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1 INTRODUCTION AND METHODOLOGY  

 

1.1 Selection of NBS  

The Nature-based solutions (NBS) were selected for the three broad categories (hereinafter 

referred as issues in the contracting activities) defined in the technical specification of the 

tender: 

— NBS A: Treatment of manure-derived wastewater and sludge before application as 

fertilizer. The main purpose of the NBS in this category is the control of nutrient surplus, 

veterinary/human pharmaceuticals and other contaminants. 

— NBS B: Landscape elements addressing diffuse sources of pollution due to fertilizers 

(and associated contaminants) and/or pesticides; unlike the previous category, in this 

case the landscape elements are “passive” (i.e. the natural processes they support are 

not man-managed) and treat input flows which are not precisely identified a priori, 

depending on the landscape, climate and fertilizer/pesticide application on the fields. 

The main purpose of the NBS in this category is diffuse pollution control (nutrients, 

pesticides, sediments). 

— NBS C: Landscape elements addressing water retention to sustain water availability 

during dry periods, and contribute to resilience against climate change. The main 

purpose of the NBS in this category is to support water supply during dry 

periods/summer, and/or flood mitigation. 

The preliminary list of NBS for the three categories (Table 1) was selected on the basis 

of: 

— The Natural Water Retention Measures (NWRM) website (nwrm.eu), from which 

only actual NBS were selected, neglecting many listed solutions, which can be better 

defined as Best Management Practices in the agricultural sector (such as crop rotation, 

intercropping, or no till agriculture) 

— Relevant literature studies 

 

Table 1. Preliminary list of identified NBS 

NBS category NBS type Key references for NBS 
definition 

A: Manure-derived 
wastewater and 
sludge 

1. Constructed wetlands (CWs) 

(a) Horizontal subsurface flow (HF) 

(b) Vertical subsurface flow (VF) 

(c) Free water surface (FWS) 

(d) Aerated wetlands 

2. Waste stabilization ponds (WSP) or lagoons 

(a) Anaerobic ponds (AP) 

(b) AP + Facultative ponds (FP) 

(c) AP + FP + Maturation ponds (MP) 

(d) Aerated ponds 

Estrada and Hernandez 
(2002) 

Hunt et al. (2002) 

Kadlec and Wallace (2009) 

Knight et al. (2000) 

Meers et al. (2008) 

Vidal et al. (2018) 

 

 

B: Landscape 
elements for diffuse 
sources of pollution 

1. Wetlands 

(a) In-line (nutrients, pesticides, 
sediments) 

nwrm.eu 

Acreman and Holden (2013) 

Barling and Moore (1994) 
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NBS category NBS type Key references for NBS 
definition 

(b) Off-line (nutrients, pesticides, 
sediments) 

2. Vegetated drainage ditches (VDD) 

(a) Without hydraulic control structures 

(b) With hydraulic control structure 

3. Buffer strips 

(a) For surface water (runoff – BS-R) 

(b) For subsurface water (groundwater – 
BS-G) 

(c) Integrated buffer zones 

Castaldelli et al. (2015) 

Collins et al. (2009) 

Cooper et al. (2004) 

Dollinger et al. (2015) 

Hansen et al. (2016) 

Hickey and Doran (2004) 

Jordan et al. (2003) 

Kadlec and Wallace (2009) 

Kröger et al. (2013) 

Kumwimba et al. (2018) 

O'Geen et al. (2010) 

Stutter et al. (2012) 

Vidon et al. (2019) 

Vymazal, J. and Březinová 

(2015) 

 

C: Landscape 
elements for water 
retention and 
resilience to climate 
change 

1. Droughts/Storage 

(a) Farm (Storage) Ponds  

(b) Storage Wetlands - Marshes storage 

(c) Infiltration Ponds (MAR – Managed 
aquifer requarge) 

(d) Infiltration Wetlands-Marshes (MAR) 

(e) Infiltration Wood (MAR) 

(f) Dry infiltration areas (MAR) 

2. Flood 

(a) In-line Detention basins 

(b) Off-line Detention basins 

nwrm.eu 

Acreman and Holden (2013) 

Ameli and Creed (2019) 

Berg et al. (2016) 

Brader et al. (2013) 

Camnasio and Becciu (2011) 

Cohen et al. (2016) 

Dillon (2005) 

Dillon et al. (2019) 

Dowing (2010) 

Fiener et al (2005) 

Gleason et al. (2007) 

Golden et al. (2016) 

Ibrahim and Amir-Faryar 
(2018) 

Lane et al. (2010) 

Lane et al. (2018) 

Leon et al. (2018) 

Morris et al. (2008) 

Thorslund et al. (2017) 

Tiner (2003) 

UN-Water (2018) 

Wisser et al. (2010) 
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1.2 Attributes for landscape, climate, and sizing  

The relevant attributes in terms of landscape, climate, and sizing were separately identified 

for the three typologies of NBS (A, B, C) of table 1. The lists are reported in Annexes and 

were used as a starting point to build the necessary datasets. 

After and in function of the evidence gathered from literature, the following 

characteristics will be defined for each attribute in the next sections: 

— Unit in case of ordinal descriptors (e.g. ha, m3, tonN/y) 

— Type in case of cardinal descriptors (e.g., binary, categorical) 

— Descriptors used to define the suitability constraints 

— Descriptors used to build the cause-effect relationships  

 

1.3 Attributes for benefits  

We hereinafter define benefit (J) each objective that can be linked to the previously 

defined descriptors (landscape, climate, sizing) by a cause-effect relationship. This means 

that, from a logical point of view, both the primary benefit and the side-benefits need to 

be managed in a similar way. Several recent publications have highlighted the capability 

of NBS to be multipurpose, i.e. to provide several benefits with a single solution (UN 2018; 

Raymond et al., 2017). However, it is also clear that not all NBS benefits can be maximized, 

often leading to a priorization of NBS benefits according to main and side-objectives 

(Calliari et al., 2019). Accordingly, the main and side benefits for each NBS issue were 

defined as follows: 

• Main benefit (𝐽𝑀): a benefit directly related to the issue that the NBS is expected to 

respond to (e.g. nitrogen removal for a NBS A for manure-derived wastewater and 

sludge); 

• Side benefit (𝐽𝑆): a benefit provided by a NBS additional to the main benefit, i.e. 

considering a NBS as a multipurpose design element (e.g. amenity attractiveness 

of a NBS C for water retention) 

The distinction between main and side benefits is relevant when considering the expected 

products of the work: 

• Favourability map, which will be built for each NBS considering only 𝐽𝑀, i.e. without 

the spatial multi-criteria analysis (MCA); 

• Opportunity map, which will be built considering both 𝐽𝑀 and 𝐽𝑆 based on spatial 

MCA with weights. 

The relevant benefits were separately identified for the three issues.  

Similarly to descriptors, the lists are reported in Annexes and were used as tentative lists 

to build the dataset. 

After and in function of the evidence gathered from literature, the following 

characteristics will be defined for each benefit in the next sections: 

— Unit in case of ordinal descriptors (e.g. tonN/y/ha) 

— Type in case of cardinal descriptors (e.g., binary, categorical) 

Finally, it’s worth to be noted that the organization of the work, thinking in terms of mono-

objective (main benefit vs. side benefit) when dealing with multi-purpose NBS, led to have 

similar NBS with similar benefits, but managed differently according to the different issues. 

An example are wetlands, which have attributes of both water quality (e.g. N abatement) 

and water quantity (storage water volume), but are inverted between main and side 

benefits depending on the NBS issue, B (diffuse pollution) or C (flood and drought). 
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2 NBS RELATIONSHIPS  

The chapter aims to summarise the development of a statistical meta-analysis or research 

synthesis with the goal of deriving three types of relationships: 

— Relationships for effectiveness, i.e. relationships between the dimensional parameters 

of each solution (e.g. area, volume), landscape and climate (e.g. topography, 

temperature) and effectiveness (e.g. nutrient retention); 

— Relationships for costs, i.e. relationships between the dimensional parameters of each 

solution (e.g. area, volume), and region-specific implementation costs; 

— Relationships for benefit monetization, i.e. relationships for the evaluation of direct and 

indirect benefits through value transfer approaches. 

2.1 Building of relationships for effectiveness  

Relationships for effectiveness are defined as “Relationships between the dimensional 

parameters of each solution (e.g. area, volume), landscape and climate (e.g. topography, 

temperature) and effectiveness (e.g. nutrient retention)”. 

Two approaches were used to build relationships (a): 

— statistically-based, building the equations on the basis of a Multiple Correspondence 

Analysis and a multiple linear regression analysis 

— expert-based, through the definition of either simplified process-based equations1 or 

value functions (Alacron et al., 2010)2  

2.1.1 Statistical relationships 

2.1.1.1 Methodology 

The purpose of statistical relationships is to support the development of “favourability” and 

“opportunity” maps, i.e. plotting for each type of Nature Based Solution (NBS) the value 

of an index expressing the benefits accruing to this NBS type (with a reference, unit sizing 

to be spatially comparable). These benefits are in principle a multidimensional vector within 

which certainly one key element is present: the abatement efficiency of different pollutants.  

An Excel database was created which collected about a hundred experiences described in 

scientific papers that detail the characteristics of the implemented NBS in terms of 

landscape, climate and design and the corresponding abatement efficiency (%) of the 

considered contaminants, following summarized for each NBS investigated 

— NBS A:  TN, TP, TKN, BOD5, COD, TSS 

— NBS B 

o FWS: TN, N-NO3, TP, P-PO4 

                                           
1 Despite the use of simplified assumptions, these equations remain process-based, since they estimate the 

performance of specific processes, such as water storage or C sequestration.  
2 Defining the value function requires measuring preference, or the degree of satisfaction produced by a certain 

alternative option for a measurement variable (indicator). Each measurement variable may be given in 
different units; therefore, it is necessary to standardise them into units of value or satisfaction, which is 
basically what the value function does. The method proposed rates satisfaction on a scale from 0 to 1, where 
0 reflects minimum satisfaction (Smin) and 1 reflects maximum satisfaction (Smax). 

To determine the satisfaction value for an indicator a few preliminary steps have to be guaranteed (Alacron et 
al., 2010):  
— Definition of the orientation (increase or decrease) of the value function. 
— Definition of the points corresponding to the minimum (Smin, value 0) and maximum (Smax, value 1) 

performance/satisfaction. 
— Definition of the kind (ordinal or cardinal) and of the shape (linear, concave, convex, S-shaped) of the 

value function. 
— Definition of the mathematical expression of the value function 
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o BS-R: TP, P-PO4, TN, N-NO3, Sediments, TSS 

o BS-G: N-NO3 

The dataset was screened to limit “gaps” in the information as much as possible, which led 

to discard the sample in the statistical analysis. Therefore, a sub-dataset was developed 

dedicated to statistical analysis. These sub-datasets are visible in attachment: NBS A, 

wetlands for manure-driven wastewater (Attachment 1); NBS B, VDDs and wetlands 

(Attachment 2); NBS B, buffer strips (Attachment 3). 

Two statistical tools were used and combined to analyze the dataset: (i) Multi 

Correspondence Analysis; (ii) multiple linear regression analysis. 

A preliminary step was to identify which are the most and least significant variables, thus 

reducing the problem complexity, while verifying whether the data spontaneously collected 

amongst meaningful clusters. To this aim, rather than a Principle Component Analysis, the 

Multiple Correspondence Analysis (MCorA, e.g. Abdi and Williams, 2010) was adopted, 

as several descriptors are naturally categorical. The SPSS software3 was used.  

This step provided an interesting added value which was a qualitative comprehension of 

the behavior of the available experiences and gave a preliminary indication of which 

variables are not expected to convey added value and, in principle, might be neglected. 

Indeed, it was expected that the variables that show to have a low differentiation power in 

this analysis (and are hence discarded) would do the same in the next step of searching 

for quantitative multiple regression relationships. 

Subsequently, a quantitative relationship between abatement efficiency and NBS 

characteristics is obtained by means of a multiple linear regression analysis. In doing 

so, the results of MCorA were taken into account by developing a version in which the 

variables that the previous MCorA step had identified as not significant were neglected. 

This allowed to reduce the dimensionality of the problem, which was fundamental, due to 

the scarcity of data compared to the high number of descriptors. However, as there are 

structural differences in the two approaches4, the version including these variables was 

also analyzed in parallel and the results are compared. The procedure was doubled, adding 

or removing the loading rates from the regression analysis. Consequently, the multiple 

linear regression analysis provided four linear models: 

— (1) multiple linear regression with variables selected by MCorA, without the influent 

loads; 

— (2) multiple linear regression with variables selected by MCorA, with the influent loads; 

— (3) multiple linear regression with all variables, without the influent loads 

— (4) multiple linear regression with all variables, with the influent loads. 

This whole procedure was repeated for the three NBS for which it was possible to set up a 

significant dataset (NBS A, wetlands for manure-driven wastewater; NBS B, VDDs and 

wetlands; NBS B, buffer strips) and for each pollutant of interest. 

The multiple linear regression models were evaluated with both statistical goodness of fit 

indexes and expert-based evaluation.  

The goodness of fit indexes used to evaluate the multiple linear regression models were: 

— R2: coefficient of determination, i.e. the fraction of the variance of the dependent 

variable (in this case the abatement efficiency) is predictable from the independent 

                                           
3 IBM SPSS statistics 23: https://www.ibm.com/support/pages/downloading-ibm-spss-statistics-23 
4 The variables expected to have a greater effect on NBS performance can vary between MCorA and multiple 

linear regression analysis. This is due to the following reasons: i) the two MCorA dimension do not explain 
100% of the variability; and ii) there is a structural switch between the two analysis: the continuous variables 
are discretized in MCorA, while for the categorical variables, in the linear regression analysis, each category 
has to be transformed into a binary “dummy” variable (which requires limiting the number of variables owing 
to the overall paucity of data). For this reason, a parallel analysis was developed: with and without the MCorA 
discarded variables. 

https://www.ibm.com/support/pages/downloading-ibm-spss-statistics-23
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variables (the higher, the better; if negative, the trivial model always set equal to the 

observation mean is preferable) 

— R2 adjusted: a version of R2 corrected to consider the fact that while including more 

regressors (independent variables, i.e. descriptors), obviously the performance of R2 

improves, but the model is weaker because it is built on a smaller dataset (the higher, 

the better) 

— RMSE: Root Mean Square Error, i.e. the sum of the “model-observation” squared errors 

(the lower, the better) 

— DoF model: number of estimated parameters (excluding the intercept) 

— DoF residuals: number of “free” observations used for the estimation (i.e. total number 

of data, minus the number of parameters, minus 1 for the intercept) 

— Obs./parameters: number of observations per estimated parameter (the higher, the 

better; ideally it should be greater than 10). 

 

Subsequently, an expert-based evaluation5 was performed to verify the significance of 

the variables selected by the multiple linear regression analysis. Moreover, experts chose 

the most appropriate linear cause-effect model for the favourability and opportunity maps 

for each NBS and each pollutant, balancing both the results of statistical indexes and the 

significance of the selected variables6. 

If the expert-based evaluation was positive, the selected multi regression linear model 

are proposed to predict pollutant removal performance for the development of the 

favourability and opportunity maps, estimating the expected effect on the performance of 

relevant climate, landscape, and design variables. 

If the expert-based evaluation was negative, the median value from the frequency 

density function are proposed to predict the pollutant removal performance, equal for all 

EU regions. The effect of climate, landscape, and design variables will be considered in the 

favourability and opportunity map methodology by defining a set of suitability criteria 

based on literature evidence and on expert evaluation. 

For sake of simplicity, the statistical analysis considered only linear regression models, 

avoiding testing other non-linear fittings (e.g., lognormal, exponential). The rationale for 

this choice is exposed in the following: (i) the aim of this analysis was to identify variables 

and predictive models that could potentially affect removal performance of NBS at EU scale 

and, at the same time, maintain reliability against literature and designer expertise; (ii) 

the selected models should not be used for design purposes, but just to interpret the 

statistical variability of the dataset developed for each NBS and each pollutant at European 

scale; (iii) the selected linear models presented SD residuals in the range of ± 20%, which 

were considered acceptable for the large scale EU map; (iv) the performance of the 

selected models were also compared with the estimation of well-known benchmark models, 

showing a better representation of the removal efficiency collected in the dataset (see 

section, 2.1.1.6). As a consequence of the previous methodological steps, the linear models 

                                           
5 Wetland and VDD experts: Dr. Fabio Masi (IRIDRA, project manager of this study); Dr. Eng. Anacleto Rizzo 

(IRIDRA, co-author of this study).  
Buffer strips experts: Dott. Giulio Conte (IRIDRA, co-founder of CIRF) and Eng. Andrea Nardini (CIRF) CIRF – 

Centro Italiano Riqualificazione Fluviale (Italian Centre River Restoration – www.cirf.org) 
6 Therefore, the selected model was chosen with an expert-based approach for each NBS and each pollutant, 

without prioritizing either the statistical goodness of fit indexes or the significance of the screened variables. 
In some cases, a model with slightly worse fitting performance was chosen because the selected variables 
were more appropriate; in other cases, even if the variables were significant, the model was not chosen due 
to too low fitting performance.  
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were judged suitable for the purposes of the study, therefore further efforts in testing 

different fitting models were considered not necessary, also because they could involve the 

risk of improper extrapolation removal performance if used with variables values outside 

the range collected in the dataset7. 

2.1.1.2 Model selection for NBS A 

The detailed analysis of MCorA for NBS is reported in Annex 8. The multiple linear 

regression analysis was performed by regressing the abatement efficiency (for each of the 

6 contaminants, i.e., Nitrogen N, Phosphorous P, Biochemical Oxygen Demand BOD, 

Chemical Oxygen Demand COD, Total Kjeldahl Nitrogen TKN, and Suspended Solids SS) 

on the candidate “causal factors”, including the characteristics of the wetland NBS (Table 

2).  

The results of the analysis are reported in the following sub-sections. 

Table 2. List of variables for multiple linear regression analysis of the NBS A dataset 

Variable name Variable Description 

L_altit Altitude 

L_country Country 

C_avT Average annual Temperature 

C_n_cold Average annual n of months with T < 6°C 

C_p Average annual precipitation - 1 

C_AridIx Global aridity index 

C_PET Potential annual evapo-transpiration (Global AI-PET ) 

C_REG Biogeographical region 

D_Type Type 

D_topoADJ Topographic adjustment 

D_Area Area 

D_ratio Aspect-Ratio 

D_depth Average depth 

D_veg Type of aquatic vegetation 

D_LoadTKN Annual input load TKN 

D_LoadN Annual input load N 

D_LoadP Annual input load P 

D_LoadSS Annual input solids load 

D_LoadCOD Annual input COD load 

D_LoadBOD Annual input BOD5 load 

D_Q Water inflow 

                                           
7 Essentially, the dataset was considered not extended enough to safely test non-linear fitting models. Despite 

the limit of using only linear multiple regressions in terms of statistically fitting performance, this choice can 
be considered robust for the aim of the study. At EU level is less important if the performance could be 
slightly better with a better fitted non-linear model, since the residual from the linear model in the range of 
± 20% can already be considered acceptable for the purpose of the study. On the other hand, it could be 
more risky to have a non-linear model giving unrealistic removal performance, if used with values of variables 
outside the range of values collected in the dataset used for fitting. The dataset is not extended enough, 
therefore, it could happen that the collected value of a variable does not cover all the variability expected at 
EU level. In such case, a linear model simply estimates the performance outside the variability of the range 
of the dataset neither increasing nor decreasing the expected trend in performance. Contrarily, a non-linear 
model would interpret the effect of a value outside the range of the dataset giving a “sort of judgement” 
simply based on fitting performance (e.g. an exponential model would increase the expected removal 
efficiency with a positive higher variable, instead a logarithmic model would decrease the expected value), a 
risk that was preferred to avoid.  
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Variable name Variable Description 

D_WWtype Type of ww 

D_PT Primary treatment 

D_dilu Dilution 

D_recirc Recirculation 

D_filling Filling media 

N_abat Removal % TKN 

N_abat Removal % N 

P_abat Removal % P 

S_abat Removal % TSS 

COD_abat Removal % COD 

BOD5_abat Removal % BOD5 

 

 

 General considerations on the results of multiple linear regression analysis for 

NBS A and model selection 

For all variables, except for phosphorous (P) and suspended solid (TSS), the load (loading 

rate variable) resulted not relevant.  

Moreover, none of the variables discarded by the MCorA turned out to be significant in any 

of the cases, and therefore the final specification of the model remained unchanged (so 

columns 1 and 2 coincide with columns 3 and 4, respectively).  

Generally speaking, there was heterogeneity among the variables that were found to be 

significant for the different contaminants; however, the sign of variables remained constant 

for all the model versions for a given contaminant.  

The variables resulting more significant for more than one contaminant were: 

— Specific water inflow: appears in 5 out of 6 cases, and when significant it has a negative 

sign (i.e. the higher it is, the lower the efficiency) 

— ww_mix_RNF: appears in 4 cases, and in 3 cases it has positive sign (i.e. the higher it 

is, the higher the efficiency) 

— Previous treatment Primary NBS + Secondary NBS: appears in 3 cases, and always has 

a negative sign (i.e. the higher it is, the lower the efficiency) 

— Previous treatment Primary NBS: appears in 2 cases, always negative 

— Filling media Porous media + soil: appears in 2 cases, always positive  

— Area: appears only in 2 cases, always positive, and only in one case (P) is it significant; 

indeed, since the load variable is actually the specific loading rate (kg mass/ha/year) 

it was expected a priori that the Area would be not influent 

— Type of aquatic vegetation Emergent: appears in 2 cases, always negative. 

 

 Selected model for TN removal of NBS A  

All the models perform in a similar manner for TN removal in terms of statistical 

performance. Model (3) was chosen for the slightly higher R2 adjusted and because all 

the involved variables were found to be significant by the experts. Indeed, both positive 

and negative dependence on the selected variable are in accordance with literature on 

constructed wetlands (see Kadlec and Wallace, 2009). In particular, it can be noted that: 
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— the negative effect – i.e. lower TN removal % – of a higher specific water inflow is in 

line with the shorter hydraulic retention time of the system; 

— the negative effect – i.e. lower TN removal % – in case of manure-driven wastewater 

mixed with agricultural runoff is in agreement with a lower expected concentration in 

this type of wastewater compared to a higher concentration when manure-driven 

wastewater is the only influent source of pollutants; since TN is known to be removed 

principally by biological processes in wetlands (Kadlec and Wallace, 2009; Vymazal 

2007), lower concentrations are expected to reduce the removal performance of 

bacteria; 

— a negative effect – i.e. lower TN removal % – is also expected when manure comes 

from poultry farms, since poultry is more difficult to treat than pig manure (indeed, 

fewer CW applications for poultry manure treatment are available in literature) 

— the negative effect – i.e. lower TN removal % – if the NBS is a tertiary treatment (i.e. 

after a secondary treatment stage, either NBS or grey solution) is consistent with the 

lower expected influent concentrations in comparison to secondary NBS for manure-

driven wastewater, for the same reasons explained for the mixture with agricultural 

runoff mentioned above; 

— the positive effect – i.e. higher TN removal % – if the NBS includes porous media filling 

is also consistent, as it is a proxy of the use of additional media to improve 

performance, such as a hybrid CW with also subsurface flow systems; 

NBS A – TN – Linear models (1) (2) (3) (4) 

Goodness of fit indexes     

Observations 31 31 31 31 

R2 0.666 0.667 0.695 0.696 

R2 adjusted 0.583 0.566 0.603 0.585 

DoF model 5 6 5 6 

DoF residuals 24 23 23 22 

RMSE 0.166 0.169 0.162 0.165 

Obs./Parameters 4.43 3.88 4.43 3.88 

Max residual (positive) 0.232 0.229 0.250 0.252 

Max residual (negative) -0.385 -0.380 -0.371 -0.373 

SD residuals 0.148 0.148 0.141 0.141 

Selected parameters 
    

Average annual precipitation cm/year 0.00182*** 0.00189** 0.00154** 0.00150** 
 

(0.00062) (0.00076) (0.00056) (0.00066) 

Specific water inflow -0.00019*** -0.00026 -0.00019*** -0.00015 
 

(0.00005) (0.00022) (0.00005) (0.00019) 

ww_mix_RNF -0.28871*** -0.28334*** -0.28044*** -0.28317*** 
 

(0.08289) (0.08956) (0.08617) (0.09315) 

ww_Poultry -0.34942*** -0.34456*** -0.33049*** -0.33266*** 
 

(0.04719) (0.05295) (0.04667) (0.05354) 

Previous treatment Primary NBS 
 + Secondary NBS 

-0.30760*** -0.30380*** -0.29820*** -0.30004*** 

 
(0.04499) (0.05223) (0.04993) (0.05617) 

Filling media Porous media + soil 0.24325** 0.25054** 0.24817** 0.24431** 
 

(0.10593) (0.11554) (0.10613) (0.11473) 

Type of aquatic vegetation Emergent 
  

-0.25072*** -0.25717*** 
   

(0.04788) (0.04489) 

Total Nitrogen loading rate 
 

0.00049 
 

-0.00027 
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—  the negative effect – i.e. lower TN removal % – when only emergent vegetation is 

planted in wetlands is also consistent, since, especially in FWS, a greater biodiversity 

is expected to improve the plant nitrogen uptake of the NBS.   

 

Table 3. Detailed results of multiple linear regression for NBS A for TN. Heteroskedastic robust 
standard errors in parentheses. The selected statistical model is highlighted in red. 

*** p<0.01, high significance; ** p<0.05, medium significance, * p<0.1, significance 

 

 Selected model for TP removal of NBS A  

Model (4) was chosen to simulate TP removal of NBS A, since it was the one with the best 

statistical performance in terms of R2 and SD residuals. Moreover, the expert judgment on 

the consistency of the selected variable was positive. Indeed, both positive and negative 

dependence on the selected variable are in accordance with literature on constructed 

wetlands (see Kadlec and Wallace, 2009). In particular, it can be noted that: 

— the negative effect – i.e. lower TP removal % – when the NBS is a tertiary stage is 

consistent with the lower expected influent concentrations, in analogy with the model 

for TN removal; 

— the negative effect – i.e. lower TP removal % – when only emergent vegetation is 

planted in wetlands is also consistent for the same reasons explained for the TN removal 

model; 

— the negative effect – i.e. lower TP removal % – when phosphorous loading rate is higher 

can also be justified by lower hydraulic retention times, in line with the TN removal 

model; 

— the positive effect – i.e. higher TP removal % – when the NBS area increases is also 

expected and properly captured by the model; indeed, P is mainly removed by sorption 

processes (adsorption, plant uptake) in wetlands (Kadlec and Wallace, 2009; Vymazal 

2007), therefore, a larger NBS area means more adsorption sites and plants for uptake, 

and therefore, greater possibility of removing P 

 

Table 4. Detailed results of multiple linear regression for NBS A for TP. Heteroskedastic robust 
standard errors in parentheses. The selected statistical model is highlighted in red. 

