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Ocean gliders equipped with acoustic telemetry receivers offer a promising approach for studying the movement of marine fishes, yet most surveys to date have been brief and rarely include direct comparisons with traditional stationary tracking methods. To evaluate glider-based tracking, a Wave Glider unmanned surface vehicle (USV) was deployed on eight multi-week missions over the east Florida continental shelf. The survey aimed to systematically detect acoustically tagged animals and compare glider performance to a contemporaneous stationary tracking array, with range tests conducted using two receiver types mounted on the glider. Across 190 days and 9,600 km of survey effort, the Wave Glider recorded 331 animal encounters representing 20 species, with blacktip shark (Carcharhinus limbatus), blacknose shark (C. acronotus), and red drum (Sciaenops ocellatus) among the most frequently detected. Detection range trials yielded 50% detection probabilities at distances up to 350 m. Boosted regression tree models indicated that distance between tag and receiver explained 57–71% of the variance in detection probability, with ocean currents, wave height, and solar irradiance also contributing. Compared to a 62-receiver stationary array, the Wave Glider detected, on average, 64% of the species and 40% of the tagged animals, but less than 2% of the detections over identical timeframes. Further, animal encounters with the glider lasted only 14 minutes on average, versus 48 minutes for stationary receivers. Nonetheless, the glider performed comparably on a per-receiver basis, yielding similar numbers of encounters, animals, and species. Moreover, the Wave Glider successfully navigated complex bathymetry surrounding offshore sand shoals, relocated several shed tags, and paired encounters with a variety of oceanographic and meteorological measurements. These results confirm that USVs are suitable for systematic coastal fish tracking. While single gliders cannot replace stationary arrays in most situations, they are realistic solutions for relocating animals in remote locations, monitoring dispersal across discrete habitat patches (e.g., reefs, wind turbines), and providing highly localized habitat context.
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Introduction

The accelerating pace of change in marine ecosystems, driven largely by human activities, is increasing demand for oceanographic and biological surveys to understand and mitigate anthropogenic stressors. Ocean gliders, often more specifically classified as autonomous underwater vehicles (AUVs) and unmanned surface vehicles (USVs), are increasingly important to this effort (Whitt et al., 2020). Their endurance and ability to transit long distances in a wide range of sea states affords ocean gliders with cost, logistical, and safety advantages over crewed vessels for certain applications, particularly for mundane and repetitive tasks. Gliders also collect data with high spatial and temporal resolution, often quickly relaying this information via satellites—crucial for timely analyses and decision-making—and have a reduced environmental impact (e.g., carbon footprint, noise pollution) compared to large research vessels (Nicholson and Healey, 2008; Testor et al., 2019; Verfuss et al., 2019; Cauchy et al., 2023).

Long endurance ocean gliders, vehicles that can be deployed for weeks or longer, take on a variety of form factors. AUVs such as the Slocum glider and Seaglider rely on buoyancy changes for thrust, while USVs are typically propelled by harnessing wave energy (Wave Glider, AutoNaut), solar power (SeaTrak), and/or wind (Saildrone) at the ocean surface (Verfuss et al., 2019). While these platforms are most commonly deployed for physical oceanographic surveys (Rudnick, 2016), advances in sensor technology are now allowing gliders to also monitor living resources including zooplankton and pelagic fish biomass (Guihen et al., 2014; Benoit-Bird et al., 2018), benthic communities (Ferrari et al., 2018; Benoist et al., 2019), and sound production of fish and marine mammals (Wall et al., 2017; Aniceto et al., 2020; Luczkovich and Sprague, 2022; Iafrate et al., 2023). Another promising application for ocean gliders is for tracking the movements and habitat associations of marine fishes using passive acoustic telemetry (Eiler et al., 2019; Verfuss et al., 2019; Cypher et al., 2023; Gaskell et al., 2023). The traditional foundation of passive telemetry is an array of stationary acoustic receivers (i.e., tracking stations) that detect the presence of animals carrying surgically implanted or externally attached acoustic transmitters (Hussey et al., 2015). One limitation is that these tagged animals are only detected when they pass within a few hundred meters of a receiver (Kessel et al., 2014), a significant constraint when tracking mobile fish in the open ocean. One advantage of mobile gliders is that they can locate tagged animals in areas not monitored by fixed-station receivers while simultaneously recording a suite of highly localized environmental measurements that help explain why the animal has selected that site (Haulsee et al., 2015; Breece et al., 2016).

Despite their advantages for autonomous animal tracking, most glider-based acoustic tracking studies have consisted of brief deployments, often when animals are concentrated in a small area just after tagging. Further, there have been few opportunities to contrast glider performance to the stationary arrays that are expanding over the open continental shelf in some regions (although see Lembke et al., 2018; Zemeckis et al., 2019). Such comparisons are essential to understanding the relative merits of each approach and to determine the scenarios in which gliders can effectively supplement, or even eventually replace, traditional fixed-station tracking. The overarching purpose of this study was to evaluate the capabilities, limitations, and logistical considerations of glider-based fish tracking surveys during eight multi-week open coastal deployments following a standardized transect path. Of specific interest was to (1) assess the detection range of glider-based acoustic receivers, (2) evaluate the real-world viability of relocating tagged fish in a region hosting multiple acoustic tracking studies, and (3) compare the performance of the glider versus a stationary receiver array deployed to track these same tagged animals.





Materials and methods




Study region

Ocean glider deployments were a central aspect of a broader initiative sponsored by the US Bureau of Ocean Energy Management (BOEM) to characterize the value of offshore sand shoals to fish and sea turtles along the US southeast coast and thus assess the potential impact of sand dredging that supports shoreline restoration projects. Cape Canaveral, Florida, was selected as a primary study area due to the presence of the most expansive sand shoals on the Florida east coast and because it typifies other cape-associated shoals in the region (Figure 1). Prominent features include the shore-connected Southeast Shoal and Chester Shoal, as well as several smaller isolated shoals located farther offshore. Natural limestone reef outcroppings are common a few kilometers to the east (offshore) and north of the shoals. Tidal range averages ~1 m, and salinity remains 35–36 parts per thousand (ppt) year-round. The study area includes one active 5 km2 dredge site that has served as the primary sand source for beach renourishment projects at and south of Cape Canaveral since 2000.

[image: Map illustrating survey zones off the coast of Florida. Zones are color-coded: Shoal Zone (green), North Zone (blue), Reef Zone (red), and South Zone (orange). Black dots represent Canaveral Array Receivers, with notable geographic features labeled Chester Shoal and Southeast Shoal. A dredge site is marked near Canaveral Bight. The inset shows Florida's location with a highlighted survey area. Scale and legend included.]
Figure 1 | Wave Glider survey zones offshore Cape Canaveral, Florida. Blue stars indicate acoustic telemetry range testing sites. Non-uniform transect spacing in the Shoal Zone is to avoid sand shoals less than 10 m deep.





Glider description

The platform utilized for this study was a Liquid Robotics Wave Glider™ SV3 unmanned surface vehicle1. The Wave Glider consists of a 3.1 m by 0.8 m surface float attached to a submersible (sub) via a 4-m-long high-strength umbilical, resulting in 5 m of total draft (Figure 2). As the float rises on a wave, the sub wings tilt down, providing forward propulsion with a stated average speed of 3.3 km/hr depending on wave height, ocean current, and payload. As the float moves down a wave, the wings tilt up and the sub sinks while also pulling the float forward. During the day, solar panels charge lithium-ion batteries that provide power to the steering rudder, communications equipment, environmental sensors, and to drive a small propeller (thruster, which was used sparingly in this study) when extra speed is desired. A GPS receiver allows the glider to autonomously navigate to preprogrammed waypoints with high accuracy (<10 m), while an Automated Information System (AIS) receiver and collision avoidance software help the glider avoid vessels carrying AIS beacons. Vehicle navigation and environmental sensor data are relayed in near-real-time via Iridium satellite or cellular modems, and pilots can remotely send the glider navigation and sensor commands through custom web-based software.

