inserted to the sediment
to collect sediment samples. The sediment in the syringe was
divided into two 3-cm layers, and only the upper layer was
collected and measured. The rest of the sediment in the beaker
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was homogenized and centrifuged to collect interstitial water.
The procedures of sampling were performed in the atmo-
sphere of nitrogen gas, and the sampling bottles and bags were
filled with nitrogen gas to avoid the oxidation of the samples.
Water samples were stored in 4 °C and analyzed within 24 h
after sampling.

Measurement and chemical analysis

Water pH and dissolved oxygen (DO) were measured by a
Hach HQ40d portable multiparameter meter. For water sam-
ples, TN and TP were measured using the alkaline persulfate
oxidation and persulfate oxidation methods, respectively, and
NH4

+-N was determined by Nessler’s colorimetric method
(MEPC 2002). After the water samples were filtered through
0.45-μm cellulose acetate membrane filters, SRP was deter-
mined by ammonium molybdate methods (MEPC 2002). For
sediment samples, total Kjeldahl nitrogen (TKN) was deter-
mined by the automatic Kjeldahl nitrogen analyzer (S5, Behr,
Germany), NH4

+-N and NO2
−-N were determined by a spec-

trophotometric method following potassium chloride extrac-
tion, and TP was measured as described by Ruban et al.
(1999). The sequential extraction scheme of Psenner et al.
(1984) with slightly modifications (Lin et al. 2015) was used
for P fractionation. P was separated into loosely sorbed P
(NH4Cl-P), reductant-soluble P (BD-P), metal oxide-bound
P (NaOH-P), calcium-bound P (HCl-P), and residual P.
Residual P was calculated by subtracting the extractable P
species from TP.

DNA extraction and real-time quantitative PCR

The upper sediment samples collected on day 60 were used
for DNA extraction. DNAwas extracted from 0.3-g sediment
using the E.Z.N.A. soil DNA kit (Omega Bio-tek, Norcross,
GA) according to the manufacturer’s instruction. For the de-
tection of ammonia-oxidizing archaea (AOA), ammonia-
oxidizing bacteria (AOB), nitrite reductase-encoding genes
(nirK), and nitrous oxide reductase-encoding genes (nosZ),
the following primers were used: archaeal amoA: Arch-
amoA-F and Arch-amoA-R (Francis et al. 2005); bacterial
amoA: amoA1F and amoA2R (Rotthauwe et al. 1997);
nirK: nirK876 and nirK1040 (Henry et al. 2004); and nosZ:
nosZ2F and nosZ2R (Henry et al. 2006). Quantitative PCR
(qPCR) was performed by a real-time PCR instrument (Bio-
Rad, USA) in a total volume of 20μL, which contained 10μL
of iTaq universal SYBR Green Supermix (Bio-Rad, USA),
1 μL of each primer (10 μM), 7 μL of water, and 1 μL of
template DNA. The thermal profiles for archaeal amoA genes
and bacterial amoA genes consisted of 95 °C for 5 min,
followed by 40 cycles of 94 °C for 45 s, 61 °C for 1 min,
and 72 °C for 1 min; for nirK genes consisted of 94 °C for
2 min, followed by 40 cycles of 94 °C for 15 s, and 57 °C for

30 s; for nosZ genes consisted of 94 °C for 10 min, followed
by 40 cycles of 95 °C for 15 s, and 64.4 °C for 1 min. Assays
used the pMD18-T (Takara, Japan) as the vector, and then, the
vectors were transformed into E. coli hosts. Then, the plas-
mids were extracted by AxyPrep Plasmid Miniprep kits
(Axygen, China) and the concentrations of plasmids were
measured by a Nanodrop-8000 Spectrophotometer (Thermo,
USA).

