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Abstract: Bacteria are frequently studied due to their involvement in pollutants transformation
processes during wastewater treatment. In this study, the treatment efficiency, bacteria densities
and their vertical profile were investigated in pilot-scale vertical flow constructed wetlands (VFCW)
planted with different plant species under a tropical climate in west Africa. Five beds were planted
with local plant species, i.e., Andropogon gayanus, Chrysopogon zizanioides, Echinochloa pyramidalis,
Pennisetum purpureum and Tripsacum laxum, while one bed remained unplanted. These species have
been rarely used in CWs while some (e.g., T. laxum) are tested for the first time. After a 7-month trial,
bacteria densities were measured in substrate samples separated into six layers along the bed depth.
Plants presence enhanced the bacterial density and VFCW efficiency; the removal rates of organic
matter (90.9–95.9%; COD and 95.2–98.5%; BOD5), nitrogen (74.3–84%; TN and 76–84%; NH4-N) and
phosphorus (77.4–96.9%; PO4-P) were higher by 5.9–24.1% compared to the control bed, providing an
overall excellent treatment performance for a single-stage VFCW system. Small numbers of anaerobic
bacteria were obtained in the VFCWs, explaining the low-to-zero NO3-N removal, except for the
VFCWs with T. laxum and P. purpureum. Aerobic bacteria decreased from the upper to bottom layers
from 17.4 to 0.1 × 106 CFU/g in the planted beds, while anaerobic bacteria increased from 0.1 to
2.1 × 106 CFU/g. Anaerobic bacteria were more abundant in the unplanted than in the planted beds.
The total bacteria count was dominated by aerobic bacteria, and decreased from the surface towards
the bottom. Overall, the VFCW with P. purpureum demonstrated the highest efficiency, indicating
that this design is an effective and sustainable nature-based solution for wastewater treatment in a
tropical climate.

Keywords: constructed wetlands; vertical flow; domestic wastewater; plant species; bacterial density;
aerobic bacteria; anaerobic bacteria; tropical climate; nature-based solutions

1. Introduction

Constructed wetlands (CWs) are engineered systems, designed and constructed to
use the natural functions of wetland vegetation, soil, gravel, and the associated microbial
populations to treat and purify wastewater [1–3]. This sustainable technology typically
requires small amounts of energy and represents a nature-based solution for water and
wastewater management [4]. CWs generally have low investment and, especially, operating
costs, are easy to operate, and can be easily integrated in the landscape [3,5]. Their high
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treatment performance has allowed their application not only for municipal but also for
various industrial effluents [6–9]. Integrating the implementation of nature-based solutions
with treated effluent reuse and recycling [10–12] is nowadays viewed as circular water
management concept [13,14].

CWs are usually classified according to the water flow patterns, i.e., horizontal and
vertical [2]. In the horizontal flow systems, dissolved oxygen concentration is limited [15],
while vertical flow CWs (VFCWs) are typically unsaturated and operate under a predomi-
nantly aerobic regime [2,16]. Moreover, the use of subsurface CWs reduces the environ-
mental risks, such as the release of odors and gases and the proliferation of mosquitoes [5].
The VFCW design increases the oxygen transfer rate, improves the nitrification process,
and promotes the oxidation capacity of organic matter [2,17,18].

Unlike most treatment processes that focus on a single treatment mechanism or pol-
lutant type, CWs use several synergetic processes to simultaneously transform and/or
remove pollutants. There are physical, chemical and biological processes, such as sedimen-
tation, precipitation, adsorption, plant uptake, and biological metabolism by microorgan-
isms [2,19–21]. These mechanisms are related to the main components of the system, namely
plants, substrate and microorganisms living in the substrate (soil, gravel, or sand; [22]).
Biological processes mediated by the various microorganisms are believed to play a key
role in pollutants removal in CWs [2,19]. In particular, microbial processes are consid-
ered the main pollutant removal mechanism of organic matter and nitrogen [16,23–26].
Microorganisms develop naturally in the bed matrix, and mainly depend on the hydraulic
conditions, wastewater characteristics, substrate characteristics, nutrient quality and avail-
ability, plants, and environmental factors, such as oxygen level, pH and temperature [22,27].
Microorganisms that live in CWs include bacteria, algae, fungi, protozoa, zooplankton,
viruses and nematodes [28,29]. However, the most frequently reported studies focus on
bacteria, due to their effective involvement in removal processes [27,29]. Different types
of bacteria species can decompose, transform or assimilate wastewater pollutants under
aerobic or anaerobic conditions in CWs substrate.

Despite the widespread use of CW technology around the world, the number of
published studies is still relatively small under tropical climates, where also most of the
developing countries are found [7,30–33]. However, the warmer climate of these regions
may have a positive effect on the design and the performance of these systems, since the
biological processes are favored and enhanced under higher temperatures [2,5,34]. This
means that CWs, as a sustainable and cost-effective technology, offer particular economic
and technical advantages to low income regions. In addition, the vertical distribution
of bacterial flora as a function of different depths within CWs has not been thoroughly
investigated to date, especially for plant species found under tropical climates. The vertical
profile of these bacteria could assist in assessing the CW performance, and provide new
insight to better understand the various transformation and pollutant removal mechanisms
that take place in the system. Therefore, the aim of this study was to examine the efficiency
of pilot-scale VFCWs planted with different native plant species that are rarely used so far
in CW systems (i.e., Andropogon gayanus, Chrysopogon zizanioides, Echinochloa pyramidalis,
Pennisetum purpureum and Tripsacum laxum) in monoculture, and investigate the aerobic,
anaerobic and total bacteria densities and their vertical distribution profile under a tropical
climate. More specifically, the objectives of this study were to determine the VFCWs
removal efficiency and associate these results with the densities of aerobic, anaerobic and
total bacteria from the upper to the bottom layers of the bed substrate.

