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Abstract
 Constructed wetlands (CWs) have been shown to improve the water quality of 
treated wastewater. The capacity of CWs to reduce nutrients, pathogens and organic matter 
and restore oxygen regime under normal operating conditions cannot be extrapolated to 
periods of incidental peak discharges. The buffering capacity of CWs during peak discharges 
is potentially a key factor for water quality in the receiving waters. Therefore, the aim of the 
present study was to investigate the behaviour of peak discharges of suspended particles, 
(associated) physicochemical parameters and pathogenic organisms from a wastewater 
treatment plant (WWTP) in a full scale constructed wetland (CW). By mixing clarified 
water and sludge rich water from the settlement tank of the WWTP, the suspended particle 
concentration was increased for eight hours from ± 3.5 to ± 230 mg L-1, and discharged into a 
full scale surface flow constructed wetland. An increase of suspended particle concentration 
following the peak discharge concurred with increases in turbidity and oxygen demand, total 
nutrient load (nitrogen, phosphorus and carbon) and pathogens (E. coli and Enterococci). 
Temperature, pH, conductivity and dissolved nutrient concentrations (nitrogen, phosphorus 
and carbon) were however unaffected by the initial peak discharge. After retention in 
the unvegetated ponds (the first CW compartment) the applied suspended particle peak 
with a total load of 86.2kg was reduced by >99%. Similar peak buffering was observed 
for the turbidity, oxygen demand and settable volume. Simultaneously dissolved nutrient 
concentrations increased, indicating partial mineralization of the suspended particles 
during retention in the unvegetated ponds. The peak buffering of pathogens was lower (40-
84%), indicating differences in removal processes between other suspended particles and 
pathogens. The results indicated that the suspended particles were probably mostly removed 
by sedimentation and mineralization, where pathogens were more likely buffered by biofilm 
retainment, mortality and predation, mainly in reed ditches. After passing through the 
total CW the residuals of the suspended particle peak discharge were temporal increased 
concentrations of inorganic carbon (IC), NH4 and E. coli (respectively 11%, 17% and 160% 
higher than steady state concentrations). The observations support the positive role of CWs 
for effective buffering of wastewater discharge peaks.
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Introduction
 Constructed wetlands (CWs) are man-made ecological systems that are used in a 
wide variety of applications to improve water quality. Since the first attempts to use CWs 
for water quality improvements of untreated wastewater in the early 1950s, the development 
and use of CWs for wastewater treatment has spread across the world (Sundaravadivel and 
Vigneswaran 2001). Nowadays, CWs are often used as an additional polishing step to reduce 
the potential impact of treated wastewater on receiving surface waters (Kadlec and Wallace 
2008; Vymazal 2005a). CWs are designed to utilize several occurring physical, chemical and 
biological processes, like sedimentation and microbial degradation to reduce the negative 
impact of various constituents in (treated) wastewater. It is demonstrated that concentrations 
of nutrients (especially nitrogen and phosphorus), organic compounds, suspended particles, 
pathogens,  heavy metals and  hormones (Kadlec and Wallace 2008) are significantly reduced 
by CWs: under normal operating conditions removal efficiencies for organic compounds 
and suspended particles range between 60-95%, while nutrient removal efficiencies are 
generally below 60% although higher efficiencies up to 90% have been reported (Zhang et al. 
2011; Zurita et al. 2009; Vymazal 1996; Vymazal 2007; Fisher and Acreman 2004; Cameron 
et al. 2003). Removal of pathogens (including bacteria, viruses and parasites) is generally 
high, with removal efficiencies ranging between 80 to >99% (Foekema 2012; Reinoso et 
al. 2008; Vidales-Contreras et al. 2006; Vymazal 2005b). The removal of hormones like 
estrogens generally ranges between 35-95% (Cai et al. 2012; Song et al. 2011; Shappell et 
al. 2007; Gray and Sedlay 2005). In the Netherlands, several CWs are operational for more 
than 10 years. From monitoring studies it is demonstrated that in these CWs concentrations 
of nitrogen and phosphorous in the effluent of tertiary treatment WWTP are reduced with 
10-25% and 2-40% respectively (van den Boomen and Kampf 2012), pathogens with a log 
2.0 to 2.5 (>99%) (Foekema 2012; van den Boomen et al. 2012) while organic and suspended 
matter reduction is very limited (van den Boomen and Kampf 2012; Van den Boomen et al. 
2012). The removal efficiencies mentioned above are mainly based on measurements during 
normal operating conditions. The removal efficiency is however affected by the hydraulic 
and pollutant loading, with increasing loadings causing decreasing efficiencies (Vymazal 
2007; Fisher et al. 2009; Toet et al. 2005). Present knowledge so far is thus based on relative 
constant loading levels and monthly monitoring data, and little is known about removal 
efficiencies during incidental peak discharges. 
 Kruit et al. (2009) showed that incidental peak discharges carry elevated loads 
of suspended particles (sludge) and occur a few times a year at several WWTPs in The 
Netherlands, primarily caused by storm water inflow and malfunctioning of the wastewater 
treatment plant.
 The present study aims to investigate the behaviour of incidental peaks in 
concentrations of suspended particles in a constructed wetland system and discuss the 
major processes affecting peak behaviour in individual CW compartments. A suspended 
particle peak was induced and discharged into a full scale horizontal flow constructed 
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wetland receiving secondary-treated municipal wastewater. The suspended particle peak was 
monitored in the CW by analysing selected physicochemical parameters, concentrations of 
suspended particles, organic matter, nutrients and faecal indicator organisms at the in- and 
outflow of the two different CW compartments, unvegetated ponds and reed beds (Phragmites 
australis).

