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Abstract

:

Monitoring Adélie penguin (Pygoscelis adeliae) populations on the Western Antarctic Peninsula (WAP) provides information about the health of the species and the WAP marine ecosystem itself. In January 2017, surveys of Adélie penguin colonies at Avian Island and Torgersen Island off the WAP were conducted via unoccupied aircraft systems (UAS) collecting optical Red Green Blue (RGB), thermal, and multispectral imagery. A semi-automated workflow to count individual penguins using a fusion of multispectral and thermal imagery was developed and combined into an ArcGIS workflow. This workflow isolates colonies using multispectral imagery and detects and counts individuals by thermal signatures. Two analysts conducted manual counts from synoptic RGB UAS imagery. The automated system deviated from analyst counts by −3.96% on Avian Island and by 17.83% on Torgersen Island. However, colony-by-colony comparisons revealed that the greatest deviations occurred at larger colonies. Matched pairs analysis revealed no significant differences between automated and manual counts at both locations (p > 0.31) and linear regressions of colony sizes from both methods revealed significant positive relationships approaching unity (p < 0.0002. R2 = 0.91). These results indicate that combining UAS surveys with sensor fusion techniques and semi-automated workflows provide efficient and accurate methods for monitoring seabird colonies in remote environments.
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1. Introduction


For wildlife biologists, occupied aircraft surveys are crucial tools that inform both ecological studies and conservation decisions by providing critical information on the status and trajectories of vertebrate animal populations, including assessments of colonial seabirds [1,2]. Unfortunately, occupied aircraft surveys can be expensive, logistically challenging and, depending on the organisms and habitat, they can be risky. Indeed, one study found that aviation-based accidents were the leading cause of work related mortality for wildlife biologists [3]. These factors may be especially important in remote locations that exhibit harsh conditions.



Some of the harshest environments in which humans conduct wildlife surveys are found in polar regions, including the Western Antarctic Peninsula (WAP). The WAP is remote and largely accessible only in the austral summer, making population assessments for most vertebrate species, including key species of interest such as the Adélie penguin (Pygoscelis adeliae), extremely challenging. In most locations, aerial support for penguin population surveys is severely limited, or completely lacking due to large costs and logistical constraints. A significant amount of effort is dedicated to monitoring Adélie penguin colonies in the WAP as they are believed to be sensitive indicators of ecological change [4]. In some portions of the northern WAP, Adélie penguins have been decreasing since the 1970s [5] and given the rapidly changing climate in this region, it is especially important to track colony trajectories. Accurate assessments of Adélie breeding colonies are especially important—by counting both adults and juveniles, biologists can monitor the trajectory of colonies and assess how breeding success may relate to environmental stressors [5].



To conduct surveys of Adélie penguins on the Western Antarctic Peninsula, scientists typically access colonies on foot, walking across challenging terrain in cold temperatures for extended periods of time to count thousands of penguins by hand [6]. Another, faster, survey method uses portable GPS systems to measure the perimeter of each colony, defined as areas covered in guano, and uses these areas to estimate abundance using general or site-specific ratios of penguins or nests per square meter of guano [7,8]. Surveys from aerial or satellite imagery are a compelling alternative to ground-based counts (where possible) as they are more efficient, and, given the challenges associated with oblique ground-based assessments, often more accurate [9].



Several studies have used aerial imagery to estimate penguin colony sizes. An early study showed that using kites to take pictures of breeding colonies along the Western Antarctic Peninsula could be a more cost-efficient method to count Adélie penguin populations, especially for large colonies [5]. More recently, studies have used helicopter-based aerial surveys [10] and UAS surveys [11,12] to manually detect and count penguins from imagery in ArcGIS. It is possible to improve both the efficiency and accuracy of wildlife population counts by using automated counting tools [13,14] and studies using automation to count bird populations started in the late 1980s [15,16]. Since then, there have been an array of studies testing and validating automated processes for detecting, counting, and mapping bird populations [14,17,18,19,20,21,22].



Studies focused on penguins have used both satellite and aerial imagery from occupied aircraft and UAS. Several studies have developed methods using high-resolution satellite imagery using a variety of techniques including supervised classification [23], geographic-based object analysis [24], and maximum likelihood multivariate classification [8]. Others have developed methods for aerial imagery using methods such as semi-automated thresholding [25], and image segmentation [4].