[image: Panel A shows an underwater glider equipped with fins and a tether, moving through the ocean beneath the surface. Panel B depicts a surface buoy with solar panels and flags, floating on calm ocean water under a clear sky.]
Figure 2 | Wave Glider USV (A) as viewed from beneath, and (B) when deployed offshore Cape Canaveral. Photo credits: Liquid Robotics, Inc. (left), Eric Reyier (right).

Two types of acoustic receivers were attached to the Wave Glider to detect tagged animals. The first was a Vemco mini-VR2C cabled acoustic receiver (Innovasea, Nova Scotia, Canada) which draws power from the glider and relays tag detections to shore in real time. The second was a Vemco Mobile Transceiver (VMT), a battery-powered unit often attached to subsurface gliders (e.g., Slocum and REMUS AUVs) that is smaller but requires retrieval before it can be downloaded. The VMT provided redundancy and allowed for a performance comparison between the two receiver styles. Both receivers were mounted on the glider sub with the VR2C facing down, while the VMT was mounted horizontally on the first deployment but facing down on all subsequent missions (Figure 3). Both receivers are omnidirectional, allowing for the detection of animals near the glider but without estimates of range or bearing. The glider also monitored multiple environmental conditions including surface water temperature, chlorophyll, and turbidity via a C3 fluorometer (Turner Designs, San Jose, CA), and dissolved oxygen with a HOBO U26–001 logger (Onset, Bourne, MA), both of which logged at 10-minute intervals. The glider also carried a Remora-ST passive acoustic recorder with a sampling rate of 44.1 kHz (Loggerhead Instruments, Sarasota, Florida) mounted on the sub for monitoring ambient ocean sounds, a CS4500 water speed sensor used to estimate ocean currents, and a PB200 weather station (Airmar, Milford, NH) that measured air temperature, wind speed, and atmospheric pressure. After each deployment, water depth (m) along the transect was estimated at five-minute intervals by querying the etopo180 global relief model (0.017° spatial resolution) from the NOAA GEO-IDE UAF ERDDAP (https://upwell.pfeg.noaa.gov/erddap/index.html) using the rerddapXtracto package in R (Mendelssohn, 2020). A summary of water quality conditions recorded during each deployment is available in Supplementary Table 1.

[image: Two images showing devices installed under vehicles. The left image shows a cylindrical device with cables and mounted on a metal frame. The right image depicts a cylindrical object wrapped in yellow material and attached to a dark surface.]
Figure 3 | VR2C (left) and VMT (right) acoustic receivers mounted to the Wave Glider sub, which extends 4 m below the ocean surface when deployed.





Glider deployments

Eight glider deployments were performed from November 2017 through August 2019 (one per season), all of which followed the same transect path and included a minimum distance of 930 km defined by 179 preprogrammed waypoints (Figure 1; Animation S1). The transect was divided into four operational zones including, in order of completion, a Shoal Zone (315 linear km), North Zone (376 km), Reef Zone (92 km), and South Zone (146 km). During some deployments when the glider was moving quickly or seas were unfavorable for recovery, the Shoal Zone was surveyed a second time. To avoid the shallowest shoal ridges, the vehicle was constrained to operate in water depths greater than 10 m. The busy shipping lanes in the vicinity of Port Canaveral were also avoided. Before the start of the study, water depth in particularly shallow areas was surveyed in a small boat with an echosounder and the final path was subtly adjusted to avoid areas shallower than depicted on nautical charts. The final transect path was repeated with as much fidelity as possible and generally adopted a “mow the lawn” pattern to maximize the area surveyed. The one exception was the offshore Reef Zone which instead sought to visit multiple known reefs and shipwrecks east of the shoals. The glider was launched and recovered east of Port Canaveral from an 8-m pilothouse skiff, and its status was monitored from shore by project pilots.

Dedicated range test trials were conducted during the first four glider deployments to evaluate tag detection efficiencies of both acoustic receiver types. On these deployments, the glider sequentially orbited three widely spaced range test transmitters (Vemco V16-4H tags, 69 kHz, 158 dB re 1µPa at 1 m, 3 min fixed transmission interval) that were pre-deployed along the transect, one each in 10, 20, and 30 m of water, in areas of sandy bottom with uniform depth (Figure 1). Transmitters of this style were the most common type implanted in large fish at Cape Canaveral and were moored with a horizontal orientation 2 m off the bottom. Upon reaching each range test site, the thruster was turned off if required and the glider circled the transmitter twice at a 250 m horizontal radius, and once each at 500 m, 750 m, and 1000 m (Figure 4), although the glider operated at a variety of distances from range tags as it entered and departed the area and moved between orbits.

[image: Topographic map showing concentric contour lines with a central star symbol. Contours are marked with numbers such as eighty-seven, ninety-five, and one hundred one. Green dots are scattered along the lines, indicating points of elevation. Pink angled lines with numerical markings like thirty and forty are present in the background.]
Figure 4 | Wave Glider acoustic receiver range testing path (Deployment 1, 30 m site, 12 December 2017, 7.2 hours on station) overlayed on a local nautical chart. Range test trials included orbits at 250, 500, 750, and 1000 m from a pre-deployed range test transmitter (center of orbit). Green dots represent the Wave Glider location when it detected the test transmitter. Depth values are in feet.





Stationary array description

An existing stationary acoustic telemetry array at Cape Canaveral (hereafter the ‘Canaveral Array’) was used to independently assess the distribution of tagged fishes (Figure 1). During this study, this array included 52–62 Vemco VR2W and VR2AR acoustic receiver stations deployed year-round from the shoreline to the offshore reef tract (0.5–22 km offshore, 2–25 m deep; Reyier et al., 2023). All stations were anchored to the seafloor and retrieved twice annually using SCUBA to download animal tag detections. Most stations were arranged in a non-overlapping grid layout although the array also included a 12-station receiver ring surrounding the sand dredge area on the Southeast Shoal and an identical ‘control’ ring at an undisturbed reference site on nearby Chester Shoal. Multiple fish species were tagged locally including blacknose (Carcharhinus acronotus), finetooth (C. isodon), and sharpnose (Rhizoprionodon terraenovae) sharks, red drum (Sciaenops ocellatus), red snapper (Lutjanus campechanus), king and Spanish mackerel (Scomberomorus cavalla and S. maculatus), and cobia (Rachycentron canadum), plus loggerhead (Caretta caretta) and green (Chelonia mydas) sea turtles. Most animals were originally tagged months to years prior to the first glider deployment. Details of Canaveral Array operations and associated tagging are found in Iafrate et al. (2019). Numerous other fish and turtle species tagged elsewhere along the US Atlantic coast and the Bahamas were also seasonally present in the Canaveral Array and were identified to species by consulting tag lists maintained by the FACT (https://secoora.org/fact/) and Atlantic Cooperative Telemetry (ACT; https://www.theactnetwork.com/) animal tracking networks (Bangley et al., 2020b; Young et al., 2020). All glider and Canaveral Array detections were archived in the FACT data node.






