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Abstract 
 Over the last 30 years, constructed wetlands (CWs) have been used as an alternative, 

cost-efficient way of treating wastewater, mainly in combination with conventional 

wastewater techniques. In the context of circular economy and water reuse applications, 

policymakers have to take precautionary measures regarding water safety, water supply and 

the acute effects of contamination from surface water. Consequently, water and wastewater 

companies in the Netherlands are obliged to perform Quantitative Microbial Risk 

Assessment (QMRA) every three years in order to monitor water quality, calculate the risk of 

infection, and improve water supply safety. Moreover, RIVM has developed a tool named 

QMRAspot to analyze and conduct QMRA for specific pathogens that can be found in water 

sources. KWR contributes to this effort by building a knowledge base regarding pathogen 

removal and providing RIVM with log removal values from various wastewater processes 

using another computational tool called Watershare Treatment Calculator. The process of 

constructed wetlands for wastewater treatment is currently missing from their knowledge 

base.  

 The objective of this paper is to quantify the log removal of pathogens from 

constructed wetlands as a basis for QMRA of water reuse applications. In that way, it will 

contribute to the efforts of KWR for the development of a knowledge base. To do that, a 

systematic literature review for the creation of a complete dataset with all the necessary 

information regarding pathogen removal was performed. Furthermore, three predictive 

models (one for every type of CW) were developed in order to be incorporated into the 

Watershare treatment calculator. The models gave log removal values of pathogens based 

on specific parameters such as Hydraulic Retention Time (HRT) and Hydraulic Loading Rate 

(HLR) of CWs. Additionally, a storyboard for the Graphical User Interface (GUI) in the 

platform of the treatment calculator was created.  

 Based on the systematic literature review, the average log removal for Free Water 

Surface, Subsurface Horizontal, and Vertical Flow CWs was 1.6, 1.7, and 2.12 log respectively 

suggesting that CWs can only be used for wastewater polishing when they are combined 

with conventional wastewater treatment systems. Moreover, all three types of CW showed 

great variability in log removal with ranges between 0.07-6.08 log, indicating that the 

complexity of these systems makes it difficult to draw robust conclusions on their 

performance. Contrary, the results of the predictive models were promising since the 

predictive models showed great residuals in terms of R2, RMSE, MAE, and the correlation 

between observed and predicted values. That means that predicted values of pathogen 

removal with high precision can be extracted. 

 Overall, the created dataset, and predictive models can provide guidance to 

municipalities and water boards regarding the polishing ability of CWs and lay the 

foundations for a better understanding of the design and operational parameters of CWs 
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since the decision makers are able to know the required values of HRT and HLR, in order to 

achieve a certain degree of pathogen removal from their CW. 
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1. Introduction  

1.1 Constructed wetlands for wastewater treatment 
Constructed wetlands (CWs) have proven to be an alternative, easily operated and 

cost-efficient system that can be applied to wastewater (WW) purification, municipal 
sewage (Vymazal, 2005), or polishing of a wastewater treatment plant (WWTP) effluent 
(Toet et al., 2005). Moreover, the use of CWs provides an additional ecological and 
recreational value through the creation of habitats, preservation of wildlife and social 
acceptance, making them preferable compared to conventional technical systems in terms 
of ecosystem services (Rousseau et al., 2008). However, CWs can have disadvantages like 
low nutrient removal efficiency (Vymazal, 2005) as well as limitations regarding 
microbiological degradation processes with several factors affecting the process like 
temperature and seasonal variations (Akratos & Tsihrintzis, 2007). Furthermore, while 
conventional engineered wastewater treatment has already proven to be efficient in the 
removal of the majority of compounds, they come with the disadvantage of environmental 
degradation and high energy consumption amongst others (Weber & Legge, 2008). 
Therefore, a potential combination of these natural systems with engineered treatments like 
oxidation, MBR (membrane bio-reactor) or anaerobic reactors as a pre or post-treatment, 
can overcome these disadvantages and even enhance the efficiency of the combined Natural 
and Engineered Systems (cNES) as it combines the removal mechanisms of both system 
types (Liu et al., 2015).    

 When the end product of wastewater treatment is destined for water reuse 
applications like drinking water or irrigation, pathogenic bacteria that can be found in the 
effluents, are of great importance for effective removal. While natural systems can remove 
the remaining micropollutants of conventional WW treatments adequately when they are 
attached at the end of them (a schematic representation of pathogen removal and cNES can 
be found in Figures 1 and 2 respectively), recent studies have shown that when CWs are 
used as the main wastewater treatment method for agricultural reuse of effluents, they 
perform poorly on meeting the accepted limit of microbial contamination (Lavrnić & 
Mancini, 2016; Marecos do Monte & Albuquerque, 2010). Therefore, the need for a 
comprehensive exploration of the performance of CWs on pathogen removal as a 
standalone wastewater treatment method or as a combined treatment is imperative. 

1.2 KWR and QMRA treatment calculator 
KWR has a water-wise world research program which focuses on an optimal 

organization and management of the water cycle, having the concept of circular economy as 
a key driver. Part of the planning of KWR is to build a knowledge base for pathogen removal 
by various water and wastewater treatment processes, through collaborations with different 
projects such as AquaNES1 and BTO2 (Smeets, 2017). The process of natural systems for 
wastewater treatment or the combination between natural and engineered systems is 
currently missing from the knowledge base.  

                                                      
1AquaNES will catalyze innovations in water and wastewater treatment processes and management through improved combinations of 

natural and engineered components. Among the demonstrated solutions are natural treatment processes such as bank filtration (BF), 
managed aquifer recharge (MAR) and constructed wetlands (CW) plus engineered pre- and post-treatment options. More info: 
www.aquanes.eu 
2 Joint drinking water research program. 
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Figure 1: Schematic representation of the removal mechanisms of pathogens in constructed wetlands. Source: Lopez et al., (2019). 

 

 

Figure 2: Combination of constructed wetlands and technical treatments. Source: AquaNES-WP3: Constructed wetlands and other 
natural systems for improved wastewater treatment. 
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Water can contain various contaminants which can be either microbial or chemical 
and can cause detrimental health effects if a specific dose is consumed. Specifically, 
microbial contamination can have harmful effects, even at low levels of exposure (Hrudey & 
Hrudey, 2004). Conventional wastewater treatment techniques for pathogen removal have 
proven to be both efficient and reliable. Techniques like activated sludge, or slow sand 
filtration are usually the preferred methods. In many cases, tertiary treatment is required 
when strict guidelines for drinking water are applied (Weber & Legge, 2008). If tertiary 
treatment via UV disinfection or chlorination is not performed, chances are that pathogens 
can be found in discharge locations from wastewater effluents. Also, livestock and wildlife 
can contribute to the recontamination of surface water (McAllister & Topp, 2012). 
Considering the acute effects of contamination and in the context of circular economy and 
water reuse applications that continuously come to light (Sgroi et al., 2018; Miller, 2006), 
precautionary measures must be taken by policymakers and water managers. Consequently, 
the microbial risk is the main concern when it comes to water supply systems. Therefore, 
water companies in the Netherlands that treat wastewater, are obliged to perform a 
quantitative microbial risk assessment (QMRA) every three years as described by Bichai & 
Smeets (2013) Figure 3 demonstrates the organizational composition and the relevant 
stakeholders of the Dutch water industry involved in the QMRA cycle. Several steps need to 
be taken from different departments in order to monitor water quality, calculate the risk of 
infection, evaluate the assessment and finally improve water supply safety.  

 

Figure 3: Steps and stakeholders involved in the Dutch legislative QMRA cycle (drinking water). Box color in the cycle corresponds to the 
main actor in that step. Dots colors correspond to other actors involved. Source: Bichai and Smeets, (2013). 
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1.2.1 QMRA 

 The adoption of alternative wastewater treatment methods requires the necessary 
attention and appropriate scientific tools that will enable any water manager to assess any 
risk associated with water reuse applications. Moreover, the design of a framework that has 
as a priority to define the safety of public health through targets, limits, and estimations of 
risks, is considered a reliable option. Furthermore, a quantitative risk estimate has to be 
implemented in order to interpret how risks are associated with the corresponding costs. 
Consequently, a need for a Quantitative Microbial Risk Assessment (QMRA) for the 
implementation of a multidisciplinary and flexible regulation that meets the challenges of 
water supply and water scarcity on a global scale is needed (Figure 4). Therefore, when it 
comes to complying with a health target through the implementation of QMRA the following 
steps have to be taken (Bichai & Smeets, 2013). 

1. Characterization of the microbial contamination from the water source. 
2. Assessment of the pathogen removal from various treatment processes based on 

literature review, modeling or removal of indicator organisms that are easier to 
monitor. 

3. A calculation of risk of infection of a specific population based on the measurement 
of pathogen dose response and the courses of exposure. 

4. Disability-Adjusted Life Years (DALYs3) are calculated from the risk of infection of a 
person, by estimating the possibility of sickness and the potential impact on the 
person’s quality of life from its severity or even death. 

5. Finally, the estimated risk is evaluated according to the selected health target that 
has been set by the regulator. 

  

                                                      
3 The tolerable recommended value from WHO is 10-6 DALYs (WHO, 2006). Although for the Dutch legislative 
the theoretical risk of infection is 10-4 DALYs (Bichai & Smeets, 2013). 

Figure 4: QMRA is a  tool for combining quantitative scientific data related to water-related disease pathways to 
support water safety management. Source: WHO, 2016. 
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1.2.2 Treatment calculator 

For the Dutch legislative QMRA of drinking water, RIVM4 has developed a tool to 
analyze and conduct QMRA for specific index pathogens named QMRAspot using as input 
raw data in the proper format (Schijven et al., 2014). As already mentioned, KWR has the 
ambition of creating a knowledge base regarding pathogen removal from various WW 
treatment techniques (Smeets, 2017). If no raw data is available as an input in QMRAspot for 
the implementation of QMRA, KWR provides log removal values based on literature review 
in the form of another user-friendly computational tool called Watershare Treatment 
Calculator. This tool provides access to the most up to date information in treatment 
efficiency and log removal values of various pathogens, so that the end user like 
municipalities or water companies, does not have to perform literature reviews every time a 
QMRA is needed. This treatment calculator is based on a predictive model that uses as input 
a large quantitative data set of pathogen removal values from different case studies and 
different treatments of wastewater. By implementing a systematic literature review, the end 
user has access to transparent, evidence-based information, the format of which enables 
interactive meta-analysis. Therefore, it enables the user to have a complete overview of log 
removal values depending on the selected pathogen and their corresponding attributes, thus 
being able to calculate the risk of infection by pathogenic microorganisms in drinking water 
(Smeets, 2017).  

