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Abstract
Macrophytes and bacteria are key drivers of nitrogen removal in constructed wetlands. Through mesocosm experiments with
vegetated submerged beds and free water surface wetlands in various operational modes, wetland configurations, and system
layouts, this study developed empirical models for non-destructive estimation of plant biomass growth and associated nitrogen
assimilation and explored the combined effects of multiple factors that influence microbial nitrogen removal. The above-ground
biomass of individual plants was a power function of plant height for both Cyperus alternifolius and Typha angustifolia. Below-
to above-ground biomass ratio was 0.38 for C. alternifolius and 2.73 for T. angustifolia. Because of greater tolerance to ammonia
stress, C. alternifolius and C. papyrus grew faster than T. angustifolia. There were no significant effects of wetland type,
vegetation, and plant species on microbial nitrogen removal. Microbial nitrogen removal was inhibited by free ammonia at
13.3–16.2 mgN/L. Denitrification and anammox were suppressed at dissolved oxygen greater than 1.9 mg/L. Microbial removal
of ammonia in vegetated submerged beds was sensitive mainly to dissolved oxygen, pH, and influent ammonia concentration,
while in free water surface wetlands, it was sensitive to influent ammonia concentration, pH, and temperature.

Keywords Anammox . Constructed wetland . Cyperus alternifolius . Nitrogen assimilation . Plant biomass . SNAD . Typha
angustifolia

Introduction

Avariety of ammonia-rich wastewater is generated at low bio-
degradable organic carbon concentrations, such as mature land-
fill leachate, anaerobic digestate, and livestock wastewater.
Constructed wetlands have proven to be effective in removing
nitrogen from wastewater, where macrophytes and bacteria are
considered the key drivers of nitrogen removal (Vymazal 2013;
Kadlec and Wallace 2009). Ammonia at low concentrations
can be taken up by plants as a nutrient, but at high concentra-
tions, it can cause stress (Britto and Kronzucker 2002). The

relative contribution of nitrogen assimilation into plant biomass
to overall nitrogen removal in constructed wetlands has been
reported in a wide range in the literature (Kadlec and Wallace
2009; Vymazal 2007). It can vary with plant species, growth
stage, and ammonium concentration. Quantifying the relative
contribution of plant uptake of nitrogen and the factors that
influence it can guide design and management of constructed
wetlands. Besides contaminant removal, wetland plants may be
harvested for beneficial uses such as production of bioenergy
and animal feed additives (Berry et al. 2017; Dragoni et al.
2017; Tanaka et al. 2016). Non-destructive estimation of plant
biomass growth will facilitate management of plants in con-
structed wetlands.

Microbial removal of ammonia in constructed wetlands
involves nitrification, denitrification, and anammox (Kadlec
and Wallace 2009; Vymazal 2007). Nitrification is a two-step
aerobic process that oxidizes ammonia to nitrite (partial nitri-
fication or nitritation) and nitrite to nitrate. Denitrification is a
multi-step anaerobic process that reduces nitrate to nitrite and
finally to nitrogen gas. Anaerobic ammonia oxidizing
(anammox) bacteria can use nitrite to oxidize ammonia to
nitrogen gas despite converting 7.4–11% of ammonia- and
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nitrite-nitrogen to nitrate-nitrogen (Li and Tao 2017; Lotti
et al. 2014). In single reactors, denitrifying and anammox
bacteria may occur in anoxic micro-niches, such as the deep
layer of biofilms, while nitritation takes place in aerobic mi-
cro-niches, such as the outer layer of biofilms (Daverey et al.
2015; Almstrand et al. 2014). Therefore, a combination of
nitritation, anammox, and denitrification in single reactors be-
comes an appealing design consideration for ecologically
engineered treatment wetlands. The simultaneous nitritation,
anammox, and denitrification (SNAD) process needs less ox-
ygen than the conventional nitrification-denitrification pro-
cess. Both denitrification and nitritation may produce nitrite
for anammox. Denitrification is also needed to avoid accumu-
lation of nitrate produced by anammox and complete nitrifi-
cation and remove organic carbon present more or less in
various ammonia-rich wastewaters. SNAD has been found
in different treatment systems, including constructed wetlands
(Li and Tao 2017; Pang et al. 2015; Zhi et al. 2015; Tao et al.
2012; Kumar and Lin 2010; Chiemchaisri et al. 2009). A few
studies (Li and Tao 2017; Zhi et al. 2015; Tao et al. 2012;
Chiemchaisri et al. 2009) have greatly enhanced SNAD in
single-constructed wetlands by employing cost-effective ap-
proaches to manipulate the factors influencing SNAD and
investigated the effects of individual parameters such as dis-
solved oxygen (DO) concentration, pH, temperature, influent
ammonia concentration, and free ammonia concentration.
Actually, nitrogen removal by SNAD in supplementation of
the simultaneous nitrification-denitrification process is the net
effect of multiple operational and design parameters.

