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Due to consistent population declines across the continent, grassland birds have become a guild of high conservation and management interest. Despite a large number of studies investigating grassland bird habitat associations, we know relatively little about the mechanisms through which habitat characteristics may impact grassland birds, as these mechanisms are often assumed rather than directly tested. For this study, we estimated whether the effects of habitat structure on breeding Field Sparrows are mediated through changes in predator (snake and raccoon) abundance, alternative prey availability, or arthropod biomass using structural equation models. We found no evidence of nest survival or nest density of Field Sparrows being directly influenced by nest predator abundance, alternative prey, or arthropod biomass, although habitat characteristics associated with increased nest survival were also associated with greater arthropod biomass and reduced predator abundance. We suggest that habitat structure in our study area primarily impacts breeding Field Sparrows through direct means, such as influencing nest concealment or foraging efficiency. Our results also suggest that nest success and nest density are decoupled in our study area, so Field Sparrows may be preferentially selecting nest sites with structural characteristics that do not increase nest survival. Ultimately, our findings from this study indicate that while predator avoidance and food provisioning likely play an important role in determining nest survival for grassland birds, predator abundance and arthropod biomass may not necessarily predict predation risk and foraging efficiency to the extent that is often assumed.
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1. Introduction

Grassland birds are the most rapidly declining bird guild in North America (Rosenberg et al., 2019), due in large part to extensive habitat loss and fragmentation resulting from the spread of agriculture and other human-dominated landscapes (Brennan and Kuvlesky, 2005; Hill et al., 2014; Stanton et al., 2018). Although the plight of grassland birds has been well known for several decades (Robbins et al., 1986; Herkert, 1994), declines of many species continue to the present day (Rosenberg et al., 2019). An important factor contributing to the continued decline of grassland birds is our limited understanding of the mechanisms through which habitat structure affects bird populations, which can reduce the effectiveness of management actions and result in inconsistent patterns of bird-habitat relationships among studies. For example, Grasshopper Sparrows (Ammodramus savannarum) have been documented preferentially selecting grasslands dominated by native bunch grasses (Whitmore, 1981) and grasslands primarily composed of exotic rhizomatous grass (Johnson and Schwartz, 1993; Madden et al., 2000). Similarly, patch size, edge proximity, and landscape composition have varying effects on nest survival of grassland birds (Winter et al., 2006; Benson et al., 2013), despite generalized assumptions that such effects are consistent. Whereas studies documenting covariance between habitat variables and metrics of bird populations are common (see Dechant et al., 2002; Hull, 2002; Herkert, 2002, and citations therein), the mechanisms through which habitat structure affects grassland birds remain understudied (but see Ellison et al., 2013; Lyons et al., 2015). Increasing our understanding of the direct and indirect effects of habitat structure on grassland birds may clarify the inconsistencies of previous bird-habitat studies, and represents a critical step toward improving management actions for declining species.

Habitat structure may directly affect birds in several ways, including providing nesting and perching substrates, contributing to nest concealment (Nelson and Martin, 1999; Davis, 2005; Warren and Anderson, 2005), and influencing foraging efficiency (Bradbury et al., 2005) and nest microclimate (Martin, 1998; Nelson and Martin, 1999; Hoekman et al., 2002). Additionally, habitat characteristics across multiple spatial scales may impact birds indirectly by influencing community interactions with avian predators or prey via bottom-up processes (Karr et al., 1992; Feeley and Terborgh, 2008; Klug et al., 2010). Consequentially, the impacts of habitat characteristics on birds are frequently assumed to be at least partially due to changes in predator abundance (Thompson et al., 2002; Davis, 2005; Barding and Nelson, 2008; Hirsch-Jacobson et al., 2012) or prey availability in the form of arthropod biomass (McIntyre and Thompson, 2003; Shochat et al., 2005; Hamer et al., 2006; Hickman et al., 2006; Loss and Blair, 2011; Londe et al., 2021). Predation is the leading cause of avian nest failure (Ricklefs, 1969; Martin, 1993), and birds face selective pressure to establish nest sites in areas that minimize predation risk (Martin, 1993, 1998). In eastern North American grasslands, prolific nest predators include snakes (Weatherhead and Blouin-Demers, 2004; Ellison and Ribic, 2012; DeGregorio et al., 2014) and meso-mammals such as raccoons (Nelson, 2001; Schmidt, 2002; Lyons et al., 2015); thus, habitat characteristics may indirectly impact bird communities via changes in the activity or abundance of these predator guilds. For instance, Klug et al. (2010) found that shrub cover in grasslands indirectly decreases avian nest success by increasing snake abundance, and the negative impact of wooded edges on many grassland birds is understood to be at least partially caused by an increase in the activity of generalist nest predators (Johnson and Temple, 1990; Winter et al., 2000; Galligan et al., 2006) and brown-headed cowbirds (Jensen and Finck, 2004; Benson et al., 2013). Similarly, one of the mechanisms through which habitat fragmentation negatively affects grassland bird populations may be an increase in nest predator density in smaller, more fragmented patches compared to large contiguous grasslands (Chalfoun et al., 2002; Ribic et al., 2009).

