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Abstract 

Background:  Achieving nitrogen (N) and phosphorus (P) control in sediment remediation projects by adding natural 
materials is receiving increasing attention. In this study, different natural materials, including iron-rich clay minerals, 
calcite, kaoline, sugarcane bagasse and Phragmites detritus, were applied to test their effects on N and P in a meso-
cosm experiment.

Results:  Iron-rich clay minerals and Phragmites detritus had obvious advantages for P control; they resulted in almost 
undetectable levels of soluble reactive phosphorus (SRP) in the water column throughout the experiment. This find-
ing can be explained by their strong P adsorption ability. The high level of available organic carbon in the sediment 
and water column after sugarcane bagasse addition provided enough electron donors for denitrification and dissimi-
latory nitrate reduction to ammonium (DNRA), which caused nitrate (NO3

−-N) deficiency and ammonium (NH4
+-N) 

accumulation in the water column. Additionally, this resulted in anaerobic conditions, further fuelling the release of P 
from iron-bound P induced by anoxia. Thus, the amount of sugarcane bagasse applied should be considered carefully 
in order to balance denitrification and DNRA as well as P releases. Calcite and Phragmites detritus are recommended 
as remediation materials for N removal based on their significant promotion of denitrification and limitation of DNRA, 
which resulted in low NO3

−-N and NH4
+-N levels. These results can be explained by the shifts in the functional micro-

bial community composition and abundance after the addition of natural materials.

Conclusions:  Iron-rich clay minerals and Phragmites detritus are promising sediment remediation materials for P 
immobilization due to their strong P adsorption ability. Taken together, the selection of sediment remediation materi-
als should consider the N and P coupling relationship, to prevent NO3

−-N removal from causing P leaching or NH4
+-N 

accumulation.
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Background
Eutrophication, one of the most serious environmental 
problems, causes harmful algae to multiply and has led 
to the severe degeneration of the water quality in lakes 

worldwide [18, 39]. A prominent cause of eutrophication 
is high nutrient loadings, such as N and P loadings [46]. 
The biological toxicity and spectral characteristics of con-
tamination in seriously polluted urban rivers are closely 
linked [5]. For example, in eutrophic water, microcystins 
produced from cyanobacteria can accumulate in fish tis-
sues and then endanger organism and ecosystem health 
through food web transfer [40]. Furthermore, sediments 
that play a role in gathering pollutants can transport 
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nutrients into the water column through biochemical and 
physical reactions [6]. Thus, when external N and P load-
ings have been controlled effectively, the release of inter-
nal nutrients dedicates to eutrophication increasingly 
[41].

The movement of endogenous nutrients is mainly 
caused by the relative environmental conditions [26]. For 
instance, several drivers of P release generally include pH, 
dissolved oxygen, redox potential, temperature, flow rate 
and biological activity [24, 27]. N is usually released into 
water bodies as NH4

+-N, NO3
−-N or nitrite (NO2

−-N). 
The crucial factors that can result in the exchange of N at 
the sediment–water interface, mainly involve the capac-
ity of sediments to retain nutrients (e.g., sediment accu-
mulation rates), the conditions of the overlying water 
(e.g., dissolved oxygen, pH, redox potential, temperature) 
and the biota (e.g., bioturbation, bioadvection or rates of 
microbial N transformation) [7, 30].

To date, numerous methods have been developed to 
control the release of endogenous nutrients. There are 
several possible methods of reducing internal P release in 
sediments, including artificial aeration; chemical applica-
tions, such as flocculation precipitation or adding Fe, Al 
or Ca-based agents; and sediment capping [10, 16]. The 
application of CaO2 effectively controlled the release of 
N and P from the sediment, and the concentrations of 
N and P in the overlying water were obviously reduced 
because of the increased microbiological action [44]. 
Illite is a useful agent for deactivating P for lake eutrophi-
cation control, and it has shown high efficiency (> 130%) 
as the capping material for both soluble reactive phos-
phorus (SRP) and total phosphorus (TP) [13]. Similarly, 
several efforts have been proposed to mitigate N releases. 
These strategies include capping [52], chemical injection 
[28] and microorganism fortification [45]. Among the 
capping techniques, the application of biochar resulted in 
the fluxes of NH4

+-N, NO3
−-N and total nitrogen (TN) 

from sediments to water being significantly reduced or 
reversed [52]. In addition, the TN and NH4

+-N removal 
efficiency increased obviously after the bioaugmentation 
of specialized bacteria [25].

