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Abstract

:

Mosquito borne diseases are increasingly problematic as climate change continues to alter patterns of precipitation, flooding, and temperatures that may favor mosquito habitats. Stormwater control measures (SCMs), ecologically sustainable methods of stormwater management, may have varying impacts on Culex mosquitoes, such as in areas with combined sewer overflows (CSOs). We studied spatial and temporal associations of SCMs and Culex mosquito counts surrounding the SCMs, stratifying our examination amongst those that do/do not use pooling and/or vegetation, as well as surrounding CSO outfalls after heavy rainfall (≥95th percentile) during summer 2018. Results indicate Culex mosquito counts after heavy rainfall were not significantly different at SCMs that use vegetation and/or ponding from at those that do not. We also found a 35.5% reduction in the increase of Culex mosquitoes the day of, and 77.0% reduction 7–8 days after, heavy rainfall at CSO outfalls treated with medium SCM density compared to those without SCMs. Our results suggest that SCMs may be associated with a reduction in the increase of Culex mosquitoes at the CSO outfalls after heavy rainfall. More research is needed to study how the impacts of SCMs on mosquito populations may affect human health.
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1. Introduction


Mosquito borne diseases, such as West Nile virus and Zika, are increasingly problematic in the United States due to climate change [1,2,3]. West Nile virus infects an average of approximately 2500 people and kills an average of 116 people in the United States each year [4]. Climate change is expected to continue to alter patterns of precipitation, flooding, and temperatures that may favor mosquito habitats [5].



Stormwater control measures (SCMs), also known as stormwater Best Management Practices [6], capture, retain, and/or treat stormwater runoff using ecologically sustainable methods such as infiltration and bioremediation [7]. Examples of SCMs include the use of green infrastructure and low impact development. SCMs function by increasing storage, promoting groundwater recharge, lowering peak flow rates, and/or decreasing volumes of runoff on-site [8,9]. As a result, SCMs may decrease biochemical oxygen demands and improve the water quality of nearby waterbodies [10,11].



Though multiple studies have explored the ecological and stormwater benefits of SCMs [8,9,10,11], limited studies have been conducted about their impact on mosquitoes. SCMs that utilize pooling, such as rain barrels, may provide standing water for mosquitoes to lay eggs in and to mature [12,13,14,15]. SCMs that utilize vegetation, such as green roofs and rain gardens, may provide mosquitoes with shelter from the elements along with decaying vegetation as a larvae food source [12,15,16,17]. To the best of our knowledge, a very limited number of studies have been conducted on SCMs and mosquitoes. One study on the role of urban wet environments as habitats for Culex mosquitoes included some forms of stormwater control measures (i.e., retention ponds, detention ponds) [18]. Based on previously learned knowledge mentioned above, this referenced study hypothesized positive samples of Culex larvae. However, the majority of the sites yielded no mosquito larvae [18], revealing the complexity of this research topic and the need for additional studies.



A combined sewer system (CSS) transports stormwater and sewer water to a wastewater treatment plant in the same pipes [19,20]. Combined sewer overflows (CSOs) occur in areas with CSSs during large storm events where high volumes of stormwater runoff are collected from within the sewer-shed, flow into the pipes, exceed their capacity, and result in the release of untreated or undertreated sewer water mixed with stormwater into nearby waterbodies [21]. The United States Environmental Protection Agency (EPA) estimates that sewer overflows release 850 billion gallons of untreated sewer and stormwater into the environment annually [19,20]. Standing side-pools along waterbodies contaminated with CSOs are often desirable oviposition habitats for Culex mosquitoes due to the high biochemical oxygen demand, signifying an organically rich food supply for larvae and an unfavorable environment for large predators with higher oxygen demands [22]. Waterbodies that have been affected by CSOs may contribute to mosquito borne diseases [23,24,25]. By decreasing the peak flow rates and biochemical oxygen demands of runoff [10,11], SCMs may reduce the impact, frequency, and severity of CSOs [26,27,28,29].



Previous studies have revealed the importance of considering precipitation and temperature when studying Culex mosquitoes. Not only can heavy precipitation lead to CSOs, which may increase the numbers of Culex mosquitoes [22,30]. But variations in precipitation may lead to differences in formation of ideal habitats for oviposition [31,32,33,34]. Likewise, multiple studies have revealed a significant relationship between temperature and mosquito abundance [31,32,34,35].



