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Abstract This study investigates biomass, density, photo-
synthetic activity, and accumulation of nitrogen (N) and
phosphorus (P) in three wetland plants (Canna indica,
Typha augustifolia, and Phragmites austrail) in response
to the introduction of the earthworm FEisenia fetida into a
constructed wetland. The removal efficiency of N and P in
constructed wetlands were also investigated. Results
showed that the photosynthetic rate (P,), transpiration rate
(T,), and stomatal conductance (Snq) of C. indica and P,
austrail were (p<0.05) significantly higher when earth-
worms were present. The addition of E. fetida increased
the N uptake value by above-ground of C. indica, T
augustifolia, and P. australis by 185, 216, and 108 %,
respectively; and its P uptake value increased by 300, 355,
and 211 %, respectively. Earthworms could enhance photo-
synthetic activity, density, and biomass of wetland plants in
constructed wetland, resulting in the higher N and P uptake.
The addition of E. fetida into constructed wetland increased
the removal efficiency of TN and TP by 10 and 7 %,
respectively. The addition of earthworms into vertical flow
constructed wetland increased the removal efficiency of TN
and TP, which was related to higher photosynthetic activity
and N and P uptake. The addition of earthworms into
vertical flow constructed wetland and plant harvests could
be the significantly sustainable N and P removal strategy.
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Introduction

Nutrient enrichment of surface water bodies by nitrogen (N)
and phosphorus (P) has become an important water quality
issue. Eutrophication of water bodies may result in the growth
of' harmful algal blooms resulting in reduced dissolved oxygen
and disturbance to the normal functioning of the aquatic
system. Different management approaches have therefore
been taken to try to protect sensitive water bodies from eutro-
phication. In Europe, the Urban Wastewater Treatment
Directive and Nitrates Directive provide a legislative frame-
work setting maximum permitted concentrations for N and P
in discharges to aquatic systems.

In this paper, we focus on N and P uptake by wetland
plants in constructed wetlands. Constructed wetlands can be
used for domestic wastewater, industrial wastewater, and
agricultural runoff treatment (Lu et al. 2009). The key
processes for nutrient removal in constructed wetlands in-
clude microbial conversion, decomposition, plant uptake,
sedimentation, volatilization, and adsorption—fixation reac-
tions (Tchobanoglous 1993). Wetland plants will remove
nutrients through uptake to support biomass accumulation,
and through fixation of inorganic and organic particulates
(Brix 1994; Huett et al. 2005). However, the capacity to
remove nutrients will decrease over time through saturation
of P sorption sites (Tanner et al. 1995). Therefore, the
potential for P removal in constructed wetland is finite
(Howard-Williams 1985) unless the accumulated nutrients
can be removed further.

Nutrient removal capacity in a constructed wetland could
be enhanced through harvesting of plant shoots (Wathugala
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et al. 1987; Huett et al. 2005). N and P absorbed by the
rhizome or roots in a constructed wetland are transported
into the stems and/or leaves of wetland plants. The harvest
of stems and leaves will therefore remove N and P from the
system (Markéta et al. 2009). Periodic re-harvesting will
continue the process of nutrient removal (Markéta et al.
2009; Zhu et al. 2011) and reduce nutrient recycling on
plant death (Zhou and Wang 2010; Zhu et al. 2011).
Increasing N and P uptake by plants to enhance the nutrient
removal rate in a constructed wetland is therefore a poten-
tially important management process.

The scientific basis of this approach has been discussed
previously in the literature. Maddison et al. (2009) found
that the annual N and P uptake value by shoots of cattail
(Bypha  latifolia) in wetland varied from 14.0 to
304 ¢ N'-m 2 and from 1.9 to 5.6 g P m 2 in autumn and
from 3.8 to 5.2 ¢ N m > and from 0.5 to 0.6 g P m > in
winter. The N and P uptake value was higher in autumn than
in winter which could be related to factors promoting better
plant growth in autumn. Wu et al. (2011) demonstrated that
the nutrient uptake by plants ranged from 14 to 52 % of N
removal, and accordingly 11 to 34 % of P removal in
constructed microcosm wetlands. Therefore, the N and P
removal rate in constructed wetland was influenced by N
and P uptake value by wetland plants.

