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ABSTRACT

Constructed wetlands (CWs) have been widely applied for water quality amelioration.
However, soil macrofauna usually considered as ecosystem engineers are scarce in wetlands.
We hypothesize that introduction of an epigeic earthworm Eisenia foetida, a common
ecosystem engineer, into wetlands would improve removal of organics and nitrogen in
vertical-flow CWs. This paper quantitatively analyzed the effects of addition of E. foetida on
removal of organic matter and nitrogen in vertical-flow wetlands. Results demonstrated that
average removal efficiencies of COD, NHþ

4 –N, and TN in the earthworm-amended wetlands
were 15.7, 21.3, and 20.6%, higher than those observed in control wetlands with no addition
of E. foetida, respectively. Moreover, the improvement was mainly achieved in the upper
layer (0–20 cm) matrix, where E. foetida inhabited. Meanwhile, the total bacterial count, the
numbers of ammonifier, ammonia-oxidizing bacteria and nitrite-oxidizing bacteria, as well as
urease and protease activities in the upper layer of the earthworm-amended wetlands were
higher than those in control wetlands. Therefore, it is suggested that E. foetida improved
the removal of nitrogen and organics by stimulating the proliferation of bacteria and enzyme
activities.
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1. Introduction

Constructed wetlands (CWs) are effective and
suitable systems for treatment of urban wastewater
from small to medium communities with consider-
able benefits, such as low construction and operation
costs, easy to handle, CO2 consumption, and O2

production [1,2]. CWs gain purification capacity from
ecological functions of the wetland ecosystem itself.
According to the fundamental theory of environmen-

tal eco-engineering, the longer the food chain, the
greater the energy consumption is, thus the better its
pollutant removal efficiency is. In CWs, however,
important parts of the food chain, naturally formed
soil animals, are not only poor in biomass but rare in
numbers.

Earthworms, as one of the animal groups with the
greatest biomass, play an irreplaceable role in
maintaining the function of soil ecosystem. Numerous
studies suggest that earthworms can improve the
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physical structure, aeration, and water permeability
of soil [3]. They can also accelerate decomposition of
organic carbon [4] and mineralization and recycling
of nutrients such as nitrogen and phosphorus [5], as
well as increase microbial activity in soil and
promote plant growth [6]. Recently, an earthworm
(Pheretima peguana) was introduced into two-stage
pilot-scale subsurface-flow CWs for swine wastewater
treatment and successfully alleviated the clogging of
CWs [7].

Motivated by these previous studies, we sought to
strengthen the purifying function of CW ecosystem by
introducing Eisenia foetida into a vertical flow CW
(VF-CW) to supplement the animal part of food chain.
The aims of the present study were first to test
whether addition of E. foetida is able to improve the
performance of VF-CW with regard to the removal of
nitrogen and chemical oxygen demand (COD) and
second to study whether addition of E. foetida altered
the spatial distribution of bacteria and microbial
activities.

2. Materials and methods

2.1. Description of the wetlands

Four VF-CWs with identical dimensions of
1.50m� 0.75m� 0.50m (L�W�D) were divided into
two groups, earthworm-added treatment and non-
earthworm treatment (served as control wetlands).
Each treatment was composed of duplicate reactors.
In 2009, the VF-CWs were implemented at the Taihu
Lake field research station for water environment
research (31 �18´87´´N, 119 �56´73´´E). The wetland
tanks were made of concrete and the inner wall and
bottom were lined with glass fiber reinforced epoxy

resin with a thickness of 1mm. A slope of 1% was
created at the bottom of the wetlands to allow easier
drainage. A drainage pipe of perforated PVC was
placed at the bottom of the VF-CWs. Each tank had
three sampling points at 10, 20, and 30 below the
matrix surface. The tanks were filled with a support
matrix of coal cinders to 40 cm in height (Fig. 1).
Thirty seedlings of reed (Phragmites communis Trin.)
collected from the shore of Taihu Lake were distrib-
uted evenly across the surface area of each wetland at
the end of April 2009.

After planting, the wetlands were flooded for one
month with tap water before they were loaded with
raw sewage. The water quality of the actual rural
sewage used for the experiments is shown in Table 1.
The raw sewage was pumped from a septic tank to a
perforated PVC pipe 10 cm above the surface of wet-
lands and gravity fed into the pilot-scale VF-CWs. All
systems were loaded intermittently 6 times a day with
a batch volume of 56.5 L, resulting in a hydraulic load-
ing rate of 0.3m3/(m2d). It takes about 20min to
drain the outflow from wetlands, after each injection
of wastewater. As a result, the minimum exposure
time of the earthworms to the air was about 220min
during each cycle. In total, the exposure time of the
earthworms to the air was 22 hours/day. All the wet-
lands were run in parallel under identical conditions.

