
HAL Id: hal-02000972
https://hal.science/hal-02000972

Submitted on 2 Mar 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Analysis of swale factors implicated in pollutant removal
efficiency using a swale database

Alexandre Fardel, Pierre Emmanuel Peyneau, Béatrice Bechet, Abdel Lakel,
Fabrice Rodriguez

To cite this version:
Alexandre Fardel, Pierre Emmanuel Peyneau, Béatrice Bechet, Abdel Lakel, Fabrice Rodriguez. Anal-
ysis of swale factors implicated in pollutant removal efficiency using a swale database. Environmental
Science and Pollution Research, 2019, 26, 44 p. �10.1007/s11356-018-3522-9�. �hal-02000972�

https://hal.science/hal-02000972
https://hal.archives-ouvertes.fr


Environmental Science and Pollution Research, Springer, 2019, 26, pp. 1287‐1302 
https://doi.org/10.1007/s11356‐018‐3522‐9 

Analysis of swale factors implicated in pollutant removal efficiency using a swale 1 

database 2 

 3 

Alexandre Fardel1,2, Pierre-Emmanuel Peyneau1, Béatrice Béchet1, Abdelkader Lakel2, Fabrice 4 

Rodriguez1 5 

 6 

1Laboratoire Eau & Environnement (EE), Département Géotechnique, Environnement, Risques 7 

naturels et Sciences de la Terre (GERS), Institut Français des Sciences et Technologies des 8 

Transports, de l’Aménagement et des Réseaux (IFSTTAR), Bouguenais, France 9 

 10 

2Centre Scientifique et Technique du Bâtiment (CSTB), 11 Rue Henri Picherit, 44300 Nantes, 11 

France 12 

 13 

Corresponding author: Alexandre Fardel, alexandre.fardel@ifsttar.fr 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 

 25 



 
 

2 
 

Abstract 26 

Swales are recognized as traditional basic open-drainage systems which are obviously capable 27 

to remove stormwater-borne pollutants. In spite of the numerous case studies on their 28 

performances, an overall assessment of swale efficiency to reduce pollutant discharge as well 29 

as an evaluation of the factors that could influence it are rare. In order to gain a better 30 

understanding of these aspects, a database was designed by collecting performance results and 31 

design characteristics from various swales reported in the literature. Investigations on 32 

correlations amongst pollutant efficiency ratios (ERs) indicated that total trace metals (copper 33 

(Cu), zinc (Zn), cadmium (Cd) and  lead (Pb)), total suspended solids (TSS), total phosphorus 34 

(TP) and total kjeldahl nitrogen (TKN) exhibited many cross-correlated ERs, thus suggesting 35 

that they are mainly removed by the same processes in swales. Higher ERs were generally 36 

related to pollutants in particulate form, suggested that sedimentation and filtration should be 37 

considered as major processes involved in pollutant removal within swales. Furthermore, major 38 

discrepancies amongst swale performances may be attributed to variations of site mean inflow 39 

concentrations, found as the most recurrent factor influencing ER. Conversely, swale design 40 

factors were rather poorly correlated with ER, except swale length, positively correlated with 41 

TP and copper.  42 
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1. Introduction 51 

A growing trend in stormwater management to cope with urbanisation harmful effects on both 52 

stormwater runoff quality and quantity consists in implementing at subcatchement scale 53 

techniques that reduce runoff discharges and improve stormwater quality (Ahiablame et al. 54 

2012; Hamel et al. 2013; Petrucci et al. 2013; Sage et al. 2015). Such techniques materialize 55 

implementation of new operational philosophies aiming to manage stormwater in a more 56 

sustainable, aesthetical and social way than conventional pipe elements (Mitchell 2006); these 57 

innovative devices are gathered under specific terminologies as low impact development (LID), 58 

water sensitive urban drainage (WSUD), sustainable urban drainage systems (SUDs), best 59 

management practices (BMPs) and alternative techniques (ATs) (Fletcher et al. 2015).  60 

Among these new approaches, swales are traditional basic open-drainage systems 61 

initially designed to mitigate peak flows arising from impervious areas such as roads or parking 62 

lots (Wang et al. 1980; Clar et al. 2004). As an integral element of new stormwater management 63 

philosophies (Ahiablame et al. 2012), implementation of swales attracted renewed interest for 64 

(i) mimic a site’s predevelopment hydrology and (ii) purify stormwater through removing 65 

stormwater-borne pollutants at an affordable cost (Dierkes et al. 2000; Revitt et al. 2003; 66 

Caltrans 2004; Lucke et al. 2014; Woods Ballard et al. 2015). In order to support swale 67 

development, several stormwater management handbooks provide methods to efficiently 68 

design these drainage infrastructures (Melbourne Water 2006; Credit Valley Conservation and 69 

the Toronto and Region Conservation Authority 2010; Gromaire et al. 2011; Washington State 70 

Department of Ecology 2014; Center for Watershed Protection 2015; Woods Ballard et al. 71 

2015). In terms of design, these manuals generally discriminate three or four types of swales: 72 

(1) standard swales, (2) wet swales, (3) dry swales and (4) bioswales (Woods Ballard et al. 73 

2015). Standard swales may refer to natural grassed depressions or to graded grassed channels. 74 

Dry swales can either refer to swales with a sandy soil meaning that they drained inter-event 75 



 
 

4 
 

(Winston et al. 2012b) or to infrastructures provided with an engineered media to promote better 76 

infiltration and filtration of pollution load (Revitt et al. 2017). Wet swales gathered facilities 77 

where wetland conditions dominated such as ponded water, soil moisture close to the saturation 78 

(e.g., swales build on soil with high water table) and emergent vegetation (Winston et al. 79 

2012a). Bioswales incorporate biofiltration swales, biofilters and bioretention swales or swale-80 

trench systems; this type of swale employs an engineered filter soil media below vegetal cover 81 

that may overlay an underdrain or be lined with an impervious material to prevent any 82 

groundwater contamination by controlling seepage flows (Toronto and Region Conservation 83 