However, even though these proposed methods had 
effects on the remediation of sediment in eutrophic 
lakes, they also revealed some drawbacks. For instance, 
several ecological risks are related to the use of chemical 
products. In addition, biological methods are susceptible 
to environmental factors [14]. Consequently, finding a 
material that is environmentally friendly, economic and 
efficient for the control of endogenous nutrient pollution 
in eutrophic lakes is a crucial issue.

In this study, five different natural materials, namely, 
iron-rich clay minerals, calcite, kaoline, sugarcane 
bagasse and Phragmites detritus, were added to eutrophic 

lake sediments to test their N and P control effects in a 
mesocosm experiment. Different forms of N and P, dis-
solved organic carbon (DOC) and chlorophyll a (Chl a) 
in the water samples were analyzed. The organic carbon 
composition; activities of leucine aminopeptidase (LAP), 
β-glucosidase (GLU) and alkaline phosphatase (AP); P 
fractionation and sorption; N transformation rates and 
the abundance and composition of the functional micro-
bial communities in sediment samples were determined. 
The purposes of this study are to 1) test the effects of dif-
ferent natural materials on N and P levels; 2) describe the 
chemical and microbial mechanisms of N and P control 
by these materials; 3) highlight mutual effects on N and P 
control based on the relationship between N and P; and 
4) suggest promising natural materials for N and P con-
trol in sediment remediation.

Materials and methods
Experimental design and sampling
The 4-month experiment was conducted in 12 lab-scale 
columns made of PVC pipe. The inner diameter of the 
column was 300 mm, and the height was 1200 mm. The 
sediment and overlying water were collected from Lake 
Chaohu, which is seriously eutrophic. Sediment mixed 
with different natural materials was placed into each 
column to height of 50  cm, followed by the overlying 
water, which was added slowly to avoid sediment suspen-
sion. The 12 columns were divided into six treatments in 
duplicate, namely, the control group (CT) and the iron-
rich clay mineral (IR), calcite (CA), Phragmites detritus 
(PH), sugarcane bagasse (SU) and kaoline (KA) treat-
ments. Iron-rich clay minerals, calcite and kaoline were 
chosen because of their high phosphorus sorption abil-
ity, while Phragmites detritus and sugarcane bagasse were 
used to provide organic carbon as an electron donor for 
denitrification.

Water samples from all treatments were collected and 
tested weekly, and equivalent amounts of water from 
Lake Chaohu were used to replenish the columns after 
sampling. The sediments were sampled by a Peterson 
grab sampler twice at the beginning of the experiment (9 
March) and at the end (4 July). The water samples were 
processed on the collection day, and the sediments were 
stored at 4 °C in the dark for analysis within 1 week.

Nutrient analysis
The water samples were tested for TN, dissolved total 
nitrogen (DTN), NH4

+-N, NO2
−-N, NO3

−-N, TP, dis-
solved total phosphorus (DTP), SRP, DOC and Chl a 
contents. For the analyses of N and P species, water 
samples were filtered through 0.45-μm cellulose ace-
tate membranes for soluble nutrient preparation. All 
the methods followed national standards [2]. Dissolved 
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organic nitrogen (DON) was calculated as: DON = DTN-
DIN, while DIN was calculated as the sum of NH4

+-N, 
NO2

−-N and NO3
−-N. Particulate nitrogen (PN) was 

calculated as: PN = TN-DTN. Dissolved organic phos-
phorus (DOP) was calculated as: DOP = DTP-SRP. Par-
ticulate phosphorus (PP) calculated as: PP = TP-DTP. 
For the analysis of DOC, the water samples were filtered 
through GF/C filters (Whatman, USA) and measured by 
a Multi N/C 2100 TOC analyser. Chlorophyll a (Chl a) 
was extracted from GF/C filters (Whatman, USA) with 
90% acetone and measured by the fluorometric method 
according to Yentsch and Menzel [47].

