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Abstract
Suspended particles are considered as contaminants in treated wastewater and can 

have profound effects on the biological, physical and chemical properties of receiving aquatic 
ecosystems, depending on the concentration, type and nature of the suspended particles. 
Constructed wetlands are known to substantially reduce the concentration of suspended 
particles in treated wastewater, but hardly anything is known about the changes in the type 
and nature of these particles. Therefore, the aim of the present study was to investigate the 
changes in the physical and biological characteristics of suspended particles during residence 
in the full scale surface flow constructed wetland. The constructed wetland consists of 
unvegetated ponds and reed beds and receives treated municipal wastewater containing 
low concentrations of suspended particles. It was found that residence in the unvegetated 
ponds caused no major changes in particle concentration, but the organic content (53% to 
33%) and average size (4.3 µm to 3.7 µm) of the suspended particles did decrease, caused 
by sedimentation of large organic particles and addition of smaller inorganic particles most 
likely resulting from shore erosion. The bacterial species originating from the wastewater 
treatment plant (quantified by indicator organisms) decreased strongly in abundance (>90% 
reduction), especially during residence in the reed beds. Simultaneously the total abundance 
of bacteria gradually increased, indicating the replacement of the bacterial species present in 
the treated wastewater with other species during residence in the constructed wetland. These 
observations indicate that constructed wetlands change the nature and type of the suspended 
particles during residence in a constructed wetland and reduce the input of anthropogenic 
particles into receiving surface waters.



Suspended particles

23

Introduction
Suspended matter is defined as the filterable matter in the water column and consists 

of particles of highly variable type and origin (Wotton 1994). Suspended matter is involved 
in many biological, physical and chemical processes in aquatic ecosystems, like primary 
production, decomposition, nutrient cycling, energy transfer, contaminant binding, oxygen 
regulation, light absorption and temperature regulation (Noe et al. 2007; Bilotta and Brazier 
2008; Olsen et al. 1982; Dawson and Macklin 1998; Russell et al. 1998; Wetzel 2006; Droppo 
et al. 1997). The role of suspended matter in this complex set of processes depends on the 
concentration, nature and type of the suspended particles. In turn, the concentration and 
type of suspended matter is influenced by both internal processes such as sedimentation, 
resuspension, aggregation, disaggregation, decomposition, biomass growth, cell lysis and 
biofiltration, and external processes such as atmospheric deposition, shore erosion, chemical 
precipitation and land runoff (Wotton 1994; Zufall et al. 1998).

Municipal wastewater is a common anthropogenic source of suspended particles 
into aquatic ecosystems. Although regular treatment of domestic wastewater strongly reduces 
the concentration of suspended particles (Tchobanoglous, et al. 2004), suspended particles 
present in treated domestic wastewater still lead to alterations of the physical, biological and 
chemical properties of receiving aquatic ecosystems (Holeton et al. 2011; Bilotta and Brazier 
2008; Tchobanoglous et al. 2004).

Wetlands are known to reduce the suspended particles concentration (Kadlec and 
Wallace 2008; Knox et al. 2008) and constructed wetlands (CWs) are widely used for polishing 
(treated) municipal wastewater (Kadlec and Wallace 2008; Vymazal 2005; Mungasavalli and 
Viraraghavan 2006; Sundaravadivel and Vigneswaran 2001). Constructed wetlands (CWs) 
receiving higher inflow concentrations generally show substantial removal of suspended 
particles up to 90% (Ghermandi et al. 2007; van den Boomen et al. 2012; van den Boomen 
and Kampf 2012). However, CWs with low background concentrations of inflowing 
particles have been observed to produce equal or slightly increased outflow concentrations 
(Ghermandi et al. 2007; van den Boomen and Kampf 2012). Most research on particles in 
wetlands concentrates on bulk measurements of suspended matter. The understanding of the 
processes involved in and effects on the physical and biological composition of suspended 
particle during residence in constructed wetlands, is limited. 

The present study investigates biological and physical changes in the concentration, 
nature and type of suspended particles present in treated wastewater during residence in a full 
scale surface flow constructed wetland receiving treated domestic wastewater containing low 
concentrations of suspended particles. An extensive five year monitoring program including 
suspended particles and faecal indicator organisms concentrations, and physicochemical 
parameters was carried out together with intensive short term monitoring campaign 
focusing on particle size distribution, organic content, dissolved element concentrations, 
sedimentation, biota abundance and microscopy imaging to gain more insight into suspended 
particle dynamics in wetlands. 
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Material and methods

Study area
This study was carried out in a full scale surface flow constructed wetland (CW) 

located in Grou, The Netherlands. The CW was built in 2006 and receives treated municipal 
wastewater with a constant hydraulic load (1200 m3 day-1). The inflow of the constructed 
wetland leads treated wastewater through a series of three unvegetated ponds and four 
parallel reed beds, before being pumped into receiving surface water (channel) (Fig. 2.1).

The unvegetated ponds are open water systems with an average depth of 1.35 m, 
width of ±7.9 m, length of 55 m, volume between 360 and 440 m3 each and total hydraulic 
residence time (HRT) of 17.9 h (Fig 2.1). The reed beds are covered with Phragmites australis 
and have an average water depth of 0.40 m, width of ±11 m, length of 110 m, approximate 
volume of 443 m3 each and each receives a hydraulic load of ±300 m3 day-1 with an average 
HRT of 23.6 h. The total HRT of the CW was 41.5 h. Hydraulic residence times were calculated 
from the residence time distribution obtained by a tracer experiment using lithium chloride, 
performed in 2010. The average hydraulic residence time was determined at 50% passage of 
the lithium chloride load (Mulling et al. 2013). 