Another potential approach to facilitate the removal of N
and P is the introduction of earthworms. Earthworms play
an important role in ecological systems because they can
breakdown a wide range of organic materials, including
sewage sludge (Kwon et al. 2009). Consequently, earth-
worms are used in filtration systems to purify wastewater,
a process which has been termed vermifiltration (Taylor et
al. 2003). Several studies have been conducted to evaluate
the use of vermifiltration in domestic wastewater treatment
(Sinha et al. 2008), municipal wastewater treatment (Yang
and Zhao 2008), and swine wastewater treatment processes
(Li et al. 2008), as well as in simultaneous sludge reduction
processes (Zhao et al. 2010). Research results indicate that
earthworms convey a purification benefit.

Earthworms are also used in constructed wetlands to treat
wastewater. Li et al. (2011) found that constructed wetlands
with added earthworms removed 2—5 % more N and 12 %
more P than constructed wetlands without added earth-
worms. Nuengjamnong et al. (2011) reported that earth-
worms helped reduce sludge production by 40 % on the
surface of constructed wetlands, which lowered the cost of
draining the wetland and treating the sludge. Davison et al.
(2005) proposed that intentional introduction of earthworms
may offer a natural alternative for cleaning clogged sub-
strates in horizontal subsurface flow treatment wetlands.
This research indicates that the purifying capacity and func-
tion of constructed wetland were influenced by the addition
of earthworms. However, less attention has been given to

plant growth when earthworms were added into constructed
wetland. Moreover, the interactions between earthworms
and plants, which are very important for understanding
purifying mechanisms involved in earthworms, have not
been fully investigated. The objectives of this study were
to (1) determine the response of wetland plants in
constructed wetland to earthworms; (2) assess the changes
in N and P uptake efficiency by wetland plants in the
presence of earthworms in constructed wetland, and (3)
assess the removal efficiency of N and P in constructed
wetland with addition of earthworms

Material and methods
Materials

Sand with a pH of 7.12 was obtained from a local building
supply company. The sand’s fractional distributions of 0—
0.25, 0.25-0.50, 0.50-1.0, 1.0-2.0, and 2.0-5.0 mm were
19, 32, 25, 13, and 11 % (w/w), respectively. The rice straw
was used as organic matter, and was cut to <l-cm pieces.
The total carbon, nitrogen, phosphorus, and potassium of
rice straw were 337, 7, 0.4, and 15.8 mg kg ', respectively.
Uniform and healthy seedlings, about 5.0—8.0 cm tall, of
Phragmites austrail, Typha augustifolia, and Canna indica
were collected from a field in Pukou District, Nanjing,
China. P. australis, T. augustifolia, and C. indica were
chosen because they are the main macrophyte used in
constructed wetlands to purify wastewater (Cristina et al.
2007; Xu et al. 2009; Vymazal 2011). Earthworms (Eisenia
fetida, Savigny, 1828) were purchased from a local farm
market. E. fetida was chosen because it was widely used in
vermifiltration (Taylor et al. 2003) and has been shown to
process organic wastes with great efficiency (Edwards and
Bater 1992). The average weight of each E. fetida earth-
worm was about 0.4 g.

