. Research activities . Supervision and teacning

My teaching and supervision activities are summarized in tables 2.1 and 2.2. .

Collaboration and networking

My involvement in research programs externally founded are summarized in this section in reverse chronological order. .

Chapter . Research activities

Collaboration and networking

An overview of my networking activities is presented in table 2.3. I am a member of the IWA specialist group on wetlands systems for water pollution control since 2017 and I am actively involved in enhancing international collaboration on TW modeling notably by organizing a second workshop on the topic in 2020 in Lyon (postpone to 2021 due to the COVID-19 pandemic). 

Research project

I N France, the application of treatment wetlands started in the 1970s and focused on Free Water Surface (FWS) wetlands, then called Water Stabilization Ponds (WSP). FWS and Sub-Surface Flow (SSF) treatment wetlands represent the two major branches of treatment wetland design [START_REF] Fonder | The Taxonomy of Treatment Wetlands: A Proposed Classification and Nomenclature System[END_REF]. The SSF treatment wetlands in France were built in the late 1980s and their adaptation to the French context evolved during the 1990s [START_REF] Lienard | Vertical Flow Constructed Wetlands Fed with Raw Sewage: Historical Review and Recent Developments in France[END_REF]. Over the course of twenty years, French Vertical Flow (VF) treatment wetlands have become the favored treatment technology for small communities in France (less than 2,000 people equivalents 1 ).

Treatment wetlands are particularly well-suited for the wastewater management of small communities in rural areas. Their extensive design limits the usage of electro-mechanical equipment and thus minimizing the operational costs, making the treatment plant more resilient to mechanical and electrical failures. They can also be employed for decentralized treatment when housing is organized in distant hamlets. The usage of a filtering media guaranties a high-quality effluent regarding total suspended solids (TSS) [START_REF] Morvannou | Treatment Performances of French Constructed Wetlands: Results from a Database Collected over the Last 30 Years[END_REF].

In France, a variant of vertical SSF treatment wetland technology was developed (see Figure 3.1) which is currently known as the French VF treatment wetland [26]. There are three innovations that set it apart from other wetland designs:

• There is no pretreatment step, aside from coarse screening.

• A gravel-based vertical flow filter is used as a first stage of treatment. It filters suspended solids while maintaining infiltration capacity. • Alternating feeding and resting are systematically used for all treatment stages with up to 7 days of rest for the first stage filters. This feature is critical to ensure deposit mineralization and structuration which in turn guarantees that infiltration capacity will be partly renewed when the filter is fed again. The absence of pretreatment greatly simplifies sludge management as it only needs to be removed from the first stage surface once every ten to twenty years. Based on this original design, several variants have been developed over the last twenty years to cope with the challenges of The first part of this chapter provides insight to the widespread use of wetland technology in France. The subsequent discussion presents two critical aspects of treatment wetlands operation, which are: (i) clogging 2 , and (ii) the lifespan of the system. Finally, an overview of our current research efforts to overcome these issues is provided.

. French VF treatment wetlands in numbers

Projects Outcomes of several projects contributed to this section: (i) A study on the aging of French VF treatment wetland. This project has been funded by the OFB. It is an action of EPNAC a (Assessment of New Sanitation Procedures for Small and Medium-Sized Communities), (ii) the post-doc of Ania Morvannou, (iii) the EVEREX project, and (iv) the description of the historical implementation of treatment wetlands in France is largely based on Liénard et al. [START_REF] Lienard | Vertical Flow Constructed Wetlands Fed with Raw Sewage: Historical Review and Recent Developments in France[END_REF]. My contribution I carried out the study on aging of French VF treatment wetland. I cosupervised the post-doc of Ania Morvannou. I am a main contributor to the EVEREX project. Partnerships Service d'assistance technique aux exploitants de station d'épuration (SATESE, Technical assistance service for wastewater treatment plant operators), Fédération française de l'épuration végétalisée (f.e.ve, French union of treatment wetland designers)

a The work group EPNAC aims at collecting, gathering and sharing knowledge on emerging technologies for small and medium-sized communities wastewater treatment. It is financially supported by the French Office of Biodiversity (OFB) and animated by INRAE 2 As it will be further discussed in Section 3.2.1, the term clogging is used here to refer to problematic clogging, i.e. that affects the functioning and or the treatment performance of the system.

. . Milestones of French VF treatment wetland development 19 78 Saint Bohaire

Initially desgined and later optimized by Dr. Seidel. It has been evaluated by Cemagref and identified as a promising technology with a footprint less than a quarter of the one of a surface pond 19 87 Gensac-la-Pallue

Upgrade of an existing water stabilization ponds with 8 VF treatment weslands upstream Simplified design focusing solely on the VF filters fed with raw wastewater. The treatment plant is still in operation. 19 91

SINT was founded

Dirk Esser founded the SINT company and signed an exclusive contract of technological transfer with the Cemagref for a period of 12 years.

It was not before 1998, that the treatment wetland market in France was sufficiently developed to allow SINT to solely focus on it.

04 9th International Conference on Wetlands Systems for Water Pollution Control

The 9th international conference on wetlands systems for water pollution control was held in Avignon, France.

The first results on the performances of the two stages French VF treatment wetlands were presented.

09

Treatment wetlands for stormwater treatment

Funded by the National research agency (ANR), the SEGTEUP project aimed at evaluating treatment wetland design and sizing for the treatment of stormwater. Main outcomes were the release of guidelines in 2013 and a full-scale demonstrator at Marcy-l'Etoile comissioned in 2012 20 06

Partially saturated VF treatment wetlands

In order to address the issue of total nitrogen removal, several research and development projects focused on a single partially saturated filter. Up to 70% of total nitrogen removal has been measured but performances on reduced nitrogen forms are less than those observed on two-stage treatment wetlands. 20 16

Aerated treatment wetlands

Introduced in 2001 by Scott Wallace, aerated treatment wetlands aimed at overcoming limitations associated to insufficient water supply. In France, research are focussing on coupling this technology with the classical first stage of treatment in order to 20 14 foundation of the f.e.ve

Six treatment wetlands designers decided to found the Federation de l'Epuration VEgétalisée with the amibition to gain recognition for the specificity and excellence of the industry, and the legitimacy of specialized builders. The earliest work on treatment wetlands were carried out by K. Seidel [START_REF] Kadlec | Treatment Wetlands[END_REF]. In 1978, she was asked to design a treatment wetland for a boarding school at Saint-Bohaire (Loire-et-Cher, France). Later on, the research institute Cemagref 3 was requested to perform an independent evaluation of the process leading to the publication of the first article on treatment wetlands in France [START_REF] Boutin | Domestic Wastewater Treatment in Tanks Planted with Rooted Macrophytes: Case Study; Description of the System; Design Criteria; and Efficiency[END_REF]. The suggested wetland design had a total footprint much smaller than the traditional technology, Water Stabilization Pond (WSP), making it a favorable option for treating wastewater from small communities.

A few years later, in 1985, a second treatment wetland was built in Pont-Remy (Somme, France).

It was designed to treat the wastewater from a population of 500 inhabitants. The gradation of the different layers in Saint-Bohaire filters caused the material from the top layer to be carried through the filter by seepage4 . Consequently, the particle sizes of the granular media were amended in Pont-Remy following the Terzaghi's rules [27]. However, issues were encountered with horizontal flow treatment wetlands and it was recognized that the overall design needed to be simplified in order to be more easily replicated and operated [START_REF] Lienard | Vertical Flow Constructed Wetlands Fed with Raw Sewage: Historical Review and Recent Developments in France[END_REF]. In 1987, an important milestone was achieved with the commissioning of the treatment wetland of Gensac-la-pallue where 8 VF treatment wetlands fed with raw wastewater were placed upstream from overloaded WSPs in order to increase the overall capacity of the treatment plant. Carried out under Cemagref guidance, this upgrade turned out to be successful with the treatment plant still operating today.

In 1991, Dirk Esser created the SINT (Société d'Ingénierie Nature & Technique) company and started designing two-stage French VF treatment wetlands for small communities beneficiating from an exclusive technical knowledge transfer from Cemagref. However, it was not until 1998 that French VF treatment wetlands started to gain recognition among stakeholders and their number increased. The goals of the 2000 European water framework directive further sparked a period of massive investment from French watershed agencies to implement and upgrade wastewater treatment plants of small communities.

In parallel, other researches on treatment wetlands were conducted in France, notably on horizontal subsurface flow treatment wetlands5 at the Université de Savoie [START_REF] Chazarenc | Hydrodynamics of Horizontal Subsurface Flow Constructed Wetlands[END_REF][START_REF] Merlin | Performances of Constructed Wetlands for Municipal Wastewater Treatment in Rural Mountainous Area[END_REF].

In 2004, Cemagref organized the International Water Association's 9 th Conference on Wetland Systems for Water Pollution Control with the support of the Rhône Méditerranée Corse watershed Agency, and the Association Scientifique et Technique pour l'Eau et l'Environnement (ASTEE, Scientific and Technical Association for Water and the Environment). Results from a survey carried out on more than 80 French VF treatment wetlands [START_REF] Molle | How to Treat Raw Sewage with Constructed Wetlands: An Overview of the French Systems[END_REF] confirmed the good results observed in preliminary studies.

From then, French VF treatment wetlands have become the favoured technology for the treatment of small communities in France (see Section 3.1.2) and some variants have been developed to treat specific types of wastewater or in order to enhance removal of specific pollutants. Since 2006 treatment wetland designers in France have introduced partially saturated 1 st stage treatment wetlands to remove total nitrogen [START_REF] Morvannou | Using One Filter Stage of Unsaturated/Saturated Vertical Flow Filters for Nitrogen Removal and Footprint Reduction of Constructed Wetlands[END_REF][START_REF] Prigent | Effects of a Saturated Layer and Recirculation on Nitrogen Treatment Performances of a Single Stage Vertical Flow Constructed Wetland[END_REF]. Another example of the diversification of the application of French VF treatment wetlands is their application in stormwater treatment. In 2009, Irstea (former name of INRAE) initiated a research program funded by the French national research agency (ANR) that led to the development of a new treatment wetland design presented in a full-scale demonstrator at Marcy-l'Etoile in 2012 and subsequently included in technical guidelines published in 2014 [START_REF] Molle | Systemes Extensifs Pour La Gestion et Le Traitement Des Eaux Urbaines de Temps de Pluie[END_REF]. Currently, treatment wetland research in France is focusing on aerated filters in order to reduce the footprint and perform on-demand treatment for specific reuse applications.

. . Current state of development of French VF treatment wetlands

In a recent study [10], an inventory of treatment wetland in France was performed using two databases: (i) A public spreadsheet released by French water authorities every year (Portail de l'assainissement communal) that lists all treatment plants of capacity larger than 200 people equivalents. The information in the database is mainly regulatory, i.e. name and location of the treatment plant, identification number, treatment capacity, but the main category to which the treatment process belongs is specified, e.g. all treatment wetlands are classified under the treatment wetland category. (ii) The second database we used is called PlanteDefi, which is a database that has been developed by INRAE with the financial support of the OFB. It aims at providing to the members of the work group EPNAC access to performance data for treatment wetlands in France and overseas territories. The database includes the results of regulatory 24-hours composite samples and information on the treatment plant design and operation. The database can be used to perform statistical analyses. The spreadsheet released by French water authorities is more exhaustive than PlanteDefi. However, the reliability of the data regarding treatment plants of capacity less than 2,000 people equivalents is low (e.g. erroneous commissioning date or treatment process). Treatment plants of capacity less than 200 people equivalents are often not registered in the database. On the other hand, the PlanteDefi database only contains data that have been validated by data producers and controlled by PlanteDefi maintainers. Furthermore, PlanteDefi contains data regarding the design of the treatment wetland that does not exist in the spreadsheet released by French water authorities. Therefore, the two tools are complementary in the sense that they can be used together in order to get a representative snapshot of treatment wetland application in France. In the meanwhile, within the framework of the EVEREX project to which I participate, significant efforts are dedicated to identify all missing treatment wetlands in PlanteDefi thanks to the collaboration of SATESE and treatment wetland designers. departments 6 with low inhabitant density (Figure 3.4). Figure 3.6 presents the age structure of treatment wetlands in operation in France in 2018. It consists in a violin plot that represents the frequency distribution of the age of the treatment wetlands along the y-axis and a boxplot. It is a particularly interesting parameter because treatment wetlands remain a relatively new technology in France. In 2018, the median age of the treatment wetlands built in France was 10 years and 50% of those systems have been operating between 5 and 15 years. They have been built in great numbers over a short period of time, and there is no available study allowing to estimate the lifespan of French VF treatment wetlands. Based on Liénard [START_REF] Lienard | Vertical Flow Constructed Wetlands Fed with Raw Sewage: Historical Review and Recent Developments in France[END_REF], the oldest treatment wetland still in operation is Gensac-la-Pallue (OpenStreetMap link) and has been commissioned in 1987. There are 76 treatment wetlands that have been operating for more than 25 years and 159 that have been operating for more than 20 years based on spreadsheet released by French water authorities in 2018.

In France, stakeholders usually consider that the lifespan of a wastewater treatment plant is between 30 and 40 years. This range is based on the experience obtained from activated sludge treatment plant. Therefore, it would be particularly interesting to observe how the operation and the treatment performance of the oldest French VF treatment wetlands evolves as they approach this age. French VF treatment wetlands do not suffer from the mechanical fatigue that affects the electromechanical equipment used in activated sludge treatment plants and therefore wetland systems could in theory have a longer operational life. However, unlike activated sludge treatment plants, the biomass produced by the biological activity linked to pollutant degradation in treatment wetlands is not regularly exported but accumulates on the top and within the filtering media. This active region of the filter is called the biomantle (see Section 3.2.1) and also contains the suspended solids retained by filtration. The surface deposit that forms above the filtering media in French VF treatment wetlands is partly removed during the deposit removal operation that usually occurs every ten to twenty years but the biosolids entrapped within the filtering media accumulates until the filter reaches a clogged state (see Section 3.2.2). Consequently, all French VF treatment wetlands will eventually clog. The speed with which the filter media clogs strongly depends on the cumulative Based on the data collected by PlanteDefi, the organic, TSS and hydraulic loads at the inlet of French VF treatment wetlands were estimated. 

. . A survey on treatment wetland operational issues

A survey was carried out from June 2016 to June 2017 among members of the SATESE in order to identify the major issues associated with the development of treatment wetlands in France. A particular focus of the survey was to identify French VF treatment wetlands that were experiencing clogging. Unfortunately, due to the limited human resources allocated to the project, the response rate was low and therefore the list of issues identified is not exhaustive and only a portion of clogged French VF treatment wetlands have been identified. Out of all answers, 49 systems were identified as experiencing severe issues that affect operation and/or treatment performance of the system. The median age of the surveyed treatment wetlands is 14 years: the oldest one was commissioned in 1992 and the most recent one was commissioned in 2014. Among the 49 surveyed treatment wetlands, 26 have experienced clogging (.i.e. impeding wastewater infiltration and degrading treatment performance). Among them, 23 are French VF treatment wetlands and clogging affects both the first stage of treatment (14 cases) and the second stage (12 cases). It is worth noting that on the treatment wetlands where both stages are clogged, 7 COD is often used to measure the organic load. Its measurement is more reliable than the one of the biological oxygen demand and both metrics are strongly correlated although the chemical species to which they react are not exactly the same.

8 SE: standard error the clogging of the first stage often led to the clogging of the second one.

Issues have been classified within three categories:

• design issues,

• operation issues,

• influent issues. The sunburst on Figure 3.8 presents all identified issues in relation with their parent category (listed above). Sunburst plots visualize hierarchical data spanning outwards radially from root to leaves. The size of a sunburst sector is proportional to the number of individual entries in a given category.

Design flaws accounted for 39 % of the total number of issues reported. Some of them were already known: (i) the freeboards that separate the different filters (in the first and second stages) are often of insufficient height causing overflows to the resting filters during hydraulic overload events. (ii) Phalaris arundinacea are sometimes mistakenly planted instead of Phragmites australis. The stems of Phalaris arundinacea are more tortuous and flexible than those of Phragmites australis and therefore have a reduced mechanical effect9 . (iii) Phragmites australis were too young or planted at an insufficient density or too late in the year.