Materials and methods

Design of the constructed wetland
 This study was carried out in a full scale surface flow constructed wetland (CW) 
located in Grou, The Netherlands (N53 05.535 E5 49.050). The CW was constructed in 2006 
and receives secondary-treated municipal (mainly domestic) wastewater with a constant 
hydraulic loading of 1200 m3 day-1. After inflow of treated municipal wastewater from a 
settlement tank, the water flows through the CW consisting of a series of three unvegetated 
ponds and four parallel reed beds (Fig. 6.1). At the end of the reed beds the water is pumped 
into an ecological buffer zone which is in open connection with the receiving surface water 
(channel) (Fig. 6.1).
 The unvegetated ponds have an average depth of 1.35m, volumes between 360 and 
440 m3 each and total hydraulic retention time (HRT) of 17.9 h (Table 1). The reed beds are 
covered with Phragmites australis. They have an average water depth of 40 cm, approximate 
volume of 443 m3 and an average HRT of 23.6 h. The total HRT of the complete CW is 41.5 h. 
The hydraulic retention times were calculated from the retention time distribution obtained 
from a tracer experiment using lithium chloride (Paragraph 6.2.3).

Table 6.1 Dimensions and hydraulic retention time (HRT) of CW Aqualân Grou. The length, width and volume 
of the ponds were manually determined and calculated, the length, width and volume of the reed beds were 
calculated from the construction blueprints. The HRT’s were determined by a tracer experiment.

Ponds Reed beds Total

1 2 3 Total Bed 1-4 Total

Length (m) 55 55 55 165 110 110

Average width (m) 7.6 8.1 8.1 7.9 11.5 46

Average depth (m) 1.34 1.31 1.43 1.35 0.4 0.4

Surface area (m2) 418 446 446 1304 1265 5060 6364

Volume (m3) 362 388 441 1191 443 1771 3552

Hydraulic loading (m3 day-1) 1200 1200 1200 1200 300 1200 1200

HRT (h) 17.9 23.6 41.5
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Fig. 6.1 Map of the WWTP in Grou, the Netherlands (0) with a settlement tank (1) which discharges treated 
municipal wastewater into a CW consisting of unvegetated ponds (2), reed beds (3) and an ecological buffer zone 
(4) which is in open connection with the receiving channel (5). Sampling points were located at; PONDS-IN (a), 
PONDS-OUT (b), REED-BEDS-OUT (c).

Suspended particle peak discharge
 To experimentally induce a peak of suspended particles, the normal inflow of treated 
wastewater into the CW was temporally replaced by an external pump connected to two 
inflow points located in the settlement tank of the WWTP. By mixing water from near 
the water surface of the settlement tank and particle rich water from deeper layers of the 
settlement tank, a controlled suspended particle peak was discharged during 8h into the CW 
while maintaining normal hydraulic loading. 

