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[bookmark: _Toc392573199][bookmark: _Toc393880967]PROJECT RATIONALE
Piping Plover (Charadrius melodus melodus) are declining in eastern Canada. This drop is happening despite their listing under the federal Species at Risk Act (2002) and significant conservation effort. Piping Plover nest on sandy beaches in all four Atlantic provinces, Îles de la Madeleine (Québec) and Saint-Pierre Et Miquelon (France). The species’ coastal habitat is in a constant state of flux. Storms increase wave energy and elevate water levels which alter shorelines. When waves deposit beach material beyond the backshore beach, a location that might once have been unsuitable habitat might now be preferred nesting habitat as the species has demonstrated a predilection for these early successional habitats (Boettcher, Penn, Cross, Terwilliger, & Beck, 2007; Cohen, Houghton, & Fraser, 2009; Kumer, 2004; Loedering & Fraser, 1995; Schupp, et al., 2013; Wilcox, 1959). 
	Piping Plover response time to seasonal habitat changes interests Environment Canada’s Canadian Wildlife Service (CWS) given regional declines and climatic uncertainty. The winter of 2010/2011 afforded a unique opportunity to address concerns as a series of storms in the Gulf of St. Lawrence during December 2010 and January 2011 produced some of the highest water levels on record (section 1.4). It was hypothesized that impacts could be quantified using Lidar (Light Detection and Ranging) and ortho-photography to measure landscape change. Coincidentally, Lidar and ortho-photography had been collected in 2009 (following a calmer storm season) for New Brunswick's Acadian Peninsula by the provincial Department of Environment and Local Government. This provided an opportunity to resample the same area in 2011 as had been affected in 2009, as well as extend measures for additional habitat further south to the Bouctouche Dune. Given costs associated with collecting Lidar and ortho-photography, it is a rare opportunity to have high resolution imagery overlapping within two recent time periods. For that reason minor emphasis is devoted to analyzing Lidar’s overall contribution to the project.
	In order to examine changes in habitat and how it might affect the species' distribution, data would not only have to be collected, but also pre-processed and classified. Following this, Piping Plover nest site selection could be examined. A partnership was entered into with the Advanced Geomatics Research Group (AGRG) in Middleton, Nova Scotia to acquire and pre-process the 2011 Lidar and ortho-photography; through the use of remote sensing image classification techniques, land cover could be classified and measured. The same methodology could also be applied to the 2009 data. Spatial analysis could then be conducted on both the 2011 and 2009 data to allow the derivation of various habitat variables for nest locations within the study area: proximity to storm features, elevation, slope, proximity to feeding zones, etc. Habitat usage by nesting pairs could be assessed for the two time periods by: (1) characterizing the habitat within 500m of a nest site, and (2) comparing the selected habitat characteristics with a set of randomly selected ("available") locations.	Comment by Mahoney,Matthew [Sackville]: not done yet	Comment by Mahoney,Matthew [Sackville]: Tentative width
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To assess the impacts of weather-mediated changes in beach morphology along New Brunswick's Gulf of Saint Lawrence coast on critical habitat usage by Piping Plovers.
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[bookmark: _Toc392573201][bookmark: _Toc393880969]Chapter 1) INTRODUCTION

[bookmark: _Toc392573202][bookmark: _Toc393880970] Environment Canada’s Responsibility to Manage Piping Plover in Atlantic Canada
The Atlantic Piping Plover subspecies (Charadrius melodus melodus) breeds in spring and summer along unvegetated Atlantic coastlines in Canada, in the United States south to South Carolina, and St. Pierre and Miquelon. According to data from the recent 2011 Piping Plover International Census, there were 408 adults in Canada (Environment Canada, unpublished data), slightly down from the 2006 census, which reported 460 adults in eastern Canada and 3323 in North America (Goosen & Amirault-Langlais, 2009). Consequently, the species is listed as endangered under Schedule 1 of the Species at Risk Act (SARA), the official species’ listing in Canada for fauna and flora classified as either extirpated, endangered, threatened or of special concern. 
Under SARA, a government agency - in this case Environment Canada - is responsible for preparing a strategy for the species’ recovery. Environment Canada must identify critical habitat for Piping Plover, defined as habitats vital for its recovery or survival. Under section 58 of the Act, when critical habitat has been identified within a recovery strategy and the species is a migratory bird, it is illegal for the habitat to be destroyed. For some species critical habitat can be easily mapped, for example with many flora species it may be a set distance around known observation points. Piping Plover critical habitat is suitable beaches that have been occupied by at least one nesting pair since 1991. Suitable habitat is defined as (Environment Canada, 2012): 
· Wide and sufficiently above normal high tide
· Substrate: sand, gravel or cobble beaches, or some combination thereof
· Barrier islands sandspits; or peninsulas along ocean coasts
· Gently sloping foredune
· Sparsely vegetated foredune

Developing static maps in dynamic coastal environments can be problematic. Water, waves, wind and storms alter shorelines (Defeo, et al., 2009; Forbes, Parkes, Manson, & Ketch, 2004; O'Carroll, et al., 2006). As a result, Environment Canada designates entire beaches as critical. More specifically suitable habitat includes the entire area from the low water mark, the sand flats, the upper beach, the dune and other associated habitats. When a distinct dune crest does not exist non-beach vegetation or physical structures are considered the boundary. In eastern Canada there are 201 critical habitat beaches for Piping Plover: 48 in New Brunswick; 20 in Newfoundland and Labrador; 52 in Nova Scotia; 38 in Prince Edward Island; and 43 in Québec, all on Îles de la Madeleine (Figure 1). 

[bookmark: _Toc392573203][bookmark: _Toc393880971] Threats to Piping Plover Survival
The Piping Plover Recovery Plan for the Atlantic subspecies (Environment Canada, 2012) identified seven management options to reduce threats: 
· Enough suitable habitat to meet population objectives
· Minimize impacts of adverse weather conditions
· Reduce human disturbance
· Address key knowledge gaps to recovery
· Minimize impacts of poorly understood mortality factors
· Monitor the population
· Reduce predation
This project will strive to answer questions related to factors one through four: habitat availability, weather, and human disturbance, which when combined, will address the fourth option: knowledge gaps. Threats to habitat must be understood in order to achieve the Recovery Strategy’s long-term objective of 310 nesting pairs in eastern Canada. Habitat loss combined with climate change poses a threat to many species in Canada (Coristine & Kerr, 2011), however, it is disputable whether changing climate will be beneficial or harmful to the species. Predictions stating increased storm severity (IPCC, 2007) may create preferred early successional sites; conversely, storms are the impetus for anthropogenic coastal fortification. If sediment can no longer be deposited further inland due to a barrier’s presence, coastal squeeze will occur: the tendency for erosion to occur right up to the barrier resulting in habitat loss (Pilkey & Wright III, 1988; USFWS, 2009). Conversely, when barriers that prevent inundation are absent, storms can deposit beach material such as sand, cobble and woody debris over the dune scarp [(section 1.3) references beach terminology used in this document], which Piping Plover may prefer as nest sites (Boettcher, Penn, Cross, Terwilliger, & Beck, 2007; Cohen, Houghton, & Fraser, 2009; Kumer, 2004; Loedering & Fraser, 1995; Wilcox, 1959). 