 

WWTP Receiving surface 
water

1200 m3 d-1

300 m3 d-1

300 m3 d-1

300 m3 d-1

300 m3 d-1

HRT: 17.9 h HRT: 23.6 h

Unvegetated ponds Reed beds

Fig. 2.1 Scheme of the surface flow constructed wetland in Grou, The Netherlands, receiving treated municipal 
wastewater. The CW consists of three unvegetated ponds followed by four parallel reed beds (Phragmites australis) 
from which the water is pumped into the receiving surface water. The hydraulic loading (m3 d-1) is controlled 
and maintained stable at the inflow of the unvegetated ponds and the hydraulic residence times (HRT) were 
determined by a tracer experiment (Mulling et al. 2013).

Five year monitoring
Monitoring of the CW was conducted over a five year period from 2007 until 2011 

and included analyses of suspended particles, E. coli and physicochemical parameters. The 
sample frequency was mostly monthly, but varied between sampling locations and in time 
over the five year period. Samples were taken at three sampling points, at the in- and out-
flow of the unvegetated ponds and at the out-flow of the reed beds (respectively PONDS-IN; 
PONDS-OUT; REED-BEDS-OUT). Samples were taken as point samples 0.2 m below the 
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water surface at the middle of the water body using a 10L vessel. Subsamples were taken for 
individual analyses and stored at 4°C prior to further analyses initiated within 24 h. Suspended 
particle concentrations were determined by filtration (GF-F; Ø47 mm, pore size 0.7 µm) and 
sequential drying and weighing of the filters according to standard methods (NEN-EN-872 
2005). Samples that were below the detection limit of 0.5 mg L-1 were included in further 
analyses with a value of halve the detection limit (0.25 mg L-1). E. coli concentrations were 
determined by membrane filtration according to standard methods (NEN-EN-ISO-9308-1 
2000). pH and dissolved oxygen were measured in situ according to standard methods NEN-
ISO-10523 (2008) and NEN-EN-ISO-5814 (1993), respectively. 

Particle characteristics and composition 
In the period of 2009 till 2011 three short term sampling campaigns (1 to 14 days) 

were conducted to quantify inorganic and organic content of suspended particles, suspended 
particle size distribution, bacteria, eukaryote, Enterococci and Clostridium perfringens 
abundance. 

Microscopic observations of suspended particles water samples (50 mL) were taken 
at the three sampling points in the CW and fixed with 37% formaldehyde (10% v/v). After 
fixation halve of the samples were filtered over 0.2 µm polycarbonate filters (Ø47 mm; 
Sartorius Stedim Biotech, Göttingen, Germany) and stored at -20°C till further analyses with 
environmental scanning electron microscopy (ESEM). The other halve of the samples were 
not filtered and stored at 4°C till analysed with light microscopy. Filters were analysed by 
ESEM under semi vacuum conditions (Hitachi TM3000, Tokyo, Japan) at a magnification of 
500×. The un-filtrated samples were left for particle settling at least 24 h before observation 
with an inverse light microscope. Settled material was transferred onto microscope slide and 
pictures of the particles were taken at a magnification of 500×.

The inorganic fractions were calculated after ignition (550°C) of filtered and dried 
suspended particles, according to standard methods (NEN-6499 2005). The organic content 
was converted to carbon content (mg C L-1) by assuming a carbon content in organic matter 
of 58% (Schulte and Hopkins 1996).  Suspended particle size distributions (2.0 and 100 
µm) were analysed in 20 mL water samples using a particle counter (PAMAS Waterviewer; 
PAMAS GmbH, Rutesheim, Germany; sensor: HCB-50/50). Analyses of the particle size 
distribution were conducted within one hour after sampling and stored at room temperature 
prior to analyses. 

For determination of the eukaryotes and bacteria abundance, water samples (50 
mL) were fixated with 37% formaldehyde (10% v/v) and subsequently filtered over 0.2µm 
polycarbonate filters (Ø47 mm; Sartorius Stedim Biotech, Göttingen, Germany) and stored 
at -20°C prior to further analyses. Using fluorescence in situ hybridization according to 
Glockner et al. (1996) eukaryotes and bacteria were coloured with specific probes, respectively 
EUKb310 (Baker et al. 2003) and EUB338mix (Daims et al. 1999). After hybridization the 
filters were mounted on microscope slides and embedded in anti-bleaching media (4:1), 
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Citifluor (AF1; Citifluor Ltd., Leicester, UK) and Vectashield (Vectorshield Laboratories, Inc., 
Burlingame, US) and spectral images were taken using a confocal laser scanning microscope 
(Nikon A1) at 600× magnification. Eukaryotes and bacteria were separated from the spectral 
images using linear unmixing (Zimmermann 2005) and the abundance was determined by 
image analyses (ImageJ; http://imagej.nih.gov/ij/). Cell counts were converted in carbon 
content (mg C L-1) by first calculating the biomass by multiplying the count with the average 
size, assuming spherical cells. The bacteria were then converted from abundance to carbon 
content by applying a conversion factor of 0.22 g cm-3 biomass (Bratbak and Dundas 1984). 
The eukaryotes carbon content was calculated by converting the biomass into dry weight 
(17%) and sequentially to carbon content (43%) (Omori 1969).

