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Abstract: Nutrient loads must be reduced to safe levels to protect sensitive receiving environments.
This work presents the results of a 15-month monitoring program of a surface flow-constructed
wetland (SFCW) in Queensland, Australia. The SFCW reduced the influent TN concentration by
54% and was able to retain 80% of the TN load, mainly due to the efficient removal of NOx and
ammonium (92–100%). TP removal was negative due to the unaccounted loads from wildlife activity.
During occasions of high loads, the wetland reduced TP concentrations by 77%. The hydraulic
loading rate (HLR) correlated poorly to the TSS and TVS loads (r < 0.55); however, when adjusted
to account for precipitation and evapotranspiration, stronger correlations (r > 0.78) were revealed.
Strong correlations were revealed between adjusted HLR and TP (r = 0.87) and TN (r = 0.93). TN
removal was highly governed by the inflow of TN concentration. TN removal could be predicted
from the inflow concentration using the first-order plug-flow model (R2 = 0.72). The model suggests
that the system has an irreducible threshold TN load of 0.115 kg-N per m2 per month. This work
shows that SFCW can be effective in managing the nutrient loads even in systems that receive low
organic and nutrient loads.

Keywords: surface flow constructed wetland; nutrient removal; low organic load; low nutrient
load; monitoring

1. Introduction

The use of constructed wetlands as a polishing stage for wastewater treatment has
grown in popularity. Constructed wetlands have been commissioned in different climatic
regions of the world and with demonstrated success in improving the quality of the water
discharge. The performance of a constructed wetland depends on many factors including,
its configuration, climate, the quality of the received water, loading, and retention time,
among other factors [1]. Long-term monitoring of the performance of constructed wetlands
is important to ensure that the discharge meets the water quality standards and to identify
any issues at an early stage and address them to protect the receiving environment. Data
collected from monitoring programs can be used to optimize the operational parameters,
such as the hydraulic loading rate and the retention time to enhance the performance
of the wetland. Furthermore, monitoring data can be used to build empirical models to
predict key water quality parameters in the discharge, to adjust the operational conditions
to maintain the water quality, and to avoid unsafe discharges or breaches of operation
license conditions.

Lavrnić, Nan [2] assessed the performance of a surface flow constructed wetland
(SFCW), which has been operating for 20 years in northern Italy. They reported that this
wetland reduced the total suspended solids by 82% and total nitrogen by 78%, but the total
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phosphorus removal was negative (−27%). They attributed the negative removal rate of
phosphorus to the phosphorus loads received with the precipitation.

Rizzo, Bresciani [3] reported on a long-term monitoring program of a hybrid-constructed
wetland consisting of a French Reed bed, horizontal subsurface unit, free flow unit, and
sand filter, treating winery wastewater. The wetland was successful in treating the wastew-
ater to limits acceptable for discharge, reducing the COD by 97%, NOx by 45%, and TP
by 42% [3]. After analyzing the data from more than 4 years of the monitoring program
of SFCW in Germany, Steidl, Kalettka [4] reported that the nitrogen retention was less
than 5% in most cases, and in some cases, the effluent load was higher than influent load.
They concluded that for nitrogen removal, the temperature must be higher than 8 ◦C, and
the retention time must be more than 20 days. Ulén, Geranmayeh [5] reported average
retention of 56% of TN and 35% of NO3

- in Swedish-constructed wetlands receiving agricul-
tural discharges. Furthermore, they reported that NO3

- removal was positively correlated
with the temperature and residence time. In planted wetlands, a negative correlation was
reported between the carbon-to-nitrogen ratio and the removal rate of organic nitrogen
and ammonia, whereas the opposite was observed for the removal of nitrate [6]. Mendes,
Tonderski [7] concluded that phosphorus retention in free-flow constructed wetlands de-
pended on the form of phosphorus with higher removal efficiency for particulate forms
of phosphorus. They further reported that the removal efficiency correlated to the phos-
phorus load in the inflow but was less affected by the hydraulic loading. On average, the
phosphorus removal rate was in the range of from 24 to 66% [5,7].

Nitrogen removal in constructed wetlands is affected by different processes such as
ammonification, nitrification, denitrification, adsorption, biomass assimilation, etc. Am-
monification is the process of converting the organic nitrogen into ammonia. It can occur
in aerobic and anoxic conditions but is more active in oxygen-rich zones. The process is
affected by the C:N ratio, pH, and temperature, with optimal temperatures being in the
range between 40 and 60 ◦C [8]. The nitrification process converts ammonia to nitrate that
occurs under aerobic conditions. Denitrification is an anoxic process, which converts the
nitrate to nitrogen gas. Denitrification consumes large amounts of COD [9].