1. 
1.1) 
1.2) 
[bookmark: _Ref387392237][bookmark: _Toc392573204][bookmark: _Toc393880972]Beach Terminology
Throughout this document various terminology is used to reference the beach environments (Figure 2). These terms have been adapted from U.S. Army Corps of Engineers (Coastal Terminology and Geologic Environments, 2002) and Allard (2011).   
· Backshore: Beach area between HHWLT (typically this level is highest astronomical tide) and the dune scarp or limit of vegetation. 
· Beach: Zone of unconsolidated material extending from the low-water mark to location where either vegetation starts or there is a marked change in physiographic form. Includes the foreshore and backshore. 
· Coast: Refers to the zone from the ocean to point where upland vegetation grows.  
· Dune scarp: The point at which vegetation typically starts and where backshore meets the foredune.  
· Foredune: Dune or ridge parallel to the ocean stabilized by vegetation.
· Foreshore: Typically the area between mean-low water and normal high-tide. Within a given month highest tides will exceed mean-high water, therefore, Piping Plover will typically nest at an even higher elevation. Within this study the division between foreshore and backshore was set at HHWLT. 
· HHWLT: Higher High Water at Large Tide. The average of the highest annual tides over a 19-year period. In general terms it is the predicted highest tides that can be expected for a region.
· Overwash: Develops when waves and/or storm surges breach the dune-scarp and deposits beach material such as sand, cobble and beach wood resulting in a flat zone that can be relatively expansive.

[bookmark: _Ref388966423][bookmark: _Toc392573205][bookmark: _Toc393880973]Coastal Processes in the Gulf of St. Lawrence / Significance of Winter 2010-11 Storms
Coastlines are constantly in flux. The physical processes and properties driving coastal change include waves, currents, storm surges, mean sea-level, sediment supply and coastal morphology (Bush & Young, 2009; O'Carroll, et al., 2006). These forces alter barrier beaches through erosion and/or deposition at another location (Figure 3). Over the past 8500 years as sea-levels has been rising in New Brunswick shorelines have responded by retreating inland (O'Carroll, et al., 2006). Worldwide, climate change can accelerate alterations in coastal form primarily through two mechanisms: increased sea-level rise and increased storm severity (IPCC, 2007). At mid-latitudes rising temperature and less frequent sea-ice, as observed in the Gulf of St. Lawrence (Galbraith, Larouche, Gibert, Chass, & Petrie, 2010), is another factor that can hasten coastal morphological changes from winter storms as there is less ice to dampen wave energy. 
It could be argued increased storm severity is beneficial for Piping Plover if indeed preferred early-successional habitats will be more prevalent, however, humans also influence coastlines in other ways. Activities such as recreation, grooming, nourishment, invasive species introduction, mining, coastal development, and engineering can create habitat loss in the coastal zone (Defeo, et al., 2009). Coastal armouring if left unchecked can result in erosion of beach material right up to the seawall (Pilkey & Wright III, 1988). Moreover a barrier prevents new overwashes from forming. The problem is exacerbated even further by rising sea-levels and less frequent winter ice. Bérubé (Distribution of coastal protection structures, Northumberland Strait, New Brunswick. Plate 93-319, 1993) observed along the New Brunswick Gulf of St. Lawrence coastline that relative erosion rates were not the primary driver for barrier construction, rather development density, results also supported by Plumridge & McDonald (Sea-level Rise Modelling and Coastal Change Analysis of Pipin Plover Habitat in New Brunswick, Canada, 2012).      
Within the proposed study area, impacts to people and infrastructure from storms and sea-level rise in the Acadian Peninsula along with strategies for adaptation have recently been documented in Aubé & Kocyla (2012). The authors’ report focused on limiting flooding and erosion impacts from land-use planning perspectives for the communities of Le Goulet, Shippagan, and Bas-Caraquet, New Brunswick. While the report did include recommendations that might be beneficial for Piping Plover such as “non-buildable setback zones” based on flooding scenarios, impacts on habitat were not specifically addressed. Loss of beach habitat from erosion will have significant impacts on coastal communities in New Brunswick and beyond. It has been estimated that coastal erosion rates will be two orders of magnitude greater than the rate of sea-level rise (Zhang, Douglas, & Leatherman, 2004), resulting in more severe storm wave and water impacts. If shorelines cannot migrate inland due to the presence of coastal hardening structures, it is not just faunal habitat that will be at risk.  
Storms in the winter of 2010/2011 were particularly severe along the Gulf of St. Lawrence and were the impetus for CWS to investigate Piping Plovers response. The Canadian Hydrographic Service operates a water gauging station within the study area at Lower Escuminac, NB (47.080N, 64.880W). For the seventy-one instances where hourly recordings were detected two or more metres above chart datum during the time period December 1, 2007 to July 31, 2011[footnoteRef:1], thirty-two occurred in December 2010 and January 2011. Furthermore, the highest four levels and nine of the top sixteen were in December 2010 (Figure 4)[footnoteRef:2]. Examining further into the past, of the highest ten average daily water levels recorded from January 1973 to June 2014, three occurred in December 2010 (positions #2, #6, and #9) and one in January 2011 (position #7). During the winter preceding the 2009 breeding season, for which the other Lidar/ortho-photo mosaic was acquired, there were eighteen instances where water levels were two or more metres above chart datum, of which ten occurred during a storm on December 22, 2008. During the same December 1, 2007 to July 31, 2011 time period: five of the top 16 were during this winter. Examining the historical record back to 1973, there was one instance where the average daily water level was amongst the 10th highest ever (December 22, 2008; 4th overall), compared to four preceding the 2011 breeding season. Though it is difficult to estimate storm severity as water levels do not indicate total wave energy, conditions preceding the 2011 breeding season were clearly severe.  [1:  This particular time period was selected as it covers two full seasons prior to November 2009 Acadian Peninsula data collection through to July 2011 collection. 
]  [2:  If a month during the timeframe December 2007 to July 2011 is not listed in Table II, the water level did not exceed 2 metres above chart datum. ] 


[bookmark: _Toc392573206][bookmark: _Toc393880974]Key Research Questions
i. What are the land cover characteristics of Gulf of St. Lawrence beaches in 2009 and 2011? 
· To what extent does weather alter habitat characteristics, e.g., the number and size of overwash sites?
ii. [bookmark: _GoBack]What are the habitat characteristics of Piping Plover nest sites?
· Do Piping Plover select the same or different habitats following stormy and less stormy seasons?
iii. Given the information about Piping Plover habitat selection (from question #2), how much habitat is available for nesting? Is this sufficient to meet the species' critical habitat requirements?


