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Abstract

:

Aerial wildlife surveys with fixed-wing airplanes and helicopters are used more often than on-the-ground field surveys to cover areas that are both extensive and often inaccessible. Drones with high-resolution thermal sensors are being widely accepted as research tools to aid in monitoring wildlife species and their habitats. Therefore, our goal was to assess the feasibility of detecting northern bobwhite quail (Colinus virginianus, hereafter ‘bobwhite’) using drones with a high-resolution thermal sensor. Our objectives were (1) to identify the altitudes at which bobwhites can be detected and (2) compare the two most used color palettes to detect species (black-hot and isotherm). We achieved this goal by performing drone flights at different altitudes over caged tame bobwhites and capturing still images and video recordings at altitudes from 18 to 42 m. We did not observe or detect any obvious signs of distress, movement, or fluttering of bobwhites inside cages caused by the noise or presence of the drone during data acquisition. We observed the highest counts of individual bobwhites with the black-hot thermal palette at 18 m (92%;    x ¯    = 47 bobwhites; SE = 0.41) and at 24 m (81%;    x ¯    = 41 bobwhites; SE = 0.89). The isotherm thermal palette had lower count proportions. The use of video to count quail was not feasible due to the low resolution of the video and the species size. Flying drones with high-resolution thermal sensors provided reliable imagery to detect roosting bobwhite individuals in South Texas during the winter.
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1. Introduction


Wildlife surveys are systematic efforts to collect data about wildlife species’ presence, abundance, distribution, and behavior [1]. Wildlife surveys play a crucial role in informing conservation actions, managing ecosystems, and supporting sustainable management strategies [2,3,4]. Methods to estimate wildlife abundance have been studied extensively and depend on the biology of the species of interest [5,6,7]. Some of the most used approaches are point transects [8], camera traps [9], spotlight surveys [10], aerial wildlife surveys using helicopters [11], and fixed-wing airplanes [12,13,14,15,16].



Aerial wildlife surveys are used more often than on-the-ground field surveys to cover areas that are both extensive and often inaccessible [17,18,19]. The most common platforms that meet these needs for aerial wildlife surveys are fixed-wing airplanes and helicopters [11,19,20,21,22,23]. Fixed-wing airplanes are used to survey open, large extents of rangelands. Airplanes are commonly used to survey pronghorn (Antilocapra americana) in Wyoming and the Texas Panhandle [24,25]. Helicopters are often used when lower speeds and hovering are required and vegetation cover and topography become limiting factors [21,26,27]. Helicopters are useful when conducting surveys for bighorn sheep (Ovis canadensis) and mule deer (Odocoileus hemionus). Helicopters are also used for white-tailed deer (Odocoileus virginianus) and northern bobwhite quail (Colinus virginianus, hereafter ‘bobwhite’) surveys in arid and semi-arid rangelands with brush cover [11,17,20,23].



Helicopters are some of the most used survey platforms for bobwhites in South Texas [28]. Helicopter surveys are considered more reliable than morning covey calls [29]. Helicopter surveys used to estimate population density, which incorporate a distance sampling framework, consist of flying low (i.e., ~10 m above ground level) and slow (i.e., ~37 km·h−1) to flush coveys using the disturbance of the helicopter [28]. These aerial surveys rely on species flushing or running away as a means to detect them [20,28,29]. Data collected during these surveys include covey locations, the distance from the observer to covey locations, and individuals per covey, which are then used to estimate the bobwhite density for a certain area extent. Data collected during surveys aid managers in regulating harvest rates and reserving enough bobwhite recruits for the breeding season [30,31]. Unfortunately, while the pilots and wildlife biologists who perform these aerial surveys are trained and experienced, they are exposed to significant risks. The leading causes of death for wildlife workers and biologists in general are airplane and helicopter accidents [32,33]. Between 2000 and 2020, 66% of the 32 wildlife-job-related deaths were due to airplane and helicopter accidents. Therefore, there is a need to find alternatives to the current aerial wildlife survey methods than can provide similar or better estimates and lower the risk of fatal accidents.



As technology improves, drones with high-resolution thermal sensors are being widely accepted as research tools to aid in monitoring wildlife species and their habitats [34,35]. Drones and thermal sensors have been used to detect ungulates [36,37,38,39], primates [40,41,42], and birds [43,44]. Research in detecting large mammals with drones and thermal sensors is more common because of their body size and distinguishable body features compared to small-bodied species. The thermal reflectance of small-bodied species can cause them to easily be confused with surrounding substrates or be difficult to differentiate from other small-bodied individuals during flights [45]. There are studies that have reported the detection of small-bodied species using drones and thermal sensors, such as the northern lapwing (Vanellus vanellus) [46], brown hare (Lepus europaeus) [47], European nightjar (Caprimulgus europaeus) [45], and bobwhites [48]. To our knowledge, Martin et al. [48] was the only study to report bobwhite detections at civil twilight in the morning hours in Mississippi using drones with high-resolution thermal sensors.



There is very little research on how to conduct drone aerial surveys for small ground-dwelling birds in North America, specifically bobwhites. Martin et al. [48] reported detection rates of 60.5% in shrub cover, 56.2% in forest cover, and 40.3% in grass cover when flying a drone equipped with a thermal sensor at 30 m above ground level (AGL) at civil twilight in the morning hours. However, there is no research that has evaluated different flying altitudes or tested different color palettes to optimize bobwhite detection using thermal sensors. We chose to work with bobwhites because of the significant biological information available and their ecological, cultural, and economic importance throughout the United States [49,50,51,52,53,54]. Bobwhites are considered an umbrella species because of their association with other grassland and shrubland bird species of conservation concern [55]. They are also an indicator species for rangeland ecosystems [51,56]. Therefore, our goal was to assess the feasibility of detecting bobwhites using high-resolution thermal sensors. Our objectives were (1) to identify the altitudes at which bobwhites can be detected and (2) to compare the two most used color palettes to detect bobwhites. We achieved these objectives by performing flights at different altitudes over restrained tame bobwhites (i.e., within a wire cage) using a drone with a high-resolution thermal sensor and capturing still images and video recordings. We hypothesized that (1) we would have a greater number of bobwhite detections at altitudes lower than 30 m and (2) detection would be improved when using the black-hot color palette compared to the isotherm thermal color palette.