NBS A – TP – Linear models (1) (2) (3) (4) 

Goodness of fit indexes         

Observations 32 32 32 32 

R2 0.153 0.261 0.369 0.494 

R2 adjusted 0.0947 0.182 0.275 0.397 

DoF model 2 3 3 4 

DoF residuals 29 28 27 26 

RMSE 0.247 0.235 0.221 0.201 

Obs./Parameters 8.00 6.40 6.40 5.33 

Max residual (positive) 0.405 0.497 0.409 0.474 

Max residual (negative) -0.389 -0.466 -0.389 -0.419 

SD residuals 0.239 0.223 0.206 0.185 

  
(0.00151) 

 
(0.00128) 

Constant 0.48552*** 0.47166*** 0.75637*** 0.77091*** 
 

(0.08279) (0.11555) (0.08365) (0.12201) 
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NBS A – TP – Linear models (1) (2) (3) (4) 

Selected parameters 
    

Specific water inflow -0.00019*** 0.00009 -0.00026*** 0.00008 
 

(0.00004) (0.00016) (0.00003) (0.00016) 

Previous treatment Primary NBS  
+ Secondary NBS 

-0.27364*** -0.34035*** -0.33531*** -0.39422*** 

 
(0.06620) (0.06481) (0.04940) (0.04851) 

Area 
  

0.42671*** 0.36330*** 
   

(0.11062) (0.09915) 

Type of aquatic vegetation Emergent 
  

-0.38728*** -0.52466*** 
   

(0.04592) (0.07706) 

Total Phosporous loading rate 
 

-0.06308* 
 

-0.07098** 
  

(0.03483) 
 

(0.03289) 

Constant 0.59157*** 0.69872*** 0.90698*** 1.16845*** 
 

(0.05120) (0.07186) (0.01708) (0.12433) 

*** p<0.01, high significance; ** p<0.05, medium significance, * p<0.1, significance 

 

 Selected model for TKN removal of NBS A 

Model (1) was chosen to simulate the TKN removal of NBS A, since it was the one with 

best statistical performance in terms of R2 adjusted. The expert-based evaluation was also 

positive, as all key variables are consistent with the TN removal model. 

Table 5. Detailed results of multiple linear regression for NBS A for TKN. Heteroskedastic robust 
standard errors in parentheses. The selected statistical model is highlighted in red. 

NBS A – TKN – Linear Models (1) (2) (3) (4) 

Goodness of fit indexes         

Observations 14 14 14 14 

R2 0.578 0.582 0.578 0.582 

R2 adjusted 0.39 0.321 0.39 0.321 

DoF model 4 5 4 5 

DoF residuals 9 8 9 8 

RMSE 0.16 0.169 0.16 0.169 

Obs./Parameters 2.33 2.00 2.33 2.00 

Max residual (positive) 0.228 0.221 0.228 0.221 

Max residual (negative) -0.223 -0.233 -0.223 -0.233 

SD residuals 0.133 0.132 0.133 0.132 

Selected parameters 
    

Specific water inflow -0.00010*** -0.00003 -0.00010*** -0.00003 
 

(0.00002) (0.00015) (0.00002) (0.00015) 

ww_mix_RNF -0.22470*** -0.22323*** -0.22470*** -0.22323*** 
 

(0.06352) (0.06375) (0.06352) (0.06375) 

Previous treatment Primary NBS -0.19523** -0.18736* -0.19523** -0.18736* 
 

(0.07405) (0.09395) (0.07405) (0.09395) 

Previous treatment Primary NBS  
+ Secondary NBS 

-0.34926*** -0.35311*** -0.34926*** -0.35311*** 

 
(0.07391) (0.07749) (0.07391) (0.07749) 

TKN loading rate 
 

-0.00099 
 

-0.00099 
  

(0.00215) 
 

(0.00215) 
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NBS A – TKN – Linear Models (1) (2) (3) (4) 

Constant 0.74648*** 0.74865*** 0.74648*** 0.74865*** 
 

(0.01256) (0.01400) (0.01256) (0.01400) 

*** p<0.01, high significance; ** p<0.05, medium significance, * p<0.1, significance 

 

 Selected model for BOD5 removal of NBS A 

All the models perform in a similar manner for BOD5 removal in terms of statistical 

performance. Model (1) was chosen due to a slightly higher R2 adjusted. The expert-

based evaluation was also positive, since all key variables are consistent with literature on 

constructed wetlands (see Kadlec and Wallace, 2009). In particular, it can be noted that: 

— the negative effect – i.e. lower BOD5 removal % –  of a higher specific water inflow is 

in line with the shorter hydraulic retention time of the system, in analogy with TN 

removal; 

— BOD5 removal results positively affected – i.e. higher BOD5 removal % – in case of 

manure-driven wastewater mixed with agricultural runoff, contrarily to TN removal; 

this can also be considered reliable, because, from the point of view of BOD5 removal, 

dilution with less strong wastewater (agricultural runoff) can help in decreasing influent 

BOD5 concentrations (extremely high in manure-driven wastewater), contributing to 

operate the system in most appropriate way; 

— despite being counterintuitive, even the negative effect – i.e. lower BOD5 removal % – 

of a higher average annual temperature does not disagree with recent literature; BOD5 

is mainly removed with biological processes in wetlands, and a positive effect with 

temperature should be expected, as pictured by older CW design models (Reed et al., 

1995); however, recent works have questioned this dependency, reporting fitting 

models with a negative effect of temperature (Kadlec and Wallace, 2009; Nivala et al., 

2019), as happened to our statistical fitting; this counterintuitive result is not yet clearly 

understood in literature (Nivala et al., 2019) and, therefore, cannot be a reason to 

discard the model.    

 

Table 6. Detailed results of multiple linear regression for NBS A for BOD5. Heteroskedastic robust 
standard errors in parentheses. The selected statistical model is highlighted in red. 

NBS A – BOD5 – Linear models (1) (2) (3) (4) 

Goodness of fit indexes           

Observations 21 21 21 21 

R2 0.809 0.816 0.809 0.816 

R2 adjusted 0.776 0.77 0.776 0.77 

DoF model 3 4 3 4 

DoF residuals 17 16 17 16 

RMSE 0.120 0.121 0.120 0.121 

Obs./Parameters 4.20 3.50 4.20 3.50 

Max residual (positive) 0.216 0.211 0.216 0.211 

Max residual (negative) -0.235 -0.225 -0.235 -0.225 

SD residuals 0.110 0.108 0.110 0.108 

Selected parameters 
    

Average annual Temperature -0.04177*** -0.04364*** -0.04177*** -0.04364*** 
 

(0.00698) (0.00726) (0.00698) (0.00726) 

Specific water inflow -0.00027*** -0.00024*** -0.00027*** -0.00024*** 
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NBS A – BOD5 – Linear models (1) (2) (3) (4) 
 

(0.00003) (0.00004) (0.00003) (0.00004) 

ww_mix_RNF 0.16764*** 0.16018** 0.16764*** 0.16018** 
 

(0.05775) (0.05888) (0.05775) (0.05888) 

BOD5 loading rate 
 

-0.00050 
 

-0.00050 
  

(0.00053) 
 

(0.00053) 

Constant 1.16629*** 1.20373*** 1.16629*** 1.20373*** 
 

(0.06661) (0.07763) (0.06661) (0.07763) 

*** p<0.01, high significance; ** p<0.05, medium significance, * p<0.1, significance 

 

 Selected model for COD removal of NBS A 

All models perform in a similar manner for COD removal in terms of statistical performance. 

Model (1) was chosen due to a slightly higher R2 adjusted. The expert-based evaluation 

was also positive, since all the key variables are consistent with literature on constructed 

wetlands (see Kadlec and Wallace, 2009). In particular, it can be noted that: 

— the negative effect – i.e. lower COD removal % –  of a higher specific water inflow is in 

line with the shorter hydraulic retention time of the system, in analogy with TN and 

BOD5 removal; 

— the negative effect – i.e. lower COD removal % –  in case of a primary treatment with 

NBS is also consistent, indicating a better performance of technological primary 

treatment (grey solution) instead of NBS (anaerobic pond) primary treatment; 

 

Table 7. Detailed results of multiple linear regression for NBS A for COD. Heteroskedastic robust 
standard errors in parentheses. The selected statistical model is highlighted in red. 

NBS A – COD – Linear models (1) (2) (3) (4) 

Goodness of fit indexes         

Observations 19 19 19 19 

R2 0.544 0.561 0.544 0.561 

R2 adjusted 0.487 0.473 0.487 0.473 

DoF model 2 3 2 3 

DoF residuals 16 15 16 15 

RMSE 0.183 0.186 0.183 0.186 

Obs./Parameters 4.75 3.80 4.75 3.80 

Max residual (positive) 0.311 0.329 0.311 0.329 

Max residual (negative) -0.495 -0.453 -0.495 -0.453 

SD residuals 0.173 0.170 0.173 0.170 

Selected parameters 
    

Specific water inflow -0.00028*** -0.00031*** -0.00028*** -0.00031*** 
 

(0.00005) (0.00006) (0.00005) (0.00006) 

Previous treatment Primary NBS -0.21592** -0.19259* -0.21592** -0.19259* 
 

(0.08372) (0.10473) (0.08372) (0.10473) 

COD loading rate 
 

0.00037 
 

0.00037 
  

(0.00052) 
 

(0.00052) 

Constant 0.85499*** 0.80862*** 0.85499*** 0.80862*** 
 

(0.06490) (0.12097) (0.06490) (0.12097) 

*** p<0.01, high significance; ** p<0.05, medium significance, * p<0.1, significance 
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 Selected model for TSS removal of NBS A 

Despite the better statististical fitting of model (4), Model (2) was chosen since the 

negative effect of average depth provided by model (4) was not convinging fot the experts 

(lower depths would mean lower hydraulic retention times and, therefore, lower TSS 

removal). The expert-based evaluation of Model (2) was also positive, as all key variables 

are consistent with previous removal models. 

Table 8. Detailed results of multiple linear regression for NBS A for TSS. Heteroskedastic robust 
standard errors in parentheses. The selected statistical model is highlighted in red. 

NBS A – TSS – Linear models (1) (2) (3) (4) 

Goodness of fit indexes         

Observations 35 22 35 22 

R2 0.320 0.631 0.511 0.776 

R2 adjusted 0.254 0.544 0.427 0.687 

DoF model 2 3 4 5 

DoF residuals 31 17 29 15 

RMSE 0.193 0.165 0.17 0.137 

Obs./Parameters 8.75 4.40 5.83 3.14 

Max residual (positive) 0.331 0.233 0.319 0.139 

Max residual (negative) -0.504 -0.401 -0.311 -0.206 

SD residuals 0.185 0.148 0.157 0.116 

Selected parameters     

ww_mix_RNF -0.12901** -0.07168 -0.13500** -0.11976 

 (0.05803) (0.08326) (0.05912) (0.11656) 

Previous treatment Primary grey 0.27921*** 0.39646*** 0.27121*** 0.37745*** 

 (0.05709) (0.06168) (0.05629) (0.05322) 

Filling media Porous media + soil 0.26096*** 0.36227*** 0.25722*** 0.34704*** 

 (0.04547) (0.06103) (0.04209) (0.05058) 

Area   0.00587*** 0.18006 

   (0.00096) (0.29106) 

Average depth   -0.01736*** -0.01388*** 

   (0.00149) (0.00181) 

Solid loading rate  -0.00038  -0.00088 

  (0.00081)  (0.00092) 

Constant 0.63904*** 0.54407*** 0.65625*** 0.57233*** 

 (0.04547) (0.06855) (0.04327) (0.06027) 

*** p<0.01, high significance; ** p<0.05, medium significance, * p<0.1, significance 

 

2.1.1.3 Model selection for NBS B, VDDs and wetlands for diffuse pollution 

The detailed analysis of MCorA for NBS is reported in Annex 8. The multiple linear 

regression analysis was performed by regressing the abatement efficiency (for each one of 

the 4 contaminants, i.e., Nitrogen N, Nitrate N_NO3, total Phosphorous P and Phosphates 

P_PO4) on the candidate “causal factors” including the characteristics of the wetland NBS 

(Table 9).  

The results of the analysis are reported in the following sub-sections. 
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Table 9. List of variables for multiple linear regression analysis of NBS B, VDDs and wetlands 
dataset 

Variable name Variable description 

Dependent variables 

NNo3_abat Removal N-NO3 

TN_abat Removal N 

TP_abat Removal P 

PO4_abat Removal PO4 

Predictors  Model (1) and (2) – MCorA selected variables 

C_avT Average annual Temperature 

C_n_cold Average annual n of days with T < threshold C 

C_StdDev Temporal uniformity of precipitation pattern (standard deviation) 

C_p Average annual precipitation - 2 

C_GAI Global aridity index (adj) 

C_PET Potential annual evapo-transpiration (Global AI-PET) 

D_T1_VDD Type VDD 

D_T1_FWS_in Type FWS inline 

D_T1_FWS_off Type FWS offline 

D_T1_hybrid Type Hybrid 

D_T2_VDD Type VDD 

D_T2_wetland Type wetland 

D_Area Area 

D_NNo3 N-NO3 loading rate 

D_TN TN loading rate 

D_TP Total Phosporous loading rate 

D_TSS Solid loading rate 

Additional predictors for  Model (3) and (4) – All variables 

L_ALTITUDE Altitude 

D_Depth Average depth 

D_Ratio Aspect-Ratio 

D_veg_emergent Type of aquatic vegetation 
Emergent 

D_veg_othr Type of aquatic  
other combination 

D_sub Substrate 

 

 General consideration on the results of multiple linear regression analysis for 

NBS B, VDDs and wetlands 

The results of the multiple regression analysis for NBS B, VDDs and wetlands, are shown 

in the following sub-sections. The results indicate the presence of substantial heterogeneity 

between contaminants. Specifically, the variables that significantly explain the abatement 

efficiency (and hence included in the models) vary depending on the contaminant. In 

addition, when they occur in different groups of models, they sometimes change sign (e.g. 

the Area is positively associated with efficiency for N_NO3, but negatively for PO4). 

On the contrary, within the group of models explaining the abatement efficiency of a given 

compound, the coefficients show in general a good consistency (i.e. they do not change 

sign). In the few cases in which the coefficient changes sign, it also loses statistical 

significance. 
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The variables associated with the abatement efficiency of more than one contaminant are: 

— Area: it appears in 2 out of 4 cases (PO4 and NO3), negative and significant for the 

former and positive and significant for the latter; 

— Global aridity index: appears three times (NO3, N and P) and, when significant, is 

negatively associated with the abatement efficiency; 

— Potential annual evapotranspiration: appears twice (N and P) and generally results 

negative and significant; 

— Aspect ratio: appears three times, but only in two cases is significant; the association 

is positive for PO4 and P, while is negative for NO3. 

 

When taken into account, the contaminant loading rates turn out to be significantly 

associated with the abatement efficiency. No clear pattern, however, emerges from this 

analysis. In fact, the loading rates of Phosphates (PO4) and Nitrogen (N) are positively 

associated with the abatement efficiency, whereas those of Nitrate (NO3) and Phosphorous 

(P) are negatively associated with abatement efficiency. In two cases, that is for N and P, 

the Solid loading rate was also considered, which resulted to be positively and significantly 

associated with the abatement efficiency of the latter (i.e., P). More importantly, it should 

be noted that in general (three out of four cases) the inclusion of the load (loading rate) 

comes at the price of a significant reduction in the sample size, while increasing the number 

of parameters to be estimated. The very small sample poses hence a serious threat to the 

robustness of these models. Therefore, the models that do consider the loading rates 

should not be adopted as working tools. 

Incidentally, some of the variables discarded by the MCorA turned out to be significant only 

for total Phosphorous (P) and Nitrates (NO3). 

Finally, the selection of climate variables related to precipitation can be considered a safe 

result, since it is well-known that the performance of wetlands in the removal of diffuse 

pollution is strongly influenced by stochastic precipitation patterns (Kadlec and Wallace, 

2009; Ioannidou and Stefanakis, 2020).  

 

 Selected model for TN removal of NBS B, VDDs and wetlands for diffuse pollution 

control 

Although worse than (2) and (4), model (1) is much more robust as Obs/Par is much 

higher, and a value of 1.8-1.6 of model (3) and (4) respectively is too low to be acceptable; 

in addition, model (4) shows an unrealistic parameter value for the Global aridity index. 

When compared to (3), model (1) performs slightly worse, but is again significantly more 

robust and substantially equivalent in other respects. From the point of view of expert 

judgment, the dependencies on the selected variable are in accordance with literature on 

constructed wetlands (see Kadlec and Wallace, 2009). In particular, it can be noted that: 

— the positive effect – i.e. higher TN removal % – with higher precipitation is significant, 

since it means that a greater load is treated by the wetland system; 

— the negative effect – i.e. lower TN removal % – with higher global aridity index and 

higher evapotranspiration is also consistent, since greater water losses by 

evapotranspiration lead to higher effluent concentrations (due to water budget) and, 

therefore, lower removal performance in % between in and out. 

 

Therefore, Model (1) was selected to estimate TN removal of VDDs and wetlands for 

agricultural diffuse pollution control. 
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Table 10. Detailed results of multiple linear regression for NBS B, VDDs and wetlands, for TN. 
Heteroskedastic robust standard errors in parentheses. The selected statistical model is highlighted 
in red. 

NBS B, VDD and wet – TN 
Linear Models 

(1) (2) (3) (4) 

Goodness of fit indexes         

Observations 73 11 73 11 

R2 0.26467 0.65901 0.27766 0.79190 

R2 adjusted 0.233 0.318 0.235 0.480 

DoF model 3 5 4 6 

DoF residuals 69 5 68 4 

RMSE 0.261 0.323 0.261 0.282 

Obs./Parameters 18.3 1.8 14.6 1.6 

Max residual (positive) 0.4993604 0.3979851 0.5142468 0.2772857 

Max residual (negative) -0.6366287 -0.2733054 -0.62463 -0.2242072 

SD residuals 0.2555567 0.2280622 0.2532902 0.1781636 

Selected parameters         

Average annual precipitation 0.00087*** 0.00308 0.00084*** -0.03458 
 

(0.00023) (0.00388) (0.00023) (0.02572) 

Global aridity index (adj) -1.12099*** -4.29819 -1.07039*** 55.24712 
 

(0.24083) (6.14445) (0.23932) (40.48311) 

Potential annual evapo-transpiration  -0.00039** -0.00093 -0.00037* 0.00854 
 

(0.00019) (0.00222) (0.00019) (0.00614) 

TN loading rate 
 

0.08334** 
 

0.03987 
  

(0.02069) 
 

(0.04049) 

Solid loading rate 
 

-0.00441 
 

-0.00230 
  

(0.00235) 
 

(0.00273) 

L_ALTITUDE 
  

0.00015* -0.03330 
   

(0.00007) (0.02402) 

Constant 0.98180*** 2.00350 0.92384*** -12.79791 
 

(0.21958) (3.53662) (0.22127) (9.39286) 

*** p<0.01, high significance; ** p<0.05, medium significance, * p<0.1, significance 

 

 Selected model for N-NO3 removal of NBS B, VDDs and wetlands for diffuse 

pollution control  

The inclusion of the loading rates (model 2 and 4) does not lead to a drastic reduction in 

the sample size, and models (2) and (4) still present an acceptable level of Obs./Par. In 

addition, they perform substantially better than models (1) and (3). Model (2) performs 

very similarly to model (4), but the former has a slightly more symmetrical distribution of 

residuals (model 4 has a max positive residual too high compared to the min) and was 

chosen from a point of view of statistical goodness. Moreover, the parameters selected by 

Model (2) also agree with expert-based judgment and known literature (Kadlec and 

Wallace, 2009), in particular: 

— the negative effect – i.e. lower N-NO3 removal % – with a higher number of months at 

low temperature is consistent, since it is well-known that nitrogen removal in CWs is 

principally driven by bacteria families sensitive to temperature variation (Kadlec and 

Wallace, 2009; Vymazal 2007); 

— a negative effect – i.e. lower N-NO3 removal % – is also expected with a less uniform 

monthly precipitation pattern, since it can be correlated to a less uniform water flow 

entering the wetland and, moreover, less uniform hydraulic retention times, worsening 

the treatment performance; 
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— the negative effect – i.e. lower N-NO3 removal % – with a higher nitrate loading rate 

can also be explained from a biological perspective, indeed, a higher nitrate load could 

encounter a carbon deficit for denitrification (Kadlec and Wallace, 2009); since the 

source of C in agricultural runoff is usually low and rather diluted, C deficit can hinder 

denitrification rates; 

— the negative effect – i.e. lower N-NO3 removal % – with a higher global aridity index 

is also reasonable for the same considerations made for TN removal; 

— the positive effect – i.e. higher N-NO3 removal % – if the NBS is a VDD instead of a 

FWS is less justified by literature, which shows comparable removal efficiencies (e.g. 

Vymazal and Březinová, 2018). Analysing in detail the dataset used for model fitting, 

it’s clear that the difference between VDDs and FWS is affected by a lower number of 

samples of VDDs and is mainly driven by the single case of Robertson and Merkley 

(2009), in which, probably, the use of a particular substrate (woodchips – carbon 

source for denitrification) boosted the nitrate removal. Since the use of a particular 

substrate is not the common design approach of a VDD, it is suggested to not consider, 

in terms of favourability and opportunity maps, a greater performance of VDDs in 

comparison to FWS.   

Therefore, Model (2) was selected to estimate N-NO3 removal of VDD and wetlands for 

agricultural diffuse pollution control. 

Table 11. Detailed results of multiple linear regression for NBS B, VDDs and wetlands, for N-NO3. 
Heteroskedastic robust standard errors in parentheses. The selected statistical model is highlighted 
in red. 

NBS B, VDD and wet – N-NO3 (1) (2) (3) (4) 

Linear Models     

Goodness of fit indexes         

Observations 53 42 53 42 

R2 0.32781 0.67481 0.32781 0.69095 

R2 adjusted 0.287 0.630 0.287 0.638 

DoF model 3 5 3 6 

DoF residuals 49 36 49 35 

RMSE 0.290 0.168 0.290 0.167 

Obs./Parameters 13.3 7.0 13.3 6.0 

Max residual (positive) 0.698 0.252 0.698 0.866 

Max residual (negative) -0.826 -0.522 -0.826 -0.114 

SD residuals 0.282 0.158 0.282 0.230 

Selected parameters         

Average annual n of days with T   
< threshold C 

 
-0.04549*** 

 
-0.04299*** 

  
(0.00884) 

 
(0.00885) 

Temporal uniformity of   
precipitation pattern  

 
-0.09511* 

 
-0.08345* 

  
(0.04740) 

 
(0.04798) 

N-NO3 loading rate 
 

-0.00924* 
 

-0.01009* 
  

(0.00476) 
 

(0.00538) 

Global aridity index (adj) 
 

-0.53846*** 
 

-0.51608*** 
  

(0.07754) 
 

(0.07654) 

Type VDD 
 

0.16621*** 
 

0.32664*** 
  

(0.05892) 
 

(0.08452) 

Type FWS offline 0.38916*** 
 

0.38916*** 
 

 
(0.11643) 

 
(0.11643) 

 

Type wetland -0.39082*** 
 

-0.39082*** 
 

 
(0.13427) 

 
(0.13427) 
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NBS B, VDD and wet – N-NO3 (1) (2) (3) (4) 

Linear Models     

Area 0.00230*** 
 

0.00230*** 
 

 
(0.00077) 

 
(0.00077) 

 

Aspect-Ratio 
   

-0.00274*** 
    

(0.00097) 

Constant 0.49667*** 1.27037*** 0.49667*** 1.24664*** 
 

(0.08573) (0.11947) (0.08573) (0.11694) 

*** p<0.01, high significance; ** p<0.05, medium significance, * p<0.1, significance 

 

 Selected model for TP removal of NBS B, VDDs and wetlands for diffuse pollution 

control 

While models (2) and (4) perform better in terms of R2, they rely on an insufficient number 

of observations (Obs/Par =2.5) compared to model (3) and hence lose robustness. 

Moreover, model (3) selected variables that are strongly in line with evidence from 

literature (Kadlec and Wallace, 2009; Vymazal 2007), in particular: 

— the negative effect – i.e. lower TP removal % – with a higher global aridity index is also 

reasonable for the same considerations made for TN removal; 

— the positive effect – i.e. higher TP removal % – with a higher aspect-ratio is also 

reasonable, as it means running wetlands and VDDs more proximal to a plug-flow 

reactor, minimizing preferential paths; 

— the positive effect – i.e. higher TP removal % – due to the presence of plants and 

additional substrates is also in line with the general understanding of P removal 

processes in wetlands, mainly driven by sorption by either plant uptake or adsorption 

on substrate (Kadlec and Wallace, 2009; Vymazal 2007). 

Therefore, Model (3) was selected to estimate TP removal of VDDs and wetlands for 

agricultural diffuse pollution control. 

Table 12. Detailed results of multiple linear regression for NBS B, VDD and wetland, for TP. 
Heteroskedastic robust standard errors in parentheses. The selected statistical model is highlighted 

in red. 

NBS B, VDD and wet – TP (1) (2) (3) (4) 

Linear Models     

Goodness of fit indexes         

Observations 43 10 39 10 

R2 0.18982 0.87161 0.44579 0.87161 

R2 adjusted 0.149 0.807 0.381 0.807 

DoF model 2 3 3 3 

DoF residuals 40 6 34 6 

RMSE 0.387 0.112 0.339 0.112 

Obs./Parameters 14.3 2.5 9.8 2.5 

Max residual (positive) 0.6180459 0.142515 0.5688084 0.142515 

Max residual (negative) -1.143945 -0.1121448 -1.057382 -0.1121448 

SD residuals 0.3772496 0.0914246 0.3210826 0.0914246 

Selected parameters         

Potential annual evapo-transpiration  -0.00049*** -0.00101*** -0.00029** -0.00101*** 
 

(0.00012) (0.00018) (0.00011) (0.00018) 

Total Phosporous loading rate 
 

-1.01769*** 
 

-1.01769*** 
  

(0.18456) 
 

(0.18456) 
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NBS B, VDD and wet – TP (1) (2) (3) (4) 

Linear Models     

Solid loading rate 
 

0.00367** 
 

0.00367** 
  

(0.00100) 
 

(0.00100) 

Global aridity index (adj) -0.45024*** 
   

 
(0.16620) 

   

Aspect-Ratio 
  

0.00186*** 
 

   
(0.00045) 

 

Type of aquatic vegetation Emergent 
  

0.72074*** 
 

   
(0.22097) 

 

Substrate 
  

0.47749*** 
 

   
(0.06066) 

 

Constant 1.25588*** 1.77881*** -0.08845 1.77881*** 
 

(0.22674) (0.21368) (0.23514) (0.21368) 

*** p<0.01, high significance; ** p<0.05, medium significance, * p<0.1, significance 

 

 Selected model for P-PO4 removal of NBS B, VDDs and wetlands for diffuse 

pollution control 

Although slightly worse than (3) in terms of adjusted R2, model (1) is more robust because 

it has more DoF residuals and a higher observations/parameters ratio, while it is practically 

equivalent in other respects. On the other hand, the expert judgment was not positive, 

since the negative dependence on the area is not in agreement with literature evidence. 