Figure 5 is a screenshot of the computational tool, using UV as an option of 
treatment and it will serve as an example here since the CW option is missing. The user has 
access to all available data from the literature review, including the original references of the 
data. Moreover, there is an option to choose a variety of attributes like type of treatment, 
pathogen or type of water source. After selecting the desired attributes, the meta-analysis of 
the data determines the model constants, that lead to the creation of a predictive model. 
The final outcome provides a fitted line that shows the variation of log removal values 
regarding a specific UV dose, as well as the equation that is used to calculate the reduction 
of pathogens based on specific parameters, generated from the model. 

 

Figure 5: The log removal of Campylobacter using UV treatment through QMRA treatment calculator. Source: Watershare.eu. 

                                                      
4 The Netherlands National Institute for Public Health and the Environment is a Dutch research institute that is an independent agency of 

the Dutch Ministry of Health, Welfare and Sport. Source: Wikipedia. 
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1.3 Problem description and knowledge gap 
During the last twenty years, a lot of scientific papers and books have been published 

regarding the characteristics of CWs and their pathogen removal performance including 
Vymazal et al. (2006), Kadlec & Wallace (2008) and Vymazal & Kröpfelová (2008). What is 
common in these papers is the complexity and heterogeneity that characterizes these 
natural systems. The contaminant removal processes include physical, chemical and 
biological processes that can take place simultaneously and therefore it can be quite 
challenging to specify the main factors that are responsible for the removal of pathogens 
and draw valid conclusions. Moreover, even though the treatment calculator developed by 
KWR is a well-documented tool and there are various options for the selection of treatment 
like UV, ozonation or slow sand filtration, the option of a CW treatment is still missing. That 
is because up until now, a comprehensive and detailed dataset which includes the log 
reduction of pathogens from natural systems under the influence of specific parameters, and 
the development of a predictive model are missing. Therefore, the aim of this paper is to 
cover the knowledge gap by contributing to the efforts of KWR for the development of a 
knowledge base for pathogen removal through constructed wetlands.  

 

1.4 Research objective and research question 
As already mentioned, constructed wetlands are complex systems that have raised 

interest in the scientific community for many years now. Therefore, a more generic approach 
to the removal efficiency of these systems could possibly shed more light in the ''black box'' 
that is constructed wetlands.  The objective of this paper is to contribute to the efforts of 
KWR for the development of a knowledge base for pathogen removal through constructed 
wetlands. In order to do that, a complete dataset with all the necessary information 
regarding pathogen removal will be created first. Furthermore, this dataset can be 
incorporated into the treatment calculator by the means of a predictive model. The model 
will give log removal values of pathogens based on specific parameters. Therefore, in order 
to cover the knowledge gap, the research question can be described as:  

’’Quantifying the log reduction of pathogenic microorganisms by constructed wetlands as a 
basis for Quantitative Microbial Risk Assessment (QMRA) of water reuse applications’’. 
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2. Constructed wetlands  
Constructed wetlands are alternative engineered systems that are based on the use of 

emerging plants such as bulrush or reeds for the purification of wastewater (Hunt et al., 
2003; Kadlec & Wallace, 2009; Vymazal, 2010). The definition of a constructed wetland given 
by Nuttall et al. (1998), is described as a man-made system designed to replicate the 
operation of a natural wetland. The purpose of this system can either be for treating 
wastewater and stormwater or for different reasons like recreational activities or the 
implementation of nature-based solutions. Furthermore, they have the same capacity and 
functionality as natural wetlands, but without the limitations that are related to the disposal 
or regulation of effluents to natural ecosystems, site selection, flexibility in sizing and control 
of retention time (Vymazal & Kröpfelová, 2006). Therefore, these environmental-friendly 
treatment systems are considered to be a simple alternative method of treating wastewater 
that contributes to the applications of water reuse and water reclamation (Sultana, 2014). 

Compared with conventional WWTPs, constructed wetlands are more attractive and 
easy to operate, with great applicability in small rural communities and especially in 
developing countries, (Jamieson et al., 2007; Kivaisi, 2001). Modern constructed wetlands 
are designed in such a way as to emphasize the features of wetland ecosystems. Various 
physical, chemical and biological processes take place for the purification of wastewater 
including sedimentation, precipitation, adsorption, absorption by plant tissues, and 
microbial transformations as can be seen in Figure 6 (Vymazal & Kröpfelová, 2006). 
Moreover, the removal of pollutants in CWs depends on the design characteristics of the 
wetland, the microbial community, as well as the various plant species that have been 
planted (Ibekwe et al., 2003).  

 

Figure 6: Processes of a constructed wetland. Source: Truijen and van der Heijden, (2013). 
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2.1 Hydraulic Retention Time and Hydraulic Loading Rate 

2.1.1 Hydraulic Retention Time 

 Hydraulic Retention Time (HRT) is defined as the time a molecule stays inside a 
wetland on average, from the time it enters to the time it exits (Dotro et al., 2017). It is 
closely connected to the inactivation of pathogens since the more time a pathogen spends in 
the CW, the longer the contact time with biofilms and predators and therefore, the better 
the removal (Alexandros & Akratos, 2016). A lot of studies have concluded that there is a 
positive correlation between the microbial inactivation and HRT (Vymazal, 2005a; Tanner et 
al., 1995; Garcia et al., 2003). 

2.1.2 Hydraulic Loading Rate 

 Hydraulic Loading Rate is another design factor that is correlated with pathogen 
removal (Tanner et al., 1995; Arias et al., 2003). Moreover, HLR is connected directly with 
HRT since they are inversely proportional. Subsequently, prolonged HRTs lead to a decrease 
in influent flow, thus enabling wastewater to flow slowly around substrate particles, leading 
to enhanced removal (Olsson, 2011). 

2.2 Types of constructed wetlands 
Constructed wetlands can be classified in three main categories depending on their water 
flow regime and these are: 

• Free water surface (FWS) constructed wetlands that have areas of open water and 
behave similarly to natural wetlands. 

• Subsurface horizontal flow constructed wetlands (SSHFCW), which typically consist of 
a gravel bed covered with wetland vegetation. The water flows constantly below the 
surface of the bed in a horizontal direction.  

• Vertical flow constructed wetlands (VFCW), where the main difference compared 
with SSHFCWs is that water percolates vertically through sand or a gravel bed 
planted with vegetation. The influent enters through perforated pipes which are 
distributed over the surface in the form of a grid. 

Each of these three categories demonstrates different layouts, media, efficiency and flow 
patterns (Kadlec & Wallace 2008). 

2.2.1 Free water surface constructed wetlands 

 This type of CW consist of open water which flows horizontally through floating 
vegetation and emergent plant attached to parallel basins, canals or ditches. The flow 
regime can be regulated with the use of dikes and levees. During the passage of water 
through the surface, physical, biological, and chemical processes start to occur with 
sedimentation, filtration, oxidation, adsorption, and precipitation being the most important. 
The schematic representation of this type is shown in Figure 7 (Kadlec and Wallace, 2009). 
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Figure 7: A schematic representation of a FWS CW. Source: White, (2013). 

 A typical FWS CW usually contains dense emerging macrophytes which are covering 
more than 50% of the surface. In many cases, indigenous plant species can appear in such 
wetlands mainly due to open space (Kadlec, 1995). Furthermore, the water flows 
horizontally through the surface with an average depth of 10-15 cm while the depth of the 
basin is between 40 and 60 cm (Vymazal, 2010). 

FWS CWs are particularly effective in removing total suspended solids (TSS) through 
sedimentation and filtration processes (Kadlec & Knight, 1996). The influent that contains 
particulate and dissolved pollutants, diffuse over the surface and percolates through 
emerging or submerged vegetation. Moreover, these systems are efficient in Nitrogen 
removal through the processes of nitrification and denitrification (Kadlec et al., 2000). 

 Regarding their performance in the removal of pollutants, they are particularly 
effective and resilient through various weather conditions. However, low temperatures can 
create ice formation along the surface which can inhibit the hydraulic operation, since the 
rates of various removal processes can be significantly reduced (nitrogen conversion 
processes). This dysfunction can be attributed to the fact that the transfer of oxygen from 
the atmosphere to the body of water is reduced due to the creation of an ice layer on top of 
the surface. Subsequently, this results in reduced efficiency of oxygen-dependent processes. 
On the contrary, the removal of suspended solids is more efficient in cold than in summer 
months. Therefore, a common tactic is to store water during the winter months and then 
treat it during summer for maximum efficiency of the CW.  

 One of the main disadvantages of FWS CWs originates from their own function, as 
they imitate to a large extent to natural wetlands since a great variety of birds, insects, 
mollusks, and mammals find shelter in these areas (Kadlec & Knight, 1996). Therefore, the 
potential risk of recontamination from wildlife and the acute effects of human exposure to 
pathogenic microorganisms, make FWS unsuitable for secondary treatment. Instead, they 
find great usage when they are attached to a secondary or tertiary treatment for polishing of 
the effluent. Moreover, another disadvantage is the fact that they require an extensive land 
area to function properly (Kadlec & Wallace 2008). 
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2.2.2 Subsurface horizontal flow constructed wetlands 

 SSHFCWs are the most widespread subsurface wetland systems around the world. 
They consist of wetland vegetation attached on a bed that usually consists of gravel or sand. 
Typically, they comprised of an inlet zone, a clay or synthetic material, a suitable inert filler 
material, and an outlet piping with a water level control. The wastewater-which usually is 
primary effluent- flows horizontally beneath the surface of the media and percolates slowly 
through the rooted zone of the vegetation until it reaches the outlet area where usually it is 
collected and distributed through the level control tank (Kadlec & Wallace 2008). During its 
movement towards the outlet zone of the wetland, water meets a series of aerobic, anoxic 
and anaerobic zones that most of the time take place in the rhizosphere (Brix, 1987; Cooper 
et al., 1996). There, the bacteria that are attached to the plant’s roots but also to the soil 
initiate aerobic and anaerobic processes of biodegradation. For the aerobic processes, the 
oxygen supply is coming directly from the atmosphere or from the plant’s roots. Since as 
already mentioned, the wastewater is ‘’sealed’’ beneath the surface, the transport of oxygen 
coming from the atmosphere is not enough to meet the needs of this process in the 
rhizosphere. Therefore, the anoxic and anaerobic biodegradation outweighs the aerobic 
process and it plays an important role in the purification of water in subsurface horizontal 
wetlands (Brix, 1990; Vymazal & Kröpfelová, 2006).  

