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Billions of wild animals migrate every year between breeding and non-breeding sites, facing new environmental conditions due to anthropogenic change. Although cities engender profound environmental changes, they provide habitat for some migratory birds contributing to conserving biodiversity and restoring human-nature connections. A common issue in Neotropical cities is their socio-environmental segregation, that might result in wealthier people having access to greater biodiversity in their neighborhoods. Although growing evidence shows a relationship between wealth and biodiversity in cities, it remains poorly investigated in relation to animals, particularly migratory birds. We present the first study on the effects of socioeconomic status on a Neotropical austral migrant considered a keystone species. We tested whether neighborhood socioeconomic category and habitat variables relate to the occurrence of the Green-backed Firecrown hummingbird in its overwintering habitat in urban areas. We hypothesized that higher socioeconomic status of neighborhoods would positively influence hummingbird occurrence through mediating effects of woody plant cover. We found that hummingbird occurrence increased with socioeconomic level of neighborhoods and woody cover. Specifically, we found that socioeconomic level influenced hummingbird occurrence indirectly through woody and shrub cover. We also found a direct effect of socioeconomic level on hummingbird occurrence suggesting the need for further research. Our findings show that wealthier neighborhoods exhibit greater woody cover and higher hummingbird occurrence than poorer neighborhoods, providing dissimilar opportunities to experience nature close to home. In neighborhoods where people of lower socioeconomic status live, strategies aiming to increase tree and shrub cover will promote a more environmentally just city.
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INTRODUCTION

Billions of wild animals migrate every year between breeding and non-breeding sites (Robinson et al., 2009; Dokter et al., 2018). These migrants commonly travel to reproduce in seasonal environments that offer a large amount of food for a short time (Dingle and Drake, 2007; de Zoeten and Pulido, 2020). Such massive animal movements not only benefit migrating animals but also underpin ecosystem functions along migration routes (e.g., Kauffman et al., 2021).

This adaptation to natural resource fluctuation in space and time can be affected by anthropogenic change. Migrant behavior is rapidly changing due to human impacts on the environment that pose a strong selective pressure on wild populations (de Zoeten and Pulido, 2020). Landscape and climate change can influence species phenology, such as periods of migration and reproduction. For instance, they can cause earlier arrival times (Tryjanowski et al., 2013), decrease distances of migration (Visser et al., 2009), and even lead to the loss of migratory behavior of individuals to become year-round residents (Cubie, 2014; Greig et al., 2017; de Zoeten and Pulido, 2020). Migratory behavior is not changing alone, population sizes are as well. Several long-distance migrants are declining faster than populations of short-distance migrants or resident species (Robinson et al., 2009; Kamp et al., 2015; Koleček et al., 2021).

To preserve migratory birds, their migratory behavior, and ecosystem functioning, it is relevant to understand the ecology of migrants, not only in natural areas, but also in modified environments. Urbanization threatens species with extinction (IPBES, 2019) and commonly affects native species in favor of exotic species (McKinney, 2002; Sol et al., 2020). However, cities offer opportunities to conserve biodiversity and restore human connections with nature (Sanderson and Huron, 2011; Aronson et al., 2014). Although urbanization severely affects Neotropical migratory birds (Stratford and Robinson, 2005), urban vegetation may contribute to support Neotropical birds in cities (MacGregor-Fors and Schondube, 2011; Muñoz-Pacheco and Villaseñor, 2021; Villaseñor et al., 2021) including migratory species (Amaya-Espinel and Hostetler, 2019; Leveau, 2021). In fact, at least fifty-eight species of Neotropical forest migratory birds use urban areas with trees or small forest fragments as stopover and wintering sites, encompassing species that are regarded as interior-forest specialists in their breeding habitats (Amaya-Espinel and Hostetler, 2019).