Authority 2008). 84 

Technically, hydraulic processes of swale contribute to reduce both magnitude and 85 

volume of flows before potentially being discharged into either downstream drainage elements, 86 

such as inlet of sewers or other LID techniques (e.g., wet or dry pond), or grasslands (Lloyd et 87 

al. 2001; Roinas et al. 2014; Allen et al. 2016; Xiao et al. 2017). While stormwater flowing 88 

through the swale, a wide range of stormwater anthropogenic substances are candidate to be 89 

sequestered within the facility. The main corresponded contaminants referred to organic or 90 

inorganic substances and are of diverse nature: (i) Total Suspended Solids (TSS) which may 91 

sorbed to both hydrocarbons (especially Polycyclic Aromatic Hydrocarbons (PAHs)) and trace 92 

metals (Lau and Stenstrom 2005; Kim and Sansalone 2008), (ii) nutrients involving both 93 

nitrogen and phosphorus species (Ingvertsen et al. 2011) and (iii) trace metals (e.g., lead (Pb), 94 

zinc (Zn), copper (Cu), cadmium (Cd), chromium (Cr), nickel (Ni)) (Kayhanian et al. 2012). 95 

Distinct treatment processes related to swale hydraulics are involved in the stormwater 96 

pollutant removal. On the one hand, stormwater transport over gentle slope area as the swale 97 

bed promotes trapping of contaminants in particulate form through sedimentation and vegetal 98 

filtration (Deletic 1999; Purvis et al. 2018). On the other hand, subsurface flows within swale 99 

materials are involved in the implementation of retention, degradation and transport 100 
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mechanisms of pollutants in soil (LeFevre et al. 2014; Tedoldi et al. 2016). Since attenuation 101 

of runoff flow is in favor of a pollutant removal, hydraulics driving factors affecting the 102 

hydraulic residence time (HRT) may be addressed as influent variables for pollutant removal 103 

in swales (Yu et al. 2001; Johnson et al. 2003). In this particular regard, a few case studies have 104 

examined the effects of swale geometry, swale materials and swale vegetal cover on pollutant 105 

removal (Yousef et al. 1985; Bäckström 2002; Roseen et al. 2009; Stagge et al. 2012; Winston 106 

et al. 2012a; Lucke et al. 2014; Powell 2015; Leroy et al. 2016b). Results of these studies 107 

suggested that several design variables could be important to pollutant removal, such as swale 108 

length, centerline slope (Yu et al. 2001), presence of check dams (Stagge et al. 2012), vegetation 109 

(Mazer et al. 2001) and type of swale (Winston et al. 2012a).  110 

The performance of swales for improving water quality may be expressed in two distinct 111 

terms (Fassman 2012): (i) percent removals, which are directly calculated from raw data as 112 

concentrations or loads and (ii) characterization of outflows, including either a comparison with 113 

inflows or an analysis of the distribution of the data (e.g., probability plot). Among these 114 

methods, efficiency ratio (ER) is a ratio between mean pollutant input and output (Roseen et al. 115 

2009) and could be considered to a long term average percent removal rate for each constituent 116 

analysed (Urbonas 1994). Using a single concentration reduces scatter in the data caused by 117 

influent quality heterogeneity, so giving ER results in a more stable estimation of overall 118 

treatment performance rather than adopting mean or median removal efficiencies based on a 119 

storm-by-storm basis (Roseen et al. 2009). In that way, this descriptor could be useful to 120 

evaluate the potential of treatment for such devices (Fassman 2012), as well as identify the 121 

factors of influence on their ability to remove pollutants.  122 

The exact nature of factors influencing ERs by swales remains to be fully characterized. 123 

To gain insight about this point, the present study was designed to investigate relationships 124 

between ERs and factors concerning swale design and runoff quality. For this purpose, we have 125 
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established an original swale database by collecting performance results and design features 126 

from various distinct swales characterized in the literature. Potential relationships between ERs 127 

were studied to credit the supremacy of specific removal processes in stormwater treatment 128 

within swales. Additional statistical analyses were performed to investigate the influence of 129 

certain design criteria and inflow concentration on swale efficiency.  130 

 131 

2. Materials and methods 132 

2.1 Overview of the method used for collecting and analyzing data 133 

The methodology used to collect and analyze data is summarized through a diagram (Figure 1). 134 

This conceptual scheme gathered four steps together, presented below; (1) raw data collection, 135 

(2) data filtration to feed the final data set, (3) data range representations and (4) statistical 136 

approaches to analyze the data.  137 

 138 

2.2. Data collection 139 

To produce a database containing indicative information about pollutant removal in swales, a 140 

literature search was conducted using standard research database (e.g., Web of Science, 141 

ScienceDirect, Google Scholar). For this purpose, we used keywords related to swale type (e.g., 142 

‘swale’, ‘grassed swale’, ‘dry swale’, ‘wet swale’, ‘bioswale’, ‘bioretention swale’), pollution 143 

removal (e.g., ‘swale pollutant removal’, ‘swale performances’ and so on) and swale inputs 144 

(e.g., ‘swale stormwater’). In addition to peer-reviewed journal papers, reports, technical notes, 145 

proceedings, master thesis and Ph.D dissertations were considered. This online search 146 

comprises studies conducted up to May 2018. The produced data set has been filtered again to 147 

exclude studies either with (i) weak number of monitoring events (i.e., n < 3) or (ii) several 148 

locations of outflow (i.e., two distinct outlets to discharge surface and subsurface outflows) or 149 
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(iii) median values without access to raw data. On this last point, mean as an estimator was 150 

chosen because more studies provided their results through this parameter. 151 

All appropriate studies used one of the three sampling designs that are often considered: 152 

flow interval, time-interval, and random grab sampling (Leecaster et al. 2002). On this point, 153 

continuous auto-sampling using time-weighted or flow-weighted methods is often considered 154 

the most robust for creating a mixed sample of a part of the complete runoff, which gives direct 155 

access to the event mean concentration (EMC) (Lee et al. 2007). Although mixing grab samples 156 

does not necessarily provide access to EMC, studies using this sampling method were also 157 

included in the database. Among the selected studies, ER was used by the authors as the 158 

reference metric to assess swale performance; it can be defined mathematically as: ER = 1 – 159 

average EMCOutlet/average EMCInlet (Roseen et al. 2009). ERs were either set for in the screened 160 

documents or calculated from concentrations for the purpose of this study.  161 

It is worth mentioning that one document can discuss about several swales; the largest 162 

contributor document fed the database with six swales. The whole selection process finally 163 

yielded 59 swales fulfilling the aforementioned criteria, against 103 swales at the beginning of 164 

the filtration process. One important step was to ensure that each swale was only considered 165 

once, although it might have been described in distinct documents. Exceptions to this rule have 166 

been taken for either discontinuous monitoring program involving the same swale or swale 167 

design modifications (e.g., length divided by 2, retrofitting swale with check dams).  168 