Previous studies focused on the performance of constructed wetlands receiving sub-
stantial organic and nutrient loads in the influent. However, the implementation of new
wastewater treatment technologies, such as membrane biofilter (MBR), as secondary treat-
ment has resulted in high-quality effluents with low organic and nutrient loads. At the
same time, wastewater treatment plants are faced with more stringent regulations on the
nitrogen and phosphorus concentrations of the final discharge. The aim of this study was
to evaluate the effectiveness of surface flow constructed wetlands in reducing the nutrient
loads even when receiving low nutrient and organic loads. The work uses the Cedar Grove
constructed wetland as a case study. The results of this study are useful for engineers and
decision makers, as it provides evidence on the role of constructed wetlands as a final
polishing stage to manage nutrient release post-advanced secondary treatment.

2. Methods
2.1. Case Study: Cedar Grove Constructed Wetlands

Cedar Grove Constructed wetland is located in the Cedar Grove Environmental Centre
in the City of Logan, Queensland (27.845 S, 152.963 E). It was commissioned in July 2020
as a tertiary treatment and polishing phase before the release of the treated wastewater
into the Albert/Logan River. It receives unchlorinated secondary treated wastewater from
the Cedar Grove wastewater treatment plant, which operates an MBR. The constructed
wetland is operated by Logan Water, a division of Logan City. The wetland consists of
three parallel muti-stage treatment trains, as shown in Figure 1. The wetland covers a total
area of 7.27 ha in a free-flow surface water configuration. Each cell consists of a 300 mm
grow medium (gravel + sand) layer on top of a compacted clay liner (450 mm) made of
locally obtained material. The constructed wetland was densely planted with Eleocharis
dulcis, Schoenoplectus validus, Baumea articulata, and Bolboschoenus caldwellii [10]. Biomass



Environments 2023, 10, 89 3 of 16

harvesting is not practiced. The design water depth ranges from 100 mm at the inlet and
240 mm at the outlet. It is designed for the treatment of wastewater with an average flow
of 3.3 × 103 m3/day and an average hydraulic loading rate of 28.8 × 10−3 m3·m−2·day−1.
Figure 2 shows the daily precipitation and average monthly temperature for the study site;
data are retrieved from the nearest weather station at Beaudesert Drumley Street [11].
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Figure 1. Aerial view (a) and schematic diagram (b) of Cedar Grove constructed wetland and envi-
ronmental center (arrows show direction of flow). Courtesy: Logan City Council. 

Figure 1. Aerial view (a) and schematic diagram (b) of Cedar Grove constructed wetland and
environmental center (arrows show direction of flow). Courtesy: Logan City Council.
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Figure 2. (a) Daily precipitation over the study period (b) and average monthly temperature. Source: 
Bureau of Meteorology [11]. 

2.2. Sampling and Chemical Analysis of Water Quality Parameters 
Weekly samples were collected from the inlet, outlet of each cell, and the combined 

effluent between November 2020 and February 2022. Occasionally, sampling cycles were 
interrupted due to COVID-19 restrictions and shutdowns. Collected samples were stored 
in a cooled container (4 °C) and delivered to the laboratory for chemical analysis within 2 
h. DO, pH, and temperature were measured in the field. All other parameters were ana-
lyzed in a laboratory accredited by the National Association of Testing Authorities, Aus-
tralia (NATA), following approved and accredited methods as summarized in Table 1. 
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Figure 2. (a) Daily precipitation over the study period (b) and average monthly temperature. Source:
Bureau of Meteorology [11].

2.2. Sampling and Chemical Analysis of Water Quality Parameters

Weekly samples were collected from the inlet, outlet of each cell, and the combined
effluent between November 2020 and February 2022. Occasionally, sampling cycles were
interrupted due to COVID-19 restrictions and shutdowns. Collected samples were stored
in a cooled container (4 ◦C) and delivered to the laboratory for chemical analysis within 2 h.
DO, pH, and temperature were measured in the field. All other parameters were analyzed
in a laboratory accredited by the National Association of Testing Authorities, Australia
(NATA), following approved and accredited methods as summarized in Table 1.



Environments 2023, 10, 89 5 of 16

Table 1. Methods used for chemical analysis of the defined water parameters.

