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1 INTRODUCTION
Bioretention cells are widespread blue and green infrastructure (BGI) solutions consisting of depressions filled with a coarse-grained layer at the base to allow water drainage. Other layers, usually of sand or engineered adsorbents, are placed above, followed by soil and a vegetative cover. The benefits of bioretention include the improvement of urban runoff (UR) quality, the management of runoff volume, the mitigation of urban heat islands, and local biodiversity support, among others (Vijayaraghavan et al., 2021).
Some characteristics of arid and semi-arid zones are their low annual precipitation rate (less than 500 mm), long dry periods, and short-lived storms, which are becoming more extreme because of climate change (Wasko et al., 2021). Concerning water quality, the long time between successive storms in arid and semi-arid zones allows for a substantial pollutant build-up on urban surfaces. This build-up leads to significant pollution loads in the resulting UR and higher contents of total suspended solids (TSS), organic matter, nutrients, and heavy metals than in the samples obtained in humid or temperate zones (Zúñiga-Estrada et al., 2022). The first storms of the rainy season increase the concentrations of these non-point pollutants, which is known as the seasonal first flush (Ortiz-Hernández et al., 2016). In sum, the particularities of arid and semi-arid climates must be considered in designing BGI solutions such as bioretention cells. Moreover, these devices must be monitored once constructed to validate their potential to improve runoff quality.
However, the implementation of bioretention cells in arid and semi-arid regions still needs to increase, as do studies evaluating their performance there. Bioretention advantages in these zones have been demonstrated primarily through modeling, while field studies are relatively scarce, particularly those related to water quality monitoring (Meerow et al., 2021). This lack of reports hinders the generalized adoption of bioretention as a water conservation strategy at the urban scale, precisely where it is most urgent to alleviate water scarcity (Zúñiga-Estrada et al., 2022).
Consequently, this work aimed to evaluate the depollution performance of a field-scale bioretention cell built in a flood-prone urban semi-arid area. So far, the hydrological validation of this bioretention cell, designed to endure long dry periods, has been carried out only through the US Environmental Protection Agency Stormwater Management Model (SWMM; Zúñiga-Estrada et al., 2022). First, we explored the pollution sources in the site through hydrological modeling. The considered pollutants were TSS, organic matter, nutrients, and two heavy metals (manganese and lead). Then, we evaluated their elimination in the bioretention cell experimentally during three actual storm events (SEs).
2 METHODS
2.1 Study site
The study site was our university’s campus (Universidad Autónoma del Estado de Hidalgo) in Mineral de la Reforma (Hidalgo, Mexico; Figure 1). Its coordinates are 20°05′047''(north latitude) and 98°42′37''(west longitude) at 2,426 m above sea level. The average air temperature is 14.6°C, and the annual rainfall is 375.9 mm (CONAGUA, 2020). Rainfall occurs mainly from April to September (SMN, 2019).
[image: Figure 1]FIGURE 1 | Study site.
2.2 Exploration of pollution sources with SWMM
This study develops an integrated urban catchment pipe monitoring and modeling approach to diagnose the impact of UR contaminants from stormwater drainage on a bioretention cell constructed in the catchment lowest point (CLP) as a receiving water body. Urban runoff flow patterns and the primary land uses in the study site were determined to define the possible origin of the pollutants examined (Figure 1). During the dry period, feces of fauna that regularly transit over the surface of the study area accumulate, while grease and oil from vehicles that circulate on the main road or remain in the parking lots are distributed throughout the university campus. Moreover, sediments transported by wind or due to the irrigation of green areas accumulate downstream. During the first flush, these substances are kept through the pores of the diverse types of surfaces or washed and driven from various places toward the main channel due to gravity. Finally, most of these substances are deposited at the CLP, where the bioretention cell is found.