2. Materials and Methods
2.1. Domestic Wastewater Characteristics

Synthetic domestic wastewater was used in this study to limit the fluctuation of pol-
lutant concentrations in real wastewater during the trial [35–37]. The preparation and
composition of the synthetic domestic wastewater were based on previously described
methods [38,39]. However, some modifications were adopted in order to match the char-
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acteristics, i.e., nitrogen (N), phosphorus (P) and carbon (C) concentrations, to domestic
wastewater found in developing countries. The synthetic domestic wastewater used the fol-
lowing target composition: chemical oxygen demand (COD) 628 mg/L, 5 day-biochemical
oxygen demand (BOD5) 380 mg/L, total nitrogen (TN) 45 mg/L, total suspended solids
(TSS) 300 mg/L, total phosphorus (TP) 12 mg/L and pH = 6.7–8. All chemicals used for the
wastewater preparation were purchased from Sigma Aldrich (France), having high purity
analytical properties. The chemicals and their concentrations used are shown in Table 1.

Table 1. Chemicals used to prepare the synthetic domestic wastewater composition.

Chemical Concentration (mg/g)

Glucose 200
Starch 200
Yeast 40

Milk powder 120
Urea 30

NH4Cl 70
KH2PO4 80
NaHCO3 200

MgSO4; 7H2O 50
FeSO4; 7H2O 2
MnSO4; H2O 2
CaCl2; 6H2O 3

Bentonite 60

2.2. Experimental Setup

The study was carried out over a 7-month period, i.e., from February to August 2017
at the Nangui Abrogoua University, Abidjan, Côte d’Ivoire. This area is characterized by a
humid tropical climate with an average annual temperature around 25 ◦C.

Six pilot VFCW concrete beds were built with a rectangular-shaped surface (1.45 m2)
and dimensions 1.45 m length, 1.0 m width and 0.60 m depth (Figure 1), as already
described [35,36]. The beds were filled from bottom to the top with a 10 cm gravel layer
(5/15 mm) covered with geotextile cloth and a 60 cm white lagoon sand layer (mean sand
diameter = 0.572 mm, uniformity coefficient = 0.4, porosity = 37.5%), previously washed to
remove clay, loam, and organic matter. Each bed was equipped with a wastewater feeding
network consisting of six PVC pipes (length: 1.45 m; diameter; 0.008 m) with 60 lateral holes
(Figure 1), to allow for uniform distribution of the inflow across the surface. The bottom
bed slope was 1% to facilitate the treated water collection via a PVC pipe (0.032 m diameter)
that drained out the treated effluent, which was gravitationally collected in effluent tanks
(100 L volume). All beds were independent to each other and operated in parallel.
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2.3. Plant Species

Five out of the six pilot VFCWs beds were planted with different native plant species col-
lected from different regions of Côte d’Ivoire including Andropogon gayanus, Chrysopogon zizanioides,
Echinochloa pyramidalis (Lam.), Pennisetum purpureum and Tripsacum laxum. These plant
species were selected due to the economic interest of their biomass and are highly appreci-
ated by agro-pastoralists. In addition to having a positive impact on wastewater treatment,
they could generate further revenue that can support the maintenance costs. For example,
P. purpureum is a valuable fodder grass with high nutrient uptake and biomass yield [40].
A. gayanus is also a common perennial forage grass of the tropical regions that forms
tall and dense stands and has a high evapotranspiration capacity [40–42]. C. zizanioides
is a high biomass perennial tropical grass that has been successfully used for soil and
water conservation due to its robust root system and tolerance for adverse environmental
conditions [43,44], and it is grown worldwide for perfumery, agriculture, and bioengineer-
ing [45,46]. E. pyramidalis produces a high shoots density and a dense mat of roots and
rhizomes, allowing a high evapotranspiration rate, and has been successfully used for
wastewater treatment and fecal sludge dewatering [47,48]. T. laxum is also widely used for
its fodder value in many countries as a major feed source for dairy cattle [49], but has not
yet been tested in CWs for wastewater treatment.

2.4. Operation

Five pilot VFCWs beds were planted with plant seedlings (i.e., 9 plants/m2) at a
spacing of 40 cm × 40 cm in monoculture, while the sixth bed remained an unplanted
control. The young plants were collected from nurseries established near the experimental
area having an aboveground height of 20 cm. After planting, the beds were fed with tap
water for one month to allow for plants acclimatization. After the acclimation period, each
bed was intermittently fed (3 days/week) with 80 L synthetic domestic wastewater at a
hydraulic load of 0.055 m/d for over 6 months.

2.5. Water Sampling

During the experimental period, wastewater samples from the influent and all efflu-
ents were collected on a weekly basis and stored in ethylene bottles at 4 ◦C for analysis.
In total, 24 samples were taken from each bed during the trial. The growth response of
the tested plant species was determined from the stump diameter and the aboveground
biomass [37]. The produced aboveground plant biomass was harvested and weighed at
the end of each two-month growth cycle, and the plants stump diameters were measured.

2.6. Substrate Sampling and Microbial Biomass Analysis

For the bed microfauna study, sampling consisted of substrate collection at the end
of the treatment trial. This was performed in six substrate layers across the vertical
profile, ranging from the upper to the bottom layers of the beds, as follows: L1 [0–10 cm],
L2 [10–20 cm], L3 [20–30 cm], L4 [30–40 cm], L5 [40–50 cm] and L6 [50–60 cm].

Substrate sampling for bacteria analysis was performed by collecting cores with a
PVC pipe (diameters of 16 mm). As already described [30], the surface of the beds was
divided into three equal sections to get a better representation of the bacteria distribution
within the beds. In each section, three sampling points (one at each extremity of the bed,
and one at the center) were uniformly distributed over the width of the beds from which a
composite sample of the substrate layer under consideration was formed. The collected
samples were stored in jars at 2 ◦C for analysis.

An analysis of the bacteria was carried out according to the technique of germs inocu-
lation in plate count agar (PCA) [50]. About 5 g of the substrate sample were suspended in
a sterile saline solution (0.85% NaCl) of 50 mL and inoculated in triplicate onto PCA after
stirring and sedimentation at room temperature. The aerobic germs were grown in a single
layer of agar, whereas the anaerobic germs were within a double layer of agar. These germs
were incubated at 37 ◦C for 48 h, and then the number of colonies formed were counted
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according to the international standard ISO 6222 [51]. The total number of bacteria in each
sample was determined by adding the numbers of aerobic and anaerobic bacteria.

