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Abstract

:

Mosquitoes and the pathogens they carry are increasingly common in urban areas throughout the globe. With urban landscapes, the need to manage mosquitoes is driven by the health risks and nuisance complaints associated with mosquitoes. Controlling the number of mosquitoes may reduce the overall risk of disease transmission but may not reduce nuisance complaints. This study focuses on Maricopa County in Arizona, USA, to investigate the relationship between mosquito abundance and landscape-level and sociodemographic factors on resident perceptions of mosquitoes. We used boosted regression trees to compare how mosquito abundance, collected from Maricopa Vector Control, and landscape factors and social factors, assessed through the Phoenix Area Social Survey, influence survey respondents’ reporting of mosquitoes as a problem. Results show that the landscape and sociodemographic features play a prominent role in how individuals perceive mosquitoes as a problem; specifically, respondents’ perception of their local landscape as messy and the distance to landscape features such as wetlands have more substantial roles in shaping perceptions. This work can highlight how potential mosquito and non-mosquito-related communications and management efforts may improve residents’ satisfaction with mosquito control or other wildlife management efforts, which can help inform best practices for vector control agencies.
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1. Introduction


Mosquitoes and their associated pathogens threaten human health globally. Many diseases once isolated to tropical regions are now more prevalent worldwide [1,2,3]. Mosquito management has long been a priority for many state and local governments. Still, efforts have increased in recent years to address both novel diseases (e.g., Zika Virus) as well as the spread of diseases to new areas (e.g., Dengue Fever within the United States; [4]), especially from less developed countries of the global South to more developed countries of the global North [5,6,7,8,9]. In particular, climate change is expanding the range of several disease-carrying mosquito species into high-density urban and urbanizing areas [10,11,12]. Human expansion and urbanization provide novel interactions between humans and mosquitoes that may harbor endemic diseases [5,13]. As climate change intensifies and human expansion continues, vector-borne diseases and transmission patterns will also change, potentially increasing the vulnerability of urban residents to current and future disease transmission [11,14]. Continued review of climate change and global health in relation to vector-borne diseases are necessary to manage the ever-changing risks associated with human-mosquito interactions [14]. To best manage mosquito populations in cities, it is important to understand the drivers of mosquito distribution and abundance, and how people respond to mosquitoes, and how these human-mosquito interactions may feedback to alter management practices [6,15,16].



Humans and mosquitoes are closely linked, and their co-existence forms a coupled system [17,18,19]. In urban areas, the high density of humans provides mosquitoes with bloodmeals required to produce eggs contributing to mosquito reproduction [18,20]. Urban areas also provide abundant suitable habitats for mosquitoes to lay eggs and for the larva to hatch [21,22,23]. Urban landscapes tend to have more water added to them than natural landscapes [24], which increases mosquito breeding and survival. For example, urban mosquitoes use anthropogenic items and structures such as discarded tires and flowerpots that hold water and often select these artificial breeding sites over naturally occurring sites [23,25]. Furthermore, artificial water bodies often lack natural mosquito predators. Mosquitoes also benefit from other elements associated with cities, such as the urban heat island [26,27]. Since temperatures in urban landscapes tend to be warmer than in the surrounding natural areas, several species of tropical disease-carrying mosquitoes, including Aedes aegypti and Aedes albopictus, have been found in cities that are further north than their expected range [28]. As mosquitoes increase in abundance in urban environments, they pose physical and mental health risks to residents. Combatting these risks through further investigation can identify the contributing factors and possible solutions for reducing urban mosquito abundance.



Mosquitoes such as Aedes albopictus and Aedes aegypti pose health risks by acting as vectors of dangerous and sometimes fatal pathogens such as West Nile Virus and Eastern Equine Encephalitis. However, people perceive even non-disease-carrying mosquitoes as nuisance pests that may affect time spent outdoors [29,30,31]. Combined, the impact on health and nuisance has led many governmental agencies to focus heavily on controlling mosquitoes, especially in highly populated areas [32,33]. The control of mosquitoes takes various forms, including chemical sprays [34,35], direct biological controls (e.g., placing insectivorous fish in bodies of water to reduce mosquito larvae; [36,37]), and indirect biological controls (e.g., releasing genetically modified mosquitoes resulting in non-viable offspring; [38,39]).