 One of the biggest advantages of SSHFCW is the fact that because the water is 
flowing beneath the surface, it is not exposed to the environment. Therefore, there is limited 
risk associated with wildlife recontamination and exposure to pathogens. Additionally, 
because of the insulation of the surface, SSHFCW can operate better than FWS CW under 
low temperatures. On the contrary, clogging of the media substrate is one of the main 
drawbacks of these systems. Compared to the FWS systems, they are more expensive 
regarding maintenance and they are the number one option for secondary treatment in 
small communities and single-family homes (Wallace & Knight, 2006; Cooper et al., 1996).  A 
schematic representation of a typical SSHFCW can be found in Figure 8. 

 

Figure 8: Schematic representation of a SSHFCW. Source: Dotro et al., (2017). 
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2.2.3 Vertical flow constructed wetlands 

 Vertical flow (VF) constructed wetlands-along with several modifications that exist-
are particularly popular in Europe as they require smaller areas for their construction 
compared with the SSHFCW. These systems resemble the dosage scheme that is used in 
sand filters mainly because of the surface flooding of the bed (pulse loading) during a single-
pass configuration (Kadlec & Wallace 2008). The main difference regarding the flow regime 
is the vertical flow of the wastewater penetrating through the soil layers of a basin. The 
water enters the system through perforated conduits which are distributed through the 
surface of the wetland in the form of a network. The ducts carry all along specific-sized holes 
that through them, a constant flow penetrates the surface, aiming to a uniform discharge as 
can be seen in Figure 9 (Kadlec and Knight, 1996; Reed et al., 1995). 

 VF wetlands have been used the last 25 years in various ways and modifications, 
depending on the desired quality of the effluent. Indicatively, in North America, they have 
been used as gravel filters with recirculation of water (Lemon et al., 1996), or as “tidal flow” 
systems in order to treat high-strength waste and oxidize ammonia (Behrends et al., 1996; 
Austin & Lohan, 2005). Moreover, there are “upflow’’ and “downflow” systems of VF which 
are related to the direction of the flow of the wastewater. The former is preferred in 
situations where the oxygen transport has to be reduced (Kassenga et al., 2004), and the 
latter in cases where the oxygen transfer is imperative, in order to produce a nitrified 
effluent. This effective and simple technology, which is initiated by Dr. Kathe Seidel in 1960, 
can be combined with both FWS and SSHF wetlands to create treatment chains of 
nitrification-denitrification processes (Cooper et al., 1999). Furthermore, because of their 
unique ability to oxidize ammonia, VF CWs are especially used in situations where the levels 
of ammonia in the influent are too high.  

 One of the few drawbacks on the performance of these systems is clogging of the 
media filter (Langergraber et al., 2003; Winter & Goetz, 2003). Therefore, the selection of 
the most suitable media filter, the regulation of hydraulic loading rate and the uniform 
distribution of wastewater through the vegetated bed, are some of the most important 
things one has to be aware of. 

 

Figure 9: Schematic representation of a VFCW. Source: Dotro et al., (2017). 
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2.2.4 cNES applications 

 Many studies have shown that CWs have excellent flexibility and applicability when it 
comes to combinations with conventional technologies. Camacho et al. (2014), presented 
the ability of a HFCW and VFCW to work as a microbial fuel cell for wastewater treatment 
and electricity production. Moreover, a hybrid system5 was combined with electrochemical 
oxidation for the treatment of unconventional surface water of the Wenyu river in China. 
The results were encouraging since the oxidation unit lead to an improvement in the average 
value of BOD5/TN (Biological Oxygen Demand after 5 days/Total Nitrogen) coming into the 
CW, which enabled the latter to biodegrade the surface water under better conditions. 
Therefore, the combinations of the two methods paved the way for different approaches 
when it comes to treating unconventional surface water (Wang et al., 2014). Lastly, VFCW 
can function as biofilters and enhance the quality of a secondary treatment effluent. Sharma 
& Brighu (2014), showed that the use of CW as a WWTP polishing method can increase the 
removal efficacy of organic matter and Total Kjeldahl Nitrogen (TKN). 

 Another interesting effort regarding the combination of constructed wetlands with 
engineered systems is the AquaNES project which receives funding from the European 
Union’s Horizon 2020 research and innovation program. The project takes place throughout 
the world and demonstrates the benefits of combining constructed wetlands as a pre-or 
post-treatment method with conventional engineered methods such as ozonation and 
bioreactor systems for wastewater treatment. This initiative has as an objective to showcase 
the usage of CWs as WWTP polishing and how they can influence the removal of 
micropollutants and pathogens. More information about AquaNES can be found on their 
website6. 

 

 

 

  

                                                      
5 Hybrid system is a combination of two or more types of CW (Vymazal, 2005). 
6 http://www.aquanes-h2020.eu 

http://www.aquanes-h2020.eu/
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2.3 Pathogens in wastewater 
 Pathogenic microorganisms can be found in untreated domestic and municipal 
sewage but also in runoff waters as a result of animal (re)contamination. Regarding their 
size, they vary from infinitesimal viruses to parasitic worms that can be identified with a 
naked eye and their presence –as well as their concentration- are important factors in water 
quality. Table 1 demonstrates a classification of human pathogens (with domestic 
wastewater origin) in five groups namely: Viruses, Bacteria, Fungi, Protozoans and 
Helminths, along with their respective illnesses (Kadlec & Wallace 2008). 

Table 1: Classification of human pathogens and their respective illnesses. Source: Modified from Kadlec & Wallace, 
(2008). 
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2.3.1 Viruses  

 Viruses are submicroscopic non-living agents (20-200 nm) that are covered with a 
protein case for the protection of their genetic material. They cannot divide and replicate 
alone, but they can infect the living cells of host organisms and produce multiple copies of 
themselves reaching great numbers of population at the expense of the host organism 
(Weber & Legge, 2008).  

2.3.2 Bacteria 

 The biggest group of microorganisms that can be found in human feces is bacteria, 
with concentrations of about 1011 organisms per gram and a size range of 0.1-5 μm (Leclerc 
et al., 1977). Furthermore, it is known that the majority of these prokaryotic organisms can 
live symbiotically with their hosts, although there are some species that can be extremely 
harmful to humans. Bacteria when they are found in their normal growth cycle, they can be 
removed or inactivated easily in wastewater (Weber & Legge, 2008). 

2.3.3 Protozoa and Helminths 

 The next two groups are Protozoa and Helminths and they belong to the category of 
human parasites that come from wastewater-related infections. Two of the most common 
protozoan parasites that can cause diarrhea to an infected person are Giardia lamblia and 
Entamoeba histolytica. Moreover, Cryptosporidium belongs to the group of pathogenic 
water-born protozoan that it is very difficult to remove (Slifko et al., 2000). Regarding 
helminths, there is no taxonomy since the parasitic worm is a term that includes many 
different species of worms (Weber & Legge, 2008). 

2.3.4 Animals as a source of microbial pathogens 

 Besides humans, another source of pathogenic organisms is the Animal Kingdom. 
Over the last three decades, it is estimated that almost 75% of emerging human diseases 
originate from animal pathogens due to zoonosis7 (Brown, 2004). Livestock like cows, sheep, 
pig, and poultry produce high concentrations of bacteria from their feces. Maier et al., 
(2009), recorded concentrations of 105-107 fecal coliforms per gram and 106-108 fecal 
streptococci per gram in their book. Also, beavers, rodents and other warm-blooded animals 
can produce high concentrations of enteric pathogens. In particular, beavers are closely 
linked to the transmission of Giardia (Erlandsen, 1994). 

2.3.5 Indicators and pathogens 

 The enumeration of human pathogens coming from wastewater and/or surface 
waters can be an expensive and time-consuming process. Therefore, numerous methods 
have been developed that first quantify groups of indicator organisms that are easy and 
inexpensive to monitor, and then correlate them with their respective index pathogenic 
organisms (Kadlec & Wallace 2008). Fecal and process indicators are the two common 
groups that are used for the enumeration of pathogens. Fecal indicators are a group of 
microorganisms that point the presence of fecal contamination presuming the existence of 
pathogens like E. Coli. Process indicators are organisms that indicate the effectiveness of a 
process like total coliforms (Fewtrell & Bartram, 2001). 

                                                      
7  Zoonosis refers to animal source-infectious diseases caused by bacteria, viruses, and parasites that move into 
human hosts (Brown, 2004). 
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2.3.5.1 Coliforms 

 Although no indicator organism is a perfect indicator, the most popular group 
indicating fecal contamination, is that of coliform bacteria. This group consists of rod-
shaped, strain gram-negative bacteria who live in optionally anaerobic conditions, and are 
capable of fermenting lactose within 48 hours at 35°C (Kadlec & Knight, 1996). Moreover, 
because some coliforms can be found in different environments and sources, a 
differentiation must be made for coliforms of fecal origin. Therefore, fecal coliforms (FC) are 
a distinct group of indicators that differ from total coliforms (TC) because they can ferment 
lactose with gas production faster (24 hours) and at a higher temperature (45°C) (Kadlec & 
Wallace 2008). One major drawback of TC is the fact that many of the enumerated bacteria 
can be found also in surface waters. Many bacterial species that are included in the TC 
indicator group do not come from human or warm-blooded animals. Therefore, TC cannot 
be a reliable indicator of human fecal contamination (Weber & Legge, 2008). 

2.3.5.2 Escherichia Coli 

 A more specific indicator is Escherichia Coli, and it is commonly preferred for 
enumeration because it can easily be isolated. There are several different strains of this 
indicator that are actually pathogenic and can be extremely harmful to people. Nevertheless, 
E. Coli cannot be an exclusive indicator of human fecal contamination because it exists in 
other warm-blooded animals as well (Kadlec & Wallace 2008; Weber & Legge, 2008).  

2.3.5.3 Fecal Streptococcus 

 Fecal streptococcus is another group that is commonly used as an indicator because 
it can be found in both human and warm-blooded animals like birds and mammals. FS 
usually exist in waters that are contaminated with feces, but they do not seem to replicate in 
natural or polluted waters. This indicator group is usually preferred from FC because they 
show greater resistance and have a longer lifespan (Kadlec & Knight, 1996). 