Samples for analysis of Enterococci and C. perfringens abundance were stored at 
4°C and analyses were initiated within 24 h after sampling. Concentrations of Enterococci 
were analysed by membrane filtration according to standardised methodology (NEN-EN-
ISO-7899-2 2000). C. perfringens concentrations were measured by membrane filtration 
using 0.45 µm membrane filters (Cellulose Nitrate; Ø47 mm). Filters were placed on Triptose 
Sulfite Cyclocerine medium (TSC-medium) under anaerobic conditions for 24 ±2 h at 45 
±1°C. After incubation black colonies were counted as C. perfringens. For conformation 
several colonies were transferred into Mobility-Nitrate reduction medium (BN-medium) 
and Lactose-Gelatine medium (LG-medium) and incubated at 37 ±1°C for 24 ±2 h. In 
BN-medium C. perfringens should produce gas, colour the medium yellow and prevent 
solidification of the medium, in LG-medium C. perfringens should colonise the complete 
medium volume and colour the medium red, with the addition of zinc this colour should 
diminish after ten minutes. This method is based on ISO/TC-147/SC4/WG5 (1995); ISO-
6461-2 (1986); NEN-EN-ISO-8199 (2007).

Additional measurements
Sedimentation traps were employed in 2010 at twelve locations in the sedimentation 

ponds (5, 4 and 3 locations in first, second and third unvegetated pond, respectively). At each 
location eight sedimentation traps were placed on top of the sediment (total number of traps: 
12×8=96). The sedimentation traps were 0.33 m high and 0.05 m wide (volume of 650 mL). 
After 29, 49, 93 and 168 h from each of the 12 locations two (out of 8) sedimentation traps 
with a combined volume of 1.3 L were recovered. The content of the traps were well mixed, 
re-suspending all sedimentated matter, transferred in glass 2 L bottles and stored at 4°C prior 
to analyses. The sedimentation samples were analysed as suspended matter samples within 
24 h after sampling, by filtration and sequential drying and weighing of the filters according 
to standard methods (NEN-EN-872 2005), by dividing these concentrations (mg L-1) by 
the total volume of the sedimentation traps the total amount sedimentated mass (mg) was 
calculated per location. Dividing the total of the sedimentated mass by the opening area 
of the sedimentation trap yielded the sedimentation per cm2. Per location linear regression 
was performed over the sedimentation per cm2 over the four time points to derive the 
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sedimentation flux (mg cm2 d-1).
Dissolved elements and nutrients were sampled by in-situ filtration (to minimize 

contact with the air) over a 0.2 µm nitrate cellulose membrane filter (Ø25 mm; Whatman, 
Kent, UK). Samples for element analyses (Al, Ca, Cd, Co, Cr, Cu, Fe, K, Li, Mg, Mn, Na, 
Ni, P, Pb, S, Se, Si, Sr, Zn) were acidified with nitric acid on location to approximately pH 
2 to prevent precipitation and stored at 4°C prior to analysis. The element concentrations 
were analysed using an ICP-AES (Optima 3000XL; AAnalyst 400, Waltham, USA). Nutrients 
(NH4, PO4, SO4) were analysed using an auto-analyser (Skalar San++System, Breda, The 
Netherlands) applying standard settings. 

Data analyses
Data was analysed using Microsoft Excel and PAST (Hammer et al. 2001). Most 

data was not normally distributed, thus non-parametric tests were used (Kruskal-Wallis) to 
analyses the data (PAST). The frequency plots were analysed with a G-test using Microsoft 
Excel. Regression analyses of the sedimentation rates were conducted in Microsoft Excel.

Results

Suspended particle concentrations
The input of suspended particles into the ponds was relative stable over the five year 

period without significant seasonal or daily differences in suspended particle concentrations 
(data not shown). The average suspended particle concentration (±s.e.) at PONDS-IN was 
3.6 ±0.3 mg L-1 (n=153). 76% of the measurements were below 5 mg L-1, eight measurements 
(5%) were above 10 mg L-1 and the maximum measured suspended particle concentration 
was 19.0 mg L-1 (Fig. 2.2). The average suspended particle concentration at PONDS-OUT 
was 5.6 ±0.73 mg L-1, significantly higher than at PONDS-IN (p<0.002) (Fig. 2.2a). The 
frequency plots of the measured suspended particle concentrations also showed a significant 
shift to higher values, with 40% of the samples above 5 mg L-1 (p<0.02) (Fig. 2.2b). The 
suspended particle concentration at PONDS-OUT also showed higher peak values with 
a maximum of 26.9 mg L-1. After passing the reed beds the average suspended particle 
concentration decreased significantly (p<0.05) to 3.9 ±0.44 mg L-1. These suspended particle 
concentrations were similar to the CW inflow concentrations at PONDS-IN. Besides the 
average concentration, the distribution of the suspended particles measurements at REED-
BEDS-OUT and at PONDS-IN did not differ significantly. 77% of the measurements at 
REED-BEDS-OUT were below 5 mg L-1 (n=52) and 8% measurements above 10 mg L-1 
(maximum concentration of 14.5 mg L-1). 
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Fig. 2.2 Boxplots of the suspended particle concentration (a) at the in and out flow of the unvegetated ponds and 
reed beds and frequency plots (b) of the suspended particle concentrations over the 5 year monitoring period. 
Boxplots represented with the median as the middle horizontal line and the average concentration as an x.  
PONDS-IN, n=153; PONDS-OUT, n=49; REED-BEDS-OUT, n=52. 

