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Abstract

:

Featured Application


Using autonomous underwater vehicles equipped with telemetry-based payload control to locate marine fish tagged with acoustic transmitters.




Abstract


An autonomous underwater vehicle (AUV) under payload control (PC) was used to map the movements of juvenile Chinook salmon (Oncorhynchus tshawytscha) tagged with acoustic transmitters. After detecting a tag, the AUV deviated from its pre-programmed route and performed a maneuver designed to enhance the location estimate of the fish and to move closer to collect proximal environmental data. Nineteen fish were released into marine waters of southeastern Alaska. Seven missions with concurrent AUV and vessel-based surveys were conducted with two to nine fish present in the area per mission. The AUV was able to repeatedly detect and estimate the location of the fish, even when multiple individuals were present. Although less effective at detecting the fish, location estimates from the vessel-based surveys helped verify the veracity of the AUV data. All of the fish left the area within 48 h of release. Most fish exhibited localized movements (milling behavior) before leaving the area. Dispersal rates calculated for the fish suggest that error associated with the location estimates was minimal. The average movement rate was 0.62 body length per second and was comparable to marine movement rates reported for other Chinook salmon stocks. These results suggest that AUV-based payload control can provide an effective method for mapping the movements of marine fish.
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1. Introduction


Acoustic telemetry (defined here as the detection of fish or other aquatic fauna tagged with acoustic transmitters) is a useful tool for collecting detailed information on the distribution, movements, and habitat use of marine fish [1,2,3]. However, the principal advantage of this method—the ability to repeatedly locate and identify tagged individuals—is often diminished by adverse marine conditions (e.g., ocean stratification, ambient noise), limited reception range (typically less than a kilometer), and the inherent tradeoffs between transmitter size, transmitting power, and operational life [1,4,5]. Various approaches have been used to address these constraints, ranging from arrays of acoustic receivers [6,7,8] to mobile surveys using a variety of vessel-based methods [9,10,11,12].



Autonomous underwater vehicles (AUVs) are increasingly being used to supplement the use of surface vessels for measuring the physical, chemical, and biological characteristics of the marine environment, and when equipped with acoustic receivers can be used to determine the distribution and movements of fish tagged with acoustic transmitters [13,14]. This approach has definite advantages over tracking fish from surface vessels, particularly for demersal or deep-water pelagic species [15]. Proximal data obtained from AUV-based sensors and sonar also make it possible to compare the spatial and temporal distribution of the fish with the associated environmental conditions, benthic characteristics, and the presence of other fish species and untagged con-specifics.



Despite these advantages, AUVs have their own constraints. Unlike a piloted vessel that can easily deviate from its existing course to enhance location estimates, AUVs mapping the movements of acoustically tagged fish were initially programmed to simply follow a predetermined route and record the transmitters detected. Position estimates were limited to kernel density or sound-pressure-level (SPL) estimates of proximity, which were often bimodal [16,17]. Positioning errors frequently resulted from the presence of tagged fish on the periphery of the pre-programmed route and the unfavorable geometry of the hyperbolic curves used to estimate fish locations [15]. Survey routes for unmanned vehicles (both surface and submerged) have become much more sophisticated and are typically designed to provide coverage based on the information needed and the physical features of the surrounding area, such as topography or current patterns [18,19,20]. In the case of fish telemetry, the reception range of the transmitters is also an important consideration in planning the mission parameters and the configuration of the route [15].



The use of AUVs to locate acoustically tagged fish has been enhanced by advances in payload control (PC) hardware and software, which allow the vehicle to alter its mission in response to information from an on-board sensor (i.e., reactive sampling), in this case telemetry data from an integrated acoustic receiver. This approach has been used to track the Lagrangian movements of a single acoustically tagged fish [14,21]. However, repeatedly locating multiple fish over a vast area remains a major challenge. In previous papers, we have discussed the development of payload control software [22] and its utility for mapping the location of multiple targets (reference transmitters at known locations and depths) during a single mission [23]. Here, we examine the use of AUV-based payload control to synoptically map the movements of a number of highly mobile marine fish.