Design of earthworm vertical flow constructed wetlands

The three vertical flow constructed wetlands were made of
iron plate. Each constructed wetland was 80x70x50 cm
(length x width x height), and divided into three uniform cells
by nylon mesh to evaluate plant (three wetland plants)
biomass per square meter (Fig. 1). The mesh prevents the
plant roots from penetrating into another cell, but earth-
worms could crawl among three cells (cell 1, 2, and 3).
The 0.5-in. polypropylene pipe with holes was used to
ensure uniform distribution of the influent, and the inflow
rates of influent were adjusted by flow control valve to
avoid water-saturated medium (Fig. 1). The tested substrate
was prepared with mixing 97 % washed sand with 3 %
organic matter (v/v). Three kinds of constructed wetlands
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were designed: (1) the tested substrate was uniformly placed
into the constructed wetland to the same volume for each
cell, and the height of substrate in the constructed wetland
was 40 cm. The 5 seedlings of C. indica, 8 seedlings of T.
augustifolia, and 12 seedlings of P. australis were put into
cells 1, 2, and 3 of constructed wetland, respectively
(Fig. 1a); (2) the same quantity of substrate and plants were
added into constructed wetland, and then E. fetida
(32 g L") were added (Fig. 1b); (3) constructed wetland

a wastewater

—

|

\// influent
\ / / _  plant
\ substrate
bodeedeeleel 1]
YYVYY v
T A nylon mesh
50 cm ’ bl
40 crr
l 1T = I N
: 80 em ! effluent tank
b wastewater
—
\// influent
\ /  __  plant
L\ \ substrate
| I N leadeel Tochechedend. 1
vy vvy YYVYY v
nylon mesh
-[ —_ |\ ——
50 cm A N o earthworm
40 cm
I ]
! 80 em ! effluent tank
C wastewater
rE—
influent
substrate
R A AR AR A AR AR ARARAAR,
nylon mesh
50 cm -‘V
40 e
A s e 07 | 1 s e O | I e T control valve
| =]
| 80 cm |

—effluent tank

Fig. 1 Schematic diagram of vertical flow constructed wetland
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with only substrate, to act as a control (Fig. 1c). A few
earthworms died early in the experiment and these were
removed. The remainder survived for the duration of the
experiment, which was undertaken from March to
November, 2011.

The vertical flow constructed wetlands were established
and began to receive interval inflow of wastewater every 2
days in March 2011. All constructed wetlands were fed with
aquaculture wastewater at a rate of 14 L day '. The chem-
ical oxygen demand (COD), total nitrogen (TN), ammonia
nitrogen (NH4—N), nitrate nitrogen (NOs—N), total phospho-
rous (TP), suspended solid (SS), and pH of the wastewater
were 31.2, 2.29, 0.031, 1.53, 0.10, 27.2, and 7.98 mg Lfl,
respectively, meaning the water was classed as eutrophic.
The effluent control valve was closed after adding the influ-
ent into constructed wetland in November 2011. The efflu-
ent was collected by opening control valve after 2 day,
which gives a hydraulic retention time of 2 days. The TN,
TP, COD, and volume of the effluent were analyzed.

Analytical methods

The P. australis, T. augustifolia, and C. indica leaf photosyn-
thetic rate (P,), transpiration rate (7}), and stomatal conduc-
tance (Sconq) Were measured with an LI-6400 portable photo-
synthesis system (LI-COR, Inc., Lincoln, NE). To ensure sim-
ilar measuring conditions, the P, T, and S,,q Were analyzed at
the same leaf positions on each plant and then averaged.

Each wetland plant was directly counted to determine
plant density. The P. australis, T. augustifolia, and C. indica
were harvested, and divided into roots, stems and/or leaves
according to their physical characteristics. Each part of the
wetland plants was washed with deionized water, and dried
at 60 °C for 48 h to a constant weight in a forced air cabinet.
The following equations were used to determine the total
biomass of wetland plants:

B=M x D=1,000 (1)

where B is total biomass (kilogram per square meter); M is
dry weight of tissue of wetland plants including roots,
stems, and leaves (gram per plant); and D is the density of
wetland plants (plant per square meter).