The first objective of this study was to develop empirical
models for non-destructive estimation of plant biomass
growth and associated nitrogen assimilation, based on several
years of mesocosm experiments with vegetated submerged
beds and free water surface wetlands in various operational
modes, wetland configurations, and system layouts. The sec-
ond objective of this study was to explore the combined ef-
fects of multiple factors that influence microbial nitrogen re-
moval through multiple linear regression and sensitivity anal-
ysis. The experimental and statistical analyses provide valu-
able guidance to enhance nitrogen removal in constructed
wetlands.

Materials and methods

Configuration and layout of constructed wetlands

Four mesocosms were set up and operated differently each
year from 2011 to 2017 in a greenhouse in Syracuse, New
York, USA (Fig. 1). Themesocosms were rectangular wooden
tanks lined with black pond liners. Each mesocosmwas 42 cm
wide, 45 cm long, and 53 cm tall. Two of themwere vegetated
submerged bed (VSB) wetlands and the other two free water

surface (FWS) wetlands. The VSBwetlands were packedwith
marble chips (effective size d10 = 0.81 cm; porosity 0.41),
having a 40-cm saturated layer and a 5-cm unsaturated layer.
Once a year, approximately 0.25 L of electric arc furnace slag
(d10 = 0.7 cm) was mixed in each VSB to buffer water pH
(Wen et al. 2013). Two modifications were made to evaluate
the effects of climate and medium type: (1) a submersible
quartz heater (0.32 m long) set at 28 °C was buried in the
center of VSB1 in 2011 to mimic a tropical climate, and (2)
marble chips in VSB2 were replaced by rubber mulch (d10 =
1.6 cm; porosity 0.53) in 2012. Marble chips and rubber
mulch are commercially available landscaping products, made
of marble rocks and tire scraps, respectively. Marble chips are
composed mainly of calcium carbonate and can release alka-
linity at pH 7 and below (Wen et al. 2013). The rooting sub-
strate at the bottom 20 cm of each FWS mesocosm was sandy
loam. Approximately 0.5 L of electric arc furnace slag was
cast each year on the rooting substrate of each FWS wetland.
Prior to the monitoring period of each year, all the plants were
taken out and immature plants were evenly transplanted to the
mesocosms (Fig. 1), including common wetland plants Typha
angustifolia (narrow-leaf cattail), Phragmites australis (com-
mon reed), Cyperus alternifolius (umbrella sedge), and
Cyperus papyrus.

Initially and after medium replacement, each mesocosm
was seeded with 3 L of primarily treated sewage and 2 L of
anaerobically digested dairy manure having approximately
41 g/L of volatile solids and 1.8 g/L of total ammonia nitrogen
(TAN). The mesocosms were operated by batch for a hydrau-
lic residence time of 7 days, with two FWS-VSB or VSB-
FWS series (Fig. 1). There were two exceptions: (1) the
FWS-VSB series were operated by continuous feeding in
2017, and (2) all of the four mesocosms were operated inde-
pendently in 2015. The influent (25 L per batch) was made by
diluting the filtrate of anaerobically digested dairy manure.
Although constructed wetlands can be used to treat such
wastewater as landfill leachate, livestock wastewater, and an-
aerobic digestate at high ammonia concentrations (Li and Tao
2017; Vymazal 2013; Wen et al. 2013), the dilution ratios in
this study were chosen to attain moderate ammonia concen-
trations that have been treated in full-scale constructed wet-
lands (Rozema et al. 2016; Kadlec and Wallace 2009;
Vymazal 2007).

Field measurement and water quality analysis

Three to 4 weeks after seeding each year, the wetlands
were monitored for 6–9 weeks (Table 1). Measurements
were taken weekly in situ for water temperature, pH, and
DO, using portable meters. Effluent volume in batch op-
eration or flow rate in continuous operation was deter-
mined with a graduated cylinder. Inflow rate in continuous
operation was set with a peristaltic pump. Influent and
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effluent samples were collected along with in situ mea-
surements. Concentrations of TAN, nitrite, and nitrate were
determined with a QuikChem 8500 series flow injection
analyzer (LaChat Instruments, Loveland, CO) using the
phenolate method for ammonia and hydrazine reduction
method for nitrate and nitrite. Concentration of total inor-
ganic nitrogen (TIN) was calculated as summation of
TAN, nitrite nitrogen, and nitrate nitrogen. Concentration
of free ammonia was calculated as a function of

temperature, pH, and TAN concentration (Ukwuani and
Tao 2016). Additionally, influent was analyzed occasional-
ly for total Kjeldahl nitrogen (TKN), 5-d biochemical ox-
ygen demand (BOD5), orthophosphate phosphorus
(OrthoP), and alkalinity, following the Standard Methods
(APHA et al. 2012). A YSI ProODO optical DO meter
(YSI Incorporated, Yellow Springs, Ohio) was used to
track initial and diurnal changes of DO and temperature
in VSB1 and FWS2 during three batches in 2015.
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Fig. 1 Wetland configuration and system layout for mesocosm tests over
6 years. VSB vegetated submerged bed wetland, FWS free water surface
wetland; TAN total ammonia nitrogen; = marble chips, =

rubber mulch, = water, = pump head; = C. alternifolius, =

C. papyrus, = P. australis, and = T. angustifolia
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Assessment of nitrogen removal performance
and mechanisms

