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Abstract Plant species diversity could enhance plant
productivity and pollutant removal efficiency in con-
structed wetlands (CWs). However, the potential impor-
tance of plant density for ecosystem functioning has
largely been neglected. In this study, we conducted a
factorial experiment in which three common plant spe-
cies were planted in a gradient of species richness (one,
two, and three) and seven species compositions at two
densities (six and twelve individuals per microcosm).
Plant total biomass and total organic carbon (TOC) and
total inorganic nitrogen (TIN) removal efficiency were
measured to explore the effect of plant species diversity
and density on the ecosystem functioning of CWs.
Results showed that (1) plant species richness had no
significant effect on plant total biomass and TOC and
TIN removal efficiency under high and low plant den-
sity. (2) There were significant differences in TIN re-
moval efficiency among seven species compositions
under low plant density; especially, the presence of
Canna indica reduced the TIN removal efficiency. In
contrast, species composition and species identity had

no significant effect on ecosystem functioning under
high plant density. (3) High plant density increased plant
total biomass of C. indica monocultures, and also en-
hanced TIN removal efficiency in mixtures of two spe-
cies. These results indicated C. indica alone may not be
an ideal species for enhancing pollutant removal in
constructed wetlands but planting at high density could
mitigate its negative effect on ecosystem functioning.
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1 Introduction

Rapid growth of urbanization and industrial develop-
ment are often associated with substantial wastewater
production that has become a serious problem affecting
water quality and human health (Galloway et al. 2008;
Gu et al. 2013). Excessive nitrogen (N) loading to
aquatic ecosystems may contribute to nutrient enrich-
ment or eutrophication (Conley et al. 2009; Chen et al.
2011). Untreated organic carbon often depletes dis-
solved oxygen in aquatic ecosystems, causing wide-
spread mortality of aquatic organisms (Saeed and Sun
2012). The treatment of wastewater with high N and
organic carbon loading remains a challenge around the
world.

As a green treatment technology, constructed wet-
lands (CWs) have been widely used for wastewater
treatment due to low operational and maintenance
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requirements (Liu et al. 2012; Vymazal 2014). Nitrogen
and organic carbon removal are the major target services
of CWs (Caselles-Osorio and García 2006; Wu et al.,
2014). Nitrification, denitrification, and plant uptake are
the major pathway for nitrogen removal in CWs
(Vymazal et al., 2007; Saeed and Sun 2012); aerobic
degradation and anaerobic degradation are the major
pathway for organic removal in CWs (Saeed and Sun
2012). Plants as the important component of CWs could
direct uptake of nitrogen from the wastewater; plants
also indirectly influence nitrogen and organic removal
through providing oxygen, carbon source, and habitats
to microorganisms (Brix 1994; Picek et al., 2007;
Vymazal 2013). As plant species may have specific
nutrient uptake ability and growth pattern, the activity
and relative abundance of rhizosphere microbial com-
munities are also species-dependent (Hartmann et al.
2009). Such a difference may affect the pollutant re-
moval efficiency in the CWs. Optimizing the plant
community structure of CWs is an important aspect to
enhance nitrogen and organic removal efficiency.

Plant diversity is perhaps a major determinant of
ecosystem functions (Tilman et al. 2014). The effect of
plant diversity on ecosystem functioning in CWs have
gained tremendous attention in recent years (Engelhardt
and Ritchie 2002; Fraser et al. 2004; Han et al. 2016;
Luo et al. 2020). In CWs, plant species richness often
positively affects plant productivity (Engelhardt and
Ritchie 2002; Han et al. 2016) and the removal efficien-
cies of pollutants (Han et al. 2018; Geng et al. 2019).
Species composition and identity also affected ecosys-
tem functioning of CWs (Ge et al. 2015; Han et al.
2019). The presence of Coix lacryma-jobi increased
both plant biomass and N removal, whereas the pres-
ence of Aeschynomene indica increased N removal but
decreased plant biomass (Ge et al. 2015). However,
initial plant density was kept constant at a particular
level in previous experiments, and the potential impor-
tance of plant density for ecosystem functioning has
largely been neglected.

As an important aspect of plant community structure,
plant density determines the intensity competition for
available resources and space acquisition (Wei et al.
2018; Hecht et al. 2019). Changing plant density may
also modify any biodiversity effect via changed plant-
plant interactions (He et al. 2005; Polley et al. 2010;
Stachova et al. 2013). For example, the diversity-
productivity relationship can be flatter at higher than at
lower density in grassland (He et al. 2005). In CWs, the

detention time of CWsmay increase with the increase of
plant density (Jaddhav and Buchberger 1995). Howev-
er, the effect of plant density on the ecosystem function-
ing (such as plant biomass and N and organic carbon
removal efficiency) and the relationship of plant species
diversity and ecosystem functioning in CWs remain
uncertain.