In addition to the varying efficacy of different mosquito control techniques, considering urban resident perceptions of management methods can further improve support for, and subsequently funding of, these methods [40,41,42]. Support for management is often not directly associated with how effectively the control method reduces the mosquito population, underscoring the importance of understanding public perceptions [43,44,45]. Some methods may be very effective at reducing mosquito populations, such as the release of genetically modified mosquitoes; however, in the short term, they may be viewed as exacerbating the problem if residents experience higher mosquito encounters [45,46]. In contrast, methods that may be less effective in reducing the mosquito population but with clear indications of management actions (e.g., pesticide fogging) may be viewed more positively, as residents feel the problem is being addressed [47,48]. With this in mind, understanding the links between mosquito abundance, mosquito control methods, and public perceptions of mosquitoes as a problem is a key factor in determining residents’ satisfaction with and potential funding for mosquito management methods. Increased public support of management practices may, in turn, lead to increased willingness to adopt behaviors that reduce mosquito populations and reduce the spread of mosquito-borne disease [49,50].



The number of mosquitoes people experience may not relate to whether they perceive mosquitoes as problematic [30]. Therefore, vector control to reduce the population of mosquitoes might not change an individual’s perception of mosquitoes as a nuisance. Instead, other factors such as individuals’ sociodemographics and their perceptions of local landscapes may influence perceptions of mosquitoes as a nuisance [23,51,52]. For example, individuals who have experiences with mosquito-borne diseases may be more likely to perceive mosquitoes as a problem [53,54]. Additionally, individuals who spend less time outdoors or do not interact with nature may also be less aware of mosquitoes around them or less concerned about mosquito control [55]. Further, perception of nuisance species may be linked to landscape characteristics, and the presence of specific features such as vacant lots or garbage may relate to perceived increases in pest populations [56,57]. As such, control agencies and scientists can consider more than just mosquito abundance when assessing how to reduce mosquito populations and whether these methods are necessary or effective at reducing perceptions of mosquitoes as a nuisance.



In the Phoenix metropolitan area, and cities worldwide, control of mosquitoes by government agencies (e.g., Maricopa County-Environmental Services Vector Control for Mosquito Management) is performed in part as a response to residents’ complaint calls [58]. Maricopa County Vector Control, the government agency that helps control mosquito populations within metro Phoenix, monitors mosquitoes with a network of traps deployed throughout the metro region for routine monitoring and deploys traps in response to the residents’ complaints. The agency then aims to reduce mosquito populations using chemical insecticides as well as by introducing insectivorous fish into areas of standing water when appropriate (Arizona Department of Health and Services 2021). Although the actions of Maricopa County Vector Control often successfully reduce the number of mosquitoes within an area, they do not always reduce the complaints residents make about mosquitoes in their area (County Vector Control, 2020). This mismatch between mosquito control actions and residents’ complaints to Vector Control highlights a potential inconsistency between how residents perceive mosquitoes as a problem and mosquito abundance.



In this study, we investigated the relationship between mosquito abundance and other landscape-level and sociodemographic factors on residents’ perceptions of mosquito problems around their homes. We investigate the extent to which mosquito abundance relates to resident perceptions of mosquitos as a problem around their home, along with local landscape features and perceptions of them, as well as sociodemographic attributes of nearby residents. Our analysis combines mosquito abundance data and spatial variables that capture various landscape features (e.g., natural and desert vegetation and standing water and ephemeral wetlands) and integrates survey data that capture perceptions of mosquitos and local landscapes as well as demographic attributes of residents.




2. Materials and Methods


2.1. Study Area


Maricopa County is in the Sonoran Desert in Arizona, a state in the southwestern United States. Within Maricopa County, Phoenix and surrounding municipalities compose the fourth largest metropolitan area in the USA, with approximately 5 million residents. The racial and ethnic makeup of the metro area is primarily White (58.7%) and Latinx (29.5%), as well as Black, Asian, and Native American (10% combined; United States Census Bureau, 2020). The area was originally settled by Hohokam people until around 1450 AD, and subsequently, agriculture was greatly expanded by Anglo settlers in the 1800s [59]. Much agricultural land has been converted to urban and residential land, which now dominates the region, but active agriculture remains throughout the region [60]. Although it is situated in a desert, the Phoenix metropolitan area is often classified as an oasis, largely due to irrigation from the Salt and Verde Rivers [61]. In addition to irrigated agriculture, many private and public parcels are landscaped with irrigated lawns, and the metro Phoenix area contains more than 1400 artificial bodies of water [62]. Although grassy landscapes still pervade the region, in recent years, many homes turned to xeric landscaping, which utilizes drought-tolerant and low-water-use plants along with gravel groundcover [63]. On the region’s fringes, there are many areas of undeveloped Sonoran Desert, and within the region, several large desert preserves also exist.