This could probably be due to the smaller number of samples in the dataset (maximum 

17), in comparison to the TP dataset (maximum 43). Therefore, none of the statistical 

model was selected and it is suggested that P-PO4 removal is not predicted by cause-effect 

models. 

If the VDDs and wetlands are placed in optimal functioning conditions and with dimensions 

in line with literature range of design variables, the median removal performance (50th 

percentile) can be assumed for the pollutant P-PO4. 

Table 13. Detailed results of multiple linear regression for NBS B, VDDs and wetlands, for P-PO4. 
Heteroskedastic robust standard errors in parentheses. None of the statistical model is selected. 

NBS B, VDD and wet – P-PO4 (1) (2) (3) (4) 

Linear Models     

Goodness of fit indexes         

Observations 17 13 17 13 

R2 0.52373 0.51022 0.57607 0.51022 

R2 adjusted 0.456 0.412 0.478 0.412 

DoF model 2 2 3 2 

DoF residuals 14 10 13 10 

RMSE 0.280 0.268 0.274 0.268 

Obs./Parameters 5.7 4.3 4.3 4.3 

Max residual (positive) 0.404 0.441 0.368 0.441 

Max residual (negative) -0.725 -0.518 -0.693 -0.518 

SD residuals 0.262 0.245 0.247 0.245 

Selected parameters         

Average annual Temperature 0.03849* 
 

0.04097* 
 

 
(0.02147) 

 
(0.02086) 

 

Area -0.00452*** -0.00465*** -0.00431*** -0.00465*** 
 

(0.00107) (0.00066) (0.00108) (0.00066) 
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Total Phosphorous loading rate 
 

0.62783** 
 

0.62783** 
  

(0.26808) 
 

(0.26808) 

Aspect-Ratio 
  

0.00692 
 

   
(0.00404) 

 

Constant -0.04588 0.29919** -0.15115 0.29919** 
 

(0.21984) (0.10479) (0.22379) (0.10479) 

*** p<0.01, high significance; ** p<0.05, medium significance, * p<0.1, significance 

 

2.1.1.4 Model selection for NBS B, buffer strips 

The detailed analysis of MCorA for NBS is reported in Annex 8. The multiple linear 

regression analysis was performed by regressing the abatement efficiency on the candidate 

“causal factors” including the characteristics of the NBS Buffer strips. In this case, however, 

the analysis was run on two different subsamples: buffer strips aimed at intercepting the 

surface diffuse pollution driven by runoff (BS-R) and buffer strips aimed at intercepting 

subsurface diffuse pollution driven by groundwater (BS-G). 

Table 14. List of variables for multiple linear regression analysis of NBS B, buffer strip dataset 

Variable name Variable description 

Predictors Model (1) and (2) – MCorA selected variables 

L_ALTITUDE Altitude 

L_WATER water table excursion 

L_MEAN_WATER Mean Water table depth 

L_TS_clay Type of soil CLAY 

L_TS_loam Type of soil LOAM 

L_TS_sand Type of soil SAND 

L_TS_silt Type of soil SILT 

C_n_cold Average annual n of months with T < threshold C 

C_PET Potential annual evapo-transpiration (Global AI-PET) 

D_TBS_R Type BS-R 

D_TBS_G Type BS-G 

Additional predictors for Model (3) and (4) – All variables 

L_SURFACE Surface slope 

c_avT Average annual Temperature 

C_Stdev Temporal uniformity of precipitation pattern (standard deviation) 

C_p Average annual precipitation - 2 

C_AridIx Global aridity index 

D_TOPOGRAPHIC Topographic adjustment 

D_WIDTH Width 

D_Tv_herb Type Herbaceous 

D_Tv_trees Type Trees 

D_Tv_shrubs Type Shrubs 

Load variables 

D_TN Input conc. TN  

D_NO3 Input conc. NO3 

D_TP Input conc. TP 

D_PO4 Input conc. PO4 

D_TSS Input conc. TSS 
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Variable name Variable description 

D_SED Input conc. Sed  

 

 General considerations on the results of multiple linear regression analysis for 

NBS B, buffer strips for surface runoff interception (BS-R) 

The empirical analysis indicates moderate between-contaminants heterogeneity. In 

particular, the model specifications (i.e., the variables that are found to be significantly 

associated with the abatement efficiency) change moderately across the contaminants. For 

example, among the variables identified as relevant by the MCorA, Altitude explains the 

abatement efficiency of three out of six contaminants, exhibiting a negative correlation 

with NO3 and SED abatement efficiency, and mixed in the case of TN abatement.  

On the other hand, within the group of models explaining the abatement efficiency of the 

same contaminant, the coefficients show a moderate level of consistency. Indeed, in five 

cases the coefficients switch sign, in two cases loosing statistical significance. 

The variables associated with the abatement efficiency that appear more frequently in 

model specifications are: 

— Width, which is always positively and significantly associated with the abatement 

efficiency of NO3, P, PO4 and SED. 

— Altitude, which appears in 4 out of 6 cases (NO3, SED, TN, TSS). The estimated 

coefficients tend to be negative; 

— Global aridity index, which is negatively and significantly correlated with the abatement 

efficiency of SED and TSS and positively and significantly correlated with the abatement 

efficiency of NO3 and P. 

 

No clear pattern emerges with the inclusion of the loading rates of the contaminants, an 

exercise which often comes at the cost of a significant reduction in sample size. In two 

cases, the relationship is positive and significant; in other cases, however, the coefficients 

are positive (but not significant). On the other hand, the loading rates of other 

contaminants (e.g., the loading rate of TN in the regression for the abatement of NO3) 

tend to be negatively associated with the abatement efficiency. This seems to say that a 

higher level of aggregate contamination (i.e., the presence of other contaminants) reduces 

the abatement efficiency of each specific contaminant. 

The results of the multiple regression analysis are reported in the following sub-sections. 

Despite a good extension of the dataset, robust indications on BS-R performance did not 

clearly emerge from linear regression analyses. This is in line with the current high 

uncertainty on BS-R removal performance and removal mechanisms reported in literature. 

It is in fact known that BS-Rs target to intercept pollutant conveyed by stormwater runoff, 

and principally those linked to sediment trapping, i.e. TN and TP. However, there are still 

uncertainties about removal efficiencies (Vidon et al. 2019; Stutter et al., 2019). Indeed, 

also previous meta-analytic analyses often show low fitting performance (e.g. Mayer et al., 

2007). In terms of BS-Rs, Zhang et al. (2010) reports good fitting performance from a 

meta-analysis, identifying vegetation, slope, and width as key variables for BS-Rs. If the 

removal mechanisms were related to sediment trapping, the same variable would be 

expected in the linear model for Sediment, TP, and TN. This did not occur, raising doubts 

about the confidence of the proposed model. This can be partly explained by the fact that 

often, monitored buffer strips in peer review literature are already in optimal functioning 

conditions. For BS-Rs, this is the case for the slope variable: the optimal value suggested 

by Zhang et. (2010) is less than 10% and the 3rd quartile of NBS BS-R dataset is 8.5%, 

meaning that the samples were probably not sufficient to capture the detrimental effect of 

too high slopes with linear regression. Due to all these uncertainties, it was preferred to 
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give more importance to expert judgment, which gave positive feedback for the TP model 

and negative for other models. Therefore, it is suggested to use only the TP model for the 

favourability and opportunity maps, assuming the median removal performance (50th 

percentile) for other pollutants. For completeness, the fitted model for each pollutant is 

discussed from a statistical perspective below, providing a detailed expert-based 

justification for the selected model only.  

 

 Selected model for TP removal of NBS, buffer strips for runoff interception 

Model (2) performs slightly better than (1) in virtually all the statistics. The inclusion of 

loading rates (models 3, 4) marginally increases the fit but reduces the number of 

observations to 24, which lowers the observations/parameters ratio too much. This is also 

the only fitting with selected parameters in line with experts’ expectations according to 

literature evidence (Vidon et al., 2019), in particular: 

— the positive effect – i.e. higher TP removal % – when clay8 is present is consistent with 

a higher P sorption capacity of clay particles; 

— the positive effect – i.e. higher TP removal % –  with higher temperatures and drier 

conditions (higher global aridity indexes) can be justified by less humid conditions, 

which favour a higher infiltration capacity of the soil and, therefore, greater infiltration 

of intercepted runoff (Vidon et al., 2019); 

— the negative effect – i.e. lower TP removal % – with higher annual precipitation can be 

explained by a higher annual load to be intercepted, decreasing the buffer strip capacity 

to intercept the annual load; 

— the positive effect – i.e. higher TP removal % – with a larger width is also in line with 

literature evidence (larger contact surface for TP interception) and in line with several 

literature studies (e.g. Zhang et al., 2010); 

— the positive effect – i.e. higher TP removal % – in presence of herbaceous vegetation 

is also in line with the recent literature review (Vidon et al., 2019) since the higher 

density of shrubs helps to slow down the runoff, favouring infiltration and limiting 

preferential paths that can occur if only trees are planted. 

Therefore, Model (2) was selected to estimate TP removal of buffer strips for interception 

of surface runoff. 

 

Table 15. Detailed results of multiple linear regression for NBS B, BS-Rs (buffer strips for surface 
runoff interception), for TP. Heteroskedastic robust standard errors in parentheses. None of the 
statistical model is selected. 

NBS B, BS-R – TP (1) (2) (3) (4) 

Linear Models     

Goodness of fit indexes         

Observations 37 37 24 24 

R-squared 0.10706 0.6371 0.58547 0.83918 

R2 adjusted 0.0816 0.565 0.523 0.769 

DoF model 1 5 3 7 

DoF residuals 35 30 20 16 

RMSE 0.182 0.125 0.116 0.0807 

Obs./Parameters 18.5 6.2 6.0 3.0 

SD residuals 0.1796718 0.1145418 0.1079997 0.0672688 

                                           
8 It must be clarified that “type of soil CLAY” is a binary proxy to identify the presence of clay, based on the USDA 

classification. The proxy value is assumed to be equal to 1 if clay is within the soil texture classification (i.e. 
CLAY, SANDY CLAY, SANDY CLAY LOAM, CLAY LOAM, SILTY CLAY, SILTY CLAY LOAM) and equal to 0 if not 
(i.e. SAND, LOAMY SAND, SANDY LOAM, LOAM, SILT LOAM, SILT) 
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NBS B, BS-R – TP (1) (2) (3) (4) 

Linear Models     

Max residual (negative) -0.4349062 -0.2730779 -0.2070933 -0.1511715 

Max residual (positive) 0.282789 0.1971332 0.1835526 0.1145917 

Selected parameters         

Type of soil CLAY 0.14907*** 0.16350** 0.03206 0.15729* 
 

(0.04893) (0.06405) (0.08806) (0.07492) 

Average annual Temperature 
 

0.04093*** 
 

0.03115 
  

(0.01383) 
 

(0.02109) 

Average annual precipitation 
 

-0.00161*** 
 

-0.00139** 
  

(0.00030) 
 

(0.00063) 

Global aridity index 
 

1.15638*** 
 

1.05362** 
  

(0.28515) 
 

(0.47365) 

Width 
 

0.02620*** 
 

0.02037*** 
  

(0.00477) 
 

(0.00427) 

Type Herbaceous 
 

0.77568*** 
  

  
(0.18110) 

  

Input conc. TP 
  

-0.00979 0.00392 
   

(0.00841) (0.00730) 

Input conc. TSS 
  

0.00000 -0.00001 
   

(0.00001) (0.00001) 

Constant 0.68824*** -0.18858 0.84166*** 0.72454*** 
 

(0.03720) (0.30222) (0.03503) (0.15875) 

*** p<0.01, high significance; ** p<0.05, medium significance, * p<0.1, significance 

 

 Selected model for P-PO4 removal of NBS, buffer strips for runoff interception 

All the variables included in model 2 are statistically significant and the adjusted R2 is 

almost 0.6. The inclusion of loading rates (models 3, 4) reduces the sample size to 14, 

therefore undermining the robustness of the analysis. However, the negative effect of cold 

months seems too strong and difficult to understand from a physico-chemical perspective 

(the solubility of dissolved P increases with temperature, so lower temperatures should 

have a positive effect). Since dissolved P is not commonly targeted by BS-Rs (Vidon et al., 

2019), it is suggested not to use any of the proposed linear models for the favourability 

and opportunities maps. If the BS-R is placed in optimal functioning conditions and with 

dimensions in line with the literature range of design variables, the median removal 

performance (50th percentile) can be assumed. 

 

 

Table 16. Detailed results of multiple linear regression for NBS B, BS-R (buffer strip for surface 

runoff interception), for P-PO4. Heteroskedastic robust standard errors in parentheses. The 
selected statistical model is highlighted in red. 

NBS B, BS-R – P-PO4 (1) (2) (3) (4) 

Linear Models     

Goodness of fit indexes         

Observations 36 36 14 14 

R-squared 0.47694 0.61218 0.72204 0.86999 

R2 adjusted 0.462 0.589 0.639 0.812 

DoF model 1 2 3 4 

DoF residuals 34 33 10 9 

RMSE 0.342 0.299 0.342 0.247 

Obs./Parameters 18.0 12.0 3.5 2.8 
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NBS B, BS-R – P-PO4 (1) (2) (3) (4) 

Linear Models     

SD residuals 0.3374049 0.2905312 0.3003893 0.2054392 

Max residual (negative) -0.9536143 -0.7705883 -0.5628482 -0.3738503 

Max residual (positive) 0.536486 0.4179276 0.6335474 0.3226813 

Selected parameters          

Average annual n of months with T   
< threshold C 

-0.41622*** -0.44767*** -0.35266*** -0.30792*** 

 
(0.09840) (0.08931) (0.09517) (0.06261) 

Input conc. TP 
  

0.03581 0.05561 
   

(0.05863) (0.03714) 

Input conc. TN 
  

-0.02279 -0.02707* 
   

(0.02218) (0.01346) 

Width 
 

0.03126*** 
 

0.04464*** 
  

(0.00891) 
 

(0.01333) 

Constant 2.86714*** 2.76049*** 2.82857*** 2.04450*** 
 

(0.51049) (0.44383) (0.55075) (0.34580) 

*** p<0.01, high significance; ** p<0.05, medium significance, * p<0.1, significance 

 

 Selected model for TN removal of NBS, buffer strips for runoff interception 

Model 3 exhibits the highest R2 adjusted and the highest accuracy (lowest RMSE and SD 

residuals) and a low, but perhaps still acceptable observations/parameters ratio. The 

sample size of models (1) and (2) is much higher, but the goodness of fit of the model is 

much lower. None of the models was selected due to low R2 and inconsistent selected 

variables in comparison to TP model. Therefore, it is suggested not to use any of the 

proposed linear models for the favourability and opportunities maps. If the BS-R is placed 

in optimal functioning conditions and with dimensions in line with the literature range of 

design variables, the median removal performance (50th percentile) can be assumed. 

Table 17. Detailed results of multiple linear regression for NBS B, BS-R (buffer strip for surface 

runoff interception), for TN. Heteroskedastic robust standard errors in parentheses. None of the 
statistical model is selected. 

NBS B, BS-R – TN (1) (2) (3) (4) 

Linear Models     

Goodness of fit indexes 
    

Observations 51 51 26 26 

R-squared 0.06598 0.10405 0.3605 0.36819 

R2 adjusted 0.0469 0.0667 0.273 0.248 

DoF model 1 2 3 4 

DoF residuals 49 48 22 21 

RMSE 0.206 0.204 0.166 0.168 

Obs./Parameters 25.5 17.0 6.5 5.2 

SD residuals 0.2038515 0.1996539 0.1553202 0.1543825 

Max residual (negative) -0.5264432 -0.5049539 -0.422344 -0.4084539 

Max residual (positive) 0.2977648 0.3086385 0.2097712 0.2094635 

Selected parameters          

Altitude 0.00029* 0.00033** -0.00001 0.00003 
 

(0.00016) (0.00016) (0.00017) (0.00021) 

Input conc. TN 
  

0.00158 0.00171 
   

(0.00184) (0.00193) 

Input conc. TSS 
  

-0.00001** -0.00001* 
   

(0.00001) (0.00001) 

Type Shrubs 
 

0.21395** 
 

0.07261 
  

(0.08082) 
 

(0.13866) 
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NBS B, BS-R – TN (1) (2) (3) (4) 

Linear Models     

Constant 0.58988*** 0.56788*** 0.78976*** 0.75782*** 
 

(0.06683) (0.07003) (0.09567) (0.12951) 

*** p<0.01, high significance; ** p<0.05, medium significance, * p<0.1, significance 

 

 Selected model for N-NO3 removal of NBS, buffer strips for runoff interception  

The inclusion of Loading rates and additional variables increases the goodness of fit and 

the accuracy, and Model 4 turns out to be the one that performs best, but at the expense 

of a reduced sample. Therefore, considering the robustness of the model, Model 3 could 

be chosen. However, expert-based evaluation found the selected variables to be 

inconsistent; particularly, the soil type variable changes the sign from one model to 

another, rising doubts about consistency. Since nitrates is not commonly targeted by BS-

Rs (Vidon et al., 2019), it is suggested not to use any of the proposed linear models for 

the favourability and opportunities maps. If the BS-R is placed in optimal functioning 

conditions and with dimensions in line with the literature range of design variables, the 

median removal performance (50th percentile) can be assumed. 

Table 18. Detailed results of multiple linear regression for NBS B, BS-Rs (buffer strip for surface 
runoff interception), for N-NO3. Heteroskedastic robust standard errors in parentheses. None of the 
statistical model is selected. 

NBS B, BS-R – N-NO3 (1) (2) (3) (4) 

Linear Models     

Goodness of fit indexes         

Observations 45 45 31 31 

R-squared 0.32588 0.44653 0.63369 0.74413 

R2 adjusted 0.277 0.342 0.560 0.634 

DoF model 3 7 5 9 

DoF residuals 41 37 25 21 

RMSE 0.243 0.232 0.201 0.183 

Obs./Parameters 11.3 5.6 5.2 3.1 

SD residuals 0.2343207 0.21232 0.1835346 0.1533922 

Max residual (negative) -0.6307651 -0.647999 -0.4782766 -0.5049934 

Max residual (positive) 0.4843418 0.4104114 0.3649711 0.2382828 

Selected parameters 
    

Altitude -0.00084*** -0.00059* -0.00041 -0.00045 
 

(0.00025) (0.00030) (0.00038) (0.00043) 

Type of soil CLAY 0.22782** 0.32087** -0.91930*** 0.80511 
 

(0.08784) (0.12035) (0.23404) (2.29508) 

Type of soil SAND 0.23126* -0.11786 0.21262** -0.91692* 
 

(0.11799) (0.18243) (0.08328) (0.48924) 

Average annual Temperature 
 

0.04776** 
 

-0.03406 
  

(0.02247) 
 

(0.11175) 

Average annual precipitation - 2 
 

-0.00073** 
 

0.00183* 
  

(0.00033) 
 

(0.00091) 

Global aridity index 
 

0.99780** 
 

4.82165 
  

(0.38930) 
 

(3.84751) 

Width 
 

0.01454* 
 

0.02103** 
  

(0.00812) 
 

(0.00983) 

Input conc. TN 
  

-0.00726* -0.01747** 
   

(0.00362) (0.00735) 

Input conc. NO3 
  

0.05949*** 0.05100 
   

(0.01182) (0.05821) 
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NBS B, BS-R – N-NO3 (1) (2) (3) (4) 

Linear Models     

Constant 0.81356*** -0.01391 0.59982*** -4.39261* 
 

(0.05723) (0.43960) (0.10186) (2.33810) 

*** p<0.01, high significance; ** p<0.05, medium significance, * p<0.1, significance 

 

 Selected model for Sediments removal of NBS, buffer strips for runoff 

interception 

Model 2 performs much better in terms of almost all the statistical indicators. SED loading 

rate is not significant, and its inclusion slightly worsens the goodness of fit of the model 

given by the R2 adjusted. However, the robustness of the model is much lower owing to 

the reduced sample (just 3.3 observations/parameter), so Model 3 could be chosen from 

a statistical perspective. However, the R2 of model (3) is low and with the selected variable 

not in line with literature. According to Vidon et al. (2019), BS-Rs perform better in high-

infiltration soils, therefore a positive effect of soils with sand would be expected, while the 

sign is the opposite in model (3). Therefore, it is suggested not to use any of the proposed 

linear models for the favourability and opportunities maps. If the BS-R is placed in optimal 

functioning conditions and with dimensions in line with the literature range of design 

variables, the median removal performance (50th percentile) can be assumed. 

Table 19. Detailed results of multiple linear regression for NBS B, BS-Rs (buffer strip for surface 
runoff interception), for sediments. Heteroskedastic robust standard errors in parentheses. None of 
the statistical model is selected. 

NBS B, BS-R – Sediments (1) (2) (3) (4) 

Linear Models     

Goodness of fit indexes         

Observations 26 26 26 26 

R-squared 0.28826 0.81919 0.34573 0.82105 

R2 adjusted 0.226 0.734 0.257 0.72 

DoF model 1 7 2 8 

DoF residuals 23 17 22 16 

RMSE 0.116 0.0683 0.114 0.07 

Obs./Parameters 13.0 3.3 8.7 2.9 

SD residuals 0.1117126 0.0563048 0.1071074 0.0560156 

Max residual (negative) -0.306446 -0.151564 -0.2899978 -0.1478107 

Max residual (positive) 0.2074033 0.0941792 0.2242257 0.0966467 

Selected parameters 
    

Altitude -0.00058* -0.00040** -0.00054* -0.00048***  
(0.00029) (0.00015) (0.00029) (0.00016) 

Type of soil SAND -0.18266*** 0.27628 -0.14433*** 0.12923  
(0.03361) (0.20911) (0.02868) (0.24668) 

Surface slope 
 

0.04536** 
 

0.03991***   
(0.01770) 

 
(0.01188) 

Average annual Temperature 
 

-0.24133*** 
 

-0.23018***   
(0.07328) 

 
(0.05588) 

temporal uniformity of precipitation  
pattern (standard deviation) 

 
-1.29407*** 

 
-1.23137*** 

  
(0.35952) 

 
(0.26374) 

Average annual precipitation - 2 
 

0.00453*** 
 

0.00460***   
(0.00123) 

 
(0.00126) 

Global aridity index 
 

-6.34106*** 
 

-6.17960***   
(1.77815) 

 
(1.46241) 

Width 
 

0.01689*** 
 

0.01701*** 
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NBS B, BS-R – Sediments (1) (2) (3) (4) 

Linear Models       
(0.00348) 

 
(0.00367) 

Input conc. Sed 
  

0.00000 -0.00000    
(0.00000) (0.00001) 

Constant 1.04386*** 5.14042*** 0.99934*** 4.85260***  
(0.06521) (1.24900) (0.05663) (0.88793) 

*** p<0.01, high significance; ** p<0.05, medium significance, * p<0.1, significance  

 

 

 Selected model for TSS removal of NBS, buffer strips for runoff interception 

The TSS loading rate is significant and its inclusion does not reduce the sample size. Models 

(3) and (4) perform similarly, but the latter has slightly better performance and is hence 

preferred. However, the negative effect of soils with sand is not in agreement with expert-

based judgment, for the same reasons as sediment models. Therefore, it is suggested not 

to use any of the proposed linear models for the favourability and opportunities maps. If 

the BS-R is placed in optimal functioning conditions and with dimensions in line with the 

literature range of design variables, the median removal performance (50th percentile) can 

be assumed. 

 

Table 20. Detailed results of multiple linear regression for NBS B, BS-R (buffer strip for surface 
runoff interception), for N-NO3. Heteroskedastic robust standard errors in parentheses. None of the 
statistical model is selected. 

NBS B, BS-R – TSS (1) (2) (3) (4) 

Linear Models     

Goodness of fit indexes         

Observations 28 28 28 28 

R-squared 0.41347 0.46682 0.49081 0.51782 

R2 adjusted 0.367 0.400 0.427 0.434 

DoF model 2 3 3 4 

DoF residuals 25 24 24 23 

RMSE 0.0950 0.0924 0.0903 0.0898 

Obs./Parameters 9.3 7.0 7.0 5.6 

SD residuals 0.0913873 0.087132 0.08514 0.08286 

Max residual (negative) -0.2100074 -0.2030919 -0.1853441 -0.1844051 

Max residual (positive) 0.138567 0.131058 0.1413893 0.1423282 

Selected parameters 
    

Altitude -0.00019* -0.00024** -0.00018* -0.00022*  
(0.00011) (0.00011) (0.00010) (0.00011) 

Type of soil SAND -0.26610*** -0.27476*** -0.33864*** -0.33349***  
(0.06883) (0.06422) (0.04024) (0.03951) 

Global aridity index 
 

-0.13972** 
 

-0.10295*   
(0.05224) 

 
(0.05392) 

Input conc. TSS 
  

0.00000** 0.00000*    
(0.00000) (0.00000) 

Constant 0.96863*** 1.09852*** 0.93479*** 1.03588***  
(0.04362) (0.07214) (0.04408) (0.07392) 

*** p<0.01, high significance; ** p<0.05, medium significance, * p<0.1, significance 
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 General considerations on the results of multiple linear regression analysis for 

NBS B, buffer strips for subsurface groundwater interception (BS-Gs) 

Because of the lack of an adequate sample size, the analysis of subterranean buffer strips 

was conducted on only one contaminant, i.e. NO3, which is the main target of buffer strips 

for groundwater interception (Vidon et al., 2019; Stutter et al., 2019; Hill 2019). Despite 

a vast dataset (n° 107 samples), the models are able to explain only a small part of the 

variability of the abatement efficiency (Table 21). This is in line with expert-based 

judgment and literature. The main explanation is that buffer strips for groundwater 

interception from peer review literature are often monitored under optimal functioning 

conditions, as also reported by Gold et al. (2001). This is clear for the key variable for BS-

G positioning, i.e. the water table depth: the optimal suggested value by Dosskey and Qiu 

(2011) is less than 2 m and the 3rd quartile of NBS BS-G dataset is 2.5 m, i.e. the samples 

were probably not sufficient to capture the detrimental effect of too deep water tables with 

linear regression. Similar considerations can also be made for the width: Hill (2018) 

reviewed several studies and found that usually a width of less than 20 m for a BS-G placed 

where the water table is shallow is sufficient to reach 90% of nitrate removal efficiency. 

