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ABSTRACT 

C.  R.  Kilheffer.  Plant Community Development in Storm-induced Overwash Fans of the Otis 

Pike Fire Island High Dune Wilderness Area, New York, 179 pages, 12 tables, 24 figures, 10 

Appendices, 2018.  

 

 

Barrier island systems are driven by disturbance, climate, and geomorphology. Previously, 

barrier island vegetation communities were primarily described by microclimate variability. The 

purpose of this dissertation is to better understand effects of white-tailed deer on developing 

plant communities on barrier islands after a catastrophic disturbance. I used distance-based 

Moran's eigenvector maps to identify spatial structures in vegetation communities of overwash 

fans in the third and fourth years after Hurricane Sandy. Spatial structures were present and 

significant at two or more frequencies in all overwash fans and explained the greatest amount of 

variation in vegetation community composition. Induced spatial dependence was predominantly 

controlled by proximity to foredune. I identified five biotic and abiotic influences to community 

composition in overwash fans and ranked their importance through canonical correspondence 

analysis. Gradients in productivity and elevation were primarily responsible for community 

composition and deer effects were not identifiable at the plot level. I identified effects of deer on 

vegetation cover and richness through a paired exclosure experiment, though only cover effects 

were statistically significant. Deer effects on cover were starker than those observed on species 

richness, suggesting assessments of deer effects on depauperate communities should focus on 

richness and cover. Lastly, I assessed effects of white-tailed deer on the rate of vegetation 

recovery in overwash fans through imagery classification and assessments of local white-tailed 

deer density. Though deer affect vegetation cover through trampling, grazing, and browsing in 

overwash fans, their effects on recovery rates were minimal and not statistically significant. Two 

overwash fans are expected to recover to pre-Sandy conditions within the decade since a nascent 

foredune is present and growing. Two overwash fans may never recover due to continued 

disturbance. The five remaining overwash fans have a slowly-forming nascent foredune, and 

changes in climate and frequency of storm events make their futures uncertain. Though deer do 

not pose a threat to the resilience of the barrier island, selective foraging behaviors may change 

composition and developmental trajectories of recovering vegetation communities over time.  
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PROLOGUE  

Coastal systems, including barrier islands, provide approximately $33 trillion per year 

through economic services (Martínez et al. 2007), including development and recreation. 

Recreation activities damage natural coastal systems, particularly dunes, and are increasingly 

prevalent on coastal areas (Martínez and Psuty 2004). Barrier islands are separated from a 

mainland by unique coastal ecosystems (Ehrenfeld 1990, Maun 2009), including bays, lagoons, 

and marshes, each of which is rich in biodiversity and breeding habitat for wildlife (Conover et 

al. 2005, Hinga 2005). Other coastal ecosystem services include climate regulation, disturbance 

mitigation, water regulation, soil formation, nutrient cycling, pollination, and biological control 

(Martínez et al. 2007). Though coastal areas provide important services, they are fraught with 

dense human development (Ehrenfeld 1990, Kennish 2001) and frequent coastal disturbance 

(Sallenger 2000, Hapke et al. 2013). 

Barrier islands are inherently dynamic due to both natural and anthropogenic processes 

(Tanski 2007), and they have persisted for thousands of years despite frequent disturbance 

(Ehrenfeld 1990, Snyder and Boss 2002, Feagin et al. 2010). Barrier islands protect nearby 

mainlands from tidal erosion (Stone and McBride 1998, Feagin et al. 2010) and storm events 

(Vinent and Moore 2015). Foredunes along the ocean-coast of barrier islands erode during storm 

events and serve as natural defenses against disruption of inland ecosystems (Sallenger 2000, 

Durán and Moore 2013, Hapke et al. 2013).  Where erosion rates are high, vegetation 

communities often remain disturbed and leave the area vulnerable to future storms (Roman and 

Nordstrom 1988). Natural dune recovery occurs over decadal time scales after such a disturbance 

(Olson 1958, Wallen 1980, Lichter 1998).  
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 The importance of vegetation in dune formation has always been implicated (Olson 

1958), but only recently recognized for controlling aspects of foredune size (Durán and Moore 

2013) and vulnerability to future disturbance (Pendleton et al. 2004, Brantley et al. 2014, Vinent 

and Moore 2015).  Plant species tolerant of salt, wind, saline flooding, freshwater and nutrient 

limitation, and sand burial colonize newly overwashed areas and rebuild a foredune (Stuckey and 

Gould 2000, Kent et al. 2001, Maun 2009). Together, dune-building plant species and aeolian 

sand transport determine vegetation recovery time, a key parameter in models of dune formation 

(Vinent and Moore 2015). Recovery times shorter than the periodicity of high-water events lead 

to rapid dune growth. Conversely, longer recovery times lead to little or no dune growth because 

overwashed areas do not recover before the next high-water event (Vinent and Moore 2015). 

High water events occur over large spatial extents (> 100 km), so adjacent areas typically 

experience a similar frequency of coastal disturbance. Vegetation recovery time, however, is 

determined by finer-scale processes, including pre-disturbance vegetation cover conditions and 

subsequent development rates, and can vary greatly among adjacent disturbed areas (Brantley et 

al. 2014).  