2. Materials and Methods


2.1. Study Site


The study was performed at the Duane Leach Research Aviary, Caesar Kleberg Wildlife Research Institute, at Texas A&M University–Kingsville (Kingsville, TX, USA). The climate in this area is categorized as humid subtropical, with hot, humid summers and mild to cool winters. Kingsville’s temperature ranges from 15.6 °C to 28.4 °C, with average annual precipitation of 736 mm [57]. The study was performed in February of 2023, after sunset, when bobwhite coveys are expected to form a roosting disk or huddle in a circular formation [53,58,59,60]. Weather conditions were measured with a handheld Skywatch meteos anemometer (JDC Instruments, Switzerland). Temperatures ranged between 5.5 °C and 11.3 °C and wind speeds ranged between 1.0 and 2.2 m·s−1 (Table 1).



We acquired 51 pen-raised bobwhites from a breeding facility in Quail Covey Run LLC (Brenham, TX, USA). The bobwhites were a mix of adult male and female birds of similar size. We transported the bobwhites to the Duane Leach Research Aviary in Kingsville, TX, where they were kept, maintained, and cared for in 3 separate aviary cages (1.2 × 1.8 × 2.4 m). From 6 February until 21 February, we provided the bobwhites with bird feed twice a day and ample water was always available. Bobwhites’ lengths range from 240 to 275 mm, and the average weight is 162 g in South Texas [58]. During the test and experimental trials, cages were placed along a gas pipeline right-of-way approximately 120 m from the aviary and drone launch site, which were within a buffer of approximately 4 m from the edges of other vegetation. Vegetation on the pipeline was a mix composed of low-stature mowed dormant Bermuda grass (Cynodon dactylon) of 5 cm maximum height and bare ground. This provided areas with no visual obstruction to evaluate the potential of drone–thermal cameras to detect bobwhites. Cages were free of aerial vertical obstruction from surrounding mesquite trees (Prosopis glandulosa) and brush. Once the flights were completed, we released the bobwhites into their exclosures inside the aviary until the next trial was performed.




2.2. Licenses and Permits


The management and handling of birds were approved by the Institutional Animal Care and Use Committee (IACUC) at Texas A&M University–Kingsville under protocol numbers 2022-10-31 and 2020-01-08A. Remote Pilot in Command (RPIC) had a valid remote pilot license for drones (Part 107) through the Federal Aviation Administration. We had an aerial wildlife and exotic animal management permit through the Texas Parks and Wildlife Department (permit number M-3725) to photograph and quantify wildlife using drones. To operate on Texas A&M University–Kingsville property, we used a Landowners Authorization (LOA) to manage wildlife or exotic animals by aircraft (LOA# M-3725-48888), through the Texas Parks and Wildlife Department.




2.3. Data Collection


We performed test flights and experimental trials to acquire thermal data from bobwhites in February 2023. We performed test flights on 9 February to assess the initial camera settings, optimal flight altitude, and recording method for the subsequent experimental trials. We also determined the behavior of bobwhites at each altitude by observing bobwhite movement to minimize stress. Experimental trials were performed with two flights on 11 February (first trial) and three flights on 18 February (second trial). We used a DJI Matrice 210 RTK rotary-wing quadcopter weighing 6.14 kg at takeoff, with an estimated flight time of 24 to 33 min. The drone unfolded, with the propellers and payload connected, measured 89 × 88 × 38 cm. We did not record the drone’s noise level; however, in other studies, the DJI M200 series drone noise level ranged from 51.4 to 59.3 dB during takeoff and landing [61]. We used a high-resolution FLIR XT2 thermal sensor (FLIR XT2, Teledyne FLIR LLC, Wilsonville, OR, USA). The thermal camera had a 19 mm sensor, able to capture 640 × 512 pixel images with a field of view of 32° × 26° at a frame rate of 30 Hz. The temperature scene range for the thermal sensor was from −25 °C to 135 °C.



We compared the black-hot and the customized isotherm thermal palettes to assess the visual detection of bobwhites (Figure 1).



The black-hot thermal palettes display a grayscale image where cooler objects are displayed in white and hotter objects are displayed in black [62]. Isotherms highlight a customized temperature range from yellow to red over a grayscale image; this temperature range is set by the user (i.e., drone pilot) before the flight initiates [63]. The isotherm interval temperature thresholds used for bobwhites were set to a specific upper, middle, and low range threshold depending on the bobwhites’ external temperature reading (Table 1 and Figure 1). Images were saved in a JPEG-Radiometric (JPG-R) format, and the pixel size from the thermal sensor images was calculated to determine the ground sampling distance and image footprint area for each altitude interval (Table 2). We used these two thermal color palettes because of their clear distinction of the target species’ contour and shape in the images.



Once the images were acquired, we used FLIR thermal studio (Teledyne FLIR LLC, Wilsonville, OR, USA) to convert the isotherm images to the black-hot thermal palette.




2.4. Flight Procedures


2.4.1. Test Flights: 9 February 2023


We distributed 51 bobwhites into cages with 12, 11, 8, 8, 6, and 6 bobwhites (Table 3), placed along the pipeline right-of-way.