For the two earthworm-amended wetlands, a total
of 1,700 individuals of earthworm (E. foetida) were put
into each wetland when the wetlands started to
receive raw sewage. E. foetida was selected for these
experiments due to its tolerance of a wide range of
temperature and humidity, and its high proliferation
rate relative to other species. E. foetida (Fig. 2) is cylin-
drical in shape with a length of 30–130mm (shorter
than 70mm in most cases), a diameter of 3–5mm, and

Fig. 1. Schematic diagram of the vertical-flow constructed wetland (Dimension Units = cm).
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80–110 somites per organism. E. foetida prefers a
humid and quiet habitat. The suitable temperature for
E. foetida is 5–30 �C. A temperature below 0 �C will
lead to retardation while greater than 39 �C will lead
to death. The life span of E. foetida is 2–10 years under
natural conditions and extends to 15 years under a
condition of artificial feeding [8].

2.2. Water sample analysis

After a stabilization period of two months, moni-
toring of the wetland for water quality began and
continued for 3months (from July 28 to Oct 30, 2009).
The samples were taken every 2–3 days at five points
in the system: at the input of the system and at the
output of each wetland. In addition, water samples
were collected across a transect of matrix (i.e. 10, 20,
30 cm below the matrix surface, respectively) through
the pipes pre-installed along the depth of matrix.
Water samples were analyzed for COD, ammonia
nitrogen (NHþ

4 –N), total nitrogen (TN), and
suspended solids (SS) according to the protocols
described in Chinese Standard Methods [9]. Once a
sample was collected, dissolved oxygen (DO) was
measured immediately by a WTWOxi330 DO analyzer
(Germany).

2.3. Bacteria enumeration

Samples of coal cinder matrix for microbial
community analyses were collected three times from
different depths (5–10 and 30–35 cm below the
wetland surface, respectively) of the wetlands. After

roots and macro-fauna were removed by hand, the
field-moist samples were sieved (around 2mm) and
divided into three subsamples. Two subsamples were
stored at 4 �C for analysis of enzyme activities and for
MPN (most probable number) enumeration. The third
subsample was immediately fixed with paraformalde-
hyde and dehydrated with ethanol series and kept at
�20 �C until subject to Fluorescence in Situ Hybridiza-
tion (FISH) analysis. All analytical results were calcu-
lated on the basis of the oven-dry (105 �C) weight of
coal cinder matrix.

2.3.1. Total bacteria and nitrifier

Total bacteria and nitrifiers were enumerated with
a FISH protocol [10,11] that was slightly modified for
this study. The cells were washed with phosphate-
buffered saline (PBS, 130mM NaCl and 10mM NaH-
PO4/NaH2PO4, pH 7.4) and stored in a 1:1 mixture of
PBS and ethanol at �20 �C. Before hybridization, the
samples were dispersed into individual cells by ultr-
asonicator and placed in wells on the gelatin-coated
microscopic glass slides, then dehydrated by succes-
sive ethanol solution of 50%, 80% and 96% each for
3min, dried in the air. All hybridizations were per-
formed by placing the samples within vials containing
the hybridization buffer and the probe at 46 �C for 3 h.
The hybridization buffers were composed of
0.9MNaCl, 20mM trishydroxymethylaminomethane–
hydrochloric acid (Tris–HCl), 0.01% sodium dodecyl
sulfate (SDS), and a probe-specific formamide percent-
age as indicated in Table 2. The probe concentration
within the hybridization buffer, for each of the three
probes used in this study, was 5mgL–1. Hybridization
was followed by rinsing the samples with a washing
buffer at 48 �C for 20min. The washing buffers
consisted of 20mM Tris–HCl, 5mM ethylenediamine
tetraacetic acid (EDTA), 0.01% SDS and a probe spe-
cific NaCl concentration as shown in Table 2. After
being rinsed with sterile distilled water, and being air-
dried, the slides were analyzed with fluorescence
microscope (OLYMPUS-BX42, Japan) immediately. At
least 20 different visual fields (each containing more
than 1,000 cells) were examined for each sample.