However, the most common design issue reported is related to the drainage pipes (14 % of all issues). If agricultural drainage pipes are not used anymore in France10 for treatment wetlands, problems that subsist are either due to incorrect implementation (inappropriate slope leading to the development of saturated zone, insufficient number) or the obstruction of the slots by roots or fine gravels (this is more likely to happen if the slots are narrow). These drainage issues have also been reported abroad [24]. Finally, the grain size distribution of the gravel used in the first stage filters has been reported has a potential factor of dysfunction. A uniformly graded and relatively coarse filtering media will allow too many suspended solids to pass through it, which are likely to cause In addition, the surface deposit will take longer to form, which increases the fouling of the filtering media (see Section 3.2.2] for a complete description of clogging and fouling mechanisms). On the contrary, a gap-graded 11 filtering media with a significant fraction of fine gravel that can fill up the space between larger gravel pieces does not allow depth filtration to occur (see Section 3.2.2) and can lead to clogging within the first centimeters of the filter. Operation issues represent 14 % of the reported cases. The main operation issues are: (i) no or inconsistent alternation, and (ii) no yearly harvest of the reeds. Leaving dead stems at the filter surface favors a faster accumulation of the surface deposit 12 .

The quality and quantity of the influent wastewater are also listed among the sources of dysfunction (14 % of all issues reported). An influent with a low biodegradability will accelerate the accumulation of biosolids within the filtering media as the mineralization of organic matter will be slower. It has also been reported that wastewater containing a large fraction of colloids is likely to impair dewatering of the surface deposit layer. Another major issue related to influent (12 % of all issues reported) is quantitative. Due to the nature of sewer network in rural areas, the quantity of clear water that can infiltrate into the sewer network can be significant especially during certain seasons, which can lead to hydraulic overloads that last several weeks. Unfortunately, it often occurs at the end of the winter and early spring when filters are already prone to clog 13 . If the hydraulic overloads last too long, a light-brown layer of sludge (sometimes referred to as slime) develops at the surface of the filter. This layer does not dewater and is almost impervious (Figure 3.9). In mountainous areas, hydraulic overloads may also be caused by snowmelt. In such conditions, the influent temperature drops which is known to be another factor leading to clogging [START_REF] Le Bihan | Monitoring Biofilter Clogging: Biochemical Characteristics of the Biomass[END_REF]. The French VF treatment wetlands that experience clogging do not have a higher TSS load, 13 dewatering is less efficient during winter and early spring due to the climatic condition and water tends to pond longer at the treatment wetland surface especially in absence of the mechanical effect of the reed stems. however they have, in average, a larger COD to TSS ratio (Wilcoxon test, W = 40916, p-value = < 10 -7 ).

.

Aging of French VF treatment wetlands: biomantle formation and clogging

Projects Outcomes of several projects contributed to this section: (i) A study on the aging of French VF treatment wetland. This project has been funded by the OFB. .

. Biomantle formation and clogging

In the treatment wetland literature, the term clogging is often used to describe the gradual accumulation of biosolids within the porous medium and the malfunctions that may result from it [START_REF] Nivala | Clogging in Subsurface-Flow Treatment Wetlands: Measurement, Modeling and Management[END_REF].

Recently, Pucher and Langergraber [15] identified a criterion for clogged VF filters: a filter is considered clogged if the volume of water received during a batch does not infiltrate completely before the subsequent batch. The degree of clogging is defined as a function of the percentage of filter surface permanently ponded during two consecutive batches. However, this definition only applies to VF filters without alternate feeding and resting periods and is therefore ill-suited for French VF treatment wetlands, for which the duration of ponding varies during a feeding period and also depends strongly on the season and storm events. In addition, the term clogging has a negative connotation and only focuses on the occupation of the pore space by entrapped solids and its impact on hydraulics.

In Martinez Carvajal et al. [13], the term fouling has been introduced to describe the normal accumulation of biosolids in French VF treatment wetlands by opposition to clogging which represents problematic cases. Fouling is commonly employed in membrane technology to describe various mechanisms like biofouling or particulate fouling [START_REF] Guo | A Mini-Review on Membrane Fouling[END_REF]. Nonetheless, fouling has also a negative connotation and a better term should be use to describe the phenomenon that is key to the success of French VF treatment wetlands.

Consequently, this section introduces a terminology specifically adapted to French VF treatment wetlands.

Many similarities exist between the term pedogenesis and the accumulation of solids in French VF treatment wetlands. Nonetheless, pedogenesis is largely associated with the description of the alteration of the parent material that lead to the formation of a soil and, therefore, seems unfit to French VF treatment wetlands.

Another terminology that is in used in soil science might be more appropriate: the biomantle. Jonhson et al. [START_REF] Johnson | Reflections on the Nature of Soil and Its Biomantle[END_REF] describes it as:

The biomantle is the main zone of biodynamics, and while bioturbation is indeed a dominant process in forming it, the broader replacement term biodynamics encompasses bioturbation plus all other biologically produced and mediated processes, such as biosynthetic-metabolic productions and transformations, all living-nonliving biomass and organic accumulations, krotovina, microaggregates and agglutinates, associated biovoids, and the volume increases due to their sum. It thus encompasses humus (mull-mor) and all other forms of organic matter (biopellets and animal droppings, animal bodies, plant roots, fungal mycelia-hyphae) and biologically mediated soil materials, including many bioformed iron-manganese and other metal oxides, phosphate and carbonate nodules, etcetera. It also includes the biopores, biovugs, biochannels and such that are created during these biomechanical and biochemical metabolicbiosynthetic activities, including all the pores owed to metabolically produced gases. This definition seems particularly well suited as it focuses on the role of the organic matter and all the bio-mechanical processes that structure it. In terms of thermodynamics, French VF treatment wetlands are indeed open systems with a significant incoming energy flow that allows it to compensate the increase of entropy and to cope with the increase of matter due to solid accumulation by organizing it.

The term biomantle could be used to describe the volume of a French VF filter impacted by the accumulation of solids including the surface deposit. The term fouling could be kept to describe the mechanisms responsible of the accumulation of biosolids in the filtering media. The biomantle formation would include fouling along all other mechanisms that are mitigating its effect like bioturbation and biodegradation.

The top of the biomantle is made of the surface deposit. It is important to name this layer separately because it plays a very specific role in the functioning of French VF treatment wetlands.

At the microscopic scale, the term biosolids could be used to describe the accumulation of solids within the filtering media and those which constitute the skeleton of the surface deposit. Kania et al. [19] employed the term Particulate Organic Matter (POM) in the context of the study of the surface deposit. This term seems appropriate as well although it neglects the importance of mineral matter accumulation. This new terminology is presented in Figure 3.11. Finally, the usage of the term clogging will then be restricted to describe the formation of a layer formed by biosolids (organic and mineral) at the surface or within the filtering material, which by its nature and structure impair water infiltration causing overflows and a degradation of treatment performance.

. . Theoretical description of biomantle formation

When a French VF treatment wetland is first fed with wastewater (Figure 3.13a), the first mechanism to occur is filtration. Equivalent diameters 14 of suspended solids in wastewater range from 0.1 µm (colloids) to 40 mm 15 . Figure 3.12 presents particle size distributions that have been measured in the influent of five wastewater plants with size ranging from 800 to 2,000 people equivalent (from 48 kg BOD 5 × d -1 to 120 BOD 5 × d -1 ) [14,[START_REF] Prost-Boucle | French Vertical-Flow Constructed Wetlands in Mountain Areas: How Do Cold Temperatures Impact Performances?[END_REF]. The median particle size is 20 µm. 14 The equivalent diameter is defined as the diameter of a circle with an equal aggregate sectional area 15 it is the size of the screen that is usually placed at the entrance of the wastewater treatment plant. At first, many large pores can be found at the surface of the treatment wetland allowing particles of various sizes to enter the filtering media (Figure 3.13b).

These particles may be stopped deeper in the filter by depth filtration [START_REF] Purchas | Handbook of Filter Media[END_REF]. Depth filtration refers to a combination of mechanisms that allows the retention of solids with a diameter smaller than the pore size because they are entrapped during the tortuous travel within the pore network16 [START_REF] Sacramento | Deep Bed and Cake Filtration of Two-Size Particle Suspension in Porous Media[END_REF][START_REF] Muresan | Dynamic Behavior of Straining in Randomly Packed Beads: Experimental Study[END_REF]. Thanks to this mechanism, a coarser material can be used and only a small fraction of suspended solids are stopped by straining within the first pore throats, thus avoiding the formation of a clogged layer within the first centimeters of the filter (a phenomenon that sometimes occurs at the second stage of French VF treatment wetlands). The efficiency of depth filtration strongly depends on the geometry of the pore network and this relationship remains mostly unknown in the case of the first stage French VF treatment wetlands.

As more suspended solids are dosed onto the surface of the filter, the pore throats near the surface are blocked by the larger particles or by bridges formed from smaller ones. The retained solids start to form a filtration cake at the surface (Figure 3.13c) that is frequently called the surface deposit in the field of treatment wetlands [START_REF] Molle | French Vertical Flow Constructed Wetlands: A Need of a Better Understanding of the Role of the Deposit Layer[END_REF].

From this moment, cake filtration becomes more important than depth filtration. Surface deposit also plays an important role in terms of hydraulic as it is the layer in the filter with the lowest hydraulic conductivity. Within the filtering media and within the surface deposit, the biological activity progressively builds up. Micro-organisms organize themselves in biofilms which allow them to resist to rest period when water, their living environment, becomes scarce [START_REF] Flemming | The Biofilm Matrix[END_REF]. Biofilms are particularly well-established around the roots of the Phragmites [START_REF] Ch | The Root Surface as the Definitive Detail for Microbial Transformation Processes in Constructed Wetlands -a Biofilm Characteristic[END_REF]. Phragmites not only provide a habitat for bacteria but also play a major mechanical role in French VF treatment wetlands. Because the surface deposit has a low hydraulic conductivity, wastewater ponds over the filter surface during a load. It presents the advantage of improving the influent repartition over the surface of the filter but it also limits oxygen penetration into the surface deposit layer and filtering media which is essential for aerobic biological activity. Phragmites stems pass through the surface At the end of a feeding period, the surface deposit is saturated with water (up to 0.75 m 3 • m -3 [START_REF] Morvannou | Characterizing Hydraulic Properties of Filter Material of a Vertical Flow Constructed Wetland[END_REF]) and forms a layer of apparent homogeneity and high plasticity (Figure 3.13d).

Biofilms within the surface deposit and the filtering media have also considerably grown. Partly due to bacterial growth but also due to the storage of water within the biofilm, which is trapped due to the exopolymers produced by the bacteria. It all contributes to a reduction of the hydraulic conductivity and consequently of the infiltration speed of the wastewater.

During rest period, the surface deposit progressively dries until it reaches its limit of plasticity [START_REF] Vincent | Mechanical and Hydraulic Properties of Sludge Deposit on Sludge Drying Reed Beds (SDRBs): Influence of Sludge Characteristics and Loading Rates[END_REF] (see Section 4.1) and at a lesser extent between batches during the feeding period. Depending on the nature of the influent, Vincent et al. [START_REF] Vincent | Mechanical and Hydraulic Properties of Sludge Deposit on Sludge Drying Reed Beds (SDRBs): Influence of Sludge Characteristics and Loading Rates[END_REF] mesured values of platicity limit ranging from 4 to 7 g w • g -1 s (gram of water per gram of dry matter). Then it cracks as it continues to dry (Figure 3.13e).

Drying is enhanced by evapotranspiration. The impact of lignocellulosic components, present in large quantity in the surface deposit, on the dewatering process needs to be clarified in the context of French VF treatment wetlands. Shrinkage cracks [START_REF] Vincent | Mechanical and Hydraulic Properties of Sludge Deposit on Sludge Drying Reed Beds (SDRBs): Influence of Sludge Characteristics and Loading Rates[END_REF] allow oxygen from the atmosphere to diffuse more easily within the filtering media [START_REF] Petitjean | Oxygen Profile and Clogging in Vertical Flow Sand Filters for On-Site Wastewater Treatment[END_REF]. The larger the cracks and the more dense they are, the more the hydraulic conductivity of the surface deposit increases. Bacterial activity continues during the rest period degrading pollutants that have been stored during the feeding period but progressively slows down causing the thickness of the biofilm to recede. The biofilm is also the prey of larger organisms of the micro-fauna such as nematodes or meso-fauna such as springtails. Bacteria release enzymes that starts fragmenting the most recalcitrant organic molecules of the biosolids leading to the release of smaller particles and soluble components that might leached during the next feeding period. The fate of the particles that detach from the deposit layer is controlled by the depth filtration mechanisms: some of them will be stopped deeper within the filter and some will exit the filter with the effluent. Consequently, depth filtration continues to play an important role in the biomantle formation in French VF treatment wetlands even after a surface deposit has developed. All of these mechanisms contribute to the transformation of the biosolids at the surface and within the filtering media and ultimately to the mineralization of its organic fraction.

Depth filtration and bacterial growth are two main mechanisms contributing to the accumulation of biosolids in the filtering media. Depth filtration has not been extensively studied in the field of treatment wetlands and there are curently no models able to predict the dynamics of depth filtration and the accumulation rate of biosolids. It strongly depends on the pore geometry and the amount of entrapped solids. A good description of the mechanisms could only be achieved at the pore scale.

In addition to the feeding and resting cycles, seasons affect the way the surface deposit layer accumulates. During summer, dry-out of the deposit layer is boosted by evapotranspiration, and mineralization is favoured by high temperature. Consequently, the deposit accumulates slowly (a decrease in the depth of the surface deposit on some French VF treatment wetlands has been observed during summer). During winter, the surface deposit layer tends to grow faster and to remain in a state of important plasticity [START_REF] Molle | French Vertical Flow Constructed Wetlands: A Need of a Better Understanding of the Role of the Deposit Layer[END_REF].

A third aspect also influences the development of the deposit layer: removal frequency. When surface deposit reaches a height of approximately 20 centimeters on the first stage of French VF treatment wetlands, it is advised to remove it. The thickness of the surface deposit is an important parameter influencing its dewatering as well as the penetration of oxygen in the filtering material. Consequently, there is a limit to the thickness of the deposit layer. A deposit layer that is too thick will create clogging. Based on observations carried out at Gensac-la-Pallue, it has been observed that the surface deposit tends to accumulate faster, leading to more frequent removal after the first removal has oocured 17 . To explain this need for more frequent surface deposit removal, a hypothesis is summarized in Figure 3.14. The surface deposit removal is followed by a period dominated by depth filtration until a surface deposit develops again on the surface. However, the biosolids already present in the filtering media contributes to a more efficient filtration and therefore the surface deposit layer forms faster. Consequently, the quantity of solids stopped by depth filtration tends to decrease from the first surface deposit removal to the second, and so on. The more biosolids accumulate within the filtering media the slower mineralization will be because the thickness of the biosolids reduces oxygen diffusion.