Following the database constitution, an identification number (ID) has been imputed to 169 

each swale in order to facilitate its referencing. The generic characteristics of the swales used 170 

for this study, such as the site name, the location (country) and the land use (i.e., catchment 171 

specifications), are summarized in Table S1. This table includes data about the facility scale 172 

which has three levels of details: (i) field-scale swale refers to a monitoring facility which is 173 

already in operation (i.e., not designed by the investigators), (ii) technical field-scale swale 174 
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means that the facility or the contributing area have been designed or retrofitted by researchers 175 

and implemented on the field for the purpose of the study and (iii) technical-scale swale defines 176 

a facility which has been designed and implemented in a pilot system, e.g., a test bed system 177 

(Hood et al., 2013) or any other type of device structures (Bäckström, 2002; Li et al., 2016; 178 

Nara and Pitt, 2006). Furthermore, the water supply of swales is also considered as a parameter, 179 

since runoff could be generated by a storm event or a simulated event.  180 

Other relevant factors including the surface of the drainage catchment, the ratio area and 181 

the type of swale are also informed in Table S1. When not reported, the swale area and the ratio 182 

area were determined by multiplying the swale top or average width by its length and by divided 183 

the swale area by the drainage area, respectively. To determine the type of swales, four 184 

categories were selected: standard swale, dry swale, wet swale and bioswale. All facilities called 185 

‘swale’, ‘grass swale’, ‘grassy swale’, ‘grassed swale’, ‘planted swale’, ‘vegetated roadside 186 

swale’, ‘grassy median’ were indexed as standard swales. Swales described as wet or dry swales 187 

are indexed as such, as well as sandy soil swale monitored by Hood et al. (2013) indexed as 188 

‘dry swale’ considering its good capacity of drainage (sandy soil). Remaining facilities were 189 

indexed as bioswales; this is the case for ‘bioswale’, ‘biofiltration swale’, ‘bioretention swale’, 190 

‘infiltration swale-trench’ and ‘stone-lined swale’.  191 

Swale geometry involving swale length, top or average width, bottom width, cross-192 

section shape, centerline slope, side slopes and swale area was schematically represented in 193 

Figure S1. Information about the design of each swale included in the database is available in 194 

Table S2. Moreover, inlet and outlet mean concentrations, as well as ERs and design 195 

considerations are gathered together for each pollutant in Table S3 to Table S13 (See 196 

Supplementary content).         197 

 198 

2.3. Data analysis 199 
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The efficiency of swales to treat stormwater was evaluated through ERs. In order to evaluate 200 

the effective capacity of swale to remove a specific pollutant, data were examined through box 201 

and whisker plots to show the shape of the distribution, the central value, and its variability. 202 

Censored or range values were not reported in the graphical representations. 203 

In addition, the quality of incoming runoff and apparently important design variables, 204 

such as length, ratio area, centerline slope and side slope, have been selected to potentially 205 

reveal correlations with ERs. Because of the non-normal distribution of most parameters, 206 

nonparametric statistical approaches were subsequently used in this study, following the 207 

example of Huber and Helmreich (2016).  208 

Correlations between pollutant ERs were conducted using the Spearman’s ρ correlation. 209 

Each coefficient obtained from this analysis measures the strength and direction of a monotonic 210 

relationship between two paired data (Pavlineri et al. 2017). Hence, for correlated data, degree 211 

of correlation was analyzed through ρ interpretation as a small ρ value (≤ 0.39) means a weak 212 

correlation, a medium ρ value (0.40 ≤ ρ ≤ 0.59) means a medium correlation and a high ρ value 213 

(≥ 0.60) expresses a strong correlation (Huber and Helmreich 2016). Similarly, exploration 214 

regarding potential relationships between ERs and selected factors was performed using the 215 

Spearman method. The relationships between the relevant factors, i.e., whether they are or not 216 

independent, were subsequently examined using Spearman tests. All statistical calculations 217 

were performed using the Graph Pad Prism Software. An alpha p value of 0.05 was used for all 218 

statistical tests to reach significance.    219 

 220 

3. Results 221 

3.1. Database elements and swale design parameters 222 
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The overall characteristics of the swale database are summarized in  223 

Table 1. Seventy-five percents of the facilities are from the USA. Standard swales and 224 

bioswales each accounted for about half of the whole dataset. The majority of swales were both 225 

implemented on the field (68%) and supplied with natural storm events (93%). In terms of 226 

contributive area specifications, roadside swales are the most prevalent facilities in the database 227 

(64%), far before parking lot swales (27 %) and suburban/urban residential swales (9%). This 228 

partly explained that swales in the database were predominantly fed by direct diffuse runoff 229 

(61% of the dataset), since roadside swales or parking lot swales widely received lateral inflow 230 

from the edge of pavement (Figure S1 c). Pollutant removal processes occurring in the soil of 231 

swales are less considered in the studies, as the surface waters were mainly sampled (78%). 232 

Furthermore, the database shows variability concerning the nature of analyzed pollutants; 233 

classification of pollutants according to the number of collected data is the following: TSS > 234 

total phosphorus (TP) > zinc > Total Nitrogen (TN), copper > lead. Although TSS is nearly 235 

ubiquitous in the database (98%), data available for dissolved nutrients (nitrate and nitrite (NOx
-236 

-N) and nitrate (NO3-N)) are more limited (32%).  237 

 Some geometrical aspects of swale design, such as the structurally interrelated 238 

parameters length, swale area and ratio area, exhibit rather important dispersions, as 239 

demonstrated by boxplot representation of the data (Figure 2) and determination of basic 240 

descriptive statistical parameters (Table S2). In the case of swale length for example, its 241 

distribution displayed a central value of 51.5 m encase by a wide extend between 4 m and 1055 242 

m (Figure 2), with a coefficient variation of 152 % (Table S2). Ratio area varies between 0.1 243 

and 192%; its median (20%) is however at the upper boundary or slightly higher than the 244 

recommended intervals (e.g., 5-10% or 5-20%) which can be found in technical manuals 245 