While some studies have been conducted on the impact of SCMs on CSOs [26,27,28] and on the impact of CSOs on mosquitos or mosquito borne diseases [22,23,24], to the best of our knowledge only a very limited number of studies have directly assessed the influence of SCMs on the number of mosquitoes at both the SCM and the CSO outfalls. In this paper, we studied whether the number of Culex mosquitoes is associated with the presence of nearby SCMs and whether the number of Culex mosquitoes is associated with the treatment on the CSO outfall by SCMs within their respective subsewersheds. We also studied how the occurrence of heavy rainfall, which may likely lead to a CSO occurrence, would affect these relationships. Based on previous literature, we hypothesize that SCMs that use pooling and/or vegetation may increase the number of mosquitoes surrounding the SCM. In turn, we also hypothesize that CSO outfalls that are treated with more SCMs may have fewer surrounding mosquitoes. We hypothesize that SCMs may have this effect by helping to reduce the formation of the standing side pools that are polluted with organic matter from CSOs, decrease oviposition habitats for Culex mosquitoes, and therefore reduce the number of Culex mosquitoes surrounding the CSO outfalls.




2. Materials & Methods


2.1. Conceptual Representation


Though the general concept of a CSS may seem straightforward, (i.e., to transport wastewater and stormwater to a wastewater treatment plant), heavy rainfall, SCMs, and CSOs add to their complexity. Below, each point is described, and presented conceptually in Figure 1.
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Figure 1. Conceptual representation of combined sewer system (CSS) along with a stormwater control measure (SCM) at point 2 as well as a combined sewer overflow (CSO) outfall at point 6. The Culex mosquito life cycle is represented by the ovular diagrams at points 2 and 6 [36]. 
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	  ❶  
	The CSS collects wastewater and domestic sewage from factories, commercial and residential areas. This wastewater has not yet been treated and contains human and industrial waste [19,20].



	  ❷  
	SCMs capture stormwater runoff and rainfall, and decreases the peak flow rate and the volume of stormwater entering the piping system [8,9]. As runoff travels through the SCM, impurities may be filtered out and/or bioremediated [10,11]. Depending on the SCM type, stormwater may pool within the SCM allowing for retention, evaporation, and infiltration. Some SCMs may also contain vegetation that may use stormwater for transpiration [7,8,9,10,11]. SCMs that utilize pooling and/or contain decaying vegetation may be favorable oviposition sites for Culex mosquitoes [12,13,14,15,16,17].



	  ❸  
	Many types of SCMs, such as rain gardens, are directly connected to the combined sewer system in case the SCM overflows. Though some SCMs may trap mosquito eggs, larvae, and pupae within their substrates and vegetation and prevent them from entering the pipes, we also consider in our conceptual diagram that stormwater that overflows from SCMs and into the piping system may contain eggs and/or pre-mature mosquitoes. As such, these eggs and pre-mature mosquitoes might exit the system at either point 5, where they may be removed at the wastewater treatment plant, or point 6, where they may exit at a CSO outfall.



	  ❹  
	Stormwater runoff is collected into storm drains. SCMs upslope may help decrease the amount of stormwater that flows directly into the storm drains [8,9]. Stormwater runoff that flows directly into the storm drains will flow into the CSS pipes at unhindered speeds [19,20].



	  ❺  
	The wastewater mixed with stormwater enters a wastewater treatment plant that will remove organic matter, pathogens, and toxic materials [19,20]. Once the water is treated, it is released back into the environment.



	  ❻  
	During heavy rainfall, CSOs may occur. Untreated to barely treated storm and sewer water exits at the outfalls, at point 6, during CSO events [21]. These CSOs contain high amounts of organic matter [19,20]. Due to this, nearby standing side pools may provide mosquitoes with favorable oviposition habitats [22].