Conservative tracer
 One hour before the suspended particle peak discharge, an artificial conservative 
hydraulic tracer (Leibundgut et al. 2009) in the form of lithium chloride (10 kg LiCl; 1.6 
kg Li+; 16 g Li+ L-1) was discharged into the CW as a pulse directly above the inflow point 
of the CW and monitored using a Li+-selective electrode (Mettler Tolledo, DX207) to 1) 
determine the retention time distribution and amount of dead volumes present in the CW, 
2) estimate the sampling times for the suspended particle peak at each individual sampling 
point and 3) describe the peak behaviour of a conservative dissolved substance that can serve 
as a reference for the other peak measurements. The average hydraulic retention times were 
determined at 50% passage of the lithium chloride load.
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Sampling
 The experiment was conducted in November 2009. Sampling stations were located at 
the inflow of the unvegetated ponds (PONDS-IN; a), between the unvegetated ponds and the 
reed beds (PONDS-OUT; b) and at the outflow of the reed beds (REED-BEDS-OUT; c) (Fig. 
6.1; a-c), To determine the background levels of each parameter during normal operation, 
water samples were taken one week before, two hours before and two weeks after the peak 
discharge. To monitor the suspended particle peak during retention in the CW, four water 
samples were taken during passing of the peak at each sampling point. At each sampling point 
the first water samples were taken between one to two hours after observing the maximum 
lithium concentration, the next three samples were taken with an interval between 2 (at the 
outflow of the unvegetated ponds) and 4 h (at the outflow of the reed beds). Water samples 
were taken 10-20 cm below the water surface using a 10 L vessel from which subsamples were 
taken and stored appropriately prior to analysis.

Measurements and analysis
 To accurately describe the behaviour of the suspended particle peak in the CW, 
and quantify changes in the associated biological and physicochemical parameters, a set of 
measurements was performed. At each sampling station turbidity was measured continuously 
(10 min interval) using HACH 1720C model NTU meters. At the same frequency temperature, 
conductivity, redox potential, pH and dissolved oxygen (DO) was measured using HANNA 
HI9828 multimeters. Biochemical and chemical oxygen demand (BOD and COD) were 
analysed according to NEN-EN-1899-1 (1998) and NEN-6633 (2006). Suspended particles, 
settable volume, E. coli, Enterococci and chlorophyll-a concentrations were analysed 
according to standardized methods (respectively NEN-EN-872 2005; NEN-6623 2005; NEN-
EN-ISO-9308-1 2000; NEN-EN-ISO-7899-2 2000; NEN-6520 2006). For determination of 
the total DNA (as a proxy for the total amount of organisms) content samples were filtered 
on site over 0.2 µm cellulose nitrate membrane filters (Whatman NC 20) and stored at 
-20°C prior to DNA extraction. DNA extraction was performed using DNA extraction kits 
(MIOBIO, Powerwater) according to the manufacturer’s instructions and total DNA content 
was determined using absorption at 260 nm (NanoDrop 1000 spectrophotometer; Thermo 
Scientific). Water samples were analysed for total nitrogen (TN; NEN-6643 2003), nitrogen 
kjeldahl (Nkj; NEN-6646 2006), nitrite (NO2; NEN-EN-ISO-13395 1997), nitrate (NO3; 
NEN-EN-ISO-13395 1997), ammonium (NH4; NEN-6646 2006), total phosphorus (TP) 
and orthophosphate (PO4; NEN-EN-ISO-15681-2 2005) concentrations. Total carbon (TC), 
inorganic carbon (IC) and total organic carbon (TOC) concentrations were analysed using 
a total organic carbon analyser (Schimadzu, TOC-Vcph). To determine the concentrations 
of dissolved organic carbon (DOC) water samples were vacuum filtered over pre-washed 
0.2 µm cellulose nitrate membrane filters (Whatman NC 20) and analysed with the same 
method as described for the TOC. The particulate organic carbon concentration (POC) was 
calculated by subtracting DOC from TOC.
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Analysis of peak behaviour
 To determine if any of the measured parameters were affected by the induced 
suspended particle peak discharge, values measured during passing of the suspended particle 
peak were compared with maximum background values. These maximum background values 
were estimated for each sampling point individually from the average of four measurements 
taken before and after the peak discharge (eq. 1; Fig. 6.2). Measured values were classified as 
a peak when:

( )).(.)( bbbmp XdsXAverageXX +=>     (1)

 Where Xp is the value of parameter X measured during passing of the suspended 
particle peak, Xb the average background values of parameter X and Xbm the estimated 
maximum background values. Peak values less than 5% higher than Xbm were not regarded 
as peaks (determination limit). Using the same maximum background values (Xbm), peak 
loadings were determined by calculation of the peak area using linear interpolation of Xp.
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Fig. 6.2 Identification of the background values, determination limits, peak maximum (as concentration) and 
peak loads (as time integrated transport) were calculated for each individual parameter. The determination limits 
were considered as the average background, the standard deviation (see eq. 1) plus an additional 5%.
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Results