Total organic carbon (TOC) in the sediment was meas-
ured by loss-on-ignition in a muffle furnace [3]. Protein 
(PRT) analysis was conducted according to Hartree [17], 
and the values were expressed as bovine serum albumin 
(BSA) equivalents. The carbohydrate content (CHO) was 
determined according to Gerchakov and Hatcher [11] 
and expressed as glucose equivalents. Lipids (LIPs) were 
extracted by direct elution with chloroform–methanol 
using the methods of Bligh and Dyer [4] and Marsh and 
Weinstein [29].

Sediment P fractionation was carried out accord-
ing to Golterman [12]. The method groups sediment 
P into iron-bound P (Fe(OOH) ~ P), calcium-bound P 
(CaCO3 ~ P), acid-soluble organic P (ASOP) and hot 
NaOH-extractable organic P (Palk). The different forms of 
P were sequentially extracted, and the SRP was detected.

The method for sediment P sorption was that of 
James et  al. [22]. Five milliliters of sediment suspension 
was mixed with 10  mL of 0, 0.1, 0.2, 1, 2, 5, 8, 10, 15, 
20, 25, 30, 40, or 50 mg/L KH2PO4 solution (containing 
0.01  mol/L KCl). The mixtures were mixed and shaken 
thoroughly for 24  h at 25  °C. After centrifugation, the 
supernatant was filtered through a 0.45-μm cellulose 
acetate membrane, and SRP was detected. The reduced 
phosphate from solution was considered adsorbed by 
sediment. The sorption parameters at equilibrium were 
calculated as [1]:

where Se is the P sorption capacity at equilibrium (mg P/
kg), V is the sample volume (mL), C0 is the initial P con-
centration (mg P/L), Ce is the aqueous P concentration 
at equilibrium (mg P/L), and m is the adsorbent amount 
(kg).

The obtained data were fitted to the Langmuir adsorp-
tion isotherm equation [2] [38]:

(1)Se = (C0 − Ce)V/m,

(2)
Ce

Se
=

1

SmaxKL

+
1

Smax
Ce,

where Smax is the maximum adsorbed concentration (mg 
P/kg) and KL is the Langmuir equilibrium constant (L/mg 
P).

All parameters for the nutrients mentioned above were 
measured in triplicate.

Microbial activity analysis
The activities of leucine aminopeptidase (LAP), 
β-glucosidase (GLU) and alkaline phosphatase (AP) 
were analyzed fluorometrically according to Hoppe [19], 
using the methylumbelliferone (MUF)-labeled substrates 
l-leucine-4-methylcoumarinylamide, MUF-beta-d-glu-
copyranoside and 4-methylumbelliferyl phosphate. In 
brief, slurries were made at a ratio of 1:10 by weight, and 
triplicates of 3-mL subsamples as the initial samples were 
added to 100  µM of each specific fluorogenic substrate. 
The reaction was stopped immediately in an electrically 
heated 90  °C thermostatic water bath, while other trip-
licates of 3-mL slurries as final samples were incubated 
separately for 1 h with the same concentrations of each 
specific fluorogenic substrate. The fluorescence released 
by substrate hydrolysis was measured with a spectrofluo-
rometer (Shanghai Sanco 960, Shanghai, China) as the 
increase between the initial time and 1 h of incubation.

The potential rates of denitrification and ANAMMOX 
were tested via the isotope-tracing method with a mem-
brane inlet mass spectrometer (MIMS) [20, 35], and 
DNRA rates were determined by OX/MIMS [48]. The 
specific processes have been described by peer research-
ers [8]. Briefly, at a ratio of 1:7 by weight, the sediments 
and water were combined into a slurry, purged by 
helium for approximately 30  min, and then transferred 
into 20 respective 12-mL gas-tight vials (Labco Exetain-
ers) under a helium atmosphere. To eliminate residual 
nitrite, nitrate, and oxygen, the vials were preincubated in 
a shaker at 150  rpm for 24  h. Then, 15NO3