Within the study area, we focused on 12 well-studied neighborhoods where residents have been repeatedly surveyed as a part of the Phoenix Area Social Survey, a principal dataset within the Central Arizona–Phoenix Long Term Ecological Research project (CAP LTER). These 12 neighborhoods, delineated by Census Block Groups, were strategically chosen to target residents in low-to-high income areas. The neighborhoods span central, suburban, and exurban locations and are in proximity to diverse urban ecological infrastructures (UEI) such as community parks, canals, and desert preserves (Figure 1). We include UEI in our analysis since varying types of infrastructure have differential impacts on ecosystem services that impact human well-being [64]. Recent research shows that resident perceptions of biocultural disservices, such as messy-looking landscapes that attract pests, are linked to proximity to specific UEI, including vacant land, cropland, and the mostly ephemeral Salt River Channel [57].




2.2. Mosquito Abundance


We estimated mosquito abundance using data from Maricopa County Vector Control (MCVC), which assesses mosquito populations and monitors for disease from >800 mosquito traps a week throughout Maricopa County continuously over the year. While there is some variation between trap design, all traps use CO2 lures and contrasting colors to attract mosquitoes with similar efficacy across design types [65,66]. MCVC divides the region into a grid with traps within each grid square throughout the county (“routine traps”). MCVC regularly rotates routine traps to sample each grid for approximately the same number of trap days throughout the year. In addition to these routine traps, MCVC also places traps in locations when residents complain about mosquito problems (“complaints traps”) to increase the likelihood of detecting mosquito-borne disease. MCVC also places traps in areas they perceive may serve as mosquito breeding grounds; however, all traps are used to monitor mosquito populations, not control them. Thus, the number of traps likely does not influence the underlying population of mosquitoes but instead increases the probability of detecting diseases [65]. Routine traps were active for on average for 45.3 days a year (SD 11.97) and complaints traps were active for 1–9 days, with most (84%) active for only one day. In total, we assessed mosquito abundance from 109 mosquito traps across three years (2016–2018). In our analysis, we did not differentiate between complaint traps and routine traps as there was no significant difference in the average number of mosquitoes captured per trap day between these two trap types (t-test, p = 0.44). The years were chosen to coincide with the 2017 survey data we analyzed, as described below.



To estimate the average number of mosquitoes an individual survey respondent may have encountered around their home over the study period, we first identified all traps within 1 km of a survey respondent. We selected a 1 km radius to reflect both the average distance that PASS survey respondents identified as “their neighborhood” as well as flight distances of focal mosquito species in patchy urban environments [67,68,69,70]. Since the length traps were deployed varied, we calculated the average number of mosquitoes per trap, per trap day, and then averaged these values across all traps within 1 km of a respondent. We followed this method for 2016, 2017, and 2018 and then averaged this value to calculate a single number to serve as a proxy representing the number of mosquitoes a respondent may experience around their home.




2.3. Environmental Variables


Our approach to assessing environmental features of local landscapes in relation to survey respondents followed the UEI approach—developed by Brown et al. [57,71] following Childers et al. [64]—encompassing a variety of terrestrial (green), aquatic (blue), and ephemeral (turquoise) infrastructure. Terrestrial UEI includes agricultural land, community parks, desert preserves, and other features that support ecological function; aquatic UEI includes lakes and other water bodies, including canals that are permanent year-round, and ephemeral wetlands.



Using QGIS (version 3.8.3, 2021), we measured the distance from each survey respondent to various environmental features based on data from the National Agricultural Image Program (NAIP) and the USGS National Land Cover Database (NLCD). Data for the location and distribution of water, agricultural land, developed areas, and natural vegetation came from Zhang and Li [72], who identified land-use features using 30 m resolution imagery from NAIP with an overall accuracy of 92.1%. Wetlands were identified using the NLCD and were also classified using 30 m resolution imagery with an accuracy of 89% [73]. We identified desert preserves, classified as large natural areas set aside for the preservation of nature and beauty, using municipal records from the Maricopa Association of Governments (azmag.gov, accessed March 2021). Lastly, we identified vacant land and parcels using data from Smith et al. ([74]; 1 m resolution imagery from NAIP with 90% accuracy).