We waited 20 min for the bobwhites to settle and recorded the weather variables (Table 1). We took image samples of bobwhites’ reflectance inside the cages at an altitude of 6 m to determine the shape and color of individual bobwhite quail (Figure 1). We then flew the drone at an altitude of 91 m above ground level (AGL) and hovered over the cages with bobwhites. We captured nadir (−90° camera angle) thermal reflectance images of the bobwhite cages by descending and capturing images in 6 m intervals from 91 to 18 m AGL (13 altitudes) and repeated the process by ascending from 18 to 91 m AGL (total of 26 images at 13 different altitudes). We returned the drone to the launch pad and waited 20 min before we repeated the same flight procedure one more time. Once we had completed the capture of the imagery, we recorded video in a line transect with nadir (−90°) and oblique (−45°) camera angles at set altitudes of 36, 30, 24, and 18 m AGL. The flying speed was 3m/s as we did not have any baseline from previous studies to select a different speed. We selected this speed based on the image quality and altitude at the time of the initial tests. For each flight, we observed the behavior of the bobwhites to assess whether the drones would cause disturbance to roosting coveys. Once we had compared the imagery and the video, we discarded the video due to motion blur even at 18 m AGL. Our initial results from the test flights showed that images ≥48 m AGL would not provide a sufficient resolution to count bobwhites. We decided to conduct experimental trials using imagery ranging altitudes between 18 and 42 m. We did not observe or detect any obvious signs of distress, movement, or fluttering of bobwhites inside cages caused by the noise or presence of the drone during data acquisition for the test flights or experimental trials.




2.4.2. Experimental Trials: 11 and 18 February 2023


Bobwhites were distributed into cages with 14, 13, 12, and 12 bobwhites per cage (Table 2) and placed along the pipeline right-of-way. We waited 20 min for the bobwhites to settle and recorded the weather variables (Table 1). We launched the drone to an altitude of 42 m AGL and hovered over the cages with bobwhites. We then captured nadir thermal reflectance images of the bobwhites at different altitudes; we did this by descending and capturing images in 6 m intervals (5 altitudes) from 42 to 18 m AGL and repeated the process by ascending from 18 to 42 m AGL (total of 10 images at 5 different altitudes). Following the flight, we returned the drone to the launch pad, randomized and repositioned the cages in the pipeline right-of-way, and waited 20 min for the bobwhites to settle, to repeat the previous process of descending and ascending flight. We conducted two flights on 11 February (Trial 1) and three flights on 18 February (Trial 2). This resulted in 4 and 6 images per altitude for each date, respectively. In total, we had 50 images, with 10 images at each altitude of 18, 24, 30, 36, and 42 m.





2.5. Data Analysis


After downloading the imagery to the computer, the RPIC reviewed the images to confirm the identification of individual bobwhites. The process involved enlarging the view of the image beyond its original size on a 34″ curved monitor with WQHD 3440 × 1440 resolution. For each image captured, we identified and counted bobwhite individuals for each altitude and thermal color palette (Figure 2 and Figure 3).



We used a Chi-square goodness-of-fit test to assess differences in covey size counts at each altitude between the observed bobwhites and the actual bobwhites in the cages (α = 0.05) [64,65]. For each experimental trial and thermal color palette, we used a Kruskal–Wallis non-parametric test to determine whether there were differences between altitudes [66,67]. We used the Kruskal–Wallis test because the data did not meet the assumptions required by a parametric test [66,67]. We used the non-parametric multiple pairwise comparison approach using Dunn’s test to determine which altitudes differed from each other and used Dunn’s test with Bonferroni correction to adjust the p-value according to the number of multiple pairwise comparisons [68]. We then performed a Mann–Whitney U test to determine differences in bobwhite covey size counts between thermal color palettes; we used a Mann–Whitney U test because the data did not meet the assumptions required by a parametric test [69,70].





3. Results


We observed the highest counts of bobwhites with the black-hot thermal palette at 18 m AGL (92%;    x ¯    = 47 bobwhites; SE = 0.41) and at 24 m AGL (81%;    x ¯    = 41 bobwhites; SE = 0.89). Detections at 30 m AGL and higher altitudes were ≤55% (Figure 4) of known counts. Detections with the isotherm thermal color palette were below 64% for all altitudes (Figure 4).



There were no differences between the observed and expected counts of the black-hot thermal color palette images at an altitude of 18 m (χ2 = 3.27; p = 0.95) (Table 4).



There were differences between the number of counted and the total number of bobwhite individuals at altitudes ranging from 24 to 42 m for the black-hot thermal palette and for all altitudes with the isotherm thermal color palette (p < 0.05) (Table 4). For both the black-hot and isotherm thermal color palettes, the multiple pairwise comparison results showed that the detections were similar with altitudes within 6 m, but there were differences at altitudes ≥ 12 m (Figure 4).



The shape and color of bobwhites from the black-hot thermal color palette included light gray teardrop-shaped bodies, dark grey to black circular heads, and black “V-shaped” beaks (Figure 1A). For the isotherm thermal color palette, bobwhites had a yellow teardrop-shaped silhouette filled with a darker gray center (Figure 1B). The number of individual bobwhites detected between the black-hot and isotherm thermal color palettes was also different at all altitudes from 18 to 42 m (p < 0.05). For all altitudes, the black-hot thermal color palette was better at detecting individual bobwhites, detecting 58% more bobwhites on average than the isotherm thermal color palette.