Predation risk is not necessarily determined solely by predator abundance, rather it can be influenced by multiple factors. For instance, alternative prey availability can affect predator behavior by determining the extent to which they target bird nests as a food source (Ackerman, 2002; Schmidt et al., 2008; Nordberg and Schwarzkopf, 2019), as predators may change prey preference according to relative abundance or availability of different prey (Murdoch, 1969). Small mammals are a common alternative prey guild for birds in tallgrass prairies, as small mammals are also preyed upon by snakes and generalist meso-mammals. Therefore, if small mammal abundance is low in a grassland patch and bird nests represent a more easily available prey item, nest predation rates may rise independently of predator abundance. Additionally, if alternative prey are overabundant, they may attract more nest predators which can also increase nest predation rates (Haffele et al., 2013). Arthropods may also act as alternative prey for grassland birds in systems where snakes such as North American Racers (Coluber constrictor), which frequently feed on arthropods (Klimstra, 1959), are a dominant nest predator.

Arthropods are an important food source for grassland birds, particularly nestlings (Best, 1977; Kaspari and Joern, 1993; McIntyre and Thompson, 2003), thus avian abundance and nest density may be positively influenced by arthropod biomass. Additionally, an increase in arthropod biomass may improve nest success by allowing nestlings to grow and fledge faster, and by reducing the number of foraging trips by adults, which can alert predators of the nest location (Eichholz and Koenig, 1992; Eggers et al., 2005). Data from Shochat et al. (2005) suggests that birds preferentially nested in managed (burned and grazed) grassland plots because these plots supported higher arthropod biomass than unmanaged grasslands. Similar conclusions were reached by Hickman et al. (2006), who found that higher bird abundance and species richness in native versus exotic grasslands in Kansas may be explained by greater arthropod biomass in native grasslands. Grassland bird species richness has also been positively related to arthropod richness in shortgrass prairies of Wyoming (Hamer et al., 2006).

For this study, we combined multiple datasets from Burning Star Wildlife Management Area in Jackson County, IL, to estimate the extent to which the effects of habitat structure on grassland birds during the breeding season are mediated through arthropod biomass, nest predator abundance, and alternative prey availability. We chose Field Sparrows (Spizella pusilla) as our focal bird species, as they are the most common grassland bird nesting in our study area. The Field Sparrow is a facultative grassland species that can successfully inhabit a variety of open habitats, including old fields and woodland openings (Herkert, 1991; Vickery et al., 1994; Dechant et al., 2002). Though common, Field Sparrows have experienced population declines throughout the Midwest due to habitat loss and their avoidance of human-dominated areas (Herkert, 1995; Sauer et al., 2020). We used structural equation modeling to evaluate how the effects of habitat structure on Field Sparrow nest survival and nest density may be mediated through changes in other components of the grassland community. We considered both nest survival and nest density because using both metrics presents a more accurate assessment of avian habitat quality than nest survival alone (Johnson, 2007; Monroe et al., 2016; Pulliam et al., 2021). We tested four non-exclusive predictions: (1) habitat structure affects Field Sparrow nest survival and density by influencing arthropod biomass; (2) habitat structure affects Field Sparrow nest survival and density by influencing the abundance of nest predators, specifically snakes and raccoons; (3) habitat structure affects Field Sparrows via alterative prey such as small mammals or arthropods; (4) our ecological null hypothesis: the effects of habitat structure on Field Sparrows are primarily direct. We expected nest survival and nest density to be differentially influenced by grassland habitat and community characteristics, as factors affecting nest survival and nest density or adult abundance are frequently decoupled (Chalfoun and Schmidt, 2012).