The description of the accumulation of biosolids over time in the filtering media and on top of it (forming the surface deposit) is not complete if it does not include the biodynamic component. In fact, the role of biological organisms is a necessary component to be considered in the biosolid paradigm. The distribution of biosolids in the filter is affected by the biodynamic activity of many species. The term biodynamics encompasses bioturbation plus all other biologically produced and mediated processes [START_REF] Johnson | Reflections on the Nature of Soil and Its Biomantle[END_REF]. These different activities can be categorized as follows: Biodegradation Biosolids, settled or produced in or at the surface of the filter, are subjected to biodegradation. Figure 3.15 summarizes the different biodegradation paths occuring in treatment wetlands. Decomposing organisms (bacteria and fungi) occupies a central role in the biodegradation processes as they are the only organisms able to perform the elementary degradation actions thanks to the production of extra-cellular enzymes. Biodegradation is accelerated by the action of detritivores which mechanically break down large pieces of organic residues. Biodegradation of fresh organic matter may lead to the formation of humic substances or may be directly mineralized. Humic substances are stable components that are ultimately mineralized. The amplitude of the humification process is a key parameter of biosolid formation. On the one hand, humification slows down the mineralization process and therefore enhances fouling. On the other hand, humic substances increase the adsorption capacities of the biosolids and therefore enhance the treatment performance of French VF treatment wetlands, mainly for nitrification [START_REF] Morvannou | Modeling Nitrogen Removal in a Vertical Flow Constructed Wetland Treating Directly Domestic Wastewater[END_REF]. However, humification does not appear as the main biodegradation and this could be explained by the low lignocellulosic fraction in the deposit [16,[START_REF] Vincent | Les Lits de Sechage de Boue Plantes de Roseaux Pour Le Traitement Des Boues Activees et Les Matieres de Vidange : Adapter La Strategie de Gestion Pour Optimiser Les Performances[END_REF]. Faunalturbation Detritivores participates to biodegradation processes and therefore have an action on its composition. Other invertebrates transport large quantities of material across the filter (in soil zoology, they are often referred to as conveyor belts) and their action are referred to as faunalturbation. Among the different organisms responsible for faunalturbation, earthworms dominate in French VF treatment wetlands [START_REF] Ouattara | Comparison of Macrofauna Communities in Sediments of the Beds of Vertical Flow Constructed Wetlands Planted with Panicum Maximum (Jacq.) Treating Domestic Wastewater[END_REF]. Among the earthworms observed in VF treatment wetlands, two categories can be distinguished (Figure 3.16): (i) epigeic earthworms are mainly present in the surface deposit layer and have a limited turbation effect, (ii) anecic earthworms move vertically in the biomantle creating burrows that structure the subsurface and contribute to maintaining the infiltration capability. The invertebrates that can be found in French VF treatment wetlands greatly depend on the oxygenation conditions, some species being more tolerant to anoxic conditions than others. Altough no studies have been specifically carried out on this topic, the knowledge accumulated in soil science [START_REF] Gobat | Le sol vivant: Base de pédologie-biologie des sols. fr. Third[END_REF] provide with a first outlook of which species may be found according to the oxygenation state of the filter (Figure 3.17). Floralturbation Plants also play an important role in the structuration of the biomantle. The growth of roots and rhizomes are especially important in the top ten to twenty centimeters of the filtration layer. The impact of plants on the overall the hydraulic conductivity of the filter is still an open question [START_REF] Knowles | Clogging in Subsurface-Flow Treatment Wetlands: Occurrence and Contributing Factors[END_REF]. It has been clearly demonstrated [START_REF] Molle | Effect of Reeds and Feeding Operations on Hydraulic Behaviour of Vertical Flow Constructed Wetlands under Hydraulic Overloads[END_REF] that stems are crucial to the structuration of the surface deposit has they create path to by-pass it when its hydraulic conductivity is too low. The role of fungal mycelia and mycorrhiza has been largely overlooked in treatment wetlands but has recently received more attention [25]. The importance of turbation by fungi has still entirely to be explored.

Figure 3.17: Assumption on the link between the relative abundance of invertebrates in French VF treatment wetland and its state of aeration based on the knowledge gained in soil science from the study of the mul and moder humus types and adapted from an illustration of Gobat et al. [START_REF] Gobat | Le sol vivant: Base de pédologie-biologie des sols. fr. Third[END_REF] .

Treatment wetland new horizon

The lifespan of French VF treatment wetlands depends on how the biomantle formation occurs and at which speed. Unfortunately, fondamental knowledge bricks and the operational feedback to confidently predict it are currently missing. Lifespan also depends on the design of the French VF treatment wetland which may vary from one builder to another even if the surface per p.e. is the same. The lifespan is sensitive to the quality of the treatment plant operation. Despite the fact that guidelines exist, significant differences in operation have been observed, which could be partly explained by the lack of a dedicated training for system operators.

From the first experiences of French VF treatment wetland rehabilitation have emerged several bottlenecks and especially how the extracted material is dealt with. If no technical solution is found, its disposal could have a significant negative environmental footprint. French VF treatment wetlands not only need to be renewed but also upgraded to fit even more stringent regulations (e.g. total nitrogen removal) and new usages, i.e. the reuse of the effluent in the context of global warming or to enhance the resiliency of city water system in combination with other nature-based solutions [7,21].

With more than 4,600 treatment plants in operation and nearly 160 systems older than 20 years, it becomes urgent to develop the tools and methodologies to monitor, plan and conduct rehabilitation of French VF treatment wetland. Efforts should also be dedicated to the clogging issue. Even if it rarely occurs, operators lack the tools to anticipate and manage it. Reacting to clogging, rather than working to prevent it, requires the usage of expensive and invasive solutions and damages the reputation of French VF treatment wetland technology.

. . Aims

In close collaboration with my colleagues of RESEED 18 , I aim at developing research projects around the three following pillars: Predict Gain the missing bricks of knowledge and the data to develop a predictive model of the biomantle formation. Develop tools to monitor the biomantle and alarm if clogging conditions develop Plan Devise decision-support tools for stakeholders to plan the rehabilitation and upgrade of French VF treatment wetlands using a holistic approach. Upgrade Design tools and methodologies to rehabilitate and upgrade French VF treatment wetlands with the smallest environmental footprint possible.

Predict

We aim at developing a first predictive model of the biomantle formation by combining mechanistic and machine learning approaches. Mechanistic approaches require a fine understanding of the processes that are not all yet fully understood and/or quantified. This knowledge can be gained by collaborating with more specialized laboratories, similar to the collaboration with Laurent Oxarango (IGE, Grenoble) that has been developed during the PhD of German Dario Martinez Carvajal. This collaboration performed microscopic observation of the biomantle structure at the pore level. Machine learning approaches require large quantity of data. Based on the unique bond that the REVERSAAL research unit has built with SATESE within the framework of EPNAC work group, we aim at performing a nationwide assessment of the treatment performances of the oldest French VF treatment wetlands. The REVERSAAL research unit also actively collaborate with French VF treatment wetland designers notably through the EVEREX project to gather detailed design information that will help understand the differences between the different designs. Data could be continuously collected and integrated into the PlanteDefi database presented in section 3.1.

We also plan to develop innovative monitoring tools that will help visualize and understand biomantle formation notably through the recent advances in bio/hydro-geophysics.

More details are given in chapters 4 and 5.

Plan

Since treatment wetland technology was first introduced in France, the designs have blossomed as well as the number of their designers. It can partly be explained by the need to meet with always more stringent discharge regulations (notably on phosphorous and total nitrogen removal) but also by the need to differentiate from other competitors. It makes the choice of practitioners more difficult especially in the context of a changing wastewater treatment paradigm: practitioners are asked to take into account always more parameters, especially in terms of environmental footprint and to explore potential reuse and valorization paths. The rehabilitation of French VF treatment wetlands is also the occasion for communities to question their sanitation practices and the potentials for decentralized treatment and wastewater reuse at the scale of their territories. The combination of holistic approaches such as life cycle assessment [START_REF] Risch | Life Cycle Assessment of Urban Wastewater Systems: Quantifying the Relative Contribution of Sewer Systems[END_REF] with multi-criteria decision support tools [11] could transform the rehabilitation into a transition towards more sustainable water management practices. Scientific developments are needed to capture the mutlifunctionality of treatment wetlands.

Research may help the stakeholders by:

• developing multi-criteria decision support tools to support the planning of treatment wetland rehabilitation. • evaluate the performances of new technologies in association with SATESE.

• participate to the training of future practitioners (stakeholders and operators) to spread the usage of innovative practices. 

Upgrade

When focusing on the treatment system, French VF treatment wetland rehabilitation will face two challenges:

• The media needs to be clean in order to remove biosolids with a particular emphasis on the production of the by-products, i.e. as little material as possible should be disposed to landfill in order to limit the environmental footprint. Different techniques have been tested on horizontal flow treatment wetlands (e.g., Table 3.1). • The treatment wetland design will need to be upgraded not only to increase treatment capacity but also to adapt it to more stringent discharge regulations (e.g., removal total nitrogen and/or phosphorous) and new usages (e.g., treated wastewater reuse for irrigation purposes which will require on-demand treatment as well as pathogen removal). Those represent the current limit of treatment wetland technology as illustrated in Figure 3.18.

. . Organization

As mentioned, the rehabilitation of French VF treatment wetlands encompasses several technological challenges and scientific bottlenecks. Therefore, I, along with my colleagues from the RESEED research group, have conceived a research program sudivided into three sub-projects as illustrated in Figure 3. 19 Excavation & landfilling Costly operation mainly because of the landfilling of the used material (which are considered as hazardous according to French regulation) Excavation and washing of gravel ARM, a UK company has developed dedicated equipment to carry out such operation on horizontal flow treatment wetlands with coarser material than French VF treatment wetlands. However, due to limitations of the developed device, ARM currently prefers to wash the material in a remote location before putting it back in the filter.

Application of hydrogen peroxide

It is currently the quickest method to reverse clogging. It requires the application of large quantities of hydrogen peroxide and therefore must be handled by qualified and equipped technicians despite the risks are low. There is no feedback on the long-term efficiency. Application of sodium hypochlorite One laboratory experiment using this procedure reported in the literature. On-site application seems hazardous considering the toxicity of the chemical in use.

Application of earthworms

Ecological engineering technique par excellence. The technique is quite inexpensive but presents the drawback of putting the clogged filter at rest for a long period of time.

Application of a nutritious solution

The idea behind this method is to quickly mineralize biosolids by enhancing the bacterial degradation kinetics. For this purpose, a solution with an optimal N/P ratio of five must be applied. The only reported experiment mentions conclusive results after 55 days.

Application of tensioactive substances

The aim is to solubilize EPS by applying a solution with high concentration of tensioactive substances. The technique has been evaluated once in laboratory achieving satisfactory results. However, non-hazardous tensioactive substances (e.g. rhamnolipids) are expensive and the technique still need to be validated on-site.

Molle which aims at evaluating the opportunity of decentralized treatment to avoid sewer overflow, and the SETIER project led by Rémi Clément on innovative (low-cost) monitoring.

The Predict subproject will be proposed to the ANR generic call 2022. Despite French VF treatment wetlands are mainly present in France, the development of a biomantle is present in every kind of treatment wetlands and the question of submitting a proposal to an European call will also be explored. The Plan subproject will be submitted to the regional call in 2021. The Upgrade subproject is well-suited for funding by the association nationale recherche technologie (ANRT, national association research technology) and a private company.

. . Expected outcomes

The expected outcomes of this large research program are:

• The development of a predictive model of the biomantle formation to help stakeholders to plan French VF treatment wetland rehabilitation. • Tools to monitor French VF treatment wetlands and alert in case of the development of clogging-prone conditions. . Unveiling the invisible T HE development of French VF treatment wetlands has greatly benefited from the extensive research that has been carried out on sand filters for wastewater treatment [START_REF] Guilloteau | Wastewater Treatment over Sand Columns -Treatment Yields, Localisation of the Biomass and Gas Renewal[END_REF], and especially from the tools to carry out observations and investigations within porous media. Most of the research on sand filters was performed using column experiments. The development of French VF treatment wetlands and (especially first stage filters) were mostly the result of full-scale experiments [START_REF] Lienard | Vertical Flow Constructed Wetlands Fed with Raw Sewage: Historical Review and Recent Developments in France[END_REF].

I joined the REVERSAAL research unit, then called EPUR, in 2009 at a moment where methods were needed to investigated processes occurring within French VF treatment wetlands.

A specificity of French VF treatment wetlands is the absence of a stand-alone pre-treatment step (such as a septic tank) and consequently, large amount of biosolids accumulates on the top of and within the porous media, leading to the development of a biomantle. New challenges emerge from the need of developing tools to better understand the processes occurring within the biomantle as well as their dynamics over space and time. The biomantle in French VF treatment wetlands is not only important for retaining TSS (83 % of the incoming TSS load is retained on the first stage [START_REF] Morvannou | Treatment Performances of French Constructed Wetlands: Results from a Database Collected over the Last 30 Years[END_REF]) but it also provides a habitat for the micro-organisms performing biological pollutant degradation. Using a calibrated model, Morvannou et al. [START_REF] Morvannou | Modeling Nitrogen Removal in a Vertical Flow Constructed Wetland Treating Directly Domestic Wastewater[END_REF] were able to estimate the nitrogen mass balance during an entire cycle (feeding and resting periods). Approximately 44 % of the applied total nitrogen load is nitrified during the feeding period, which increases to 72 % at the end of the resting period due to the transformation of the adsorbed nitrogen on the biosolids (Figure 4.1). Figure 4.2: Differentiation of sludge samples according to their indices related to the stability and maturity of the organic matter [12].

Biosolids are not only the host of the micro-organisms responsible for pollutant biodegradation but biosolids evolve over the course of years according to the different degradation paths illustrated in Figure 3.15. Kania et al. [12,19,20] identified the constitutive fractions of the biosolids and observed their evolution over time. Using different biological, thermal and chemical tools, they were able to differentiate the surface deposits from young French VF treatment wetlands (less than one year in operation) from those of mature French VF treatment wetlands (more than three years in operation). As shown in Figure 4.2, the surface deposit of young French VF treatment wetlands is more biodegradable and contains less humus-like compounds than mature French VF treatment wetlands. The result of this study, carried out on 14 French VF treatment wetlands, also emphasizes that for mature French VF treatment wetlands (e.g., in operation for more than three years), the biosolid composition tends toward an equilibrium as the differences observed between samples are not correlated with the age of the system. After three years of operation, the chemical composition of the surface deposit (and by extension of the biomantle) i stable, and is more strongly influenced by the environmental conditions and the nature of the influent wastewater than the age of the surface deposit itself. Conversely, age of is the dominating factor in the chemical composition of the surface deposit for systems that have been in operation for three years or less.

The chemical composition of the deposit layer tends towards a stable state over the entire depth on a time-scale of years. Fluctuations in chemical composition are still observed near the surface of the deposit layer following the alternance of feeding and resting periods. Events such as hydraulic overloads might drive the chemical composition on the top of the surface deposit away from its equilibrium value. If the disrupting event is long enough, it can drive the system to a non-resilient state (i.e. it can no longer recover its former state of equilibrium), which triggers clogging. It has yet to be observe in French VF treatment wetlands, but McKinley and Siegrist [START_REF] Mckinley | Soil Clogging Genesis in Soil Treatment Units Used for Onsite Wastewater Reclamation: A Review[END_REF] postulated that the alternance of aerobic and long anoxic periods may trigger the production of polyssaccharides by micro-organisms which in turn, by their hydrophobic nature, tend to increase the duration of anoxic periods. Trends corresponding to this vicious cycle have been observed in VF sand filters by Petitjean et al. [START_REF] Petitjean | Oxygen Profile and Clogging in Vertical Flow Sand Filters for On-Site Wastewater Treatment[END_REF]. In soil science, this phenomenon is also known as one of the mechanism of gleyfication [START_REF] Baveye | Environmental Impact and Mechanisms of the Biological Clogging of Saturated Soils and Aquifer Materials[END_REF].

Along with the environmental and operating conditions, the chemical composition of the biomantle impacts its mechanical properties and more specifically its drying. The biosolids that are stopped by cake filtration form a thin layer on the top of the surface deposit that (i) dewater due to the combined mechanical actions of gravitational forces and the suction applied by reeds and, (ii) dry by evaporation. In the rest of this document, there is no distinction made between dewatering and drying. Only the word drying is used and applies to the effects of both dewatering and drying.

