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Abstract 

Understanding the drivers of reproductive patterns in beach-nesting shorebirds is essential for conservation 

in dynamic coastal systems. This study evaluated the influence of atmospheric, geomorphological, and 

anthropogenic factors on egg abundance and nesting patterns across four distinct areas of the Rockaway 

Peninsula, New York. Descriptive analyses revealed clear spatial structuring of nesting communities. 

Colonial species (Common Tern and Least Tern) formed dense aggregations, whereas territorial species 

(Piping Plover and American Oystercatcher) maintained greater spacing among nests. Nest placement 

relative to the high tide line, vegetation, and human infrastructure reflected trade-offs among flooding risk, 

predator detection, habitat availability, and disturbance. A Poisson generalized linear model identified 

maximum temperature as the dominant factor associated with egg abundance, showing a consistent negative 

relationship. Elevation had a significant and positive but secondary effect, likely related to reduced flooding 

risk and higher nesting locations. These patterns were consistent across complementary modeling 

approaches, including Random Forest analysis. Overall, thermal conditions and coastal microtopography 

emerged as key determinants of reproductive patterns, highlighting the sensitivity of shorebirds to warming 

and the importance of maintaining suitable nesting habitat in urbanized coastal systems. 
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1. Introduction 

Shorebirds have long served as important systems for studying ecological and evolutionary processes, yet 

they are among the most rapidly declining avian taxa worldwide, particularly in North America (Székely, 

2019; Smith et al., 2023). A landmark continental assessment estimated a net loss of approximately 2.9 

billion birds in North America since 1970, a 29% reduction in total abundance, including a 37% decline in 

shorebirds (Rosenberg et al., 2019). More recent analyses indicate that these losses are not only widespread 

but accelerating in multiple regions, particularly in areas associated with agricultural intensification and 

climatic warming (Leroy et al., 2026). Climate-driven sea-level rise and increasing coastal storm intensity 

are projected to further reduce available nesting habitat and increase flood exposure for beach- and estuary-

dependent species, amplifying their vulnerability under future climate scenarios (Galbraith et al., 2014). 

Collectively, this evidence indicates that anthropogenic environmental change is intensifying both the scale 

and rate of avian population declines. 

Beyond continental assessments, long-term local monitoring programs have documented substantial 

declines at key estuarine sites. For example, wintering shorebird abundance declined by 66% over three 

decades in coastal California, with rainfall variability and habitat restoration influencing interannual 

dynamics (Warnock et al., 2021). These regional trends reflect the combined effects of habitat loss across 

breeding, migratory, and wintering grounds, increasing anthropogenic disturbance in coastal environments, 

climate-mediated shifts in habitat suitability, and emerging infectious diseases such as highly pathogenic 

avian influenza (Ramey et al., 2022; Klaassen & Wille, 2023; Caliendo et al., 2024; Swayne et al., 2024). 

Migratory shorebirds, particularly those breeding at high latitudes, appear disproportionately affected due 

to cumulative pressures along migration routes and heightened sensitivity to environmental change (Koleček 

et al., 2021). Despite extensive documentation of abundance trends, the demographic mechanisms 

underlying these declines remain insufficiently resolved. Population trend estimates are sensitive to model 

structure and assumptions, underscoring the need for analytical frameworks capable of capturing non-linear 

dynamics across space and time (Smith & Edwards, 2021). However, comparatively fewer studies have 

examined how fine-scale climatic, geomorphological, and anthropogenic variation influences reproductive 

parameters in heterogeneous urban-coastal systems. 

Reproductive output is a central demographic mechanism underlying population persistence, as variation 

in fecundity and recruitment can strongly influence population trajectories under environmental change 

(Sæther & Engen, 2015). Migratory shorebirds face multiple interacting threats across their annual cycle, 

including pressures that may affect reproductive success (Pearce-Higgins et al., 2017). In beach-nesting 

shorebirds, clutch size reflects the integration of physiological constraints, habitat quality, disturbance 

regimes, temperature extremes, and exposure to coastal flooding associated with low elevation and storm 
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processes (Galbraith et al., 2014; Maslo et al., 2018; van de Ven et al., 2019). Nonetheless, the combined 

and relative effects of these drivers on egg abundance are incompletely understood in heterogeneous urban-

coastal systems. 

Along the Atlantic Coast of North America, several beach-nesting shorebirds are listed as threatened or 

of conservation concern. Among these, the Piping Plover (Charadrius melodus), American Oystercatcher 

(Haematopus palliatus), Least Tern (Sternula antillarum), and Common Tern (Sterna hirundo) occur along 

the Rockaway Peninsula, New York City, and form the focal species of this study (New York State 

Department of Environmental Conservation, 2026; US Fish and Wildlife Service, 2026). The Rockaway 

Peninsula provides a natural laboratory for examining these dynamics within a single barrier system 

encompassing contrasting geomorphological conditions and levels of urbanization (Figures 1-2). The 

peninsula includes a managed urban beach sector (Beach 37th St.-56th St.), a semi-natural protected site 

(Fort Tilden), an exposed ocean-facing system (Breezy Point Ocean Side), and a sheltered estuarine 

environment (Breezy Point Bay Side), forming a gradient of habitat configuration and disturbance intensity. 

The objective of this study is to evaluate how spatial, environmental, and atmospheric variables are 

associated with variation in egg abundance across these geomorphologically distinct nesting sites. 

Specifically, this study addresses the following questions: (1) Which spatial, environmental, and 

atmospheric factors most strongly explain variation in egg abundance? (2) How do these relationships reflect 

differences in habitat suitability among nesting sites? (3) Does a dominant driver emerge when relationships 

are evaluated using both parametric and non-parametric modeling frameworks? It is hypothesized that 

climatic and geomorphological factors, particularly temperature and elevation, exert measurable effects on 

egg abundance through both physiological constraints and habitat-mediated mechanisms. These hypotheses 

are tested using a combination of regression-based statistical models and machine-learning approaches, 

enabling formal inference while assessing predictor importance under flexible modeling structures. 

 
Figure 1. Study Area: Rockaway Peninsula, Queens, New York City. 
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Figure 2. Nesting points at: a) Beach 37th St.-56th St., b) Fort Tilden, c) Breezy Point Ocean Side, and d) Breezy Point 
Bay Side. 

2. Study Area 

The Rockaway Peninsula, located in Queens, New York City, forms a barrier beach system along the Atlantic 

coast and constitutes the southern boundary of Jamaica Bay. The peninsula is part of the broader chain of 

barrier islands extending along the southern shore of Long Island and the eastern seaboard of North America. 

Its geomorphology reflects long-term coastal processes driven by wave action, littoral drift, and sediment 

redistribution, which have promoted westward barrier growth and the formation of sandy beaches, dunes, 

and tidal habitats (Sanderson, 2016; Greenlees, 2020). These processes continue to shape shoreline 

morphology and sediment availability, producing substantial spatial variability in beach width and coastal 

structure over relatively short distances (Wei & Miselis, 2022; Janda et al., 2025). 

Barrier island systems such as the Rockaway Peninsula are inherently dynamic and shaped by 

interactions among geological framework, hydrodynamic forcing, and sediment supply. Variability in 

shoreface morphology and sediment thickness contributes to differences in beach stability and shoreline 

change rates, influencing how coastal segments respond to storms and sea-level rise (Wei et al., 2021; Wei 

& Miselis, 2022). Along the south shore of Long Island, longshore sediment transport generally moves from 
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east to west, promoting sediment accumulation near the western end of the peninsula while other segments 

experience more moderate shoreline change (Janda et al., 2025). These processes are further modified by 

coastal engineering structures, nourishment projects, and other human interventions that alter sediment 

fluxes and shoreline morphology. 

Beyond natural coastal dynamics, the peninsula lies within one of the most densely populated 

metropolitan regions in the world. Urban development, coastal infrastructure, and recreational use have 

substantially modified portions of the coastline while leaving other segments relatively undeveloped. 

Human alterations to Jamaica Bay, including dredging, inlet stabilization, and land reclamation, have 

modified hydrodynamics and storm tide propagation, increasing sensitivity to storm surge and coastal 

flooding (Orton et al., 2020). Consequently, coastal ecosystems in the peninsula reflect a complex 

interaction between geomorphic processes and anthropogenic pressures. 

The system is also highly vulnerable to coastal hazards. Barrier beaches within the Gateway National 

Recreation Area exhibit varying susceptibility to shoreline change, overwash, and sea-level rise depending 

on local geomorphology, coastal slope, wave exposure, and historical shoreline change rates (Pendleton et 

al., 2005). Extreme events such as hurricanes and nor’easters can produce substantial coastal erosion, storm-

surge flooding, and rapid morphological change, processes often amplified in densely developed coastal 

regions of the northeastern United States (Coch, 2015).  

Within this heterogeneous coastal landscape, four nesting sites were selected to represent contrasting 

environmental conditions and levels of human influence along the peninsula. In combination, these sites 

capture a gradient of geomorphological exposure, habitat configuration, and anthropogenic disturbance that 

enables examination of spatial variation in nesting ecology within a single urban barrier island system: 

a) Beach 37th St.-56th St. represents a managed urban beach sector characterized by wide sandy beaches, 

low dune systems, and high recreational use. Although intensively maintained for public access, the site 

retains open sandy substrates suitable for beach-nesting shorebirds. Nesting habitat is strongly influenced 

by proximity to infrastructure, boardwalks, and pedestrian access, making this the most urbanized 

portion of the study system. Previous monitoring indicates that nesting often occurs within relatively 

small sections of shoreline where management actions such as fencing and symbolic barriers are 

implemented to reduce disturbance (Arndtsen, 2022). 

b) Fort Tilden, located within the Gateway National Recreation Area, comprises a semi-natural coastal 

landscape including oceanfront beach, dune systems, maritime vegetation, and adjacent wetlands. 

Compared with the urban sector, infrastructure density and human disturbance are lower, and dune 
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systems are more structurally developed. Coastal protection structures have been implemented in parts 

of this site to mitigate storm impacts and protect natural and cultural resources (Bearmore et al., 2016). 

c) Breezy Point Ocean Side represents a largely undeveloped and highly exposed ocean-facing 

environment at the western tip of the peninsula. The site contains extensive dune systems and wide 

beaches shaped primarily by Atlantic wave action and storm-driven processes. Sediment accumulation 

is influenced by longshore transport and coastal structures such as the Breezy Point jetty, which 

historically altered patterns of westward barrier growth (Pendleton et al., 2005; Greenlees, 2020). 

d) Breezy Point Bay Side contrasts strongly with the ocean-facing zones, bordering the sheltered waters 

of Jamaica Bay. This environment is characterized by tidal flats, salt marshes, and narrower sandy 

margins reflecting estuarine geomorphology rather than open-ocean exposure. Nesting habitat is more 

spatially constrained than on ocean-facing beaches, and the bay system has experienced substantial 

geomorphic change and wetland loss over the past century due to both natural processes and human 

modification (Sanderson, 2016; Orton et al., 2020). 

Together, these four study sites form a gradient of geomorphological exposure, sediment dynamics, 

habitat configuration, and anthropogenic pressure. This gradient provides an opportunity to examine how 

environmental conditions and landscape structure influence the spatial ecology and reproductive investment 

of beach-nesting shorebirds within a single metropolitan coastal system. 