2.3.5.4 Bacteriophages  

 The bacterial indicators group are considered to be an unsuitable indicator of viral 
contamination, mainly because viruses, in general, show greater persistence to chlorination 
and environmental deactivation processes (Gersberg et al., 1987). Therefore, for viral 
indication in wetland systems, the most common indicator is bacteriophages (a type of virus 
that infects bacteria) and particularly coliphage MS-2 (Gersberg et al., 1987; Kadlec & Knight, 
1996). MS-2 phages are easier and faster to enumerate compared to target pathogenic 
viruses. They have almost the same size as enteroviruses8 as well as they seem to be more 
resilient to ultraviolet light (UV), heat and disinfection compared to the majority of viruses.  

  

                                                      
8 Enterovirus is a genus of positive-sense single-stranded RNA viruses associated with several human and 
mammalian diseases. Enteroviruses are named by their transmission-route through the intestine (van 
Regenmortel et al., 2000). 
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2.4 Pathogen removal processes and contributors 
 When it comes to wastewater treatment from constructed wetlands, there are 
various mechanisms of pathogen removal that take place simultaneously and sometimes act 
in combination. While on the conventional wastewater treatment systems the reduction 
processes take place in separate unit operations that are intended for a specific use, thus 
giving a maximum performance; CWs perform multiple processes at the same time in one or 
two reactors (Dotro et al., 2017). 

 Constructed wetlands are a well-established biofilter option that uses a series of 
physical, chemical and biological mechanisms for the reduction of pathogenic 
microorganisms of human origin. The processes to be described in this chapter consist of 
physical processes like filtration and sedimentation, chemical such as solar radiation (UV), 
and biological like predation and natural die-off. Table 2 demonstrates the main mechanisms 
for pollutant and pathogen removal in CWs. For the purposes of this paper, the focus will be 
on the pathogen removal processes that take place during the wastewater passage (Vymazal 
& Kröpfelová, 2008).  

Table 2: Main mechanisms for pollutant and pathogen removal in treatment wetlands. Source: Modified from Dotro et 
al., (2017). 

  

2.4.1 The role of plants and temperature in the removal process 

 One major contributor to the removal processes is the wetland vegetation. 
Particularly, the various types and sizes of roots and rhizomes, create a suitable environment 
for the emergence of microbial biofilm. This, in turn, results in an increase in biological 
activity per unit area, indicating the superiority of these systems over open water systems 
such as ponds. In addition, with their root structure, they hinder part of the flow of water, 
thus minimizing hydraulic short circuits (Dotro et al., 2017). 

 The temperature along with seasonal effects are another major contributor to 
pathogen removal in CWs. It is well known that the majority of human pathogens are most 
active and function efficiently at temperatures similar to that of the internal human body (37 
°C). Consequently, there is a valid assumption that pathogens at low temperatures are 
inactivated or forced to change to a spore or oocyst state (Webber & Legge, 2008). The 
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increased inactivation rates enhance the treatment of pathogens, although it is extremely 
difficult to remove pathogens when they surround themselves with durable coats of protein 
that allow them to survive in hostile environmental conditions. On the other hand, although 
the increased temperature can enhance the activity of nonpathogenic organisms like grazing 
protozoa, thus leading to increased predation rates, it can also increase the pathogenic 
activity in the wetland. Therefore, there is some skepticism as to what extent increased 
temperature is positively correlated with increase pathogen removal (Alexandros & Akratos, 
2016; Ulrich et al., 2005; Arias et al., 2003). 

2.4.2 Filtration and Sedimentation 

 The filtration mechanism is a process where the biological film that is formed in the 
media, creates “sticky traps” for particles and purifies the influent wastewater (Collivignarelli 
et al., 2018). These biofilms are extremely efficient in trapping sufficient concentrations of 
organisms since it is well known that bacteria have the ability to aggregate, forming 
shapeless and porous clusters with various sizes. (Flood, 2000; Stott & Tanner, 2005). 
Moreover, a bigger proportion of submerged surfaces, light exposure, and optimal plant 
density usually lead to higher efficiency of such biofilms (Kadlec & Wallace 2008).  

 Sedimentation is another proven mechanism of pathogen removal where the size of 
the particles and their respective density are the main regulators of its performance. 
Moreover, the agglomeration of bacteria on the media grains and sediments leads to a 
creation of a ‘’pathogen sink’’ in the bottom layers of CWs (Alexandros & Akratos, 2016). 
Karim et al., (2004) noted that concentrations of Giardia cysts and Cryptosporidium oocysts 
were higher (1-3 orders of magnitude) in the sediment of a FWS CW than in the water 
column, concluding that sedimentation influences pathogen removal.  

2.4.3 Solar radiation 

 Many studies have shown that solar radiation can be an effective factor in coliform 
bacteria removal, especially when there are high dissolved oxygen concentrations with 
water quality factors like optical absorbance and suspended solids content influencing the 
effectiveness of radiation.  Moreover, coliform bacteria can be inactivated when they absorb 
wavelengths around mid-UV (290-320 nm) and near-UV (320-400 nm).  

 The downside of solar radiation is the fact that the majority of microorganisms 
cannot be found in a dispersed phase but usually, they are accumulated with wastewater 
particles that act as a shield to the UV wavelengths and results in reduced inactivation rates. 
Furthermore, the efficiency of solar disinfection depends on the amount of sunlight that 
reaches and penetrates the water. Therefore, in dense vegetation surfaces of wetlands, the 
sunlight gets intercepted resulting in reduced efficacy of solar disinfection. (Kadlec & 
Wallace 2008).  

2.4.4 Predation  

 Predation in constructed wetlands is the biological process where pathogenic 
bacteria are eliminated by other organisms like protozoa, and bacteriophages (Wand et al., 
2007; Kuschk et al., 2012). This mechanism is dependent on the key attributes of both the 
prey (such as population density and existing species) and the predator (morphology and 
physiology of the microorganism) (Shapiro et al., 2010; Alexandros & Akratos, 2016). 
Predation activities and particularly protozoan predation are cited as a main removal 
mechanism of bacteria in CWs in many studies (Wand et al., 2007; Stott et al., 2001).  
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2.4.5 Natural die-off 

 One of the main and most cited mechanisms that are responsible for pathogen 
removal is natural die-off. This process is closely related to parameters like the Hydraulic 
Retention Time of the system (HRT), predation conditions and famine of microorganisms 
(Green et al., 1997; Decamp & Warren, 1998; Alexandros & Akratos, 2016). Boutilier et al., 
(2009), concluded that natural die-off was the most important factor when it comes to 
coliform bacteria removal in a FWS CW. Moreover, Karim et al., (2004), in their study 
reported besides sedimentation, the natural die-off was also an important removal 
mechanism. More specifically, it was noted that natural die-off rates for bacteria were 
higher in the water column than in the sediment. 
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3. Methodology  
 To answer the research question, a systematic literature review, data extraction and 
meta-analysis and a selection of the most suitable models will be performed. The outcome 
of these steps will include (Figure 10): 

• A complete database of case studies with their respective removal performance 

• A model that can predict log removal of pathogens based on the most influential 
parameters 

• A storyboard for the Graphical User Interface (GUI) of the treatment calculator. 

 

Figure 10: Schematic representation of the methodology in order to answer the research question 

3.1 Systematic review of case studies 
 To identify relevant case studies regarding pathogen removal from constructed 
wetlands, a systematic review of the literature was performed adopting the Preferred 
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (Liberati et 
al., 2009). These guidelines were developed by an international group that included 
experienced writers and methodologists and describe a minimum set of evidence-oriented 
objects when reporting in systematic reviews and meta-analyses. The preferred search 
engines, ‘’Scopus’’ and ‘’Pubmed’’ were used. The combination of keywords, as well as the 
results from the databases regarding the total number of papers, are shown in Appendix 1. 
Moreover, the flow diagram in Figure 11, demonstrates the search process of the systematic 
review, along with the exclusion reasons for papers.  
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3.2 Data extraction process 
 During the extraction process, a classification between the case studies under 
consideration was made in order to ease up the process of data extraction. The classes 
"Include 1'', "Include 2'' and ''Include 3'' were created, with the numbering system indicating 
the degree of difficulty on extracting data as well as the quantity of descriptive information 
of case studies. Therefore, the "Include 1'' and "Include 2'' categories included case studies 
were the extraction of data was easy and straightforward, in the form of tables or graphs like 
in Figure 12 and 13. The “Include 3’’ category was excluded since pathogen removal data 
wasn’t clearly reported or additional data on conditions was missing (Figure 11). 

 

Figure 11: Flow diagram on the selection of studies adopted by the PRISMA guidelines. 
Source: Liberati et al., (2009). 

Figure 12: Example of reported data. Average concentration and standard 
deviations of E. coli along the different treatment system units. Source: Avila 
et al., (2013). 
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Figure 13: Example of reported data. Mean hydraulic loading and E. coli concentration and removal rates (±one standard 
deviation) for the different wetland beds over the study period. Source: Headley et al., (2013).  

3.1.2 Inclusion criteria  

 The primary objective of this systematic literature review was the extraction of 
results associated with various pathogen removal, preferably those related to the 
aforementioned viruses, bacteria, and protozoa groups. Furthermore, the secondary 
preferable objective was the optimal availability and quality of the technical features as well 
as the best possible description and quality of the experimental conditions of the papers. 
Therefore, the inclusion criteria comprised of case studies that described thoroughly the 
technical features of their experiment and included: 

• The dimensions of the constructed wetland 

• Hydraulic Loading Rate (HLR) 

• Hydraulic Retention Time (HRT) 

• Porosity (n) of the media grains 

• A detailed description of CWs 

 As far as the experimental conditions, the preferred studies were those who included 
information regarding: 

• Temperature (T) 

• Type of influent wastewater (raw, domestic, pre-treated) 

• Method of enumeration, (Colony Forming Units (CFU/100 ml), Most Probable 
Number (MPN))  

• Physicochemical parameters like 
▪ Biological Oxygen Demand (BOD) 
▪ BOD5 
▪ Chemical Oxygen Demand (COD) 
▪ Total Suspended Solids (TSS) 

 As can be seen from the flow diagram in Figure 11, after two series of screening, a 
total of 56 case studies qualified for both qualitative and quantitative analyses. 
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3.2.1 Spatial distribution of case studies  

 After the selection of the included case studies, a spatial distribution map was 
created to show the dispersion of studies throughout the world. Figure 14 shows that the 
selected studies come from various regions of the world with different climatic zones, which 
results in the variability on the performance of different CW types and strengthens the 
validity of the results for the implementation of a generic model. 