In this study, microcosms were established to simu-
late CWs and were fed with simulated wastewater with
high N and organic carbon loading. Three common
species were planted in a gradient of species richness
(one, two, and three) and seven species compositions at
each of two densities (six and twelve individuals per
microcosm). Our objectives were to (1) test the effects
of plant density and plant species diversity on plant
biomass and N and organic carbon removal efficiency;
and (2) determine a combination of plant species and
plant density that provide high ecosystem functioning in
CWs.

2 Materials and Methods

2.1 Experiment Design

The experiment was set up in a semi-open greenhouse at
the campus of Zhejiang Normal University (29° 8′ 19″
N, 119° 38′ 2″ E, Jinhua City, Zhejiang province, Chi-
na). The greenhouse with a transparent plastic roof was
used to keep off rainwater, and no walls were used to
ensure that light intensity, air temperature, and humidity
inside the greenhouse were similar to those of the exter-
nal environment. A total of 42 microcosms were con-
structed using ceramic tubs (45 cm length × 34 cmwidth
× 20 cm height) and a piece of polyethylene planting
bed in March 2019 (Fig. 1).

A two-factor experiment design was used in this
study. One factor was plant density. One factor was
plant density, with 21 microcosms planted with twelve
individuals (78 plants m−2, high density), another 21
microcosms planted with six individuals (39 plants
m−2, low density). Under each plant density treatment,
plant diversity treatments included three species rich-
ness levels (one, two, and three) and all possible species
compositions: three monocultures, three two-species
mixtures, and one three-species mixture. Three true
replicates were established for each density and compo-
sition treatment.
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Three local species with similar size and as the dom-
inate species were selected for the experiment:
Oenanthe javanica (Blume) DC, Acorus calamus L.,
and Canna indica L. These three species have been
widely used in the construction of CWs (Vymazal
2011, 2013). In March of 2019, seedlings of these three
species of similar size (10 cm height) were transplanted
into the microcosms. According to the plant density and
diversity treatments, an equal number of individuals
were assigned to each species and uniformly distributed
in each microcosm. The experiment was conducted
using a randomized complete block design with three
blocks (three replicates per treatment).

The simulated wastewater was the Hoagland nutrient
solution (Hoagland and Arnon 1950) with a minor mod-
ification (Table 1). The N concentration was 112mgL−1

with mixed ammonium-N and nitrate-N (NH4
+-N:

NO3
−-N = 1:1). Nutrient removal efficiency has been

shown to peak in CWs when the chemical oxygen
demand (COD)/N ratio was five (Wu et al. 2009).
Accordingly, sucrose was added to create this COD to
N ratio (5:1). The simulated wastewater (23 L) was
supplied once every 10 days from late March to early
June, simulating the intermittent water operation mode
of CWs (Faulwetter et al. 2009). Before each irrigation
event, all microcosms were emptied of water.

2.2 Sampling and Measurements

Effluent samples (250 ml) were collected in each mi-
crocosm on the tenth day after the last supply of simu-
lated wastewater (9 June 2019) and were stored at −
18 °C. Each water sample was filtered using a

membrane syringe filter (pore size 0.45 μm) before
analysis. The total organic carbon (TOC) concentration
in effluent was measured by the non-dispersion infrared
method with a total organic carbon analyzer (Torch
TOC, Teledyne Tekmar Corporation, USA). The
NH4

+-N and the NO3
−-Nwere measured by spectropho-

tometric method (Clescerl et al. 1999). The sum of
NH4

+-N and the NO3
−-N is the total inorganic nitrogen

(TIN) concentration. Following water sampling, all
plants were harvested by species, cleaned, and oven
dried at 65 °C for 72 h. Then, plant materials were
weighed for total biomass per species.

2.3 Parameter Calculations

The TOC and N removal efficiency (RE) in the last
batch of simulated wastewater was calculated based on
mass balance:

RE %ð Þ ¼ Ci−Ceð Þ=Ci � 100

where Ci is the concentration of influent TOC or TIN of
each microcosm (mg L−1); Ce is the concentration of
effluent TOC or TIN of each microcosm (mg L−1).