2.7. Analytical Methods

Different methods were used to analyze the parameters in three duplications: pH and
dissolved oxygen (DO) were determined according to ISO 10523 [52] and ISO 5814 [53],
respectively. COD, BOD5, TN, ammonium (NH4-N), nitrate (NO3-N) and orthophosphate
(PO4-P) were also determined according to ISO 6060/2 [54], ISO 5815/1 [55], ISO 5663 [56],
ISO 7150/1 [57], ISO 7890/3 [58] and ISO 6878 [59], respectively. All analyses were carried
out at the Laboratory of Environment and Aquatic Biology of Nangui Abrogoua University
and the National Laboratory for Quality Assurance Testing, Metrology and Analysis of
Côte d’Ivoire.

2.8. Statistical Analysis

Statistical tests were performed using R Studio 3.3.2 software. The data were analyzed
through the Kruskal–Wallis tests (also called one-way analysis of variance; ANOVA) at
the 95% significance level (p ≤ 0.05) after Shapiro–Wilk normality test to compare the
performance of the VFCW units in the removal of the various parameters. Post hoc
pair comparisons were also performed to test equal variations, using Tukey’s honestly
significant difference test. Homogeneity of variance tests (Levene) were bypassed, since
the number of data points for each group was the same.

3. Results
3.1. Plant Growth Response

The mean aboveground biomass and stump diameter of the plant species in the
VFCWs are shown in Table 2. Overall, the aboveground biomass of the plants ranged
from 1.8 ± 0.7 to 15.2 ± 0.7 kg/m2, while the stump diameters varied from 8.6 ± 3.6
to 21.3 ± 9.5 cm. The plant aboveground biomasses were classified in the following
order (kg/m2): P. purpureum (15.2) > T. laxum (13.1) > E. pyramidalis (8.3) > A. gayanus
(2.6) > C. zizanioides (1.8). However, a Mann–Whitney test showed that the biomasses
developed by E. pyramidalis, P. purpureum and T. laxum were significantly higher than those
of A. gayanus and C. zizanioides (p < 0.05). On the other hand, regarding aboveground
biomasses, the sequence of the mean values of diameter stumps was (cm): P. purpureum
(21.3) > T. laxum (16.4) > E. pyramidalis (12.1) > C. zizanioides (10.7) > A. gayanus (8.7). No
significant differences were observed between the diameters of the different plant stumps
(p > 0.05). Although the stump diameter of C. zizanioides was higher than that of A. gayanus,
it developed the lowest aboveground biomass.

Table 2. Mean and standard deviation of plant aboveground biomass and stump diameter of the
different plant species in the pilot VFCW beds. Values within the same column followed by the same
superscript letter (i.e., a, b) are not statistically significantly different at p < 0.05.

Plant Species Aboveground Biomass (kg/m2) Stumps Diameter (cm)

A. gayanus 2.6 a ± 1.8 8.6 a ± 3.6
C. zizanioides 1.8 a ± 0.7 10.7 a ± 4.2
E. pyramidalis 8.3 b ± 4.6 12.1 a ± 5.5
P. purpureum 15.2 b ± 0.7 21.3 a ± 9.5

T. laxum 13.1 b ± 2.3 16.4 a ± 6.7

3.2. Wastewater Treatment Performance
3.2.1. Assessment of Physical Parameters

The mean values of pH, DO and water volume at the inlet and outlet of all beds are
shown in Table 3. The effluent pH values were higher than those of the raw wastewater.
The average effluent pH of the planted beds (between 6.92 and 7.17) was slightly lower than



Water 2021, 13, 3485 6 of 18

those of the unplanted bed (7.33). The sequence of pH mean values was in the following
order: raw wastewater (6.81) < A. gayanus (6.92) < E. pyramidalis (6.93) < C. zizanioides (7.05)
< P. purpureum (7.06) < T. laxum (7.17) < unplanted (7.32) (Table 2). Significant differences
were observed between the pH of raw wastewater and the effluent of the planted beds, as
well as between the different planted beds (Mann–Whitney test: p < 0.05).

Table 3. Mean and standard deviation of pH, dissolved oxygen (DO) and water volume at the inlet and outlet of the pilot
VFCW beds with different plant species. Values within the same column followed by the same superscript letter (i.e., a, b, c,
d, e, f) are not statistically significantly different at p < 0.05.

Parameter Inlet

Outlet

T.
laxum

A.
gayanus

C.
zizanioides

E.
pyramidalis

P.
purpureum Unplanted

pH 6.81 a ± 0.1 7.17 cb ± 0.3 6.92 a ± 0.3 7.05 c ± 0.3 6.93 a ± 0.3 7.06 c ± 0.2 7.33 b ± 0.3

DO (mg/L) 2.13 a ± 0.6 7.53 b ±1.6 6.50 c ± 0.8 6.70 c ± 1 6.63 c ± 1 7.24 b ± 1.1 5.41 d ± 0.9

Volume (L) 80 a 55.6 b ± 3.8 60.3 c ± 3 62.2 d ± 3.6 58.6 e ± 5.8 54.2 b ± 4.3 72.4 f ± 1.9

Effluent DO values (i.e., between 5.41 ± 0.9 and 7.53 ± 1.6 mg/L) were higher com-
pared to the inlet (i.e., 2.13 ± 0.6 mg/L), whereas effluent values of the planted beds were
higher than of the unplanted bed. Significant differences were found among the planted
beds (Mann–Whitney test: p < 0.05).

The water volume collected at the outlet of the beds was always smaller than the raw
wastewater volume applied (80 L). The average effluent water volume in the unplanted
bed (72.4 ± 1.9 L) was the highest and then followed the beds planted with C. zizanioides
(62.2 ± 3.6 L), A. gayanus (60.3 ± 3 L), E. pyramidalis (58.6 ± 5.8 L), T. laxum (55.6 ± 3.8 L)
and P. purpureum (54.2 ± 4.3 L). Significant differences were found between the unplanted
bed and the planted beds for the effluent volumes (p < 0.05), while those of the beds planted
with P. purpureum and T. laxum were similar and significantly lower than the effluent water
volume of the other planted beds.