The Green-backed Firecrown (Sephanoides sephaniodes) hummingbird is a Neotropical austral migratory bird. It is considered a keystone species because it feeds on nectar and, thus, pollinates a large variety of plant species, having a disproportionately large effect on ecosystems. It is part of the Trochilidae family, a taxonomic group endemic to the Americas, which are the main nectarivorous birds on the continent. This hummingbird is endemic to Chile and Argentina, where it is distributed from the Atacama Desert (27°S) to Cape Horn (55°S), and is the most austral hummingbird in the world (Martínez-Piña and González-Cifuentes, 2017). It is classified as “Least Concern” although its population trend is decreasing1. It is a partial migrant, with several individuals breeding in southern areas that in autumn migrate toward northern wintering sites (Martínez-Piña and González-Cifuentes, 2017). It is the only hummingbird present in the southern forests of South America, and a keystone species that pollinates more than 20% of woody plant genera (Aizen et al., 2002). In this mutualistic interaction, woody plants provide fundamental resources for hummingbird survival and reproduction, including food, resting, and nesting sites. Thus, a positive effect of woody cover on this hummingbird has been found in different environments. In austral regions, the Green-backed Firecrown hummingbird is more abundant in mature native forests than in other vegetation types (Díaz et al., 2005; Silva-Rodríguez et al., 2008; Vergara et al., 2014). In modified landscapes such as those dominated by agriculture and industrial tree plantations, the abundance of the Green-backed Firecrown increases with woody cover (Estades and Temple, 1999; Silva-Rodríguez et al., 2008).

During the non-breeding season, the Green-backed Firecrown is common in Central Chile. It can inhabit urban environments, including Santiago, the country’s capital city. Santiago has large inequalities in the distribution of vegetation, where the area of woody plant cover increases with residents’ wealth (Escobedo et al., 2016; Hernández and Villaseñor, 2018). Although a growing body of research has reported the benefits of vegetation to support Neotropical birds in cities (Villegas et al., 2010; Amaya-Espinel and Hostetler, 2019; Villaseñor et al., 2021), the relationship between socioeconomic status and birds is a key knowledge gap in Latin America (MacGregor-Fors and Schondube, 2011; Muñoz-Pacheco and Villaseñor, 2021), particularly on migratory birds.

Biodiversity research in urban environments has increased globally, but few studies have investigated the relationship between socioeconomics and animals (reviewed by Leong et al., 2018). Most animal research has focused on bird diversity, and have shown a positive relationship between human wealth (income) and bird species richness in urban parks, residential areas and municipal districts (Kinzig et al., 2005; Strohbach et al., 2009; Warren et al., 2019). However, this relationship can change depending on the origin of bird species (e.g., native vs. exotics; Loss et al., 2009), the level of urbanization (Chamberlain et al., 2019), or be of little importance (e.g., when compared to habitat variables; Silva et al., 2015).

To contribute to understanding the relationship between socioeconomics and a keystone species, we investigate whether the occurrence of the Green-backed Firecrown in its urban overwintering habitat varies with the socioeconomic level of neighborhoods. To inform habitat management, we also investigated what habitat variables explain the occurrence of the hummingbird in the city. We expected the occurrence of the species would increase with socioeconomic level and woody cover. In addition, due to previous research reporting a positive relationship between socioeconomic level and woody cover, we hypothesized that socioeconomic level would positively influence the Green-backed Firecrown occurrence through a mediating effect of woody cover. The scientific information derived from this study will provide a better understanding of the ecology of Neotropical migratory birds, particularly linking socioeconomics, habitat attributes and the occurrence of the Green-backed Firecrown hummingbird. It also contributes to inform management practices and policies that promote biodiversity in the city and more equitable opportunities for urban residents to experience nature close to home.



MATERIALS AND METHODS


Study Area

Our study took place in the city of Santiago de Chile (33°27′S – 70°40′O). This capital city is comprised of ca. 80,000 ha and harbors over six million inhabitants (INE, 2019). The area has a semi-arid Mediterranean climate, where January is the warmest month (mean average temperature of 21.5°C) and July the coldest month (mean average temperature of 8.2°C; INE, 2015). Rainfall is less than 300 mm per year and is concentrated in winter (INE, 2015), however, an extended drought has been affecting the area since 2010 with rainfall deficits of 20-40% (Garreaud et al., 2020).

The natural landscape has been severely altered by human activities. Original vegetation consisted of sclerophyll forest and shrubland. Now exotic plants dominate in urban forestry and design, where about 86% of city trees are of exotic origin (Hernández and Villaseñor, 2018). The city is in the global biodiversity hotspot of Central Chile, where urgent conservation action is needed because of its high endemism and extensive loss of original vegetation (Myers et al., 2000). Although Central Chile is relevant for global biodiversity conservation, less than 2% of the land is officially protected (INE, 2015) and human activities such as agriculture and urban expansion continue clearing native forests and shrublands.