2. Materials and methods


2.1. Study area

Our study took place at Burning Star State Fish and Wildlife Area (37°52’N, 89°12’W, hereafter “Burning Star”), a former surface coal mine composed of 1,824 hectares (ha) of both reclaimed and undisturbed land in northeast Jackson County, Illinois (Figure 1). Landcover types present at Burning Star include early- to late-successional forest (936 ha), agriculture (456 ha), wetland (66 ha), and restored tallgrass prairie (110 ha), as well as several freshwater lakes (223 ha). Fieldwork occurred on 10 restored prairie patches (hereafter “sites”) within Burning Star, which ranged in size from 1.8 to 35.9 ha (mean ± SD = 10.99 ± 10.57 ha). We conducted fieldwork in 2019, 2020, and 2021, from early May to late July of each year. Common grasses on prairie sites included warm-season natives such as big bluestem (Andropogon gerardii), Indian grass (Sorghastrum nutans), and switchgrass (Panicum virgatum), as well as non-native grasses such as smooth brome (Bromus inermis), Kentucky bluegrass (Poa pratensis), and foxtail (Setaria spp.). Common forbs included Canada goldenrod (Solidago canadensis), annual ragweed (Ambrosia artemisiifolia), and non-natives such as sericea lespedeza (Lespedeza cuneata) and sweet clover (Melilotus spp.). Management actions such as prescribed fire have been minimal at these sites since restoration was conducted shortly after 1992, resulting in the establishment and encroachment of woody shrubs such as eastern red cedar (Juniperus virginiana), blackberry (Rubus sp.), honey locust (Gleditsia triacanthos), and non-native autumn olive (Elaeagnus umbellata). Nest predators such as meso-mammals and snakes are common in our study area, and nest cameras deployed at Burning Star have identified North American racers (Coluber constrictor), prairie kingsnakes (Lampropeltis calligaster), and racoons (Procyon lotor) as the most common nest predators (Supplementary Table S1).
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FIGURE 1
 Map of Burning Star State Fish and Wildlife Area in Jackson County, IL, United States, where fieldwork for this study occurred. Inset on the top right shows the location of Burning Star in the state of Illinois.




2.2. Vegetation surveys

We performed two rounds of vegetation structure surveys each field season from 2019 to 2021. The first round of surveys took place in mid-May, and the second round was in mid-July. For a full description of the vegetation survey methodology used in this study, see Glass and Eichholz (2021). Briefly, vegetation surveys were conducted along a series of sampling points in each grassland site. At each sampling point, we measured vegetation density and height using a Robel pole (Robel et al., 1970). We took Robel Pole readings at every sampling point from each cardinal direction, at a distance of 4 meters and a height of 1 meter (Fisher and Davis, 2010), and the four readings were averaged into one value to represent the sampling point. Vegetation height was considered the point of highest contact of vegetation on the Robel pole, while vegetation density was estimated by recording the lowest point on the Robel pole that could be seen through the vegetation. We also estimated the percent cover of woody vegetation within a 20 × 50 cm quadrat.



2.3. Estimating nest survival and density

We searched for Field Sparrow nests at each site 10 times per field season (2019–2021), with every site being nest searched approximately once a week between 6 am and 10 am. A designated nest search area of approximately 3 ha was delineated within each site. For sites that were smaller than 3 ha, the entire site was the nest search area. We searched for nests using a modified version of the rope dragging method (Winter et al., 2003), where a rope is dragged between two observers, with a third observer walking approximately 5 meters behind the rope. Adult birds may flush off their nests due to disturbance from the rope, which can lead to their nests being discovered by observers. For our modified version, we used a looped rope so that two disturbances were caused in quick succession, to allow for greater nest detection. When rope dragging, we took care to avoid known nests, to minimize the number of times they were disturbed. Found nests were monitored every three to four days until they either fledged or failed. We determined nest age by floating eggs in a cup of water to estimate developmental stage (Westerskov, 1950). If nests were found in the nestling stage, we aged nestlings based on appearance (e.g., Jonsomjit et al., 2007, pp.9–14) and assumed a 12-day incubation length (Best, 1978) to determine when the nest was initiated.

We calculated the daily survival rate (DSR; Mayfield, 1975) of each Field Sparrow nest using the nest survival module in the RMark package (Laake, 2013) in Program R, which interfaces with Program Mark (White and Burnham, 1999). This module estimates DSR using methods described in Dinsmore et al. (2002). To calculate nest density, we used the following equation derived from Arnold et al. (2007):
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where N = the number of Field Sparrow nests found in the nest search area, HA = the size of the nest search area (ha), DSR = the average DSR for all nests in the site, and d = the average nest age at first discovery. The DSRd term in the equation allowed us to account for nests that failed before they could be discovered by our field crews (McPherson et al., 2003; Arnold et al., 2007). However, this equation does not completely remove sources of bias, as the probability of flushing off a nest may vary among individual Field Sparrows. Nest density estimates were log-transformed prior to modeling, to improve normality and homogeneity of variance.



2.4. Estimating snake abundance

We estimated relative snake abundance among grassland sites using grids of coverboards that were checked once a week for the duration of each field season. We used 0.6 m2 plywood sheets for our coverboards, arranged in a grid of four parallel rows of five boards each, for a total of 20 boards per site. Rows were spaced 50 meters apart, and boards within rows were placed at 15-meter intervals. Snakes encountered under coverboards were identified to species. As the interest of snakes in this study is confined to their role as nest predators, we only considered snake species that are known predators of bird nests. In our study area, such species include the North American Racer (Coluber constrictor), Prairie Kingsnake (Lampropeltis calligaster), Black Kingsnake (Lampropeltis nigra), Common Garter Snake (Thamnophis sirtalis), and Black Ratsnake (Pantherophis obsoletus). We calculated a relative abundance index of snakes for each site by dividing the number of snakes encountered (all nest predator species combined) by the number of boards checked (Klug et al., 2009; Glass and Eichholz, 2022).