Chinook salmon (Oncorhynchus tshawytscha) are a wide-ranging anadromous species that spend several years in the marine environment before returning to coastal rivers throughout the northern Pacific Rim to spawn. These returns support important commercial and subsistence fisheries. Chinook salmon returns were relatively stable until the late 1990s, when dramatic declines in abundance were reported [24]. This trend has continued during subsequent years and resulted in severe reductions in harvest and difficulties in meeting escapement goals [25,26,27]. Reductions in fish size and shifts in age composition to younger fish have also been reported [28,29,30,31], which may reflect significant changes in marine conditions that could have an impact on other marine species.



There is increasing evidence that the first year spent in the marine environment is a critical period for Chinook salmon [32,33]. Information on the spatial and temporal distribution of the fish during this period is needed to better understand and manage these populations, and can be used to parameterize assessment models for commercial or threatened stocks. When combined with environmental data, this information also provides a baseline for assessing the response of other fish species and marine communities to shifts in ocean conditions [34,35]. However, efforts to obtain this type of information are often hampered by the logistical challenges and severe conditions frequently encountered (e.g., vast distances, deep depths, restricted access, and turbulent seas). The goal of this study was to document the efficacy and challenges of using an AUV under payload control to collect detailed telemetry data (i.e., meter-scale resolution) for juvenile Chinook salmon in the marine environment.




2. Materials and Methods


2.1. Study Area


The study was conducted in marine waters of Port Walter (PW) and Big Port Walter (BPW) located near the southern tip of Baranof Island in southeastern Alaska (Figure 1). The entire fjord is approximately 6.1 km long, 1.2 km at its maximum width, characterized by steep rocky slopes, and surrounded by mountainous terrain. Water depths in Port Walter range from over 300 m in the central and eastern section of the fjord to less than 30 m near the entrance to Big Port Walter. Maximum depth in Big Port Walter is about 100 m near the center. Several small streams flow into the basin, and the area is used as a nursery and rearing area for juvenile salmonids (O. spp.). A research station operated by the National Marine Fisheries Service at Little Port Walter (LPW) was used to facilitate operations.




2.2. Fish Tagging


Juvenile Chinook salmon were reared in vertical raceways at LPW as described by Martin and Heard [36]. In October 2015, 100 fish were transferred to two round ponds with free-flowing freshwater (3000 L capacity per pond). Saltwater was introduced into the round ponds in April 2016 to induce smoltification. In May, individual fish were randomly selected, sedated with an anesthetizing solution of tricaine methanesulfonate (MS-222) at a concentration of 60 mg/L of water, weighed, and measured (snout to fork of tail). The fish were surgically tagged with acoustic transmitters as described by Liedtke et al. [37]. Briefly, a small incision was made slightly offset and parallel to the ventral midline, and the transmitter gently inserted into the abdominal cavity. The incision was closed with simple, interrupted sutures. Handling methods were IACUC-approved under protocol 04-020 issued to T. Grothues by Rutgers University.



The transmitters (Model MM-M-8-S0, Lotek Wireless, Newmarket, ON, Canada) were cylindrical (8.5 mm in diameter, 43 mm in length), weighed 8.5 g, and emitted a unique code division multiple access (CDMA) signal burst [38] every 4 s with a power output of 149 dB (referenced to 1 µPa at 1 m), transmitting frequency of 76 kHz, and 12-h on/off duty cycle with signal transmissions from 0900 to 2100 h. The CDMA signal uses an encoding scheme that relies on correlation to known patterns from a noise carrier wave and thus is highly robust against code collisions [5,38]. An equal number of fish were tagged with dummy tags that had the same size and weight characteristics as the transmitters. The transmitters and dummy tags were placed in separate storage pouches, sterilized with low temperature ethylene oxide gas, and sealed prior to use. All of the fish were tagged with a PIT tag (Model AVID 2028: Avid Identification Systems, Inc., Norco, CA, USA) to enable subsequent identification.