Most of these studies focused on detecting and quantifying the area of penguin colonies by separating out the guano in the color images [8,23,24,25]. Trathan (2004) [4] manually isolated colonies and then applied a threshold to isolate individual penguins from the images. Building on this, McNeill et al. (2011) [25] applied a threshold twice, first to isolate the colony and then a second time to isolate individual penguins. This workflow was released as an interactive GUI (Geographical User Interface) for the MatLab software computational environment that allowed the user to edit the results by adding or deleting penguins that were missed or falsely identified.



Unoccupied aircraft systems (UAS) are increasingly used to augment or replace occupied aircraft surveys [26] and have been used in a large variety of both terrestrial and marine studies; examples include assessing tropical forest recovery [27], facilitating precision agriculture [28], measuring coastal topology [29,30] and quantifying fluctuating geomorphology [31,32], sampling surface temperature of oceans [33] and streams [34], conducting blue whale photogrammetry [35], and estimating right whale body condition [36]. UAS can provide a more efficient method for conducting wildlife surveys [37,38,39,40] as they cover relatively large areas in single flights that take considerably less time than surveys on foot. Additionally, UAS can carry a variety of sensors (either simultaneously or on sequential flights), providing opportunities to enhance and automate methods of population estimation through sensor fusion approaches that combine optical Red Green Blue (RGB), thermal infrared (IR) and multispectral (e.g., near-infrared and red-edge) reflectance data for detecting objects of interest.



The value of using thermal IR imagery for wildlife population surveys has been demonstrated for a variety of bird and mammal species, largely because they tend to emit heat, making them distinguishable from their habitats. This includes studies of a variety of bird [41,42,43,44] and mammal species [45,46,47,48,49]. The use of multispectral imagery in aerial surveys for animals is less widely applied, but some applications show promise for detecting marine species [50]. Furthermore, multispectral imagery can clearly be used to define habitat parameters that help focus or constrain other remote sensing methods to detect and enumerate organisms in visible or thermal imagery [51].



The present study establishes a semi-automated workflow to estimate Adélie penguin colony sizes through the fusion of multispectral and thermal imagery collected with a fixed wing UAS. This workflow initially uses multispectral reflectance of guano in near infrared (NIR) wavelengths to identify colony areas that are then assessed via thermal imagery to detect and count birds. This workflow was converted into a series of open source parameterized ArcGIS tools sensu McNeill et al. (2011) [25]. This multispectral/thermal assessment workflow compared favorably with manual counts generated by UAS-generated RGB imagery of the same colonies on the same day, demonstrating that integrating thermal and multispectral imagery from UAS surveys can improve the efficiency and accuracy of Adélie penguin population surveys.




2. Methods


2.1. Study Sites


This study was conducted on two islands on the WAP: Approximately 1/3 of Avian Island (67°46′21″S, 68°53′19″W) and all of Torgersen Island (approximately 64°46′17″S, 64° 04′31″W), shown in Figure 1. The surveys were conducted in late January and early February of 2017 during the Adélie penguin breeding season.




2.2. Data Collection


All UAS data were collected using the classic senseFly eBee, a commercially available fixed wing UAS. The eBee has a light-weight foam airframe powered by a single rear-mounted brushless electric motor powered by a lithium polymer battery. It has a wing-span of 96 cm and weighs 0.7 kg. During surveys, the eBee UAS followed a pre-programmed three-dimensional flight path guided by a precision GPS sensor, a high-resolution barometer, ground-sensing camera and wind-speed indicators as in Arona et al. (2018) [52]. Speed over ground varied between 11 and 14 m per second and failsafe logic was set to return the UAS to the landing zone if it experienced anomalies in sensor performance or extreme wind conditions (greater than 12 m per second), and it telemetered flight data to the operator in real time. The instrument was launched by hand and recovered after a linear approach/landing at a predetermined 10 m radius region. RGB imagery was collected with a 12.1 megapixel Canon S110 camera. Thermal imagery was collected using the senseFly Thermomap sensor, a self-calibrating 640 × 512-pixel thermal infrared camera with a marketed precision of 0.1 °C (senseFly LLC) and accuracy of approximately 1 °C [49]. Multispectral imagery was collected using the Parrot Sequoia sensor, a 1 megapixel camera sensitive to green (530–570 nm), red (640–680 nm), red edge (730–740 nm) and near infrared (770–810 nm) wavelengths. All UAS flights were preprogrammed using the eMotion software package (senseFly, Switzerland) and flight durations ranged between 15 and 22 min at an altitude of approximately 85 m above ground level. Take-off and linear landings for all flights were conducted at least 50 m away from colonies being assessed to reduce potential disturbance. Flight plans were designed to capture imagery on sequential short lines, to reduce artifacts that arise when applying Structure from Motion (SfM) techniques to images with long time intervals between acquisition times. In both study locations, all flights were conducted between 11:00 a.m. and 3:00 p.m. local time (GMT-5). Penguin colony flights were conducted sequentially (RGB, Multispectral, and thermal IR) with <20 min between flights. Weather at both locations was similar, with air temperatures between 3 and 6 °C, partly cloudy skies, and visibility greater that 15 km. The final ground sampling distance (GSD) of all images used in the analysis are available in Table 1.