Glider range testing analysis

Binary boosted regression tree (BRT) models were used to evaluate the detection efficiency of the Wave Glider’s acoustic receivers as a function of distance from the range tag and several environmental variables using the gbm.auto package (Dedman et al., 2017) in R (v.2023.08.31). BRTs are an emerging machine learning approach in acoustic telemetry because they are often more robust when analyzing data-limited and zero-inflated datasets relative to generalized linear and additive models, can model complex interactions, are less sensitive to outliers, and are less likely to overfit (Elith et al., 2008; Dedman et al., 2017). To date, BRTs have been used to model the distribution, environmental preferences, and migration timing of acoustically tagged sharks, rays, and teleosts (e.g. Bangley et al., 2020a; Harris and Stevens, 2021; Ahr et al., 2025), and for glider-based range testing (Cimino et al., 2018). Since all deployed range test tags had a three-minute fixed transmission interval, the exact time of each transmission was known. The BRT model binary response variable was whether (1) or not (0) each transmission was detected by the glider’s receivers. All range test transmissions occurring when the Wave Glider was within 1000 m of the tag, either during the dedicated range test trials or when on its regularly planned path, were pooled for analysis. Separate models were then constructed for the mini-VR2C and VMT, plus a combined model that grouped both receiver types. Distance (m) between the range tag and glider was calculated using the geosphere package in R (Hijmans et al., 2019). Other potentially influential covariates considered in models were water depth (the 10, 20, and 30 m sites), wind speed (knots), water temperature (°C), ocean current (knots), wave height (m), vehicle speed (km/hr), solar irradiance (global horizontal irradiance in W/m2), and ambient sound (root mean square sound pressure level, SPL-RMS, in dB re 1 µPa). Wind speed, temperature, and ocean current were obtained from the glider’s onboard sensors. Wave heights were obtained from the National Data Buoy Center Buoy 41009 located 18–41 km east of range test sites. Solar irradiance was obtained from the National Renewable Energy Laboratory (https://nsrdb.nrel.gov/), and ambient sound was accounted for by including broadband sound pressure levels recorded by the glider’s sub-mounted Remora-ST acoustic recorder. High collinearity can lead to model instability, reduced interpretability, and model overfitting and was assessed using the variance inflation factor (VIF) in R (car package v.3.1-2; Fox and Weisberg, 2019). Only covariates with a VIF below 3 were retained for the final models, a ‘stringent’ approach according to Zuur et al. (2010).

BRT learning rate (lr; rate at which the model learns and increases complexity), tree complexity (tc; number of tree splits or interactions the model allows for), and bag fraction (bf; proportion of data that is randomly chosen without replacement to train the model with cross validation) were refined in a stepwise manner for final models (Leathwick et al., 2006; Dedman et al., 2017). Model evaluation metrics included cross validation (CV) mean deviance, area under the curve (AUC), true skill statistic, overfitting score (Training AUC – CV AUC), percent deviance explained, and achieving at least 1000 trees.





Animal encounters: glider vs. stationary array analysis

Encounters were discrete events where tagged animals were detected by an acoustic receiver, and were classified as valid, likely valid, or suspect based on the observed movement history of that animal. Valid Wave Glider encounters were those where the animal was confirmed to be moving based on subsequent glider and/or Canaveral Array detections. Likely valid encounters included those where recent prior detections confirmed the animal was alive but no subsequent evidence was available confirming further movement through the end of the study. Suspect encounters were instances where multiple glider detections in subsequent deployments confirmed the tag had not moved, suggesting a mortality. Suspect encounters were removed from all statistical analyses. Encounters typically consisted of multiple detections so their duration (in minutes) was calculated as the time between its first and last detection. When an animal went undetected for longer than 60 minutes, further detections were considered a new encounter.

Animal encounter rates (number per km travelled) along the Wave Glider transect were used to compare across survey zone and season. Since data did not meet normality assumptions even after transformation, non-parametric Kruskal-Wallis tests were performed separately on each factor, with a Dunn’s post-hoc test to identify any pairwise differences. Encounter rate comparisons across deployments were not explored due to the increasing number of animals being tagged by researchers along the US east coast as this study progressed. Animals detected off-transect while transiting to launch and recovery points were not included.

With up to 62 stationary receivers, the Canaveral Array was expected to produce a larger overall tracking dataset than a single mobile receiver. It was less clear, however, how the glider-based receiver would perform relative to stationary receivers on an individual basis. To facilitate this comparison, the number of daily animal encounters, unique transmitters, and species were tallied for each Canaveral Array station on each date the Wave Glider was also deployed. These three metrics were then compared to the number of encounters, transmitters and species detected by the glider, both for the entire Canaveral region, and again just using detection data from the Shoal Zone, the one area where Wave Glider and Canaveral Array monitoring largely overlapped. Days when fixed stations malfunctioned or were lost were excluded, as were dates when the glider was not deployed for a full 24 hours (i.e., launch and recovery days). Mann-Whitney U-tests were used to test across groups since the dataset was zero-inflated and could not be normalized by transformation.

The duration of animal encounters (in minutes) from the Wave Glider and Canaveral Array was compared to assess the relative performance of mobile vs. stationary receivers. This analysis was limited to species detected by both approaches. Detections from both glider receivers were combined to calculate encounter duration since they were always time-synced to within 1–2 seconds. Although animals carried tags with a mix of power and transmission intervals, all tags were equally available to both systems. A generalized additive mixed model (GAMM) was then used to evaluate encounter durations between the Wave Glider and the Canaveral Array while accounting for of water depth. This approach was chosen because the glider and Canaveral Array surveyed modestly different water depths (mean depth of encounter of 16 m vs 9 m, respectively), and because the influence of water depth on acoustic detection is often non-linear. The GAMM included a smooth term for depth (with basis dimension k = 15) and a random intercept for deployment to account for repeated sampling and variation in survey conditions across deployments. Competing model structures were evaluated using Akaike Information Criterion (AIC) including a model with a shared depth smoother and an alternative model allowing for group-specific smoothers. To meet normality and equal variance assumptions, only encounters with > 1 detection duration were included, and duration values were first log transformed. Model assumptions were assessed using partial residual and quantile-quantile plots, which indicated acceptable fit and distributional characteristics. The final model was fit with the mgcv package v.1.9–1 in R (Wood, 2017).






Results




Overview

The Wave Glider successfully completed all eight deployments which lasted on average 24 days, covered 1200 km at a mean speed of 2.1 km/hr, and with a maximum recorded speed of 6.0 km/hr (Table 1). A total of 9600 km was surveyed across the entire two-year study. Deviations from the planned course only occurred during the last day of Deployment 1 when unusually calm seas and a strong longshore current impeded forward progress, and during Deployment 8 when the vehicle was redirected to systematically search for Canaveral Array receivers with internal beacons that were displaced during Hurricane Dorian (September 2019).


Table 1 | Performance summary for all Wave Glider deployments.
	Deployment
	Launch date
	Recovery date
	Duration (days)
	Total distance (km)
	Mean speed (km/hr)
	Max speed (km/hr)



	1
	11/26/17
	12/20/17
	24.1
	1137
	2.0
	4.6


	2
	03/15/18
	04/10/18
	26.0
	1459
	2.3
	5.6


	3
	05/24/18
	06/19/18
	26.1
	1310
	2.1
	5.9


	4
	09/19/18
	10/09/18
	20.1
	1126
	2.3
	4.3


	5
	11/27/18
	12/18/18
	21.0
	990
	2.0
	5.4


	6
	02/22/19
	03/15/19
	21.0
	1073
	2.1
	6.0


	7
	05/22/19
	06/19/19
	27.9
	1176
	1.8
	5.2


	8
	08/23/19
	09/26/19
	24.1*
	1345
	2.3
	5.6


	Mean
	–
	–
	23.8
	1202
	2.1
	5.3





*Glider temporarily retrieved for 10 days before and after Hurricane Dorian (September 2019).