The median width (50th percentile) for BS-Gs is 12 m in the built dataset; the 3rd quartile 

(75th percentile) is 31 m. Basically, the BS-G sampled from peer review literature worked 

under optimal conditions and the frequency density function of the percentage removal fits 

well the literature data (see Errore. L'origine riferimento non è stata trovata.), with 

a median removal efficiency of 58%.  These issues are similar to those encountered by 

similar studies, such as Mayer et al. (2007), who also found many typical design variables 

not relevant or relevant with low fitting performance, such as width and vegetation. As a 

result, the fitted models have a too low R2 and it is suggested not to use any of them for 

the favourability and opportunities maps. If the BS-G is placed in optimal functioning 

conditions, the median removal performance (50th percentile) can be assumed. 

 

Table 21. Detailed results of multiple linear regression for NBS B, BS-Gs (buffer strip for 
subsurface groundwater interception), for N-NO3. Heteroskedastic robust standard errors in 

parentheses. None of the statistical model is selected. 

NBS B, BS-G – N-NO3 (1) (2) (3) (4) 

Linear Models     

Goodness of fit indexes         

Observations 107 107 106 106 

R-squared 0.03775 0.05309 0.05117 0.06466 

R2 adjusted 0.0192 0.0255 0.0233 0.0276 

DoF model 2 3 3 4 

DoF residuals 104 103 102 101 

RMSE 0.759 0.756 0.759 0.757 

Obs./Parameters 35.7 26.8 26.5 21.2 

SD residuals 0.7513933 0.7453835 0.7477442 0.7424085 

Max residual (negative) -5.359615 -5.343726 -5.341241 -5.327528 

Max residual (positive) 0.7894552 0.802735 0.8022572 0.8139107 

Selected parameters 
    

Type of soil CLAY 0.30480 0.28653 0.18985 0.17935  
(0.20809) (0.20633) (0.20349) (0.20147) 

Type of soil SAND 0.31068 0.25472 0.26719 0.21786  
(0.21533) (0.21128) (0.21259) (0.20886) 

Width 
 

0.00261** 
 

0.00245**   
(0.00106) 

 
(0.00105) 

Input conc. NO3 
  

0.00539 0.00502*    
(0.00336) (0.00302) 

Constant 0.20810 0.16873 0.18795 0.15233  
(0.21290) (0.21630) (0.21586) (0.21858) 
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*** p<0.01, high significance; ** p<0.05, medium significance, * p<0.1, significance 

2.1.1.5 Summary of selected models 

This section summarizes the selected models in the following tables: 

— NBS A     Table 22 

— NBS B, VDDs and wetlands Table 23 

— NBS B, BS-Rs   Table 24 

 

which should be applied, as predictive models, as follows 

𝜂 = ∑ 𝑎𝑖𝑣𝑏,𝑖

𝑖

+  ∑ 𝑏𝑗𝑣𝑐,𝑗

𝑗

+ 𝑐 

where: 

— 𝜂  removal efficiency of the targeted pollutant, variable from 0 to 1 (0-100%) 

— 𝑣𝑏,𝑖  i-th binary variable, equal to either 0 (no) or 1 (yes) 

— 𝑎𝑖  multiplicative linear coefficient of the i-th binary variable 

— 𝑣𝑐,𝑗  j-th cardinal variable, expressed with the selected unit 

— 𝑏𝑗  multiplicative linear coefficient of the j-th binary variable 

— 𝑐  linear intercept of the multiple regression linear model 

 

The linear models for the remaining pollutants and NBS were judged negatively by experts 

and it is suggested not to use any of the proposed linear models for the favourability and 

opportunity maps. If the NBS are placed in optimal functioning conditions and with size in 

line with literature range of design variables, the median removal performance (50th 

percentile) can be assumed as follows: 

— NBS B, vegetated drainage ditches (VDDs) and wetlands 

o P-PO4  40% (17 samples, Errore. L'origine riferimento non è 

stata trovata.) 

— NBS B, buffer strips for surface runoff interception 

o TN   70% (52 samples, Errore. L'origine riferimento non è 

stata trovata.) 

o N-NO3  70% (51 samples, Errore. L'origine riferimento non è 

stata trovata.) 

o P-PO4  80% (36 samples, Errore. L'origine riferimento non è 

stata trovata.) 

o TSS  90% (28 samples, Errore. L'origine riferimento non è 

stata trovata.) 

o Sediments  90% (48 samples, Errore. L'origine riferimento non è 

stata trovata.) 

— NBS B, buffer strips for subsurface groundwater interception 

o N-NO3  60% (111 samples, Errore. L'origine riferimento non è 

stata trovata.) 
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Table 22. Selected linear models for NBS A, manure-driven wastewater. Selected models: (1) multiple linear regression with variables selected by 
MCorA, without the influent loads; (2) multiple linear regression with variables selected by MCorA, with the influent loads; (3) multiple linear regression 
with all variables, without the influent loads; (4) multiple linear regression with all variables selected by MCorA, without the influent loads. 

NBS A Category Type Unit TN  
Model (3) 

TP 
Model (4) 

TKN 
Model (1) 

BOD5 
Model (1) 

COD 
Model (1) 

TSS 
Model (2) 

Goodness of fit indexes          
Observations    31 32 14 21 19 22 
R2    0.695 0.494 0.578 0.809 0.544 0.631 
R2 adjusted    0.603 0.397 0.39 0.776 0.487 0.544 
DoF model    5 4 4 3 2 3 
DoF residuals    23 26 9 17 16 17 
RMSE    0.162 0.201 0.16 0.120 0.183 0.165 
Obs./Parameters    4.43 5.33 2.33 4.20 4.75 4.40 
Max residual (positive)    0.250 0.474 0.228 0.216 0.311 0.233 
Max residual (negative)    -0.371 -0.419 -0.223 -0.235 -0.495 -0.401 
SD residuals    0.141 0.185 0.133 0.110 0.173 0.148 

Selected parameters    Multiplicative linear coefficients 
Average annual Temperature Climate Cardinal °C    -0.04177   
Average annual precipitation Climate Cardinal cm/year 0.00154      
ww_mix_RNF Landscape Binary - -0.28044  -0.22470 0.16764  -0.07168 
ww_Poultry Landscape Binary - -0.33049      
Specific water inflow Landscape Cardinal 1000 m3 y-1 ha-1 -0.00019 0.00008 -0.00010 -0.00027 -0.00028  
Previous treatment  
Primary NBS 

Design Binary -   -0.19523 
 

 -0.21592  

Previous treatment  
Primary NBS + Secondary NBS 

Design Binary - -0.29820 -0.39422 -0.34926    

Previous treatment 
Primary grey 

Design Binary -      0.39646 

Area Design Cardinal ha  0.36330     
Filling media Porous media + soil Design Binary - 0.24817     0.36227 
Type of aquatic  
vegetation Emergent 

Design Binary - -0.25072 -0.52466     

Total Nitrogen  
loading rate 

Design Cardinal tN y-1 ha-1 
 

     

Total Phosphorous  
loading rate 

Design Cardinal tP y-1 ha-1  -0.07098     

Solid loading rate Design Cardinal tSS y-1 ha-1      -0.00038 

Linear intercept    0.75637 1.16845 0.74648 1.16629 0.85499 0.54407 
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Table 23. Selected linear models for NBS B, diffuse pollution control with vegetated drainage ditches (VDDs) and wetlands. Selected models: (1) 
multiple linear regression with variables selected by MCorA, without the influent loads; (2) multiple linear regression with variables selected by MCorA, 
with the influent loads; (3) multiple linear regression with all variables, without the influent loads; (4) multiple linear regression with all variables 
selected by MCorA, without the influent loads. 

NBS B, VDDs and wetlands  Category Type Unit TN 
Model (1) 

N-NO3 
Model (2) 

TP 
Model (3) 

Goodness of fit indexes        

Observations    73 42 39 

R2    0.26467 0.67481 0.44579 

R2 adjusted    0.233 0.630 0.381 

DoF model    3 5 3 

DoF residuals    69 36 34 

RMSE    0.261 0.168 0.339 

Obs./Parameters    18.3 7.0 9.8 

Max residual (positive)    0.4993604 0.252 0.5688084 

Max residual (negative)    -0.6366287 -0.522 -1.057382 

SD residuals    0.2555567 0.158 0.3210826 

Selected parameters    Multiplicative linear coefficients 

Average annual precipitation Climate Cardinal mm y-1 0.00087   

Average annual n of days with T < threshold C Climate Cardinal n° months y-1   -0.04549  

Temporal uniformity of precipitation pattern  Climate Cardinal -  -0.09511  

Global aridity index (adj) Climate Cardinal - -1.12099 -0.53846  

Potential annual evapo-transpiration  Climate Cardinal mm y-1 -0.00039  -0.00029 

Type VDD Design Binary -  0.16621  

Aspect-Ratio Design Cardinal -   0.00186 

Type of aquatic vegetation Emergent Design Binary -   0.72074 

Substrate Design Binary -   0.47749 

TN loading rate Design Cardinal tN y-1 ha-1 
 

  

       

N-NO3 loading rate Design Cardinal tP y-1 ha-1  -0.00924  
 

   
 

  

Linear intercept    0.98180 1.27037 -0.08845 
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Table 24. Selected linear models for NBS B, diffuse pollution control with buffer strips for surface runoff interception (BS-Rs). Selected models: (1) 
multiple linear regression with variables selected by MCorA, without the influent loads; (2) multiple linear regression with variables selected by MCorA, 
with the influent loads; (3) multiple linear regression with all variables, without the influent loads; (4) multiple linear regression with all variables 
selected by MCorA, without the influent loads. 

NBS B, BS-Rs Category Type Unit TP 
Model (2) 

Goodness of fit indexes      

Observations    37 

R-squared    0.6371 

R2 adjusted    0.565 

DoF model    5 

DoF residuals    30 

RMSE    0.125 

Obs./Parameters    6.2 

SD residuals    0.1145418 

Max residual (negative)    -0.2730779 

Max residual (positive)    0.1971332 

Selected parameters    Multiplicative linear coefficients  

Average annual Temperature Climate Cardinal °C 0.04093 

Average annual precipitation Climate Cardinal mm y-1 -0.00161 

Global aridity index Climate Cardinal - 1.15638 

Type of soil CLAY Landscape Binary - 0.16350 

Width Design Cardinal m 0.02620 

Type Herbaceous Design Binary - 0.77568 

Linear intercept    -0.18858 
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2.1.1.6 Verification of equations 

To verify the equations obtained with the results of the statistical analysis, a comparison 

was made between the selected linear fitted model and some benchmark literature models. 

The removal percentages of each contaminant are calculated using the equations with the 

variables obtained from the statistical analysis and the parameters (climate, landscape and 

design) from the dataset. The results are then compared with the percentages of removal 

found in the collected database and with the percentages obtained with literature models. 

The following literature models were used: 

— Wetlands 

o kinetic models proposed by Reed et al. (1995) for BOD5, COD, TP, N-NO3 

o P-k-C* models by Kadlec and Wallace (2009), testing both the 50th and 70th 

percentile kinetic parameters for BOD5, COD, TN, TP, N-NO3 

— Buffer strips for surface runoff interception (BS-R) 

o fitting models proposed by Zhang et al. (2010) for TP, TN, and sediments  

 

The goodness of fit is studied with (i) goodness of fit indexes, (ii) statistical frequency 

density functions of errors, (iii) and graphical representation with “Predicted vs. Actual” 

graphs. All the details are reported in the following sections. 

 

 Verification of the selected linear model with literature models of NBS A 

The NBS A dataset (Attachment 1) was used to estimate the accuracy of the literature 

models proposed by Kadlec and Wallace (2009) and Reed et al. (1995), in comparison to 

the fitted linear model. Results are visible in Table 25 and Figure 1.  

It can be noted that the results obtained from the literature models are more dispersive 

than those obtained with the fitted linear model, which, apart from some isolated cases, 

remain fairly close to the bisector, indicating that the values obtained with the fitting are 

closer to the actual values. This is also confirmed by the indexes and the error frequency 

density function: 

— R2 is always higher for the linear fitting model in comparison to the literature models; 

— the standard deviation of the residuals and median (50th percentile) of the errors is 

always lower for the linear fitting model in comparison to the literature models. 

In particular, it can be observed from Figure 1 that the dots corresponding to the values 

obtained from the models are mostly to the right of the bisector, indicating that these 

models tend to overestimate the pollutant removal efficiencies, while the dots 

corresponding to the fitting are more evenly placed. This is to be expected, since both the 

literature models of Kadlec and Wallace (2009) and Reed et al. (1995) are mainly fitted on 

domestic/municipal wastewater datasets, which have on average influent pollutant 

concentrations lower than the manure-driven one. Therefore, it seems that this kind of 

equations tends to overestimate removal performance with concentrations higher than the 

usual range of domestic/municipal wastewater. 

The verification analysis suggests that the fitted linear models are better suited to 

approximate the observed data for NBS A than the models from literature and are 

recommended for developing the favourability and opportunity maps for NBS A. 
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Table 25. Results of the verification of the linear fitting model (L) with the literature models (K_50th, Kadlec and Wallace, 2009, kinetic with 50th 
percentile; K_70th, Kadlec and Wallace, 2009, kinetic with 70th percentile; R, Reed et al., 1995) for NBS A, wetlands for manure-driven wastewater 

 

 

NBS A BOD COD TN TP TKN 

  L K_50th K_70th R L K_50th K_70th R L K_50th K_70th L K_50th K_70th R L K_50th K_70th 

Goodness of fit indexes                   

Observations 21 18 18 15 19 11 11 9 31 23 23 32 23 23 24 14 14 14 

R2 0.809 0.350 0.310 0.153 0.544 0.426 0.410 0.192 0.695 0.384 0.365 0.494 0.215 0.171 0.199 0.578 0.297 0.305 

RMSE 0.120 0.241 0.285 0.360 0.183 0.270 0.330 0.420 0.162 0.323 0.384 0.201 0.382 0.438 0.421 0.160 0.301 0.335 

Max residual (positive) 0.216 0.211 0.025 0.003 0.311 0.127 -0.003 -0.057 0.250 0.122 0.028 0.474 0.252 0.217 0.252 0.228 0.103 0.083 

Max residual (negative) -0.235 -0.710 -0.789 -0.919 -0.495 -0.479 -0.529 -0.659 -0.371 -0.737 -0.742 -0.419 -0.754 -0.786 -0.794 -0.223 -0.619 -0.639 

SD residuals 0.110 0.209 0.207 0.251 0.173 0.220 0.199 0.230 0.141 0.230 0.224 0.185 0.277 0.280 0.281 0.133 0.230 0.220 

Statistical analysis 

frequency density  

function of errors 

                  

mean - error 0% 13% 20% 27% 0% 17% 27% 36% 0% 23% 32% 0% 27% 34% 32% 0% 20% 26% 

std - error 11% 21% 21% 25% 17% 22% 20% 23% 14% 23% 22% 18% 28% 28% 28% 13% 23% 22% 

min - error -22% -21% -3% 0% -31% -13% 0% 6% -25% -12% -3% -47% -25% -22% -25% -23% -10% -8% 

25th perc - error -5% -2% 3% 6% -10% -3% 7% 16% -10% 6% 16% -12% 3% 12% 8% -7% 1% 8% 

50th perc - error -1% 8% 22% 26% -6% 18% 32% 43% -1% 24% 26% 0% 35% 40% 40% 1% 21% 24% 

75th perc - error 1% 22% 28% 37% 8% 33% 44% 54% 5% 38% 50% 11% 48% 56% 55% 7% 29% 38% 

max - error 23% 71% 79% 92% 49% 48% 53% 66% 37% 74% 74% 42% 75% 79% 79% 22% 62% 64% 
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Figure 1. Predicted vs. Actual graphs for linear fitted (L) with literature models (K_50th, Kadlec and Wallace, 2009, kinetic with 50th percentile; K_70th, 
Kadlec and Wallace, 2009, kinetic with 70th percentile; R, Reed et al., 1995) for NBS A, wetlands for manure-driven wastewater 
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 Verification of the selected linear model with literature models of NBS B, wetlands 

and VDDs 

The NBS B dataset for VDDs and wetlands (Attachment 2) was used to estimate the 

accuracy of the literature models proposed by Kadlec and Wallace (2009) and Reed et al. 

(1995), in comparison to the fitted linear model. The results are visible in Table 26 and 

Figure 2. 

It can be noted that the results obtained from the literature models are more dispersive 

than those obtained with the fitted linear model, which, apart from some isolated cases, 

remain fairly close to the bisector, indicating that the values obtained with the fitting are 

closer to the actual values. This is also confirmed by the indexes and error frequency 

density function: 

— R2 is always higher for the linear fitting model in comparison to the literature models; 

— the standard deviation of the residuals and median (50th percentile) of errors is always 

lower for the linear fitting model in comparison to the literature models. 

The verification analysis suggests that the fitted linear models are better suited to 

approximate the observed data for NBS B – VDDs and wetlands – than the models from 

literature and are recommended for developing the favourability and opportunity maps for 

NBS B. 

Table 26. Results of the verification of the linear fitting model (L) with the literature models 
(K_50th, Kadlec and Wallace, 2009, kinetic with 50th percentile; K_70th, Kadlec and Wallace, 2009, 
kinetic with 70th percentile; R, Reed et al., 1995) for NBS B, vegetated drainage ditches (VDDs) 

and wetlands for diffuse pollution. 

 

NBS B VDD and wetland, N-NO3 VDD and wetland, TN VDD and wetland, TP 

  L K_50th K_70th R L K_50th K_70th L K_50th K_70th R 

Goodness  

of fit indexes 

           

Observations 42 38 38 38 73 45 45 39 29 29 30 

R2 0.6748 0.053 0.057 0.106 0.26467 0.213 0.252 0.44579 0.00003 0.00268 0.0000003 

RMSE 0.168 0.377 0.371 0.385 0.261 0.302 0.302 0.339 0.526 0.575 0.536 

Max residual 

(positive) 

0.252 0.897 0.611 0.681 0.499 0.709 0.709 0.569 0.814 0.805 0.814 

Max residual  

(negative) 

-0.522 -0.585 -0.872 -0.657 -0.637 -0.507 -0.507 -1.057 -1.315 -1.452 -1.338 

SD residuals 0.158 0.373 0.375 0.387 0.256 0.302 0.302 0.321 0.532 0.601 0.538 

Statistical analysis  
frequency density  

function of errors 

           

mean - error 0% -9% 4% 5% 0% -13% -5% 6% 14% 9% 6% 

std - error 16% 37% 37% 39% 26% 29% 30% 53% 57% 54% 53% 

min - error -25% -90% -61% -68% -50% -73% -71% -81% -81% -81% -81% 

25th perc - error -15% -22% -10% -19% -18% -29% -21% -35% -29% -34% -35% 

50th perc - error 2% -1% -6% 3% 1% -14% -6% -2% 4% 0% -2% 

75th perc - error 11% 5% 16% 38% 17% 1% 17% 41% 50% 42% 41% 

max - error 52% 59% 87% 66% 64% 48% 51% 131% 145% 134% 131% 
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Figure 2. Predicted vs. Actual graphs for linear fitted (L) with literature models (K_50th, Kadlec 
and Wallace, 2009, kinetic with 50th percentile; K_70th, Kadlec and Wallace, 2009, kinetic with 70th 
percentile; R, Reed et al., 1995) for NBS B, vegetated drainage ditches (VDDs) and wetlands for 

diffuse pollution 

 

 Verification of the selected linear model with literature models of NBS B, buffer 

strips for runoff interception 

The NBS B dataset for buffer strips (Attachment 3) was used to estimate the accuracy of 

the literature model proposed by Zhang et al. (2010), in comparison to the fitted linear 

model for BS-R. Results are visible in Table 27 and Figure 3. 

It can be noted that the results obtained from the literature model are more dispersive 

than those obtained with the fitted linear model, which, apart from some isolated cases, 

remain fairly close to the bisector, indicating that the values obtained with the fitting are 

closer to the actual values. This is also confirmed by the indexes and error frequency 

density function: 

— R2 is always higher for the linear fitting model in comparison to the literature model; 

— the standard deviation of the residuals and median (50th percentile) of errors is always 

lower for the linear fitting model in comparison to the literature models. 

The verification analysis suggests that the fitted linear models are better suited to 

approximate the observed data for NBS B – buffer strips for runoff interception – than the 

models from literature and are recommended for developing the favourability and 

opportunity maps for NBS B. 
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Table 27. Results of the verification of the linear fitting model (L) with the literature model (Z, 

Zhang et al, 2010) for NBS B, buffer strips for surface runoff interception (BS-R) for diffuse 
pollution. 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

Figure 3. Predicted vs. Actual graphs for linear fitted (L) with literature model (Z, Zhang et al., 
2010) for NBS B, buffer strips for surface runoff interception (BS-R) for diffuse pollution 

NBS B, BS-R TP TN Sediments 
  L Z L Z L Z 

Goodness of fit  
indexes 

      

Observations 37 37 26 26 26 26 
R2 0.637 0.190 0.361 0.351 0.346 0.026 
RMSE 0.125 0.224 

 
0.166 

 
0.161 

 
0.114 

 
0.202 

 
Max residual 
(positive) 

-0.273 0.226 0.155 0.159 0.107 0.196 

Max residual  
(negative) 

0.197 -0.931 -0.4223 -0.398 -0.290 -0.570 

SD residuals 0.115 0.298 0.210 0.2318 0.224 0.480 

Statistical analysis  

frequency density  
function of errors 

      

mean - error 6.36% -17.42% 3.79% -3.77% -3.20% -6.26% 
std - error 22.44% 35.02% 16.06% 15.93% 11.20% 19.56% 
min - error -19.37% -93.11% -17.18% -23.18% -22.99% -47.98% 
25th perc - error -5.37% -29.75% -8.30% -14.56% -9.45% -11.73% 
50th perc - error 2.96% -5.12% 1.81% -9.05% -5.22% -6.33% 
75th perc - error 7.89% 11.26% 13.80% 3.36% -1.96% -1.88% 
max - error 86.42% 27.43% 52.96% 39.81% 28.40% 57.04% 
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2.1.2 Main benefits: Expert-based for pesticide removal of NBS B 

The analysis of the effects of NBS on the reduction of agricultural-based pesticide pollution 

was carried out by reviewing the peer reviewed literature found on SCOPUS during the 

data mining activity (section Errore. L'origine riferimento non è stata trovata.), 

starting with the articles tagged as related to pesticides (see Annex 7). 

The first comprehensive work on pesticide removal of NBS was the meta-analysis done in 

the review paper by Stehle et al. (2011). This work follows a similar approach to the one 

proposed for other pollutants in this work: (i) the development of a dataset of pesticide 

removal efficiencies of wetlands and vegetated drainage ditches based on a detailed 

literature analysis; (ii) a multiple linear regression analysis to assess which design and 

physicochemical properties of the pesticide (which can be interpreted as a landscape 

variable) could affect pesticide removal performance. Among the sixteen variables 

investigated, the relevant ones were, from greater to lesser relative importance: KOC, 

organic carbon sorption coefficient (39.3% relative importance), percentage of plant 

coverage (34.9%); DT50, time for the dissipation of 50% of the pesticide in water phase 

(13.4%); type of exposure (i.e. field or experimental monitoring – 9.9%); HRT, hydraulic 

retention time (2.5%). However, the multiple linear regression resulted in a low R2, equal 

to 0.193, which suggests a scarce capability of these selected variables to explain the high 

variability of performance and, therefore, not to use this linear model to predict the 

efficiency of wetlands and vegetated drainage ditches in pesticide removal. On the other 

hand, the study by Stehle et al. (2011) was the first review study indicating that one of 

the key variables in pesticide retention for an NBS with suitable design variables (e.g., 

HRT, HLR) is KOC, the organic carbon sorption coefficient. This indication also emerges 

from more recent review works by Vymazal and Březinová (2015) and Tournebize et al. 

(2017) for wetlands and vegetated drainage ditches, and Arora et al. (2010) for buffer 

strips. Indeed, the Koc describes the intrinsic behaviour of a compound to adsorb onto the 

organic matter.  When the Koc of a molecule is less than 100 (log Koc <2) it shows low 

affinity for the organic matter and, consequently, a hydrophilic behaviour. These types of 

pesticides are likely to be found in higher concentrations in surface water.  On the other 

hand, pesticides with a Koc between 100 and 1000 (2< log Koc < 3) adsorb moderately 

on sediments while those with a Koc > 1000 (log Koc > 3) have a strong sorption 

(hydrophobic). This interpretation seems to be confirmed also by the variable pesticide 

removal efficiencies reported in literature as function of their chemical group, ranging from 

20% (triazinone) to >90% (organochlorine), as reviewed by Vymazal and Březinová, 

(2015). It is significant to refer that similar results were reported by the recent review by 

Ilyas et al. (2020) on other emerging organic contaminants similar to pesticides, i.e. 

pharmaceutical. Although NBS removal processes (plant uptake, photodegradation, 

sorption, adsorption, and biodegradation) may affect pharmaceutical removal differently 

depending on the different targeted pollutant, an overall successful regression equation 

was fitted (R2 0.65) for the general NBS pharmaceutical removal when only the physico-

chemical properties of the compound were considered (Koc, Dow – octanol-water 

distribution coefficient - and molecular weight). Weaker and more incongruent correlations, 

on the other hand, were observed for typical design parameters, such as hydraulic 

retention time (HRT), hydraulic and organic loading rate (HLR and OLR, respectively). 

 

In accordance with the previously described literature evidence, a simplified approach is 

proposed to estimate pesticide removal effectiveness and support the development of the 

favourability and opportunity maps.  

  

First, four specific datasets (see Attachment 4) were developed by reviewing the 

literature tagged as “pesticide” in the data mining activity (section Errore. L'origine 

riferimento non è stata trovata.): 

— pesticide removal in vegetated drainage ditches (VDDs), n° of samples 32; 
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— pesticide removal in wetlands, n° of samples 73; 

— pesticide removal in buffer strips for surface runoff interception (BS-R), n° of samples 

100; 

— pesticide removal in buffer strips for subsurface groundwater interception (BS-G), n° 

of samples 84. 