The idea of directional community development has long been debated (Egler 1954, 

Connell and Slatyer 1977). Theories of dune succession have evolved from strictly temporal 

sequences (Cowles 1899, Whitford 1901, Lichter 1998) to spatio-temporal sequences (Grime 

1977, Tilman 1990, Johnson and Miyanishi 2008) over the last several decades. If spatially-

controlled microclimates influence vegetation community development, recovery will differ 

among adjacent overwash fans based on plant species present and their tolerances of the new 

environmental conditions (i.e., abiotic factors). Barrier island soils are typically < 200 years old 

(Ehrenfeld 1990), and they remain young and relatively infertile due to frequent erosion and 



3 

 

overwash events (Ehrenfeld 1990, Titus 1990). Consequently, development of barrier island 

plant communities is primarily physiographic (Oosting 1954, Martin 1959) and frequent 

disturbance limits community development in some areas. Microclimates on barrier islands vary 

based on the presence and size of foredunes, which protect the interior of the island from harsh 

oceanic conditions (Maun 2009). Without the protection of foredunes, inland ecosystems are 

subject to salt spray, inundation by seawater, and high winds. Consequently, the growth of 

foredunes is necessary for the establishment and resilience of characteristic plant communities on 

barrier islands after a storm event.  

Resilience is a system’s ability to adapt to a disturbance or changing environment 

(Holling 1973). Resilience is scale-dependent and varies with the type and duration of 

disturbance (Stalling et al. 2015). For example, resilience of a barrier island to low-frequency, 

high-intensity disturbance (i.e., coastal storms) differs from its resilience to high-frequency, low-

intensity disturbance (i.e., human activity, herbivory) as the mechanisms responsible for each 

differ. Subsequently, resilience of a barrier island after a coastal storm depends on the factors 

that influence the recovery process, including dune growth, frequency and magnitude of future 

high water events, and vegetation establishment and growth (Stallins and Parker 2003).  

Several geologically recent, unnatural disturbances threaten barrier island resilience. 

Anthropogenic disturbances, including human development and beach modification (e.g., 

replenishment, scraping), compromise the resiliency of coastal systems by increasing loss of 

sand volume on beaches and dunes during tidal cycles and periodic storms (Kratzmann and 

Hapke 2012). Recreation activities (e.g., walking, camping) compromise barrier island resiliency 

by breaking stabilizing plant structures (i.e., roots, rhizomes) and impeding the ability of 

vegetation to trap sand (Hosier and Eaton 1980, Martínez et al. 2006, Santoro et al. 2012). 
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Recreation activities are particularly harmful if they are frequently conducted on dunes (Gómez-

Pina et al. 2002, Lemauviel and Rozé 2003). In addition, a menagerie of native and exotic 

ungulates have inhabited barrier islands along the Atlantic coast for centuries (Lowney  et al. 

2005) and chronic herbivory impacts dune vegetation differently according to the dominant 

herbivore present in the ecosystem (Maun 2009). 

Mammalian herbivores are characterized along a spectrum from browsers to grazers 

based on their digestive systems and subsequent forage preferences (McNaughton et al. 1988). 

Browsers consume leaves, forbs, woody stems, and other plant material. Browse material tends 

to contain a heterogeneous assortment of plant materials high in lignin and varied in nutritional 

quality. In contrast, grazers consume grasses and other monocot vegetation in bulk and 

nutritional quality is mostly homogeneous (Shipley 1999). While limited grazing and browsing 

can induce greater growth rates in defoliation-tolerant vegetation (Frank et al. 1998) and aid in 

dispersal of seeds (Maun 2009), selective browsing can change understory composition in forests 

(Eschtruth and Battles 2008, Eschtruth and Battles 2009, Goetsch et al. 2011), alter nutrient 

cycles (Augustine et al. 2003), reduce community biodiversity (Bakker et al. 2006), alter species 

competition (Augustine and McNaughton 1998), and reduce ecosystem productivity (Bråthen et 

al. 2007) over time.  

Horses, classified as grazers, reduce cover and diversity of herbaceous maritime 

vegetation (Seliskar 2003, Porter et al. 2014). Deer, however, are classified as browsers, though 

they also consume grass regularly (Bryant et al. 1981, Hobbs et al. 1983). On barrier islands 

where both horses and deer are present, herbivore effects on dune vegetation have been 

attributed predominantly to horses (Keiper 1990). Browsers and grazers occasionally exhibit 

dietary overlap, but documented cases are uncommon (Hansen and Reid 1975, Hobbs et al. 
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1983). Little is known about effects of deer on dune vegetation in the absence of horses 

(Carruthers et al. 2013). Hooved animals are also known to crush vegetation and reduce cover 

through trampling (McNaughton et al. 1988, de Mazancourt et al. 1998). Trampling in dune 

systems has significant negative impacts to vegetation cover (Hylgaard and Liddle 1981, Bowles 

and Maun 1982, Andersen 1995, Santoro et al. 2012, Carruthers et al. 2013) and composition 

(Šilc et al. 2017). Compared to other ecosystems, dune vegetation communities are especially 

vulnerable to trampling (Andersen 1995, Santoro et al. 2012) since intact root and rhizome 

systems are easily crushed or broken and sandy soils are compacted, hindering establishment of 

nearby plants (Maun 2009).  