Counts of mosquitos can be taken at different points in the system of Figure 1, such as within the subsewershed where SCMs are located, indicated as circle 2, or at the outfall that drains into the subsewershed, indicated as circle 6. Residential and commercial buildings (point 1), SCMs (point 2), and storm drains (point 4) are located within the subsewershed that drains to a unique CSO outfall (point 6) during heavy rainfall. In our particular study, subsewersheds are defined as the land area that collects runoff into the piping system and is connected to a unique CSO outfall. We studied Culex mosquitoes surrounding point 2 at the SCMs, as well as surrounding point 6, at the CSO outfalls. We believe Culex mosquitoes may benefit from both points due to potential favorable oviposition habitats. We hypothesized that SCMs may have a decreasing impact on the Culex mosquito counts at point 6, the CSO outfalls, while SCMs may have an increasing impact on Culex mosquitoes at point 2, the SCMs themselves.



In this study, we investigated how the number of Culex mosquitoes varied by SCM proximity. We considered factors such as whether SCMs use pooling or vegetation. We also studied how treatment using SCMS may impact the number of Culex mosquitoes at the respective CSO outfalls. We investigated these first two research objectives by analyzing spatial associations of the number of Culex mosquitoes at the subsewersheds as well as at the CSO outfalls in relation to SCM count, accounting for subsewershed size. We also studied the effect of heavy rainfall, or a likely CSO occurrence, and how this would impact our relationships. We evaluated this by studying the temporal associations between the number of Culex mosquitoes at the SCMs as well as at the CSO outfalls after heavy rainfall using distributed lagged models. Temperature was included as a confounder.




2.2. Study Site


Our study site, Washington DC, has a dense population of 4463 people/km2 and 38.5% impervious area [37,38]. The district uses a CSS to manage 29.3% of its total area and has common CSO occurrences during heavy rain events [39]. The locations of CSO outfalls are sometimes separate from the locations of the subsewersheds that drain to them during large storm events, with corresponding colors (Figure 2). Mosquito counts are taken at the outfall of a subsewershed, shown as circles in Figure 2, or elsewhere within the subsewershed. DC was chosen as an appropriate study site because of its high level of urbanization, population density, and abundance and diversity of SCMs [39]. DC also had the highest number per area of West Nile virus cases, the most common mosquito borne disease contracted within the United States, in 2018 compared to any state within the continental United States [4].




2.3. Data


Locations of SCMs were obtained from the DC Department of Energy and the Environment. The dataset included SCM characteristics such as, name, installation date, and coordinate location. Subsewershed divisions and their ID numbers were obtained from DC’s Geographic Information System. Locations of SCMs were overlaid onto areas of subsewersheds and joined using ArcMap [40] to acquire the number of SCMs within each subsewershed. Examples of SCMs from Washington DC include green roofs, which bioremediate and decrease peak flow rates of stormwater from rooftops [8,9] and rain barrels, which are often placed at the bottom of downspouts to catch and store stormwater for later use [41,42]. A list and descriptions of SCMs that use pooling and/or vegetation in DC are shown in the Supplementary Materials (Table S1). Our study period was May–October 2018. SCMs that were installed before the start of the study period, May 2018, were used for our analyses.



Mosquito survey data from May-October 2018 in DC were acquired from the US Department of Health and Human Services [43]. We studied a female Culex mosquito count, the sex and genus that commonly spreads West Nile virus in the DC area and that commonly lays eggs in waters high in organic matter such as those contaminated with CSOs [44]. Culex mosquito counts were obtained using 24-h gravid traps, which mimic this favorable oviposition environment. Although we used the best available data, we acknowledge that adult female mosquitoes caught in gravid traps placed throughout Washington DC may not fully represent the actual mosquito population at the CSO outfall or the SCM. As we found limited Culex mosquito populations data for Washington DC and this is the first known study of its kind, we opted to use this dataset, albeit with limitations, to obtain important fundamental and exploratory results and to encourage and inform the acquisition of more refined data for future studies on this topic.



Locations of 53 CSO outfalls were obtained from the US EPA. Outfall ID numbers were matched with ID numbers of the subsewershed into which they drain (Figure 2). A total of 47 outfalls corresponded with subsewersheds located within DC’s combined sewershed. Data were unavailable for overflow occurrence, frequency, and/or volume from each CSO outfall. We assumed a heavy rainfall event to be 95th percentile or 1 inch of daily rainfall or greater. Jagai et al. 2015 used a similar rainfall percentile for their study of CSOs and gastrointestinal illness [45]. Daily precipitation and maximum daily temperature were obtained from the National Oceanic and Atmospheric Administration’s National Centers for Environmental Information [46,47]. Stations had approximately a 24-h reading delay, so each day’s reading was considered to be the weather of the previous day.