3.2.2. Assessment of Chemical Parameters

Table 4 shows the influent and effluent concentrations and removal efficiencies of the
VFCWs for different parameters. During the experimental period, the influent concentra-
tions in the synthetic wastewater varied from 535–623.3 mg/L (COD), 356.1–373.8 mg/L
(BOD5), 37.6–44.5 mg/L (TN), 31–35 mg/L (NH4-N), 1.1–1.97 mg/L (NO3-N) and 6.8–7.9 mg/L
(PO4-P), with respective average values of 611.8 mg/L, 369.8 mg/L, 41.4 mg/L, 33.4 mg/L,
1.8 mg/L and 7.4 mg/L. The average removal efficiencies varied between 90.9–95.9% for
COD, 95.2–98.5% for BOD5, 74.3–84% for TN, 76–84% for NH4-N, and 77.4–96.9% for PO4-P
in the planted beds, while in the unplanted bed, the removal efficiency for all parame-
ters varied from 53.3–89.3%. The plant presence significantly enhanced the removals of
all parameters by 5.9 up to 24.1% compared to the unplanted bed (Mann–Whitney test:
p < 0.05). The removal efficiency in order of performance was: P. purpureum > T. laxum >
E. pyramidalis > A. gayanus > C. zizanioides > unplanted. Moreover, the pilot VFCWs with
P. purpureum and T. laxum were significantly more efficient than the other planted beds
(Kruskal–Wallis test, p < 0.05).

3.3. Bacteria Densities Measurements

Aerobic and anaerobic bacteria densities were assessed in the VFCWs substrate
(Figure 2). Overall, aerobic bacteria density was higher than that of anaerobic bacteria in
all planted VFCWs beds, except for the unplanted bed. The median density of aerobic
bacteria in the VFCWs (Figure 2A) was in the following order (expressed in 106 CFU/g):
P. purpureum (7.7) > T. laxum (6.4) > E. pyramidalis (4.8) > A. gayanus (4.5) > C. zizanioides (2.4)
> unplanted (1.4). A significant difference was observed between the VFCW bed planted
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with C. zizanioides and the other beds (Mann–Whitney test: p < 0.05), while no significant
differences were found among the other planted beds.

Table 4. Average (aver), maximum (max), and minimum (min) concentrations (mg/L) and removals (%) of different
parameters in the inlet and the outlet of the pilot VFCWs with different plant species. Values within the same column
followed by the same superscript letter (i.e., a, b, c, d, e, f) are not statistically significantly different at p < 0.05.

Bed
COD BOD5 TN NH4-N NO3-N PO4-P

mg/L % mg/L % mg/L % mg/L % mg/L % mg/L %

Inlet
Aver 611.8 a - 369.8 a - 41.4 a - 33.4 a - 1.8 a - 7.4 a -
Max 623.3 - 373.8 - 44.5 - 35 - 2 - 7.9 -
Min 535 - 356.1 - 37.6 - 31 - 1.1 - 6.8 -

T. laxum
Aver 48.7b c 94.5 a 14.7 b 97.2 a 11b d 81.4 ac 9 bc 81.3 a 1.36 a 24.3 a 0.6 b 94.6 a

Max 67 97.2 19.2 97.9 17.2 94.9 14 94.1 7.5 96.4 2 99.9
Min 27.3 92.5 11.5 95.8 3.3 69.2 2.4 77.2 0.1 n 0.01 81.7

A. gayanus
Aver 73.9b c 90.9 b 23.3 c 95.2 b 12.8 bc 76.3 ab 9.6 bc 78.2 ab 4.4 b n 2 c 79.9 b

Max 121.4 93.8 30.7 96.7 20.1 94.6 15.3 94.8 12.7 38.2 4.1 95.3
Min 52.8 85.6 16.3 93.4 3.2 61 2.3 75.1 1.2 n 0.5 61

C. zizanioides
Aver 63.4 b 91.9 c 21.8 c 95.4 b 13.6 c 74.3 b 10.2 c 76 b 4.3 b n 2.1 c 77.4 b

Max 75.8 93.7 30.7 97.5 20.7 88.5 17.3 91.2 9.4 85.4 3.6 86.3
Min 53.2 89.8 11.5 93 6.2 57.4 3.6 72.2 0.3 n 1.4 61.1

E. pyramidalis
Aver 55.3 bc 93.4 d 18.4 d 96.4 c 13.3 b 76.1 b 9.8 bc 78.4 ab 4 b n 1.7 c 82.6 b

Max 64.2 95.2 24 98.4 23.5 93.3 18.6 94.4 11.8 94.8 4.1 99.6
Min 39.7 91.2 7.7 94.2 3.6 58.3 2.5 71.3 0.1 n 0.04 62.5

P. purpureum
Aver 36.7 c 95.9 e 8.0 e 98.5 d 9.6 d 84 c 7.8 b 84 a 0.8 c 66.8 b 0.3 d 96.9 c

Max 48.1 97 14.4 99.2 17.3 98.5 14.6 98.2 2.4 96.8 1.7 99.7
Min 28.84 93.5 4.8 96.8 1 70.8 0.7 75.4 0.1 n 0.03 81

Unplanted
Aver 150.2 d 77.7 f 43.8 f 89.3 e 19.4 e 57.3 d 13.5 d 63.3 c 5.1 b n 3.8 e 53.3 d

Max 221.4 83.5 52.8 93.8 34.1 74.8 18.8 77.3 9 45 4.7 66.7
Min 110.4 65.5 25.9 87.2 12.5 24.4 8.6 49.1 0.9 n 2.8 45

Water 2021, 13, x FOR PEER REVIEW 8 of 18 
 

 

 
Figure 2. Variations of (A) aerobic, and (B) anaerobic bacteria densities in the pilot VFCWs substrate 
at the end the treatment trial. Box-plots bearing the same letter indicate no significant difference (p 
> 0.05). 