(Beenen and Boogaard 2007; Credit Valley Conservation and the Toronto and Region 246 

Conservation Authority 2010). Conversely, coefficient variations for side slopes and top and 247 
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bottom widths (about 60 – 100 %), were smaller than for those for length and swale area (Table 248 

S2). This is likely due either to the narrow intervals which are suggested in the manuals to 249 

prevent erosion (for slopes) or to the visual definition of swales – a shallow ditch (for width). 250 

Regarding cross-section shape, results show most of the swales were either triangular (16 251 

swales) or trapezoidal (24 swales) (Table S2); this again may reflect the content of design 252 

handbooks where trapezoidal shape is spotlighting for its traditional good hydraulic 253 

performance and longer operation life (Woods Ballard et al. 2015).   254 

Most of the swales referenced in the database were covered by vegetation. Although grass 255 

was traditionally selected, mix of plants is increasingly incorporated into swales (planted 256 

swale) either to be adequate to site condition (e.g., hydric soils, deicing salts in stormwater) 257 

or to favor sedimentation and improve contaminants biodegradation (Leroy et al. 2016a). 258 

As presented in  259 

Table 1 and Table S2, grassed swales prevailed over planted swales and constituted at 260 

least 75% of the dataset. Among grassed swales, grass mixtures contribute to almost half of the 261 

vegetal covers (Table S2). It is noticeable that planted swales quasi exclusively referred to either 262 

wet swales or bioswales (Table S2).           263 

 264 

3.2. Pollutant removal in swales 265 

The distribution patterns of ERs for pollutants are presented in Figure 3. Among pollutants, 266 

proportions of positive ERs emphasized important variations. Thus, for TSS, TKN, nitrate, and 267 

trace metals such as lead, zinc, copper and cadmium, ERs were positive for at least 70% of the 268 

involved swales. By contrast, 40 to 74% of the swales did not reduce NOx
--N, TN, TP and 269 

dissolved phosphorus (DP). Therefore, pollutants in particulate form (trace metals and TKN) 270 

seem to be mainly retained in swales. In agreement with this conclusion, ER for TSS was found 271 

to be rather strongly positively correlated (ρ≥0.60) with those for TKN, copper and cadmium 272 

(Table 2); it was additionally correlated to those for TP, TN, lead and zinc, but in a more 273 
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moderate manner (ρ<0.60). NOx
--N, NO3-N and DP were the only pollutants not correlated to 274 

TSS (Table 2). Significant Spearman correlations were found between ERs for the nitrogen 275 

species TN and TKN and ER for TP (Table 2). ER for TN was logically strongly positively 276 

correlated to ERs for other N-related parameters such as TKN, NOx
--N and NO3-N (ρ≥0.60); it 277 

is additionally strongly correlated with ERs for the trace metals lead, zinc and copper (Table 278 

2). ER for TP was correlated to those for DP and copper (Table 2). Other significant positive 279 

correlations for ERs were found for TKN with zinc, copper and cadmium, and for NO3-N with 280 

zinc (Table 2). Finally, ERs for the trace metals lead, zinc, copper and cadmium were strongly 281 

correlated between them (Table 2). A schematic graphical representation of significant 282 

correlations between ERs for pollutants is shown in Figure 4. It clearly illustrates the fact that 283 

TSS, TKN and the trace metals zinc and copper were the pollutants exhibiting the higher 284 

number of significant correlations with ERs of other pollutants.   285 

 286 

3.3. Factors involved in swale efficiency 287 

Implication of various factors, i.e., inflow pollutant concentrations and various swale design 288 

characteristics, in swale efficiency was studied through analyzing correlations between these 289 

factors and pollutant ERs. As shown in Table 3, pollutant inflow concentrations were found to 290 

be significantly and positively correlated with ERs for all the pollutants, except for NO3-N, lead 291 

and cadmium. Swale length was correlated with ERs for TP, TN, NOx
--N, zinc and copper. 292 

Additionally, centerline slope was correlated with ERs for NOx
--N and lead, and side slope with 293 

ER for TN (Table 3). No pollutant ER was correlated with the ratio area. To determine whether 294 

swale design parameters found to be correlated with pollutants ER may be linked to inflow 295 

concentrations, additional Spearman correlations were performed (Table 4). As indicated in 296 

Table 4, pollutant inflow concentrations were significantly correlated to swale length for TN 297 

and NOx
--N; pollutant inflow concentration was also correlated to swale side slope for TN. A 298 
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trend to correlation was also observed for zinc inflow concentration and swale length 299 

(p=0.0599), and NOx
--N inflow concentration and swale centerline slope (p=0.0820). Only 300 

copper and TP inflows were not correlated at all to swale length (Table 4), thus suggesting that 301 

length may constitute robust inflow-independent parameters implicated in copper and TP 302 

removal by swales.  303 

 304 

4. Discussion 305 

The original database designed for this study provides representative information on the 306 

variability of swale performances through a data compilation from geographically and 307 

climatically diverse sources. Although three quarters of its studies were from the USA, our 308 

database was more extensive than the International Stormwater BMP Database (ISBD, (Clary 309 

et al. 2017)) which quasi exclusively contains swale case studies from the USA. Furthermore, 310 

our database compiled very diverse information in terms of swale design, installation or 311 

maintenance, as well as sites exposed to contrast levels of runoff pollution and hydrological 312 

conditions. All these aspects have enabled us not only to assess swale efficiency in removing 313 

pollutants but also to investigate from a variety of data some selected factors that could 314 

influence it.     315 

The greatest swale efficiencies were observed in pollutants which tend to attach to solid 316 

particles, i.e., TSS, total trace metals and nutrients including a particular form. These results 317 

were in accordance with previous findings from the ISBD; for example Barrett (2008) has 318 

shown median concentration attenuation of 60%, 60% and 62% for TSS, zinc and copper, 319 

respectively. In addition, median ERs of trace metals fluctuate between 60% and 75% in our 320 

database, so close to the recurring removal threshold of 75% mentioned by Leroy et al. (2016b). 321 