 

Figure 14: Spatial distribution of selected case studies. The creation of the map was made using Power Bi application.  
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3.2.2 Creation of dataset and classification of pathogens  

 After the data extraction was over, a comprehensive dataset with all the necessary 
values was created as can be seen in Appendix 2. This dataset includes comprehensive 
information about HRT, HLR, type of CW, and Concentration of influent and effluent for 
various pathogens. This information not only will help create a complete, up to date 
overview of the performance of constructed wetlands, but it will be also used as an input for 
the implementation of the predictive model in the next phase. 

 The next step was the classification of pathogenic microorganisms into three main 
categories named gram-negative, viruses, and protozoan parasites (Figure 15). As can be 
seen, the systematic literature review identified various microorganisms, both indicators, 
and pathogens for each category. Therefore, the grouping between indicators and 
pathogens for every category was necessary, in order to have a better understanding of their 
removal from CWs in our database, and facilitate the process of creating a robust, and 
predictive model. Regarding the latter, the grouping was considered an imperative decision 
since a ‘’strength in numbers’’ approach was adopted. Briefly, although E. coli (which is a 
common indicator) was found in 37 of the 56 total papers, other indicators such as fecal 
coliforms, total coliforms, and fecal streptococci, did not have the same frequency (25, 28, 
and 10 respectively). Furthermore, from the viruses category, coliphages were found in only 
8 papers in total, whereas from protozoan parasites category, Giardia had considerably less 
information, with only 5 papers. Therefore, we can see that there is not enough data 
(meaning not enough information) for all the important indicators or pathogens. 
Consequently, in order to develop a robust and reliable model that can have a generic 
application, the decision of grouping was considered a valid option since it was expected to 
have largest differences between categories, and rather smaller within categories. 

 

 

Figure 15: Grouping of pathogenic microorganisms in three main categories. 
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Moreover, Figure 16 demonstrates the range and average log removal for each category 
between indicators and pathogens. It can be seen (for gram-negative bacteria and protozoa) 
that indicator and pathogenic microorganisms have relatively similar levels of removal, 
which increases the reliability of the decision to group indicators with pathogens. For 
viruses, the indicators appear to be removed to a lesser extent, therefore they should be 
regarded as conservative indicators. 

 

Figure 16: Log removal comparison between indicators and pathogens for gram-negative, protozoa, and viruses 
categories. 
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3.4 Selection of the most suitable models for the creation of a predictive 
model 
 Over the last decades, many mathematical models have been developed in an effort 
to describe the reduction of pollutants and predict the log removal of pathogens in CWs. The 
majority of them, are characterized as ‘’black box’’ models, a very popular term that follows 
constructed wetlands the last few decades. These models usually are fed with observed data 
for the creation of mathematical equations (Dotro et al., 2017; Hamaamin et al., 2014). The 
main categories of these models are:  

• Statistical models  

• First-order kinetics models 

• Process-based models 

 Only the first two categories are going to be described and implemented in this paper 
since the process-based models are extremely complex and difficult to find a generic 
utilization. Regarding the latter, the internal processes that occur in a CW are investigated 
for the derivation of energy and mass balance equations. Therefore, many sub-models have 
been created such as flow models, transport models, and biokinetics models in an effort to 
develop an integrated process-based model. Briefly, the most important models that have 
been developed are: 

• The HYDRUS Wetland Module by Langergraber & Šimůnek, (2012) that was 
incorporated in the HYDRUS simulation software (Šimůnek et al., 2012) and 

• BIO_PORE (Samsó & Garcia, 2013) using the COMSOL MultiphysicsTM platform. 

 A number of different approaches were applied aiming at selecting the most 
appropriate model that will best describe (statistically) the removal of pathogens. All of 
these processes had statistical modeling as a common principle and therefore, a regression 
analysis (linear and non-linear) was performed. The implementation of the regression 
analysis was done using the programming language R Studio software (Verzani, 2011). The 
goal was to determine (through regression analysis) a mathematical relationship between 
specific parameters with the highest possible statistical correlation and not to describe and 
analyze the internal processes and dynamics of CWs. Therefore, the objective was to create 
a model that can predict effluent concentrations (C out) as a function of influent 
concentrations (C in), hydraulic retention time (HRT), and hydraulic loading rate (HLR) since 
those were the parameters that could be found consistently in the literature. The ideal 
scenario would be the development of a predictive model for each pathogen category 
(gram-negative bacteria, viruses, and protozoa) per type of constructed wetland (FWS, 
SSHFCW, and VFCW). To do that, various approaches were used to identify the most 
appropriate model for each type of constructed wetland. The most appropriate model will 
be the one that outperforms the rest in terms of statistical residuals such as R square9, 
RMSE10, MAE11 and correlation between observed and predicted values. Various approaches 

                                                      
9 The coefficient of determination (R squared or R2) is the proportion of variance in the dependent variable that can be explained and 

predicted from the independent variable (Steel & Torrie, 1960). 
10 The Root-Mean-Square Error (RMSE) is a common measurement of accuracy, to compare predicting errors between different models for 

a selected dataset. It is often used to demonstrate the differences between predicted values and observed values of a model. The RMSE 
represents the square root of the second sample moment of the differences between predicted values and observed values. It serves to 
aggregate the magnitudes of the errors in predictions into a single measure of predictive power (Hyndman & Koehler, 2006). 
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mean various models, and this is how they will be addressed from now on. Therefore, the 
models examined where: 

1. Linear statistical model 
2. Non-linear statistical model A 
3. Non -linear statistical model B 
4. Non -linear empirical model C 
5. Non -linear empirical model D 

 Finally, after looking at the parameters of the dataset and the literature review about 
modeling removal processes for CWs, the parameters that were chosen for the 
implementation of the predictive model are: 

• C out= Concentration effluent (CFU/100 ml) 

• C in = Concentration influent (CFU/100 ml) 

• HLR=Hydraulic Loading Rate (m/day) 

• HRT=Hydraulic Residence Time (day) 

Being able to predict the concentration of the effluent and by using the concentration of the 
influent as an input (along with the input of the remaining parameters) it will enable any 
user to calculate the log removal of pathogens (LRV) using equation 1. 

𝑳𝑹𝑽 = 𝒍𝒐𝒈 (
𝑪 𝒊𝒏

𝑪 𝒐𝒖𝒕
)   (1) 

3.4.1 Linear statistical model 

 Linear regression analysis was used in this model to predict the effluent 
concentration. Since in this case, the purpose was to find a relationship between a 
dependent variable (in this case C out) and multiple independent variables such as C in, HLR, 
and HRT, the process is called multiple linear regression. 

 Multiple linear regression is an approach that attempts to model a relationship 
between two or more explanatory variables (independent variables) and a response variable 
(dependent variable) by fitting a linear equation to the observed data (Mason & Perreault, 
1991). Additionally, the statistical residuals (R2, RMSE, and MAE) are applied in both single 
and multiple regression analysis. Furthermore, the implementation of the first model serves 
the purpose of getting a first impression between the different parameters that influence 
the effluent concentration. Moreover, multiple case studies have performed a regression 
analysis in order to create a predictive model, therefore the development of this model -as a 
first attempt to shade some light in the black box of CWs- was considered a reliable choice 
(Son et al., 2010; Ston et al., 2004; Knight et al., 2000).  

 The regression equation was created to predict effluent concentrations as a function 
of influent concentrations, hydraulic retention time, and hydraulic loading rate and took the 
form of: 

𝑪 𝒐𝒖𝒕 = 𝑪 𝒊𝒏 ∗ 𝑯𝑹𝑻 ∗ 𝑯𝑳𝑹   (2) 

                                                                                                                                                                      
11 The Mean Absolute Error (MAE) is a measure of the difference between a predicted variable X and an observed variable Y. MAE is the 

average vertical distance between each point (variable X) and the identity line (variable X) (Willmott & Matsuura, 2005). 



Sotirios Paraskevopoulos-6312829                                                 GEO4-6004 Master’s thesis (Internship) 

33 
 

 The units of the two parameters of concentrations are in CFU/ 100 ml, whereas HRT 
is in days and HLR is in m/d. Furthermore, since the range of the concentration values is 
between 500-100000 (CFU/100 ml), whereas the range of HLR is between 0.01-0.5 (m/d), it 
was decided that equation 2 should be log-transformed in order to create a better 
relationship between the parameters. Therefore, after the transformation, equation 2 took 
the form of: 

𝐥𝐨𝐠 (𝐂 𝐨𝐮𝐭) =  𝐥𝐨𝐠(𝐂 𝐢𝐧) + 𝐥𝐨𝐠(𝐇𝐑𝐓) + 𝐥𝐨𝐠(𝐇𝐋𝐑)   (3) 

The expected outcome is an equation in the form of: 

log (C 𝑜𝑢𝑡) = 𝑎 ∗  log(C 𝑖𝑛) + 𝑏 ∗ log(HRT) + 𝑐 ∗ log(HLR) 

With a, b, and c being the regression coefficients that determine the individual relationship 
of each independent parameter with the dependent parameter. 

3.4.2 Non-linear statistical model A 

 In this model, an assumption was made that the relationship between the dependent 
parameter and the three independent parameters is characterized by non-linearity. This 
means that the selected independent parameters have a power relationship with the 
dependent parameter which until now is unknown and therefore, the model will calculate 
the power using regression coefficients. Therefore, again a regression equation was created 
to predict effluent concentrations as a function of influent concentrations, hydraulic 
retention time, and hydraulic loading rate and took the form of: 

𝑪 𝒐𝒖𝒕 = 𝒂 ∗ 𝑪 𝒊𝒏𝒃 ∗ 𝑯𝑳𝑹𝒄 ∗ 𝑯𝑹𝑻𝒅   (4) 

Again, the same process was followed regarding the transformation of the equation in Log 
values. Therefore, the expected outcome is an equation in the form of: 

𝒍𝒐𝒈(𝑪 𝒐𝒖𝒕) = 𝒍𝒐𝒈(𝒂) + 𝒃 ∗ 𝒍𝒐𝒈(𝑪 𝒊𝒏) + 𝒄 ∗ 𝒍𝒐𝒈(𝑯𝑳𝑹) + 𝒅 ∗ 𝒍𝒐𝒈(𝑯𝑹𝑻)   (5) 

With a, b, c, and d being the regression coefficients that determine the individual 
relationship of each independent parameter with the dependent parameter. 