2.3. Data Processing


All UAS imagery from all three sensors was analyzed with the SfM Pix4D Mapper software (Pix4D SA, Prilly, Switzerland) to create products used in subsequent analyses. For the multispectral data collected from the Sequoia, only the four multispectral channels were considered, and the RGB imagery was disregarded due to it being low quality in comparison to dedicated RGB sampling. The processing followed the typical multispectral processing Pix4D pipeline under a direct georeferencing scenario [53] that included image alignment, tie point extraction, bundle block adjustment (BBA), the generation of point clouds, digital surface modeling (DSM), and the creation of orthomosaic and reflectance maps used in subsequent analyses. This pipeline used one set of radiometric calibration target images per flight to generate calibrated reflectance values. Thermomapper imagery was also processed using the standard Pix4D pipeline, similar to Seymour et al. (2017) [49]. The RGB orthomosaics were also edited in Pix4D to correct for errors caused by misaligned tiles and obvious animals moving between images.



The multispectral, thermal and RGB layers were not aligned, so they were georectified with easily identifiable features in all layers using the Georeferencing tool in ArcGIS Desktop 10.5.1 [54] prior to any analysis. The georeferenced images were exported for analysis using bilinear interpolation as the image cells contained continuous data.




2.4. Penguin Count Data


The RGB orthomosaics were tiled and imported into the iTAG software package [55] where penguin adults and chicks within colonies were counted in each tile by two trained analysts. Chicks were distinguished from adults by their grey plumage. Counts were then separated by individual colonies in ArcGIS. In this study, we use the term colony to refer to individual enclosed areas of guano containing nests.




2.5. Population Count Workflow


Automated population counts and colony density estimates were calculated using a sequential combination of thermal and multispectral imagery. The general workflow (Supplementary Material Figure S1), isolates penguin colonies as polygons by applying a threshold to multispectral imagery, and then extracts colony areas from the georectified thermal imagery by overlaying these multispectral colony polygons. The number of penguins within each colony was counted using the thermal imagery, and the density of penguins per colony was calculated by dividing the number of penguins per colony by its area. We chose different multispectral approaches for each island based on greatest contrast between guano and the background, demonstrating how both single-band reflectance, or reflectance indices can be employed in this workflow. For Avian Island, single-band near infrared (NIR) reflectance was used to isolate the outlines of colonies, whereas the Normalized Difference Vegetation Index (NDVI) (NIR − red band/NIR + red band, [56]) was used to outline colonies on Torgersen Island. Operationally, the workflow was divided into three separate stages in order to create a toolset that applied easily to other imagery sets and allow the user to enter site-specific parameters at different stages. Details on these stages and the workflow toolbox are detailed below.



2.5.1. Step 1. Multispectral Colony Delineation


To identify individual penguin colonies, we examined NIR or NDVI reflectance values of known guano patches throughout the image to define a threshold value that captured the lower limit of guano reflectance values. To determine the threshold, we sampled approximately 20 points throughout the colonies, selecting guano pixels representing a range of reflectance values. Each point identified the value of one pixel. The thresholds selected were 0.42 and 0.16 for Avian and Torgersen Island, respectively. We then selected all pixels within each orthomosaic with values above the threshold and converted them to polygons. Polygons greater than 0.3 m2 were selected and then dissolved to create continuous colony polygons to eliminate holes created by the less reflective penguins. An area threshold value of 0.3 m2 was chosen during development through observations that polygons below this value tended to be non-guano pixels. Finally, we added 0.6 m buffers to each polygon and then dissolved them to create the complete suite of colony polygons. A buffer size of 0.6 m was chosen because we found that this distance covered gaps in colonies caused by penguin clumps without joining neighboring colonies.