Glider range testing

The glider passed within 1000 m of a deployed range test tag 17 times including 13 dedicated trials when it orbited the tag at predefined distances plus 4 instances when following its normal survey path. In total, the glider was range testing for 92 hours. Meteorological conditions at range test sites included wave heights of 0.3–2.0 m, wind speeds of 2–28 kts, and water temperatures of 17–30°C. A total of 3385 test tag transmissions were generated during these trials. Both the mini-VR2C and smaller VMT performed similarly well within the first 100 m of a test tag, after which the mini-VR2C outperformed the VMT (Figure 5). The 50% and 20% detection range (i.e., the distance at which 50% and 20% of all tag transmissions were successfully detected) occurred at roughly 350 m and 500 m for VR2C, and 300 m and 400 m for VMT. The furthest successful detection from the glider was 889 m for the mini-VR2C and 602 m for the VMT.BRT models were used to assess the factors related to Wave Glider acoustic receiver performance with separate models for the VR2C, VMT, and both receivers combined. Depth was dropped as a covariate since it did not improve model diagnostics or deviance explained (Table 2). Model performance was high with AUC scores considered excellent for all models (0.96–0.97), TSS from 0.79 to 0.82, training data correlation from 0.77-0.82, and deviance explained from 58–63%. No models showed overfitting (score 0.03–0.06).

[image: Two line graphs compare detection percentages against distance. Graph A shows two receiver types, VR2C and VMT, with detection decreasing as distance increases. Graph B shows detection at different depths (10, 20, and 30 meters), also decreasing with distance. Both graphs depict data trends with error bars.]
Figure 5 | Wave Glider acoustic receiver detection efficiency for V16-4H acoustic tags. Detection efficiency (± 1 SE) by (A) receiver type (all depths combined), and (B) by water depth (both receivers combined). Distance values are binned to the nearest 100 m with lines fitted using logistic regression curves.


Table 2 | Boosted regression tree model parameters and performance.
	Receiver type
	nt
	tc
	Training AUC
	CV AUC ± (SE)
	Overfitting score
	Training data corr
	TSS
	% Deviance



	VR2C
	1200
	5
	0.96
	0.90 (0.008)
	0.06
	0.80
	0.79
	58.42


	VMT
	1800
	2
	0.96
	0.93 (0.006)
	0.03
	0.77
	0.79
	58.26


	Combined
	2600
	5
	0.97
	0.93 (0.006)
	0.04
	0.82
	0.82
	63.17





All models had a learning rate of 0.01. Bag fraction was 0.5 in all models except the combined model (bf = 0.7). nt, Number of trees; tc, Tree complexity; Training and CV AUC (respectively), Overfitting score (T AUC – CV AUC), Training and Cross Validation Area Under Curve; TSS, true skill statistic. Standard error is provided in parentheses.



Distance between the glider and range tag was the most important factor in all models (VR2C – 57%, VMT-71%, and Combined-63% relative influence, respectively, Figure 6) with the likelihood of a detection decreasing with distance. Ocean current speed and vehicle speed were the second most influential covariates in the VR2C and Combined models while solar irradiance and current speed both contributed 6% in the VMT model with wave height and temperature not far behind at 5 and 4%. The likelihood of a range tag detection decreased along with decreased solar irradiance, possibly due to greater nocturnal biological sounds locally (e.g., soniferous fish chorusing; Iafrate et al., 2023). “Due to the stochastic nature of BRTs, minor differences in covariate rankings, specifically when relative influences differ by only 1–2%, should be interpreted with caution, as such rankings may vary slightly between model runs. In contrast, covariates with larger differences in relative influence tend to maintain consistent rankings across runs and did in all three models. Additionally, in the Combined model, receiver type (VR2C or VMT), only made up 3% of the relative influence, suggesting receiver type was not a large contributing factor to detection range of the glider, however some factors varied between the two types. Further details on the relationship between detection range and covariates are found in Supplementary Figures 1–3.

[image: Bar chart showing the percentage of relative influence of various factors. Distance has the highest influence, followed by current speed and vehicle speed. The chart compares influences across VR2C, VMT, and combined receivers, with Distance notably highest in the combined category at 71%. Other factors include wind speed, temperature, wave height, solar, and noise.]
Figure 6 | Relative influence (%) of environmental conditions on the tag detection efficiency of Wave Glider acoustic receivers.





Animal encounters: glider vs. stationary array

A total of 167 tagged animals from 20 species (9 sharks, 6 bony fish, 4 rays, 1 loggerhead sea turtle) were detected by the Wave Glider across the eight deployments (Table 3). Blacktip shark (47 individuals), blacknose shark (22), red drum (18), finetooth shark (15), and cobia (14) were the most commonly encountered species. Seventy-nine of these individuals (47%) were tagged locally at Cape Canaveral while the remaining 88 were tagged by 14 other research groups at other locations along the US East Coast, Gulf of Mexico, and Bahamas. For animals tagged at Cape Canaveral which had a known release date, time at liberty (i.e., days between release and Wave Glider detection) averaged 1005 days with a range of 2 to 2296 days. Many animals were relocated multiple times on the same deployment or across deployments, resulting in 331 unique encounters (Figure 7). The integrated VR2C acoustic receiver logged 62% of animal detections while the VMT logged 38% of detections, and only one of the 3735 combined detections logged by both receivers could not be matched to a known tagged animal in the region and was considered a false detection.


Table 3 | Acoustically tagged animals detected by the Wave Glider.
	Species
	No. animals
	Wave glider encounters
	Total detects
	Tagging org.*
	Encounter duration


	Valid
	Likely valid
	Suspect



	Blacktip shark
	47
	69
	1
	1
	1561
	5, 12, 13
	20.5 (36.4)


	Blacknose shark
	22
	34
	1
	 
	262
	1
	12.4 (14.3)


	Red drum
	18
	30
	1
	21
	211
	1
	5.6 (9.2)


	Finetooth shark
	15
	20
	 
	2
	179
	1
	14.8 (19.4)


	Cobia
	14
	14
	2
	6
	131
	4, 12, 15
	10.9 (16.5)


	Red snapper
	13
	 
	 
	64
	900
	1
	–


	Sharpnose shark
	8
	13
	 
	7
	185
	1
	15.6 (11.6)


	Tarpon
	6
	7
	 
	 
	20
	3
	4.1 (6.2)


	Bonnethead shark
	5
	6
	 
	 
	94
	6, 12
	15.5 (13.9)


	Goliath grouper
	4
	7
	1
	2
	46
	6, 9
	6.6 (6.1)


	Cownose ray
	3
	5
	 
	 
	22
	7, 13
	5.2 (3.2)


	Loggerhead turtle
	2
	1
	1
	 
	7
	1
	5.3 (7.5)


	Smooth butterfly ray
	2
	 
	1
	2
	14
	14
	5.4


	Tiger shark
	2
	4
	1
	 
	59
	2, 11
	34.4 (41.0)


	Bull shark
	1
	1
	 
	 
	8
	13
	18.0


	Gulf flounder
	1
	 
	1
	 
	1
	14
	<1


	Lemon shark
	1
	1
	 
	 
	1
	1
	<1


	Smalltooth sawfish
	1
	1
	 
	 
	3
	10
	4.2


	White shark
	1
	1
	 
	 
	24
	8
	24.0


	Whitespotted eagle ray
	1
	2
	 
	 
	6
	7
	13.5 (17.7)


	Total
	167
	216
	10
	105
	3734
	 
	 





Encounters are considered valid, likely valid, or suspect based on their movement history before and after detection. Encounter durations are listed as averages in minutes with standard deviation in parentheses.