Standard curves contained the genes ranging from
4.56 × 106 to 1.43 × 1010, 6.96 × 106 to 2.17 × 1010, 5 to
5.00 × 107, and 2.00 × 102 to 2.00 × 107 copies per microliter
for AOA, AOB, nirK, and nosZ, respectively. For AOA and
AOB, the standard plasmids were five times dilution; for nirK
and nosZ, the standard plasmids were ten times dilution. All
samples and standard reactions were performed in triplicate,
and an average value was calculated. A no-template control
was used to exclude any false-positive amplification. Melt
curves were generated after each assay to check the specificity
of amplification. PCR efficiencies were 93.4 % for AOA,
97.1 % for AOB, 90.7 % for nirK, and 91.2 % for nosZ.
Correlation coefficients (r2) were greater than 0.99 for all runs.
The gene abundances were presented as gene copies per gram
of the dry sediment.

Growth of submerged macrophytes

H. verticillata was selected in this study, because it has a
strong capability for growth in water and is commonly used
in the restoration of eutrophicated shallow lakes in China (Yu
et al. 2010; Zhang and Liu 2011). H. verticillata were collect-
ed in Wuhan Botanical Garden, China, and then were prein-
cubated under laboratory condition before experiment. Thirty
days after the modification of chemicals, 45 fine apical shoots
with a length of 10 cm were weighed and planted into the
beakers through cuttage. Each beaker was planted with 3
shoots.

After 30-day growth, the plants were uprooted from the
sediment. After being washed with deionized water and care-
fully dried with a filter paper, the plants were weighed to
measure the fresh weight (including roots, stem, and leaves).
The numbers of roots were counted, and the lengths of the
roots were measured. The relative growth rate (RGR, g/day)
for each treatment was calculated using the following equa-
tion: RGR = (lnWt − lnW0) / t, whereWt andW0 are the final
and initial wet weights (g), respectively, and t is the interval
(days) between the two measurements.

For RGR, lengths of roots, and numbers of roots, the sum
of three plants from one beaker was treated as one sample. For
the measurement of chlorophyll, enzyme activity, and
malondialdehyde (MDA) content, three plants in one beaker
were combined. The chlorophyll content of the leaves was
determined by the spectrophotometric method at 663 and
645 nm after 24-h extraction with 80 % ethanol. The contents
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of protein and MDA of the shoot tip were determined by the
bicinchoninic acid and thiobarbituric acid methods, and the
activities of superoxide dismutase (SOD) and peroxidase
(POD) were determined by the hydroxylamine method and
colorimetric method using the assay kits provided by
Nanjing Jiancheng Bioengineering Institute, respectively.

Data analysis

All results were presented as the means and standard devia-
tions of three replicates. Differences between treatments and
control were tested using one-way ANOVA by a LSD post
hoc test using PASW Statistics 18 (SPSS Inc.). Canoco 4.5
(Plant Research International) was used for principal compo-
nent analysis and plotting. All the other figures were generated
using the Origin Pro 9.0 software. A confidence level of 95 %
was used.

Results and discussion

Effects of chemical treatment on pH and DO in overlying
water

In overlying water, the addition of aluminum sulfate and ferric
sulfate caused a minor decrease (p < 0.05) in water pH (Fig. 1).
On day 30, the water pHs in control, aluminum sulfate, and
ferric sulfate were 7.41, 6.15, and 6.40, respectively. On day
60, water pHs were 7.82, 6.59, and 6.81 in control, aluminum
sulfate, and ferric sulfate, respectively. In calcium nitrate treat-
ment, only a slight decrease (p < 0.05) was observed on day 30.
Hydrolytic reactions of the added Ca2+, Al3+, and Fe3+ might
have caused the increase of hydrogen ion, resulting in the de-
cline of water pH in these treatments. On day 30, the DO con-
centrations in treatment of calcium nitrate, aluminum salt, and
ferric salt were higher than in control (p < 0.05) in the overlying

water. On day 60, DO in calcium nitrate and aluminum salt
treatment was lower than in control (p < 0.05). The DO concen-
tration in ferric sulfate treatment had no significant difference
with control on day 60. The addition of Phoslock® decreased
DO concentration (p < 0.05) in the overlying water at both
sampling points. The capping of the bentonite clay might have
caused the reduction of DO of the sediment/water system. Vopel
et al. (2008) used Phoslock® as capping materials in the dose of
200–600 g Phoslock®/m2, and the results showed that O2 satu-
ration was decreased by ∼5 % in the capping layer/water inter-
face. The capping layer of Phoslock® increased the distance for
the diffusion of DO from the bottom water to the interstitial
water but not interfered with the upward diffusion of reduced
solutes, resulting in the upward oxidation zone for reduced com-
pounds. The oxidation of reduced solutes might be oxidized in
the overlying water rather than in the sediment, causing the
decrease of DO in the bottom water (Vopel et al. 2008).