2.5. Estimating raccoon abundance

We estimated relative raccoon abundance among grassland sites using camera traps consisting of infra-red motion-triggered trail cameras (Cuddeback Long Range IR, model E2; Non Typical Inc., De Pere, WI, United States) placed approximately 0.5 m off the ground, and baited with a fatty acid scent disk (USDA APHIS Potacello Supply Depot, Potacello, ID, United States) and a can of sardines. We programmed cameras to operate day and night, taking two photos per trigger, with a one-minute pause between consecutive triggers. We stocked camera traps in each grassland site at a rate of one trap per 10 ha to minimize overlap between raccoon home ranges. A study that took place in a similar landscape and seasonal timeframe as ours (Barding and Nelson, 2008) estimated the core area of a raccoon home range at around 8 ha, though raccoon home ranges can vary by season, individual fitness, and landscape composition (Gehrt, 2003; Beasley et al., 2007). We placed the camera traps at random points within each site, generated using ArcMap 10.6 (ESRI, 2018). Camera trap locations were separated from each other by at least 300 meters. The tall and dense herbaceous vegetation in our grassland sites would have obscured raccoons from the camera viewshed and caused numerous false triggers, so we trimmed a 2 m2 area of vegetation to an approximately 5 cm uniform height in front of each camera to make raccoon detection possible. We then baited the center of each trimmed area to increase encounter probability within the narrow viewshed of the camera (43.6° angle, 2 m range). We moved the locations of the camera traps every two weeks to ensure even sampling throughout the site and prevent raccoons from adapting to the locations of the bait stations (DeVault et al., 2011), resulting in six different locations for each individual camera throughout the 12-week field season.

We calculated a relative abundance index of raccoons for each site using the number of raccoon occurrences per 24-h period that the camera was operating (O’Brien et al., 2003; Rovero and Marshall, 2009; O’Brien, 2011). Photos taken at the same camera within one hour were considered the same occurrence (Lucherini et al., 2009; Rovero and Marshall, 2009). For this index to be a valid indicator of abundance, detection probability among camera traps cannot vary across cameras or sites. Potential sources of variation in detection probability include using different camera setups, considering multiple species, and variation in environmental covariates relevant to the camera viewshed (Hofmeester et al., 2019). By keeping camera models and settings constant throughout the study and creating similar microenvironments for each camera trap (2 m2 trimmed patch of grassland in a randomly selected location), we were able to minimize variation in detection probability among cameras.



2.6. Estimating small mammal abundance

For a full description of small mammal trapping techniques and abundance estimates used in this study, see Glass and Eichholz (2021). Briefly, small mammals were captured at each site using a 10 × 10 grid of 100 Sherman traps (7.6 × 8.9 × 22.9 cm; H. B. Sherman Traps, Tallahassee, Florida), with traps evenly spaced at 10-meter intervals. Traps were baited with oats and supplied with a ball of polyester stuffing. Two trapping sessions occurred per year at each field site. Each session of trapping consisted of three consecutive trap nights, and traps were checked periodically throughout the day. Captured individuals were identified to species when possible, otherwise to genus, and marked with a unique ear tag.

We used Huggins P and C models in Program Mark (Huggins, 1989; White and Burnham, 1999) to estimate capture probabilities (p) and recapture probabilities (c) specific to each of the six trapping sessions (two sessions each for three years), to account for varying detection probability (= p in the context of our study). We then estimated small mammal abundance for each trapping session by dividing the number of individuals caught at each site by p specific to that session (Weldy et al., 2019). Small mammal abundance estimates for each year were calculated as the average abundance over the two trapping sessions. Abundance estimates were log-transformed prior to modeling, to meet the assumptions of linearity and normality.