Previously, barrier island plant communities were primarily characterized by abiotic 

factors (i.e., erosion, sand burial, salt spray, and freshwater limitation) and microclimate 

variability (Art 1976, Ehrenfeld 1990, Maun 2009). The goal of my research is to postulate the 

effects of biotic influences on barrier island resilience through impacts to post-disturbance 

vegetation recovery (Figure 1).  Ecosystem drivers, natural or anthropogenic factors that induce 

ecosystem change (Nelson et al. 2006), of barrier islands include disturbance, climate, and 

geomorphology (Brantley et al. 2014). Stressors acting upon the vegetation communities in 

overwash fans include changes in climate, visitor use, non-native plant species, erosion, sand 

burial, salt spray, freshwater limitation, and herbivory (Art 1976, Ehrenfeld 1990, Maun 2009, 

Brantley et al. 2014). Several environmental conditions exhibit gradients on barrier islands, with 

greater concentrations nearer to the ocean (i.e., visitor use, sand burial, salt spray, and freshwater 

limitation). Other environmental conditions affect bay and ocean coasts, including climate 

change and erosion. 
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The purpose of this dissertation is to better understand how deer affect developing plant 

communities on barrier islands after a catastrophic disturbance. In the first chapter, I describe 

spatial structures in vegetation community composition in areas disturbed by a storm event. I 

intend to submit Chapter One with several co-authors for peer-reviewed publication by July 

2018. The anticipated audience for Chapter One includes spatial or coastal ecologists. In the 

second chapter, I identify and rank the relative influences of biotic and abiotic factors on 

community composition in overwash fans. I intend to submit Chapter Two with several co-

authors for peer-reviewed publication by October 2018, and the anticipated audience includes 

coastal botanists and managers. In the third chapter, I explore effects of white-tailed deer 

exclusion on vegetation cover and richness through a conventional experiment. I intend to submit 

Chapter Three with several co-authors for peer-reviewed publication by July 2018. The 

anticipated audience for Chapter Three includes coastal managers and disturbance ecologists. In 

the fourth chapter, I calculate the recovery rates of vegetation in overwash fans and assess the 

importance of pre-storm vegetation cover and local deer density. I intend to submit Chapter Four 

with several co-authors for peer-reviewed publication by October 2018, and the anticipated 

audience includes coastal managers and climate change specialists. 
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STUDY AREA 

The focal study area is on Fire Island, New York, USA (40.703586 N, 72.952014 W). 

Fire Island is a barrier island located approximately 6 km from the south shore of Long Island 

(Figure 2).  Fire Island National Seashore is unique within the National Park Service network 

because its boundaries include 17 private residential communities, a county park, two towns, 

three villages, a globally rare maritime forest community, and the Otis Pike Fire Island High 

Dune Wilderness Area (OPWA), the only federally designated wilderness area in the state of 

New York. Eastern shorelines of Fire Island are highly erosive, while shorelines of many western 

areas are accretive (Allen et al. 2002, Psuty et al. 2018). Prevailing winds are strongest in the 

spring and summer months from the south and west. Highest wind speeds occur in winter months 

and originate from the north (Art 1976). Mean annual temperature is 10.7 °C and mean annual 

precipitation is 117 cm (Art 1976, Forrester 2004). Sands on Fire Island are composed of quartz 

(98%), tourmaline, magnetite, and garnet (Art et al. 1974), and nutrient leach rates are high (Art 

1976). Major storms typically occur in autumn and winter (Art 1976) approximately once every 

8 years (USACE 1960).  

On October 29, 2012, a catastrophic combination of weather events caused devastation to 

the coastal northeastern United States. Hurricane Sandy, a post-tropical cyclone with a massive 

wind radius (>185 km), caused prodigious storm surge and inundation of coastal New York, 

especially barrier islands like Fire Island (Blake et al. 2013). Across Fire Island, 200 homes were 

destroyed, many protective sand dunes were overwashed, and two breaches were formed when 

abnormally high tides and wave heights of up to 10 m caused extensive erosion (Blake et al. 

2013, Hapke et al. 2013). Subsequent to landfall of Hurricane Sandy, several nor’easter storms, 
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which typically have larger wave heights than hurricanes (Dolan and Davis 1992), caused 

additional and significant erosion across Fire Island (Hapke et al. 2013).  

White-tailed deer (Odocoileus virginianus borealis) inhabited Fire Island long before the 

National Seashore was established (O’Connell and Sayre 1989). The deer population appears to 

separate into sub-populations, one of which shares the OPWA and adjacent National Park 

Service housing development (unpublished data). The deer populations on western Fire Island 

(excluding the OPWA population) have access to supplemental food sources through garbage 

and frequent hand-feeding (O’Connell and Sayre 1988, Underwood 2005). The western deer 

populations exhibit high densities (average: 51 deer km
-2

) and are documented to negatively 

impact understory composition, and potentially tree canopy recruitment, of the globally rare 

maritime forest community (Art 1987, Forrester et al. 2006, Forrester et al. 2007, Raphael 2014).  