2.5.2. Steps 2 and 3. Thermal Colony Assessment


Multispectral colonies were then assessed for features on the islands that might have similar reflectance values to guano, such as dirty snow, ice, or vegetation, which were removed. A small number of colonies were outlined manually because the extent of the NIR imagery did not overlap completely with the thermal imagery, with a section of the island not included in the NIR imagery. We then combined the selected colonies with the drawn colonies and added 0.5 m buffers to the complete colony polygons to create a final comprehensive colony mask. This final buffer was applied to avoid losing area when clipping out the high values created by the high pass filter, described below, along the outline of each colony.



The final buffered colony mask was used to extract penguin colony areas from the thermal imagery to limit the scope of further analysis, Figure 2 shows this step of the process. This approach focuses assessments to within colonies, reducing the likelihood that further steps would be biased by including warm regions of the ground and by counting other birds in the area such as giant petrels or sheathbills. While there was no way to distinguish between penguins and sheathbills within a colony from the thermal imagery, the number of sheathbills was minimal.



As penguins appear warmer than their background in thermal imagery, they could be identified and enumerated within our thermal colony regions. However, they were not all uniform in temperature; on Avian Island, the range of thermal values was from 1.33 to 34.11 and on Torgersen Island the range was from 3.77 to 17.68. Moreover, in some cases their proximity to each other posed problems for detecting individuals. As in Seymour et al. (2017) [49], we applied a high pass filter to thermal IR data to help isolate individual penguins within extracted colonies by enhancing their edges.



Through comparisons with RGB data, a threshold value was established for the presence of a penguin. We resampled the high pass filter output to a cell size of 0.08 m2, to spatially capture the thermal signature of a penguin. Next, we selected all cell values above the threshold for a penguin signal and then used the unbuffered colony mask to remove the colony outlines and extract thermal signals of penguins from the colony areas. The high pass threshold values were 4.5 and 0.3 for Avian and Torgersen Island, respectively. We then converted these signals into penguin polygons to create the final individual penguin layer. Finally, we spatially joined the penguin and colony layers in order to calculate density. In some cases, penguins were so close together that they had merged into one larger thermal hotspot that was not deconstructed through high pass filtering. In these cases, we used the average area of a penguin identified above to calculate how many penguins were within one hotspot. On both islands, penguins at least 0.3 m apart were distinguished as separate individuals, and about one third of the thermal signals were clumps larger than the size of one penguin. Finally, we calculated the density of penguins per colony by dividing the number of penguins in a colony by that colony’s area. The final colony and penguin layers are show in Figure 3. The ArcGIS toolbox and code for this project are available at https://github.com/cbirdferrer/penguin-counting. Data and code are available at https://doi.org/10.7924/r4cv4jq6j.





2.6. Comparison with Manual Imagery Counts


We compared total and per colony penguin abundance generated by the automated workflow with the average analyst count for each colony. To do this, points created in iTAG were imported into ArcGIS and then joined with the colony shapes to calculate colony abundance and density. We also estimated per colony abundance using a common ratio for breeding colonies in the region (two penguins per square meter of guano) [7] and used analyst counts and guano areas to calculate the ratio at the study sites to compare the accuracy of the workflow against the analyst counts.



Initial distribution plots of the densities of penguins per colony on each island were created and a matched pairs analysis was used to examine the relationship between automated and manual counts across colony sizes. Bivariate linear regressions of the automated counts vs. analyst counts were conducted to assess how well the automated counts predicted manual counts on each island. These assessments were all conducted using JMP (JMP Pro, Version 14.0.0. SAS Institute Inc., Cary, NC, USA, 1989–2019).





3. Results


3.1. Manual and Automated Counts


The average analyst count was 49,483 at the Avian Island study site and 1189 on Torgersen Island (Table 2). The automated count was 47,525 at the Avian Island study site and 1401 on Torgersen Island (Figure 3). Table 3 summarizes the results from each method used to estimate the population at the Avian Island study site. Using the average analyst count as the expected, this resulted in a percent error of 3.96% on Avian Island and 17.83% on Torgersen Island.