− was added 
to the vials (final concentration approximately 100 μmol 
15N L−1) with a syringe, and 100 μL of saturated HgCl2 
was added to 10 of the replicates for preservation, 5 of 
which were DNRA initial samples. Another 5 vials were 
initial samples for ANAMMOX and denitrification. The 
remaining 10 samples were shaken (200 rpm) and incu-
bated for approximately 8 h, and then the samples were 
preserved with HgCl2 as the final samples, half of which 
were tested for the dissolved nitrogen gas (29N2 and 30N2) 
produced during the incubations for the ANAMMOX 
and denitrification rate calculation [32, 35]. The other 
half were oxidized with hypobromite iodine solution to 
transfer the 15NH4

+ produced by DNRA into nitrogen 
gas (29N2 and 30N2), and the DNRA rates were calculated 
based on changes in the concentration of 15NH4

+ during 
the incubations.
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Metagenome DNA extract and sequencing
To determine the abundance and composition of the 
functional microbial communities in the sediment sam-
ples, metagenomic analysis was conducted. Genomic 
DNA was extracted with commercial kits according 
to the manufacturer’s instructions. DNA integrity and 
purity were monitored on 1% agarose gels. The DNA 
concentration and purity were measured using Qubit 2.0 
(Thermo Fisher Scientific, Waltham, USA) and a Nan-
odrop One (Thermo Fisher Scientific, Waltham, USA) 
spectrophotometer at the same time. Sequencing librar-
ies were generated using the NEB Next® Ultra™ DNA 
Library Prep Kit for Illumina® (New England Biolabs, 
MA, USA) following the manufacturer’s recommenda-
tions and index codes were added. The library quality 
was assessed on a Qubit 3.0 fluorometer (Life Technolo-
gies, Grand Island, NY) and Agilent 4200 (Agilent, Santa 
Clara, CA) system. Finally, the library was sequenced on 
the Illumina HiSeq X-ten platform.

Statistical analysis
In this study, triplicate samples were analyzed, and the 
data are presented as the mean ± SD. The average value 
and standard deviation were analyzed in IBM SPSS Sta-
tistics 23. A statistical significance level within 0.05 was 
employed for all analyses. Nonlinear regression estima-
tion for the model parameters was conducted in Sigma-
Plot 10.0 with the dynamic fit wizard function. The 
figures were drawn using OriginPro 9.0, and the concen-
trations of chemical parameters in water and sediments 
are displayed. Clustering based on the relative abundance 
of functional genes among the different treatments was 
performed using hierarchical clustering method and vis-
ualized through heatmaps using the Primer 5 and Adobe 
Illustrator CS6.

Results
Nutrients in the water column
The effects of the different natural eutrophic sediment 
remediation materials on nutrient levels in the water col-
umn and on algal growth and species were not exactly 
the same. There was a sharp increase in SRP concen-
tration on the second sampling day (18 Mar, 9  days of 
incubation) in Treatment SU, which was maintained 
until 29 April (51 days of incubation). In the other treat-
ments, SRP remained at a low level until the end of the 
experiment (3 June, 86 days of incubation), at which time 
the SRP began to increase in Treatments CT, KA and 
CA, especially in Treatment CT, indicating release of 
P from the sediment. DOP and PP maintained low lev-
els in almost all treatments except in Treatment SU, in 
which DOP and PP peaked on 8 April (30 days of incu-
bation) and 1 April (23 days of incubation), respectively. 

Additionally, in Treatment PH, the PP value was rela-
tively high (Fig. 1).

NH4
+-N showed a high value at the beginning of the 

experiment and then began to decrease and remained at 
a low level until the end of the experiment (107 days of 
incubation) in all treatments except Treatment SU, which 
always exhibited a high value of NH4

+-N throughout the 
experiment. A low NO2

−-N value was found in all treat-
ments. There was a common pattern of a peak from 1 to 8 
April (23–30 days of incubation) for the NO3

−-N concen-
tration in all treatments; the NO3

−-N concentration was 
significantly lower (P < 0.01) in Treatments PH and SU 
than in the other treatments. DON and PN were not sig-
nificantly different among the different treatments except 
in Treatment SU, which had peaks on 6 May (58 days of 
incubation) and 13 May (65 days of incubation), respec-
tively (Fig. 2).