Fire Island National Seashore natural resource managers recognize the strong cultural and 

natural resources present on the island and aim to enhance both through their management 

actions. Fire Island staff intends to develop a management plan for post-storm recovery and 

coastal land use in conjunction with nearby agencies and communities, and enhance their public 

outreach and education programs. Communities on Fire Island are responsible for mitigating 

concerns regarding visitor use due to the National Park Service’s limited authority on private 

land (FIIS 2016a). Fire Island staff will initiate a deer management plan within the next few 

years, the goal of which is to enhance public outreach and education in the western communities 

regarding high deer densities, reduce deer densities on federal tracts of land throughout Fire 

Island, and, subsequently, protect cultural and natural resources that are negatively affected by 

high deer densities (FIIS 2016b).  
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Figure 1. Conceptual model showing ecosystem drivers, environmental stressors acting upon 

vegetation communities in overwash fans (OW), and useful measures of OW characteristics 

(i.e., function and composition). Stressors highlighted in green are well-documented in 

literature and are addressed in some capacity in this dissertation, though my primary focus is 

on the role of deer as a stressor to developing vegetation communities in overwash fans. 

Erosion and climate change effects occur on both coasts, though other stressors exhibit 

gradients in concentration from ocean (i.e., high) to bay (i.e., low). 
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Figure 2. Fire Island National Seashore is located off the southern coast of Long Island, 

New York, USA and contains the Otis Pike Fire Island High Dune Wilderness Area. 
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Figure 4. Nine locations where foredunes were overwashed by Hurricane Sandy in 2012 in 

the OPWA, Fire Island, NY.  
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Figure 5. Trail camera photograph taken on January 11, 2015 in an overwash fan of the OPWA, 

Fire Island, NY showing a group of white-tailed deer grazing senescent Ammophila 

breviligulata. 
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CHAPTER ONE: Patterns of vegetation cover and species composition in overwash fans on Fire 

Island recovering from Hurricane Sandy 

 

Introduction 

Barrier islands are linear landforms where several environmental factors (i.e., abiotic) 

exhibit gradients perpendicular to the shoreline (Ehrenfeld 1990, Maun 2009). The presence of a 

foredune prevents most salt, sand, and wind from impacting vegetation on the leeward side of the 

dune.  Consequently, salt spray, wind velocity, soil acidity, and sand deposition are highest on 

the ocean coast and decrease farther inland (Lichter 1998, Kim and Yu 2009, Maun 2009). Soil 

moisture and nutrient contents (i.e., nitrogen and phosphorus) increase farther inland, where a 

soil horizon forms (Art 1976, Lichter 1998, Maun 2009, Fenu et al. 2013). Depth to the 

freshwater table also decreases farther inland (Schubert 2009). Soil characteristics vary with 

relative humidity, temperature, light, sediment grain size, pH, and conductivity (Maun 2009).  

Plant communities on barrier islands often contain subsets of the species present on the 

adjacent mainland (Ehrenfeld 1990), and they exhibit roughly parallel bands of composition and 

density as a result of abiotic gradients. Abiotic conditions often mediate plant survival and 

reproduction (Houle 1996, Maun 2009), and several gradients, including salt spray (Oosting and 

Billings 1942), sand burial (Oosting and Billings 1942, Hewett 1970, van der Valk 1974, 

Moreno-Casasola 1986), freshwater limitation (Schubert 2009), and nutrient limitation (Gilbert 

et al. 2008, Maun 2009, Fenu et al. 2013, Jass 2015), can be assumed based on location alone 

(Maun 2009, Young et al. 2011, Jass 2015). Differences in abiotic conditions can induce multi-

scale spatial patterns of vegetation establishment and growth (Watt 1947, Dale and Fortin 2014, 

Zinnert et al. 2016), and location as a proxy for abiotic stress is worthy of investigation at 

different spatial and temporal scales (Stallins and Parker 2003).  
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Knowledge of spatial scales present in ecological data is necessary to identify processes 

structuring communities (Borcard et al. 2004, Chase 2014), and many spatial patterns present in 

species communities result from both niche and neutral processes (Chen 2014). Niche theories 

suggest that environmental conditions are responsible for species presence and community 

structure (Chen 2014). Conversely, neutral theories state that speciation, dispersal, and 

ecological drift dominate over niche-based processes in structuring communities due to 

differences in temporal and spatial scale (Mikkelson 2005: from Hubbell 2001). Chase (2014) 

posited that neutral processes occur over small spatial extents within which environmental 

conditions are relatively constant, and niche processes occur over broad spatial extents. 

Differentiation of niche and neutral processes responsible for these patterns is possible after 

accounting for spatial scale in analysis (Gilbert and Bennett 2010, Chase 2014).  