3.2. Area-Based Assessments


The total area of guano, as calculated by the workflow, was 38,318.75 m2 at the Avian Island study site and 1439.3 m2 on Torgersen Island (Figure 3). Therefore, application of the two penguins per square meter ratio indicates that there would be 76,637 penguins at the Avian Island study site and 2879 penguins on Torgersen Island. Using the average of the workflow and analyst counts and the area of guano from the workflow, we estimated a ratio of 1.27 penguins per square meter at the Avian Island study site and 0.90 penguins per square meter on Torgersen Island. When we used these ratios to estimate the population, we estimated that there were 48,665 penguins at the Avian Island study site and 1295 penguins on Torgersen Island during the time of the surveys (Table 3).




3.3. Manual vs. Automated Counts


As shown in Figure 4A,B, the distribution of colony densities was approximately normal for both Avian (W = 0.99, p = 0.74) and Torgersen Island (W = 0.87, p = 0.15). The results of the regression indicate a strong positive relationship between the analyst average counts and the workflow counts on Avian Island (Figure 4C: R2 = 0.94, F(1,93) = 1466.68, p(>F) < 0.0001, beta = 0.90, p(>|t|) < 0.0001). Figure 4C shows that very few colonies deviate from expected and those colonies that fell outside of the confidence interval were larger colonies. Similarly, the results of the regression on Torgersen Island revealed a strong positive relationship between the analyst average counts and the workflow counts (Figure 4D: R2 = 0.91, F(1,6) = 64.37, p(>F) < 0.0002, beta = 1.00, p(>|t|) < 0.0002). Figure 4D shows that all colonies fell within the confidence interval and that larger colonies deviated most from the line. A matched pairs t-test was used to compare the average analyst counts and workflow counts (Figure 4E,F). At the Avian Island study site there was no significant difference between the average analyst count (M = 49,482.5, SD = 2803.678) and the workflow count (47,525); t(94) = 0.96, p = 0.34. There was also no significant difference found between the average analyst count (M = 1189, SD = 8.49) and the workflow count (1401) on Torgersen Island; t(7) = −1.09, p = 0.31. Figure 4G,H show that the difference between the analyst average count and the workflow count increases with colony size.





4. Discussion


The results of the present study demonstrate an efficient and repeatable approach that fuses high-resolution multispectral and thermal data to assess Adélie penguin colonies on the WAP. Furthermore, our study illustrates how these data can be employed to rapidly generate colony abundance data through an easy-to-use, semi-automated GIS workflow.



The matched pairs and regression analyses revealed no significant differences between model and analyst counts, and regressions indicate that the average of analyst counts has a strong relationship to workflow counts. However, the percent errors differed considerably between the two islands. The automated workflow calculated 1958 fewer penguins at the Avian Island study site than the average analyst count yet estimated 212 more penguins on Torgersen Island than the average analyst count. There are several factors that may have contributed to the accuracy of both the analyst counts and the workflow, including artifacts in the RGB and thermal imagery that could not be controlled for.



First, at the time of the flight, the sun angle created shadows that looked like penguins. Consequently, when penguins were tightly clustered it became difficult to distinguish a penguin from the shadow of another. Additionally, light-colored juveniles were sometimes within the shadow of an adult, meaning that shadows could easily be mistaken for a juvenile or vice versa. In some cases, the size and color of the juveniles also made it difficult to differentiate them from rocks on the edges of the colonies. The matched pairs analysis (Figure 4) revealed that the difference between the automated and manual counts increased with colony size, suggesting that analyst accuracy decreased with colony size, and, therefore, mirroring the conclusions of Fraser et al. (1999) [5], this workflow may be especially useful for larger colonies.



The percent error on Torgersen may have been higher than the percent error at the Avian Island study site due to the presence of several patches of hot pixels along the edges of the colonies in the thermal imagery that were not penguins. Because of their location, some of these patches were included in the colony polygons and therefore likely contributed to the workflow count being greater than the average analyst count. These hot spots may have been rocks heated by the sun; so, to minimize the chance of this happening in the future, flights should be conducted earlier in the day or on an overcast day.