The SWMM software was developed in the 1970s (EPA, 1978), and since then, its applications and scopes have continued to grow. Today, it has evolved into a dynamic rainfall–runoff path simulation model capable of modeling water quantity and quality for long-term event-based simulations (Rossman, 2010). The dry weather time step is used when there is no rain and standing water in the catchment. In this study, a dry weather time step of 1 h was found to be adequate for simulation time and model accuracy. We used the 5-s routing time step to calculate the flow through the drainage network to ensure the numerical stability of the model. Finally, we calculated the infiltration through the modified Horton method. We adopted the base parameters of the model for the study catchment from Zúñiga-Estrada et al. (2022), whose study incorporates an analysis of the water quality present in the study area. The parameters used in the SWMM specific to the bioretention cell built in the study site are presented in the Supplementary Material. We entered the concentrations of the water quality parameters into the software: TSS, organic matter (measured as chemical oxygen demand, COD), ammonia nitrogen (N-NH4+), nitrate nitrogen (N-NO3-), and total orthophosphates (PO43- tot), manganese (Mn tot), and lead (Pb tot). The concentrations of these contaminants at the bioretention cell inlet, found in the CLP, were modeled to find what variations occurred during the path of surface runoff through the study site after three rainfall depths (51, 30, and 9 mm), which correspond to the actual SEs described below (SE1, SE2, and SE3, respectively). The results of this exploratory simulation allowed us to find the possible origin from where the contaminants are transported to the bioretention cell. The results and discussion section analyze these aspects.
2.3 Bioretention cell configuration
The bioretention cell constructed in the study site (Figure 2) has the configuration and dimensions fully presented in Supplementary Figure S1. The cell was built parallel to the road in the CLP of the study site and has a complementary upstream solids trap. This trap reduces the coarse solids entering through the drain grate via a 4″C-PVC pipe to the bioretention cell and is connected from its entrance at 10 cm from its surface. We built the cell with a general slope of 2% toward a maintenance hole, to which a storage tank was connected (corresponding to the outlet of the bioretention cell; Supplementary Figure S1). The following filter material layers were introduced in the cell (from the bottom to the surface): Ø ¾" tezontle (volcanic scoria, 30 cm), ¾" gravel (50 cm), ½" gravel (40 cm); Ø 2 mm sand (30 cm) and Ø < 0.6 mm soil (50 cm). Earlier tests had shown the suitability of this configuration, specifically for removing heavy metals such as Mn and Pb (Zúñiga-Estrada et al., 2020). A 4″C-PVC pipe was placed over the first 15 cm of the sand layer. This pipe was distributed throughout the width and length of the cell and had holes every 5 cm on its surface to partially catch and transport the infiltrated water to the tank. A geotextile layer was installed beneath the soil to hold it in place. The soil used in the study had a sandy loam texture and a cation exchange capacity (CEC) of 31.25 Cmol(+)/kg (or meq/100 g). The complete mineralogical characterization of these materials is presented elsewhere (Zúñiga-Estrada et al., 2020). Six specimens of Agave tequilana, two of A. salmiana, and four of Yucca sp. were placed as the vegetal cover of the cell. We chose the plants based on the following considerations. Agave and Yucca are genera of succulent rosettes ubiquitous in the North American drylands. These plants have evolved to cope with drought through internal water storage (that is, succulence) or the arrangement of their massive leaves, allowing the fog conduction into the stem tissues (that is, the rosette morphology) (Martorell and Ezcurra, 2002). Both traits are desirable in the vegetative cover used in the BGI built in arid and semi-arid zones, where external water supply is limited during the year. The bioretention system construction was finished in December 2016, and since then, the system has only received occasional irrigation and maintenance. The original vegetation is still in place.
[image: Figure 2]FIGURE 2 | Localization of the bioretention cell in the study site (Source: Google Earth).