Scale sensitivity influences the kinds of statistical analyses of ecological data used 

(Legendre and Fortin 1989, Legendre 1993). Borcard and Legendre (2002) introduced distance-

based Moran’s eigenvector maps (dbMEM) as a tool for extracting and testing the significance of 

spatial variation in georeferenced data. The dbMEMs represent a spectral (i.e., “eigen-“) 

decomposition of the spatial relationships within the sampling frame (Legendre et al. 2009). 

Eigenfunctions describe the spatial scales that can be accommodated in the sampling design, and 

are obtained by a principal coordinate analysis of a truncated Euclidean distance matrix among 

the sampling sites.   

Like other eigenanalyses, dbMEM results in new variables (i.e., eigenvectors) that are 

orthogonal and proportional to Moran’s I, a commonly computed statistic characterizing spatial 

autocorrelation (Mitchell 2005).  Significant dbMEM eigenvectors are chosen using standard 

statistical methods and are representative of variation at a particular spatial scale (Borcard and 
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Legendre 2002, Dray et al. 2006). Variation partitioning can then be used to measure the 

amounts of variation explained by multiple factors (Peres-Neto and Legendre 2010, Oksanen et 

al. 2008), including spatial eigenvectors and environmental proxy variables. 

Understanding how plant communities recover after a major disturbance has been a 

priority in ecology for decades (Grime 1974, Chaneton and Facelli 1991, Grace 1991, Dornelas 

2010). The role of environmental variability is a key concern in understanding how communities 

are organized (Wiens 1977), but environmental conditions often exhibit spatial patterns 

(Legendre 1993, Cottenie 2005, Gao et al. 2014). Spatial autocorrelation, structure in community 

data resulting from spatial gradients, often contributes significantly to community structuring 

(Borcard et al. 2011, Bannar-Martin 2014), but it is usually considered a nuisance. However, 

spatial autocorrelation can improve interpretation of processes from spatial patterns (Dormann et 

al. 2007), including scales at which they act (Borcard et al. 2004). Spatial patterns of barrier 

island vegetation communities are obvious (Art 1976, Ehrenfeld 1990, Maun 2009), but factors 

controlling recovering community composition and cover are not well-understood. The purpose 

of this chapter is to characterize vegetation community development in overwash fans of the 

OPWA by partitioning the variation among environmental, spatial, and shared components.  

In this chapter, I use dbMEM analysis to identify spatial structures in vegetation 

communities of overwash fans, and test spatial eigenvectors in a canonical analysis with several 

environmental proxies. My main objectives are to (1) describe spatial patterns in vegetation 

composition and cover, (2) identify scales at which the plant community is structured, and (3) 

explore the relationship between community spatial structure and environmental proxies in nine 

areas overwashed by Hurricane Sandy in the OPWA.  
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average percent cover values for each year and overwash fan and used ordinary linear regression 

to estimate the exponential recovery rate (i.e., exp(slope)).  

I used the Normalized Difference Vegetation Index (NDVI) as a proxy for vegetation 

productivity in overwash fans (see Chapter Two). I obtained Landsat 7 ETM+ Surface 

Reflectance imagery for the OPWA for the following dates:  15 June 2012, 04 July 2013, 21 

June 2014, 24 June 2015, 26 June 2016, and 29 June 2017 (courtesy of United States Geological 

Survey). I used Zonal Statistics in ArcGIS (version 10.2) to calculate average NDVI within each 

overwash fan. 

 

Results 

Vegetation Cover Assessment 

The best-fit classification used red, green, blue and near-infrared spectral bands. 

Classifications using only red, green, and blue spectral bands fit the data well, but several land 

cover classes were difficult to distinguish (i.e., beach grass and marsh grass, shrubs and trees). 

Classifications using red, green, blue, and near-infrared bands and the digital elevation model 

misclassified many low elevation sandy areas as water. Overall accuracy calculated for each year 

was between 81% and 98%, indicating strong agreement between the classification and visible 

land cover (Table 8). In 2010, vegetation cover in areas that were overwashed by Hurricane 

Sandy varied between 23.6 % and 72.0 % (Table 9), and contained mostly shrubs with small 

patches of A. breviligulata (Figure 19, Appendix I). The regression of average vegetation cover 

derived from plot sampling on classified cover was significant (F = 32.7; df = 1, 16; p < 0.0001), 

predictive (R
2
 = 0.67) and relatively precise (CV = 19.1%). The regression slope was not 
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biogeochemical cycling of nutrients and cross-habitat transport will be required to fully 

understand the role of deer in shaping recovering plant communities. 

A strong driver of barrier island systems is climate (Figure 1), which has changed over 

global and local extents since the last storm event that caused extensive overwash on Fire Island 

(i.e., Hurricane of 1938). Of the many consequences of a changing climate, coastal areas are 

most heavily impacted by sea level rise and changes in coastal storm frequency and intensity 

(NAST 2001). Sea level rise increases erosion (Kratzmann and Hapke 2012), frequency of wash-

over events and breaching, and frequency and magnitude of oceanic inundation (Sallenger 2000, 

Masterson et al. 2014). Though sea level rise occurs evenly along barrier islands, vulnerability to 

storm damage, including surge, varies with geomorphology (i.e., elevation). The northeastern 

United States, including New York, are a sea level hotspot (Sallenger et al. 2012) and Psuty et al. 