Similar to McNeill et al. (2011) [25] and LaRue et al. (2014) [23], we have demonstrated the use of guano signatures to isolate colonies in high-resolution remote sensing imagery and estimate penguin abundance. While previous studies have done this using RGB imagery, we used the reflectance of guano in NIR imagery. Guano reflects strongly in the NIR component of the electromagnetic spectrum because it remains high in nutrients and pigments associated with the krill-based Adélie penguin diet [57]. NIR is typically used for analyzing the nutrient content of soil, but it has also been used to analyze the nutrient content of food. One study found that NIR is especially good for nutrient analysis of homogenous crushed food [58]. Interestingly, in the present study guano had a more distinct contrast from the background in NIR imagery at the Avian Island study site in contrast to NDVI imagery on Torgersen Island. We propose two potential explanations for this difference in reflectance. One possible explanation is that the guano was clearly drier on Avian Island, an observation made by observers in the field during UAS flights. This difference in wetness could have caused a difference in the spectral reflectance pattern of the guano [59]. Another possibility is that the diet of the penguins on Avian Island contained less krill, leading to less red pigment in the guano [59]. A study focused on using UAS to study variability in guano spectral reflectance throughout the breeding season, under different moisture conditions, is needed to fully understand this difference.



LaRue et al. (2014) [23] developed a supervised classification method to quantify the guano area and estimate Adélie penguin abundance in satellite-based remote sensing imagery. A central component of the classification was a distinction between old and new guano color signals. However, the observed difference in guano multispectral signals in the present study indicates that the within-year guano signal can be variable across locations and may be dependent on local precipitation patterns, something that has not been addressed in previous studies. Understanding how this signal may change within years and across years is important for studies looking to use multispectral signals to detect penguin colonies from remotely sensed imagery. Applying UAS in such a study would be beneficial as they collect higher-resolution data and their immediacy would allow for more frequent studies, including on cloudy days that limit satellite-based remote sensing approaches. The high-resolution imagery also allows for detailed population counts, as opposed to area-based density estimates.



That being said, employing the guano area as part of the present workflow provides for the calculation of site-specific and colony-specific ratios of penguins per square meter of guano. Intriguingly, the ratios were different for each island and they differed from previously published ratios. The ratio is clearly influenced by reproductive seasonality [10], which might account for the differences between the study sites. This could also be explained by the different conditions of the islands and the behavior of birds at those colonies; Torgersen is farther north and has warmed more than Avian Island in recent years, and the Adélie penguin colonies on Torgersen have significantly decreased [6]. UAS surveys at both locations were conducted at different times across more than 3 degrees of latitude and approximately 400 km of straight-line distance, perhaps capturing phenological differences in colony attendance by penguins. Furthermore, deviations in colony trajectories at both locations may explain why the penguin-to-area ratio would be different across colonies at these sites. Finally, if this ratio is an indicator for population health—where a high density indicates a healthy colony [6]—these may reflect deviations in overall penguin colony health at these two sites.




5. Conclusions


The combination of UAS imagery and the fusion of multispectral imagery provides significant opportunities to create robust and efficient workflows for populations of penguins, and likely other colonial seabirds. The tools generated in the present study can be parameterized for each study location and species and are therefore applicable to a variety of cases. The established workflow was divided into three tools applied sequentially, as some of the input parameters depend on intermediate products of the overall workflow. While this reduces efficiency to some extent, the overall workflow still requires less time than ground surveys or manual counts, and the added control over the inputs increases accuracy and provides flexibility for applying this approach to other species or other habitats. Furthermore, this fundamental geoprocessing approach is likely to be more accessible and adaptable than other fully automated approaches such as CNNs for some researchers. Where a CNN-based approach would require significant amounts of training data, greater computation power, and machine learning training, the present approach only requires ArcGIS and training in geospatial analysis.