For each survey respondent, we calculated the distance (in km) to the nearest permanent body of water, wetland, agricultural land, desert preserve, and the amount (in km2) of developed area and natural vegetation. These environmental features may influence mosquito populations, especially agricultural lands and wetlands [75,76]. Residents in nearby neighborhoods may also perceive these features negatively, which may lead them to report a higher presence of pests, perhaps due to more general dissatisfaction with their neighborhoods [57].




2.4. Social Variables


We assessed social factors related to residents in 12 neighborhoods using the 2017 Phoenix Area Social Survey (PASS, [69]), a longitudinal survey effort conducted as a part of the CAP LTER. The survey was sent to 1400 addresses between May through September of 2017; 188 addresses represented households that responded to a previous PASS (2011), and the other 1212 surveys were randomly drawn from addresses provided by the Marketing Systems Group, which come from the U.S. Postal Service’s Delivery Sequence Files. The University of Wisconsin survey lab administered the questionnaires to households via four-wave mailing, including three full mailings of questionnaires and a reminder postcard sent in-between mailings [69]. Individuals could request a Spanish version with a postage-paid postcard. To increase participation, we sent a $5 incentive with the initial mailing of the questionnaire. Upon completion, respondents received an additional $5–$40 to bolster survey completion rates (see Smith et al. 2020 for details [77]). A total of 39.4% of contacted households responded for a total of 496 completed surveys. However, we only included respondents who lived within 1 km of at least on mosquito trap to ensure mosquito abundance could be linked to survey responses (n = 439). Responses were distributed across all twelve neighborhoods (average 37 responses per neighborhood, min 19, max 60). This response rate was representative of the size and population of each study neighborhood [69]. From the questionnaire, we evaluated variables reflecting local mosquito problems, flooding, and perceptions of the local landscapes as messy or natural looking, in addition to including basic sociodemographic characteristics.



Our primary variable of interest from PASS investigated how respondents perceived mosquitoes as problematic around their homes. Specifically, the question asked, “To what extent are mosquitoes a problem for you at your current home?” Answers ranged across a five-point scale, from 1, “not a problem”, to 5, “a very big problem”. Although the wording of the question states “home”, the broader context of this section of the survey contextualizes the home as not just the physical indoor spaces of a residence but also outdoor spaces including yards and patios. We also used PASS data to assess whether individuals perceived their landscapes as likely to flood, since urban landscapes with more water are more likely to provide habitat for mosquitoes [78]. If residents perceive areas as flood-prone, they may perceive these areas as more likely to have mosquitoes. Perception of local flooding was estimated as the maximum value among a set of five questions that asked whether individuals disagreed or agreed with statements related to elements of their neighborhoods flooding, including streets, parks, or nearby canals. We selected the maximum value because we wish to capture if any nearby features flood as opposed to if specific features (e.g., parks versus neighbors’ yards) flood. A third survey variable captured perceptions about the messiness of local landscapes in residents’ neighborhoods. We include this variable since messy areas are associated with an increased belief that a landscape is likely to attract pests [57], and areas with higher amounts of trash (such as vacant lots) can also increase mosquito abundance [22,23]. For messiness, we assessed perceptions along a five-point scale of strongly disagree to strongly agree that “the environment of your neighborhood looks messy”. We also measured how natural-looking residents perceived their neighborhoods to be, measured on a five-point scale of strongly disagree to strongly agree that “the environment of your neighborhood looks natural”.



Finally, we also used PASS data to capture demographic factors of residents, including gender, income level, level of education, and age. We coded gender on a binary scale with 0 as male and 1 as female. Gender can influence perceptions of risk [79], which may, in turn, influence perceptions of mosquitoes as a health problem or an area as more pest-prone [80,81]. Generally, women tend to express more concern over local environmental risks compared to men [82]. We assessed income on an 11-point scale in $200,000 increments, from $20,000 to over $200,000. We included income in the analysis as landscape changes may be cost-prohibitive and thus people with higher income may have more control over their local landscapes, which might influence their perceived control over local mosquito populations and wildlife in general [16,83]. We measured education on a 7-point scale, from completion of grades 1–8 to the attainment of a graduate or professional degree. We included education in our investigation as knowledge of mosquito-borne disease as well as how mosquitoes breed and reproduce may shape perceptions of mosquitoes as problematic within a landscape [6,84]. Another factor included was where or not individuals identified as LatinX. We included LatinX identity as our study area has many LatinX individuals (U.S. Census 2020). Lastly, we included respondent age, as many mosquito-related diseases are more severe for individuals who are older, and thus older individuals may be more concerned about mosquitoes around their homes [85,86].