Because the wetlands were operated in different modes (batch
and continuous feeding), laid out differently (in parallel and
series), and fed with influent at different ammonia concentra-
tions, it would be misleading to compare removal efficiencies
among the individual wetlands or across the years. Rather,
mass removal rate was used to evaluate nitrogen removal per-
formance, evaluate the relative contributions of plant uptake
andmicrobial removal, and identify factors influencingmicro-
bial removal and plant uptake.

Wetland treatment performance was assessed in terms of
areal mass removal rates for TAN and TIN. Overall nitrogen
removal rate minus plant assimilation rate of nitrogen was
considered to be the removal rate by microbial conversions
since adsorption to the packing materials, volatilization, and
sediment accretion were negligible as justified by earlier stud-
ies for similar constructed wetlands (Li and Tao 2017; Tao
et al. 2012). Multiple linear regressions were performed with
a backward elimination approach to identify the factors
influencing microbial nitrogen removal. One-way analysis of
variance (ANOVA) was used to compare the differences be-
tween mesocosms. A p value ≤ 0.05 indicated a significant
difference between any pair of means. Kinetics for ammonia
removal at two different temperatures was investigated by
taking samples and measurements in the two batch-operated
VSB wetlands over 7 days in April 2012.

Determination of plant growth and nitrogen uptake

Each C. alternifolius plant has a leafless triangular stem with
umbrella spokes and bracts at the top of the stem (Fig. A1).
After transplanting to the mesocosms in 2014, 261 remaining
C. alternifolius plants were measured for stem height and
above-ground dry weight. After transplanting in 2015, 265
remaining C. alternifolius plants were measured for stem
height and above-ground dry weight. The above-ground tis-
sues were cut 1 cm above the ground with stainless steel
scissors and air-dried for 8 days. The datasets of 2014 and

2015 were plotted in Microsoft Excel to generate a relation-
ship between above-ground biomass and stem height by re-
gression analysis. In 2017, total height and above-ground dry
weight were measured for 83 C. alternifolius plants cut before
the monitoring period and 202 after the monitoring period. A
relationship between total height and above-ground dry
weight was developed with the 2017 measurements. The ratio
of below- to above-ground biomass was determined for
C. alternifolius in 2017 and for C. papyrus in 2012 by drying
the plants taken out of the mesocosms. Similarly,
T. angustifolia was taken out of VSB2 after the monitoring
period in 2015 to develop a regression equation between
above-ground biomass and total height and determine the ratio
of below- to above-ground biomass.

Plant stems were counted in the mesocosms while total and
stem heights were measured on site two to three times during
each monitoring period. Above-ground biomass on each plant
monitoring date was then estimated with the regression equa-
tions at the measured plant stem number and heights. The
growth rate of above-ground plant biomass in each mesocosm
was estimated with Eq. 1 for eachmonitoring period. Nitrogen
contents in above- and below-ground tissues were determined
as TAN after Kjeldahl digestion of dry samples in triplicate for
both C. alternifolius and T. angustifolia in 2015. Total nitro-
gen assimilation rate by both above- and below-ground tissues
was estimated with Eq. 2.

ΔMa ¼ ∑Ma;2−∑Ma;1

AsD
ð1Þ

Up ¼ ΔMaNa þΔMaRNb ð2Þ

whereUp = rate of plant assimilation for nitrogen, g N/m2/day;
Na,Nb = nitrogen content of above- and below-ground tissues,
g N/g (dry weight); ΔMa = specific increase rate of above-
ground plant biomass between two consecutive measuring
dates, g (dw)/m2/day; R = ratio of below- to above-ground
dry weight; As = surface area of a mesocosm, m2; D = number
of days between the two measuring dates, day; and ∑Ma,1,
∑Ma,2 = total above-ground plant biomass in a mesocosm on
the two measuring dates, g.