Conservative tracer
 The maximum concentration of lithium chloride measured in CW influent (discharge 
point) was 1.7 mg Li+ L-1 (Table 6.2). During retention in the unvegetated ponds the Li+ 
peak broadened and decreased 34% in maximum concentration to 1.1 mg Li+ L-1 (Fig. 6.2). 
Retention in the reed beds decreased the maximum concentration of lithium another 33% to 
0.7 mg Li+ L-1 and caused a broad peak consisting of two peaks (Fig. 6.3). The double peak was 
caused by differences in hydraulic loading and consequent HRT between the four individual 
reed beds. From the 1.6 kg of Li+ discharged 1.2 kg (75%) was recovered at PONDS-OUT and 
1.1 kg (70%) li+ at REED-BEDS-OUT.

Background values
 Background values of water temperature, pH, conductivity, COD, TC, IC, TOC and 
total DNA were relative stable at PONDS-IN with respectively variation (s.d.) less than 20% of 
the average values (Table 2). The suspended particle concentration, BOD, E. coli, Enterococci, 
turbidity, POC and Nkj, nitrogen, phosphorus, DOC, redox potential and DO were relative 
variable (s.d. ≥35% of the mean) at PONDS-IN (Table 6.2). On average total carbon consist 
of 70% inorganic carbon, 18% dissolved organic carbon and 12% particulate organic carbon. 
A large portion of nitrogen and phosphorus was present as dissolved fraction; ammonium 
(67%) and orthophosphate (67%). 
 Background values of halve of the parameters including most nutrients, OD, turbidity, 
redox potential and POC, increased in stability (>10% smaller s.d.) during retention in the 
CW (Table 6.2). The s.d. of the pH, DO, conductivity, suspended particles and IC remained 
similar during retention in the CW (less than 10% change in s.d.). The variability of OC, TC, 
faecal indicator organisms, total DNA and temperature increased (>10% larger s.d.) during 
retention in the CW.
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Fig. 6.3 Pulse response of the Li+ concentration at a) PONDS-IN, b) PONDS-OUT and c) REED-BEDS-OUT 
after addition of tracer at t=0. Values are displayed without subtraction of the background/interference value of 
0.1 mg Li+ L-1.
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Description of peak discharge
 With measured suspended particle peak maximum of 230 mg L-1 and total load of 86.2 
kg at PONDS-IN (Table 6.2), an average incidental suspended particle peak as described by 
Kruit et al. (2009), was successfully induced. The suspended particle peak had no influence on 
the temperature, pH, conductivity and concentrations of PO4, NO2, NO3, NH4, IC at PONDS-
IN. Small increases of dissolved oxygen (6%) and redox potential (9%) were observed, which 
were probably caused by the positioning of the temporal discharge point, which was just 
above the water surface (for visual observations of the turbidity). The maximum suspended 
particle concentration was 3003% higher than the maximum background value and caused 
an increase in turbidity of 1709%. The largest increase was observed in the settable volume 
which was normally below the detection limit of 0.1 mL L-1 at PONDS-IN and increased at 
least 25900% (compared with the detection limit) to a concentration of 26.0 mL L-1. OD, 
faecal indicator organisms, total DNA content, OC, Nkj and TP also increased significantly 
compared with maximum background values (Table 6.2).
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Fig. 6.4 Suspended particle concentration (a) and total nitrogen (b) at a) PONDS-IN, b) PONDS-OUT and c) 
REED-BEDS-OUT during a 5 day period. Grey bar represents the period of suspended particles peak discharge. 
Background measurements before and after the peak discharge (t=<-1.0 >4.0) are not displayed for illustrational 
purposes.
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Table 6.2 Background values (±s.d.), maximum measured peak height and loading for the measured parameters 
at a) PONDS-IN, b) PONDS-OUT and c) REED-BEDS-OUT.