Initially in a liquid state, biosolids become plastic and eventually solid. Those already present in the filter are re-hydrated during a feeding and may reach a plastic state and then later dry again to a solid state. The passage from a plastic to a solid state is very important because it creates shrinkage cracks and micro-porosity that are of primary importance for oxygen diffusion, which in turn influences the biosolid degradation paths and their relative degradation kinetics. The drying of biosolids and the change of state (from plastic to solid) can be characterized by the hydrotextural curve [START_REF] Vincent | Mechanical and Hydraulic Properties of Sludge Deposit on Sludge Drying Reed Beds (SDRBs): Influence of Sludge Characteristics and Loading Rates[END_REF]. Biosolids form a triphasic medium (solid, water and air) and its phase proportions vary according to the drying state of the biomantle. The relative contribution of each phase is well described in the hydrotextural diagram (Figure 4.3 that links gravimetric water content to solid volume fraction. Starting from the right-hand side of Figure 4.3 and going to the left, the drying path of biosolid can be described. After a feeding, the gravimetric water content values are high (up 18 g of water per gram of biosolids) and the associated solid fraction values are low (down to 0.05 cm 3 of solid per cm 3 of biosolids). The biosolids at low solid fraction are predominantly made of water. Once the biosolids start drying, the volumetric solid fraction increases but data points remain aligned with the grey curve which corresponds to an hypothetical case where saturation is always equal to 1.0. At a gravimetric water content of about 7.0, data points move away from the grey curve. It corresponds to the plasticity limit. Below that point, air starts entering the biosolids and shrinkage cracks appear.

This illustrates the interplay between the biological activity, the biosolid composition and its ability to dry. Understanding and quantifying these interactions is essential to overcome the current shortcomings of French VF treatment wetlands and optimize their sizing [START_REF] Molle | French Vertical Flow Constructed Wetlands: A Need of a Better Understanding of the Role of the Deposit Layer[END_REF].

. In 2010, a fluorescein tracer test1 was performed on the first treatment stage of a French VF treatment wetland (Evieu, France). As highlighted on Figure 4.4, the breakthrough curve exhibits specific trends that could be explained by the presence of preferential flows. (i) A first flush with high concentrations and which represents a significant fraction of the total tracer flux (in this case, 20 %). (ii) During the following feedings, the shape of the curve changes over time. Initially, after each feeding a peak is observed (marked with on Figure 4.4). Later, peaks disappear and the feedings are inducing a fall of the concentration value that raises slowly afterwards until the next feeding (marked with on Figure 4.4).

Structuration of the biomantle in

Among the different types of preferential flows [START_REF] Steenhuis | Unstable Flow[END_REF], macropores would explained the first large flush and are very likely to be present in French VF treatment wetlands. Macropores are defined as large pores (larger than 75 µm [START_REF]Glossary of Soil Science Terms[END_REF]), mainly oriented vertically, which have the ability to rapidly carry large volumes of water by gravity being less sensitive to capillary forces due to their size. They are the consequence of the coarse material in use in French VF treatment wetlands but can also be caused by hydraulic erosion and by faunalturbation (especially the burrows of anecic earthworms, see Section 3.2.1). The change in the shape of the breakthrough curve may result from the exchange of water between the macropores and the biosolids. Macropores have the ability to rapidly drain water out of the filter while biosolids can store large quantities of water within their fine pores. During a feeding, water moves from the macropores to the biosolids and is slowly released during the rest period between two feedings. During the first feedings, some tracer remained in the pump sump and explains why the tracer concentration is higher in the macropores than in biosolids. Then, the concentration in the macropores slowly becomes lower than the concentration in the biosolids as no more tracer is present in the pump sump and that biosolids slowly release the tracer they have stored during the first feedings. To verify if this hypothesis could explain the observed breakthrough curve, Morvannou et al. [START_REF] Morvannou | Which Hydraulic Model to Use for Vertical Flow Constructed Wetlands?[END_REF] used a dual-porosity model [START_REF] Simunek | Modeling Nonequilibrium Flow and Transport Processes Using HYDRUS[END_REF] which reproduces flow through macropores (see Section 5.2.1). Results (Figure 4.5 not only demonstrate that dual-porosity models are able to reproduce the trend of the breakthrough curve while an equilibrium model (with no macropore flow) is not, but also simulations achieve a good fitting with the experimental results.

Consequently, the next challenge is to observe the presence of macropores whose existence was inferred by the modeling.

. . The search for an appropriate method

To perform direct observation of the structure of macropores, different techniques are available [START_REF] Allaire | Quantifying Preferential Flow in Soils: A Review of Different Techniques[END_REF]. Kim and Forquet [START_REF] Kim | Pore-Scale Observation of Deposit within the Gravel Matrix of a Vertical Flow Constructed Wetland[END_REF] chose a resin impregnation method because sampling using Kubiena tins (see Figure 4.6a) could be done easily on French VF treatment wetlands and the post-processing of the images does not require any specific methodological development. from the surface of the treatment wetland. Therefore, they included both the surface deposit and the top of the filtering material. Biosolids present in the samples have a high organic matter content (up to 86 g OM•g -1 of dry matter in the surface deposit [12]), which may retain a lot of water and limit the efficiency of the impregnation. In order to remove as much water as possible from the samples before hydrophobic resin impregnation, a solvent exchange in vapor phase was performed to ensure minimal disturbance to samples. Then they were sent to the University of Stirling (UK) where they were impregnated with polyester resign, cut vertically, polished and coverslipped to obtain slices that were approximately 30 µm thick.

The first postprocessing (Figure 4.6b) consisted in image acquisition using a stereomicroscope followed by illumination correction. The resulting images had a resolution of 6.8 µm • pixel -1 and allowed the identification of large channels (hundreds of µm in magnitude) throughout the samples ( Then, using an image segmentation algorithm [START_REF] Rabbani | An Automated Simple Algorithm for Realistic Pore Network Extraction from Micro-Tomography Images[END_REF], pores were identified and the cumulative pore size distributions of the samples were computed. These are presented in Figure 4.8 along with the pore size distributions obtained by omitting the biosolids phase in image processing.

The cumulative pore size distributions are bimodal when biosolids are taken into account. Their settling has created a matrix with small pores ranging from 0 to 100 µm which is likely to retain water by capillarity. It represents up to 61% of the total number of pores but occupies only 10% of the total porosity. On the other hand, a network of large pores with size ranging from 100 to 500 µm can serve as path for gravity-driven flow.

These observations are in agreement with the assumptions made in Section 4.2.1. However, several limitations arise from this study:

• the solvent exchange represents a serious methodological bottleneck as it may have cause cracks in biosolids which could be mistakenly interpreted as macropores. • the thin section method only provides a 2D description of the porous media which limits our understanding of pore organization and connection. • results were obtained from a pilot-scale French VF treatment wetland and should be verified on a full-scale system.

Based on these encouraging results, It was decided to move to a more complex method to overcome the limitations associated to thin sections: the X-ray tomography. This was done during the course of the PhD thesis of German Dario Martinez Carvajal [5].

. . X-ray tomography

A second experiment [13] was designed to assess the feasibility of using X-ray tomography to obtain 3D-images of the internal structure of French VF treatment wetlands. Samples were taken from two full-scale French VF treatment wetlands at Montromant (Rhône, France The sampling consisted in inserting an acrylic cylinder 5 cm in diameter and 10 cm in height from the surface of the treatment wetlands. Therefore, it contains both surface deposit and filtering material2 . As the cylinder was buried into the filter, the gravel surrounding the cylinder was progressively dug out and any rhizomes found were cut to avoid compaction and changes in sample structure.

Tomographies were performed at the Mateis laboratory (Insa Lyon, France) in a scanner equipped with a 160 kV X-ray tube. The scanner was operated with an accelerating voltage of 140 kV and a current of 100 µA with an exposure time of 333 ms. A 0.1 mm copper foil filter was put in front of the X-ray source to reduce beam hardening artifacts. 900 projections distributed among 360°were recorded. The sensor area is 250 × 200 mm and the 3D images consist of about 1500 × 1500 × 1350 voxels (l × w × h) with a voxel 3 size of 35 µm. Because biosolids retain large quantities of water, with water content reaching values as high as 0.75 m 3 • m -3 [START_REF] Morvannou | Characterizing Hydraulic Properties of Filter Material of a Vertical Flow Constructed Wetland[END_REF], it was feared that raw image would be blurry. Therefore, for each sample two measurements were performed: one directly after sampling without any pre-processing and a second one after being placed in an oven at 45 °C for 24 hours. Figure 4.9 compares the same slice before and after drying. The image before drying shows good contrast, but the usage of a thermal pre-treatment induces bias due to the shrinkage of biosolids. Consequently, it was concluded that X-ray tomography could and should be performed without thermal pre-treatment. In Figure 4.10b, gravel (outlined in yellow), voids (outlined in blue) and biosolids can be readily distinguished. However, although stems (outlined in green) can be easily identified by their shape, their color does not differ from the rest of the biosolids. Furthermore, a similar distribution of phases is observed when comparing Figures 4.10 In order to perform quantitative analyses, the phase recognition must be automated, because what appears obvious to the human eye is not obvious for computer assisted quantification. In fact, segmentation algorithms base their analyses on the gray-value distribution. When overlays between peaks exist (as it is the case in treatment wetlands and illustrated in Figure 4.11), there is a need for additional information.

The chosen method for phase recognition (segmentation) gains information from the surrounding pixels and is called the region growing method. Many algorithms employing this approach exist and The choice has been made to carry out development from the algorithm written by Hashemi et al. [START_REF] Hashemi | A Tomographic Imagery Segmentation Methodology for Three-Phase Geomaterials Based on Simultaneous Region Growing[END_REF] who successfully segmented three phases in a porous media made of sand, bentonite and voids. This algorithm obtains satisfactory results as shown in Figure 4.12 which compares a raw image to its segmented one. The algorithm developed by German Dario Martinez Carvajal is available for download and usage under the MIT licence (link to the git repository). More information on how it works can be found in the manual pages. This experiment proved the feasibility of using X-ray tomography for the study of the internal structure of a French VF treatment wetland. The presence of macropores observed by Kim and Forquet [START_REF] Kim | Pore-Scale Observation of Deposit within the Gravel Matrix of a Vertical Flow Constructed Wetland[END_REF] is confirmed and is now described in three dimensions. An algorithm has also been identified and adapted to efficiently segment the images and therefore perform quantitative analyses on the samples like total porosity, pore size distribution and specific surface area. However, questions were raised from this first experiment especially concerning the representativity of such small sample sizes. The size of the sample is determined based on the targeted resolution and the size of the detector. We aimed at observing macropores 100 µm in diameter and therefore choose a resolution of about half this size. Based on the size of the detector available for the experiment, we estimated the sample diameter to be 5 cm.

. . Spatial representativity of X-ray tomographs

A third experiment [4] was designed to assess the spatial representativity of X-ray tomography to study French VF treatment wetlands at both the pore scale and the filter scale.

The study was carried out on the first stage of the French VF treatment wetland located at Montromant (Rhône, France). Sampling was preceded by an electrical conductivity mapping. The electrical conductivity is known to be closely related to the quantity of biosolids present in the first centimeters of the treatment wetland and can be easily monitored using the Frequency Domain Electromagnetic Method (FDEM). Results confirm prior assertions stipulating that biosolid distribution tends to be homogeneous on mature system like the Montromant French VF treatment wetland [START_REF] Molle | French Vertical Flow Constructed Wetlands: A Need of a Better Understanding of the Role of the Deposit Layer[END_REF]. Electrical conductivity varies by less than 0.2 mS • m -1 over 95 % of the filter surface (Figure 4.13) which is the threshold for considering a change significant [18]. Therefore, three sampling points were randomly selected within this area to extract cores in duplicate (six samples in total).

The volume fraction profiles exhibit similar trends from one sample to another as shown in Figure 4.14. The biosolid content reaches volume fraction as high as 0.8 in the deposit layer and Figure 4.15 solely focuses on pore size distributions. All samples display a common mode in a range from 0.4 mm to 0.75 mm. Large pores (above 6 mm) are sometimes observed and are responsible for the deviation from some cumulative pore size distribution curves from the others. These pores are usually associated with the aerenchyma tissues of the Phragmites stems. This stresses the need to improve the segmentation method in order to identify plant tissues that otherwise may affect the representativity of the results.

The analysis of the volume fraction profiles and the pore size distributions highlights that samples are similar independently of where they were taken but do not provide evidence on whether the samples are large enough. This is achieved by estimating the Representative Elementary Volume (REV) 4 which may vary depending on the parameter of interest.

Once again, the presence of plant tissues is determinant. In absence of Phragmites stems, the void-REV, biosolid-REV and gravel-REV are reached for a diameter of 1.5 cm (30 % of the sample diameter). However, when Phragmites stems are present, no convergence is achieved as illustrated in Figure 4.16.

Consequently, it has been proven that core samples extracted from a mature French VF treatment wetlands and studied using X-ray tomography can provide representative metrics of the pore-scale properties. It is particularly interesting to combine this method with method like FDEM which provide a more spatially intensive but indirect estimator of the biosolids distribution. Segmentation of plant tissue clearly appears as the new barrier in the algorithm development. Several development paths have been identified to overcome this issue. German Dario Martinez Carvajal list them in his thesis [5]:

• Aerenchyma usually display recognizable patterns that could be identified using a shape recognition algorithm. Shape recognition algorithms have become more powerful and reliable over the last decade thanks to the development of machine learning methods. • Specific pre-treatments could be applied to samples prior to X-ray scanning to distinguish plant tissues from biosolids [START_REF] Staedler | Plant Tissues in 3D via X-Ray Tomography: Simple Contrasting Methods Allow High Resolution Imaging[END_REF].

. . A new tool to study biomantle structure during the rest period

After evaluating the representativity of the collected samples, and developing a robust algorithm, the method was used to monitor a key phenomenon associated to the structuration of the biomantle, namely: the rest period.

During the rest period, biosolids dewater and dry out, subsequently modifying the internal pore structure of the biomantle. The first experiment to study the rest period was an ex-situ experiment. The advantages of an ex-situ experiment are: (i) the ability to control the environmental conditions to a reasonable degree, (ii) the possibility to easily compare time-lapse scans performed on the same samples. Figure 4.17 illustrates the experimental setup used to carry out the ex-situ experimental study of rest period. Humidity and temperature were kept close to the environmental conditions measured in the field (25 °C and a relative humid of 50 %).

This study demonstrates the great potential of X-ray tomography to monitor structural changes occurring during the rest period. The main findings are: (i) The surface deposit thickness has reduced by at least one third of its original value and a network of large pores (between 0 and 3 mm in diameter) has developed. This is very important regarding oxygen diffusion within the filtering media. (ii) Modifications in the filtering media are less significant but are still observable considering the resolution of the experimental setup. The drying increases the volume fraction of macropores up to 2 mm in diameter. (iii) Combination of X-ray tomography and gravimetric measurements allows to estimate the increase of the air-filled porosity within the biosolid (which cannot be seen on the scans). In this study, it has increased in average by 11 % over the entire sample during the 10 days of the rest period.

Figure 4.18 illustrates the void phase volume fraction profiles during the course of the rest period. The void volume fraction in the surface deposit increases by up to 20 % at the end of the 10 days of the experiment while the thickness of the surface deposit has reduced by a third of its original value. Less significant changes are observed in the filtering material but drying is still observable considering the resolution of X-ray scans.

As stressed earlier, the evolution of the void phase structure over the course of the rest period is essential to understand the re-oxygenation phenomenon as it controls the pathways for oxygen diffusion within the porous media. Consequently, 3D-images obtained from this study could be used to simulate oxygen diffusion and to estimate the increase in the effective diffusion coefficient Finally, limitations and biases related to ex-situ drying have been identified: (i) Excessive drying occurs along the walls. (ii) It is difficult to maintain the temperature and the relative humidity which were disturbed each time the samples had to be taken out to perform X-ray measurements.

.

Imaging tools in Predict TW

Imaging of the porous media is essential to understand the processes (oxygen transfer, suspended solids deposition and remobilization, ...) occurring within French VF treatment wetlands. Thanks to the techniques we successfully applied to French VF treatment wetlands, the structure of the porous media into a set of large macropores and the biosolids with much finer pores can be observed. Therefore, imaging will occupy a central part in the predict pilar of French VF treatment wetland new horizon as a source of information for the development of models (see Section X). Imaging also contributes to the development of innovative sensors and consequently contributes to the upgrade pilar.