The roots, stems, and leaves samples were sub-sampled
and ground to powder for the determination of the N and P
concentrations. Subsamples of the dried roots, stems, and
leaves (0.2 g) were digested with H,SO4—H,O, at 260 °C.
The N concentration in the digest was then determined by
the Kjeldahl method, while the P concentration was deter-
mined at a wavelength of 700-nm spectrophotometer (Lu
1999). The following equations were used to determine the
N and P uptake values by wetland plants:

T =M xC xD-=1,000 2)
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where T is N and P uptake values (gram per square meter);
M is dry weight of tissue of wetland plants including roots,
stems, and leaves (gram per plant); C is tissue N and P
concentration (gram per kilogram); and D is the density of
wetland plants (plant per square meter).

The TN and TP concentration of wastewater were ana-
lyzed by according to Standard Methods (APHA et al.
1992). The COD was measured by open reflux method
using standard 0.004167 M K,Cr,O, followed by titrate
with standardized 0.025 M ferrous ammonium sulfate due
to low concentration COD in wastewater in this study
(APHA, AWWA, and WEF, 1992). The removal efficiency
was calculated using Eq. 3:

~ 100(1,1~E,E.)
B (IV[V)

where R is removal efficiency (in percent), I, is initial
volume (in liter), /. is initial concentration (in milligram
per liter), E, is remaining volume (in liter), E, is remaining
concentration (in milligram per liter).

(3)

Statistical analysis

Statistical analysis was performed using the SPSS 12.0. A
one-way analysis of variance (ANOVA) was conducted for
constructed wetland with earthworms, and without earth-
worms. In this analysis, Py, T}, Scond, N and P uptake, and
removal efficiency of TN, TP, and COD were the dependent
variables, respectively, and constructed wetland with and
without earthworms was the independent variable. To detect
the statistical significance of differences (p<0.05) between
means of treatments, the Tukey test was performed.

Results and discussion
Weight and density of wetland plants

Dry weight of roots, stems, and leaves are shown in Table 1.
The addition of E. fetida into the constructed wetland

Table 1 Biomass and density of wetland plants

significantly increased roots dry weight of C. indica and P.
australis (p<0.05), and the increased rate of three species C.
indica, T. augustifolia, and P. australis was 22, 53, and
37 %, respectively. Compared with wetland plants in a
constructed wetland without E. fetida, the addition of E.
fetida into the constructed wetland significantly (p<0.05)
increased the stems dry weight of C. indica and P. australis
by 168 and 39 %. Similarly, the addition of E. fetida in-
creased dry weight of leaves by 100, 45, and 9 %, respec-
tively for C. indica, T. augustifolia, and P. australis. Chaoui
et al. (2003) showed that earthworm casts can improve soil
porosity, and thus provide a better root growth medium. So,
the increase in dry weight of wetland plants following the
addition of E. fetida may be related to a better root growth
substrate. The above-ground dry weight of three wetland
plants, C. indica, T. augustifolia, and P. australis planted in
the constructed wetland with and without E. fetida, was
23.72 and 10.13 g plant™', 13.98 and 9.62 g plant ', and
11.95 and 9.29 g plant . So, C. indica had the highest value
of dry weight of above-ground plant, and that of P. australis
was the lowest.

The addition of E. fetida into the constructed wetland
increased plant density by 18, 59, and 44 %, respectively for
C. indica, T. augustifolia, and P. australis (Table 1). The total
biomass of three wetland plants, C. indica, T. augustifolia, and
P. australis planted in the constructed wetland with and with-
out E. fetida, was 1.2 and 0.5 kg m 2 2.4 and 1.0 kg m 2, and
4.3 and 2.3 kg m 2, respectively. The addition of E. fetida into
the constructed wetland increased total biomass by 140, 140,
and 87 %, respective for C. indica, T. augustifolia, and P,
australis. Although dry weight of per P. australis had the
lowest, its density was the highest resulting in the highest total
biomass among three wetland plants (Table 1). So, the plant
density clearly affected the plant total biomass.