Culex mosquito count at gravid trap sites located within 3 km of an outfall were used to calculate the average number of Culex mosquitoes at the outfall using inverse distance weighting. The buffer distance of 3 km was chosen because a previous study indicated that an estimated 90% of female Culex mosquitoes stay within 3 km of their hatch site [48]. The distance between trap sites had limited us to using a smaller buffer distance of 1.15 km, the average flight distance of Culex mosquitoes [48], in the main analysis. However, the inverse distance weighting method allows us to place more importance on the trap sites that were closer to the outfall and less importance on the trap sites that were further, away, up to 3 km. An additional sensitivity analysis was performed using a 1.15 km buffer.




2.4. Statistical Analysis


2.4.1. Spatial Associations


We used a Poisson regression model with a random intercept to assess the spatial association between SCM density at the subsewersheds and the Culex mosquito count at the subsewersheds in which the SCMs are located. In this section of our analysis, we did not consider long-term average of temperature and precipitation because they are spatially homogeneous over a long period of time. They are only spatio-temporally different in a short-term time scale, which is not the time scale of interest in this section of our analysis. This model is shown by Equation (1),


  Log   E     Mosq    subsewershed   n        =  α n  + Log     SSArea  n    +  β 1    scale (   SCM  n    )  



(1)




where Mosqsubsewershed n represents the Culex mosquito count at the centroid of the subsewershed n. SSArean is the subsewershed area that drains to outfall n, and SCMn is the SCM count in the subsewershed corresponding to outfall n. Due to the abundance of low SCM counts, this predictor was normalized.



We used a similar Poisson regression model with a random intercept to assess the spatial association between SCM density at the subsewersheds and Culex mosquito count at the outfalls into which they drain. This model is shown by Equation (2),


  Log   E     Mosq    outfall   n        =  α n  + Log     SSArea  n    +  β 1    scale (   SCM  n    )  



(2)




where Mosqoutfall n represents the Culex mosquito count at the CSO outfall n rather than at the subsewershed where the SCMs are located, as in Equation (1). During this particular section of analysis, labeled Spatial Associations, time was not included as a variable in the models because we used cross sectional study methods for this section. The results of the Moran I test for spatial autocorrelation of residuals for both models, Equations (1) and (2), can be found in the Supplementary Materials (Table S2).




2.4.2. Temporal Associations


We used a distributed lag Poisson regression model to assess the associations between heavy precipitation and daily rate of Culex mosquito count surrounding the SCMs. The models (Equations (3) and (4)) were adapted from Jagai et al. 2015 [45].


  Log   E      Mosq   at   SCM   t      = α +   ∑   i = 0   lag = 10    β i    Precip   t − i   +    γ temp   t  + ns   t , df    



(3)




where      Mosq   at   SCM   t    represents the time series of Culex mosquito counts at the SCMs on day t. Precipt−i is a binary variable indicating days with precipitation of at least 1 inch (≥ 95th percentile for DC) for precipitation i days previous. tempt is the time series for daily maximum temperature on day t and ns(t,df) represents the natural cubic spline function for time used to control for unmeasured time-variant covariates. The degrees of freedom, df, were determined based on the minimum residual autocorrelation [49]. We stratified our results by SCMs that utilize (1) only pooling, (2) only vegetation, (3) both pooling and vegetation, and (4) no pooling or vegetation (Table S1).



We used a similar distributed lag Poisson regression model to assess the associations between heavy precipitation and daily precipitation and daily rate of Culex mosquito count surrounding the CSO outfalls.



We estimated this association for CSO outfalls treated with tertiles of no, low, medium, and high SCM densities to assess the impact of SCM density on the effect of rainfall on Culex mosquito count. SCM densities were grouped as follows. Tertiles were calculated based on non-zero observations to ensure similar group sizes. The categories of SCM density are: zero (0 SCM count/m2), low (>0, <67.6 SCM count/m2), medium >67.6, <141.1 SCM count/m2), and high (≥141.1 SCM count/m2). The model is shown in Equation (4),


  Log   E      Mosq   at   Outfall   t      = α +   ∑   i = 0   lag = 10    β i    Precip   t − i   +    γ temp   t  + ns   t , df    



(4)




where      Mosq   at   Outfall   t    represents the time series of Culex mosquito counts at the CSO outfalls on day t.