Site Selection

To select sites, we used a digital layer that represents socioeconomic distribution in the Santiago Metropolitan Area, available at https://observatoriodeciudades.com/. By taking 2012 census data (e.g., level of education of the head of household, occupation, income, access to services, selected goods, number of residents, and number of bedrooms), the layer authors assigned a socioeconomic status to a neighborhood block (polygons) by applying an algorithm to generate a socioeconomic score (Rodríguez et al., 2019). According to these scores, socioeconomic levels can be summarized into three main groups (high, medium, and low). The high socioeconomic group is the wealthier and university educated, with an estimated mean household income greater than US$28,800 per year. The medium socioeconomic group is characterized by households with technical or secondary education and an estimated mean household income greater than US$13,200 per year. The low socioeconomic group are low income and have less education, and an estimated mean household income less than US$8,400 per year (GfK Chile, 2019). To generate a grid of potential sample sites, we rasterized this layer according to their socioeconomic level at a 200 m x 200 m cell size using the “raster” package (Hijmans, 2021) in R 4.1.2 (R Core Team, 2021).

We ensured that different areas were sampled across the city by stratifying in two areas: edge (less than 5 km away from the urban boundary) and interior (more than 5 km away from the urban boundary); where the urban boundary refers to the city’s limits and was defined by a vector layer available from INE - MINVU (2018). This is useful as some species in our study area decrease toward the interior of the city (Villaseñor et al., 2021). It also allows us to reduce confounding socioeconomics and distance to the urban boundary. We focused our sampling on residential areas (land predominantly used for housing) using a layer of land uses from 2014, available from ine.cl that helped us to exclude all non-residential land use types. Then, we used a stratified random selection approach to select 20 sites (raster cells) in residential areas for each combination of socioeconomic level (three levels: high, medium and low) and distance to the urban boundary (two levels: edge and interior), leading to 120 sites (Figure 1).
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FIGURE 1. Sample sites and socioeconomic groups in Santiago de Chile. An example of a sample site for each socioeconomic group is provided using satellite imagery from Google Earth. Source of socioeconomic groups https://observatoriodeciudades.com.




Bird Surveys

At each of the 120 sites, we surveyed birds twice during austral winter season (from 19th July to 6th August 2021). Using the point count method, all birds seen or heard during 5 minutes within a 50-m radius were recorded (Bibby et al., 2000). Birds flying over the site were recorded if using the site (e.g., swallows hunting insects). All sites were surveyed by two different observers, who sampled the same site on different days (nine days average difference between surveys). All counts were performed during mornings (from 7:00 am to 11:57) and on days with favorable weather conditions (no fog, rain, or strong wind; Villaseñor et al., 2021). All points were at distances greater than 300 m from each other.



Habitat Variables

At each sampling site we measured habitat variables using two sizes of plots: a 50-m radius plot and an 11-m radius plot. These two plot sizes were used because they have proven to be effective in characterizing habitat conditions and their relationship with birds in our study area (Benito et al., 2019; Villaseñor et al., 2021). All plots had their center in the same location as the bird point count. The percent cover of woody vegetation in 50-m radius plots was calculated by interpreting high-resolution satellite imagery (WorldView, DigitalGlobe), digitalizing woody cover within each plot, and calculating the percent cover in ArcMap. Micro-habitat variables were estimated in the field immediately after the bird count using the 11-m radius plot, where the percent cover of shrubs, trees, herbaceous plants, impervious surfaces, and buildings were estimated visually (Benito et al., 2019).



Statistical Analyses

For each site, we pulled together data from the two counts to determine whether the Green-backed Firecrown was present or absent. To investigate whether the occurrence of the species varied with socioeconomic level we fitted a Generalized Linear Model (GLM) with a binomial distribution (link = logit) in R. Then, to investigate the effect of habitat variables on the occurrence of the species we fitted the additive effect of habitat variables in a GLM with a binomial distribution (link = logit) in R. To avoid over parameterizing models, we only fitted habitat variables that exhibited a low correlation with other habitat variables (| r| < 0.4). We interpreted variable estimates and calculated and plotted confidence intervals at 95%.