The DOC content in Treatment SU was an order of 
magnitude higher (P < 0.01) than that in the other treat-
ments, showing a peak on 15 April (37  days of incuba-
tion). In almost all treatments, the Chl a content was 
considerably low except in Treatment SU, which had a 
peak on 6 May (58 days of incubation). At the end of the 
experiment, relatively low Chl a content was found in 
Treatment IR (Fig. 3).

Nutrient fractionation and sorption in sediment
The addition of sugarcane bagasse and Phragmites detri-
tus (Treatments SU and PH) at the beginning of the 
experiment significantly stimulated the accumulation of 
TOC, PRT, CHO and LIP (P < 0.01), and the addition of 
kaoline (Treatment KA) at the beginning of the experi-
ment increased the PRT content compared to the con-
trol. At the end of the experiment, the PRT, LIP and 
CHO in Treatment PH and the LIP in Treatment SU 
had increased significantly (P < 0.01), and CHO in Treat-
ment SU had decreased significantly (P < 0.01) compared 
to those values at the beginning of the experiment. The 
carbon fractionation in most treatments did not change 
greatly during the whole experiment (Fig. 4).

The calcium- and iron-bound phosphor contents 
increased significantly (P < 0.01) after the addition of cal-
cite and kaoline (Treatment CA and KA), respectively. 
In the treatments of PH and SU, which had with organic 
carbon as the main component, obviously increased 
iron-bound P (P < 0.01) was observed at the beginning 
of the experiment; iron-bound P declined considerably 
in Treatment SU at the end of the experiment (Fig. 5). In 
addition, compared to that in the control, relatively low 
values of the P sorption parameter EPC0 were found in 
Treatments PH and SU, coupled with high Qmax values. 
Higher EPC0 values were recorded in Treatments IR and 
CA. The Qmax value increased significantly (P < 0.05) in all 
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treatments from the beginning to the end of the experi-
ment. Qmax had a significantly higher value (P < 0.01) in 
Treatment SU than in the other treatments (Fig. 6). 

Microbial activities, functional genes and microbial 
community composition in sediment
The addition of sugarcane bagasse (Treatment SU) sig-
nificantly inhibited the LAP, GLU and AP activities 
(P < 0.01) in sediments at the beginning of the experi-
ment; the activity of the latter two enzymes increased 
sharply at the end of the experiment. The LAP activity 
did not vary greatly after the addition of natural mate-
rials except in Treatment SU and then dropped down 
to a very low level at the end of the experiment in all 
treatments. The addition of Phragmites detritus mark-
edly stimulated GLU activity (P < 0.01) in Treatment PH 
throughout the experiment. AP activity was inhibited at 
the beginning of the experiment in all treatments (Fig. 7). 
The denitrification process dominated the N transforma-
tion processes. The denitrification rate was significantly 
promoted in Treatments CA, PH, SU and KA (P < 0.01) 

compared to that in the control. The difference was that 
in Treatments PH, SU and KA, the DNRA rate was also 
greatly increased, while it was limited in Treatment CA. 
The ANAMMOX process was negligible in all treatments 
(Fig. 8). 

The functional genes mediating C, N and P cycling in 
all treatments showed completely different levels, with 
the highest and lowest levels in Treatment KA and SU, 
respectively. The number of functional genes mediating 
denitrification, DNRA, ammonification and phosphatase 
in Treatments IR, CA, PH and SU was significantly 
lower (P < 0.01) than that in Treatment CT. The number 
of functional genes mediating nitrification and carbon 
decomposition in Treatment CA was significantly higher 
than that in the other treatments except for Treatment 
KA (P < 0.01, Fig. 9).

The dominant taxa in the microbial community were 
completely different in all treatments. The dominant 
community included Cytophagales and Nitrosomon-
adales in the CT and IR treatments, respectively. In 
Treatment CA, Dehalococcoidia, Planctomycetales and 

Fig. 1  Concentrations of SRP, DOP, and PP in water column among different treatments
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Nitrospirales dominated. In Treatment PH, the domi-
nant community included Aeromonadales, Rhizobiales, 
Opitutales, Delta-proteobacteria, Syntrophobacterales 
and Chlorobiales. In Treatment KA, Proteobacteria, 
Chlamydiales and Bacillales dominated. Compared to 
that in the other treatments, the diversity of the micro-
bial community composition in Treatment SU was 
more abundant, and the community was dominated by 
Methanomicrobiales, Methanocellales, Methanobacteri-
ales, Methanosarcinales, Anaerolineales, Sulfuricurvum, 
Bacteroidales, Erysipelotrichales, Pseudomonadales, 
Clostridiales, Desulfovibrionales, Flavobacteriales and 
Desulfuromonadales (Fig. 10).