Imaging can be deployed at various scales, from laboratory-scale to full-scale systems. To the better understand the underpinning processes, studies at both scales are useful. In association with INRAE academic partners, I plan to apply the imaging techniques to study: (i) the surface deposit and more specifically the chain of mechanisms that lead to the development of a clogged surface layer. This will be done in association with the chemical expertise of Antonin Azais (UR REVERSAAL) and Mathieu Gautier (DEEP), (ii) the filtration mechanisms with the aim to develop a pore-scale model that could be upscaled to replace unreliable phenomenological laws 5 at the filter scale. This will be done in association with Laurent Oxarango (IGE Grenoble) who already contributed to the surpervision of German Dario Martinez Carvajal's PhD thesis. 

. . From pore scale to national scale

In order to isolate independent processes, it can be necessary to develop deductive model (see Section 5.1). This can be achieved by conducting experiments in controlled conditions (e.g. artificial wastewater with only inert TSS) and by running replicates on mutiple samples according to a predifined experimental design. However, it is not cost effective to design replication experiments on full-scale treatment wetlands. Furthermore, it is very hard to run fulls-scale systems under controlled conditions. Therefore, I wish to develop a multiscale approach where the mechanisms of TSS transport and filtration will be individually studied using laboratory column experiments before being upscaled and compared to the results at the filter scale obtained at the experimental plateform (REFLET, Craponne).

Column experiments are well-suited to time-lapse X-ray tomography monitoring as shown in Section 4.2.5. Futhermore, thanks to the work of Rémi Clément, Vivien Dubois, Arnold Imig and Jéremie Aubert, the research unit REVERSAAL now has a dedicated plateform to run multiple column experiments in the experimental facility at La Feyssine. It will be used to provide acamedic partners, such as IGE, with the experimental data necessary to the study of the pore-scale filtration mechanisms in French VF treatment wetlands. The choice of gravels and TSS surrogates are crticital: (i) With the support of UNPG (Union Nationale des Producteurs de Granulats/French Union of granular material producers), we are currently building a physical library of reprensative gravels used in French VF treatment wetlands in different regions of France. (ii) I am actively exchanging with the RIVERLY research unit (INRAE, Villeurbanne) which is notably specialized in sediment transport in river and the LEHNA laboratory which is specialized in soil infiltration mechanisms to find the adaquate combination of glass-based and organic-based (plastic or cellulosic) particles to mimic TSS transport and deposition not only in term of size but also in terms of rugosity and surface charge.

During my stay at the Montana State University, I collaborated to the development of a new experimental setup: the rhizochannel [9]. It consists in a glass channel that mimics a pore in which a root grows. The glass channel is specifically design to perform measurements using micro-electrodes (Unisense, Danemark). The glass channel is connected to a planted column from which the root can grow. This approach that specifically targets the rhizoshpere is complementary to those developed at INRAE and I wish to continue my collaboration with MSU on the rhizochannel development.

The semi-industrial prototype is the next step in the upscaling procedure (see Figure 4.20). Its implementation is discussed in more details in the next section (Section 4.3.2). Finally, we aim to compare the results with measurements carried out at the national level on full-scale French VF treatment wetlands. The complexity lies here on the facts that: (i) environmental conditions varies over the territory, (ii) french VF treatment wetland designs vary according to the designers, (iii) data are sparse and only focuses on the regulatory parameters. Data on environmental conditions can be obtained quite easily from the dense network of weather station in France but design information are not that easy to obtain as there is no public service in charge of collecting and aggregating those information from communities. It has been one of the main driver that has lead us to build the PlanteDefi database. Since 2019, French VF treatment wetland designers members of the fe.v.e.(French union of treatment wetland designers) are involved in the project EVEREX and fill up information in PlanteDefi regarding the design of the treatment wetlands they built. The issue of sparse data is harder to tackle. Regulatory measurements are carried out depending on the size of the treatment plant [START_REF] Anonymous | Arrete Du 21 Juillet 2015 Relatif Aux Systemes d'assainissement Collectif et Aux Installations d'assainissement Non Collectif, a l'exception Des Installations d'assainissement Non Collectif Recevant Une Charge Brute de Pollution Organique Inferieure Ou Egale a[END_REF], e.g. treatment plants treating less than 30 kg BOD 5 • d -1 only have to collect one sample every two years. Most of the French VF treatment wetlands have a capacity less than 120 kg BOD 5 • d -1 and therefore their sampling frequency never exceed two samples per year. The first goal is to collect those data by promoting the usage of PlanteDefi among SATESE and to involve them into additional samplings paid by research project for the oldest and most loaded French VF treatment wetlands. The involvement of SATESE is central to create a leverage in data collection. Additional sampling cannot be systematic because of the cost and extra work load they represent for the SATESE. However, other approaches exist or need to be invented to collect data with a minimum effort (and cost). An approach similar to participative science could be used. Taking for example the very successfull (and funny) soil your undies campain and turning it into a more scientific approach by using standarized cellulosic pads, we could ask practionners to collect data on surface deposit biodegradability potential.

Comparing predictive models obtained from the study of a semi-industrial prototype to those of a large subset of French treatment wetlands is something that is rarely done in the field of treatment wetlands and is a strength and an originality of theproject I propose. This approach could also be used for the study of other wastewater treatment processes.

.

. An open-sky laboratory dedicated to the study of biomantle formation

Over the last ten years, the research unit REVERSAAL have developed a research and development platform on constructed wetlands for wastewater and sludge treatment (REFLET) which includes different equipment:

• A laboratory for physical and hydrodynamic characterization of porous media,

• A solid respirometry bench for measuring biological kinetics, • 4 laboratory columns (0.1 m 2 , La Feyssine experimental hall) • 4 pilots of 2 m 2 placed in a greenhouse (La Feyssine experimental hall) • 9 semi-industrial prototypes (20 m 2 , Craponne) Three of the semi-industrual prototypes at Craponne are currently being rebuilt and one is being transform into a first-stage French VF treatment wetland and will be dedicated to the long-term study of the biomantle formation. The installation of several sensors has been planned with some of these sensors being specifically designed to answer the following scientific questions: (i) Does the flux of TSS entering the filtering media reduce and/or equalize the flux exiting the filterting media once the surface deposit has formed? (ii) How does the network of macropores form in the biomantle and how does it evolve in time? (iii) What are the spatial and temporal dynamics of the biomantle? (iv) What mesofauna can be found in French VF treatment wetlands and can they be used as indicators to assess the quality (or health) of the biomantle? The first three questions are directly related to TSS transport and filtration in the filtering media. The fourth one is related to an additional mechanism that must be accounted for when moving to the semi-industrial case, namely, the faunalturbation. The TSS lysimeter (Figure 4.21) consists in a collecting plate that mimics the first layer of gravel and that is placed at the filter surface and under which is attached a funnel that collects all incoming water and suspended solids to a a collection bottle. The later is sized to collect the daily hydraulic load passing through the collecting plate.

In order to overcome the issues associated with ex-situ experiment (see Section 4.2.5) while keeping the ability to monitor the same core over time, an extractable X-ray core has been designed that will be buried in the filter and extracted twice a year to perform X-ray tomography.

In Martinez-Carvajal et al. [4], it was demonstrated that geophysical methods can provide a dense spatially-distributed information that can be coupled with other ponctual measurements to assess biomantle properties at the filter scale. Unfortunately, geophysical methods have orignially being designed for large-scale survey (hundreds of meter) and the equipment is not well-suited to relatively small scale survey like French VF treatment wetlands. Clément et al. [2] have designed an open-hardware geophysical equipment specifically designed for those experiment and especially for time-lapse survey (OhmPi). OhmPi will be used to monitor changes in electrical resistivity but also to follow new parameters like the induced polarization, that has recently been recently studied to assess clogging [3], and the self-potential which is correlated to the infitlration speed [START_REF] Doussan | Variations of Self-Potential and Unsaturated Water Flow with Time in Sandy Loam and Clay Loam Soils[END_REF].

The importance of faunalturbation has been long overlooked in treatment wetlands as well as its potential as an indicator of the biomantle health. Combining an old and established mesofauna sampling technique, the Berlese sampler [START_REF] Gobat | Le sol vivant: Base de pédologie-biologie des sols. fr. Third[END_REF]. Based on the extractable core design devised for the X-ray core, an Berlese sampler has been designed for time-lapse monitoring of the mesofauna. It will be extracted once a year and the mesofauna sampled by placing it under a source of light and heat before puting it back in place. A first rough manual screening will be done on the collected sample using an identification key, commonly defined with a specialized laboratory such as the LEHNA laboratory. Subsamples will be analyzed using molecular techniques to provide more precise information necessary to follow the dynamic of the different mesofauna subpopulations over time [START_REF] Arribas | Metabarcoding and Mitochondrial Metagenomics of Endogean Arthropods to Unveil the Mesofauna of the Soil[END_REF].

All the tools developed will be made publicly available (design notes and CAD files) and presented at conferences so that the entire treatment wetland scientific community can used them and contribute to their improvement link to the OpenTW repository. Data collected will be yearly curated in a dataverse repository following the FAIR principles.

The principal expected outcome is to gain a better quantitative understanding of the biomantle formation at the full-scale. The secondary expected outcome is that, by sharing the equipment design, they will be replicated (and improved) by other researchers producing more data than could be compared.

. Numerical modeling

N UMERICAL modeling is a tool that can leverage both the understanding and industrial develop- ment of treatment wetlands. In this chapter, my contribution to numerical modeling of French VF treatment wetlands will be reviewed. Finally, the place of numerical modeling in the Treatment Wetland New Horizon will be discussed.

. Current state of the art of treatment wetland modeling

Projects A book (in French) on treatment wetland edited by Pascal Molle and dedicated to practioners and stakeholders. This project has been funded by the OFB. My contribution A chapter on treatment wetland modeling entitled: "Les apports de la modélisation" (What can numerical modeling tell us?).

Partnerships none

The aim of this section is not carry out a systematic literature review of the recent trends in numerical modeling of treatment wetland for wastewater treatment because such review already exist [6,8,[START_REF] Langergraber | Applying Process-Based Models for Subsurface Flow Treatment Wetlands: Recent Developments and Challenges[END_REF], but rather to depict the actors and the trends that have been followed so far in the development of numerical models for treatment wetlands.

The analysis is based on a query carried out on Scopus 1 and analyzed using the R package bibliometrix [23]. Since 1994, 182 articles have been published on treatment wetlands numerical modeling. Figure 5.1 illustrates the evolution of the scientific production on treatment wetland modeling versus time. Despite the fact that the scientific production has significantly increased from the 1990s, it reaches a plateau with a maximum of 16 articles per year which is far from the 442 entries recorded in 2018 on wastewater treatment wetlands 2 . Usage of modeling is not widespread in the community of researchers on treatment wetlands. country) as well as collaboration link (co-authoring). The major part of the scientific production comes from Europe (76) followed by USA [START_REF] Miranda | Evaluation of Unclogging Aspects in Horizontal Subsurface Flow Constructed Wetlands[END_REF] and China (19). Figure 5.2b provides a refined description of the co-authoring relationship regarding the fifty more cited articles. It illustrates a strongly interconnected network.

An analysis of keywords (Figure 5.3a) highlights that most of the models are dedicated to predict pollutant removal efficiencies. Clogging modeling has been trendy over a short course of time (2015-2017) and mainly corresponds to the publication of articles on the BIO_PORE model which I helped development [START_REF] Samso | Modelling Bioclogging in Variably Saturated Porous Media and the Interactions between Surface Subsurface Flows: Application to Constructed Wetlands[END_REF].

Process-based models have been at the core of the numerical modeling development for treatment wetlands and especially the HYDRUS Wetland module. It has been particularly the case when a large group of researchers gathered to propose the CWM1 3 model [START_REF] Langergraber | CWM1: A General Model to Describe Biokinetic Processes in Subsurface Flow Constructed Wetlands[END_REF] that has later been implemented in various numerical platform (BIO_PORE and HYDRUS Wetland module notably).

A Process-based model can be defined as [START_REF] Buck-Sorlin | Process-Based Model[END_REF]:

the mathematical (and normally computer-based) representation of one or several processes characterizing the functioning of well-delimited biological systems of fundamental or economical interest. Examples include models of biochemical pathways or population dynamics models (single species or mixed). Usually, such models consist of a set of ordinary or partial differential equations that define the essence of each process.

Process-based models are sometimes referred to as "white box" models [15]. They are part of a larger group called concept-driven models (also called mechanistic models [17]). Concept-driven models formally describe the causal mechanisms between inputs and outputs. On the contrary, data-driven models aim at accurately predicting the output of complex mechanisms solely using the link existing between inputs and outputs. This is done without trying to identify the causal mechanisms. Data-driven models are also referred to as "black box" models, statistical-learning models or machine learning models. Finally, a third group of models can be identified that are called here the transfer function models. They fundamentally rely on conceptual description of the complex system to model (often a very simplified one) but are using data-driven models to derive some modelling principles. A good example of transfer function models is the Orage model developed by Palfy et al. [22]: the flow is described using a series of reactors while the pollutant removal functions are derived from experimental data 4 . Transfer function models are sometimes called simplified or engineering-oriented models [START_REF] Meyer | Modelling Constructed Wetlands: Scopes and Aims -a Comparative Review[END_REF] or "grey box" models [15]. In this section, the choice has been made to consider them as a subgroup of the concept-driven models because some mechanisms are explicitly described even if some are derived from data. Figure 5.4 presents in a sunburst the type of models employed. Process-based models are predominant as it has been mentioned earlier, while on the other hand data-driven models have only been employed in 25 studies. An explanation could be the lack of available data on a representative and large enough set of treatment wetlands. Indeed, if data-driven models usually achieve better predictions of treatment performance than concept-driven ones, they need to be trained using a large set of data and their output is very dependent on the quality of the data. If the data is not representative enough (e.g., obtained from a single experimental site), there is a risk of overfitting and poor future predictions. On the other hand, concept-driven models, if their underlying assumptions are correct, can be validated and calibrated against a relatively small dataset and later used for prediction purposes.

In the next three sections, I will present studies to which I contributed and that aimed at improving models and modeling practices.

. Preferential ows

Projects PhD thesis of Ania Morvannou on Dynamic modelling of nitrification in vertical flow constructed wetlands. The PhD thesis was funded by INRAE. My contribution I took part to the selection and the implementation of the model as well as to the writing of the resulting communications references. Partnerships Marnik Vanclooster UCLouvain In Section 4.2.1, the ability of a dual-porosity models to predict the specificities of a tracer test carried out on a French VF treatment wetland (1 st stage filter) was demonstrated. Now, more details will be given on the dual porosity model and how it has been chosen, and implemented; issues associated with its usage are also discussed.

. . Dual-porosity model

According to Simunek et al. [START_REF] Simunek | Review and Comparison of Models for Describing Non-Equilibrium and Preferential Flow and Transport in the Vadose Zone[END_REF], the main characteristics of preferential flow are: (i) an ability to quickly bypass a large fraction of the pore-space, and (ii) the existence of non-equilibrium between the water pressure head within the macropores and the water content in the biosolids. Therefore, the exchange of water between the macropores and the biosolids is not immediate unlike what is usually assumed when modeling water flow in a porous media using Richard's equation. To mimic preferential flows at the scale of the filter, different models can be used [START_REF] Simunek | Review and Comparison of Models for Describing Non-Equilibrium and Preferential Flow and Transport in the Vadose Zone[END_REF] ranging from relatively simplistic approaches to more complex ones such as the dual-permeability model. A frequently used simplistic model is based on the assumption that macropores will only contain water near saturation and that their contribution could characterized by a bi-modal unsaturated hydraulic conductivity function with high values corresponding to macropores near saturation and lower values corresponding to the hydraulic conductivity of biosolids for lower saturation levels [START_REF] Durner | Hydraulic Conductivity Estimation for Soils with Heterogeneous Pore Structure[END_REF]. This approach cannot reproduce the non-equilibrium nature of preferential flow. Dual-permeability models, on the other hand, solves in parallel two flow equations for macropore and the biosolid domains, respectively, and add an exchange term to control the flux from one domain to the other. The major drawback of this approach is that it results in an over-parametrization 5 and models become difficult to calibrate.