 Average background value (s.d.) Maximum value (%)***

 PONDS-IN PONDS-OUT
REED-

BEDS-OUT PONDS-IN PONDS-OUT
REED-

BEDS-OUT

Lithium (mg Li L-1) 0.1 (±0.0) 0.1 (±0.0) 0.1 (±0.0) 1.7 (1564%) 1.1 (1067%) 0.7 (588%)

Temperature (°C) 11.7 (±0.2) 9.9 (±1.0) 9.1 (±1.5) 11.9 (0%) 10.6 (0%) 10.3 (0%)

pH 7.4 (±0.2) 7.6 (±0.3) 7.6 (±0.1) 7.6 (0%) 7.8 (0%) 7.7 (0%)

Redox potential (mV) 196 (±146) 421 (±68) 367 (±185) 371 (9%) 449 (0%) 482 (0%)

Dissolved Oxygen (mg L-1) 0.4 (±0.5) 4.0 (±1.4) 0.9 (±1.1) 0.9 (6%) 5.1 (0%) 1.2 (0%)

Conductivity (µS cm-1) 856 (±135) 949 (±164) 1074 (±138) 945 (0%) 1005 (0%) 1176 (0%)

Turbidity (NTU) 1.1 (±0.5) 1.8 (±0.5) 1.3 (±0.3) 28.4 (1709%) 3.8 (63%) 1.3 (0%)

BOD (mg L-1) 2.3 (±1.5) 1.3 (±0.6) 1.7 (±0.6) 72.0 (1765%) 3.0 (57%) 2.0 (0%)

COD (mg L-1) 40.0 (±7.0) 37.3 (±1.5) 35.3 (±2.3) 260.0 (453%) 43.0 (11%) 37.0 (0%)

Suspended particles (mg L-1) 5.1 (±2.3) 5.7 (±1.6) 4.2 (±2.0) 230.0 (3003%) 8.7 (19%) 3.9 (0%)

Settable volume (ml L-1) <0.1 (-)* <0.1 (-)* <0.1 (-)* 26.0 (≥25900%) <0.1 (-)* <0.1 (-)*

E. Coli (CFU mL-1) 180.7 (±126.6) 58.3 (±19.6) 0.6 (±0.5) 4260.0 (1290%) 1040.0 (1240%) 2.7 (160%)

Enterococci (CFU mL-1) 21.3 (±10.1) 6.2 (±2.3) 3.4 (±2.3) 480.0 (1430%) 45.0 (430%) 1.8 (0%)

Total DNA (ng L-1) 38.3 (±4.9) 11.7 (±5.6) 15.3 (±4.6) 513.1 (1090%) 38.5 (122%) 37.3 (88%)

Chlorophyll-a (µg L-1) <7 (-)* <7 (-)* <7 (-)* <7 (-)* <7 (-)* <7 (-)*

TC (mg C L-1) 69.7 (±5.2) 51.8 (±5.9) 73.0 (±27.2) 105.0 (40%) 71.0 (37%) 68.6 (0%)

IC (mg C L-1) 48.9 (±4.8) 35.8 (±2.4) 38.7 (±3.5) 47.1 (0%) 49.3 (38%) 47.4 (12%)

TOC (mg C L-1) 20.9 (±0.4) 16.2 (±3.3) 34.2 (±23.7) 81.1 (281%) 22.9 (42%) 21.1 (0%)

DOC (mg C L-1) 12.3 (±3.7) 14.9 (±3.5) 29.1 (±23.7) 27.0 (69%) 21.6 (45%) 21.8 (0%)

POC (mg C L-1) 8.6 (±3.3) 1.3 (±0.1) 5.2 (±0.0) 54.1 (355%) 2.2 (68%) 2.8 (0%)

TN (mg N L-1) 6.8 (±3.0) 6.2 (±0.6) 5.7 (±0.7) 23.0 (135%) 9.0 (34%) 7.5 (17%)

Nkj (mg N L-1) 6.2 (±3.7) 5.3 (±1.4) 4.5 (±1.2) 22.8 (131%) 8.5 (27%) 6.3 (11%)

NO2 (mg N L-1) 0.1 (±0.1) 0.1 (±0.1) 0.1 (±0.0) 0.1 (0%) 0.1 (0%) 0.1 (0%)

NO3 (mg N L-1) 0.6 (±0.7) 0.8 (±0.9) 1.2 (±0.8) 0.8 (0%) 0.7 (0%) 1.2 (0%)

NH4 (mg N L-1) 4.7 (±3.5) 4.1 (±1.4) 3.5 (±1.1) 8.3 (0%) 7.3 (34%) 5.1 (11%)

TP (mg P L-1) 0.3 (±0.2) 0.2 (±0.1) 0.2 (±0.1) 5.2 (924%) 0.4 (21%) 0.3 (15%)

PO4 (mg P L-1) 0.2 (±0.2) 0.2 (±0.1) 0.2 (±0.0) 0.2 (0%) 0.3 (46%) 0.2 (0%)