A 0 to 10 day lag was chosen because Culex mosquito eggs take approximately 7–10 days to reach adulthood and exit the water [36]. We used a finite distributed lag model assuming heavy precipitation had a negligible impact on Culex mosquito count beyond the 0 to 10 day lag analysis period. The lagged model was analyzed using Culex mosquito data for May to October 2018.



All analysis was conducted using R/Rstudio [50]. We used the “lme4” package for generalized linear models with mixed effects [51] and the “dlnm” package for distributed lag modeling [52,53].






3. Results


3.1. Descriptive Results


By the beginning of our study period, 8001 SCMs were installed in Washington DC. During our study period, a total of 2650 female Culex mosquitoes were caught in the gravid traps. Over 95% of the trapped female Culex mosquitoes were sp. pipiens. During our 184-day study period, 16 days had rainfall that exceeded the 95th percentile (≥1 inch). 3.2. Spatial Associations



A Poisson regression with a random intercept revealed that Culex mosquito count whether at the outfalls or within the subsewershed are inversely associated with SCM count (Table 1). For example, a standard deviation increase in SCM counts within subsewersheds was associated with a 67.0% [95%CI: 50.3%, 78.1%] decrease in Culex mosquito counts within the subsewershed and a 67.2% (95%CI: 50.9%, 78.0%) decrease in Culex mosquito counts within the CSO outfalls.



Thus, results suggest that subsewersheds with more SCMs had less Culex mosquitoes at both the subsewersheds and the outfalls in which they drain during CSOs (Table 1). There was no significant difference between the association of SCM count and Culex mosquito count at the outfalls and that at the subsewersheds. Additionally, a sensitivity analysis revealing spatial associations when using a 1.15 km buffer, instead of a 3 km buffer, shown in the Supplementary Materials (Table S3) revealed that there was no significant difference between the results of Table 1 and the sensitivity analysis results of Table S3.




3.2. Temporal Associations


3.2.1. Associations with Precipitation and Temperature


SCMs that use pooling and vegetation, only vegetation, only pooling, and no pooling or vegetation had similar Culex mosquito counts during the summer of 2018 (Figure 3). Culex mosquito counts at the different types of SCMs may have been similar because of the proximity among SCMs within DC. The maximum number of Culex mosquitoes at the SCMs occurred in June and July 2018.



Culex mosquito counts at the outfalls were highest in July 2018 (Figure 4). Outfalls that were treated with higher densities of SCMs had fewer mosquitoes during May, June, July, and August 2018. However, during the cooler summer months, such as September and October, SCM density had the opposite or minimal estimated effect on mosquito count at the outfalls. Figure 3 and Figure 4 are displayed on the same y-axis. The peak monthly Culex mosquito counts at the CSO outfalls were higher than the peak monthly Culex mosquito counts at the SCMs.




3.2.2. Lagged Effect of SCMs on Culex Mosquitoes after Heavy Rainfall


Results using a distributed lagged model, Equation (3), revealed that the effect of heavy rainfall on Culex mosquito count was similar at SCMs that use pooling and vegetation, only vegetation, only pooling, and neither vegetation nor pooling (Figure 5). The local maxima between lags 0–2 days shown in Figure 5 was highest for SCMs that use only pooling. At these local maxima, Culex mosquito counts increased by 5.2% (95%CI: −7.8%, 18.2%), 5.7% (95%CI: −7.7%, 19.1%), 7.1% (95%CI: −6.5%, 20.6%), 3.1% (95%CI: −11.8%, 18.1%) at SCMs that use both pooling and vegetation, only vegetation, only pooling, and neither vegetation nor pooling, respectively (Figure 5). Culex mosquito counts increase again after lag 9–10. Values for the change in Culex mosquito counts after heavy rainfall non-integer lags were extrapolated using the curves in Figure 5. An additional analysis accounting for confounding effects of temperature lags up to 10 days is shown in the Supplementary Materials (Figure S1).