In Morvannou et al. [START_REF] Morvannou | Which Hydraulic Model to Use for Vertical Flow Constructed Wetlands?[END_REF], the choice has been made to implement a dual-porosity model that introduces the additional assumption that the water in the biosolids can be considered as immobile because most of the flow occurs in macropores. Dual-porosity models are not providing a physical description of all macropores as they can be observed using X-ray tomography but rather attempt to incorporate their effects in a REV 6 . Dual-porosity models are not micro-scale models since they aim to model the behavior of an entire French VF treatment wetland. Figure 5.5 comparatively shows how macropores can be observed in the filter and how they can be modelled at the REV scale. Simulations were carried out using HYDRUS-1D [START_REF] Simunek | Development and Applications of the HYDRUS and STANMOD Software Packages and Related Codes[END_REF] which solves the following set of equations for the dual-porosity model:

∂ θ m ∂t = ∂ ∂ z K(h) ∂ h ∂ z + 1 -Γ w ∂ θ b ∂t = Γ w (5.1)
where θ m and θ b are the water contents in the macropore and biosolid domains, respectively, K(h) is the hydraulic conductivity of the macropore domain, h is the pressure head in the macropore domain and Γ w is the transfer rate for the water from the macropores to the biosolids. HYDRUS-1D was chosen simulate the tracer experiment presented in Section 4.2.1 because an important ponding during the feeding was observed (∼ 5 cm • m 2 ) and homogeneous lateral disribution could be assumed.

A first-order transfer rate equation was chosen:

Γ w = ω S m e -S b e (5.
2) 5 The number of parameters necessary to describe the flow raises from 6 to 14 when switching from an equilibrum to a dual-permeability model. 6 Representative Elementary Volume (see Section 4.2.4).

where ω is a first-order rate coefficient and S m e and S b e are the effective saturations of the macropore and biosolid domains, respectively.

. . Modeling results and discussion

The better fit achieved using the dual-porosity model compared to the equilibrium model is shown in Figure 4.5. The calibration of the model has proven to be particularly challenging. The choice of the hydraulic parameters for the macropore domain is especially difficult because they are highly cross-correlated and no literature values exist to set up the initialization step of an optimization process. For example, for a given saturated hydraulic conductivity, the larger the mobile region, the slower water flows through the system. The initial set of parameters was taken from a former study using equilibrium model [START_REF] Morvannou | Characterizing Hydraulic Properties of Filter Material of a Vertical Flow Constructed Wetland[END_REF]. Based on the results of a sensitivity analysis, the only parameters to be adjusted were the first-order transfer rate coefficient, the water content at saturation for the macropore domain and the saturated hydraulic conductivity. Because the total porosity was set to the measured values, changing the water content at saturation for the macropore induces a change in the water content at saturation for the biosolids. For sake of simplicity, the residual water content for the macropore and the biosolid domains were set to 0. It was possible to adjust these parameters for three different layers (the surface deposit 20 cm in height and two layers in the filtering media 25 cm in height each) without having the issue of an ill-constrained inverse problem because water content measurements were available at four different depths. The resulting parameters are presented in Table 5.1. Results demonstrated that the dual-porosity model is well-suited for describing the flow and transport in the 1 st stage filters of French VF treatment wetlands. However, the calibration procedure is cumbersome when adding together the multi-tier optimization described in Morvannou et al. [START_REF] Morvannou | Characterizing Hydraulic Properties of Filter Material of a Vertical Flow Constructed Wetland[END_REF] and the one specific to the dual-porosity model. There is no guarantee we actually reached a global optimum and not a local one considering the dimensionality of the parameter space. Furthermore, not all experimental site are equipped with four water content sensors at different depths. Consequently, future research efforts should be dedicated to: (i) simplifying the calibration procedure while making it more robust, and (ii) developing alternative models easier to calibrate like the kinematic wave approach introduced by Germann and Beven [START_REF] Germann | Kinematic Wave Approximation to Infiltration Into Soils With Sorbing Macropores[END_REF]. Replacing Richards equation by a kinematic wave greatly reduces the number of parameters needed to describe the flow in the macropore domain. However, the kinematic wave is limited to vertical gravity-driven flow, since capillarity is ignored, restricting its usage to 1D cases. This might be an acceptable assumption for engineering or decision-support tools.

θ m s [-] α m [-] n m [-] K s [cm/s] λ [-] θ b r [-] θ b s [-]

. Biofouling

Projects Doctoral stay and post-doc of Roger Samso. The post-doc was dedicated to the study of the clogging of horizontal flow treatment wetland in France and was funded by OFB. My contribution I took part to the design and the implementation of the model as well as to the writing of the resulting communications [START_REF] Samso | Modelling Bioclogging in Variably Saturated Porous Media and the Interactions between Surface Subsurface Flows: Application to Constructed Wetlands[END_REF][START_REF] Samso | Modelling Bioclogging Effects in Constructed Wetlands for Wastewater Treatment[END_REF]. Partnerships Joan Garcia UPC (Universitat Politècnica de Catalunya) Barcelonatech

Once the appropriate flow model is identified, the aim is to dynamically implement the biomantle formation mechanisms. Considering the complex set of mechanisms that contribute to biomantle formation, it is necessary to isolate them from each other in order to build a concept-based model. The first brick to be developed has been the biofouling model in collaboration with UPC Barcelonatech. Biofouling describes the reduction of the pore space of the filtering media caused by biofilm growth.

. . Biofouling model

The Kozeny-Carman phenomenological model coupled with a biokinetic growth model of the biofilm are often chosen to simulate biofouling and its impact on the water flow [START_REF] Rajabzadeh | Multiphysics Modelling of Flow Dynamics, Biofilm Development and Wastewater Treatment in a Subsurface Vertical Flow Constructed Wetland Mesocosm[END_REF][START_REF] Giraldi | FITOVERT: A Dynamic Numerical Model of Subsurface Vertical Flow Constructed Wetlands[END_REF]. However the Kozeny-Carman model relies on the assumption that (i) the media is saturated, although extensions to unsaturated porous media have been suggested [START_REF] Khaleel | Extension of Kozeny-Carman Model for Estimating Unsaturated Hydraulic Conductivity[END_REF], and (ii) the granular media is composed of spheres of identical diameter. These assumptions are not verified in French VF treatment wetlands and Samso et al. [START_REF] Samso | Modelling Bioclogging in Variably Saturated Porous Media and the Interactions between Surface Subsurface Flows: Application to Constructed Wetlands[END_REF] choose another conceptual model introduced by Mostafa and Van Geel [START_REF] Mostafa | Conceptual Models and Simulations for Biological Clogging in Unsaturated Soils[END_REF].

The Mostafa and Van Geel model is based on the capillary bundle theory [START_REF] Th Van Genuchten | A Closed-Form Equation for Predicting the Hydraulic Conductivity of Unsaturated Soils[END_REF] which considers a network of parallel capillary of different sizes to be an analog of the pore network. The impact of biofilm growth has been included in this model by considering that the biofilm will reduce the size of these capillaries as shown in Figure 5.6. Figure 5.6: Biofouling conceptual model [START_REF] Samso | Modelling Bioclogging in Variably Saturated Porous Media and the Interactions between Surface Subsurface Flows: Application to Constructed Wetlands[END_REF] In practice, at a given time step, a representative bundle of capillary is generated based on the values of the hydraulic parameters (the van Genuchten-Mualem parameters in our case). The size of the pore is modified based on the biofilm thickness estimated by the biokinetic model. Then, new van Genuchten-Mualem hydraulic parameters are computed and use to solve the Richards equation at the next time step.

Usage of the Richards equation allows to use the model to both simulate horizontal and vertical flow treatment wetlands. In the context of horizontal flow treatment wetlands, which are of primarly interest for UPC since they are more common in Spain than vertical flow system. Fouling (biofouling and TSS filtration) strongly impacts the hydraulic of horizontal flow treatment wetlands leading to the development of surface flow near the inlet [START_REF] Knowles | Clogging in Subsurface-Flow Treatment Wetlands: Occurrence and Contributing Factors[END_REF]. In order to mimic this behavior, a surface layer was introduced on the top of the filter [START_REF] Samso | Modelling Bioclogging in Variably Saturated Porous Media and the Interactions between Surface Subsurface Flows: Application to Constructed Wetlands[END_REF].

The resulting mathematical model, named BIO_PORE has been implemented in COMSOL®. COMSOL®is a great tool for the implementation of PDE-based models using finite element frameworks with a very steep learning curve compared to open-source alternatives. However, it is a proprietary program that makes sharing harder than open-source alternatives.

. . Modeling results and discussion

The BIO_PORE model with biofouling was run in similar conditions that an earlier version that was used to establish the cartridge theory [START_REF] Samso | The Cartridge Theory: A Description of the Functioning of Horizontal Subsurface Flow Constructed Wetlands for Wastewater Treatment, Based on Modelling Results[END_REF]. Figure 5.7 illustrates how taking into account biofouling strongly impacts the hydraulic conductivity as well as the spatial distribution of the flow paths. However, it does not change the volume of the porous media that is fouled. The flow paths were so strongly impacted near the inlet that nearly 80 % of the total flow passed over the surface and infiltrates further where no fouling has developed.

The biofouling conceptual model presents two main shortcomings: (i) There is a lack of knowledge on how the biofilm develops in pores, i.e. if it develops uniformely in all pores or if it develops preferentially in small pores. For this reason, Mostafa and Van Geel [START_REF] Mostafa | Conceptual Models and Simulations for Biological Clogging in Unsaturated Soils[END_REF] presented three different theoretical models. In Samso et al. [START_REF] Samso | Modelling Bioclogging in Variably Saturated Porous Media and the Interactions between Surface Subsurface Flows: Application to Constructed Wetlands[END_REF], the assumption of a homogeneous development of the biofilm was made but it has not been evaluated whether or not the other models would have led to completely different results. (ii) The conceptual model does not take into account the influence of the biofilm growth on the tortuosity. it does not take into account either the impact of the biofilm growth on pore throats. Models based on pore-network modeling have been developed to overcome these shortcomings for saturated porous media [START_REF] Qin | Pore-Network Modeling of Solute Transport and Biofilm Growth in Porous Media[END_REF] but efforts remain needed in the field of unsaturated porous media (see Section 5.5).

Finally, in order to simulate biofouling in French VF treatment wetlands, the biofouling model has to be coupled to a dual-porosity model. The implementation of the dual-porosity model in

COMSOL®has not yet been done, although examples to do it exists [START_REF] Shao | How to Use COMSOL Multiphysics for Coupled Dual-Permeability Hydrological and Slope Stability Modeling[END_REF].

. Exploring the parameter dimensions

Projects Outcomes of several projects contributed to this section: (i) buvard-MM funded by the LEFE program, (ii) INNOPUR funded by the PIA program, and (iii) A study entitled and funded by UNPG. My contribution I took part in the design and implementation of the numerical study for the INNOPUR project. I took part in the design, implementation and writting of the project in collaboration with UNPG. Partnerships Claire Lauvernet (UR RIVERLY, INRAE), Syntea, UNPG In Sections 5.2 and 5.3, issues related to large parameter space and missing reference values have been highlighted. In this section, different methods are reviewed that can be used to overcome these issues and also discussed parameter space sampling methods can also help use to build surrogate models that can be used in an upscaling procedure as well as in a purpose of simplification.

. . Uncertainty and sensitivity analyses

For treatment wetland designers and decision makers, being able to quantify the uncertainty associated to the efficiency of their treatment system as well as identifying the design or operating parameters of influence is of crucial importance.

However, uncertainty and sensitivity analyses are not widespread practices among treatment wetland modelers and when a sensitivity analysis is carried out, it is often based on local methods. The network "Méthodes pour l'EXploitation Informatique des modèles COmplexes (MEXICO, Methods for the Computer Exploration of Complex Models) has provided support and training to implement these techniques.

According to Makowski [START_REF] Makowski | Uncertainty and Sensitivity Analysis in Quantitative Pest Risk Assessments; Practical Rules for Risk Assessors[END_REF], uncertainty and sensitivity analyses can be defined as: Uncertainty Analysis (UA) comprises a quantitative evaluation of uncertainty in model components, such as the input variables and parameters for a given situation, to determine an uncertainty distribution for each output variable rather than a single value. Uncertainty in input variables and parameters is usually described using probability distributions. The objective of an uncertainty analysis is to study the consequence of uncertainty by computing a probability distribution on model output from the set of probability distributions on model inputs. UA aims to answer the following question, "what is the uncertainty associated with the output resulting from the uncertainty associated with the inputs?" Sensitivity Analysis (SA) aims at determining how sensitive the output of a model is with respect to elements of the model subject to uncertainty. The objective of a sensitivity analysis is to rank uncertain inputs according to their influence on the output. A sensitivity analysis can be seen as an extension of an uncertainty analysis. Its purpose is to answer the following question "What are the most important uncertain inputs?". Sometimes, SA is also used for a more general purpose, such as to understand how the model behaves when some input or parameter values are changed.

. . Application of determining parameters in uencing the residence time in sand lters

To anticipate the update of French design standards for on-site wastewater treatment, The Union Nationale des Producteurs de Granulats (UNPG, National Union of Aggregate Producers) initiated a collaboration with INRAE to investigate whether the rules regarding the selection of sand should be updated for vertical flow sand filters (different from French VF treatment wetlands). The main purpose is to evaluate if crushed sand should be banned or not because of the risk of clogging it represents. The collaboration started with an evaluation of the impact of the sand on the filter hydrodynamic.

In collaboration with the experts of the UNPG, eight sands have been selected as representative of the different sources of sand in France. Their hydraulic properties have been measured in laboratory with a particular attention on the measurement of the unsaturated hydraulic conductivity. Then a numerical experiment was carried out for which a section of a VF sand filter was modeled and subject to two scenarios of influent loading 7 . The experiment was repeated for eight sands. The numerical experiment presented the advantages of (i) not having to run multiple column experiments, (ii) separating the hydraulic issue from the biological one, and (iii) performing the study in a much shorter time.

Figure 5.8 presents how the model space was chosen along with two spatial representations of the water concent distribution at the same time for two different types of sand. 7 Unlike French VF treatment wetlands, VF sand filters for on-site wastewater treatment are directly fed by gravity from the septic tank resulting in a well documented unequal repartition over the filter surface [START_REF] Rolland | Analyses Comparatives de Systemes d'infiltration-Percolation : Colmatage et Outils de Diagnostics[END_REF]. The first scenario assumed that the influent infiltrates on the first 10% of the filter surface. The second scenario assumed that the influent infiltrates on the first 50% of the filter surface. Modeled average residence times are very disperse ranging from 52 to 134 hours with an influent equally distributed over 50% of the filter surface. With only eight sands tested, it was not possible to estimate the sensitivity factors using the usual methods [START_REF] Wainwright | Making Sense of Global Sensitivity Analyses[END_REF]. However, using only the Pearson correlation matrix allows first conclusions on the influencing factors to be drawn (Figure 5.9).

When the influent is distributed over only 10% of the filter surface, subsurface velocities are greater (gravity-driven flow dominates) and the average residence time is mainly correlated to the d 10 8 and the uniformity coefficient 9 . When the influent is better distributed (over 50% of the filter surface), subsurface flows are smaller (capillary-driven flow dominates) and the average residence time is mainly correlated to the uniformity coefficient and the elongation 10 .