Photosynthetic characteristics of wetland plants

The P, T, and S..nq of wetland plants was shown in Table 2.
The addition of E. fetida into constructed wetland significant-
ly (p<0.05) increased P, of C. indica and P. australis by 38

Treatment Roots (g plant ") Stems (g plant ") Leaves (g plant ") Density (plant m ) Total biomass (kg m )
C. indica + 7.23+0.33 a 13.69+0.66 a 10.03+£0.92 a 39 1.2
C. indica — 5.95+0.08 b 5.11+0.26 b 5.02+0.79 b 33 0.5
T. augustifolia + 9.54+1.04 a Na 13.98+£0.94 a 102 24
T. augustifolia — 6.25+0.91 a Na 9.62+1.30 a 64 1.0
P. australis + 5.66+0.54 a 8.39+1.34 a 3.56+0.49 a 246 43
P. australis — 4.13£0.36 b 6.02+0.67 b 3.27+0.56 a 171 2.3

Data are means+SD. Different letters in the same column indicate significant differences between with and without E. fetida treatments (p<0.05)

Na not applicable, + wetland plants planted in constructed wetland with E. fetida, — wetland plants planted in constructed wetland without E. fetida
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Table 2 P, T, and S.onq of wetland plants

Treatment P, (umol m? s_l) T, (mmol m 2 s_l) Second (mmol m 2 s_l)
C. indica + 10.19+1.59a 12.47+1.52a 0.94+0.25a
C. indica — 7.38+1.97b 9.71£1.25b 0.58+0.31b
T. augustifolia + 11.32+4.28a 16.34+4.19a 0.72+0.18a
T augustifolia — 8.65+2.14a 14.88+3.32a 0.53+0.11a
P. australis + 10.60+£1.93a 13.55+1.12a 0.66+0.06a
P. australis — 7.85+0.94b 11.71£2.22b 0.37+0.07b

Data are means+SD. Different letters in the same column indicate significant differences between with and without E. fetida treatments (p<0.05)

P, photosynthetic rate, 7, transpiration rate, S.,,,s stomatal conductance, + wetland plants planted in constructed wetland with E. fetida, — represent

wetland plants planted in constructed wetland without E. fetida

and 35 %, respectively; its 7; significantly (p<0.05) increased
by 28 and 16 %, respectively; and its S.,,q significantly (p<
0.05) increased by 62 and 78 %, respectively. In terms of P,
and 7T,, T augustifolia had the highest value, and those of C.
indica was the lowest. Blair et al. (1997) found that the
addition of earthworms increased the soil NOs-N concentra-
tion over a 2-year period in inorganically fertilized plots.
Eriksen-Hamel and Whalen (2007) reported that there was a
significant linear increase in soil mineral-N (NO3;—N+
NH4—N) and microbial biomass N concentrations in the 0—
15-cm depth of enclosures with more earthworms, and
soybean grain-N yield was significantly greater in enclo-
sures with the largest earthworm populations than the con-
trol which had no earthworms added. In addition, Chaoui et
al. (2003) demonstrated that earthworm casts have high N
contents which suggest that they would be good sources of
plant N. N is one of the main constituent of chlorophyll.
The periphyton growth was positively correlated with con-
centrations of chlorophyll a and total nitrogen (Mattila and
Réisdnen 1998). Therefore, the addition of E. fetida into
constructed wetland increased the P, and 7;, which may be
related with higher leaf N content due to the higher avail-
able mineral-N from earthworm activity.