(2005) suggested that the rate of sea level rise for Fire Island has been increasing. As sea levels 

rise, storm surges will reach areas farther inland and greater in height than storm surges from 

decades ago (Psuty et al 2005). Frequent high water events may hinder vegetation recovery 

between storms (Vinent and Moore 2015) and further increase erosion (Houser and Hamilton 

2009), limiting the island’s natural defense. Sea level rise reduces the distance separating the 

freshwater lens from underlying brackish groundwater, causing saltwater intrusion into the 

freshwater lens and cascading effects on vegetation communities (Masterson et al. 2014). 

The ability of coastal ecosystems to adapt to changes in ecosystem drivers, like climate 

change, is compromised by other stressors acting upon the system. Mitigation of extant stressors, 

like effects of white-tailed deer herbivory, can aid in the recovery of coastal systems after a 

coastal disturbance (Scavia et al. 2002).  On Fire Island, two types of resilience were addressed 

in this dissertation: (1) resilience to impacts from Hurricane Sandy, a high-intensity, low-
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Introduction 

After a broad-scale disturbance like fire, drought or hurricane, post-disturbance ecosystem 

assessments are essential to quantify impacts and resilience (Sayre et al. 1999). Assessment 

usually dictates implementation of treatments and allocation of resources, which each aim to 

increase recovery potential (Miller et al. 2015). Rapid assessment methods are often used to 

complement or extend long-term studies (Medeiros and Torezn 2012) or to refine landscape-

scale assessments from aerial imagery, and they frequently provide reliable information about 

the status of the disturbed area while requiring a small investment in time and money (Fennessy 

et al. 2004). Rapid assessment methods are meant to be easy to use, reproducible, and should 

reduce the cost and time spent assessing resource status (Medeiros and Torenzn 2012). Here, we 

focus on the application and validation of a rapid ecological assessment on coastal vegetation 

recovery after storm surge inundation.  

Many vegetation assessment methods measure species frequency as an alternative to 

percent cover since it is faster, easier, and induces less individual bias (Elzinga et al. 1998). We 

used species frequency as a proxy for cover and compared results obtained using two field 

methods: traditional point intercept and digital point intercept. Traditional point intercept (TPI) 

methods for assessing species frequency typically use a quadrat containing equally-spaced point 
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(i.e., vehicle transportation, field equipment, vegetation trampling, etc.).  

 Barrier island physiognomy is characterized by strong ocean to bay stratification of 

vegetation (Ehrenfeld 1990), grading from the presence of a primary dune on the oceanside 

beach to a flat saltmarsh along the bayside. The beach is highly vulnerable to inundation from 

coastal storm surge and sea-level rise (Pendleton et al. 2004). Before Superstorm Sandy made 

landfall in October 2012, the primary dune system in the OPWA was 4-15 m high and relatively 

intact (Hapke et al. 2010). Superstorm Sandy produced an unprecedented storm surge that 

obliterated sections of the primary dune at >10 locations and created two breaches of the island 

(Blake et al. 2013, Hapke et al. 2013). Sand was carried inland by the storm surge, which buried 

large areas of existing vegetation (Hapke et al. 2013). Plant species such as American beachgrass 

(Ammophila breviligulata) and beach pea (Lathyrus japonicus) initiate primary succession in 

these overwashes (Ehrenfeld 1990, Maun 2009).  

 

Methods  

 Using ArcGIS, we delineated boundaries of eight overwashes from aerial imagery. Posts 

were randomly placed within each overwash to mark permanent vegetation plots. Fifty-two 

permanent plots were surveyed between 22-24 Sep 2015 using TPI and between 11-14 Sep 2015 

using DPI. We established additional unmarked plots in a grid (i.e., array) in each overwash to 

(1) increase sample size, (2) estimate time needed to navigate to plots using a handheld GPS, and 

(3) avoid placing additional permanent markers in the overwashes. We used ArcGIS (version 

10.2, ESRI, Redlands, CA) to overlay a 10x10-m grid within each overwash boundary. Optimal 

grid size was determined from preliminary sampling of inter-patch distances measured from 

aerial imagery and field sampling of emerging plant density and cover (Legendre and Legendre 

1998, page 709). The 527 array plots were surveyed using only DPI from 11-14 Sep 2015. 

During surveys, navigation was suspended at horizontal accuracies >60 cm. Logistics of the two 

methods were compared using measured field sampling and data processing times. 

 

Traditional Point Intercept  

All permanent plots were 

surveyed using TPI (n=52). 