The datasets were used to define the frequency density functions of pesticide removal 

efficiency for three classes of organic carbon sorption coefficient: (i) log Koc <2; (ii) 2< 

log Koc < 3; (iii) log Koc > 3, in accordance with the analysis proposed by the review work 

by Tournebize et al. (2017). The results are visible in Figure 8 and Table 28, from which 

the following key results can be highlighted: 

— median efficiency rates of vegetated drainage ditches were equal to 50.5% and 84.0% 

for moderately and strongly sorbed pesticides, respectively; 

— The results obtained for wetlands show that weakly sorbed pesticides are poorly 

removed (median=41.9%) compared to the moderately (median= 61.2%) and strongly 

(84.0%) sorbed pesticides. It is important to notice that the removal of pesticides is 

highly variable. For instance, the efficiencies for weakly sorbed pesticides vary between 

3% and 94%. 

— Weakly sorbed pesticides showed a lower median value (69.6%) also for buffer strips 

for surface runoff interception, easily reaching water bodies. The median removal 

efficiency of moderately and strongly sorbed pesticides is 80.9% and 83.1%, 

respectively. These last two Koc classes both have quite a high removal efficiency even 

if the difference between their medians is not statistically relevant. 

— Data on pesticide removal of buffer strips for groundwater interception are scarce since 

investigations on this topic are quite recent, however it was found that in groundwater 

there is no difference between the removal of weakly and strongly sorbed pesticides. 

Indeed, the median removal for weakly adsorbed pesticides is 45% and 41% for 

strongly adsorbed pesticides. 

If the NBS are placed in optimal functioning conditions and with dimensions in line with the 

literature range of design variables, the median removal performance (50th percentile) can 

be assumed for the pesticide according to the KOC class. 

—  

 

 

(a) VDD 

 

(b) FWS wetland 
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(c) BS-R 

 

(d) BS-G 

Figure 4. Box and whisker plots that correlate pesticide removal efficiencies with the 3 different 
classes of log Koc for: (a) vegetated drainage ditches (n° of samples 30); (b) free water surface 
wetlands (n° of samples 73); (c) buffer strips for surface runoff interception (n° of samples 100); 
(d) buffer strips for subsurface groundwater interception (n° of samples 81). The horizontal lines 

represent the medians. 

 

Table 28. Statistical analysis of pesticide removal for the targeted NBS B. 

 VDD FWS wetland 

 logKoc<2 2<logKoc< 
3 

logKoc>3 logKoc<2 2<logKoc< 
3 

logKoc>3 

Minimum  28.0% 16.3% 3.0% 15.0% 23.0% 

1st quartile  44.0% 49.2% 31.1% 45.0% 75.0% 

2nd quartile 

(median) 

 50.5% 84.0% 41.9% 

61.2% 84.0% 

3rd quartile  58.2% 95.5% 67.9% 81.0% 96.0% 

max  97.0% 100.0% 94.2% 100.0% 100.0% 

n° samples  10 20 20 32 21 

 BS-R BS-G 

 logKoc<2 2<logKoc< 
3 

logKoc>3 logKoc<2 2<logKoc< 
3 

logKoc>3 

Minimum 1.8% 4.8% 34.0% 10.0%  -8.2% 

1st quartile 56.6% 61.4% 53.0% 32.5%  27.0% 

2nd quartile 
(median) 69.6% 80.9% 83.1% 45.0% 

 
41.0% 

3rd quartile 82.8% 89.6% 92.0% 69.7%  80.5% 

max 99.0% 99.9% 100.0% 97.0%  100.0% 

n° samples 28 48 24 19  62.0% 

 

 

2.1.3 Main benefits: Expert-based for NBS C for droughts 

2.1.3.1 General approach and NBS C categorization 

The main target of NBS C group is the series of small NBS that can be diffused in the 

agriculture territory. The reference size is the same as those of the so-called “Farm Ponds” 

(Wisser et al. 2010), usually used to harvest the excess of runoff to use it, for instance, 

for emergency irrigation (e.g. Alvarez et al., 2008; Ibrahim and Amir-Faryar, 2018; 

Beckingham et al., 2019) or to sustain the aquifer through managed recharge (e.g., Teatini 

et al., 2015). Typical sizes range from 100 to 10000 m2 (Ibrahim and Amir-Faryar, 2018). 
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The analysis of NBS C is based on the schematic representation given in Figure 5. The 

main assumption is that the NBS is included within a catchment (grid) area of suitable 

size to develop a runoff to be intercepted. The catchment also has a maximum size 

that is assumed to not interfere with the hydrological basin, in fact it is expected that the 

small-size farm ponds are spread within the agriculture territory and are not connected to 

the principal drainage paths of the hydrological basins (e.g. rivers and big streams). 

Substantially, the size of the studied NBS C is that of small interventions to retain the 

runoff within the territory, in agreement with the micro-pond concept defined in Salazar et 

al. (2012). The target, therefore, allows to neglect horizontal exchange of the runoff from 

grids, following the methodology proposed by Wisser et al. (2010) to estimate the potential 

role of farm ponds in supporting the irrigation of arid regions on a global scale. As a result, 

each grid can be divided between an area without NBS (𝐴𝑁𝑂 𝑁𝐵𝑆), which generates the 

runoff, and a potential area to intercept the runoff with NBS (𝐴𝑁𝐵𝑆) if a suitable area is 

available. 

 

 

Figure 5. Schematization for NBS C analysis 

 

On the basis of the previous assumptions, the expected performance of the NBS C on 

droughts is function of the water budget at NBS area scale, represented in Figure 6, 

which includes the following elements (e.g., Machiwal et al., 2017): 

— R runoff from 𝐴𝑁𝑂 𝑁𝐵𝑆 

— P precipitation on 𝐴𝑁𝐵𝑆 

— E/ET evaporation and/or evapotranspiration from 𝐴𝑁𝐵𝑆 

— I infiltration on the bottom of the 𝐴𝑁𝐵𝑆 

— D demand 
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Figure 6. Water budget at NBS C scale 

Source: Machiwal et al., 2017 

 

The performance in terms of droughts is a function of the volume of the NBS and the 

resolution of the water budget. The European scale of the analysis, however, suggests 

avoiding the full resolution of the water budget for each grid and proposing simplified 

resolutions of the water budget itself, according to the main NBS targets, as well as design, 

landscape and climate features. To this aim, a set of potential NBS was defined for the two 

main design objectives to tackle the effects of drought events, i.e. storage, and infiltration 

(MAR – Managed Aquifer Recharge). 

The categorization is reported in Table 29, including a summary of the main features that 

differentiate one NBS from the other. Particularly, the use of the pre-treatment stage is 

included to account for the additional benefits of NBS and to limit siltation effects 

(Mioduszewski and Waldemar, 2012). 

If, on the one hand, this approach multiplies the number of NBS to be considered, on the 

other it allows to simplify the resolution of the water budget, avoiding heavy geo-

referenced computation on a European scale. Indeed, the categorization of the NBS allows 

the use of simplified assumptions to solve the water budget, and to estimate the 

performance in responding to drought events with simplified proxies. 
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Table 29. Categorization of NBS C 

NBS C  

category 

Description Features 

NBS C1 - Storage 

C1.1.1 Storage pond (shallow) • Smaller storage volume 
• Lower construction cost 

• Decrease over time of the storage volume for siltation 

C1.1.2 Storage pond (deep) • Greater storage volume 
• Higher construction cost 
• Decrease over time of the storage volume for siltation 

C1.2.1 Pre-treatment pond + Storage pond (shallow) • Smaller storage volume 

• Lower construction cost 
• Extra construction cost for pre-treatment 
• Minimum area required for pre-treatment 
• Pre-treatment with lower biodiversity value 
• No decrease over time of the storage volume for siltation due to pre-treatment 

C1.2.2 Pre-treatment pond + Storage pond (deep) • Greater storage volume 
• Higher construction cost 
• Extra construction cost for pre-treatment 

• Smaller area required for pre-treatment 
• Pre-treatment with lower biodiversity value 
• No decrease over time of the storage volume for siltation due to pre-treatment 

C1.3.1 Pre-treatment wetland + Storage pond (shallow) • Smaller storage volume 
• Lower construction cost 
• Extra construction cost for pre-treatment 
• Greater area required for pre-treatment 
• Pre-treatment with higher biodiversity value 
• No decrease over time of the storage volume for siltation due to pre-treatment 

C1.3.2 Pre-treatment wetland + Storage pond (deep) • Greater storage volume 
• Higher construction cost 

• Extra construction cost for pre-treatment 
• Higher area required for pre-treatment 
• Pre-treatment with higher biodiversity value 
• No decrease over time of the storage volume for siltation due to pre-treatment 

NBS C2 – Infiltration (MAR) 

C2.1.a Infiltration Pond (high infiltration) • Pond with periodic maintenance to avoid the decrease of the infiltration capacity 
due to clogging 

• Higher operational and maintenance costs 
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NBS C  
category 

Description Features 

• Lower biodiversity value (shorter ponding time during the year) 

C2.1.b Infiltration Pond (low infiltration) • Pond without periodic maintenance with limited infiltration capacity due to 
clogging 

• Lower operational and maintenance costs 
• Higher biodiversity value (longer ponding time during the year) 

C2.2 Pre-treatment pond + Infiltration pond (high 
infiltration) 

• Pre-treatment to avoid the decrease of the infiltration capacity due to clogging 
• Extra construction cost for pre-treatment 
• Lower operational and maintenance costs 

• Smaller area required for pre-treatment 
• Pre-treatment with lower biodiversity value 

C2.3 Pre-treatment wetland + Infiltration pond (high 

infiltration) 

• Pre-treatment to avoid the decrease of the infiltration capacity due to clogging 

• Extra construction cost for pre-treatment 
• Lower operational and maintenance costs 
• Greater area required for pre-treatment 
• Pre-treatment with higher biodiversity value 

C2.4 Infiltration wooded area • More naturalistic infiltration area with limited infiltration capacity due to clogging 

• Lower operational and maintenance costs 
• Side-benefits due to the presence of trees  
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2.1.3.2 Definition of Area – Volume relationships 

The definition of the available NBS volume with simple volume-area relationships has always 

been one of the key focuses for farm ponds and small reservoirs in general. Several volume-

area relationships have been developed in literature (Ibrahim and Amir-Faryar, 2018; Ghansah 

et al., 2018; Ogilvie et al., 2016; Rodrigues et al., 2012; Annor et al., 2009; Roost et al., 2008; 

Sawunyama et al., 2006; Liebe et al., 2005). 

In order to test the validity of the available volume-area relationships, a dataset of dimensional 

parameters of farm ponds was created by reviewing the literature tagged during the data mining 

activity (section Errore. L'origine riferimento non è stata trovata.). The dataset 

(Attachment 6) is composed of the following items: 

• Country 

• Area of the farm pond (in m2) 

• Volume (in m3) 

• Height (in m) 

• Slope 

• Area of the watershed (in m2) 

• NBS to watershed ratio 

 

Following the definition of farm ponds given by Alvarez et al. (2008) for the Mediterranean 

European context (Spain), data for both small (less than 3000 m2) and large (less than 30000 

m2) farm ponds was collected. As explained in section 2.1.3.1, as the focus is on farm ponds 

outside the main hydrological river and stream network, small dams were excluded, whenever 

the paper makes the difference with our targeted farm ponds clear. Since papers on single farm 

ponds are not so common in scientific peer review literature, range values and statistical 

analyses from censuses of farm ponds at watershed scale were also included. Despite being 

aware of the bias included with this assumption, these data allowed to broaden the dataset and 

give a more comprehensive overview of the typical farm pond sizes.  

 

The dataset is composed of 95 samples and the statistical analysis is summarised in Table 

30. As stated by several censuses at watershed scale, the most widespread farm ponds are the 

small ones, also used in developed countries such as Spain (Alvarez et al 2008; Jlassi et al., 

2016) and US (Berg et al., 2015; Ibrahim and Amir-Faryar, 2018). Interestingly, the median 

size of the area, about 700 m2, is very close to the 500 m2 assumed by Wisser et al. (2010) for 

the study of the potential application of farm ponds at global level. Accordingly, most of the 

volumes also fall within the range of small farm ponds (median 2500 m3). The most common 

farm ponds are shallow (median 2.5 m), but farm ponds up to 8 meters have also been found, 

allowing for maximum storage volume while taking up minimal space. 

Table 30. Statistical analysis of the dataset regarding the dimensional parameters of farm ponds 

 Area 

(m2) 

Volume 

(m3) 

Height 

(m) 

Mean 3906 6687 3.0 

Standard dev. 6697 8381 1.8 

Min 60 32 1.0 

Percentile 0.25 310 741 2.0 

Percentile 0.50 

(Median) 691 2500 2.5 

Percentile 0.75 4875 10692 3.4 

Max 30000 32400 8.1 



53 

 Area 

(m2) 

Volume 

(m3) 

Height 

(m) 

n° samples 61 53 42 

 

The comparison of the volume-area relationships with data from the dataset is shown in Figure 

7, where is visible that the available relationships are not suitable for the farm pond scale. This 

is principally due to the fact that volume-area relationships are often developed for small 

reservoirs of larger sizes, typically small dams which lead to the typical triangular shape of the 

storage volume.  

 

 

Figure 7. Comparison of volume-area relationships with dataset values 

 

Alternatively, the volume of farm ponds is often estimated by also adding the height and slope 

variables and assuming a regular geometric shape. Following the example of Ouyang et al. 

(2017), a trapezoidal shape is assumed and, for sake of simplicity, an inverted truncated pyramid 

with square surfaces (see Figure 8).  

𝑉𝑁𝐵𝑆 𝐶 = 𝑓(ℎ, 𝐴, 𝛼, 𝜙, 𝑉𝑠𝑖𝑙𝑡) 

𝐴𝑏𝑜𝑡𝑡𝑜𝑚 =  𝜙 (√𝐴𝑡𝑜𝑝 − 2
ℎ − ℎ𝑠𝑒𝑑

tan 𝛼
)

2

 

𝑉𝑁𝐵𝑆 =
(𝐴𝑡𝑜𝑝 + 𝐴𝑏𝑜𝑡𝑡𝑜𝑚 + √𝐴𝑡𝑜𝑝 ∙ 𝐴𝑏𝑜𝑡𝑡𝑜𝑚) ∙ (ℎ − ℎ𝑠𝑒𝑑)

3
 

Where: 

— ℎ  height 

— ℎ𝑠𝑒𝑑  height of the accumulated sediment 

— 𝐴𝑡𝑜𝑝 top surface area 

— 𝐴𝑏𝑜𝑡𝑡𝑜𝑚 bottom area 

— 𝛼  side slope 

— 𝜙  NBS porosity 

— 𝑉𝑠𝑖𝑙𝑡  lost volume due to siltation 
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 Figure 8. Simplified shape of the farm pond 

The goodness of the estimate of the farm pond volume is reported in Table 31, comparing the 

most suitable relationships from literature with the volumes estimated assuming the regular 

truncated pyramidal shape with different side slopes; the heights of accumulated sediment are 

neglected in this phase. As visible, all the literature relationships underestimate the volume 

calculated from the area. The best assumption is that of a farm pond with a slope of 1:1, in 

agreement with some literature cases (Alvarez et al 2008; Ueno et al., 2019). Smoother slopes 

(1:3, 1:5), instead, lead to errors comparable to literature relationships. This confirms that farm 

ponds are usually optimised to store as much runoff as possible, with less attention to other NBS 

benefits suitable for shallower slopes (e.g. biodiversity).  

Table 31. Percentage errors of different volume-area relationships 

 V(A) 2018 

Ibrahim 

V(A)  

2009 

Annor  

V(A)  

2012 

Rodrigues  

V(A) 

2008 

Roost 

V(A, 𝜶) 

Trunc. 

Pyr.  

1:1 

V(A, 𝜶) 

Trunc. 

Pyr.  

1:3 

V(A, 𝜶) 

Trunc. 

Pyr.  

1:5 

Mean -53% -87% -39% -47% 10% -21% -28% 

Standard 

dev. 

30% 9% 30% 35% 34% 29% 36% 

Min -82% -95% -73% -79% -41% -56% -71% 

Percentile 

0.25 

-64% -93% -58% -59% -20% -40% -54% 

Percentile 

0.50 

(Median) 

-60% -90% -46% -55% 2% -31% -45% 

Percentile 

0.75 

-53% -85% -34% -49% 24% -2% -8% 

Max 37% -61% 36% 56% 78% 50% 42% 

n° 

samples 

24 24 24 23 22 22 22 

 

On the basis of literature and of the dataset values, the average design parameters for each 

NBS C category were chosen and are summarised in Table 32. Below are the assumptions made 

to select the chosen values: 

— The literature on managed aquifer recharge (MAR) resulted less rich, with few applications 

of ponds on the scale of our interest (e.g. Teatini et al., 2015). However, in accordance with 

the approaches used to identify suitable areas for NBS for rainwater harvesting in agricultural 

areas done by Singh et al. (2017) and Kumar et al. (2017), farm pond areas can also be 

suitable to become an infiltration pond, if the infiltration characteristics of the area are 

suitable. Therefore, infiltration ponds of the same size as farm ponds were assumed. 
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— The height of shallow storage ponds was chosen equal to the median value obtained from 

the dataset of farm ponds, i.e. 2.5 m. 

— The height of deep storage ponds was chosen in accordance with the highest value registered 

in the farm ponds dataset (75th percentile, 3.4 m – maximum value, 8.1 m), and is assumed 

equal to 5 m. 

— The height of the infiltration pond was assumed to be lower in comparison to farm ponds to 

limit the compaction of the bottom surface (Bouwer 2002; Jódar-Abellán et al., 2017), 

assumed equal to 1 m. 

— The wetland for pre-treatment was assumed to be a free water surface (FWS) system; FWS 

used for event-driven stormwater runoff are usually designed with alternating deep and 

shallow areas varying from 0.2 to 1.0 m (Kadlec and Wallace, 2009); a typical value of 0.8 

m is assumed, to consider a deeper area to enhance the sedimentation capacity.  

— It was assumed that there are no plants within the ponds. 

— The apparent porosity of the wetland was assumed equal to 0.8 to consider the plants 

volume, in agreement with literature values for FWS systems (Crites et al., 2006). 

— The apparent porosity of the trees was assumed equal to 0.9 to consider the plants volume 

— The slopes of the ponds were assumed in accordance with those that best fit the dataset of 

farm ponds, i.e. 1:1. 

— In order to better support biodiversity, slopes of pre-treatment wetlands were assumed to 

be gentler in comparison to ponds, i.e. 1:3. 

— The infiltration wooded areas were considered a more naturalistic area with very gentle 

slopes, assumed equal to 1:5. 

— No siltation effect was considered, neither for NBS with pre-treatment stage nor for NBS with 

single pond and high infiltration rate (C2.1). 

— The siltation effect was assumed considering an average growth of sediment height per the 

number of years considered. A dedicated dataset was developed by reviewing the available 

literature to estimate the siltation characteristics of farm ponds (see Attachment 5). The 

results are summarised in Table 33. 

 

Table 32. Dimensional parameters chosen for each NBS category 

NBS C  

category 

Description Height – 
𝒉 

(m)  

Side slope – 
𝜶 

(°)  

NBS 

porosity 

𝝓 (-)  

Siltation 

C1.1.1 Storage pond (shallow) 2.5 45° (1:1) 1 yes 

C1.1.2 Storage pond (deep) 5 45° (1:1) 1 yes 

C1.2.1 Pre-treatment pond  1 negligible 1 - 

 Storage pond (shallow) 2.5 45° (1:1) 1 no 

C1.2.2 Pre-treatment pond 1 negligible 1 - 

 Storage pond (deep) 5 45° (1:1) 1 no 

C1.3.1 Pre-treatment wetland 0.5 negligible 0.8 - 

 Storage pond (shallow) 2.5 45° (1:1) 1 no 

C1.3.2 Pre-treatment wetland 0.5 negligible 0.8 - 

 Storage pond (deep) 5 45° (1:1) 1 no 

C2.1.1 Infiltration Pond (high 

infiltration) 

1 45° (1:1) 1 no 

C2.1.2 Infiltration Pond (low 

infiltration) 

1 45° (1:1) 1 yes 

C2.2 Pre-treatment pond 1 negligible 1 - 

 Infiltration pond (high 

infiltration) 

1 45° (1:1) 1 no 

C2.3 Pre-treatment wetland  0.5 negligible 0.8 - 
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NBS C  

category 

Description Height – 
𝒉 

(m)  

Side slope – 
𝜶 

(°)  

NBS 

porosity 

𝝓 (-)  

Siltation 

 Infiltration pond (high 

infiltration) 

1 45° (1:1) 1 no 

C2.4 Infiltration wooded area 1 11° (1:5) 0.9 yes 

 

Table 33. Statistical analysis of physical and dimensional parameters regarding sediment trapping of 
farm ponds. Data from : Ambati et al. (2011), Brainard and Fairchild (2012), and Verstraeten and Poesen 
(2002). 

 Storage volume 

loss 

(%/year) 

h sed 

(cm/y)  

dry bulk density 

sediment 

(t/m3)  

Trapping 

efficiency 

(%) 

Mean 0.71% 1.39 1.13 59% 

Standard dev. 0.54% 0.50 0.17 19% 

Min 0.03% 0.72 0.78 10% 

Percentile 0.25 0.28% 1.03 0.95 54% 

Percentile 0.50 

(Median) 0.60% 1.52 1.13 62% 

Percentile 0.75 1.03% 1.67 1.29 68% 

Max 1.77% 2.07 1.35 100% 

n° samples 16 7 21 21 

 

2.1.3.3 Runoff  

In accordance with several works related to suitability maps for rainwater harvesting (e.g., De 

Winnaar et al., 2007; Ramakrishnan et al., 2009; Kadam et al., 2012; Jha et al., 2014; Napoli 

et al., 2014; Buraihi and Shariff, 2015; Mahmoud and Tang, 2015; Nagarahan et al., 2015; 

Rejani et al., 2017; Kumar et al., 2017; Singh et al., 2017; Singhai et al., 2019), the SCS-CN 

method was used to estimate runoff from areas without NBS (𝐴𝑁𝑂 𝑁𝐵𝑆). The SCS-CN can be seen 

as a simple large scale “proxy”, such as the one of interest for the study, to correlate the potential 

runoff of an area to its landscape and climate features. Interestingly, the SCS-CN was also used 

as a method to identify suitable sites for either accumulation (NBS C1) or infiltration (NBS C2) 

of harvested rainwater by both Kumar et al. (2017) and Singhai et al. (2019), confirming the 

suitability of the SCS-CN method for the aim of the study. 

Following the simplification assumed by Kumar et al. (2017) and the results of Napoli et al. 

(2014), the runoff depth (𝑄), in mm/event, is calculated as follows 

𝑄 =
(𝑃 − 0.2 𝑆)2

(𝑃 + 0.8 𝑆)
 

𝑃 >  0.2 𝑆 

𝑄 = 0 𝑃 ≤  0.2 𝑆 

 

 

Where 

— 𝑃 rainfall depth, in mm/event 

— 𝑆 retention value, in mm/event 

 

The retention value,𝑆, represents the maximum potential retention before the runoff begins, and 

is calculated as follows 
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𝑆 =
25400

𝐶𝑁
− 254 

Where 𝐶𝑁, the curve number, is a dimensionless run-off index function of landscape features, 

i.e. hydrological soil group and land use. The indications on CN values in function of land use 

and hydrological conditions are reported in Kumar et al. (2017). 

Alternatively, FAO guidelines for rainwater harvesting in agricultural areas propose the following 

simplified approach to estimate annual runoff as follows 

𝑄 = 𝑟𝑢𝑛𝑜𝑓𝑓 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 ∙  𝑃𝑦 

where 𝑃𝑦 is the annual precipitation (mm/year) and the runoff coefficient is selected according 

to land use and annual precipitation as follows 

Table 34. Runoff coeffients function of land use and annual precipidation. FAO (2014)  

Land use Runoff coefficients 

 𝑷𝒚 = 𝟐𝟎𝟎– 𝟓𝟎𝟎 𝐦𝐦/𝐲 𝑷𝒚 =  𝟓𝟎𝟎– 𝟏𝟎𝟎𝟎 𝐦𝐦/𝐲 𝑷𝒚 = 𝟏𝟎𝟎𝟎– 𝟏𝟓𝟎𝟎 𝐦𝐦

/𝐲  

Concrete 0.75–0.85 0.75–0.90 0.80–0.90 

Cement tile 0.65–0.80 0.70–0.85 0.80–0.90 

Clay tile (machine-

made) 

0.40–0.55 0.45–0.60 0.50–0.65 

Clay tile (handmade) 0.30–0.40 0.35–0.45 0.45–0.60 

Masonry in good 

condition 

0.70–0.80 0.70–0.85 0.75–0.85 

Asphalt paved road in 

good condition  

0.70–0.80 0.70–0.85 0.75–0.85 

Dirt road, courtyard 0.15–0.30 0.25–0.40 0.35–0.55 

Cement soil 0.40–0.55 0.45–0.60 0.50–0.65 

Bare plastic film  0.85–0.92 0.85–0.92 0.85–0.92 

Plastic film covered 

with sand/soil 

0.30–0.50 0.35–0.55 0.40–0.60 

Natural slope (rare 

vegetation) 

0.08–0.15 0.15–0.30 0.30–0.50 

Natural slope (rice 

vegetation) 

0.06–0.15 0.15–0.25 0.25–0.45 

 

Once the runoff depth is known, the runoff volume 𝑅 entering in the NBS is calculated as 

𝑅 = 𝑄 𝐴𝑁𝑂 𝑁𝐵𝑆 

2.1.3.4 Infiltration 

Infiltration affects both storage NBS (C1), as loss, and infiltration NBS (C2), as potential capacity 

to recharge the aquifer. Therefore, two different simplified approaches were considered for the 

two different groups of NBS. 