Table 1 Characteristics of wastewater fed to the mesocosm wetlands

Year TANa, mg/L TINa, mg/L TKNb, mg/L pHa BOD5
b: TAN OrthoPb, mg/L Alkalinitya, g CaCO3/L

21 Sep–16 Nov 2011 202 ± 10 209 ± 12 8.0 ± 0.1 20.3 2.17 ± 0.78

5 Sep–7 Nov 2012 212 ± 19 213 ± 19 219 7.3 ± 0.1 0.01 9.6 0.49

25 Sep–20 Nov 2013 200 ± 4 201 ± 4 210 7.6 ± 0.1 19.6

24 Sep–5 Nov 2014 102 ± 8 102 ± 8 8.7 ± 0.1 15.6

16 Sep–11 Nov 2015 154 ± 21 154 ± 21 7.7 ± 0.1 0.47

7 Mar–25 Apr 2017 388 ± 21 388 ± 22 8.1 ± 0.2 0.87

aMean ± standard deviation (n = 6–9)
b Average (n ≤ 3)
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Results and discussion

Operational conditions

The influent had high ammonia concentrations despite the
variations over the years (Table 1). Influent nitrogen was pri-
marily in ammonia, with negligible nitrite and nitrate and less
than 5% in organic nitrogen. The influent had very low BOD/
N ratios, suggesting high potential for nitrogen removal in the
constructed wetlands, with negligible carbonaceous biochem-
ical oxygen demand. The pH values and orthophosphate con-
centrations were high. Stripping pretreatment of the wastewa-
ter in 2014 resulted in the higher influent pH value. Because
pH was buffered by dissolution of furnace slag and marble
chips in the mesocosms, the variations in influent pH and
alkalinity should not have a crucial impact on water pH in
the mesocosms.

Diurnal variations of water temperature in the VSB and
FWS wetlands were small, within 2.5 °C (Fig. A2a,b).
Although influent DO was increased during influent prepara-
tion and feeding, wetland DO concentration decreased sharply
and stabilized in 6–9 h (Fig. A2c). Electric arc furnace slag is
able to quickly buffer pH (Wen et al. 2013). Weekly measure-
ments, therefore, are presented in Figs. 2 and 3 and Table 2 for
effluent DO, pH, and temperature, respectively, to represent
the operational conditions.

Biomass yield and nitrogen uptake by wetland plants

Table 3 summarizes plant density, average height, and
above-ground biomass growth rate. In general,
C. alternifolius and C. papyrus grew faster in FWS wet-
lands (6.6–33.1 g (dw)/m2/day) than VSB wetlands (0.42–
4.4 g (dw)/m2/day). T. angustifolia in the VSB wetlands
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grew slower (0.9–2.9 g (dw)/m2/day) than the Cyperus
species, possibly because Cyperus species are more toler-
ant to ammonia stress than Typha (Tao et al. 2015). A
TAN concentration exceeding 147–236 mg N/L exerts
stress on C. alternifolius growth (Tao et al. 2015).
Cattail growth begins to be negatively affected at TAN
concentrations greater than 46–82 mg/L (Tao et al. 2012;
Hill et al. 1997) and is significantly affected at TAN con-
centrations exceeding 160–264 mg/L (Tao et al. 2012;
Clarke and Baldwin 2002). When influent and effluent
TAN concentrations were 81–154 mg/L in 2014 and
2015, cattails in the VSB wetlands showed signs of stress
in the form of yellow/brown leaves. Possibly because of
ammonia stress, P. australis in the FWS wetlands was

infested severely by aphids in 2011 and 2012 and its
biomass growth was not quantified.

The above-ground biomass of individual C. alternifolius
plants was found to be a power function of plant height
based on the measurements of the harvested plants in
2014, 2015, and 2017 (Figs. 4 and Fig. A3). The smaller
R2 value in 2014 and 2015 could be attributed to the errors
associated with cutting stems from roots and measuring stem
height. Although the 2014/2015 and 2017 equations have
different exponents and constants, their biomass estimates
at the measured total and stem heights in 2014 and 2015
differed only by approximately 19%. The above-ground dry
weight of individual C. alternifolius and C. papyrus plants
was hence estimated with the regression equation developed
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with 2017 measurements, which covered both short and tall
plants and had a higher R2 value. The below- to above-
ground ratio of C. alternifolius was determined to be 0.38
± 0.05 in 2017.

Above-ground biomass of T. angustifolia was a power
function of total height (Fig. 5), which was similar to a power
function for T. latifolia (Tao et al. 2012). Below- to above-

ground biomass ratio of T. angustifolia was 2.73, which was
higher than that of T. latifolia, 2.09 as reported by Tao et al.
(2012). Nevertheless, both of the Typha species had much
higher below- to above-ground ratios than C. alternifolius.
This is because cattail is characterized by long lateral tubes
and thick roots (Fig. A4). Because several cattail stems could
be connected to a lateral tube, the below- to above-ground
ratio was determined as the ratio of the total below-ground
to the total above-ground dry weights.