2.5. Boosted Regression Tree


In this study, we asked how a suite of landscape and social factors, as well as actual mosquito abundance, are related to resident perceptions of mosquitoes as problematic. We used boosted regression trees (BRT) for our analyses, as they incorporate the advantages of tree-based models in handling different types of predictor variables and can capture non-linear relationships that are less easily measured with generalized linear-models or generalized additive models [87,88,89]. The tree-based approach of BRTs also clearly identifies and weighs variables against one another, allowing us to understand the effects of individual predictors on the dependent variable, but also the relative importance of predictors on the dependent variable when compared to all other variables in the model [89,90]. Additionally, some variables in our model are weakly correlated (Pearson correlation coefficient < 0.7, e.g., mosquito abundance and distance to agriculture: r = 0.14; mosquito abundance and distance to wetlands: r = 0.05), and boosted regression trees reduce the influence of collinearity by running multiple iterations and injecting randomness [89,91]. Finally, as BRTs are generated using randomized subsamples of the entire dataset, the model limits the influence of potential spatial autocorrelation that may occur within neighborhoods [89].



For our model, we set the dependent variable as the 1–5 ordinal response to the question “To what extent are mosquitoes a problem for you at your current home?”. For the predictor variables, we included distance (km) to agriculture, water, developed areas, wetlands, natural vegetation, vacant lands, and desert parks. We also included predictor variables of gender, income, education, age, perception of neighborhood flooding, perception of neighborhood messiness, perception of how natural-looking the neighborhood is, and finally, the average number of mosquitoes (log scaled) that were collected within 1-km of a respondent’s address. We ran our models in R version 3.6.1 (R Core Team) using the gbm function [92].





3. Results


Mosquito trapping effort and abundance varied across neighborhoods. The Power Ranch neighborhood (PWR), one of the largest of all neighborhoods, had the most traps within the smaller neighborhoods U18, V14, and X17 had the fewest (Table 1). Distribution of traps related not only to the size of the neighborhoods (larger neighborhoods contained more unique traps than smaller neighborhoods due to the grid design implemented by MCVC), but smaller neighborhoods had more overlap between the number of traps within 1 km or respondents (e.g., higher trap density). On average, a respondent lived within 1 km of 3.1 traps (min 1 trap, max 12 traps). However, although the distribution of traps related to neighborhood size, the abundance of mosquitoes did not. X17, one of the smallest neighborhoods, contained the second-highest average mosquito abundance. The average respondent was exposed to 89 mosquitoes per year with 1 km of their home with a minimum of 0 mosquitoes and a maximum of 3193 mosquitoes. Mosquitoes were distributed unevenly throughout the study area, likely due to differences in local and neighborhood landscapes; the irrigated, grassy neighborhood of PWR had the highest average number of mosquitoes per trap, and the mostly xeric neighborhood of U21 had the fewest (Table 1).



Results from the boosted regression tree highlighted nine variables that each contributed >5% relative influence in predicting whether residents perceived mosquitoes as problematic (Figure 2; per Elith and Hastie [89], variables above a 5% threshold are important contributors to the dependent variable). Specifically, people under the age of 40 were more likely to perceive mosquitoes as a problem, while those over 50 were less likely to perceive mosquitoes as a problem (12.4% relative influence, Figure 2, Table A1). Perception of mosquitoes as a problem decreased as the amount of natural vegetation around a respondent’s home increased (12.3%), with respondents that lived near less than ~1 km2 of natural vegetation more likely to perceive mosquitoes as more problematic and those who lived near more ~1 km2 of natural vegetation perceiving mosquitoes as less problematic. Respondents’ perception of their neighborhoods as messy also influenced whether they thought mosquitoes were problematic (11.4%). When respondents agreed or strongly agreed their neighborhood was messy, they were more likely to perceive mosquitoes as a problem. However, those who disagreed that mosquitoes were a problem less likely to say mosquitoes were a problem. Additionally, the closer a respondent lived to wetlands (10.1%) or agriculture (8.8%), the more likely they were to perceive mosquitoes as problematic. The last landscape feature that impacted the perception of mosquitoes as problematic was the amount of vacant land in a respondent’s neighborhood with increased vacant land corresponding to increases in perception of mosquitoes as a problem (8.1%). Finally, as the abundance of mosquitoes around a respondent increased, so did the perception of mosquitos as a problem (7.2%), while those with higher incomes (5.6%) and higher education (5.1%) were less likely to perceive mosquitoes as a problem.