2.7. Estimating arthropod biomass

Arthropod samples were collected at field sites once each month, for a total of three sampling events per field season. At each site, we set out two transects, each consisting of 10 arthropod pan traps (e.g., Lovell et al., 2007; Spafford and Lortie, 2013). Pan traps consisted of white, blue, yellow, or red 590-mL plastic bowls (diameter = 14.75 cm) that were filled halfway with water and a few drops of dish soap to reduce surface tension. Each pair of transects at a site (20 bowls total) contained five bowls of each color. Pan traps were placed on the ground at 10 m intervals within a transect, and transects were placed 10 m apart, running parallel to each other. Transects began at randomly selected locations at least 30 meters from an edge and were oriented parallel to the longest length of the site. Transect locations at each site remained constant across samples and years. Pan traps were left undisturbed for 24 h, after which arthropods were collected. Arthropod samples were stored in 91% ethanol until the conclusion of the field season. Arthropods were then individually identified to taxonomic order, dried at 50° Celsius for 48 h, and weighed (accuracy = 0.001 g) to determine dry biomass (g). For each site, we pooled all three samples within a year to determine total arthropod biomass. Before analysis, we truncated our arthropod dataset to include only orders that are present in Field Sparrow diets: Orthoptera, Lepidoptera, Araneae, Hemiptera, Coleoptera, Diptera, Odonata, and Hymenoptera (Evans, 1964; Best, 1977).



2.8. Data analysis

We used structural equation models (SEMs), a form of path analysis, to estimate how the effects of habitat structure on nest survival and nest density may be mediated through predator activity or arthropod biomass. SEMs are probabilistic models that combine multiple predictor and response variables into a single causal network (Grace et al., 2012; Lefcheck, 2016). This approach allows researchers to test models representing hypothetical direct and indirect relationships in a natural system. Relationships between variables in our SEMs are represented as unidirectional paths and are assumed to be causal, a standard practice for structural equation modeling (Grace et al., 2012; Lefcheck, 2016). SEMs must additionally meet the same assumptions inherent in traditional linear modeling approaches, such as normality, homogeneity of variance, and low kurtosis (Grace, 2008; Grace et al., 2012). The primary limitation associated with SEMs is that a large amount of data is needed compared to traditional linear models, especially as the number of causal relationships represented in an SEM increase. A small sample size both limits the ability of an SEM to find evidence for ecological relationships, and may limit the ability of SEM software to correctly identify adequate model fit (Lefcheck, 2016).

Five variables were used as predictors of Field Sparrow nest survival and nest density in our SEMs: snake abundance, raccoon abundance, small mammal abundance, arthropod biomass, and a composite habitat variable representing relevant Field Sparrow habitat characteristics across multiple spatial scales. Additionally, small mammal abundance was used as a predictor of nest predator abundance. We represented habitat as a composite variable (Grace and Bollen, 2008) because it allows us to represent the collective effects of multiple parameters as a single variable. Composite variables are often used in SEMs of natural systems to represent an aggregate or multi-faceted concept (e.g., Hopcraft et al., 2012; Lehmann et al., 2014; Blüthgen et al., 2016), such as wildlife habitat associations (Grace, 2008: Figure 5). We constructed two composite habitat variables, one each for the nest survival and nest density SEMs, using a linear combination of causal indicator variables representing habitat characteristics across multiple spatial scales that were demonstrated in a previous analysis of Field Sparrows at Burning Star (Supplementary Table S2) to be associated with Field Sparrow nest survival or nest density. The previous analysis considered habitat variables representing four spatial scales: nest site vegetation characteristics, within-patch vegetation characteristics, abiotic patch structure (patch size, shape, edge composition), and surrounding landscape composition (Supplementary Table S3). Nest-site scale variables present in the previous nest survival analysis were not considered for this study, as there is no a priori reason to suspect that nest-site characteristics influence patch-level predator abundance or arthropod biomass. Loadings for each indicator variable were based on standardized coefficients of each indicator’s association with nest density (for the nest density model) or DSR (for the nest survival model), resulting in composite variables with zero error variance (Grace and Bollen, 2005, 2008). The lack of error variance in composite variables is appropriate given that they are assumed to have no further error variance beyond the collective effects of their indicator components (Grace and Bollen, 2008; Blüthgen et al., 2016). The composite variable for the nest survival model (hereafter composite nest survival habitat) included grass cover, woody cover, and bare ground at the within-patch scale, and the proportion of road edge and agriculture edge around a site. The composite variable for the nest density model (hereafter composite nest density habitat) included woody cover at the within-patch scale and the proportion of tree edge around a site.