Nitrogen content of C. alternifolius was determined to be
34.3 mg N/g above-ground dry weight and 14.3 mg N/g
below-ground dry weight. Based on the below- to above-
ground biomass ratio, the nitrogen content of total
C. alternifolius biomass was estimated to be 28.8 mg N/g
(dw), which is close to that of C. papyrus (26.0 mg N/g) as
reported by Tao et al. (2012). Therefore, nitrogen assimilation
rates for both Cyperus species were estimated with the nitro-
gen content determined in this study withC. alternifolius sam-
ples. Nitrogen content of T. angustifoliawas determined to be
14.0 mg N/g above-ground and 25.9 mg N/g below-ground.

Table 2 Temperature (mean ± standard deviation) of water in VSB and
FWS wetlands

Year VSB1 VSB2 FWS1 FWS2

21 Sep–16 Nov 2011 27.1 ± 1.5 21.3 ± 2.2 19.4 ± 1.7 19.0 ± 1.8

5 Sep–7 Nov 2012 17.8 ± 1.7 17.6 ± 1.6 16.9 ± 1.7 17.3 ± 1.7

25 Sep–20 Nov 2013 15.9 ± 2.8 16.1 ± 2.9 15.4 ± 3.1 14.7 ± 2.9

24 Sep–5 Nov 2014 24.0 ± 2.0 23.5 ± 2.0 23.2 ± 0.9 22.8 ± 0.9

16 Sep–11 Nov 2015 21.6 ± 3.0 21.6 ± 2.7 20.7 ± 3.1 20.3 ± 3.3

7 Mar–25 Apr 2017 27.6 ± 0.6 29.9 ± 0.2 24.4 ± 1.6 24.5 ± 1.4

Table 3 Growth of plants in VSB
and FWS wetlands VSB1 VSB2 FWS1 FWS2

2011

Average density, #/m2 201 249

Average height, cm 100 106

Above-ground growth rate, g (dw)/m2/day 0a 0a

2012

Average density, #/m2 524 212

Average height, cm 110 47.0

Above-ground growth rate, g (dw)/m2/day 16.5 0a

2013

Average density, #/m2 95 683 669

Average height, cm 18.0 71.9 72.9

Above-ground growth rate, g (dw)/m2/day 0.42 14.1 14.3

2014

Average density, #/m2 212 534 342 407

Average height, cm 40.0 101 64.6 76.9

Above-ground growth rate, g (dw)/m2/day 3.9 2.9 25.5 33.1

2015

Average density, #/m2 487 111 556 635

Average height, cm 43.3 72.8 53.4 55.0

Above-ground growth rate, g (dw)/m2/day 4.4 0.9 6.6 8.2

2017

Average density, #/m2 291

Average height, cm 24.9

Above-ground growth rate, g (dw)/m2/day 3.9

a Visual estimates instead of exact measurements because of aphid infestation
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The total nitrogen assimilation rates by above- and below-
ground tissues are presented in Fig. 6. In summary, nitrogen
assimilation rate was 0.27–0.94 g/m2/day for C. alternifolius
and 0.56–0.65 g/m2/day for C. papyrus in the FWS wetlands,
while being 0.11–0.25 g/m2/day for C. alternifolius, 0.02 g/
m2/day for C. papyrus, and 0.07–0.25 g/m2/day for
T. angustifolia in the VSB wetlands. The higher nitrogen as-
similation rates in the FWS wetlands were associated with
their higher plant biomass growth rates. These power func-
tions of plant biomass, below- to above-ground plant biomass
ratios, and nitrogen content in the wetland plants support non-
destructive methods to estimate plant assimilation rate for ni-
trogen, thus providing a convenient tool to guide wetland
vegetation management.

Ammonia removal rate and influencing factors

TAN and TIN removal rates varied in the ranges of
0.19–2.02 and 0.17–2.10 g/m2/day, respectively, over

the 6 years with different wetland configurations, oper-
ational modes, and system layouts (Figs. 1 and 6). Plant
assimilation of nitrogen contributed 2.8–30.8% to the
overall TIN removal in the VSB wetlands and 16.6–
78.6% in the FWS wetlands as shown in Fig. 6. In a
similar FWS wetland at influent TAN concentrations
(90–264 mg/L) also similar to the present study, Tao
et al. (2012) estimated that nitrogen assimilation by
T. latifolia and C. prolifer in FWS wetlands accounted
for 4–25% of TIN removal rates. The difference in con-
tributions of plant uptake to overall nitrogen removal
between the present study and Tao et al. (2012) con-
firmed that C. alternifolius is more tolerant to ammonia
stress than T. latifolia and C. prolifer. Tao et al. (2015)
found that C. alternifolius tolerated long periods of ex-
posure to ammonia concentrations up to 219 mg/L.
T. latifolia and C. prolifer could be stressed by ammo-
nia as low as 46–76 mg/L (Tao et al. 2012). Therefore,
selection of plant species for constructed wetlands
treating ammonia-rich wastewater has to consider the
tolerance of wetland species to ammonia in order to
benefit not only nitrogen removal but also the health
of wetland ecosystems.