Discussion
Effects of the addition of different natural materials on P 
control
At the beginning of the experiment, in Treatment SU, 
all forms of phosphorus accumulated (Fig. 1), indicating 
that the addition of sugarcane bagasse caused P leach-
ing in the initial phase. Sugarcane  biomass increases 

significantly with P fertilizer application, suggesting that 
abundant phosphorus is stored inside sugarcane cells [1]. 
Additionally, the addition of sugarcane-derived biochar 
to sediment effectively stimulated phosphorus  release   
[31]. Thus, the enzymatic hydrolysis of the organic P in 
sugarcane bagasse is likely responsible for the P leaching 
to some extent, in accordance with the sharp increase in 
AP activity (Fig.  7). In addition, the significant increase 
in iron-bound P in Treatments PH and SU (Fig.  5) can 
be explained by the fact that the addition of sugarcane 
bagasse and Phragmites detritus resulted in partial inor-
ganic P immobilization with ferric iron [49, 51]. The 
immobilized iron-bound P in Treatment SU was subse-
quently released as shown by the decline in iron-bound 
P at the end of the experiment (Fig.  5). The most likely 
reason for this trend was the onset of anaerobic condi-
tions, which facilitated the desorption of iron-bound 
P [21]. Sustained hypoxia results in an initial decrease 
in sediment  P content due to the dissolution of  P-bear-
ing iron oxyhydroxides, resulting in a pulse of phosphate 
to the overlying waters [34]. Furthermore, in Treatment 

Fig. 2  Concentrations of NH4
+-N, NO2

−-N, NO3
−-N, DON and PN in water column among different treatments
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SU, a great deal of DOC was produced in the sugar-
cane bagasse decomposition process (Fig.  3), in which 
dissolved oxygen was consumed and anaerobic condi-
tions developed. In summary, the addition of sugarcane 
bagasse caused P leaching, which can be attributed to 
the hydrolysis of the organic P in the plant cells and the 
release of iron-bound P due to serious anoxia.

However, it is worth noting that at the end of the exper-
iment, all the P released in Treatment SU was re-immo-
bilized (Fig.  1), which was associated with the strong 
P sorption ability and potential of sugarcane bagasse, 
expressed by the relatively low EPC0 value and high Qmax 
value (Fig. 6). In other words, even though the addition of 
sugarcane bagasse initially resulted in P leaching, it pro-
moted P sorption, and the sugarcane bagasse adsorbed 
all released P in the end. At the end of the experiment, 
in Treatments CT, KA and CA, SRP was released gradu-
ally from the sediments (Fig.  1). This finding indicated 
that the addition of calcite and kaoline did not effectively 
inhibit P release in the long term.

Phragmites can be considered an effective natural 
material for short-term P control in sediments due to its 
high sorption ability and low P leaching rate, although it 
might increase the iron-bound P content. Iron minerals 
maintained low P levels in the water column through-
out the experiment, but their P sorption ability was 
weak. The release of the organic P fraction from Phrag-
mites detritus is a longer-term process that may finally 
influence the balance of absorption and release of P in 

sediments. Hence, the effects of Phragmites detritus 
on P control require more studies in a long time series; 
the time course of this study (ca. 100  days) is not suffi-
cient. Sugarcane bagasse should be applied prudently 
due to the initial P leaching that occurs, although it dis-
tinctly enhanced the P sorption ability and re-adsorb the 
released P. Calcite and kaoline could not maintain P fixa-
tion for a long period (Figs. 1, 5 and 6).