4. Discussion


Flying drones with high-resolution thermal sensors provided reliable imagery to detect roosting bobwhite individuals in South Texas during the winter at approximately 90 min after sunset and with grass heights of 0 to 5 cm. Our results showed that we could count 92% and 81% of bobwhites using the black-hot thermal color palette at 18 and 24 m without causing disturbance to the bobwhites. Our findings contradict Rebolo-Ifran’s [71] concerns regarding disturbances to wildlife by drones, as we did not detect any disturbance to pen-raised bobwhites while conducting drone night flights during winter in South Texas. The inactivity of the bobwhites due to the drone’s presence may be attributed to the lack of predator awareness among the tame pen-raised bobwhites used in this study [72,73]. However, Reyna and Newman [74] found that pen-reared bobwhites flushed upon simulated raptor approaches. The limited movement of bobwhites at night may also be due to their low night-time visual capabilities [75]. Thus, drones may potentially provide an advantage by not requiring disturbance during surveys, compared to helicopter surveys, which consist of actively flushing bobwhites to record detections.



Our hypothesis was supported by the greater number of bobwhites counted at altitudes lower than 30 m. Our results showed that the observed counts of bobwhites from images with the black-hot thermal color palette at 18 m and 24 m had 92% and 81% detections, respectively. To our knowledge, this is the first published study that focuses on assessing individual detections rather than bobwhite covey detections using thermal cameras mounted on a drone in the Southern United States. Martin et al. [48] conducted a study to detect different covey sizes within three different vegetation covers using a similar drone and sensor in Mississippi. Their operations were conducted at 30 m AGL at civil twilight and they reported covey detection rates of 40.3%. The results of Martin et al. [48] and our study provide useful information on the development of night operations to assess covey and covey size detection in future studies. Thus far, our results are consistent with the height and pixel resolution to identify the target species recommended by Burke et al. [41].



The use of the black-thermal color palette improved the detection rates when using drones in South Texas. The isotherm thermal color palette provided less than 58% of individual detections on average at any altitude, whereas the detections of individual bobwhites were 92% at 18 m and 81% at 24 m. Therefore, our second hypothesis was supported by the greater number of individual bobwhite detections with the black-hot than the isotherm thermal color palette. Kays et al. [76] suggested the use of custom isotherm thresholds from FLIR thermal sensors (Teledyne FLIR LLC, Wilsonville, OR, USA) over the white-hot or black-hot thermal palettes to improve the ability to detect primates. Our study showed that this does not work for smaller individuals such as bobwhites. The isotherm method highlights the external temperature of the subject and any other surrounding object with similar temperatures [63]. Since bobwhites are relatively smaller, the isotherm palette combined individual bobwhites’ reflectance signatures together and produced unwanted reflectance from smaller surrounding objects, losing the ability to detect individual bobwhites.



Still imagery provided a better resolution than video in the detection of bobwhites. The video resolution on all line transect flights with nadir and oblique camera angles was too coarse to count individual bobwhites within a roosted covey; additionally, the video recording shutter speed was slow and it contained a larger amount of “motion blur”, making the detection of bobwhites low even at lower altitudes of 18 m. Burke et al. [41] suggested that an angled camera setup (oblique imagery) would work better for smaller-bodied animals. However, in our study, we obtained poor results when detecting bobwhite individuals with oblique imagery, which was consistent with suggestions from Havens and Sharp [77], stating that angles greater than 45° can cause signal attenuation and thermal scattering. Because bobwhites are social birds, they tend to form coveys during fall and winter and will huddle and roost in groups of 7 to 15 individuals from dusk to dawn to alleviate and survive the colder winter temperatures [53,58,59,60]. The huddling of bobwhites is a very distinguishable feature, where they gather in a circle, pointing their tails to the inside and heads outward; their bodies touch side to side, with their wings slightly raised, which seals the top to trap their body heat [58]. Bobwhites prefer to roost in bare ground or litter within herbaceous vegetation with low, sparse, open canopies [78]. Therefore, oblique angles at altitudes of 30 m or lower would result in herbaceous vegetation obstructing the thermal signatures of bobwhites [79]. The approaches used in this study to determine the optimal heights for the detection of bobwhites can be used for other species, such as ring-necked pheasants (Phasianus colchicus), scaled quail (Callipepla squamata), or Montezuma quail (Cyrtonyx montezumae).




5. Conclusions


Our study suggests that drones provide high-resolution thermal imagery to identify bobwhite individuals in South Texas rangelands during winter. Using the black-hot thermal color palette and flying at lower altitudes of 18 m improves the detection rates of smaller individuals, such as the bobwhites in this study. However, imagery provides good quality up to 24 m with this specific thermal sensor to count 81% of bobwhites. A higher altitude of 24 m compared to 18 m would provide a larger image footprint to cover more area and maximize the distance between the drone and subject of interest, to decrease the disturbance probability during flyover. The time and effort to survey large areas, the traveling speed, and the battery life of the drone are factors to consider for future research. We recommend that future studies consider open rangelands with different altitudes in herbaceous vegetation cover to observe their effects on detection. Conducting data collection in the early morning before dawn may also provide a greater contrast to avoid the surrounding substrate’s thermal noise and improve bobwhite detection. The approaches used in this study can be used to detect and estimate the abundance of other ground-dwelling birds, with minimal disturbance, where distinguishing roosting features are known.







Author Contributions


Conceptualization, J.S.A.-S. and H.L.P.-B.; methodology, J.S.A.-S., L.D.M. and H.L.P.-B.; software, J.S.A.-S., L.D.M. and H.L.P.-B.; validation, J.S.A.-S. and H.L.P.-B.; formal analysis, J.S.A.-S. and H.L.P.-B.; resources, H.L.P.-B., L.A.B. and J.A.O.-S.; data curation, J.S.A.-S.; writing—original draft preparation, J.S.A.-S. and H.L.P.-B.; writing—review and editing, H.L.P.-B., L.A.B., J.A.O.-S. and F.H.; supervision, H.L.P.-B.; funding acquisition, L.A.B., J.A.O.-S. and H.L.P.-B. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by the Hildebrand Foundation, Ken Leonard Fund for Livestock Interactions Research, Harvey Weil Foundation, Comision Nacional de Ciencia y Tecnologia (CONACYT), Houston Safari Club, South Texas Quail Coalition Chapter, Hill Country Quail Coalition, and Mr. Rob Stacy from Houston, TX.