*: Detection limit
**: A combination of carbon exclusion in the analyses and high background variability of the individual carbon 
fraction resulted in divergent values at PONDS-IN.
***: Peak height in percentage compared with the background boundary (eq. 1; Fig. 2) at each specific location.
****: Added load
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Table 6.2 Continuous. (note difference in parameter units)
 

  Peak load

  PONDS-IN PONDS-OUT
REED-BEDS-

OUT

Lithium (kg Li) 1.6**** 1.2 1.1

Temperature - - -

pH - - -

Redox potential - - -

Dissolved Oxygen (g) 1.9 - -

Conductivity - - -

Turbidity - - -

BOD (kg) 21.3 1.2 -

COD (kg) 90.5 0.2 -

Suspended particles (kg) 86.2 0.2 -

Settable volume (L) x103 9.6 - -

E. Coli (CFU) x109 1355 817.6 0.4

Enterococci (CFU) x109 264.4 43.2 -

Total DNA (g) 283.9 29.1 5.3

Chlorophyll-a - - -

TC (kg C)** 3.6 15.8 -

IC (kg C) - 10 0.9

TOC (kg C)** 7.8 5.7 -

DOC (kg C) 5.5 7.3 -

POC (kg C)** 4.9 0.2 -

TN (kg N) 5.9 2.1 0.4

Nkj (kg N) 1.5 0.1 0.1

NO2 - - -

NO3 - - -

NH4 (kg N) - 1.7 0.9

TP (g P) 2197.7 13.6 14.7

PO4 (g P) - 31.7 -
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Peak buffering in the constructed wetland
 Fig. 6.4 shows the suspended particle and TN concentration measured at the three 
sampling locations in the CW before, during and after discharge of the suspended particle 
peak discharge, as two examples for parameters directly influenced by the suspended particle 
peak discharge. Peaks were high and narrow at the inflow of the CW (matching with the 
discharge period) and were observed to broaden and decrease in height during retention in 
the CW. The peak maximum of suspended particles decreased strongly from 230.0 mg L-1 
to 8.7 mg L-1 from the inflow of the CW to the outflow of the ponds (Table 6.2). Although 
the maximum suspended particle concentration observed at the outflow of the ponds is still 
19% higher compared to the background concentration, the load of the suspended particle 
peak was almost completely buffered (>99%) during retention in the unvegetated ponds with 
a reduction of 86 kg of the total 86.2 kg discharged (Table 2; Fig. 6.4). The strong buffering 
in both terms of peak maximum and load of the suspended particle peak during retention 
in the unvegetated ponds was also observed for the settable volume, COD, BOD, total DNA, 
POC, TP and turbidity. TN and Nkj were buffered to a lesser extent during retention in the 
unvegetated ponds, with a 83% and 86% decrease in peak maximum and 64% and 90% of peak 
loading respectively (Table 6.2; Fig 6.4). At the outflow of the ponds, peak concentrations of 
PO4, NH4 and IC were respectively 46%, 34% and 38% higher than the maximum background 
concentration. After retention in the reed beds, most of the parameters that were raised by the 
suspended particle peak discharge, returned to background levels (Table 6.2). Although the 
peak maximum of TP at the outflow of the reed beds was still 15% higher than the maximum 
background value, the TP load was strongly buffered during retention in the CW, with only 
14.7 g P of a total peak load of 2197.7 g P remaining (Table 6.2; Fig. 6.5). The buffering of TN 
during retention in the reeds beds was lower compared to the unvegetated ponds. With TN 
decreasing from 5.9 to 0.4 kg N, 7% of the TN peak load was still present (mainly as NH4) at 
the outflow of the CW (Table 6.2; Fig. 6.4).
 The maximum peak concentration of E. coli decreased by 76% during retention in 
the unvegetated ponds, which is low in comparison to the reduction of the Enterococci peak 
maximum of 92% and suspended particles (99%). During retention in the reed beds E. coli 
peak load decreased considerably stronger compared to reduction during retention in the 
unvegetated ponds (Fig. 6.5). In contrast with Enterococci, which showed no difference from 
the maximum background value, the maximum peak concentration of E. coli at the outflow of 
the CW was still 160% higher than the maximum background value. Although the additional 
1355 × 109 CFU E. coli during the peak discharge was buffered for > 99%, the peak discharge 
caused an additional amount of 0.4 × 109 CFU E. coli discharged into receiving surface waters 
(Table 6.2; Fig. 6.5). Similarly, also the total DNA peak was almost completely buffered (98%) 
but still, 5.3 g of additional DNA was discharged into receiving surface waters, being 88% 
higher than background levels (Table 6.2; Fig 6.5).
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Fig. 6.5 The total reduction of the peak loadings and the relative contribution of the two different CW 
compartments; unvegetated ponds (grey) and reed beds (white) to this reduction.