Parameter Method of Analysis

TN APHA4500 P J
TP APHA4500 P J
BOD APHA5210D
NH4

+ APHA4500NH3D
TSS APHA2540D
TVS APHA2540E
TDS APHA2510A
Organic N APHA4500 P J
Organic P APHA4500PF
NO3

− APHA4500NO3F
NO2

− APHA4500NO3F
TKN APHA4500 P J
PO4

−3 APHA4500PF

2.3. Above-Ground Biomass

Nine quadrat, each measuring 500 by 500 mm, were installed in the wetland. The
above-ground biomass was harvested in March 2021. The biomass was harvested again
after 12 weeks of growth, and the nitrogen and phosphorus content in the above-ground
biomass was analyzed. In brief, after harvesting, the biomass was transported to the
laboratory within 2 h. Biomass was washed to remove any impurities and then chopped
into coarse size before being placed in the oven at 70 ◦C for drying. It was left in the
oven until constant weight was achieved. To determine the TN content, triplicate samples
were sent for elemental analysis. To determine TP content, triplicate samples (2 g each)
were placed in crucibles and combusted at 750 ◦C for 1 h. The remaining ash was leached
with nitric acid, and the P concentration was determined following the APHA4500PF
standard method.

2.4. Data Preparation and Treatment

Reports received from the laboratory were inspected for potential anomalies before
transfer to an Excel database for storage and further analysis. In the case of anomalous data,
the laboratory was contacted to confirm the results, and if needed and where possible, the
samples were re-tested. To derive more representative values of the effluent, the average
value of the effluent from the three exit sub-cells and the combined effluent was calculated
for each parameter and used in the analysis. In cases where the concentration was below
the detection limit of the analysis method, a value between 0 and the lower detection limit
was generated using a random value generator and used in the data analysis.

2.5. Hydraulic Loading Rate, Retention Time, and Pollutant Loading

The Hydraulic loading rate (HLR) was calculated from the inflow data acquired
from the operation records of the wastewater treatment plant at Cedar Grove. The HLR
(mm/m2· day) was calculated by dividing inflow (Qin) by the Surface Area (A). Further-
more, adjusted HLR (Adj. HLR) was calculated taking into account the precipitation (ppt)
and evapotranspiration (evapo) effect as (Qin + ppt-evapo)/A. The approximate reten-
tion time (HRT) was calculated based on the water balance, assuming that infiltration is
negligible because the wetland is lined with a clay layer.

Vi = Qini − Qouti + (ppt i − evapoi) × Ai

Vi : volume retained on day i
(

m3
)

Qini, Qouti : in f low and out f low on day i
(

m3

day

)
, respectively
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ppti, evapoi : precipitation and evapotranspiration on day i (m), respectively

Ai : sur f ace area on day i
(

m2
)

Finally, the approximate HRT on day n was calculated as follows:

HRTn =
∑n

0 Vn

Qoutn

Qoutn is the effluent discharge on day n.
Climatic records were downloaded from the nearest weather station at Beaudesert

Drumley Street [11].

2.6. Data Analysis

The data analysis was performed in MS™ Excel® The data distribution for each
parameter was plotted to gain an overall impression of the trends. General data descriptions
for each parameter were calculated to have an overview of the data. Data descriptors
included mean, standard deviation, and median. Data grouping via monthly averaging
was also performed to reduce the effects of noise in the data and reveal the underlying
correlations among the different parameters. Pollutant loads in the inflow and effluent
were calculated by multiplying the concentrations by the daily flows.

Furthermore, a correlation matrix among the parameters was constructed to explore
any potential correlations or co-linearity in the data. Pearson’s coefficient of correlation (r)
was calculated as follows:

r =
n∑ xy − ∑ x∑ y√

n∑ x2 − (∑ x)2
√

n∑ y2 − (∑ y)2

One-way ANOVA was used to test the significance of the differences among the three
trains as well as the sub-cells within each train. T-tests were also used to compare the water
quality before and after treatment. All statistical tests were performed using a significance
level α = 0.05.

2.7. Modelling of Nitrogen Removal

The constructed wetland system is often designed and modeled as a plug flow reactor
with first-order decay [12]:

C f = (C0 − C∗)e(
−k

HLR ) + C∗

where Cf is the expected concentration at the effluent, C0 is the initial concentration or
load, k is the first-order decay constant, HLR is the hydraulic loading rate, and C* is the
irreducible background concentration or load. The removal rate (Re) can be calculated
as follows:

Re =

(
C0 − C f

)
C0

× 100%

Non-linear regression was used to fit the observed data to the empirical models. Data
linearization was also exercised in cases where correlations were not linear. To determine
the fitness of the model to the observed data, the coefficient of determination (R2) and the
root mean squared error (RMSE) were calculated.

R2 =
Var(ŷ)
Var(y)

RMSE =

√
∑

(ŷ − y)2

n
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ŷ is the predicted value, y is the observed value and n is the number of observations
and Var is the variance, which is defined as follows:

Var =
∑
(

X −
−
X
)2

n

X is the observed value and
−
X is the mean value.