Effects of chemical treatment on phosphorus

P changes in overlying water and interstitial water

Significant decreases (p < 0.05) of TP and SRP concentrations
in the interstitial water were observed in all treatments on day
30 and day 60 (Fig. 2b, d). In the overlying water, the appli-
cation of aluminum sulfate decreased TP on day 30 and day
60 (Fig. 2c) but decreased SRP only on day 30 (Fig. 2a)
(p < 0.05). The calcium nitrate treatment showed no signifi-
cant influence (p > 0.05) on TP and increased SRP (p < 0.05)
in the overlying water. Ferric sulfate and Phoslock® showed
no significant impact on TP but caused a significant decrease
of SRP (p < 0.05) on day 30 in the overlying water.

Theoretically, all four chemicals (i.e., calcium nitrate, alumi-
num sulfate, ferric sulfate, and Phoslock®) are able to remove P
from water by the formation of FeOOH, alum flocs, ferric flocs,
and LaPO4, respectively (Yamada et al. 2012; Guzmán et al.

a bFig. 1 Effects of chemical
treatment on a pH and b dissolved
oxygen (DO) in overlying water
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2016; Li and Davis 2016; Reitzel et al. 2013). In this study, high
P removal efficiency in the interstitial water was observed in
four treatments, showing the great abilities of lowering the risk
of P release from the interstitial water. This was of great signif-
icance for controlling the release of endogenous P. Among the
four, aluminum sulfate was the most effective agent for P re-
moval and immobilization in the overlying water and the inter-
stitial water, followed by ferric sulfate. However, the abilities of
other chemicals in controlling P concentration in overlying wa-
ter were weak. What is more, the addition of calcium nitrate
caused an increase in SRP in the overlying water, whereas
Phoslock® caused the increase in TP in the overlying water
on day 30. The following reasons might be involved: First, the
added nitrate could penetrate into sediment and promote deni-
trification, resulting in the production of nitrogen gases in the
sediment (Xu et al. 2014). This was verified by the observation
of gaps in the sediment and on the sediment surface. When
rising from the sediment, the gas can loosen the sediment and
release P in the interstitial water, resulting in an increase of P
flux from sediment to overlying water. Second, the dosage for
Phoslock® in this experiment (about 260 g/m2) might be not
enough to retain P in the sediment. Meis et al. (2013) indicated
that an addition of 510 g/m2 Phoslock® was required to control
the P release from sediment. Previously, when a dosage of

510 g/m2 Phoslock® was used, the P concentration in the over-
lying water was maintained at a lower level throughout the
experimental period (Lin et al. 2015). The capping of
Phoslock® could lead to a decrease in DO concentration (even
zero) below the capping layer, leading to an anaerobic condition
at the capping layer/sediment interface (Vopel et al. 2008). If the
dosage of Phoslock® was not enough to retain P, the flux of P
into the overlaying water might occur, leading to an increase of
TP in the overlying water.

Changes of P species in the sediment

NH4Cl-P is the most bioavailable form of P and has a high
likelihood of release (Jing et al. 2015; Meis et al. 2012). In
Fig. 3a, 60 days after treatments, aluminum sulfate, ferric sul-
fate, and Phoslock® significantly decreased NH4Cl-P content
(p < 0.05), indicating a favorable tendency to control the re-
lease of P from sediments.