No differences in anaerobic bacteria densities in the VFCWs substrate were observed 
between all beds (Mann–Whitney test: p > 0.05), planted and unplanted (Figure 2B). The 
anaerobic bacteria densities generally ranged from 0.3 to 2 × 106 CFU/g. The sequence of 
the median densities corresponded to the following order, showing a slightly higher num-
ber in the control bed (expressed in 106 CFU/g): P. purpureum (0.7) < T. laxum (0.8) < E. 
pyramidalis (0.8) < A. gayanus (0.9) < C. zizanioides (1.1) < unplanted (1.3). 

The total bacteria density was also assessed during the treatment period (Figure 3). 
It varied between 2.9 and 12.3 × 106 CFU/g in all beds, while the highest median density 
was found in the VFCW planted with P. purpureum and the lowest in the control bed. The 
decreasing order of total bacteria density was (expressed in 106 CFU/g): P. purpureum (8.4) 
> T. laxum (7.1) > E. pyramidalis (5.6) > A. gayanus (5.4) > C. zizanioides (3.5) > unplanted 
(2.4). Finally, the total bacteria density of the planted VFCW beds was significantly higher 
than that obtained in the unplanted bed, whereas among the planted beds, the total bac-
teria density of the C. zizanioides bed was significantly lower than that of the others 
(Mann–Whitney test: p < 0.05). 

 
Figure 3. Variation of total bacteria density in the pilot VFCWs substrate at the end the treatment 
trial. Box-plots bearing the same letter indicate no significant difference (p > 0.05). 
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No differences in anaerobic bacteria densities in the VFCWs substrate were observed
between all beds (Mann–Whitney test: p > 0.05), planted and unplanted (Figure 2B). The
anaerobic bacteria densities generally ranged from 0.3 to 2 × 106 CFU/g. The sequence
of the median densities corresponded to the following order, showing a slightly higher
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number in the control bed (expressed in 106 CFU/g): P. purpureum (0.7) < T. laxum (0.8) <
E. pyramidalis (0.8) < A. gayanus (0.9) < C. zizanioides (1.1) < unplanted (1.3).

The total bacteria density was also assessed during the treatment period (Figure 3). It
varied between 2.9 and 12.3 × 106 CFU/g in all beds, while the highest median density
was found in the VFCW planted with P. purpureum and the lowest in the control bed. The
decreasing order of total bacteria density was (expressed in 106 CFU/g): P. purpureum (8.4)
> T. laxum (7.1) > E. pyramidalis (5.6) > A. gayanus (5.4) > C. zizanioides (3.5) > unplanted (2.4).
Finally, the total bacteria density of the planted VFCW beds was significantly higher than
that obtained in the unplanted bed, whereas among the planted beds, the total bacteria
density of the C. zizanioides bed was significantly lower than that of the others (Mann–
Whitney test: p < 0.05).
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To better understand the bacteria evolution in the VFCWs substrate, the vertical profiles
of aerobic, anaerobic and total bacteria densities in the different VFCW substrate layers were
investigated. Figures 4–6 show the aerobic, anaerobic and total bacteria densities profiles,
respectively. Overall, from the upper L1 [0–10 cm] to the bottom L6 [50–60 cm] layer of the pilot
VFCWs, the number of aerobic bacteria decreased (from 17.4 to 0.1 × 106 CFU/g; Figure 4),
while that of anaerobic bacteria increased (from 0.1 to 2.1 × 106 CFU/g; Figure 5). However,
the total bacteria density decreased from the surface towards the bottom of the beds (from 17.4
to 1.5 × 106 CFU/g; Figure 6). Aerobic bacteria density in the upper layers (L1 [0–10 cm] and L2
[10–20 cm]) was statistically higher than in the deeper layers (L5 [40–50 cm] and L6 [50–60 cm])
in the planted VFCW beds, while in the first three layers (L1 [0–10 cm], L2 [10–20 cm] and L3
[20–30 cm]), the bacteria densities in the planted beds were significantly higher than those in
the unplanted bed (p < 0.05). Among the planted beds, the bacteria densities of the C. zizanioides
bed was lower than those of the other beds, except for the A. gayanus bed in the L3 [20–30 cm]
(Mann–Whitney test: p < 0.05).

Unlike aerobic bacteria, the statistical analysis revealed that, in all VFCW beds, the anaero-
bic bacteria densities of the first two upper layers (L1 [0–10 cm] and L2 [10–20 cm]) were lower
than those obtained in the bottom two layers (L5 [40–50 cm] and L6 [50–60 cm]; Mann–Whitney
test: p < 0.05). Moreover, the anaerobic bacteria densities in the unplanted bed were not sig-
nificantly different in the various consecutive layers (Figure 5). No differences were obtained
between the planted VFCWs and the unplanted bed (Kruskal–Wallis test: p > 0.05).



Water 2021, 13, 3485 9 of 18

Water 2021, 13, x FOR PEER REVIEW 9 of 18 
 

 

To better understand the bacteria evolution in the VFCWs substrate, the vertical pro-
files of aerobic, anaerobic and total bacteria densities in the different VFCW substrate lay-
ers were investigated. Figures 4–6 show the aerobic, anaerobic and total bacteria densities 
profiles, respectively. Overall, from the upper L1 [0–10 cm] to the bottom L6 [50–60 cm] 
layer of the pilot VFCWs, the number of aerobic bacteria decreased (from 17.4 to 0.1 × 106 
CFU/g; Figure 4), while that of anaerobic bacteria increased (from 0.1 to 2.1 × 106 CFU/g; 
Figure 5). However, the total bacteria density decreased from the surface towards the bot-
tom of the beds (from 17.4 to 1.5 × 106 CFU/g; Figure 6). Aerobic bacteria density in the 
upper layers (L1 [0–10 cm] and L2 [10–20 cm]) was statistically higher than in the deeper 
layers (L5 [40–50 cm] and L6 [50–60 cm]) in the planted VFCW beds, while in the first 
three layers (L1 [0–10 cm], L2 [10–20 cm] and L3 [20–30 cm]), the bacteria densities in the 
planted beds were significantly higher than those in the unplanted bed (p < 0.05). Among 
the planted beds, the bacteria densities of the C. zizanioides bed was lower than those of 
the other beds, except for the A. gayanus bed in the L3 [20–30 cm] (Mann–Whitney test: p 
< 0.05). 