3. Regression Modeling and Machine Learning Approaches 

Statistical modeling provides a fundamental framework for analyzing ecological data and understanding 

how environmental variables influence biological responses. Regression models allow researchers to 

evaluate the relationship between a dependent variable and one or more explanatory variables by estimating 

how changes in predictors are associated with variation in the response variable. In ecological research, 

regression approaches are widely used to quantify the influence of environmental factors on demographic 

responses such as abundance, survival, or reproductive output (Montgomery et al., 2012). 

Traditional regression methods are generally hypothesis-driven and rely on explicit assumptions 

regarding the functional form of relationships, the distribution of errors, and the independence of 

observations. While these models offer strong interpretability and inferential clarity, ecological systems 

often involve complex interactions, environmental heterogeneity, and non-linear responses that may not be 

fully captured by simple parametric models. For this reason, modern ecological analyses frequently combine 

classical statistical models with more flexible approaches, including generalized regression frameworks and 

machine learning methods, which allow patterns to emerge from the data with fewer a priori assumptions 

(Hastie et al., 2009). 
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3.1. Multiple Linear Regression and Model Diagnostics 

Multiple Linear Regression (MLR) extends simple regression by incorporating two or more independent 

variables to explain variation in a dependent variable. Its general form is expressed as: 

Y୧ = β଴ + βଵXଵ୧ + βଶXଶ୧ + ⋯ + β୬X୬୧ + ϵ୧ 

where Y୧ is the response variable for observation i, β଴ is the intercept, β୩ are the regression coefficients 

associated with each predictor variable X୩, and ϵ୧ is the error term. In practice, the parameters of multiple 

regression models are typically estimated using the Ordinary Least Squares (OLS) method, which 

determines the values of the coefficients that minimize the sum of squared residuals between observed and 

predicted values. Model performance in OLS can be evaluated using several complementary statistics that 

describe the explanatory power and parsimony of the model. The coefficient of determination Rଶ represents 

the proportion of variance in the dependent variable explained by the predictor variables, while the adjusted 

Rଶ accounts for the number of predictors included in the model and penalizes unnecessary complexity. 

Model selection can also be evaluated using the Akaike Information Criterion (AIC), which compares the 

relative quality of competing models by balancing goodness-of-fit and model complexity, with lower AIC 

values indicating more parsimonious models (Gujarati & Porter, 2009). Reliable inference, however, 

depends on the adequacy of several diagnostic assumptions that help assess the validity and stability of 

regression estimates:  

a) Normality of the residuals. It involves evaluating whether model residuals follow an approximately 

normal distribution. Normality facilitates valid statistical inference by ensuring that hypothesis tests and 

confidence intervals behave as expected. The Shapiro-Wilk test is widely regarded as one of the most 

powerful methods for detecting deviations from normality across different sample sizes (Shapiro & Wilk, 

1965). Comparative analyses have demonstrated that the Shapiro-Wilk test generally outperforms 

alternative procedures such as the Kolmogorov-Smirnov, Lilliefors, and Anderson-Darling tests in 

statistical power (Razali & Wah, 2011). For this reason, it is frequently recommended as a reliable 

diagnostic tool in statistical modeling (Ghasemi & Zahediasl, 2012). 

b) Homoscedasticity. It refers to the assumption that the variance of the residuals remains constant across 

levels of the independent variables. When this assumption is violated, heteroscedasticity may arise, 

potentially affecting the reliability of standard errors and statistical inference. The Breusch-Pagan test is 

commonly used to detect heteroscedasticity in regression models estimated by OLS. This procedure 

evaluates whether the variance of the residuals is systematically related to the explanatory variables by 

regressing the squared residuals on the predictors (Gujarati & Porter, 2009). 



Gutiérrez-Zúñiga  8 
 

 
 

c) Independence of errors. Regression models also assume that residuals are independent from one 

another. Violations of this assumption may occur when observations are correlated across time or space, 

generating autocorrelation that can bias the results (Durbin & Watson, 1950). The Durbin-Watson 

statistic is commonly used to evaluate potential autocorrelation in model residuals. Values between 

approximately 1.5 and 2.5 generally indicate the absence of significant autocorrelation, suggesting that 

the residuals can be considered independent. 

d) Multicollinearity. It occurs when two or more explanatory variables are strongly correlated with each 

other. High multicollinearity can inflate the variance of regression coefficients, making parameter 

estimates unstable and difficult to interpret. The Variance Inflation Factor (VIF) is widely used to assess 

multicollinearity. Values below 5 are generally considered acceptable, whereas values above 10 indicate 

severe multicollinearity that may require removing or combining variables (Montgomery et al., 2012). 

Although multicollinearity does not necessarily reduce predictive performance, it can complicate the 

interpretation of individual coefficients (Gujarati & Porter, 2009). 

However, many ecological response variables do not satisfy the assumptions required for classical linear 

regression. Variables such as nest counts or reproductive output often consist of discrete counts that follow 

non-normal distributions. For this reason, GLMs provide a more appropriate framework for modeling 

ecological count data. 

3.2. Generalized Linear Models for Ecological Count Data 

GLMs extend classical regression by allowing the response variable to follow probability distributions from 

the exponential family, such as the Poisson, binomial, or gamma distributions. GLMs consist of three main 

components: a probability distribution for the response variable, a linear predictor that combines explanatory 

variables, and a link function that relates the expected value of the response variable to the linear predictor. 

Parameters in GLMs are typically estimated using Maximum Likelihood Estimation (MLE), which 

identifies the set of coefficients that maximizes the probability of observing the data given the specified 

model (McCullagh & Nelder, 1989). When modeling count data, the Poisson distribution is commonly used 

because it describes the probability of observing a given number of events within a fixed spatial or temporal 

interval (Montgomery et al., 2012). 

In a Poisson regression model, the expected value of the response variable is related to the predictors 

through a logarithmic link function: 

log(μ୧) = β଴ + βଵXଵ୧ + βଶXଶ୧ + ⋯ + β୬X୬୧ 

where μ୧ represents the expected count. The logarithmic link ensures that predicted values remain strictly 

positive, a necessary property when modeling count data (Montgomery et al., 2012). In a Poisson regression 
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model with a log link, the coefficients β୩ represent the change in the logarithm of the expected count 

associated with a one-unit increase in the corresponding explanatory variable. Exponentiating these 

coefficients yields incidence rate ratios, which capture the multiplicative effect of the covariates on the 

expected count (Cameron & Trivedi, 2013). 

A central assumption of the Poisson model is equidispersion, meaning that the conditional mean and 

variance of the response variable are equal. However, ecological datasets frequently exhibit overdispersion, 

a condition in which the variance of the response variable exceeds its mean. Overdispersion can lead to 

underestimated standard errors and inflated statistical significance if not properly addressed (Hilbe, 2011). 

To evaluate potential overdispersion, dispersion statistics can be calculated using the ratio of the residual 

deviance or the Pearson chi-square statistic to the residual degrees of freedom. Values close to one indicate 

consistency with the Poisson assumption, whereas substantially larger values suggest overdispersion 

(Cameron & Trivedi, 2013). When overdispersion is present, alternative models such as negative binomial 

regression may be considered because they incorporate an additional dispersion parameter to accommodate 

greater variance (Hilbe, 2011). 

Even when dispersion diagnostics do not indicate strong violations of model assumptions, ecological 

data may still contain unobserved heterogeneity or mild model misspecification. For this reason, 

heteroskedasticity-consistent or robust standard errors are often employed as a conservative approach to 

statistical inference. Robust variance estimators adjust the estimation of standard errors without altering 

coefficient estimates or fitted values, allowing statistical inference to remain valid under a wider range of 

conditions. They are appropriate even when diagnostic tests do not indicate strong violations of model 

assumptions, as they reduce the risk of overstated statistical significance without affecting substantive 

conclusions (White, 1980; McCullagh & Nelder, 1989; Cameron & Trivedi, 2013). 

Because GLMs do not rely on variance decomposition through sums of squares, the classical coefficient 

of determination used in linear regression is not directly applicable. Instead, goodness-of-fit is often assessed 

using pseudo-Rଶ measures that compare the likelihood of the fitted model with that of a null model 

containing only an intercept. The Cox and Snell pseudo-Rଶ is one such metric and reflects the improvement 

in model likelihood achieved by incorporating explanatory variables (Cameron & Trivedi, 2013). In 

ecological count data models, pseudo-Rଶ values are often relatively modest due to the inherent variability 

of ecological processes, where pseudo-Rଶ values between approximately 0.10 and 0.30 are common (Hilbe, 

2011). These pseudo-Rଶ measures do not represent the proportion of variance explained and therefore are 

not directly comparable to the Rଶ statistic used in linear regression models. 
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Although Poisson GLMs provide a flexible framework for modeling ecological count data, certain 

characteristics of ecological datasets may require additional modeling approaches. For example, hierarchical 

sampling designs, grouped observations, or complex non-linear relationships between environmental 

variables and biological responses may not be fully captured by standard GLMs. In such cases, alternative 

regression frameworks, such as Generalized Linear Mixed Models (GLMMs) and Generalized Additive 

Models (GAMs), can provide additional flexibility for modeling ecological processes (McCullagh & Nelder, 

1989; Bolker et al., 2009). 

3.3. Alternative Regression Frameworks 

GLMMs extend the GLM framework by incorporating both fixed and random effects, allowing the analysis 

of non-Gaussian response variables while accounting for hierarchical or grouped data structures. Fixed 

effects represent the average influence of predictors on the response variable, whereas random effects 

capture variability among groups such as sites, species, or individuals. GLMMs are particularly valuable in 

ecological studies where observations are not fully independent due to spatial or hierarchical sampling 

designs. By explicitly modeling group-level variation, GLMMs can provide more realistic representations 

of ecological processes and improve the generalizability of model results (Bolker et al., 2009). However, 

the reliability of random-effect variance estimates depends on the number of levels within the grouping 

factor. When the number of groups is small (typically fewer than five or six levels), estimates of between-

group variance may become imprecise or unstable, potentially leading to convergence issues or unreliable 

inference (Bolker et al., 2009; Harrison et al., 2018). These problems may be exacerbated when the number 

of observations per group is highly unbalanced. For this reason, when grouping factors include few levels, 

it is often recommended to treat them as fixed effects or to interpret random-effect variance estimates with 

caution (Harrison et al., 2018; Gomes, 2022). 

Meanwhile, GAMs represent another extension of the GLM framework that allows non-linear 

relationships between predictors and the response variable using smooth functions (Hastie et al., 2009; S. 

N. Wood, 2017). Instead of imposing a strictly linear relationship, GAMs estimate flexible smoothing 

functions that can capture complex ecological responses along environmental gradients. These models are 

particularly useful when biological responses vary non-linearly with environmental conditions such as 

temperature, elevation, or habitat structure. However, the increased flexibility of GAMs may reduce 

interpretability and require sufficient sample sizes and coverage across predictor ranges to estimate smooth 

functions reliably. When GAMs do not substantially improve model fit or alter the qualitative interpretation 

of predictor effects relative to simpler parametric models, their use may be unnecessary. In such cases, 

retaining a more parsimonious model can facilitate interpretation and communication of results while 

preserving inferential clarity (S. N. Wood, 2017). 
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Even though extensions of GLMs such as GLMMs and GAMs provide considerable flexibility for 

modeling hierarchical structure and non-linear responses, they still rely on parametric assumptions about 

the functional relationships between predictors and the response variable. In ecological systems 

characterized by complex interactions, high-dimensional predictors, or unknown functional forms, machine 

learning approaches can offer an alternative framework for exploring patterns in the data. These methods 

prioritize predictive performance and can capture complex relationships without requiring explicit 

specification of the model structure. 