2.3.2. Ammonifiers and denitrifiers

Ammonifiers and denitrifiers were enumerated
with an MPN technique. Matrix samples were diluted
in 1:10 serial dilutions in 8.5 g/L NaCl distilled water.
Five replicates were prepared for each decimal dilu-
tion tube. The tubes were incubated at 22 ± 2 �C for at
least 4weeks. The composition of 1 L basal medium
for the MPN method was: 5.30 g K2HPO4, 2.65 g

Table 1
Water quality of the rural sewage (mg/L)

Parameter COD NHþ
4 –N TN SS

Range 95.42–
509.38

7.37–
55.51

13.57–
72.13

40.7–
58.2

Mean 324.35 27.39 63.49 44.7

Fig. 2. Image of the E. foetida used in the experiments.
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KH2PO4, 5.0mg Na2S, 1.00 g NH4Cl, 0.50 g yeast
extract, 5.0mL trace mineral solution [12], and 2.0mg
resazurin. After sterilization, 0.08 g CaCl2 and 0.10 g
MgCl2 were added from sterile stock solutions. Denit-
rifiers were enumerated by MPN in the basal medium
supplemented with 1.84 g/L potassium acetate and
0.72 g/L potassium nitrate. Acetylene (10% v/v) was
added to the headspace and tubes were considered
positive for denitrification, when accumulation of N2O
occurred in the head-space. Ammonifiers were enu-
merated by MPN in the basal medium supplemented
with 0.50 g/L tryptone, 5 g/L glucose and 0.72 g/L
potassium nitrate. Nitrate, nitrite and ammonium
were measured after growth had ceased. Tubes with
an increase in ammonium concentration of at least
30% of the added nitrate were considered positive for
ammonification.

2.4. Determination of protease and urease activity

Urease and protease activities were determined in
0.1M phosphate buffer at pH 7 [13]. 1M urea and
0.03M N-a-benzoyl-argininamide (BAA) were used as
substrates, respectively. 2ml of buffer and 0.5ml of
substrate were added to 0.5 g of the soil sample,
which was incubated at 30�C (urease) or 39�C (prote-
ase) for 90min. Both activities were determined by the

NHþ
4 released and expressed as mg NH3�N/100 g

matrix/24 h.

2.5. Statistical analysis

The removal efficiency was calculated as percent-
age removal (R) for each parameter, calculated by R=
[1�(QeCe)/(QiCi)]� 100, where Ci and Ce are, respec-
tively, the influent and effluent concentrations, while

Qi and Qe are, respectively, the influent and effluent
flow rates. All statistical analyses were done with
SPSS 15.0 (SPSS, Chicago, USA). Two-sample t-tests
were used to evaluate the significance of differences
between the two types of CWs and between the
replicates.

3. Results

3.1. Performance of the VF-CWs

There were no significant differences between the
two replicates of each wetland type for all measured
parameters throughout the experiments. As shown in
Fig. 3, significant decreases in COD, NHþ

4 –N, TN and
SS concentrations of outflow water were observed for
all wetlands, compared to inflow water. The average
removal efficiency (n= 34) for the replicated control

wetlands was 48.5% for COD, 42.3% for NHþ
4 –N,

49.4% for TN, and 58.8% for SS, respectively. As for
the earthworm-added wetlands, the average removal
efficiency increased by 15.7% for COD, 21.3% for

NHþ
4 –N, 20.6% for TN, and 11.2% for SS, respectively.

Further statistical analysis indicated that the increases
in removal efficiencies were significant (p< 0.05) for
each of the water quality parameters. Obviously, the
purification performances of earthworm-amended
wetlands were significantly higher than the perfor-
mances of control wetlands, which was very likely
attributable to the introduction of earthworms.

3.2. Vertical distribution of E. foetida

At the end of the experiments, earthworm samples
were collected at different depths. Table 3 shows the
distribution of E. foetida at different depths. The number

Table 2
The probe sequence of total bacteria, nitrite-oxidizing bacteria and ammonia-oxidizing bacteria and the hybridization
conditions

Target bacteria Probe
name

Sequence(5´-3´) 5´-probe
labeling

Formamide
concentration (%)

NaCl concentration
(mM)

Total bacteria EUB338 GCT GCC TCC CGT
AGG AGT

HEM 20 0.225

Nitrite-oxidizing
bacteria

NIT3 CCT GTG CTC CAT
GCT CCG

FITC 40 0.056

CNIT3⁄ CCT GTG CTC CAG
GCT CCG

Ammonia-oxidizing
bacteria

NSO190 CGA TCC CCT GCT
TTT CTCC

HEX 55 0.020

Note: CNIT3⁄ is the competitive probe of the NIT3.
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of E. foetida was highest in the top layer and decreased
gradually with the depth. In addition, no E. foetida
could be found in lower layer of 20–40 cm. Almost all
the E. foetida inhabited in the upper layer of cinder,
especially in the layer of 0–5 cm. The distribution pat-
tern of E. foetida in the wetlands could be related to their
physiological characteristics, since E. foetida is mainly
litter-dwelling and lives on the soil surface or in the
upper reaches of the mineral soil due to the oxygen
requirement of earthworms for respiration [14].