Each fish was returned to the round pond after tagging and observed until its swimming behavior could not be distinguished from the untagged fish. The fish were held and observed for over 15 days after tagging. Water temperature during this period averaged 8.3 °C (±0.6 °C). Fish tagged with acoustic transmitters were transferred to a container filled with aerated saltwater, and transported to Port Walter or Big Port Walter for release into the marine environment. Ten untagged fish were released with each group of tagged individuals to bolster the size of the release since schooling has been reported for juvenile salmonids [39,40,41] and social behavior may influence the movement patterns exhibited by the fish. The fish with dummy tags were sacrificed and examined as described by Liedtke and Rub [42].




2.3. Fish Tracking


The tagged fish were located using a REMUS 100 AUV (Hydroid Inc., Pocasset, Maine, a subsidiary of Kongsberg Maritime, Kongsberg, Norway). This torpedo-shaped, propeller-driven vehicle (Figure 2) was 2 m in length, 19 cm in diameter, weighed 31 kg, had a maximum operating depth of 100 m, and cruising speed of 2.4 ms−1. Prior to launch, a pre-programmed mission, including operational parameters and instructions (e.g., vehicle speed, depth, and survey route), was uploaded to the AUV’s on-board navigational computer. An integrated GPS receiver provided positioning information while on the surface. Since GPS fixes can’t be obtained underwater, the vehicle’s position while submerged was estimated using either trilateration based on acoustic beacons moored at known locations within the study area, or dead reckoning where the route was recorded in an analogous 2-s interval from dead reckoning computations. Position estimates were rectified during post-processing. The error between the initial position at depth and the new GPS position acquired after surfacing was smeared across the submerged point estimates of the route using the RENAV feature of the AUV’s native software.



The AUV was equipped with an integrated omnidirectional coaxial hydrophone and acoustic receiver (Model WHS 3050: Lotek Wireless) mounted on the nose of the vehicle (Figure 2) and running the proprietary data logging software MAPHost (Lotek Wireless). The equipment was capable of detecting, identifying and recording CDMA transmitters used to tag the fish. The vehicle was also equipped with a 600 kHz side-scan sonar and suite of environmental sensors for chemical, bathymetric, and biological oceanographic studies [43].



The vehicle was instrumented with a payload control hardware/software stack that operated using software called Synthetic Aperture OVerRide (SAOVR) designed to map the location of acoustically tagged fish [22]. The software and a series of operational scripts were uploaded to an internal guest computer that communicated with the AUV’s proprietary control system through the factory-installed RECON communications protocol (Hydroid Inc.). After detecting a transmitter and meeting certain operational criteria [22], the vehicle deviated from its pre-programmed route and performed a maneuver designed to (1) enhance the location estimate of the tagged fish and (2) move the AUV closer to the fish to obtain proximal information on the environmental conditions associated with the location. Based on simulation results, a base-forward equilateral triangle was selected as the preferred maneuver [23]. The vehicle would begin the maneuver by turning 30° to the right of the pre-programmed route, then 60° left (crossing the default pathway), and then 60° left to return to the original deviation point and resume the pre-programmed route (Figure 3). This maneuver ensured that the target (i.e., the tagged fish) was approached from several different angles to optimize the creation of a synthetic aperture [12]. Travel time for the maneuver was 60 s/segment, with the vehicle traveling approximately 120 m/segment based on an average cruising speed of 2.0 ms−1.



A series of missions with multiple legs were conducted in Big Port Walter using the SAOVR software to override the pre-programmed route and execute a maneuver when a tagged fish was detected. The AUV traveled along a route generally running southwest to northeast (legs 1, 3, and 5) and northeast to southwest (legs 2, 4, and 6) as shown in Figure 1. The surveys were conducted at depths of 20–25 m with a flat trajectory once the AUV reached its cruising depth. A single mission with multiple legs was conducted in Port Walter at a depth of 35 m, with the AUV traveling along a rectangular route with multiple repetitions. All missions ran at a cruising speed of approximately 2 ms−1. The vehicle surfaced at the end of each leg to obtain a GPS fix for course correction.