We built our SEMs using the piecewiseSEM package (Lefcheck, 2016) in RStudio version 2022.2.3.492 (RStudio Team, 2022). In piecewiseSEM, linear models representing different pathways are fitted individually, instead of estimating relationships between all variables simultaneously, which allows greater flexibility for individual model structures and more robust parameter estimates for limited datasets. For both Field Sparrow response variables (nest density and DSR), we began with a global model that contained all predicted relationships (Figure 2). These included a direct effect of habitat on Field Sparrows, arthropods, small mammals, snakes, and raccoons; a direct effect of arthropods on snakes; a direct effect of small mammals on snakes and raccoons; and a direct effect of arthropods, small mammals, snakes, and raccoons on Field Sparrows. We removed nonsignificant (p > 0.1) paths, then compared nested models using Akaike’s Information Criterion (AIC; Burnham and Anderson, 2002) to determine the best supported model for both nest density and nest survival. The paths in our SEMs consisted of generalized linear mixed models (GLMMs) created using the lme4 package (Bates et al., 2015) in RStudio. All paths included year as a random variable to account for unmodeled temporal variability in our data, and all paths except those involving nest survival used a Gaussian distribution and identity link. GLMMs with nest survival as the response variable used a binomial distribution and logit-link function. We assessed model fit using a Chi-square GOF test, with p > 0.1 indicating good model fit. The effect sizes of relationships among variables in SEMs were estimated using standardized regression coefficients (β) and are reported as the estimate ± standard error.
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FIGURE 2
 Global structural equation models containing all hypothesized direct relationships among variables that may affect nest survival (A) and nest density (B) of Field Sparrows (Spizella pusilla). Nest survival habitat (A) and nest density habitat (B) are composite variables comprised of habitat characteristics previously demonstrated to be associated with nest survival and nest density. The sign (+ or −) under each habitat characteristic represents the directional effect it has on the composite variable.





3. Results

We found and monitored 97 Field Sparrow nests across three field seasons and 10 grassland sites. DSR for all Field Sparrow nests in our study was 0.9 ± 0.01 SE. Predation was the cause of all but two nest failures in this study. One nest was destroyed by a storm, and one other was abandoned after being partially depredated. Mean nest density was 3.23 ± 0.79 nests/ha, with values ranging from 0 to 17.18. We encountered 96 nest predator snakes of five different species during coverboard surveys, including 39 North American racers, 23 prairie kingsnakes, 17 black kingsnakes, 15 common garter snakes, and 2 black ratsnakes. Relative abundance indices for snakes (snakes/board) ranged from 0 to 0.4 (mean = 0.16 ± 0.02 SE). For our raccoon surveys, we deployed camera traps for 78 days in 2019, 81 days in 2020, and 80 days in 2021, and documented a total of 418 raccoon occurrences. Relative abundance indices for raccoons (raccoon occurrences/day) ranged from 0.01 to 0.26 (mean = 0.13 ± 0.01 SE). During the three years of this study, we collected 13,843 arthropods among the eight orders we considered (Supplementary Table S4). The total dry weight of arthropods collected was 42.448 grams. Hymenoptera was the most highly represented order (45% of total biomass), followed by Araneae (24% of total biomass). Arthropod biomass estimates for each site ranged from 0.526 to 2.931 g (mean = 1.41 ± 0.116 SE).

Our small mammal trapping efforts from 2019 to 2021 yielded 1,181 captures of 827 individuals, including 472 Peromyscus mice, 321 Microtus voles, 18 marsh rice rats (Oryzomys palustris), 6 Northern short-tailed shrews (Blarina brevicauda), 2 Eastern chipmunks (Tamias striatus), 2 meadow jumping mice (Zapus hudsonius), and 1 house mouse (Mus musculus). Capture estimates for two of the six trapping sessions (Session 2 in 2019 and Session 1 in 2020, see Supplementary Table S5 in Supplementary material) were highly imprecise, and resulted in unrealistic abundance estimates. We therefore disregarded abundance estimates from these trapping sessions for our SEMs. Instead, small mammal abundance values for 2019 were estimates from the first trapping session of that year, and abundance values for 2020 came from the second trapping session. Small mammal abundance values for 2021 were the average of abundance estimates between the first and second trapping sessions. Abundance estimates for our field sites ranged from 0.45 to 172.84 small mammals per ha (mean = 34.44 ± 7.91 SE).

The global model for nest density adequately fit our data (Fisher’s C = 5.53, p = 0.7, DF = 8). The nest survival global model was initially a poor fit (Fisher’s C = 15.058, p = 0.058, DF = 8), but model fit improved when the least informative variable, small mammal abundance, was dropped (Fisher’s C = 9.834, p = 0.132, DF = 6). For nest survival and nest density SEMs, the most supported model contained only the path between the composite habitat variable and the Field Sparrow response variable, indicating that the influences of habitat structure on Field Sparrow nest survival and nest density were primarily direct, and not mediated by arthropod biomass or predator abundance. The composite habitat variables for nest survival and nest density were significantly and positively related to Field Sparrow DSR (p = 0.045, β = 0.98 ± 0.49) and nest density (p < 0.01, β = 0.94 ± 0.26), respectively. Reducing the nest survival global model down to only significant paths (p < 0.1) revealed that composite nest survival habitat was negatively associated with snake abundance (p = 0.092, β = −0.35 ± 0.2) and raccoon abundance (p < 0.01, β = −0.54 ± 0.18), and positively associated with arthropod biomass (p = 0.015, β = 0.31 ± 0.13), though we detected no significant relationship between DSR and nest predator abundance or arthropod biomass (Figure 3). Our nest density SEM estimated a significant and positive relationship between composite nest density habitat and raccoon abundance (p = 0.076, β = 0.64 ± 0.34), but there was no significant relationship between raccoon abundance and Field Sparrow nest density (Figure 4).
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FIGURE 3
 Structural equation model comprised only of significant (p < 0.1) paths, examining direct and indirect effects of habitat characteristics on Field Sparrow daily nest survival. The regression coefficient (β) and marginal R2 value are shown for each path. The loading for each component of the composite habitat variable is listed above the component.
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FIGURE 4
 Structural equation model comprised only of significant (p < 0.1) paths, examining direct and indirect effects of habitat characteristics on Field Sparrow nest density. The regression coefficient (β) and marginal R2 value are shown for each path. The loading for each component of the composite habitat variable is listed above the component.