When ammonium is plentiful, wetland plants prefer
ammonium over nitrate as a nitrogen source for biomass
growth (Jampeetong et al. 2013; Kadlec and Wallace
2009; Vymazal 2007). Therefore, subtracting plant nitro-
gen assimilation rate from an overall TAN or TIN re-
moval rate could approximate the TAN or TIN removal
rate by microbial processes in the mesocosms that had
high concentrations of ammonia (Table 1) and little ni-
trate (Table A1). Although the overall TAN and TIN
removal rates were significantly lower in VSB2 than
the other three mesocosms in 2015 (ANOVA p = 0.05,
0.03) due to the lower nitrogen assimilation rate of plants
in VSB2, there were insignificant differences across the
four mesocosms in the microbial TAN and TIN removal
rates (p = 0.14, 0.10). The parallel operation in 2015,
hence, indicated insignificant differences in microbial ni-
trogen removal between the two wetland types. Although
plants may release exudates to support denitrification,
heterotrophic denitrification and autotrophic anammox
can play complementary roles in complete nitrogen re-
moval, depending on availability of organic carbon and
nitrate (Du et al. 2017; Li and Tao 2017). Side-by-side
comparisons of the vegetated versus non-vegetated VSB
mesocosms and those with different plant species in
2013–2017 indicated insignificant effects of vegetation
on microbial nitrogen removal and insignificant differ-
ences between plant species (ANOVA p = 0.10–0.89).
Therefore, the microbial communities were likely similar
in species composition over the six study periods and
possibly similar to those communities dominated by
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aerobic ammonia-oxidizing bacteria, heterotrophic
denitrifying bacteria, and anammox bacteria in similarly
inoculated constructed wetlands treating dairy wastewa-
ter. The same research group as this study used fluores-
cence in situ hybridization and transmission electron mi-
croscopy to identify the microbial community composi-
tions in those similarly operated constructed wetlands (Li
and Tao 2017; Wen et al. 2013; He et al. 2012).
Nevertheless, the activities of each functional group of
microorganisms could have varied with the operational
conditions such as pH value and DO concentration under
different operational modes and wetland configurations.

Linear regression confirmed that microbial TAN and TIN
removal rates were affected by various factors as shown in
Eqs. 3–6, with R2 = 0.95–0.96 and p = 0.001 for FWS
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wetlands and R2 = 0.66–0.67 and p = 0.05 for VSB wetlands.
These regression equations can be used to guide design and
improve operation of constructed wetlands for TAN and TIN
removal. Cautions, however, must be taken when applying to
the conditions outside their boundaries of pH, DO concentra-
tion, temperature, and free ammonia concentration.

FWS : RTAN ¼ −0:735pH−0:055DO

þ 0:181T−0:180FAþ 0:0117Ci þ 1:257

ð3Þ

FWS : RTIN ¼ −0:483pH−0:137DO

þ 0:176T−0:222FAþ 0:0126Ci−0:486

ð4Þ

with 6.1 < pH < 8.3, 0.2 <DO < 4.2, 14 < T < 25, 0.03 < FA <
14, and 60 <Ci < 390.

VSB : RTAN ¼ 0:645DOþ 0:059T−0:068FA

þ 0:0061Ci−1:554 ð5Þ
VSB : RTIN ¼ 0:637DOþ 0:059T−0:069FA

þ 0:0064Ci−1:592 ð6Þ

with 0.2 <DO < 2.2, 16 < T < 30, 0.2 < FA < 17, and 102
< Ci < 212.
where RTAN and RTIN =microbial removal rate of TAN and
TIN, g/m2/day; pH = effluent pH; DO = effluent DO
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concentration, mg/L; T = effluent temperature, oC; FA = efflu-
ent concentration of free ammonia, mg N/L; and Ci = influent
TAN or TIN concentration, mg/L.

The positive temperature effect was experimentally displayed
by the significant differences in TAN and TIN removal rates
between the heated VSB1 and unheated VSB2 in 2011
(ANOVA p < 0.001). Kinetic study with a 7-day batch operation
of these twoVSBwetlands showed that both TAN andTINmass
reduction followed the first-order reaction kinetics, with a remov-
al rate constant of 0.165/day in VSB1 at water temperature of
27.3 ± 1.5 °C and 0.061/day in VSB2 at 22.3 ± 2.0 °C (Fig. 7). It
is noteworthy that the strong temperature effect in the VSB wet-
lands reveals potentially greater microbial nitrogen removal un-
der less varying, higher temperature such as in tropical climates
relative to that under varying, lower temperature such as in a
temperate climate.