Discussion

Experimental considerations
 This study was based on the analysis of an experimentally induced peak discharge 
of suspended particles into a constructed wetland. Kruit et al. (2009) identified suspended 
particles as the major component of accidental peak discharges, but comprehensive 
information on particle peak discharges is currently lacking. The experimental approach 
used in study allowed us to make detailed observations on the behaviour of the suspended 
particles during retention in the CW.
 It can be expected that suspended particles discharged during actual WWTP 
malfunctioning are similar in composition (e.g. OM, metals, sand, micro-organisms) 
compared to suspended particles discharged during normal operating conditions. During 
heavy rain fall, however, WWTPs additionally receive relative high quantities of urban 
runoff, originating from roads, roofs, vehicles and gardens, containing relative high levels 
of heavy metals, oil and different micro-organisms of which the majority is associated with 
suspended particles (Milukaite et al. 2010; Davies and Bavor 2000; Makepeace et al. 1995). 
This specific type of peak discharge is, however, not addressed in this study.
 The large loss of lithium during retention in the unvegetated ponds was probably 
caused by incomplete mixing of the tracer with the WWTP effluent during the initial 
discharge. Mixing of the tracer prior to discharge in the CW (i.e. in the settling tank of the 
WWTP) may reduce the change of incomplete mixing. The minor loss of lithium during 
retention in the reed beds indicated however that lithium behaved as a conservative tracer 
and can be used as a reference for the peak behaviour of dissolved substances and showed to 
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be effective to determine the time of sampling at each sampling point. To generate a reference 
peak more specific for the behaviour of suspended particles future experiments should 
incorporate an artificial conservative particulate tracer like fluorescent beats (Leibundgut et 
al. 2009).
 The calculation of the peak load of each parameter was based on relative few 
measurements during and around the peak discharge (Leibundgut et al. 2009), but the large 
differences between the peak heights in relation to the background values in this study made 
reliable estimations of the buffering capacities possible. 
In general the method of generating a peak discharge was successful and enables the possibility 
for controlled inducing peak discharges of desirable suspended particle concentrations, 
hydraulic loading and duration, and showed to be a good tool to 1) test the buffering of 
suspended particles and faecal indicator organisms during peak discharge by a CW, and 
2) gain insight into the underlying purification mechanisms in the different functional 
compartments of a CW.

Peak behaviour: Mixing and diffusion
 During retention in the CW the changes in height and width of the lithium peak 
indicates the occurrence of mixing, diffusion and dispersion. In addition, tailing effect 
indicates the presence of dead zones and preference streams in the CW (Leibundgut et al. 
2009). These observations are in agreement with the large differences observed between the 
theoretical HRT (when calculated from the volume of the CW and the hydraulic loading), 
and the HRT determined using the lithium tracer. The presence of dead zones could 
positively affect the buffering of peak discharges by promoting lateral mixing and delaying 
the movement of small water volumes to move through the CW. On the other hand the dead 
zones reduce the effective volume of the compartments, thereby increasing the water velocity 
and consequently decreasing sedimentation rates and (interaction) time in the CW.
The decrease in peak maximum and loading of most parameters measured in this study 
was stronger in comparison with lithium, suggesting that the buffering of these parameters 
was only partially caused by mixing and diffusion and indicates the involvement of other 
processes.