Particle characteristics and composition
Both ESEM and light microscopy images (Fig. 2.3a) showed relative high abundance 

of large particles at PONDS-IN, mostly consisting of organic matter, sand and plastics. Several 
diatoms were observed, of which most were empty shells. At PONDS-OUT the relative large 
particles were absent, although smaller particles of similar consistency were still observed 
(Fig. 2.3a). Several diatoms were also observed at PONDS-OUT, along with numerous small 
motile green algae. At REED-BEDS-OUT organic matter seemed less dense compared with 
the other two locations and large particles were dominated by several species of diatoms (Fig. 
2.3a).

At the beginning of the CW (PONDS-IN) the average (±s.e.) number of suspended 
particles with a size between 2.0 and 100 µm was 14.9x106 ±0.2x106 no. L-1 (Fig. 2.3b), 
and consisted mostly of particles between 2.0 and 3.0 µm (approximately 50%; data not 
shown). The average size of the particles at the PONDS-IN was 4.34 ±0.03 µm (Fig. 2.3b). At 
PONDS-OUT the total number of suspended particles with a size between 2.0-100 µm did 
not differ significantly from the PONDS-IN (15.1x106 ±0.2x106 no. L-1). The average particle 
size decreased significantly to 3.78 ±0.03 µm (p<0.001) (Fig. 2.3b), caused by a decrease of 
particle abundance larger than 8.0 µm (40% to 90%; positively correlated with size), while 
simultaneously particles below 5.0 µm increased in abundance between 10-20%. At REED-
BEDS-OUT the total number of suspended particles with a size between 2.0 and 100 µm was 
significantly lower, 9.5x106 ±0.2x106 no. L-1, compared to the PONDS-IN and PONDS-OUT 
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(p<0.001). During residence in the reed beds suspended particles below 8.0µm decreased 
between 30-45%, with only minor changes in suspended particle numbers above 8.0µm, 
resulting in an average particle size of 3.82 ±0.01 µm (Fig. 2.3b). 

On average (±s.e.) the suspended particles at PONDS-IN consisted of 53 ±3% 
organic matter which equals to an average organic carbon content of 1.10 ±0.08 mg C L-1 (Fig. 
2.3c). After residence in the unvegetated ponds (at PONDS-OUT) the average contribution 
of organic matter to the total suspended particles decreased significantly (p<0.01) to 33 
±6.5%, equalling an average organic carbon content of 1.07 ±0.14 mg C L-1 (Fig. 2.3c). During 
residence in the reed beds average organic carbon content decreased to 0.59 ±0.07 mg C L-1 

(Fig. 2.3c). 
During the residence in the CW the average bacteria abundance (±s.e.) significantly 

increased from 3.2x109 ±0.5x109 no. L-1 at PONDS-IN to, 4.9x109 ±0.2x109 no. L-1 at PONDS-
OUT and 7.9x109 ±0.8x109 no. L-1 at REED-BEDS-OUT (p<0.001). The average size of the 
bacteria at PONDS-IN was 0.59 ±0.19 µm, 0.81 ±0.22 µm at PONDS-OUT and 0.69 ±0.32 
µm at REED-BEDS-OUT.  Calculated back to organic carbon content this translates to 
respectively 0.07, 0.30 and 0.29 mg C L-1 at PONDS-IN, PONDS-OUT, REED-BEDS-OUT 
(Fig. 2.3d). The average abundance (no. L-1; ±s.e.) of eukaryotes did not differ significantly 
between PONDS-IN (5.0x109 ±0.6x109), PONDS-OUT (4.3x109 ±0.5 4.3x109) and REED-
BEDS-OUT (4.9x109 ±0.4x109). The average size of the eukaryotes at PONDS-IN was 
0.54  ±0.06 µm, 1.39 ±0.13 µm at PONDS-OUT and 1.08 ±0.12 µm at REED-BEDS-OUT.  
Calculated back to organic carbon content this translates to respectively 0.03, 0.47 and 0.25 
mg C L-1 at PONDS-IN, PONDS-OUT, REED-BEDS-OUT (Fig. 2.3d).

Indicator bacteria E. coli, Enterococci and C. perfringens all significantly decreasing in 
abundance during residence in the CW (p<0.01), were the decrease was on average 58 ±9% 
higher during residence in the reed beds compared to the unvegetated ponds, with a total 
decrease of respectively 1.89, 1.37 and 0.95 log10 CFU L-1. The contribution of these indicator 
organisms (CFU) to the total abundance of bacteria also decreased during residence in the 
CW from 0.029%, 0.005% and >0.001%, at respectively PONDS-IN, PONDS-OUT, REED-
BEDS-OUT (Fig. 2.3e).
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Fig. 2.3 Overview parameters measured at PONDS-IN (left column), POND-OUT (middle column) and 
REED-BEDS-OUT (right column) of the CW. a) Pictures include scanning electron microcopy (500x) and 
four revered light microscope images (500x) of suspended particles. b) Bar graphs: average (±s.e.) suspended 
particle concentration, number of suspended particles and average particle size. c) Pie graphs of the average 
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organic to inorganic fractions based on the ash weight. d) Pie graphs of the average distribution of organic matter 
over bacteria, eukaryotes (zooplankton and phytoplankton) and other particulate organic matter based on the 
calculated carbon content (mg C L-1). e) Bar graphs on the contribution of faecal indicator organisms (E. coli, 
Enterococci and C. perfringens) to the total bacteria abundance based of FISH bacterial counting (no. L-1) and 
indicator bacteria culturing (CFU L-1).