3.4. Machine Learning Approaches in Ecological Modeling 

Among machine learning methods, Random Forest (RF) is one of the most widely used algorithms for 

ecological prediction and variable importance assessment. RF is an ensemble learning algorithm that 

constructs many decision trees using bootstrap samples of data and random subsets of predictors. Predictions 

are obtained by aggregating the results of individual trees, which reduces variance and improves predictive 

stability compared to single decision trees. Because RF does not require assumptions about linearity, 

distributional form, or specific functional relationships between variables, it can capture complex 

interactions and non-linear responses commonly observed in ecological systems. In addition, RF internally 

estimates predictive error using out-of-bag (OOB) samples, providing an unbiased assessment of model 

performance without requiring an independent validation dataset (Hastie et al., 2009). 

In addition to generating predictions, RF models can also provide estimates of variable importance. One 

widely used metric is permutation importance, which evaluates the contribution of each predictor by 

measuring the decrease in predictive accuracy when the values of that variable are randomly permuted while 

all other variables remain unchanged. Predictors whose permutation produces larger decreases in predictive 

accuracy are interpreted as having greater influence on model performance (Fisher et al., 2019). By 

evaluating variable importance within a flexible, non-parametric framework, RF helps identify dominant 

predictors and assess whether patterns detected by parametric regression models remain consistent when 

strict parametric assumptions are not imposed.  

4. Data and Methods 

4.1. Description of measurements 

This section outlines the methodological framework used to quantify spatial, environmental, and 

atmospheric variables associated with shorebird nesting along the Rockaway Peninsula during the 2025 

breeding season. Measurements were designed to ensure high spatial accuracy while minimizing 

disturbance to nesting birds and preserving the integrity of sensitive reproductive processes. Data collection 
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integrated field-based geospatial measurements, remote sensing analysis, tidal assessments, atmospheric 

datasets, and geomorphological calculations to comprehensively characterize nesting habitat conditions. 

4.1.1. Nesting points monitoring and data collection 

Nesting monitoring was conducted weekly over a 15-week period from late April to early August 2025. 

Surveys covered four focal stretches: Beach 37th St.- 56th St., Fort Tilden, Breezy Point Ocean Side, and 

Breezy Point Bay Side, totaling approximately 15 observation hours per site across the breeding season. 

The objective was to precisely identify and geolocate shorebird nests while minimizing human disturbance. 

Upon first detection of a new nest, a rangefinder was used to determine distance relative to pre-

established seasonal beach nest markers (installed prior to the nesting season at each site), and a GPS unit 

recorded the nest marker for identifying the precise nesting coordinates once the nesting season was over. 

To prevent data duplication and reduce disturbance, only the initial GPS location, species identification, and 

egg count were recorded. No repeated nest-level measurements were conducted in subsequent visits, and 

hatching success was not assessed, as reproductive outcomes were beyond the scope of this study. 

Importantly, all final nesting GPS coordinates used for analysis were collected after the conclusion of the 

nesting season to ensure zero disturbance to active nests. 

4.1.2. Minimum distance to vegetation, roads, and buildings 

To evaluate landscape-level habitat structure and potential anthropogenic influences, the minimum distance 

from each nesting location to the nearest vegetation line, roadway, and building was calculated using QGIS 

geospatial analysis tools (Figure 3). The orthophotography used in this study corresponds to the 2024 New 

York City orthoimagery dataset (New York State GIS Clearinghouse, 2024).  All map data presented in the 

figures were projected using the NAD83/UTM Zone 18N coordinate reference system (EPSG:32618). 

These spatial metrics provided quantitative measures of habitat isolation, exposure, and proximity to 

infrastructure. 

4.1.3. High tide measurement 

To establish inundation baselines and evaluate potential exposure to tidal flooding, four high-tide 

measurements were collected throughout the season. GPS tracking was conducted by walking the highest 

visible water line during peak tidal events, typically associated with full moon cycles when tides are 

elevated. Among these measurements, the absolute highest GPS-registered tidal line across the season was 

selected for analysis, providing a conservative and ecologically meaningful estimate of regular inundation 

risk (Figure 4). This baseline allowed identification of nests potentially vulnerable to daily tidal 

encroachment or extreme weather events. 
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Figure 3. Vegetation, roads, and buildings lines at: a) Beach 37th St.-56th St., b) Fort Tilden, and c) Breezy Point 
Ocean Side and Bay Side. 

4.1.4. Atmospheric variables measurements 

To examine atmospheric drivers influencing nest initiation timing, atmospheric data were obtained from the 

Local Climatological Data (LCD) dataset provided by the National Oceanic and Atmospheric 

Administration (NOAA), through the National Centers for Environmental Information (NCEI). Specifically, 

records from the John F. Kennedy (JFK) International Airport weather station were used for the months of 

April through August 2025 (NOAA, 2026), as this station is geographically closest to the primary nesting 

sites at Fort Tilden and Rockaway Beach. 

Daily summaries of key variables were extracted, including maximum and minimum air temperature, 

total precipitation, and average daily values of wind speed, relative humidity, and cloud cover. These 

variables were integrated into statistical analyses to evaluate their influence on nesting phenology. The 

dataset also allowed identification of extreme weather events, such as cold snaps or heavy precipitation 

episodes, and their potential effects on nest initiation. Prior to analysis, meteorological data underwent 

systematic cleaning and aggregation, where precipitation was represented as total daily liquid content, 

temperature variables corresponded to daily maximum and minimum values, and wind speed, relative 
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humidity, and cloud cover were calculated as daily averages from sub-daily observations, ensuring 

alignment between atmospheric conditions and the date of nest initiation recorded in the field. Because 

atmospheric data were obtained from a single weather station (JFK), these conditions were consistent across 

sites and differences among locations reflect variation in the timing of nest observations rather than spatial 

variation in weather. 

 

 
Figure 4. High tide line at: a) Beach 37th St.- 56th St., b) Fort Tilden, c) Breezy Point Ocean Side, and d) Breezy Point 
Bay Side. 

4.1.5. Beach slope measurement 

To quantify local geomorphological conditions at each nesting site, beach slope was measured as an 

indicator of drainage capacity, tidal exposure, and habitat suitability. Using a rangefinder, the observer stood 

at the lowest tide line and projected a perpendicular line toward the higher beach profile to determine the 

horizontal distance and vertical elevation difference (Figure 5). The slope angle (θ) for each nest location 

was then calculated using the trigonometric relationship: 

θ = tanିଵ
h

R
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where h represents the elevation differential and R the horizontal distance measured by the rangefinder. This 

calculation provided a standardized quantitative measure of microhabitat topography for each nest. 

Collectively, these measurements establish a multi-scale dataset linking fine-scale geomorphological 

conditions, landscape configuration, tidal risk, and atmospheric drivers to shorebird nesting patterns across 

the study area. 

 
Figure 5. Conceptual diagram of beach slope measurement at nesting sites. 

4.2. Data processing and statistical analysis 

All spatial and statistical analyses were conducted using the Python programming language. Data processing 

and visualization were implemented using the libraries pandas, numpy, matplotlib, and seaborn, while 

statistical modeling was performed using statsmodels, scipy, pyGAM, and scikit-learn. Spatial calculations 

were conducted using geopy for geodesic distance estimation and shapely for geometric operations 

involving spatial features. 

Nest locations were recorded using geographic coordinates (latitude and longitude). Distances among 

nests and between nests and environmental features (e.g., high tide line, vegetation, streets, and buildings) 

were calculated using geodesic distances based on the Haversine formulation, which estimates the great-

circle distance between two points on the Earth’s surface (Panigrahi, 2014). Pairwise nest distances were 

calculated using geodesic calculations implemented through the geopy.distance module, while distances 

between nests and spatial features represented by linear elements were calculated as the shortest distance 

between a point and a line using Point and LineString geometries from the shapely.geometry module. 
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Because the exact dates of clutch initiation and hatching were not available, the date of nest observation 

was used as a proxy for nest activity. Incubation periods for the focal species range from approximately 

three to four weeks: about 24-27 days for American Oystercatcher, 21-23 days for Common Tern, 19-25 

days for Least Tern, and 26-28 days for Piping Plover (Arnold et al., 2020; Elliott-Smith & Haig, 2020; 

Thompson et al., 2020; Working Group et al., 2020). Based on these incubation durations and the weekly 

survey schedule, minimum interspecific nest distances were calculated using a temporal window of ±14 

days around the observation date. This window approximates the typical period during which nests remain 

active while accounting for uncertainty in detection timing, thereby providing a biologically realistic 

estimate of contemporaneous spatial proximity among nests. 

Exploratory linear models and diagnostic tests were conducted using statsmodels and scipy. GLMs with 

Poisson errors and robust standard errors were fitted using statsmodels, including additional models 

incorporating species and sites as categorical predictors. Exploratory GLMMs were implemented using the 

statsmodels.genmod.bayes_mixed_glm module. Potential nonlinear relationships were evaluated using 

GAMs implemented with the pyGAM library. Finally, a RF regression model was fitted using scikit-learn, 

and permutation importance was calculated using the sklearn.inspection module to assess the relative 

importance of predictors. 

5. Results and Discussion 

5.1. Descriptive Statistics 

Descriptive statistical analyses were applied to the variables defined in the Data and Methods section to 

characterize patterns in shorebird nesting across the Rockaway Peninsula. This framework enables 

evaluation of how interactions among reproductive behavior, coastal geomorphology, local climate, and 

anthropogenic disturbance shape microhabitat selection, phenology, and reproductive investment. Four 

focal species were considered: American Oystercatcher (OC), Common Tern (CT), Least Tern (LT), and 

Piping Plover (PP). Nesting patterns were analyzed across four study sites: Beach 37th-56th Streets (B), 

Fort Tilden (FT), Breezy Point Ocean Side (OS), and Breezy Point Bay Side (BS). These abbreviations are 

used throughout the following sections. 

A total of 121 nests were recorded across the study sites, with OC representing the majority (61 nests), 

followed by LT (35 nests), PP (15 nests), and CT (10 nests). Nest distribution varied among sites, with the 

highest number observed at B (65 nests), followed by OS (32 nests), FT (16 nests), and BS (8 nests). In 

terms of reproductive investment, a total of 269 eggs were documented. OC again accounted for the largest 

share (145 eggs), followed by LT (58 eggs), PP (51 eggs), and CT (15 eggs). Egg abundance was highest at 

B (127 eggs), followed by OS (76 eggs), FT (43 eggs), and BS (23 eggs). 
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5.1.1. Number of Eggs 

Clutch size was analyzed across the four focal species and study sites to evaluate spatial variation and 

interspecific differences in reproductive strategy (Figure 6). The number of eggs per nest represents a key 

component of reproductive investment and reflects both environmental constraints and habitat quality, as it 

directly influences fecundity and population dynamics in shorebirds (Dinsmore, 2019). 