[bookmark: _Toc392573207][bookmark: _Toc393880975]Piping Plover Characteristics
There are two Piping Plover subspecies, the Atlantic Piping Plover (Charadrius melodus melodus) and the Interior Piping Plover (Charadrius melodus circumcinctus). The Interior subspecies, also listed as endangered in Canada under SARA, has a breeding range extending from eastern Alberta to westernmost Ontario (Environment Canada, 2006). For the Atlantic subspecies it is believed there are two sub-populations with minimal inter-mixing: the Gulf of Saint Lawrence and southern Nova Scotia populations (Environment Canada, 2012). 
Typically Piping Plover arrive in eastern Canada in late March to early May and nest directly on sparsely vegetated beaches to prevent detection by predators (Gratto-Trevor & Abbott, 2011). As a ground nester, the species relies heavily on camouflage for defence purposes. Nests are initiated directly on beaches and chicks usually hatch in late May to early June. If a nest fails it is not unusual for a pair to attempt again. Broods usually remain close to the nest site from which they hatch, making site selection critical. Usually by mid-July migration to wintering grounds begins and by early September most birds have migrated south. 
Populations are extensively monitored in North America. Beginning in 1991, every five years a comprehensive continent-wise census counting adults has occurred (Elliott-Smith, Haig, & Powers, 2009; Goosen & Amirault-Langlais, 2009) which includes various beaches in New Brunswick (Figure 5). Since the first Piping Plover Atlas in 1991 to the most recent in 2011 there has been approximately a 13% decline in the Atlantic subspecies (Table 1). A 2006 population assessment predicted the Gulf sub-population would fall by approximately 3.6% per year (Calvert, et al., 2006), a trend also observed in even more recent data (Fortin, 2013) with continued declines (Figure 6). This trend is occurring despite numerous conservation efforts including beach closures, predator exclusions, funding for stewardship programs, and research activities. Exact reasons are unknown, but it appears likely at least for the Gulf of St. Lawrence population, something detrimental is happening in its winter grounds or during migration as juvenile survival post-fledge has been low, despite the fact that fledging success has been high (Calvert, et al., 2006). 
 Threats to Piping Plover include predation; human disturbance; oil spills or contamination; and storms or climate change related impacts (Environment Canada, 2012). To reduce predation the most common management technique has been exclosures (fencing), which has proven successful at increasing reproductive success (Rimmer & Deblinger, 1990) but possibly at the expense of adult mortality (Barber, Nowak, Tulk, & Thomas, 2010). As a ground nester on beaches, Piping Plover inevitably will experience conflict with humans. To prevent anthropogenic disturbance mitigation strategies include education, beach closures and enforcement. During the nesting season, flooding is also an issue if the nest has not been established at sufficient elevation. The rate at which sea-levels change is another threat. Beaches may erode and put the species at risk if sea-level rise transpires too quickly (Seavy, Gilmer, & McGarigal, 2011), particularly if barriers are present. 
Beaches selected by Piping Plovers in New Brunswick and Nova Scotia are typically wide and contain more pebbles, stones, rocks, shells, wrack, and sand when compared to random sites (Flemming, Chiasson, & Austin-Smith, 1992). Other variables influencing site selection include measures quantifying use by people, lack of vegetative cover, distance to the nearest dune, distance to the high-tide line, beach slope, access to mudflats, and access to the ocean (Anteau, Shaffer, Wiltermuth, & Sherfy, 2014; Boettcher, Penn, Cross, Terwilliger, & Beck, 2007; Burger, 1987; Elias, Fraser, & Buckley, 2000; Elias, Fraser, & Buckley, 2000; Espie, Brigham, & James, 1996; Goldin & Regosin, 1998; Jones, 1997; LeDee, Cuthbert, & Bolstad, 2008; Maslo, Handel, & Pover, 2011). Early successional coastal habitat meets the species’ needs. Processes such as ice scour and storms help maintain these conditions. The ends of barrier beaches or sites near channels are more susceptible to natural phenomenon and as such are locations where the species will often initiate its nest. Overwash sites from storms also meet this habitat requirement by qualifying as “early successional” (Environment Canada, 2012).
Piping Plover may nest on the backshore, which is the unvegetated portion of the beach between the high-tide line and the limit of vegetation which mostly runs parallel to the coastline. Early-successional or overwash sites in New Brunswick are typically composed of the materials plovers prefer, namely pebbles, sand and sea-shells (Flemming, Chiasson, & Austin-Smith, 1992). Populations have been observed to increase in the breeding season(s) following significant storms (Boettcher, Penn, Cross, Terwilliger, & Beck, 2007; Cohen, Houghton, & Fraser, 2009; Kumer, 2004; Loedering & Fraser, 1995; Wilcox, 1959). Given that the species’ habitat constantly changes, delineating and mapping is challenging. New storms create habitat subsequently used as nesting sites at locations that were previously unfavourable. For these reasons Environment Canada’s Recovery Strategy for the Atlantic population (Environment Canada, 2012) defines critical habitat as the entire beach. 



[bookmark: _Toc392573208][bookmark: _Toc393880976]Data
[bookmark: _Toc392573209][bookmark: _Toc393880977]2011 Lidar/Ortho-photography 
Remotely sensed data was collected through a partnership with the Applied Geomatics Research Group (AGRG) based in Middleton, Nova Scotia. The AGRG is composed of research scientists and staff with a history of collaboration with various partners using geomatics technologies to conduct environmental monitoring. The AGRG has an Airborne Laser Terrain Mapper (ALTM) sensor that collects Lidar elevation and aerial-photography concurrently. The group was responsible for data collection and post-processing, after which it was provided to CWS as a Digital Elevation Model (DEM) and digital true-colour ortho-photography (Colville & Monette, 2012). Specifications for the survey are listed in Table 2. 
Data was collected along the Gulf of St. Lawrence coastline from Bouctouche Dune northwards all the way around Miscou Island over two days, July 17, 2011 and July 19, 2011 (Figure 7). Two adjacent flight passes were flown through the study area, each approximately 1300 metres wide. When the flight was proceeding southwards in the Acadian Peninsula along the more interior strip, the ALTM malfunctioned affecting Lidar but not imagery. Unfortunately there was no indication during flight and the problem was discovered during post-processing. The affected area is highlighted in Figure 8. While the instrument malfunction was inopportune, it was fortunate that it occurred during the interior pass after the coastal pass had already collected sufficient Piping Plover habitat (Figure 9).
While imagery was being collected, AGRG staff collected ground-based real-time kinematic (RTK) GPS reference data and established base stations in order to correct the airborne GPS trajectory and to validate the Lidar during post-processing (Colville & Monette, 2012). Once post-processing was completed the following three products were produced:
i. True-colour digital ortho-photography, 0.2 m resolution
ii. Lidar elevation, bare-earth and all-hits, 1.0 m resolution DEM
iii. Lidar intensity, bare-earth and all-hits, 1.0 m resolution DEM

Bare-earth refers to elevation data with returns from structures, canopies and other structures removed and will henceforth be referred to as the DEM. All-hits data, while cleaned for errors, retains all surface hits and is called the Digital Surface Model (DSM). Intensity as measured for each point is the laser pulse’s return strength. Different targets refract Lidar differently, therefore on an intensity image water typically appears dark as the return pulse is weak whereas vegetation is brighter as it scatters the incoming signal to result in stronger recapture.     
In total 683 1.5 x 1.5 km digital ortho-photos and Lidar images were produced by the AGRG. The horizontal spatial reference was UTM zone 20 and the datum NAD83 CSRS98; the vertical datum was CGVD28. Metadata is included in Table 3.      

[bookmark: _Ref388444736][bookmark: _Toc392573210][bookmark: _Toc393880978]2011 Habitat Field Survey
During the summer of 2011, staff from CWS surveyed beaches within the study area. This exercise’s purpose was two-fold: to count birds for the 2011 International Piping Plover Census; and to collect habitat information that could later be used to validate interpreted imagery. Piping Plovers have been monitored through the census every five-years dating to 1991 during which every bird is counted in a two-week window throughout its breeding range (Elliott-Smith, Haig, & Powers, 2009). The census timing was fortunate as it offered an opportunity to work with CWS biologists to capture habitat data indicating recent winter storm impacts. Specifically observers searched for new shoreline evidence, overwashes, blow-outs, eroded dune faces, new dune formation [see section 1.3): Beach Terminology] and they recorded the dominant substrate type (Allard, 2011). Beaches included in the habitat survey included several sites in Miscou Island, beaches just north of Tracadie-Sheila, Escuminac, and the Bouctouche Dune (Figure 10). Using a Trimble GeoXT GPS providing real-time sub-metre accuracy, features of interest were walked around or along with the GPS turned on. The feature type was recorded and photographed. Data were later uploaded from the GPS into a GIS workstation, where the pictures were also catalogued. 