This approach can also be adapted to a variety of contexts rapidly; using a fusion of imagery could be useful for enumerating other species that congregate in areas with varying reflectance spectra. Additionally, using an automated approach helps eliminate potential errors associated with variability between individual analysts’ counts, and provides for greater methodological consistency and comparability of survey data over time. Furthermore, the number of light and low-cost thermal and dual RGB/Thermal cameras is quickly growing, meaning that the efficacy of approaches like this will improve. Future work should focus on developing automated methods for distinguishing between adult and juvenile penguins in order to estimate breeding pairs, an important metric used in penguin population surveys. The results of the present study demonstrate how modern high-resolution remote sensing methods can be used to advance the efficiency and safety of Adélie penguin population surveys in rapidly changing habitats of the Western Antarctic Peninsula.
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Figure 1. Map indicating locations of study sites. Avian Island (A) is located at approximately 67°46′21″S, 68°53′19″W. Approximately 1/3 of Avian Island was surveyed on 15 January 2017. Torgersen Island (B) is located north of Avian Island at approximately 64°46′17″S, 64°04′31″W. All of Torgersen Island was surveyed on 6 February 2017. 
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Figure 2. All potential colonies isolated using multispectral imagery at the Avian Island study site. Image (C) shows the multispectral image over the thermal image. Panel (A) shows how user-generated points are used to select correctly isolated colonies. Panel (B) shows in the area from panel (A) with only the correctly isolated colonies displayed. The colonies outlined in blue are the final colonies used to extract the colonies from the thermal imagery. The colonies outline in red are colonies that were incorrectly isolated by the workflow. Manually drawn colonies are visible (outlined in blue) on the bottom and left edges of the image (C). These colonies were drawn because the extent of the thermal image was greater than that of the multispectral image. 
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Figure 3. Final output of workflow on both islands. Thermal imagery of (A) Torgersen Island and (B) Avian Island study sites. The final colonies isolated using the polygons from the multispectral imagery are outlined in light blue. Individual penguins isolated using thresholding and high pass filtering are shown in dark blue. 
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Figure 4. Results of statistics performed to compare workflow and analyst counts for both the Avian Island (gray panel) and Torgersen Island (white panel) study sites. Panels (A,B) present the distributions of colony densities at each location, while (C,D) illustrate the bivariate linear regression of the workflow count against the analyst count for both study sites. Panels (E–H) show the results of the matched pairs analysis, with solid red lines illustrating overall mean values for each axis and red dotted lines representing their 95% confidence interval. Black lines bound the limits of statistical relationships. Panels (E,F) illustrate an increasing difference between analyst counts and workflow counts across the increasing range of mean colony sizes at each location. Similarly, panels (G,H) illustrate the difference between analyst counts and workflow counts for each colony number (ID), ordered by mean colony size from smallest to largest. (E–H) show that the difference between the workflow and analyst counts increased as colony size increased; one possible explanation for this is that the sun angle at the time of the surveys led to shadows that were easily mistaken for penguins by the analysts. Despite this deviation, (C,D) show a tight relationship between the analyst count and the workflow count. 
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Table 1. Ground Sampling Distance (GSD) for optical Red Green Blue (RGB), thermal and multispectral imagery of each island used in analysis.
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	Study Site
	RGB (cm)
	Multispectral (cm)
	Thermal (cm)





	Avian
	2.59
	6.84
	15.2



	Torgersen
	2.28
	7.58
	11.6
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Table 2. Summary of analyst counts on each island. Adult and juvenile penguins in the RGB images were counted by two trained analysts in iTAG to be compared with the output of the workflow. This table shows the counts from each analyst and the mean and standard deviation of the counts for each age class on each island.
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Avian

	
Torgersen




	

	
Analyst 1

	
Analyst 2

	
Mean

	
SD

	
Analyst 1

	
Analyst 2

	
Mean

	
SD






	
Adult

	
29,392

	
25,498

	
27,445

	
2753.4

	
984

	
606

	
795

	
267.2




	
Juvenile

	
18,108

	
25,967

	
22,038

	
5557.1

	
199

	
589

	
394

	
275.7




	
Total

	
47,500

	
51,465

	
49,483

	
2803.6

	
1183

	
1195

	
1189

	
8.5











[image: Table] 





Table 3. Summary of penguin counts and the guano area. The bolded column headings indicate the imagery the counts were derived from. This table shows the average of the analyst counts on each island (RGB), the total count of penguins from the workflow (thermal), the total guano area calculated from the workflow (multispectral), and the subsequent population estimations calculated using the guano area. We estimated the populations using the guano area in two ways. First, by using the average of the workflow and analyst counts and the area of guano from the workflow, and second, using the common ratio of 2 penguins per square meter of guano.
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RGB

	
Thermal

	
NIR Reflectance




	

	
Analyst Avg.

	
Total

	
Guano (sq.m)

	
Total (1.27 peng/sq.m)

	
Total (2 peng/sq.m)




	
Avian

	
49,483

	
47,525

	
38,318.75

	
48,665

	
76,637




	

	
RGB

	
Thermal

	
NDVI




	

	
Analyst Avg.

	
Total

	
Guano (sq.m)

	
Total (0.90 peng/sq.m)

	
Total (2 peng/sq.m)




	
Torgersen

	
1189

	
1401

	
1439.3

	
1295

	
2879
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