Concerning effluent quality at surface outlet, TSS, TP, TN, TKN and trace metals are 322 

effectively removed in swales via physical mechanisms such as sedimentation and vegetal 323 
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filtration (Stagge et al. 2012; Boger et al. 2018), which are likely to be the main treatment 324 

processes occurring as water flows within the facility (Deletic 1999; Bäckström 2002; Deletic 325 

and Fletcher 2006). Additionally, positive correlations observed between ERs of trace metals 326 

and TSS could firstly be explained through their physical speciation in runoff, that means 327 

pollutants fully or partially bound to particles (Djukić et al. 2016), and subsequently may 328 

emphasize the importance of efficient suspended solids removal, through settling or filtration, 329 

in mitigating trace metal concentrations in swales (Stagge et al. 2012).  330 

Further exploration on the removal hierarchy of particular pollutants need to be examine 331 

through their occurrence and partitioning in urban runoff. Concerning removal of trace metals 332 

in the present study, the grading established from median ERs and interquartile ranges (IQR) 333 

followed the order: zinc > lead – cadmium > copper. This classification is slightly distinct from 334 

other swale studies where copper may be ranked either ahead of zinc (Leroy et al. 2016b) or 335 

lead and cadmium (Stagge et al. 2012; Revitt et al. 2017). From previous studies, lead should 336 

be mostly in the particulate phase (Legret and Pagotto 1999; Ingvertsen et al. 2011; Kayhanian 337 

2012) whereas cadmium could be freer or associated with dissolved solids (Makepeace et al. 338 

1995), as well as zinc and copper may have the highest dissolved concentrations in urban runoff 339 

(Gromaire-Mertz et al. 1999; Mosley and Peake 2001; Huber et al. 2016). Additionally, copper 340 

is known to be mostly attached to organic particles and colloids in the form of complexes 341 

smaller than 0.45 µm (Bäckström et al. 2006). Since swales could preferentially remove larger 342 

particles than about 20 µm (Bäckström et al. 2006; Deletic and Fletcher 2006; Nara and Pitt 343 

2006; Lucke et al. 2014), this may explain why copper was removed in swales to a lesser degree 344 

than other metals. Conversely, possible explanation for the greatest removal shown by zinc 345 

could be its prevalence in urban runoff (Kayhanian et al. 2012; Stagge et al. 2012; Huber et al. 346 

2016). At first sight, degrees of correlations between ERs of trace metals and TSS are a bit 347 

surprising because deviate from the aforementioned traditional observations. Unlike weak 348 
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correlation with TSS involved lead, copper and cadmium were strongly associated with 349 

suspended solids. These dissimilarities might be partly explained by the variability of particle 350 

size distributions (PSD) of water samples that likely populate the dataset used in this study 351 

(Ingvertsen et al. 2011; Kayhanian et al. 2012). Considering the fine particle fraction often 352 

carries the largest load of particle-associated pollutant (Sansalone and Buchberger 1997; Lau 353 

and Stenstrom 2005), a predominance of small particles (e.g., < 63 µm) in stormwater inflow 354 

makes their removal by sedimentation difficult. Another possible explanation for weak 355 

correlation between ERs of lead and TSS could be that the distribution of lead inflow 356 

concentration in the database is mainly dominated by lower concentration than that of copper, 357 

which could lead to lower efficiency ratios (Winston et al. 2012a). This, however, is considered 358 

a very conservative assumption because correlation results assign to cadmium ER the strongest 359 

relationship with TSS, despite extremely low inflow concentrations (< 3 µg/L).  360 

Removal of nutrients in swales requires also to be discussed through their speciation. 361 

Regarding phosphorus, Morquecho et al. (2005) found that TP could be highly removed from 362 

stormwater through retaining particles taller than 20 µm so its attenuation in swales may mainly 363 

drive by sedimentation (Boger et al. 2018). This expectation tends to be confirmed by two 364 

results of our database, (i) the significant correlation between ERs of TP and TSS and (ii) the 365 

wide extent of TP ERs. Large fluctuations of TP removal has been reported in other studies 366 

(Mazer et al. 2001; Yu et al. 2013; Jiang et al. 2017) and could be partly explained by the trend 367 

for phosphorus to be adsorbed to very fine particles (<50 µm) which hardly settled (Stagge et 368 

al. 2012), so efficiency of sedimentation is reduced in this case. Meanwhile, TP contains a 369 

dissolved form (dissolved phosphorus) which remains more of a challenge to remove according 370 

to the quasi-exclusive negative DP ER values stored in the database. DP attenuation could be 371 

attributable to geochemical processes occurring after infiltration, such as sorption to aluminium 372 

(Al) and iron (Fe) oxides, and precipitation (Li and Davis 2016). Nonetheless, the 373 
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aforementioned inefficient performances suggest that swales could easily enrich stormwater 374 

with soluble phosphorus. For surface runoff, this export of phosphorus may result from 375 

resuspension or scouring of organic matter (OM) and for percolated water, leaching of OM is 376 

generally incriminated (LeFevre et al. 2014; Li and Davis 2016). Such increases in discharge 377 

of DP should be a matter of concern for the preservation of aquatic ecosystems since it is more 378 

bioavailable than TP (Cederkvist et al. 2016). 379 

Similar to phosphorus, distinctive results for nitrogen species suggest that treatment 380 

patterns depend on the nature of each component. The strong correlations between ERs of TKN 381 

and TSS may be the consequence of settling of TKN, caused by its particulate organic 382 

component (Stagge et al. 2012; Boger et al. 2018). Conversely, the slightly lower removal of 383 

TN coupled with a medium correlation with TSS ER may be explained by its predominant 384 

dissolved form in runoff (Taylor et al. 2005); this potentially involved weaker removal by 385 

sedimentation than for TKN (Stagge et al. 2012). Although ER’s distributions of oxidized 386 

nitrogen compounds (nitrate and nitrite) display frequent positive values, the absence of 387 

correlations with TSS ER suggests that sedimentation should not be a particular contributor to 388 

their removal. Performances reported in this study could thus be expected to depend on 389 

infiltration, plant uptake and denitrification (Stagge et al. 2012; Winston et al. 2012a). 390 