For MAR systems (NBS C1) the hydraulic loading rate (HLR) concept, i.e. the long-term 

average infiltration capacity, was used to evaluate infiltration, rather than the conventional 

infiltration rate estimations, such as Darcy’s law (Bouwer 2002; Jódar-Abellán et al., 2017; 

Maliva 2019). Indeed, the HLR accounts for seasonal variability in dry and wet periods as well 

as changes in infiltration rate conditions throughout the year. For sake of simplicity, fixed values 

of HLRs were assumed in function of soil texture and are summarised in Table 36, in which the 

HLRs are also compared with the saturated hydraulic conductivities estimated by the recent work 

of García-Gutiérrez et al. (2018). Firstly, the median value of saturated hydraulic conductivities 

from García-Gutiérrez et al. (2018) agrees well with typical ranges reported in literature for 

infiltration coefficients (Bettes 1996). Secondly, Bouwer (2002) provides the HLR only for coarse 

textured soils, considered suitable for MAR systems. The soil textures indicated by Bouwer 

(2002) are in agreement with the infiltration rate threshold assumed in studies regarding 
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suitability maps for MAR system, with the minimum value equal to 25 cm/d as reviewed by 

Sallwey et al., (2019). Assuming an equal threshold value in developing the favourability map 

of NBS C2, the infiltration rate capacity is calculated as a function of the HLR as follows 

𝐼𝑁𝐵𝑆 𝐶2 =   
𝐴𝑁𝐵𝑆 𝐻𝐿𝑅

𝐹𝑐

 

Where: 

— HLR9 is function of the soil texture and is equal to 

o 30 m/y, sandy loam 

o 100 m/y, loamy sand and silt 

o 300 m/y, sand 

— 𝐹𝑐 is a dimensionless clogging factor 

 

Infiltration rates in MAR systems are affected by clogging, which can be due to physical, chemical 

and biological processes (Bouwer 2002; Jódar-Abellán et al., 2017; Maliva 2019). However, 

proper pre-treatment stages (C2.3 and C2.4) or maintenance activities (C2.1) are considered to 

be able to recover the design infiltration capacity. On the other hand, some NBS C2 here 

considered assume a more naturalistic environment, with unmanaged clogging (C2.2 and C2.5), 

in order to promote other NBS side-benefits, such as biodiversity. Unfortunately, the reduction 

of the infiltration rate due to clogging in full scale surface infiltration systems has been scarcely 

reported in literature (Maliva 2019). Therefore, a simplified approach was needed to account for 

the clogging effect, assuming the clogging factors (see Table 35) in agreement with the safety 

factors proposed by (Bettes 1996) for infiltration system design. 

 

Table 35. Clogging factors assumed for the different MAR NBS, by Bettes (1996) 

NBS C 

category 

Description Clogging factor, 
𝑭𝒄 

C2.1.1 Infiltration Pond (high infiltration) 1 

C2.1.2 Infiltration Pond (low infiltration) 10 

C2.2 Pre-treatment pond + Infiltration pond (high 

infiltration) 

1 

C2.3 Pre-treatment wetland + Infiltration pond (high 

infiltration) 

1 

C2.4 Infiltration wooded area 10 

 

Table 36. Comparison of hydraulic loading rates (HLRs) of MAR systems with saturated hydraulic 
conductivities from literature, function of soil texture. Values in red are those lacking in the original 

reference and assumed for this study. Green cells show soil textures with a median saturated hydrulic 

                                           
9 HLR for other soil textures are not defined, since other soil textures are excluded because they were considered 

unsuitable for MAR systems during the favourability map development (constraint maps) 
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conductivity higher than the constrain value for suitability of MAR systems (25 cm/d – Sallwey et al., 

2019), while red cells indicate soil texture with lower values. 

 Bower (2002) Garcia-Gutierrez et al.  (2018)* Bettes (1996) 

 HLR  Sat. hydr. cond. (median) Infiltr. Coeff. 

 (m/y)  (cm/h) (cm/d) (m/s) (m/s) (m/s) 
  min max     min max 

clay    0.16 3.84 4.44E-07  3.00E-08 
clay loam    0.22 5.28 6.11E-07   
silty clay    0.25 6.00 6.94E-07   
silty clay loam    0.34 8.16 9.44E-07 1.00E-08 1.00E-06 
sandy clay    0.41 9.84 1.14E-06   
sandy clay loam    0.5 12.00 1.39E-06 1.00E-10 1.00E-07 

loam    0.72 17.28 2.00E-06 1.00E-07 5.00E-06 
silt loam    0.69 16.56 1.92E-06 1.00E-07 1.00E-05 
sandy loam 30  1.1 26.40 3.06E-06 1.00E-07 1.00E-05 
loamy sand 100  5 120.00 1.39E-05 1.00E-04 3.00E-05 

silt 100  5.21 125.04 1.45E-05   
sand 300 500 23.95 574.80 6.65E-05 1.00E-05 5.00E-05 

* Among the 19121 soils considered in the study 

 

Storage NBS (C1) are commonly waterproofed in developed countries, avoiding infiltration. 

However, if the NBS is implemented in an area with poor infiltration capacity, typically with a 

high percentage of clay, waterproofing can be done by compacting the clay itself. Therefore, the 

infiltration rate of storage NBS is assumed as follows 

  
𝐼𝑁𝐵𝑆 𝐶1 =   𝐴𝑁𝐵𝑆 𝑞 

Where 𝑞10 is the infiltration rate, which is estimated in function of soil texture and equal to 1.0 

x 10-9 m/s, for clay soil texture, value from monitored seepage of a wetland waterproofed with 

compacted clay (Kadlec and Wallace, 2009). 

 

2.1.3.5 Evaporation and Evapotranspiration 

Evaporation and evapotranspiration are calculated as a function of potential evapotranspiration, 

ET0 and a correction coefficient, which can be a crop coefficient for vegetated NBS or an 

evaporation coefficient for non-vegetated NBS. This is a common approach used to estimate 

losses due to evaporation and evapotranspiration, as also done by Wisser et al. (2010) in the 

estimation of farm ponds on a worldwide scale. The evapotranspiration losses of NBS are 

calculated as follows 

𝐸𝑇𝑁𝐵𝑆 =   𝐴𝑁𝐵𝑆 𝑘𝑝 𝐸𝑇0 

Where 𝑘𝑝 is the dimensionless evapotranspiration loss coefficient. Although the climatic and 

seasonal variability of 𝑘𝑝 is well-known, especially for constructed wetlands and willow systems 

(e.g., Kadlec and Wallace, 2009; Papaevangelou et al., 2012; Frédette et al., 2019)11, it was 

preferred, for sake of simplicity, to neglect this variability, since climatic and seasonal variability 

in evapotranspiration rates is already well represented by 𝐸𝑇0. Therefore, constant annual 

average values are assumed for 𝑘𝑝, varying them only in function of the NBS type: 

— 0.6 (evaporation only) for ponds (Wisser et al., 2010) 

— 1.5 (evapotranspiration) for surface flow wetlands (Kadlec and Wallace, 2009) 

— 2.5 (evapotranspiration) for wooded areas (Frédette et al., 2019) 

                                           
10 q for other soil textures are not defined, since NBS for storage implemented on other soil textures are assumed to be 

waterproofed with plastic liners 
11 Higher average values of 𝑘𝑝 are commonly reported for Mediterranean countries that are warmer than temperate 

ones, and in summer seasons.  
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2.1.3.6 Simplified water budget: definition of droughts and flood mitigation 

performance 

A simplified water budget was defined for each categorised NBS, on the basis of simplified 

assumptions used to estimate the following NBS droughts performance: 

— Storage NBS (C1): volume available for emergency irrigation during drought periods 

— Infiltration NBS (C2): annual infiltrated volume of intercepted runoff 

The water budget of storage NBS (C1) was solved assuming that: 

— The drought period lasts 1 month, i.e. considering neither runoff nor precipitation during the 

month, but only evaporation losses  

— The typical NBS to catchment watershed ratio of farm ponds allows for a full NBS storage 

volume before the beginning of the drought period, i.e. the runoff from the months preceding 

the drought period are sufficient to fill the NBS storage volume, which is small in comparison 

to the annual precipitation falling onto the harvested catchment. The NBS storage volume is 

used for emergency irrigation in the event of severe drought events in the summer. This 

assumption is in agreement with the role of farm ponds in developed countries (e.g., Wisser 

et al., 2010; Alvarez et al., 2009) 

Consequently, the drought mitigation performance indicator of NBS C1, i.e. the volume available 

for emergency irrigation during drought periods, is calculated as follows,  

𝑉𝑑𝑟𝑜𝑢𝑔ℎ𝑡,𝑁𝐵𝑆 𝐶1 = 𝑉𝑠𝑡𝑜𝑟𝑎𝑔𝑒,𝑝𝑜𝑛𝑑 − max[𝐸𝑇𝑁𝐵𝑆,𝑠𝑡𝑜𝑟𝑎𝑔𝑒 𝑝𝑜𝑛𝑑,𝑚] − 𝐼𝑁𝐵𝑆 𝐶1,𝑚 

Where: 

— 𝑉𝑠𝑡𝑜𝑟𝑎𝑔𝑒,𝑝𝑜𝑛𝑑 is the volume of the storage pond, calculated with the methodology provided in 

section 2.1.3.2; pre-treatment volumes (NBS C1.2 and C1.3) are neglected 

— 𝐸𝑇𝑁𝐵𝑆,𝑠𝑡𝑜𝑟𝑎𝑔𝑒 𝑝𝑜𝑛𝑑,𝑚 is the monthly evaporation/evapotranspiration calculated with the  

methodology provided in section 2.1.3.5; the maximum monthly 

evaporation/evapotranspiration is assumed, leading to solve the simplified water budget in 

the most stressful condition expected for the NBS 

— 𝐼𝑁𝐵𝑆 𝐶1,𝑚 is the water lost by infiltration in a month; this value is considered only for non-

waterproofed storage ponds 

 

The water budget for infiltration NBS (C2) was based on the following assumptions: 

— Infiltration NBS receives the runoff from the grid area 𝐴𝑁𝐵𝑆 all year round, assuming that the 

height of the infiltration basin is suitable to buffer most of the runoff generated per rain event 

— Precipitation and evaporation/evapotranspiration are not considered, since they can be 

considered negligible in comparison to the infiltration capacity of the NBS. This assumption 

is considered valid, since infiltration NBS are constrained to soils with high infiltration rates 

— The NBS infiltrate all the intercepted runoff in function of the annual hydraulic loading rate, 

independently from the available NBS volume. This assumption considers that the hydraulic 

loading rate of the MAR system already accounts for the inability to infiltrate all the generated 

runoff, on an annual scale, due to the stochastic variability of rain events, in terms of both 

intensity and frequency 

Therefore, the drought mitigation performance indicator of NBS C2, i.e. the annual infiltrated 

volume of intercepted runoff, is calculated as follows, 

𝑅𝑦 ≥ 𝐼𝑁𝐵𝑆 𝐶2,𝑦 

𝑅𝑦 < 𝐼𝑁𝐵𝑆 𝐶2,𝑦 

𝑉𝑑𝑟𝑜𝑢𝑔ℎ𝑡,𝑁𝐵𝑆 𝐶2 = 𝐼𝑁𝐵𝑆 𝐶2,𝑦  

𝑉𝑑𝑟𝑜𝑢𝑔ℎ𝑡,𝑁𝐵𝑆 𝐶2 = 𝑅𝑦 
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Where: 

— 𝑅𝑦 is the annual runoff of 𝐴𝑁𝑂 𝑁𝐵𝑆, calculated with the methodology provided in section 2.1.3.3 

— 𝐼𝑁𝐵𝑆 𝐶2,𝑦 is the annual infiltration capacity of the infiltration NBS, calculated with the 

methodology provided in section 2.1.3.4 

 

2.1.3.7 Summary of the features of the proposed simplified approach 

A simplified approach was proposed, based on the categorisation of NBS C and on expert-based 

assumptions. The methodologies selected to calculate the different items necessary for the 

resolution of the water budget allow to properly account for landscape, climate and design 

variables (Table 37), permitting an easy extrapolation on a European scale for the construction 

of favourability and opportunity maps.  The categorisation of NBS C also made it possible to 

solve simplified water budgets to estimate the NBS performance, considering a limited number 

of water budget items for different NBS, as summarised in Table 38. 

  

Table 37. Water budget items and considered variables 

 Variables and 

methods 

Lands. Clim. Design References 

V Trapezoidal shape 

Area NBS 

Slope 

Height 

Vegetation volume 

Siltation  

  x Alvarez et al. (2008); Ouyang et al. 
(2017); Ueno et al. (2019); Bouwer 
(2002); Jódar-Abellán et al., (2017); 
Verstraeten and Poesen (2002) 

R SCS-CN method 

Area no NBS 

Precipitation 

Soil type 

Soil use 

x x  Singhai et al., 2019; Singh et al., 2017; 
Kumar et al., 2017; Rejani et al., 2017; 
Nagarahan et al., 2015 and others 

P Monthly precipitation 

Area NBS 

 x x  

ET Monthly reference 
evapotranspiration 

Area NBS 

Vegetation 

 x x Wisser et al. (2010) 

Kadlec and Wallace (2009) 

Frédette et al. (2019) 

I Area NBS 

Soil texture 

Clogging 

x  x Bouwer (2002) 

Bettes (1996) 

 V = volume; R = runoff; P = precipitation; ET = evapotranspiration; I = infiltration 
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Table 38. Items of the water budget considered for each NBS category 

NBS C  

category 

Description V R P ET I 

NBS C1 – Storage 

C1.1.1 Storage pond (shallow) x   x x 

C1.1.2 Storage pond (deep) x   x x 

C1.2.1 Pre-treatment pond  neglected 

 Storage pond (shallow) x   x x 

C1.2.2 Pre-treatment pond neglected 

 Storage pond (deep) x   x x 

C1.3.1 Pre-treatment wetland neglected 

 Storage pond (shallow) x   x x 

C1.3.2 Pre-treatment wetland neglected 

 Storage pond (deep) x   x x 
NBS C2 – Infiltration (MAR)  

C2.1 Infiltration Pond (high infiltration)  x   x 

C2.2 Infiltration Pond (low infiltration)  x   x 

C2.3 Pre-treatment pond neglected 

 Infiltration pond (high infiltration)  x   x 

C2.4 Pre-treatment wetland  neglected 

 Infiltration pond (high infiltration)  x   x 

C2.5 Infiltration wooded area  x   x 
V = volume; R = runoff; P = precipitation; ET = evapotranspiration; I = infiltration 

 

2.1.4 Side benefits 

2.1.4.1 Water quality for NBS C 

The following side benefits in terms of water quality performance were considered for NBS C: 

— TSS removal, assumed for all the NBS according to median trapping efficiency from literature 

review (Table 33); 

— total nitrogen, total phosphorous, and pesticide removal, assumed only for NBS C including 

a wetland as pre-treatment (i.e. NBS C1.3 and NBS C2.3) and estimated with the same 

methodology described for NBS B (section 2.1.1 for TN and TP, section 2.1.2 for pesticides). 

2.1.4.2 Flood control  

The capacity of sparse NBS (e.g. the so-called geographically isolated wetlands) to contribute to 

reduce flood risk, has been a matter of discussion within the Scientific community. A number of 

recent works (e.g. Salazar et al., 2012; Acreman and Holden, 2013; Lane et al., 2018) have 

actually helped to clarify the role of NBS on this side benefit. Substantially, it is true that wetlands 

or buffer strips, if properly designed (see Gumiero and Boz, 2017 and Zak et al., 2019 as 

examples for buffer strips), are capable of providing significant additional retention volumes. 

However, the additional volume provided is only significant for frequent rain events (maximum 

return time 2-5 years), and of little relevance for extreme events (return time >30 years) usually 

subject to flood protection policies12. This does not mean that NBS designed for flood protection 

cannot be multipurpose: for instance, big retention basins for flood protection can include a 

wetland for nutrient removal from the low river flow. However, this is not the scale and the 

target of the NBS here proposed; since they aim at intercepting diffuse pollution or runoff within 

the catchment, NBS must be as much widespread as possible. Accordingly, the NBS here 

proposed can give some interesting benefits to farmers in terms of flood risk, reducing the 

                                           
12 For instance, the EU Floods Directive 2007/60/EC requires the identification of flood hazard maps for three scenarios: 

P1, low probability; P2, medium probability; P3, high probability.  The most frequent flood scenario is commonly 
identified with a return time equal to 30 years in Italy, which is out of the efficacy range for the NBS targeted by 
this study. 
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disadvantages driven by rain events with short return times; for this reason, the flood risk 

reduction benefit is not excluded from the proposed analysis. 

On the basis of the previous consideration, a “proxy” indicator was proposed to estimate the 

effects of NBS in terms of flood risk reduction. This proxy was the additional storage volume 

available thanks to the NBS, following a simplified approach: during high flow the water level 

throughout the NBS can rise by an additional height intended only for flood protection (i.e. not 

usable for drought mitigation purposes, for instance). This assumption is in agreement with the 

proposed approach to estimate the side benefit of flood mitigation at catchment scale for the 

analysed case studies (e.g. Feasibility Study “Nature-based solutions for climate change 

adaptation and water pollution in agricultural regions”, Lot 5: LDP in a continental environment).  

Therefore, the retaining volume for flood side benefit is calculated as follows 

𝑉𝑓𝑙𝑜𝑜𝑑 =  𝐴𝑁𝐵𝑆 ∙ ℎ𝑓𝑙𝑜𝑜𝑑   

Where ℎ𝑓𝑙𝑜𝑜𝑑 is the additional height for flood mitigation, for sake of simplicity, equal to 1 m for 

the considered NBS C, as well as for wetlands and integrated buffer strips for diffuse pollution. 

Contrarily, the flood benefit is neglected for all the NBS in which an additional volume is usually 

not considered, i.e. VDDs, buffer strips, and NBS A. 

The flood mitigation performance for low intensity rain events is estimated considering the NBS 

capacity to store, as a “proxy”, the runoff developed by a rain event with return time equal to 1 

year, as follows 

𝜂𝑓𝑙𝑜𝑜𝑑 =
𝑉𝑓𝑙𝑜𝑜𝑑

𝑅𝑃,𝑟𝑒𝑡𝑢𝑟𝑛 𝑡𝑖𝑚𝑒 1 𝑦𝑒𝑎𝑟

 

Where: 

— 𝜂𝑓𝑙𝑜𝑜𝑑 is the flood mitigation efficiency (in %) for low intensity rain events  

— 𝑅𝑃,𝑟𝑒𝑡𝑢𝑟𝑛 𝑡𝑖𝑚𝑒 1 𝑦𝑒𝑎𝑟 is the runoff volume at pixel level, calculated with the method presented in 

section 2.1.3.3, considering as precipitation the average of the maximum daily rainfall 

heights 

 

2.1.4.3 Biodiversity support  

 Habitat definition 

For what concerns biodiversity, the benefits of newly created NBS in intensive agriculture 

landscapes are well known (Gibbs 2000, Herzon and Helenius 2008; Ma 2008,  González et al. 

2016; McCracken et al 2012; Strand and Weisner 2013, Stutter et al. 2019). The recently 

published European Commission report (European Commission 2020a) states that – regarding 

NBS for agriculture – “there was little evidence on agrobiodiversity and the link to NBS (such as 

agro-ecological practices) in the reviewed research projects, but several LIFE projects made a 

significant contribution to increase biodiversity in (intensively) used farmland. This included 

restoring such farmland to valuable semi-natural habitats, agrienvironmental measures to 

restore feeding and resting areas for specific bird species, biodiversity-friendly agricultural 

practices, or measures to reduce the impact of intensive agriculture on nearby nature areas”.  

More in detail, the different NBS considered in the present study correspond to different habitat 

types (see the following table) showing different performance in providing the ecosystem service 

of “supporting biodiversity”. 

Table 39.Summary of habitat type for each NBS 

NBS Category Habitat type 

Treatment Ponds A Not significant 

Subsurface CW A Reed (or other emergent macrophite) patches; 

no aquatic habitat 

Free water CW A-B Wetland 

Vegetated Ditches B Wetland 
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NBS Category Habitat type 

Wooded Buffer Strips  B Patches/strips of Wooded habitat 

Herbaceous Buffer Strips B Not significant 

Integrated buffer strips B Wetland 

Farm (storage) ponds C Pond 

Storage Wetlands/marshes C Wetland 

Infiltration Ponds C Pond 

Infiltration 

Wetlands/marshes 

C Wetland 

Infiltration wood C Patches/strips of Wooded habitat 

 

Of the two “families” of NBS A considered (wetlands and ponds) only wetlands may provide 

some significant effect in terms of biodiversity support. The chemical conditions of treatment 

ponds do not allow colonization by plants or animals, with the exception of a few very tolerant 

organisms, not interesting for wildlife conservation.  

Moving to wetlands, subsurface systems (or reed beds, i.e. patches of Phragmites australis) 

could contribute to the landscape diversification and are an interesting habitat for many bird 

species (Gilbert et al. 2005; Benassi et al.2009), but the lack of an aquatic habitat to be colonized 

by aquatic fauna and flora provides minor benefits compared to free water wetlands. 

The availability of free water Wetland habitats is of great importance (the most important 

among the habitats created by the NBS of the present study) since about two-thirds of the 

European wetlands that existed 100 years ago have been lost 

(https://www.eea.europa.eu/publications/92-9167-205-X/page015.html). Moreover, several 

studies show the ability of restored wetlands to contribute to the conservation of rare and 

endangered species (Gibbs 2000; Strand & Weisner 2013).  

The habitat of Vegetated ditches is wetland-like but of limited extension. Its importance for 

several groups of plants and animals is well known (Rolke et al. 2018; Teurlincx et al. 2018; 

Herzon and Helenius 2008), even though their small size does not allow for all the ecological 

functions provided by larger wetlands. 

Wooded buffer strips could support biodiversity in intensive agriculture landscapes by 

providing wooded habitats hosting several species of insects, reptiles, birds and small 

mammals (Stutter et al. 2019; Hietala-Koivu 2004) while the vegetation of BS in intensive 

agriculture areas is “dominated by grasses and ruderal species” (Ma 2008), showing little interest 

for plant biodiversity. BS’ ability to support biodiversity, however, depends on the management 

practice (Hille et al 2018) and the benefit for rare or endangered species is nearly negligible, not 

comparable to that provided by NBS restoring aquatic habitats.  

The habitat opportunities offered by Herbaceous buffer strips to endangered species are very 

poor and emerge only in case of BS larger than 5 metres (Hille et al 2018; McCracken et al 

2012). It is therefore reasonable to consider the benefit of herbaceous BS as negligible in terms 

of support to biodiversity. 

The contribution of farm ponds in supporting biodiversity has been studied in southern Europe, 

highlighting a significant effect even if not comparable to free water CWs. The homogeneous and 

non-vegetated shore of farm ponds, in conjunction with their intensive management and the 

high water level variability sharply reduce the ability of farm ponds to support biodiversity 

(Gallego et al 2015; Ferreira and Beja 2013). The presence of natural-like wetlands upstream 

the pond – often used to reduce the sediment load and treat the inflow water – would obviously 

increase the capacity of the whole system to support biodiversity, thanks to the availability of a 

wetland habitat. Analogously, storage wetlands/marshes (category C) support biodiversity as 

treatment wetlands (categories A-B). 

No specific studies are available on the ability to support biodiversity of Managed Aquifer 

Recharge (MAR) techniques, however infiltration ponds and infiltration wetlands could be 

assimilated, in terms of habitat provided, to other kinds of ponds and wetlands. The creation of 

infiltration woods as a MAR technique is quite new and still rarely practised. The habitat 

provided by this solution is a patch of wet forest periodically submerged, mainly during the 

https://www.eea.europa.eu/publications/92-9167-205-X/page015.html
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winter season (from October to March). In the absence of studies on the effects of these systems 

on biodiversity, but considering that this solution creates isolated patches of wooded habitat, 

its capacity to support biodiversity could be assimilated to that of wooded buffer strips. 

Thus, to assess the potential “biodiversity support” benefits of the mentioned NBS the “capacity 

to support biodiversity” for each of the habitat types created by the NBS must be quantified: 

— Wetlands 

— Patches/strips of Wooded habitat 

— Reed patches without aquatic habitat 

— Ponds 

Among the 4 different habitat types, considering the landscape where the NBS are expected to 

be created, wetlands are the most interesting habitat type, for their intrinsic capacity to host 

rare and endangered species. The benefits provided by other habitat types will be less than those 

provided by wetlands, and consequently their capacity to support biodiversity were estimated as 

a fraction of the maximum benefit provided by the best performing wetland habitat. 

 Wetlands 

Constraints: existence of a “demand” of the new ecosystem for “biodiversity support” 

Wetlands provide the ecosystem service of supporting biodiversity in any kind of agricultural 

landscape, regardless of crop type. The importance of the ecosystem service drastically 

decreases only in the case of landscapes already rich in wetlands: thus the benefit could be 

considered negligible if in the unit area the Corine Land Cover (CLC) class 4.1 (inland wetland) 

covers more than 50% of the area. 

Quantification 

According to Gibbs (2000) and Strand and Weisner (2013), the capacity of wetlands to provide 

habitat for insects, reptiles and amphibians does not depend on their size; any wetland, even 

the smallest, can contribute to provide habitats for plants, insects, amphibians and reptiles. 

Among these taxonomic groups there is no evidence that species richness increases with wetland 

size, even though, obviously, the larger the wetland, the bigger the available habitat.  

To ease of colonization by reptiles and amphibians, however, according to Gibbs (2000) the 

newly created wetland must be located less than 500 metres from an existing water body. 

Wetlands for diffuse pollution control (category B) are generally located along or beside existing 

water courses, but wetlands for manure treatment (category A, e.g. a final FWS polishing stage) 

and those of category C may not. Thus, a possible difference between the two conditions should 

be considered. 

Moving to the role of wetlands in providing habitat for birds, Strand and Wisser (2013) – based 

on the results of the analysis done on 24 wetlands in Sweden – notes that “the maximum number 

of bird breeding species in the 24 wetlands showed positive relations with wetland size [size of 

the wetlands ranges between 0.25 and 6.1 hectares] but for wetlands smaller than 2 hectares 

no relation could be seen”. Hence, species richness appears to increase with the size of the 

wetland, for wetlands larger than 2 hectares. 

Based on such considerations, the capacity of wetlands to support biodiversity can be quantified 

by a dimensionless value per m2 consisting of 3 factors: 

A. The ability to provide habitat for plants, insects, amphibians and reptiles, which depends 

linearly on the surface of the wetland; 

B. The ease of colonization of the habitat by amphibians and reptiles, which occurs only 

when the wetland margin is located at less than 500m away from an existing water body, 

and depends linearly on the surface of the wetland and is added to factor A; 

C. The ability to provide habitat for birds, which occurs only when the wetland is larger than 

2 hectares, and depends linearly on the surface of the wetland and is added to factors A 

and B. 
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 Patches/strips of wooded habitat 

Constraints: existence of a “demand” of the new ecosystem for “biodiversity support” 

The biodiversity support operated by this kind of newly created habitat could be considered 

negligible in already diverse landscapes, for the presence of a mosaic of cultivated and natural 

areas, as is the case of the following 3 CLC classes:  

2.4.2 Complex cultivation patterns 

2.4.3 Land mainly occupied by agriculture, with significant areas of natural vegetation 

2.4.4 Agro-forestry areas 

Therefore, the benefit could be considered negligible if in the unit area the 3 CLC classes above 

cover more than 50% of the pixel. 