Nitrogen and phosphorus concentration of wetland plants

Nitrogen concentration of three wetland plants was shown in
Table 3. The addition of E. fetida into the constructed wetland
significantly increased N concentration of leaves of C. indica
and P, australis (p<0.05), and N concentration of roots and
leaves increased by 85 and 13 %, 121 and 35 %, and 44 and
30 %, respectively for C. indica, T. augustifolia, and P.
australis. Similarly, N concentration of stems of C. indica
and P, australis increased by 10 and 8 % when E. fetida were
added into the constructed wetland. So, the increased rate of N
concentration followed the order of roots>leaves>stems. The
N concentration in the roots, stems, and leaves was quite
varied with species, and C. indica had the highest N concen-
tration in roots, stems, and leaves, but in terms of roots, P,
australis had the lowest N concentration (Table 3).
Phosphorus concentration of three wetland plants was
shown in Table 3. The addition of E. fetida into the constructed
wetland significantly increased leaves P concentration of three
wetland plants (p<0.05). The P concentration of roots and
leaves increased by 74 and 92 %, 66 and 95 %, and 26 and
47 %, respectively for C. indica, T augustifolia, and P,
australis. Similarity, P concentration of stems of C. indica

Table 3 Nitrogen and Phosphorus concentration in roots, stems, and leaves of wetland plants

Treatment Roots (g kg ™) Stems (g kg ") Leaves (g kg ™)
N P N P N P

C. indica + 24.40+3.20 a 1.67+0.14 a 10.52+1.88 a 1.79+0.33 a 44.85+£1.20 a 3.40+0.59 a
C. indica — 13.19+2.09 b 0.96+0.22 b 9.60+0.38 a 1.64+0.32 a 39.53+1.53 b 1.77£0.62 b
T augustifolia + 23.59+0.67 a 2.38+£0.45 a Na Na 32.57+£3.85 a 1.85+0.18 a
T. augustifolia — 10.69£1.85b 1.43+0.03 a Na Na 24.19+1.23 a 0.95+0.11 b
P. australis + 14.36+2.46 a 1.30+0.20 a 6.99+0.01 a 2.07+0.12 a 32.65+0.94 a 2.51+032a
P. australis — 9.98+1.41 a 1.03+£0.12 a 6.47+£1.94 a 1.10+£0.19 b 25.10+0.74 b 1.71 £0.03 b

Data are means+SD. Different letters in the same column indicate significant differences between with and without E. fetida treatments (p<0.05)

+ wetland plants planted in constructed wetland with E. fetida, — wetland plants planted in constructed wetland without E. fetida, Na is not

applicable
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Table 4 Nitrogen and P uptake value by roots, stems, and leaves of wetland plants

Treatment N uptake values N uptake values N uptake values P uptake values P uptake values P uptake values
in roots (g mﬁz) in stems (g mﬁz) in leaves (g mﬁz) in roots (g mfz) in stems (g mﬁz) in leaves(g rnfz)

C. indica + 6.9 5.6 17.5 0.47 0.95 1.33

C. indica — 2.6 1.6 6.5 0.19 0.28 0.29

T. augustifolia + 23.0 Na 46.4 2.32 Na 2.64

T. augustifolia — 4.2 Na 14.7 0.56 Na 0.58

P. australis + 20.0 14.4 28.6 1.81 4.27 2.20

P. australis — 7.0 6.7 14.0 0.73 1.13 0.95

+ wetland plants planted in constructed wetland with E. fetida, — wetland plants planted in constructed wetland without E. fetida, Na is not

applicable

and P, australis also increased 9 and 88 % when . fetida were
added into constructed wetland. The P concentration of roots,
stems, and leaves was also quite varied with species. In terms
of leaves, C. indica had the highest P concentration, and that
of T augustifolia had the lowest (Table 3).

Grass species have critical N and P concentration of around
20 and 2 g kg ', respectively (Pinkerton et al. 1997). Results
in this study showed that the N concentration of leaves and
roots of C. indica and T. augustifolia in constructed wetlands
with E. fetida were higher than those of Pinkerton et al. (1997)
(Table 3). Roots P concentration of 7. augustifolia, leaves P
concentration of C. indica and P. australis in constructed
wetland with E. fetida were also higher than those of
Pinkerton et al. (1997) (Table 3). These results demonstrated
enhanced N and P uptake by wetland plants through addition
of earthworms into constructed wetlands.