4. Discussion

We sought with this study to examine whether the effects of habitat structure on Field Sparrows were mediated through predator abundance, alternative prey availability, or arthropod biomass. Field Sparrow nest density and survival rates at Burning Star were consistent with other studies on Field Sparrows from our region (McCoy et al., 2001; Galligan et al., 2006; Herakovich et al., 2021), with nest density generally being higher in smaller, shrubbier grasslands and lower in larger grasslands with a reduced shrub component. Of the predictions we tested, our results best support the concept of habitat structure primarily influencing Field Sparrow nest survival and nest density directly, as we found no evidence for an effect any predictor variable besides composite habitat on our Field Sparrow response variables. Composite nest survival habitat was associated with reduced abundance of both raccoons and snakes, and an increase in arthropod biomass, although our models did not detect a relationship between nest survival and predator abundance or arthropod biomass. It is possible that these relationships exist but the relatively small sample size of our dataset lacked the power to detect them. Alternatively, the precision in our arthropod and predator estimates is likely much lower than that of our habitat variable estimates, and may have been inadequate for our models to predict a relationship between arthropods or predators and nest survival. There are also other ways that habitat characteristics may indirectly affect avian nest survival and density that were not examined in this study, such as the abundance of competitors (Fretwell and Lucas, 1970) and conspecifics (Ahlering and Faaborg, 2006; Andrews et al., 2015). Nest predation may be density dependent in some systems, where predation rates are positively associated with nest density due to increased predator activity (e.g., Shitikov et al., 2018). We did not examine a relationship between nest density and nest survival in this study because we use DSR to calculate nest density, so the two metrics are not independent.

It is well established that avoiding predation and finding food are important aspects of nest survival for grassland birds, and several studies have linked various metrics of avian nest success to arthropod biomass (Duguay et al., 2000; Boulton et al., 2008; Richmond et al., 2011) and predator abundance (Rogers and Caro, 1998; Patten and Bolger, 2003; Beja et al., 2013). However, the relationships between predators, arthropods, and birds are complex and can vary among bird species and geographic regions (Chalfoun et al., 2002; Kelly et al., 2017). In many cases, micro and macro habitat characteristics, as well as adult bird behavior, may have a greater impact on predator avoidance and food provisioning than predator and arthropod abundance. For example, habitat characteristics such as vegetation density and the amount of bare ground may influence foraging efficiency for birds (Whittingham and Markland, 2002; Butler and Gillings, 2004), which can have a stronger impact on food provisioning rates than arthropod biomass or abundance (Tremblay et al., 2005; Zalik and Strong, 2008). Bare ground was a positive contributor to the nest survival composite habitat variable, thus increased foraging efficiency resulting from habitat structure may be a relevant contributor to nest survival for Field Sparrows in our study. Additionally, adult birds can often compensate for any reductions in local food availability by increasing foraging effort (Adams et al., 1994; Zalik and Strong, 2008), which minimizes the impact that variation in arthropod biomass can have on nest success.

Just as foraging success may not covary with arthropod abundance, nest predation rates may not directly relate to predator abundance, despite the widespread assumption that this is the case. Results from studies examining a relationship between predator abundance and nest survival are inconsistent, as multiple studies across various habitat types and bird taxa found no evidence for such a relationship (Schwemm and Martin, 2005; Boulton et al., 2008; Richmond et al., 2011; Hollander et al., 2015). Instead, predation rates for these systems may primarily be influenced by other factors, such as adult behavior (Fontaine and Martin, 2006; Lima, 2009), or seasonal changes in predator behavior (Sperry et al., 2008; Benson et al., 2010). Alternative prey availability can have a strong impact on nest predation (Ackerman, 2002; Schmidt et al., 2008; Nordberg and Schwarzkopf, 2019), though our results suggest that small mammals are not a major driver of nest survival in this system. Habitat structure around the nest site directly affects nest survival and predation rates by influencing visual and olfactory nest concealment from predators, as well as determining nest microclimate (Farnsworth and Simons, 1999; Flaspohler et al., 2000; Lomas et al., 2014; Grisham et al., 2016). The habitat characteristics that increased nest survival in this study were associated with fewer predators and more arthropods, even though predator abundance and arthropod biomass did not in turn influence nest survival. This may indicate that predators and arthropods are important aspects of nest survival at Burning Star, but nest survival does not directly respond to predator abundance and arthropod biomass per se. Instead, nest survival may be impacted by other measures of predator activity and prey availability that relate weakly to predator abundance and arthropod biomass but were not measured in this study, such as predator nest-searching effort or efficiency of arthropod foraging by adult birds.