Unlike aerobic bacteria, the statistical analysis revealed that, in all VFCW beds, the 
anaerobic bacteria densities of the first two upper layers (L1 [0–10 cm] and L2 [10–20 cm]) 
were lower than those obtained in the bottom two layers (L5 [40–50 cm] and L6 [50–60 
cm]; Mann–Whitney test: p < 0.05). Moreover, the anaerobic bacteria densities in the un-
planted bed were not significantly different in the various consecutive layers (Figure 5). 
No differences were obtained between the planted VFCWs and the unplanted bed (Krus-
kal–Wallis test: p > 0.05). 

 
Figure 4. Vertical profile of aerobic bacteria density in the different substrate layers of the pilot 
VFCW beds from the upper to the bottom layers: L1 [0–10 cm], L2 [10–20 cm], L3 [20–30 cm], L4 [30–
40 cm], L5 [40–50 cm], L6 [50–60 cm]. Box-plots bearing the same letter indicate no significant dif-
ference (p > 0.05). 

Figure 4. Vertical profile of aerobic bacteria density in the different substrate layers of the pilot VFCW
beds from the upper to the bottom layers: L1 [0–10 cm], L2 [10–20 cm], L3 [20–30 cm], L4 [30–40 cm],
L5 [40–50 cm], L6 [50–60 cm]. Box-plots bearing the same letter indicate no significant difference
(p > 0.05).

Water 2021, 13, x FOR PEER REVIEW 10 of 18 
 

 

 
Figure 5. Vertical profile of anaerobic bacteria density in the different substrate layers of the pilot 
VFCW beds from the upper to the bottom layers: L1 [0–10 cm], L2 [10–20 cm], L3 [20–30 cm], L4 [30–
40 cm], L5 [40–50 cm], L6 [50–60 cm]. Box-plots bearing the same letter indicate no significant dif-
ference (p > 0.05). 

As for the aerobic bacteria, the total bacteria density in the beds was significantly 
higher in the upper (L1 [0–10 cm] and L2 [10–20 cm]) than in the deeper layers (L5 [40–50 
cm] and L6 [50–60 cm]; Mann–Whitney test: p < 0.05) (Figure 6). The total bacteria density 
in the VFCW bed planted with C. zizanioides was generally lower, whereas those of the 
other beds did not differ significantly. On the other hand, the total bacteria densities in 
the different planted beds were significantly higher than in the unplanted bed in the first 
two upper layers L1 [0–10 cm] and L2 [10–20 cm]). The total bacteria densities were higher 
in the bed planted with P. purpureum, followed by T. laxum, E. pyramidalis, A. gayanus, C. 
zizanioides, and the unplanted bed. 

Figure 5. Vertical profile of anaerobic bacteria density in the different substrate layers of the pilot
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As for the aerobic bacteria, the total bacteria density in the beds was significantly
higher in the upper (L1 [0–10 cm] and L2 [10–20 cm]) than in the deeper layers (L5 [40–50 cm]
and L6 [50–60 cm]; Mann–Whitney test: p < 0.05) (Figure 6). The total bacteria density in the
VFCW bed planted with C. zizanioides was generally lower, whereas those of the other beds
did not differ significantly. On the other hand, the total bacteria densities in the different
planted beds were significantly higher than in the unplanted bed in the first two upper
layers L1 [0–10 cm] and L2 [10–20 cm]). The total bacteria densities were higher in the bed
planted with P. purpureum, followed by T. laxum, E. pyramidalis, A. gayanus, C. zizanioides,
and the unplanted bed.

4. Discussion
4.1. Plant Growth Response

The biomasses developed by E. pyramidalis, P. purpureum and T. laxum were signif-
icantly higher than those of A. gayanus and C. zizanioides, due to a favorable adaptation
of these plants to the substrate provided. This result could be attributed to the quality
of waters rich in nitrogen, phosphorus and various salts [3]. Other studies confirmed
this assumption based on the nutrients provided [37,60], as is the case of the synthetic
domestic wastewater used in this study, which provides the nutrients necessary for their
growth. Among the five species studied, P. purpureum produced not only the most abun-
dant biomass, but also had the largest stump diameter (Table 2). This result could be
attributed to the specific ecological conditions, and an adaptation more favorable to the
growth of this species. P. purpureum is known for its high biomass productivity and high
yield potential, forming a deep, dense and fibrous root system that penetrates into the
substrate [40]. Other studies with the same plant species also reported a large biomass
production (i.e., 18–25 kg/m2) in VFCWs receiving raw greywater [61] and domestic
wastewater [62]. A higher biomass production is also found for P. purpureum compared to
A. gayanus in another study [40]. T. laxum is also reported to have a high productivity and
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be insect- and disease-resistant, with thick but not greatly spreading rhizomes [63]. On the
other hand, C. zizanioides is a tropical grass with robust but shorter rhizome whose density
rapidly declines with depth [45,64]. E. pyramidalis showed a higher biomass production
in this study compared to reported biomass in natural wetlands (2 kg/m2), but a similar
biomass (5–8 kg/m2) with another study where this species was used in sludge treatment
wetlands [65].