[bookmark: _Toc392573211][bookmark: _Toc393880979]2009 Lidar and Ortho-photos
In November 2009, Leading Edge Geomatics based in Lincoln, New Brunswick collected Lidar and ortho-photography in the Acadian Peninsula (Figure 11) under contract from the New Brunswick Department of Environment and Local Government (Atlantic Climate Adaptation Solutions, 2012). Data was collected over two days, November 4, 2009 and November 5, 2009 and metadata is listed in Table 4. The following three products were produced:
i. True-colour ortho-photography, 0.3 m resolution
ii. Lidar DEM and intensity
iii. Lidar DSM and intensity

Three-hundred fifty-nine 1.5 km2 ortho-images and Lidar datasets were provided by the province, of which 217 were within the study area. Unlike with the 2011 data, further work was required to produce GIS ready products. DEM data was provided as ASCII point files and DSM as LASer file format exchange or LAS, which is a public file format for exchanging point cloud data such as Lidar. Procedure for converting this data into rasters are listed in section 2.22.2.2. 

[bookmark: _Toc392573212][bookmark: _Toc393880980]Piping Plover Nest Database
The Canadian Wildlife Service has a Piping Plover program in eastern Canada working with partner organizations in all four Atlantic provincial governments, non-profit organizations and academic institutions. Annual monitoring typically begins in late April and early May shortly after when the birds first return to breeding grounds. Various productivity measures are recorded, for example nest initiation, nest outcome, number of eggs, number of chicks, fledging date, and number of chicks fledged in addition to others. Monitors are asked to disturb Piping Plover as little as possible, but they do have to approach nests in order to count eggs. It is at this time that coordinates should be recorded, typically using commercial grade GPS receivers (>=3 metres horizontal accuracy). Species information is collected according to established protocols (Environment Canada, 2011) and stored in the Atlantic Canada Piping Plover Database, which has records dating back to 1982. Piping Plover nest records from 2009 and 2011 were used to model Piping Plover response to changing habitat conditions. Nest records from 2009 and 2011 within the Acadian Peninsula study area (the area of overlap between the two time periods) are compared in Table 5 and Figure 12. A map of the 57 georeferenced nests throughout the 2011 study area, Miscou Island to the Bouctouche Dune, is provided as Figure 13.


[bookmark: _Toc392573213][bookmark: _Toc393880981]Chapter 2) Habitat Landcover Classification
Prior to modeling Piping Plover response to weather-mediated habitat change, desktop analysis were conducted using remote sensing and spatial analysis and is discussed in this chapter. 
  
1. 
[bookmark: _Toc392573214][bookmark: _Toc393880982]Introduction
Remotely sensed data be can be an effective tool for understanding broad scale landscape processes to assist decision making (Pettorelli, Kamran, & Turner, 2014). Environmental managers realize there are fiscal and spatial constraints involved when relying solely on field observations or direct measurements, for which imagery can assist. Remotely sensed data has been used for coastal applications including identifying landcover, habitat modelling, predictive storm surge or sea-level rise scenarios, and coastal geomorphological changes. 
There are various airborne and satellite sensors that measure spectral reflectance at multiple resolutions. Lidar sensors emit a laser pulse towards the target and analyze the reflected light to measure elevation and intensity, the latter being a measure of the proportion of the original pulse returned to the sensor. Software techniques available to the analyst for landcover classification include unsupervised, supervised, pixel-based and object-oriented classifiers. In an unsupervised approach software is used to examine an image’s spectral properties across all channels to determine natural pixel clusters, the number of which are designated by the analyst. If necessary the analyst combines clusters prior to assigning a class label, or runs the classifier again with a different number of clusters. Supervised classification differs from unsupervised as a priori knowledge is considered. The analyst either locates or uses field samples representing various homogeneous cover classes, termed training sites. Software algorithms use training sites to identify other areas with similar spectral properties within the image. The entire image is assigned to the class for which is has the highest likelihood to be a member. 
The classification unit can be either a pixel or an object. In the former each pixel is classified independently, whereas with the latter pixels are first aggregated with neighbours based on properties such as, spectral reflectance, elevation, intensity or thematic properties into segments (Benz, Hofmann, Willhauck, Lingenfelder, & Heynen, 2004). 
Satellite imagery has been used in other shorebird analyses. Results have been mixed using medium resolution 30 metre Landsat Thematic Mapper satellite imagery. Gratto-Trevor (1996) performed an unsupervised classification to identify shorebird habitat in the Mackenzie Delta, Northwest Territories. She reported accuracies at five different sites that ranged from 20% to 100% and concluded the technique was sufficient for “rough” habitat identification or at least to quickly eliminate unsuitable habitats. Morrison (1997) in a study in the Northwest Territories at Prince Charles Island used unsupervised and supervised techniques identified shorebird habitats for six species and along with population surveys modelled population density. He reported classifications accuracies averaging over 90%.
Other studies have examined storm and/or sea-level rise impacts on shorebirds or coastal habitats (Jackson, Fischer, Guilfoyle, & Wakeley, 2009; O'Connell, Shugart, & Okin, 2012), including a study by LeDee et. al. (2008) quantifying 11 Piping Plover habitat features within wintering grounds along the U.S. Gulf of Mexico coast using aerial photography. Lidar (intensity, elevation, texture and slope) alone was tested for its feasibility to identify Piping Plover habitat in southwest Nova Scotia (Goodale, Hopkinson, Colville, & Amirault-Langlais, 2007). Authors identified nine different classes using supervised, unsupervised and a logical filter. For the logical filter a preliminary classification using the range of values extracted from training sites was used and later adjusted based on predefined spatial or thematic rules.
Lidar has been used to study effects of sea-level rise in the northeastern United States on Piping Plover habitat, namely whether beaches will be able to migrate inland factoring for coastal development, elevation and coastal geomorphology (Seavy, Gilmer, & McGarigal, 2011; Sims, Seavey, & Curtin, 2013). The authors for those studies concluded that if sea-level rise occurs at a rate faster than the rate at which beaches can migrate inland, or if there are barriers along beaches, habitat could be lost.  
Tian et al. (2008) used an object-oriented approach with Landsat TM to map coastal and estuarine classes in Shanghai, China, using the results to calculate habitat suitability for waterfowl, shorebirds, herons and gulls. Many remote sensing practitioners are shifting away from pixel-based methods towards object-oriented classifications (Blaschke, 2010), a trend that this study followed. Prior to class assignment imagery is segmented into units sharing similar characteristics. Objects can be aggregated based on spectral properties, elevation, size, shape, or thematic attributes. This initial step, accounting for spatial proximity to neighboring pixels, is in contrast to pixel-based approaches which classify each pixel independently. Once segmented software can be used to develop rule-sets for class assignment using features such as spectral reflectance, object geometry, textures, thematic attributes, elevation, intensity or relationships to other classes.  
Segmentation, the name for the image-object generating process, can be adjusted for scale, shape versus colour, and compactness versus smoothness with the simple objective to create objects outlining targeted features. Attaining suitable objects is through trial and error. A general rule is objects should be as large as possible and as small as necessary in order to both identify targets and save on processing time. Image objects can be generated at multiple spatial scales, useful as a resolution that works for one class may not necessarily for another.