Additionally, the variability of NOx--N ER validates the consensus regarding the complexity to 391 

predict nitrogen species removal in swales (Revitt et al. 2017). When soluble and organic 392 

nitrogen enrichment of stormwater occurring within the facility, this suggests there is a 393 

supplementary source of nitrogen that is readily mobilized and mixed with runoff. Runoff 394 

enrichment in nitrogen could be due to degradation of organic elements or discharge of high 395 

quantities of grass and weed debris deposited on swale bed after frequent maintenance periods 396 

(Yousef et al. 1985; Yu et al. 2001). 397 
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For investigating potential influential factors of ERs in the study reported herein, the 398 

preference was given to variables already be highlighted from previous studies. As reported by 399 

others (Yu et al. 2001; Barrett 2005; Stagge et al. 2012; Winston et al. 2012a; Leroy et al. 400 

2016a), efficiency of pollutant removal in swales may be dependent on incoming runoff quality 401 

and swale design. In this study, only site mean influent concentration as well as major factors 402 

which drive swale capacity to manage runoff and were well documented in the database, as 403 

swale length, centerline slope, side slope and ratio area, were used to attempt to explain 404 

discrepancies between swales. Our data indicate that pollutant inflow concentration is a main 405 

factor correlated with ER, for various pollutants, including TSS, TP, TN, TKN, NOx
--N, zinc, 406 

copper and cadmium. For these pollutants, ERs increase with inflow pollutant concentrations, 407 

suggesting that their removal mechanisms are more efficient by increasing inflow pollutant. 408 

Such data also support the idea that low inflow pollutant concentrations may results in low ER. 409 

This hypothesis is fully supported by the fact that negative ERs were often reached in low 410 

influent concentration conditions. It is particularly reported for influent TSS concentrations in 411 

the range of 0-50 mg/L (Bäckström et al. 2006; Andrés-Valeri et al. 2014; Purvis et al. 2018), 412 

which could be enriched by scouring of sediments during water flow in swale (Lucke et al. 413 

2014). In contrast, removal of dissolved pollutants (nitrate) seems to be much less sensitive to 414 

the “influent effect”, implying that other factors (e.g. soil physicochemical properties) may 415 

mainly regulate their attenuation within swales. 416 

With respect to swale design factors, length was found as an inflow-independent factor 417 

positively correlated to ER only for TP and copper, but not for other pollutants. The reason for 418 

which TP and copper ERs depend on swale length remains to be determined. Indeed, although 419 

length have repeatedly been considered as an influent factor on the trapping of particles (Yu et 420 

al. 2001; Bäckström 2002; Winston et al. 2016), the trend to increase sediment reduction by 421 

raising length could rapidly reach an asymptote in sloped grassed areas (Deletic 1999), and 422 
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most of our results were consistent with the fact that installation of long swales (e.g., length > 423 

15 - 30 m) is not necessary to efficiently remove particles (Lucke et al. 2014). In the same way, 424 

increasing centerline slope could slightly attenuate TSS reduction in swales (Yu et al. 2001; 425 

Winston et al. 2016) but there is no evidence to validate this trend since more than 75% of 426 

centerline slopes in the database were below 2%. The reason why lead ER was correlated to 427 

centerline slope also remains to be determined. Overall, it is noteworthy that most of swale 428 

designs parameters were not correlated to pollutant ER. This suggests that the variations in 429 

swale factors found in our database did not influence ER, excepted for length and ERs of TP 430 

and copper.  431 

The present study suffers from various limits arising from (i) the heterogeneity of 432 

monitoring methods used in each study to sample events and analyse pollutant concentrations, 433 

and (ii) the adopted methodology to analyse the database. Concerning the first point, studies of 434 

the database exhibited various types of sampling method, which may affect the 435 

representativeness of resultant concentrations in terms of pollutant discharges by storm events. 436 

On this aspect, flow-weighted or time-weighted sampling might give access to EMC whereas 437 

manual (grab) sampling produces several subsamples which could be subsequently mixed to 438 

estimate an average concentration of pollutant discharge. Since most of the database studies 439 

used the first type of sampling, concentrations utilised to calculate ER might be regarded as 440 

representative of entire storm event discharges. Additionally, further differences occur in 441 

sample preparation and analytical methods used. Although sample collection and sample 442 

preparation seem to be the two main sources of deviation (Huber et al. 2016), determining 443 

concentration of pollutant could be highly dependent on detection limits, especially for 444 

pollutants generally found in trace concentrations in runoff (e.g., trace metals). In this study, 445 

very low concentrations of cadmium in inflow and outflow (0.1 µg/L – 3 µg/L) may suggest 446 

that a considerable uncertainty could affect Cd ERs. Furthermore, the adopted methodology to 447 
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analyse raw data from literature represents a significant part of overall uncertainty. While 448 

various sources of discrepancies referred to number of sampled events and duration of the 449 

monitoring period, i.e., whether case study covered part of a year or a single year or several 450 

years, we consider each ER weighted equally to assess swale efficiency. Since level of runoff 451 

contamination as well as hydrological conditions could be highly variable at swale inlet, an ER 452 

calculated from a large number of sampled events would generally be more exact in the 453 

potential assessment of a site to treat stormwater (Fassman 2012). Previous studies suggested 454 

that reliable TSS, TN and zinc site mean concentrations could be achieved through monitoring 455 

for 15 to 20 runoff events (Thomson et al. 1997; Drapper et al. 2000), knowing that this 456 

minimum threshold could be dependent on the nature of pollutant (McCarthy et al. 2018). In 457 

the database, several studies monitored a limited number of storm events (i.e., <15), so their 458 

site ERs may be considered as less relevant than those of sites with large number of sampled 459 

events (i.e., 15). Additionally, the selection process of studies to feed the database did not 460 

consider hydrological conditions, i.e., inflow flow-rates, initial soil moisture and duration of 461 

event, which could directly impinge on ER. While these data were not systematically available 462 

in the studies, such information could be useful to explain higher particular pollutant ERs in 463 

cases where most of the sampled events for a site had low flow rates, which are likely to favor 464 

sedimentation.  465 

In addition, this study dealt with pollutant removal in swales only from the perspective 466 

of ER to investigate its potential influential factors. Nonetheless, using these approaches on 467 

their own can be misleading the evaluation of swale effectiveness because of their strong 468 

reliance on additional inputs, e.g., inflow concentrations and influent flow-rate. This is why 469 

percent removals, notwithstanding their historic prevalence, are increasingly being criticized as 470 

stand-alone parameter (Barrett 2005; Wright Water Engineers and Geosyntec Consultants 471 