Additional measurements
In the unvegetated ponds the sedimentation fluxes (±s.e.) ranged between 8.57 ±1.27 

mg cm-2 d-1 and 0.39 ±0.04 mg cm-2 d-1 and decreased exponentially (r2= 0.96; p<0.001) with 
distance from the discharge point (Fig. 2.4).

During residence in the CW dissolved element concentrations of sodium, zinc and 
magnesium gradually increased by >13%, while calcium, potassium, strontium, and sulphur 
showed minor increases (Table 2.1). Besides the gradual increase of elements during residence 
in the CW, concentrations of dissolved (ortho)-phosphorus increased 6% during residence 
in the unvegetated ponds, at REED-BEDS-OUT the concentration decreased by 17%. 
Between PONDS-IN and PONDS-OUT the concentration of dissolved iron and ammonium 
decreased again by respectively 19% and 21%, and continued to decrease during residence 
in the reed beds by 31% and >97% respectively. The strong decrease in dissolved ammonium 
during residence in the reed beds is also seen in the dissolved concentrations of silicate and 
manganese both decreasing by 64% and 82%, respectively. Dissolved sulphate concentrations 
remained stable during residence in the CW and many dissolved metals concentrations were 
below the detection limit (Cd, Co, Cr, Ni, Pb, Se, Al and Cu).

The average pH was 7.6 ±0.03, 7.4 ±0.1 and 7.4 ±0.04 at respectively PONDS-IN, 
PONDS-OUT and REED-BEDS-OUT with a significant decrease between the average pH 
at PONDS-IN (p<0.001) compared with PONDS-OUT and REED-BEDS-OUT (Fig. 2.5). 
The average dissolved oxygen (DO) at PONDS-IN, PONDS-OUT and REED-BEDS-OUT 
were respectively 2.9 ±0.3, 4.8 ±0.5 and 5.3 ±0.7, with a significantly (p=0.02) lower DO 
concentrations at PONDS-IN than at POND-OUT. The DO concentrations showed high 
daily fluctuations at POND-OUT probably caused by the very local presence of submerged 
macrophytes, and daily and seasonal fluctuations at REED-BEDS-OUT were probably caused 
by temporal duck weed coverage or phytoplankton (data not shown; for detailed description, 
van den Boomen et al. 2012).
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Fig. 2.4 Sedimentation flux of suspended particles (mg cm-2 d-1; ±s.e.) in the unvegetated ponds with distance 
from the discharge point (PONDS-IN). Sedimentation rates were fitted with an exponential regression line 
(r2=0.96; p<0.001).

Table. 2.1 Dissolved element and nutrient concentrations (±s.e.) at PONDS-IN, POND-OUT and REED-BEDS-
OUT.

PONDS-IN PONDS-OUT REED-BEDS-OUT PONDS-IN PONDS-OUT REED-BEDS-OUT

(mg L-1) (mg L-1) (mg L-1) (mg L-1) (mg L-1) (mg L-1)

Al* 0.011 (0.002) 0.008 (0.001) 0.014 (0.004) Ni <0.001 <0.001 <0.001

Ca 69.1 (0.4) 73.1 (0.2) 72.3 (0.4) P 0.401 (0.012) 0.424 (0.000) 0.363 (0.003)

Cd <0.001 <0.001 <0.001 Pb <0.005 <0.005 <0.005

Co <0.001 <0.001 <0.001 S 8.39 (0.01) 9.08 (0.01) 9.14 (0.03)

Cr <0.001 <0.001 <0.001 Se <0.0126 <0.0126 <0.0126

Cu* 0.014 (0.007) 0.004 (0.003) 0.017 (0.002) Si 7.46 (0.08) 7.45 (0.01) 2.65 (0.06)

Fe 0.15 (0.006) 0.122 (0.002) 0.084 (0.003) Sr 0.273 (0.000) 0.294 (0.000) 0.299 (0.001)

K 15.7 (0.1) 16.7 (0.1) 16.5 (0.2) Zn 0.008 (0.001) 0.010 (0.000) 0.055 (0.058)

Li 0.011 (0.000) 0.012 (0.000) 0.013 (0.000)

Mg 15.9 (0.1) 17.6 (0.1) 18.4 (0.2) NH4 7.83 (0.09) 6.20 (0.22) <0.180

Mn 0.216 (0.000) 0.215 (0.003) 0.038 (0.000) PO4 1.05 (0.02) 1.19 (0.01) 1.01 (0.01)

Na 150.2 (0.4) 168.6 (2.7) 172.6 (1.1) SO4 26.7 (0.1) 26.3 (0.1) 26.4 (0.7)

 * Concentration above detection limit but possibly influenced by large measurements errors.
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Fig. 2.5 Average (±s.e.) pH (n=144; 47; 42) and dissolved oxygen (mg L-1; n=15; 33; 29) at PONDS-IN, POND-
OUT and REED-BEDS-OUT.