[bookmark: _Toc392573215][bookmark: _Toc393880983]Methodology
[bookmark: _Toc393880984]Preparation of 2011 Imagery
In total there were 683 tiles for both the Lidar and ortho-photography. In the case of Lidar data, the all-hits intensity variable was used as recent work has demonstrated its utility for differentiating coastal habitats (Goodale et al., 2008). Lidar data was also used to generate the elevation digital elevation model (DEM). In the case of orthoimagery, all bands were used (?). For processing simplicity it may have been ideal to mosaic all tiles into a single mosaic, however, the software’s absolute size limit of 46,340 x 46,340 pixels (Trimble, 2013) necessitated the use of six smaller mosaics, the results of which could be recombined following classification. Despite splitting the study-area into mosaics, the computer processing available at the project’s onset was still not sufficient, and further reduction was pursued by resampling the orthophoto mosaic to 1.0 metre resolution (the same resolution as the Lidar products). Considering the smallest overwash delineated in the field was 294 square metres (Figure 14), detrimental impacts from resolution loss were considered negligible. 
[bookmark: _Ref389556143][bookmark: _Toc392573217]The original 683 individual DEM tiles were combined into six mosaics following the same assemblages as the ortho-photos. The data used for the Lidar intensity mosaic was the all-hits data. Intensity data can be useful for differentiating coastal habitats (Goodale, Hopkinson, Colville, & Amirault-Langlais, 2007). Using ground-intensity is counter-intuitive as information has been removed on how the sensor reacts canopy cover.  
[bookmark: _Toc393880985]Preparation of 2009 Imagery
The 2009 ortho-imagery was resampled from 0.3 metres to 1.0 metres to maintain consistency with the 2011 analysis. All 217 1.5 km x 1.5 km tiles provided by the province of New Brunswick overlapping the 2011 study area were combined into one mosaic.  
Lidar data (?) was received as ASCII files and first had to be converted to GIS compatible rasters using a methodology adapted from Plumridge & McDonald (Sea-level Rise Modelling and Coastal Change Analysis of Pipin Plover Habitat in New Brunswick, Canada, 2012). Using ArcGIS version 10.1, the ASCII point data was first converted into a GIS point layer. From those points Triangular Irregular Networks (TINs) were constructed. TINs are a vector-based geographic format constructed through creating a network of triangles amongst points. TINs have proven robust for capturing linear features that may influence the surface, e.g. ridgelines or watercourses. They also work well with dense Lidar data for producing data without holes, as is more apt to occur with direct point to raster conversion. TINs were converted into rasters using a linear interpolator at 1.0 metre resolution. Individual rasters were mosaicked into one file.  
As with the 2011 data intensity rasters were derived from all-hits as opposed to ground. As previously noted intensity returns were in LAS file format, for which ArcGIS version 10.0 had to be used as there is a bug within LAS utilities for version 10.1, since fixed (ESRI Canada, personal communication, June 2013). The command LAS to Multipoint imported the LAS dataset into GIS as a point layer using only the first return as recommended for intensity with one-metre average point spacing. The same procedures for constructing the DEM were followed, namely creating TINs then subsequent raster conversion.

[bookmark: _Toc393880986]Object-oriented Classification
Landcover classification was accomplished using eCognition objected-oriented software version 8.64, and later version 8.9. Parameter values were iteratively varied in a trial-and-error fashion to control the segmentation and classification process. The resulting classified images were inspected to assess the ability of the software to identify known features. When deemed necessary, parameter values were modified and the classification process repeated. The first most coarse segmentation level used the following parameters: scale parameter (SP) = 2500, shape = 0.5, and compactness = 0.5, of which SP had the most influence. At SP = 2500 three broad classes were identified: water, upland and everything else, with the latter approximating the beach zone and immediately adjacent habitat. Final class assignment was refined on finer level: SP = 1000, shape = 0.5, and compactness = 0.5. Image object size when generated with the same SP does not stay constant from project to project as the object size generated depends on the input imagery pixel size. Figure 15 illustrates relative differences between the two levels. 
Final image classes were similar to those identified by Goodale, et al. (Mapping Piping Plover (Charadrius melodus melodus) habitat in coastal areas using airborne lidar data, 2007), a study which exclusively using Lidar (elevation and intensity) to identify Piping Plover habitat in southwest Nova Scotia. 
i. Water
ii. Upland
iii. Anthropogenic
iv. Feeding Zones
v. Foreshore & Backshore Beach
vi. Overwash
vii. > 50% vegetated (within beach zone)
viii. < 50% vegetated (within beach zone)
Before starting this project, it was anticipated classification would be largely through manual assignment as there would not be enough spectral variation within true-colour ortho-imagery. The contribution from Lidar was unknown. While manual refinement for some classes was necessary, most objects were assigned through automated methods with Lidar intensity data being an important differentiator. Classification proceeded in a hierarchical manner, with the basic strategy to fully identify class A (what is this??) and assigning everything else to the remainder, then from the remainder identifying class B (what is this??) and repeating. The anthropogenic class was largely classified manually (Figure 16). 
Rule-sets were developed within eCognition to separate each class. For example, when distinguishing >50% vegetated from <50% vegetated, a threshold was used for the green-band spectral reflectance contribution to overall reflectance. Rules used to separate classes in many cases remained consistent across mosaics, or perhaps the feature remained the same but break-points was altered. Alternatively completely new rule-sets may have been developed, not surprising as the image mosaics were collected over two days as solar illumination within images differed based on time of day, sun-angle and flight-direction.  
Features used to separate classes included Lidar intensity; Lidar elevation; band reflectance ratios (which bands??); mean reflectance in the red, green and blue bands; asymmetry, a ratio measure of an object’s major and minor axes for an approximated ellipse, a feature thus useful to separate the more oblong foreshore/backshore beaches from overwashes; and brightness (what is this??), an overall reflectance measure across the red, green, blue and intensity layers. 
· Matt, I think you need to insert a table here to summarize the input data you used. Your procedure is complicated by the fact that you used more than raw data - you clearly used some derived input layers (e.g., “brightness”), which you need to elaborate on.
· An example table to illustrate what I mean:
	Period
	Data Source
	Format
	Resolution
	Variables
	Processing

	2011
	Lidar
	
	
	Elevation, intensity
	

	2011
	Orthoimage
	
	
	Bands 1, 2,...,5 (?)
	

	2009
	Lidar
	Ascii Text
	
	Elevation, Intensity
	

	2009
	Orthoimage
	
	
	Bands 1, 2,...,5 (?)
	




[bookmark: _Toc393880987]Separation of Foreshore and Backshore Beach
Distinguishing foreshore and backshore beaches required an additional step outside of eCognition. As backshore (Fig.2) was defined as beyond the HHWLT but before the dune scarp vegetation (Section 1.3), it was necessary to acquire HHWLT estimates from Daigle (2012). HHWLT was defined as the average of the highest water levels measured over a 19-year period. An additional step for both the 2009 and 2011 classifications outside eCognition was necessary to distinguish foreshore beach from backshore beach. The two classes needed to be separated to identify suitable nesting habitat for Piping Plover safe from flooding. High-tide separates the two from one another [see section 1.3) Beach Terminology]. (Daigle, 2012) estimated Higher High Water at Large Tides (HHWLT) for various New Brunswick coastal sections (Figure 17). HHWLT is the average of the highest annual water level measured at a tidal gauge over a 19 period, or in more practical terms the highest possible astronomical tide for a region. 
 Lidar elevation data for 2009 and 2011 was combined with the four different HHWLT zones identified by Daigle (2012, Figure 17) to yield contour lines of 0.8m, 0.9m, 1.0m and 1.2m elevation. Within ArcGIS contour lines were created using the 2009 and 2011 Lidar DEMs for the four HHWLT zones identified by (Daigle, 2012) in the study area: 0.8, 0.9, 1.0 and 1.2 metres. Beach polygons were clipped with the HHWLT zones to produce four new layers. The clipped layers were then split into zones on the basis of elevation as follows: The ArcGIS command Zonal Statistics as Table was used to calculate the mean elevation value for every split polygon, and the values were joined directly to the attribute table. Mean elevation was used to determine whether a polygon should be defined as backshore or foreshore beach. For example if the mean elevation for the polygon was 1.3 m, but it was within the 1.2m HHWLT zone, the polygon was classified as backshore beach. 
[bookmark: _Toc393880988]Summarizing Habitat ***not done yet***