2.4 Sampling and analytical methods
Due to the large size of the bioretention cell, the small rainfall depths do not produce an outflow. Consequently, the water quality monitoring was limited to SEs with significant rainfall depths, which occur sparingly in the study zone. That is why field runoff quality monitoring was conducted on 28 June 2017 (storm event 1, SE1), 4 June 2019 (SE2), and 5 June 2019 (SE3). The three SEs consisted of events lasting less than 90 min. Two of them (SE1 and SE2) represent the seasonal first flush in two different years. Rainfall depths were 51, 30, and 9 mm, respectively. For each SE, sampling was conducted at the inlet (CLP) of the bioretention cell and the outlet (Supplementary Figure S1). Individual samples of approximately 250 mL were collected during the first part of the storms as soon as the runoff water was deep enough to be sampled. These individual samples were composited into a plastic container washed with nitric acid to a total volume of three liters. The collected samples were transported to the laboratory and kept at 4°C until analysis.
Unless stated otherwise, the samples were analyzed in triplicate and followed standard methods (APHA, 2012). The parameters analyzed were TSS, COD, N-NH4+, N-NO3- (Mubarak et al., 1977), PO43- tot, Mn tot, and Pb tot. We present full details of the analytical methods in the Supplementary Material. For each parameter analyzed, the arithmetic means of the triplicates were calculated and reported. We analyzed significant differences in water quality parameters and removal percentages through one-way ANOVAs with Tukey’s post hoc comparison tests in Minitab v. 16 (Minitab Inc., College State, PA, USA).
3 RESULTS AND DISCUSSION
3.1 Non-point pollution impacting runoff quality
The model obtained in the SWMM allowed us to appreciate the capacity of the study site to remove contaminants during the three SEs. In the graphs included in the Supplementary Material, it is possible to identify where more significant or lesser depollution occurred, as discussed below.
TSS, N-NH4+, and PO43- tot - In SE1, the TSS, N-NH4+, and PO43- tot concentrations were high (>900, 1.8, and 4.5 mg/L, respectively) throughout the entire catchment (Supplementary Figures S2–S4, respectively). In some areas, their concentrations diminished in SE2 compared to SE1 and were further reduced during SE3 and in larger campus areas. The only difference in the three SEs was the amount of rainfall, which was highest in SE1 (51 mm). This fact was not accompanied by the best removal capacity, possibly because the surfaces did not keep these pollutants enough or because the amount transported was such that the runoff volume could not dilute it enough, allowing its accumulation at the CLP.
COD–In the study site, similar COD concentrations (higher than 280 mg/L) were mostly modeled for SE1 and SE2; these concentrations decreased in the green areas and bare ground spaces during SE3 (Supplementary Figure S5). This fact highlights the importance of keeping unbuilt spaces to mitigate the transport of pollutants in urbanized catchments. COD concentrations in the CLP were the lowest during SE2. During the next day (SE3), this pollutant was diluted along the entire catchment, transporting the remains toward the cell inlet.
N-NO3- - The highest concentrations of this pollutant (>4.5 mg/L) were modeled in SE2. However, the surfaces where its concentration was inferior to 1.5 mg/L (signaled in blue in Supplementary Figure S6) did increase inversely with the rainfall depth (SE3 > SE2 > SE1).
Mn tot and Pb tot - For both contaminants, their concentrations followed the order SE1 > SE3 > SE2 (Supplementary Figures S7, S8). The spatial distribution of these metals is similar and, differently from what the bibliography states, did not track the TSS pattern (Djukić et al., 2016). The concentrations of both metals were exceptionally high in parking lots, which are well-known sources of these pollutants. We hypothesized that the permanence of the vehicles during the day eases a significant accumulation of these pollutants; the low slope of these surfaces also helped their retention during SE2 and up to SE3. The concentrations of both pollutants were higher in SE3 than in SE2 as a result of these two events occurring on two consecutive days.
3.2 Urban runoff quality at the inlet of the bioretention cell
Table 1 presents the characterization results of the UR sampled at the bioretention cell inlet in the three SEs and the corresponding concentrations simulated by the SWMM after 1 hour. The values previously measured in the same site in the wet and dry seasons are also included as a reference (Ortiz-Hernández et al., 2016), as are the values of the Mexican water quality standard for aquifer recharge (NOM-015-CONAGUA-2007; NOM, 2007). We also show the ANOVA results indicating statistically significant differences between the three samplings for most water quality parameters.