2.4 Statistical Analysis

Two-way ANOVA was applied to test the effects of
plant species diversity (species richness and species
composition) and plant density on the variables (to-
tal plant biomass, TOC removal efficiency, and N
removal efficiency). General linear regression anal-
ysis was performed to address potential relationships

Effluent

45 cm

20
cm 15

cm

Influent

Fig. 1 The vertical cross sections of the microcosms of construct-
ed wetlands (45 cm length × 34 cm width × 20 cm height)

Table 1 Summary of effects of (a) species richness and plant
density, (b) species composition and plant density from two-way
ANOVA of total biomass (TB), TOC removal efficiency (CR),
and TIN removal efficiency (NR). Significant P value (P < 0.05)
are italicized

Source of variation d.f. TB CR NR

(a)

Species richness 2 0.257 0.173 0.704

Plant density 1 0.440 0.146 0.119

SR*PD 2 0.227 0.002 0.402

(b)

Species composition 6 0.018 0.244 0.002

Plant density 1 0.375 0.156 0.045

SC*PD 6 0.207 0.040 0.161
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between species richness and variables under high
and low plant density treatments. One-way ANOVA
was applied to test for difference in variables among
seven plant species compositions under the same
plant density treatment. If the treatment effects
proved to be significant, Tukey’s method was used
to ascertain differences among treatment levels. An
independent t test was used to find differences be-
tween the means of variables when a species was
present and when it was absent in the system. An
independent t test was also used to detect the differ-
ence in variables between high and low plant density
treatments. All the statistical analyses were per-
formed with R ver. 3.4.3 (R Core Team 2017). We
set the statistical significance level at α = 0.05. All
values were expressed as mean ± standard error.

3 Results

3.1 Plant Total Biomass

There was no significant correlation between plant
species richness and plant total biomass under high
and low plant density treatments (Table 1 (a);
Fig. 2a). Species composition also had no significant
effect on plant total biomass (Table 1 (b); Fig. 3a),
but species identity had significant effect (Table 2).
Under the low plant density treatment, the presence
of O. javanica significantly increased plant total
biomass (Table 2 (a)); but the presence of any spe-
cies did not affect plant total biomass under the high
plant density treatment (Table 2 (b)). Plant density
only significantly affected plant total biomass for
one of the species: the plant total biomass of
C. indica monoculture under high plant density
was significantly higher than that of low plant den-
sity (Fig. 3a).

3.2 TOC Removal Efficiency

Plant species richness and plant density both had no
significant effect on TOC removal efficiency
(Table 1; Fig. 2b). Likewise, plant species composi-
tion and species identity both had no significant
effect on TOC removal efficiency under both high
and low plant density treatments (Fig. 3b; Tables 1
and 2).
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Fig. 2 Relationships between plant species richness and plant
total biomass (a), TOC removal efficiency (b), and TIN removal
efficiency (c). Closed circles: high plant density; open circles: low
plant density. Asterisks denote significant difference between high
and low plant density treatments (P < 0.05)
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3.3 TIN Removal Efficiency

Plant species richness had no significant effect on TIN
removal efficiency under both high and low plant density
treatments (Table 1; Fig. 2c). In the species richness level
of two, TIN removal efficiency under high plant density
treatmentwas significantly higher than that of the lowplant
density treatment, but no significant difference was found
in the species richness levels of one and three (Fig. 2c).

Species composition significantly affected TIN remov-
al efficiency (Table 1; Fig. 3c). The TIN removal efficien-
cy of A. calamus monoculture was significantly higher
than that of C. indica monoculture (Fig. 3c), and the
presence of C. indica led to significantly less efficient
TIN removal under low plant density treatment
(Table 2). However, no significant difference was found
under high plant density treatment (Fig. 3c). Plant density
significantly affected TIN removal efficiency (Table 1),
and the TIN removal of O. javanica monoculture was
more efficient under low than high plant density (Fig. 3c).

4 Discussion

4.1 Effects of Plant Species Diversity and Density
on Plant Total Biomass

lant species diversity, as a key determinant of ecosystem
functioning, has been studied for some decade years
(Tilman et al. 2014; van der Plas 2019), while plant
density has been known longer for its role in community
productivity (Harper 1977). When sowing density is
included as a factor in biodiversity studies, density can
affect ecosystem functioning and may also alter the
direction of diversity effects (He et al. 2005; Polley
et al. 2010; Stachova et al. 2013). However, our study
showed plant species richness had no significant effect
on plant total biomass after 3months under both high and
low density (Fig. 2). The reason may be previous studies
were conducted in grassland, in which density may en-
hance intraspecific competition for soil resources and
alter diversity-productivity relationships (He et al. 2005;
Li et al. 2011). In contrast, nutrient competition would be
reduced in CWs ecosystems with high N loading, espe-
cially in the ecosystem supplied with equal NH4

+-N and
NO3

−-N. Our previous study also found no significant
correlations between plant total biomass and species
richness under mixed NH4

+-N/NO3
−-N treatment (Ge

et al. 2015). In addition, this study only used three
species, which would limit the species richness effect.