4. Discussion


This work highlights the importance of sociodemographic and landscape features on people’s perception of wildlife. Specifically, the work illustrates that people’s perceptions of nuisance or pest organisms are influenced by more than the abundance of these organisms in residential and urban areas. By understanding how reports of mosquitoes as a problem may vary from underlying distributions of mosquito populations, vector control agencies may be able to implement control measures more precisely and in ways that respond to public concerns. Further, if managers wish to reduce nuisance calls based on perceptions of mosquitoes, they may benefit from addressing factors such as the messiness of local landscapes (e.g., where tires or other materials can harbor water and provide habitat to mosquitoes) as opposed to only spraying chemicals to eradicate mosquitoes. In other words, allocating funding to address the factors associated with perceived problems, as well as the actual occurrence of mosquitos, may be a more effective way to address public concerns while strategically limiting the use of insecticides when the prevalence of mosquitoes is not problematic in specific locations.



Our results match a previous study from France which investigated the perceived risk of mosquito bites and actual exposure to mosquito bites; specifically, Gaillard et al. [30] found that the exposure of individuals to mosquitoes (i.e., the number of mosquitoes captured by scientists within the study region) was not strongly correlated with perceived risk. Our results from metro Phoenix, AZ, emphasize that both perceptions of local landscape and proximity to certain landscape features, as well as sociodemographic factors, are more likely to influence perceptions of mosquito problems than actual mosquito abundance. Given that many people are not able to accurately assess the abundance of wildlife [93,94], we are not surprised that the abundance of mosquitoes is not a major factor influencing perceptions of mosquitoes as problematic. Moreover, these results resonate with risk perception theory, which stresses that perceived risks are highly subjective and not often linked to probabilities of actual risks, such as fatalities [79,95]. Overall, the results of this work validate past research while emphasizing that reducing the public perceptions of mosquito problems may require more than active efforts to reduce mosquito populations.



This research also illustrates how the landscape around a resident’s home may shape their perceptions and interactions with wildlife. The amount of natural vegetation around a respondent’s home and their proximity to agriculture and wetland strongly correlated with residents’ perceptions of mosquitoes as problem. All three of these landscapes may shape overall perceptions of a residents’ neighborhood either positively or negatively [57]. Although areas with natural vegetation may provide potential breeding areas for mosquitoes [96,97], natural vegetation is often associated with positive ecosystem services which may outweigh negative perceptions [57,98]. The possible mismatch between how people perceive landscape features to increase mosquito problems is also highlighted by the influence of wetlands and agriculture on people’s perceptions of mosquitoes as a problem. Given that our initial correlation tests during model selection indicated a limited correlation between the distance of a respondent to wetlands and agriculture and mosquito abundance, respondents are likely responding directly to these features. Both agricultural areas and wetlands are often perceived negatively by urban residents and associated with pest species leading to the perception that mosquitoes are more problematic [99,100,101].



However, in Maricopa County, flood irrigation, a method of watering grass lawns in which the entire lawn is flooded with water, is highly correlated with mosquito abundance [102,103]. Local ordinances have restricted this irrigation method unless houses were built before the ordinance date [104]. As such, flood irrigation is often associated with larger, older homes that tend to be in high income areas. If this relationship holds, we expect mosquitoes to be perceived as more problematic in areas with higher income as opposed to in areas near wetlands or agriculture. Instead, the opposite is true. The relationship between income and perceptions of mosquitoes as problematic may also be linked to increases in trash and other refuse that are found in higher abundance in lower income neighborhoods and serve as mosquito breeding sites [16].



The influence of income on perceptions of mosquitoes as a problem may also relate to the potential ability to mitigate mosquito-borne diseases through landscaping and features which limit mosquitoes. Although Maricopa County Vector Control will spray in areas where their traps detect disease-carrying mosquitoes (Maricopa County Vector Control 2021), many private companies are available that offer mosquito control services. However, since these companies require a fee, pest control measures such as these may be more likely to be used by wealthy individuals [105]. Studies of mosquito populations from the Baltimore area also identify correlations between mosquito abundance and income with lower income neighborhoods containing more mosquitoes [16]. Finally, in the Phoenix Metropolitan Area, higher incomes may also be associated with gated neighborhoods controlled by homeowners’ associations. These neighborhoods typically regulate the amount of garbage—potential breeding habitat for mosquitoes—through the collection of trash and limiting public access which may reduce the dumping of garbage [106].