3. Results and Discussion
3.1. Overall Water Quality

Table 2 shows the summary statistics of the monitored parameters over the study
period. The data suggest that the wetland receives high-quality treated wastewater from
the MBR process. There is no evidence of significant differences between the mean values
of inflow and effluent water parameters, p = 0.188. Nevertheless, there is strong evidence
that the constructed wetland reduced the total nitrogen concentration (p < 0.001), partic-
ularly the oxidized forms of nitrogen (NOx, p < 0.001) and ammonium. The ammonium
concentration in the effluent was well below any trigger concentration (<1.88 mg/L at
pH 7.3) [13]. The data suggest a slight increase in total phosphorus and ortho-phosphate
concentrations, although the increase was not statistically significant (p = 0.264). The spike
in TP concentration usually followed wet weather conditions, as shown in Figure 3, thus
suggesting that pre-deposited phosphorus was flushed. Such behavior has been reported
in the literature and is referred to as the re-setting mechanism [14]. The constructed wet-
land system showed good evidence of handling surges of TP load, as shown from the
16/03/2021 event, where the system reduced the TP concentration by 77.5% from 2.75 to
0.62 mg-P/L.

Table 2. Summary statistics of monitored water quality parameters over the study period (November
2020 to February 2022).

Parameter
Mean ± Standard Deviation Median
Influent (N = 50) Effluent (N = 50) Influent (N = 50) Effluent (N = 50) MCR * (%)

Water Temperature (◦C) 23.6 ± 3.4 17.7 ± 4.8 24.1 18.4 NA
DO (mg/L) 5.8 ± 0.9 6.1 ± 1.7 6.1 5.7 NA
BOD (mg/L) <5 <5 <5 <5 -
NOx (mg-N/L) 1.06 ± 0.63 0.08 ± 0.02 0.97 0.07 92.4
Organic N (mg-N/L) 0.67 ± 0.43 0.83 ± 0.23 0.62 0.83 −22.8
Ammonia <=0.33 (n = 20, <0.1) <=0.18 (n = 38, <0.1) <0.1 <0.1 60.3
TN (mg-N/L) 1.83 ± 1.08 0.84 ± 0.22 1.81 0.84 54.3
Orthophosphate (mg-P/L) 0.11 ± 0.13 0.17 ± 0.15 0.06 0.13 −56.4
Organic Phosphorus
(mg-P/L) <0.1 <0.1 <0.1 <0.1 -

TP (mg-P/L) 0.14 ± 0.4 0.21 ± 0.17 0.07 0.17 −40.5
TSS (mg/L) 0.73 ± 0.83 6.44 ± 6.64 0.60 3.92 −562
TVS (mg/L) 0.60 ± 0.74 2.45 ± 2.44 0.51 3.25 −302
TDS (mg/L) 428 ± 36 446 ± 73 421 443 -
pH 7.08 ± 0.16 7.25 ± 0.19 7.1 7.23 -
EC (µS/cm) 704.9 ± 59.4 734.3 ± 123.9 693 729 -

* MCR: mean concentration reduction (influent—effluent)/influent.

The discharged water has neutral pH, although it was slightly higher than the influent.
The EC and TDS fall within the expected range of freshwater albeit, on the higher end, and
there was no evidence of significant differences between the influent and effluent values
(p = 0.131 and 0.126, respectively). Total suspended and volatile solids at the outlet were
significantly higher than the influent concentrations (p < 0.001). This can be explained by
the background concentration of the constructed wetland [15]. The MBR effluent had a
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very low concentration of solids, which is likely lower than the carrying capacity of the
flow; therefore, when the water flows through the wetland, it is likely to suspend sediments
and carry organic debris (fallen plant material) until it reaches the carrying capacity. This
is more evident following major rain events where the dynamic energy in the system is
increased due to the impact of raindrops and increased flow rate. Furthermore, surface
algae were noticed occasionally, mainly during summer months, but mostly in cells A and
B and rarely in cell C (exit cells). However, Azolla and duckweed were observed in the
outlet zones of the cells. Although, water samples were collected at least 50 mm below the
surface, it is possible some of the suspended plant and algae material was added to the
suspended solid load. There was an agreement between the spike in TVS and TSS, which
also corresponded to rain events. On average, TVS made up 38% of the TSS in the effluent.
Figure 3 also shows that spikes in TP concentrations correspond to spikes in TSS, which
indicates that, at least some of the phosphate is bonded to the suspended solids.
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3.2. Pollutant Loads Analysis

Average monthly pollutant loads (kg/day) were calculated as the product of the aver-
age monthly concentration and the average flow rate (Qin) for each month. Similarly, the
average pollutant exiting the wetland as the monthly average concentration is multiplied
by the average monthly effluent (Qout). The average monthly loads are presented in Table 3.
The loads show a general increasing trend over time due to the increased flows received by
the treatment plant.

Table 3. Average monthly loads in the influent and effluent (kg/day), pH (units), and temperature
(◦C), HLR and adjusted HLR (m3·m−2·day−1) and HRT (days).