*1Current Project, 2Bimini Biological Field Station, 3Bonefish & Tarpon Trust, 4Center for Marine Sciences and Technology, 5Florida Atlantic Univ., 6Florida State Univ., 7Harbor Branch Oceanographic Inst., 8Massachusetts Div. of Marine Fisheries, 9Mote Marine Lab, 10National Oceanographic and Atmospheric Administration, 11OCEARCH, 12South Carolina Dept. Natural Resources, 13Smithsonian Environmental Research Center, 14Univ. Florida, 15Virginia Inst. Marine Science.



[image: Map of marine animal encounters off the eastern coast of Florida, showing paths and locations of various species, including sharks, fish, and rays. Different colored triangles indicate animal species, such as Blacktip Sharks, Red Snapper, and Loggerhead Turtles. Black lines show glider paths through the Chester Shoal and Southeast Shoal areas. A key provides species information with encounter numbers, and a bar scale indicates distance.]
Figure 7 | Encounter locations for all tagged animals detected by the Wave Glider. Values in parentheses are the number of unique encounters for each species.

Exactly half of the 226 valid or likely valid encounters were confirmed solely through multiple Wave Glider detections while the other half could only be verified with prior or subsequent movements through the Canaveral Array. Not all relocated animals were confirmed as alive. Over 100 of the 331 encounters were classified as suspect because the tag was relocated at the same location across multiple deployments (20 individuals, 99 encounters) or lacked other recent data from stationary receivers (6 individuals, 6 encounters). Both scenarios suggest a mortality, especially when seen in sharks, red drum, and cobia which are highly mobile. All 64 red snapper encounters were also classified as suspect because no movements were ever confirmed by the glider or Canaveral Array. However, their naturally high site fidelity, confirmed in previous studies (e.g., Topping and Szedlmayer, 2011; Everett et al., 2020), suggests that some suspect encounters could be from living snapper that simply did not disperse from their original tagging locations.

The overall animal encounter rate on the glider transect averaged 0.023 encounters per kilometer traveled and was slightly elevated in the Shoal Zone (0.030 per km) and lowest in the North and Reef Zones (0.018 per km; Figure 8) although these differences were not significant (Kruskal-Wallis Test, p = 0.381). Encounter rate did differ across seasons, being highest in late fall surveys (0.055 per km) and lowest in spring and summer (0.008–0.011 per km; Kruskal-Wallis Test, p < 0.001). This seasonal disparity is likely because many fish species are overwintering in east Florida, a phenomenon now well documented for many migratory sharks and bony fishes (Iafrate et al., 2019). Although not detailed here, a summary of environmental conditions under which animals were detected by the Wave Glider is available in Supplementary Table 2.
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Figure 8 | Animal encounter rates by the Wave Glider across (A) survey zones and (B) seasons. Bars represent means with 95% confidence intervals. Significant differences were only detected across seasons with pairwise differences denoted with lowercase letters.

During the same 190 days that the Wave Glider was deployed, the Canaveral Array recorded 11,712 valid animal encounters (226,000 detections) produced by 364 individuals in 30 species (14 sharks, 7 bony fish, 6 rays, 3 sea turtles, Supplementary Table 3). On average, the glider detected 64% of the species and 40% of the tags, but only 2% of the detections recorded by the stationary array on any single deployment. Further, all but four live animals encountered by the glider were also detected by the Canaveral Array at some point, with 55% of all animals detected by the Wave Glider also detected by the Canaveral Array within 24 hours.

On a per-receiver basis, the mobile and stationary receivers performed equally well. Specifically, when considering detections throughout the entire study area, the Wave Glider and Canaveral Array averaged similar numbers of encounters per day (1.1 vs. 1.3; Mann-Whitney U-test, W = 733832, p = 0.52), unique animals per day (1.0 vs. 0.9; W = 720459, p = 0.27), and species per day (0.7 vs. 0.6; W = 720621, p = 0.27; Figure 9). When considering just detections in the Shoal Zone where the glider and Canaveral Array most extensively overlapped, both approaches still yielded similar numbers of daily encounters (1.5 vs. 1.4; W = 96010, p = 0.07), but the glider detected modestly more animals (1.3 vs. 1.0; W = 98962, p = 0.02), and species per day (1.0 vs. 0.7; W = 98061, p = 0.03). Finally, of the 226 non-suspect encounters with tagged animals by the glider, only 9 (4%) were at locations within 500 m of a Canaveral Array receiver, highlighting the ability of this mobile platform to expand searches into otherwise unmonitored areas.

[image: Bar charts displaying comparisons between Wave Glider and Canaveral Array data. For the entire study area: encounters per day, animals per day, and species per day with p-values of 0.52, 0.269, and 0.269 respectively. For the shoal zone only: encounters per day, animals per day, and species per day with p-values of 0.0675, 0.0187, and 0.0271 respectively. Each graph includes error bars.]
Figure 9 | Wave Glider and Canaveral Array performance on a per-receiver basis. Metrics include the number of encounters per day, unique animals per day, and species per day for the (A) entire study region, and (B) Shoal Zone. Bars represent means with95% confidence intervals. Note the differing y-axis scales across plots.

Animal encounters with the Wave Glider averaged 14 ± 24 minutes (Table 3; Figure 10). The longest encounter was with a blacktip shark in March 2018 whose course of travel paralleled the Wave Glider for over 4 hours. Over 20% of glider encounters were single detections. By convention, single detections are often excluded from acoustic telemetry analyses although virtually all in this study were confirmed as valid through previous or subsequent encounters elsewhere in the study area. In contrast, encounters of animals with Canaveral Array lasted 48 ± 92 minutes. The longest encounter was a tagged red drum continuously detected for 2413 minutes (1.7 days), and numerous red drum and blacknose shark had encounters lasting >12 hours, usually at stations in the Canaveral Bight. Tiger, bull, and white sharks were the only species whose interactions with the Wave Glider lasted longer than with stationary receivers, although the glider only encountered these large sharks a combined seven times.

[image: Panel A shows a histogram with frequency versus duration in minutes, with a mean duration of fourteen minutes. Panel B presents a histogram with a mean duration of forty-eight minutes. Panel C is a line graph depicting duration over water depth, comparing data from a wave glider and Canaveral array. The wave glider data is shown in red, and the Canaveral array data in blue.]
Figure 10 | Distribution of encounter durations recorded on the (A) Wave Glider and (B) Canaveral Array, as well as the (C) effect of water depth on encounter duration for both receiver types.

GAMM modeling revealed that animal encounters at Canaveral Array receivers were significantly longer than those recorded by the Wave Glider, even after accounting for differences in water depth (estimate = 0.926, p < 0.001; Figure 10C). This corresponds to a roughly 2.5-fold shorter mean encounter duration by the glider on the original (untransformed) scale. The effect of water depth on encounter duration was significant and non-linear (edf = 10.29, F = 15.55, p < 0.001; Table 4) but the model explained only ~3% of the deviance in encounter duration, suggesting that depth had a modest influence over the relatively narrow range of depths surveyed.


Table 4 | Summary of generalized additive mixed model comparing the duration of animal encounters (in minutes) between the Wave Glider and Canaveral Array independent of water depth.
	Effect
	Estimate
	Std. error
	t-value
	p-value



	Intercept
	2.313
	0.114
	20.31
	<0.001


	Type: Canaveral Array
	0.926
	0.108
	8.56
	<0.001


	Smooth Term
	EDF
	Ref.df
	F-value
	p-value


	Water Depth
	10.29
	10.29
	15.55
	<0.001


	Model specification: Log(Duration) ~ Type + s(Depth, k = 15)


	Adjusted R2: 0.028
	 
	 
	 
	 


	Scale Estimate: 1.635
	 
	 
	 
	 


	Observations (n): 9760
	 
	 
	 
	 





The model included a smooth term for depth (k = 15) and a random intercept for deployment (n = 8).