2007). In addition, there is a current need to investigate the management practice of SUDs in 472 
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terms of quality assessment to remove pollutant (facility efficiency) without relating to 473 

achievements in terms of project goals or effectiveness (Scholes et al. 2008; Fassman 2012). 474 

For this reason, other analytic metric tools has been developed such as the probability plots 475 

(Fassman 2012; Stagge et al. 2012) which better suit than methods based on a change from an 476 

arbitrary starting value. For evaluating effluent stormwater quality variability in the sight of 477 

water quality standards, probability plots focus on whether the discharges are likely to adversely 478 

affects the receiving ecosystems (Fassman 2012). A complementary method to investigate 479 

SUDs efficiency is to examine EMC distributions. On the one hand, such approach leads to 480 

explore on whether differences between influent and effluent concentration distributions are 481 

statistically significant (Geosyntec Consultants and Wright Water Engineers 2011). On the 482 

other hand, specific data from the distributions (e.g., mean, median, IQR) could be selected as 483 

a basis for a comparison procedure against regulatory environmental quality standard (EQS) to 484 

highlight the environmental risk assessment of stormwater discharge (Ellis et al. 2012). 485 

Nonetheless, applying one of these recent methods requires to get raw data, which were not 486 

always available in the case of the studies reviewed in our database. 487 

 488 

5. Conclusion 489 

In the present study, the efficiency of swales to remove TSS, nutrients and total trace metals 490 

was investigated by establishing an original database, including ER, design and inflow 491 

concentration data. This overall assessment has evidenced that pollutants with a particulate 492 

form were generally more attenuated in swales than soluble contaminants. Additionally, 493 

statistical analysis has highlighted strong relationships between removals of TSS and other 494 

contaminants with a particulate form. This supported that settling and filtration processes 495 

mainly drive the sequestration of pollutants from incoming runoff in swales, with an apparent 496 

limited effect on the dissolved phase. Moreover, instability of pollutant ER may partly be 497 
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explained by variations of site mean inflow concentration, emerging as the most striking 498 

influential factor on ER. Conversely, various swale design factors, such as length, centerline 499 

slope, side slope and ratio area, were not or only poorly correlated with ERs. Such a lack of 500 

implication of these design parameters remains however to be confirmed by further studies. 501 

Future works should also gain insight on the mitigation of stormwater contaminants during 502 

water transfer in soil, while pursuing the current monitoring practices by characterizing more 503 

micropollutants, such as PAHs and pesticides, in the particulate and dissolved phases.  504 
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 717 

 718 

 719 

 720 

Legend to Figures 721 

 722 

Fig. 1 Diagram describing the following methods used to filter and analyse the database 723 

 724 

Fig. 2 Design characteristics of swales registered in the database. a Boxplots for the design 725 

factors characterizing swale database. b Legend for boxplots  726 

 727 

Fig. 3 Range of ER values for pollutants from the database. Boxplots were used to display data 728 

spread (see Fig. 2 b for the legend of a boxplot) 729 

 730 

Fig. 4 Graphical representation of correlations between pollutant ERs; strong correlations 731 

(ρ>0.60) are represented by thick lines and weaker correlations (ρ<0.60) by dotted lines. 732 

Pollutants were grouped by type (i.e., suspended solids, nutrient and trace metal) and speciation 733 

was indicated for each substance (i.e., total (t), particulate (p) and dissolved (d)) 734 
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 735 

Table 1 Characteristics of the swale database 736 

Parameter Description (n=number of swales) 

Total number of analyzed 
swales  

n=59  

Type of swales  Standard swales (n=24), Dry swales (n=6), Wet swales (n=5), Bioswales (n=24) 

Country  Australia (n=1), Canada (n=1), China (n=2), Denmark (n=2), France (n=2), New 
Zealand (n=2), Spain (n=2), Sweden (n=1), Taiwan (n=1), UK (n=1), USA 
(n=44)  

Facility-scale  Field (n=40), technical  field (n=17), technical (n=2) 

Water supply  Storm events (n=55), simulated events (n=4) 

Flow direction  Single inflow (n=19), Lateral inflow (n=36), Lateral and single inflow (n=3), 
n.a.a (n=1) 

Sampling flow origin  Surface flow (n=46), subsurface flow (n=10), surface and subsurface flow 
mixture (n=3) 

Catchment specifications Road (n=38), parking lot (n=16), urban/suburban residential area (n=5) 

Vegetal cover  Bare soil (n=1), grassed swale (n=44), planted swale (n=11), vegetated swale, 
i.e. grassed or planted facility (n=3) 

Pollutant with available 
ER 

TSS (n=58), TN (n=32), TKN (n=26), NOx
--N (n=19), NO3-N (n=19), TP 

(n=49), DP (n=27), Pb (n=31), Zn (n=37), Cu (n=32) 

an. a., not available  737 
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Table 2 Analysis of correlations between swale ERs for various pollutants 738 

ERa  TSS TP DP TN TKN NOx
—N NO3-N Pb Zn Cu 

TP ρ 
p 

0.40 
0.0054** 
n = 48 

 
        

DP ρ 
p 

0.15 
0.4547 
n = 26 

0.77 
<0.0001*** 
n = 26 

 
       

TN ρ 
p 

0.43 
0.0161* 
n = 31 

0.40 
0.0257* 
n = 31 

-0.13 
0.6155 
n = 17 

 
      

TKN ρ 
p 

0.66 
0.0002*** 
n = 26 

0.45 
0.0206* 
n = 26 

0.12 
0.7074 
n = 13 

0.80 
0.0003*** 
n = 15 

 
     

NOx
--N ρ 

p 
-0.20 
0.4206 
n = 18 

-0.17 
0.4912 
n = 18 

-0.33 
0.2706 
n = 13 

0.77 
0.0007*** 
n = 15 

0.07 
0.8346 
n = 12 

 
  

  

NO3-N ρ 
p 

0.27 
0.2645 
n = 19 

0.02 
0.9233 
n = 19 

-0.01 
0.9910 
n = 12 

0.62 
0.0478* 
n = 11 

-0.24 
0.4434 
n = 12 

 
 

   