Month TN-
in

TP-
in

pH-
in

TDS-
in

Temp-
in

DO-
in

TN-
out

TP-
out

TSS-
out

TVS-
out

pH-
out

TDS-
out

Temp-
out

DO-
out HLR (×10−3) HRT Adj.

HLR

Nov-20 0.51 0.07 7.25 352.52 23.88 3.65 0.40 0.10 3.65 0.89 7.70 168.55 23.88 2.37 9.92 18.81 5.79
Dec-20 0.60 0.06 7.03 347.05 22.90 4.63 0.88 0.31 8.15 2.73 7.63 400.93 22.90 5.59 12.17 21.45 13.43
Jan-21 0.56 0.05 7.10 369.64 23.68 4.36 0.76 0.14 7.53 2.37 7.45 390.78 23.68 6.70 11.89 22.74 11.32
Feb-21 0.90 0.12 7.20 338.05 23.60 4.01 0.56 0.13 3.59 2.88 7.50 255.38 23.60 4.57 11.03 19.13 7.20
Mar-21 6.78 1.84 7.30 492.15 21.38 7.87 1.91 0.80 36.38 13.44 7.37 410.86 21.38 4.67 16.43 19.77 24.43
Apr-21 1.70 0.14 7.10 414.65 15.80 6.13 0.63 0.06 11.20 1.00 7.60 448.45 15.80 8.49 12.66 30.34 11.93
May-21 1.96 0.05 7.13 426.22 14.90 6.03 0.59 0.12 3.57 3.24 7.28 403.09 14.90 5.50 12.44 33.10 12.96
Jun-21 1.65 0.04 6.90 326.06 12.09 5.06 0.36 0.03 1.33 0.71 7.17 299.67 12.09 5.64 10.79 33.00 9.77
Jul-21 2.00 0.03 6.98 360.87 11.50 5.54 0.52 0.07 1.88 0.97 7.48 363.46 11.50 7.72 11.97 35.19 11.63

Aug-21 1.30 0.04 6.95 347.63 14.18 4.35 0.39 0.07 1.99 1.43 7.33 269.84 14.18 5.55 11.86 38.40 9.82
Sep-21 1.46 0.04 7.13 322.18 15.40 4.74 0.44 0.05 1.32 0.74 7.40 275.31 15.40 5.99 11.12 42.00 8.23
Oct-21 2.35 0.13 6.95 415.64 19.63 5.89 0.72 0.27 3.53 1.39 7.25 334.49 19.63 7.01 13.87 37.73 13.75
Nov-21 2.25 0.09 7.24 461.62 20.40 6.55 0.99 0.34 6.09 2.50 7.38 475.18 20.40 8.66 14.80 39.24 15.03
Dec-21 1.90 0.12 7.20 497.08 22.33 6.42 1.02 0.23 6.36 2.75 7.23 410.46 22.33 5.01 16.52 35.25 16.62
Jan-22 1.57 0.22 7.20 488.22 24.44 6.16 0.97 0.32 2.42 2.24 7.33 460.60 24.44 4.20 14.89 40.88 14.24

Table 4 shows the correlations between the different water quality parameters based
on the average monthly loads in the influent and effluent. The matrix revealed that there is
a strong correlation between the TN and TP load in the influent, suggesting that they are
likely of the same origin. One likely cause is the presence of urine in the discharge. This
hypothesis is further supported by the fact that most of the nitrogen in the influent is in
the form of nitrate and ammonium, and the phosphate is in ortho-phosphate form. Strong
correlations are also observed between the TP and TN in the influent and the TN, TP, TSS,
and TVS loads in the effluent. The correlation is stronger between the influent TP load and
the TSS and TVS loads in the effluent than that with the TN. This is likely because TP is
mainly in soluble form, which can be absorbed by the suspended solids. TN and TP in
the effluent had weak to moderate correlations with pH, Temperature, TDS, and DO loads
in the influent. Kotti, Gikas [16] reported positive correlations between nutrient removal
and temperature. Zhu, Zhou [17] found that temperature particularly influenced the TP,
nitrate, and ammonium removal. They further reported that the wetlands performed best
when the temperatures were above 19.8 ◦C. Low temperatures affect the microbial stability
and complexity, which, in turn, reduce the removal efficiency of nutrients [18]. However,
as mentioned earlier, Steidl, Kalettka [4] concluded that TN removal will occur when the
temperatures are above 8 ◦C and the HRT is around 20 days. In our case, the retention time
and temperatures remained sufficiently high to facilitate nitrogen removal.