Results from the distributed lagged model, Equation (4), revealed an association between heavy rainfall (≥ 95th percentile or 1 inch) on Culex mosquito counts at the outfalls (Figure 6). Positive associations were observed during the majority of the 0 to 10-day lag period between Culex mosquito count and heavy rainfall at outfalls. Higher increases in Culex mosquito counts occurred at the outfalls immediately after the rain event (lag 0). However, the association between heavy rainfall events and Culex mosquito counts at the outfall differed by the density of SCMs within the respective subsewershed (Figure 6). This increase in mosquitoes after heavy rainfall was moderated when outfalls were treated with higher densities of SCMs. Immediately after heavy rainfall (lag 0), Culex mosquito counts at outfalls treated by no SCMs, a low density of SCMs, and a medium density of SCMs increased by 200.0% (95%CI: 175.8%, 223.7%), 183.2% (95%CI: 157.1%, 209.2%), and 129.0% (95%CI: 100.3%, 157.7%) respectively, compared to without heavy rainfall (Figure 6). Outfalls treated with a high density of SCMs had a peak increase in mosquito count (29.4% (95%CI: 10.6%, 48.2%)) at lag 1.6 (Figure 6).



After a heavy rain event, Culex mosquitoes at the outfall increased again between lags 7–8 days (Figure 6). After heavy rainfall there was approximately a 60.5% (95%CI: 27.0%, 74.1%) increase in Culex mosquitoes at lag 7.7 days at outfalls that were not treated with SCMs, a 22.8% (95%CI: −1.6%, 47.2%) increase at lag 7.9 days at outfalls treated with a low density of SCMs, and a 13.9% (95%CI: −11.7%, 39.6%) increase at lag 8 days at outfalls treated with a medium density of SCMs, compared to without heavy rainfall (Figure 6). Percentages were calculated based on the local maxima (peak) seen between lag 7–8 days, as shown in Figure 6. Values for the change in Culex mosquito counts at non-integer lags were extrapolated using the curves in Figure 6. Model results indicate that Culex mosquito count at outfalls treated by a high density of SCMs did not increase between lags 7–8 as did the outfalls with lower densities of SCMs. Plots in Figure 6 are shown on the same y-axis scale as Figure 5. An additional analysis accounting for confounding effects of temperature lags up to 10 days is shown in the Supplementary Materials (Figure S2).






4. Discussion


Results revealed that there was an inverse spatial association between SCMs and the number of Culex mosquitoes at the subsewersheds and at the outfalls (Table 1). The association of SCM count and Culex mosquito count at the outfalls was not statically different from that at the subsewersheds (Table 1). However, differences in association were identified after the occurrence of heavy precipitation, revealing the importance of not only studying these associations spatially, but also temporally. Results from this study reveal that heavy rainfall has similar effects on Culex mosquito counts at SCMs that do or not use pooling and/or vegetation (Figure 5). However, SCMs appeared to have a greater impact on Culex mosquitoes at the CSO outfalls than at the SCMs themselves. Subsewersheds with a higher density of SCM had lower increases in Culex mosquitoes at the CSO outfalls into which they drained after heavy rainfall (Figure 6).



We originally hypothesized that the SCMs that utilize ponding and/or vegetation may attract Culex mosquitoes due to the increase in favorable oviposition habitats [54]. This is particularly important because many SCMs are in populated areas within the city. SCMs that primarily utilized pooling had slightly higher increases in Culex mosquitoes after a heavy rain event than did the other types of SCM, but this difference was not significant (Figure 5). A previous study on Culex mosquitoes in an urban wet environment, including forms of stormwater control measures, found that natural and retention ponds did not generate significant numbers of samples positive for Culex mosquitoes [18]. A possible explanation for this, as well as our findings, is that these urban wet environments frequently dry out, disrupting the growth of premature mosquitoes unlike in more permanent waters [33], such as waterbodies that often receive CSOs.