Data Availability Statement


Please contact the authors for data requests.




Acknowledgments


We wish to thank A. Foley and D.A. Woodard for the comments and suggestions during the internal review process and the 4 anonymous reviewers who helped to improve this manuscript. This is manuscript number 24–101 from the Caesar Kleberg Wildlife Research Institute at Texas A&M University–Kingsville.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Buckland, S.T.; Anderson, D.R.; Burnham, K.P.; Laake, J.L.; Borchers, D.L.; Thomas, L. Introduction to Distance Sampling: Estimating Abundance of Biological Populations; Oxford University Press: Oxford, UK, 2001. [Google Scholar] [CrossRef]

	



Millsap, B.A.; Gore, J.A.; Runde, D.E.; Cerulean, S.I. Setting priorities for the conservation of fish and wildlife species in Florida. Wildl. Monogr. 1990, 3–57. [Google Scholar]

	



Caveny, R.J.; Voelkel, S.J.; Brademan, W.T.; Hardin, J.B.; Peterson, M.J.; Collier, B.A. Distribution, fidelity, and abundance of Rio Grande wild turkey roosts in the Texas coastal sand plains. In Proceedings of the Annual Conference of the Southeastern Association of Fish and Wildlife Agencies, Nashville, TN, USA, 22–26 October 2011; Volume 65, pp. 45–50. [Google Scholar]

	



Guberti, V.; Stancampiano, L.; Ferrari, N. Surveillance, monitoring, and survey of wild life diseases: A public health and conservation approach. Hystrix. 2014, 25, 3–8. [Google Scholar]

	



Schwarz, C.J.; Seber, G.A.F. Estimating animal abundance: Review III. Stat. Sci. 1999, 14, 427–456. [Google Scholar] [CrossRef]

	



Iijima, H. A review of wildlife abundance estimation models: Comparison of models for correct application. Mammal. Study 2020, 45, 177–188. [Google Scholar] [CrossRef]

	



Buckland, S.T.; Marsden, S.J.; Green, R.E. Estimating bird abundance: Making methods work. Bird Conserv. Int. 2008, 18, S91–S108. [Google Scholar] [CrossRef]

	



Buckland, S.T. Point-transect surveys for songbirds: Robust methodologies. Auk 2006, 123, 345–357. [Google Scholar] [CrossRef]

	



Howe, E.J.; Buckland, S.T.; Després-Einspenner, M.; Kühl, H.S. Distance sampling with camera traps. Methods Ecol. Evol. 2017, 8, 1558–1565. [Google Scholar] [CrossRef]

	



Collier, B.A.; Ditchkoff, S.S.; Raglin, J.B.; Smith, J.M. Detection probability and sources of variation in white-tailed deer spotlight surveys. J. Wildl. Manag. 2007, 71, 277–281. [Google Scholar] [CrossRef]

	



DeYoung, C.A. Accuracy of helicopter surveys of deer in south Texas. Wildl. Soc. Bull. 1985, 13, 146–149. [Google Scholar]

	



Strobel, B.N.; Butler, M.J. Monitoring whooping crane abundance using aerial surveys: Influences on detectability. Wildl. Soc. Bull. 2013, 38, 188–195. [Google Scholar] [CrossRef]

	



Chase, M.J.; Schlossberg, S.; Griffin, C.R.; Bouché, P.J.; Djene, S.W.; Elkan, P.W.; Ferreira, S.; Grossman, F.; Kohi, E.M.; Landen, K.; et al. Continent-wide survey reveals massive decline in African savannah elephants. PeerJ 2016, 4, e2354. [Google Scholar] [CrossRef] [PubMed]

	



Gentle, M.; Finch, N.; Speed, J.; Pople, A. A comparison of unmanned aerial vehicles (drones) and manned helicopters for monitoring macropod populations. Wildl. Res. 2018, 45, 586–594. [Google Scholar] [CrossRef]

	



Kingsford, R.T.; Porter, J.L.; Brandis, K.J.; Ryall, S. Aerial surveys of waterbirds in Australia. Sci. Data 2020, 7, 1–6. [Google Scholar] [CrossRef] [PubMed]

	



Cox, A.R.; Gilliland, S.G.; Reed, E.T.; Roy, C. Comparing waterfowl densities detected through helicopter and airplane sea duck surveys in Labrador, Canada. Avian Conserv. Ecol. 2022, 17, 24. [Google Scholar] [CrossRef]

	



Shupe, T.E.; Guthery, F.S.; Beasom, S.L. Use of helicopters to survey northern bobwhite populations on rangeland. Wildl. Soc. Bull. 1987, 15, 458–462. [Google Scholar]

	



Rabe, M.J.; Rosenstock, S.S.; deVos, J.C., Jr. Review of big-game survey methods used by wildlife agencies of the western United States. Wildl. Soc. Bull. 2002, 30, 46–52. [Google Scholar]

	



Stephenson, A. Parque Nacionale do Limpopo: Aerial Wildlife Census. Alan Stephenson Wildlife Management Services. 2010; p. 42. Available online: https://www.anac.gov.mz/wp-content/uploads/2017/07/PNL_Fixed-Wing-Census_Report-Oct-2010.pdf (accessed on 5 September 2023).