Dissolved oxygen levels influence the nitrification process. Higher DO levels enhance
the nitrification, anoxic conditions facilitate denitrification, thus resulting in higher TN
removal [19]. This can explain the observed results in our case, where most of the NOx
and ammonium were removed in the first cell of each treatment train. Higher DO levels in
the influent facilitate the nitrification of ammonium; however, as the water is held in the
wetland, anoxic conditions are encountered, leading to denitrification. This hypothesis is
supported by the fact that the DO levels at the inlet were always higher than the outlet of
the first cell. Enhanced DO levels can also improve phosphorus removal by manipulating
redox potential, which can affect the adsorption and precipitation of phosphorus [20].

A strong correlation between HLR and TN load in the effluent was observed, but
the correlation with TP load was moderate. HLR correlated weakly to TSS and TVS
loads in the effluent. However, when adjusting the HLR to account for precipitation and
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evapotranspiration (Adj._HLR), strong correlations are revealed with all four parameters.
Therefore, it is important to consider the climatic factors in the calculations of HLR.

Table 4. Correlation matrix between the different water quality parameters.

TN-
in

TP-
in

pH-
in

TDS-
in

Temp-
in

DO-
in

TN-
out

TP-
out

TSS-
out

TVS-
out

pH-
out

TDS-
out

Temp-
out

DO-
out HLR HRT Adj.

HLR

TN-in 1.00
TP-in 0.92 1.00
pH-in 0.32 0.46 1.00
TDS-in 0.58 0.48 0.54 1.00

Temp-in −0.06 0.20 0.65 0.35 1.00
DO-in 0.81 0.63 0.30 0.85 −0.05 1.00
TN-out 0.80 0.85 0.57 0.75 0.45 0.76 1.00
TP-out 0.80 0.87 0.51 0.66 0.46 0.68 0.96 1.00
TSS-out 0.84 0.95 0.47 0.48 0.24 0.61 0.87 0.84 1.00
TVS-out 0.87 0.96 0.51 0.51 0.28 0.61 0.89 0.89 0.93 1.00
pH-out −0.32 −0.08 0.26 −0.34 0.31 −0.43 −0.12 −0.09 0.08 −0.10 1.00
TDS-out 0.33 0.22 0.18 0.71 0.10 0.74 0.57 0.44 0.33 0.29 −0.21 1.00

Temp-out −0.06 0.20 0.65 0.35 1.00 −0.05 0.45 0.46 0.24 0.28 0.31 0.10 1.00
DO-out 0.04 −0.20 −0.36 0.04 −0.45 0.30 −0.05 −0.14 −0.06 −0.21 −0.09 0.53 −0.45 1.00

HLR 0.65 0.55 0.41 0.93 0.30 0.87 0.83 0.74 0.54 0.58 −0.42 0.72 0.30 0.13 1.00
HRT −0.05 −0.35 −0.32 0.19 −0.48 0.27 −0.23 −0.26 −0.47 −0.41 −0.59 0.26 −0.48 0.41 0.23 1.00

Adj. HLR 0.84 0.77 0.32 0.80 0.18 0.90 0.93 0.87 0.78 0.80 −0.34 0.70 0.18 0.14 0.89 0.00 1.00

3.3. Nutrient Removal
3.3.1. TN Removal

The average TN concentration in the influent was around 1.97 mg-N/L, although
this fluctuated considerably (standard deviation = 1.09). The highest TN concentration
in the influent was 7.2 mg-N/L. On average, organic nitrogen constituted around 34%
of the TN in the influent. The average TN in the effluent was 0.83 mg-N/L, of which
96% is organic nitrogen. The constructed wetland showed a good removal capacity of
total nitrogen; based on the inlet-outlet concentrations, on average, the TN concentration
reduction was 54%. This is mainly due to the high efficiency of removing oxidized forms of
nitrogen and ammonium (from 92 to 100%). The observed NOx and ammonium removal
rates were higher than commonly reported in the literature, e.g., [2,4]. Nevertheless, Beutel,
Newton [21] reported a nitrate concentration reduction of 94% in a constructed wetland
treating diluted agricultural runoff. The carbon-to-nitrogen ratio (C:N) is an important
factor affecting TN removal. Li, Liu [22] reported that maximum nitrogen removal can be
achieved at a 5:1 C:N ratio. Although the organic load was low (average BOD < 5 mg/L),
plant biomass provides the needed carbon to maintain the C:N ratio required for the
nitrogen removal [23]. The high NOx and NH4 removal efficiency is attributed to the
low nitrogen loading rate coupled with favorable temperatures and retention time as well
as plant uptake. Figure 4a shows the influent and effluent concentration as well as the
removal rates. An initial erratic period (before 16 December 2020) was observed, which
can be attributed to the establishment phase (the wetland was still in the early stages and
received very low flows) in addition to an extended drought period. However, after the
initial establishment phase, a positive correlation between the removal rate and the influent
concentrations can be observed. This correlation is more obvious when considering the
nitrogen-loading rate, as shown in Figure 4b,c. Figure 4c reveals a saturation curve with
the removal rate increasing rapidly in the beginning but slowing down as it approaches
the maximum capacity. The inflection point occurs around 0.69 kg-N/month·m2, thus
suggesting that optimal performance can be achieved by maintaining a loading rate higher
than 0.69 kg-N/month·m2.