The study also demonstrated that crushed sand with a wide particle size range (low uniformity coefficent) exhibited larger water content near the feeding pipe and are therefore more prone to clog. 8 the grain size than is 10% finer by weight 9 The uniformity coefficient is equal to: d 60 d 10 , with d 60 , the grain size than is 60% finer by weight. A high value of the uniformity coefficient corresponds to a well-graded sand. 10 The elongation shape factor is defined as the square root of the ratio of the two second moments of the particle around its principal axes. The original design of the study was including a classical sensitivity analysis based on pseudoramdomly sampling values for each van Genuchten-Mualem parameters within the range experimentally measured. However, van Genuchten-Mualem parameters are strongly correlated to each other and therefore do not verify the underlying assumption of many sensitivity analysis method that parameters are not correlated. Applying a classical sensitivity analysis approach would have led to biased results. Alternative approaches to create sets of independent van Genuchten-Mualem parameters have been devised but not yet implemented.

. . Surrogate models

An issue often associated to process-based models is their computational cost. It was actually one of the reasons that led Meyer and Dittmer [START_REF] Meyer | RSF_Sim -A Simulation Tool to Support the Design of Constructed Wetlands for Combined Sewer Overflow Treatment[END_REF] to develop a simpler model based on transfer functions. Similarly to discretization methods that allow to estimate solutions at given spatial and temporal nodes for partial differential equations for which no analytical solution exists, a surrogate model allows to predict the outcome of a more complex model by training it on the results of a wisely chosen set of simulations of the more complex model [START_REF] Zhao | Surrogate Mode-Based Simulation-Optimization Approach for Groundwater Source Identification Problems[END_REF]. This approach has been tested during the INNOPUR project. 142 simulations were run using HYDRUS-CW2D varying the temperature, the depth of the filtration layer, the presence or the absence of the deposit layer, and the hydraulic, organic and NH 4 -N loads [START_REF] Morvannou | Impact of Design and Operating Conditions on VFCW Performances: Modelling and Global Assessments Confrontation[END_REF]. The parameter space has been explored using a full factorial design from which the unrealistic cases have been removed. Removal rates for COD and NH 4 -N have been computed for each model and fitted versus parameters using a second order polynomial model.

Modeling results (before setting up the surrogate models) have been compared to experimental ones obtained from the PlanteDefi database (Figure 5.10). Process-based modeling led to an underestimation of COD removal rates and an overestimation of NH 4 -N removal rates. Two assumptions were drawn to explain these differences: (i) the hydraulic model is an equilibrium one (the only compatible one with the HYDRUS wetland module) and there it neglects the impact or prferential flows, (ii) the value oxygen transfer coefficient (K L a = 0.4 min -1 ) obtained from Morvannou et al. [START_REF] Morvannou | Modeling Nitrogen Removal in a Vertical Flow Constructed Wetland Treating Directly Domestic Wastewater[END_REF] is probably overestimated.

Despite the poor fit between experimental and numerical results, interesting conclusions could Results highlight the importance of the hydraulic load as the most influencing parameter (Figure 5.11) (far more influencing than the filtering media depth). It is also interesting to note that even if principal and total effects have almost the same values for COD, their values greatly differ for NH 4 -N. The difference corresponds to secondary effects that results from combined effects from several parameters. They corresponds to the competiting heterotrophic growth associated with the organic load.

Surrogate models are an interesting tools to perform advanced parameter space exploration has it has been demonstrated in this section. It can also be used for upscaling or to create a model for engineering applications.

. Treatment wetland modeling: a tool to accelerate innovation

In the previous sections, some contributions to concept-based modeling of treatment wetlands that I was involved in have been summarized. Now I will discussed how modeling could contribute to the treatment wetlands new horizon research program and what are the next steps needed to achieve it. This section is based on my own reflection but benefitted a lot from the exchanges I have had with other researchers especially within the framework of a treatment wetland modeling brainstorming session that I co-organized this year along with Ania Mornvannou, Mathieu Gautier and Bernard Pucher.

. . Predict: a multiscale approach

Similarly to imaging in Chapter 4, a multiscale approach seems appropriate to develop a robust concept-driven model capable of mimicing the driving mechanisms of biomantle formation. This model could serve as a basis for the development of hyrbid tool capable of predicting lifespan of a treatment wetland.

Micro-scale

Micro-scale models could be used to improve the understanding of phenomenological laws that are at the core of the process-based models employed in the field of treatment wetlands. Oxygen diffusion models could benefit from pore-scale models run on X-ray tomographs as shown on Figure 4.19. A similar approach could be followed for TSS transport and filtration as well as for biofouling. I do not wish to develop models at the pore level but rather to develop collaboration like the one developed with IGE Grenoble which already led to preliminary works on oxygen diffusion. We could provide the experimental data from the mutli-column experiments at our research facility at La Feyssine. Works on the biofouling at the pore-scale level could also benefit from our collaboration with the Montana State University Center for Biofilm Engineering.

The upscaling to the Darcy-scale could be done using the methods developed by the IMFT [START_REF] Orgogozo | Upscaling of Transport Processes in Porous Media with Biofilms in Non-Equilibrium Conditions[END_REF] or by using surrogate models as introduced in Section 5.4.3.

Darcy-scale

Most of the process-based models developed for treatment wetlands have been done at the Darcyscale 11 . It is also the scale at which I have contributed the most and at which I wish to contribute more following two main axes: Integrating more processes starting from the upscaled models mentioned in the previous paragraph. Sharing models, but also input and output standards as well as methods to post-process the results.

The unprecedented massive production of data 12 that occured within the last ten years have led to authors to believe that concept-driven models are obsolete [START_REF] Anderson | The End of Theory: The Data Deluge Makes the Scientific Method Obsolete[END_REF] compared to data-driven models. Concept-driven models have serious advantages that should be considered. They are robust when it comes to upscaling and able to perform soundable predictions even when the data are scared and costly to produce. They can also predict events that do not have happen before unlike data-driven models who only have inductive capability. On the contrary, some authors [17] advocate the development of hybrid approaches. Machine learning could be used for parameter calibration or to establish alternative models to apprehend phenomenon for which no reliable concept-driven model exists. In turn, the resulting deductive model could be used to design new experiments to verify the correctness of the hypotheses derived from data. This approach may allow to take into account phenomena that were before difficult or not possible to conceptually apprehend (e.g. the action of the mesofauna) and to reach better accuracy in prediction.

To enhance sharing, a first step could be to ease model interoperability. For this to be possible, models must share a common language, a common ontology 13 . The definition of a common ontology will simplify the development of exchange formats and Application Programming Interface (API).

A first milestone in collaboration enhancement has been the definition of the CWM1 model [START_REF] Langergraber | CWM1: A General Model to Describe Biokinetic Processes in Subsurface Flow Constructed Wetlands[END_REF]: a matrix that presents the biological processes occuring within a treatment wetland and that has been implemented into mainstream models including HYDRUS wetland module and BIO_PORE. it has emerged from the 2020 treatment wetland brainstorming session that this effort must be renewed and new processes included.

Finally, a set of tools are currently being developed to ease collaboration. A Git 14 repository (TW modeling toolkit) has been created to share and improve codes to prost-process modeling results as long as a discussion room dedicated to treatment wetlands. This effort could be extended by the creation of a knowledge market place were information on available models are presented and regularly updated by a consortium of researchers.

Filter-scale

In order to create a tool that could be used by practitioners, additional steps must be taken. First, to simplify their usage surrogate models can be build upon process-based models. Stakeholders are not only intersted in prediction but also on the confidence associated to it. In order to evaluate the uncertainty of a prediction and considering the number of parameters of influence, an hybrid approach mixing data-driven and concept-driven models seems best suited. This idea is similar to those that led to the development of RSF_Sim [START_REF] Meyer | RSF_Sim -A Simulation Tool to Support the Design of Constructed Wetlands for Combined Sewer Overflow Treatment[END_REF] and Orage [22]. However, if one wants to obtain predictions and their confidence interval from a model that partly derived from data, a large quantity of data must be available to perform the model training. Unfortunetaly, it often has been a weakness in many treatment wetland modeling approaches. To overcome this issue, a new workflow has been imagined to gather, validate and use to data to train models (Figure 5.12).

The core database will be continuously imrpoved thanks to the PlanteDefi tool that creates and interface with SATESE and treatment wetland desginers. The database will be used to support the development of the models. The latter will be open. Data will be also shared with the scientific community after sensitive data have been remove by regularly uploading it on the INRAE dataverse repository. To communicate on the results and provide tools to stakeholders, plateforms like Shiny and Django will be used.

. . Plan: a multidisciplinary approach

Predict the lifespan of a French VF treatment wetland is only the first step of its rehabilitation planning. Urbanisation and climate change have changed the paradigm of water management, the long-termed used managerial approach has become ill-suited. Indeed, the rationale for wastewater management has changed. The question is not only to identify the best treatment solution for a given type of influent wastewater and regulartory effluent concentrations but rather to evaluate (i) whether or not a centralized treatment system should be prefered to a decentralized one [START_REF] Eggimann | To Connect or Not to Connect? Modelling the Optimal Degree of Centralisation for Wastewater Infrastructures[END_REF], (ii) how to meet potential reuse needs and when, (iii) how to anticipate the effects of global warming and its impact on stormwater management. Solutions combining Geographical Information Systems (GIS) and multi-criteria analyses have recently emerged and appear to be promising [1].

Hybrid models, developed at the filter-scale, could be used to not only predict the biomantle formation but also the treatment performances of a specific type of treatment wetland. Combined insde a GIS tool and linked by sewer network modeling, they could provide a dynamic prediction at the watershed level.

Multiple scenarios could then be compared using tools like LCA to help stakeholders to perform informed choice. This approach is already been investigated within the project TONIC that INRAE started in collaboration with INSA Lyon.

The development of an intergrated approach raises questions in humanities such as the involvement of stakeholders and the evaluation of the risk associated to automation. The importance of stakeholder involvement has recently attract attention notably within the framework of the European call project SC5-27-2020. Among the existing tools to enhance stakeholder engament is the companion modeling [START_REF] Voinov | Modelling with Stakeholders[END_REF]: an approach currently being used in the research unit REVERSAAL by Rémi Lombard-Latune. The risk associated to automation is not frequently mentioned in water management. An inter-disciplinary decision-support system that takes many criteria into account will tend to automate as many tasks as possible to reduce the workload of the users, notably by the usage of default parameters. It creates a risk that the practitioners do not question the results of these automatic processes and slowly loose the understanding of the mechanisms behind each automatic processes and just apply the method as a whole. This phenomenon was described by the philosph Bernard Stiegler [START_REF] Beja | Does the digital impact on thinking?[END_REF] as the risk of building a pharmakon 15 , i.e. transforming a remedy into a poison. To avoid this risk, the system interface must be carefully designed and efforts must be dedicated to disseminate the knowledge. Keeping the system open-source is one aspect of it, training is another one.
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 31 Figure 3.1: Two-stage French Vertical Flow (VF) treatment wetland fed with raw wastewater (courtesy of Syntea)
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 32 Figure 3.2: Timeline of the development of French VF treatment wetlands
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 3334 Figure 3.3: Number of treatment wetlands built in France over the last 30 years (data: Portail de l'assainissement communal, 2018)
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 35 Figure 3.5: Distribution of French VF treatment wetlands according to their nominal treatment load (data: PlanteDefi).
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 3 7 presents the Chemical Oxygen Demand 7 (COD), TSS and hydraulic loads based on 1196 measurements carried out on 261 French VF treatment wetlands. Unequal sampling has been taken into account by considering each French VF treatment wetland as a primary sampling unit [95]. The average influent TSS and COD loads are equal to 80.5 g •m -2 • d -1 (SE 8 : 4.23 g •m -2 • d -1 ) and 163 g •m -2 • d -1 (SE: 6.96 g •m -2 • d -1 ), respectively. The organic load is close the result (161 g COD •m -2 • d -1 ) from on earlier study by Morvannou et al. [41]. These values are significantly lower than the sizing values of 350 g COD •m -2 • d -1 and 150 g TSS •m -2 • d -1 . However, the average value of hydraulic loads (0.34 m •d -1 ) is close to the sizing value (0.37 m •d -1 ) and more than 25 % of all measurements exceed the sizing value. Therefore, French VF treatment wetlands frequently operate under conditions of hydraulic overload.
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 36 Figure 3.6: Treatment wetland age structure in France (data: Portail de l'assainissement communal, 2018)
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 37 Figure 3.7: Organic, TSS and hydraulic loads measured on French VF treatment wetlands (1196 measurements, 261 French VF treatment wetlands). Grey dots are measurements, the box plot ranges from the first to the third quartiles. The line in the middle of the boxplot is the media and the dash line is the mean. The read line correspond to the sizing value [26].
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 38 Figure 3.8: Categorized issues
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 39 Figure 3.9: Formation of a light brown deposit (sometimes called slime) at the surface of a 1st stage French VF treatment wetland in a context of a long-duration hydraulic overload.

Figure 3 .

 3 Figure 3.10: (a) Incoming TSS load versus COD over TSS ratio. Points highlighted in green correspond to the clogged French VF treatment wetlands identified in the study. (b) Distribution of the values of the COD over TSS ratio of the influent of the clogged treatment wetland and of the rest of the treatment wetlands
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 3 Figure 3.11: A terminology to describe solid accumulation adapted to French VF treatment wetlands
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 312 Figure 3.12: Particle size distributions of suspended solids sampled from 5 different treatment plants with capacities ranging from 800 to 2000 people equivalents [14, 42]. The solid red line corresponds to the average volume fraction and the light red area corresponds to the range of variation of the 5 samples.

  Figure 3.13: A model of the fouling mechanisms occuring in French VF treatment wetlands
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 314 Figure 3.14: Theoretical evolution of the acccumation of biosolids in the filtering material and in the surface deposit
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 315 Figure 3.15: The different paths of biosolids degradation (adapted from [102]).
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 3 Figure 3.16: a) Anecic earthworms in a healthy French VF treatment wetland. b) Epigeic earthworms entrapped during feeding in a clogged French VF treatment wetland.

Figure 3 . 18 :

 318 Figure 3.18: The treatment wetland technologies application domain and current limitations (area in red). (courtesy of Pascal Molle)
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 319 Figure 3.19: Suggested organization into subprojects of the research program on treatment wetland rehabilitation and updagrading.
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  The biomantle: an ever-evolving zone Projects Outcomes of several projects contributed to this section: (i) the PhD thesis of Ania Morvannou funded by INRAE, (ii) the PhD thesis of Julie Vincent funded by OFB, and (iii) the PhD of Manon Kania (INSA DEEP) My contribution I co-supervised the PhD thesis of Ania Morvannou and contributed to the thesis of Julie Vincent. I was not involved in the PhD thesis of Manon Kania but the UR REVERSAAL was associated thanks to the participation of Pascal Molle to the thesis steering committee. Partnerships Marnik Vanclooster UCLouvain, Rémy Gourdon and Mathieu Gauthier INSA DEEP
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 41 Figure 4.1: Nitrogen mass balance calculated for (a) the feeding period (FP) and for (b) the feeding and rest periods (FP + RP) [52].
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 43 Figure 4.3: Hydrotextural diagram (i.e. solid volume fraction versus gravimetric water content) for activated sludge deposit on a sludge drying reed bed [68].