Discussion
The removal of suspended particles from treated wastewater is one of the major 

functions ascribed to constructed wetlands. In this study, however, we observed that the 
residence of treated municipal wastewater in a surface flow constructed wetland resulted in 
a minor net increase in the concentration of suspended particles. This apparent inefficient 
reduction of suspended particles in this study is in the first place linked to the very low inflow 
concentrations of suspended particles (3.6 ±0.3 mg L-1) which are similar to levels considered 
as background values in several other studies (Ghermandi et al. 2007; van den Boomen 
and Kampf 2012). But, more important, by analysing the nature and type of the suspended 
matter, we demonstrated that the concentrations of suspended particles originating from the 
wastewater treatment plant (WWTP) effluent are actually strongly reduced, but by addition 
of other particles during residence in the CW this reduction is masked when looking only at 
bulk measurements.

In the unvegetated ponds a sedimentation flux of 0.42 kg d-1 was calculated, which 
amounts to approximately 10% of the total daily input of suspended particles into the CW. 
The sedimentation of suspended particles decreased exponentially with distance from the 
discharge point, indicating that the sedimentation is mainly driven by particle size. This is 
supported by the significant decrease in average size of the suspended particles and suggests 
that most of the sedimentated particles are originating from the WWTP. The net increase 
of suspended particles at PONDS-OUT indicates that these sedimentated particles are 
replaced by particles of a different origin. In addition, the organic content of the suspended 
particles decreased during residence in the unvegetated ponds, which was most likely caused 
by sedimentation, fragmentation and decomposition of organic particles (Droppo et al. 
1997; Kadlec and Wallace 2008). The coinciding increase in inorganic particles could have 
been caused by diatom growth (SiO2), formation of precipitates or external input from the 
atmosphere or bank erosion. Diatoms were however sparse and no substantial growth was 
observed, probably caused by the relative short HRT in the unvegetated ponds (17.9 h) in 
relation to the maximum specific growth rate of phytoplankton (Smith 1980; Sarthou et 
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al. 2005; Sunda and Huntsman 1997). Precipitates (e.g. FeOOH, FePO4, AL(OH)3, AlPO4, 
CaCO3, CaSO4, (NH4)2SO4, metal-sulphates) may form when changes in pH and O2 occur 
(Kadlec and Wallace 2008). However, although such changes in pH and O2 were observed in 
the CW, only minor changes in the concentrations of dissolved precipitant forming elements 
and nutrients were observed (Fe, NH4,

 SO4) suggesting that the formation of precipitates is 
of minor importance. Also atmospheric deposition seems to be only a minor contributor to 
the increase of inorganic particles during residence in the unvegetated ponds: a daily input 
of 5-180 grams to the CW was calculated based on dry atmospheric mass deposition rates 
of several studies (Holsen et al. 1993; Zufall et al. 1998; Sweet et al. 1998). Assuming that 
this input is completely mixed in the CW this would equal a concentration addition of only 
4 to 150 µg L-1. However, bank erosion in the unvegetated ponds has been observed over 
the years of operation and is expected to be the major cause of the increase in inorganic 
suspended particles observed during residence in the unvegetated ponds. To increase the 
average concentration of suspended particles with 2 mg L-1, approximately 0.6 m3 of sand or 
0.8 m3 of clay has to enter the system, which seems to be plausible with visual observations 
on bank erosion in the studied CW.

In contrast to the unvegetated ponds, in the reed beds a significant decrease in 
both the concentration and number of suspended particles was observed. This decrease was 
mainly caused by the removal of particles smaller than 8.0 µm and it is expected that these 
small particles are being trapped by biofilms that are known to have the capacity to (both 
actively and passively) filter suspended particles from water, especially in the size range 
between 2-8 µm (Kadlec and Wallace 2008; Balzer et al. 2010; Chabaud, et al. 2006; Drury 
et al. 1993; Eisenmann et al. 2001; Stott and Tanner 2005). The reed stems in the reed beds 
provide a large surface area for the development of biofilms and the presence of these biofilms 
is corroborated by the microscopic images that revealed an increase in the abundance of 
diatoms that are often abundant in biofilms. In addition, the strong decrease of ± 4.8 mg 
L-1 in dissolved silica during residence in the reed beds also indicates substantial diatom 
growth (Struyf and Conley 2009). In the reed beds the abundance of bacteria significantly 
increased, but simultaneously indicator bacteria abundance, a proxy of bacteria originating 
from the WWTP, decreased and indicated strong changes in the bacterial community 
composition during residence in the reed beds. In general, during residence in the reed beds 
the concentration, nature and type of the suspended particles greatly changed, including the 
reduction of WWTP originating bacterial and replacement of phytoplankton community 
by biofilm associated diatoms. These changes are in concurrence with studies by Toet et 
al. (2005) and Hey et al. (1994) who observed similar changes in the suspended particle 
composition of treated wastewater during residence in constructed wetlands.