Equations 3–6 indicate a positive relationship of microbial N
removal rate with influent nitrogen concentration. Mass removal
rate of constructed wetlands generally increases with increasing
loading rate, or concentration at a given influent flow rate or
volume, because of increased substrate availability to microor-
ganisms (Vymazal 2013; Tao et al. 2007). VSB2 in 2012 was
packed with rubber mulch having a greater porosity than marble
chips in VSB1, which explained that VSB2 had a significantly
higher ammonia removal rate (ANOVA p = 0.01) because of a
higher areal mass loading rate at the same water depth and a
larger influent volume. When the FWS wetlands were in the
second stage of the wetland series in 2011–2014, the microbial
removal rates in the FWS wetlands were smaller (Fig. 6). In
contrast, the microbial removal rates in the FWS wetlands were
larger in 2017 when they were the first stage of treatment and in
2015 when all the mesocosms were in parallel. A positive rela-
tionship of microbial N removal rate with influent nitrogen

concentration suggests that too much dilution of a concentrated
wastewater may actually result in decreased TAN and TIN re-
moval rates. In real applications, dilution of concentrated waste-
water can be attained by effluent recirculation or mingling with
lightly contaminated water such as storm water runoff. Dilution
ratio should be determined based on the estimated final influent
concentration.

The TAN removal rates were generally similar to the TIN
removal rates, indicating little accumulation of nitrite and ni-
trate. Therefore, microbial nitrogen removal could be attributed
to SNAD and simultaneous nitrification-denitrification.
Traditionally, biological nitrogen removal is interpreted by ni-
trification and denitrification processes, whereas recent studies
(Li and Tao 2017; Zhi et al. 2015; Tao et al. 2012; Chiemchaisri
et al. 2009) have found that anammox and SNAD could play a
crucial role in ammonia removal in constructed wetlands.
Controlling pH, DO, and free ammonia concentration is an
important strategy to enhance SNAD (Li and Tao 2017; Zhi
et al. 2015; Wen et al. 2013; Tao et al. 2012). Both nitritation in
the SNAD process and nitrification in the simultaneous
nitrification-denitrification process consume alkalinity. Marble
chips and furnace slag in the mesocosms maintained water pH
at different levels (Fig. 3). The pH values of 6.8–8.5 in the VSB
wetlands were in the range suitable for SNAD, explaining the
absence of pH from Eqs. 5 and 6. Nitrification-denitrification
possibly played a minor role in the VSB wetlands where there
was limited availability of organic carbon for the heterotrophic
denitrifying bacteria. Rather, exudates released by the fast-
growing plants in the FWS wetlands could promote
nitrification-denitrification over SNAD. Twenty-five percent
of the average pH values in the FWS wetlands were at 8.1–
8.3, which were above the pH range of 7.0–7.5 favorable for
denitrification (Metcalf and Eddy / AECOM 2014), explaining

Table 4 Sensitivity analysis of
microbial TAN removal in VSB
and FWS wetlands

Microbial TAN removal rate, g/m2/d

VSB wetland FWS wetland

Influent TAN, mg/L Influent TAN, mg/L

60 200 400 60 200 400

Water pHa 6.2 1.02 1.86 3.07 1.11 2.73 5.05
7.5 0.96 1.69 2.73 0.02 1.33 3.20
8.5 0.54 0.27 − 0.11 − 1.84 − 3.17 − 5.06

Dissolved oxygen 0.3 mg/L 0.19 0.92 1.96 0.09 1.40 3.26
1.5 mg/L 0.96 1.69 2.73 0.02 1. 33 3.20
4.2 mg/L 2.71 3.44 4.48 − 0.13 1.18 3.05

Temperature 15 °C 0.63 1.40 2.51 − 1.01 0.42 2.45
21 °C 0.96 1.69 2.73 0.02 1.33 3.20
30 °C 1.44 2.05 2.92 1.52 2.51 3.92

a For VSB wetlands, pH value is not directly used in Eq. 3, but affects free ammonia concentration in Eq. 5
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the negative effect of pH on microbial nitrogen removal as
shown in Eqs. 3 and 4.

Free ammonia concentration varied between 0.03 and
16.2 mg N/L across the mesocosms over the years (Fig. 8),
largely because of the different pH values. A free ammonia
concentration of 0.2–1.0 mg N/L can be high enough to favor
nitritation over nitrite oxidation (Miot and Pagilla 2010;
Chung et al. 2006), whereas anammox can be inhibited by
free ammonia at greater than 4.5–25 mg N/L (Li and Tao
2017; Fernández et al. 2012; Jaroszynski et al. 2011).
Therefore, free ammonia had a negative effect on microbial
removal in Eqs. 3–6. It appeared that microbial nitrogen re-
moval was inhibited by free ammonia at concentrations of
13.3–16.2 mg N/L in the VSB wetlands in 2013 compared
with the lower free ammonia concentrations in the VSB wet-
lands in the other years. The FWS wetlands in 2017 had high
nitrogen removal rates despite the high free ammonia concen-
trations, which might be attributed to the high temperature.