Discussion

This study demonstrated that unmanned surface vessels are a feasible option to systematically survey for acoustically tagged fish. Over this two-year evaluation, the Wave Glider USV successfully completed all eight multi-week deployments, travelled nearly 10,000 km, and repeatedly navigated complex bathymetry around offshore sand shoals. In the process, the glider relocated meaningful numbers of tagged fish and species (aided greatly by operating in a region with multiple active acoustic telemetry projects), communicated these detections in near real-time, and paired them with highly localized oceanographic and meteorological measurements. Most glider encounters with tagged animals occurred outside the detection range of stationary receivers, over half of the detected fish were originally tagged outside the Cape Canaveral region, and relocations occurred almost three years after tagging on average. Collectively, these findings highlight the capacity for ocean gliders to expand the spatial scope and operational flexibility of acoustic telemetry studies over the continental shelf.

A handful of other glider studies (e.g., Cote et al., 2019; Cypher et al., 2023; Lembke et al., 2018; Moser et al., 2023; Zemeckis et al., 2019), primarily using Slocum AUVs, have also undertaken multiple long duration coastal tracking surveys for tagged fish and invertebrates. In general, however, most glider tracking studies are single events lasting only hours to days, and—the present study included—are framed as technical demonstrations. With rare exception (e.g., Zemeckis et al., 2019), these surveys have not addressed specific fisheries management topics. Moreover, the Ocean Tracking Network’s use of glider-mounted acoustic modems to remotely download data from stationary deep-water receivers off Newfoundland is perhaps the only example of gliders being integrated into long-term acoustic tracking programs anywhere in the world (von Oppeln-Bronikowski et al., 2023; Jon Pye, OTN, pers. comm). As gliders mature into more capable and routine options for monitoring the movements of tagged fish, the relative investment into mobile versus stationary tracking infrastructure will be an important consideration for new projects. Ultimately, multiple glider evaluations across a variety of platforms, regions, habitats, and species are needed to fully characterize the strengths and limitations of each approach, optimize strategies for glider-based fish tracking, and begin supporting a broader suite of fishery management tasks.




Merits of glider vs. stationary array fish tracking

Stationary receivers are generally deployed without a detailed prior knowledge of a focal species’ distribution, and increasingly to accommodate the tracking of multiple species simultaneously (Ellis et al., 2019), as was the case with the Canaveral Array. Sub-optimal selection of fixed locations—sites that are unimportant to the target species or acoustically challenging — may occur frequently and can result in incomplete or even biased conclusions regarding animal distribution and behavior (Crossin et al., 2017; Gabriel et al., 2021). Mobile gliders are better suited for revealing the broad spatial extent of animal dispersal, especially in areas not monitored by collaborative regional-scale stationary arrays, or where animals periodically occupy deeper waters where stationary receivers are difficult to maintain (Arostegui et al., 2024). At Cape Canaveral, fish encounters with the glider occurred up to 30 km outside the fixed array. Similarly, in a study of Atlantic cod (Gadus morhua) in Massachusetts Bay, Zemeckis et al. (2019) reported that gliders relocated 25 fish never recorded by stationary receivers and identified core use areas outside of a stationary array footprint.

Gliders also expand the capacity to locate the shed transmitters that generally indicate animal mortality events. The Wave Glider detected at least six internally implanted transmitters that remained stationary across deployments, representing likely mortalities in finetooth shark, sharpnose shark, red drum, and cobia that were invisible to the Canaveral Array. Zemeckis et al. (2019) similarly detected multiple cod mortalities off Massachusetts, and Cypher et al. (2023) suggested that nearly half of the 30 relocated Pacific herring (Clupea pallasii) in Prince William Sound, Alaska, were shed tags. An enhanced capacity to detect shed transmitters may be especially important for future studies designed to estimate demographic parameters of fish populations including survivorship and recruitment.

Finally, gliders enable the simultaneous collection of multiple environmental covariates at the location of animal detections, offering more localized and accurate habitat context (Testor et al., 2019). In this study, the glider recorded sea surface temperature, dissolved oxygen, chlorophyll, and turbidity every 10 minutes. Similar oceanographic data are increasingly paired with stationary coastal arrays via satellite-based measurements, including in east Florida (e.g., Bangley et al., 2020a; Ahr et al., 2025), but parameters are averaged over large ocean areas at daily or longer intervals, and thus may not accurately reflect the conditions experienced by tagged animals, especially in highly variable coastal waters. Moreover, gliders can now characterize ocean currents, baitfish biomass, seafloor rugosity, and other habitat qualities that are not accessible through satellite-based remote sensing (Verfuss et al., 2019; Whitt et al., 2020). These fine scale measurements enhance the understanding of how habitat influences animal distribution, providing a significant advantage over stationary arrays.

The main functional limitation of glider fish tracking is that monitoring occurs around only a single location at any given time, resulting in a sparser dataset for inferring animal status and movement. While the Wave Glider performed similarly on a per-receiver basis at Cape Canaveral, it averaged only 2% of the detections compared to the stationary array on any single deployment. Such disparities will always be study-specific, dependent on the number and locations of stationary receivers, animal behavior, and local habitat conditions. Lembke et al. (2018) similarly noted fewer detections of red snapper (Lutjanus campechanus) and red grouper (Epinephelus morio) from a Slocum glider compared to fixed stations during a pipeline survey in the Gulf of Mexico, while Moser et al. (2023) observed fewer detections of green sturgeon by a Slocum glider compared to a fixed receiver gate off the Oregon coast. Conversely, Zemeckis et al. (2019), while also reporting that Slocum gliders produced only 1-2% of the Atlantic cod detections compared to a stationary array, still detected more individuals. Fewer encounters make it difficult to confirm that an animal is alive because confirmation generally requires observing movement between at least two locations. Locally, the status of many fish detected by the Wave Glider could only be confirmed with subsequent detections in the Canaveral Array, which occasionally took several months to verify. Further, because both the glider and tagged animals were generally moving, the duration of animal encounters with the Wave Glider (a rarely reported metric in previous surveys) averaged just 14 minutes in this study, only a fourth as long as those produced by nearby fixed stations. Short encounters make it virtually impossible for a single glider to estimate site fidelity of a tagged animal to a given location.

Several other operational constraints were identified in this study. For example, the tag detection range of Wave Glider receivers appeared modestly lower than that of stationary receivers at Cape Canaveral. During separate range test trials using transmitters of the same power, stationary Canaveral Array receivers produced 50% detection ranges at 400 m with a maximum range of 1700 m (Iafrate et al., 2019), although variability across locations was high. Moser et al. (2023) similarly noted decreased detection ranges from a Slocum glider compared to nearby fixed receivers off the Oregon coast. The reasons for reduced performance by the Wave Glider receivers aren’t fully understood but may be due to noise from the ocean surface (Bingham et al., 2012), continuous water flow across the hydrophone (Gaskell et al., 2023), or miniaturization of receiver components. Vehicle self-noise (e.g., use of a thruster) increases broadband noise levels, mostly at bands < 69kHz. While this effect can be controlled during range test trials, it may reduce receiver detection radius when actively searching for tagged animals (Gaskell et al., 2023).