A 1-m2 quadrat was 

oriented along the cardinal 

directions with the plot 

post in the southeast 

corner. The quadrat 

contained 50 unevenly-

spaced points with an 

approximately 11-cm 

north-south interval and 

25-cm east-west interval 

(Figure 2).  At each point, a 

pin flag was lowered 

vertically to the ground and 

species presence was 

recorded if vegetation 

contacted the pin. The 

Figure 2. Overwash vegetation plot #861 was photographed on 27 

Jul 2015. The pin flag located in the top-left (southeast) corner was 

located using sub-meter navigation and the frame was oriented 

north using a mounted compass. 
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sampling protocol was executed successfully with two people: a vegetation identifier and a 

recorder. Species presence was later entered into a digital database, verified, and used to estimate 

percent species frequency for each plot. Percent species frequency was calculated by dividing the 

total number of contacts of each species by the total number of points and multiplying by 100. 

Field time included locating permanent plot markers, properly aligning the quadrat, removing 

vegetation from beneath the quadrat frame, collecting species contacts, and securing all fenced 

plots before departure. Processing time included transferring species contacts from data sheets to 

a digital database and verifying each entry. 

 

Digital Point Intercept 

All permanent plots (n=52) and additional array plots (n=527) were surveyed using DPI. A 

digital camera was mounted 2-m above the ground on an adjustable aluminum frame (Booth et 

al. 2004) with a 1-m2 base. Survey date, plot location and number were written on a small dry-

erase board that was placed within the photo boundary (Figure 2). A pin flag was inserted into 

the ground at the plot location and, with the aid of a mounted compass, the camera frame was 

oriented due north with the pin flag in the southeast corner. A twin-sized bed sheet attached to 

two 122-cm wooden dowels was used to shade the plot from direct sunlight, which aided in 

image processing by reducing glare and shadows (Cox and Booth 2008). Camera shutter speed 

was set to 1/2000th of a second to minimize blurring of photographs from windblown vegetation, 

and the shutter was released remotely using a Bluetooth connection to the camera. The sampling 

protocol was executed successfully with two people: a navigator and a camera frame carrier. 

Post-processing plot data required three main steps: (1) label each image with survey date and 

plot number, (2) crop the image to within the quadrat boundary, and (3) analyze the image for 

species frequencies. A 10-cm grid of 100 points was created using the Generate Regular Points 

in Polygons tool from Geospatial Modelling Environment (version 0.7.3.0, Spatial Ecology LLC, 

Queensland, Australia). Since plots were small (1 m2), we placed the grid of points with a 5-cm 

buffer inside the quadrat (Figure 2) to minimize edge effects (Elzinga et al. 1998). The 100-grid-

point file was used as input to PointSampler in ArcGIS, which sequentially prompted the user to 

identify presence at each point location using user-defined categories (i.e., grass, sand, etc.). 

PointSampler created a tabulated file containing the identified presence category for each point, 

which was used in percent species frequency estimation as above. Field time for DPI included 

navigating to all overwash plots (n=579), properly aligning the quadrat, removing vegetation 

from beneath the quadrat frame, and taking a photograph. Processing time included renaming all 

photographs, clipping images to within the quadrat boundary, defining species contacts using 

PointSampler, and extracting the resultant table to a digital database for analysis.  

 

Results 

In permanent plots, we identified 11 vegetation species among overwashes. In array plots, we 

identified an additional 7 species present. Many species were present in multiple overwashes, but 

several were only observed in unmarked array plots (Table 1).  

A.breviligulata was recorded in 50 permanent plots using TPI and 48 permanent plots 

using DPI. Two species were recorded in five plots (Toxicodendron radicans, Lathyrus 

japonicus), two were recorded in two plots (Prunus maritima, Smilax spp.), and three were 

recorded in only one plot (Morella pensylvanica, Rosa multiflora, Vaccinium corymbosum, 

Hudsonia tomentosa). Due to their small sample sizes, and minimal within-plot coverage, all 

species besides A. breviligulata were removed from further analyses. 
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    OW2 OW3 OW4 OW5 OW6 OW7 OW8 OW9 

T
P

I  

Survey Date 9/22 9/22 9/22 9/22 9/24 9/24 9/24 9/24 

# Perm. Plots 10 8 6 4 8 4 8 4 

# Array Plots 0 0 0 0 0 0 0 0 

Total Species 3 3 2 4 3 2 5 2 

D
P

I 

 

Survey Date 9/12 9/12 9/13 9/13 9/13 9/13 9/11 9/11 

# Perm. Plots 10 8 6 4 8 4 8 4 

# Array Plots 80 67 59 63 69 61 71 57 

Total Species 9 10 11 13 10 12 15 10 

Table 1. Vegetation surveys were conducted in overwashes in the Otis Pike Fire 

Island High Dune Wilderness Area. Perm. Plots are permanent plots (n=52). Array 

Plots are those with no plot marker (n=527). 

 

We required 14 field hours to survey 52 permanent plots in eight overwashes using TPI 

(Table 2). Processing of TPI field data required six hours. TPI required 39.2 person-minutes per 

plot. We required 16 field hours to survey 579 plots in eight overwashes (i.e., 52 permanent 

plots, 527 array plots) using DPI. Processing of DPI photos required 12.5 hours. DPI required 4.6 

(SE: 0.10) person-minutes per plot. 