4.2. VFCWs Performance

The increase of effluent pH and DO compared to the inlet wastewater could be at-
tributed to the biodegradation of organic matter and/or the metabolism of nutrient and
its assimilation by plants, as well as to the interactions between the substrate media and
the biofilm [16,66]. The absorption of nitrate ions through plant roots is countercurrent
to a transport of hydroxide ions (HO-) from the plant to their outer environment or a
co-transport of hydronium ions (H3O+ or H+) within plant cells [67]. Hence, the release of
the OH- ions in water during this process would also raise the pH of the VFCWs effluent.
However, the higher pH of the unplanted bed compared to the planted beds could be
due to the fact that the CO2 resulting from the biodegradation of organic matter acidifies
the medium in the presence of water, which could release the calcium and magnesium
hydrogen carbonate content in the synthetic wastewater, adsorbed partly in the substrates.
Therefore, the mineralization of these compounds would increase the pH in the unplanted
bed. Finally, the difference of pH observed between the planted beds is due to the physio-
logical specificities of the plant species used. On the other hand, the increase of DO in the
effluent would result mostly from the passive aeration of the inlet wastewater during its
surface application to the VFCW beds and secondary from the oxygen released at the apex
of the plant rootlets [2,68].

The effluent volume in the VFCWs outlet was lower than the applied wastewater
volume, regardless of the bed. This is related to evaporation and plant transpiration [69,70],
as well as the retention of a small water fraction in the bed substrate. Additionally, the
difference in effluent volumes between the planted beds is due to the actual needs of
each plant species, while the absence of plants in the unplanted bed would increase
the rejection of water compared to the planted beds due to the absence of water loss
via transpiration [6,7]. P. purpureum and T. laxum showed higher evapotranspiration
rates (lower effluent volumes; Table 3), which should be attributed to the higher biomass
production by these plant species and the respectively higher needs for water.

High removal efficiencies were obtained in the pilot VFCWs for organic matter, ni-
trogen and phosphorus pollutants. It is known that the VFCW design promotes aerobic
removal processes as well as sedimentation and/or filtration mechanisms, which are
the main removal mechanisms in CWs [2,15,19,71]. Organic matter removal (COD and
BOD5) reached high levels in all 5 pilot planted units (90–99%; Table 4). These removal
rates are higher than the typical figures reported for single-stage VFCWs in the litera-
ture [5,16,72]. One reason for this is probably the warm climate that favors the biological
oxidation of organic matter, as well as the aerobic conditions that typically dominate the
VFCW bed [2]. However, other studies on VFCWs with the same plant species under
similar climate reported lower removal rates, e.g., 62–90% COD and BOD5 removal for
P. purpureum [40,73], 92% COD and BOD5 removal for E. pyramidalis [60], 58–80 COD re-
moval for C. zizanioides [74–76], and 71–90% COD and BOD5 removal for A. gayanus [40,42].
These demonstrate the high effectiveness of the tested VFCW design in the removal of
organic matter.

The unit with P. purpureum showed a higher removal of nitrogen compared to other
studies reporting the efficiency of VFCWs planted with the same species, e.g., 50–70% for
TN [62], 44.3% for TN [40], 62% and 40–51.7% for ammonia [73,77]. A higher removal
of ammonia was also found with C. zizanioides compared to other VFCW systems (e.g.,
67%; [74]) and lower for TN (80%; [74]), but operating at a longer HRT. A similar per-
formance in nitrogen removal for the unit planted with E. pyramidalis is reported for a
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VFCW system treating leachate from a sludge treatment wetland [60]. Moreover, the TN
removal of the unit with A. gayanus was almost double than that of another VFCW with the
same plant species treating municipal wastewater (40.9%; [40]). Generally, the tested units
planted with tropical species had an ammonia and TN removal efficiency that is within
the upper limits of the typically reported removal figures [34–95% and 20–94%, respec-
tively] for VFCWs planted with common wetland species, such as Phragmites australis and
Typha latifolia [2]. It is characteristic that removal rates above 85% are typically reported for
two-stage VFCW systems (e.g., [72]) or for modified systems with effluent recirculation or
wastewater step-feeding [16,78]. It should be pointed out that the main advantage of the
present study is the warm tropical climate that promotes nitrification and results in high
ammonia nitrogen removal and organic matter oxidation [2]. This is also reported for other
VFCW studies implemented under warm climates [34,79].

On the other hand, as VFCWs are mostly aerobic systems, and considering the warm
climate, enhanced nitrification usually results in increased effluent NO3-N [2,18], while
NO3-N removal via denitrification requires an anaerobic environment [2,15,16]. The
typical VFCW design employs an intermittent wastewater feed, thus leading to higher
level oxygen availability for microbial metabolism during the biodegradation of various
pollutants [2,14]. In addition, lagoon sand of uniform particle size used in this study as
substrate favors sedimentation and/or filtration mechanisms as the wastewater drains ver-
tically through the substrate layers of the bed [2,55]. Higher NO3-N in the VFCW effluent
is also reported in other studies where the same species with the present study were used
(e.g., E. pyramidalis [60]; P. purpureum [77]; C. zizanioides [74]). However, two plant species
(P. purpureum and T. laxum) showed nitrate removal. This should probably be attributed to
the higher biomass production of these species (Table 2) and the respectively higher nitrate
uptake needs for growth as already elsewhere reported [62]. P. purpureum is reported
to have a higher nitrogen uptake rate than other wetland plants [62]. A nitrate removal
(88%) in a VFCW planted with P. purpureum treating greywater has also been reported [61].
The NO3-N reduction in the effluent could possibly be explained by denitrification taking
place in these units, considering that typically, at the bottom layers of VFCWs, anaerobic
conditions dominate. Nevertheless, denitrification would also require an available carbon
source for the denitrifying heterotrophic bacteria [16,66,72]. As these two units also showed
the highest organic matter removal (Table 4) and the highest effluent DO (Table 3), it can
be assumed that denitrification was limited, and plant uptake was probably the main
nitrate removal mechanism for these species. In fact, various design modifications, such
as partial saturation, increased bed depth, and effluent recirculation, have been proposed
and tested to enhance the denitrification rate in VFCWs [16,71,77], though they increase
the operational complexity and maintenance tasks.

It is also noteworthy that high removal rates were also found for TP (Table 4). These
values are higher than those typically reported for VFCWs with other commonly used
reed species [2], where media adsorption and plant uptake are the main mechanisms
involved [2]. P. purpureum and T. laxum had the highest TP removal, indicating the higher
assimilation of this nutrient by these plants [62]. Lower but still considerable removal
rates are reported in other studies, i.e., 80% by P. purpureum [60], or even an increase in
the effluent for a VFCW with C. zizanioides [76]. This high removal rate could be possibly
attributed to the first growth period of the plants in the present study and the higher need
for nutrients as well as to the fresh and unsaturated media, as has also been elsewhere
reported [2,18,71].