	



DeYoung, C.A.; Guthery, F.S.; Beasom, S.L.; Coughlin, S.P.; Heffelfinger, J.R. Improving estimates of white-tailed deer abundance from helicopter surveys. Wildl. Soc. Bull. 1989, 17, 275–279. [Google Scholar]

	



Bleich, V.C.; Bowyer, R.; Pauli, A.M.; Nicholson, M.C.; Anthes, R.W. Mountain sheep Ovis canadensis and helicopter surveys: Ramifications for the conservation of large mammals. Biol. Conserv. 1994, 70, 1–7. [Google Scholar] [CrossRef]

	



Anderson, C.R., Jr. Lindzey, F.G. Moose sightability model developed from helicopter surveys. Wildl. Soc. Bull. 1996, 24, 247–259. [Google Scholar]

	



Edwards, J.T.; Hernández, F.; Wester, D.B.; Brennan, L.A.; Parent, C.J. Effects of Native and Non-Native Invasive Grasses on Northern Bobwhite Habitat in South Texas. Rangel. Ecol. Manag. 2022, 84, 98–107. [Google Scholar] [CrossRef]

	



Johnson, B.K.; Lindzey, F.G.; Guenzel, R.J. Use of aerial line transect surveys to estimate pronghorn populations in Wyoming. Wildl. Soc. Bull. 1991, 19, 315–321. [Google Scholar]

	



Ward, C.L. Evaluation of Survey Techniques and Sightability for Pronghorn Antelope (Antilocapra americana) in Texas. Ph.D. Thesis, Texas A&M University-Kingsville, Kingsville, TX, USA, 2016. [Google Scholar]

	



Kufeld, R.C.; Olterman, J.H.; Bowden, D.C. A helicopter quadrat census for mule deer on Uncompahgre Plateau, Colorado. J. Wildl. Manag. 1980, 44, 632. [Google Scholar] [CrossRef]

	



Bodie, W.L.; Garton, E.O.; Taylor, E.R.; McCoy, M. A sightability model for bighorn sheep in canyon habitats. J. Wildl. Manag. 1995, 59, 832. [Google Scholar] [CrossRef]

	



Rusk, J.P.; Hernández, F.; Arredondo, J.A.; Hernández, F.; Bryant, F.C.; Hewitt, D.G.; Redeker, E.J.; Brennan, L.A.; Bingham, R.L. An Evaluation of Survey Methods for Estimating Northern Bobwhite Abundance in Southern Texas. J. Wildl. Manag. 2007, 71, 1336–1343. [Google Scholar] [CrossRef]

	



DeMaso, S.J.; Guthery, F.S.; Spears, G.S.; Rice, S.M. Morning covey calls as an index of northern bobwhite density. Wildl. Soc. Bull. 1992, 20, 94–101. [Google Scholar]

	



Guthery, F.S.; Crews, A.K.; Lusk, J.J.; Chapman, R.N.; Sams, M. Effects of bag limits on bobwhite hunters and harvest. J. Wildl. Manag. 2004, 68, 1095–1103. [Google Scholar] [CrossRef]

	



Woodard, D.A.; A Brennan, L.; Hernández, F.; Perotto-Baldivieso, H.L.; Wilkins, N.; Montalvo, A. Evaluating the harvest rate recommendation for northern bobwhites in South Texas. Natl. Quail Symp. Proc. 2022, 9, 56. [Google Scholar] [CrossRef]

	



Sasse, D.B. Job-related mortality of wildlife workers in the United States, 1937–2000. Wildl. Soc. Bull. 2003, 31, 1015–1020. [Google Scholar]

	



Durkin, P. The Leading Cause of Wildlife Biologists Deaths. Conservation/Wildlife Management, The Meateater. 2021. Available online: https://www.themeateater.com/conservation/wildlife-management/the-leading-cause-of-wildlife-biologist-deaths (accessed on 5 September 2023).

	



Fust, P.; Loos, J. Development perspectives for the application of autonomous, unmanned aerial systems (UASs) in wildlife conservation. Biol. Conserv. 2019, 241, 108380. [Google Scholar] [CrossRef]

	



Camacho, A.M.; Perotto-Baldivieso, H.L.; Tanner, E.P.; Montemayor, A.L.; Gless, W.A.; Exum, J.; Yamashita, T.J.; Foley, A.M.; DeYoung, R.W.; Nelson, S.D. The broad scale impact of climate change on planning aerial wildlife surveys with drone-based thermal cameras. Sci. Rep. 2023, 13, 1–13. [Google Scholar] [CrossRef] [PubMed]

	



Chrétien, L.; Théau, J.; Ménard, P. Visible and thermal infrared remote sensing for the detection of white-tailed deer using an unmanned aerial system. Wildl. Soc. Bull. 2016, 40, 181–191. [Google Scholar] [CrossRef]

	



Beaver, J.T.; Baldwin, R.W.; Messinger, M.; Newbolt, C.H.; Ditchkoff, S.S.; Silman, M.R. Evaluating the use of drones equipped with thermal sensors as an effective method for estimating wildlife. Wildl. Soc. Bull. 2020, 44, 434–443. [Google Scholar] [CrossRef]

	



Blum, J.; Foley, A.M.; DeYoung, R.W.; Hewitt, D.G.; Baungardt, J.; Hellickson, M.W.; Perotto-Baldivieso, H.L. Evaluation of drone surveys for ungulates in southwestern rangelands. Wildl. Soc. Bull. 2024, in press. [Google Scholar]

	



Ivanova, S.; Prosekov, A.; Kaledin, A. A survey on monitoring of wild animals during fires using drones. Fire 2022, 5, 60. [Google Scholar] [CrossRef]

	