 
Figure 6. Number of eggs per nest by species and site. 

OC exhibited predominantly two- and three-egg clutches across all sites, with a clear dominance of three-

egg nests at B and OS. At FT and BS, sample sizes were smaller, but the same general pattern was observed, 

with few single-egg clutches. This distribution is consistent with a relatively stable reproductive strategy 

across sites, with minor variation potentially associated with local habitat conditions or breeder experience. 

Previous studies report clutch sizes of one to four eggs, with three eggs typically representing the modal 

value in Atlantic coast populations (Baker & Michael, 1980; Nol et al., 1984; Toland, 1999). 

In contrast, CT showed a predominance of one- and two-egg clutches, particularly at B and OS. The 

presence of single-egg nests may reflect early laying stages, replacement attempts, or suboptimal conditions 

during initial reproduction. Similar patterns were observed at FT and BS, despite lower sample sizes, with 

relatively few three-egg clutches. In CT, clutch size is known to vary with environmental conditions and 

food availability, and reduced clutches are often associated with renesting or late-season breeding (Gochfeld, 

1977; Wiggins et al., 1984). 

LT displayed a clear dominance of two-egg clutches, especially at B, where nesting abundance was 

highest. Occasional single-egg nests, particularly at OS, may reflect early or failed reproductive attempts. 

The relative consistency of clutch size across sites suggests a stable reproductive strategy under varying 

environmental conditions. Previous studies indicate that variation in LT reproductive output is more strongly 
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influenced by habitat characteristics and colony dynamics than by large shifts in clutch size (Atwood & 

Massey, 1988; Baasch et al., 2017). 

PP showed the most distinct pattern, with a strong predominance of four-egg clutches, particularly at B 

and OS. Four-egg clutches were also recorded at FT and BS, although less frequently, alongside some two- 

and three-egg nests. This pattern is consistent with the typical reproductive strategy of the species, as most 

PP clutches contain four eggs (Cairns, 1982; Cohen et al., 2009). Smaller clutches may result from 

incomplete laying or environmental disturbance. In some cases, PP have been observed relocating nests or 

eggs in response to habitat changes such as rising water levels, reflecting behavioral flexibility in protecting 

reproductive investment (Wiltermuth et al., 2009). 

Across sites, B supported the highest number of nests and the widest range of clutch sizes across all 

species, suggesting favorable breeding conditions that allow both high nest density and substantial 

reproductive investment. In contrast, FT and BS showed smaller sample sizes and lower variability in clutch 

size, potentially reflecting spatial or environmental constraints. OS exhibited intermediate patterns, with 

clutch sizes comparable to B but lower overall abundance. In coastal shorebird systems, reproductive 

outcomes may also be influenced by social interactions; for example, plovers nesting near tern colonies may 

benefit from reduced predation risk due to collective defense (Powell, 2001). 

Overall, the variation in the number of eggs per nest reinforces the idea that spatial differences on the 

Rockaway Peninsula influence not only nest distribution but also key aspects of reproductive investment. 

The relative consistency of clutch sizes within each species suggests stable reproductive strategies, while 

variations between zones may be associated with differences in habitat quality, availability of nesting space, 

and the degree of environmental or anthropogenic disturbance affecting breeding conditions (Cohen et al., 

2009; Dinsmore, 2019). 

Temporal dynamics of egg production and reproductive phenology relative to seasonal thermal 

conditions were analyzed using daily egg totals by species and site with maximum temperature (Figure 7).  

Reproductive activity was concentrated between early May and mid-July, coinciding with a progressive 

increase in maximum temperature. Peak egg-laying occurred under intermediate temperatures 

(approximately 18-28°C), while activity declined markedly above 30°C, indicating a synchronization of 

breeding onset with favorable thermal conditions. Ground-nesting shorebirds are particularly sensitive to 

temperature because eggs develop in exposed substrates where thermal conditions directly influence 

incubation behavior (Andes et al., 2020). Similar temperature-driven shifts in breeding phenology have been 

documented in multiple shorebird species (Kwon et al., 2018; Abernathy et al., 2023).  More broadly, the 

timing of seabird breeding cycles is often closely linked to seasonal environmental conditions such as 
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temperature, food availability, and other climatic factors that influence reproductive decisions and nesting 

success (Schreiber & Burger, 2001). 

 
Figure 7. Daily total number of eggs by species and site, with maximum daily temperature. 

The highest intensity and duration of breeding activity were observed at B. OC showed sustained egg-

laying from early May, followed by a gradual decline toward mid-June. CT and PP exhibited shorter and 

more temporally restricted peaks, whereas LT showed delayed peaks between late June and mid-July. This 

staggered pattern suggests temporal partitioning among species, potentially reducing competition for 

nesting space and resources. In seabird communities, breeding cycles are often synchronized within species 

but differ among coexisting species, allowing shared habitat use with reduced temporal overlap (Schreiber 
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& Burger, 2001). Despite the progressive increase in maximum temperature, reproductive activity persisted 

in this site for an extended period, indicating habitat conditions that buffer against heat stress. Habitat 

characteristics such as substrate composition, elevation, and access to foraging areas can moderate the 

effects of temperature on reproductive activity and nest success in coastal shorebirds (Farrell et al., 2018). 

At FT, reproductive activity was shorter and less intense. OC displayed a clear peak in mid-May, 

followed by a decline, while PP showed a brief reproductive window ending in early June. The absence of 

nesting during periods of higher temperatures suggests greater sensitivity to thermal conditions or spatial 

constraints limiting sustained reproduction. Elevated temperatures can impose physiological and behavioral 

trade-offs between thermoregulation, incubation, and foraging (van de Ven et al., 2019).  

Meanwhile, OS exhibited high temporal variability in egg production, particularly for OC, with early 

peaks and fluctuations throughout May and June. CT and PP showed isolated peaks, while LT exhibited 

later and less intense activity. This variability may reflect environmental instability or a higher frequency of 

nest failure and renesting, a common strategy in shorebirds despite reduced success in later attempts 

(Claassen et al., 2014). Finally, BS showed the lowest reproductive intensity and duration, with egg-laying 

limited to a few events during May and early June. The absence of activity during warmer periods suggests 

that this site provides less favorable conditions for sustained breeding, possibly due to habitat constraints, 

disturbance, or reduced buffering against heat stress.  

In sum, the time series shows that shorebird breeding on the Rockaway Peninsula is closely linked to the 

seasonal thermal cycle. Weather variability and seasonal climatic patterns are widely recognized as 

important drivers of seabird breeding timing, reproductive success, and population dynamics through both 

direct physiological effects and indirect influences on habitat conditions and food availability (Schreiber & 

Burger, 2001; Stutzman & Fontaine, 2015; Suthar et al., 2025). Differences between sites indicate that 

habitat quality and configuration modulate the birds' ability to sustain breeding over time, highlighting B as 

the main breeding site and the other sites as more limiting environments in phenological and thermal terms. 

Spatial differences in reproductive success and nesting persistence among breeding areas are commonly 

associated with local habitat conditions, disturbance regimes, and weather variability (McGuire et al., 2020; 

Guild et al., 2024). 

5.1.2. Nest distances among species 

The spatial structure of nests was evaluated using the minimum distances between conspecific nests and 

between nests of different species (Figure 8). These metrics allow assessment of local patterns of 

aggregation, dispersion, and territorial spacing. Nest spacing is a key component of shorebird breeding 
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ecology because territorial behavior, habitat selection, and social interactions influence how individuals are 

distributed across nesting habitats (Maslo et al., 2016). 

 
Figure 8. Minimum intra- and interspecific nest distances by species and site. 

OC showed moderate spatial aggregation in sites where the species was more abundant, particularly at 

B and OS, where distances between conspecific nests generally remained below approximately 150-200 m, 

indicating a tolerance of relatively close nesting neighbors. Distances between OC and other species varied 

among sites. At B, OC nests were often located far from CT colonies, suggesting spatial separation from 

densely aggregated colonial breeders. By contrast, distances between OC and LT or PP were generally more 

moderate, suggesting partial spatial overlap within the nesting habitat. OC is known to show flexibility in 

nest-site selection across coastal environments, often using sandy or wrack substrates that reduce flooding 

risk and support successful breeding (Lauro & Burger, 1989). At FT and BS, where only OC and PP were 

present, distances between these species were highly variable. This pattern is consistent with a more 

dispersed distribution associated with lower nest densities. 

CT showed consistently very short conspecific distances at both B and OS, reflecting the species’ 

strongly colonial nesting strategy and resulting in compact colonies. Colonial nesting in terns produces very 

short nearest-neighbor distances due to dense aggregation and collective predator defense (Burger & Lesser, 

1978; Burger & Gochfeld, 1988). Distances between CT and other species were generally larger than intra-
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colony distances, suggesting that CT colonies occupied relatively discrete sectors of the beach. This pattern 

reflects strong within-species aggregation and limited spatial overlap with other breeders at fine scales. 

LT displayed a similar pattern, with very short distances between conspecific nests at B, indicating strong 

colonial clustering, whereas OS distances were more variable and tended to be larger, indicating a less 

compact colony structure. However, distances between LT and other species were generally moderate rather 

than extremely large, suggesting partial spatial overlap with other shorebirds. Nest clustering in tern colonies 

is often shaped by habitat structure and the availability of suitable nesting substrates, which can concentrate 

nests within relatively small areas of otherwise extensive beach habitat (Burger & Gochfeld, 1988). This 

arrangement indicates fine-scale spatial partitioning within shared nesting habitat. 

PP nests showed relatively consistent spacing across all sites, with most conspecific distances falling 

within a similar range of approximately 200-400 m. This pattern is consistent with the territorial breeding 

behavior typical of the species. Although spacing occurred within a similar range across sites, variation 

within this range differed slightly, with FT and BS tending toward larger distances and B and OS showing 

somewhat more clustered distributions. Territorial interactions and aggressive behavior toward nearby 

individuals often generate regular spacing patterns among plover nests across suitable beach habitat 

(Bergstrom & Terwilliger, 1987). Distances between PP and other species were usually intermediate, 

indicating that PP can occupy the same general nesting sites as other shorebirds while maintaining spatial 

separation from nearby nests. In several coastal systems, PP have been observed nesting near tern colonies, 

where proximity to colonial species may provide antipredator benefits without eliminating individual 

territorial spacing (Burger, 1987).  

Clear differences in spatial structure were observed among study sites. B, where all four species were 

present, showed the most complex configuration, with dense CT and LT colonies coexisting with more 

dispersed OC and PP nests, suggesting that tern colonies occupied distinct sectors of the beach. FT, where 

only OC and PP nested, exhibited a simpler but highly variable pattern, with distances ranging from short 

to relatively large, suggesting use of separate areas within the beach system. OS also supported all four 

species but showed a more interspersed arrangement, in which colonial clustering of terns persisted while 

interspecific distances remained moderate, indicating greater spatial coexistence. In contrast, BS showed 

the most dispersed nesting pattern, with only OC and PP present and relatively large distances both within 

and between species, consistent with lower nest densities and broader spacing of nesting territories.  