Moreover, the higher removal efficiencies in the planted beds than in the unplanted
one indicate the stimulating effect of the plants on the degradation processes of organic
matter (COD and BOD5) and nutrients (TN, NH4-N, and PO4-P). Wetland plants promote
aerobic processes by establishing an aerobic micro-environment along their roots that favors
biofilm development [2,21,69]. Other removal pathways are also mediated by the secretion
of root exudates [21,28,69], while plant uptake, precipitation or the dissolution, and the
adsorption onto substrate grains would also contribute to further pollutants reduction
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in planted beds [2,6,17,21]. Several studies in the literature also report the improved
performance of planted VFCWs over unplanted beds, indicating the positive role of plants
presence in the VFCW system [2,5–7,26].

Overall, the beds planted with P. purpureum and T. laxum were more efficient in
pollutants removal than those with E. pyramidalis, A. gayanus and C. zizanioides, due to
their higher plant biomass and the stumps developed (Table 2), as well as the secretion of
different root exudates [2,17,21].

4.3. Bacteria Density in VFCWs

The high aerobic bacteria density compared to anaerobic bacteria in all planted pilot
VFCWs beds could be related to the favorable conditions for the proliferation of microbial
communities created by the presence of vegetation. It is reported that plants improve the
oxygenation of the rhizosphere by transferring atmospheric oxygen to the root zone [2,3,80],
which promotes the metabolism (i.e., secreting exudates) and growth of aerobic bacteria,
thus favoring microbial activity in the substrate of the planted beds [81]. The CW macro-
phytes morphologically allow the transport of oxygen to the root system thanks to large
cavities inside the stems and rhizomes [26,82].

In this study, the bacterial densities obtained (from 2.9 to 12.3 × 106 CFU/g; Figure 6)
were higher than those reported in other studies, e.g., 2.7 × 106 CFU/g [83], and less
than those in others, e.g., 3.2 × 109 CFU/g in planted and 2.5 × 108 CFU/g in unplanted
beds [84]. This difference could be explained by the different plant species used in the
present study, the operation mode, and the CW type. For instance, the high bacterial density
in the bed planted with P. purpureum compared to other planted beds would depend on its
large aboveground biomass and stump diameter (Table 2) [85]. Furthermore, the trend of
total bacterial density of the planted beds follows that of aerobic bacteria due to the low
anaerobic bacterial density, thus indicating the predominance of aerobic conditions in the
planted VFCWs compared to other CW types.

The investigation of the bacterial profile in the bed substrate showed that the aerobic
bacteria number decreased from 17.4 to 0.1 × 106 CFU/g (Figure 4), while that of anaerobic
bacteria increased from 0.1 to 2.1 × 106 CFU/g (Figure 5) from the upper L1 [0–10 cm]
to the bottom layer L6 [50–60 cm] of the beds. In addition, the total bacterial number
decreased with depth in all pilot beds (Figure 6). A change in bacterial diversity and a
decline in densities with depth in VFCWs has also been elsewhere reported [86,87]. This
result could be related to the gradual reduction of oxygen from the surface to the bottom.
As the upper layers of the beds are better aerated [14,71,84], the majority of the biological
activity takes place within the first 10–20 cm [14,71,88], thus the development and growth
of aerobic bacteria is favored than that of the anaerobic bacteria. On the other hand, in
the bottom layers, the oxygen levels are relatively low, which would promote the growth
of anaerobic bacteria. However, the trend of total bacteria indicated that aerobic bacteria
dominate within the planted beds.

The significant differences in aerobic bacteria density between the first two layers
and that of the bottom layer in the planted beds, and between the first three upper layers
and the bottom layer in the unplanted bed, could be explained by the abundant roots and
macroinvertebrates in the surface layers, whose activities would further aerate the upper
layers of the VFCW [89,90]. Moreover, the difference of bacteria density observed between
the planted beds should be attributed to the morphology of the different plant species. The
sequence of aerobic bacteria densities in the pilot VFCWs (i.e., P. purpureum > T. laxum >
E. pyramidalis > A. gayanus > C. zizanioides) is relatively similar to that of the produced plant
biomasses and stumps diameter. The lowest aerobic bacteria density in the C. zizanioides is
also related to the declining root density with depth for this species; it is reported that only
2.6% of root mass was found in layers deeper than the upper 20 cm [45], while this species
is found to be negatively affected by anaerobic conditions that prevail in deeper layers [91].
In general, the higher plant biomasses (especially in the first layers) could have promoted a
respectively high oxygenation of the beds (as indicated by respectively increased effluent
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DO levels), which would also explain the reverse sequence of anaerobic bacteria densities
in the planted beds and the fewest aerobic bacteria in the unplanted bed.

5. Conclusions

Six pilot-scale VFCW beds planted with different local plant species were built and
monitored for the treatment of domestic wastewater in west Africa. The removal of various
pollutants and the bacterial densities were measured over a period of 7 months. This study
demonstrated the high removal efficiency of the tested single-stage VFCW design. The
presence of plants had a positive effect on the performance, through the increased bacterial
density numbers and the enhanced removal efficiencies. The bacterial community in the
VFCWs was dominated by aerobic bacteria, while smaller numbers of anaerobic bacteria
were counted in the different VFCWs. Most of the beds could not effectively remove the
effluent NO3-N, as it is expected for this CW type, with the exception for the VFCWs
planted with T. laxum and P. purpureum that demonstrated nitrate removal. From the upper
to the bottom layers, the number of aerobic bacteria decreased, while that of anaerobic
bacteria increased, implying the oxygen stratification along the depth (higher levels at
the top, lower levels at the bottom). Overall, the bed planted with P. purpureum had the
optimum performance, implying that VFCWs with this plant species can be used as a
cost-effective nature-based solution for wastewater treatment in tropical climates.
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