Plant species identity is thought to be an important
component that affects ecosystem functioning (Abalos
et al. 2014; Ge et al. 2015; Han et al. 2019). In this study,
we found plant density altered the effect of plant species
identity on plant total biomass (Table 2). The presence
of O. javanica significantly increased plant total bio-
mass under low plant density treatment (Table 2a), but
no significant effect was found under the high plant
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Fig. 3 Plant total biomass (a), TOC removal efficiency (b), and
TIN removal efficiency (c) in relation to plant community. Species
abbreviations are: Oj, O. javanica; Ac, A. calamus; Ci, C. indica.
Black bars: high plant density; white bars: low plant density.
Values are mean ± SE. Significant difference is indicated by
different letters (P < 0.05)
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density treatment (Table 2 (b)). The reason may be that
O. javanica yielded the highest plant total biomass
among three monocultures (Fig. 3), and also was a
dominant species in mixtures, thus increasing commu-
nity productivity under low plant density. High plant
density could affect the species identity effect on pro-
ductivity through changing species abundance and per-
formances. For example, high plant density increased
plant total biomass of C. indica (Fig. 3). In addition,
competitive interactions between species can increase
under high plant density (Li et al. 2011) and then weak-
en the positive effect of O. javanica on community
productivity. These results indicated plant density may
in part compensate for an effect of plant species identity
on productivity.

4.2 Effects of Plant Species Diversity and Density
on TOC and TIN Removal Efficiency

N removal is one of the major objectives of CWs
(Vymazal 2014). Previous studies have reported plant
species diversity had positive effect on N removal effi-
ciency in CWs (Ge et al. 2015; Han et al. 2016; Geng
et al. 2019), but plant density was kept constant at a
particular level in these experiments. Our study is the
first focused on the effect of plant species diversity and
plant density simultaneously on N removal efficiency in
CWs with high N loading. We found plant species
richness had no significant effect on TIN removal effi-
ciency under both high and low plant density (Fig. 2). It
is possible that the chemical oxygen demand (COD/N =

5) in this study was at a level that makes N removal less
sensitive to species richness. Although this ratio leads to
efficient N removal (Wu et al. 2009), the addition of
carbon may have as much role in improving N removal
as does increasing plant species richness (Han et al.
2016). In addition, we only set up three plant species
richness levels (one, two, and three), which may limit
the effect of plant species richness on N removal. Nota-
bly, high plant density increased TIN removal within the
species richness level of two (Fig. 3). Denitrification and
plant uptake are the major pathways of N removal from
wastewater in CWs without substrate (Vymazal 2007;
Saeed and Sun 2012). In this study, plant density had no
significant effect on plant total biomass within any
species richness level (Fig. 2), indicating that plant
uptake was not the dominant cause for high plant den-
sity enhancing N removal in two-species treatments.
High plant density may increase root length density
and specific root length (Hecht et al. 2019) and provide
more microbial attachment sites, then enhancing deni-
trification and N removal efficiency in CWs.

Plant species identity is also an important component
that affects pollutant removal efficiency in CWs (Ge
et al. 2015; Han et al. 2016). In this study, the presence
of C. indica significantly decreased TIN removal effi-
ciency under low plant density treatment (Table 2 (a))
but had no significant effect under high plant density
treatment (Table 2 (b)). Additionally, C. indica yielded
the lowest plant total biomass in monocultures under
low plant density (Fig. 3). Logically, low biomass pro-
duction may decrease the utilization of underground

Table 2 Means and standard errors of total biomass, TOC re-
moval efficiency, and TIN removal efficiency in the presence and

absence of the three species in microcosms with low plant density
(a) and high plant density (b)

Parameters O. javanica A. calamus C. indica

Presence Absence Presence Absence Presence Absence

(a) Low plant density

Total biomass (g m−2) 434.15 ± 65.37* 264.76 ± 47.45 357.30 ± 42.74 367.23 ± 79.40 325.28 ± 67.81 409.92 ± 55.39