[bookmark: _Toc392573220][bookmark: _Toc393880989]Results
2.2 [bookmark: _Toc392572161][bookmark: _Toc392572194][bookmark: _Toc392573221][bookmark: _Toc392573896][bookmark: _Toc393100538][bookmark: _Toc393880749][bookmark: _Toc393880870][bookmark: _Toc393880910][bookmark: _Toc393880950][bookmark: _Toc393880990]
2.2 [bookmark: _Toc392573222][bookmark: _Toc392573897][bookmark: _Toc393100539][bookmark: _Toc393880750][bookmark: _Toc393880871][bookmark: _Toc393880911][bookmark: _Toc393880951][bookmark: _Toc393880991]
2.2 [bookmark: _Toc392573223][bookmark: _Toc392573898][bookmark: _Toc393100540][bookmark: _Toc393880751][bookmark: _Toc393880872][bookmark: _Toc393880912][bookmark: _Toc393880952][bookmark: _Toc393880992]
[bookmark: _Toc393880993]Classified Landcover
· Matt, you need this section in order to present and summarize the land cover maps that Jeff O. mentioned in your meeting. This information should precede the assessment of their accuracy in Section 2.3.2.
· I’ve pasted a sketch below to give you an idea of what I mean (notice the “% area” summary for each panel – we need to see what % of the classified coastal zone is comprised of each class, for 2009 and 2011, in order to assess the impacts).
[image: ]

Accuracy Assessment
In July 2011 CWS staff conducted field surveys during which 48 storm created features were ground truthed (see section 1.7.2) and later used in an accuracy assessment. Thematic and spatial accuracy for these 48 features was assessed separately. Reporting accuracy using  two different measures has also been done by Grenier, et al. (2007) for a wetland mapping project in Québec. In this project thematic accuracy was calculated by taking the centroid for each reference polygon when overlain on the mapped product, whereas Grenier, et al. (2007) relied on visual interpretation of unclassified imagery by a wetland expert. If the centroid matched the mapped class it was accurate. With a focus on the map-derived overwash class, the agreement between the ground polygon class and the underlying map-derived polygon at the centroid position was assessed. Forty-one of the forty-eight matched for an overall accuracy of 85.4% (Table 6). 
It was believed reporting thematic accuracy alone would not be a true representation of the data’s precision. One reason being the expectation a polygon’s centroid would have a higher likelihood to be correct than a point closer to the perimeter. The second is that it does not reflect how well the feature itself is spatially aligned by which a centroid could be correct but the overlap between the classified and the reference feature might be poor. Reporting spatial accuracy is a way to overcome these deficiencies. The percentage correctness was determined by doing an overlay and calculating the area of each mapped class within the reference polygon. A spatial accuracy class was then assigned to each feature. Very well classified, or class 5, were those reference polygons that were >85% correct. Class 4 was those samples in which spatial alignment was between 71% and 85%; class 3 in the range 56% - 70%; class 2 from 40% - 55%; class 1 <40%; and class 0 with no overlap (Figure 18). Just over half the reference sites, 52.1% were in class 5 and 22.9% were in class 4 (combined 75.0%); 4.2% were in classes 2 and 3; 2.1% were in class 1; and 14.6% were in class 0. 
To assess the accuracy of the non-overwash sites it was necessary to generate a set of random points and test the corresponding classification accuracy from the eCognition output. To assess all classes, 50 random points for each class were generated across both the 2009 and 2011 imagery for which the analyst identified to which class it should belong. Ideally, the accuracy assessment would be based on independently collected reference data gathered at higher resolution (Congalton & Green, 1999), but field data was gathered only for overwash sites.
Confusion matrices for the 2011 and 2009 classifications using imagery for verification are presented in Table 7 and Table 8. Overall accuracy and kappa for 2011 was 90.8% and 89.4%; and for 2009 overall accuracy was 94.9% and kappa 94.2%. Kappa analysis is a discrete multivariate technique that measures the level of agreement between a remotely sensed classified map and reference data through comparing correctly classified results to chance agreement (Jensen, 2005). 
[bookmark: _Toc393880994]Summarizing Habitat ***not done yet***




[bookmark: _Toc392573224][bookmark: _Toc393880995]Discussion
[bookmark: _Toc393880996]Habitat Classification
Overall classification accuracy for the two methods utilized for the 2011 imagery was high at 85.4% (41/48) for field verified overwash sites; and 90.8% across all classes, using 50 randomly points per class overlain on imagery, with kappa equal to 89.4%. Certain classes had even fewer errors: anthropogenic, beach (foreshore and backshore), mudflat and water all had 49/50 (98%) of reference samples correctly classified. Most errors were centred around the beach zone classes dense vegetation, light vegetation and overwash. This is not surprising given they exist along a gradient from partially sandy to being completely dominated by sand. Overwash accuracy was notably higher when assessed using test data derived from field data (85.4%) compared to that derived from imagery (76%, 38/50).   
The classification accuracy for the 2009 imagery was higher than for 2011, yielding an overall accuracy of 94.9%, and a kappa of 94.2%. There were no field reference sites from 2009, and the 2011 field-based test points were considered too far apart in time to be valid.using the 2011 field sites for a period 20 months prior was not considered. As with the 2011 dataset, accuracy was extremely high for the following classes: anthropogenic, beach, mudflat and water (49/50 or 50/50). Class overwash was more correctly assigned, 49/50 (98%) versus 38/50 (76%), as was upland, 48/50 (96%) versus 44/50 (88%).

[bookmark: _Toc393880997]Coastal Change, 2009 to 2011
During the time period between when the 2009 and 2011 images were captured it is evident coastlines changed in the Acadian peninsula. Deposition and erosion resulted in coastline loss, new channel creation and new overwash sites (Figure 19; Figure 20), and in some instances the relative positioning of coastal habitats shifted inland (Figure 21; Figure 22) which might not have happened if a manmade barrier was present. 
Add more information here once finished completing summarizing habitats by zones. 
[bookmark: _Toc393880998]Lidar’s Contribution to Habitat Classification
The Lidar intensity raster was an important input variable for separating most of the landcover classes. In most cases it contributed towards the separation of landcover classes. Lidar intensity measures the return strength of the Lidar pulse generated at a point on the Earth’s surface. Some features scatter the pulse, resulting in a stronger return, whereas others act more like a specular reflector with more of the incoming pulse reflected away from the sensor. Flat surfaces such as water tend to act like specular reflectors, whereas vegetation tends to act more like a diffuse reflector with more scattering.  
In general, object-oriented segmentation works best when there are marked transitions in the spectral characteristics between land cover types. In cases where spectral characteristics are less clear cut, Lidar intensity provides another signal that can be used to assist differentiation. In this study, the Lidar return from sand was much weaker than from vegetated features, which made it a useful means for distinguishing mudflat, sand (foreshore / backshore and overwash), water, and dense and light vegetation (Figure 23). useful during habitat classification for both segmenting features and for class assignment (Figure 23).   Landcover classes for which intensity contributed to identification included: mudflat; sand (foreshore/backshore and overwash); water; as well as dense and light vegetation. Segmentation works best when there are marked transitions between landcover types, for which intensity assists (Figure 24). Elevation was also useful as first pass at separating classes, and was an efficient way to differentiate water from upland areas. 
    