Suspended particles

35

Conclusion
It was shown that additional polishing of WWTP effluent by constructed wetlands 

may appear to be inefficient regarding the reduction of suspended matter at low inflow 
concentrations when only the total mass is considered, but by analysing more specific chemical 
and biological characteristics a strong conversion in the nature and type of the suspended 
matter was observed. Changes advance through the different functional components of 
the wetland: sedimentation of large organic particles and external input of small inorganic 
particles are dominant processes in unvegetated ponds, while in reed beds biological 
processes mark the transition from pathogenic to ‘natural’ microbial communities and from 
heterotrophic to phototrophic (diatom dominated) communities. Besides the reduction of 
high levels of suspended matter in treated wastewater, the capacity of constructed wetlands 
to change the nature and type of suspended matter is an additional tool to be used in the 
prevention of anthropological input into receiving surface waters.

 
Acknowledgments

This work was financed by the Foundation for Applied Water Research (STOWA) 
and supported by Witteveen+Bos, stichting Waternet, Wetterskip Fryslân and the Centre for 
Advanced Microscopy of the University of Amsterdam. Special thanks go out to supporting 
personnel, Hans van Nieuwenhuijzen, Michel Collin and Peter wind, Rinse van der Kooij 
and Marieke Soeter.



36

Chapter 2

References

Baker BJ, Hugenholtz P, Dawson SC and Banfield JF (2003). Extremely acidophilic protists from acid mine 
drainage host Rickettsiales-lineage endosymbionts that have intervening sequences in their 16S rRNA 
genes. Applied and Environmental Microbiology 69 (9), 5512-5518. 

Balzer M, Witt N, Flemming HCand Wingender J (2010). Faecal indicator bacteria in river biofilms. Water 
Science and Technology 61 (5), 1105-1111. 

Bilotta GS and Brazier RE (2008). Understanding the influence of suspended solids on water quality and aquatic 
biota. Water research 42 (12), 2849-2861. 

Bratbak G and Dundas I (1984). Bacterial Dry-Matter Content and Biomass Estimations. Applied and 
Environmental Microbiology 48 (4), 755-757. 

Chabaud S, Andres Y, Lakel A and Le Cloirec P (2006). Bacteria removal in septic effluent: Influence of biofilm 
and protozoa. Water Research 40 (16), 3109-3114. 

Daims H, Bruhl A, Amann R, Schleifer KH and Wagner M (1999). The domain-specific probe EUB338 is 
insufficient for the detection of all Bacteria: Development and evaluation of a more comprehensive probe 
set. Systematic and applied microbiology 22 (3), 434-444. 

Dawson EJ and Macklin MG (1998). Speciation of heavy metals in floodplain and flood sediments: a reconnaissance 
survey of the Aire Valley, West Yorkshire, Great Britain. Environmental Geochemistry and Health 20 (2), 
67-76. 

Droppo IG, Leppard GG, Flannigan DT and Liss SN (1997) The freshwater floc: A functional relationship of water 
and organic and inorganic floc constituents affecting suspended sediment properties. 43-53. 

Drury WJ, Characklis WG and Stewart PS (1993). Interactions of 1 mu-M latex-particles with Pseudomonas-
aeruginosa biofilm. Water Research 27 (7), 1119-1126.

Eisenmann H, Letsiou I, Feuchtinger A, Beisker W, Mannweiler E, Hutzler P and Arnz P (2001). Interception of 
small particles by flocculent structures, sessile ciliates, and the basic layer of a wastewater biofilm. Applied 
and Environmental Microbiology 67 (9), 4286-4292. 

Ghermandi A, Bixio D and Thoeye C (2007). The role of free water surface constructed wetlands as polishing 
step in municipal wastewater reclamation and reuse. Science of The Total Environment 380 (1–3), 247-258. 



Suspended particles

37

Glockner FO, Amann R, Alfreider A, Pernthaler J, Psenner R, Trebesius K and Schleifer KH (1996). An in situ 
hybridization protocol for detection and identification of planktonic bacteria. Systematic and Applied 
Microbiology 19 (3), 403-406. 

Hammer Ø, Harper DAT and Ryan PD (2001). PAST: Paleontological statistics software package for education 
and data analysis. 4 (1), 1-9. 

Hey DL, Kenimer AL and Barrett KR (1994). Water-Quality Improvement by 4 Experimental Wetlands. Ecological 
Engineering 3 (4), 381-397. 

Holeton C, Chambers PA and Grace L (2011). Wastewater release and its impacts on Canadian waters. Canadian 
Journal of Fisheries and Aquatic Sciences 68 (10), 1836-1859. 

Holsen T, Noll K, Fang G, Lee W, Lin J and Keeler G (1993). Dry Deposition and Particle-Size Distributions 
Measured during the Lake-Michigan Urban Air Toxics Study. Environmental science & technology 27 (7), 
1327-1333.

ISO/TC-147/SC4/WG5 (1995).Microbiological methods: Sulfite reducing clostridium.

ISO-6461-2 (1986). Water quality -- Detection and enumeration of the spores of sulfite-reducing anaerobes 
(clostridia) -- Part 2: Method by membrane filtration. 

Kadlec RH and Wallace SD (2008) Treatment wetlands. CRC Press, Florida, . 

Knox AK, Dahgren RA, Tate KW and Atwill ER (2008). Efficacy of natural wetlands to retain nutrient, sediment 
and microbial pollutants. Journal of Environmental Quality 37 (5), 1837-1846. 