TABLE 1 | Pollutant concentrations (mg/L) in the urban runoff sampled at the bioretention cell inlet in the three storm events (SEs).
[image: Table 1]The concentrations of all pollutants, except TSS, exceeded the highest values measured in that earlier study (Ortiz-Hernández et al., 2016). Moreover, the concentrations of nitrates determined in the three SEs were similar or superior to other significant values reported in the bibliography as upper limits (3.97 mg N-NO3- in Asaf et al., 2004, 4.6 mg N-NO3-/L in Ivanovsky et al., 2018). The same occurred with the phosphates’ contents, which have been reported in the 0.1–4.69 mg/L range in urban stormwater sampled in a semi-arid coastal zone (Mahmoud et al., 2019). The high contents of pollutants measured in the study site can be attributed to the intensity of the three SEs, particularly SE1 and SE2, which caused flooding and a considerable mobilization of crustal material and pollution build-up in the study site. Consequently, the URs produced in the three SEs were not adequate for artificial aquifer recharge because their TSS contents surpassed the maximum permissible limit set up by the Mexican standard NOM-015-CONAGUA-2007 (150 mg/L; Table 1) (NOM, 2007).
Concerning the values simulated by the SWMM, the best estimations were obtained for SE1 (Table 1). For this SE, the absolute errors (data not shown) encompassed between 0.5% and 11.6% for the N-NH4+ and TSS concentrations, respectively. For SE2, the absolute errors were from 19.4% (N-NO3-) to 78.6% (Pb tot), and for SE3, from 0% (N-NH4+) to 34.8% (Pb tot).
3.3 Bioretention cell effluent quality
The characterization results of the samples taken in the three SEs at the bioretention cell outlet and the corresponding pollutant removal efficiencies are shown in Tables 2, 3, respectively. These results confirm the capacity of bioretention cells for removing several urban runoff pollutants, particularly TSS and heavy metals, as reported in the bibliography (Mahmoud et al., 2019; Sharma and Malaviya, 2021).
TABLE 2 | Pollutant concentrations (mg/L) in the bioretention cell effluent in the three storm events (SEs).
[image: Table 2]TABLE 3 | Pollutant removal efficiencies (%) of the bioretention cell in the three storm events (SEs).
[image: Table 3]TSS are among the best-removed pollutants in bioretention cells, with elimination efficiencies ranging from 58% to 99% (Mahmoud et al., 2019; Ho and Lin, 2022). It has been pointed out that TSS removal is better (higher than 88%) in devices with internal water storage than in cells devoid of this space (TSS removal was between 25% and 65%) (Li et al., 2014). In our study, the TSS eliminations were higher than 90% in the three SEs, which agrees with the previously mentioned study, because the layers beneath the soil function as an internal water storage layer (Supplementary Figure S5). The bioretention cell effluents followed the Mexican standard NOM-015-CONAGUA-2007 (NOM, 2007), which enables their reuse for artificial aquifer recharge concerning this parameter (Table 2).
We measured moderate COD removals, ranging from 30.9% to 56.8% (Table 3), which is common in the bibliography. For example, in the long-term monitoring of a field-scale bioretention cell in Chaohu Lake, China, COD was mildly removed (25%–33%) within the first year after the cell construction. The COD elimination rate augmented up to 50%–69% in the following year due to the entire establishment of a microbial system able to biodegrade this pollutant (Ho and Lin, 2022). These authors further improved COD (and phosphorus) removal by using a mix of zeolite, organic materials, iron slag, and soil instead of the gravel layer at the bottom of the cell. This adaptation would have contributed to maintaining an active microbial population degrading COD by supplying an additional carbon source (Ho and Lin, 2022).