Quantification 

For the considerations reported above, the benefit for biodiversity of Strips or patches of wooded 

habitat could be estimated as 30% of the maximum benefit provided by a large wetland. 

Therefore, the benefit could be quantified as 0.30 of biodiversity value (variable from 0 to 1) per 

m2. 

 

 Reed Patches 

Constraints: existence of a “demand” of the new ecosystem for “biodiversity support” 

There is no specific constraint for this type of habitat. It can deliver biodiversity support services 

in any area of interest of the present study. 

Quantification 

Reed bed habitat (also known as Phragmition) is listed in the annex I of the habitat of European 

interest (even though not considered a “priority” habitat). Therefore, it is a valuable habitat 

hosting several species of rare and endangered bird species but, according to Benassi et al 

(2009) patches sized less than 10.000 m2 are too small to host breeding couples of marshland 

specialists such as, Ixobrychus minutus, Acrocephalus scirpaceus and Acrocephalus 

arundinaceus. To fully support rarer and endangered species, the newly created habitat should 

have “a size greater than 10 ha with a patchy mosaic of reed beds, open waters, and other edge 

features”, a condition typical of FWS wetlands. 

Considering that this habitat type is referred to NBS A (subsurface flow manure treatment 

wetlands) it can be assumed that most of the time the location of the NBS would not allow to 

fully deliver its potential ecological service to support biodiversity and certainly the best 

conditions mentioned above for the FWS wetlands would not occur. However, systems larger 

than 10.000 m2 could certainly provide an interesting habitat for birds.   

The benefit for reed bed could be considered negligible for NBS smaller than 10.000 m2 and – 

for system larger than that – it could be estimated as 20% of the maximum benefit provided by 

a large wetland. Therefore, the benefit could be quantified as 0.20 of thebiodiversity value 

(variable from 0 to 1) per m2. 

 

 Ponds 

Constraints: existence of a “demand” of the new ecosystem for “biodiversity support” 

As for the wetlands. 

Quantification 

For the consideration reported above, the benefit for biodiversity of the pond habitat could be 

estimated as 30% of the maximum benefit provided by a large wetland. Therefore, the benefit 

could be quantified as 0.30 of the biodiversity value (variable from 0 to 1) per m2. 
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2.1.4.4 Biomass-driven benefits 

A number of side-benefits of the proposed NBS are linked to the provision of ecosystem services 

related to the production of biomass. Therefore, biomass-driven benefits discussed here are 

assumed null for pond NBS. 

 Biomass estimation for NBS 

Among the set of proposed NBS, two different types of biomass can be identified: 

— Aquatic plants in wetlands (NBS A, NBS B1, pre-treatment in NBS C1.3 and C2.3) and 

vegetated drainage ditches (NBS B2) 

— Trees in buffer strips (NBS B3) and wooded infiltration areas (NBS C2.4) 

For sake of simplicity, the two types of biomass are estimated, as “proxies”, on the basis of the 

following assumptions (see Table 40): 

— Two typical plant species for each of the two types of biomass were selected and averaged 

to obtain a mean value for each type according to literature evidence  

— Despite the higher biomass production (Avellán and Gremillion, 2019), both A. donax and C. 

papyrus were neglected, the former because it is considered a dangerous weed across whole 

Europe and the latter because it is a typical plant of tropical climates 

— Two species typically used in riparian buffer strips were selected as representative of wood 

biomass, among the many available for short rotation forestry (Christen and Dalgaard, 2013) 

— Only above-ground biomass in terms of dry weight (d.w.) is considered 

— Floating and submerged plants in FWS wetland are neglected, i.e. only biomass from 

emergent plants is considered for wetlands 

 

Table 40. Above-ground biomass values for different types of plants 

Type of 

plant 

Species Age of max. 

biomass 

growth 

Above-ground 

biomass production at 

max. growth 

HHV** Ash** 

  (years) (gd.w./m2) (MJ/kgd.w.) (%) 

Wetland 

plants 

Phragmites 

spp. 

1 1168* 18.3 6.0 

 Typha spp. 1 1343* 18.9 7.4 

 Mean 1 1255 18.6 6.7 

Trees      

 Alnus 

glutinosa 

15 11400***   

 Fraxinus 

excelsior 

40 18800***   

 Wood   18.6 1.0 

 Mean 28 15100 18.6 1.0 
*   Avellán and Gremillion (2019). Median value. n° 286 samples for Phragmites spp. and n° 217 for Typha spp. 
**   Avellán and Gremillion (2019). Dry raw material 
***  Christen and Dalgaard (2013) 

 

The amount of produced biomass is calculated as follows 

𝐵𝑖𝑜𝑚𝑎𝑠𝑠𝑁𝐵𝑆 = 𝑚𝑒𝑎𝑛 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 ∙  𝐴𝑁𝐵𝑆 ∙  𝑐𝑏𝑖𝑜𝑚𝑎𝑠𝑠,𝑁𝐵𝑆  
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Where 𝐴𝑁𝐵𝑆 is the area of the NBS and 𝑐𝑏𝑖𝑜𝑚𝑎𝑠𝑠,𝑁𝐵𝑆 is the biomass coverage coefficient of the NBS, 

which is equal to 1 for trees and subsurface flow wetlands, and 0.713 for FWS wetlands. 

 Biomass as carbon stock (climate change mitigation) 

Despite both CWs (Mander et al., 2014; Maucieri et al., 2017) and buffer strips (Vidon et al., 

2019) are known to be source of GHGs such as methane (CH4) or nitrous oxide (N2O), these 

ecosystems commonly remain a net sink of CO2e mainly due to the carbon sequestration 

capacity of the newly produced biomass (Mitch et al., 2013; de Klein and van der Werf, 2014; 

Maucieri et al., 2017; Cole et al, 2020). Therefore, (aboveground) biomass is assumed as a 

“proxy” of climate change mitigation ecosystem service of the proposed NBS, also in agreement 

with the recent report on NBS for Climate Mitigation of the European Commission (2020b). 

Carbon stock is calculated in CO2 equivalent (CO2e) from biomass according to the following 

approach proposed by de Klein and van der Werf (2014) 

𝐶𝑂2𝑒 = 𝑏𝑖𝑜𝑚𝑎𝑠𝑠𝑁𝐵𝑆 ∙ 𝑐1 ∙ 𝑐2 

Where 𝑐1 and 𝑐2 are conversion factors taken from De Klein and van der Werf (2014) and equal 

to 0.44 gC/gd.w. and 3.7 gCO2e/gC, respectively. Therefore, the biomass is calculated at the ages 

of max. biomass, which are taken from the mean values reported in Table 40, i.e. equal to 1 

for wetland plants14 and 28 for trees. 

 Biomass as energy source 

Following the methodology proposed by Avellán and Gremillion (2019), the energy value of the 

NBS biomass is estimated by calculating the high-heating value (HHV), i.e. a way to estimate 

the energy value for direct combustion, expressed as energy yield with units of energy per unit 

mass. The values selected for the different types of biomass are reported in Table 40. Therefore, 

the energy side-benefit is calculated as follows 

𝐸𝑛𝑒𝑟𝑔𝑦 =
𝑏𝑖𝑜𝑚𝑎𝑠𝑠𝑁𝐵𝑆

𝑎𝑔𝑒 𝑜𝑓 𝑚𝑎𝑥. 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝑔𝑟𝑜𝑤𝑡ℎ
∙ 𝐻𝐻𝑉 ∙ 20 

Contrarily to biomass for carbon stock benefit, the energy benefit is calculated for an equal time 

span for both wetlands and trees, assumed equal to 20 years15. All the effect on HHV related to 

different pre-treatments of the raw material (e.g. chopping) or to different energy reuse (e.g. 

biogas) are neglected, for sake of simplicity. In other words, the “proxy” used to evaluate the 

energy value of the biomass is independent of the energy reuse chain16. In order to allow a 

proper mechanization of harvesting operations, buffer strips must have a minimum width of 5 

m in case of biomass use for energy purposes (Ferrarini et al.; 2017). 

                                           
13 The ratio between area with emergent vegetation and open water (or area planted with floating or submerged species) 

can vary in FWS, depending on the different objectives of the wetlands. Here, an average single value of 70% was 
assumed according to those suggested by Kadlec and Wallace (2009) for FWS targeting water pollution control, 
since higher ratios have not shown beneficial effects in terms of treatment performance and could risk developing 
excessive Lemna spp (high nutrient content in treated ww). Even if a lower ratio could be more beneficial for 
biodiversity support and less for biomass production, a constant value is here assumed in order to limit the number 
of variables for the NBS typology classification.  

14 Following a conservative assumption, the carbon stock capacity of the wetland plant is considered for only one year. 
Therefore, this assumption does not consider, for sake of simplicity, different carbon stock performance due to 
different operational and management practices. Indeed, reed can be either harvested (typically once per year after 
2-3 years from the start-up), as usually done for subsurface flow wetlands, or left into the wetland system, where 
the biomass is estimated to decompose in about one year (Kayranli et al., 2010), leading to a complex soil C 
sequestration process in case of FWS systems, due to the lower decomposition rate of the anaerobic environment 
into the soil (Mitsch et al., 2013). If harvested, the reed stock capacity could be considered for every year (as 
assumed, for instance, by de Klein and van der Werf, 2014), greatly increasing the C stock capacity of a wetland 
system, even if a proper end-of-waste should be defined (e.g., if the harvested reed is disposed of in an incinerator, 
the C stock will be lost). To sum up, one year of accumulation of biomass for wetland plants is a reasonable 
assumption as a “proxy”, even if the full potential of CW as NBS for C sequestration could be underestimated. 

15 These assumptions consider the wetland environment capable of producing biomass for energy demand every year, 
i.e. that the O&M of reed harvesting in wetlands is done every year 

16 Many literature studies have highlighted technical issues related to a cost-effective reuse of the biomass, especially in 
terms of transportation, stock, and position of the power plants (Ferrarini et al., 2017; Avellán and Gremillion, 
2019). For sake of simplicity, these aspects are here neglected. If the opportunity map evidences a potential interest 
in the energy value of the produced biomass in a particular European region, a detailed study on the most effective 
biomass supply chain is mandatory (e.g., Recchia et al., 2010). 
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As reviewed by Avellán and Gremillion (2019), HHV is not the only aspect that defines the quality 

of a biomass for energy purposes. The ash content in case of direct combustion is also a useful 

indicator. Wetland biomass has a higher ash content than wooded biomass (Table 40), leading 

to problems in case of direct combustion such as inefficient energy production, maintenance 

problems, and respiratory health issues. Densification processes (e.g. pellet, briquettes) can 

limit the issues related to high ash content, but they will increase the cost and complexity of 

energy delivery. Therefore, ash content can be considered as a “proxy” of biomass produced for 

energetic purposes that is easy to reuse. Thus, the technical issues related to ash content is 

assessed through expert judgment based on literature evidence (Table 40); the value function 

is an ordinal value function, with a negative orientation, and is expressed by an indicator ranging 

between 0 (best performance) and 1 (worst performance), as follows: 

Technical issues related to ash content  

(from best to worst performance) 

Scores 

Tree biomass 0 

Wetland biomass 1 

 

 Climate change mitigation vs. Energy 

Both wetlands and trees are able to accumulate a significant amount of biomass. However, the 

fate of the biomass influences the different benefits. Indeed, a biomass from which energy is 

produced from direct combustion cannot provide the C stock benefit (since the stocked CO2 is 

eventually released back into the atmosphere), and vice versa. Therefore, climate change 

mitigation and energy side-benefits defined here, relying both on biomass only, must be 

considered mutually exclusive, i.e. either the biomass is considered for climate change mitigation 

or for energy production.  

 

2.1.4.5 Nuisance  

NBS in agricultural landscape, besides providing important benefits, may entail some significant 

drawbacks. Wetlands located near villages may raise concerns linked to the increase of 

mosquitos or other unwanted insects. Manure treatment ponds create problems of odor. Wooded 

buffer strips could shade portions of cultivated fields or increase the proliferation of weeds, 

reducing the crop productivity. More generally, any NBS implemented in an intensive farming 

landscape can be considered a problem for highly mechanized farming practises. 

Only recently has the acceptance of NBS been the subject of scientific sociological research, 

however most of the studies concern urban NBS (Haase et al. 2017; Anguelovski et al 2018; 

Frantzeskaki 2019). Even though the first schemes and programs to promote NBS in agricultural 

contexts to control diffuse pollution date back to the mid-1990s only in the last 15 years have 

few sociological studies been done to investigate the interest of local communities towards NBS 

and how the new rules and incentive schemes were perceived by farmers. 

Several studies just analysed the knowledge of the ecosystem services concepts and NBS among 

different social stakeholders of the rural context (Wagner 2008, Qiu et al 2014). 

Atwell et al (2009) investigated the tentative re-integration of perennial vegetation (e.g., cover 

crops, pastures, riparian buffers, and restored wetlands), in the US Corn Belt. Through the 

analysis of 33 in-depth interviews, their study indicates that the adoption of conservation 

practices is based not only on immediate profitability but also on the interaction between 

contextual factors at three distinct levels of the system: 

1. compatibility with farm priorities, profitability, practices, and technologies;  

2. community-level reinforcement through local social networks, norms, and support 

structures;  
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3. consistent, straightforward, flexible, and well-targeted incentives and regulations issued by 

regional institutions.  

Interviewees suggested that “the multiscale drivers that currently support the continued 

expansion of row crop production could be realigned with conservation objectives in landscapes 

of the future. [...] Adaptation of social actors through collaborative learning at the community 

level may be instrumental in brokering the sort of multiscale system change that would lead to 

more widespread adoption of perennial cover types in the Corn Belt”. 

Buckley et al (2012) examined the willingness of farmers to adopt buffer strips on agricultural 

land, by interviewing 247 farmers in 12 catchments (approximately 4–12 km2) in the Republic 

of Ireland. The survey was based on the proposal to install a 10 m deep riparian buffer zone on 

a five year scheme. The results from this analysis indicated that famers’ willingness to supply 

a riparian buffer zone depended on a mix of economic, attitudinal and farm structural 

factors. A total of 53% of the sample indicated a negative preference for provision. Most 

frequently farmers not willing to adopt NBS motivated their choices by saying that “the buffer 

zone would interfere with their current system of farming or had concerns around nuisance 

effects such as potential proliferation of weeds in the designated area”.  

A number of a priori independent variables could be expected to affect the probability that a 

farmer will be willing to participate in the proposed scheme, including environmental 

protection attitude, experience of agri-environment schemes, opportunity cost for 

agriculture and motivation to follow the advice of regulatory agencies.  

Unfortunately, none of the above mentioned variables can be estimated and mapped to use it 

as a “proxy” information of the possible nuisance of the NBS for the local community in a spatial 

MCA. To estimate the possible nuisance effect of the different NBS and their spatial variation, 

the expert judgement was adopted, based on the experience of the study team. In the following 

table the nuisance effect was estimated for each NBS on a scale from 0 (no nuisance) to 1 

(maximum nuisance), and possibly scaled according to spatial criteria. 

 

Table 41. Value function for nuisance expert-based evaluation 

NBS category NBS type Nuisance 
motivation 

Quantification 

A: Manure-derived 
wastewater and 
sludge 

Subsurface Constructed wetlands 
(SSF CWs) 

Odor, 
mosquitos 

0 

Free water surface (FWS) Odor, 
mosquitos 

0.3 in a buffer of 100 
m from urban 
settlements 

Waste stabilization ponds (WSP) or 

lagoons 

Odor, 

mosquitos 

1 in a buffer of 100 m 

from urban 
settlements, 

0.5 in a buffer of 500 
m from urban 
settlements 

B: Landscape 
elements for 
diffuse sources of 
pollution 

Wetlands Obstacle to 
farming 
practices 

0.2 

Vegetated ditches Obstacle to 
farming 
practices 

0.5 

Wooded linear buffer strips Obstacle to 

farming 
practices, 

0.8 



71 

NBS category NBS type Nuisance 
motivation 

Quantification 

shading, 
weeds 

Herbaceous linear buffer strips 

 

Obstacle to 
farming 
practices, 

weeds 

0.3 

C: Landscape 
elements for 
water retention 
and resilience to 

climate change 

Ponds, wetlands, marshes    

Obstacle to 
farming 
practices 

0.2 

Infiltration wood Obstacle to 
farming 
practices, 
shading 

0.3 

Detention basins Obstacle to 
farming 
practices 

0 

 

Among the different NBS the one showing the highest value (1) in the “nuisance” ranking is the 

manure waste stabilization pond located in the vicinity (in a range of 100 m) of a human 

settlement (note that country regulations limiting the possibility of building manure treatment 

systems at a given distance from settlements has not been considered). Linear NBS, such as 

buffer strips or vegetated ditches, are generally more disturbing to farming practice compared 

to areal NBS, as they interrupt the field continuity. Wooded buffer strips were estimated at 0.8 

in the nuisance ranking. A nuisance value of 0.5 has been estimated for vegetated ditches and 

for manure waste stabilization ponds located within a 500 m radius of a human settlement. Free 

water wetlands for manure wastewater treatment, herbaceous buffer strips and infiltration 

woods were estimated at 0.3. Ponds, wetlands, and marshes, both for diffuse pollution control 

and for water storage or infiltration were estimated at 0.2. Manure Subsurface Constructed 

wetlands together with any kind of manure treatment system located more than 500 m from 

human settlements and detention basins were considered fully acceptable by the local 

community (ranking 0). 

 

2.1.4.6 Landscape, amenity, microclimate enhancement, attractiveness  

NBS create new ecosystems that, beside environmental benefits, provide recreation and cultural 

values including scenic views, aesthetics, open-spaces and leisure opportunities to surrounding 

residents. The social benefits of NBS, however, depend on the ecosystem typology and the 

human community involved: wetlands, for example, are perceived as high value ecosystems by 

the urban population (Russi et Al.2013; Gao 2010) but for the rural environment the presence 

of wetlands is associated with lower residential property values (Bin and Polasky 2005). Wooded 

buffer strips, according to Borin et Al. (2010), are perceived by different kinds of interviewed 

people as an improvement to the aesthetic amenity of the landscape.   

The assessment of NBS social benefits could present a high level of uncertainty. Moreover, no 

published study on social aspects could be found (even grey papers) for some kind of NBS 

ecosystem (e.g. reed bed). Hence, a value function for the potential social benefits of NBS was 

developed in the present study, developed on the following choices and assumptions: 

— The criterion selected to quantify the social benefit of NBS is the “accessibility for 

recreation”, one of the key criteria chosen to assess socio/cultural ecosystem services by 
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the UK “National Ecosystem Assessment” (Church et al. 2017) which is also easily 

quantifiable and predictable.  

— Not all the NBS considered in the present study are interesting for recreation. Therefore, the 

“recreational” social benefit was considered negligible for the following NBS: 

o Category A NBS (ponds and wetlands): being manure treatment wetlands, they 

will most likely not be accessible to the general public; 

o Vegetated ditches: have no recreational interest 

o Herbaceous buffer strips: have no recreational interest 

— Two classes of NBS were selected: NBS creating aquatic ecosystems (all kind of wetlands 

and ponds and integrated buffer strips); NBS creating wooded habitats (wooded buffer strips 

and infiltration woods). The recreational attractiveness of aquatic ecosystems was considered 

to be greater compared to wooded habitat strips or patches: the social benefit of an 

accessible wooded habitat was considered to be 50% of the social benefit of a wetland or a 

pond. 

Most of the research done on the accessibility for recreation service concerns urban contexts 

(Grunewald et al 2017; Raymond et al. 2017) where residents expect to find recreational areas 

at a walking distance from home (300-500 m). However, the present study is focused on rural 

areas, where people living in nearby villages or urban suburbs can use areas located at longer 

distances for recreational purposes (1 Km is the minor range but even 10 km might be 

considered an accessible distance)17. Therefore,  a distance range of 2 km from the NBS can be 

considered conservative to identify the possible users of the area for recreation. 

Two attributes were adopted to assess the landscape/recreation value of the NBS: the intrinsic 

attractiveness of the NBS and the potential population P that can benefit from it because it lies 

in a suitable accessibility zone (population limited by a saturation effect). Hence the size of the 

NBS was ignored. 

Following the scheme presented by Nardini (1988), the intrinsic attractiveness therefore plays 

the role of an intensive variable, while population plays the role of an extensive variable, thus 

“abundance” and a multiplicative structure appears as a reasonable choice to represent the 

quality-abundance combination. Formally: 

 

𝑁𝐵𝑆𝑠𝑜𝑐𝑖𝑎𝑙 𝑏𝑒𝑛𝑒𝑓𝑖𝑡 = 𝑁𝐵𝑆𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐 𝑎𝑡𝑡𝑟𝑎𝑐𝑡𝑖𝑣𝑒𝑛𝑒𝑠𝑠  × 𝑎𝑏𝑢𝑛𝑑𝑎𝑛𝑐𝑒 

Where 

— 𝑁𝐵𝑆𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐 𝑎𝑡𝑡𝑟𝑎𝑐𝑡𝑖𝑣𝑒𝑛𝑒𝑠𝑠 is evaluated with an expert-based value function, relying on 

literature analysis; the value function is an ordinal value function, with a positive orientation, 

and expressed by an indicator ranging between 0 and 1, as follows: 

Intrinsic attractiveness 

(from worst to best performance) 

Scores 

None 0 

Wooded area 0.5 

Wetland area (excluded NBS A) 1 

 

— 𝑎𝑏𝑢𝑛𝑑𝑎𝑛𝑐𝑒 represents the accessibility of the area; it’s estimated with the amount of 

population that can benefit from the NBS, defined as the population living in a pre-defined 

neighboring zone (e.g. a circle determined by a parameter; or the max length of roads/trail 

                                           
17 According to the results of the analysed case studies, e.g. Feasibility Study “Nature-based solutions for climate change 

adaptation and water pollution in agricultural regions”, Lot 5: LDP in a continental environment. 
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paths leading to it from nearby urban centers), in this case assumed area with a radius of 2 

km. 

 

2.1.4.7 Managed Aquifer Recharge (MAR) in saline aquifers  

Percolation ponds are gaining more and more interest as methods of managed aquifer thanks to 

their cheapness and simplicity of construction and management, MAR systems are also 

considered among the solutions to contrast saline intrusion in coastal aquifers (Dillon 2005). 

However, based on the experience of Christy et al., 2017 and Raicy et al., 2020, who investigated 

the effect of a percolation pond positioned 3.8 km west of the Bay of Bengal, India, for the scale 

of the interventions of the farm ponds proposed in this study, negligible effects are expected on 

the quality of groundwater in coastal aquifers. Better results can be obtained with more diffuse 

solutions or different MAR methods. Therefore, in light of these observations, it was decided for 

sake of simplicity to neglect this benefit. 

 

2.2 Building of relationships for costs  

2.2.1 Methodology overview 

The construction of relationship between the dimensional parameters of the NBS (e.g. area, 

volume) and the regional parametric costs, is based on the analysis of the bill of quantity of the 

NBS analysed in the European feasibility studies18. In particular, the Hybrid CWs of the Slovenian 

feasibility study were considered for the construction of the CAPEX and OPEX equations for the 

SF, SSF, Pond and VD systems. For the buffers, the bill of quantity and maintenance costs 

present in the feasibility study regarding Lot 5 and 6 were considered. 

The aim was to create an equation between the main expenditure items for the construction of 

the NBS (e.g. excavation, embankment, filling medium, waterproofing) and the respective local 

parametric costs. The corrective coefficients C1 and C2 consider respectively the minor items 

cost and the presence of primary treatments. Costs for land acquisition and technical 

investigation and consultancy were also considered in the equation. The variables of the 

equations are: 

— Excavation; 

— Embankment; 

— Filling medium; 

— Waterproofing; 

— Land acquisition; 

— Technical investigation and consultancy. 

 

                                           
18  Synthesis centres on innovative wastewater treatment: feasibility studies in the Lower Danube - Lot1: Slovenia, 

Slovakia, Czech Republic, Hungary, Bosnia-Herzegovina, Montenegro, Croatia 
 

Feasibility study for the management of wastewater from a scout conference in the territory of Wyspa Sobieszewska 
– Jamboree 2023 
 
Nature-based solutions for climate change adaptation and water pollution in agricultural regions - Lot 5: LDP in a 
continental environment 
 
Nature-based solutions for climate change adaptation and water pollution in agricultural regions - Lot 6: LDP in a 
Mediterranean environment 
 
Nature-based solutions for climate change adaptation and water pollution in agricultural regions - Lot 2: TSM in a 
continental environment 
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The equation has the following form: 

𝑪𝑨𝑷𝑬𝑿 = 𝑾𝑶𝑹𝑲𝑰𝑵𝑮 𝑪𝑶𝑺𝑻 + 𝑳𝑨𝑵𝑫 𝑨𝑪𝑸𝑼𝑰𝑺𝑰𝑻𝑰𝑶𝑵
+ 𝑻𝑬𝑪𝑯𝑵𝑰𝑪𝑨𝑳 𝑰𝑵𝑽𝑬𝑺𝑻𝑰𝑮𝑨𝑻𝑰𝑶𝑵 𝑨𝑵𝑫 𝑪𝑶𝑵𝑺𝑼𝑳𝑻𝑨𝑵𝑪𝒀 

 

The 𝑊𝑂𝑅𝐾𝐼𝑁𝐺 𝐶𝑂𝑆𝑇 equation has the following form: 

𝑊𝑂𝑅𝐾𝐼𝑁𝐺 𝐶𝑂𝑆𝑇 = ((𝐶𝑠 ∙ 𝑉) + (𝐶𝑒 ∙ 𝑉) + (𝐶𝑓 ∙ 𝑉𝑓) + (𝐶𝑤 ∙ 𝐴) + (𝑛𝑡𝑟𝑒𝑒𝑠 ∙ 𝐴 ∙ 𝑝𝑝𝑒𝑟𝑠)) ∙ 𝐶1 ∙ 𝐶2 

where: 

— 𝐶𝑠 is the parametric cost for the excavation (€/m3); 

— 𝐶𝑒 is the parametric cost for the embankment (€/m3); 

— 𝐶𝑓 is the parametric cost for the filling medium (€/m3); 

— 𝐶𝑤 is the parametric cost for the waterproofing (€/m2); 

— 𝐴 is the area (m2); 

— 𝑉 is the volume (m3); 

— 𝑉𝑓 is the filling medium volume (m3); 

— 𝐶1 is a corrective coefficient, as function of the area;  

— 𝐶2 is a corrective coefficient for the primary treatments cost. 

— 𝑛𝑡𝑟𝑒𝑒𝑠 is the parametric number of equivalent personnel working hours for tree planting, as 

function of the buffer strip area (h/m2);  

— 𝑝𝑝𝑒𝑟𝑠 is the parametric cost of personnel (€/h). 