Our results were consistent with our prediction that the factors affecting nest density and nest success would be decoupled in our study area. Although the nest survival and nest density model results both suggested a primarily direct effect of habitat structure, composite nest density habitat was positively, instead of negatively, associated with raccoon abundance. Additionally, the characteristics associated with composite nest density habitat were different from those associated with composite nest success habitat. Because nest site selection for birds is an adaptive process (Martin, 1993, 1998), birds should generally have evolved to select nest sites with characteristics that promote greater nest survival, such as areas where nest predators are less abundant (Morton, 2005; Fontaine and Martin, 2006; Eichholz et al., 2012; Bonnington et al., 2015). However, several factors can lead to a decoupling of nest survival and nest density, including perceived predation risk not being reflective of true predation risk (e.g., Renfrew et al., 2005; Vernouillet et al., 2020), and dominant individuals forcing others into more marginal habitat (Fretwell and Lucas, 1970; Van Horne, 1983; Pulliam, 1988). Behavioral dominance and interspecific competition are high in some Field Sparrow populations (Fretwell, 1968), so dominant individuals may have prevented others from establishing territories in high quality nesting habitats at Burning Star, resulting in nest density increasing in less preferred habitat, such as that associated with greater predator activity. The two components that comprise composite nest density habitat, woody cover and tree edge, are associated with nest predators such as meso-mammals (Beasley et al., 2007; Barding and Nelson, 2008; Beatty et al., 2014) and snakes (Richardson et al., 2006; Klug et al., 2010; Martino et al., 2012). However, Field Sparrow associations with woody cover and forest edges are consistent with previous research (Lanyon, 1981; Herkert, 1991; Dechant et al., 2002), as Field Sparrows frequently use shrubs and saplings for nesting substrates, as well as song perches and roosting areas. Preferential selection of these habitat characteristics suggests that they were once advantageous for nest survival (Chalfoun and Schmidt, 2012). However, the midwestern landscape has changed dramatically in the past century (Herkert, 1994; Briggs et al., 2005), resulting in a rapid increase of raccoon activity in Illinois grasslands (Gehrt et al., 2002; Schmidt, 2002). Field Sparrows in our area may therefore be preferentially nesting in patches with habitat characteristics that no longer promote nest survival. The possibility that some midwestern grasslands may become ecological traps for certain bird species due to changes in landscape and grassland structure has been a concern of ecologists for several decades (Herkert, 1994; Stallman and Best, 1996; Heske et al., 1999; Shochat et al., 2005). Whether Burning Star is acting as an ecological trap for Field Sparrows cannot be fully determined with this study, as factors other than nest survival, such as fledgling survival and female fecundity, also influence the extent to which an area acts as an ecological trap (Demeyrier et al., 2016; Hale and Swearer, 2016).

Ultimately, we found no evidence that the impacts of habitat structure on Field Sparrows are mediated by predator abundance or arthropod biomass in our study area. Instead, habitat characteristics may primarily impact nest survival rates through other means, such as determining nest concealment and microclimate, and influencing foraging efficiency. Land managers and wildlife conservationists working to improve habitat for bird communities should not assume that quality bird habitat is directly related to arthropod biomass or predator abundance, but should instead determine which drivers are impacting nest survival and nest density in their system. However, in the event that such information is lacking, encouraging habitat characteristics that are associated with reduced predator abundance and greater arthropod biomass may improve avian nest survival even when predator abundance and arthropod biomass are not the primary determinants of predation risk and food availability, as was the case here. The influential habitat characteristics that we identified here are not universal, as they may depend on the management history, wildlife communities, spatial mosaic patterns, and regional location of a given grassland system. We therefore encourage managers and decision-makers to be familiar with habitat characteristics associated with grassland nest predators and arthropods in their area. Our study also provides an example of nest survival and nest density responding to different habitat characteristics, so managers and researchers should avoid determining habitat quality by nest density or bird abundance alone. To address some of the caveats present in this study, we suggest that future research into this topic employ a larger dataset and consider other mechanisms through which habitat structure may indirectly affect bird communities, such as the presence or abundance of interspecific competitors and conspecifics, and density dependent nest success.
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