3.4.3 Non-linear statistical model B 

 This model is closely related to the previous since the only difference is the absence 
of HRT  in the equation. Multiple studies have been conducted for the removal of pollutants 
and pathogens from CWS. In their experiments, they use an equation through regression 
analysis where they try to determine if there are significant relationships between C in, C 
out, and HLR while disregarding completely the influence of HRT (Son et al., 2010; Ston et al., 
2004; Knight et al., 2000). Therefore, the same approach was adopted in this model in an 
effort to examine the possibility of HRT not being such an influential parameter. The 
equation has the form of: 

𝑪 𝒐𝒖𝒕 = 𝒂 ∗ 𝑪 𝒊𝒏𝒃 ∗ 𝑯𝑳𝑹𝒄   (6) 

After the log transformation: 

𝒍𝒐𝒈(𝑪 𝒐𝒖𝒕) = 𝒍𝒐𝒈(𝒂) + 𝒃 ∗ 𝒍𝒐𝒈(𝑪 𝒊𝒏) + 𝒄 ∗ 𝒍𝒐𝒈(𝑯𝑳𝑹)   (7) 
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With a, b, and c being the regression coefficients that determine the individual relationship 
of each independent parameter with the dependent parameter. 

3.4.4 Non-linear empirical model C 

 In this non-linear empirical model, we introduce the First-Order k-C* Model proposed 
first by Kadlec & Knight (1996). This approach is based on the idea that the removal of 
contaminants has an exponential relationship with either distance traveled, or with time 
mainly in horizontal subsurface flow constructed wetlands. Many papers have used this 
equation to describe the relationship between influent and effluent concentrations and the 
respective pollutant/pathogen removal (Kadlec, 1997; Kadlec, 1999; Avelar et al., 2014; Arias 
et al., 2003; Stone et al., 2004). The relationship between C in and C out can be described 
like this: 

𝑪 𝒐𝒖𝒕−𝑪∗

𝑪 𝒊𝒏−𝑪∗
= 𝒆

−𝒌𝑨
𝒒     (8) 

where  

C*= Background concentration (CFU/100 ml) 

KA= Areal removal rate constant (m/d) 

q= Hydraulic Loading Rate (m/d) 
 
A lot of assumptions needed for the creation of the First-Order k-C* Model and these are: 

• The constructed wetland is in a stationary state 

• The precipitation cancels out the evapotranspiration, meaning that the wetland has a 
constant averaged flow 

• No infiltration occurs 

• No atmospheric depositions occur 

• The shape of the CW is rectangular 

• There are plug flow conditions (no back mixing) 

• The cross-flow direction is not changing 
 

 Multiple scientific papers have used the First-Order k-C* model with further 
assumptions and implications being made like the default value of C* to zero (Vymazal, 
2005a; Arias et al., 2003). This approach was adopted in this case since no background 
concentrations were found in the dataset. Therefore, after modifications, the equation used 
in this model has the form of: 

𝑪 𝒐𝒖𝒕 = 𝒂 ∗ 𝑪 𝒊𝒏 ∗ 𝒆
𝒃

𝑯𝑳𝑹   (9) 

With a being the regression coefficient and b representing the average constant value of kA 

(decay coefficient). After exploring different ways to determine a value for the areal removal 
rate constant that could be representative for the whole model, it was decided to treat it as 
a regression coefficient and let the model give a constant value. Furthermore, after log-
transforming equation 9, it took the form of: 

𝒍𝒐𝒈(𝑪 𝒐𝒖𝒕) = 𝒍𝒐𝒈(𝒂) + 𝒍𝒐𝒈(𝑪 𝒊𝒏) + 𝒍𝒐𝒈(𝒆) ∗ (
𝒃

𝑯𝑳𝑹
)   (10) 
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3.4.5 Non-linear empirical model D 

 The final model is just an extension of the previous model in an effort to examine the 
influence of HRT in the removal of pathogens (Avelar et al., 2014; Kadlec, 1997; Kadlec, 
1999; Selvakumar et al., 2007; Boutilier et al., 2009; Gonzales et al., 2018). It originates from 
the same initial equation with the same assumptions and demonstrates an exponential 
relationship between the parameters: 

𝑪 𝒐𝒖𝒕−𝑪∗

𝑪 𝒊𝒏−𝑪∗
= 𝒆

−𝒌𝑨
𝒒 = 𝒆−𝒌𝑽∗𝒕  (11) 

where 

KV= Volumetric removal rate constant (d-1) 

t= Hydraulic Retention Time (d) 
 

After using the same assumptions with the previous model and log-transforming, the 
equation has the form of: 

𝒍𝒐𝒈(𝑪 𝒐𝒖𝒕) = 𝒍𝒐𝒈(𝒂) + 𝒍𝒐𝒈(𝑪 𝒊𝒏) + 𝒍𝒐𝒈(𝒆) ∗ (𝒃 ∗ 𝑯𝑹𝑻)  (12) 

With a being the regression coefficient and b representing the volumetric removal rate 
constant that the model will fit best. 
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4. Results  
 This chapter includes the results from the systematic literature review in the form of 
a complete dataset (Appendix 1), the development of a predictive model, as well as a 
storyboard of GUI. As far as the systematic literature review, there will be an overview of the 
removal efficiency of CW types as well as the performance of different pathogen categories 
and their respective characteristics in every type of CW. Furthermore, regarding the initial 
idea of creating a predictive model for each pathogen category per type of constructed 
wetlands, the results were not so promising. This is because as already discussed in chapter 
3, data availability for specific pathogens was not at the required level to execute a 
regression analysis, even after the grouping of microorganisms.  

4.1 Removal performance of constructed wetlands 
 Table 3 demonstrates the overall performance of different types of CWs. The 
majority of papers in the systematic literature review used SSHFCW for the removal of 
pathogens, whereas all of the three types seem to have a potential of pathogen removal to a 
certain level. Briefly, the FWS types have log removal values ranging from 0.07 to 5.32, the 
SSHFCW from 0.01 to 5.68 and finally the VFCW type from 0.35 to 6.08. Figure 17 shows that 
the log removal for the three types of CWs ranges between 1 and 6 log, whereas the average 
value ranges between 1 and 2 log.  

Table 3: Overall performance of CW types. n= number of data points. 
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Figure 17: Log removal comparison between types of CW. 

Moreover, as can be seen in Figures 18, 19, and 20, a preliminary examination of the 
parameters that are going to be used in the model was made. By plotting the influent and 
effluent concentration it can be observed that indeed there seems to be a linear relationship 
between the two parameters. Therefore, there is a strong belief that a robust predictive 
model can be created.  

 

                                               Figure 20: Relationship between C in and C out for VFCW. 

 
Figure 18: Relationship between C in and C out for FWS.  

Figure 19: Relationship between C in and C out for SSHFCW. 
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4.2 Removal of pathogen categories 
 The category of gram-negative bacteria can be found in the majority of the papers 
collected (Table 4). This comes as no surprise since the specific category includes the most 
common indicators and index 
pathogens such as E. Coli, Total 
Coliforms, Fecal Coliforms, 
Campylobacter and Salmonella. 
Furthermore, as it was expected the 
same category is responsible for the 
minimum and maximum log removal 
values overall, when compared with 
the viruses and protozoan parasites 
categories. Table 5 gives an 
overview of the three pathogen 
categories regarding their removal 
per CW type.  

Furthermore, Table 4 depicts the 
overall performance of the gram-
negative bacteria while the rest of 
the categories can be found in 
Appendix 3. The Tables include 
information regarding the standard 
deviation of their removal, the 
number of pilot and full-scale 
applications as well as 
physicochemical characteristics such 
as air and water temperature, PH, 
HRT, and HLR range. In addition to 

that, there are values of COD, BOD 
and TSS removal percentage that 
can be indicators of pollutant 
removal for each type of CW and 
pathogen category. What can be 
extracted from these tables is the 
difference and the small number of 
data points between types of CWs 
regarding their reported 
physicochemical characteristics. 
Only the HRT and HLR were consistently reported and that is why they were the only two 
parameters selected. Additionally, Figure 21 shows that gram-negative bacteria show great 
variability in terms of log removal (0.01-6.08) compared to viruses and protozoan parasites 
categories where the ranges are between 0.02-3.62, and 0.18-3.63 respectively. Again, we 
can see the average log removal values ranging between 1 and 2 log for the three categories 
in all of the CW types except the viruses category in VFCW where the average log removal is 
less than 1 log. Furthermore, Figure 22 illustrates the average log removal of the most 
representative indicators and index pathogens as recorded during the systematic review. 

Table 4: gram-negative bacteria removal performance. N= number of 
data points. 

Table 5:  Average log removal range for the three categories per CW 
type. 
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The group of coliforms are those with the greatest variability. While the variability can be 
explained due to the different number of data points, another possible explanation is the 
difference between pilot and full-scale applications. The outliers in many of the species 
reinforce this assumption. Additionally, we see that there is great variability of pathogen log 
removal within their categories. 

 

Figure 21: Comparison of pathogen categories per CW type. 

 

Figure 22: Log removal range for the most representative indicators and index pathogens, ranked based on average log 
removal.  
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4.2 Predictive model for different Pathogen Categories per CW type 
 One of the two objectives of this paper was to develop a model that can predict the 
removal of pathogenic microorganisms from constructed wetlands. The initial idea was to 
create a specific model for every pathogen category with the assumption that each category 
behaves differently per CW type. After going through the dataset, it was concluded that 
although the gram-negative Bacteria category (since it is the biggest group) had enough 
information, there were not enough data for the viruses and protozoan parasites categories 
for the implementation of a regression analysis. Therefore, a decision on how to carry out 
the development of the model had to be made. Subsequently, it was decided to initially 
carry out the process of creating a model for every type of CW, with only the gram-negative 
bacteria category. The model came up with the residuals of the regression analysis including 
the coefficients of every parameter for each of the five different models that were discussed 
in Chapter 3.4. The results of the models along with their statistical residuals can be found in 
Appendix 4, whereas Table 6 serves as an example here.  

Table 6: Residuals of linear statistical model regression analysis for FWS CW. 

 

Then, in order to see whether the developed model can be used as a generic model for all 
the three pathogen categories, it was decided to use the same coefficients (this time as 
known constant values) but with the viruses and protozoan parasites as input datasets. This 
time, all five models were not tested again, but the best-performing model was preferred. 
That way we could ascertain whether the new dataset fit the previously developed model by 
means of checking the new R Squared, RMSE, MAE as well as checking the correlation 
between the modeled values and the observed values of each dataset. Although the Viruses 
and Protozoan datasets are small, they are enough to draw conclusions on whether they fit 
the model. The results were very promising since both datasets fitted the model quite well 
as can be seen in Tables 7, 8, and 9. The R Squared values for all the pathogen categories in 
every CW type were pretty high, meaning that almost all of the variation of the (new) 
dataset can be explained by the predictive model. The RMSE and MAE values were quite low 
again in every category, meaning that the predicted data points of the model are really close 
to the observed points. Finally, the correlation between the observed and predicted values 
looks great for all of the three categories in every CW type since the closer the value is to 1, 
the stronger the correlation between the two variables. All the correlations for the different 
pathogen categories per CW type can be found in Appendix 5, whereas Figure 23 can be 
used as an example here. 
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Table 7: Performance between the three datasets for FWS CW type. 