To gain a more accurate representation of the wetland removal efficiency, the influent
and the effluent loads were considered. The effluent is usually smaller than the influent
(the average influent is 884 m3/day, and the average effluent is 767 m3/day). Therefore, a
mass balance to account for the total incoming and outgoing nitrogen load revealed that
the wetland received 664.6 kg-N with the influent but only released 128 kg-N in the effluent
over the period between 11/2020 and 02/2022. Based on the mass balance, the nitrogen
retention was greater than 80%. Furthermore, the mass balance does not account for the
nitrogen in precipitation and wildlife activity, which can add a significant load. Therefore,
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the overall nitrogen removal efficiency is higher than what was calculated based on the
influent-effluent concentrations.
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Rain samples were analyzed for their nitrogen content, and it was found that the rain-
water has 1.39 mg-N/L. The total amount of nitrogen contributed by precipitation, during
the sampling period, is approximately 179.4 kg-N. Factoring in the TN from precipitation,
it can be estimated that the actual TN load reduction is nearly 85%. Furthermore, wildlife
activity, especially avian, adds to the nitrogen loads. Andersen [24] reported that avian
activity can add between 139 and 312 g-N per ha per day. Therefore, the actual reduction of
nitrogen load, in our case, is likely to be higher than 85% when nitrogen loads from wildlife
activity are accounted for.

Above-ground plant samples analyzed for nitrogen content showed that the average
nitrogen concentration was 0.83% of dry biomass. Therefore, it is estimated that, in total,
above-ground biomass holds around 560.83 kg-N. This represents more than 66% (including
precipitation) of the TN removal in the wetland. In this context, plants play a significant
role in nitrogen removal in wetlands receiving low nitrogen concentrations.

Organic nitrogen concentration in the effluent (0.82 mg-N/L) was significantly higher
than the influent (0.67 mg-N/L), p = 0.017. Nevertheless, the total load in the influ-
ent (105.03 kg-N) was higher than the organic nitrogen load released with the effluent
(97.83 kg-N). This may indicate limited nitrification occurring in the constructed wetland.
Although this is not conclusive evidence, as nitrification-denitrification may be occurring,
but more organic nitrogen could be generated withing the wetland due to release from
biomass decomposition and microbial death.

A strong correlation was observed between TN and TVS in the effluent (R = 0.89),
explaining nearly 79% of the variability in TN. This observation is consistent with the fact
that most of the TN in the effluent is in organic form. The system (plants and microbes)
can uptake the available nutrients and incorporate them into biomass, as evident from the
increased organic nitrogen in the effluent. However, when the nitrogen levels are too low
in the influent, the wetland is unable to reduce it further (threshold concentration). In such
a case, the removal efficiency is reduced, and some of the previously removed nitrogen can
be released into the system as observed on some occasions, as shown in Figure 4.

The constructed wetland removal efficiency of the TN load was fitted to the K-C*
model equation.

RK−C∗,i =
(

L0,i −
(
(L0,i − 0.115)e(−97.2/HLRi) + 0.115

))
× 100/L0,i

RK-C*,i is the predicted removal rate in the ith month. L0,i is the average nitrogen
loading rate during the ith month.

The TN removal was satisfactorily fitted to the K-C* model (R2 = 0.80 and RMSE = 6.38),
as shown in Figure 4c. The K-C* model suggests that the constructed wetland has an irre-
ducible nitrogen load threshold of 0.115 kg/month·m2.

Further exploration of the data revealed a strong log-linear correlation (r = 0.85) be-
tween the TN concentration in the influent and removal rate, as shown in Figure 5. This
is partially explained by the loading rate, as discussed above. Nevertheless, this further
suggests that concentration, on its own, is important because of the earlier-mentioned
background (threshold) concentration of the system. Closer inspection of Figure 5 reveals
that the wetland was unable to reduce the concentrations of TN when the influent con-
centrations were less than 0.8 mg-N/L, thus, suggesting that the threshold of the system
was around 0.8 mg-N/L. The removal efficiency increased until it reached a maximum at
around 3 mg-N/L, after which the removal efficiency plateaued. Figure 4c also showed
increasing removal efficiency with increasing load and it showed that the removal rate
slowed down after the TN load reached 0.69 kg-N/month·m2. Interestingly, the maximum
concentration reduction was 86.7% at the concentration of 2.93 mg-N/L, but the maximum
load reduction was 92.6% at the highest load (2.01 kg-N/month·m2).
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The observed data were fitted to the K-C*, which provided reasonable fit to the data
(R2 = 0.72 and RMSE = 18.44):