3.3. Depth profiles of organic matter and nitrogen

In order to examine the variation of water quality
along the vertical profile of wetlands, water samples
were collected across a transect at 10, 20, and 30

below the matrix surface besides inflow and outflow.
For the convenience of data plotting and analysis, the
inflow and outflow samples are considered as water
samples at depth of 0 cm and 40 cm, respectively.
Fig. 4 shows the vertical profiles of the average con-
centrations of COD, NHþ

4 –N, and TN. One can see
that the average concentrations of all three water qual-
ity variables gradually decreased downward along the
profile. Additionally, the decline of concentration was
more rapid in earthworm-added wetlands than that in
control wetlands, irrespective of the water quality
variables, especially for the 0–20 cm layer. For exam-
ple, at the same sampling point of 20 cm, the average
outflow concentration of earthworm-added wetlands
was lower than that of control wetlands by 54.8mg/L

for COD, 6.2mg/L for NHþ
4 –N, and 9.4mg/L for TN,

respectively. Moreover, about 73.5% of COD, 68.6% of

NHþ
4 –N, and 58.2% of TN in the raw water were

removed from the 0–20 cm layer of earthworm-added
wetlands. In contrast, from the 0–20 cm layer of con-
trol wetlands, only about 59.5% of COD, 47.8% of

NHþ
4 –N, and 45.2% of TN were removed. Therefore,

the removal ability of the upper half of earthworm-
added wetlands was much greater than that of the
upper half of control wetlands with regard to COD,

NHþ
4 –N, and TN, which resulted in the superior per-

formance of earthworm-added wetlands.
Taking into account that all E. foetida inhabited in

the upper half of the earthworm-added wetlands
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Fig. 3. Removal of (a) COD, (b) NHþ
4 –N, (c) TN and (d) SS in earthworm-added wetlands and control wetlands with no

addition of earthworm. (▲: Removal efficiency; &: earthworm-added wetlands; h: control wetlands).

Table 3
The vertical distribution of E. foetida in the matrix

Depth of the
matrix (cm)

Density of the E. foetida
(individuals/dm3)

Upper
layer

0–5 10–20

5–10 6–12

10–15 2–7

15–20 1–3

Lower
layer

20–40 None
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(Table 3), the reason that the upper half of
earthworm-added wetlands had the higher organic
matter and nitrogen removal in comparison to the
control wetlands was more probably related to the
vertical distribution of earthworm.

3.4. Distribution of bacteria in wetlands

In present study, the total number of bacteria,
distribution of nitrifying bacteria, and denitrifying
bacteria in the upper (0–20 cm) and lower layer
(20–40 cm) of the matrix were determined for both the
earthworm-added wetlands and the control wetlands
to investigate the effect of E. foetida addition on bacte-
ria densities in wetlands.

3.4.1. The distribution of bacteria density

With regard to the upper layer of matrix, the
average total bacterial density was 2.63� 109cells/
g·matrix (dry weight) in the earthworm-added wet-
lands, which was approximately 1.9 times higher than
that in control wetlands (Fig. 5). Similarly, the average
total bacterial density in the lower layer was
2.35� 108cells/g·matrix (dry weight) in the earthworm-
added wetlands, while it was only 1.18� 108cells/
g·matrix in the lower layer of control wetlands. The
total bacterial density in the lower layer was one order
of magnitude lower than that in the upper layer irre-
spective of the addition of E. foetida. However, the total
bacterial density was remarkably higher in the earth-
worm-added wetlands than that in control wetlands
for upper layer and lower layer, respectively. A similar
pattern was found for ammonifiers, ammonia-oxidiz-
ing bacteria, and nitrite-oxidizing bacteria (Fig. 5). With
respect to the upper layer of matrix, the densities of
ammonifier, ammonia-oxidizing bacteria and
trite-oxidizing bacteria in the earthworm-added wet-
lands were higher than those in the corresponding

layer of control wetlands by 2.5, 1.47, and 1.63 times,
respectively. As for the lower layer of matrix, although
the densities of these microbial communities were
slightly higher in the earthworm-added wetlands than
in control wetlands, these differences were not
significant.