In our original hypothesis, we suspected that CSO outfalls treated with more SCMs may have less Culex mosquitoes. Our results revealed that outfalls treated with a higher density of SCMs had lower increases in Culex mosquitoes after heavy rainfall compared to outfalls with less SCMs (Figure 5). We suspect the initial increase in Culex mosquitoes at the outfall at lag 0 occurs because heavy rain events that result in CSOs may attract Culex mosquitoes to lay eggs [22]. Outfalls that were treated with higher densities of SCMs had a lower initial increase at lag 0, possibly because the SCMs had decreased the severity or prevented the occurrence of CSOs (Figure 6). Most CSO outfalls had an increase in Culex mosquitoes between lag 7–8 days except for outfalls treated by high densities of SCMs. As it takes approximately 7–10 days for Culex mosquitoes to mature into adults [36], we postulate that this peak reflects a new generation of adult mosquitoes exiting the water. The local peak of the increase in Culex mosquito counts after heavy rainfall during this period (lag 7–10 days) at outfalls treated with a low density of SCMs was 62.3% lower and 0.2 days later than the local peak at the outfalls that were treated with no SCMs. Likewise, the local peak of the increase in Culex mosquito counts after heavy rainfall during the same period at outfalls treated with a medium density of SCMs was 77.0% lower and 0.3 days later than that of outfalls treated with no SCMs. These results suggest that SCM within the subsewershed may help prevent large increases in Culex mosquito count at the CSO outfall immediately after a heavy rain event (lag 0) and between lags 7–10.



To the best of our knowledge, this study is the first to assess SCMs in relation to mosquitoes at CSO outfalls, providing insight into these relationships and setting a foundation for future studies. Despite our efforts, additional adjustment for potential confounders for the models in future studies such as maintenance levels of SCMs and land use characteristics may further improve our models. A limitation we faced during this study was availability of complete data. For instance, mosquito traps were not set in each location for every day, acquired data on SCM size and volume was incomplete, the maintenance statuses of SCMs were unknown, and we did not have access to CSO frequency, occurrence, and volume data in DC. Additionally, gravid traps were used to estimate mosquito populations. Though our ideal dataset would have included daily Culex mosquito egg, larvae, and pupae populations over time at each SCM and CSO outfall or at least collections of adult Culex mosquitoes using gravid traps at each CSO outfall or SCM. Furthermore, since the gravid trap collects female mosquitos that have taken a blood meal 48–72 h prior and have spent several days growing, the use of the gravid trap in this area of research may not fully represent mosquito population related to heavy rainfall and CSOs. Nevertheless, mosquito eggs may be laid at locations linked to the CSS (e.g., the points 1–3 in Figure 1) before reaching the CSO outfall with adequate time for eggs to hatch, larvae to mature, pupate, and emerge as adults, then acquire a blood meal close to CSO outfall. However, we cannot rule out the possibility that mosquito counts estimated by using the gravid trap may include mosquitos laid before heavy rainfall or unrelated to heavy rainfall and CSOs. As such, differences in counts across CSO outfalls may be seen as residual confounding that we could not adjust for in our study settings. In addition, since many SCMs were located in close proximity to other SCMs, many Culex mosquitoes recorded may have been counted towards multiple SCMs, and the unique effects of the different types of SCM may not have been fully captured. Therefore, the current dataset we used had allowed us to provide fundamental exploratory findings that should be carefully interpreted. Data of daily mosquito populations and detailed SCM and CSO characteristics may help provide a more accurate depiction of SCMs’ impact on mosquitoes. Future studies may benefit from further isolating and analyzing the effects of specific types of SCMs, especially those that utilize pooling and vegetation. Additionally, mosquitoes should be studied along multiple points of the flowing waterbody that the CSOs are discharged in. Finally, research is needed on the impacts of how these changes in mosquito populations impact human health to provide a fuller characterization of the impact of SCMs. The authors wish to point out that, based on the current mosquito data, there were significant gaps and uncertainties when performing our analysis. Thus, conclusive trends were difficult to make. However, in this paper, we provide preliminary results and encourage future studies on this topic of interest with the collection of more appropriate mosquito abundance data.