Due to previous evidence on socioeconomics influencing habitat attributes, and these attributes influencing the occurrence of birds, we investigated whether habitat variables mediated the relationship between socioeconomic level and the occurrence of Green-backed Firecrown. For this, we used a mediation path analysis by fitting general structural equation models with sem function from the lavaan package in R (Rosseel, 2012). We constructed the path model for estimation including as mediators the habitat variables that significantly (P < 0.05) predicted the Green-backed Firecrown occurrence in the GLM. Prior to performing path analysis, we transformed the socioeconomic level (categorical variable with three levels: High, Medium, Low) to numerical (3, 2, 1), and then standardized the new socioeconomic variable and habitat variables (mean = 0, standard deviation = 1). As the response variable was binary (presence, absence) the estimator uses diagonally weighted least squares (DWLS) to estimate model parameters (Rosseel, 2021). We calculated direct and indirect effects (through mediation of habitat variables) of socioeconomic level on the species occurrence. We assessed model fit using Chi-squared (X2) and Standardized root mean square residual (SRMR); and displayed the results of the path analyses if they were satisfactory (Fan et al., 2016; Rosseel, 2021).




RESULTS

We recorded 66 Green-backed Firecrown hummingbirds in 44 sites of the total 120 sites that were surveyed twice during winter. The greatest number of records were in neighborhoods of the high socioeconomic group (25 sites), followed by medium socioeconomic neighborhoods (13 sites) and least in the low socioeconomic neighborhoods (6 sites).

Sites varied in habitat composition. Woody cover at 50-m radius plots ranged from 0 to 38% cover (mean = 9.7%; Supplementary Table 1). Microhabitat, described by 11-m radius plots, was dominated by impervious surfaces (mean = 50.3%), followed by tree cover (mean = 18.8%), built cover (mean = 17.6%), herbaceous cover (mean = 11.3%), and the least abundant vegetation type was shrub cover (mean = 4.8%; Supplementary Table 1). Woody cover exhibited a strong positive correlation with tree cover (r = 0.6). We fitted woody cover in our Generalized Linear Model as it best represents the surveyed area (50-m radius plot) and data exploration showed these habitat variables exhibited similar association with hummingbird occurrence. Built cover exhibited a moderate positive correlation with impervious surfaces (r = 0.4). Thus, we fit built cover in our Generalized Linear Model as it might represent a barrier for hummingbirds and data exploration showed a greater association between built cover and hummingbird occurrence than impervious surfaces.

The Generalized Linear Model revealed that the occurrence of Green-backed Firecrown significantly varied with neighborhood socioeconomic level. It was highest in sites with high socioeconomic level and lowest in sites with low socioeconomic level (P < 0.001; Supplementary Table 2 and Figure 2). We also found that habitat variables had a significant effect on the occurrence of Green-backed Firecrown at sampling sites. The occurrence of Green-backed Firecrown increased with woody cover (P = 0.002) and shrub cover (P = 0.01). Built cover exhibited a negative effect on Green-Backed Firecrown, although its effect was not statistically significant (P = 0.07; Supplementary Table 3 and Figure 3).
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FIGURE 2. Results from Generalized Linear Model predicting the occurrence of the Green-backed Firecrown hummingbird according to neighborhood socioeconomic level.
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FIGURE 3. Results from Generalized Linear Models predicting the occurrence the Green-backed Firecrown hummingbird according to habitat variables.


The path analysis built with two habitat variables (woody and shrub cover) as mediators evidenced partial mediation (Figure 4 and Supplementary Table 4). Socioeconomic level positively influenced hummingbird occurrence (total effect = 0.64 ± 0.13, P < 0.001). Indirect effects evidence that woody cover (0.15 ± 0.06, P = 0.01) and shrub cover (0.09 ± 0.04, P = 0.05) mediate the relationship between socioeconomic level and hummingbird occurrence. Regression estimates show that socioeconomic level positively influences woody cover (β = 0.52 ± 0.1, P < 0.001) and shrub cover (β = 0.26 ± 0.09, P = 0.005), and they both positively influence hummingbird occurrence (β = 0.29 ± 0.1, P = 0.004; β = 0.33 ± 0.11, P = 0.004, respectively). Nevertheless, the results also evidence that even after accounting for mediating effects of these habitat variables, socioeconomic level still has a direct positive effect on hummingbird occurrence (β = 0.41 ± 0.14, P < 0.004; Figure 4). Goodness of fit indices mostly indicated a satisfactory fit: X2 = 2.35, P = 0.125, suggesting optimal fitting; SRMR = 0.049 suggesting a good model fit (Fan et al., 2016).
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FIGURE 4. Results from path analysis evidences a partial mediation of woody and shrub cover on the observed relationship between neighborhood socioeconomic level and the Green-backed Firecrown hummingbird occurrence. Arrows represent a regression (causal) relationship between independent and dependent variables. The numbers on the arrows are standardized regression coefficients that indicate the strength and direction of the effects between variables. Statistical significance: **P < 0.01, ***P < 0.001. The proportion of variance of the Green-backed Firecrown hummingbird occurrence explained by the predictors: R2 = 0.41.