Nitrogen and phosphorus uptake value by wetland plants

The N and P uptake value by different wetland plants was
shown in Table 4. The addition of E. fetida into constructed
wetland increased N and P uptake value by roots, stems, and
leaves of C. indica by 165 and 147 %, 250 and 239 %, and
169 and 359 %, respectively. It increased N and P uptake
value by roots and leaves of T. augustifolia by 448 and

Table 5 Concentration and removal efficiency of COD, N, and P

314 %, and 216 and 355 %, respectively. Similarly, it
increased N and P uptake value by roots, stems, and leaves
of P. australis by 186 and 148 %, 115 and 278 %, and 104
and 132 %, respectively.

The above-ground plant (sum of stems and/or leaves) was
regularly harvested to enhance the removal rate of N and P.
Otherwise the N and P may be recycled and returned to the
roots-rthizomes promoting further shoot growth in the
spring. The N and P uptake value by above-ground of C.
indica, T. augustifolia, and P. australis in constructed wet-
land without addition of E. fetida were 8.1 and 0.57 g m 2,
14.7 and 0.58 g m 2, and 20.7 and 2.08 g m 2, respectively.
However, the N and P uptake value by above-ground of C.
indica, T. augustifolia, and P. australis in the constructed
wetland with addition of E. fetida were 23.1 and 2.28 g m >,
46.4 and 2.64 g m 2, and 43.0 and 6.47 g m 2, respectively.
Therefore, the N and P uptake value by three wetland plants
were higher in constructed wetland with earthworms than
that of without earthworms. Maddison et al. (2009) found
that the annual N and P uptake value by shoots of the
common cattail (Typha latifolia) varied from 14.0 to
30.4 g N m 2 and from 1.9 to 5.6 g P m? in autumn and
from 3.8 to 5.2 ¢ N m > and from 0.5 to 0.6 g P m? in
winter. So, the N and P uptake valve by above-ground of P
australis in constructed wetland with E. fetida in this study

Constructed wetland Effluent concentration (mg L")

Removal efficiency (%)

COD TN COD N TP
CK 21.5+1.7a 2.02+0.10a 0.078+0.006a 70.4+2.3a 622+1.8 a 66.5+2.4a
Constructed wetland — 17.24+3.5a 1.75+0.16a 0.077+0.005a 78.3+£4.5b 69.94+2.7b 69.5+2.1a
Constructed wetland + 10.3+3.1b 1.35+0.13b 0.065+0.009a 86.9+39 ¢ 76.6+£2.3 ¢ 74.0+3.8a

Different letters in the same column indicate significant differences between treatments (p<0.05)

CK constructed without wetland plants and E. fetida, +wetland plants planted in constructed wetland with E. fetida, — wetland plants planted in

constructed wetland without E. fetida
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were higher than those of Maddison et al. (2009). Lantze et
al. (1998) reported that the harvesting of tops accounted for
18-19 % N and P removal, and annual or biennial plant
harvests are a significant nutrient removal strategy and the
only sustainable removal mechanism. The addition of E.
fetida into the constructed wetland increased the N uptake
value by above-ground of C. indica, T. augustifolia, and P.
australis by 185, 216, and 108 %, respectively; its P uptake
value by 300, 355, and 211 %, respectively. So, addition of
E. fetida obviously enhanced N and P uptake value of
wetland plants compared with constructed wetland without
addition of E. fetida.

Removal efficiency of COD, N, and P by constructed
wetland

The removal efficiency of COD, TN, and TP were shown in
Table 5. The removal efficiency of COD and TN were
significantly different (p<0.05), and addition of E. fetida
into the constructed wetland increased the removal efficien-
cy of COD by 11 %. Earthworms could increase the
dissolved oxygen concentration, which was attributed to
the porous cast aggregates and earthworm burrows within
the medium (Taylor et al. 2003). The photosynthetic char-
acteristics of wetland plants influenced oxygen-evolving
activities in horizontal flow subsurface constructed wetlands
(Huang et al. 2010). So, the higher removal efficiency of
COD in constructed wetland with earthworms than that of
without earthworms could contribute to higher oxygen con-
centrations in vertical flow constructed wetland because of
earthworm burrows and higher leaf photosynthetic rates of
C. indica, T. augustifolia, and P. australis resulting from the
addition of E. fetida (Table 2).