Pb ρ 
p 

0.36 
0.0484* 
n = 31 

0.15 
0.4618 
n = 25 

0.38 
0.1521 
n = 16 

0.81 
0.0008*** 
n = 13 

0.42 
0.1187 
n = 15 

NDb 0.47 
0.0509 
n = 18 

 
  

Zn ρ 
p 

0.58 
0.0002*** 
n = 37 

0.31 
0.0944 
n = 31 

0.15 
0.5435 
n = 18 

0.85 
<0.0001*** 
n = 16 

0.54 
0.0238* 
n = 17 

NDb 0.66 
0.0028** 
n = 18 

0.67 
<0.0001*** 
n = 31 

  

Cu ρ 
p 

0.70 
<0.0001*** 
n = 32 

0.39 
0.0487* 
n = 26 

0.27 
0.2902 
n = 17 

0.64 
0.0076** 
n = 16 

0.88 
<0.0001*** 
n = 15 

NDb 0.45 
0.0812 
n = 16 

0.75 
<0.0001*** 
n = 29 

0.79 
<0.0001*** 
n = 32 

 

Cd ρ 
p 

0.74 
0.0002*** 
n = 20 

0.15 
0.5567 
n = 17 

0.20 
0.5837 
n = 10 

NDb 0.74 
0.0023** 
n = 14 

NDb -0.35 
0.3129 
n = 10 

0.64 
0.0033** 
n = 19 

0.63 
0.0028** 
n = 20 

0.74 
0.0002*** 
n = 20 

aCorrelations between pollutant ERs were analyzed using the non-parametric Spearman rank method. The Spearman's rank correlation coefficient ρ, as well as the p value and 739 

the number of swales analyzed are indicated in bold when the correlation is significant (p<0.05); these data are additionally underlined when the correlation is considered to be 740 

rather strong (ρ≥0.60). bND, not done (n<10). *p < 0.05; **p < 0.01; ***p < 0.001 741 
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Table 3 Analysis of correlations between ERs for various pollutants and swale parameters 742 

Pollutanta  Swale Parameter 
 Inflow 

Concentration 
Length Centerline slope Side slope Ratio area 

TSS ρ 
p 

0.57 
0.003** 
n = 57 

0.18 
0.1799 
n = 55 

0.25 
0.1037 
n = 45 

0.17 
0.3686 
n = 29 

-0.26 
0.116 
n = 40 

TP ρ 
p 

0.46 
0.001** 
n = 49 

0.38 
0.0078** 
n = 47 

0.10 
0.5255 
n = 39 

-0.11 
0.6081 
n = 24 

0.01 
0.9377 
n = 33 

TN ρ 
p 

0.54 
0.0017** 
n = 31 

0.62 
0.0003*** 
n = 30 

-0.25 
0.2143 
n = 26 

0.51 
0.0418* 
n = 16 

0.11 
0.6325 
n = 23 

TKN ρ 
p 

0.69 
<0.0001*** 

n = 26 

0.28 
0.1721 
n = 26 

0.32 
0.1395 
n = 23 

0.41 
0.0621 
n = 21 

0.10 
0.6770 
n=19 

NOx
--N ρ 

p 
0.52 
0.0231* 
n = 19 

0.51 
0.0248* 
n = 19 

-0.56 
0.0184* 
n = 17 

0.32 
0.2607 
n = 14 

0.06 
0.8029 
n=18 

NO3-N ρ 
p 

0.17 
0.4796 
n = 19 

0.43 
0.0667 
n = 19 

-0.10 
0.6819 
n = 18 

0.17 
0.6321 
n = 10 

NDb 

Pb  ρ 
p 

0.26 
0.166 
n = 31 

0.08 
0.6853 
n = 28 

0.47 
0.0195* 
n = 24 

0.26 
0.3684 
n = 14 

0.21 
0.4450 
n = 15 

Zn ρ 
p 

0.67 
<0.0001*** 

n = 37 

0.49 
0.035* 

n = 34 

-0.05 
0.8085 
n = 28 

0.24 
0.3489 
n = 17 

0.16 
0.4922 
n = 21 

Cu ρ 
p 

0.52 
0.0022** 
n = 32 

0.56 
0.0017** 
n = 29 

0.07 
0.7465 
n = 25 

0.49 
0.0738 
n = 14 

0.43 
0.0828 
n = 17 

Cd ρ 
p 

0.22 
0.3924 
n = 17 

0.30 
0.2469 
n = 17 

0.43 
0.1401 
n = 13 

NDb -0.07 
0.8154 
n = 13 

aCorrelations between pollutant ERs were analyzed using the non-parametric Spearman rank method. The 743 

Spearman's rank correlation coefficient ρ, as well as the p value and the number of swales analyzed are indicated 744 

in bold when the correlation is significant (p<0.05); these data are additionally underlined when the correlation is 745 

considered to be rather strong (ρ≥0.60). bND, not done (n<10). *p < 0.05; **p < 0.01; ***p < 0.001  746 
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Table 4 Analysis of correlations between inflow concnetration and various swale parameters 763 

when a design characteristics was flagged as potentially 764 

Pollutanta Tested correlation Results 

TP Inflow concentration vs. Swale lenght 
ρ = 0.07 
p = 0.6345 
n = 47 

   

TN 

Inflow concentration vs. Swale lenght 
ρ = 0.45 
p = 0.015* 
n = 29 

Inflow concentration vs. Swale side slope 
ρ = 0.59 
p = 0.0165* 

n = 29 
 

NOx
--N 

Inflow concentration vs. Swale Lenght 
ρ = 0.46 
p = 0.0465* 

n = 19 

Inflow concentration vs. Swale centerline slope 
ρ = 0.433 
p = 0.0820 
n = 17 

   

Zn Inflow concentration vs. Swale Lengh 
ρ = 0.33 
p = 0.0599 
n = 34 

   

Cu Inflow concentration vs. Swale  Lenght 
ρ = 0.22 
p = 0.2476 
n = 29 

aCorrelations between inflow pollutant concentrations and various swale parameters were analyzed using the non-765 

parametric Spearman rank method. The Spearman's rank correlation coefficient ρ, as well as the p value and the 766 

number of swales analyzed are indicated in bold when the correlation is significant (p<0.05). *p < 0.05; **p < 0.01; 767 

***p < 0.001 768 