Nest spacing across the study system reflected both species-specific reproductive strategies and local 

habitat configuration. Colonial breeders (CT and LT) formed tightly clustered groups with minimal 

conspecific distances, whereas PP maintained broader spacing consistent with territorial nesting behavior. 
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OC showed an intermediate pattern, with moderate clustering but greater variability in spacing. Spatial 

patterns also varied among beaches, indicating that local environmental conditions influenced nest 

distribution. Beaches supporting multiple species showed more complex arrangements, with clustering and 

spatial segregation occurring simultaneously, whereas beaches with fewer species tended to show more 

dispersed nesting patterns. These results indicate that both reproductive strategy and habitat configuration 

shape the spatial structure of shorebird nesting communities within the Rockaway Peninsula. At broader 

spatial scales, variation in habitat overlaps among beach-nesting birds may reflect differences in ecological 

niches and breeding strategies, with some species acting as indicators of suitable habitat for others (Maslo 

et al., 2016; Forsberg, 2024). 

5.1.3. Distance to the high tide line and vegetation 

Minimum distances from nests to two structural components of the coastal habitat, the high tide line and the 

vegetation limit, were analyzed to evaluate spatial selection patterns across the four study sites (Figure 9). 

These metrics provide insight into trade-offs among flood risk, open substrate availability, and protection 

from disturbance or predation. Habitat selection in beach-nesting shorebirds is strongly influenced by 

geomorphological features such as beach width, elevation, and distance to shoreline or vegetation, which 

determine both nesting suitability and exposure to environmental risks (Farnsworth et al., 2018; Zeigler et 

al., 2021). 

 
Figure 9. Minimum distance from nests to the high tide line and vegetation by site. 

Distance to the high tide line differed clearly among study sites. At B, nests were predominantly located 

at relatively large distances, concentrated between approximately 50 and 100 m from the high tide line. This 

pattern indicates selection of areas less susceptible to flooding, likely associated with greater substrate 

stability and lower risk of nest loss during tidal events or storms. Coastal waterbirds are particularly 

vulnerable to flooding during the breeding season because nests are typically located on low coastal 

substrates exposed to tidal fluctuations and storm-driven overwash (Erwin et al., 2006). Increasing sea levels 
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and the greater frequency of extreme weather events predicted under climate change scenarios may further 

increase flooding risk in coastal breeding habitats (van de Pol et al., 2024).  

By contrast, nests at FT and OS were generally much closer to the high tide line, with most located 

between 10 and 40 m away, indicating greater use of the upper intertidal zone. At BS, although the number 

of nests was lower, most were located very close to high tide, generally less than 20 m away, suggesting 

strong spatial restriction of available habitat. Variation in nest placement relative to tidal zones has been 

documented in several coastal shorebird systems and may reflect local geomorphological constraints that 

limit the availability of suitable nesting substrate on barrier beaches (Walker et al., 2019; Zeigler et al., 

2019). 

Distance to vegetation also varied markedly among study sites. At B, nests were mostly located at 

intermediate to long distances from vegetation, with a clear peak between 60 and 100 m, consistent with a 

preference for open beach areas that may reduce predation risk and improve visibility. Many beach-nesting 

birds preferentially select open substrates with sparse or absent vegetation because these conditions reduce 

concealment opportunities for predators and allow adults to detect threats more effectively (Mazzocchi & 

Forys, 2005; Schulte & Simons, 2015).  

At FT, distances to vegetation were generally short, with many nests located less than 30 m away, 

suggesting closer use of the beach-vegetation ecotone, possibly due to a narrower beach configuration or 

greater availability of shelter. Nest placement near dune vegetation has been observed in several coastal 

shorebird systems, where dunes can provide partial shelter from wind and disturbance while maintaining 

access to open nesting substrate (Walker, 2020).  

At OS, nests showed a wider distribution of distances to vegetation, ranging from approximately 20 m 

to more than 120 m. This variability indicates greater habitat heterogeneity and suggests use of multiple 

breeding microenvironments, from open beach areas to sites closer to vegetation. Shorebirds frequently 

respond to spatial heterogeneity in coastal landscapes by exploiting multiple microhabitats depending on 

substrate availability, vegetation structure, and proximity to foraging areas (Garvey et al., 2013). At BS, 

despite the smaller number of nests, the distribution appeared bimodal, with some nests very close to 

vegetation and others much farther away, likely reflecting the limited availability of continuous sandy 

substrate in this site. 

Considered jointly, both metrics reveal a clear gradient in habitat selection among study sites. B was 

characterized by nests located far from both high tide and vegetation, suggesting the availability of a wide 

and relatively stable beach. In contrast, FT, OS, and especially BS appeared to impose stronger spatial 

constraints, forcing birds to nest closer to the high tide line or vegetation. Human disturbance and coastal 



Gutiérrez-Zúñiga  25 
 

 
 

development can further reduce the availability of suitable nesting habitat on barrier islands, increasing the 

likelihood that birds use suboptimal nesting locations (Virzi et al., 2016). 

Distances to the high tide line and vegetation indicate that nest-site selection was not random but closely 

related to the physical configuration of the coastal habitat. Nest placement in beach-nesting shorebirds 

reflects trade-offs among flooding risk, predator exposure, and habitat structure, all of which can influence 

reproductive success and population dynamics (Schulte, 2012; Call, 2025). Differences among study sites 

likely reflect variation in available space and local geomorphological conditions, helping to explain broader 

patterns in nest density and spatial distribution across the Rockaway Peninsula. In particular, the relatively 

narrow beach width at FT likely constrained available nesting habitat, resulting in nests being placed closer 

to both the high tide line and vegetation compared to wider sites such as B and OS. 

5.1.4. Distance to roads and buildings 

Minimum distances from nests to two components of human infrastructure, roads and buildings, were 

analyzed to assess patterns of avoidance or tolerance of anthropogenic disturbance across the four study 

sites (Figure 10). These metrics provide insight into the influence of urbanization and human access on nest-

site selection. Urbanization and road infrastructure can affect bird distribution and habitat use by modifying 

landscape structure and increasing human disturbance, often leading sensitive species to avoid highly 

disturbed sites (Palomino & Carrascal, 2007; Graells et al., 2022). 

 
Figure 10. Minimum distance from nests to roads and buildings by site. 

Distance to roads showed strong contrasts among study sites. At B, nests were located relatively close to 

roads, concentrated mainly between approximately 150 and 250 m, suggesting a relatively high tolerance 

of nearby road infrastructure under intense urban pressure and limited availability of continuous natural 

habitat. Roads can affect bird distributions over considerable distances by increasing noise, disturbance, and 

predator access, thereby reducing habitat suitability for some species (van der Zande et al., 1980; Forman 
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et al., 2002). At FT, distances to roads were considerably greater, with most nests located between 600 and 

700 m, indicating less direct influence from vehicular traffic and a lower level of human disturbance. Lower 

anthropogenic disturbance is often associated with higher probabilities of nesting occurrence in beach-

nesting birds sensitive to human presence (Virzi, 2010). At OS, nests occurred at intermediate to large 

distances from roads, ranging from approximately 650 m to more than 1000 m, suggesting the availability 

of extensive beach areas relatively far from road access. Human presence near breeding areas can alter 

incubation behavior and reduce reproductive success in coastal birds when disturbances are frequent 

(Borneman et al., 2016). At BS, although the number of nests was lower, distances to roads generally ranged 

from 350 to almost 800 m, reflecting spatial restriction by surrounding infrastructure. 

Distance to buildings showed a similar spatial gradient, although values were generally larger. At B, 

nests were mostly located between 200 m and 300 m from buildings, indicating that birds used breeding 

habitat relatively close to permanent urban structures. Some coastal bird species can show behavioral 

flexibility and persist in modified environments when suitable nesting substrate remains available within 

urban landscapes (Forys & Borboen-Abrams, 2006). At FT, distances to buildings were greater, concentrated 

between approximately 700 and 900 m, consistent with lower building density and a more natural landscape 

context. At OS, distances varied widely, ranging from about 600 m to more than 1400 m, indicating strong 

spatial heterogeneity and the presence of extensive areas free of infrastructure. Maintaining sufficient spatial 

buffers between nesting birds and disturbance sources can reduce behavioral disruption and improve 

breeding success in colonial seabirds (Rodgers Jr. & Smith, 1995; Althouse et al., 2019). At BS, distances 

to buildings ranged from moderate to long, generally between 400 and 1100 m, although the smaller number 

of observations again suggests spatial constraints in this site. 

These results reveal a clear gradient of anthropogenic influence among study sites. B was characterized 

by the highest proximity of nests to both roads and buildings, indicating either tolerance of, or forced 

coexistence with, urban infrastructure. In contrast, FT and OS showed greater distances to infrastructure, 

reflecting more natural conditions and lower levels of direct human disturbance. BS occupied an 

intermediate position, with patterns suggesting a combination of habitat limitation and anthropogenic 

pressure. The distribution of nests in urbanized coastal landscapes often reflects a balance between habitat 

availability and tolerance of human disturbance in heavily modified barrier island systems (Graells et al., 

2022). Minimum distances to roads and buildings indicate that nest-site selection was strongly influenced 

by the presence of human infrastructure. Coastal development can also limit the formation and persistence 

of early successional habitats that are essential for many beach-nesting birds, further affecting where 

breeding pairs establish nests (Zeigler et al., 2019). Differences among study sites suggest that access to 
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areas farther from anthropogenic disturbance may be an important factor underlying variation in nest density 

and distribution across the Rockaway Peninsula. 

Overall, nest distribution across the Rockaway Peninsula reflected the combined influence of species-

specific nesting strategies, local habitat configuration, and anthropogenic disturbance. Distances among 

nests revealed contrasting reproductive behaviors, with colonial species forming dense clusters and 

territorial species maintaining broader spacing. At the same time, nest placement relative to the high tide 

line and vegetation suggests that birds balance flooding risk, predator exposure, and habitat availability 

when selecting breeding sites. Distances to roads and buildings further highlight the role of human 

infrastructure in shaping nest distribution, with some areas allowing greater separation from urban 

disturbance than others. Together, these patterns indicate that natural habitat characteristics and human 

landscape modification interact to determine where shorebirds establish nests, ultimately influencing local 

nest density and the spatial organization of the breeding community. 

5.1.5. Atmospheric conditions  

Atmospheric conditions recorded on the day of nesting were analyzed for each nest (Figure 11). These 

variables characterize the immediate climatic context of nest initiation and allow comparison among study 

sites within the Rockaway Peninsula. Weather conditions can influence multiple aspects of shorebird 

breeding ecology, including nest initiation, reproductive timing, and nest success, particularly in species that 

nest in exposed coastal environments (Schreiber & Burger, 2001; Weiser et al., 2018). Atmospheric 

conditions were assigned based on the date of nest observation, used here as a proxy for nest activity (see 

Data and Methods section). 

Wind speed showed a concentration of low to moderate values across all study sites. Most nests were 

established under wind speeds below 20 km/h, with a marked peak between approximately 10 and 15 km/h. 