 

The 𝐿𝐴𝑁𝐷 𝐴𝐶𝑄𝑈𝐼𝑆𝐼𝑇𝐼𝑂𝑁 equation is: 

𝐿𝐴𝑁𝐷 𝐴𝐶𝑄𝑈𝐼𝑆𝐼𝑇𝐼𝑂𝑁 = 𝐶𝑙 ∙ 𝐴𝑙 

where: 

— 𝐶𝑙 is the parametric cost for the land acquisition; 

— 𝐴𝑙 is the acquisition area, obtained by multiplying the area of the system by a coefficient 

equal to 2 for Ponds, SFs and SSFs. The area is equal to the 1 m wide perimeter area around 

the drainage canal for VDDs and Buffers (m2); 

 

The 𝑇𝐸𝐶𝐻𝑁𝐼𝐶𝐴𝐿 𝐼𝑁𝑉𝐸𝑆𝑇𝐼𝐺𝐴𝑇𝐼𝑂𝑁 𝐴𝑁𝐷 𝐶𝑂𝑁𝑆𝑈𝐿𝑇𝐴𝑁𝐶𝑌 equation is: 

 

𝑇𝐸𝐶𝐻𝑁𝐼𝐶𝐴𝐿 𝐼𝑁𝑉𝐸𝑆𝑇𝐼𝐺𝐴𝑇𝐼𝑂𝑁 𝐴𝑁𝐷 𝐶𝑂𝑁𝑆𝑈𝐿𝑇𝐴𝑁𝐶𝑌 = 𝑝 ∙ 𝑊𝐶 

 

where: 

— 𝑊𝐶 is the Working cost of the system (€); 

— 𝑝 is the percentage of the working cost that corresponds to the technical investigation and 

consultancy costs, equal to 15% for SFs, SSFs and Ponds. It is equal to 10% for VDs and 

Buffers. 

 

The equation for the definition of the total maintenance costs of the NBS presents only the 

variable of the number of annual working hours of the personnel for the check, green 
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maintenance and reed harvesting. This variable multiplied by the hourly cost of the personnel 

and by the respective corrective coefficients C1 and C2, defines the operation and maintenance 

cost system. The relationship has the following form: 

𝑶𝑷𝑬𝑿 = (𝒏𝒄𝒉𝒆𝒄𝒌𝒊𝒏𝒈 + 𝒏𝒓𝒆𝒆𝒅+𝒈𝒓𝒆𝒆𝒏 𝒎𝒂𝒊𝒏𝒕) ∙ 𝑨 ∙ 𝒑𝒑𝒆𝒓𝒔 ∙ 𝑪𝟏 ∙ 𝑪𝟐 

where: 

— 𝑛𝑐ℎ𝑒𝑐𝑘𝑖𝑛𝑔 is the parametric number of equivalent personnel working hours for the annual 

checking, as function of the NBS area (h/m2/y); 

— 𝑛𝑟𝑒𝑒𝑑+𝑔𝑟𝑒𝑒𝑛 𝑚𝑎𝑖𝑛𝑡 is the parametric number of equivalent personnel working hours for the 

annual reed and green maintenance, as function of the NBS area (h/m2/y);  

— 𝑝𝑝𝑒𝑟𝑠 is the parametric cost of personnel (€/h); 

— 𝐶1 is a corrective coefficient, as function of the area;  

— 𝐶2 is a corrective coefficient for the primary treatments maintenance cost.  

 

2.2.2 Verification of the cost functions 

The relationships obtained for the CAPEX and OPEX were tested on the NBS of the feasibility 

study of Lot 5 and Lot 6. 

 

2.2.2.1 CAPEX verification 

For the studied FWS of Lot 5 the main variables to consider are excavation and earthmoving. 

The parametric costs of excavation and earthmoving derive from the 2018 price list of the Veneto 

region, and amount to 5.51 €/m3 and 10.8 €/m3 respectively. To define the excavation and 

earthmoving volume, an excavation depth of 0.8 m is assumed. The corrective coefficient C1 is 

calculated using formula for SF in Errore. L'origine riferimento non è stata trovata. in 

ANNEX 9. For the two FWSs, there are no primary treatments, so the coefficient C2 can be 

neglected. 

The Linear Park of Marina di Latina present in Lot 6 is characterized by two HFs and two FWSs, 

each with an area of approximately 0.1 ha. The parametric costs of excavation and earthmoving 

derive from the 2016 price list of the Lazio Region, respectively of 5.11 €/m3 and 4.09 €/m3.  For 

the calculation of the excavation and earthmoving volume, an excavation depth of 0.8 m is 

assumed. For the HF, the costs variables of the filling medium and waterproofing were also 

considered. The coefficient C1 for the HF and FWS was calculated according to the formula for 

SSF and SF respectively, in Errore. L'origine riferimento non è stata trovata. (ANNEX 9). 

The coefficient C2 is negligible. The result are reported in Table 42.  

The parametric cost assumed for the land acquisition is equal to 20 €/m2. The multiplicative 

coefficient of the area, to calculate the land acquisition area, is equal to 2. The technical 

investigation and consultancy costs are assumed to be equal to 15% of the working cost.  

Table 42: CAPEX verification  

  Unit Lot 5 - Salzano  
Lot 5 - 

Rusteghin  
 Lot 6  - Linear Park of Marina di Latina  

Excavation €/m3 5.51 5.51 5.11 5.11   

Embankment €/m3 10.8 10.8 4.09 4.09   

Depth m  0.8 0.8 0.8 0.8   

Filling medium  €/m3     20     
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  Unit Lot 5 - Salzano  
Lot 5 - 

Rusteghin  
 Lot 6  - Linear Park of Marina di Latina  

Waterproofing €/m2     13     

Land acquisition  €/m2 20 20 20 20 20 

Percentage Technical 
investigation and 
consultancy % 15% 15% 15% 15% 15% 

Coeff. Land area   2 2 2 2 2 

WORKING COST  € 1,551,563.54 € 642,894.25 €     471,377.45 € 

Land acquisition  € 569,415.50 € 448,618.76 €       

Technical investigation and 
consultancy € 77,578.18 € 38,901.40 €     7,560.26 € 

ECONOMIC FRAMEWORK € 2,198,557.22 € 1,130,414.41 €     478,937.71 € 

C1   2.1 2.6 1.9 3.4   

    SF SF SSF SF TOTAL  

Area  ha 21.6 3.5 0.2 0.2 0.4 

  m2 216000.00 35000.00 2000 2000 4000 

Excavation € 952,128.00 € 154,280.00 € 8,176.00 € 8,176.00 € 16,352.00 € 

Embankment € 1,866,240.00 € 302,400.00 € 6,544.00 € 6,544.00 € 13,088.00 € 

Filling medium  €     32,000.00 €   32,000.00 € 

Waterproofing €     26,000.00 €   26,000.00 € 

Total cost    2,818,368.00 € 456,680.00 € 72,720.00 € 14,720.00 € 87,440.00 € 

WORKING COST  € 6,006,510.55 € 1,171,806.44 € 138,343.37 € 50,575.66 € 188,919.03 € 

Land acquisition  € 8,640,000.00 € 1,400,000.00 € 80,000.00 € 80,000.00 € 160,000.00 € 

Technical investigation and 
consultancy € 900,976.58 € 175,770.97 € 20,751.51 € 7,586.35 € 28,337.85 € 

ECONOMIC FRAMEWORK  € 15,547,487.13 € 2,747,577.40 € 239,094.88 € 138,162.01 € 377,256.89 € 

Working cost error% % 74% 45%     -150% 

Economic framework error % % 86% 59%     -27% 

Parametric cost  €/m2 71.98 € 78.50 € 119.55 € 69.08 € 94.31 € 

 

The calculated working costs are on average 10% lower than the original working costs, while 

the economic framework cost is on average 39% higher than the original costs. 

 

2.2.2.2 OPEX verification 

In the OPEX equation, the only variable assumed is the number of personnel working hours for 

the check and green maintenance. The number of hours for green maintenance is obtained by 

dividing the green maintenance cost expressed in €/y by the hourly cost of personnel in €/h. 

The total working hours of the staff are obtained by adding the hours for the check and 
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maintenance of the green. The value obtained is multiplied by the hourly cost of the personnel 

by the corrective coefficients C1, according to the SF formula in Errore. L'origine riferimento 

non è stata trovata. (ANNEX 9), and C2, equal to 1.9. The result are reported in Table 43. 

Table 43: OPEX verification 

  
Unit  Salzano  Rusteghin  

Basin A - Villa 
Fogliano  

Linear Park of Marina 
di Latina  

Area m2 216000 35000 8500 4000 

Personnel €/h 10 10 25 25 

Time  h 3 3 3 3 

Visit n°/y 4 4 2 2 

Total hours h/y 12 12 6 6 

Green maintenance € 587.40 € 330.00 € 198.00 € 291.83 € 

  h/y 58.74 33.00 7.92 11.67 

C1   1.86 1.71 1.61 1.55 

C2   1.87 1.87 1.87 1.87 

            

Calculated_cost   2,465.12 € 1,441.94 € 1,044.67 € 1,281.04 € 

Real_cost   1,682.49 € 1,146.80 € 1,398.96 € 859.83 € 

Error %   32% 20% -34% 33% 

 

The calculated maintenance costs are on average 13% higher than the original maintenance 

costs.  

 

2.2.2.3 Summary of the cost equations 

The variables of the CAPEX equations are: 

— 𝐶𝑠 is the parametric cost for the excavation (€/m3); 

— 𝐶𝑒 is the parametric cost for the embankment (€/m3); 

— 𝐶𝑓 is the parametric cost for the filling medium (€/m3); 

— 𝐶𝑤 is the parametric cost for the waterproofing (€/m2); 

— 𝐶𝑙 is the parametric cost for the land acquisition (€/m2); 

— 𝑊𝐶 is the Working cost of the system (€); 

— 𝐴 is the area (m2); 

— 𝐴𝑙 is the acquisition area (m2); 

— 𝑉 is the volume (m3); 

— 𝑉𝑓 is the filling medium volume (m3); 

— 𝐶1 is a corrective coefficient, as function of the area;  

— 𝐶2 is a corrective coefficient for the primary treatments cost; 

— 𝑛𝑡𝑟𝑒𝑒𝑠 is the parametric number of equivalent personnel working hours for tree planting, as 

function of the buffer strip area (h/m2);  

— 𝑝𝑝𝑒𝑟𝑠 is the parametric cost of personnel (€/h). 

— 𝑝 is the percentage of the working cost that corresponds to technical investigation and 

consultancy costs, equal to 15% for SSFs, SFs and Ponds, 10% for VDDs and Buffers; 
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Table 44. CAPEX equations  

System  
CAPEX 

Equation  c1 c2 

SSF 
CAPEX=((Cs*V)+(Ce*V)+(Cf*Vf)+(Cw*A))*C1*C2)+(Cl*Al)+(p*WC) 

C1=3.7136*Area^(-
0.088) 

1.4 

SF 
CAPEX=((Cs*V)+(Ce*V)+(Cw*A))*C1*C2)+(Cl*Al)+(p*WC) 

C1=7.46*Area^(-
0.102) 

1.5 

Pond 
CAPEX=((Cs*V)+(Ce*V)+(Cw*A))*C1)+(Cl*Al)+(p*WC) 

C1=7.819*Area^(-
0.189) 

 - 

VD  
CAPEX=((Cs*V)+(Ce*V))*C1)+(Cl*Al)+(p*WC) 1.7  - 

Buffer  
CAPEX= ((Cs*V)+(Ce*V)+n_trees*p_pers*A)+(Cl*A)+(p*WC) -  - 

 

The variables used are indicated in Table 45. 

Table 45. Variables used in the CAPEX equations   

CAPEX 

  SSF SF Pond VD Buffer 

Cs X X X X X 

Ce X X X X X 

Cf X         

Cw X X X     

Cl X X X X X 

WC X X X X X 

A X X X     

V X X X X X 

Vf X         

Al X X X X X 

p X X X X X 

c1 X X X X  

c2 X X       

 

The variables of the OPEX equations are: 

— 𝑛𝑐ℎ𝑒𝑐𝑘𝑖𝑛𝑔 is the parametric number of equivalent personnel working hours for annual 

checking, as function of NBS area (h/m2/y); 

— 𝑛𝑟𝑒𝑒𝑑+𝑔𝑟𝑒𝑒𝑛 𝑚𝑎𝑖𝑛𝑡 is the parametric number of equivalent personnel working hours for the 

annual reed and green maintenance, as function of NBS area (h/m2/y); 

— C1 is a corrective coefficient, as function of the area;  

— C2 is a corrective coefficient for the primary treatments maintenance cost. 

Table 46. OPEX equations  

System  OPEX 
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Equation  c1 c2 n_checking n_green,reed 

SSF OPEX=n*p*C1*C2 C1=1.1658*Area^0.0239 1.8 12.016*Area^0.758 0.09 

SF OPEX=n*p*C1*C2 C1=1.0585*Area^0.0461 1.9 12.016*Area^0.758 0.07 

Pond OPEX=n*p*C1 C1=0.332*Area^0.2637  - 12.016*Area^0.758 - 

VDD  OPEX=n*p*C1 1.5  - 12.016*Area^0.758 0.01 

Buffer  OPEX=n*p*C1 1.6  - 0.01 - 

 

The variables used are indicated in Table 45. 

Table 47. Variables used in the OPEX equations  

OPEX 

  SSF SF Pond VDD Buffer 

n_checking X X X X X 

n_green,reed X X  X  

p X X X X X 

c1 X X X X X 

c2 X X       
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2.3 Building of relationships for benefit monetization  

The economic valuation of NBS benefits followed a detailed procedure: a summary of the method 

is included in this section but a more detailed methodological explanation of all the steps involved 

can be found in ANNEX 11. 

First of all, a literature review was carried out with the aim of recognizing the most common 

benefits (Ecosystem Services) deriving from the NBS implementation. 19 benefits were identified 

which were filtered out to select the most appropriate ones in the rural context. Only for the 

selected environmental and social benefits (9 categories out of 19), was a research carried out 

on existing economic evaluation methods to proceed with the Value Transfer (VT). The list of 

selected benefits for each NBS group are summarised in Table 48. 

Table 48. List of ecosystem services selected for the value tranfer 

NBS 
type 

Benefit JRC 0640 Type of 
benefit 

Ecosystem services CICES 
classification 

   Code from 
CICES V 4.3 

Code from 
CICES V 5.1 

NBS A Water Quality Main Benefit 2.3.4.1 2.2.5.1 

Biodiversity support Side benefit 2.3.1.2 2.2.2.3 

Climate change (GHG, NH3 
Volatilization) 

Side Benefit 2.3.5.1 2.2.6.1 

Nuisance  Side Benefit 2.1.2.3 2.1.2.1; 2.1.2.2; 

2.1.2.3 

Energy from bioethanol Side benefit N/A 1.1.5.3 

Energy from wood production Side benefit 1.1.1.3 1.1.5.1; 1.1.5.2 

NBS B Water Quality Main Benefit 2.3.4.1 2.2.5.1 

Biodiversity support Side benefit 2.3.1.2 2.2.2.3 

Landscape amenity, microclimate 

enhancement, attractiveness 

Side benefit 3.1.2.5 3.1.2.4 

Climate change and GHG  Side benefit 2.3.5.1 2.2.6.1 

Energy from bioethanol Side benefit N/A 1.1.5.3 

Energy from wood production Side benefit 1.1.1.3 1.1.5.1; 1.1.5.2 

NBS C Flood risk Main Benefit 2.2.2.2 2.2.1.3 

Droughts mitigation Main Benefit 1.1.2.1; 1.2.2.1 4.2.1.1; 4.2.1.2 

Water Quality Side benefit 2.3.4.1 2.2.5.1 

Biodiversity Support Side benefit 2.3.1.2 2.2.2.3 

Landscape, amenity, microclimate 
enhancement, attractiveness 

Side benefit 3.1.2.5 3.1.2.4 
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NBS 
type 

Benefit JRC 0640 Type of 
benefit 

Ecosystem services CICES 
classification 

   Code from 
CICES V 4.3 

Code from 
CICES V 5.1 

Climate change mitigation Side benefit 2.3.5.1 2.2.6.1 

Energy from bioethanol Side benefit N/A 1.1.5.3 

Energy from wood production Side benefit 1.1.1.3 1.1.5.1; 1.1.5.2 

Saline intrusion mitigation Side benefit N/A N/A 

Subsidence mitigation Side benefit N/A N/A 

 

Value transfer (VT) is an economic valuation method that can be applied to ecosystems, or to 

the goods and services of an ecosystem. VT provides empirical estimates of the subject of 

interest, when time, funding or other constraints prevent the use of primary research to generate 

these estimates. Indeed, it allows extrapolating research results of pre-existing primary studies 

at one or more study sites allowing an indirect estimation of the value of some characteristics of 

similar unstudied policy sites (Rolfe et al., 2015). Among the available VT techniques, the 

Adjusted Unit Value Transfer was considered the most appropriate for the study aim, i.e. a VT 

of ES provided by NBS at European scale.  

The study sites were collected as candidates according to the two following criteria: sites 

located in regions with socio-economic characteristics similar to Europe (i.e. Europe and North 

America) and focused on environmental goods and services relevant to the policy site. The 

collected study sites were organised in a dataset (Attachment 6). From the list of comparable 

values, the most suitable candidates for the transfer were selected. The choice was based on 

the following criteria: 

— values expressed in spatial unit (e.g., m2, hectare) per year were preferred; 

— study sites with the most similar characteristics were preferred; 

— more recent studies were preferred. 

A five step method was developed to adjust the economic values from those of the study site 

to those used for the policy sites of interest (i.e. a particular point in EU with a particular NBS). 

The methodology described followed the approach proposed by Brander (2013) and permitted 

to account for inflation, to control for differences in price levels, to control the effect of income 

on the demand, to take into account the different NBS and value of ecosystem services and, 

finally, to convert into euro2018. The five steps are summarised and described in Table 49. 

 

Table 49. Steps to calculcate the adjusted VT of an ecosystem service for the policy site of interest  

Step Year Currency Country NBS Description 

0 year of 
the latest 
update of 
the value 

currency used 
in the latest 
update of the 
value 

study site study 
site 

Original value from the study site, as 
reported in Value Transfer dataset 
(Attachment 6) 

1 2018 currency used 

in the latest 
update of the 
value 

study site study 

site 

To account for inflation, the values have been 

adjusted to the general price level of the 
same year. To compare the ecosystem 
service values computed in different years, 
they were harmonized using the annual 
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Step Year Currency Country NBS Description 

Consumer Price Index (OECD, 2020), with 
2015 as the base year, transforming the 
values into the latest available “original” 
currency, which corresponds to the year 

2018. 

2 2018 $ study site study 
site 

To control for differences in price levels, the 
values were transformed into US$ 2018, 
using the 2018 exchange rates (OECD, 2018) 
in order to proceed with the next step (which 
implies using a monetary measure expressed 

in USD). 

3 2018 $ study site policy 
site 

To transfer the value to the NBS of interest 
to the policy site, a correction factor was 

used, capable of taking into account the 
uncertainties due to different NBS types, 
evaluation methods, and indicators used to 

estimate the value of the ecosystem service 

4 2018 $ policy 
site 

policy 
site 

To control the effect of income on the 
demand and value of ecosystem services, 
estimates were adjusted for the differences 
in Gross Domestic Product per capita based 

on Purchasing Power Parity (PPP) (WB, 2020) 
between study and policy site. 

5 2018 € policy 
site 

policy 
site 

The values were finally transformed into 
euro2018, using exchange rates (OECD, 
2018). 

 

As stated by Schmidt et al. (2016), assigning a monetary value to nature is not considered to 

be absolute, but is rather an indication referring to a particular area, a given time period, a 

specific beneficiary group, depending on the valuation context and use. Adjustments may not 

be enough to remove transfer errors so, consistent with Brander’s (2013) guidelines, an 

additional correction factor was applied to all of them; it is a measure of monetization reliability, 

inspired by CIRIA’s Benefits Evaluation of SuDS Tool (B£ST). The correction factor used in 

step (3) was calculated considering three different attributes 

— (a) NBS type 

— (b) Monetary valuation technique used for the economic value calculation 

— (c) Indicator used to quantify the magnitude of the benefits 

A scoring methodology was defined for each attribute of the correction factor, reported in Table 

50.  

Table 50. Scores associated to attributes used to define the correction factor used in VT step (3) 

 Correction factor 

attributes 

Type  Evaluation method 

(a) NBS type 

 

Categorical 

Score: 1-5 

Expert-based evaluation 

1=very low  

2=low  

3=sufficient 

4= high 

5= very high 

(b) Monetary valuation 

technique 

Binary 

Score: 0-1 

0=Value Transfer 
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 Correction factor 

attributes 

Type  Evaluation method 

1=Cost-based/direct market pricing if per 

hectare terms; Contingent Valuation/Choice 

experiment if per beneficiary terms 

(c) Indicator  Binary 

Score: 0-1 

Expert-based evaluation 

0=low reliability 

1=high reliability 

 

On the basis of the attribute scores, the correction factor is calculated as follows: 

Scores (i) + (ii) + (iii) VT Correction factor 

7 1 

6 0.9 

5 0.8 

4 0.7 

<4 0.5 

 

In conclusion, relationships for the VT of ecosystem services for different NBS across 

Europe are calculated as follows 

𝑉𝑇𝑁𝐵𝑆,2018,€
𝑃𝑆 =  𝑉𝑇𝑁𝐵𝑆,2018,$

𝑆𝑆 ∙
𝐺𝐷𝑃2018

𝑃𝑆

𝐺𝐷𝑃𝑦𝑒𝑎𝑟 𝑜𝑓 𝑉𝑇
𝑆𝑆 ∙  𝑐$ 𝑡𝑜 €,2018 

where: 

— 𝑉𝑇𝑁𝐵𝑆,𝑖,2018,€
𝑃𝑆   is the value transfer of the ecosystem service in the policy site (PS) for the 

NBS of interest in 2018, expressed in € (VT steps 1+2+3+4+5) 

— 𝑉𝑇𝑁𝐵𝑆,2018,$
𝑆𝑆   is the value transfer of the ecosystem service in the study site (SS) for the 

NBS of interest in 2018, expressed in $ (VT steps 1+2+3) 

— 𝐺𝐷𝑃2018
𝑃𝑆   is the Gross Domestic Product (GDP) per capita based on Purchasing Power 

Parity (PPP) for the PS country (VT step 4) 

— 𝐺𝐷𝑃𝑦𝑒𝑎𝑟 𝑜𝑓 𝑉𝑇
𝑆𝑆  is the GDP per PPP for the SS country (VT step 4) 

— 𝑐$ 𝑡𝑜 €,2018  is the Dollar to Euro exchange rate in 2018, equal to 0.87097 €/$19 (VT 

step 5) 

The variables needed for relationships (c) are summarised in Table 51, while details on the 

correction factor used to estimate the NBS value transfer are reported in ANNEX 11. 

                                           
19 https://it.exchange-rates.org/Rate/USD/EUR/31-12-2018 
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Table 51. Matrix of variable needed for value transfer of ecosystem services provided by NBS 

Ecosystem service Orien

t 

Study site NBS value transfer (VT step 3) Unit 

  Country Year of  

ES 
valuatio

n 

GDP per 

capita  
(PPP)  

Year of 

ES  

valuatio

n 

NBS  

A 
wet. 

SSF 

NBS 

A 
wet. 

SF 

NBS 

B 
wet. 

NBS 

B 
VDD 

NBS 

B 
BS-

R 

NBS 

B 
BS-

G 

NBS 

B 
int. 

BS 

NBS 

C 
Stor. 

Pon

d 

NBS 

C 
Stor. 

Pon

d  

+ 

wet. 

NBS 

C 
MAR 

pon

d 

NBS 

C 
MAR 

pon

d 

 +  

wet 

NBS 

C 
MAR 

dry 

pon

d 

NBS  

C 
MAR 

infiltr

.  

Wood 

 

WATER  

SUPPLY 
 

Spain 2004 26119.79               4396 4396 4396 4396 4396 4396 $/ha/yr 

Poland 2013 24719.25   
 

  
    

807 807 807 807 807 807 $/ha/yr 

Spain 2004 26119.79   
 

  
  

547

0 

 
  

  
   $/ha/yr 

NATURAL HABITAT  

and BIODIVERSITY  

SUPPORT 

 
Spain 2004 26119.79 179 286 321 179                   $/ha/yr 

UK 2007 35600.01   
 

  
 

29 29 32   
  

  29 $/ha/yr 

WATER QUALITY  
 

German

y 

2001 28380.38 411

1 

411

1 

411

1 

411

1 

        4111   4111     $/ha/yr 

Spain 2004 26119.79 212

1 

212

1 

212

1 

212

1 

   
  2121 

 
2121   $/ha/yr 

 US 1998 32853.68   
 

  
 

59 107 107   
  

   $/ha/yr 

CARBON 

SEQUESTRATION  
 

US 2008 48382.56 140 140 140 100         140   140     $/ha/yr 

UK 2007 35600.01   
 

  
 

197

4 

197

4 

197

4 

  
  

  1974 $/ha/yr 

FLOOD RISK  
Denmar

k 

2000 28662.09   83 133 83       133 133 133 133     $/ha/yr 

Spain 2004 26119.79   
 

  
   

222   
  

   $/ha/yr 

NUISANCE  

(ODORS, RUMORS,  

OBSTACLES TO 

COMMON FARMING 

PRACTICES) 

 

Belgium 2008 37883.33 472

0 

472

0 

262

2 

262

2 

      2622 2622 2622 2622     $/house/yr 

Belgium 2008 37883.33   
 

  
    

  
  

   $/house/yr 

RECREATION  

and TOURISM 
 

Spain 2004 26119.79     400

3 

222

4 

      2224 2224 2224 2224     $/ha/yr 

Denmar

k 

2000 28662.09   
 

5 
    

  
  

   $/person/visi

t 

Spain 2007 32438.17   
 

3 
    

  
  

   $/person/visi

t 

Spain 2004 26119.79   
 

  
 

390

1 

390

1 

390

1 

  
  

  2167 $/ha/yr 

VISUAL 

IMPACT/AMENITY 

and AESTHETIC 

 

Spain 2004 26119.79     225

2 

140

8 

      1408 1408 1408 1408     $/ha/yr 

UK 2007 35600.01   
 

  
  

160

6 

 
  

  
  1147 $/ha/yr 

AWARENESS/EDUCATIO

N 
 

Greece 2003 23870.16     9                     $/person/visi

t 

Canada 1983 46723.32   
 

  
  

10 
 

  
  

  7 $/person/visi
t 
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