In Fig. 3b, the application of calcium nitrate and ferric
sulfate caused an increase in BD-P (p < 0.05), while aluminum
sulfate and Phoslock® treatment decreased BD-P (p < 0.05).
BD-P represents the redox-sensitive P bound to Fe-
hydroxides and Mn compounds (Kaiserli et al. 2002;
Lukkari et al. 2007). The added nitrate in the calcium nitrate

a b

c d

Fig. 2 Phosphorus
concentrations in overlying water
and interstitial water: soluble
reactive phosphorus (SRP) in a
overlying water and b interstitial
water and total phosphorus (TP)
in c overlying water and d
interstitial water
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treatment acted as an electron acceptor, resulting in the oxida-
tion of sulfides (e.g., iron sulfide) and the release of Fe2+.
Since the addition of calcium nitrate had increased DO con-
centration in the overlying water (Fig. 2), the released Fe2+ can
be oxidized to Fe-hydroxides (Yamada et al. 2012) under aer-
obic conditions or with the existence of adequate nitrate. The
addition of ferric sulfate increased DO concentration on day
30, favoring the formation of FePO4 and Fe-hydroxides,
resulting in an increase in BD-P content, whereas, on day
30, the addition of Phoslock® decreased DO content in the
overlying water, which might result in the reduction of Fe-
hydroxides and thus caused a decrease in BD-P in this
treatment.

Figure 3c shows the changes of NaOH-P. NaOH-P includes
P bound to aluminum oxides, non-reducible Fe, and some
organic P with complex components that are easy to mineral-
ize (Kaiserli et al. 2002; Lukkari et al. 2007; Meis et al. 2012).
P can be combined to different kinds of aluminum-containing
minerals, such as wavellite (Al3(OH)3(PO4)2·5H2O) and
variscite (AlPO4·2H2O) (Lukkari et al. 2007). The added alu-
minum salt had significantly increased the NaOH-P content

(p < 0.05) by the formation of aluminum oxides. Besides, a
decrease in water pH favors the retention of NaOH-P because
NaOH-P is sensitive to high pH. A slight decrease in water pH
was observed in the calcium nitrate treatment, and no signif-
icant change was observed in the Phoslock® treatment,
whereas NaOH-P in both calcium nitrate and Phoslock® treat-
ments decreased. The released P in NaOH-P might be retained
in NH4Cl-P and BD-P forms in the calcium nitrate treatment
and in HCl-P form in the Phoslock® treatment.

HCl-P and residual P were the more stable P fractions. Both
of them can be considered as nonbioavailable forms (Jing
et al. 2015). In this study (Fig. 3e), the four chemicals had
no significant influence on residual P content owing to its
stability. However, the addition of aluminum salts and ferric
salts caused the decrease of HCl-P content on day 60
(p < 0.05). HCl-P contains P bound to carbonates and apatite
P (Meis et al. 2012), and this P form is very sensitive to lower
pH. Addition of aluminum and ferric salts decreased pH and
therefore decreased HCl-P. Phoslock® application led to an
increase in HCl-P on both day 30 and day 60 (p < 0.05). On
day 60, the differences of HCl-P content between the

a b c

d e

Fig. 3 Variation of phosphorus species in sediment: a NH4Cl-P, b BD-P, c NaOH-P, d HCl-P, and e residual P
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Phoslock® treatment and the control was 0.11 mg P/g, while
the sum of decreased P content, including NH4Cl-P, BD-P,
and NaOH-P, in the Phoslock® treatment on day 60 was
0.09 mg P/g. A coincident decrease of P was observed in the
interstitial water. Thus, decreased P in the interstitial water,
NH4Cl-P, BD-P, and NaOH-P contents in the Phoslock® treat-
ment was likely be retained in the form of HCl-P.

Effects of chemical treatment on nitrogen,
ammonia-oxidizing microorganisms, and denitrifying
microorganisms

NH4
+-N concentration in the overlying water treated by alu-

minum salt was higher (p < 0.05) than that of the control at
both sampling points. Ferric sulfate also caused an increase in
NH4

+-N concentration (p < 0.05) in the overlying water on
day 30, but not on day 60. NH4

+-N concentration in the over-
lying water treated by ferric salt decreased significantly
(p < 0.05), while TN concentration increased (p < 0.05) on
day 60. NH4

+-N concentration in the overlying water treated

by Phoslock® was higher than that of the control (p < 0.05) at
both sampling points. In the interstitial water and sediment treat-
ed with calcium nitrate, NH4

+-N concentration increased
(p < 0.05) at both sampling points. On day 30, NH4

+-N concen-
tration in the interstitial water treated with aluminum salt and
ferric salt was higher (p < 0.05) than that of the control. The four
chemicals had minor effects on TKN in the sediment (Fig. 4).