B exhibited the widest range, including some nesting events associated with stronger winds exceeding 30 

km/h, whereas FT, OS, and BS showed narrower distributions with few extreme values. This distribution 

suggests that nesting generally occurred under relatively stable wind conditions, although birds in more 

exposed or urbanized areas may tolerate greater variability. Wind conditions can influence shorebird activity 

patterns and population dynamics because strong winds affect foraging efficiency, flight costs, and nest 

exposure in open habitats (Suthar et al., 2025). 

Relative humidity was regularly high across sites, with most values between 70% and 95%. At B, the 

distribution was broader, with peaks at both intermediate values (around 60%) and high values (>85%), 

whereas nesting was concentrated under high humidity conditions at FT and OS. BS showed predominantly 

high humidity values, although the sample size was smaller. These results indicate that nesting frequently 
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occurred under humid atmospheric conditions typical of coastal environments, consistent with the 

adaptation of many shorebird species to marine-influenced climatic regimes (Schreiber & Burger, 2001). 

 
Figure 11. Atmospheric conditions by site. 

Cloud cover showed a bimodal distribution in several study sites. At B, nests occurred under both low 

(<20%) and intermediate to high (40-70%) cloud cover. FT and OS showed a higher frequency of nesting 

under low to moderate cloud cover, whereas BS included relatively few observations, mainly at intermediate 

levels. This pattern indicates that nest initiation was not restricted to clear conditions and could occur under 

a broad range of cloud cover values. Ground-nesting birds in open habitats often experience substantial 
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daily weather variability during the breeding season, and reproductive activity may occur across a wide 

range of atmospheric conditions (Clements et al., 2022). 

Maximum temperature on nesting days was concentrated mainly between 20°C and 35°C. B again 

showed the widest range, including values close to 37-38°C, whereas FT and OS showed narrower 

distributions, generally between 22°C and 30°C. BS was mostly characterized by intermediate values. This 

pattern suggests that nesting occurred predominantly under warm, but not extreme, thermal conditions, with 

some tolerance of high maximum temperatures in more environmentally heterogeneous areas. Temperature 

is an important component of shorebird reproductive ecology because high thermal conditions can influence 

nest attendance behavior and thermoregulation in incubating adults (Andes et al., 2020). 

Minimum temperature was relatively consistent across study sites, with most values concentrated 

between approximately 10°C and 18°C. B showed some higher values, close to 22-24°C, which may reflect 

urban heat island effects or local atmospheric conditions. In general, nesting appeared to occur when 

nighttime or early morning temperatures were moderate, rather than under very cold conditions. 

Temperature during the early breeding season can influence clutch initiation timing and other reproductive 

traits in shorebirds (Kwon et al., 2018). 

Precipitation was minimal or absent in most cases. The vast majority of nests were established on days 

with no recorded rainfall or very low precipitation (<2.5 mm). Only B included a few nesting events 

associated with moderate rainfall, and these were infrequent. This pattern suggests that birds generally 

initiated nesting on dry days, likely reducing the risks of egg cooling, nest flooding, and substrate 

compaction. Rainfall can negatively affect ground nests by increasing the probability of flooding or nest 

failure, particularly in exposed coastal habitats (Krogh & Schweitzer, 1999; Guild et al., 2024). 

In summary, atmospheric conditions on nesting days indicate that breeding began under a relatively 

narrow set of climatic conditions characterized by low to moderate winds, high humidity, warm 

temperatures, and little or no precipitation. Although the range of values differed among study sites, 

especially at B, the overall pattern suggests that nest initiation was not random with respect to weather, but 

tended to occur under relatively stable and favorable coastal conditions. Weather variability can influence 

multiple stages of the annual cycle of migratory shorebirds, affecting breeding decisions, reproductive 

success, and ultimately population dynamics (Stutzman & Fontaine, 2015; Farrell et al., 2018). 

5.1.6. Elevation 

The elevation of nesting sites across the four study sites was analyzed to evaluate variation in vertical habitat 

selection (Figure 12). Elevation is a key component of microhabitat because it directly influences exposure 

to tidal flooding, storm events, and substrate stability. In coastal systems, even small differences in elevation 



Gutiérrez-Zúñiga  30 
 

 
 

can strongly affect nest survival by determining exposure to overwash and flooding (Erwin et al., 2006; van 

de Pol et al., 2024). More broadly, birds may respond to environmental change through spatial shifts, 

including along elevational gradients, although such responses often occur more slowly than phenological 

adjustments (Neate-Clegg et al., 2024). 

 
Figure 12. Elevation by site. 

B exhibited the widest elevational range. Most nests were concentrated at intermediate elevations 

(approximately 2.5-4.0°), with a peak around 3.0-3.5°, although nests also occurred at lower values (around 

1.5°) and at higher elevations (>5.5°). This distribution indicates broad availability of suitable habitat, 

allowing selection of relatively safe nesting sites while also reflecting occasional use of suboptimal 

elevations under high nesting density. Similar patterns have been reported in other beach-nesting shorebirds, 

where elevation and beach morphology strongly influence nest placement and flooding risk (Ruiz de 

Alegría-Arzaburu et al., 2025). 

At FT, nests were restricted to a narrower elevational range, primarily between 2.8° and 4.0°. This 

concentration suggests consistent selection of elevated sites, likely associated with lower spatial pressure 

and more homogeneous topography. The absence of nests at very low elevations indicates avoidance of 

areas with higher flooding risk. Shorebirds frequently select nesting sites above typical high tide levels to 

reduce the probability of overwash events that can cause nest failure (Mazzocchi & Forys, 2005). 

At OS, most nests occurred at relatively lower elevations (2.0-3.0°), indicating use of lower sections of 

the beach profile, possibly related to reduced topographic relief or proximity to the high tide line. Limited 

availability of higher ground in this site may increase vulnerability to flooding during storms or extreme 

tides, which are major drivers of nest failure in coastal systems (Sterling, 2017). At BS, despite the smaller 

sample size, elevations showed high variability, including both intermediate and high values (close to 5.5-

6.0°). This pattern suggests opportunistic use of elevated microhabitats within a spatially constrained 
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environment, where suitable sites are limited. At fine spatial scales, shorebirds may respond to subtle 

topographic variation to reduce flooding risk and improve predator detection (Korne et al., 2020). 

Overall, nesting elevation varied consistently among study sites and reflected both geomorphological 

availability and spatial constraints. In many coastal systems, the availability of suitable nesting habitat is 

strongly influenced by geomorphology, shoreline dynamics, and hydrological variability (Anteau et al., 

2014; Zeigler et al., 2021). Wider and more stable beaches (B and FT) allowed clearer selection of 

intermediate to high elevations, whereas limited topographic variation appeared to restrict nest placement 

at OS and BS. These patterns highlight elevation as a central factor in nesting-site selection and exposure to 

flooding risk in coastal systems. As sea-level rise and increasing storm intensity continue to modify coastal 

topography, flooding risk in barrier island habitats is expected to increase (Lostritto & Taylor, 2015). Under 

these changing conditions, some bird species may attempt to track suitable environmental conditions 

through spatial shifts, including movement toward higher elevations, although phenological adjustments 

may occur more rapidly than geographic redistribution (Neate-Clegg et al., 2024). 

In sum, nesting patterns across the Rockaway Peninsula reflect the combined influence of 

geomorphology, species-specific reproductive strategies, atmospheric conditions, and anthropogenic 

disturbance. Variation in clutch size and nesting density reflects differences in breeding behavior and spatial 

requirements among species, with colonial nesters forming clustered nesting areas while more territorial 

species maintain greater separation between nests. At the same time, nest placement relative to vegetation, 

the high tide line, and local elevation suggests that birds balance the need for protection from flooding and 

storms with the availability of open substrates suitable for nesting and chick mobility. Distances to roads 

and buildings further highlight the role of human infrastructure in structuring the spatial distribution of nests, 

with birds occupying areas that provide some degree of separation from direct anthropogenic disturbance. 

In addition, atmospheric conditions indicate that breeding tends to occur under relatively stable climatic 

conditions characterized by moderate temperatures, low to moderate winds, and minimal precipitation. 

Together, these patterns demonstrate that nesting site selection in this coastal system emerges from the 

combined influence of geomorphology, microhabitat availability, weather conditions, and human 

disturbance, emphasizing the complexity of habitat requirements for beach-nesting shorebirds in highly 

dynamic and urbanized barrier island environments. 

5.2. Regression Modeling 

5.2.1. Exploratory regression analysis 

To explore the relationships between drivers and egg abundance, an exploratory MLR analysis was initially 

conducted using the number of eggs per nest as the response variable and a set of environmental, 
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atmospheric, and spatial variables as predictors. The initial set of explanatory variables included 

precipitation, wind speed, relative humidity, cloud cover, maximum and minimum temperature, elevation, 

distance to the high tide line, distance to vegetation, and distances to nearby streets and buildings. Prior to 

model fitting, the dataset was cleaned by removing observations with missing values in the explanatory 

variables. Some variables, particularly minimum distances between nests and certain species, contained 

empty values because those species were not present at specific sites. These missing values reflected 

ecological absence rather than incomplete measurements, preventing the definition of meaningful distances. 

Including these values would have prevented proper model fitting and potentially introduced bias. 

Therefore, such observations were excluded to ensure ecological consistency and statistical validity.  

To evaluate the stability of the model and the influence of multicollinearity among predictors, three 

successive regression models were fitted (Table 1). Across these tests, the coefficient of determination 

remained relatively stable (Rଶ ranging from 0.375 to 0.368), indicating that the removal of redundant 

predictors did not substantially reduce explanatory power. At the same time, the AIC decreased from 288.6 

to 279.9, suggesting improved parsimony as unnecessary predictors were removed. Diagnostic tests showed 

consistent behavior across all specifications. The Shapiro-Wilk test produced p-values greater than 0.05, 

indicating no departure from residual normality. The Breusch-Pagan test also yielded p-values above 0.05, 

suggesting homoscedasticity. The Durbin-Watson statistic remained within the acceptable range (1.58-1.60), 

indicating no evidence of autocorrelation. Collectively, these diagnostics indicate that the models satisfied 

the main assumptions required for OLS estimation. 

Differences among specifications were primarily driven by multicollinearity among predictors. In the 

initial specification (Test 1), minimum distances to roads and buildings exhibited extremely high variance 

inflation factors (VIF > 20), indicating severe collinearity with other spatial variables. Because these 

predictors represented anthropogenic features not consistently present across all sites and produced unstable 

estimates, both distance to roads and distance to buildings were removed (Test 2). Although this adjustment 

reduced extreme collinearity, several climatic predictors still showed elevated VIF values. A second stage 

of selection was therefore conducted to improve interpretability and reduce redundancy. Maximum and 

minimum temperature were strongly correlated; maximum temperature was retained due to its statistical 

significance and greater ecological relevance (e.g., heat stress and egg desiccation), while minimum 

temperature was removed. Similarly, cloud cover was retained over relative humidity because it more 

directly represents solar radiation attenuation at nesting sites. Wind speed was excluded due to its 

contribution to collinearity and lack of statistical significance. Precipitation was retained despite not being 

significant, given its low collinearity and ecological relevance. 
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Because both distance to the high tide line and distance to vegetation are influenced by beach width and 

coastal morphology, some degree of spatial correlation between these variables is expected. However, VIF 

values remained low, indicating that this relationship did not introduce problematic multicollinearity and 

allowing both predictors to be retained for ecological interpretation. 