Cout = (C0 − 0.862)e(−
209.36
HRL ) + 0.862

3.3.2. TP Removal

The average TP concentration in the influent was 0.14 mg-P/L, 75% of which was
in the ortho-phosphate form. This is very low compared to typical treated wastewater
concentrations. According to the 2020 Queensland State of the Environment Report, the
average TP concentration in wastewater release in Queensland was 1.7 mg/L [25]. The
low concentration can present a challenge to the constructed wetland, particularly for
plant and microbial growth, as phosphorus can be limiting. During the sampling period,
the average TP concentration in the effluent was 0.21 mg-P/L, of which ortho-phosphate
made up 81%. Mass balance showed that the TP brought with the influent was around
90.3 kg-P while the total amount discharged with the effluent was around 92.5 kg-P. This is
an interesting observation, as the concentration in the effluent is higher than the influent. A
similar observation was reported by Lavrnić, Nan [2], who attributed this discrepancy to
the phosphorus loads received in the precipitation. Samples of rainwater were collected and
analyzed to determine the precipitation contribution to phosphorus loads in the constructed
wetland. The average TP concentration in the rainwater was found to be 0.02 mg-P/L.
Over the sampling period, the total precipitation was 1782.4 mm. Consequently, the
total contribution of the precipitation to the P load is estimated to be around 2.59 kg.
Nevertheless, a study of the nutrient loads from precipitation in New South Wales forests
reported a range between 0.02 and 0.293 kg-P per ha per year [26].

In our case, the excess phosphorus is attributed to wildlife activity. Birds of different
species (especially moorhen), frogs, small mammals, and snakes are often sighted in the
wetland. Animal droppings were often observed around the perimeter of the cells. The
presence of these animals adds to the phosphorus loads in the wetland, but these additional
loads are not accounted for in the mass balance. Scherer, Gibbons [27] reported that birds
can have a significant role in phosphorus cycling with up to 0.16 g P per m2 per year.

Above-ground plant biomass samples were analyzed for the P content. It was found
that the P content was around 1.4 mg/g (dry mass), which translates to around 1.30 g-P/m2

of the constructed wetland or 94.59 kg P in the above-ground biomass in the wetland. This
demonstrates that plants can assimilate P from low-concentration influent. Although, most
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of this P is likely to be contributed to by wildlife activity in the wetland. It is important to
note that this is temporarily stored in the biomass and can be released when plants die off.

As the retention period is significantly high (influent > effluent), the phosphorus can
be held in the system and later flushed out when the hydraulic loads increase or when
the concentrations fall below threshold levels. Figure 6 shows that the system stored
phosphorus when loads were high and released it later. The spikes in TP concentrations
during wet weather further support this hypothesis, Figure 3a. However, it is important
to note that the system has been able to cope with spikes in phosphorus concentrations,
reducing the concentration by 78% and the load by 57%. Additionally, the pH of the
effluent remained within a tight range of around 7.25, where H2PO4

− and HPO4
2− are the

dominant forms, which indicates that phosphate is mainly in soluble forms. The apparent
low efficiency in TP removal is likely because most of the incoming phosphorus is in the
ortho-phosphate form. Surface flow-constructed wetlands are more efficient in removing
particulate phosphate [7].
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4. Conclusions

Based on 15 months of water quality monitoring, the surface flow constructed wet-
land performed well, especially in removing oxidized forms of nitrogen and ammonium,
achieving efficiencies between 92 and 100%. The TN and TP removal correlated moderately
to water temperature, pH, DO levels, and hydraulic loading rate. However, the strongest
predictor of TN removal was the concentration of TN in the influent. The relation between
TN concentration and removal rate was modeled sufficiently using the K-C* model. Based
on concentrations in the influent and effluent, TP seemed to have a negative removal rate.
However, the mass balance of TP loads proved that the wetland acted as a modulator,
where TP was retained in the wetland when it was supplied in excess and later released
when the TP loads in the system fell below a threshold level. TP and TN loads were
positively correlated to the TSS and TVS load in the effluent. It is important to account
for precipitation and evapotranspiration when calculating the HLR, as the performance
of the wetland showed a poor correlation to HRL but a strong correlation to the adjusted
HLR (accounting for precipitation and evapotranspiration). Wildlife and rainfall added
significant nutrient loads, which is particularly observed in the case of TP. The results show
that SFCW are effective in reducing the nutrient loads even in cases of low nutrient and
organic concentrations, and plants are crucial in nutrient retention.
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