  French VF treatment wetlands Projects Outcomes of several projects contributed to this section: (i) the PhD thesis of German Dario Martinez Carvajal funded by INRAE, and (ii) the post-doc of Boram Kim funded by OFB My contribution I planned and supervised the PhD thesis of German Dario Martinez Carvajal and I was involved in the PhD supervision of Boram Kim's post-doc. Partnerships Jérôme Adrien (MATEIS, INSA LyonDEEP, Laurent Oxarango (IGE, Georg McLeod (University of Stirling, UK). . Indirect hints on the presence and importance of preferential ows
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 44 Figure 4.4: Tracer experimental breakthrough curve and cumulative tracer recovery percentage

  (a) Simulated concentrations for mutliple pulses tracer test using an equilibrium (black line) and a nonequilibrium (grey line) model (b) Measured (black line) and simulated (red line) concentrations from the tracer experiment and the dualporosity model, respectively
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 45 Figure 4.5: Non-equilibrium model ability to catch preferential flows observed in French VF treatment wetlands

  (a) Sampling and thin section preparation (b) Post-processing.
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 46 Figure 4.6: Thin section preparation and postprocessing (credits for pictures of sample impregnation and cutting: http://www.thin.stir.ac.uk/).
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 4 Figure 4.6 illustrates the methodology used for this first study. Three samples were taken from a pilot-scale French VF treatment wetland located at INRAE's experimental facility at La Feyssine in the metropolitan area of Lyon, France in March 2015. The experimental setup aimed at simulating the granular characteristics of a full-scale first stage French VF treatment wetland. It was put in operation in July 2012. Samples consisted of Kubiena tins (l × w × h : 55 × 75 × 40) inserted from the surface of the treatment wetland. Therefore, they included both the surface deposit and the top of the filtering material. Biosolids present in the samples have a high organic matter content (up to 86 g OM•g -1 of dry matter in the surface deposit[12]), which may retain a lot of water and limit the efficiency of the impregnation. In order to remove as much water as possible from the samples before hydrophobic resin impregnation, a solvent exchange in vapor phase was performed to ensure minimal disturbance to samples. Then they were sent to the University of Stirling (UK) where they were impregnated with polyester resign, cut vertically, polished and coverslipped to obtain slices that were approximately 30 µm thick.The first postprocessing (Figure4.6b) consisted in image acquisition using a stereomicroscope followed by illumination correction. The resulting images had a resolution of 6.8 µm • pixel -1 and allowed the identification of large channels (hundreds of µm in magnitude) throughout the samples (Figure4.7).

  Figure 4.6 illustrates the methodology used for this first study. Three samples were taken from a pilot-scale French VF treatment wetland located at INRAE's experimental facility at La Feyssine in the metropolitan area of Lyon, France in March 2015. The experimental setup aimed at simulating the granular characteristics of a full-scale first stage French VF treatment wetland. It was put in operation in July 2012. Samples consisted of Kubiena tins (l × w × h : 55 × 75 × 40) inserted from the surface of the treatment wetland. Therefore, they included both the surface deposit and the top of the filtering material. Biosolids present in the samples have a high organic matter content (up to 86 g OM•g -1 of dry matter in the surface deposit[12]), which may retain a lot of water and limit the efficiency of the impregnation. In order to remove as much water as possible from the samples before hydrophobic resin impregnation, a solvent exchange in vapor phase was performed to ensure minimal disturbance to samples. Then they were sent to the University of Stirling (UK) where they were impregnated with polyester resign, cut vertically, polished and coverslipped to obtain slices that were approximately 30 µm thick.The first postprocessing (Figure4.6b) consisted in image acquisition using a stereomicroscope followed by illumination correction. The resulting images had a resolution of 6.8 µm • pixel -1 and allowed the identification of large channels (hundreds of µm in magnitude) throughout the samples (Figure4.7).

Figure 4 . 7 :

 47 Figure 4.7: Magnified images of thin sections of VFCW filtering materials.
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 48 Figure 4.8: Comparison of cumulative pore-size frequency distributions (a) and cumulative pore space occupations (b) between gravel only and gravel with biosolids.

  ) and Copponex (Haute-Savoie, France). The treatment plant of Montromant is one of the oldest French VF treatment wetlands. It was commissioned in 1994 and designed to treat the wastewater produced by 200 people equivalents (12 kg of BOD 5 • d -1 ). Based on regulatory monitoring measurements performed in 2013, the suspended solids and the chemical oxygen demand loads were 158 g • m -2 • d -1 and 262 g • m -2 • d -1 , respectively. The hydraulic load was 20.5 cm • d -1 and the surface deposit had been removed for the first time in 2009. The treatment plant of Copponex was built in 2003 and its capacity was doubled in 2011 to reach 1,500 people equivalents (90 kg of BOD 5 • d -1 ). Based on regulatory monitoring measurements performed in 2016, the suspended solids and chemical oxygen demand loads were 122 g • m -2 • d -1 and 247 g • m -2 • d -1 , respectively. The hydraulic load was 28.7 cm • d -1 .

  (a) A raw slice from a humid sample (b) The same slice after drying 24 hours at 45 °C
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 49 Figure 4.9: Effect of sample drying on a X-ray tomography slice.

  (a) A raw slice from a humid sample (b) Close-up in yellow on left
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 410 Figure 4.10: Morphological description of a raw X-ray slice.

  and 4.7.
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 411 Figure 4.11: The histogram of the gray-value distribution of all slices obtained from the two samples (COP-1 and COP-2, respectively) taken from the first stage of a French VF treatment wetland at Copponex (Haute-Savoie, France)
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 412 Figure 4.12: Comparison of a slice before and after segmentation.
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 413 Figure 4.13: Electrical conductivity map of the filter. FP stands for feeding points. Samples regions are indicated on the map. s is the electrical conductivity mean value and ∆s is the chosen threshold value for the measurement sensitivity.
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 414 Figure 4.14: Volume fraction versus depth of each phase (voids, biosolids, and gravels) (on the left), 2D vertical slice of the segmented image (on the right).
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 4 Figure 4.15: Cumulative (at the top) and frequency (at the bottom) PSD for the deposit layer and the gravel layer.

  (a) Depth = -85 mm (b) Depth = -124 mm (c) Depth = -124 mm, four phase segmentation
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 416 Figure 4.16: Phase volume fraction versus relative diameter at two different depths in the absence and presence of rhizomes.
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 4 Figure 4.17: A sketch of the drying chamber.
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 418 Figure 4.18: Evolution of the void phase volume fraction profiles (sample MON1). The deposit layer is represented by a wider trace in the curves. Computations were performed for a ROI of 60 %.
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 4 Figure 4.19: 3D simulated profile of oxygen concentration in the void phase in a 3 mm 3 domain.
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 420 Figure 4.20: Multiscale and multisite combined approaches in Predict TW
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 421 Figure 4.21: New sensors planned for the REFLET platform for long-term monitoring of biomantle formation
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 5 2a maps the cumulated scientific production per country (corresponding author's 1 September 2020: TITLE-ABS-KEY(treatment OR constructed) AND TITLE-ABS-KEY(wetland*) AND TITLE-ABS-KEY (modeling OR modelling) AND TITLE-ABS-KEY(wastewater OR waste water OR stormwater) 2 query carried out on Scopus: TITLE-ABS-KEY(treatment OR constructed) AND TITLE-ABS-KEY(wetland*) AND TITLE-ABS-KEY(wastewater OR waste water OR stormwater) AND PUBYEAR IS 2018
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 51 Figure 5.1: Number of article on treatment wetland modeling published per year (Query: TITLE-ABS-KEY(treatment OR constructed) AND TITLE-ABS-KEY(wetland*) AND TITLE-ABS-KEY (modeling or modelling) AND PUBYEAR > 2015, Scopus in September, 2020). The dashed line corresponds to a moving average with a window size of 5 years.
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 52 Figure 5.2: (a) The world map collaboration network. (b) The author collaboration network based on the 50 most cited articles over the period 1994-2020.
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 53 Figure 5.3: Keywords and their evolution over time
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 54 Figure 5.4: Classification of the models employed in the literature. The void part of the figure corresponds to article for which no classification was possible (e.g. not accessible).
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 55 Figure 5.5: How dual-proposity models simplify the complex structure of macropores (on the left) by averaging their contribution over REVs (on the right)
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 57 Figure 5.7: Hydraulic conductivity (K) (m • d -1) within the domain and with and without the effects of bioclogging after 10, 25 and 125 days. The white arrows indicate the direction of the velocity vector at each location within the domain. Source : Samso et al.[START_REF] Samso | Modelling Bioclogging in Variably Saturated Porous Media and the Interactions between Surface Subsurface Flows: Application to Constructed Wetlands[END_REF] 

  Figure 5.8: (a) the geometrical model, and (b) results of water content distribution at the same time on two different types of sand (among the height tested)
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 59 Figure 5.9: correlation matrices between sand physical properties and average residence time for two scenarios of water distribution.
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 510 Figure 5.10: Experimental versus modeling results
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 511 Figure 5.11: Sensitivity analysis results
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 512 Figure 5.12: Interfacing database and model with the different communities involved in treatment wetland development

  

  

  

  

  

  

  

Table 2 .

 2 1: Co-supervised PhD thesis

	PhD student	University Title	Graduation Involvement
				year	in	supervi-
					sion (%)
	German Dario	Université	Study of vertical flow treatment wet-	2020	50 %
	Martinez Car-	de Lyon	lands by X-ray tomography		
	vajal				
	Roger Samso	Universitat	Numerical Modelling of Constructed	2014	20 %
		Politèc-	Wetlands for Wastewater Treatment		
		nica de			
		Catalunya			
	Ania Morvan-	Université	Dynamic modelling of nitrification in	2012	25 %
	nou	catholique	vertical flow constructed wetlands		
		de Lou-			
		vain			
	Alain Petitjean Université	Modélisation des transferts réactifs	2011	25 %
		de Stras-	diphasiques dans les filtres verticaux		
		bourg	pour le traitement des eaux résiduaires		
			urbaines		

Table 2 .

 2 2: Major teaching activities

	Year Level	University	Discipline		Hours
	2018 Bachelor	Montana State University	Environmental Engineering	3
	2015 Master, PhD	6th International Symposium	Environmental Engineering,	18
		on Wetland Pollutant Dynam-	Modeling	
		ics and Control (workshop)		
	2012 Bachelor	Université de Lyon	Environmental Engineering	6
	EVEREX		French agency for biodiversity
	PARTICIPANT			-PRESENT
	• Collaboration with the French treatment wetland professional union (FEVE
	• Improvement of an existing database and statistical learning modeling	
	LAMA REUT			Water agency grant
	WORK-PACKAGE LEADER		-PRESENT
	• Innovative soil lter for polishing treatment before reuse in irrigation	
	• Usage of geophysical methods for laboratory and eld monitoring	
	ROSEEV		French agency for biodiversity
	PROJECT LEADER				-
	Granular material hydrodynamic in on-site treatment systems	Professional union of
	granular material producers(UNPG)		
	PROJECT LEADER				-
	• Improve our understanding of granular material properties impact on lter hydrodynamics
	• Usage of crushed sand versus alluvial one		
	CLOGWATCH		National research agency
	WORK-PACKAGE LEADER			-
	• Part of the CAPTIVEN project for innovative sensor developement	
	• Development of a biosensor to detect clogging		
	INNOPUR			Public Investment Bank
	PARTICIPANT				-
	• Project led by the treatment wetland constructor Epur'Nature	
	• Improving total nitrogen removal in vertical ow treatment wetlands	
	ANCRES	French environment & energy management agency
	PARTICIPANT				-
	• Development of indicators for pollutant removal e ciency in on-site treatment system in ltrating
	treated wastewater in soil		
	SEGTEUP		National research agency
	PARTICIPANT				-
	• Treatment wetlands for sewer over ow		
	INVESTIG+			Veolia Water
	WORK-PACKAGE LEADER			-

• The soil as a biorector in land-based treatment wetlands • Design and implementation of a lysimeter facility BIOTRYTIS French agency for biodiversity PARTICIPANT -• Monitoring of treated wastewater in ltration in land-based treatment wetlands • Usage of geophysical methods for eld monitoring • Improvement of geophysical methods • Oxygen renewal dynamic in lter for on-site wastewater treatment

Table 2 .

 2 

		3: International activities
	Scientific commit-	Member of the scientific committee of IWA international
	tee	conferences on wetlands systems for water pollution control
		since 2018
	Event organization Workshop on TW numerical modeling at the 6th Interna-
		tional Symposium on Wetland Pollutant Dynamics and Con-
		trol (2015)
	Peer review	Peer-review of articles for Water Science & Technology,
		Water Reseach, Ecological Engineering and Science of the
		Total Environment (about 2 to 3 per year)
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		formation and clogging
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	.	Structuration of the biomantle in French VF treatment
		wetlands
	. Imaging tools in Predict . Current state of the art of treatment wetland modeling
	.	Preferential ows
	.	Biofouling
	.	Exploring the parameter dimensions
	.	Treatment wetland modeling: a tool to accelerate in-
		novation
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Table 3 .

 3 1: Remediation technologies[START_REF] Du | EPS Solubilization Treatment by Applying the Biosurfactant Rhamnolipid to Reduce Clogging in Constructed Wetlands[END_REF][START_REF] Miranda | Evaluation of Unclogging Aspects in Horizontal Subsurface Flow Constructed Wetlands[END_REF][START_REF] Nivala | Clogging in Subsurface-Flow Treatment Wetlands: Measurement, Modeling and Management[END_REF][START_REF] Hua | Clogging Pattern in Vertical-Flow Constructed Wetlands: Insight from a Laboratory Study[END_REF] 

each supporting one pillar of the treatment wetland new horizon. They all combine academic research, public-private research and development partnership and support to public policies. Synergy exists with other research program like the TONIC project led by Pascal

Table 5 .

 5 1: Hydraulic parameter values used for calibration of the dual-porosity model for 1 st stage filters of French VF treatment wetlands in HYDRUS-1D.

	Layer θ m r
	[-]

people equivalent or population equivalent is a unit expressing the pollution load produced per day. In Europe, it has been regulatory fixed to 60 g BOD 5 × d -1 .

In geotechnical sciences, this phenomenon is called suffusion

A three-stage horizontal subsurface flow treatment wetland was built Curienne in 1996. It is located in a pre-alpine area at an altitude of 720 m and treat wastewater of 350 p.e.

Molle et al. [91] have shown that oscillations of Phragmites australis stems induced by wind create channels in the surface deposit through which water can infiltrate faster, therefore maintaining infiltration capacity even when the surface deposit has a very low hydraulic conductivity at the end of the feeding period.

agricultural drainage pipes do not have sufficient mechanical resistance and their slots are too narrow.

A gap-graded granular material has an excess or deficiency of certain particle sizes or has at least one particle size missing.

An interesting experiment is currently carried out by the SATESE Ardèche/Drôme. On the same treatment plant, they will compare the surface deposit growth rates of a filter on which the reeds are harvested annually and a filter on which the reeds are harvested bi-annually. Reed harvesting is one of the main operation cost for treatment wetlands.

Strictly speaking, the depth filtration is to be differentiated from depth straining as the latter only refers to the filtration of particles within a porous media when they reach a pore throat of diameter smaller than their.

The research unit REVERSAAL (INRAE) and the laboratory DEEP (INSA Lyon) created in 2018 a research consortium

The amino-G protein has now replaced the fluorescein in our experiments thanks to the advices of Cédric Chaumont (Artemhys, INRAE). It now allows to reach recovery ratio above 0.9 contrarily to fluorescein which rarely produces recovery ratio above 0.7 due to its adsorption on organic matter

if the surface deposit height exceeded 10 cm in height, its top part was discarded.

The 'p'-REV is the minimal volume of a sample from which the volume-weighted average value of the property 'p' is no longer dependent on the volume of the sample and then becomes representative

A phenomenological model is a scientific model that describes the empirical relationship of phenomena to each other, in a way which is consistent with fundamental theory, but is not directly derived from theory. source: wikipedia

Some pollutant removal functions have threshold values. This information is derived from the data but its mathematical implementation is conceptual and is not driven by data.

The Darcy-scale corresponds in porous media to the scale at which metrics (water pressure, porosity, etc...) starts to behave continuously

Ninety percent of the world's data have been generated in the last 5 years according to Baker et al.[17]. And this is a 2017 figure!

In computer science and information science, an ontology encompasses a representation, formal naming and definition of the categories, properties and relations between the concepts, data and entities that substantiate one, many or all domains of discourse.(source)

. . Upgrade: develop tools for designers

Similarly to the biomantle formation predictive model, tools to help designers could be derived from models: e.g., tools to optimize the placement of the drainage pipes or intermediate aeration pipes (if they exist). INRAE already has experience in developing such tools. They could also serve as tools for SATESE to better evaluate projects. Despite not directly serving a scientific goal, the development of such tools may enhance the confidence of prationers on modeling that is often perceived as a not applied thing and consequently enhance their adhesion to the overall project and their contribution.