However, a completely converse distribution pat-
tern was observed for the denitrifier density (Fig. 5).
The denitrifier densities were nearly the same in the
upper layers of earthworm-added wetlands and
control wetlands, which were one order of magnitude
lower than the densities in the lower layer. Moreover,
for the lower layer, the denitrifier density in the
earthworm-added wetlands was still 1.3 times higher
than that in control wetlands.
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Fig. 4. Vertical profiles of COD, NHþ
4 –N and TN in earthworm-added wetlands and control wetlands with no addition of

earthworms. —◆—: Earthworm-added wetlands; —&—: Control wetlands.

Table 4
The spatial distribution of urease activity and protease
activity in the matrix of wetlands

Urease activity
mg NH3�N/(100 g
matrix 24 h)

Protease activity
mg NH3�N/(1 g
matrix 24 h)

Earthworm-
added
wetlands

Control
wetlands

Earthworm-
added
wetlands

Control
wetlands

Upper
layer
of
matrix

56.92
(8.918)

47.33
(9.209)

1.25 (0.100) 1.15
(0.005)

Lower
layer
of
matrix

16.35
(5.046)

13.14
(3.131)

0.86 (0.149) 0.79
(0.044)

Note: Standard deviation values are presented in parentheses.

L. Wu et al. / Desalination and Water Treatment 51 (2013) 7460–7468 7465



3.4.2. Spatial distribution of microbial activities

Urease and protease are important hydrolytic
enzymes directly related to transformation of organic
carbon and nitrogen. It can be seen from Table 4 that
the average urease and protease activities in the
earthworm-added wetlands were higher than in
control wetlands for the upper layer and lower layer,
respectively.

4. Discussion

We hypothesized that introduction of earthworms
into vertical-flow CWs would improve removal of
COD and nitrogen, which was confirmed by the
results of experiments. In addition, higher densities of
bacteria, such as total bacteria, ammonifiers, ammo-
nia-oxidizing bacteria, nitrite-oxidizing bacteria, and
denitrifiers, were found in earthworm-added wetlands
as compared to control wetlands. Furthermore,
increased protease and urease activity were also
observed in the earthworm-added wetlands.
Therefore, enhanced treatment of COD and nitrogen
could be attributed to the augmentation of microbial
biomass and enzyme activity which resulted from the
addition of earthworms.

The enhancement in microbial biomass in the
earthworm-added wetlands may be explained partly
by production of mucus by the earthworms, because
mucus is known to have a stimulating effect on
microorganisms [15]. In addition, it is also known that
microbial biomass is stimulated in earthworm
burrows [16] and by breakdown of organic matter, a
process that would be increased by high earthworm
densities. Moreover, earthworms can modify the struc-
ture of soil and matrix, thereby increasing the surface
available for microorganisms, and released new
nutrient pools as a result of its feeding and casting
activities, which stimulates microbial metabolism
[17,18]. These processes would increase with the high
earthworm densities in the upper layers of
earthworm-added wetlands (Table 3). The vertical
distribution of earthworms was closely related to the
surface-dwelling nature of E. foetida. E. foetida is an
epigeic earthworm species which lives on or near the
soil surface, typically in the litter layers of forest soils
and does not burrow, and also requires high moisture
content and adequate amounts of suitable organic
material [8,19]. In present study, the experimental
wetland systems had a vertical down-flow design,
thus the organic matter was largely trapped by the
upper layer matrix, which provided abundant food
for E. foetida. Captured particulate organics could be
transformed to dissolved and more degradable forms
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by the feeding and casting activities of earthworm,
and become more readily utilized by bacteria. Field
and laboratory studies have indicated that interactions
between earthworms and microorganisms increase soil
carbon turnover, soil nutrient availability, and
microbial activity [20]. For instance, CO2 emission
from farmland soil with organic fertilizer inoculated
with E. foetida increased by about 40% in comparison
to the control soil with no earthworms inoculated [21].
As a result, the higher COD removal achieved by
earthworm-added wetlands in comparison to control
wetlands could be explained by the accelerated
degradation of organic matter by earthworms, which
was consistent with the higher density of total bacteria
and enzyme activities in the upper layer matrix.