Gliders on coastal fish tracking deployments may also face challenges with extreme shallow depths, limited power budgets, strong currents, mechanical issues, sea ice, boat traffic, vandalism, and entanglement (Merckelbach, 2013; Davis et al., 2018; Whitt et al., 2020; von Oppeln-Bronikowski et al., 2023). Solar power to operate glider sensors in the present study was generally sufficient although less critical systems were occasionally powered down at night or on cloudy days. Solar-supplemented USVs with similar sensor payloads may be highly power-constrained at higher latitudes, especially in winter, limiting deployment duration or sensor duty cycles (Drushka et al., 2024). Further, while no boat strikes occurred in the present study, the Wave Glider often made temporary automated course deviations to avoid the path of AIS-enabled vessels, and fishing line tangled the Wave Glider thruster during Deployment 3 which reduced the vehicle’s speed. Entanglement in kelp is also a concern in other regions (Rudnick, 2016; Pagniello et al., 2019). Shark bites have also prematurely ended a Wave Glider mission off Nova Scotia (Jon Pye, Ocean Tracking Network, pers. comm.), and Slocum glider missions along the Florida east coast have been aborted due to buoyancy issues caused by remoras (Chad Lembke, Univ. South Florida, pers. comm). Mechanical or communication issues will typically be more detrimental to glider missions than single fixed station malfunctions. Notably, however, in the US southeast, hurricanes have caused extensive damage to stationary arrays over the last decade while gliders can be relocated or even temporarily retrieved prior to a storm, as was the case at Cape Canaveral before Hurricane Dorian in 2019. Many gliders also now have a proven track record of operating in high sea states (Miles et al., 2021).





Merits of surface vs. subsurface gliders for fish tracking

The choice of glider platform is also an important consideration for mobile fish tracking in the coastal ocean. One of the main operational advantages of surface gliders is a robust satellite link that allows for continuous communication and precise GPS-enabled navigation (Verfuss et al., 2019). In contrast, sub-surface gliders communicate intermittently, inhibiting precise course keeping, often resulting in somewhat erratic and torturous survey tracks. In this study, the Wave Glider followed pre-planned transects with high fidelity (with a few exceptions), allowing for a complex transect design and consistent data collection across deployments. It also visited small points of interest including known reefs and shipwrecks, avoided shallow shoal ridges and navigation buoys, and approached close to shore when not constrained by depth. Additionally, pilots could remotely alter the glider’s course in response to unexpected conditions. For example, at the end of Deployment 4, the glider was commanded to enter Port Canaveral for recovery due to hazardous seas farther offshore. The Wave Glider also assisted in managing the Canaveral Array itself. During Hurricane Dorian in September 2019, four VR2-AR receivers with internal transmitters were displaced from the reef tract despite being deployed with 45-kg cement moorings in water 15–25 m deep. These transmitters were detected during the next glider deployment and systematic orbital searches were conducted. All four units were ultimately relocated and recovered after having shifted up to five kilometers from their original deployment sites.

Despite these operational advantages, the Wave Glider had drawbacks relative to other ocean glider platforms for certain applications and locations. At Cape Canaveral, although the Wave Glider effectively surveyed the active dredge site, its 5-meter draft precluded it from sampling the shallowest parts of offshore sand shoals. Buoyancy gliders are also generally constrained to operations greater than 30 m in depth (von Oppeln-Bronikowski et al., 2023). Other surface gliders (e.g., Saildrone, AutoNaut, SeaTrak) are less depth-constrained but have trade-offs in maneuverability, endurance, and payload capacity. Subsurface buoyancy-driven gliders are also a logical choice for tracking tagged animals in deep or stratified water as they can effectively characterize vertical gradients in temperature, salinity, and other properties that influence animal behavior (Eiler et al., 2013; Testor et al., 2019; Verfuss et al., 2019). Moreover, performance of their acoustic receivers are less affected by ambient noise at the ocean surface, and can operate below thermoclines which are known to decrease tag detection ranges (McQuarrie et al., 2021) Subsurface gliders are also less susceptible to interactions with human activities such as boat traffic and fishing operations. One unresolved question is the acoustic detection efficiency of surface gliders vs. subsurface gliders. Range test trials have been conducted on both Slocum and Wave Gliders (Haulsee et al., 2015; Oliver et al., 2017; Cimino et al., 2018; McQuarrie et al., 2021; Gaskell et al., 2023), and while overall performance seems comparable, the wide variety of glider platforms, receiver and transmitter styles, and habitats evaluated makes direct comparison difficult.





Ideal coastal glider tracking scenarios

Ocean gliders currently remain too expensive to serve as core elements of most routine fish tracking studies. While operating a stationary array is also costly, hardware and labor expenses can be incurred more gradually. The Canaveral Array, for example, grew from 4 to 62 stations between 2008 and 2013. In the near term, ocean gliders, when they are available, will most often be leveraged to fill complementary roles. Animal tracking objectives vary widely, however, and there are scenarios where gliders are well suited to serve as the centerpiece tracking technology.

With their more precise navigation, surface gliders are a realistic means to track fish species that preferentially distribute across discrete habitat patches such as patch reefs, offshore wind turbines and oil platforms, and fish aggregating devices (FADs), or along linear features like barrier reefs and steep rocky shorelines. In these instances, tagged fish likely concentrate in a small subset of the overall project area with minimal time spent between patches. Well-designed glider surveys can visit more locations than can be monitored with stationary receivers and help characterize space use and dispersal. Such surveys could identify previously unknown fish aggregation sites and even help refine the future placement of stationary receivers. With prior knowledge of a species’ general life history, sample size, tag specifications, and a glider’s acoustic detection range, various search strategies could even be simulated and optimized before the first glider deployment.

Gliders are also valuable when resolving a species’ habitat preferences over wide areas is a high priority. Traditional tracking studies accomplish this by examining abundance indices (e.g., raw detections, time present) only at fixed receiver locations. Glider surveys conducted between and beyond fixed stations provide an independent validation of these habitat associations. Moreover, by not being constrained to a small set of pre-defined locations, glider surveys guided by satellite imagery could track tagged animals across gradients in sea surface temperature and chlorophyll (McClatchie et al., 2012) or to move through regions experiencing ocean hypoxia.

The continuous communication link of surface gliders makes them viable options for real-time monitoring at dredge and construction sites for at-risk fish species (Verfuss et al., 2019). In the southeastern US, this could include federally protected smalltooth sawfish (Pristis pectinata), oceanic manta ray (Mobula birostris), and Atlantic sturgeon (Acipenser oxyrinchus). The real-time data stream allows operations to be modified or halted when animals are detected inside a predefined perimeter, although the value of this approach is proportional to the percentage of the population tagged, and lack of detections does not assure that a species is absent. Gliders could also carry passive acoustic recorders and turbidity sensors to simultaneously measure anthropogenic noise, sedimentation, and other disturbances that are often a high concern during these projects.

Finally, one of the most anticipated near-term innovations in coastal glider surveys is expected improvements in what has been termed reactive sampling or focal animal monitoring (Eiler et al., 2019; Verfuss et al., 2019). This approach involves gliders estimating a tag range and bearing and then maneuvering to remain in close contact with a relocated animal. Research is well underway in this area (e.g., Clark et al., 2013; Dodson et al., 2018; Eiler et al., 2019; Skomal et al., 2015; White et al., 2016) but trials have generally been limited to short deployments in small areas using highly modified AUVs, often tracking animals still recovering from tagging. The ability to track “fish of opportunity” during long duration glider deployments over the open shelf will help confirm if a detected animal is alive, document habitat associations in greater detail, and even allow home range estimates in some instances. This capability would be particularly beneficial in regions like the US southeast coast where encounter rates with tagged fish are high and relocations occur months or years after tagging. Modest glider speeds (mean 2 km/hr in this study) may limit the duration of tracks for many fast-moving species. At Cape Canaveral, however, even large and mobile red drum, cobia, and blacknose shark traveled at less than 1 km/hr on average when moving through the Canaveral Array (Iafrate et al., 2019).