Burke, C.; Rashman, M.F.; Longmore, S.N.; McAree, O.; Glover-Kapfer, P.; Ancrenaz, M.; Wich, S.A. Successful observation of orangutans in the wild with thermal-equipped drones. J. Unmanned Veh. Syst. 2019, 7, 235–257. [Google Scholar] [CrossRef]

	



Burke, C.; Rashman, M.; Wich, S.; Symons, A.; Theron, C.; Longmore, S. Optimizing observing strategies for monitoring animals using drone-mounted thermal infrared cameras. Int. J. Remote. Sens. 2019, 40, 439–467. [Google Scholar] [CrossRef]

	



Gazagne, E.; Gray, R.J.; Ratajszczak, R.; Brotcorne, F.; Hambuckers, A. Unmanned aerial vehicles (UAVs) with thermal infrared (TIR) sensors are effective for monitoring and counting threatened Vietnamese primates. Primates 2023, 64, 407–413. [Google Scholar] [CrossRef]

	



Bird, C.N.; Dawn, A.H.; Dale, J.; Johnston, D.W. A Semi-Automated Method for Estimating Adélie Penguin Colony Abundance from a Fusion of Multispectral and Thermal Imagery Collected with Unoccupied Aircraft Systems. Remote Sens. 2020, 12, 3692. [Google Scholar] [CrossRef]

	



Chen, A.; Jacob, M.; Shoshani, G.; Charter, M. Using computer vision, image analysis and UAVs for the automatic recognition and counting of common cranes (Grus grus). J. Environ. Manag. 2023, 328, 116948. [Google Scholar] [CrossRef]

	



Shewring, M.P.; Vafidis, J.O. Using UAV-mounted thermal cameras to detect the presence of nesting nightjar in upland clear-fell: A case study in South Wales, UK. Ecol. Solut. Évid. 2021, 2, e12052. [Google Scholar] [CrossRef]

	



Santangeli, A.; Chen, Y.; Kluen, E.; Chirumamilla, R.; Tiainen, J.; Loehr, J. Integrating drone-borne thermal imaging with artificial intelligence to locate bird nests on agricultural land. Sci. Rep. 2020, 10, 1–8. [Google Scholar] [CrossRef]

	



Karp, D. Detecting small and cryptic animals by combining thermography and a wildlife detection dog. Sci. Rep. 2020, 10, 1–11. [Google Scholar] [CrossRef]

	



E Martin, M.; A Hearon, L.; O Evans, K.; Iglay, R.B.; I Morrison, J.; McConnell, M.D. Detection Rates of Northern Bobwhite Coveys Using a Small Unmanned Aerial System-Mounted Thermal Camera. Natl. Quail Symp. Proc. 2022, 9, 51. [Google Scholar] [CrossRef]

	



Perry, M.C.; Lehmann, V.W. Bobwhites in the Rio Grande Plain of Texas. J. Wildl. Manag. 1986, 50, 521. [Google Scholar] [CrossRef]

	



Burger, L.W.; Miller, D.A.; Southwick, R.I. Economic impact of northern bobwhite hunting in the southeastern United States. Wildl. Soc. Bull. 1999, 27, 1010–1018. [Google Scholar]

	



Hernandez, F.; Guthery, F.S. Beef, Brush, and Bobwhites: Quail Management in Cattle Country, 2nd ed.; Texas A&M University Press: College Station, TX, USA, 2017. [Google Scholar]

	



Brennan, L.A.; Kuvlesky, W.P., Jr. North American grassland birds: An unfolding conservation crisis? J. Wildl. Manag. 2005, 69, 1–13. [Google Scholar] [CrossRef]

	



Brennan, L.A.; Williford, D.L.; Ballard, B.M.; Kuvlesky, W.P.; Grahmann, E.D.; DeMaso, S.J. The Upland and Webless Migratory Game Birds of Texas; Texas A&M University Press: College Station, TX, USA, 2017. [Google Scholar]

	



Brennan, L.A.; Tanner, A.; Tanner, E.P. Adaptive management and quail conservation on rangelands in the American West. Natl. Quail Symp. Proc. 2022, 9, 8. [Google Scholar] [CrossRef]

	



Crosby, A.D.; Elmore, R.D.; Leslie, D.M., Jr.; Will, R.E. Looking beyond rare species as umbrella species: Northern Bobwhites (Colinus virginianus) and conservation of grassland and shrubland birds. Biol. Conserv. 2015, 186, 233–240. [Google Scholar] [CrossRef]

	



Hernández, F.; Brennan, L.A.; DeMaso, S.J.; Sands, J.P.; Wester, D.B. On reversing the northern bobwhite population decline: 20 years later. Wildl. Soc. Bull. 2012, 37, 177–188. [Google Scholar] [CrossRef]

	



U.S. Climate Data. 2023. Available online: https://www.usclimatedata.com/climate/kingsville/texas/united-states/ustx0697 (accessed on 2 July 2023).

	



Rosene, W. The Bobwhite Quail, Its Life and Management; Rutgers University Press: New Brunswick, NJ, USA, 1969. [Google Scholar]

	



Case, R.M. Bioenergetics of a covey of bobwhites. Wilson Bull. 1973, 85, 52–59. [Google Scholar]

	



Williams, C.K.; Lutz, R.; Applegate, R.D. Optimal group size and northern bobwhite coveys. Anim. Behav. 2003, 66, 377–387. [Google Scholar] [CrossRef]

	



Read, D.R.; Senzig, D.A.; Cutler, C.J.; Elmore, E.; He, H. Noise Measurement Report: Unconventional Aircraft-Choctaw Nation of Oklahoma: July 2019 (No. DOT-VNTSC-FAA-20-03); John, A., Ed.; Volpe National Transportation Systems Center (US): Cambridge, MA, USA, 2020. [Google Scholar]

	



Teledyne FLIR. Picking a Thermal Color Palette. Teledyne Flir. 2023. Available online: https://www.flir.com/discover/industrial/picking-a-thermal-color-palette/ (accessed on 20 September 2023).