In addition to income features, two demographic variables influenced the perception of mosquitoes as a problem in this study. The two associated variables, age and education, may be linked to lifestyles as well as exposure and perceived risks of mosquitoes. Read et al. [107] found that factors such as how long an individual planned to be outside and whether they used insect repellent were more likely to influence the perception of mosquitoes as annoying than the actual number of mosquitoes collected around an individual. If mosquitoes were seen as more of a health concern for the elderly, we would expect to find that older people had heightened perceptions of mosquitoes as a problem. Our results showed the opposite, suggesting that reduced exposure and time spent outdoors may have been more important drivers of mosquito perceptions than health risks. Consistently, younger individuals often have more free time and use outdoor spaces more often [108,109] and therefore may be more likely to encounter mosquitoes and therefore report them as a problem. Older individuals may also spend more time indoors to avoid heat given their increased risk for heat stress [110,111].



Education’s influence on perceptions of mosquitoes as a problem may relate to the potential link between education and knowledge of mosquito-borne disease, though more research could more deeply examine this trend. The public, for example, may tend to view mosquitoes as a health risk in developing countries, particularly in the global South and Africa or other areas where malaria risks are high [30,51]. Yet, in Phoenix, mosquitoes carry several diseases which Maricopa County Vector Control actively tracks, including Dengue and Zika (Maricopa County Vector Control 2021). Our findings suggest that more educated people perceive lower risks, perhaps because they feel more comfortable around mosquitoes [112]. This could be due to a greater awareness of their ability to control mosquito bites and associated threats. However, additional research directly assessing education’s impact on the perceptions of mosquitos is needed, especially since general education may not correlate with knowledge of mosquitoes. Formal education may be a poor proxy for awareness of mosquitoes’ life history and breeding behaviors since this specific knowledge varies widely among people [113,114]. The knowledge that mosquitoes breed in areas such as wetlands as well as areas of natural vegetation or in trash and refuse that may be in vacant lots could drive the association between these features and perceptions of mosquitoes as a problem. For natural vegetation, vacant lots, and desert parks, the influence of these features on perceptions of mosquitoes as a problem diminished distance exceeded 1 km, which roughly matches the potential flight range of a mosquito. This finding may indicate that residents can accurately assess the influence of these landscape features on mosquito populations. However, for wetlands, the influence on the perception of mosquitoes as a problem did not decrease until distances greater than 2 km. In these cases, the link between wetlands and mosquitoes as a problem may have captured a more generalized negative view of wetlands and the idea that wetlands may attract unwanted nuisance animals [57,100].



People’s perceptions of their neighborhoods as messy looking were one of the strongest predictors of whether they report mosquitoes as problematic. In many urban environments, trash and waste provide breeding grounds for mosquitoes and increase the mosquito population [16,23]. Individuals may associate messy-looking neighborhoods with these potential breeding grounds regardless of mosquito abundance or activities. Due to the extreme temperatures in Phoenix, standing water in small pools often evaporates too quickly for mosquitoes to propagate, so trash such as tires that provide reproductive opportunities for mosquitoes in other areas of the world may not be viable [16,115]. However, the presence of potential breeding grounds may be enough for individuals to report mosquitoes as problematic. In a 2020 conversation with Maricopa County Vector Control, an agent explained that even after bodies of water, such as ponds, are treated for mosquitoes and the number of captured mosquitoes decreases, Vector Control often continues to receive calls about the body of water as a source of mosquitoes. This mismatch highlights a potentially important element of mosquito management that may need to go beyond reducing mosquito populations.