* Correlation between observed and modeled values 

Table 8: Performance between the three datasets for SSHFCW. 

* Correlation between observed and modeled values 

Table 9: Performance between the three datasets for VFCW. 

* Correlation between observed and modeled values. CBD=Cannot be determined. 

 

 

Figure 23: Comparison between observed and predicted effluent concentration for FWS using Protozoan Parasites 
dataset. 
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4.3 Predictive model per CW type 
 Since the results of the comparison between the different datasets showed that the 
three datasets do not differ much, it was decided that it would be best to combine the three 
pathogen categories in one dataset and create a predictive model for the three types of CW. 
Therefore, adopting the ''strength in numbers'' approach and including more data points in 
the regression analysis will lead to a more robust and reliable predictive model. After 
running the regression analysis through the different models in order to find the best-
performing one, the results can be found in Appendix 6. Table 10 will serve as an example 
here.  

Table 10: Performance comparison between the different models. Based on the statistical residuals the Non-linear 
statistical model A has the best score since it has the smallest RMSE and MAE value, the highest R2, and one of the 
highest correlations. Therefore, it is ranked first as the most suitable model. 

 

 The results were very promising for all three types. Moreover, it was decided that the 
best model should not only have the best residuals but also provide the most information in 
terms of parameters. For example, a model that may not have the best possible residuals, 
but contains all three parameters will be preferred, rather than a model with the best 
possible residuals but only with 2 parameters instead of 3. After comparing all the models, 
the most suitable model for each type of Cw was selected: 

• FWS CW: log(C 𝑜𝑢𝑡) = log(0.73) + 0.75 ∗ log(C 𝑖𝑛) + 0.33 ∗ log(HLR)  (13) 

• SSHFCW: log(C 𝑜𝑢𝑡) =  log(0.29) + 0.99 ∗ log(C 𝑖𝑛) − 0.23 ∗ log(HLR) − 1.49 ∗ log(HRT)  (14) 

• VFCW: log(C 𝑜𝑢𝑡) =  log(0.008) + 0.94 ∗ log(C 𝑖𝑛) + 1.2 ∗ log(HLR) + 0.4512 ∗ log(HRT)  (15) 
 

 Lastly, Figures 24, 25, and 26 demonstrate the final predictive model for every CW 
type along with their respective equation. Additionally, the correlation between observed 
and predicted effluent concentration can be seen in the same Figures. 

                                                      
12 The coefficient of HRT is not statistically significant (see Appendix 6) which means that the particular model is not the 
best in terms of performance. However, this equation was preferred over the best performance-model because it 
contained more information, as well as the latter was considered unreliable. 
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Figure 24: Left: Predicted effluent concentration of FWS CW. Right: 
Observed VS predicted effluent concentration. 

 

 

 
Figure 25: Left: Predicted effluent concentration of SSHFCW. Right: 
Observed VS predicted effluent concentration. 

 

 

 
Figure 26: Left: Predicted effluent concentration of VFCW. Right: 
Observed VS predicted effluent concentration. 
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4.4 Storyboard 
 This section includes the incorporation of the outcome into the treatment calculator 
in the form of a Graphical User Interface (GUI). Through this platform, the user has the 
chance to make a variety of selections. The GUI showcases step by step the available options 
one may have to choose, in order to finally have an estimation of the reduction of a specific 
pathogen for a specific CW type. The steps to be described next, are indicative as the 
platform is in a beta phase, therefore, a lot of changes and modifications can be made in 
order to improve the user experience. 

• Step 1: The user gets to choose between three options of WW treatment with the 
option of CW being the newest addition (Figure 27). 

• Step 2: The user can choose from a variety of options regarding pathogens. The 
availability of options is dependent on the number of references available. This 
section includes both indicators and index pathogens (Figure 28). 

• Step 3: This step includes the new features for choosing the desired setpoints for Cin, 
HRT, and HLR. Additionally, the selection of the desired type of CW is available 
(Figure 29). 

• Step 4: This section consists of the final outcome in the form of a fitted line that gives 
an overview of log removal for a specific pathogen. It also includes the corresponding 
equation (Figure 30). 

• Step 5: The final outcome can be exported in the form of attribute tables (Figure 31). 

 
Figure27:The available options for  treatment.  

 
Figure 28: Selection of microorganisms 

 
Figure 29: Selection of conditions and CW type. 

 
Figure 30: Log reduction of a specific pathogen along with the equation. 

 
Figure 31: Ability to export results in the form of attribute tables. 
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The overview of the GUI can be illustrated in Figure 32, along with the corresponding 
references of data , following all the steps that were just discussed.

 

Figure 32: Complete overview of the GUI illustrating the required steps for the user. 
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5. Discussion 

5.1 Dataset 
 The creation of a complete dataset enables any end user to have access to the overall 
performance of CW types. More importantly, the systematic review included case studies 
from all over the world, therefore the collected information on CWs as well as on pathogen 
removal can be considered reliable. Moreover, pilot-scale studies have been preferred the 
most, mainly because the majority of them were experimental case studies with an objective 
of investigating the removal efficiencies of pollutants and pathogens. Full-scale applications 
although used in many cases, they are not reported in scientific papers to the same extent. 

 The average log removal of the three types of CW was between 1 and 2 log, 
indicating that CWs cannot be a reliable option for pathogen removal as a standalone 
wastewater treatment method. However, they can be a credible choice for wastewater 
polishing when they are combined with conventional wastewater treatment systems. 
Furthermore, a linear relationship was identified by plotting the influent and effluent 
concentration prior to the development of the model that enabled us to anticipate a 
correlation between these two parameters. Therefore, it was expected that the influent 
concentration will be the most influential parameter for the calculation of the model, with 
HRT and HLR being secondary factors. 

5.1.1 Pathogen categories  

 Regarding the removal of the three pathogen categories, Table 5 shows that the 
gram-negative Bacteria category (which includes the most common indicators) have the 
highest log removal in all of the three types of CW. On the other hand, the same group 
shows great variability which makes it difficult to draw tangible conclusions about the ease 
of removal of this category. This can best be seen in Figure 21 where the variability of all 
three categories is shown using boxplots. Protozoan Parasites show the less variability in 
FWS CW whereas the viruses category is the one with the smallest range in SSHFCW. 
Conclusions could not be drawn for the last two categories in VFCW types since their 
number of data points was low. In addition, the huge difference in variability between the 
three categories can be explained by the fact that the gram-negative bacteria category 
contains a huge database and to some extent, it is expected to see scattered removal values. 
On the other hand, although the other categories show less variability and it is easier to 
draw conclusions about their removal, their databases are quite small which should make 
any decision-maker skeptical about the reliability of the results. 

5.2 Predictive model 

5.2.1 Predictive model for pathogen categories 

 As already explained in the previous chapter, the predictive model for every 
pathogen category could not be implemented. The datasets for the viruses and protozoan 
parasites categories were too small. Therefore, the decision taken regarding the use of 
viruses and protozoan datasets with coefficients derived from the gram-negative bacteria 
model, resulted in great performances as can be seen in Tables 7, 8, and 9. At this point, it is 
worth noting that due to the small databases of viruses and protozoan parasites especially 
those related to VFCW type, the respective R2 and correlation values could not be 
determined. The viruses database has 3 data points whereas the protozoan parasites only 2 
with correlation values 0.97 and 1 respectively. 
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5.2.2 Predictive model per CW type 

 To get a better understanding of the three different models created in terms of what 
they actually represent and how each parameter incorporated in the model influences the 
final outcome a sensitivity analysis was performed, the results of which are shown in Figures 
33-40. This time, the point of interest is the log removal and not the effluent concentration. 
The results of the Sensitivity Analysis (SA) can give an idea of which is the most influential 
parameter as well as what are the representative values of pathogen log removal one can 
encounter when performing experiments or treats wastewater with the use of CWs. 

 FWS Sensitivity analysis: 

Equation: 𝐥𝐨𝐠(𝐂 𝐨𝐮𝐭) = 𝐥𝐨𝐠(𝟎. 𝟕𝟑) + 𝟎. 𝟕𝟓 ∗ 𝐥𝐨𝐠(𝐂 𝐢𝐧) + 𝟎. 𝟑𝟑 ∗ 𝐥𝐨𝐠(𝐇𝐋𝐑)  (13) 

 

 
Figure 33: Sensitivity analysis of Log removal with influencing parameters of 
HLR in FWS. 

 
Figure 34: Sensitivity analysis of Log removal with influencing parameters of 
Cin in FWS. 

 

 As can be seen from Figures 33 and 34 regarding FWS, influent concentration is the 
one that most influences log removal compared to HLR, which also seems to play an 
important role. Furthermore, we can observe that the higher the Cin is, the better the FWS 
performs in log removal. On the contrary, as the HLR increases, the log removal levels 
decrease. Additionally, it can be observed that in the smaller values of HLR (between 0 and 
0.5 m/d) the decrease is steeper, whereas in values higher than 1 m/d the log removal 
seems to reach a plateau. Therefore, in applications with high HLR (usually in full-scale CWs), 
the HLR does not play a crucial role. 
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SSHFCW Sensitivity analysis: 

Equation: 𝐥𝐨𝐠(𝐂 𝐨𝐮𝐭) =  𝐥𝐨𝐠(𝟎. 𝟐𝟗) + 𝟎. 𝟗𝟗 ∗ 𝐥𝐨𝐠(𝐂 𝐢𝐧) − 𝟎. 𝟐𝟑 ∗ 𝐥𝐨𝐠(𝐇𝐋𝐑) − 𝟏. 𝟒𝟗 ∗ 𝐥𝐨𝐠(𝐇𝐑𝐓)  (14) 
 

 
Figure 35: Sensitivity analysis of Log removal with influencing 
parameters of HLR in SSHFCW. 

 
Figure 36: Sensitivity analysis of Log removal with influencing parameters of C 
in in SSHFCW. 

 

 
Figure 37: Sensitivity analysis of Log removal with influencing parameters of 
HRT in SSHFCW. 