Effects of the addition of different natural materials on N 
control
The NH4

+-N accumulation and NO3
−-N deficiency in 

Treatment SU (Fig.  2) manifested weak nitrification 
and/or strong NH4

+-N production abilities. As men-
tioned above, in Treatment SU, the high DOC con-
tent and possibly anaerobic status (Fig.  3) indicated 
blocked nitrification. On the other hand, the increase 
in all carbon fractions after the addition of sugarcane 
bagasse, especially the increase in CHO, which was 
rapidly consumed at the end of the experiment (Fig. 4), 
illustrated that sugarcane bagasse could provide abun-
dant electron donors for NO3

−-N reduction. Elevated 
DOC, including organic-rich sugars, has been detected 
in groundwater beneath irrigated sugarcane, which may 
be beneficial for denitrification [42]. Sugarcane straw 
increased the DOC by more than 50% in the topsoil 
layer and was positively correlated with N2O emissions 
[43]. Additionally, the organic carbon content of sugar-
cane  bagasse facilitated  denitrification  in vertical flow 

Fig. 3  Concentrations of DOC and Chl a in water column among different treatments
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wetlands [37]. This is the reason for the NO3
−-N defi-

ciency due to strong denitrification in Treatment SU. 
Furthermore, the significantly high denitrification and 
DNRA rates in Treatment SU (Fig.  8) supported the 
above conclusion. As a result, large amounts of NH4

+-N 

and N2 were produced in Treatment SU (Fig.  2). In 
addition, the obviously low LAP activity, suggesting low 
ammonification in Treatment SU (Fig. 7), further illus-
trated that the DNRA process was primarily responsi-
ble for the NH4

+-N accumulation. Organic carbon was 
the primary factor controlling the rates of dissimila-
tory nitrate reduction, accounting for 28.3% and 37.9% 
of the variance in the denitrification and DNRA rates, 
respectively [23]. High organic carbon and reducing 
conditions shifted NO3

−-N reduction towards more 
pronounced DNRA [33]. Therefore, in Treatment SU, 
the high organic carbon level fuelled the DNRA pro-
cess. In summary, weak nitrification, strong denitrifica-
tion and DNRA after sugarcane bagasse addition jointly 
caused NH4

+-N accumulation and NO3
−-N deficiency. 

Coupled with P release, algal growth was greatly pro-
moted in Treatment SU (Fig. 3).

Similarly, in Treatment PH, all carbon fractions 
accumulated in sediments, especially PRT (Fig.  4). 
However, the lack of high DOC production (Fig.  3) 
indicated the low availability of the introduced organic 
carbon (Phragmites detritus) and the inactive organic 
carbon decomposition process, compared to that in 

Fig. 4  Comparison of TOC, PRT, CHO and LIP in sediments among different treatments

Fig. 5  Different P in sediments among different treatments
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sugarcane bagasse. The low decomposition rate of 
Phragmites due to its component properties has been 
demonstrated [50], resulting in the low organic car-
bon availability and DOC leaching rate [9]. This sug-
gests that the dissolved oxygen at the sediment–water 
interface should be sufficient and that organic carbon 
for electron donors should be sufficient but not exces-
sive. Hence, the expected strong nitrification and 
denitrification as well as the weak DNRA, expressed 
as the denitrification and DNRA rates (Fig.  8), jointly 
led to the low NH4

+-N and NO3
−-N concentrations 

in Treatment PH (Fig.  2), even if a strong ammonifi-
cation process had occurred (Fig. 7). Simply speaking, 
Phragmites detritus should be considered a promising 
natural material for introduction for N removal in sed-
iment remediation projects.

The NO3
−-N accumulation in Treatments CT, IR, 

CA and KA at the beginning of the experiment should 
be attributed to different mechanisms. In Treatments 
CA and KA, at the beginning of the experiment, weak 
denitrification likely occurred due to the lack of elec-
tron donors. On the other hand, the high LAP activity 
indicated a strong ammonification process (Fig. 7), cou-
pled with the predicted strong nitrification and weak 
denitrification; these factors jointly resulted in NO3

−-N 
accumulation at the beginning of the experiment. 

However, during the experiment, organic detritus and 
some reductive metals inside calcite and kaoline were 
dissociated and served as electron donors for denitrifi-
cation (Fig. 4); this may explain the high denitrification 
rate and low NO3

−-N concentration at the end of the 
experiment (Figs. 2 and 8). There is evidence that elec-
tron donors exist on the surface of calcite [36]. During 
the formation of calcite, electron donors are needed for 
bacterial sulfate reduction [15]. The low denitrification 
rate (Fig. 8) due to electron donor deficiency (Fig. 4) in 
Treatment CT and IR directly resulted in the sustained 
maintenance of a high NO3

−-N concentration (Fig. 2).