DISCUSSION

To better direct conservation efforts it is essential to understand species responses to landscape change. This knowledge is particularly relevant for migratory species that are important pollinators in their habitats and can be affected by environmental modification, such as the most austral Neotropical migratory hummingbird. In its urban overwintering habitat, Green-backed Firecrown occurrence increased with socioeconomic level and woody cover. Specifically, we found that socioeconomic level influenced the Green-backed Firecrown occurrence indirectly (mediated by woody and shrub cover), as well as through direct effects. Wealthier neighborhoods have greater vegetation cover and higher hummingbird occurrence than poorer neighborhoods, providing dissimilar opportunities for urban residents to experience nature close to home.

Socioeconomics is related to the distribution of vegetation and hummingbirds in the city. As revealed in our path analyses, woody cover, that comprises trees and shrubs, increases with neighborhood socioeconomic level and positively influence hummingbird occurrence. Such uneven distribution of urban vegetation has been documented in different countries. For instance, vegetation cover relates to wealth in Colombia (Escobedo et al., 2015), education level in Australia (Luck et al., 2009), and socioeconomics in the United States (Harlan et al., 2006). In the city of Santiago de Chile, areas of higher socioeconomic level present greater abundance and diversity of trees and larger green spaces than areas of a lower socioeconomic level (de la Maza et al., 2002; Reyes and Figueroa Aldunce, 2010; Hernández and Villaseñor, 2018). Our study uncovered that these differences in vegetation cover also led to differences in hummingbird occurrence, implying that people of higher socioeconomic level have greater opportunities to experience nature close to home than people of a lower socioeconomic level. Management actions aiming to increase tree and shrub cover in neighborhoods where people of lower socioeconomic status live will decrease differences in woody cover and hummingbird occurrence, contributing to a more environmentally just city. In this socio-ecological context, woody cover in underprivileged neighborhoods will provide a variety of ecosystem services, such as habitat for wildlife, climate regulation, storm water attenuation, air quality improvement, better human health and wellbeing, in addition to aid achieving sustainable development goals (Roy et al., 2012; Ulmer et al., 2016; Dobbs et al., 2018).

Among all habitat variables explored, those related with woody plants were important for hummingbird occurrence. Several tree species found in urban settlements present specialized adaptations to bird pollination, thus, trees have been found to be more relevant for hummingbirds than herbs (Maruyama et al., 2019). Trees and shrubs provide foraging resources for the Green-backed Firecrown hummingbird that mainly feeds on flowers of woody plants and native mistletoes that parasite trees or shrubs (Aizen et al., 2002; Cuadra-Valdés et al., 2021). In urban land, scattered trees with large floral displays promote territorial behavior, where male hummingbirds actively defend territories from other males (González-Gómez and Vásquez, 2006; Maruyama et al., 2019). Trees and shrubs not only offer foraging resources, but also might improve winter habitat conditions in urban ecosystems by providing refuges to rest, hide from urban predators and protect from rainfall and cold temperatures.