   

 Regarding SSHFCW, the equation uses all three parameters. It can be observed from 
Figure 35 that HLR affects positively the log removal. Yet again, the smaller values are those 
who have a great impact, whereas when having HLR >1 m/d, log removal seems to level off 
meaning that in full-scale applications the log removal does not depend so much on HLR. 
Moreover, in the same plot, we can see that there is no much of a difference between Cin=1 
log and Cin=16 log lines, which leads us on the next parameter. Figure 36 demonstrates the 
influence of influent concentration to log removal and it is easy to conclude that this is little 
to none. Furthermore, by comparing the different lines at the same graph, it looks like HRT 
plays a great role in the log removal of pathogens. This can be confirmed by looking at Figure 
37 where here it is obvious that HRT is the most influential parameter. Overall, it can be 
concluded that all three parameters have a positive correlation with log removal. 
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VFCW Sensitivity analysis 

Equation: 𝐥𝐨𝐠(𝐂 𝐨𝐮𝐭) =  𝐥𝐨𝐠(𝟎. 𝟎𝟎𝟖) + 𝟎. 𝟗𝟒 ∗ 𝐥𝐨𝐠(𝐂 𝐢𝐧) + 𝟏. 𝟐 ∗ 𝐥𝐨𝐠(𝐇𝐋𝐑) + 𝟎. 𝟒𝟓 ∗ 𝐥𝐨𝐠(𝐇𝐑𝐓)  (15) 

 
Figure 38: Sensitivity analysis of Log removal with influencing parameters of 
HLR in VFCW. 
 

 
Figure 39: Sensitivity analysis of Log removal with influencing 
parameters of Cin in VFCW. 

 

 
Figure 40: Sensitivity analysis of Log removal with influencing parameters of HRT 
in VFCW. 

 

 The SA of VFCW shows that HLR is the most influential parameter having a negative 
correlation with log removal (Figure 38).  Furthermore, in Figure 39 we can observe that 
influent concentration plays a somewhat important role in pathogen removal while having a 
positive relation. As can be observed in the same figure, the difference between 1 day of 
HRT and 16 days is very small, which suggests that the effect of HRT in log removal is almost 
negligible. Figure 40 confirms that suggestion since log removal values slightly decrease with 
HRT between 1-3 days and after that, it remains at a stable level regardless of the increment 
of HRT. 

 Looking at the three models and their respective SA a lot of conclusions can be drawn 
regarding the three types of CW: 

1. Regarding the FWS CW type,  both HLR and Cin have a great impact on log removal, 
whereas HRT is not playing an important role since it is not included in the equation. 
Moreover, Figure 34 shows that FWS can be highly efficient in terms of log removal 
when there are high concentrations of pathogens in the influent wastewater. 
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2. Although SSHFCW uses all three of the initial parameters, Cin seems to play a 
negligible role in log removal whereas HLR is important only in small values. 
Moreover, HRT is the main determinant of the removal of pathogens meaning that 
the longer the pathogen stays inside the CW the better the chances of removal. 
Overall it can be observed that the removal capacity of SSHFCW is smaller compared 
to FWS. 

3. The VFCW type shows a different profile compared to SSHFCW (although they are 
both subsurface systems) since here HRT is the negligible parameter while Cin 
appears to affect to a certain extent the pathogen removal. The crucial parameter in 
this type is HLR which shows that with a typical value ranging from 0.005-0.05 m/d 
there can be high levels of removal, which however decrease dramatically with the 
increase in HLR. 

 The sensitivity analysis gave an insight into the contribution of each parameter on the 
removal as well as the levels of the latter with default values given on Cin, HRT, and HLR. 
Moreover, the results can be described reliable, since the developed models although they 
originate from a specific dataset, they are not heavily dependent on the that. That is 
because, during the implementation of the regression analysis, a cross-validation 
technique13 was performed. That means that the selected models have already tested in 
‘’practice’’ by means of using an independent dataset for the estimation of their predictive 
values. This is a common problem associated with predictive model development but in this 
case, the cross-validation technique gave promising results, therefore we can be confident 
that the results are reliable. 

 Overall, the creation of the dataset can be used as a benchmark for any new relevant 
research, since it covers a wide range of information on the properties and performances of 
constructed wetlands on a global scale. Moreover, it can be a key source of data in the 
scientific community, in terms of comparing experimental findings and drawing conclusions. 
Furthermore, the development of three different predictive models is a reliable solution in 
attempting to unravel the complexity that accompanies these systems, by the means of 
finding correlations between parameters that influence the removing efficacy of constructed 
wetlands. 

5.3 Limitations 
 One of the major difficulties encountered in this paper was the lack of important and 
relevant data from the studies that were included in the analysis. Therefore, a need for more 
descriptive information from papers is considered imperative especially on papers that are 
directly related to constructed wetlands and pathogen removal. Another restriction was the 
difficulty in data extraction. A lot of these papers did not provide extractable information 
which meant that a lot of assumptions had to be made (e.g default value of porosity, 
calculation of missing parameters with nominal values). Furthermore, as it was expected 
there were a lot of limitations on the model itself. In specific, Non-linear empirical models C 
and D were used with the assumption that the rate constant had the same value for all three 
pathogen categories throughout the removal process since there was no other way to find 
decay coefficients for every pathogen category. That is of course not true since, under 

                                                      
13 Cross-validation is a technique that is mainly used when someone wants to estimate the accuracy of a predictive model in practice. The 

goal of cross-validation is to test the model's ability to predict new values with data that was not used in estimating it, in order to avoid 
problems like overfitting and to give an insight on how the model will perform to an independent/unknown dataset (Picard & Cook, 1984). 
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normal conditions, each pathogen indicator has its own decay coefficient which is 
determined by various factors such as temperature and HRT. Therefore, this assumption 
automatically diminishes the reliability of these models. 

5.4 Recommendation 
 Below is a list of recommendations for future research while using the developed 
dataset as a reference level. 

1. An attempt to extend the current dataset by contacting authors of case studies with 
limited information and requesting additional data will be a good option.  

2. The lack of information through the systematic literature review led to the non-use 
of temperature and porosity as key factors affecting pathogen removal. If enough 
data can be found, new regression analyses should be made but this time 
incorporating T and the size of the support medium as additional parameters.  

3. Creation of a framework from policymakers which will oblige authors to provide 
adequate reporting of extractable data to allow for meta-analysis of future studies.  
 
 Furthermore, further studies can focus on the difference between pilot-scale 
and full-scale applications, since different environmental conditions and sizes prevail 
between them, possibly resulting in different correlations. That implication could 
possibly explain the huge variation on log removal from the gram-negative bacteria 
category in Figure 20, as scale-up could potentially play a significant role in the 
performance of CWs. 
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6. Conclusion 
 The purpose of this thesis was to quantify the log reduction of pathogenic 
microorganisms by constructed wetlands as a basis for QMRA of water reuse applications. 
The aim was achieved as the final outcome of the paper includes a comprehensive database 
that covers a wide range of information about constructed wetlands and log removal levels 
from specific pathogen categories. Moreover, it includes three predictive models that 
through statistical analysis are able to describe the relationships between specific 
parameters that were selected through systematic literature review, and finally provide 
predictive values of pathogen removal for three distinct types of CWs, thus answering the 
initial research question. An effort was made for the final outcome to cover the knowledge 
gap by contributing to the efforts of KWR to create a knowledge base associated with 
pathogen removal through CWs. The created models can be incorporated into the treatment 
calculator as demonstrated by the storyboard in Chapter 4. Subsequently, the latter can be 
integrated into the QMRAspot for the implementation of QMRA of specific index pathogens. 
KWR can use this added value by providing guidance and counsel to end-users like 
municipalities, local governments, water boards or water companies regarding the polishing 
ability of CWs for water reuse applications.  
 The three models created can pave the way for a better understanding of the design 
and operational parameters of CWs since the decision makers will now be able to know what 
the required values of HRT and HLR should be, in order to achieve a certain degree of 
pathogen removal from their CW. Overall, the final outcome does provide an efficient 
approach to the scientific community by taking a step closer to a better understanding of 
these ‘’black boxes’’ and pointing out where future research needs to focus, in order to fine-
tune and quantify the factors that influence the performance of constructed wetlands.  
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Appendixes 

Appendix 1 
 

Appendix 1: Total number of papers and the combination of keywords that was used at Schopus and Pubmed databases. 
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Appendix 2 

 

Appendix 2: A sample of the complete dataset after the systematic literature review was complete. 
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Appendix 3 
Appendix 3: Viruses and protozoan parasites removal performance. N=number of data points. 
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Appendix 4 
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c -0.25 0.05 

VFCW Coefficients P value R Squared RMSE MAE 
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0.66 1.13 0.92 

b -0.007 3.04*e^-10 

N
o

n
-l

in
ea

r 
St

at
is

ti
ca

l M
o

d
el

 D
 

lo
g(

C
 o

u
t)

=l
o

g(
a)

+l
o

g(
C

  i
n

)+
(b

*H
R

T)
 FWS Coefficients P value R Squared RMSE MAE 

a 0.22 0.0018 
0.56 1.27 0.94 

b -0.16 0.16 

SSHFCW Coefficients P value R Squared RMSE MAE 

a 0.39 <2*e^-16 
0.78 1.18 0.95 

b -0.18 <2*e^-16 

VFCW Coefficients P value R Squared RMSE MAE 

a 0.08 0.0019 
0.64 1.19 1.02 

b 0.02 0.74 

Appendix 4: Residuals of statistical regression analysis through different models per type of CW using the gram-negative 
bacteria dataset. 
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Appendix 5 
Appendix 5: Observed VS predicted Cout using viruses and protozoan parasites datasets. CDB=Could not be determined. 
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CDB For FWS see Figure 22 
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a 0.12 <2*e^-16 
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b 0.006 2.32*e^-10 
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FWS Coefficients P value R Squared RMSE MAE 

a 0.26 4.72*e^-06 
0.77 1.1 0.77 

b -0.12 0.103 

SSHFCW Coefficients P value R Squared RMSE MAE 

a 0.36 <2*e^-16 
0.88 1.04 0.82 

b -0.16 <2*e^-16 

VFCW Coefficients P value R Squared RMSE MAE 

a 0.10 0.000845 
0.38 1.61 1.28 

b -0.007 0.91 

Appendix 6a: Residuals of statistical regression analysis through different models per type of CW. 

  
Appendix 6b: Performance comparison between the different models per CW. The * sign means that the equation 
includes a parameter/coefficient that is not statistically significant. 
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