TOC removal efficiency (%) 69.45 ± 1.64 72.00 ± 0.98 71.53 ± 1.39 69.23 ± 1.34 70.00 ± 1.43 71.27 ± 1.37

TIN removal efficiency (%) 62.34 ± 2.04 65.82 ± 3.78 65.50 ± 3.90 61.60 ± 1.66 60.98 ± 1.82* 67.63 ± 3.67

(b) High plant density

Total biomass (g m−2) 418.51 ± 57.33 388.53 ± 54.67 412.42 ± 60.31 396.65 ± 51.59 437.56 ± 63.57 363.13 ± 44.29

TOC removal efficiency (%) 71.43 ± 2.02 74.22 ± 1.72 72.81 ± 2.04 72.37 ± 1.81 71.09 ± 2.01 74.67 ± 1.65

TIN removal efficiency (%) 65.93 ± 2.32 71.23 ± 2.27 70.59 ± 2.25 65.01 ± 2.32 67.95 ± 2.31 68.53 ± 2.59

Notes: values are means ± 1SE. Asterisks in the “presence” columns indicate statistically significant differences among means when a
particular species is present versus when it is absent from communities
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nutrient resources (Palmborg et al. 2005). High plant
density could increase the plant total biomass of
C. indica (Fig. 3) and then improve the N removal
efficiency.

Organic carbon removal is also the target ecosystem
service of CWs (Wu et al., 2014). In this study, we
found plant species diversity and density both had no
significant effect on TOC removal efficiency (Fig. 2;
Table 2). Organic carbon removal mechanisms in CWs
include aerobic degradation and anaerobic degradation
(Saeed and Sun 2012). Availability of oxygen was one
of the major environmental factors influencing organic
carbon removal. Oxygen for aerobic degradation can be
supplied by atmospheric oxygen diffusion, and/or mac-
rophyte root transfer into the plant rhizosphere (Cooper
et al. 1996). The three species, O. javanica, A. calamus,
and C. indica, all had a well-developed aerenchyma
tissue which could transfer oxygen into the plant rhizo-
sphere and enhance aerobic degradation (Stottmeister
et al. 2003). Further study should select additional spe-
cies to explore the response of TOC removal efficiency
to plant species diversity and density.

4.3 Recommendations for Achieving High Net
Ecosystem Services of CWs

Nitrogen and organic carbon removal are the major
target services of CWs (Caselles-Osorio and García
2006; Wu et al., 2014); plant biomass also could be
used as biofuels (Liu et al. 2012). In this study, plant
species richness did not affect plant biomass and nitro-
gen and organic carbon removal under both high and
low plant density treatment (Fig. 2). Nevertheless, under
low plant density, plant species composition and species
identity significantly affected these functions (Fig. 3 and
Table 2). Among seven species compositions, C. indica
showed the lowest TIN removal efficiency (Fig. 3), the
total biomass and TOC removal efficiency also lower
than other species compositions (Fig. 3). The presence
of C. indica also decreased the TIN removal efficiency
(Table 2). But no significant difference in these func-
tions was found under high plant density. These results
indicate thatC. indica alone may not be ideal species for
CWs, planting high plant density could mitigate its
negative effect on ecosystem functioning. It is worth
noting that the presence of O. javanica significantly
increased plant total biomass (Table 2); the TOC and
TIN removal efficiency of O. javanica monoculture
were not lower than other species compositions (Fig.

3). These results indicate O. javanica may be the ideal
species for CWs. Of course, only two levels of plant
density were explored in this study, and plant mortality
would increase at higher plant densities (Weiner et al.
2001). In addition, our study was controlled experiment;
the results may do not reflect their performance in
natural environment. Further research should carry out
experiments across a wider density range to explore the
proper density and plant species diversity to maintain
high ecosystem multifunctionality in real CWs with
high N and organic carbon loading.

5 Conclusions

This study was the first to explore the effect of plant
species diversity and plant density on ecosystem func-
tioning in CWs with high N loading. We found plant
density altered the relationship of plant species diversity
and ecosystem functioning. Under low plant density,
there were significant differences in TIN removal effi-
ciency among seven species compositions; the presence
of C. indica had a negative effect on TIN removal
efficiency. However, plant species richness, species
composition, and species identity all had no significant
effect on ecosystem functions under high plant density.
C. indica alone may not be an ideal species for enhanc-
ing ecosystem functioning but planting high plant den-
sity could mitigate its negative effect on ecosystem
functioning. Further research should investigate addi-
tional plant species and plant density to find more ap-
propriate species and plant density for ecosystem func-
tioning in CWs with high N and organic carbon loading.
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