Peak behaviour: Particles
 The strong buffering of the suspended particle peak during retention in the ponds 
was most likely primarily caused by sedimentation which has previously been identified as an 
important process for suspended particle removal in CWs (Sundaravadivel and Vigneswaran 
2001; Kadlec and Wallace 2008). Since sedimentation is dependent on the size, density and 
shape of suspended particles (Droppo et al. 1997; Dietrich 1982), the composition of the 
suspended particles influences the suspended particle peak behaviour. By using suspended 
particles from the deep layers of the WWTP settlement tank and mixing them with water 
from the top of the settlement tank it can be expected that the average particle size in the 
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suspended particle peak was larger compared to the suspended particles discharged during 
normal operating condition. In addition, the increased concentrations of suspended particles 
have caused increased rates of flocculation in the unvegetated ponds and consequentially 
increase the average size and weight of the suspended particles (Droppo et al. 1997; Chang 
et al. 2006). Large particles are subjected to higher sedimentation rates (Droppo et al. 1997), 
consequentially increasing the importance of sedimentation in the removal of suspended 
particles during the peak discharge compared to normal situations. 
 Besides sedimentation, increases in NH4, PO4 and IC concentrations at the outflow 
of the ponds indicate partial mineralization of the organic particles (Bridgham et al. 1998). 
However, the importance of mineralisation for the peak buffering is still unclear, because 
it was not possible to determine if the mineralisation occurred in the pelagic zone or in 
the benthic zone after sedimentation. Although no direct evidence is provided by this 
experiment, defragmentation into dissolved substances (Droppo et al. 1997) and ingestion 
by zooplankton (Kadlec and Wallace 2008; Decamp and Warren 1998) are other processes 
which can be expected to influence the buffering of suspended particle peak discharges during 
retention in the unvegetated ponds, but are probably of minor importance in comparison to 
sedimentation (Sundaravadivel and Vigneswaran 2001; Kadlec and Wallace 2008). The small 
remainder of the suspended particle peak (<1%) at the outflow of the ponds was buffered 
during retention in the reed beds. In these reed beds, the strong interaction between water 
and solid surfaces (reed stems and sediment), could cause retainment of suspended particles 
by e.g. biofilms growing on these surfaces (Stott and Tanner 2005; Eisenmann et al. 2001; 
Polprasert et al. 1998) thereby stimulating additional processes in the buffering of peak 
discharges.

Peak behaviour: Faecal indicator organisms
 The buffering of the E. coli and Enterococci peaks during retention in the unvegetated 
ponds was lower compared to the buffering of other suspended particles, indicating lower 
sedimentation rates. This observation is supported by previous research demonstrating that 
50-90% of E. coli in domestic and dairy wastewater is “free floating” or associated with small 
particles (<5µm) and that removal of E. coli in CWs by sedimentation is of minor importance 
(Davies and Bavor 2000; Boutilier et al. 2009). Although it is previously shown that the removal 
efficiency of faecal indicator organisms is positively correlated with inflow concentration 
(Vymazal 2005b), the removal efficiency of the E. coli during our experimentally induced peak 
discharge was not higher than removal efficiencies under normal operating conditions with 
lower loads. A possible explanation for this inconsistency could be a decrease in predation 
pressure on E. coli by zooplankton (previously recognized as an important pathogen removal 
process in CWs (Kadlec and Wallace 2008; Brookes et al. 2004) by an increase in additional 
food sources for the zooplankton species provided by the suspended particle peak. Reduced 
mortality or even regrowth of E. coli are other possible mechanisms (Kadlec and Wallace 
2008). For Enterococci¸ however, removal efficiency during retention in the unvegetated 
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ponds was higher in comparison to the background removal efficiency, indicating that the 
buffering of peak discharges of pathogens is a species specific process. 
 Differences in the hydrology and subsequent effects on sedimentation and mixing 
processes, could partially explain the large difference in E. coli removal efficiency between 
unvegetated ponds and reed beds. Another difference between the unvegetated ponds 
and reed beds is the presence of large surfaces on the reed stems that can be colonized by 
biofilms that are known for their capacity to retain pathogens (Stott and Tanner 2005; Balzer 
et al. 2010; Flood and Ashbolt 1999). Trapping of pathogens by biofilms is determined by 
the physical characteristics (size, shape, charge) of the pathogens (Eisenmann et al. 2001), 
indicating a pathogen specific retainment by biofilm. Although the buffering of E. coli was 
strong, concentrations at the outflow of the CW were still slightly increased by the peak 
discharge and elevated E. coli concentrations were discharge into the receiving surface water, 
posing a minor temporal increased health risk.

Conclusion
 The method used in this study successfully induced a real-time peak discharge, 
temporally increasing the suspended particle concentration and associated parameters, 
without affecting physicochemical parameters and dissolved nutrient concentrations. 
Difference between the relative low buffering of the faecal indicator organism peaks and 
strong buffering of the other suspended particles peak indicated differences in importance 
of individual removal processes between suspended particle types. Suspended particles were 
probably mostly removed by sedimentation and mineralization, where pathogens were more 
likely buffered by biofilm retainment, mortality and predation. Differences between the 
buffering of the E. coli and Enterococci peaks further indicate particle specific buffering of 
peak discharges. In general it has been shown that while maintaining a constant hydraulic 
loading surface flow constructed wetlands can strongly buffer accidental suspended particle 
peaks, and can henceforth be used as a tool to strongly reduce the impact of accidental 
suspended particle peaks to receiving surface waters. 
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