Ammonifiers, ammonia-oxidizing bacteria, nitrite-
oxidizing bacteria, and denitrifiers, which take part in
the processes of nitrogen cycle, play an important role
in nitrogen transformation. The increases in the
populations of these microorganisms were mainly
responsible for the enhanced nitrogen removal in
earthworm-added wetlands. Ammonification and
denitrification can convert organic nitrogen and nitrate
into NH3, N2O, and N2, while nitrosification and nitri-
fication can transform NH3 and NO�

2 into NO�
2 and

NO�
3 , respectively. Parkin and Berry [22] found that

the density of ammonifiers, nitrifying bacteria and
denitrifying bacteria in the soil of E. foetida hole was
higher than that of the control soil, which is consistent
with the results of present study. The high density of
ammonifiers in the upper layer of earthworm-added
wetlands promoted transformation of organic nitrogen
into ammonia, which laid the foundation for the
succeeding coupled nitrification and denitrification in
wetlands.

Nitrification is essentially an autotrophic process
and usually, considered as the limiting step for biolog-
ical nitrogen removal. The ammonia-oxidizing bacteria
and nitrite-oxidizing bacteria are specialized
chemolitotrophic bacteria, and they are the key agents
of autotrophic nitrification. Earthworms excrete
ammoniacal compounds including NHþ

4 , urea, allan-
toin, and uric acid [18,22], which would be favorable
to the development of nitrifying bacterial populations
in the earthworm-added wetlands in present study. In
addition, earthworms have the ability to elevate popu-
lations of nitrifying bacteria [22]. Effective nitrification
would provide abundant electron acceptor for the
subsequent denitrification.

Anoxic circumstances and organic matter as
electron donors are the main factors affecting
denitrification. As the organic matter was firstly
degraded in the upper layer of wetlands, the DO was

mostly consumed in this layer. Therefore, the lower
layer became anoxic which favors the denitrification
process, which was consistent with the higher density
of denitrifiers. Furthermore, the feeding and intestinal
digestion of E. foetida in the upper layer could increase
the soluble organic matter content, supplying
adequate electron donors for the denitrification pro-
cess in the lower layer of vertical-flow wetlands. In
present study, the density of nitrifying bacteria in the
upper layer matrix was high, while the density of
denitrifying bacteria in the lower layer matrix was
high, which corresponded with the sequence of nitrifi-
cation and denitrification, and was conducive to
biological nitrogen removal in earthworm-added verti-
cal-flow wetlands.

Soil enzymes play a pivotal role in organic matter
decomposition by converting macromolecules into
smaller molecular moieties. Urease and protease are
involved in hydrolyzing organic nitrogen compounds
to inorganic nitrogen. The enhancement of transforma-
tion of organic to inorganic nitrogen will be favored
by biological nitrification and denitrification, and
therefore improve removal of TN and NH4�N. As a
result, the higher urease and protease activities mea-
sured in the earthworm-added wetlands were closely
related to enhanced removal of nitrogen. The presence
of earthworms might account partly for the increase
in urease and protease activities in the earthworm-
added wetlands. Urease and protease activities in
three soils of varying texture were enhanced by addi-
tion of E. foetida [23]. The results of enzyme analysis
were in accordance with the bacteria distributions,
and further confirmed the function of earthworm
improving the removal of nitrogen and organics.

5. Conclusions

(1) With the introduction of E. foetida into vertical-
flow CWs, the average removal efficiencies of
COD, NHþ

4 –N, and TN were improved by 15.7,
21.3 and 20.6%, respectively.

(2) The average removal efficiencies of COD,

NHþ
4 –N, and TN in the upper half layer of earth-

worm-added wetlands were 73.5, 68.6 and 58.2%,
respectively, while they were only 59.5, 47.8 and
45.2%, respectively, in control wetlands with no
E. foetida addition. E. foetida was found inhabited
mainly in the upper half layer of earthworm-
added wetlands, which could be related to the
higher performance of the upper half layer.

(3) The total bacterial count, as well as the populations
of ammonifiers, ammonia-oxidizing bacteria and
nitrite-oxidizing bacteria in the upper half layer of
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the earthworm-added wetlands were 1.9, 2.5, 1.5,
and 1.6 times as much as that in control wetlands,
respectively. Similarly, the urease activity and
protease activities were improved by 1.2 and 1.1
times, respectively. The denitrifying bacteria
density in the lower layer of the earthworm-added
wetlands was 1.3-fold greater than that in control
wetlands. It is suggested that the addition of E.
foetida improved the microbial biomass and
enzyme activities, thus enhancing the removal of
nitrogen and organics.
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