   



Chapter 3)  Modelling
1. LITERATURE REVIEW
2. METHODOLOGY
a. 2011 Continuous model throughout study range. Relationship between 2011 census data and habitat classification
b. Differences between 2009 and 2011. Analyze on a beach-by-by basis  
3. RESULTS/DISCUSSION

[bookmark: _Toc392573225][bookmark: _Toc392573903][bookmark: _Toc393100547][bookmark: _Toc393880999]Nest Site Variables for Species Distribution Modelling – ***this has been done by I am assuming there will be changes ***
Prior to developing species distribution models spatial analyses was performed to calculate 23 attributes for all Piping Plover nest sites within the study areas which are listed in TABLE XXX. Analyses was conducted in ArcGIS. 

[bookmark: _Toc392573226][bookmark: _Toc392573904][bookmark: _Toc393100548][bookmark: _Toc393881000]Beach-Scale Habitat Analyses  - not done yet   
a.       Determine appropriate sample unit for segmenting beaches into equal-length units, or rely on existing “Piping Plover Beaches” as defined by CWS for survey and reporting purposes. A hybrid option is to ensure that the equal-length units can be rolled up into the PIPL beaches. I do not think it would be wise to ignore the PIPL beaches completely as it is used extensively to summarize our data, so I would favour ensuring a unit that can be rolled up to CWS beaches. 
 b.      Generate random points within each within suitable PIPL habitat, i.e. on sand. Some thought needed regarding number of points per section, e.g. what to do if a unit has little or no suitable habitat.
 c.       Calculate the same spatial attributes as I have already done for nests
 d.      Average attributes for each zone

[bookmark: _Toc392573227][bookmark: _Toc393881001]TABLES & FIGURES
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[bookmark: _Ref389133481][bookmark: _Toc392574103]Figure 1: Piping Plover critical habitat in Atlantic Canada.
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[bookmark: _Ref387312018][bookmark: _Toc392574104]	Figure 2: Beach Terminology (Allard, 2011)
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[bookmark: _Ref388964391][bookmark: _Toc392574105]Figure 3: Aerial View of Overwash on the Bouctouche Dune


[bookmark: _Ref387312108][bookmark: _Toc392574106]Figure 4: number of hours that water levels >= 2m above chart datum at 
Lower Escuminac, NB water gauge


[image: ]
[bookmark: _Ref389036851][bookmark: _Toc392574107]Figure 5: Piping Plover Survey Beaches in New Brunswick


	Census Year
	1991
	1996
	2001
	2006
	2011

	Quebec
	61
	87
	55
	63
	66

	PEI
	110
	66
	112
	93
	67

	New Brunswick
	203
	146
	167
	166
	130

	Nova Scotia – Gulf
	11
	19
	16
	31
	28

	Nova Scotia – southern
	102
	60
	77
	55
	64

	Newfoundland
	7
	27
	39
	48
	51

	Saint-Pierre and Miquelon
	4
	6
	9
	8
	2

	Gulf – Canada
	392
	345
	389
	401
	
342

	Eastern Canada & Saint-Pierre 
	498
	411
	475
	464
	408



[bookmark: _Ref389033357][bookmark: _Toc392574087]Table 1: Total number of adults counted in Canada during
each International Piping Plover Census Year

[image: ]

[bookmark: _Ref389141636][bookmark: _Toc392574108]Figure 6: Year-end pairs totals and productivity of Piping Plover in New Brunswick,
1996 – 2013. Sample sizes are listed above data points (Fortin, 2013). 

	LIDAR Survey Specifications 

	
Flight (Julian Day) 
	
198 & 200 


	Date of Acquisition 
	July 17 & 19 2011 


	Optech ALTM Sensor 
	3100 


	Pulse Repetition Frequency (kHz) 
	70 


	Altitude (meters above ground level) 
	1500-1550 


	Scan Rate 
	27.8 - 28 


	Scan Angle (deg) 
	25 


	Planned Flightline % Overlap 
	~50% 


	Approximate Swath Width (m) 
	1300 


	Approximate points per m2 
	0.5-8*
 

	Number of flightlines 
	13 



[bookmark: _Ref387312151][bookmark: _Toc392574088]Table 2: Lidar survey specifications
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[bookmark: _Ref389138675][bookmark: _Toc392574109]Figure 7: Lidar and Ortho-photo extent, 2011



[image: ]
[bookmark: _Ref387312181][bookmark: _Toc392574110]Figure 8: Location where Lidar sensor malfunction during
the 2011 flight along the interior pass



[bookmark: _Ref387312196][bookmark: _Toc392574111]Figure 9: Lidar figure is at left, imagery at right. These images partially demonstrate
Lidar data loss via the malfunctioning sensor


	2011 LiDAR Specifications
	2011 Air-photo Specifications

	Source 
	Applied Geomatics Research Group (AGRG)

	Source 
	Applied Geomatics Research Group (AGRG)

	Projection 
	New Brunswick Double Stereographic Projection
	Projection 
	Universal Transverse Mercator (UTM) Zone 20

	Horizontal Datum 
	NAD83 (CSRS) UTM Zone 20

	Horizontal Datum 
	NAD 83 CSRS

	Vertical Datum 
	CGVD28

	Pixel Resolution 
	0.2m

	Average Flying Height 

	1500 – 1550m

	Date of Acquisition 
	July 17 & 19, 2011

	Horizontal Accuracy 

Vertical Accuracy
	0.5m – 0.8m

0.15m

	Time of Day 
	Evening

	Average Point Spacing 
	0.5m – 0.8m
	Camera 
	Rollei Metric Digital Air Camera, AIC modular LS version p45.


	Date of Acquisition
	July 17 & 19, 2011
	GPS/IMU 
	Optech 3100

	Time of Day 
	Evening
	
	


[bookmark: _Ref387312219][bookmark: _Toc392574089]Table 3: Lidar DEM and ortho-photo specifications, 2011
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[bookmark: _Ref387312314][bookmark: _Toc392574112]Figure 10: Beaches field surveyed in 2011
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[bookmark: _Ref387318190][bookmark: _Toc392574113]Figure 11: Lidar and ortho-photo extent, 2009
(where it overlaps with 2011 study)


	2009 LiDAR Specifications
	2009 Air-photo Specifications

	Source 
	Leading Edge Geomatics
	Source 
	Applied Geomatics Research Group (AGRG) 


	Projection 
	New Brunswick Double Stereographic Projection
	Projection 
	Universal Transverse Mercator (UTM) Zone 20 


	Horizontal Datum 
	NAD83 (CSRS) UTM Zone 20

	Horizontal Datum 
	NAD 83 CSRS 

	Vertical Datum 
	CGVD28

	Pixel Resolution
	0.3m 

	Average Flying Height 

	1600m
	Date of Acquisition 
	November 4 and 5, 2009 

	Horizontal Accuracy 

Vertical Accuracy
	0.8 @ 1 Sigma

0.15 m @ 95%

	Time of Day 
	Afternoon

	Average Point Spacing
 
	0.8m
	
	

	Date of Acquisition 
	November 4 & 5 2009

	
	

	Time of Day 
	Afternoon
	
	



[bookmark: _Ref387320089][bookmark: _Ref387320083][bookmark: _Toc392574090]Table 4: Lidar DEM and ortho-photo specifications, 2009
	Nests 2009
	Nests 2011

	NestRecordID
	Beach
	Latitude
	Longitude
	NestRecordID
	Beach
	Latitude
	Longitude

	34082544
	Grand Lac
	47.7512
	-64.6058
	55965527
	Grand Passage
	47.6655
	-64.7670

	34082548
	Grand Passage Sud
	47.6559
	-64.7793
	55965528
	Grand Passage
	47.6559
	-64.7808

	34082565
	Wilson Point North, Miscou Island
	47.9543
	-64.4744
	55965521
	Wilson Point North, Miscou Island
	47.9478
	-64.4718