As Li and Tao (2017) found, constructed wetlands can have
the two microbial treatment processes complemented as oper-
ating conditions vary. To take advantage of SNAD, nitrite
oxidation has to be suppressed since nitrite-oxidizing bacteria
compete with aerobic ammonia-oxidizing bacteria for oxygen
and with anammox bacteria for nitrite. Nitrite oxidation is
suppressed, and SNAD is promoted to reach high nitrogen
removal rates at DO 0.8–1.7 mg/L in the bulk water of con-
structed wetlands (Li and Tao 2017). The VSB wetlands had
DO at 0.3–2.2 mg/L, thus having a positive effect as shown in
Eqs. 5 and 6. The FWS wetlands had higher DO concentra-
tions, averaging at 2.0 mg/L, thus having a negative effect in
Eqs. 3 and 4. Moreover, the anaerobic micro-niches for anoxic
denitrification and anammox can be limited when the bulk
water has a higher DO concentration. It appeared that the
microbial nitrogen removal rates were lower and TIN removal
rates were lower than TAN removal rates when DO concen-
tration was above 1.9 mg/L as demonstrated by FWSwetlands
in 2012–2014 (Figs. 2 and 6), indicating suppressed denitrifi-
cation and anammox at DO greater than 1.9 mg/L.

Sensitivity of microbial nitrogen removal
to influencing factors

The yearly varied operational modes, wetland configurations,
and system layouts made the regression Eqs. 3–6 effective and
applicable for diverse conditions. As the effects of multiple
influencing factors are mixed, however, it is challenging to di-
rectly utilize Eqs. 3–6 to determine or assess design and opera-
tional parameters. Comparing the sensitivity of nitrogen removal
to each influencing factor can better guide wetland design. Using
Eqs. 3 and 5, the responses of microbial TAN removal rate to the
change of an influencing factor were computed at the averages of
the other factors for three influent TAN concentrations (Table 4).
The changes of pH, DO, and temperature were analyzed at the

minimum, average, and maximum of the mesocosm measure-
ments in individual monitoring periods. The influent TAN con-
centrations were analyzed at 60, 200, and 400 mg/L, being close
to their lowest, average, and highest measurements in the study
periods. ATAN concentration of 60 mg/L represents secondary
treated sewage (Metcalf and Eddy / AECOM 2014). The TAN
concentration of 400 mg/L represents the highest one-time re-
versible inhibition concentration for ammonia-tolerant
C. alternifolius (Tao et al. 2015).

The changes of microbial TAN removal rate in Table 4
revealed that (1) for the VSB wetlands, temperature was the
least sensitive factor; (2) for the VSB wetlands, DO was the
most sensitive factor at influent TAN concentrations from 60
to 200 mg/L while DO and pH were the most sensitive factors
at influent TAN concentrations from 200 to 400 mg/L; (3) for
the FWS wetlands, DO was the least sensitive factor; and (4)
for the FWS wetlands, influent TAN concentration and pH
were the most sensitive factors. VSB wetlands have an unsat-
urated layer that reduces heat loss from water, resulting in
temperature being the least sensitive factor. Meanwhile,
VSB wetlands have smaller water surface in contact with air
and surface reaeration is dominated by slow molecular diffu-
sion, resulting in DO concentration being a limiting factor.
The FWS wetlands were less limited by DO because of sur-
face reaeration through both molecular and turbulent diffu-
sion. Coincidently, the highest microbial TAN removal rate
estimated for FWS wetlands, 5.05 g/m2/day, appeared at the
highest influent ammonia concentration (400 mg/L), average
DO concentration (1.5 mg/L), and the lowest pH.

Conclusions

The rate of nitrogen assimilation into plant biomass could vary
substantially with ammonia concentration and plant species.
Ammonia-tolerant C. alternifolius and C. papyrus grew faster
than T. angustifolia in the wetlands at less inhibitory ammonia
concentrations. Above-ground biomass of individual plants
was a power function of plant height for both C. alternifolius
and T. angustifolia. C. alternifolius had a small below- to
above-ground biomass ratio (0.38) and higher nitrogen content
in the above-ground than below-ground tissues. T. angustifolia
had a large below- to above-ground biomass ratio (2.73) and
lower nitrogen content in above-ground than below-ground
tissues. Therefore, Cyperus species are preferred for ammonia
removal in constructed wetlands by plant uptake of nitrogen
and harvesting above-ground tissues.

Microbial nitrogen removal in the mesocosms was attrib-
uted to SNAD and simultaneous nitrification-denitrification.
There were no significant effects of wetland type, vegetation
presence, and plant species on microbial nitrogen removal.
Microbial TAN removal rate correlated linearly with multiple
operational parameters including influent ammonia
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concentration, DO, pH, free ammonia concentration, and tem-
perature. Microbial TAN removal is sensitive mainly to DO,
pH, and influent ammonia concentration in VSB wetlands,
while sensitive to influent ammonia concentration, pH, and
temperature in FWS wetlands.
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