 

Method # Plots 

Total Time (min) Time Per Plot (min) 

Field 

(2 persons) 

Processing 

(1 person) 
Field Processing Total 

TPI 52 1,680
a
 360

b
 32.3 6.9 39.2 

DPI 579 1,920
c
 750

d
 3.3 1.3 4.6 

a 
14 hr * 60 min/hr * 2 persons = 1,680 person-minutes 

b 
6 hr * 60 min/hr * 1 person = 360 person-minutes

 

c 
16 hr * 60 min/hr * 2 persons = 1,920 person-minutes

 

d 
12.5 hr * 60 min/hr * 1 person = 750 person-minutes 

Table 2. Time allocation needed to complete surveys using traditional point intercept (TPI) and 

digital point intercept (DPI) vegetation assessment methods. TPI required significantly more 

time per plot (39.2 minutes) than DPI (4.6 minutes), severely limiting sample size with time 

available for field work. 
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TPI methods resulted in higher percent species frequency estimations of beach grass in 

permanent plots at nearly all values of cover compared to DPI methods (Figure 3). The non-

linear least-squares curve shows a peak of 91.4%, which indicates an asymptote. The alpha 

value, -0.010, determines the stretch or compression of the logistic regression and was calculated 

after minimizing the sum of squared deviations of the residuals. The DPI0 value, or the curve 

inflection point, was 16.73. 

 

 

Figure 3. Regression of A. breviligulata (AMBR) frequency estimated from traditional point 

intercept methods on frequency estimated from digital point intercept methods. The grey line 

indicates a 1:1 relationship. A non-linear least-squares curve-fit is shown (Zar 2010). 

 

 

Discussion 

We documented an order of magnitude difference in time required to collect and process 

vegetation species frequency between DPI and TPI. Consequently, we were able to incorporate 

substantially more spatial replicates and achieve greater study area coverage using DPI. Like 

Booth et al. (2005) and Cagney et al. (2011), we also found image analysis requires significantly 

less processing time than traditional field methods. We attribute some of the recorded 

discrepancy between frequency measured using TPI and DPI to windblown vegetation and the 

difficulty of accurately counting vegetation contacts using TPI methods. For example, at ≥40% 

DPI coverage, TPI estimates approached 90%. Wind bias was ameliorated in DPI estimates due 

to the use of camera shutter priority in the field, making DPI particularly effective in inherently 

windy coastal environments (Booth et al. 2004).  

DPI methods are accurate for single-layer vegetation as some plants near the ground are 

obscured from view in the nadir image. DPI can be reliably implemented in locations with one 

layer of vegetation cover (Booth et al. 2005, Cagney et al. 2011). The vegetation assessed in this 

study was predominantly present in one layer due to prostrate growth forms of many coastal 

plants (Stuckey and Gould 2000) and the sparsely populated nature of recovering overwashes. In 

a few instances, particularly along the edges of overwashed areas, grasses, forbs and shrubs 
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overlapped in some plots, creating multi-layered vegetation. In these cases, any obscured 

vegetation was identified in the field and recorded as present in the plot.  

Distinct advantages to using DPI methods include increased sample size due to less time 

invested per plot, and the ability to reanalyze original plot images from digital archives (Chen et 

al. 2010). Vegetation plot photos can be used for vegetation cover assessment by using image 

classification or other processing methods. VegMeasure classified images into user-defined 

vegetation cover classes (Johnson et al. 2009), but is no longer available for use (D. E. Johnson, 

pers. comm.). We chose PointSampler because it allows for many (<26) user-identified 

vegetation cover categories and user-identified sample points. PointSampler is an ArcGIS add-in 

compatible with multiple versions of ArcMap, and has detailed instructions for its use (Gobbett 

and Zerger 2014). Methods of ground layer assessment using aerial imagery are progressing, but 

spatial resolution is often too coarse to identify vegetation community composition and 

individual species on a <100-m spatial scale (Xie et al. 2008). Other tools exist to assess canopy 

cover using photos taken by a smart phone (Tichy 2016), but few are available to assess ground 

layer vegetation. 

 TPI methods are useful for temporal analyses of relative vegetation cover and estimates 

may be easily corrected for wind bias by using an equation derived from another method, such as 

DPI (Figure 3). DPI methods require less post-processing for accuracy, save time in the field, 

allow for larger sample sizes, reduce wind bias, minimize edge effects, and allow for future and 

comparative analyses of archived plot images. DPI methods are ideal when a threshold of 

vegetation cover dictates management action, especially when limited time is available for 

assessment. We recommend the use of DPI methods when the research question (1) involves 

assessment of ground vegetation in mostly a single layer, (2) requires vegetation cover estimates 

and not necessarily species dominance, and/or (3) allows for sub-meter accuracy in plot 

navigation. DPI use may be limited in areas with dense understory due to the size of the camera 

mount, but it is easily dismantled for transportation purposes. Sub-meter navigation was 

sufficient in this study, but finer-scale research questions may require permanent plot markers. 

Use of a high-resolution digital camera combined with sub-meter DGPS navigation saves 

substantial time committed to data collection and analysis, and reduces the research footprint in 

protected natural areas. An extension of DPI using unmanned aerial vehicles for locations with 

accessibility concerns is ripe for investigation.  
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