	



Teledyne FLIR. DELTA Episode 5—Isotherms. Teledyne FLIR. 2023. Available online: https://www.flir.com/suas/delta/delta-episode-5/ (accessed on 30 September 2023).

	



McKinley, R.L.; Mills, C.N. A comparison of several goodness-of-fit statistics. Appl. Psychol. Meas. 1985, 9, 49–57. [Google Scholar] [CrossRef]

	



Preacher, K.J. Calculation for the Chi-Square Test: An Interactive Calculation Tool for chi-Square Tests of Goodness of Fit and Independence [Computer software]. 2001. Available online: http://quantpsy.org (accessed on 12 September 2023).

	



McKnight, P.E.; Najab, J. Kruskal-wallis test. Corsini Encycl. Psychol. 2010, 1, 1–10. [Google Scholar]

	



Ostertagova, E.; Ostertag, O.; Kováč, J. Methodology and application of the Kruskal-Wallis test. Appl. Mech. Mater. 2014, 611, 115–120. [Google Scholar] [CrossRef]

	



Dinno, A. Nonparametric pairwise multiple comparisons in independent groups using Dunn’s test. Stata J. 2015, 15, 292–300. [Google Scholar] [CrossRef]

	



St, L.; Wold, S. Analysis of variance (ANOVA). Chemom. Intell. Lab. Syst. 1989, 6, 259–272. [Google Scholar]

	



McKnight, P.E.; Najab, J. Mann-Whitney U Test. Corsini Encycl. Psychol. 2010. [Google Scholar] [CrossRef]

	



Rebolo-Ifrán, N.; Graña Grilli, M.; Lambertucci, S.A. Drones as a Threat to Wildlife: YouTube Complements Science in Providing Evidence about Their Effect. Environ. Conserv. 2019, 46, 205–210. [Google Scholar] [CrossRef]

	



Frye, O.E., Jr. The comparative survival of wild and pen-reared bobwhite in the field. In Proceedings of the Transactions of the North American Wildlife Conference, Toronto, ON, Canada, 8–10 April 1942; Volume 7, pp. 168–178. [Google Scholar]

	



Roseberry, J.L.; Ellsworth, D.L.; Klimstra, W.D. Comparative post-release behavior and survival of wild, semi-wild, and game farm bobwhites. Wildl. Soc. Bull. 1987, 15, 449–455. [Google Scholar]

	



Reyna, K.S.; Newman, W.L. Comparative analysis of behavioural response of captive-reared and wild-trapped northern bobwhites to simulated predator attacks. Avian Biol. Res. 2018, 11, 16–23. [Google Scholar] [CrossRef]

	



Perkins, R.; Boal, C.; Rollins, D.; Perez, R.M. Northern bobwhite predator avoidance behavior in response to varying types of threat. J. Wildl. Manag. 2014, 78, 1272–1281. [Google Scholar] [CrossRef]

	



Kays, R.; Sheppard, J.; Mclean, K.; Welch, C.; Paunescu, C.; Wang, V.; Kravit, G.; Crofoot, M. Hot monkey, cold reality: Surveying rainforest canopy mammals using drone-mounted thermal infrared sensors. Int. J. Remote. Sens. 2018, 40, 407–419. [Google Scholar] [CrossRef]

	



Havens, K.J.; Sharp, E.J. Thermal Imaging Techniques to Survey and Monitor Animals in the Wild: A Methodology; Academic Press: Cambridge, MA, USA, 2015. [Google Scholar]

	



Klimstra, W.D.; Ziccardi, V.C. Night-roosting habitat of bobwhites. J. Wildl. Manag. 1963, 27, 202. [Google Scholar] [CrossRef]

	



Chavarria, P.M.; Kocek, A.R.; Silvy, N.J.; Lopez, R.R. Use of portable infrared cameras to facilitate detection and capture success of Montezuma quail. Natl. Quail Symp. Proc. 2017, 7, 122. [Google Scholar] [CrossRef]








[image: Drones 08 00064 g001] 





Figure 1. Representation of the shape and color of bobwhites under different thermal color palettes: (A) is black-hot and (B) is isotherm color palette. Images were taken at an altitude of 6 m on 18 February 2023, at the Duane Leach aviary in Kingsville, TX, USA. 
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Figure 2. Representation of nadir thermal images with black-hot palette at different altitudes. (A) 18 m, (B) 24 m, (C) 30 m, and (D) 36 m. Images taken on 18 February 2023, at the Duane Leach aviary in Kingsville, TX, USA. 
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Figure 3. Representation of nadir thermal images with isotherm threshold settings at different altitudes. (A) 18 m, (B) 24 m, (C) 30 m, and (D) 36 m. Images taken on 18 February 2023, at the Duane Leach aviary in Kingsville, TX, USA. 
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Figure 4. Average number of bobwhites counted per image at each altitude with different thermal color palettes and standard errors. Dunn’s multiple pairwise comparison for each thermal color palette between altitudes. Different letters indicate differences between altitudes (adjusted p < 0.05). 
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Table 1. Weather conditions, flight start times, and isotherm thermal color palette settings. (Test) denotes the flights conducted to determine the flight and altitude settings for subsequent experimental flights on 6 February 2023. (1) and (2) denote the order of the experimental flights conducted to gather data on 11 and 18 February 2023, respectively. Temperature data of Kingsville were collected through [57], and the study site weather conditions were collected with a handheld Skywatch meteos anemometer (JDC Instruments, Switzerland).
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