Our results suggest that SCMs may impact the Culex mosquito count surrounding CSO outfalls after heavy rainfall in different ways. Though results suggest that SCMs may be a promising method for reducing the increase in Culex mosquitoes at CSO outfalls after heavy rain events, future research is needed to better understand the impacts of SCMs on mosquitoes throughout the entire study site. As areas surrounding SCMs are often more populated than areas surrounding CSO outfalls, more research needs to be performed to study the cost-benefit of the potential impact of heavy rainfall on Culex mosquito counts surrounding SCMs at the subsewershed (Figure 5), along with the reduction of Culex mosquitoes surrounding the CSO outfalls (Figure 6).




5. Conclusions


In conclusion, results revealed that there was an inverse spatial association between SCMs and the number of Culex mosquitoes at the subsewersheds and at the outfalls. Results also reveal that heavy rainfall has similar effects on Culex mosquito counts at SCMs that do or not use pooling and/or vegetation. However, subsewersheds with a higher density of SCM had lower increases in Culex mosquitoes at the CSO outfalls into which they drained after heavy rainfall.



Though this study has some limitations, the novel results can inform policy makers and communities regarding the impact of SCMs. Additionally, findings of this study support the theory that areas with CSOs and high mosquito count would benefit from exploring the effectiveness of untraditional mitigation options. As climate change is expected to alter heavy rainfall patterns and temperature that may favor mosquito habitats, exploring sustainable management techniques, such as SCMs, is crucial to alleviate potential health burdens.
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Figure 2. Map of CSO outfall sites, shown as circles, subsewersheds, shown as colored polygons, and SCM density, shown as black bars, in Washington DC. Subsewersheds are color-coded to match outfalls into which they drain to during a CSO. 
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Figure 3. Daily precipitation, maximum daily temperature, and monthly Culex mosquito count at the SCMs that use both pooling and vegetation, only vegetation, only pooling, or no pooling or vegetation. Error bars represent standard error. NCSO Outfalls = 47. 
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Figure 4. Daily precipitation, maximum daily temperature, and monthly Culex mosquito count at the CSO outfalls. Culex mosquito counts are separated by the density of SCM treatment at the respective subsewershed: no, low, medium, or high SCM density. Error bars represent standard error. NCSO Outfalls = 47. 
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Figure 5. Lagged effect of days with at least one inch of rainfall (≥95th percentile) on Culex mosquito count at SCMs that (a) use both pooling and vegetation, (b) use only vegetation, (c) use only pooling, and (d) use no vegetation or pooling. Time period was 1 May 2018 to 31 October 2018. NCSO Outfalls = 47. NSCM-Pool&Veg= 3018. NSCM-Veg = 7355. NSCM-Pool = 5675. NSCM-NoPoolNoVeg= 2322. N≥1 inch rainfall: 16 days. Ratio Outcome is represented by:     C u l e x    mosquito   count   after    ≥    one   inch   of   rainfall    C u l e x    mosquito   count   after   no   rainfall     . The 95% confidence intervals are shown in gray cross hatching. 
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Figure 6. Lagged effect of days with at least one inch of rainfall (≥ 95th percentile) on Culex mosquito count CSO outfalls treated by (a) no SCMs, (b) a low density of SCMs, (c) a medium density of SCMs, and (d) a high density of SCMs. Time period was 1 May 2018 to 31 October 2018. NCSO Outfalls = 47. NNo SCM = 6 subsewersheds. NLow Density SCM = 14 subsewersheds. NMedium Density SCM = 13 subsewersheds. NHigh Density SCM = 14 subsewersheds. N≥1 inch rainfall: 16 days. Ratio Outcome is represented by:     C u l e x    mosquito   count   after    ≥    one   inch   of   rainfall    C u l e x    mosquito   count   after   no   rainfall     . The 95% confidence intervals are shown in cross hatching. 
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Table 1. Spatial associations revealing the decrease in Culex mosquitoes at the CSO outfalls as well as at the subsewersheds for each increase in standard deviation (STDEV) of SCM within the subsewershed.






Table 1. Spatial associations revealing the decrease in Culex mosquitoes at the CSO outfalls as well as at the subsewersheds for each increase in standard deviation (STDEV) of SCM within the subsewershed.





	Location Type
	Decrease in Culex Mosquitoes at Location Type per STDEV Increase in SCM Count
	[95% Confidence Intervals]





	Subsewersheds
	67.0%
	[50.3%, 78.1%]



	Outfalls
	67.2%
	[50.9%, 78.0%]
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