Effects of the addition of different natural materials 
on microbial functional genes and community 
composition
Treatment SU had the lowest levels of functional genes 
mediating C, N and P cycling of all the treatments 
(Fig.  9), as well as a unique microbial community com-
position and rich microbial diversity (Fig.  10). These 
findings indicate that sugarcane bagasse addition shaped 
the microbial community and reduced the abundance of 
functional microorganisms, which responded with lower 
EEAs at the beginning of the experiment (Fig.  7). On 
the other hand, the increased denitrification and DNRA 
rates (Fig.  8) suggested that the excess organic carbon 
in Treatment SU (Figs.  3 and 4) resulted in a minority 

Fig. 6  The parameters of P sorption in sediments among different treatments
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of functional microorganisms performing more func-
tions (depending on the organic carbon). Additionally, in 
Treatment SU, the dominant microbial community spe-
cies (Fig. 10) all grew in strictly anaerobic environments. 
Most of these microorganisms are capable of decompos-
ing organic carbon and producing methane as well as 
reducing sulfate, which was consistent with the anaero-
bic status and abundance of organic carbon as well as the 
high denitrification and DNRA rates (Figs.  3, 4 and 8). 
Even though similar functions (organic carbon decom-
position and methane production) were found in Treat-
ments SU and PH, the dominant microbial community 
compositions were different (Fig. 10), indicating the dif-
ference in organic carbon components during sugarcane 
and Phragmites detritus decomposition.

In Treatment KA, the high functional gene abundance 
and moderate denitrification and DNRA rates (Figs. 8 and 
9) suggested that kaoline triggered functional promotion 
by greatly increasing the quantity of functional microor-
ganisms. Additionally, the significantly high abundance 
of functional genes mediating nitrification and carbon 

Fig. 7  The activities of leucine aminopeptidase, β-glucosidase and alkaline phosphatase in sediments among different treatments

Fig. 8  Potential rates of denitrification, Anammox and DNRA in 
sediments among different treatments
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Fig. 9  Relative abundance of key functional genes mediating C, N and P cycling among different treatments
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decomposition in Treatments CA and KA (Fig.  9) were 
corroborated by the similar dominant microbial commu-
nity composition, such as Dehalogenimonas and Nitros-
pira (Fig.  10), which perform nitrification and organic 
matter decomposition. All these results illustrate that 
natural material addition both shapes community com-
position and changes the quantity of functional microor-
ganisms, further determining ecological functions during 
C, N and P cycling to a great extent.

Conclusions
The high level of available organic carbon in sediment 
and water after sugarcane bagasse addition provided 
a great deal of electron donors for denitrification and 
DNRA and also resulted in anaerobic conditions. The 

first consequence of this was NO3
−-N deficiency and 

NH4
+-N accumulation due to strong denitrification 

and DNRA as well as weak nitrification. The second 
consequence was a large amount of P leaching due to 
the release of iron-bound P induced by the anaerobic 
conditions. The third consequence was substantial algal 
growth due to the high P and NH4

+-N levels. Thus, 
the amount of sugarcane bagasse applied for sediment 
remediation should be controlled in order to balance 
denitrification and DNRA and to reduce P leaching. 
Calcite and Phragmites detritus are recommended as 
remediation materials for N removal because their 
addition significantly accelerated the denitrification 
rate and restricted the DNRA rate, resulting in low 
NO3

−-N and NH4
+-N. The results described above can 

Fig. 10  The functional microbial community composition and abundance in sediments among different treatments
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be explained by the change in the functional microbial 
community composition and abundance after the addi-
tion of natural materials. Iron-rich clay minerals and 
Phragmites detritus should be regarded as promising 
sediment remediation materials for P immobilization 
due to their strong P adsorption ability. Taken together, 
the selection of sediment remediation materials for 
joint N and P control should consider the N and P cou-
pling relationship, to prevent NO3

−-N removal from 
causing P leaching or NH4

+-N accumulation.
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