The survey data collected by the AUV included time-stamped records identifying the fish detected, signal strength of the transmitter, environmental sensor data, and the corresponding position of the AUV. These data were also collected for any other fish detected during the maneuver. Additional maneuvers were temporarily suspended to prevent the AUV from getting locked in a positive feedback loop [22]. Sequential transmitter detections recorded during the maneuver (Figure 3) were used to create a series of location estimates for each fish detected using synthetic apertures [12] with the stipulation that the set of detections not exceed 90 s from the first to the last detection. Multiple synchronous position solutions were calculated based on permutations of the different subsets of sequential detections (Figure 3) and filtered by several quality metrics. The proprietary software SYNAPS (Lotek Wireless) was used to calculate these estimates. The software applies a differencing engine to find the best intersection between the surfaces of the multiple detection spheres obtained, similar to the approach used by GPS [44,45] after removing the cumulative transmission interval from the timestamps of the set of transmitter detections. SYNAPS also provided diagnostic variables that measured the overall quality of each location solution, including residual (Resid) and dilution of precision (DOP). Resid is a stability metric based on the error estimate of the signal flight time (i.e., propagation delay associated with the signal) with smaller Resid values indicating a better location estimate [23]. The DOP metric is a measure of the intersection of the spheres delineating possible times of signal arrival to different hydrophone locations within the aperture, and thus is sensitive to the geometry of the aperture. Smaller DOP values result from apertures with a good parabolic shape and are associated with more accurate location estimates [23]. Resid was used as the primary screening metric, with DOP used as a secondary assessment variable. Location estimates with Resid values <30.0 were considered reasonable. Since multiple estimates were obtained using different combinations of signal detections (Figure 3), the estimate with the smallest Resid was selected as the best location estimate for a given tag during a particular detection event. The multiple legs of the mission typically resulted in a series of temporally distinct detection events (and associated location estimates) for the individual fish. Although the reception range for the tagged fish could not be determined, reference transmitters deployed at known locations within the study area were consistently detected at 500 m and infrequently detected at distances up to 980 m [23].



An aluminum boat (5 m in length with an enclosed cabin) was used to deploy and recover the AUV, and to conduct concurrent vessel-based surveys (Figure 2). The boat was instrumented with an acoustic receiver (Model MAP 600 RT: Lotek Wireless) and stereo hydrophones (Model LHP, Lotek Wireless) capable of detecting, identifying, and recording CDMA transmitter signals. Hydrophone struts were attached on the port and starboard side of the vessel (spaced 1.6 m apart). The struts were lowered into the water and vertically oriented during the survey with the hydrophones submerged to a depth of 1 m. The struts were hydrodynamic in shape, making it possible for the boat to maintain speeds up to 2.6 ms−1 (5 knots) without cavitation. Similar to the AUV missions, SYNAPS software (Lotek Wireless) was used to calculate a series of location estimates from the telemetry data collected for each fish detected and to provide diagnostic variables that measured the overall quality of the estimates. These data were treated the same as the information obtained by the AUV. Positioning information for the boat was collected with a GPS receiver (Model GPSMap-76CSX, Garmin, Olathe, KS, USA). Paired AUV and vessel-based location estimates with an offset time (i.e., difference in the time of detection between the two estimates) <20 min were examined and compared.