The abundance of archaeal amoA (AOA), bacterial amoA
(AOB), nirK, and nosZ genes was measured in the sediment
sampled from day 60 (Fig. 5). AOA and AOB gene copies
ranged from 3.72 × 1010 to 5.69 × 1010 and 2.68 × 109 to
5.56 × 109 g−1 dry weight soil, respectively. Significant de-
creases (p < 0.05) of AOA and AOB genes were observed in
sediment treated by ferric sulfate and calcium nitrate. A sig-
nificant decrease (p < 0.05) in the abundance of AOA genes
was also found in sediment treated with Phoslock®. No sig-
nificant difference was found between the aluminum sulfate
treatment and the control. The denitrifying bacteria genes
showed different tendencies compared to the AOA and bacte-
ria. The abundance of nirK genes increased (p < 0.05) by the

a b

d e

c

f

Fig. 4 Variation of NH4
+-N in a overlying water, b interstitial water, and c sediment and total nitrogen (TN) in d overlying water, e interstitial water, and

f total Kjeldahl nitrogen (TKN) in sediment
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application of the four chemicals. The abundance of nosZ
genes increased dramatically in the calcium nitrate treatment,
while the other three treatments had no significant influence
on the abundance of nosZ genes. The nosZ gene number treat-
ed with calcium nitrate was 3.42 × 108 g−1 dry weight soil, and
it was about ten times than the other groups, which ranged
from 1.99 × 107 to 3.54 × 107 g−1 dry weight soil.

Reduced pH can affect the balance between ammonia
(NH3) and ammonium (NH4

+), leading to the increase of
NH4

+-N concentration (Beman et al. 2011; Watanabe 2015).
AOA and AOB tend to use ammonia as the substrate rather
than ammonium; thus, reduced pH can slow ammonia oxida-
tion rates and inhibit AOB and AOA growth (Beman et al.
2011; Ward 1987; Wang and Gu 2014). In our study, a de-
crease in pH was found in the overlying water treated by
calcium nitrate, aluminum salt, and ferric salt on day 60,
which might explain the decrease in AOA and AOB gene
copies in calcium nitrate and ferric salt treatments. However,
a decrease in AOA and AOB gene copies was not found in
aluminum salt treatment, which had the lowest water pH on
day 60. Moreover, water pH in the Phoslock® treatment
showed no significant difference with control on day 60, but
AOA decreased in the Phoslock® treatment. Lots of evi-
dences had shown that some ammonia-oxidizing microorgan-
isms could survive in acidic soil (De Boer and Kowalchuk
2001; Allison and Prosser 1993; Nicol et al. 2008). Nicol
et al. (2008) even found that the abundance of AOA genes
decreased significantly as soil pH increased, while AOB genes
increased with the increase of soil pH. The composition and
diversity of bacterial communities can be influenced by a wide
range of biotic and abiotic factors. So we guessed that in
addition to pH, there were other factors being involved, such
as DO, ammonia availability, and organic carbon. However, it
is difficult to determine which of these factors had led to the
phenomena of AOA and AOB in aluminum salt treatment
based on the available results. But it was likely that a decrease
in the AOA abundance in the sediment treated with
Phoslock® might be caused by a decrease in DO as AOA
can oxidize ammonia into nitrite in the presence of oxygen
(Könneke et al. 2005). Meanwhile, a decrease in DO in the
Phoslock® treatment might have led to other changes. When
the reduction of DO in the Phoslock® treatment occurred,
some other nitrogen forms might be reduced to ammonium,
leading to an increase in NH4

+-N in the overlying water and
the interstitial water (Fig. 4). However, an increase in NH4

+-N
concentration might also be caused by the NH4

+-N contami-
nation in Phoslock®. We had checked the NH4

+-N contami-
nation in the four chemicals, and ∼1 g chemicals were added
to ∼300 mL of pure water, respectively. Results showed that
Phoslock® could result in an increase in NH4

+-N in
water. Reitzel et al. (2013) also stated that ammonium
might be released from Phoslock® when Phoslock®
was dispersed in water.