Table 1. Model fit statistics, diagnostic tests, and variance inflation factors (VIF) for the three regression specifications. 
Criterion Test 1 Test 2 Test 3 

𝐑𝟐 0.375 0.374 0.368 
AIC 288.6 284.9 279.9 
Shapiro-Wilk test p 0.531 0.664 0.580 
Breusch-Pagan test p 0.190 0.178 0.277 
Durbin-Watson staƟsƟc 1.595 1.584 1.581 
VIF    
Minimum distance to vegetaƟon 1.270 1.190 1.180 
Minimum distance to high Ɵde 2.930 2.252 1.660 
Minimum distance to roads 24.050 - - 
Minimum distance to buildings 20.907 - - 
Wind speed 5.418 5.254 - 
RelaƟve humidity 6.830 6.603 - 
Cloud cover 6.892 6.625 2.335 
Maximum temperature 7.883 7.790 1.619 
Minimum temperature 8.698 8.286 - 
PrecipitaƟon 2.235 2.232 1.572 
ElevaƟon 1.244 1.118 1.074 

The final specification (Test 3; Table 2) retained six predictors: precipitation, cloud cover, maximum 

temperature, elevation, distance to the high tide line, and distance to vegetation. This model explained 

approximately 36.8% of the variation in egg abundance. Maximum temperature showed a strong negative 

effect (β = −0.074 ± 0.014, p < 0.001), indicating that higher temperatures were associated with lower egg 

counts. Elevation showed a statistically significant positive effect (β = 0.178 ± 0.076, p = 0.022), suggesting 

that nests located at higher elevations tended to contain more eggs. Precipitation and distance to the high 

tide line showed marginal negative effects (p ≈ 0.10), while cloud cover and distance to vegetation were not 

statistically significant. 

Table 2. Parameter estimates (β), standard errors, and p-values for the final regression model (Test 3). 
 𝛃 std err p 
Constant 3.997 0.368 <0.001 
Minimum distance to vegetaƟon 0.001 0.002 0.681  
Minimum distance to high Ɵde -0.004 0.003 0.099 
Cloud cover -0.002 0.005 0.583  
Maximum temperature -0.073 0.014 <0.001 
PrecipitaƟon -0.035 0.022 0.100  
ElevaƟon 0.177 0.076 0.022 
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Although diagnostic tests indicated that model assumptions were not violated, this stage should be 

interpreted as exploratory. In addition to providing an initial assessment of relationships, the MLR 

framework allowed identification of a subset of ecologically meaningful predictors. However, because the 

response variable represents discrete counts, linear regression does not fully capture its statistical properties. 

Therefore, these models were primarily used to guide variable selection for subsequent analyses based on 

count-data approaches. From an ecological perspective, the results suggest that thermal conditions and 

microtopography play important roles in shaping reproductive patterns. The strong negative effect of 

maximum temperature indicates that elevated thermal conditions may constrain reproductive investment or 

nesting success, while the positive association with elevation suggests that slightly higher sites provide more 

favorable microhabitat conditions. These findings provide a preliminary basis for the more specialized 

modeling approaches applied in subsequent analyses. 

5.2.2. Poisson generalized linear model 

Given that egg number represents a discrete count variable, a GLM with a Poisson distribution and 

logarithmic link function was adopted as the primary inferential framework. The model included the 

predictors retained during the exploratory phase: precipitation, cloud cover, maximum temperature, 

elevation, minimum distance to the high tide line, and minimum distance to vegetation. The base Poisson 

GLM showed an adequate fit and confirmed the patterns identified during the exploratory analysis. 

Maximum temperature exhibited a significant negative association with egg number (β = −0.036 ± 0.013, p 

= 0.005), indicating that higher temperatures were associated with lower expected egg counts. Elevation 

showed a positive but non-significant effect under classical variance estimates (β = 0.075 ± 0.066, p = 

0.250). The remaining predictors did not show statistically detectable effects. 

Model diagnostics indicated that the Poisson distribution adequately represented the data. 

Overdispersion was evaluated using both the residual deviance and Pearson chi-square ratios relative to 

their degrees of freedom. Both ratios were approximately 0.25, well below one, indicating no evidence of 

overdispersion and suggesting that the variance was not greater than expected under the Poisson process. 

Model fit was further assessed using the Cox and Snell pseudo-Rଶ, which was 0.136. Although lower than 

the coefficient of determination typically observed in linear regression models, pseudo-Rଶ values of this 

magnitude are common in ecological count data, where variability is driven by multiple environmental and 

stochastic factors. 

As a precautionary step, an additional specification was estimated using heteroskedasticity-consistent 

(HC3) robust standard errors to obtain more conservative inference. This approach accounts for potential 

unobserved heterogeneity associated with the ecological structure of the dataset, including multiple species 
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and uneven sampling across sites. Robust variance estimators adjust standard errors without altering 

coefficient estimates. This increases the reliability of statistical inference under mild model 

misspecification. Under the robust specification (Table 3), coefficient estimates remained unchanged, but 

standard errors were reduced. Maximum temperature remained strongly significant (β = −0.036 ± 0.006, p 

< 0.001), reinforcing the negative thermal effect on egg abundance. Elevation became statistically 

significant (β = 0.075 ± 0.029, p = 0.008), suggesting that nests at higher elevations tend to contain slightly 

larger clutches. Precipitation and distance to the high tide line showed marginal negative effects (p ≈ 0.07-

0.09), while cloud cover and distance to vegetation remained non-significant. Importantly, the use of robust 

standard errors did not alter the magnitude or direction of the estimated coefficients, only the associated 

uncertainty. This confirms that the main ecological signal, the negative effect of maximum temperature, is 

stable across variance specifications. Because the robust formulation provides more conservative inference 

while preserving model structure, it was retained as the preferred specification for interpretation. 

Table 3. Parameter estimates (β), robust standard errors (HC3), and p-values for the robust Poisson GLM. 
 𝛃 std err p 

Constant 1.674 0.156 <0.001 
Minimum distance to vegetaƟon 0.001 0.001 0.527 
Minimum distance to high Ɵde -0.001 0.001 0.094 
Cloud cover -0.001 0.002 0.290  
Maximum temperature -0.036 0.006 <0.001 
PrecipitaƟon -0.016 0.009 0.069  
ElevaƟon 0.075 0.029 0.008 

To evaluate whether these relationships were influenced by interspecific or spatial variation, additional 

models were fitted including species and site as categorical predictors (separately and jointly), all estimated 

using robust standard errors. Across these specifications, model fit showed only modest variation, with 

pseudo-Rଶ values ranging from approximately 0.137 to 0.176. In all cases, maximum temperature remained 

strongly negative and highly significant (p < 0.001), indicating a consistent thermal effect across species 

and sites. Elevation retained a positive effect and was generally significant or marginally significant (p ≈ 

0.02-0.05), suggesting that nests located at slightly higher elevations tend to contain more eggs. Although 

incorporating species slightly increased the explanatory power of the model and revealed some differences 

in clutch size among taxa, the inclusion of site explained little additional variation and none of the site 

coefficients were statistically significant. The combined model including both species and site produced 

only a minor improvement in fit while substantially increasing model complexity relative to sample size. 

Overall, these results indicate that the negative effect of maximum temperature and the positive association 

with elevation are robust across ecological contexts. Because categorical predictors did not substantially 
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improve model performance, the more parsimonious Poisson GLM including only continuous predictors 

was retained as the primary model for ecological interpretation. 

5.2.3. Exploratory extensions: mixed-effects and non-linear models 

Exploratory extensions of the Poisson GLM were conducted to evaluate two additional aspects of the data 

structure: potential intra-group dependence associated with hierarchical sampling and the possibility of non-

linear responses along environmental gradients. First, GLMMs were explored by incorporating species and 

site as random effects to account for potential dependence among observations within groups. However, 

these models proved numerically unstable and failed to converge reliably, likely due to the limited number 

of levels in each grouping factor (four species and four sites). Diagnostic output indicated convergence 

warnings and unstable variance estimates for the random components. This suggests that the data structure 

did not support reliable estimation of random effects. The inclusion of random effects also did not 

substantially alter the direction or magnitude of the fixed coefficients observed in the Poisson GLM. For 

these reasons, GLMMs were considered exploratory and were not used for final inference. 

Second, GAMs with a Poisson distribution were fitted to assess potential non-linear relationships 

between predictors and egg abundance. GAMs allow flexible estimation of predictor effects through smooth 

functions. They are commonly used to detect threshold responses or complex ecological gradients. Smooth 

terms were fitted for the two primary predictors identified in the GLM: maximum temperature and elevation. 

The results confirmed a statistically significant effect of maximum temperature, with the smooth function 

indicating a monotonic decline in expected egg number as temperature increased. In contrast, elevation 

showed no evidence of a non-linear effect, suggesting that its influence is adequately captured by a linear 

term. Allowing non-linear smooth functions did not reveal additional structure beyond that identified by the 

Poisson GLM. 

Taken together, these results indicate that neither hierarchical random effects nor non-linear predictor 

responses substantially improved model performance. The relationships identified by the Poisson GLM, 

particularly the negative effect of maximum temperature and the positive association with elevation, 

remained consistent across alternative modeling frameworks. Consequently, the simpler Poisson GLM was 

retained as the final analytical model due to its stability, parsimony, and interpretability. 

5.2.4. Non-parametric evaluation of predictor importance: Random Forest 

To complement parametric analyses and evaluate predictor importance without assumptions about 

functional form or error distribution, a RF regression model was implemented as an exploratory machine 

learning approach (Figure 13). The RF analysis revealed a strong dominance of maximum temperature, 

which accounted for most of the model’s predictive importance (≈ 0.81). All other predictors showed 
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substantially lower importance values, indicating secondary contributions to predictive performance. 

Among these, distance to vegetation (≈ 0.10) and distance to the high tide line (≈ 0.07) showed moderate 

importance. Cloud cover (≈ 0.05), elevation (≈ 0.04), and precipitation (≈ 0.02) contributed relatively little 

to overall predictive accuracy. The strong dominance of maximum temperature in the RF model corroborates 

the patterns identified in the Poisson GLM, which also highlighted temperature as the primary factor 

associated with variation in egg abundance. The consistency of this pattern across both parametric and non-

parametric frameworks indicates that the influence of temperature is robust to modeling assumptions and 

represents the dominant driver within the dataset. 

 
Figure 13. Permutation importance of main study predictors from the RF model. Variables highlighted in red indicate 
those identified as statistically significant in the Poisson GLM analyses. 

Notably, elevation exhibited relatively low permutation importance in the RF analysis despite showing 

a statistically significant effect in the Poisson GLM. This difference reflects the complementary roles of the 

two approaches. While the GLM estimates marginal effects after controlling for other predictors, RF 

evaluates variables based on their contribution to predictive accuracy. In this context, the results suggest 

that elevation exerts a systematic but secondary influence on egg abundance, likely reflecting 

microtopographic variation in nesting habitat rather than a dominant driver. In sum, the RF results reinforce 

that maximum temperature is the principal factor associated with egg abundance, whereas other predictors 

play secondary roles. The convergence of results across parametric regression models, mixed and additive 

exploratory models, and a non-parametric machine learning framework provides strong support for the 

robustness of the temperature-egg abundance relationship identified in this study. 