We examined the dispersal rate of the fish based on the best location estimates made by the AUV over the entire tracking period. The rate between any two points, distance moved (m) divided by time elapsed (s), represents the movement of the fish plus any error in the location estimate (combined as ϒ). These factors cannot be parsed because the actual position of the fish is unknown, but ϒ can be compared to possible swimming rates and the distribution of ϒ described. This distribution represents the movement behavior of the fish (directed movements vs milling) over time, ranging from hours to days, and helped quantify expectations related to emigration and residence within the area. Further, quantification of the distribution, especially the extent and frequency of large numbers in the distribution tails relative to possible swimming rates, indicates the extent to which error may be problematic in the filtered/selected solution set. To do this, we calculated the rate of movement between each pair of best location estimates jk for a given fish, for individuals with more than two estimates. Distance calculations were made using the Pythagorean theorem assuming a flat plane, because curvature of the geoid surface is negligible at such small distances and because sound underwater is not constrained to follow the surface. We calculated the mean and standard deviation of ϒ within and among fish and fit the distribution of all fish combined using an appropriate estimator in MATLAB (MathWorks Inc., Natick, MA, USA).


δx/t = distancejk/(Tk − Tj),



(1)









3. Results


3.1. Fish Tagging


A total of 20 fish were tagged with acoustic transmitters. The fish averaged 230 mm (sd = 12 mm, range 202–249 mm) in length and weighed an average of 164 g (sd = 28 g, range 109–212 g). The weight of the transmitter was ~5% of the fish’s body weight. Recovery after tagging was prompt, with 19 (95%) fish exhibiting swimming patterns indistinguishable from the untagged fish (i.e., upright body orientation and unlabored swimming against the current) <5 min after being returned to the round pond. The one remaining fish exhibited no discernible difference 10–15 min after being released in the tank. Twenty fish were tagged with dummy tags. These individuals exhibited a similar recovery pattern (i.e., no discernible difference from the untagged fish <5 min after release), and showed no signs of physical injury when sacrificed and examined. The transmitter of one of the tagged fish malfunctioned, and this individual was also sacrificed and examined; no adverse physical injuries were observed.




3.2. Survey Missions


Seven survey missions were conducted from 19 May to 26 May 2016 to track the movements of the juvenile salmon, including six missions (M20–M25) in Big Port Walter and one mission (M26) in Port Walter (Table 1). A total of 19 tagged fish were released, ranging from two to four individuals per mission. The fish began to disperse from the immediate release site within 10–15 min. Several fish remained in the study area over several days and were present during subsequent missions, increasing the total number of potential targets during the study to 31 fish (Table 1). The number of fish present (including those released during a previous mission) ranged from two to nine individuals per mission. All of the fish ultimately left the study area.



Of the 31 potential targets present during the study, 28 (90%) were detected by the AUV (Table 1). A comparable number of fish (29, 94%) were detected during the vessel-based surveys. In most cases, the same fish were detected by both methods (Table 2). However, in interpreting these data it is important to understand that the AUV and vessel-based surveys were spatially and temporally disjunct, and that the similar detection rates belie considerable differences in the number and pattern of detections per fish. We had considerable difficulty detecting, locating, and maintaining contact with the fish during the vessel-based surveys, particularly when greater numbers were present within the area. Due to these difficulties, we initially attempted to locate and track the movements of a particular fish, but would often lose contact as it moved through the area. To address this problem, we serendipitously used real-time output from the AUV to facilitate the vessel-based surveys. We were able to monitor the movements of the AUV on a laptop computer and could see when it was performing a maneuver. By moving the boat to that location, we were often able to detect the fish and confirm what the AUV was targeting. The number of fish detected and the number of location estimates per fish would have been substantially less if we had relied solely on the vessel-based tracking. There were no false positives (i.e., detections for a transmitter not released) in the 6760 detections recorded by the AUV.



A total of 107 best location estimates were obtained during the study. The movements of the fish based on these estimates are illustrated in Figure 4. Five fish were located during Mission 24 (left panel), including three fish released at the start of the mission and two fish released the previous day during Mission 22 (black line) and Mission 23 (red line). Several fish were located during successive surveys (Table 2), including Fish 12003 located during missions 21, 22, and 23 (Figure 4, right panel). Best location estimates from the other missions in Big Port Walter (Appendix A) and Port Walter (Appendix B) are also shown.