Denitrification can be affected by many factors, such as
DO, nitrate content, organic matter, redox potential, tempera-
ture, pH, and soil type, but the determining factors of denitri-
fication were nitrate concentration, DO, and pH (Ligi et al.
2014; Shao et al. 2011). A few studies found that denitrifica-
tion could be enhanced by nitrate addition and oxygen supply
could inhibit denitrification (Firestone et al. 1979; Thomas
et al. 1994; Shao et al. 2011). Similar results were observed
in this study that the application of calcium nitrate increased
the number of nirK gene copies and promoted denitrification.
In ferric sulfate treatment on day 60, NH4

+-N decreased while
TN increased in the overlying water. It was possible that part
of NH4

+-N was oxidized to NO3
−-N. Therefore, the addition

of ferric sulfate caused an increase in nirK genes and enhanced
denitrification. Besides, the application of aluminum sulfate
and Phoslock® also significantly increased the abundance of
nirK genes. We assumed that the decrease in DO on day 60
caused by aluminum salt and Phoslock® addition had promot-
ed the denitrification activity. Our results indicated that all four
chemicals could promote denitrification process. However,
the direct addition of nitrate had the largest impact. The addi-
tion of calcium nitrate dramatically increased the nosZ gene
copies. The nitrous oxide reductase was encoded by nosZ
gene, and this enzyme catalyzes the reduction of N2O to N2

(Thomas and Moselio 2012). An increase in the abundance of
nosZ genes may benefit the controlling of greenhouse emis-
sion from sediment (Cui et al. 2016; Iribar et al. 2015).

Principal component analysis of different treatments

Principal component analysis (PCA) of 17 environmental fac-
tors in the overlaying water, interstitial water, and surface
sediments was proceeded for 30 samples in this work. The
first two PCs account for 32.35 and 22.34 % of the total
variance explained, respectively, with a cumulative variance
of 55.69 %. The PC1 axis was significantly positively

Fig. 5 The abundance of archaeal amoA (AOA), bacterial amoA (AOB),
nirK, and nosZ genes in sediment. Asterisks indicate where a significant
difference was observed between treatments and controls (p < 0.05)
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correlated to (p < 0.01) NH4
+-N in interstitial water

(r = 0.7406) and NaOH-P in sediment (r = 0.8879), while
significantly negatively correlated (p < 0.01) to pH in the
overlaying water (r = −0.9303), TP (r = −0.738), and SRP
(r = −0.647) in the interstitial water and BD-P (r = −0.6545)
and HCl-P (r = −0.6068) in the sediments. The PC2 axis was
significantly positively correlated (p < 0.01) with SRP
(r = 0.8344), DO (r = 0.647), and TN (r = 0.7659) in the
overlaying water and NH4Cl-P (r = 0.785) in the sediments.
Overall, the PC1 and PC2 represented the gradient of P in the
sediments and environmental factors in the overlaying water,
respectively.

There were clear separations of most of the treatments in
different sampling dates in PCA ordination plot, except the
Phoslock® treatment and the control (Fig. 6), implying that
the Phoslock® treatment in this study might have less impact
environmental gradients in PC1 and PC2. The separations of
different treatments in the plot represented the different effects
of these treatments. For example, the samples in the calcium
nitrate treatment were separated from the other samples along
the direction of the PC2 axis, indicating that compared to the
other treatments and the control, the calcium nitrate treatment
could increase SRP, DO, and TN in the overlaying water and
NH4Cl-P in the sediments, while the samples in aluminum
sulfate treatment and ferric sulfate treatment were separated
from the other samples along the PC1 axis, denoting that these
two treatments could increase NH4

+-N in the interstitial water
and NaOH-P in the sediment and decrease the pH in the over-
laying water, TP and SRP in the interstitial water, and BD-P
and HCl-P in the sediments. Moreover, the distances between
treatment sites and control sites became smaller in day 60

compared with those in day 30, which that indicated the ef-
fects of the treatments would fade through time.