High socioeconomic levels not only promoted a greater occurrence of the Green-backed Firecrown hummingbird in the city through effects mediated by woody and shrub cover, but also through additional unexplored effects. Previous research has found that affluent areas present greater woody plant diversity, greater green space size, greater backyard size and are commonly closer to remnants of native vegetation than poorer areas in the city (Reyes and Figueroa Aldunce, 2010; Hernández and Villaseñor, 2018; Silva, 2021). These variables might promote hummingbird occurrence, as well as the presence of other native bird species in the city (Pauw and Louw, 2012; Villaseñor et al., 2021). Spatial arrangement of vegetation might also be relevant. Hummingbirds might be sensitive to habitat fragmentation and isolation (Gannon et al., 2021), decrease with distance to the natural habitat (e.g., nectar-feeding birds, Pauw and Louw, 2012) or respond to the clumping of feeding resources (Tiebout, 1992). Neighborhood socioeconomics could also relate to the abundance of domestic predators. Preliminary data collected in our study sites shows that free-ranging cats and dogs decrease with neighborhood wealth: on average, 13-fold more cats and 11-fold more dogs were recorded in lower socioeconomic neighborhoods compared with higher socioeconomic neighborhoods (authors, unpublished data). In addition, hummingbird feeders, baths and fountains are more likely to be provided by people of higher socioeconomic level to attract birds, as they have greater purchasing power, their gardens are larger and managed with a greater proportion of woody vegetation cover. Supplementary feeding is common in more developed countries, where up to half of households in the United States, United Kingdom, and Australia offer supplementary food to wild birds (Orros and Fellowes, 2015; and references therein), however, we are unaware of such a widespread practice in our study area. Because some attributes of affluent neighborhoods that are relevant for hummingbird occurrence remain unknown, a more detailed assessment is needed. In addition to the variables previously described, future assessments could include flower availability and abundance (Fontúrbel et al., 2017; Cuadra-Valdés et al., 2021), plant traits (e.g., origin, syndromes, phenology, nectar secretion rates; Maruyama et al., 2019), and spatial variables (Pauw and Louw, 2012).

Both exotic and native species provide relevant foraging resources for hummingbirds, however, alien plants can interfere in ecological networks. For instance, native and exotic plants can compete for pollinators (Feinsinger, 1987), where alien plants can attract more native pollinators (Morales and Aizen, 2002) and present more hummingbird interactions than native plants (Maruyama et al., 2019). This phenomenon will likely affect plant recruitment and long-term viability of native vegetation that is already deteriorated and under high threat. In Chile, even though highly attractive native resources exist, such as Tristerix spp., exotic species such as Eucalyptus spp. act as magnet species, changing hummingbird abundance, visitation rates and activity patterns, altering pollination interactions not only in the site but also in the surrounding landscape (Cuadra-Valdés et al., 2021). Given that vegetation in Santiago is strongly dominated by exotic species (86% of trees are exotic; Hernández and Villaseñor, 2018), their ecological impacts need to be better understood.

With climate change and growing urbanization, monitoring programs are key to determine the status, detect changes and, thus, implement early conservation action. The mega drought affecting Central Chile since 2010 (Garreaud et al., 2020) has created drier conditions in natural areas, thus greener plants in the city might be attracting more birds. However, due to the lack of long-term monitoring programs for terrestrial birds in our study area, we only can hypothesize on the effects of this mega drought on birds. In addition, several changes could be occurring in bird species in our study area because urbanization alters environmental conditions that might lead to changes in phenology, behavior and/or distribution patterns. For instance, reduced migration and range expansion have been reported for birds in urban areas offering milder conditions than surrounding environments and providing abundant supplementary food through the year - by the widespread use of feeding stations, food scraps, or non-native plants (Greig et al., 2017). Urban areas can alter the phenology of bird species to different degrees, from earlier arrival times to some migratory species becoming sedentary in cities (Cubie, 2014; Greig et al., 2017). These changes in bird ecology influence ecological networks, where changes in a keystone species may threaten the viability of ecosystems.

The Green-backed Firecrown hummingbird is the most abundant and most important vertebrate pollinator in south temperate forests of South America (Aizen et al., 2002; Vergara et al., 2014). It is a dominant species in natural areas such as old-growth forests (Díaz et al., 2005), but can be abundant in modified environments, such as eucalypt plantations (Fontúrbel et al., 2017) and green spaces within cities (Villaseñor and Escobar, 2019). Despite the relevance of the Green-backed Firecrown hummingbird for ecosystem functions and its susceptibility to environmental modification, investigations focused on the ecology of the species in modified environments are scarce [but see growing work by Fontúrbel et al. (2017), Cuadra-Valdés et al. (2021)]. Implementing monitoring programs along its range will contribute to understand the effect of anthropogenic change on the species and its ecosystem network.
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