Understanding how the public reacts to mosquito control may provide managers an opportunity to increase public buy-in and support of disease control. Support for mosquito population management varies by management type (i.e., chemical spraying vs. biological controls; [45,46]. Additionally, the support for mosquito control may also vary between regions and different demographics depending on the prevalence and perceptions of mosquito-borne disease [30,100,113]. However, one goal of mosquito control is creating environments that are more hospitable to people, either by reducing disease risk or simply reducing annoyances caused by mosquito bites [113,116]. If individuals think that their neighborhood may have a high mosquito abundance, they may spend less time outdoors and therefore be less satisfied with their neighborhood or life in general. Efforts such as community clean-ups have been shown to increase resident perceptions of their neighborhoods and this work shows it may also reduce the perception of mosquitoes as problematic [84,116]. Finally, efforts to reduce perceptions of mosquitoes as a problem may also result in more cost-effective vector management. Many vector control agencies respond directly to calls from individuals about complaints and, as a result, may end up treating areas where mosquito risk is low, but the perception of risk is high. Vector management practices could potentially become more efficient by reducing the perception of mosquitoes as problematic, which may reduce unnecessary complaint calls.




5. Conclusions


Increasing the effectiveness of managing mosquitoes, and therefore vector-borne diseases, is dire as the climate continues to change, and a growing amount of the global population, increasingly in cities, will be susceptible to disease transmission. The support for social variables, in particular perceptions of neighborhoods, highlights the importance of investigating socioecological dynamics in relation to management of vector-borne diseases. Such understanding of people’s perceptions of mosquito abundance may allow for better management practices of mosquito populations. Discerning actual mosquito presence from perceived mosquito presence can allow for more efficient allocation of resources to remove mosquitoes, and an increased understanding of public opinions and can potentially inform effective communication strategies to gather public support for mosquito control practices.
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Table A1. All variables from the boosted regression tree with their relative influence as well as how the variable is measure.
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	Variable
	Relative Influence
	Variable Measurement





	Age
	12.4
	Reported Age (Continuous)



	Amount of Natural Vegetation
	12.3
	Km2 (continuous)



	Messy Looking Landscape
	11.4
	Likert (1–5) Disagree to Agree



	Distance from Wetlands
	10.1
	Km (continuous)



	Distance to Agriculture
	8.8
	Km (continuous)



	Amount of Vacant Land
	8.1
	Km2 (continuous)



	Number of Mosquitoes (log)
	7.2
	Count (Continuous)



	Income
	5.7
	Likert-Like (1–11) Increasing



	Education
	5.1
	Likert-Like (1–7) Low to High Levels of Education



	Local Landscape Flooding
	4.8
	Likert (1–5) Disagree to Agree



	Distance to Water
	4.5
	Km (continuous)



	Distance to Desert Parks
	4.3
	Km (continuous)



	Gender
	2.2
	Binary (female or male)



	LatinX
	2.1
	Binary (no or yes)



	Natural Looking Landscape
	1.5
	Likert (1–5) Disagree to Agree
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Figure 1. The 12 study neighborhoods are located across the Phoenix Metropolitan Area in Arizona, US. Three neighborhoods, 711, U18 (in box A, highlighted in blue), and PWR (box B, highlighted in green) are highlighted to show landscape features within the neighborhoods as well as the locations of mosquito traps (triangles). 
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Figure 2. Partial dependency plots for each variable with >5% relative influence. When the line is above the dotted line (zero), the variable increases perception of mosquitoes as a problem and below the dotted line decreases perception of mosquitoes as a problem. 
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Table 1. Information related to both the number of traps within PASS neighborhoods as well as the number of respondents in PASS neighborhoods. The table also shows on average how many traps were located within 1 km of a respondent and the average number of mosquitoes caught across all traps within 1 km of a respondent.
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	Neighborhood
	Total Number of Unique Traps
	Total Number of Respondents
	Average Number of Traps within 1 km or Respondent (SD)
	Average Number of Mosquitoes within 1 km of Respondents (SD)





	711
	4
	17
	3.05 (0.62)
	40.84 (31.12)



	AA9
	27
	26
	3.77 (1.42)
	44.68 (74.94)



	IBW
	6
	37
	2.38 (0.59)
	35.31 (21.26)



	PWR
	45
	60
	2.66 (1.28)
	381.82 (580.03)



	Q15
	8
	34
	2.32 (1.22)
	26.21 (26.11)



	R18
	9
	26
	1.42 (0.50)
	63.71 (48.88)



	TRS
	13
	26
	1.62 (0.70)
	110.23 (78.44)



	U18
	3
	34
	1.18 (0.39)
	47.66 (42.13)



	U21
	5
	52
	1.34 (0.60)
	9.63 (16.07)



	V14
	3
	50
	1.68 (0.55)
	64.55 (23.53)



	W15
	13
	56
	8.13 (1.89)
	45.55 (26.67)



	X17
	3
	39
	2.28 (0.46)
	154.00 (82.10)
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