The addition of E. fetida into the constructed wetland
increased the removal efficiency of TN by 10 %. The
removal mechanisms for N in constructed wetland include
uptake by plants and other living organisms, ammonifica-
tion, nitrification, denitrification, ammonia volatilization,
and cation exchange for ammonium (Brix 1993). Adler et
al. (1996) have reported that the mainly removal mecha-
nisms for N in wetlands are biological denitrification of N
by microbes. David and Gary (2009) showed denitrification
rates increased by >400 % in the earthworm treatments
compared with the control. This suggests that the removal
efficiency of TN was higher in constructed wetland with
earthworms than that of without earthworms because of a
higher denitrification rate resulting from E. fetida activity. In
addition, the total N uptake value (sum of roots, stems
and/or leaves) by C. indica, T. augustifolia, and P. australis
planted in the constructed wetland with and without E.
fetida was 30 and 10.7 g m 2, 69.4 and 18.9 g m 2, and
63.0 and 27.7 g m 2, respectively. Consequently, we attri-
bute the greater removal of TN in the constructed wetland
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with E. fetida to higher denitrification rates and significant
uptake of N by C. indica, T. augustifolia, and P. australis.

The addition of E. fetida into constructed wetland in-
creased the removal efficiency of TP by 7 %. Iron plaque
is commonly observed on the surface of wetland plant roots
(Crowder and MacFie 1986). Fe plaque formation increased
P uptake, through enhancing the diffusion of P into the roots
of wetland plants (Xu et al. 2009). Oxygen in constructed
wetlands is transferred from the leaves to the roots of plants
by the processes of molecular diffusion and convection,
which was influenced by photosynthetic characteristics
(Huang et al. 2010). The total P uptake value by C. indica,
T’ augustifolia, and P. australis planted constructed wetland
with and without E. fetida were 2.75 and 0.76 g m™ 2, 4.96
and 1.14 g m %, and 8.82 and 2.81 g m 2, respectively.
Therefore, the addition of E. fetida into constructed wetland
increased the removal efficiency of TP (Table 5), which
could be contribute to the higher P uptake due to greater
O, released from higher P, of C. indica, T. augustifolia, and
P, australis in constructed wetland with earthworms present.
However, P was removed in constructed wetland through
substrate adsorption, chemical precipitation, bacterial ac-
tion, plant, and algal uptake and incorporation into organic
matter. Of these, substrate adsorption plays the most im-
portant role (Xu et al. 2006). Therefore, the addition of E.
fetida into constructed wetland was not significantly in-
creased the removal efficiency of P (Table 5) because P
was mainly removed in constructed wetland by substrate
adsorption.

Conclusions

The addition of E. fetida into vertical flow constructed wet-
land increased roots, stems, and leaves dry weight, plant
density and biomass of wetland plants. The addition of earth-
worms also increased leaf P, T,, and S.,,q of three wetland
plants. The N uptake value by above-ground of C. indica, T.
augustifolia, and P. australis in constructed wetland with and
without E. fetida was 23.1 and 8.1 gm 2, 46.4 and 14.7 gm 2,
and 43.0 and 20.7 g m 2, respectively. The P uptake value by
above-ground of C. indica, T. augustifolia, and P. australis in
constructed wetland with and without E. fetida was 2.28 and
0.57 gm 2, 2.64 and 0.58 g m %, and 6.47 and 2.08 g m 2,
respectively. The addition of E. fetida increased the removal
efficiency of TN and TP, which could be related to the higher
photosynthetic activity, N and P uptake.
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