We also compared the best location estimates obtained during the concurrent AUV and vessel-based surveys. Comparable vessel-based estimates were not obtained for all of the AUV locations largely due to differences in the time of detection; a total of 46 paired estimates met the established criteria (i.e., smallest Resid for each methods, time offset <20 min). Movements of the fish based on these estimates are illustrated in Figure 5, including a fish released and located during the same mission (left panel) and one locate during a subsequent mission (right panel). The vessel-based location estimates are represented by numbers that correspond to the sequential order (based on the time of detection) of the paired AUV estimates (e.g., boat estimates designated by 2 and 4 correspond to the second and fourth AUV location estimate obtained during the mission). Paired location estimates for the other missions are shown in Appendix B and Appendix C. The time offset for most of the paired estimates (35, 76%) was ≤5 min (Appendix D), suggesting that although juvenile salmon are relatively mobile, the differences observed between the AUV and vessel-based locations were probably not unduly affected by the movements of the fish.



Most (14, 82%) of the fish released in Big Port Walter left the area within 24 h, with the three remaining fish leaving within 48 h. Residency information is not available for the two fish released in Port Walter during the last mission (M26). Estimated dispersal rates were calculated for 14 fish that met the established criteria (Figure 6), yielding a total of 485 pairwise combinations for rate estimate ϒ. The rates ranged from 0.0002 to 1.5040 ms−1, with a sample mean and standard deviation of 0.0757 ± 0.1531 ms−1. However, these rates exhibited a half-normal distribution with the mode equal to the minimum (essentially 0) and 93% of ϒ < 0.25 ms−1 (Figure 7). The mode in ϒ was not necessarily related to the mode in elapsed time, but could be depending on the particular span of observations since the fish moved independently of one another, often interspersed linear movements with milling behavior (e.g., Fish 12003, M21), or returned to a location near their initial position after a series of ostensibly stochastic movements (e.g., Fish 12004, M25) (Appendix C). The sample mean was therefore heavily biased towards fish that milled, or that made linear excursions and then returned to the initial location, because more data points were collected for these individuals and greatly weighted the average. The grand mean and standard deviation with individual fish as the sample unit was 0.1419 ± 0.1065 ms−1. Expressed as body length per second for comparative purposes, this was 0.62 BLs−1, with a maximum rate of 6.54 BLs−1.





4. Discussion


A variety of factors complicate efforts to document the movements of acoustically tagged fish in the marine environment, ranging from the technical limitations associated with acoustic telemetry to the logistical challenges often encountered particularly when working under remote or adverse conditions. These factors can severely limit the ability to repeatedly locate and identify the tagged individuals. The inherent difficulties associated with tracking multiple fish or highly mobile species over vast areas can exacerbate these problems.



Advances in AUV technology can enhance efforts to collect acoustic telemetry data on marine fish. In addition to functioning autonomously, making it possible for researchers to focus on other tasks, AUVs equipped with payload control have the potential to substantially improve the quality and expand the type of information obtained. Maneuvers conducted in response to detection events can enhance the accuracy of location estimates, and the ability of the AUV to move closer to the fish to collect proximal information on habitat use and the associated environmental conditions has obvious advantages. AUVs can also work in cooperative pairs [46], and eventually swarms, to enhance the information collected [47,48].



During this study, the reactive sampling conducted by the AUV under payload control was effective at repeatedly detecting and estimating the location of the tagged fish. The vehicle was able to maintain contact even when multiple individuals were present, with most fish located repeatedly over the course of a mission. Although the actual locations of the fish were unknown, the general agreement between the paired (i.e., temporally similar) AUV and vessel-based estimates suggests that the information provided by the AUV was credible. Further developments in software routines and algorithms (e.g., maneuvers that further enhance the location estimates, refined methods for processing the telemetry data collected when multiple fish are present) will likely lead to further improvements in performance. Additional information and insights on the movement patterns of marine fish may also be useful to enhance the pre-programmed routes used to make initial contact with wide-ranging or highly mobile species based on a series of informed search models [49]. For example, large fast moving fish such as adult salmon or sturgeon (Acipenser spp.) may swim a greater distance (>10 m) during the time needed to create a synthetic aperture compared to more sedentary species such as crab (Cancer spp.) or flounder (Paralichthys spp.). As a result, the accuracy of the location estimates may be substantially less, although the estimates may still provide useful information depending on the research objectives of the study and the spatial resolution needed. Knowing something about the behavior and movements of the fish would make it possible to tailor the parameters of the search routes and maneuvers to reflect the desired scale and enhance survey results [50,51,52].