Mulling BTM, van den Boomen RM, van der Geest HG, Kappelhof JWNM and Admiraal W (2013). Suspended 
particle and pathogen peak discharge buffering by a surface-flow constructed wetland. Water research 47 
(3), 1091-100. 

Mungasavalli DP and Viraraghavan T (2006). Constructed wetlands for stormwater management: A review. 
Fresenius Environmental Bulletin 15 (11), 1363-1372. 

NEN 6499 (2005). Environment - Umbrella Standard For The Determination Of Suspended Solids And Dry 
Residue And Their Residues On Ignition . 

NEN-EN-872 (2005). Water quality - Determination of suspended solids - Method by filtration through glass 
fibre filters. 



38

Chapter 2

NEN-EN-ISO 5814 (1993). Water quality - Determination of dissolved oxygen - Electrochemical probe method. 

NEN-EN-ISO-7899-2 (2000). Water quality - Detection and enumeration of intestinal enterococci - Part 2: 
Membrane filtration method. 

NEN-EN-ISO-8199 (2007). Water quality - General guidance on the enumeration of micro-organisms by culture. 

NEN-EN-ISO-9308-1 (2000). Water quality - Detection and enumeration of Escherichia coli and coliform 
bacteria - Part 1: Membrane filtration method. 

NEN-ISO-10523 (2008). Water quality - Determination of pH. 
 
Noe GB, Harvey JW and Saiers JE (2007). Characterization of suspended particles in Everglades wetlands. 

Limnology and Oceanography 52 (3), 1166-1178. 

Olsen CR, Cutshall NH, Larsen IL (1982). Pollutant Particle Associations and Dynamics in Coastal Marine 
Environments - a Review. Marine Chemistry 11 (6), 501-533. 

Omori M (1969). Weight and chemical composition of some important oceanic zooplankton in the North Pacific 
Ocean. Marine Biology 3 (1), 4-10. 

Russell MA, Walling DE, Webb BW and Bearne R (1998). The composition of nutrient fluxes from contrasting 
UK river basins. Hydrological Processes 12 (9), 1461-1482. 

Sarthou G, Timmermans K, Blain S and Treguer P (2005). Growth physiology and fate of diatoms in the ocean: a 
review. Journal of Sea Research 53 (1-2), 25-42. 

Schulte EE and Hopkins BG (1996). Estimation of soil organic matter by weight loss on ignition. In: Magdoff FR, 
Tabatabai MA and Hanlon EA (Eds.). Soil organic matter: Analysis and interpretation. SSSA Spec. Publ., 
Madison, 21-31. 

Smith R (1980). The Theoretical Basis for Estimating Phytoplankton Production and Specific Growth-Rate from 
Chlorophyll, Light and Temperature Data. Ecological Modelling 10 (3-4), 243-264. 

Stott R and Tanner CC (2005). Influence of biofilm on removal of surrogate faecal microbes in a constructed 
wetland and maturation pond. Water Science and Technology 51 (9), 315-322. 

Struyf E and Conley DJ (2009). Silica: An Essential Nutrient in Wetland Biogeochemistry. Frontiers in Ecology 
and the Environment 7 (2), pp. 88-94. 



Suspended particles

39

Sunda W and Huntsman S (1997). Interrelated influence of iron, light and cell size on marine phytoplankton 
growth. Nature 390 (6658), 389-392. 

Sundaravadivel M and Vigneswaran S (2001). Constructed wetlands for wastewater treatment. Critical Reviews 
in Environmental Science and Technology 31 (4), 351-409. 

Sweet C, Weiss A and Vermette S (1998). Atmospheric deposition of trace metals at three sites near the Great 
Lakes. Water Air and Soil Pollution 103 (1-4), 423-439. 

Tchobanoglous G, Burton FL and Stensel HD (2004). Wastewater Engineering: Treatment and Reuse. McGraw-
Hill, New York. 

Toet S, Van Logtestijn RSP, Schreijer M, Kampf R and Verhoeven JTA (2005). The functioning of a wetland system 
used for polishing effluent from a sewage treatment plant. Ecological Engineering 25 (1), 101-124. 

van den Boomen R and Kampf R (2012). Waterharmonica’s in the Netherlands 1996-2011: from WWTP effluent 
till usable surface water. ISBN.978.90.5773.559.2 STOWA 2012-12 (in Dutch)

van den Boomen R, Kampf R and Mulling BTM (2012). Research on suspended particles and pathogens in the 
Waterharmonica (constructed wetland). ISBN.978.90.5773.553.0 STOWA 2012-10 (in Dutch)

Vymazal J (2005). Constructed wetlands for wastewater treatment. Ecological Engineering 25 (5), 475-477. 

Wetzel RG (2006) Wetland ecosystem processes. In: Batzer D.P, S.R.R. (Ed.), Ecology of freshwater and estuarine 
wetlands. University of California Press, Ltd., Berkeley and Angeles, 285-312. 

Wotton RS (1994). The biology of particles in aquatic systems. CRC Press, Inc., Boca Raton, Florida. 

Zimmermann T (2005). Spectral imaging and linear unmixing in light microscopy. Microscopy Techniques 95, 
245-265. 

Zufall M, Davidson C, Caffrey P and Ondov J (1998). Airborne concentrations and dry deposition fluxes of 
particulate species to surrogate surfaces deployed in Southern Lake Michigan. Environmental science & 
technology 32 (11), 1623-1628. 