Effects on submerged macrophyte revegetation

The relative growth rate (RGR), the root number, the root
length, the chlorophyll, the activities of SOD and POD, and
the MDA content are shown in Fig. 7. The application of the
four chemicals showed no significant influence (p > 0.05) on
RGR. Ferric sulfate and Phoslock® treatment significantly
decreased the number of the roots, and the root length was
shorter in Phoslock® treatment than that of the control
(p < 0.05). Phoslock® capping might reduce the diffusion of
oxygen to the sediment, thus depressed the root growth of the
plants. Chlorophyll content in plant leaves was lower in alu-
minum treatment than in the control (p < 0.05) but did not
differ significantly between the control and the other three
treatments (p > 0.05). NH4

+-N stress can damage the photo-
synthetic system and inhibit photosynthesis in aquatic plants
(Zhu et al. 2015). Wang et al. (2008) found that chlorophyll
decreased by about 12 % in leaves treated with 0.4 mM
NH4Cl (equal to 5.6 mg/L NH4

+-N) for 4 days. In our study,
the NH4

+-N concentration treated by aluminum salt was
5.23 mg/L on day 60. Thus, we assumed that the decrease in
chlorophyll treated by aluminum salt was caused by NH4

+

stress. SOD activity (p < 0.05) decreased in plant leaves treat-
ed by calcium nitrate but no such trends for the other three
treatments. Furthermore, no significant difference was ob-
served in POD activities in the four treatments. Environment
stress can cause the imbalance of cell activities and induce the
excess production of reactive oxygen species (ROS) (Apel
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and Hirt 2004; Mittler et al. 2004). Excess ROS results in the
response of plants to oxidative stress, including enhancement
or suppression of activities of antioxidative enzymes (Wang
et al. 2008). Among the antioxidative enzymes, SOD can de-
fend against ROS by catalyzing superoxide to H2O2, and POD
can decompose H2O2 to water and oxygen (Wang et al. 2008).
MDA is an end product of polyunsaturated fatty acid oxida-
tion and has been used to detect the degree of lipid peroxida-
tion, and the MDA concentration is an important index of
physiological stress (Wang et al. 2008; Zhu et al. 2015). In
this study, MDA concentration in plant leaves treated by alu-
minum salt, ferric salt, and Phoslock® decreased significantly
(p < 0.05) compared with control. However, no increased
SOD activities, POD activities, or MDA concentration was
found in this study, indicating that there might be no oxidative
stress on plants by the application of the four chemicals, or
after growing for 30 days, the oxidative stress caused by the
chemicals may not be observed due to the self-healing.

Conclusion

Overall, our results showed that all of the four tested
chemicals had the abilities of reducing P release from intersti-
tial water. Calcium nitrate, ferric sulfate, and Phoslock®

inhibited nitrification, and all treatment promoted denitrifica-
tion process. Aluminum sulfate was the most efficient in re-
ducing P in the overlying water and the interstitial water and
reducing the risk of releasing P from sediment. However, neg-
ative effect on chlorophyll of H. verticillata was observed
which should be paid attention in subsequent submerged mac-
rophyte revegetation. Ferric sulfate was also an efficient
chemical for P inactivation, and it had the efficiency of reduc-
ing P inferior to aluminum sulfate. Calcium nitrate is not rec-
ommended when P content in lake water is much lower than
in the sediment, since the application of calcium nitrate might
lead to P release from the sediment to the overlying water,
which might trigger the outbreak of algal blooms.
Phoslock® can be effective in reducing P in overlying water
only when added at enough dosage. Phoslock® was much
more expensive than the other three chemicals; therefore, the
application of Phoslock® may not be cost-effective. Another
consequence of Phoslock® application is that capping of
Phoslock® might cause the lack of oxygen in sediment and
thus harmful to the growth of plant roots, which is unfavorable
for the submerged macrophyte revegetation.
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