Differences were observed between the two survey methods used during the study. The AUV was much more effective at repeatedly locating the fish, whereas we had considerable difficulty detecting and maintaining contact during the vessel-based surveys, particularly when greater numbers of fish were present within the area. Our initial approach in response to this problem was to continue to track the individuals detected from the boat, ranging out after contact was lost in search of other fish. This approach is biased toward more Lagrangian movements, which focus on more extended observations of an individual over space and time rather than a comprehensive inventory of fish present within the area. In addition, mapping efforts would tend to be concentrated in areas where the fish were detected (to increase the probability of making contact) rather than conducting a more systematic search of the surrounding area. The serendipitous approach of using real-time information from the AUV substantially enhanced the vessel-based results and helped to verify the veracity of the AUV data. The advantage of using AUVs to collect telemetry data has been demonstrated in previous AUV–boat comparisons where similar survey routes were used for both methods [15]. Although less definitive in shallow waters (<20 m), detection rate and tracking success were significantly greater for the AUV for both reference tags (i.e., stationary transmitters at known locations and depth) and free-ranging animals located at deeper depths. The enhanced performance is likely due to a number of factors. The AUV is quieter when running than a surface vessel, can operate below the thermocline and halocline (and avoid the sound channeling associated with these conditions), and is less affected by signal degradation caused by sea surface noise. Although a submerged hydrophone can be towed from a boat, it is susceptible to becoming entangled in marine vegetation and debris, and signal strength is reduced due to line loss. The position of the hydrophone (a factor used to estimate transmitter locations) is also less certain depending on the length of the cable, the velocity of the current, and the speed of the vessel. Further, an AUV eliminates the human bias caused by the tendency to “look where the light is better”, in other words a reluctance to leave an area where fish have been detected and search other areas that may (or may not) produce useful information. These results suggest that AUVs can provide a viable method for mapping the spatial and temporal distribution of acoustically tagged marine fish.



A basic assumption in any tagging study is that the handling methods used do not adversely affect the fish (i.e., tagged fish behave the same as untagged fish) or that any effect is limited in severity and duration and ultimately has negligible effect [42,53,54]. During this study, the behavior of the fish prior to release, as well as the necropsy results for the fish tagged and sacrificed, suggest that the fish were not adversely affected by the handling methods. The initial movements of the fish, dispersing from the release site relatively soon after release, also suggest that the fish were not exhibiting latent effects from the tagging.



The residency time exhibited during the study was limited, with all of the fish leaving the area within 48 h. Although one fish (Fish 12019, M20) displayed directed movements (leaving the area ~2 h after release), most exhibited a series of localized movements within the area prior to departure. The average movement rate observed (0.62 BLs−1) was well within the range of what would be considered reasonable for juvenile Chinook salmon. Movement rates reported for juvenile Chinook salmon in the Salish Sea (Washington, USA) averaged 0.86 BLs−1 with a maximum individual rate of 2.88 BLs−1 [55]. Ocean movements of juvenile Chinook salmon in coastal waters of southern British Columbia (Canada) averaged 0.33 BLs−1 [56]. Brett estimated that the optimal swimming speed (i.e., minimum cost per distance traveled) for sockeye salmon (O. nerka) was approximately one body length per second [57], and this metric is often applied to other salmonids. The dispersal rate for 93% of the fish during this study (≤0.25 ms−1, 1.1 BLs−1) was typically ≤ the optimal swimming speed, likely due to the milling behavior exhibited by the fish. Although not egregious, the maximum movement rate observed (6.54 BLs−1) was unrealistic and more closely approximates burst swimming speeds exhibited by adult salmonids [57,58]. Although this result demonstrates the potential error associated with telemetry-based location estimates, the small number of outliers with a movement rate of >2 BLs−1 (0.45 ms−1) suggest that this approach is reasonable even with occasional error. The largest errors likely occur when a relatively linear synthetic aperture produces a bimodal set of solutions with equally good Resid and DOP values for location estimates on both sides of the AUV’s route, making it difficult to determine the “correct” estimate. If the wrong estimate is selected, the error would be approximately twice the distance from the actual position of the fish. With additional work, it would be possible to automatically screen out or devalue estimates made from such linear synthetic apertures.