Lessons learned and best practices

Range testing is an essential quality control aspect for all acoustic telemetry studies (Kessel et al., 2014), perhaps even more so for glider-based tracking where the factors affecting receiver performance are not well understood. Range testing will help set realistic expectations regarding study area size, transect spacing, and overall mission duration. At Cape Canaveral, Wave Glider range testing was simplified by deploying range test tags with a 1-yr battery life along the survey transect and allocating time for dedicated range trials during each of the first four missions. This approach can be replicated in other studies with pre-defined survey areas to measure receiver performance under differing ocean conditions and to identify any glider hardware issues early in each deployment. Many newer acoustic receivers now contain embedded tags used (in part) to facilitate range testing. In areas where mobile and fixed tracking will be used in concert, range testing the glider receiver(s) against these fixed station beacons will be even easier. Conversely, a glider carrying a tag could be an ideal means for range test multiple fixed stations in a variety of conditions, information which might be valuable in habitats that are acoustically complex.

Range testing at Cape Canaveral used a single style of high-power range tag to mimic those implanted locally in sharks and sportfish. Species requiring lower power (and generally smaller) tags will have much reduced detection ranges, and these tag styles should be directly evaluated. Additionally, glider orbits around range test tags were conducted at 250 m increments, which in hindsight was an overly large interval given the maximum detection range of 900 m. Finer resolution (perhaps 100 m increments) would be ideal, especially when testing lower power tags. The use of test tags with uniform transmission intervals, as opposed to the random intervals typically used in animal tags, was helpful for determining the exact timing of transmissions and simplifying the calculation of detection rates. Finally, previous studies have reported a variety of detection efficiency metrics. A 20% detection efficiency (i.e., the distance at which the receiver detected 20% of transmissions) was reported by both Oliver et al. (2017) and Cimino et al. (2018). Given that many glider encounters with tagged animals consist of just a few detections, reporting at a second higher rate, perhaps 50% detection efficiency, would also be informative.

The higher number and density of animal encounters at Cape Canaveral compared to most previous glider tracking surveys was largely due to operating in a region with multiple species under active study. This will not be the case for many regions and several steps can be taken to increase the number and quality of animal relocations. First, given the brief encounter times, tags with shorter transmission intervals are more likely to be detected. Second, low power tags at Cape Canaveral have resulted in relatively sparse datasets (Iafrate et al., 2019) and should be used only when absolutely required in open coastal settings. Finally, confirming the status of animals (alive vs. dead) is challenging in glider tracking studies because movement can generally not be confirmed in a single encounter. Although protocols can be adopted where gliders immediately loiter or make multiple passes at a detection site, this typically requires pilot intervention and an environment that allows for high maneuverability. As an alternative, depth or swim speed sensors can now be incorporated into acoustic transmitters which could often confirm animal movement during brief encounters at a single location.






Conclusions

This study demonstrates that gliders have a valuable role in coastal animal tracking, providing complementary data to stationary arrays and offering unique advantages in certain scenarios. The effectiveness of gliders varies based on the locations and species under study, necessitating careful consideration of study goals and conditions. To optimize the advantages of glider-based studies, careful planning and consideration of both technological capabilities and environmental conditions are essential. Collaborative efforts and advancements in technology will further enhance the utility and effectiveness of gliders in acoustic telemetry studies.
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OEBPS/Images/table2.jpg
Receiver type nt tc Training (SE)  Overfitting scol Training data corr  TSS Deviance

VR2C 1200 5 0.96 0.90 (0.008) 0.06 0.80 0.79 58.42
VMT 1800 2 0.96 0.93 (0.006) 0.03 0.77 0.79 58.26
Combined 2600 5 0.97 0.93 (0.006) 0.04 0.82 0.82 63.17

All models had a learning rate of 0.01. Bag fraction was 0.5 in all models except the combined model (bf = 0.7). nt, Number of trees; tc, Tree complexity; Training and CV AUC (respectively),
Overfitting score (T AUC - CV AUC), Training and Cross Validation Area Under Curve; TSS, true skill statistic. Standard error is provided in parentheses.





OEBPS/Images/table4.jpg
Effect imate Std. error alu p-value
Intercept 2313 0.114 2031 <0.001
Type: Canaveral Array 0.926 0.108 8.56 <0.001
Smooth Term EDF Ref.df F-value p-value
Water Depth 10.29 10.29 15.55 <0.001

Model specification: Log(Duration) ~ Type + s(Depth, k = 15)
Adjusted R*: 0.028
Scale Estimate: 1.635

Observations (n): 9760

The model included a smooth term for depth (k = 15) and a random intercept for deployment (n = 8).





OEBPS/Images/table3.jpg
Wave glider encounters

Species . animals Likel Taggifg Encou_nter
Valid =y Suspect org. duration
valid
Blacktip shark 47 69 1 1 1561 512,13 20.5 (36.4)
Blacknose shark 22 34 1 262 1 124 (14.3)
Red drum 18 30 1 21 211 1 5.6 (9.2)
Finetooth shark 15 20 2 179 1 14.8 (19.4)
Cobia 14 14 2 6 131 4,12,15 10.9 (16.5)
Red snapper 13 64 900 1 -
Sharpnose shark 8 13 7 185 1 15.6 (11.6)
Tarpon 6 7 20 3 4.1 (6.2)
Bonnethead shark 5 6 94 6,12 15.5 (13.9)
Goliath grouper 4 7 1 2 46 6,9 6.6 (6.1)
Cownose ray 3 5 2 7,13 52(32)
Loggerhead turtle 2 1 1 7 1 53(7.5)
Smooth butterfly ray 2 1 2 14 14 54
Tiger shark 2 4 1 59 2,11 34.4 (41.0)
Bull shark 1 1 8 13 18.0
Gulf flounder 1 1 | 1 14 <1
Lemon shark 1 1 1 1 <1
Smalltooth sawfish 1 1 3 10 42
‘White shark 1 1 24 8 240
Whitespotted eagle ray 1 2 6 7 135 (17.7)
Total 167 216 10 105 3734

Encounters are considered valid, likely valid, or suspect based on their movement history before and after detection. Encounter durations are listed as averages in minutes with standard deviation in parentheses.
*!Current Project, *Bimini Biological Field Station, *Bonefish & Tarpon Trust, *Center for Marine Sciences and Technology, *Florida Atlantic Univ., *Florida State Univ., "Harbor Branch
Oceanographic Inst., ®Massachusetts Div. of Marine Fisheries, *Mote Marine Lab, *°National Oceanographic and Atmospheric Administration, ''OCEARCH, '*South Carolina Dept. Natural

Resources, "*Smithsonian Environmental Research Center, *Univ. Florida, '*Virginia Inst. Marine Science.
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OEBPS/Images/table1.jpg
Duration Total distance Mean speed Max speed

Deployment Launch date  Recovery date (days) ) (km/hr) fenine)
1 11/26/17 12/20/17 24.1 1137 2.0 4.6
2 03/15/18 04/10/18 260 7 1459 23 5.6
3 05/24/18 06/19/18 26.1 1310 2.1 59
4 09/19/18 » 10/09/18 20.1 1126 23 4.3
5 11/27/18 12/18/18 210 990 2.0 5.4
6 02/22/19 03/15/19 210 1073 2.1 6.0
7 05/22/19 06/19/19 279 1176 18 5.2
8 08/23/19 09/26/19 241 1345 23 5.6
Mean [ - - 238 7 1202 2.1 53

*Glider temporarily retrieved for 10 days before and after Hurricane Dorian (September 2019).