	34082553
	Pigeon Hill Beach
	47.8834
	-64.5033
	55965522
	Wilson Point North, Miscou Island
	47.9576
	-64.4753

	34082566
	Wilson Point North, Miscou Island
	47.9515
	-64.4722
	55965520
	Miscou Beach, Miscou Island
	47.9801
	-64.4798

	34082552
	Miscou Beach
	47.9902
	-64.4823
	55965519
	Miscou Beach, Miscou Island
	47.9939
	-64.4842

	34082551
	Grande Plaine
	47.9971
	-64.5498
	55965524
	Pigeon Hill Sandspit
	47.9094
	-64.4982

	34082550
	Grande Plaine
	48.0045
	-64.5507
	55965525
	Pigeon Hill Sandspit
	47.9014
	-64.5000

	34082545
	Grand Passage Nord
	47.6801
	-64.7465
	55965523
	Pigeon Hill Sandspit
	47.9018
	-64.5012

	34082546
	Grand Passage Nord
	47.6843
	-64.7398
	55965517
	Grande Plaine, Miscou Island
	48.0006
	-64.5504

	34082549
	Grand Passage Sud
	47.6563
	-64.7780
	55965513
	Marks Point South, Miscou Island
	47.8921
	-64.5803



[bookmark: _Ref390163812][bookmark: _Toc392574091]Table 5: Piping Plover Nests, 2009 and 2011 in the Acadian Peninsula
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[bookmark: _Ref389659227][bookmark: _Toc392574114]Figure 12: Piping Plover nest locations in the Acadian Peninsula, 
New Brunswick, 2009 and 2011
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[bookmark: _Ref390165295][bookmark: _Toc392574115]Figure 13: Piping Plover nest locations along the New Brunswick 
Gulf of Saint Lawrence within the 2011 study area.
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[bookmark: _Ref387413662][bookmark: _Toc392574116]Figure 14: Comparing image resampling results. Red polygon is a 294 m2 overwash,
image on left is 1 m resolution, at right is 0.2 m.
SP = 1000
SP = 2500




[bookmark: _Ref388347424][bookmark: _Toc392574117]Figure 15: Scale parameter resolution in eCognition. Arrow placement at left shows good differentiation between foreshore beach and an overwash, two classes that are not differentiated in the lower resolution image at right
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[bookmark: _Ref388354719][bookmark: _Toc392574118]Figure 16: Classification Hierarchy
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[bookmark: _Ref388432001][bookmark: _Toc392574119]Figure 17: Highest High Water Large Tides (HHWLT) zones along the Gulf of 
St. Lawrence (Daigle, 2012). HHWLT is the highest predicted tide for a region and was used to separate foreshore beach from backshore beach. 


	Classification
	Validation


	 
	Overwash

	Anthropogenic
	1

	Backshore Beach
	5

	Dense Vegetation
	1

	Overwash
	41

	
	

	Overall Accuracy
	41/48 = 85.4%



[bookmark: _Ref388534015][bookmark: _Toc392574092]Table 6: Thematic accuracy for field verified overwash polygons




[bookmark: _Ref388535848][bookmark: _Toc392574120]Figure 18: Spatial accuracy of the field verified overwash sites. Class represents 
reference polygon percentage correctly classified. 
	
	
	Reference Test Points
	
	
	
	
	
	

	
	Row Labels
	Anthropogenic
	Beach
	Dense Veg
	Feeding Zone
	Light Veg
	Overwash
	Upland
	Water
	Grand Total

	
	Anthropogenic
	49
	
	
	
	1
	
	
	
	50

	Remote
	Beach
	
	49
	
	1
	
	
	
	
	50

	Sensing
	Dense Vegetation
	
	
	45
	
	
	
	5
	
	50

	Classification
	Mudflat
	
	
	
	49
	
	
	
	1
	50

	
	Light Vegetation
	3
	
	3
	1
	40
	2
	
	1
	50

	
	Overwash
	
	1
	
	
	11
	38
	
	
	50

	
	Upland
	4
	
	2
	
	
	
	44
	
	50

	
	Water
	
	
	1
	
	
	
	
	49
	50

	
	Grand Total
	56
	50
	51
	51
	52
	40
	49
	51
	400

	
	
	
	
	
	
	
	
	
	
	

	
	Omission Error (%)
	12.5
	2.0
	11.8
	3.9
	23.1
	5.0
	10.2
	3.9
	

	
	Commission Error (%)
	2.0
	2.0
	10.0
	2.0
	20.0
	24.0
	12.0
	2.0
	

	
	Overall Accuracy = 363/400 = 90.8%
	
	
	
	
	
	
	

	
	Kappa = 89.4%
	
	
	
	
	
	
	
	
	



[bookmark: _Ref388615731][bookmark: _Toc392574093]Table 7: confusion matrix, 2011 image classification

	
	
	          Reference Test Points
	
	
	
	
	

	
	Row Labels
	Anthropogenic
	Beach
	Dense Veg
	Mudflat
	Light Veg
	Overwash
	Upland
	Water
	Grand Total

	
	Anthropogenic
	50
	
	
	
	
	
	
	
	50

	Remote
	Beach
	
	49
	
	1
	
	
	
	
	50

	Sensing
	Dense Vegetation
	
	
	42
	1
	
	
	2
	
	45

	Classification
	Mudflat
	
	
	
	49
	1
	
	
	
	50

	
	Light Vegetation
	
	1
	9
	
	38
	2
	
	
	50

	
	Overwash
	
	
	
	
	1
	49
	
	
	50

	
	Upland
	1
	
	1
	
	
	
	48
	
	50

	
	Water
	
	
	
	
	
	
	
	50
	50

	
	Grand Total
	51
	50
	52
	51
	40
	51
	50
	50
	395

	
	
	
	
	
	
	
	
	
	
	

	
	Omission Error (%)
	2.0
	2.0
	19.2
	3.9
	5.0
	3.9
	4.0
	4.0
	

	
	Commission Error (%)
	0.0
	2.0
	6.7
	2.0
	24.0
	2.0
	4.0
	0.0
	

	
	Overall Accuracy = 375/395 = 94.9%
	
	
	
	
	
	
	

	
	Kappa = 94.2%
	
	
	
	
	
	
	
	
	



[bookmark: _Ref388615745][bookmark: _Toc392574094]Table 8: confusion matrix, 2009 image classification
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[bookmark: _Ref392486009][bookmark: _Toc392574121]Figure 19: Coastal change, 2009 to 2011
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[bookmark: _Ref392486020][bookmark: _Toc392574122]Figure 20: new overwash creation at Shippagan Beach. Brown line on each image marks 2011 overwash extent.


[bookmark: _Ref392493764][image: ]
[bookmark: _Toc392574123]Figure 21: Overwash extent in 2009 versus 2011 at Mal Beach North, Miscou Island. Note how much further 
inland sand has been deposited in 2011 compared to 2009.
[image: ]
[bookmark: _Ref392510961][bookmark: _Toc392574124]Figure 22: Overwash extent in 2009 versus 2011 at Mal Beach South, Miscou Island. Note how much further 
inland sand has been deposited in 2011 compared to 2009.




Lidar Intensity











[bookmark: _Ref392145687][bookmark: _Toc392574125]Figure 23: Lidar Intensity. Image at right is Lidar intensity for the Bouctouche Dune (2011). Return signal from sand is
weaker than for vegetation, making it a useful feature for differentiating land cover classes.


Lidar Intensity


[bookmark: _Ref392153251][bookmark: _Toc392574126]Figure 24: Lidar Intensity. Segmentation result within eCognition
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