Marine movement rates undoubtedly depend on a number of factors, including the size and migratory behavior of the fish, as well as local conditions (e.g., currents and topography). Consequently, it is uncertain whether our results are analogous to the movements of wild Chinook salmon entering marine waters. During this study the fish were transported to a release site distant from their natal stream. The fish were also substantially larger in size (averaging 230 mm in length) than similarly aged fish from wild stocks. Average length of Chinook salmon smolts from rivers along the northwestern coast of North America range from 68 to 133 mm [59]. Likewise, the average length of juvenile Chinook salmon released at LPW since 2011 averaged 125 mm (J. Eiler, National Marine Fisheries Service, unpublished data). However, acoustically tagged juveniles released at LPW (average length of 133 mm) exhibited localized movements near the mouth of Port Walter for over 7 days after entering the marine environment, and general observations of untagged fish suggest that juvenile salmonids utilize Port Walter as a nursery and rearing area (J. Eiler, National Marine Fisheries Service, personal communication).




5. Conclusions


This study demonstrated that AUVs operating under payload control can be an effective method for mapping the spatial and temporal distribution of juvenile salmon in the marine environment. The AUV was able to repeatedly detect and estimate the location of the fish even when multiple individuals were present. The first year in saltwater is a critical period for juvenile salmon, and telemetry information can provide useful insights into this life stage. Additional work is needed to determine the suitability of using AUVs under payload control for mapping the movements of more mobile and wide-ranging life stages of salmon and other marine species.
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Figure A1. Movements of juvenile Chinook salmon tagged with acoustic transmitters and located using an autonomous underwater vehicle during a series of survey missions in Big Port Walter, Alaska. The site where the fish were initially released (black triangle) and the last location of the fish (black dot) are indicated. 
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Figure A2. Movements of Fish 12000 (left panel) and Fish 12001 (right panel) tagged with acoustic transmitters and located using an autonomous underwater vehicle and vessel-based tracking in Port Walter, Alaska. The site where the fish were released (black triangle) and the last location of the fish (black dot) are indicated. Vessel-based location estimates are designated by numbers that correspond to the sequential order of the paired AUV estimates (e.g., the second and third AUV location). One location estimate was obtained for Fish 12011 (blue diamond) released during a previous mission. 
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Figure A3. Comparison of the location estimates of juvenile Chinook salmon tagged with acoustic transmitters and located using an autonomous underwater vehicle and vessel-based tracking in Big Port Walter, Alaska. The site where the fish were either released (black triangle) or first located for fish released during a previous mission (blue diamond) are indicated. Subsequent AUV locations are represented by black dots. Vessel-based location estimates are designated by numbers that correspond to the sequential order of the paired AUV estimates (e.g., the numbers 2 and 4 correspond to the second and fourth AUV location). 
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Table A1. Detections of acoustically tagged Chinook salmon located during survey missions conducted concurrently with an autonomous underwater vehicle and surface vessel in marine waters of Big Port Walter (BPW) and Port Walter (PW), Alaska, during 2016. The diagnostic variable used to measure the overall quality of the location solution (Resid) and the difference in time between the AUV and paired vessel-based location estimates (offset) are provided.
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1 Sequential order of the AUV estimates used to represent the paired vessel-based location.
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