When it comes to the removal of nutrients, bioretention cells have shown mixed performance, probably due to the complexity of the chemistry of these species and their leaching from soil and vegetation (Davis et al., 2009). For N-NH4+, removal efficiencies ranging from 64% to 96% have been reported in field studies, which are commonly attributed to the cation exchange capacity of the media, vegetation uptake (Osman et al., 2019), nitrification (Hunt et al., 2008), or internal water storage (Li et al., 2014). In our cell, N-NH4+ was removed at high rates (around 94%; Table 3), probably through a combination of these factors, although the soil’s high CEC could have been the major factor. CEC measures a soil’s ability to keep cationic nutrients (such as NH4+) for plant use. However, in a bioretention cell, it is also related to the exchange of heavy metals between the UR and the soil, thereby reducing their leaching. Several guidelines recommend that soils to be used in bioretention have CEC equal to at least 5 meq/100 g (Hodgins and Seipp, 2018; City of Tacoma, 2021), which underscores the high capacity of the study cell’s upper layer to keep several of the study pollutants (NH4+, Mn, and Pb). In contrast, N-NO3- was the least-eliminated pollutant in the cell, with removal rates of around 30% (Table 3). As a very soluble anion, nitrates are poorly kept by soil. However, microbial denitrification (that converts nitrates into N2) can occur in a bioretention cell following carbon amendments, the installation of a submerged zone within the cell leading to anoxic conditions, or the use of less permeable soils extending contact time (Davis et al., 2009; Sharma and Malaviya, 2021). Depending on their growth stage, some plant species may also contribute to N-NO3- removal (Osman et al., 2019).
Phosphate removal relies primarily on adsorption on solid media surfaces such as Fe and Al oxides or organic matter, where phosphates accumulate, and eventually, a breakthrough ensues (Sharma and Malaviya, 2021). Phosphates are available for plant uptake while they stay adsorbed on the media layers, although precipitation via cation complexing may also occur. These mechanisms explain the high removal phosphorus rates reported in field bioretention studies (77%–79%; Davis et al., 2009), although leaching from media is also described, particularly from phosphorus-rich soils, compost amendments, or long-running systems (Jiang et al., 2017). In the three SEs we monitored, removal rates were higher than 95% (Table 3).
Likewise, bioretention devices are usually reported as efficient for removing heavy metals from UR, which occurs in the upper layers (top 25 cm) of media (Davis et al., 2009). Their elimination is mainly due to mechanisms associated with filter materials, such as cation exchange, complexation, adsorption, or precipitation. It has been stated that, in bioretention cells, plants have a minor role in heavy metal removal, which increases at warmer temperatures due to the vegetation action as solar metal pumps (Sharma and Malaviya, 2021). For Pb eliminations, 98% has been reported in field- and lab-scale studies (Mahmoud et al., 2019), while for Mn, lower values (28%–98%) have been obtained at the lab scale (Beral et al., 2023). In our study, Pb was not detected at the effluents of the bioretention cell obtained in the three SEs; for Mn, the removal rates ranged from 86.2% to 90.7% (Table 3). As signaled above, Mn and Pb eliminations could be attributed to the soil’s high cation exchange capacity.
4 CONCLUSION
Hydrological modeling confirmed the conveyance of the study pollutants to the catchment’s lowest point and their ensuing build-up in significant storm events, showing the bioretention cell’s proper location. Monitoring the quality of the urban runoff generated in the three storm events allowed us to validate the hydrological model and the depollution carried out by the cell, which was designed to endure the long dry periods typically occurring in this semi-arid region. Although the bioretention cell removed nitrates poorly, its overall performance was similar to or better than those of the bibliography reports. According to the corresponding Mexican standard, and unlike the raw urban runoff, the bioretention cell effluents can be reused for artificial aquifer recharge regarding TSS concentrations. This fact confirms the potential of the proposed bioretention design for alleviating non-point pollution in semi-arid catchments, even in the case of first-flush events, which is the main achievement of the study.
Nonetheless, the main drawback of this work is the limited number of outflow samples that could be collected from the bioretention cell. Since the outflow samplings were limited to significant rainfall depths, this study must continue to bring a more extensive water quality dataset. With further experimental validation, this work could be a practical example of fostering BGI application in arid and semi-arid zones.
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