5.2.5. Ecological interpretation of model results 

Statistical analyses consistently identified maximum temperature and elevation as the variables most 

strongly associated with variation in egg abundance across the Rockaway Peninsula. The Poisson regression 

model with robust standard errors revealed a clear negative relationship between maximum temperature and 
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egg abundance, while elevation showed a positive association. These patterns remained stable across 

alternative specifications and exploratory approaches, including models incorporating species and site 

effects, generalized additive models, and a Random Forest framework, although elevation showed relatively 

low predictive importance in the RF model despite its consistent statistical significance in regression-based 

approaches. The consistency of these results indicates that the temperature-reproduction relationship 

identified in this study is robust and not dependent on a specific modeling strategy. 

The final Poisson model describes egg abundance as a function of maximum temperature and elevation 

and can be expressed as: 

Number of Eggs୧ = exp (1.674 − 0.036 ⋅ Maximum Temperature୧ + 0.075 ⋅ Elevation୧) 

For small coefficients, β can be approximately interpreted as a percentage change, since exp(β) ≈ 1 + β. 

Under this formulation, each 1°C increase in maximum temperature is associated with an approximate 3.6% 

decrease in expected egg counts, whereas each unit increase in elevation corresponds to an increase of about 

7-8%. These estimates summarize the combined effects of the two significant predictors. The model 

indicates that higher temperatures are associated with reduced reproductive output, while higher elevations 

are associated with modest increases in clutch size. Model performance is illustrated by the relationship 

between observed and predicted egg counts (Figure 14), where predicted values follow the central tendency 

of the data. 

The predicted-observed relationship shows that the model captures the dominant clutch size range of the 

system, particularly between two and three eggs, which represent the most frequent clutch sizes across 

species. Although some dispersion around the 1:1 reference line is present, this is expected in ecological 

datasets where reproductive output varies among species, individuals, and environmental conditions. The 

model therefore reproduces the overall structure of the data while maintaining a parsimonious set of 

predictors. 

From an ecological perspective, the negative effect of maximum temperature indicates that thermal 

conditions act as a key constraint for beach-nesting shorebirds. Eggs develop in exposed substrates where 

ambient temperature and solar radiation strongly influence incubation conditions. As temperatures increase, 

adults must invest more energy in thermoregulatory behaviors such as shading eggs or adjusting incubation 

posture, which can reduce incubation efficiency and potentially limit reproductive investment. This 

interpretation is supported by observed phenological patterns, where reproductive activity peaked at 

intermediate temperatures and declined during warmer periods.  
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Figure 14. Predicted vs. observed egg counts. 

Elevation, although less dominant than temperature, emerged as a consistent spatial factor shaping 

nesting conditions. Higher positions along the beach profile reduce the risk of tidal flooding and storm 

overwash, which are major causes of nest failure in coastal systems. Descriptive analyses showed that most 

nests occurred at intermediate elevations, suggesting active selection of microtopographic conditions that 

balance flooding risk and habitat availability. Even small differences in elevation can substantially influence 

nest survival in barrier beach environments. 

The combined influence of temperature and elevation highlights the interaction between climatic stress 

and coastal geomorphology in shaping reproductive outcomes. Temperature operates as a regional constraint 

affecting incubation conditions, whereas elevation acts at a finer spatial scale by defining the microhabitat 

experienced by nests. Together, these factors determine the thermal and hydrological environment in which 

eggs develop.  

Broader descriptive analyses provide additional context for these relationships. Nest distribution patterns 

reflected contrasting reproductive strategies among species, with colonial breeders (e.g., terns) forming 

dense clusters and territorial species (e.g., PP) maintaining greater spacing. Nest placement relative to the 

high tide line, vegetation, and human infrastructure further indicates that birds balance multiple 

environmental pressures when selecting nesting sites. These processes likely interact with temperature and 

elevation to shape overall habitat suitability across the peninsula. 

Overall, shorebird reproductive patterns on the Rockaway Peninsula are structured by the combined 

effects of thermal conditions and coastal microtopography within a heterogeneous and human-influenced 

landscape. As coastal systems experience rising temperatures, sea-level rise, and increasing storm intensity, 
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these drivers are likely to play an increasingly important role in determining reproductive success and spatial 

distribution of beach-nesting bird communities. 

6. Conclusion 

This study evaluated the environmental, atmospheric, and spatial drivers of egg abundance and nesting 

patterns of beach-nesting shorebirds across four geomorphologically distinct sites of the Rockaway 

Peninsula, a heterogeneous urban coastal system characterized by variation in habitat structure, human 

disturbance, and microclimate. By combining descriptive ecological analyses with statistical modeling, this 

study provides an integrated perspective on how environmental conditions and habitat configuration 

influence reproductive patterns within this barrier beach system. 

Descriptive analyses revealed clear spatial organization of nesting communities. Colonial species such 

as Common Tern and Least Tern formed dense clusters, whereas territorial species such as Piping Plover 

and American Oystercatcher maintained greater spacing between nests. Nest placement relative to coastal 

features indicates that birds balance multiple environmental pressures when selecting nesting sites, 

including flooding risk, predator detection, and proximity to human infrastructure. Differences in distances 

to the high tide line, vegetation, roads, and buildings highlight the combined influence of geomorphology 

and urbanization on nest distribution. 

The Poisson GLM with robust standard errors identified maximum temperature as the dominant factor 

associated with variation in egg abundance. The negative relationship between maximum temperature and 

egg count indicates that thermal conditions constrain reproductive investment, likely reflecting increased 

thermal stress on eggs and higher energetic demands on incubating adults. This pattern remained consistent 

across alternative modeling approaches, including models incorporating species and site effects, generalized 

additive models, and Random Forest analyses. 

Elevation showed a statistically significant but more moderate effect and lower predictive importance in 

the RF model. This pattern suggests that elevation contributes to nesting habitat suitability by reducing 

flooding risk and improving substrate stability, although it does not dominate variation in egg abundance at 

the scale of the study. Descriptive analyses support this interpretation, showing that nests were generally 

located at intermediate elevations where flooding risk is reduced while suitable substrate remains available. 

Other variables, including precipitation, cloud cover, and distances to natural features, played secondary 

roles in the statistical models, suggesting that their effects may operate at finer spatial scales or influence 

other components of reproductive success not captured directly by egg abundance. Descriptive patterns 
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nonetheless indicate that habitat structure and anthropogenic features shape the broader spatial configuration 

of nesting habitats. 

Several limitations should be acknowledged. First, the analysis was conducted within a single urban 

coastal system and based on a single breeding season, which may limit generalizability across regions or 

years. Second, the response variable focused on egg abundance and did not include later stages of 

reproduction such as hatching success or chick survival, which may respond differently to environmental 

drivers. Despite these limitations, the results provide clear evidence that thermal conditions and coastal 

microtopography are key factors shaping reproductive patterns of beach-nesting shorebirds in the Rockaway 

Peninsula. Identifying temperature as a dominant driver has important implications for conservation and 

management, particularly under scenarios of climate warming and increasing thermal stress in exposed 

coastal habitats. Overall, this study highlights the value of integrating ecological observations with 

complementary statistical and machine-learning approaches to better understand the drivers of reproduction 

in dynamic coastal ecosystems. 

7. Management and conservation implications 

The results of this study have important implications for the management and conservation of beach-nesting 

shorebirds in dynamic barrier island environments such as the Rockaway Peninsula. These coastal systems 

are shaped by interactions among geomorphological processes, climatic conditions, and human activities, 

all of which influence the availability and quality of nesting habitat. Effective conservation therefore 

requires an integrated understanding of both ecological drivers and anthropogenic pressures. 

Statistical analyses indicate that thermal conditions, particularly maximum temperature, represent a 

dominant factor associated with variation in egg abundance. As global temperatures rise, climate change is 

expected to increasingly influence the reproductive ecology of migratory birds by altering breeding 

phenology, physiological stress, and resource availability (Kumar et al., 2024). In exposed coastal 

environments, elevated temperatures may intensify thermal stress on incubating adults and developing 

embryos, potentially reducing reproductive investment and breeding success. Management approaches 

should therefore consider the effects of increasing thermal extremes, including maintaining habitat 

heterogeneity that allows birds to select microhabitats with more favorable thermal conditions. 

Habitat structure and geomorphological processes also play a critical role in determining the availability 

of suitable nesting environments. Barrier island landscapes are shaped by storms, overwash, and sediment 

dynamics, which periodically create sparsely vegetated habitats preferred by many beach-nesting species 

(Zeigler et al., 2019). Natural disturbances can thus generate early-successional habitats that support 

reproduction. However, coastal stabilization, dune construction, and vegetation management aimed at 
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protecting infrastructure may reduce the availability of these habitats by limiting overwash processes and 

accelerating vegetation succession (Cohen, 2005; Schupp et al., 2013). Conservation strategies that maintain 

some degree of natural geomorphological dynamics, such as allowing overwash in selected areas or 

managing vegetation to preserve open sandy habitats, may enhance nesting habitat availability. 

Human disturbance represents another major concern in recreational coastal landscapes. Pedestrian 

activity and off-road vehicles can alter shorebird behavior, reduce nest attendance, and increase energetic 

costs for incubating adults (Felton et al., 2018). Long-term monitoring has also shown strong relationships 

between human activity and population trends in species such as the Piping Plover (Kwon et al., 2021). 

Seasonal access restrictions, protective buffers around nesting areas, and public awareness programs are 

therefore key measures for reducing disturbance during the breeding season and improving reproductive 

outcomes. In addition to disturbance management, predator control and habitat quality management are 

often necessary to maintain reproductive success. Predation and flooding are key drivers of nest and chick 

survival in several shorebird species, including the American Oystercatcher (Call et al., 2026). Actions such 

as predator monitoring, targeted control, and habitat modifications that reduce predator access can contribute 

to improving productivity in nesting populations. 

Long-term ecological monitoring is essential for evaluating conservation effectiveness and 

understanding population responses to environmental change. Monitoring programs that track population 

size, reproductive success, habitat conditions, and disturbance provide critical information for adaptive 

management (Brush et al., 2019). Standardized monitoring across breeding, migration, and wintering stages 

is particularly important for migratory species influenced by conditions throughout their annual cycle. 

The dynamic nature of barrier island ecosystems highlights the importance of ecosystem-based 

management approaches that balance coastal protection, habitat conservation, and human use. Actions 

aimed solely at stabilizing coastlines may conflict with ecological processes that generate suitable habitat, 

leading to trade-offs between infrastructure protection and biodiversity conservation (Biel et al., 2017). 

Integrating ecological considerations into coastal planning, such as incorporating habitat restoration into 

beach nourishment projects or maintaining open sandy areas within developed coastlines, can help reduce 

these trade-offs. 

In summary, the findings highlight the importance of considering climatic conditions, coastal 

geomorphology, and human disturbance when designing conservation strategies for beach-nesting 

shorebirds. As climate change and coastal development continue to reshape barrier island environments, 

adaptive management approaches that integrate ecological monitoring, habitat restoration, and disturbance 

mitigation will be critical for sustaining shorebird populations in urbanized coastal systems. 
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